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Abstract

Effects of polyethylene glycol (PEG) as an additive to cellulose acetate phthalate-
polyacrylonitrile blend membrane in ultrafiltration range were investigated. Influence of both
molecular weight and concentration of PEG were examined. Ternary phase diagrams were
generated to identify the domain of composition where thermodynamic instability occurred.
Kinetic hindrance due to presence of additive was also estimated. Relative importance
between thermodynamic and kinetic factors was investigated quantitatively to interpret the
nature of membrane morphology. Prepared membranes were characterized in terms of surface
morphology by scanning electron microscopy, water permeability, pore density, molecular
weight cut off, contact angle and breaking stress. Antifouling characteristics of prepared
membranes were evaluated in terms of filtration of protein bovine serum albumin.
Membranes with PEG 200 concentration 2 wt% and 6 wt% showed the best antifouling

properties.

Keywords: Blend membranes; polyacrylonitrile; cellulose acetate phthalate; additive;

permeability; antifouling properties.

1.0 Introduction

Due to low energy consumption and being environmental-friendly, membrane based
technologies are becoming attractive unit operations in various applications, including water
purification, pharmaceuticals, juice processing etc.'™ Non-solvent induced phase inversion is
a well-known technique to prepare asymmetric polymeric membranes.”'* In this process, a
thin, dense skin is formed over a porous sub-structure. The pore formation is a complicated
phenomenon involving interplay of various parameters, like, polymer composition, coagulant
temperature, type of solvent, nature and concentration of additives. Phase-inversion process
must be carefully controlled to attain the desired morphology and performance. 1315

Fouling is the major problem in any membrane separation. Thus, preparation of anti-
fouling membranes is an area of active research. To improve anti-fouling characteristics of

the membrane surface, various methods are employed. These are blending of polymers,'® '®

17 1 20,21
9

addition of inorganic salts," ' surface adsorption by suitable chemica chemical

24,25

grafting,”> UV assisted grafting,* *and plasma treatment.*> ” The common purpose of all

these processes is to make the membrane surface more hydrophilic and fouling resistant.
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Polymer blending and use of additives are one of the cost-effective methods.
Sivakumar et al., reported characterization and application of cellulose acetate-polyurethane
and cellulose acetate-polysulfone blend membranes.”®' Saljoughi et al.,'>** investigated the
effects of additives, like, polyvinyl pyrrolidone (PVP), polyethylene glycol (PEG) on
cellulose acetate blend membrane. Rahimpour et al.,'* used cellulose acetate phthalate (CAP)
to improve the hydrophilicity of the polyethersulfone (PES) membrane. Reports are available
on polysulfone—polyurethane,” polyvinylidene fluoride (PVDF)—polyethersulfone blend
membranes.”* These membranes were for water treatment and industrial use. Similarly,
preparation of antifouling, blood and biocompatible membranes were attempted for medical
applications as well. Nie et al.,> developed a blood and cell compatible membrane using
blend of polyethersulfone, sulfonated polyethersulfone and carboxylic polyethersulfone
having a heparin like surface. Ma et al.,*® reported a new multifunctional polyethersulfone
membrane coated by dopamine grafted sulfonated linear heparin-like polymer showing
remarkable blood and cell compatibility. A composite layer was deposited on a
polyethersulfone membrane substrate by the layer-by-layer self-assembly of graphene-based
supermolecules prepared by grafting poly(styrenesulfonate) and poly(acrylamide) onto
graphene oxide through free radical polymerization and this membrane was found to be
highly biocompatible and bioactive. 37 Similar types of membranes with antibacterial
properties were prepared by Wang et al.*® A high-performance antifouling and antithrombotic
hemocompatible blend membrane using polyethersulfone and polyurethane was also prepared
by Yin et al.®® Liu et al.** constructed self-cross-linked polymer nanolayers for design of
versatile biointerfaces.

However, development of blend ultrafiltration membranes having antifouling
properties is an area of active research for applications in industrial wastewater and surface
water treatment. Literature on blending of polyacrylonitrile (PAN) with other polymers is
scant. Some of these are PES-PAN, PVDF-PAN blend membranes.*'** Recently, Roy and De
explored PAN-CAP blend membranes in dimethylacetamide and investigated their utility for
extraction of steviol glycosides from stevia extract.* The idea was to impart more
hydrophilicity to the membrane surface by blending hydrophilic CAP to hydrophobic PAN.
PAN is thermally stable, chemically resistant, commercially available at lower cost and easily
soluble in solvent.*** Thus, it can be preferred over popular polymer polysulfone as a
suitable material for blend membranes with improved desirable properties, like,
hydrophilicity, without compromising the molecular weight cut off (MWCO) of the

membrane. Moreover, PAN-CAP blend is compatible as discussed in this work.
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Use of different molecular weight and concentration of hydrophilic polymeric
additives, like, PEG and PVP for tailor-making the surface morphology and surface
properties are common.'® **** In the present work, effects of molecular weight and
concentration of PEG on PAN-CAP blend membrane have been investigated. The aim is to
enhance the hydrophilicity of the resultant membrane further by incorporating hydrophilic
PEG. The cast membranes are characterized in terms of permeability, MWCO, hydrophilicity
and surface morphology. The anti-fouling characteristics of each membrane have been

examined using bovine serum albumin (BSA) solution.

2. Experimental
2.1. Materials:

CAP was purchased from M/s, G.M. Chemie Pvt. Ltd, Mumbai, India. PAN
(homopolymer average molecular weight of 150 kDa) was procured from M/s, Technorbital
Advanced Materials Pvt. Ltd., Kanpur, India. Solvent, N, N- dimethylformamide (DMF) was
purchased from M/s, Merck (India) Ltd., Mumbai, India. PEG of average molecular weight
200 Da, 400 Da, 1.5 kDa, 4 kDa, 6 kDa, 10 kDa, 20 kDa and 35 kDa was supplied by M/s, S.
R. Ltd., Mumbai, India and dextran (average molecular weight: 70 kDa) was procured from
M/s, Sigma Chemicals, USA. These neutral solutes were used to evaluate the MWCO of the
cast membranes. PEG was also used as additives during casting of the membranes. BSA was
procured from M/s, S. R. Ltd., Mumbai, India (molecular weight: 67,000 Da). Distilled water
was used as the non-solvent in the coagulation bath. The membranes were cast on a non-
woven polyester fabric of thickness 118 £ 22.8 pm (product number TNW006013), supplied
by M/s, Hollytex Inc., New York, USA.

