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ABSTRACT

MCM-48 was synthesized from rice husk, coated by polyaniline and blended by polysulfone mem-
branes for the removal of azo dyes in batch experiments and dynamic filtration. The blended mem-
branes demonstrated more hydrophilicity and pure water flux (5.8 kg/m?h for non-filled membrane
and 413.7 kg/m?h for the sample with 1.2 wt.% of composite). Results showed that the amine groups
of polyaniline in the composite played key role in the removal of azo dyes. Dye rejections reached
98% for Reactive Red B (J = 48 kg/m?h), 99% for Blue 62 (J = 29 kg/m?h), and 78% for Yellow GC (J =

12 kg/m?h) in pH = 3, respectively.
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1. Introduction

Treatment of wastewater in textile industries is an
important subject in order to the large amount of water con-
sumed in these factories, so the recycle of wastewaters after
treatment should be economically considered. In addition,
environmental pollution due to the formation of hazard-
ous products after degradation of residual dyes by natural
reagents is another reason for the importance of treatment
of textile wastewaters. Azo dyes are generally used in textile
industries, more than 70% of annual dye consumption in the
world [1]. Degradation or decomposition of them in waste-
water produces several toxic intermediates such as benzene,
aromatic amines, and heterocyclic compounds which can
lead to serious illnesses in animals and human [2].

Treatment processes for removal of azo dyes from
wastewaters can be generally divided to three main cate-
gories: (1) Chemical treatments such as chemical/catalytic
oxidation [3], flocculation/coagulation [4], and AOP pro-
cesses by UV, O,, and/or TiO, [5] which are known as high
efficient methods for decolorization and too costly in order
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to the consumption of chemical reagents and detoxification
of byproducts after treatment; (2) Biological treatments by
enzyme [6], bacteria [7], and fungi [8] as simple methods
for design, inexpensive and available but they are mostly
large for installation, kinetically slow and very sensitive to
the operative parameters such as temperature and pH; (3)
Physical methods such as adsorption of residual dyes in
effluent by natural or synthetic adsorbents such as activated
carbon [9], CNT’s [10], alumina [11], zeolites [12], MOF’s
[13], chitosan [14], clays [15], magnetite [16], etc. in individ-
ual form or after surface modification via functionalization
by chemical compounds. Most of them demonstrate high
adsorption capacity of dyes but the main problem is the
separation of adsorbent particles from treated water and
prevention of releasing them into the environment.
Filtration by membranes as another physical process can
be used for water treatment in large scale and continuous
systems. One of the main categories of membrane filtrations
is ultrafiltration or nanofiltration by polymeric membranes
in order to their high removal efficiency, high flexibility,
simple mechanism of pore formation, and simple instal-
lation [17]. Mixed matrix membranes (MMM’s) as modi-
fied polymeric membranes can be prepared by blending
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polymer with an inorganic, organic, or composite material
during membrane casting. The modifier is added in order
to enhance the porosity, permeability, and fouling resistance
resulting high efficiency and low energy consumption [18].
Mechanisms of dye rejection during membrane filtration
by MMM’s are size exclusion, charge exclusion (Donnan
effect), and adsorptive filtration. Several literatures have
been published about application of MMM'’s for ultra/
nanofiltration of textile dyes. Wrapped MWCNT nanotube
was used for fabrication of PES mixed matrix nanofiltration
membrane and applied for removal of Acid Orange 7 [19].
It was reported high removal efficiency (more than 99%) in
order to the adsorptive mechanism of dyes on the wrapped
MWCNT in membrane structure. ZnO/MWCNT nanocom-
posite was used as a modifier of PES nanofiltration mem-
brane for rejection of Direct Red 16 [20]. The results showed
high efficiency (more than 90%) for dye rejection according
to Donnan effect. Chitosan/hydroxyapatite/PEG compos-
ite membranes were used for dynamic filtration and static
adsorption of Direct Blue 15 [21]. Two mechanisms of size
exclusion and adsorption of dye over functional groups
in membrane were explained. Nanosized ZnO particles
were blended into cellulose-acetate-polyurethane mem-
branes for photocatalytic degradation of RR 11 and RO 84
dyes [22]. PVDF nanofiltration membrane mixed by brij-58
was used for RR 141 dye rejection [23]. It was found that
the rejection increased by dopant content in membrane in
order to increase of membrane hydrophilicity and rate of
water molecules to pass through membrane compared with
the solute. Carboxymethyl chitosan/Fe,O, nanocomposite
was blended by PES membrane for nanofiltration of Direct
Red 16 dye solution [24]. The blended membranes showed
higher dye rejection in comparison with unfilled PES mem-
brane according to Donnan exclusion mechanism.

