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Cellulose acetate (CA) and cellulose acetate phthalate (CAP) were used as additives (1 wt%, 3 wt%, and 5 wt%) to
prepare polyphenylsulfone (PPSU) hollow fiber membranes. Prepared hollow fiber membranes were character-
ized by surface morphology using scanning electron microscopy (SEM), surface roughness by atomic force
microscopy (AFM), the surface charge of themembranewas analyzed by zeta potential measurement, hydrophi-
licity by contact anglemeasurement and the functional groups by fourier transform infrared spectroscopy (FTIR).
Fouling resistant nature of the prepared hollow fibermembranes was evaluated by bovine serum albumin (BSA)
andmolecularweight cutoff was investigated using polyethylene glycol (PEG). By total organic carbon (TOC), the
percentage rejection of PEGwas found to be 14,489Da. Itwas found that the hollow fibermembrane prepared by
the addition of 5 wt% of CAP in PPSU confirmed increased arsenic removal from water as compared to hollow
fiber membrane prepared by 5 wt% of CA in PPSU. The removal percentages of arsenic with CA-5 and CAP-5 hol-
low fiber membrane was 34% and 41% with arsenic removal permeability was 44.42 L/m2h bar and 40.11 L/m2h
bar respectively. The increased pure water permeability for CA-5 and CAP-5 hollow fiber membrane was
61.47 L/m2h bar and 69.60 L/m2 h bar, respectively.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Nowadays, because of urbanization and industrialization water
bodies are getting polluted by different types of heavy metals and met-
alloids like arsenic. Consumption of arsenic contaminatedwater is caus-
ing a major threat to the public and affecting millions of population in
the world. Arsenic-containing pollutants are continuously releasing
from natural sources such as biological activities, volcanic emissions,
weathering and so on. The anthropogenic sources such as fossil fuel
combustion, non-ferrous smelting, petroleum refinery and gold mining
are also responsible for the release of arsenic into water bodies. Arsenic
contamination can cause a serious health hazard to humankind [1]. As
ment, Faculty of Science, King

yahoo.com (A.M. Isloor),
far as human health is concerned, the presence of arsenic in water
leads to cancer, heart diseases, numbness, darkening of skins, encepha-
lopathy, abdominal pain and vomiting [2]. In order to overcome these
health hazards arises from arsenic, the National Water Commission in
Mexico government has employed at a time 200 reverse osmosis mem-
brane systems for arsenic removal from water [3]. However, there are
many technologies used, such as adsorption [4,5], ion exchange [6,7],
coagulation [8] and membrane technology [9]. Among these technolo-
gies, membrane-based filtration is a preferred technology to remove
arsenic contamination fromwater due to its high efficiency, low energy
consumptions and high filtration performance [10].

Ultrafiltration, nanofiltration and reverse osmosis is a favorable clas-
sification for pressure-driven membrane filtration processes for arsenic
removal fromwater. A lot of research work is ongoing for removing the
arsenic fromwater, Briefly, Rezaee et al. [11] prepared polysulfone (PSf)
and graphene oxide blendedmembranes for estimation of arsenic rejec-
tion from the water. Increase in concentration of graphene oxide in PSf
could increase the rejection percentage and enhancehydrophilicity,flux
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Table 1
Compositions for membrane preparation.

Membrane PPSU (g) NMP (g) CA (g) CAP (g)

Neat membrane 14 86 0 –
CA-1 14 85.9 0.1 –
CA-3 14 85.7 0.3 –
CA-5 14 85.5 0.5 –
CAP-1 14 85.9 – 0.1
CAP-3 14 85.7 – 0.3
CAP-5 14 85.5 – 0.5

716 M. Kumar et al. / International Journal of Biological Macromolecules 129 (2019) 715–727
and porosity. In another study, He et al. [12] used PSf along with
zirconium nanoparticles for fabrication of hollow fiber membranes
using non-solvent induced phase separation process. These hollow
fiber membranes were effective for removal of arsenic from 51.65 ppm
to 92.65 ppb in the pH range of 2–9. Gohari et al. [13] prepared mem-
branes using a novel polyethersulfone (PES) with Fe/Mn as binary
oxide particles for arsenic removal from arsenic contaminated water by
ultrafiltration process. Song et al. [14] used PES hollow fiber membranes
coated with sulfonated poly (ether ether ketone) for arsenic removal
from contaminated water. Chatterjee et al. [15] prepared hollow fiber
membranes from polyacrylonitrile impregnated laterite and polyvinyl-
pyrrolidone as an additive for arsenic removal from ground-water by
the ultrafiltration process [16].

Cellulose acetate (CA)membranes are effectively utilized for arsenic
rejection from water [17]. Terrazasbandala et al. [18] fabricated cellu-
lose triacetate (CTA) and activated carbon membranes using a solvent
castingmethod for arsenic removal (45%). Nevárez and groupmembers
[3] enhanced arsenic removal by improving surface adsorptivity from
the ultrafiltration process of prepared bio-eco-friendly nanocomposite
membranes from non-solvent induced phase separation technique
using propionate lignin (kraft, hydrolytic and organosolve) along with
CTA. Jayalakshmi et al. [19] fabricated CA poly-isophthalamide-graft-
methacrylamide (CA/PIPA-g-MAA) mixed asymmetric ultrafiltration
membranes for arsenic removal from water.