2.2 Selection of composition of PAN-CAP blend membrane

The total polymer concentration was fixed at 19 wt% in DMF. Four compositions of
PAN and CAP, i.e., 19 wt% PAN, 15 wt% PAN and 4 wt% CAP, 4 wt% PAN and 15 wt%
CAP and 19 wt% CAP were studied. The blend composition, 4 wt% PAN and 15 wt% CAP,
was found to have the maximum hydrophilicity along with the desirable MWCO (the results
are elaborated in section 3.1). In order to enhance the hydrophilicity of the blend membrane
further without compromising the MWCO, effects of molecular weight and concentration of
PEG additive on this blend composition was undertaken in this study. The molecular weight
of PEG was varied as 200, 400, 1500, 4000 and 6000 Da at 1 wt%. Concentration of PEG of
molecular weight 200 Da was varied as 1, 2, 4, 6, 8 and 10 wt% to observe the effect of

concentration.
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2.3. Membrane Preparation

Flat sheet blend membranes were prepared by phase inversion method and hand
casting. For PAN-CAP-PEG membrane, fixed amount of PEG of different molecular weight
and concentration was added in premixed 15 wt% CAP and 4 wt% PAN in DMF solution and
dissolved at 60°C. The solution was prepared under constant mechanical stirring for 6 hour at
60°C to mix completely and it was then cast on the non-woven polyester fabric (attached to a
glass plate), with the help of a stainless steel casting knife, set at a fixed gap of 150 pm and a
manual drawdown speed of 30 mm/s. The casting solution with glass plate was immediately
put into a gelation bath (to minimize the evaporative effect) containing distilled water for
phase inversion at room temperature. The membrane was kept in the bath for 24 hours to
complete the phase inversion. The above procedure was followed for casting PAN-CAP

membranes with compositions presented in earlier section.

2.4 Ternary phase diagram

The ternary phase diagram was constructed from the cloud point data determined by
the usual titration method.”® Phase diagrams were generated to observe the effect of PEG
molecular weight (at a fixed concentration) and concentration (at a fixed molecular weight).
For the former case, three compositions of casting solution were considered, i.e., no PEG,
PEG 1500 Da and 6000 Da at 1 wt%. To observe the effect of PEG concentration, two
concentrations of PEG-200, i.e., 6 and 10 wt% were selected. The polymer solution was
stirred for 6 h. Distilled water was added dropwise into the polymer solution under stirring by
using a 100 pL micro-pipette to perform the titration. At the first sign of turbidity, the
addition of distilled water was stopped and the cloudy solution was stirred for an additional
30 min to see whether the turbid solution became clear. If the suspension remained turbid, the
composition was recorded as the cloud point. The composition at the cloud point was

determined from the amount of water, DMF and polymer present in the solution.

2.4.1 Thermodynamic and Kinetic instabilities of casting solution

Miscibility gap (MG) and degree of shift in binodal curve (DSBC) determine the
thermodynamic properties of the casting solution.® Thermodynamic instability of polymeric
solution with additive is represented by an enhancement parameter, T. Large value of T
indicates thermodynamic instability. The detailed calculation involved for estimation of T for

various compositions of casting solution is presented in Appendix A.
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In addition to thermodynamic instability, solvent-nonsolvent kinetics during phase
inversion is an important controlling factor for final pore size distribution in the membrane.
This is quantified by kinetic hindrance parameter, K. Reduction of K indicates a denser
membrane matrix. K can be quantified by measuring the concentration of solvent (DMF) in
the gelation bath as a function of time. The detailed calculations involved in estimation of K

are presented in Appendix A.

2.5. Characterization of the membranes
2.5.1. Membrane permeability

Prepared membranes were compacted in an unstirred batch cell at 690 kPa for 3
hours. The batch cell (effective filtration area 33 cm?) was filled by 500 ml distilled water
and then steady state permeate flux was measured at five different trans-membrane pressure
drop. The permeate flux was calculated by
Jw=0/404T) €]
where, J,, is pure water flux; Q is volume of permeate collected in AT). A4y is effective
membrane surface area. A plot of J, against transmembrane pressure drop resulted in a

straight line passing through the origin, the slope of which gave the membrane permeability.

2.5.2 Molecular weight cut off (MWCO) of the membrane

MWCO of the membranes was calculated by measuring the rejection of neutral
solutes of different molecular weights (4, 6, 10, 20, 35, 70, 100 and 200 kDa). A solution of
10 kg/m® was prepared in distilled water and fed to the batch cell under stirring. The
experiments were conducted at 70 kPa transmembrane pressure drop at 2000 rpm. The
permeate was analyzed and the percentage rejection (%R) was measured as:
R= (1 - Cp/Cf) x 100 % 2)
Cp is concentration of permeate, Cr is concentration of feed. Rejection values were plotted
against the molecular weight of solutes in a semi-logarithmic curve. Molecular weight

corresponding to 90 % rejection was estimated as MW CO.

2.5.3 Contact angle:
Contact angle of the membrane was measured by a Goniometer, supplied by M/s,
Rame Hart, New Jersey, USA using the sessile drop method.> Contact angle at six different

locations were measured and average value was reported.
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2.5.4 Pore density
Pore density was calculated using the classical Hagen-Poisseulle’s equation. It was
assumed that membrane had straight cylindrical pores. Thus, the volumetric flow rate is given

by

AP
Q-2 .
SuL
Fag Was calculated using the following equation™:
Tayg (cm) =16.73x107'* (MW C0)*> W

where, AP is transmembrane pressure drop; 7, 1s average pore radius; u is water viscosity; L
is thickness of the membrane (i.e., total thickness — thickness of the fabric). If n. = number of

pores / membrane surface area, the total flux (J,,) is

Jpy=0xn, (5)
Using Eqgs. (3) and (5), the following expression of pore density is obtained.
8J,,uL
ne =—ubz ©)
AP(r,,)

2.5.5 Pore volume distribution and average pore radius by BET analysis

Pore volume distribution of the prepared membrane samples was measured by
Brunauer-Emmett-Teller (BET) analysis. The BET instrument was supplied by
Quantachrome instruments, Florida, USA (model: AUTOSORB-1).

2.5.6 Surface morphology:
The surface morphology of the membranes was studied with scanning electron

microscope (SEM) (model: ESM-5800, JEOL, Japan).

