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ABSTRACT

Palm oil fuel ash (POFA), which is produced as waste during production of palm oil, was
used as an alternative additive to prepare cellulose acetate butyrate (CAB) composite
ultrafiltration membrane. Acid-activated-milled POFA was characterized by Brunauere–
Emmette–Teller (BET) surface area analysis and infrared spectroscopy (IR). The effect of
incorporation of POFA in CAB matrix was analyzed by contact angle, water uptake, and
porosity studies. The studies revealed an enhancement in the hydrophilic nature of the
composite membranes upon addition of POFA. The change in the morphology of the mem-
branes was recorded by means of scanning electron microscopy (SEM) which revealed the
changing asymmetric structure of the membrane. Pure water flux and antifouling studies
indicated that the membranes exhibited enhanced flux recovery ratio, which was maximum
for CAB 2 (87.6%) containing 2 wt.% of POFA. The adsorption property of POFA in
addition to CAB/POFA network helped in the humic acid removal from aqueous solution
up to 86% for CAB 2.5 membrane.
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1. Introduction

A number of pollutants, such as pesticides, textile
dyes, heavy metals, humic substances, petrochemical
compounds, and other industrial/municipal waste, are
known to cause severe water contamination. Mem-
brane technology for separation and water purification
has already gained wide momentum due to its ease of
operation in comparison with conventional techniques.

With the growing emphasis on environmental conser-
vation, usage of environmentally benign materials to
make the entire membrane separation process
economically and ecologically viable is imperative.

Cellulose is the most abundantly occurring
biopolymer that has several advantages to offer as a
membrane material [1]. However, the wide-scale uti-
lization of cellulose is hindered due to its insolubility in
most of the known solvents and its low processability.
These shortcomings are overcome by the esterification
of cellulose, which improves the solubility and
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processability of the material. Cellulose acetate butyrate
(CAB), commonly known as CAB is one such deriva-
tive of cellulose, which is formed by the reaction of cel-
lulose with acetic acid and butyric acid. It is known for
its high glass transition temperature and good mechan-
ical properties [2]. It is a thermoplastic material that
offers good tolerance toward chlorine and has good
chemical stability with good resistance toward fouling
when used as membrane material in water treatment
applications [3,4]. In comparison with cellulose acetate
that is the most popular cellulose derivative, research
on CAB is still an area to be explored extensively.

In the current work, palm oil fuel ash (POFA) was
used as an additive to improve the performance of
CAB membrane. Ash is generally obtained by the com-
bustion of agricultural solid waste. Malaysia is one of
the major exporters of palm oil and other palm tree-
derived materials. During the extraction of palm oil,
considerable amount of solid waste in the form of fruit
bunches, fibers and nutshells are generated. This waste
is reused in the palm oil milling industry in the form of
fuel for the production of steam to generate electricity,
leaving behind 5% ash (POFA) [5,6]. The ash thus gen-
erated poses environmental hazards when discharged
in huge amounts in wastelands [7]. POFA contains
large number of inorganic oxides, such as SiO2, Al2O3,
CaO, and Fe2O3, that are potential adsorption sites for
the removal of various pollutants [8]. Additional physi-
cal properties of these oxides include high porosity,
high particle size distribution, and high surface area
[9,10]. Successful attempts have been made in the past
to utilize agroindustrial waste for water treatment. The
use of such industrial wastes, which are potential envi-
ronment pollutants to curb water contamination, is an
attractive notion that is leading to a new revolution in
the field of membrane fabrication process [11–13]. Use
of bagasse fly ash, rice husk ash, and fly ash have been
reported to remove pollutants, such as metal ions,
phosphorous, textile dyes, and phenols [14–21]. POFA
has been used as an adsorbent in the past for the quan-
titative removal of chromium, reactive blue dye, and
cadmium [22,23]. The possible use of this waste as an
inorganic filler in the membrane matrix has not been
explored so far to the best of our knowledge.