Nanosized adsorptive materials can be used for applica-
tion of “Adsorptive membrane filtration” (AMF) by blend-
ing them with the polymer in casting solution. In these
membranes, the dominant mechanism is filtration-adsorp-
tion and the membranes act as adsorptive filters [25]. Meso-
porous silica materials such as MCM-41 and MCM-48 have
high surface area and large pore volume which can be used
as efficient adsorbents of various compounds [26-28]. Exis-
tence of reactive silanol groups on their structure can mod-
ify membrane properties via interactions with the polymer
[29]. For example, polysulfone membranes mixed by MCM-
41 have been applied for separation of CO,/CH,[30], CO,/
N, [31], and H,/CH, [32] mixtures in order to the enhance of
membrane permeability and reduction of resistance to gas
flow inside the large channels of mesopore [33].

In recent years, synthesis of adsorbents based MCM'’s
compounds from natural precursors has been interested
as a method of green synthesis. In this study, MCM-48 has
been synthesized from rice husk as a natural precursor of
silica and coated by polyaniline to produce PANi/MCM-48
composite. The composite has been used as a modifier of
polysulfone membranes and applied for dynamic filtration
and static adsorption of three different types of azo dyes.
Effects of various parameters such as time of experiment,
PANi/MCM-48 content, and pH of solution on the mem-
brane performance in filtration system or batch experiments
have been also investigated.

2. Experimental
2.1. Materials and methods

Rice husk was provided from rice farms in north of
Iran. Hydrochloric (36%) and sulfuric acids (98%), sodium
hydroxide (99%), cetyl three methyl ammonium bromide
(CTAB, 99%), hydroxy propyl cellulose (HPC, 99%), aniline
(99%), potassium iodate (99%), and N-methylpyrrolidone
(NMP, 99%) were provided from MERCK. Polysulfone (PSf)
(MW = 60 kg/mole) was purchased from BASF (Ultrason®
S 6010). All steps in experimental procedure were carried
out by use of deionized water.

Acid blue 62 (Telon blue RR 01), Reactive Remozal Red
B (RR B), and Direct Sirius Yellow GC (Yellow GC) in sul-
fonate type were provided from Dystar, India. The struc-
tures of these eyes are shown in Fig. 1. Molecular diameter
and dipole moment of each dye were calculated by quan-
tum optimization using free Gaussian 98 package (RHF
method and STO-3G basis set).

In order to characterize prepared MCM-48 samples,
BET measurements was conducted for determination of
specific surface area, mean pore size, and total pore volume
of MCM-48 by means of BELSORP MINI Il instrument (BEL
Co.). FTIR technique was also used in order to determine
functional groups of pure and coated mesopore by 8400s
Shimadzu equipment. Crystalline phase and mesoporous
structure in MCM-48 and PANi/MCM-48 samples were
determined by means of Philips PW800 device with Cu
Ko radiation. SEM micrographs of MCM-48, PANi/MCM-
48, and membranes were provided by S-4160, Hitachi.
XRF analysis was carried out by a Philips PW1480 X-Ray
fluorescence for determination of chemical composition
of samples. Zeta potentials and surface charges of mem-
brane samples were determined by electro kinetic analyzer
(SurrPASS, Anton-Paar, Austria) using streaming potential
measurements and Fairbrother-Mastin equation. A Jenway
UV-Vis spectrophotometer was used to determine the con-
centration of dye in solution using calibration curves.