2.5.7 Atomic force microscopy (AFM)
The atomic force microscope (model: 5500 AFM, Agilent Technologies, USA) was

used to measure the surface roughness of the membranes under tapping mode.

2.5.8 Mechanical strength:
The mechanical strength of the membranes, in terms of breaking stress was studied by

a universal electronic strength measuring instrument, procured from M/s, Tinius Olsen Ltd.,
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Redhill, England of model H50KS. All measurements were carried out at room temperature

and strain rate of 20 mm/min. Average of three values of each sample was reported.

2.5.9 Differential scanning calorimetry:

The thermal analysis of pure and blend membranes were carried out in a differential
scanning calorimeter (M/s, TA instrument Ltd., New castle, Delaware USA; model DSC
Q20). The experiment was carried out in a two step heating-cooling cycle in nitrogen
atmosphere. The analysis was carried out utilizing 5 mg of membrane samples in an

aluminium pan and heated from 0 to 300 °C at a heating rate of 10°C/min.

2.5.10 Antifouling experiment using BSA:
BSA solution of 500 mg/l at pH 7.0 and transmembrane pressure drop of 138 kPa was

used to conduct antifouling experiments.

2.5.11 Flux recovery ratio (FRR) and flux decline ratio (FDR) of membrane

Membrane gets fouled due to the deposition of solutes after each experiment.
Antifouling characteristics of the membrane were quantified with the help of two parameters
i.e., flux decline ratio (FDR) and flux recovery ratio (FRR). FRR is related to the irreversible
membrane fouling and was calculated by measuring the pure water flux of all the membranes
before and after BSA experiments. FDR quantifies the flux decline during a particular

experiment with protein solution. FRR is defined as

J
FRR = (—2)x100%
(le ) ’ (7)
where, J,,» is water flux of the membrane after experiment; J,,; is water flux of the membrane

before experiment. FDR is defined as

J —J
FDR = (=) x100%
J| @)

where, J; is initial flux of the membrane with BSA and J; is the flux at the end of one hour.

2.6 Analysis
The rejection of neutral solutes for MWCO analysis was measured by a digital
refractometer (supplied by M/s, Cole-Parmer, Kolkata, India). The concentration of the BSA

before and after the experiments was measured with a UV-visible spectrophotometer

8
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(supplied by M/s, Perkin Elmer, Connecticut, USA, model: Lambda 35) at wavelength 280

nm.

3.0 Results and discussions
3.1 Selection of composition of PAN-CAP blend membrane

Variation of contact angle and MWCO of PAN-CAP is presented in Table 1. It is
observed that hydrophilicity of the membrane decreases as the CAP concentration increases
in the blend, thereby reducing the contact angle. For example, PAN 19 wt% has contact angle
86" and it decreases to 72° for 15 wt% CAP blended in PAN. MWCO of the membrane
increases with CAP concentration. For example, MWCO increases from 12 kDa to 85 kDa
with increase in CAP concentration from 0 to 19 wt%. CAP 19 wt% membrane shows the
highest hydrophilicity (contact angle 65°) but the MWCO (85 kDa) is higher than PAN (4
wt%)-CAP (15 wt%) blend membrane (38 kDa). This particular PAN-CAP blend results in
the highest hydrophilicity and desired MWCO among the blends. Therefore, the membrane of
this composition is selected to study the effects of PEG additives in order to enhance the

hydrophilicity further.

Table 1: Contact angle and MWCO of the membrane for various composition of PAN and
CAP

Synthesized membrane Contact Angle (0) MWCO (Da)

PAN 19 wt% 86+2 12000+£1100
PAN 15 wt%, CAP 4 wt% 78+3 21000+800
PAN 4 wt%, CAP 15 wt% 72+2 38000+700
CAP 19 wt% 65+3 85000+900

3.2 Ternary phase diagram, thermodynamics instability and kinetics hindrance

The phase diagram of water/PAN-CAP/DMF/PEG is shown in Fig. 1. By introducing
PEG into the casting solution, the curve moves closer to the polymer/ solvent axis (Fig 1a).
Therefore, less water is needed for the precipitation of polymer compared to
water/DMF/PAN-CAP. This indicates that the additive lowers the thermodynamic stability of
the casting solution. Addition of higher molecular weight of PEG (6 kDa) shifts the binodal
curve further left, indicating lesser thermodynamic stability and lower water requirement for
precipitation of polymer. Similarly, effects of concentration of PEG are clear from Fig. 1(b).

Thermodynamic instability of solution increases with concentration of PEG-200.
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284
O PEG- 0 wt%
Polymer e PEG 1500- 1 wt%
0.75 0.25 A PEG 6000- 1 wt%
;Q
0.05
1.00 \/ \
Ivent — A N.00
Solvent 50 005 010 _ 015 020 025 Water
285 B [ |
286 (a)
Polymer 0 PEG-0 wt%
o PEG-200 6 wt%
0.75 A PEG-200 10 wt%
0.95 \ 0.05
1.00/ \‘ " \ 0.00
Solvent , /2 ’ 4 ’ !
0.00 0.05 0.20 0.25 Water
287 B [
288 (b)

289  Fig. 1: Ternary phase diagram of Water/PAN-CAP-PEG/DMF system variation of (a) PEG

290  Molecular weight, (b) concentration of PEG-200.

10
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Thermodynamic stability of the casting solution is more quantitavely interpreted from

thermodynamic enhancement parameter, T as elaborated in the Appendix. Values of T for
various composition of casting solution are presented in Table 2. At a fixed concentration (1
wt%), T increases with molecular weight of PEG. Its value is 13 for PEG 1500 and 56.3 for
PEG 6000, indicating enhanced thermodynamic instability of the casting solution resulting in
the possibility of formation of porous membrane. Effects of concentration of PEG are also

apparent from the T values in Table 2.

Table 2: Thermodynamic properties of casting solution

Membrane MG DSBC ODMF/additive ADMF/additive T
(%)
PEG-200 0 wt% 2.7 0 - - -
PEG-200 6 wt% 2.4 11.0 3.55 0.39 4.4
PEG-200 10 wt% 2.1 22.0 3.55 0.39 8.7
PEG-1500 1 wt% 2.4 11.0 6.11 1.16 13.0
PEG-6000 1 wt% 1.7 37.0 6.99 1.52 56.3

T increases from 0 (for 0 wt% PEG-200) to 8.7 (for 10 wt% PEG-200). However, the
membrane morphology is not only dependent on thermodynamic consideration but also on
the kinetics of solvent-nonsolvent demixing. Kinetics of solvent-nonsolvent demixing is
quantified by kinetic parameter K as explained in Appendix A.

