Int. J. Chem. Sci.: 14(1), 2016, 195-205
ISSN 0972-768X
www.sadgurupublications.com

MODIFIED CELLULOSE ACETATE ULTRAFILTRATION
COMPOSITE MEMBRANES FOR ENHANCED
DYE REMOVAL

K. RAMBABU and S. VELU

Chemical Engineering Division, School of Civil and Chemical Engineering,
Vellore Institute of Technology University, VELLORE — 632014 (T.N.) INDIA

ABSTRACT

A series of cellulose acetate (CA) ultrafiltration membrane blended with poly(acrylic acid) (PAA)
and iron oxide (Fe,03) was prepared by phase inversion technique. Fe,O3 was varied from 0-3 wt% in the
casting solution composition to study its effect on the blend membranes. Prepared membranes were
analyzed for their morphology, ultrafiltration (UF) features and dye rejection performance. Surface pore
studies revealed the increase in the number of pores as well as pore size due to the addition of Fe,O3to CA.
Surface roughness was increased drastically for high concentration Fe,O; composite membranes. Surface
hydrophilicity was improved due to the addition of Fe,O; in the composite membranes. Porosity
measurements confirmed the enhanced porous nature of CA/PAA/Fe,O; blend membranes than the
pristine PES membrane. Pure water flux of the Fe,O3; composite membranes was improved to a maximum
of four times as compared with pure PES membrane. Dye rejection studies revealed that the blend
membranes had almost the same rejection as that of the pristine membrane with a largely enhanced flux
rate. Results obtained clearly indicated the better performance of 1 wt% Fe,O; blend membrane among the
synthesized UF membranes.
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INTRODUCTION

Membrane separation is a promising technology for separation operations due to its
potential advantages over other conventional separation methods like absorption, distillation
etc.'? Ultrafiltration (UF) is a common mode of membrane separation operations for
separating dissolved macromolecules from liquid streams using pressure difference as the
driving force™. Industrially, UF is mainly applied for water and wastewater treatment
processes’. UF membranes are usually prepared from a wide range of materials, which
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includes polymers, ceramics, metal oxides, etc. Polymeric membranes are largely preferred
for UF membrane synthesis owing to their ease of fabrication and preparation’. These
polymers include polysulfone®’, polyethersulfone®'’, polyvinylidene fluoride'"'* and
cellulose acetate'*!*.

Cellulose acetate (CA) is an excellent polymeric material for UF membrane
synthesis due to its desirable thermal, mechanical and chemical properties'’. Advantages of
CA membranes over other membranes such as high rejection efficiency, low cost, easy
synthesis and antifouling ability have made CA quite popular in ultrafiltration applications'®.
However, pure CA membranes suffer from the limitation of lower fluxes'>'. It has been
reported that by blending CA polymer base with other materials, the resulting membrane
possessed improved physical properties'>?'. CA membranes blended with polyether ether
ketone [PEEK] showed increased pore size, higher flux and greater hydraulic resistance'’.
CA blended with polyurethane and polyvinylpyrrolidone (PVP) exhibited improved protein
rejection efficiency'®. The excellent film-forming nature of CA has made it as an ideal base
polymer for UF membrane development especially for commercial applications'”. CA and
low cyclic dimmer polysulfone blended with poly ethylene glycol (PEG) as additive resulted
in increased water flux, porosity and water content’’. CA and polyacrylic acid blended
membranes have also been successfully investigated?'.

In recent years, iron oxide particles are widely used as additives for polymeric and
ceramic membranes®*°. Iron nanoparticles are excellent absorbent and their presence in the
membrane could enhance the membrane’s thermo-mechanical stability. Iron oxide blended
ceramic/polymeric membranes have been studied for the treatment of phenol /organic matter
polluted water** and for arsenic removal in water™**. Incorporation of polyaniline and iron
oxide to PES membrane resulted in better rejection of copper ions®.

In this current study, modification of the CA membrane using polymeric additive
PAA and inorganic additive Fe,O; has been carried out using phase inversion technique.
Prepared membranes were characterized for surface roughness, hydrophilicity, porosity and
pure water flux. Dye rejection capacity for the pristine and composite PES membranes were
analyzed using various dyes solutions. Results for the characterization and performance
analysis of the blend membranes were compared against the pure PES membrane.

