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Abstract Polyphenylsulfone/multiwalled carbon nanotubes/polyvinylpyrrolidone/1-methyl-2-pyr
rolidone mixed matrix ultrafiltration flat-sheet membranes were fabricated via phase inversion pro-
cess to inspect the heavy metals separation efficacy from aqueous media. Fabricated membranes
cross-sectional morphological changes and the topographical alterations were assessed with Scan-
ning electron microscopy (SEM) and atomic force microscopy (AFM). Particularly, MWCNTs
assisted membranes exhibited better permeability ability as well as heavy metal removal enactment
than virgin membrane. The dead-end filter unit was engaged in current research to examine the per-
meability and heavy metal removal competence of membranes. With the continuous enhancement
of MWCNTSs wt% in a polymer matrix, significant enhancement was observed with pure water flux
study, from 41.69 L/m? h to > 185 L/m? h as well as with the heavy metals separation study. Added
additive MWCNTs can impact the pore sizes in membranes. The heavy metal separation results
achieved, the membrane with 0.3 wt% of MWCNTs (PCNT-3) exhibited >98%, >76% and
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>72% for Pb>*, Hg?" and Cd*>” ions, respectively. Overall, MWCNTs introduced PPSU mem-
branes exposed best outcomes with heavy metals contained wastewater treatment.

© 2019 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

As a result of the increased industrial activities, huge quantities
of heavy metals are contaminating our nearby environment.
These pollutants are mainly released by leather, textile, paint,
wood processing, pigment & dyes, petroleum refining industries
by various processes, i.e. electroplating, surface treatment pro-
cess, and other chemical treatments. These heavy metals cause
a harmful effect on the environment and may cause physical dis-
comfort, illness and irreversible damage to a vital body system of
human beings (Zhou et al., 2013). These industrial wastes create
the most important cause of various kinds of metal pollution in
the water ecosystem (Aziz et al., 2015). In earlier, researchers
were invented few methods for decreasing the heavy metal con-
centration in wastewater, i.e. precipitation, ion exchange
method, reverse osmosis, oxidation, reduction, electrodialysis,
and adsorption methods reported by various authors. Removal
of Ni?", Zn*", Cr** and Cu®>" from electroplating industrial
wastewater by using Kyanite as an adsorbent has been demon-
strated by Ajmal and group members (Ajmal et al., 2001). Cad-
mium desorption in the sand by flow-through and batch
methods (Tran et al., 2002), removal of Pb, Cd, Ni, Cu, Mn,
Mg, and Cr by sequential adsorbent treatment (Maria and de
Oliveira, 2003) was reported by the researchers. The effect of
mercury on ecological health is related to the level of local and
worldwide discharges, depositions are potential for crises
(Munthe et al., 2007; Driscoll et al., 2007).

In recent years, various types of membrane separation
methods such as Reverse osmosis (RO), Nanofiltration (NF),
Microfiltration (MF), Ultrafiltration (UF) and distillation
technologies have gained significant commercial importance.
Many of the physical processes were involved in membrane
preparation are by sintering, track etching, and phase inver-
sion processes. Thermally-induced phase separation (TIPS)
and immersion precipitation methods are discussed in detail
by Witte and co-workers (van de Witte et al., 1996). The
Majority of the polymeric membranes are fabricated via the
Phase inversion process due to its convenience. Membrane fil-
tration together with carbon nanotubes (CNT) can make bet-
ter water desalination and the decontamination approaches
were more effectual and cost-effective (Elimelech and Phillip,
2011). Polymeric membranes were mechanized for diverse
industrial applications (Lonsdale, 1982; Pusch and Walch,
1982; Mulder, 1992). CNT based membrane applications are
relevant to many areas, such as heavy metal rejection
(Anitha et al., 2015), dye removal (Ashish et al., 2010) salt
rejection (Michael and Ben, 2015), etc. Functionalized CNTs
embedded polymeric membranes revealed several enhanced
properties i.e. hydrophilicity, fouling resistance, mechanical
and thermal stability possessions (Qu et al., 2013).