Values of K for various compositions of casting solutions are presented in Table 3.
Enhancement of ‘K’ indicates quick demixing leading to porous membrane and lower value
of K results to delayed demixing and hence a denser membrane. As observed from Table 3, K
increases from 5.9 to 8.0 with addition of 6 wt% PEG-200 in the casting solution. Actually
relative magnitude of T and K for different casting solutions dictates the interplay of
thermodynamic and kinetic effects. Addition of 6 wt% PEG-200 to the casting solution
results in increase in both T and K indicating both effects in tandem, leading to a porous
membrane. On the other hand, in case of 10 wt% PEG-200, kinetic parameter K decreases to
6.2x10” and thermodynamic parameter T increases to 8.7 compared to 6 wt% PEG-200 (4.4).
As discussed by Sadrzazdeh and Bhattacharjee,” alteration in kinetic parameter has more
prominent effect than thermodynamic instability. Therefore, for 10 wt% PEG-200, kinetic
hindrance is more dominant than thermodynamic instability and membrane with 10 wt%
PEG-200 is expected to have a denser morphology. In case of higher molecular weight of
PEG (1500 and 6000 Da), thermodynamic parameter T increases significantly (13 and 56.3

11
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319 compared to 0 for no PEG) compared to marginal increases of kinetic parameter (7.9x10°
320 and 9.6x10” from 5.9><10'9). Also, both effects are synergistic in nature. Thus, for higher
321  molecular weight of PEG, the membrane structure is expected to be more porous.

322

323  Table 3: Kinetics property of casting solution

Synthesized m to Viscosity (W)  py/ \/H «10° Correlation  Kx10~
membrane (min"?*)  (min) (Pa.s) . 1 coefficient
(cm min )
PEG-200 0 wt% 0.046 0.19 19.5 1.39 0.998 5.9
PEG-200 6 wt% 0.055 0.28 28.3 1.67 0.972 8.0
PEG-200 10 wt% 0.050 0.34 30.9 1.55 0.989 6.2
PEG-1500 1 wt% 0.060 0.42 31.1 1.85 0.990 7.9
PEG-6000 1 wt% 0.063 0.51 32.5 1.93 0.983 9.6
324
325 3.3SEM
326 Effects of molecular weight of PEG (at 1 wt%) on blend membrane were studied

327  using 200, 400, 1500, 4000 and 6000 Da of PEG. SEM images of cross section of the
328  resultant membranes are presented in Fig. 2(a). As observed from Fig. 2(a), there is a thin and
329 dense skin followed by a porous substructure. This is a common feature of the phase
330 inversion membranes. General observation from this figure is that tear drop like pores start
331  appearing under the skin layer with increase in molecular weight of PEG in the blend. The
332  size and length of the pores increase with PEG molecular weight. The skin layer is clearly
333  visible in Figs. 2(a) (i), (ii) and (iii). From Figs. 2(a) (i) and (iii), skin layer thickness can be
334  estimated as less than 3 pm. The width of macropores is 20 to 40 um for PEG 200 Da; it is 20
335  to 40 um for PEG 400 Da; 20 to 45 pm for PEG 1500 Da; 30 to 50 pm for PEG 4000 and
336 6000 Da. The length of the macropores increases with the molecular weight of PEG. For PEG
337 6000 Da, the macropores cover almost the full cross section of the membranes. PEG is a well
338 known pore former.”> Being hydrophilic, it leaches out during phase inversion to anti-solvent
339  (water) leaving behind macropores. With increase in molecular weight of PEG, larger sized
340 PEG molecules create bigger pore and consequently the membrane becomes more porous.
341 These observations are in corroboration with the thermodynamic and kinetic parameters
342  discussed in section 3.2 that porous membrane are formed as molecular weight of PEG

343  increases in the blend.

12
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Fig. 2(a): Cross section of membrane with various molecular weight of PEG (1 wt%) dope in
blend (i) 200 Da, (ii) 400 Da, (iii) 1500 Da, (iv) 4000 Da, (v) 6000 Da.

Since, PEG 200 resulted less porous structure or denser membrane,”® it was selected
to study the effects of additive concentration. Concentration of PEG 200 was varied from 1 to
10 wt%. SEM images of cross section are presented in Fig. 2(b). As observed from Fig. 2(b),
pore size increases with PEG concentration upto 6 wt% and the morphology becomes denser
thereafter till 10 wt% (as discussed earlier). For PAN-CAP blend membrane without PEG,
the size of macropores is less than 25 pm (Fig. 2(b) i). For 1 wt% PEG-200, tear drop like
macropores are visible in the cross section with a pore width in the range of 10 to 40 pum. The
size of pores increases when 2 wt% PEG-200 is added and pore width is in the range of 25 to
40 um. By increasing PEG concentration to 4 and 6 wt%, wider (10 to 50 um) and longer
macropores are formed. For 8 and 10 wt% of PEG, morphology of membrane matrix changes

from porous to denser structure (as discussed earlier).

13
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Fig. 2(b): Cross section of membrane with various weight % of PEG-200 dope in blend (i) 0,
(i) 1, (iii) 2, (iv) 4, (v) 6, (vi) 8, (vii) 10.

It is observed from Fig. 2(b) (vii) that no regular contour of macropores is visible and
a dense structure is formed. This phenomenon can be explained on the basis of dominance of
phase inversion kinetics as discussed earlier. The size and number of pores formed during
phase inversion is determined by the inter diffusion of water (non-solvent) and solvent from
the membrane matrix into the gelation bath. It is a proven fact that PEG imparts
hydrophilicity to a membrane matrix, and in the gelation bath, the hydrophilicity induces
water to move freely into the matrix and the solvent out of it leading to bigger sized pores.
This observation is in corroboration with variation of thermodynamic and kinetic parameters
with composition of casting solution as discussed in earlier section. Beyond, 8§ wt% PEG,
kinetic hindrance parameter becomes dominant, setting in the delayed demixing, thereby,

forming a denser membrane matrix.

