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CHAPTER 111

RESEARCH METHODOLOGY Y.

3.1 General Preview i '

In a last decade, Pinnau and Koros (1992) produc trath ec’ ﬁ}é? skin layer
by using a dry/wet phase inversion process The es \fayer achieved
was of the order of 200A. One of the eK e fofm at1on of optimized
membrane using this technique is that e dop e '8.; onsist of at least three
components: a polymer, a solvent on olv tu M ver, composition of dope
solution, evaporation time and % stT argyt e it Artant factors in the production

of high performance nanoﬁl%\ me J‘I

\
This chapte 1be on Ae é"fbpmem of a new nanofiltration-surfactant
N3

membranes fo @al off e ter. The materials selection, dope preparation,
membrane ication, perfom\&hce evaluation and characterization are well
discugs 1s section. In addition, characterization of the developed NF membranes
@nmg Electron Microscope (SEM) allowed determination of the effects of

rheological and preparation factors on the performances and morphological structures.
Besides SEM, Fourier-Transform Infrared (FTIR) was used to confirm the functional

group of the polymer used. In this study, Differential Scanning Calorimetry (DSC)
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was used to determine the thermograms of the polymer-solvent systems.
Thermogravimetry Analysis (TGA) was also used in order to determine the thermal
stabilities of the polymer material since polyethersulfone (PES) can withstand high
temperatures. In order to produce high performance of nanoﬁ]tration-s@ t (NFS)
membranes, membrane was fabricated using a simple semi-techﬂ& or technical

membrane fabricator at different conditions based on an establisgd dry/wet phase

inversion technique. Y.
3.2 Research Design
.é\ J IS
s \3'

Y' \ T
Fabrication of high performance nanofiltra w facﬂ%nt FS) ‘l&nbranes can be
o b &

influenced by many factors. The paramete at determgie thdggerformance of NFS

AN

membrane include polymer selecti% savea% n-@went selection, solution
q Q—
preparation method, casting paraN S N r&gﬁiion test and microsolute

transport test. Then, separati%zrman,e 0 F%embranes 1s evaluated based on

s S &
sQI™and é&r removal of dyes. The research

: : ool RN
design of this study is, AJlustrate v: , O
fo
N3

(s} ’ Tr)f <
FIGURE 15: mt Affecting the b@"ly Developed Nanofiltration-Surfactant
I

(NFS) Mem\ '{"
§ [ Newly DevelopedNanofltration-Surfactant

(NFS) Membrane

Materials Casting System
selection conditions components

salt rejection, microsolu anspo't
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FIGURE 16: Research Framework
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3.3 Materials Selection

3.3.1 Polymer

¥
Because of its toughness, good thermal resistance and ch binertness,
polyethersulfone (PES) is commercially available, thermally stabN¢polymer used in
high-performance applications. For important separation p%gs, PES has been
conformed as the membrane material including for bi@ro@armaceutical
process and sterilization filtration. In many cases, qging PES|nee ,us?:o)vwetting

-

agent prior to filtration due to its high hydrophobjcit ' ergly resqicts its long-

NV
term applicability. For the membrane in \g tl&;sired surface

rtieé PES membrane is

: %)
the important goal (Rahimpour et. al., p \&
Ot &

[}
N
In order to develop r\% L%ation- urf: ap@ S) membranes, dope solutions

s ’
for this study are prepared'&the rapacel! -21%‘}’1'he less concentration of polymer

=

solutions tends to pro% mo phi@)&nd porous membrane. Therefore, this

& |27 S
aspects will help Qt' de# 1 ion\@ﬁ better membranes performances with a
d v-‘yxl <>

highly permeat4 B

N

FlG%E‘ Monomer Unit of Polyethersulfone (PES)
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TABLE 6: Physical, mechanical and thermal properties of Polyethersulfone (PES)

Property Average
Molecular weight of repeat unit (g/mol) 232.26
Weight average molecular weight (Dalton) 150
Density (g/cm?) &

Glass transition Temperature (°C)

Tensile strength (yield) (psi) 127000
Shear strength (MPa) 50.0
Tensile modulus (psi) V 385 000
Elongation at break (%) Y. lS0.0-]O0.0
Compressive strength (yield) (psi) .500