Nowadays, CNT based nanomaterials are frequently using
in wastewater treatments due to its huge availability and lesser
manufacture cost compare with other nanomaterials (Thines
et al., 2017). In particular, there are enormous amounts of

studies have been executed by the investigators concerning
the rejection of heavy metals from the polluted water. On
the other hand, functionalized MWCNTs developed to assess
the permeability enhancement characteristics of membranes
(Arockiasamy et al., 2013). Shen et al. suggested the new sew-
age action method by engaging polymer surfactant complexa-
tion and flocculation approaches to distinct the certain heavy
metals such as Cr*", Zn®" and Cd*" from aqueous media
(Shen et al., 2015). Magnetic adsorbents synthesized from agri-
cultural wastes and used for choosy heavy metals separation
such as nickel, cadmium, lead, and arsenic from wastewater
(Noor et al., 2017). A favorable hydrothermally altered Circu-
lating fluidized bed (CFB) fly ash (HM-CFB-FA) cost-effective
adsorbent was used for the deletion of heavy metal Cd** from
contaminated water (Qiu et al., 2018). So far, insufficient jour-
nal reports were stated towards heavy metals separation pos-
sessions by CNTs enclosed mixed matrix membranes (Ismail
et al., 2008; Ismail et al., 2009). Polyethersulfone based ultra-
filtration membranes engaged to investigate the separation effi-
ciency of polyvinyl amine complexed selective heavy metals
such as Co?*, Cu?*, Ni2*, Pb>*, Fe*™, Cd?™, Zn?", and
Mn?" from aqueous media via dead-end filtration procedure
(Huang et al., 2016). Afshar et al. described a novel technique
for the removal of Pb (II) from aqueous media, via magnetic
Fe;O4 coated polypyrrole-polyaniline  nanocomposites
(Ahmad et al., 2018). Polysulfone and nano nickel-iron oxide
mixed hollow fiber membranes fabricated via dry-wet process,
to examine the adsorption efficacy of selected heavy metals
such as Pb>*, Cu®*, Zn?", Cd**, Ni2" and Cr*" ions from
aqueous media (Mondal et al., 2017). In polymeric mem-
branes, the integrated CNTs are enhanced the hydrophilic nat-
ure and forms a repulsive border barricade, and that enhances
anti-fouling stuff for palm oil mill waste management
(Moideen et al., 2016). Bushra et al. described the preparation
of composite material Polyaniline-Zr (IV) phosphor borate
(PZPB) through a sol-gel method, used for the removal of
Hg?" ions from aqueous media and studied the antibacterial
activity of PZPB in contradiction of E. coli (Ho et al., 2017).
Polyethylenimine altered graphene oxide calcium alginate
(GOCA) composites were synthesized, to assess the separation
capacity of Pb "% Cd 2, and Hg "% heavy metals from wastew-
ater (Arshad et al., 2018). MWCNTSs were chemically modified
with thorium oxide nanocomposites to examine the adsorption
conductance of Pb>* ions from the aqueous systems (Naushad
et al., 2015). Novel Fe;04@TAS nanocomposites were effec-
tively invented and used as an influential adsorbent for the
rejection of Co*>*, Cd** and Cr’" metal ions from aqueous
media (Mittal et al., 2016). Ruthiraan et al. described the com-
parative study between functionalized multiwall carbon nan-
otube (FMWCNTSs) and magnetic biochar to determine the
adsorption capability of Cd>* jons from wastewater
(Algadami et al., 2017). MWCNTs were amended with 8-
hydroxyquinoline and used for the separation of Cu’",
Pb>*, Cd®>" and Zn*" ions from aqueous solutions (Samia
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et al., 2012). MWCNTs prepared by decomposition of acety-
lene gas in the presence of ferrocene catalysts, to assess the
Ni?" ions deletion study (Kandah and Meunier, 2007). The
piperazine based polyamide thin film composite nanofiltration
membranes fabricated via the incorporation of oxidized
MWCNTs, to advance the Na,SOy salt rejection efficacy from
wastewater (Reza Mahdavi et al., 2017). A hydroxyapatite-
carbon adsorbent with the categorised porous microstructure
of sugarcane stalks (SS-HAP/C) was utilized to detect the
Pb>" ions from wastewater (Zhu et al., 2018).