2.2. Preparation of MCM-48 from rice husk

70 g rice husk was carefully washed by water, grinded
and then mixed with 500 mL of HCl (1 M), shaken and
heated at 80°C for removal of mineral compounds. After
two hours, the sample was washed twice, filtered and dried
at 110°C. Afterwards, the sample was kept in a furnace at
650°C for 4 h in order to removal of organic compounds and
formation of white ash. 4 g of the prepared ash was mixed
by 240 mL of NaOH solution (0.145 M). In another vessel
12.12 g CTAB and 2.4 mL of HCI (36% W/W) was mixed
by 216 mL water and stirred for 30 min. Two solutions were
then mixed and stirred for 12 h. The mixture was then kept
in a Teflon-lined autoclave at 100°C for 72 h. Finally, the pre-
pared gel was filtered, washed by acetone and water, dried
and then calcined at 600°C for 6 h. XRF analysis and main
components of rice husk before and after calcination are
listed in Table 1.

2.3. Synthesis of PANi/MCM-48 composite

100 mL of H,SO, solution (1 M) was mixed with 1.14 g
potassium iodate. 0.67 g MCM-48 and 0.5 g HPC and stirred
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Fig. 1. Details of the used textile dyes.

Table 1
XRF analysis of rice husk before and after calcination

Component  Before calcination, % After calcination, %
L.OI 8797 0.27

SiO, 11.76 97.88

ALO, 0.08 0.64

K0 0.02 0.12

CaO 0.02 0.14

MgO 0.03 0.23

P,0; 0.10 0.60

Fe,0O, 0.01 0.06

Na,O 0.01 0.06

for 30 min. 0.67 g aniline was then added dropwise to the
mixture and stirred for 6 h to appear black color in solution.
The solution was then centrifuged and washed by acetone
and water several times in order to remove HPC and non-re-
acted monomers and then dried at room temperature.

2.4. Synthesis of PANi/MCM-48/PSf membrane

Table 2 shows the weight percentage of each component
in the casting solution. For each sample, a mixture of NMP
and PSf was stirred for 18 h at 60°C. Then, PANi/MCM-48

was added to the solution and stirred again for 8 h to obtain
homogeneous mixture of composite in the solution. After-
wards, the casing solution was held at room temperature
for 24 h and sonicated for degassing. Membrane synthesis
was performed by use of a homemade film applicator on
the clean glass by thickness of 150 microns. The glass was
immediately immersed into a water bath and kept it for 24
h in order to the extraction of NMP from membrane film.
Porosity of membrane was determined by weighting dry
and wet samples after dipping in pure water for 24 h by
Eq. (1):

€% =(W-W_,/ pAh) x 100 (1)
where W and W are weights of wet and dry membrane,
respectively. p, A, and h are density of pure water (0.998 g/
mL), area (cm?), and thickness of membrane (cm), respectively.

2.5. Batch sorption experiments

Adsorption of dyes was carried out by use of PANi/
MCM-48 powder and the membrane pieces separately in a
batch system. 0.1 g of PANi/MCM-48 was added to the 100
mL of dye solution and shaken for 24 h. The solution was
then centrifuged to remove PANi/MCM-48 particles and
the color of solution was measured by spectrophotometer.
For membrane test, 0.1 g of membrane was fragmented to
the very small pieces (1 mm x 1 mm), washed by water and
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Table 2
Details of properties for the prepared membranes