Humic acid (HA) is the main component of humic
substances that are produced by the biodegradation of
dead organic matter. In addition to imparting odor
and color to water, HA is capable of reacting with
chlorine in water to produce trihalomethanes that are
potential carcinogenic agents [24,25]. Also, the exis-
tence of carboxylic and phenolic groups in HA may
lead to changes in structural and chemical properties
of HA depending upon different water environments.
Hence, the removal of HA from water is one of the

important measures that needs to be undertaken in
water treatment. Polyaniline, aminated polyacryloni-
trile, graphene oxide, gallic acid, and unburned carbon
has been used in the past to remove HA [24,26–29].
However, the use of POFA as an additive to prepare
UF membrane capable of improving the fouling resis-
tance and removal of HA has not been investigated
yet as per our knowledge.

The aim of the current work was to carry out a
detailed investigation of the UF performance of CAB
membranes using POFA as an additive. The mem-
branes were subjected to different permeation tests to
study the pure water flux (PWF), antifouling property,
flux recovery ratio (FRR), and HA removal.

2. Experimental

2.1. Materials

CAB (Mw ~65 kDa, butyryl content 16.5–19.0%,
acetyl content 28–31%) was procured from Himedia,
Mumbai. POFA was obtained from United Palm Oil
Industries, Nebong Tebal, Malaysia. N-Methyl pyrroli-
done (NMP) of analytical grade was supplied by Mer-
ck, India and was used without further purification.
Bovine serum albumin (BSA) (Mw ~69 kDa) used for
antifouling study was procured from CDH chemicals.
HA received from Himedia was dissolved in water
whose pH was maintained at 8.4 using NaHCO3 buf-
fer solution. The solution was kept for stirring over-
night after which it was centrifuged to remove the
undissolved solid matter. The clear supernatant solu-
tion of HA was further used for analysis.

2.2. Pretreatment of POFA

The as such received POFA from oil mill was first
subjected to mechanical sieving to obtain particle size
less than 45 μm. It was then thoroughly washed with
distilled water for 4–5 times to remove other sus-
pended particles from the supernatant solution of
POFA. It was dried for 48 h in an oven at 80˚C. Dry
POFA was further ball milled (Retsch MM200) for 5 h
to obtain particle size up to 20 μm. The ash was acti-
vated by 1 M HCl solution under refluxing conditions
for 4 h after which the solution was filtered and the
residue was repeatedly washed with distilled water
until filtrate was neutral. It was finally dried overnight
in the oven before subjecting it to further analysis [23].

2.3. Preparation of CAB/POFA composite membrane

First, the pretreated POFA was dispersed in NMP
solvent for 2 h after which it was ultra sonicated for
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15 min to ensure uniform dispersion. CAB (12.5 wt.%)
was then added to the above solution and kept for
stirring for 24 h. After ensuring polymer dissolution,
the casting solution was degassed to get rid of trapped
air bubbles. The composite membranes were cast on a
glass plate with the aid of an automated membrane
casting machine. The glass plate with nascent mem-
brane was initially kept for 30 s in air for evaporation
before dipping it in coagulation bath for phase inver-
sion [30]. The film separated from glass plate after the
completion of phase inversion process. Composition of
the composite blends is as mentioned in Table 1.

3. Characterization of POFA and composite
membranes

3.1. Analysis of pretreated POFA

Brunauere–Emmette–Teller (BET) surface area
analysis and porosity measurements of POFA were
carried out on Micrometrics ASAP 2020 model. The
particle size analysis of the milled POFA was analyzed
on CIS-50 ANKERSMID. The chemical constitution of
POFA was characterized by recording the infrared
(IR) spectrum on JASCO 4200. The spectra were
recorded in the working range 600–4,000 cm−1.

3.2. Contact angle measurement of composite membranes

To verify the change in surface hydrophilicity of
the prepared membranes by the addition of POFA,
contact angle was recorded on FTA-200 dynamic con-
tact angle analyzer. The instrument recorded the angle
formed by the water droplet with the membrane sur-
face. In this study, a water droplet was carefully
deposited on the surface of the membrane with the
aid of microsyringe, and the contact angle was
measured until no further change was observed [31].