In current research choose PPSU as a key polymer to fab-
ricate the membranes, owing to its specific characteristics such
as good dimensional stability, good mechanical property,
chemical resistance, etc. PPSU is a high-performance polymer
containings aromatic rings with sulfone (SO,) group. Sulfone
containing polymers are extensively useful for the preparation
of UF, MF and NF membranes with extremely manageable
pore sizes and because of wide distribution, which allows their
extensive worth in various membrane separation developments
(Anonymous, 2009).

The above survey, reports conclude very fewer reports can
found towards the deletion of heavy metals from aqueous
media through the usage of MWCNTSs. According to our
knowledge, heavy metals such as Pb>", Hg>* and Cd*" ions
removal using PPSU/MWCNTSs polymeric membranes has
not been reported as yet. In the current research, the PPSU/
MWCNTs mixed UF membranes fabricated via the phase
inversion process. The characterization, surface morphological
changes, pure water flux performance, fouling ability and poly-
ethyleneimine (PEI) complexed heavy metals removal ability
of membranes were systematically studied.

2. Experimental

2.1. Materials

PPSU (Radel R-5000) (MW ~ 50,000 g/mol) provided through
Solvay Adv. Polymers, Belgium. N-methyl-2-pyrrolidone
(NMP) was obtained since Merck India, Limited. Bovine
Serum Albumin (BSA) (MW ~ 69 KDa) procured from
CDH Chemicals, India. MWCNTs (> 98%), Polyvinylpyrroli-
done (PVP), lead (II) nitrate (>99.0%), cadmium nitrate
tetrahydrate (98%), and mercury (II) chloride (>99.50%)
were acquired from Sigma-Aldrich. Polyethyleneimine (PEI)
50 wt% aq. Solution acquired since New Jersey, USA.

2.2. PPSU-MWCNT membrane compositions

PPSU/MWCNT mixed membranes fabricated via phase inver-
sion process (Shenvi et al., 2014). MWCNTs in the polymeric
matrix were diverse as 0 g, 0.018 g, 0.036 g, and 0.054 g, and
categorized as PCNT-0, PCNT-1, PCNT-2, and PCNT-3,
respectively. Additive MWCNTs dissolved in an appropriate
volume of NMP solvent and sonicated 30 min for the proper
dispersion of MWCNTSs in NMP. Further, added 18 g PPSU
and 2 g PVP, preserved for stirring at 60 °C and continued
up to 18 hrs to acquire the clear dope solution. Afterward,
membranes prepared via the casting method by the K-202 con-
trol coater instrument. Later, the glass plate immersed in a
water bath for phase inversion mechanism (Kumar et al.,
2013; Valeen Rashmi et al., 2016) (see Table 1).

2.3. Characterization methods

2.3.1. Contact angle (CA)

Fabricated membranes surface hydrophilic property was
assessed by FTA-200 Dynamic contact angle analyzer by ses-
sile droplet technique (Liu and Rui, 2013; Nayak et al.,
2018). The membranes were cut into small pieces and affixed
on a glass slide. Water droplet was introduced using a microsy-
ringe and then measured CA values. To diminish the tentative
errors, every membrane evaluated four times and then stated
the standard values.

2.3.2. Porosity and water uptake

The gravimetric method was employed to calculate the poros-
ity characteristic of membranes (Guoliang et al., 2013).

. W] — WQ
% Porosity = (m) x 100 (1)
where ‘W,” & ‘W,’ are wet and dry weights of the membrane,
‘A’ area of membrane (m?), ‘I’ thickness of the membrane (m)
and ‘d,” water density (0.998 g/cm?).

In the water uptake test, each membrane sample cut into 1
cmx1 cm size, then immersed in water up to 24 h. After this,
the membranes separated and smeared with tissue paper, then
recorded the wet weight and kept for dry in the oven at 60 °C
up to 5-6 h. Once more recorded the dry weight, and Eq. (2)
employed to assess the water uptake results.