Membrane PSF (%) PANi/MCM-48 (%) Porosity (%) PWF (kg/m?*h)" Roughness parameters
R, (nm) R (nm) R, (nm)
M, 12.0 0.0 53 5.8 5.26 732 55.49
M, 11.7 0.3 66 118.5 6.98 9.61 67.11
M, 114 0.6 69 234.0 7.67 11.49 141.80
M, 10.8 1.2 73 413.7 33.66 42.50 191.83
TMP = 2 bar
then added to the dye solution. The experiments were car- 800
ried out in different values of pH and decolorization was 0
calculated by Eq. (2).
600 02 1
o, —_ _ "“ -5‘ I
R (%) =(1-C/C) x 100 (2 £ 5 .i.f
L400 = ;" #
where C, and C, demonstrate the initial and final concentra- % . 74
tions of dye, respectively. = 0 10 r/om 20 30 - —
200 p— DU o o
. . PPRSC gl - “+—-ADS
2.6. Membrane filtration el
f
Filtration experiments were carried out by use of a *0 . 05 1

dead-end flow equipment containing a stainless steel
holder (module) with the effective area of 0.0021 m?, high
pressure pump (2 hp, Pedrollo, Italy), gauge, valves, and
water circulating system. Aqueous solution of each dye (C
=100 ppm) was injected to the membrane by pumping at
the transmembrane pressure (TMP) of 2 bar and constant
temperature of 25°C. After steady state conditions, the flux
was determined as:

J=m/AAt 3)

where m, A, and At are the weight of the permeate (kg),
effective area of membrane (m?), and time of measurement
(s), respectively. Dye rejection for each membrane was cal-
culated by Eq. (4):

Rejection (%) = (1 - Cp/ Cf) x 100 4)

Here, C,and C are dye concentrations in feed and per-
meate, respectively. All experiments were done at different
pH of solution between 3 and 11 for each membrane. Mem-
brane fouling was evaluated by variation of flux and dye
rejection by time of filtration.

3. Results and discussion

3.1. Characterization of MCM-48 and PANi/MCM-48
composite

N, adsorption-desorption isotherm and diagram of pore
size distribution for prepared MCM-48 are given in Fig. 1.
The isotherm shows a Langmuir isotherm type IV and hys-
teresis loop at P/P_= 0.9 indicating capillary condensation
on the channels of MCM-48. Maximum of pore size distri-
bution is observed at 1.04 nm and the average pore diame-

Fig. 2. Diagrams of N, adsorption-desorption and pore size dis-
tribution of MCM-48.

ter is 7.309 nm. Specific surface area and total pore volume
of MCM-48 are 468 m?/g and 0.912 cm?®/g, respectively.

Fig. 2 shows XRD pattern of prepared MCM-48. The
main sharp peak at 20 = 2.8° corresponds to d,,, plane as
the characteristic peak of MCM-48 indicating formation of
mesoporous structure in the sample after calcination [34].
Other weak peaks in 26 range of 4-6° can be assigned to d
d,, d,,, and d , planes [35].

FTIR spectrums of MCM-48 and PANi/MCM-48 are
shown in Fig. 3. The characteristic band of SiO,in MCM-
48 is asymmetric stretch of siloxane groups appearing as a
broad band in 1095 cm™ [36]. It is seen that the intensity
of this band reduces in PAN/MCM-48 in order to coverage
of mesopore surface by polyaniline chains. Another broad
band in spectra of MCM-48 appears in 3400 cm™ corre-
sponded to the stretching band of silanol groups in surface
of MCM-48. It can be seen that the intensity of this band
in PANi/MCM-48 sample increases remarkably in order to
overlap with the stretching band of -NH groups in polyani-
line. Vibrational band in 1580 cm™ can be assigned to the
C-C stretching band of quinoid rings in polyaniline [37].

SEM micrographs of MCM-48 and PANi/MCM-48
are shown in Fig. 4. It is seen that the particles of meso-
pore have flaked shape and nanosized particles of poly-
aniline are carefully dispersed over surface of mesopore
in PANi/MCM-48.Presence of the surfactant (HPC) in the
mixture prevents coagulation of the polymer chains during
polymerization and provides stable colloidal dispersion of
polymer particles on MCM-48 [38]. Carefully dispersion of
polyaniline over MCM-48 provides large amounts of active
sites that can interact with membrane matrix during casting
processand enhance membrane properties.