14
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374 3.4 Permeability and Pore density
375 Variation of membrane permeability and pore density as a function of molecular

376  weight of PEG is shown in Fig. 3(a).
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377
378 Fig 3(a): Pore density and permeability with variation of PEG Molecular weight
379
380 As observed from SEM images in Fig. 2(a), the membrane becomes more porous with

381  PEG molecular weight, leading to increase in the membrane permeability. Permeability of the
382  membrane increases from 6 x10"" m/Pa.s to 26 x10"" m/Pa.s as the molecular weight of PEG
383  increases from 200 to 6000 Da. However, a reverse trend is observed in case of pore density.
384  Pore density decreases from 2 x10'® to 7 x10"° /m? as molecular weight of PEG increases
385  from 200 to 6000. As observed from SEM images, for cross-section in Fig. 2(a), the pore size
386 increases but number of pores decreases with PEG molecular weight, thereby leading to
387  decrease in pore density. Therefore, although pore density decreases, membrane permeability
388 increases. Formation of bigger and longer macropores as discussed earlier is responsible for
389 this behaviour.
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Fig. 3(b) demonstrates the variation of membrane permeability and pore density with

concentration of PEG-200.
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Fig 3(b): Pore density and permeability with variation of concentration of PEG-200.

As observed in SEM figures (Fig. 2b), the membrane pore size increases upto 6 wt%
and decreases thereafter. The same trend is reflected in membrane permeability. Permeability
increases from 5.5 x10™! to 9 x10™"! m/Pa.s as PEG concentration increases from 0 to 6 wt%
and it decreases to 2.2 x10™'" m/Pa.s for 10 wt% PEG. However, pore density decreases upto
8 wt% and increases at 10 wt%. Since, the membrane becomes denser at 10 wt% compared to
8 wt%, the number of pores per square meter of membrane increases for 10 wt%. But,
increase in pore density and decrease in pore size balance in such way that the permeability
of 8 wt% and 10 wt% PEG 200 remains almost invariant. Variation of permeability with

membrane composition confirms the observations presented in sections 3.2 and 3.3.

3.5 Molecular Weight Cut Off MWCO) and Contact Angle

Variations of MWCO and contact angle for various membranes are shown in Fig. 4.
Effects of molecular weight of PEG are presented in Fig. 4(a) and those of their concentration
are shown in Fig. 4(b). The observations in this figure are in direct corroboration with the
effect of PEG molecular weight as shown in SEM image (Figs. 2a). MWCO of the

membranes increases from 38 to 106 kDa as molecular weight of PEG increases from 200 to
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416 6000 Da. Since, hydrophilicity increases with molecular weight of PEG, contact angle

417  decreases. The corresponding change is from 67° to 47°.
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419  Fig 4(a): MWCO and Contact Angle with variation of PEG Molecular weight

420

421 The effects of PEG concentration are evident from Fig. 4(b). As discussed earlier, the
422  membrane becomes more porous upto 6 wt% of PEG, thereby, increasing MWCO from 38 to
423 56 kDa. Membranes become denser beyond this concentration and hence the MWCO
424 decreases to 39 kDa. The trend of contact angle is in line with the variation of membrane
425  permeability. As the permeability increases upto 6 wt% PEG, the membrane becomes more
426  hydrophilic and its contact angle decreases from 72 to 55°. Beyond 6 wt%, the permeability
427  decreases inducing more hydrophobicity on the membrane surface. Contact angle increases to
428 65° when PEG concentration increases to 10 wt%.
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Fig 4(b): MWCO and Contact Angle with variation of concentration of PEG-200.

3.6 Pore Size Distribution

As described earlier, cumulative pore volume (cm’/g) distribution of the membranes
are measured using BET surface area analyzer. Four typical pore size distributions
corresponding to 0 wt%, 6 wt%, 10 wt% of PEG-200 and PEG 6000 1wt% are presented in
Fig. 5.
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Fig. 5: Variation of Pore volume distribution with PEG-200 concentration and PEG
molecular weight.
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It is clear from Fig. 5, that cumulative pore volume for 6 wt% of PEG-200 is more
than that of no PEG (0 wt%). This indicates that number of pores and permeability of
membrane with 6 wt% PEG are more than that of no PEG. This measurement is in
corroboration with kinetic hindrance, thermodynamic parameter in section 3.2, SEM images
in (Fig. 2b) and permeability values (Fig. 3b) of these two membranes. On the other hand, 10
wt% of PEG 200, cumulative pore volume is less than that of 6 wt%. This clearly indicates
that membrane with 10 wt% PEG is denser than 6 wt%. Again this observation confirms the

trends shown in SEM images (Fig. 2b) and permeability values (Fig. 3b).

Table 4: Comparison of pore radius from Eq. (4) and BET analysis

Synthesized Pore radius from MWCQO Average pore radius from BET
membrane correlation (A) surface area analysis (A)
PEG-200 0 wt% 59+1.5 79+4
PEG-200 1 wt% 60+3 -
PEG-200 2 wt% 61+4 -
PEG-200 4 wt% 72+2.5 -
PEG-200 6 wt% 74+£2.6 89+3
PEG-200 8 wt% 68+1.7 -
PEG-200 10 wt% 60+4 80+4
PEG-400 1 wt% 68+3.5 -
PEG-1500 1 wt% 73+£2.3 -
PEG-4000 1 wt% 79+2.8 -
PEG-6000 1 wt% 105+1.8 9243

As presented in Table 4, average pore size of membrane with 6 wt% PEG is 89 A that
is higher than 10 wt% PEG which is 80 A. Membrane with no PEG has average pore size
about 79 A. This shows that average pore size of 10 wt% PEG 200 and that of no PEG is
almost same. But membrane with no PEG has higher permeability (5.5 x10™" m/Pa.s)
compared to 10 wt% PEG (2.2 x10™"" m/Pa.s). This is due to the fact that pore density of
membrane without PEG is much higher (1.7 x10'® /m®) compared to that of 10 wt% PEG
membrane (6.4 x10" /m?). Interestingly, the MWCO values of these two membrane are quite
close, i.e., about 38 kDa. This trend is in accordance with cumulative pore size distribution of
these two membrane measured by BET as shown in Fig. 5, and also the average pore size
presented in Table 4. Thus, MWCO and permeability of the membrane are not one-to-one
always. Cumulative pore volume for membrane with 1 wt% PEG 6000 is also shown in Fig 6.
It shows that as observed in SEM images, this membrane is more porous and its average pore
size is 105 A that is in confirmation with permeability (26 x10™"" m/Pa.s) and MWCO of this
membrane (105 kDa).
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3.7 Atomic force microscopy (AFM)