W, - W
% Water uptake = (Td) x 100 (2)
where ‘W,,” & ‘W4’ is wet and dry weights of membranes.

2.3.3. Membrane morphology

2.3.3.1. Scanning electron microscope (SEM). MWCNTs sur-
face morphology and laboratory fabricated membranes
cross-sectional morphological changes were examined using
SEM instrument (Model No. JEOL JSM-6380LA). The mem-
branes were immersed and cracked in liquid nitrogen, and then
carefully fixed on the sample holder. After that, performed
gold sputtering and then cross-sectional results of membrane
samples analyzed using SEM (Shenvi et al., 2015).

2.3.3.2. Atomic force microscope (AFM ). Innova SPM atomic
force microscope was employed to assess the surface roughness
limits of membranes. In AFM analysis dry membrane samples
were used. Operational condition: tapping mode and main-
tained with scan area 3 pm? The surface roughness of mem-
branes stated in terms of average roughness (Ra), root
mean square roughness (Rq) and roughness range (Rz) was
measured.

2.3.4. Pure water flux (PWF)

Lab-scale dead-end filter unit was employed to revise the PWF
of membranes. 5 cm® membrane area was engaged to study the
permeation studies. After fixing the membrane in the holder,
the membranes preserved for compaction up to 40 min at
0.4 MPa at room temperature. Further, transmembrane pres-
sure (TMP) was condensed to 0.3 MPa TMP, and performed
time-bound PWF analysis. Preserved two min time gap and
continued up to 60 min.
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Table 1 Membrane compositions.

Membranes PPSU (g) NMP (g) PVP (g) CNT (wt%) CNT (g)
PCNT-0 18 80 2 0 0
PCNT-1 18 79.982 2 0.1 0.018
PCNT-2 18 79.964 2 0.2 0.036
PCNT-3 18 79.946 2 0.3 0.054
yo— Q 3) heavy metals contained aqueous solutions filtered through
VUOAtx A the membranes. After the permeation study, the permeated

where, ‘J," PWF, ‘Q’ volume of water collected (L) in time ‘At
(h), and ‘A’ active membrane area (m?).

2.3.5. Antifouling property

BSA flux studies attained to examine the antifouling ability of
membranes. 800 ppm concentrated BSA solution hired. The
membranes preserved for compaction up to 30 min at
0.3 MPa TMP. Supplementary, TMP was reduced to
0.3 MPa and then calculated the BSA flux at every two min
time gap for each of the membrane permeation. Thereafter,
the membranes were cleaned carefully with water under con-
tinuous tap flow, and again PWF J,," (L/m> h) study per-
formed at similar conditions (Rajesh et al., 2012). The
antifouling performance of membranes was measured using
the following equation,

Iy
FRR (%) = J—2 x 100 4)
wl
The fouling conductance of membranes was advance ana-
lyzed with total fouling ratio (R,), reversible fouling (R;) and
irreversible fouling ratio (R;;) calculations with Egs. (5)—(7)
(Shao et al., 2014).

R, (%) = ““37_% % 100 (5)
wl

R;; (%) = JW‘JJ x 100 (6)
wl
1-1J,

R, (%)= x 100 (7)

wl

‘Jw1” PWF, ‘J;” BSA protein flux, and ‘J|, PWF after BSA
protein flux.

2.3.6. Rejection study of toxic heavy metal ions

The lab-scale dead-end filter unit (Fig. 1) was engaged to assess
the heavy metal ions rejection ability through membranes. The
procedure was followed as per the literature (Hebbar et al.,
2016). A proper amount of aqueous solutions of lead nitrate,
mercuric chloride, and cadmium nitrate were equipped in the
manifestation of 1 wt% of PEI. In the current research, the
aqueous solutions of both lead nitrate, cadmium nitrate were
prepared in 500 ppm, and mercuric chloride prepared in
50 ppm, individually. The pH of the prepared solutions was
balanced to 6 £ 0.2 with 0.1 M HCI/0.1 M NaOH solution.
These aqueous solutions were stirred up to 5 continuous days
at 25 °C to take the proper interactions among the metal ions
and complexing agent PEIL. Then, the aqueous solutions trans-
ferred into the feed tank and fixed the 5 cm? active area mem-
brane samples in the membrane module cell, thereafter the

samples were assessed using the atomic absorption spectrome-
ter (AAS). Throughout the study maintained 0.3 MPa TMP,
and 40 min time duration was maintained to every membrane
sample (PCNT-0 to PCNT-3). Eq. (8) employed to assess the
heavy metals rejection results.