3217
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3.2. Characterization of membranes

SEM micrographs of prepared membranes are given in
Fig. 5. It is seen that the blended membranes have thinner
skin layer and larger finger-like macrovoids in sub-layer
in comparison with the non-filled membrane. The macro-
voids grow along the sub-layer part of membrane and cre-
ate asymmetric structure in cross section of membrane. It is
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Fig. 3. XRD pattern of prepared MCM-48.
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Fig. 4. FTIR spectrums of MCM-48 (a) and PANi/MCM-48 (b).
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Fig. 5. SEM micrographs of MCM-48 (a) and PANi/MCM-48 (b).
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clear that the larger pore size and macrovoids increase the
permeability of membrane.

Fig. 6 shows distribution of PANi/MCM-48 particles
in top and cross section of the blended membrane (M,).
It is seen that the particles of composite are dispersed on
the membrane surface with the different sizes. From cross
section images, the particles of PANi/MCM-48 are also dis-
persed in the pores and membrane matrix.

Fig. 7 shows zeta potentials of the membranes in differ-
ent values of pH. It is observed that by increase of PANi/
MCM-48 content the zeta potential decreases and iso-elec-
tric point (i.e.p) reduces from pH = 8 for M, to pH = 5.7 for
M,. Existence of polar amine groups in membrane surface
increases negative charge and enhances membrane hydro-
philicity resulting better diffusion of water molecules and
higher water flux. From Table 2, increase of PANi/MCM-
48 content in membrane structure leads to an increase of
the porosity in order to the formation of thinner skin layer
and larger porous sublayer and macrovoids in the blended
membranes.

Fig.8 demonstrates three dimensional AFM micrographs
of membranes. From details of roughness parameters given
in Table 2, it is seen that by increase of PANi/MCM-48 con-
tent the roughness of membrane increases from R = 5.26
nm in M, to R = 33.66 nm in M.. It can be resulted from this
fact that by addition of PANi/MCM-48 as a polar modifier
the rates of phase inversion and precipitation during mem-
brane casting increase. In other words, the higher interfacial
interactions and faster replacement of solvent (NMP) and
non-solvent (water) in presence of hydrophilic particles of
PANi/MCM-48 are observed. So, water molecules can pass
through the membrane faster during phase inversion and
more pores will be formed in membrane, resulting rougher
surface [25]. It is clear that rougher surface provides more
effective area for active sites interacting with permeate and
enhances diffusion of water molecules.

3.3. Batch experimental results

Details of dyes adsorption over PANi/MCM-48 par-
ticles in different values of pH are given in Fig. 9. It is

SEM HV: 15.0 kV
SEM MAG: 150 kx

WD: 3.96 mm
Det: InBeam SE

i

200 nm
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Fig. 8. Zeta potentials of the membranes in different pH.

observed that the adsorption of dyes increases by decrease
of pH. It can be related to the dipole moment of dye and
interactions between an ionic sulfonate groups in dye and
amine groups of PANi/MCM-48 particles. In acidic condi-
tions, the amine groups can be protonated and changed into

-NH,* species. Therefore, strong interactions between these
positive sites and negative sites in dye molecules lead to
increase the adsorption. In addition, RR B has larger dipole
moment (i = 13.68 debye) so more adsorption of RR B mole-
cules by interactions with -NH,*species in acidic conditions
is predictable. On the other hand, the negatively-charged
amine groups are formed by increase of pH so the strength
of interactions between dye molecules and PANi/MCM-48
particles reduces. It is also observed that the decolorization
of Yellow GC solution is lower than the others. It may be
related to the biggest size of Yellow GC (227.8 nm) that can
limit the rate of diffusion of dye molecules and reduce their
interactions with PANi/MCM-48 particles.