Thermal conductivity (W/m.K) é ’0@
Dieletric strength (V/mil) ¥ xR0

Y
T % ? N
ransparency (%) °‘| S. 76

N

The selection of proper SOIV%K cast yg&l ersulfone membranes involves

N

the following conditions; vaer‘t must be 1 1b1e with the coagulating agent and

3.3.2 Solvent s') a Qf-?\
N Aj Ly

\
the solvent must prov gch lll u&-p!ertles In such a casting procedure, it is
so \% nt thh have the power to open and solvate

recommended th
the polymen&wmﬂs Lau et. al 91) reported that NMP shows high solvent

miscibility Xhlgh ranking in solvent dissolution power compared to the other

solvgnt etramethylurea, Dimethylacetamide, Dimethylsulfoxide and
Dimethylformamide). The solvent mixture of NMP and water is easily miscible with
water as the coagulant; fast coagulation took place from both sides of the nascent

membrane and the fast solidification across the overall membrane wall restricted the
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growth of macrovoids in the polymer-lean phase (Wang et. al., 2000). In this study,
the organic chemical used in dope solution isN-methyl-2-pyrrolidone (NMP, >99%)).
Three steps of solvent exchange fluids included water, ethanol and n-hexane are used

in order to produce the membrane with the best permeation properties. TN;er used

as the coagulation medium and temperature is controlled at 25°C. j

Y~

FIGURE 18: Formula structure of N-methyl-2-pyrrolidone YY

CH
| 5 \d'v

e (NMP)

[

rolj
Physical i 0 S
; ¢

P,

Y.
mixture a& (air=1) o}/
AN
Vapour Nre, Pa at 25°C 66
Ligtid Wgeosity (Pa.s) 1.66 x 1073
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3.3.3 Non-Solvent

Distilled water is used as non-solvent in this study. With a molecule weight of 18.02
g/mol, it is strong non-solvent because of its deviates strongly from ide?!havior
where most organics mixtures do not behave ideally caused by the r G@ce of polar
interactions or hydrogen bonding (Mulder, 1996). Water normally%d as non-solvent

in phase inversion technique by precipitating a cast polw olution for PES

membranes (Lau et. al., 1991). q l

When water is added into the polymer@ n, yl‘l (?011 in the

solution is shrunk because water is a strong no olv a result, super

ES
molecular polymer aggregates with bl\%y asily féQned in this solvent
system (Wang et. al., 2000). It is axcevxden t }@a coagulant plays an
E \

important role in fabricating good anel. Wascn is @od internal coagulant for
making membrane because waw}ont

[ q
with the solvent (Wang e 2000 ¢ anolecule will enter the surface of

olvgny stre h for polymer and miscibility

membrane during the q&r tio 'of solv@ Thus, this will lead to the formation

\
x Pl ' (J
of the finger-like str% in lhe 1 ac)%)

@ chemical modification of polymer, addition of additives such as poly

(ethylene glycol) (PEG) is proposed to increase the hydrophilic property of the
membrane and also the diffusive transport properties of solute through the

nanofiltration membrane. Researcher has been discovered that addition of PEG
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additives in cellulose acetate ultrafiltration membrane influenced the membrane
characteristic in terms of pore size, permeate flux and the rejection rates. The
combination of polymer, solvent and additives used in membrane making technology
is vast (Idris and Yet, 2000). \Y~
0
According to Kim and Lee (1998), the used of PEG in pow solution is to
control the thermodynamics and kinetics in casting system. Throth SEM pictures, it
resulted the changes on morphological structure of the ralle when different

molecular weight of PEG is used.

HO

Formula < H (OCH2CH2), OH

Physical¥ta \,Y. Clear to white semi-solid
N $

Sol N/ In water Soluble

Stable under ordinary

condition. Hygroscopic
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3.4 Formulation of Polymer Solution

In general, a polymer solution formulation for asymmetric fabrication consists of
polymer, solvent and non-solvent. This can be called as multi compo@sting
formulation. Sometime, this formulation consists of four cmm s, where
polymeric additive is added. According to Chakrabarty et. al. w, addition of
additive into the casting solution is one of the major fact sNorder to have an
optimal membrane structure, additive is used in casting %'y;slides, additive can
be single component or a mixture. Generally, additiye beil¥g a e\?ﬁzﬁuent for