%R:(l——p)xloo (8)

where C, & C; are the heavy metals concentration in permeate
and feed solution.

After the rejection experiment, the dried membrane sample
surface was analyzed by SEM-EDS to detect the elemental
mapping analysis of heavy metals on the membrane surface.

3. Results and discussions

3.1. Contact angle (CA)

The surface hydrophilic aptitude of membranes was measured
by a contact angle study. In general, if the contact angle value
is low, the surface hydrophilicity will be more. The plain mem-
brane (PCNT-0) revealed 65.73°CA due to its lower hydrophi-
lic characteristics of PPSU polymer. MWCNTSs can impact the
pore sizes of membranes, the morphological changes were able
to observe from Fig. 5. Due to the effect of added MWCNTs,
the water-absorbing nature of membranes better than before.
So, the CA results diminished by increasing the MWCNTs
wt% on PPSU polymer and the obtained CA values were spec-
ified in Table 2. The contact angle results arising from PCNT-0
to PCNT-3 due to the fact through the phase inversion method
the MWCNTs move impulsively to membrane/liquid partition
to decrease the interfacial energy and greater to extend the
hydrophilic nature on hydrophobic PPSU polymeric mem-
branes (Fig. 2).

3.2. Water uptake and porosity effects

Water uptake is a specific characteristic to examine the wetta-
bility property of membranes. Continuous enhancement was
observed by the continuous enhancement of MWCNTSs wt%
in the polymer matrix (Fig. 3). The water uptake ability of
the membranes were determined by SEM results, i.e. the atten-
dance of macro-voids, pores in sub-layer (Ganesh et al., 2013).
Initially, the water uptake capacity of the PCNT-0 membrane
was about 66.03% and it was improved up to 70.32% by rais-
ing the MWCNTs wt% in PPSU polymer and the results are
stated in Table 2.

In porosity results, PCNT-1 membrane porosity was
decreased, while for PCNT-2 and PCNT-3 membrane porosity
increased (Fig. 3). This is because, the increase in additive
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Fig. 1  Graphical illustration of heavy metals rejection by lab-scale dead-end filter unit.
Table 2 Memb ti 100
able embrane properties. 90__ B Porosity
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PCNT-0 66.03 + 1.02 41.17 £ 0.92 65.73 + 1.25 1
PCNT-1 68.18 £ 0.65 37.03 £ 1.26 64.76 = 0.94
PCNT-2 70.16 + 0.32 46.77 £ 0.54 62.03 + 1.63 Q
PCNT-3 70.32 £ 0.72 50.93 £ 0.69 61.79 = 1.98 <
&
]
=
[
2
70 &~
] 65.730 [ Contact angle
il A . 64.76°
66 —
s
2 6451 PCNT-0 PCNT-1 PCNT-2 PCNT-3
=
§ 6 - Membranes
E Fig. 3 Porosity and water uptake results of membranes.
O 60
58 -
3.3. Membrane morphology
56 -
PCNT-0 PCNT-1 PCNT-2 PCNT-3 331 SEM outcomes
Membranes

Fig. 2 Contact angle results of membranes.

MWCNTs wt% in the PPSU polymer matrix, the viscosity of
the polymer solution tends to increase. Due to which diffusion
of solvent is more favored than in diffusion of non-solvent,
leading to decreased porosity. The porosity was increased pro-
gressively due to the observable developed finger-like cavities
and the macro voids in membranes, which could be observed
from Fig. 5 SEM cross-sectional images. Also, the percentage
of PVP drain out during the solvent-nonsolvent exchange pro-
cess, so the membrane porosity is increasing (Song et al.,
2012).