Fig. 10 demonstrates the effect of pH on the removal
efficiency of dyes by different membranes. It is observed
that the removal efficiency is lower than the adsorption
by PANi/MCM-48 powder. It can be explained accord-
ing to the lower mass transfer and diffusion rate of dye
molecules onto the membrane and smaller effective sur-
face area of membrane pieces in comparison with PANi/
MCM-48 powder. Moreover, the adsorption behavior of
dyes on the membranes is different with the PANi/MCM-
48 powder. It is observed that the removal efficiency for
PANi/MCM-48 powder reduces by increase of pH while
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Fig. 9. 3D AFM micrographs of membranes.
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Fig. 10. Removal efficiency of dyes by adsorption on PANi/
MCM-48 particles in different pH of solution.

the adsorption by the membrane pieces increases again
in pH values higher than 7.Mechanism of adsorption on
the membrane can be explained according to the existence
of two adsorptive sites: 1) PANi/MCM-48 particles dis-
persed in the membrane surface/pores and 2) functional
groups in polysulfone.

As discussed before, higher adsorption of dye mole-
cules in acidic solutions can be related to the creation of pos-
itive sites of -NH," and their interactions with the anionic
sites of dye molecules. So, it is predictable that the decolor-
ization in acidic solutions increases by increase of PANi/
MCM-48 content in the blended membrane. In addition,
sulfonyl groups in membrane can also interact by dye mol-
ecules. It was observed (not shown here) that the color of
non-filled membrane pieces changed after dye adsorption.
The nature of this interaction is not clear but it may be dis-
cussed according to the electrostatic attractions between-
SO,- groups in polysulfone and some functional groups in

dye molecules such as -NH, -NH,, -COOH, and -N=N-
groups. So, the adsorption of dye molecules by sulfonyl
groups in the membrane leads to an increase of the decol-
orization in the basic conditions. It can be also mentioned
that the smaller dipole moment of blue 62 and smaller size
of Blue 62 increase its adsorption on the membrane pieces
more than the others.

3.4. Dynamic filtration results

Results of dynamic filtration by the membranes in dif-
ferent values of pH are given in Fig. 11. It is observed that
there are some differences and similarities between the
results of dye rejection by filtration and removal by adsorp-
tion with the membranes:

1) Removal efficiency of the dyes by membrane fil-
tration is remarkably higher than the batch experi-
ments by membrane pieces. For example, maximum
values of removal efficiency for RR B, Yellow GC
and Blue 62 by adsorption on M, are 25, 29, and
71% in pH = 3 while the rejections of these dyes
in similar pH are 98, 78, and 99%, respectively. It
can be mentioned to this fact that during filtration
process more amount of solution can pass through
the membrane by pumping, so the feed solution
diffuses more into the membrane and larger num-
ber of dye molecules can be adsorbed on the active
sites of PANi/MCM-48. From Fig. 11, dye rejection
increases by PANi/MCM-48 content in the mem-
brane in order to the larger amounts of active sites
in membrane structure.

2) Rejections of dye solutions decrease by increase of
pH in neutral conditions and rise again in basic solu-
tions. This behavior is in agreement with the surface
charges and zeta potentials of membrane surface.
From Fig. 7, by increase of pH surface charges of
the membranes are negative and repulsion forces
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between negatively-charged amine groups of PANi/
MCM-48 particles and anionic sites of dye molecules
increases dye rejection according to Donnan effect. It
should be noticed that the rejection in basic solutions
becomes more complicated than acidic conditions.
For example, while the rejections of Yellow GC and
Blue 62 by all membranes increase in basic condi-
tions, RR B solution shows different behavior in fil-
trations by M, and M,. It may be resultant of charge
exclusion effects and complex interactions between
functional groups of dyes and sulfonyl groups of
polymer in basic solutions discussed in section 3.3.
However, it can be concluded that in the membrane
with PANi/MCM-48 content more than 1.2 wt.% the
dominant mechanism of dye rejection in basic solu-
tion is Donnan effect.

Table 3 shows flux and rejection results for some azo
dyes by different mixed matrix membranes. It can be seen
that the PSf membranes mixed by PANi/MCM-48 particles
present remarkable values of flux and azo dyes rejections
comparable with the other mixed matrix membrane.