K\
'
w2 SN‘T

&

O

the polymer reduces the solvent power in the solutio

Yv
S

—=

3.4.1 Turbidimetric Titration Method

\T A
N
. & U O
Equilibrium thermodynam\ a omNerngty x&n (polymer/solvent/non-
N
solvent) can be determined tmmet,ic tiffa i(@ethod. Cloud point represents
an approximate transition poundfry n wh{(@demixing (phase separation) takes
place, indicating that ’pgwme n ecome thermodynamically unstable

() D
(Zeman and Frase ). t l&l@oint, the polymer solution changes from
% ? D

clear to turbiiwltion. rtfor?equilibrium composition of dope solution
1

N
&) . .
consisting ner, solvents and }Gn—solvents additive can be determined by using

turbidigetsg titration method.
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FIGURE 20: Cloud Point of Polymer Solution

pe .

solution with specific composition was initi E? b isso& a polymer in a
, &
solvent (a non-volatile solvent) and po&dditive roermperature (35°C).
N
Then, surfactant was added when c@ ag‘d% eredjdl,\solved in the polymer
N
r

o
solution. Subsequently, 100g of pM sol as L&‘Xted with a pure non-solvent

N
(water). The titrated SOluti%g stirrew he@ constant temperature (30°C),
4 &
while caution had to be&wised' } 1miz$-éolvent loss. Cloud point (turbidity
. : &
recog |by°)®al observation. The amount of added
4

non-solvent was t ermle r§vi 1cally.
% R s <
A N

S
A Npmary, coagulation value of a ternary system can be determined by

end point) could be

cloud Main¥ measurements. Coagulation value (CV) is defined as quantity of non-
solvent required to make 100g-polymer solution containing 2g polymer turbid (Wang
et. al., 2000). Each set of data was obtained as an average of at least three

measurements.
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FIGURE 21: Apparatus for Turbidimetric Titration Step

| Coy Y&
In making polymer solution, polymer%s rsa € rat t 24 hours in a vacuum
(Y |

']
oven at a temperature of about IOM i N rer{i% all absorbed water vapor.
The existence of water in th@; solgtio Wlll@lence the quality of a polymer
s

temperature during the demixing

process. Processing Ehgra 1 at the desired range. The function of

stirrer was to ens%t th ent and non-solvent were well mixed to
L
form a homogchpuNolution. \,Y.
S S
@ 22 showed on how we prepared our membrane. Firstly, the solvent and
water was poured into the round bottom flask until the temperature increase to 50-
60°C. Thermometer measured the temperature while heater controlled the required
temperature range. The mixing temperature must be controlled and maintained not

exceed the boiling point of the solvents and non-solvent (100°C) because they tend to
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vaporize. However, the low temperature will not encourage the mixing process. When
temperature has reached 50°C, polymer was added gradually until the entire polymer
had dissolved. When the polymer had dissolved, an additive was added. The solution
was being stirred for 1 hour before surfactant was added into the pol)&g:lution.

The best time to add surfactant is 3 hours before the polymer solutiﬁ iaompletely

done. Y'

FIGURE 22: Apparatus for Dope Solution Preparation z
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3.5 Membrane Casting

Asymmetric nanofiltration membranes were fabricated according to the dry/wet phase

separation process using manual casting blade. The casting speed was ke@ant at

10 seconds with the casting knife gap at 150um.

FIGURE 23: Casting Knife \,z

seconds. (} P & )
L5

Aft membrane wa@st, the glass plate support together with the
mem r%s then immersed into the coagulation bath (composed of water as the
coMland®medium). After the of process coagulation complete, the membranes were
transferred into a water bath for 24 hours (1 day). After that, the membrane will soak
into ethanol for another 24 hours (1 day). Finally, membrane was soaked in n-hexane

for 2-3 hours before air dried for at least 24 hours at room temperature to remove
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residual organic compounds. The use of the liquid exchange treatment was to prevent
changes in the structure and properties of membranes caused by large capillary forces
during drying. This is especially important when non-volatile solvents were being
dried afterwards, water will be removed first and the solvent left behinc&mmage

the membrane structure. 3 ' ,

3.6 Performance Evaluation V
3.6.1 Nanofiltration Permeation Rig \d‘
¥
| S

4 Y'
Using the designated filtration cell as in Figure\g8, a N di mbrane were
being cut and mounted in a stainless ste 1,% rica a%( est cell by a porous
support and being tightened by a rubb rmg& e f the membrane being
mounted under the cell was 1. % 3 nq T co g pressure for filtration
process is being supplied by Pr ed ‘,1 g e nitrogen gas outlet pressure