3.3. Water uptake and porosity measurements

Water uptake capacity of the membranes was cal-
culated using the following formula:

% Water content ¼ Ww �Wd

Ww

� �
� 100 (1)

where Ww and Wd are the weight of wet and dry mem-
brane samples respectively. Porosity of the composite
membrane was carried out as mentioned in the litera-
ture by Chen et al. [32]. Membrane samples sized 1 cm2

were immersed in distilled water for 24 h. The weight
of the wet membrane was noted as Mw after carefully
blotting the surface adhering water by filter paper. It
was then dried till constant mass was obtained as Md.
From Mw and Md, porosity was calculated as:

e %ð Þ ¼ Mw �Md

A� l� q
� 100 (2)

where A is the area of the sample (cm2), l is the thick-
ness (cm) and ρ is the density of water (0.998 g/cm3).

3.4. Morphology study of the composite membranes

CAB/POFA composite membranes were subjected
to different characterization. The surface and cross sec-
tional morphology of the membranes in addition to
elemental mapping and energy-dispersive X-ray (EDX)
analysis was investigated through scanning electron
microscopy (SEM). The SEM images were recorded on
Jeol JSM-6380LA after the samples were cryogenically
fractured by dipping in liquid nitrogen for 1 min.

3.5. Permeation study of the composite membrane

The permeation properties of the membranes were
studied on laboratory-fabricated UF kit, having a
membrane holder of effective diameter of 5 cm. The
membranes were subjected to compaction at 0.45 MPa
pressure for 1 h. The permeation studies were carried
out on membranes at room temperature and at
0.4 MPa. The PWF was calculated as:

Jw ¼ Q

A� t
(3)

where Jw (L/m2 h) is the PWF, Q is the volume of
water (L) permeated through the membrane of area A
(m2) in time t (h). The antifouling property was studied
using 1,000 mg/L of BSA solution. The experiment
was carried out in three cycles; firstly, PWF Jw1 was
determined followed by protein flux Jp. After BSA

Table 1
Composition of CAB/POFA composite membranes

Membrane code

Polymer
concentration
(wt.%)

Solvent (wt.%)CAB POFA

CAB 0 12.5 – 87.5
CAB 1 12.5 1 86.5
CAB 1.5 12.5 1.5 85.5
CAB 2 12.5 2 84.5
CAB 2.5 12.5 2.5 83.5
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filtration, the feed solution in the tank was replaced by
distilled water and the membrane coupon was flushed
with water to remove loosely adhering BSA molecules.
PWF of thus cleaned membrane was recorded as Jw2.
FRR was calculated from these values to evaluate the
antifouling performance of the membrane as follows:

FRR %ð Þ ¼ Jw2
Jw1

� 100 (4)

The resistance offered by the membrane is an indica-
tion of the extent of membrane fouling that was calcu-
lated in terms of total fouling as follows:

Rt %ð Þ ¼ 1� Jp
Jw1

� �
� 100 (5)

where Rt is the flux loss due to total fouling that was
the sum of reversible (Rrev) and irreversible fouling
ratio (Rirr) [33,34].

Rt ¼ Rrev þ Rirr (6)

Rrev %ð Þ ¼ Jw2 � Jp
� �

Jw1
� 100 (7)

Rirr %ð Þ ¼ Jw1 � Jw2
Jw1

� �
� 100 (8)

The permeation experiments were carried out in
duplicate and their average value was reported.

In addition to this, 100 mg/L of HA solution was
used as feed to study the rejection performance of the
composite membrane. The concentration of HA in the
feed and permeate solutions was recorded on ultravio-
let-visible (UV–vis) spectrophotometer (Analytikjena
Specord S600) at 254 nm. HA rejection was calculated
as follows:

R %ð Þ ¼ 1� Cp

Cf

� �
(9)

where Cp and Cf is concentration of HA in permeate
and feed solution respectively.

4. Results and discussion

4.1. Characterization of POFA

The particle size distribution of milled POFA is
shown in Fig. 1. It is observed from the figure that the
mean value of the particles is ~13 μm with a standard

deviation of 6.25. The graph exhibited a bimodal
nature, indicating the particle size distribution of
POFA was not uniform. The size of some POFA
particles was observed to be less than 2 μm.

