Applied Water Science (2019) 9:154
https://doi.org/10.1007/s13201-019-1035-4

ORIGINAL ARTICLE

=

Check for
updates

Understanding the morphology of MWCNT/PES mixed-matrix
membranes using SANS: interpretation and rejection performance

Km Nikita3 - P. Karkare® - D. Ray' - V. K. Aswal' - Puyam S. Singh? - C. N. Murthy?

Received: 4 January 2019 / Accepted: 4 September 2019 / Published online: 13 September 2019

© The Author(s) 2019

Abstract

We describe the relationship between the morphology and rejection performance by the mixed-matrix membranes as a unique
class of high water flux nanofiltration membranes comprising polyethersulfone/functionalized multiwalled carbon nanotubes
(PES/f-MWCNTs). These membranes contain aligned MWCNTSs uniformly distributed inside a PES matrix prepared using
conventional phase-inversion technique. The small-angle neutron scattering analysis confirmed the high porosity and uni-
formity among of the pores of CNTs in the membranes. The frictionless water transport from vertically oriented f-MWCNTSs
were verified to facilitate remarkable enhancement in the water flux through the membranes. The water transportation speed,
as well as rejection, of selected heavy metals increases nearly about 3 times and 2-3.5 times, respectively, than the pristine
PES membrane, depending upon CNTs loading. Low working pressure and good retention properties make these membranes
to be an ideal for the application of highly efficient filtration units.
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Introduction