I

was regulated using a pre ssure I ul t eﬁ u111br1um pressure was shown in

=
=
i\i

the pressure gauge. A su € 1ef lve &g being installed between the nitrogen

Y
gas and cell. b g (’)
\
FIGURE 24: 1c m ofl@ﬁltratlon Set-up
9
C«,
AN

\ Pressure
\alve gauge
E g (@)
== 2N Vave Filtrahon
Pressure s Cell
regulator Feed d

Magnetic
Bar
. : Penmeate
Nogen NF 5 ‘ > ;
tank membrane L *!:!’ M

I\?:'zl.::e :: Q %

Balance
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3.6.2 NF Permeation Test

Nanofiltration permeation was done using dead end filtration unit at differevvgsure.
For each operating pressure, distilled water was used to determine @'e water
permeability (PWP) parameter/constant. PWP was obtained from th%ﬁ of volume

flux versus pressure. Prior to the each nanofiltration test, membgane zas subjected for

the passage of the first 10 ml permeate whilst the foll w1 ml permeate was
collected for concentration analysis. All the results eraged data
obtained through 12 membranes samples with a &tlon f a A) The
permeate was collected and weight was measur n e€t ' bah&e for every

minute. The volume flux was calculated baseewe welgh zgg\as follow,

Where;

N ’ S
Jyv = permeate flux (L/m? s ‘Q
V' = volume of perm&\utl e

A = the effectlve m eror f
B [ ol
At lletlm ? 4 ‘é\
N3
e
~N

tion characteristics of a membrane were described by determining
observe ction, Robs and real rejection, Rrea. In the membrane separation
processes, the concentration on the membrane surface is always higher than in the
bulk due to concentration polarization. A concentration on the membrane surface is

not directly obtained from experiment thus the following equation is applied:
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Cp
R%)=1-(=2) x 100%
Cr

Where; \z
R = rejection 3 )
Cp = Permeate concentration ‘

C;= Feed Concentration

3.6.3 Pure Water Permeation z '

NY.

As PWP parameter and flux were obtained, the mem peripeat n;eﬁas carried

out according to the procedure stated in Secti .2{ dlﬁexnt operating

g

pressures that are 3bar, 3.5bar, 4bar, 4.5ba M meat test was carried

out using 0.01M NaCl. The flux and obse WAK determined for each

A

operating condition. In order to red@ r;i @cts, the stirring speed is
m

fixed at 400rpm or 41.881 rad/sgg. er test NF membranes surface
was rinsed with distilled w e pu peﬁ}eablllty was measured to ensure

the original flux (pure wal T vere%&tfore next permeation test. The feed

\
concentration of ea@oytwn at about 0.01M.

:b.)
3.6.4 Multl&t galts (NazSO4 04, NaCl, MgCl2)

The p %ion test was conducted similar to procedure as in Section 3.6.3. In order
to study the effect of rejection under different volume flux, operating pressure has
been constant at 4 bar to obtain its respective flux. The salt permeation test was
carried out using 0.01M of Na:SOs solutions. After each permeation test, NF

membranes surface is rinsed with distilled water. The pure water permeability was
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measured to ensure the original flux (pure water) was recovered before next
permeation test was running. The same procedure was repeated for the other type of
salts (MgSOs and MgCl>). The feed and permeate concentration for each?gwere

measured by using conductivity meter. The flux and rejection were %\amed for

each operating condition. *

3.7 Physico-chemical Characteristics of NFS Membrangs Y'

3.7.1 Fourier-Transform Infrared (FTIR) \d- 4
S

“q

|5
FTIR exploits the well-established mathemY*d p% nd \gaploys and

interferometer. Based on the vibrations of ﬁwms W aolec i1s how infrared

vibrations of a part of a sa%x olecu

spectrums will appear (S&NOO@S stu,Qs,‘fhe wavelength used was 400-4000
. TN
cm’! in confirmation @en]l ysedNn de\@gopmg membrane polymer solution.