The morphology of the MWCNTSs and structural changes in
prepared membranes was assessed based on the obtained
SEM images. Fig. 4 shows the images of MWCNTs outlook
(A) and magnified SEM images (B). MWCNTs show a high
specific surface area with better antifouling ability and exhib-
ited good rejection performance with heavy metals. Fig. 4
(A&B) reveals the MWCNTs SEM investigational results
and noticed that the MWCNTs diameter range was between
96.0 nm and 97.7 nm. The cross-sectional SEM results of fab-
ricated membranes shown heterogeneous layers consist of
dense skin layer on top and a porous supportive sub-layer.
With increasing the MWCNTs wt% in the polymer matrix,
the sub-layer effectively gets improved. The PCNT-0
membrane-enclosed with finger-like projections and few
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Fig. 4

pear-like small pores as shown in Fig. 5a. By the addition of
additive MWCNTs on membranes, the asymmetric structure
consisting of a dense skin layer on top and a thick porous layer
with finger-like channels and macro voids in bottommost were
developed excellently (Fig. S5b-d). With increasing the
MWCNTs wt% on the polymer, the finger-like channels,
macro voids are expanding significantly. The additive con-
tained membranes (Fig. 5b-d) exposed a few of the horizontal
channels, which can progress the water permeability of mem-
branes (Zinadini et al., 2014; Wang et al., 2012). Moreover,
additional PVP can affect the pore assembly of membranes
(Morihama and Mierzwa, 2014; Nayak et al., 2017).

(a)

Drop like small pores . i A
I I Finger like cavities

NL D48 x400 200 um

NL D4.5 x400 200 um

1mm BEEE

(A) SEM outlook appearance of MWCNTSs, (B) magnified SEM image of MWCNTs.

3.3.2. AFM results

AFM technique was engaged to define the surface topography
of fabricated membranes, and the acquired Ra, Rq, and Rz
values were specified in Table 3. Fig. 6 reveals the outline of
three dimensional (3D) AFM descriptions of plane and
MWCNTs contained membranes. The obtained surface rough-
ness values of composite membranes were greater than the vir-
gin (PCNT-0) membrane. In results, PCNT-3 membrane
expressed higher Ra, Rq, and Rz values (21.7 nm, 27.7 nm,
and 334 nm). The progressive improvement of surface rough-
ness parameters of membranes due to the continuous enhance-
ment of MWCNTs wt% on PPSU polymer. The surface

NL D4.9 x400 200 um

Macro void

NL D4.6 x400 200 um

PCNT-4

Fig. 5 SEM Cross sectional micrographs of PPSU/MWCNTSs membranes.



Polyphenylsulfone/multiwalled carbon nanotubes mixed ultrafiltration membranes

4667

Table 3 Surface roughness limits of membranes.

Membrane Roughness Surface area
R, (nm) R, (nm) R (nm) (hm?)
PCNT-0 10.3 13.2 84.3 9.03
PCNT-1 12.7 17.4 146 9.12
PCNT-2 14.8 20.0 204 9.25
PCNT-3 21.7 27.7 334 27.2

roughness of polymeric membranes remarkably and conceptu-
ally explains the fouling performance of membranes, which
directed to increase the PWF ultimately (Yu et al., 2015).

3.4. Pure water flux

Fig. 7 reveals the PWF outcomes of a virgin (PCNT-0) and
MWCNTs contained (PCNT-1 to PCNT-3) membranes. As

\

3um

Fig. 6

can be understood, the PWF performance of PCNT-1 to
PCNT-3 membranes was greater than the virgin membrane
(PCNT-0). With increasing the MWCNTs wt% in the polymer
matrix, the noticeable enhancement was observed with PWF.
Incorporated MWCNTSs can impact the pore sizes of poly-
meric membranes, due to that the permeability ability of mem-
branes greater than before, the enhanced PWF fallouts can be
observed from Fig. 7. Initially, the PWF was 41.69 L/m> h with

3pm

Jpm

3D AFM analysis images of membranes.
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Fig. 7 PWF outline of plane and additive membranes.