Cellulose acetate phthalate (CAP) as an effective additive has also
been used for the removal of fluoride, different dyes, and heavy metals
from ground-water. Moreover, CAP belongs to cellulose ester groups
and is well known to form a hydrogen bond because it contains
a C_O and –OH group [20]. Seidel et al. [21] concluded that the
removal of arsenic using membrane technology mainly depends on
surface charge, solution concentration, solution temperature, solu-
tion pH, compositions used for membrane preparation and operating
temperature. From the above literature, it was clear that CAP was
identified as a good additive for the arsenic removal. In view of the
efficiency and performance of the membranes, hollow fiber mem-
branes are more superior as compared to the flat sheet membranes
[22–24]. An overview of the literature indicated no any research work
was done using CAP hollow fiber membranes for arsenic removal
from water.

Many researchers were successful in incorporating CA as an
adsorbing agent. CA is mostly used as low -cost ultrafiltration addi-
tive which is known for its hydrophilicity, moderate flux, adsorption
property and renewable sources in nature [25,26]. However, pure CA
hollow fiber membranes possess several drawbacks such as lack of
chemical, biological and mechanical stability as they are very brittle
in nature. Hence, such drawbacks have limited the CA membranes
in arsenic rejection application [18]. The composition of CA with a
different polymer and the addition of a small percentage of additives
is a promising blending method to enhance the properties of
prepared membranes [27,28]. In our study, as-used PPSU exhibited
better characteristics as compared to other polymers in terms of
remarkable physical and chemical properties, high glass transition
temperature, better mechanical properties and resistance towards
hydrolysis [29,30]. Due to these benefits, PPSU has frequently used
polymer for ultrafiltration, nanofiltration and reverse osmosis pro-
cesses [31–33].

According to our perceptions, hollow fiber membranes prepared
from polyphenylsulfone along with cellulose acetate and cellulose
acetate phthalate as additives were still not yet been studied for arsenic
removal applications. To satisfy the above requirement, it was proposed
to fabricate hollow fiber membranes to remove arsenic from water.
For the first time, we have introduced cellulose acetate phthalate/
polyphenylsulfone hollow fiber membranes for arsenic removal from
drinking water. The main aim of this study is to fabricate, characterize
and compare the arsenic removal efficiency from prepared hollow
fiber membranes.
2. Materials and methods

Polyphenylsulfone (PPSU, molecular weight (MW) of 50,000 g/mol,
Radel R-5000) was purchased from Solvay advanced polymer
(Belgium). N-Methyl-2-pyrrolidone and arsenic standard solution
1000 mg/L were procured from Merck, India. Cellulose acetate powder
(Mw 50000 with acetylene content 39.7 wt%), cellulose acetate phthal-
ate (Mw 2534.12), bovine serum albumin and polyethylene glycol of
different molecular weights as 6000, 10,000 and 20,000 g/Mol were
procured from Sigma-Aldrich, India. All polymers were dried in an
oven for overnight at 50 °C.

2.1. Preparation of cellulose acetate/polyphenylsulfone, cellulose acetate
phthalate/polyphenylsulfone hollow fiber membranes

Polyphenylsulfone and cellulose acetate hollow fiber membranes
were prepared by the dry-wet spinning method at room temperature.
CA was dissolved in N-Methyl-2-pyrrolidone and stirred properly to
get a homogeneous solution. PPSU was added to obtain the dope solu-
tion. The further homogeneous dope solution was obtained by allowing
it to mechanical stirring for about 24 h at 60 °C. This homogeneous so-
lution was subjected to the sonication process for the removal of
trapped air bubbles present in the solution [29,34]. The same procedure
was used for the preparation of CAP and PPSU hollow fibermembranes.
Different compositions of the prepared dope solutionwere illustrated in
Table 1.

The prepared homogeneous dope solution was allowed to pass
through the spinneret of dimensions 1.1/0.55 mm (outer diameter/
inner diameter) under nitrogen gas pressure. Reverse osmosis water
was used as bore fluid and guided to pass through adjacent sides of
the spinneret. With the help of a gear pump, the dope solution at the
top and the bore fluid at the adjacent sides were allowed to pass
through the spinneret. The detailed parameters used for spinning of
prepared dope solution were illustrated in Table 2. The air gap distance
between the spinneret plate and water contact in the coagulation bath
was maintained at 4 cm. This region is a very important region because
the formation of hollow fiber membrane takes place with the aid of the
phase inversionmethod. Continuously formed hollow fibermembranes
were wound on a rotating drum. Prepared hollow fiber membranes
were then kept in water for 24 h and 10wt% of glycerol solution for an-
other 24 h to avoid hollow fiber pore shrinkage. Finally, the obtained
hollow fiber membranes were dried at room temperature.