EXPERIMENTAL

Methods and materials

Cellulose acetate (approximately 45% acetyl content) was procured from Mysore
Acetate & Chemical Co. Ltd., India and it was dried at 120°C for 8 hr before being used.
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Iron nanoparticles were procured from Reinste Nanoventures Pvt. Ltd., India. Low
molecular weight poly acrylic acid (PAA, average M,, = 40,000) was purchased from Sigma
Aldrich (India). N, N-dimethyl formamide (DMF) solvent was obtained from SRL
Chemicals (India). Congo red and Orange II dye powders were purchased from Avra
Synthesis Pvt. Ltd., India. Freshly prepared deionized water was employed for the
preparation of gelation bath, dye solution preparation and membrane storage. All the
reagents used in the experimental work were of analytic grade and used as such without any
further treatment.

Membrane preparation
Phase inversion technique is the most versatile and widely used membrane
preparation method for asymmetric UF membrane synthesis*. The cast solution for a given

membrane was prepared by dissolving required amounts of the CA, PAA and Fe,O; in DMF
solvent, as shown in Table 1.

Table 1: Composition and characterization results for the pure and blended PES

membranes
Membrane composition (W%

Membrane P é I ) . rouzl:1rr:c2§: R Contact  Porosity,
ID ofven ; ' angle (° P
CA  PAA  FeOs pup (in nm) gle ()

Ml 18 0 0 82 29.55 56.5 0.27
M2 18 2.5 0 79.5 35.49 52.5 0.31
M3 18 2.5 1 78.5 42.25 49 0.43
M4 18 2.5 2 77.5 63.74 44.5 04
M5 18 2.5 3 76.5 97.54 40.5 0.37

Based on our previous studies, the polymeric additive PAA was fixed to a
concentration of 2.5 wt% in the composite membrane for which the miscibility of PAA with
CA was optimum26. The concentration of Fe,Os; was varied from 0 to 3 wt%. The cast
solution was magnetically stirred (along with mild heating) for 10 hr to ensure complete
dissolution of the CA polymer and modifiers in the DMF solvent. Subsequently, the cast
dope was debubbled for 4 hr to remove the trapped air. The solution was then cast on
smooth glass plate with the help of a doctor blade for a fixed thickness of 200 um. The
membrane film was allowed for dry phase inversion for 30 sec. Then the glass plate along
with the resulting film was immersed in a water bath for wet phase inversion. After 30 min
of gelation, the membrane was removed from the water bath and washed with distilled water
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to remove the residual solvent. The resulting membrane was then stored in a water bath until
further usage.

Membrane characterization

Scanning electron microscopy (SEM) (Supra 55-Carl Zeiss, Germany) was used to
analyze the top morphology of the prepared membranes. The membranes were cut into
pieces of various sizes and mopped with filter paper. These pieces were immersed in liquid
nitrogen for 20-30 s and were frozen. Frozen bits of the membrane samples were used for
SEM studies.

Surface roughness (R,) of all the synthesized membranes was measured through
atomic Force Microscopy (AFM) (NTEGRA PRIMA-NTMDT, Ireland). Roughness results
obtained were for an effective sampling area of 25 um x 25 um.

Hydrophilicity of all the prepared membrane was measured in terms of surface water
contact angle. The contact angle on the membrane surface was measured using a goniometer
(DGX Digidrop, France). The mean water contact angle of each membrane was obtained by
averaging the static contact angle measured at four different positions on the membrane
sample’s surface.

Membrane porosity for all the membranes was calculated by measuring the water
uptake capacity of the membrane sample. A given membrane sample was soaked in
deionized water for 24 hr. The wet sample weight was then weighed after mopping the
excess water on the sample surface using filter paper. Then the wet sample was placed in a
vacuum oven at 80°C for 24 hr. The dry weight of the membrane sample was then weighed
until the sample weight became constant. The membrane porosity of the sample was then
calculated using Eq. (1).

W, - W,
g=—» 4 ..(1)
p.Al
where ¢ is the membrane porosity, W,, and W, (kg) are the wet and dry weight of the
membrane sample, 4 (m?) is the membrane surface area, / (m) is the membrane thickness
and p,, (kg m™) is water density.