3.5. Membrane fouling

Fig. 12 shows the variations of flux and rejection by
time of filtration. Minimum and maximum fluxesare
observed in filtration of yellow GC and red RR B solutions,
respectively. Decrease of flux by time of filtration can be
explained according to the adsorption and fixation of dye
molecules on the active sites of membrane resulting block-
age of membrane pores. In addition, it is observed that
the reduction of flux increases by PANi/MCM-48 content
in the blended membranes. For example, flux ofred RR B
solution in filtration by M, decreases from 35 to 28 kg/m’h
(STD = 2.6) after 210 min while it reduces from 41 to 32

Table 3

(STD = 3.3) and 48 to 35 kg/m?h (STD = 4.8) for M, and
M,, respectively. Increase of modifier in membrane matrix
leads to adsorb larger number of dye molecules and block
more membrane pores.

4. Conclusion

MCM-48 mesopore prepared from rice husk as a nat-
ural silica source was coated by polyaniline to prepare a
hydrophilic modifier of polysulfone membranes. Results
indicated that the blended membranes showed higher per-
meability and water flux in order to the increase of porosity
and hydrophilicity of membranes. Details for adsorption of
azo dyes by PANi/MCM-48 particles verified that interac-
tions between amine groups and anionic sites of dye mole-
cules played key role in adsorption of azo dyes. It was also
observed that protonation of -NH groupsof polyaniline in
PANi/MCM-48 particles increased adsorption of dyes with
higher dipole moment and smaller size.

Removal of dyes by use of the membranes in batch
experiments showed that the adsorption of dyes was per-
formed by PANi/MCM-48 particles dispersed in mem-
brane matrix in acidic solutions and sulfonyl groups of PSf
in basic conditions. Protonated amine groups of PANi/
MCM-48 particles in acidic conditions played the key role
for dye adsorption while the interactions between func-
tional groups of dyes and sulfonyl groups in PSf was the
dominant mechanism of dye removal in basic solutions.
Smaller dipole moment enhanced adsorption of dye mole-
cules on the membranes.

Results of dye rejection in dynamic filtration indicated
that the blended membranes acted as adsorptive filtration
membrane for removal of azo dyes in acidic conditions.
Positively-charged amine groups of PANi/MCM-48 parti-
cles in membrane could interact with negative sites in dye
molecules. By increase of pH, charge exclusion according

Comparison of azo dyes rejection with the various types of MMM'’s

Azo dye Membrane Filler/modifier J,ne (kg/m?h) Rejection (%)  Ref.
Direct Blue 15 PEG chitosan/hydroxyapatite NA 98 [21]
Reactive Red 141 PVDF brij-58 31.2 90 [23]
Direct Red 16 PES chitosan/Fe,O, 36 99 [24]
Acid Yellow 17 Pst phenylene diamine 31.14 93 [39]
Reactive Red 120 PSf PVP/PANi 55 99 [40]
Acid Blue 193 PES acrylate/alumoxane 19 96 [41]
Direct Red 28 PVDFE NHS,- halloysite NT 30 949 [42]
Direct Red 28 PVDF dopamine- halloysite NT 42.2 86.5 [43]
Direct Yellow 4 PVDF dopamine- halloysite NT 42.2 85 [43]
Direct Blue 14 PVDF dopamine- halloysite NT 42.2 93.7 [43]
Reactive Red 49 PES halloysite NT 73 90 [44]
Reactive Red B PSf PANi/MCM-48 48 98v This work
Acid Blue 62 PSf PANi/MCM-48 29 99° This work
Direct Yellow GC PSt PANi/MCM-48 12 78" This work

“in terms of kg/m?h bar
batpH=3
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Fig. 13. Variation of permeate flux and rejection by time of filtration.

to the repulsive forces between negatively-charged species
and anionic sites in dye molecules was dominant mecha-
nism for dye rejection.
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