Sieved particles of 45 μm when used in the prepa-
ration of composite membranes were observed to set-
tle down in the casting solution. This in turn resulted
in the nonuniform dispersion of POFA in the polymer
matrix. This problem was overcome and homogeneity
was achieved when particle size was reduced by
milling.

The chemical composition of POFA mainly com-
prises SiO2 ranging from 44 to 66% and Al2O3 in the
range 1.5–11.5% [5,35]. It also includes other compo-
nents such as Fe2O3 and CaO. The BET analysis
results have been summarized in Table 2. Surface area
measuring 11.79 m2/g indicated the adsorption prop-
erty of milled POFA which bestowed it with the
capacity to adsorb contaminants including HA. Acid
activation is reported to have improved the surface
area of the ash [36,37].

The FTIR spectrum of POFA has been shown if
Fig. 2. The figure exhibits a small broad band between
3,300 and 3,500 cm−1 which is attributed to both sila-
nol groups (Si–OH) and adsorbed water on the surface
[15,16,38]. Peaks at 1,105 cm−1 was assigned to Si–O–Si
and Al–O stretch [39,40]. Peak at 667 cm−1 was due to
Si–H present in POFA where as another peak due to
Al–O stretch was observed at 786.85 cm−1.

Fig. 1. Particle size distribution of milled POFA.

Table 2
BET surface area analysis of the activated POFA

BET surface area 11.7969 m2/g
BJH adsorption average pore diameter 511.378 Å
BJH adsorption cumulative volume of

pores
0.0069 cm3/g
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4.2. Contact angle analysis

The change in the surface hydrophilicity by addi-
tion of POFA to CAB was investigated by means of
recording the contact angle. The contact angle of the
active surface of CAB 0 membrane was recorded to be
73.17˚. However, with the addition of POFA in mem-
brane matrix, the contact angle decreased, which indi-
cated the changing nature of the membrane surface.
The contact angle decreased from 71.07˚ for CAB 1 to
67.31˚ for CAB 2 after which the contact angle
increased again as evidenced from Fig. 3(A). The
increase in hydrophilicity may have been due to the
migration of POFA to the top surface during phase
inversion due to its affinity toward water. Such migra-

tion of hydrophilic additives to the top surface during
phase inversion has been observed in literature too
[41]. Movement of POFA particles to the top layer was
further justified by the relatively high contact angle
values of the rear surface (bottom) of composite
membranes as shown in Fig. 3(B). During membrane
formation, it was also observed that the active surface
exhibited a deeper gray shade than the bottom layer
that proves the above theory of POFA movement. The
contact angle started increasing on further addition of
POFA after 2 wt.%. This can be attributed to possible
leaching of POFA in water bath during phase
inversion due to increased thermodynamic instability
within the polymer matrix with increment in the con-
tent of inorganic filler. The presence of less amount of

Fig. 2. FTIR spectrum of POFA.

Fig. 3. Contact angle for (A) active surface of CAB/POFA and (B) rear surface of CAB/POFA.
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POFA on the top surface resulted in higher contact
angle reflecting a reduction in membrane hydrophilic-
ity after CAB 2. Another probable explanation for this
trend is non-uniform distribution of POFA at higher
concentration. Formation of POFA aggregates arising
from steric hindrance and electrostatic interaction
between CAB–POFA as well as among POFA particles
affected its dispersion in the membrane matrix and on
its surface [31,42].

4.3. Water uptake and porosity studies

The change in water uptake measurements after
addition of POFA indicated an increase in bulk

hydrophilicity of the membranes in the order CAB
2.5 > CAB 2 > CAB 1.5 > CAB 1 (Fig. 4(A)). The water
uptake for neat CAB membrane was found to be
49.2%. Maximum water uptake of 75% was observed
for CAB 2.5. Even though the surface hydrophilicity
decreased in CAB 2.5 as discussed in the previous sec-
tion, leaching of POFA from the composite membrane
during phase inversion resulted in void formation giv-
ing rise to free volume (void) in membrane structure.
This increased the water holding capacity of CAB 2.5
membrane that was reflected in the water uptake
study.