Pure water flux and rejection analysis for the prepared membranes were carried out
in a dead-end UF stirred cell filtration system connected to a nitrogen gas cylinder. The UF
stirred cell (Amicon, Model 8400) had an inner diameter of 76 mm and a volume capacity of
400 mL with teflon coated magnetic paddle. The effective filtration area was 38.5 cm?. A
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nitrogen gas cylinder served as a pressure source for the feed stream. All membranes were
compacted at a pressure for 414 kPa for about 1 hr before water flux measurement. Pure
water flux of every membrane sample was then measured at an operation pressure of 276
kPa using Eq. (2).

_ Q
= o (2)

where, J,, — permeate flux (L m™ h™), Q — quantity of permeate (L); A — membrane
area (m”), AT — filtration time (h)

Rejection performance of the pure and blended PES membranes was analyzed
through dye separation studies. Congo red and Orange II dye solutions at a feed
concentration of 0.1 g L™ were used for the dye rejection studies. The ultrafiltration of the
dye solutions was carried out at 276 kPa in the UF stirred cell. Permeate was collected over
defined time intervals in graduated tubes and the tube contents were analyzed for dye
concentration. Solute rejection percentage (% SR) was calculated using Eq. (3).

C
%SR=(1—C—"J x 100 ..03)

f

where, C, and C; are dye concentrations in the permeate and feed streams,
respectively. The dye concentration of the dyes in the permeate and feed streams was
measured using a UV-Vis-NIR spectrophotometer (UV-3600, Shimazdu Corp., USA).

RESULTS AND DISCUSSION

The various characterization and performance results for CA/PAA/Fe,O; blend
membranes were compared against the pure PES membrane. The advantages and limitations
of the blend membrane system over the unmodified PES membrane is discussed in the
below section.

Scanning electron microscopy

SEM analysis of the top surface morphology revealed that the Fe,Os blended CA
membranes showed better porosity when compared to pristine CA membrane. As shown in
Fig. 1, it could be seen that the porosity of the Fe,O3 blended CA membranes increased due
to two effects — (i) Increase in the number of pores, (ii) Increase in the size of the pores.
While the former effect was more predominant till 1% Fe,Os in the blend membrane the later
effect was more predominant in blend membranes with more than 1% Fe,Os.
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Fig. 1: SEM images of the top surface of the membranes
Atomic force microscopy

In the AFM analysis, as shown in Fig. 2, the lighter or the brighter regions show the
nodular structures and the darker regions shows the depressions or pores of the membrane.
As shown in Table 1, it was observed that the addition of Fe,O3; to CA matrix increased the
surface roughness. However, the rate of increase in surface roughness had a rapid growth
after a cut-off concentration of 1% for Fe,O; in the casting dope. Increase in surface
roughness is an indication for the enhancement in flux through membranes.

Cont...
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Fig. 2: AFM images of the top surface of the membranes
Surface hydrophilicity, porosity and pure water flux

Water contact angle measurement is one of the most suitable methods for evaluating
the surface hydrophilicity of UF membranes'>. By theory, contact angle of hydrophilic
surface should be less than that of hydrophobic surface’’. As shown in Table 1, it could be
seen that the contact angle of the CA/PAA/ Fe,O5 blend membranes was decreased due to
the addition of PAA and Fe,Os to CA matrix. Especially, Fe,O3; composite membranes were
more hydrophilic than the pure CA and CA/PAA (0% Fe,O3;) membranes. Contact angle
studies confirmed the enhanced hydrophilicity of the Fe,O; blend membranes due to the
pronounced hydrophilic effect of the Fe,O; particles. Increase in surface hydrophilicity could
make the membrane more fouling resistant due to easy diffusion of solvent (water) through
the membrane thickness*. Hence, the Fe,O; composite membranes have better chances of
antifouling ability than the pristine CA membrane.