2.2. Characterization of cellulose acetate/polyphenylsulfone, cellulose
acetate phthalate/polyphenylsulfone hollow fiber membranes

2.2.1. Surface morphologies of hollow fiber membranes
Scanning electron microscopy (SEM) Hitachi TM3000 was used to

characterize the cohesive and surface morphology of the hollow fiber
membranes. Dried hollow fiber membranes were dipped in methanol
solution for 3 min to avoid surface charging of the membranes, further
membranes were fractured in liquid nitrogen (cryogenic) bath, where
the membrane surfaces were frozen to get smooth uniform surfaces.
After cryogenic treatment, with the help of EMITECH K575 sputter



Table 2
Spinning parameters for preparation of hollow fiber membrane.

Parameter Condition

Spinneret OD/ID (mm) 1.1/0.55
Dope solution PPSU/CA/NMP and PPSU/CAP/NMP
Dope extrusion rate (mL/min) 3.5
Bore fluid RO water
Bore flow rate (mL/min) 2.5
Air gap (cm) 4
Treatment bath Water
Coagulation bath temperature 26 °C
Drum speed (rpm) 13
Gear pump speed (rpm) 10
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coater, the hollow fiber membrane surfaces were sputter coated with
platinum [35].

2.2.2. Hydrophilicity of hollow fiber membranes
Surface hydrophilicity of hollow fiber membranes was investigated

using FTA-200 dynamic contact angle measurement, sessile droplet
method. The neat membrane, CA/PPSU and CAP/PPSU –hollow fiber
membranes were tested and deionized water was used as probe liquid,
the source of light was focused on one side of the instrument on hand
camera and hand camera was provided to take an image of the bubble
on the surface of the membrane. The contact angle was measured at
three different places and the average value was reported. The better
affinity between the water droplet and the surface of the membrane
results in a smaller contact anglewhich further enhances surface hydro-
philicity [36,37].

2.2.3. Pure water permeability of hollow fiber membranes
Using cross-flow filtration cell, investigations of pure water perme-

ability of neat and blended –hollow fiber membrane was carried out.
Five favorable membranes with the desired length of 10 cm were
taken from prepared hollow fiber membranemodules. Themembranes
were potted using stainless steel holder, prior to potting, a composition
blend of epoxy resin and hardener from Loctite EA E-30CL adhesive was
prepared in the proportion of 2:1 for holding the membranes in stain-
less steel, and allowed todry for 24h.With the aid of a crossflow system
of filtration, holder along with membrane was kept in membrane cell
and fixed properly. With the help of a centrifugal pump, water circu-
lated throughout the system. The pressure gauge was attached to a
system such that, the pressure of water in the system can be controlled
effectively [38]. Initially, membranes were kept for compaction at
0.4 MPa and 25 °C for 30 min. This mode of pressure is called as
trans-membrane pressure. Demineralized water was used for the
determination of water permeability throughout the experiment.
Water permeability was calculated by the Eq. (1).

Jw1 ¼ Q
nπLΔPDi

ð1Þ

where, ‘Jw1’ is permeate flux, ‘Q’ is volumetric flow rate (mL/min), ‘n’ is
number of hollow fiber membranes, ‘Di’ is inner diameters of hollow
fiber membrane (cm), ‘L’ is length of hollow fiber membrane (cm)
and ‘ΔP’ is transmembrane pressure (bar) [39].

2.2.4. Antifouling study of hollow fiber membranes
Antifoulingperformances of preparedhollowfibermembraneswere

performed as reported elsewhere [38]. In brief, initially, compaction of
each membrane was carried out using pure water for 30 min at a trans-
membrane pressure of 0.3 MPa. After completion of compaction, the
transmembrane pressure was decreased to 0.10 MPa, at this pressure
pure water permeability of membranes were noted as (JW1) in terms of
L/m2h bar. The bovine serum albumin (BSA) of 800 ppm (0.8 g/L) con-
centration aqueous solution was used for the study. The permeability
of BSA was noted as (Jp) and allowed to pass through the membranes
for 80 min. After completion of BSA filtration study, the hollow fiber
membranes were thoroughly cleaned with distilled water and determi-
nations of pure water permeability (Jw2) of the membranes were carried
out in the same procedure [40]. Flux recovery ratio, total fouling ratio, re-
versible and irreversible fouling of themembraneswere calculated using
Eqs. (2), (3), (4) and (5), respectively.

FRR ¼ Jw2

Jw1
� 100 ð2Þ

Rt %ð Þ ¼ Jw1− Jp
Jw1

� 100 ð3Þ

Rr %ð Þ ¼ Jw2− Jp
Jw1

� 100 ð4Þ

Rir %ð Þ ¼ 1− Jp
Jw1

� 100 ð5Þ

where, ‘FRR’ is Flux recovery ratio, ‘Rt’ is total fouling ratio, ‘Rr’ is reversible
fouling, and ‘Rir’ is irreversible fouling, ‘JW1’ is purewater permeability, ‘Jp’
is bovine serum albumin permeability, ‘Jw2’ is permeability after washing
with water.