There has been immense activity in the use of polymeric as
well as ceramic membranes in the field of water treatment,
but one of the disadvantages of these membranes are foul-
ing, chemical and thermal less stability, low permeability
and selectivity, and lower rejection of specific contaminants.
Thus, the idea of membranes having both polymeric sub-
strate as well as inorganic filler came in existence, which can
overcome the above-mentioned limitations to a large extent.
There are different studies having various fillers like Fe;O,
nanoparticles (Alam et al. 2013; Chan et al. 2015; Ghaemi
et al. 2015; Bagheripour et al. 2016; Mondal et al. 2017),
oxidized multiwalled nanotubes (Yin et al. 2013; Celik et al.
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2011a, b), TiO, nanoparticles (Luo et al. 2005; Rahimpour
et al. 2012; Esfahani et al. 2015; Mbuli et al. 2018; Farahani
and Vatanpour 2018), functionalized MWCNT (Qiu et al.
2009; Liu et al. 2018; Benally et al. 2018; Ho et al. 2017,
Lee et al. 2016), silver nanoparticles (Taurozzi et al. 2008;
Zhang et al. 2012; Sonawane et al. 2017), modified silica
nanoparticle (Farahani and Vatanpour 2018; Huang et al.
2017; Martin et al. 2016), chitosan/zinc oxide nanoparticles
(Munnawar et al. 2017; Ahmad et al. 2017; Elizalde et al.
2018), beta cyclodextrin—polyurethane (Adams et al. 2014),
graphene oxide (Ho et al. 2017; Chai et al. 2017; Karim
et al. 2017; Mukherjee et al. 2016; Karkooti et al. 2018),
manganese oxide and alumina nanoparticles (Delavara et al.
2017; Gohari et al. 2014), zeolites (Liu et al. 2014; Grabc-
zyk et al. 2017; Amiri et al. 2017), attapulgite (Zhang et al.
2014), and fumed silica (Mavukkandy et al. 2017), which
have reported good results with respect to flux and separa-
tion performance. However, the underlining changes in the
membrane morphology have not been addressed adequately.
Carbon nanotubes are promising materials as adsorbent as
well as inorganic fillers for the membranes. Its chemical,
thermal, and mechanical properties make it a prominent
candidate in the field of membrane technology. In a study,
carbon nanotubes coated with N-isopropylacrylamide hydro-
gel (NIPAM-CNT) was synthesized and was incorporated
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into poly (ether-block-amide) for efficient CO, separation
(Zhang et al. 2016). Yin et al. (2013) reported that in the
hollow fiber membrane with composition of pristine and
oxidized MWCNT-incorporated polysulfone membranes,
the pure water flux gradually increases and then decreases
with different polymer concentration having increasing
weight percentages of fillers. Polyamide reverse osmosis
(RO) membranes with carbon nanotubes (CNTs) were pre-
pared by interfacial polymerization using trimesoyl chlo-
ride (TMC) solutions in n-hexane and aqueous solutions
of m-phenylenediamine (MPD) containing functionalized
CNTs. Here the effect of polymerization time and reaction
temperature on dispersion of nanotubes was studied (Kim
et al. 2014). Goh et al. (2013) have reviewed the transport
properties and chemical functionalities of nanotubes to
potentially facilitate excellent flux of water transport and
the details regarding the utilization of CNT for desalination
has been highlighted. MWCNT were also used to prepare
thin film nanocomposite by interfacial polymerization of
support layer containing modified nanotubes and thin film
containing Ag nanoparticles. The study reveals that rejection
of NaCl and Na,SO, was same for thin film nanocomposite
with and without silver nanoparticles though permeability
and biofouling of the modified membrane was improved
(Kim et al. 2012). This study does not show the role of the
morphology of the membrane in the observed results. Heavy
metals are one of the hazardous and major sources of pol-
lutant in the wastewater and industrial effluents. Even very
low concentration of these metals can cause severe health
diseases. Precipitation, coagulation, ion exchange, and
adsorption are some of the techniques which are frequently
been used for the decontamination of heavy metal pollutants.
However, membrane-based separations of these metals are
becoming most efficient because of the cost-effectiveness,
lesser energy consumption, thermal and mechanical stabil-
ity, large surface area, and better selectivity (Delavara et al.
2017). Different studies are there in which mixed-matrix
membranes are employed for the removal of heavy metals
(Chan et al. 2015; Ghaemi et al. 2015; Mondal et al. 2017,
Mbuli et al. 2018; Delavara et al. 2017; Hosseini et al. 2017;
Gupta et al. 2015; Shah and Murthy 2013). However, there
is no correlation between the membrane performance and
the type of filler or the morphology. In our previous work,
polysulfone/functionalized multiwalled carbon nanotube-
dispersed mixed-matrix membranes were employed for
the removal of cadmium, lead, arsenic, chromium, copper
(Shah and Murthy 2013). The minimum weight percentage
of nanotubes used there was 0.1%, and the results showed
very high pure water flux though no detailed morphological
studies were undertaken. To understand the morphological
changes brought about by the addition of functionalized
nanotubes, we have further decreased the multiwalled car-
bon nanotubes concentration to 0.05% weight and studied
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the effect of reduced concentration on pore dimension and
porosity and compared with the neutron scattering studies
to understand the morphology. Pure water flux and heavy
metal removal parameters of polyethersulfone/functionalized
multiwalled carbon nanotube-incorporated mixed-matrix
membranes were compared with our earlier studies.

Experimental
Materials

Polyether sulfone (PES) Veradel 3300 was purchased from
M/s Permionics Membranes Limited, Vadodara, India.
MWCNTs (diameter 6-9 nm) were commercial sample from
M/s Sigma-Aldrich, the surfactant Brij 98 (Sigma-Aldrich),
ethylene diamine (>99%, Sigma-Aldrich), and sodium azide
(>99%, Sigma-Aldrich) were used as received.

Functionalization of MWCNTs and membrane
preparation

The functionalization of MWCNT and membrane prepara-
tion was described in our previous work (Shah and Murthy
2013). In brief, the commercial MWCNT was first purified
to remove unwanted metals and soot. Carboxylic, azide, and
amide functionality were attached to nanotubes in various
steps. These functionalized fillers were dispersed in different
weight percentage (0.05, 0.1 and 1) into the 18% polyether-
sulfone solution. The membranes were prepared using the
dry—wet phase-inversion process.