PCNT-0, and it extended up to >185 L/m> h with PCNT-3
membrane, it’s almost four times greater than the PCNT-0
membrane. Water-soluble PVP can impact the pore sizes, this
is also one of the reasons for flux improvement.

3.5. Antifouling results

Antifouling ability membranes was assessed with BSA protein
flux. After the BSA flux, the membranes were washed away sys-
tematically under continuous water flow to decrease the fouling
effect and again performed PWF under the same operational
conditions (Fig. 8(a)). With the BSA filtration test observed less
flux compare with PWF, this is because of the larger size effect
of BSA molecules, cannot pass easily through the membrane
pores and causes fouling on the membrane surface. Initially,
the BSA flux (J,) was 6.80 L/m?> h (PCNT-0) and it reached
>9 L/m* h (PCNT-3). PCNT-3 membrane shown improved
anti-fouling results due to the authentic membrane preparation.
The higher antifouling competence of the membranes was

550

- —&— PCNT-0 (0%)
S I (a) ® PCNT-1(0.1%)
450 - s 9 —A— PCNT-2 (0.2%)
4 Vv' . P
400 vy ¥ PCNT-3 (0.3%)
~ 350
Ng o
E 300
d 4
= 250 -
-E e
= 200 4
150 -
100
50
0 -
T T T T 5 T T T T T T
0 20 40 60 80 100 120 140 160 180 200
Time (min)
Fig. 8

and anti-fouling performance of membranes.

Percentage (%)

caused by the greater hydrophilic nature of membranes. The
anti-fouling ability of membranes was inspected with FRR (flux
recovery ratio), and the Ry, R;, R;; results (Fig. 8(b)) of mem-
branes were detailed in Table 4. The FRR values are slowly
decreasing from membranes PCNT-0 to PCNT-3 due to increas-
ing the membrane fouling ability.

3.6. Heavy metal ions removal efficiency of membranes

Heavy metals are highly toxic and are able to cause serious
environmental problems (Zou et al., 2009). In the current
research, polymer enhanced UF process employed to revise
the rejection behavior of selected heavy metals such as Pb>",
Hg?*, and Cd®>* from aqueous media. Added PEI as a strong,
heavy metal complexing agent (Bolto, 1995). The sieving
mechanism was engaged in current research (Schaep et al.,
1998). After the addition of a complexing agent to the heavy
metal solution, obviously, the size of the metal ions will
enhance due to the close interactions between the metal ions
and a complexing agent. According to the sieving effect, the
larger complexed metal ions will reject primarily. Fig. 9(a)
reveals the schematic representation of heavy metals complex-
ation with additive PEI. Takagishi et al. proposed a complex-
ation mechanism between various divalent metal cations and
polyetherimide (PEI) complexing agent (Toru et al., 1985).
In results, the rejection conductance of Pb>* ions is more as
compared with Cd*>" ions, because the Pb>" ions are formed
larger complexes with PEI molecules as compared to Cd*"
ions (Liang et al., 2012). For Hg>' ions rejection study
50 ppm aqueous solutions were prepared because at lower con-
centrations only mercury forms favorable sites with PEI. As
the mercury concentration increases, then all the available sites
get bound and filled with the mercury ions. This results in les-
ser rejection (Uludag et al., 1997). Table 5 discloses the results
of MWCNTs separation efficacy towards selected various haz-
ardous heavy metal ions.

Apart from the heavy metals rejection test, adsorption stud-
ies also performed with all fabricated membranes. From the
adsorption results, the prepared membranes showed a very

80 - b) B FRR
4 ( : [ Reversable fouling
70 - I irreversable fouling

PCNT-0 PCNT-1 PCNT-3

PCNT-2

Membranes

(a) Flux V/s time for membranes at 0.3 MPa under three conditions: PWF; BSA flux; and PWF after clean with water, (b) FRR
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Table 4 Membrane permeability studies.