2.2.5. Water uptake and porosity study
Investigation ofwater uptake studywas performed on prepared hol-

low fiber membranes after analyzing the literature [41]. In this study,
the hollow fiber membranes were cut into pieces of a cross-section of
2 × 1 cm (2 cm2) and both sides of the membranes are closed by apply-
ing epoxy resin along with hardener mixture of 2:1 proportion and
allowed to dry. The dried hollow fiber membranes were immersed in
demineralized water about 24 h. The membranes were taken out from
demineralized water and wet weight (Ww) was noted after wiping
with a blotting paper. After measuring a wet weight of hollow fiber
membranes, membranes were allowed to dry in an oven around 60 °C
for 5–6 h and dry weight (Wd) of the membranes was noted [42].
Percentage of water uptake for individual hollow fiber membranes
was calculated using Eq. (6).

Water uptake %ð Þ ¼ Ww−Wd

Ww
� 100 ð6Þ

The porosity of the hollow fiber membranes was investigated using
dry-wetweightmethod [34]. The hollow fibermembraneswere dipped
in the distilled water for 24 h and wet weight (Ww) of the membranes
was noted after the membranes were thoroughly cleaned with blotting
paper. Thereafter, the membranes were dried in an air-circulating oven
for overnight at 70 °C. The weight of the membranes was noted as dry
weight (Wd). By using Eq. (7) the porosity of the membranes was
calculated.

P %ð Þ ¼ Ww−Wd

ρw � A� δ
� 100 ð7Þ

where, ‘A’ is an area of the wet state of themembrane, ‘δ’ is hollow fiber
membrane thickness and ‘ρw’ is pure water density (0.998 g/cm3).

2.2.6. Molecular weight cut off study
A 1 wt% of polyethylene glycol (PEG) of different molecular weights

6000, 10,000 and 20,000 g/mol was used for investigation of molecular
weight cut off of the prepared hollow fiber membrane. A 500 ppm of
PEG (i.e. 0.5 g/L) with different molecular weight solutions was pre-
pared using ultrapure water. The PEG rejection study was performed
in a cross-flow filtration system at 1.5 bar transmembrane pressure.
The sameworking procedurewas used for filtration of PEGwith the dif-
ferent molecular weight. In this study, initially, the feed from different
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PEG solution was prepared and later PEG solution was allowed to
pass through the hollow fiber membrane for filtration [43]. The concen-
tration of PEG in the measured permeate and feed samples were
determined using total organic carbon Shimadzu total organic carbon-
5050A instrument [34]. Finally, the percentage rejection of PEG was
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Fig. 1. SEM cross-sectional morphologies of prepared (a) neat membrane (NM)withmagnifica
CA-1, CA-3, CA-5 and CAP/PPSU with increased concentration of CAP (c, e, and g) as CAP-1, CA
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Fig. 2. SEM surface morphologies of CA-5 membrane as (a and c) with the magnification of 30 μm and CAP-5 membrane as (b and d) with the magnification of 500 μm.
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where, ‘R’ is solute rejection in percentage, ‘Cp’ is permeate flux and ‘Cf’
is feed of the solution.

2.2.7. The surface roughness of hollow fiber membranes
Impressions of surface roughness of the prepared -hollow fiber

membranes were analyzed using atomic force microscopy (AFM)
(Bruker). Hollow fiber membrane samples were cut into small pieces
of the size of area 0.25 cm2 and membranes were attached to a glass
plate of area 0.50 cm2 with the help of two-sided tape. With the aid of
the tapping tool in atomic force microscopy, the prepared CA/PPSU
and CAP/PPSU hollow fiber membranes were characterized by a size
range of 3 × 3 μm [42,46].

2.2.8. Fourier transform infrared spectroscopy
Neatmembrane, CA-5, andCAP-5hollowfibermembraneswere dried

for 24 h at 60 °C to completely remove moisture from the hollow fiber
membrane surfaces. Various chemical functional groupspresent onmem-
brane surfaces were identified using attenuated total reflectance-fourier
transform infrared (ATR-FTIR) spectroscopy from theBruker alpha instru-
ment. ATR-FTIR spectra of the membranes were taken in the wavelength
between 4000 and 600 cm−1 with a 24 scan cm−1 [44,45].

2.2.9. The surface charge of hollow fiber membrane
The surface charge of the modified membrane (CAP-5) was deter-

mined by using the SZ-100 HORIBA nanoparticle analyzer. Membrane
surface charge characterization was carried out on the surfaces of the
membranes using the streaming current method with an electrokinetic
SurPASS analyzer (Anton Paar GmbH, Austria). Membrane sample of
5 mgwas spread in distilled water and deposited in cells of zeta poten-
tial analyzer. A 0.001M of NaCl solventwas circulated on themeasuring
cell containing a sample to be measured. The prepared hollow fiber
membranes were placed on the adjustable gap of area 2 × 1 cm
(2 cm2) [34,47]. Manual titrations with 0.1 M HCl and 0.1 M NaOH
were done to contemplate the pH-dependent of zeta potential. The
zeta potential graph of the best performance CAP-5 membrane was
plotted to analyze, the surface charge of the hollow fiber membrane.
2.2.10. Study on arsenic removal from hollow fiber membranes
The percentage arsenic removal from prepared neat and blended

polymeric hollow fibermembraneswas evaluated using atomic absorp-
tion spectroscopy (AAS). In this study, arsenic contaminated water
solution was prepared using 1 ppm arsenic. The pH of the arsenic
contaminated solutionwasmaintained at 6.8±0.4. Feed of the contam-
inated solution was collected and noted as (Cf). Permeate was collected
and the permeatefluxwas noted as (Cp), after passing the contaminated
solution through hollow fiber membranes in a cross-flow filtration
system, at 1 bar transmembrane pressure at room temperature for
60 min duration. The efficiency of arsenic rejection can be obtained by
substituting AAS value of feed and permeate in Eq. (8).