POFA enhanced the porosity of the membranes up
to 2 wt.% (Fig. 4(A)). Beyond this concentration, the

Fig. 4. (A) Water uptake and porosity measurements of composite membranes and (B) effect of variation in POFA on
membrane thickness.

Fig. 5. Elemental mapping of the surface of CAB 1 and CAB 2.
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porosity decreased from 62.13 to 59.08%. This observa-
tion must have been due to aggregartion and blocking
of pores after CAB 2, which declined the connectivity
between the pores. The effect of variation in POFA
concentration was further correlated with the thick-
ness of the composite membranes that affected its
porosity. It was observed that (Fig. 4(B)), the mem-
brane thickness increased with increase in concentra-
tion of POFA. However, this increase was perceived
only up to 2 wt.%. Beyond 2 wt.%, the thickness
decreased. This was in accordance with literature,
where at higher concentration, the casting solution
caused compaction and the membrane thickness
decreased. Compaction led to denser structure and
had a negative effect on porosity and permeability.

This compaction factor along with substantial pore
blockage was one of the primary reasons for the
decrease in porosity and permeation at 2.5 wt.% POFA
concentration. Moreover, above 2.5 wt.% uniform dis-
persion of POFA was affected due to aggregation in
the increasingly viscous polymer solution [43,44]. The
increased viscosity of the solution made it difficult to
cast membranes. Owing to these reasons, the concen-
tration of POFA was restricted to 2.5 wt.%.

4.4. Morphological analysis of composite membranes

Figs. 5–7 give a detailed account of the morphol-
ogy and the elemental composition of POFA/CAB
composite membranes. Elemental mapping of the sur-

Fig. 6. EDX analysis of (A) CAB 1 and (B) CAB 2.
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face of CAB 1 and CAB 2 is shown in Fig. 5. The con-
tent of SiO2 being maximum in ash, elemental map-
ping for Si element was observed to be highest on the
membrane surfaces. This was followed by Al, Ca and
Fe. Ca and Fe content in the membrane were almost
same. Moreover, in comparison with CAB 1, CAB 2
showed higher distribution of the elements, i.e. ash.
This confirmed the increase in POFA loading in the
membrane from CAB 1 to CAB 2. Fig. 5 also proves
uniform distribution of POFA in the membrane
matrix. Incorporation of POFA in the composite
membranes was further proved by recording the EDX
spectra (Fig. 6).

The cross section morphology of CAB 0 and the
composite membranes is shown in Fig. 7. It was
observed that all the membranes exhibited asymmetric
nature with a thin dense skin layer followed by a por-
ous sublayer. In case of CAB 0, a very open structure
with a thin skin, followed by wide and large finger-
like projections running down through the entire

width of the membrane was observed. The walls of
the finger like structures were too narrow. At higher
magnification, it was seen that, CAB 0 had a very
“loose” morphology, which was not very ideal for
separation applications.

With the addition of POFA in CAB, the morphology
changed slightly up to 2 wt.%. The membranes CAB 1
and CAB 2 still possessed finger-like morphology, how-
ever, with thinner skin and the projections were not as
wide as that of CAB 0. The thinner active layer was due
to instantaneous demixing during phase separation.
When the percentage of POFA was increased to
2.5 wt.%, there was a drastic change in the morphology
of the membrane. The membrane CAB 2.5 now show-
cased a thin layer, followed by not very well-defined
finger-like projections that were ultimately followed by
macrovoids. This observation can be explained on the
basis of viscosity of the solution affecting the phase
separation phenomenon. At higher percentage of
POFA, the viscosity of casting solution increases, which
has an influence on the kinetics of phase separation
process. The formation of finger-like morphology and
macrovoids is a direct result of phase separation kinet-
ics. Instantaneous demixing of solvent and nonsolvent
during phase inversion results in the formation of fin-
ger-like projections, whereas delayed phenomenon
leads to the suppression of void formation [45]. The
membrane formation process was slowed down to a
considerable extent with increased viscosity, thus shift-
ing the demixing progression from instantaneous to a
delayed one. Increase in viscosity also hinders the free
movement of additives that limits the formation of
development of membrane pore structure. This in turn
had a negative effect on the permeability of the mem-
brane. Moreover, it was also observed that POFA parti-
cles partially blocked the open pores at higher
concentration. The presence of POFA in the cross
section of CAB 2.5 has been highlighted in Fig. 7.