Permeate flux (L/m2 h)

Fouling performance (%)

Membrane code Jw1 I Jw2 FRR R, R, R;;

PCNT-0 41.69 6.80 16.96 40.68 83.68 24.37 59.31
PCNT-1 80.64 8.76 31.68 39.28 89.13 28.42 60.71
PCNT-2 155.98 9.13 58.24 37.33 94.13 31.48 62.66
PCNT-3 185.84 9.52 69 37.12 94.87 32 62.87

Jw1-PWF; J,-BSA flux; J,,»-PWF (after cleaning); R,-reversible fouling; Rj,-irreversible fouling; FRR-flux recovery ratio.

- (b)

100

80 4

60 +

% Rejection

40 4

20 4

PCNT-0

PCNT-1

Membranes

PCNT-2

PCNT-3

Fig. 9  Graphical representation of heavy metals complexation with PEI (a), Heavy metal ions rejection results of membranes (b).

limited affinity for the adsorption of metal ions. The fabricated
membranes adsorption results can found in given supplemen-
tal file-1. It concludes that the heavy metal rejection enhance-
ment observed during the rejection studies could be mainly due
to the sieving mechanism. The investigation results displayed
that, the removal efficacies of metal ions improved progres-
sively with increasing the MWCNTs wt% on PPSU polymer.
The best rejection results were acquired with PCNT-3

membrane, and exhibited >98%, >76%, and >72% for
Pb>*, Hg?* and Cd>" ions, respectively (Fig. 9(b)).

After the heavy metals rejection experiment, the membrane
surface was assessed with SEM-EDS analysis to evaluate the
presence of heavy metals. Fig. 10 reveals the information
about SEM-EDS analysis results (A, C and E) and elemental
mapping results (B, D, and F) of PCNT-3 membranes after

the rejection of Pb>*, Hg?" and Cd*” ions.

Table S Heavy metal contaminants separation efficacy of MWCNTs.

S1. Polymer Nanoadditive Heavy metals Mechanism Reference
No.
1 Polyvinylidene fluoride (PVDF) MWCNTs Ni2* Adsorption Zeng et al. (2016)
2 Polysulfone (PSf) NH,-MWCNTs Cr'® cd** Adsorption Shah and Murthy
(2013)
3 Poly (amido amine) (PAMAM) CNT Ni?*, zn?", As®", Adsorption Hayati et al. (2016)
Co2*
Poly(acrylic acid) (PAA) MWCNTs Co** Sorption Chen et al. (2012)
5 Poly vinyl alcohol (PVA)/Chitosan NH,-MWCNTSs cu?”* Adsorption Salehi et al. (2013)
(CS)
6 Polyaniline (PANI) MWCNT Pb>* Adsorption Shao et al. (2012)
7 Chitosan SWCNT/ Hg? " Adsorption Shawky et al. (2012)
MWCNTs
8 Poly(2-amino thio phenol) MWCNT Pb>*, Cd** Adsorption Nabid et al. (2012)
9 Polyphenylsulfone (PPSU) MWCNTs Pb> ", Hg2+, cd** Sieving Current research

mechanism
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Fig. 10 A, C and E are the EDS scan analysis results of PCNT-3 membranes and B, D, and F are the elemental mapping descriptions of

Pb>*, Hg?", and Cd>" ions.

4. Conclusions

In summary, the PPSU/MWCNT/PVP/NMP mixed matrix
membranes were fabricated via the phase inversion process,
to investigate the heavy metals removal efficacy of membranes
via a dead-end filtration unit. Several characterization tech-
niques were employed to assess the various properties of mem-
branes such as SEM-EDS, AFM, contact angle, water uptake,
porosity, PWF, anti-fouling, rejection test, etc. Experimental
results showed enhanced permeability and good rejection

ability with increasing the MWCNTs wt% on PPSU polymer.
In end, the PCNT-3 membranes were exhibited best heavy
metal rejection results of >98% for Pb**, >76% for Hg*"
and >72% for Cd*>" ions, respectively. We hope the greatest
future of CNTs in membrane technology for wastewater treat-
ments nearby the future.
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