Table 3
Properties of prepared hollow fiber membranes.

Membrane Contact angle
(°)

Porosity
(%)

Water uptake
(%)

Permeability
(L/m2h bar)

NM 80.48 5.48 37.50 37.92
CA-1 71.02 11.30 40.57 41.42
CA-3 65.04 19.48 55.22 48.60
CA-5 60.83 26.97 69.01 61.47
CAP-1 63.01 12.08 41.01 45.75
CAP-3 50.27 20.64 57.26 55.53
CAP-5 43.40 27.96 77.01 69.60
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3. Results and discussion

3.1. Surface morphologies of the prepared hollow fiber membranes

The SEM images of CA and CAP with different concentrations in
PPSU –hollow fiber membranes are shown in Figs. 1 and 2. The air gap
distance between the coagulant bath and the spinneret plays an impor-
tant role, in this region, the formation of hollow fiber membranes takes
place [48]. Smaller air gap results in more finger-like structures [27].
From Fig. 1a, it is clear that the neat membrane does not produce
finger-like morphological structures. Neat membrane intern produces a
porous like structure as a result of interaction betweenwater and solvent
in the coagulation bath. Finger -like and sponge -like morphological
Fig. 4. (a) Time-dependent pure water permeability for neat membrane (NM), CA/PPSU
with increased concentration of CA as CA-1, CA-3 and CA-5, and (b) CAP/PPSU with
increased concentration of CAP as CAP-1, CAP-3 and CAP-5 with an operating pressure
of 1 bar at room temperature.
structures are evidenced with increased percentages of additives
(CA and CAP) in the casting solution (1, 3 and 5 wt%) was shown in
Fig. 1(b–g) which results in enhancing permeability, water uptake and
porosity of prepared hollow fiber membranes during filtration processes.
Furthermore, the increase in water permeability of hollow fiber mem-
brane can be observed due to the presence of horizontal channels present
in themembranemicrostructure [49].With the increase in CAP additives,
extreme pore structures can be observed (Fig. 1g) as compared to CA
alongwith PPSU –hollowfibermembranes (Fig. 1e). However, this causes
an increase in the percentage rejection of arsenic contaminated water
from CAP/PPSU –hollow fiber membranes. A large number of voids can
be observed from the CAP-5 hollow fibermembrane. Beyond this highest
value, the hollow fiber membranes are not suitable for any separation
processes.

3.2. Hydrophilicity of the prepared hollow fiber membranes

Contact angle measurements for pristine and blend hollow fiber
membranes were investigated to evaluate the properties such as
hydrophilicity and hydrophobicity. The experimental results from
Fig. 3 indicated an increase in hydrophilicity with an incremental dos-
age of CA and CAP in PPSU dope solutions. FromTable 3 neatmembrane
(without adding additives) exhibited the higher value of contact angle
as 80.480 and further addition of additives the contact angle value
decreases considerably, with the increased addition of CA and CAP in
PPSUwas CA-5 as 60.83° and CAP-5 as 43.40° respectively. The presence
of carboxyl and hydroxyl groups on CAP membrane surfaces helps in
absorption of water molecules, which results in the enhancement of
Fig. 5. (a) Water uptake and (b) Porosity measurement, for neat membrane (NM),
followed by CA/PPSU with increased concentration of CA as CA-1, CA-3 and CA-5, and
CAP/PPSU with increased concentration of CAP as CAP-1, CAP-3 and CAP-5.



Fig. 7. Flux recovery ratio (FRR), reversible fouling (Rr) and irreversible fouling (Rir) values
for (a) neat membrane (NM), CA/PPSU with increased concentration of CA as CA-1, CA-3
and CA-5, and (b) neat membrane (NM), CAP/PPSU with increased concentration of CAP
as CAP-1, CAP-3 and CAP-5.

Fig. 6.Time dependant purewater permeability, protein BSA permeability, and purewater
permeability after washing with water for (a) neat membrane (NM), CA/PPSU with
increased concentration of CA as CA-1, CA-3 and CA-5, and (b) neat membrane (NM),
CAP/PPSU with increased concentration of CAP as CAP-1, CAP-3 and CAP-5 with
operating pressure of 1 bar at room temperature.
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hydrophilicity on membrane surfaces. The decreased value of the
contact angle measured by the instrument for CAP hollow fiber
membranes is shown as CAP-0 b CAP-1 b CAP-3 b CAP-5. The effect of
increased proportions of CA -hollow fiber membranes with a decrease
in the value of contact angle is given by CA-0 b CA-1 b CA-3 b CA-5.

3.3. Pure water permeability study of hollow fiber membranes

Hydrophilicity, and porosity, are themain governing factors for study-
ing theflux of prepared hollowfibermembranes [50]. Purewater perme-
ability in terms of the time-dependent study was performed using a
cross-flow filtration system at 0.3 MPa transmembrane pressure. The
variation of pure water permeability for different kinds of membranes
Table 4
Antifouling properties of the prepared hollow fiber membranes.