Characterization

Functionalized CNT as well as the functionalized nano-
tube-incorporated polymeric membranes were analyzed by
different analytical techniques. The codes for the different
mixed-matrix membranes are mentioned in Table 1. Func-
tionalized CNT was analyzed by FTIR and Raman spec-
troscopy to ensure the functionalization of nanotubes with
different functionality (Shah and Murthy 2013; Mangukiya
et al. 2016). The functionalized nanotubes as well as mem-
branes were characterized by TGA to verify the thermal sta-
bility (Shah and Murthy 2013). The structural morphology
of the membranes was checked by field emission scanning
electron microscopy (FESEM). The porosity of membranes
were analyzed by two different techniques: (1) Small-angle
neutron scattering (SANS) and (2) mercury porosimetry.
Permeation test were carried out to test the separation effi-
ciency of the membranes.
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Table 1 Sample details of the different MWCNT-incorporated poly-
ether sulfone membranes

Functionalization of MWCNT concentra- Membrane code
nanotube tion (%)

- - Ml
Oxidized 0.05 M205
Oxidized 0.10 M201
Oxidized 1.00 M21
Amide 0.05 M305
Amide 0.10 M301
Amide 1.00 M31
Azide 0.05 M405
Azide 0.10 M401
Azide 1.00 M41

Small-angle neutron scattering

The small-angle neutron scattering experiments were
performed on SANS diffractometer at Dhruva Reactor,
Mumbai, India (Aswal and Goyal 2000). The instrument
utilizes a neutron velocity selector to get a monochromated
neutron beam with a mean wavelength of 5.2 A with a
wavelength resolution (AA/4) of approximately 15%. The
angular divergence of the incident beam was +0.5°. The
scattered neutrons were detected using a linear He® posi-
tion-sensitive gas detector. The data were collected over
the wave vector range (Q =4#zSin6/1) of 0.015-0.35 A‘l,
where 26 is the scattering angle and A is the wavelength
of incident neutrons. The diffractometer is well suited for
the study of a wide variety of system having characteristic
dimensions between 10 and 300 A. The membrane sam-
ples was cut into small pieces of 1X 1.5 cm dimension,
and few pieces were put together in the aluminum foil and
positioned in the path of the beam. The data analysis was
done after the data were corrected for the direct beam and
the background contribution (Pedersen 1997).

Mercury flow porosimeter

The pore dimensions of the membranes were also con-
firmed by mercury flow porosimeter, Pascal 400 Thermo-
quest, USA.

Field emission scanning electron microscopy
Morphological studies were made by field emission scan-

ning electron microscopy (FESEM EDAX XL-30 Philips,
Netherlands).

Contact angle measurement

Hydrophilicity of the membrane surface was measured by
contact angle meter ACAMNSC 03, M/s Apex Instruments
Pvt. Ltd. Deionized water was dropped onto membrane sur-
face and contact angle was measured immediately. An aver-
age of seven readings was taken for each membrane.

Filtration performance

The permeation performance of the membranes was meas-
ured on a membrane filtration cell fabricated in-house. The
effective membrane area used was 50 cm?. Before starting
the experiment, the membranes were stabilized for 2 h at 71
psi pressure. The pure water flux and rejection capacity for
heavy metals of the membranes were obtained by perform-
ing the experiment. The rejection was calculated as given
below:

f p
R (%) = ——— % 100.
(%) C
Here C; and C, are concentration of metal ions in feed
and permeate, respectively, and were measured by atomic
absorption spectroscopy (AAS) and also by conductivity
bridge analyzer.

Results and discussion
Characterization of membranes

The FESEM micrograph of cross section of cold-fractured
mixed-matrix membranes shows that the essential asym-
metric nature of membrane is retained. It also shows the
presence of functionalized nanotubes. The FESEM images
of the mixed--matrix membranes clearly show the forma-
tion of finger like pores (Fig. 1a). One can see that CNTs
appear toward the surface of the mixed-matrix membranes
(Fig. 1b). As shown in Fig. 1c, an interconnected network
of nanotubes exists inside the PES matrix. We consider that
occurrence of CNTs perpendicular to the polyethersulfone
matrix contribute to the enhancement in flux that will be
discussed in detail in the following section.