Three-dimensional AFM images of the typical four membranes corresponding to 0, 6
and 10 wt% of PEG-200 and PEG 6000 are presented in Fig. 6. It is observed from this figure
(Figs. 6a and 6b) that more bumpy structure on top surface appears as the concentration of
PEG increases. PEG is a well-known hydrophilic substance, accumulates more on the top
surface during phase inversion. With increase in concentration on PEG, more PEG molecules
compete for their place in upper layer of the membrane. Thus, average surface roughness
increases from 70 to 133 nm as the concentration of PEG increases from 0 to 6 wt%. This
trend also confirms the observation made by Sadeghi et al.,”’ that surface roughness increases
for more porous membrane. As observed in Fig. 3(b), permeability of 6 wt% PEG membrane
(9 x10™"" m/Pa.s) is more than that without PEG (5.5 x10™"! m/Pa.s). However, for 10 wt%
PEG (Fig. 6¢), the average roughness decreases to 94 nm. There are two opposing
phenomena interplay in this case. First, more PEG molecules would like to come to the
surface as its concentration is high that would enhance surface roughness. Second, at 10 wt%
PEG, water influx to the membrane matrix is highly impeded (as discussed earlier) and a
dense morphology sets in. Dense membranes have lower surface roughness.” The second
effect becomes dominant as 10 wt% PEG concentration and the surface roughness becomes
less (94 nm). For PEG 6000, bigger PEG molecules accumulate near the surface making it

quite rough with average roughness of 188 nm.
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R,= 133 nm

R.= 70 nm

R.=94 nm R,= 188 nm
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Fig. 6: Atomic force microscopy (AFM) images of membranes (a) PEG-200 0 wt%, (b) PEG-
200 6 wt%, (c) PEG-200 10 wt%, (d) PEG-6000 1 wt%.

3.8 Tensile strength

Variation of breaking stress with PEG molecular weight and its concentration is
presented in Fig. 7. Since the membrane becomes more porous with PEG molecular weight,
breaking stress is also reduced. For example, breaking stress decreases from 18 to 16 MPa as

the molecular weight of PEG increases from 200 to 6000 Da. Similarly, the membrane
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500 becomes more porous upto 6 wt% of PEG, thereby, deteriorating the breaking stress upto that

501  concentration. Beyond, 6 wt%, membrane becomes dense, improving the breaking stress.
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3.9 Differential scanning calorimetry:

DSC thermogram of the PAN-CAP blend membrane and those with different PEG
additives are presented in Fig. 8. It is observed from this figure that PAN-CAP blend

membrane and membranes with PEG show single glass transition temperature (1) indicating

that the polymers are compatible. The possible interaction between nitrile group of PAN and

hydroxyl group of CAP is schematically presented in Fig. 9. T, value is the highest 89 OC for
PAN-CAP blend membrane and it is the lowest for 1 wt% PEG 6000 (82 °C). It is known that

lowest 7, of membrane shows porous structure

5960 and this ob

with the observations made in earlier sections.

servation is in corroboration

1.0
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i """" PEG 200- 10 wt%
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Fig. 8: Differential scanning calorimetry (DSC) curves for (a) PEG-200 0 wt%, (b) PEG-200
10 wt%, (c) PEG-6000 1 wt% membrane.
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Fig. 9: Possible interaction of PAN with CAP.
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3.10 Permeate flux decline for BSA solution

Profiles of permeate flux for BSA solution (0.5 kg/mS) for various membranes are
shown in Fig. 10. It is observed from Fig. 10(a) that flux values at a particular time of
filtration is more for 200, 400, 4000 and 6000 Da PEG in that order. This is in corroboration
with the permeability values of these membranes. For a particular membrane, permeate flux
declines over the filtration period due to concentration polarization.®' The flux decline trends
for different concentration of PEG are shown in Fig. 10(b). Again, the flux profiles are in the
same order of permeability values of these membranes. At a fixed time, the permeate flux

increases from 0 to 6 wt% PEG and it decreases for 8 and 10 wt%.

24

Page 24 of 38



Page 25 of 38

533

534
535

536
537
538
539
540
541
542

RSC Advances
70
; ® PEG-200 1wt%
A
60, (a) o PEG-4000 1 wt%

F A A PEG 6000 1 wt%
= 0F Aa v PEG400 1wt%
E lo faa
o
= | * AAAAAA
S 0F *%%eee Aa
< v [ "y AAAA
] .'v o0 AAA
£ 20 ML $c0ee,,
= - PPAL oooo......
& [ L vvvv'Vvvvv

10} aRbLLETPMMMAA
0 1 1 " 1 "
0 1000 2000 3000 4000
Time (Sec)
60 |-
ol (b) e PEG1 wt%
_ A PEG2 wt%
= & v PEG6 wt%
E “F ., < PEG 8 wt%
SR T > PEG 10 wt%
5 30|° Yvvy
a AAAAvVV
3 o AN Vyy
S 20} 0,% SeanalxIIVY,
E DDDBQS. ZA vaVVv
L [ ]
: < ..“'iuu
10} L] T VPO
AN PP DD
N A S b S e L
0 1000 2000 3000 4000
Time (Sec)

Fig. 10: Permeate flux variation of BSA solution with different (a) molecular weight of PEG,

(b) concentration of PEG-200.
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543  3.11 Rejection and permeate flux of BSA solution
544 Rejection of BSA by various membranes and the permeate flux at the end of 1 hr are