Membrane
sample

Jw1

(L/m2 h bar)
Jw2

(L/m2 h bar)
Jp
(L/m2 h bar)

FRR (%) Rr (%) Rir (%) Rt (%)

NM 48.52 35.73 13.34 73.64 46.15 26.36 72.51
CA-1 50.71 39.85 16.15 78.58 46.73 21.41 67.15
CA-3 56.25 49.89 22.30 88.70 49.05 11.30 60.35
CA-5 64.63 57.31 26.38 88.67 47.85 11.32 59.18
CAP-1 54.25 45.21 20.12 88.33 46.24 16.66 62.19
CAP-3 61.32 53.91 24.58 87.91 47.83 12.08 59.91
CAP-5 71.26 65.52 28.41 91.95 52.08 8.06 60.13
is reported in Table 3. Generally, the pure water permeability of the
membrane has a direct co-relationwith an average pore size and porosity
of the membrane. From Table 3, the value of pure water permeability for
Fig. 8. Molecular weight cutoff studies of CAP-5 hollow fiber membrane with rejection
transmembrane pressure of 1 bar at room temperature.
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neat hollow fiber membrane as 37.92 L/m2h bar, CA-5 membrane as
61.47 L/m2h bar and CAP-5 membrane as 69.60 L/m2h bar respectively.
There is a significant change in the permeation performance of hollow
Fig. 9.Atomic forcemicroscopy images for (a) neat membrane (NM) and followed by CA/PPSUw
concentration of CAP (c, e, and g) as CAP-1, CAP-3 and CAP-5.
fiber membranes after the addition of the increased percentages of
additives (CA and CAP) to PPSU dope solution. This is because of the
amorphous nature of CA and CAP additive causes an increase in porosity
ith increased concentration of CA (b, d, and f) as CA-1, CA-3 and CAP/PPSUwith increased



Table 5
Surface roughness value of prepared hollow fiber membranes.

Membranes Ra (nm) Rq (nm) Rz (nm) Rmax (nm)

NM 8.05 12 3.72 108
CA-1 9.5 13.5 4.24 160
CA-3 22.5 29.6 8.26 203
CA-5 39.8 49.9 10.30 386
CAP-1 20.1 30.6 5.14 242
CAP-3 26.3 39.3 12.53 365
CAP-5 47.4 61.4 28.35 442

723M. Kumar et al. / International Journal of Biological Macromolecules 129 (2019) 715–727
in the membrane [15]. From Fig. 4a and b, the CAP-5 hollow fiber
membranes, revealed increased permeation property compared to CA-5
hollow fiber membranes, because CAP is more hydrophilic in nature
and has significant water holding ability which allows facile flow of
water through the hollow fiber membranes.

3.4. Water uptake and porosity study

Fig. 5a and b revealed that the water uptake and porosity values
increased considerably with incremental dosages of hydrophilic CA
and CAP in hydrophobic PPSU. The porosity of hollow fiber membranes
has a close relation with membrane performance andmorphology [51].
From Fig. 5(a) and Table 3, the value of porosity for neat membranewas
recorded as 5.48% and adding 5wt% of CA and CAP into PPSU dope solu-
tion, resulted in enhancement of the porosity values as CA-5 and CAP-5
was 26.97 and 27.96%, respectively. Similarly, from Fig. 5(b) and Table 3,
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Fig. 10. ATR-FTIR spectra for (a) Neat membrane (NM)
the value ofwater uptake for prepared hollowfibermembraneswithout
additives was 37.50%. It was observed that, the increased concentrated
additive membranes CA-5 and CAP-5 resulted in increased water
uptake value as 69.01 and 77.01%, respectively. Increased value of
water uptake and porosity was observed from CAP hollow fiber
membranes, due to more water holding capacity of the CAP additive
as compared to CA additive present in the hollow fiber membranes.
Another reason for the enhancement of porosity and water uptake is
that, the addition of the increased percentage of additives leads to
thermal instability, which causes rapid de-mixing in the coagulation
bath [52]. The considerable increase in the value of water uptake and
porosity results are CA-0 b CA-1 b CA-3 b CA-5 and same as CAP-0 b

CAP-1 b CAP-3 b CAP-5.

3.5. Antifouling properties of hollow fiber membranes

Fig. 6(a) and (b) demonstrated an enhanced BSA permeability study.
By incremental dosage of hydrophilic additives (CA and CAP), therewas
an increase in the permeability, whichwas due to the adsorptive nature
of both the additives. FromTable 4, the value offlux recovery ratio (FRR)
for neat membrane was 73.64% and the total recovery ratio (Rt) was
72.51%. With the addition of 5 wt% of CA (CA-5) in the PPSU casting
solution, there is an increase in the value of FRR as 88.67%, 5 wt% of
CAP (CAP-5) was 91.95% and decrease in Rt value as 72.51% for neat
membrane to 59.18 and 60.13% for CA-5 and CAP-5 respectively was
noticed from Fig.6a and b. An increased value of FRR promises the better
antifouling property for CAP as compared to the neat and CAmembrane.
This is due to the presence of an enormous amount of hydroxyl
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Fig. 12. (a) Comparison of arsenic rejection in percentage (b) Time-dependent permeability
for arsenic rejection study of the prepared neat membrane (NM), CA-5 and CAP-5 hollow
fiber membranes with transmembrane pressure of 1 bar at room temperature.