Q’ s :
FIGURE ZSAJa‘Ymg Principle o@_‘%&rier-Transform Infrared (FTIR)
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3.7.2 Scanning Electron Microscopy (SEM)

Scanning Electron Microscope (SEM) was a very useful technique for membrane
morphological characterization. This method was used for the det@on of
membrane structure, membrane thickness and membrane surface. ]m ciple of the
Scanning Electron Microscope was illustrated in Figure 30. Wrrow beam of
electrons with kinetic energies in the order 1-25kV hits th@brane sample. The

and'those reflected are

called secondary electrons. . \3.
(G
4 b &

\ N
Secondary electron (low energy) ar ot fle libef®ed from atoms in

the surface, determme the imaging (wha\ on the een@%n the micrograph).

When a membrane was placed in t %ﬁtrm&g\\m -
o S

incident electrons are called primary (high-energy) elect

ésmple can be burned or

damaged, depending on the type ymer celim%ﬁg voltage employed. This

can be avoided by coating t %brane, Wi 3 c@ctmg layer (gold palladium) to
'S

prevent charging up the s% S¢ microscopy allows a clear view of

the overall structure @ m Is; tlé’op surface, the cross section and the

' I | |

bottom surface ¢ ll obger 1cgliy In addition, the porosity and the pore size
SR
distribution ¢ %tlmated Tork thq‘él\crographs obtained.
Q S

FIG : The Principle of Scanning Electron Microscopy

oig

- 4@:9
Slg <o
=
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¢ For this purpose, samples of the membranes (surface and cross-section)
were fractured cryogenically in liquid nitrogen and mounted on sample stubs with
double-surface tape. After the samples were sputtered with gold by an autogec.gold

coater (JFC 1600), they are scanned by employing a JEOL JSM 6360Lc ning

Electron Microscope (Tokyo, Japan) as shown in Figure 31 under mﬁ*cation of

<

500x to 5000x with potentials of 20kV.

\
thermogravime@ysl 1}) is ?!é\ analytical method technique as a function of

temperamr“ﬁ\ke in a controlle Vosphere.. In TGA, the measurements were used
primari etermine the composition of materials and to predict their thermal
stab™h temperatures up to 1000°C. To determine the characteristics of materials
such as polymers, TGA is commonly employed in research and testing to determine

degradation temperatures, absorbed moisture content of materials, the composition of
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inorganic and organic components in materials, decomposition points of explosives

and solvent residues (Patton, 2008)

FIGURE 28: TGA Instrumentation

S
| &
3.7.4 UV-Vis Spectrophotometer

’ R 3

Ultraviolet and visible spectrophotometers ewcoma th ost<g ortant analytical

instrument in the modern day laborator, m it hs&b sg{Q general analysis for

the last 35 years. UV-visible spectro haye sgv@a acb}ntages that make it used
' &
in many applications such mpli]'t at@ speed, accuracy and cost

effectiveness (www.molectNas# "com.y cceggd d!b7‘h July 2014).

Wavelength (nm)
10-200
200-380

i \ 380-780

q.a infrared 780-3000
iddle infrared 3000-30,000
30,000-300,000
300,000-1,000,000

Far infrared

Microwave
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In UV-vis analysis, substance will absorbed the amount of ultraviolet or
visible radiation where the radiations will be calculated. To ascertain the quantity of

molecular species absorbing the radiation, organic compounds can be identified by

spectrophotometers with addition of any recorded data that available % certain

T

UV-vis spectrophotometers are commonly used b analytical scientist
to measure the concentration and wavelength scanginghd or% y, analytes in

liquids. A basic principle of UV-vis is where 1igk$lerate by

the visible region of spectrum and deuterium fog th ltra-pidlet ange?Resultmg in

ispeg into a certain

wavelengths in a monochromator. In t}\ rophoto er, @1ple will absorbs a
AN

certain amount of light and the rem hlghté%f e & detector. To determine

']

the amount of absorbed light, B& mbert s u@ applied to calculate the

concentration of specific a% the s‘mpl? af @:n‘ic wavelength (www.labint-

s s
&

online.com, accessed on &ub’@

organic compounds (Behera et. al., 2012).

S u?cc&émp for

narrow band of the dispersed spectrum, th&Jight is

\/4

é‘»?
iw/
e
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