545  shown in Fig. 11.
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548  Fig. 11: Permeate flux after 1 hr and BSA rejection with variation of different (a) molecular
549  weight of PEG, (b) concentration of PEG-200.
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550 The flux values are in the expected trend as discussed earlier. BSA rejection can be
551  explained according to variation of MWCO of these membranes. Since, the MWCO of the
552  membranes increases with PEG molecular weight (Fig. 4a), rejection of BSA decreases in
553  that order. Thus, BSA rejection decreases from 95% to 12% as the molecular weight of PEG
554  increases from 200 to 6000 due to increase in pore size of the membrane (refer Fig. 10a).
555  Similarly, variation of BSA rejection with PEG concentration is in direct corroboration with
556  MWCO of these membranes. As the MWCO of membranes increases upto 6 wt% PEG,
557  rejection of BSA decreases from 92 to 84%. Membrane MWCO decreases upto 10 wt%
558 leading to corresponding increase in rejection to 95%. A brief comparison study of BSA
559  rejection by various tailor made membranes is described in Table 5.
560
561  Table 5: Comparison of the BSA rejection
Authors Name Polymer Additive Solvent % BSA
(PEG) Rejection
Chakrabarty et al.*> | PSF 12 400 Da,6000 Da and 20000 NMP and | 11 to 56.4 %
wt% Da 0 to 5 wt% DMAc
Ma et al.” PSF 18 400 Da, 800 Da 1500 Da, DMAc 40 to 90 %
wt% 4000 Da, 10000 Da, 20000 Da
0 to 10 wt%
Vijayalakshmi et al.”* | CA/PC 600 Da 0 to 10 wt% NMP 70 to 95 %
Amirilargani et al.® PES/PAN 400 Da, 600 Da, 1500 Da, DMF 74.8 10 93.8 %
6000 Da
Present Study CAP/PAN | 200 Da, 400 Da, 1500 Da, DMF 14 t0 94.72 %
6000 Da 1to 10 wt%
562
563 It is observed from this table that lower concentration of polysulfone (PSF) leads to
564  low rejection (maximum 56%) of BSA.® However, higher concentration of PSF (18 wt%)
565 and lower molecular weight of PEG lead to higher rejection of BSA upto 90%.% CA based
566 ~membrane are reported BSA rejection from 70 to 95% corresponding to various
567  concentration of PEG, as additive.** Amirilargani et al.,® reported BSA rejection in between
568 75 to 94% corresponding to various molecular weight of PEG in PES/PAN blend membrane.
569  In the present case, PAN/CAP blend membrane exhibits a wide range of BSA rejection (14 to
570  95%) for various molecular weight of PEG (200 to 6000 Da) in the concentration range 1 to
571 10 wt%. Thus, the present membrane is comparable with the reported ones with respect to
572 BSA rejection.
573

27




574
575
576
577
578
579
580
581

582
583

584
585
586
587
588
589
590
5901
592
593
594
595

RSC Advances

3.12 FRR and FDR

Antifouling capacities of various membranes are quantified in terms of FRR and
FDR. Thus, highest FRR, lowest FDR and moderately high retention of BSA indicate the
antifouling characteristics of the membranes. From Fig. 12(a), it is observed that membrane
with PEG 200 shows FRR 60% and FDR 78%. Membrane with 6000 Da PEG shows
maximum 80% FRR and about 65% FDR. On the other hand, PEG 200 results 91% rejection
of BSA and PEG 6000 shows only 14% rejection. Thus, considering rejection of BSA as one

factor, membrane with PEG 200 is desirable.

100

[ 221 FRR
[ W77z FDR| %R=13.85
80 - %R=75.55 7
S
% 60
Q 3
m 3
T L
S 40 i
= 20
ol ‘
4000 6000

PEG Molecular weight (Da)

Fig. 12(a): Flux recovery ratio (FRR) and Flux decline ratio (FDR) of membrane with
variation of different molecular weight of PEG

Effects of PEG concentration on antifouling performance are shown in Fig. 12(b). It is
observed that for all membranes, rejection of BSA is above 85%. For 8 and 10 wt% PEG,
rejection is about 95%. But, FRR values are quite poor in both cases (about 50%). On the
other hand, performance of 2 and 6 wt% PEG membranes is quite close. FRR values are 75
and 78%, respectively and corresponding FDR values are 77 and 75%. 2 wt% PEG rejects
91% BSA and 6 wt% rejects 84% PEG. Therefore, as per antifouling properties are

concerned both of these membranes perform equally well.
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Fig. 12(b): Flux recovery ratio (FRR) and Flux decline ratio (FDR) of membrane with
variation of different concentration of PEG-200.

It is interesting to note the hydrophilic and antifouling properties of the developed
membranes with similar types reported in literature. PAN based membrane was reported to
have contact angle 60° for 8 wt% of PEG 400 with MWCO 74 kDa* and for PSF based
membrane it was 67° for 10 wt% of PEG 400 with MWCO 55 kDa.>* In the present work, 6
wt% PEG 200 in PAN-CAP blend reduces the contact angle further to 55° with MWCO 56
kDa. Therefore, PEG added PAN-CAP blend results in more hydrophilic membrane with
reduced MWCO compared to PAN-PEG membrane and equivalent MWCO with respect to
PSF-PEG one. PEG added PAN-CAP blend membrane shows more antifouling
characteristics compared to PAN-PEG membrane for 500 mg/l BSA solution. FDR value of
PAN-PEG membrane is more than 82% and that of PAN-CAP-PEG membrane is less than
72% whereas, rejection of BSA in both membranes is comparable. Therefore, use of PEG
additive in PAN-CAP blend results in more hydrophilic and antifouling membrane compared

to PSF-PEG and PAN-PEG blend.
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4.0 Conclusion

Effects of PEG as an additive on the characteristics and performance of PAN-CAP
blend membrane have been investigated in detail. The following conclusion can be drawn
from this study:
(i) Increase in molecular weight of PEG results into more porous membrane. Permeability of
the membrane increases from 6 x10™! m/Pa.s to 26 x10™"" m/Pa.s as the molecular weight of
PEG increases 200 to 6000 Da. On the other hand pore density decreases with PEG molecular
weight. Thus, increase in permeability is resulted from increase in pore size to the membrane
not by increase in pore density.
(ii) Permeability of membrane increases upto 6 wt% PEG 200 (9 x10"' m/Pa.s) and it
decreases to 2.5 x10™"" m/Pa.s thereafter.
(iii) MWCO of the membrane increases from 38 K to 105 K at molecular weight of PEG
increases from 200 to 6000 Da. Corresponding contact angle decreases from 66° to 47°,
making the membrane more hydrophilic.
(iv) MWCO becomes maximum 56 K at 6 wt% PEG 200 and it is reduced to 38 K at 10 wt%.
Contact angle decreases to 54° at 6 wt% PEG and increases to 65° at 10 wt%.
(v) Both 2 wt% and 6 wt% PEG 200 showed equal antifouling properties. Theses membranes
resulted to FRR values 75 and 78%, FDR values 77 and 75% and BSA rejection 91% and
84%, respectively.
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Nomenclature

Ay Membrane surface area, m?