Figure 2 shows the disparity between the contact angle
of pristine polyethersulfone and f-MWCNT (oxidized,
amide, and azide functional group)-incorporated mixed-
matrix membranes. The contact angle of the pristine PES
membrane is 73.3 +3°. The contact angle of M21 (oxi-
dized MWCNT-incorporated mixed-matrix membranes) is
65.3 +£2°, indicating the most hydrophilic surface. Such a
decrease in the contact angle could be the indication of the
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Fig. 1 SEM micrograph of
cross section of cold-fractured
membranes a M21, b M31, ¢
M41
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Fig.2 Contact angle of pristine PES as compared nanotube-incorpo-
rated membranes

presence of functionalized nanotubes in the PES matrix as
well as the indication of well aligned MWCNT structure in
the membrane matrix.

The membranes having nanotubes could pass the water
much smoothly which is supported by the enhanced pure
water flux of mixed-matrix membranes. Mercury flow
porosimeter analysis reveals the pore dimensions of the
membranes. The study shows the dimensions of the pore
size of polymer vary with the addition of MWCNT in
the membranes. The largest pore of the membranes was
detected by bubble point diameter as by applying the

4
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Table 2 Variation of pore diameter and required pressure for different
concentration of MWCNT

Parameter M31 M41
Mean flow pore pressure (psi) 48.7 50.6
Mean flow pore diameter () 0.13 0.13
Bubble point pressure (psi) 45.3 50.6
Bubble point diameter (u) 0.14 0.13

pressure the pores are emptied the Mercury fluid. The fluid
was removed from the other smaller pores on application
of higher pressure. The bubble point pressure obtained
for azide-functionalized MWCNT-incorporated mixed-
matrix membranes is 50.64 psi, and bubble point diameter
obtained is 0.13 p. The data are summarized in Table 2.
On comparing the mean flow pore pressure and bub-
ble point pressure of the azide- and amide-functionalized
nanotube-incorporated mixed-matrix membranes, the pres-
sure applied to empty the mercury fluid is higher in case of
azide, hence smaller pore size, which is in agreement with
the SANS results. Detailed structural information of the
inorganic filler-incorporated polymeric membranes was
studied by the neutron scattering technique namely small-
angle neutron scattering (SANS). The data are interpreted
using SASFIT software. Throughout the data analysis, cor-
rections were made for instrumental smearing. The calcu-
lated scattering profiles were smeared by the appropriate
resolution function to compare with the measured data.
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Fig.3 SANS profile of membrane soaked in D,0 a 0.05 wt% nanotubes, b 0.1 wt% nanotubes, ¢ 1.0 wt% nanotubes

Figure 3 shows the SANS data of the pure as well as
functionalized membranes soaked in the D,0. The scat-
tering intensities for the different membrane samples are
presented and shifted vertically for the clarity of the pres-
entation. There are two models that are considered: (1) the
polydispersed sphere model where the pores are considered
to be spherical and surrounded by a matrix material and (2)
the random two-phase model, where first phase is the pores
and the second phase the surrounding matrix material.

Our data were better fit to the second model which shows
that there is presence of nanotubes within the pores. The
correlation length is found to be 3.9 nm in the pristine PES
membrane as well as in the mixed-matrix membrane con-
taining 1 weight percentage of MWCNT and in the mem-
branes containing smaller percentage of nanotubes the value
is about 4.8 nm. As it is the most repeated distance between
the pores and is same for both pristine and mixed-matrix
membrane, however, pore radius is decreased in later case
which implies that porosity of the membrane is increased

with the addition of the 1 weight percentage of nanotubes
which is in agreement with enhanced porosity of membranes
containing nanotubes reported in our previous work (Gupta
et al. 2015) (Fig. 4). However, lower percentage of addition
of nanotubes does not affect the porosity. The addition of
the CNTs influences the SANS data in the intermediate Q
range. All these data have been analyzed by considering the
scattering contributions from the CNTs along with that from
the distributed pores. The CNT radius is found to be about

a b
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000000000 188888333888338

Fig.4 Schematic representation of arrangement of pores in a pristine
membrane and b mixed-matrix membrane. The pores in a are larger
that the pores in b even though the correlation length, i.e., the dis-
tance between the pores remains the same
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4 nm, while the length of the CNTs (in microns) cannot be
estimated due to the limited Q range of the data. The fitted
parameters are listed in Table 3.