Results of the membrane porosity studies, as shown in Table 1, clearly indicated that
the porosity of the blend membranes was altered due to the addition of Fe,Os. It was evident
that, for low concentration of Fe;,Os (1% Fe,0;) in the casting dope, the membrane structure
was enhanced with better porosity. However, at high concentrations of Fe,O; in the casting
dope, the dominant viscous effects, as confirmed visually, delayed the phase separation
resulting in low membrane porosity. In general, all the Fe,O; composite membranes
possessed better porosity than the pristine CA and CA/PAA (0% Fe,O3) membranes.

Pure water flux results for all the prepared membranes are presented in Fig. 3. From
the figure, it could be seen that the addition of Fe,Os to the CA matrix had boosted the pure
water flux upto a maximum of four times as compared with the unmodified CA membrane.
Increase in the water flux was due to the enhanced hydrophilicity and the possibly enlarged
sublayer (as confirmed from the porosity studies) of the blend membranes, which was
caused due to the addition of Fe,O;. Further, it could be seen that the pure water flux was
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highest for the 1 wt% Fe,O; membrane and there was a decrease in water flux for composite
membranes with more than 1% Fe,O;. This observation was used to conclude that upto 1%
Fe,O; concentration, the hydrophilic effects were dominant for the blend membrane and for
high concentration Fe,O; composite membrane (more than 1 wt%), the morphology
(porosity) effects were dominant.
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Fig. 3: Pure water flux measurement for the pure and composite CA membranes

Dye rejection studies

Performance of all the prepared membranes was analyzed through dye rejection
studies. Congo red and Orange Il were used as probe agents for the rejection study. Results
of the dye rejection study are presented in Fig. 4 and Fig. 5. From Fig. 4, it could be seen
that the dye rejection percentage of the Fe,Os; composite membranes was almost same till
1% Fe,O3 blend membrane. There was an appreciable decrease in the rejection percentage
for high concentration Fe,O; composite membranes owing to their increased porosity. As
shown in Fig. 5, the dye permeate flux was greatly increased for the Fe,Os; composite
membranes. The Fe,O; blend membrane with 1 wt% concentration recorded the highest
permeate flux among the synthesized membrane series. Also this membrane was expected to
have low fouling due to its less surface roughness and enhanced hydrophilicity as compared
with other Fe,O3; composite membranes.

Analyzing the characterization and performance results, it was clear that the 1 wt%
Fe,O; composite UF membrane was possessing better separation characteristics as compared
with all other synthesized membranes. Thus, the 1 wt% Fe,O; composite membrane seems
to be a suitable and promising membrane for the application of dye polluted waste water
treatment than the pure PES membrane.
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Dye rejection (%)

Fig. 4: Dye rejection percentage of the pure and composite CA membranes

Dye permeate flux (Lm?h™)

Fig. 5: Dye permeate flux of the pure and blended CA membranes

80

—=— Congo red

—e— Orange 11
70 \\\
60+ “\.\ﬂ\

T
1‘\-..\_\_\_\_\_\_\_\_-
"\\\\_\_\_.
501
40 T T T T T
M1 M2 M3 M4 M5

40

Membrane ID

354
30
25
20 |
15 A
10 A
5 -

0

—m-Congo red
—@-Orange II

M1 M2 M3 M4 M5

Membrane ID

CONCLUSION

203

A series of ultrafiltration membranes was prepared by blending fixed amount of
polyacrylic acid (PAA) and varying amount of Fe,O; as modifiers with cellulose acetate
(CA). Eftect of Fe;O3; on the membrane morphology, hydrophilicity, porosity and pure water
flux of the blend membranes was studied. The addition of Fe,O; to the base PES membrane
influenced the membrane properties and morphology remarkably. Characterization studies
showed that the PES/PAA/Fe,0; blend membranes had increased porosity, surface roughness,
enhanced surface hydrophilicity and improved porosity. Pure water flux of the composite
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membranes was increased to a maximum of four times as compared to pure PES membrane.
Dye rejection studies using Congo red and Orange II dye solutions clearly indicated that the
rejection efficiency of the Fe,O; blend membranes got reduced slightly but with an elevated
flux than the pure CA membrane. A very close analysis on the obtained results revealed the
better separation characteristics of 1 wt% Fe,O; blend membrane among the synthesized
series. Thus, the 1 wt% Fe,O3; composite membrane seems to be a promising candidate for
treatment of dye polluted waste water, ensuring high fluxes and effective rejection.
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