Fig. 11. Surface charge (Zeta potential) studies of CAP-5 hollow fiber membrane as a
function of pH.
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and amine groups on the surfaces of the CAP hollow fiber membranes
which further leads to an increase in hydrophilicity [53]. In BSA fouling
study, protein molecules were deposited on the surfaces of hollow fiber
membranes, which results in a decline of permeability due to pore
blockage. The reversible (Rr) and irreversible (Rir) hydraulic fouling
are two main membrane fouling categories. From Table 4, the value of
Rr for neat membranewas 46.15%with enhanced additive concentrated
membrane CA-5 and CAP-5 was 47.85 and 52.08%, respectively. This
indicated that, the blended hollow fiber membranes exhibited an in-
creased value of Rr, and FRR. From Fig. 7a and b, the decreased value
of Rir from the neat membrane (26.36%) and increased percentage of
additivemembranes as CA-5 was 11.32% and CAP-5 was 8.06%, ensured
the good filtration life of blended membranes.

3.6. Molecular weight cut-off

From Fig. 8, the molecular weight cut-off (MWCO) value for best
performance membrane CAP-5 was 14,489 Da, which revealed that as
prepared hollow fiber membrane was ultrafiltration membrane [54].
The CAP-5 hollow fiber membrane revealed the rejection of 47, 85 and
94% for polyethylene glycol (PEG) 6000, 10,000 and 20,000, respec-
tively. As the molecular weight of the PEG increased the rejection
percentage of the PEG from prepared hollow fiber membranes is also
increased [55,56].

3.7. The surface roughness of hollow fiber membranes

Fig. 9 illustrated 3D AFM topological images of the neat hollow fiber
membrane, CA/PPSU and CAP/PPSU blended hollow fiber membranes.
The study of handling the tapping mode AFM apparatus was explained
elsewhere [57]. Generally, surface roughness value mainly depends
on the arithmetic mean deviation of roughness (Ra), root mean
square Z- data (Rq) and the height difference between five maximum
height peaks and five minimum height peaks (Rz) [46]. Commonly,
the value of the surface roughness (Ra) will be considered to scruti-
nize the nature of roughness. From Table 5, neat membrane (NM)
shows Ra value as 8.05 nmwhich is without the addition of additives
(CA and CAP). Further, increased additive concentrated membranes,
CA-5 and CAP-5 shows Ra value as 39.8 nm 47.4 nm, respectively. The
CAP-5 hollow fiber membrane consists of increased surface rough-
ness is evidenced from Fig. 9g, which reduces the tendency towards
fouling and leads to an increase in arsenic rejection efficacy [58].
However, in case of CA -hollow fiber membranes (Fig. 9f), lower values
of average roughness (Ra) contain fewer pores on the surface which
leads to decrease in the percentage of arsenic rejection by hollow fiber
membranes [59].

3.8. Fourier transform infrared (FT-IR) spectroscopy

Fig. 10 shows the ATR-FTIR spectra, which clearly represents the
changes in functional groups due to the presence of CA and CAP addi-
tives, as compared to the neat membrane as shown in Fig. 10a. All ab-
sorption peaks attributed less than 2000 cm−1 of wavelength range.
FTIR of CA shows (Fig.10b) the peaks at 3316 cm−1 which attributed
to the stretching vibration of –OH group. CAP shows (Fig. 10c) a peak
of –OH group at 3360 cm−1, this is due to the presence of hydroxyl
group. The peaks 2924–2871 cm−1 attributed to –CH2 stretching
vibration present in the CA. The alkyl group was characterized by a
peak present at 1486 cm−1, peak observed at 1231 cm−1 indicates
stretching vibration bond corresponds to a cyclic ether group of CA.
Similarly, the C-O-C stretching vibration was observed at 1107 cm−1

and peak found at 870 cm−1 attributed to –CH group of CA [60–62].
Whereas in the pure CAP, 3360–2938 cm−1 attributed to symmetric
stretching of cellulose –C-H– group, 1056 cm−1 –C-O- stretching
vibration, 1252 cm−1 –C-O- C- stretching vibration, 1600 cm−1 -C=C-
attributed to a conjugated vinyl aromatic ring, 1732 cm−1 represents
–C=C- a carboxylic group [62,63]. The carboxylic peak of 1732 cm−1

was not present in the neat membrane as compared to CA and CAP
hollow fiber membranes [64,65]. The FT-IR peaks confirm the presence
of CA and CAP additives in PPSU membrane matrix.



Table 6
Arsenic removal from used polymer (PPSU) and additives (CA and CAP) membranes.