Rejection performance of heavy metals

The stock solutions for the separation experiment were
prepared by dissolving the appropriate amount of salts in
deionized water (1000 ppm). The tests were carried out to
study the rejection performance of chromium, lead, cad-
mium, copper, and arsenic heavy metals by the prepared
mixed-matrix and polymeric PES membranes. We have
performed experiment for the pure water flux and rejection
at two different pressures (71 psi and 98 psi) and at acidic
as well as neutral pH for chromium metals and at optimum
condition (71 psi and 2.5 pH) for rest of the metals. The
effect of pH and pressure on rejection is shown in Figs. 5
and 6, respectively, for the azide-functionalized MWCNT-
incorporated mixed-matrix membranes. As shown in Fig. 5
at acidic pH, the rejection is higher and this may be due to
that the proton also competes with heavy metal at acidic
pH which is not in case of neutral pH. However, the reason
behind the lower rejection on increasing the pressure could
be the enhanced flux of the membranes at higher pressure
(Fig. 7) and compaction of the membranes. The effect of
pressure on values of the pure water flux (L/m?h) is shown
in Table 4.

The rejection percentage of Cr(VI), Pb(II), and Cu(Il)
is 74.0, 69.2, and 92.5, respectively, at 71 psi (2.5 pH) for
azide membrane having 1% MWCNT concentration which
is decreased to 52.3, 31.2, and 80.5 at higher pressure.
At similar conditions, the rejection percentage of Cr(VI),
Pb(II), and Cu(Il) is 63.1, 55.3, 86.7, and 46.1, 42.7, and

Table 3 SANS data of membrane soaked in D,0 containing different
concentration of MWCNT, M1 (pristine), M205; M201; M21 (oxi-
dized), M305; M301; M31 (amide), M405; M401; M41 (azide)

Sample Pore radius (nm) Polydispersity () Correlation
length (nm)

M1 14.8 0.27 39

M205 10.9 0.20 4.8

M201 13.0 0.20 4.8

M21 9.7 0.27 39

M305 9.1 0.20 49

M301 14.0 0.20 49

M31 8.3 0.29 39

M405 11.0 0.20 49

M401 10.5 0.20 49

M41 74 0.27 39

It may be pointed out that the distribution of the pores does not
change with addition of the CNTs while the pore radius reduces sig-
nificantly
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Fig.5 Percentage removal of Cr(VI) metal ion at acidic and neutral
pH for different mixed-matrix azide-functionalized MWCNT/PES
membranes at 71psi pressure
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Fig.6 Percentage rejection of metal ions at pH 2.5 for mixed-matrix
azide-functionalized MWCNT/PES membranes containing different
percentage of nanotubes at different pressure

52.3 for 0.1% and 0.05% concentration, which is reduced
to 42.3, 35.7, 70.1 and 36.2, 30.4, 34.3, respectively, on
increasing the pressure applied to the membranes. All the
values are summarized in Table 5. As shown in Table 4,
the pure water flux for mixed-matrix membrane having
MWCNT percentage 0.05 is higher than 1; however, the
rejection capacity of membrane having higher nanotube
concentration is more (Fig. 8). The higher flux accounts for
the lesser hindrance at the surface of the membranes due to
lesser percentage of nanotubes as well as bigger pores com-
pared to membranes containing higher weight percentage
nanotubes, thus resulting in lesser rejection comparatively.
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Fig.7 Pure water flux of azide-functionalized MWCNT/PES mem-
branes containing different % of nanotubes at different pressure

Table 4 Variation of pure

. Membrane Pure water flux
water flux of membranes with (L/m?h)
pressure
71 psi 98 psi
Ml 113 124
M205 108 158
M201 43] 480
M21 306 373
M305 294 347
M301 343 461
M3l 293 327
M405 290 339
M401 339 459
M41 264 299

Our mixed-matrix membranes are giving very highly pure
water flux (around 450 LMH) which clearly shows that the
water preferentially goes through the nanotubes present in
the pore and, because of the hydrophobic walls of nano-
tubes, the flow is much smoother which is not in case of
pristine PES membrane. From the experiments, we have

found the optimum condition for rejection studies is at pH
2.5 and 71 psi pressure.