4.5. Permeation studies

4.5.1. Antifouling study

PWF and FRR experiments on POFA/CAB
composite membranes were carried out at 0.4 MPa

Fig. 7. Cross-section morphology of POFA/CAB composite
membranes.

Table 3
Summary of permeation studies performed on POFA/CAB composite membranes

Membranes PWF (L/m2 h) FRR (%) HA removal (%) Contact angle (˚) Porosity (%) Water uptake (%)

CAB 1 126.89 32.1 49.4 71.07 21.03 53.19
CAB 1.5 113.11 48.12 58.21 70.06 36.57 61.64
CAB 2 90.087 87.64 74.39 67.31 62.13 72.86
CAB 2.5 25.97 72.1 85.78 70.27 59.08 75
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pressure. BSA was chosen as the model protein
foulant in this study. PWF of CAB 0 membrane was
recorded to be 51.38 L/m2 h. The PWF of all the com-
posite membranes was higher than that of CAB 0
membrane (except CAB 2.5). This was attributed to
increased porosity and well-structured morphology of
the composite membranes. However, flux reduced
drastically from 126 to 25.97 L/m2 h from CAB 1 to
CAB 2.5, respectively, (Table 3) with increase in POFA
content. Even though there was increase in
hydrophilicity, which was evidenced by contact angle,
water uptake study and porosity, the PWF declined
with increase in POFA concentration from 1 to
2.5 wt.%. The possible explanation for this behavior of
composite membrane may be ascribed to the micron-
sized POFA particles. Large-sized POFA particles
resulted in a “tight” network and some dead-end
pores. This meant that the membrane structure
became more compact with reduced pore size as the
POFA concentration increased in the membrane.
Hence, maximum flux was observed for CAB 1 mem-
brane containing least amount of POFA. Thus, other
factors also tend to affect the linear relation between
porosity and flux [46]. At higher concentration of
POFA, i.e. for CAB 2.5, pore plugging phenomenon
must have been very severe resulting in PWF value as
low as 25 L/m2 h. Also, the decreased porosity and
changing morphology contributed to the drastic flux
decline in CAB 2.5.

FRR reflects hydrophilicity and reusability of the
membrane. While measuring the FRR of POFA/CAB
composite membranes, it was observed that, with an
increase in POFA concentration, FRR improved rea-
sonably. This was attributed to the partial hydrophilic

nature of the composite membranes due to incorpora-
tion of POFA in the membrane matrix. Detachment of
BSA molecules became relatively easy due to the
water adsorbed on the membrane surface having
POFA [47]. FRR increased steadily from very low
value of 32.1–87.64% from CAB 1 to CAB 2, respec-
tively, which was in accordance with hydrophilicity of
the membranes (Table 3). Beyond this, at 2.5 wt.%, the
value decreased to 72.6%. This was due to reduced
surface hydrophilicity for CAB 2.5.

The water and BSA flux behavior of composite
membranes is shown in Fig. 8. From the sudden
decline in flux value during BSA filtration, it was con-
cluded that, fouling by BSA is initiated within first
few seconds of filtration. Fouling proceeded by pore
plugging and cake formation on membrane surface,
thereby resulting in flux decline over a period of time
[48]. The entire permeation study has been
summarized in Table 3.

Fig. 9 shows total fouling ratio (Rt), reversible foul-
ing (Rrev) and irreversible fouling (Rirr) values (%) for
the prepared composite membranes. Reversible foul-
ing arises from reversible foulant adsorption on mem-
brane surface that can be conveniently removed by
simple hydraulic cleaning. Irreversible fouling arises
either by strong binding of foulants to the membrane
surface or by trapping of foulant molecules in the
membrane pores. Cleaning of such irreversibly fouled
membranes is a tedious process requiring chemical
treatment that increases the operating cost. Thus, in
conclusion, higher the reversible fouling ratio, more
economic is the membrane cleaning process. It was
observed that, CAB 0 had the highest Rirr toward
BSA, which was nearly 70% of the total fouling.