Cp Concentration of permeate, kg/m’

Cr Concentration of feed, kg/m3

G Concentration of solvent in coagulation bath at time t, kg/m’

Ce Concentration of solvent in coagulation bath at infinite time, kg/m’
é’ ns Volume fraction of pure nonsolvent
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651 D, Diffusion coefficient of solvent, m%/s
652 DSBC  Degree shift in binodal curve, Eq. (A1)
653 FRR Flux recovery ratio, Eq. (7)

654 FDR Flux decline ratio, Eq. (8)

655 J, Pure water flux, m’/m’.s

656  J,; Water flux of the membrane before experiment, m>/m’.s
657 J.» Water flux of the membrane after experiment, m’/m?.s
658 J; Initial flux of the membrane with BSA, m>/m’.s

659 J; Flux at the end of one hour, m’/m’.s

660 K Kinetic hindrance parameter, Eq. (A7)

661 M Mass of the cast film, Kg

662 MG Miscibility gap, Eq. (A1)

663 L Membrane thickness, m

664 n. Pore density, number of pore/m*

665 QO Volumetric flow rate, m’/s

666 R Rejection, %

667  Tang Average pore size, m

668 T Thermodynamic enhancement parameter, Eq. (A2)

669 1 Time lag for sensing organics in the coagulation bath, s
670 V Fixed volume of nonsolvent into which the solvent diffuses, m>
671 V; Molar volume of the solvent, m>/mol

672

673  Greek Symbol

674 0 Solubility parameters

675 AP Transmembrane pressure drop, kPa

676 ATy Sampling time, s

677 vy Cast film compaction factors

678 y Interaction parameter between additive and the solvent, Eq. (A2)
679 u Viscosity of water, Pa.s

680

681

682

683
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Appendix A
A.1 Estimation of thermodynamic parameter

The distance between polymer-solvent axis and the part of binodal curve parallel to
this axis is MG. Degree of shift in binodal curve (DSBC) indicates the thermodynamic

change of the casting solution due to addition of additive. DSBC is estimated as follows,

MG ")_MGwz itive
DSBC = /Ad;(’; n e % 100% (A1)

w/o additive

Thus, overall thermodynamic enhancement parameter, 7 of polymer due to additive is
quantified as®’

T = DSBC X Xsolvent/additive (Az)

where, is the interaction parameter between additive and the solvent. For no

solvent/additive
additive, T is zero and large value of T indicates enhanced thermodynamic instability leading

to quick demixing and formation of porous membrane. ¥ ... cddiive in above equation is

Flory-Huggins solvent polymer interaction parameter and is calculated as®’

4 2

—_1 —
XSolvent/additive - RT( solvent additive)

(A3)

where, V;, R and J are molar volume of the solvent, ideal gas constant and solubility
parameters, respectively. Molar volume of solvent DMF was ¥;= 77.09 cm’mol™.®® Group
contribution method is used to calculate the solubility parameter of additives of different
molecular weight.®*”* Hansen solubility parameters of additives and DMF are presented in

Table Al. Literature data was used for calculation of solubility parameters of DME.®

Table Al: Hansen solubility parameters of additives and DMF

n

P s
. 3 ]
Material %\I/\[’[‘;’Vp)/ (g em™) (em’mol™) (MPa)? (MPa)'? (MPa)'? (MPa)"
PEG0.2kDa 4 1.128 177 15.65 5.33 13.45 21.31
PEG 1.5kDa 34 1.10 1364 16.10 1.74 9.45 18.75
PEG 6 kDa 136 1.07 5607 15.56 0.8367 8.74 17.44
DMF® . 17.4 13.7 11.30 24.86
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A.1.1 Calculation of Hansen Solubility Parameter:

Interactions between dispersion forces (J;), polar interactions (o,) and
hydrogen bonding (d;) of the structural groups are considered to estimate Hansen solubility
parameter (0;):

2 2 2 2
o =0, +5p+5h (Ad)

where ¢y, 0, and 0, are calculated using the group contribution method.® "

A.2 Kinetic hindrance effect due to additives
This effect can be quantified by diffusion of solvent in the coagulation bath and the

concentration profile of solvent is represented by the following equation,53 73T

c 24c D

C A
N v \ Y Cos Dns
where, y, D,y, C, A, Cs , C,, Cs, Vand tyare cast film compaction factors, diffusion coefficient

of solvent, volume fraction, area of the cast film, volume fraction of pure nonsolvent

(Cus=1), concentration of solvent in coagulation bath at time t, concentration of solvent in
coagulation bath at infinite time, fixed volume of nonsolvent into which the solvent diffuses
and time lag for sensing organics in the coagulation bath. Therefore, a plot between C/C,

versus  results in a straight line with slope (m)

V24¢,0, _~24C, D,

V\,’YénsD V\/yCm \/_ \/_

From above equation, knowing the values of #=1000 cm’, 4=232 cm’, C s =1 and y=1, the

(A6)

ratio D,/+/D,, is estimated. The dimensionless kinetic hindrance parameter is expressed,*

VD, Auty?

where, M, A and u are mass, surface area and viscosity of the cast film, respectively.

(A7)

The kinetic data on the polymer precipitation was measured by the solvent leaching
rate.”> > *The polymer solution was cast on the non-woven fabric (attached to a glass plate)
at room temperature and then it was immediately put into a deionized water bath. Samples

were taken from the gelation bath using a micro syringe. The solvent concentration in
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coagulation bath was measured with time in terms of refractive index using a digital

refractometer (M/s, Cole-Parmer, Kolkata, India).

A.2.1 Estimation of kinetics parameter

The solvent concentration (C/C,) in the coagulation bath for different polymer
composition is shown in Fig. Al. It is observed from this figure that rate of solvent-
nonsolvent demixing increases for 10 wt% PEG 200, 6 wt% PEG 200, PEG 1500 (1 wt%)
and PEG 6000 Da (1 wt%), in that order. Additive increases the viscosity of casting solution,

promoting kinetic hindrance.

0.8

—&— PEG-6000 1 wt%
—@— PEG-1500 1 wt%
—{3— PEG-200 6 wt%
—O— PEG-200 10 wt%
—4— PEG- 0 wt%

= PEG-6000 1 wt%
® PEG-1500 1 wt%
O PEG-200 6wt%
o
-

0.2

PEG-200 10 wt%
PEG- 0 wt%

0.0

0 100 200 300 400

Time (min)

Fig. Al. Kinetic properties of various casting solutions
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