The rejection experiments were performed at the above-
mentioned optimum condition (pH 2.5 and pressure 71
psi) for pristine PES, oxidized, azide- and amide-function-
alized MWCNT-incorporated mixed-matrix membranes.
It is observed from the data shown in Tables 6, 7, and 8
that nanotube-incorporated membranes are having better
rejection than pristine PES membrane which is because of
the presence of functionalized nanotube and they not only
reduce the pore size of the membranes but also smoothen
the path of water inside the pores, hence resulting in better
rejection. The attached functionalities -COOH, —CON-
HCH,CH,NH,, and -CONj; enable the complexation abil-
ity of the membranes with heavy metal ions. Among all
the three functionalities, azide-functionalized membranes
are giving the best rejection which is due to higher metal-
binding capacity of azide functional group. The maximum
rejection is obtained at acidic pH because protons also
compete with the heavy metal ions.

Conclusions

This study reports the mixed-matrix membranes with
higher flux which is due to the better interaction of the
functionalized nanotubes and polymer matrix as well as
frictionless transport of water through nanotube channels.
The nanotubes facilitate the ease of flowing water through
the linked channels resulting in higher rejection as well
as enhanced pure water flux. The azide-functionalized
nanotubes as fillers provide best results for the removal
of toxic metals Cu(II), As(III), Cd(II), Cr(VI), and Pb(II).
We get the highest rejection of Cu(Il), i.e., 92.1% from
1 wt% concentration of azide-functionalized MWCNT/
PES mixed-matrix membranes, among all the above-
mentioned heavy metals. However, the work regarding
the mechanism of membrane filtration performance is in
progress.

Table 5 Rejection studies of

> : Membrane Removal capacity (%)

metal ions at pH 2.5 for azide-

functionalized MWCNT/PES Cr(VI) Pb(I) Cu(ID)

membranes at pressure 71 psi - - - - - -

and 98 psi 71 psi 98 psi 71 psi 98 psi 71 psi 98 psi
M1 20.0 17.1 19.0 16.3 22.9 21.3
M405 46.1 36.2 42.7 30.4 52.3 34.3
M401 63.1 423 55.3 35.7 86.7 70.1
M41 74.0 52.3 69.2 31.2 92.5 80.5
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Fig.8 Percentage rejection of metal ions at pH 2.5 for mixed-matrix
azide-functionalized MWCNT/PES membranes containing different
% of nanotubes at 71 psi pressure

Table 6 Rejection studies of heavy metal ions at pH 2.5 for oxidized
MWCNT/PES membranes at pressure of 71 psi

Membrane Removal capacity (%)

Cr(VI)  Pbdl) CdIl) Cudl)  As(l)
Ml 20.0 19.0 20.5 229 18.3
M205 31.1 22.3 49.7 455 51.2
M201 493 29.1 54.3 48.2 55.3
M21 58.5 355 68.1 78.3 75.7

Table 7 Rejection studies of heavy metal ions at pH 2.5 for amide-
functionalized MWCNT/PES membranes at pressure of 71 psi

Membrane Removal capacity (%)

Cr(VD) Pb(1l) Cddrn Cu(Il) As(III)
M1 20.0 19.0 20.5 229 18.3
M305 453 43.2 49.2 50.3 51.2
M301 62.2 54.7 75.1 85.1 74.9
M31 73.5 68.7 79.5 92.1 80.3

Table 8 Rejection studies of heavy metal ions at pH 2.5 for azide-
functionalized MWCNT/PES membranes at pressure of 71 psi

Membrane Removal capacity (%)

Cr(VI)  Pbdl) CdIl) Cudl)  As(ID)
Ml 20.0 19.0 20.5 229 18.3
M405 46.1 42.7 50.2 52.3 49.1
M401 63.1 55.3 71.4 86.4 72.3
M41 74.0 69.2 779 92.5 79.9
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