Fig. 8. Pure water and BSA flux of composite membranes.
Fig. 9. Fouling resistances of CAB/POFA composite
membranes.
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However, with the addition and increase in POFA
from CAB 1 to CAB 2, the percentage of Rirr

decreased, whereas that of Rrev increased. This was

due to increase in the formation of protein-resistant
hydrophilic membrane surface, which led to strong
binding of water molecules making it difficult for pro-
tein molecules to adhere strongly to the membrane
surface [49]. However, upon further addition of POFA,
the membrane performance dipped sharply that must
be due to decreased hydrophilicity and agglomeration
of ash on the membrane surface.

4.5.2. HA removal

The prepared composite membranes were sub-
jected to check HA removal. POFA possesses good
adsorption capacity as realized from the BET surface
area analysis. It was assumed that the adsorptive nat-
ure of POFA may assist in the removal of HA. The
results obtained proved that POFA/CAB membranes
indeed behaved as adsorption membranes. CAB 2.5
showed maximum rejection towards HA up to 85%
(Fig. 10). Separation in adsorption membranes occurs
both by size exclusion and by adsorption. HA may
contain molecules ranging from few hundreds to thou-
sand daltons. The compact network formed by CAB
with POFA help retain the large HA molecules. The
plausible interaction between CAB segments and
POFA particles has been represented in Fig. 11. The
hydroxyl group present on the surface of POFA is
engaged in hydrogen bonding with CAB. Such inter-
actions of polymer matrix with ash have been
reported in literature [39,50]. In addition to this, the
adsorption property of POFA also helps in retaining
HA. This cohesive effect results in higher rejection of
HA at higher POFA concentration. Also, the role of
POFA in rejection of HA was confirmed by the fact
that, CAB 0 did not show any HA removing capacity.
Fig. 12(A) shows the surface image of HA fouled CAB
2.5 membrane. It is observed that the surface of the
membrane became slightly brown with few HA mole-
cules adsorbed on the membrane surface. The HA

Fig. 10. Removal of HA by the composite membranes.
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Fig. 11. Plausible interactions between CAB and POFA.
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Fig. 12. Digital images of (A) HA fouled and unfouled membrane and (B) HA permeated through (1) CAB 0, (2) CAB 1.5
and (3) CAB 2.5.
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solution permeated through the composite membranes
has been shown in Fig. 12(B). HA removal capacity of
the prepared membranes has been compared with
other reported membranes in Table 4.

5. Conclusion

POFA/CAB composite membranes were prepared
in the current investigation in which the concentration
of POFA was increased from 1 to 2.5 wt.%. POFA was
suitably modified by reducing the particle size to meet
the requirement of the current work. The enhancement
in water uptake capacity and porosity proved increase
in hydrophilicity upon POFA addition. It was con-
cluded that, even though the membranes were hydro-
philic, beyond 2 wt.%, blocking of membrane pores by
POFA had a negative effect on the permeation and
porosity. This was further confirmed by SEM analysis,
where morphology changed significantly after 2 wt.%
POFA addition. FRR was recorded maximum for CAB
2 membrane that was 87.6%. Even though the removal
of HA was maximum for CAB 2.5 (85.78%), the per-
meation property of the membrane was not satisfac-
tory. In conclusion, CAB 2 membrane was considered
to have optimum and balanced performance.

Thus, in conclusion, the concept of using a waste
material, to purify another contaminant was success-
fully carried out. The adsorption behavior of POFA
may be utilized in the future to treat wastewater
streams containing textile dyes or heavy metals.
Reducing the dimensions of POFA to nanoscale or
suitable chemical modification may further ensure
higher removal of water contaminants. The use of
such industrial wastes, which are potential environ-
mental pollutants, to curb the water contamination is
an attractive notion which may lead to a new revolu-
tion in the field of membrane fabrication process.
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