Membrane composition Arsenic feed Flux (L/m2h bar) Rejection (%) Reference

Cellulose acetate (CA)/zinc oxide 1000 mg/litre 18.41 58.77 [72]
Cellulose triacetate (CTA)/activated carbon (AC)) 500 ppb 5.23 45.00 [18]
CA poly-isophthalamide-graft-methacrylamide (CA/PIPA-g-MAA)-polyetherimine (PEI) 100ppm 28.86 83.80 [19]
Polyphenylsulfone (PPSU)/carboxylated graphene oxide (GO) 10 ppm 2.88 ~99.00 [68]
Cellulose triacetate (CTA) and propionate lignin – 0.19 26.32 [3]
Cellulose acetate/polyphenylsulfone and cellulose acetate phthalate/polyphenylsulfone 1 ppm 61.47

(CA/PPSU)
69.60
(CAP/PPSU)

34

41

Present work
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3.9. Surface charge measurement of hollow fiber membrane

Fig. 11 shows the zeta potential of membrane CAP-5, as pH on the x-
axis and the values of zeta potential as on the y-axis of the prepared
CAP-5/PPSU hollow fibermembrane. The pH value of this studywas ad-
justed between pH 1.5 to 9.7 with the addition of 0.1 N HCl and KOH.
Zeta potential characterization is an effective technique for finding the
surface charge of the prepared membrane [66]. However, the acquired
results can be summarized as surfaces of the membranes are positively
charged over the range of pH 1.53 and negatively charged over a range
of pH 9.7. The highest zeta potential −18.75 mV was recorded corre-
sponding to pH 9.7 [66,67]. Due to the implementation of CAP as an
additive and at these pH levels, ions of arsenic were repelled. The pH
at 1.9 represents the isoelectric point (IEP) of the membrane, at this
pH surface charge becomes zero and membrane surfaces are not
subjected to any surface charge. The surface of blended PPSU/CAP hollow
fiber membrane was charged negatively because of the presence of
carboxylated groups.

3.10. Study on the removal of arsenic fromprepared hollow fibermembranes

Fig. 12 shows the comparison of arsenic rejection on the neat
membrane, CA-5 and CAP-5 hollow fiber membranes. The blended CA
and CAP hollow fiber membranes were tested for rejection of arsenic
prepared from laboratory aqueous solution (1 ppm of arsenic). The
used CA and CAP additives have good adsorptive properties for arsenic
removal [69]. The CAP membranes showed the considerable removal
of arsenic (41% for CAP-5) as compared to the neat membrane (22%)
and CA membranes (34% for CA-5), because CAP hollow fiber mem-
branes contain higher adsorptive property andmoreover, less tendency
towards fouling and higher permeability [63]. The rejection phenome-
non of hollow fiber membranes also depends on the molecular weight
of the additives used. The molecular weight of the CAP was higher
than CA membrane which influences the enhanced removal of arsenic
over CA membranes. Fig. 12b shows time-dependent pure water per-
meability studies for arsenic removal of neat, CA-5 and CAP-5 hollow
fiber membranes. The permeability value for arsenic removal from
neat membrane was 47 L/m2h bar, CA-5 was 44.42 L/m2h bar and
CAP-5 was 40.11 L/m2h bar. Initially, the rejection of the arsenic was
higher and further there was a gradual decline was observed, which is
due to the fouling behavior of the membrane. The ions of arsenic were
deposited on the membrane surfaces which intern block the pores
which resulted in lowering the rejection permeability and enhancing
the rejection percentage of arsenic. In addition to this, concentration
polarization is also the main reason for the decline of arsenic removal
permeability [70]. From Fig. 12a, CAP-5 rejected increased arsenic
contamination from water because of higher adsorptive nature. Thus,
CAP-5 membrane considered as the best performance membrane
based on its higher hydrophilicity, porosity, water uptake and less
fouling tendency [71]. Furthermore, details for arsenic removal from
the literature was illustrated in Table 6 describes the comparison of
already reported hollow fiber membranes and present hollow fiber
membranes for percentage removal of arsenic with respect to used
polymer (polyphenylsulfone) and additive (cellulose acetate).

4. Conclusion

Cellulose acetate, cellulose acetate phthalate and polyphenylsulfone
asymmetric hollow fiber membranes were prepared using a dry-wet
phase inversion technique. The incremental dosage of hydrophilic addi-
tives resulted in more finger-like projections and micro-voids which
help in the enhancement of permeability as compared to the pristine
membrane. Removal of arsenic from contaminated ground-water
mainly depends on pH in the range of 1.5 to 9.7 for CAP-5 hollow fiber
membrane. The molecular weight cutoff was 14,485 Da for CAP-5,
which indicated as fabricated membranes are ultrafiltration mem-
branes. AFM results revealed an increase in surface roughness of hollow
fibermembranes due to an increased concentration of additives into the
polyphenylsulfone matrix. The CAP-5 hollow fiber membrane consid-
ered as best performance membrane due it's increased properties such
as higher hydrophilicity, less tendency towards fouling, higher water
uptake and increased overall porosity. Arsenic removal was found to
be 34% for CA-5 membrane and 41% for CAP-5 membrane, respectively.
In conclusion, prepared cellulose acetate/polyphenylsulfone and cellu-
lose acetate phthalate/polyphenylsulfone hollow fiber ultrafiltration
membranes are ideal candidates for the preliminary removal of the
arsenic present in the water bodies.
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