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ABSTRACT

The current study presents the fabrication of 3-(aminopropyl)triethoxysilane (APTES) enhanced
CuO nanoparticles integrated polymer inclusion membranes (PIMs) and their application in the
removal of the textile dyes via transportation from one phase to another. The said membranes
were fabricated with facile diffusion induced phase inversion technique and were characterized
with Fourier transform infrared spectroscopy and scanning electron microscopy. Later the mem-
branes were employed in the self-made detachable cell with two compartments of glass and a steel
clamp. The cell allows the installation of the PIM between the glass compartments, which is used
for the transportation of the dye (methylene blue) from the feed phase to the strip phase. Different
parameters, which can affect the transportation of the dye such as the pH of the feed and the
acceptor phase, stirring speed, time, percentage of the carrier in the membrane and the concentra-
tion of the dye were optimized. After optimization, 97% transportation efficiency was achieved. In
the study, the comparative analysis between the transportation of the dye by CuO nanoparticles
integrated membranes and the 3-(aminopropyl)triethoxysilane modified CuO nanoparticles inte-
grated membranes have also been conducted. The results of the comparative permeation study
showed better transportation of the dye with the 3-(aminopropyl)triethoxysilane modified CuO

nanoparticles integrated membranes.
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1. Introduction

Water scarcity is one of the major issues faced by the
modern world. A broad range of pollutants such as pes-
ticides [1], transition metals [2], organic compounds [3],

* Corresponding author.

endocrine disruptors [4] are responsible for polluting the
already limited resources of freshwater. One of the major
contributors to water pollutions is textile waste. It contains
several toxic compounds including dyes [5]. Although dyes
are attractive molecular species and few of their crystals
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are enough for apparent colors in solutions. They are inte-
gral part of the textile as well as paper, rubber, plastic, food
and cosmetic industries. Despite of their remarkable uses,
dyes are difficult to degrade biologically. They are available
in diverse chemical structures and most of them have com-
plex aromatic moieties. Moreover, it is quite hard to remove
dyes even their fractions after decomposition remains toxic
and harmful. A huge data is already published concerning
the adverse health effects of dyes on humans, children and
marine life. Mainly dyes are mutagenic and carcinogenic
in humans. Furthermore, common diseases associated with
dyes are allergy, abdominal pain, chromosomal damage,
thyroid ailments and chromosomal damage. Before releas-
ing to the environment, the dye waste of the industries is
diluted to certain amounts, however, the dilution is not
enough, and the waste is still hazardous to the environment.
In addition to this, dyes form a layer over the water bodies
hence preventing the sunlight to enter and thereby affecting
the photosynthetic reaction [6].

Consequently, dyes remediation from wastewater before
their discharge into the environment is mandatory.
Therefore, several methods have been developed for treat-
ing textile waste. These include supramolecular mechanism,
sequestering, [7,8] coagulations, electrochemical precipita-
tion, nanofiltration, liquid-liquid extraction, adsorption,
ionic liquid grafted magnetic nanoparticles, oxidation—
ozonation and colloidal gas aprons (CGA) method is used
for the removal of dyes as well [9-14]. Although these
methods are supportive for dyes removal, tedious handling
and treatment process restrict their use in a wide spectrum
[15]. In a comparatively novel approach “polymer inclusion
membranes (PIMs) are used for the eradication of the dyes.
The PIMs are the type of liquid membranes and are fabri-
cated by casting the solution containing polymeric matrix
volatile solvent and plasticizer. After casting the solvent is
evaporated resulting in the formation of the flexible, thin,
stable and self-supporting membrane. These membranes
are better than supported liquid membranes, in terms of
enhanced stability, versatility and smaller loss of the car-
rier and ease of operation [16]. The membranes are widely
employed for the extraction of a variety of metals ions from
the feed solution [17,18]. This extraction ability of the PIMs
has also been employed for the removal of the varying
dyes by integrating the suitable material in them [19].

Despite the various application of PIMs in analytical
chemistry, they are normally prepared by two major poly-
mers, that is, cellulose triacetate (CTA) and polyvinyl
chloride (PVC) [20]. The polymer is usually selected accord-
ing to the required application. Sometimes a plasticizer
is also added for the fabrication of these membranes for
increasing the flexibility [21]. CTA has excellent salt rejec-
tion properties along with remarkable toughness, defiance
to hydrolysis, resistance to biofouling, strength and adapt-
ability. CTA is utilized in the fabrication of a variety of mem-
branes such as composite membranes, Loeb-type blend and
hollow fibers. CTA has proven to be extremely useful for the
fabrication of this membrane due to the finite solubility, high
flux and salt rejection [22]. Common methods for develop-
ing the CTA membranes are grafting, coating and blending.
The surface modification method of the CTA membranes
through grafting comprehends the formation of covalent

bonds between the CTA matrix and hydrophilic monomers
by radiation, plasma, photochemical and chemical initi-
ation. For the introduction of nanomaterials in the mem-
branes, several techniques like sol-gel processes, thin film
deposition, coating (interfacial polymerization, dip coating
and layer-by-layer coatings), phase inversion, etc. have been
used. The hydrophilic monomers that are most generally
used for grafting are polybutylacrylate, polymethylacrylate
and acrylic acid monomer [23]. In coating, evaporation and
contact processes are used to coat a thin layer of hydrophilic
polymers on the surface of CTA membranes. Hydrophilic
CTA membranes can be easily synthesized by immers-
ing the membranes in polyamide solution [24]. Contrary
to post-fabrication procedures like coating and grafting,
blending is “in process” moderation of the membranes [25].

As far as the transport mechanism of the PIMs is con-
cerned, the details are not completely understood [16].
However, they generally establish the assumption is that:
first, an analyte (such as a dye molecule) is extracted and
forms an ion-pair with the carrier (such as modified nano-
particles) at the membrane/feed interface, followed by the
subsequent diffusion of the ion pair into the strip phase. The
chemical selectivity of the membranes is directly associated
with the extraction constant whereas the rate of transport is
influenced by the diffusion coefficient [26]. In some studies,
it is suggested that the carriers have very restrained mobil-
ity within the matrix of the PIM, and the analyte must jump
from carrier to carrier for crossing the membrane [27,28].
Hence it can be concluded that the transportation ability of
the PIMs is associated with the integrated materials (carri-
ers). The nature of the material is dependent on the type of
application expected from the said membrane. Nowadays
blending of inorganic oxide nanoparticles like nanoporous
CaCl,, hydroxyapatite/BN nanocomposites, MnCO, has
been given much attention owing to the remarkable prop-
erties that they induce in the membranes, such as reduced
fouling, flux enhancement, improved strength, dyes and
other pollutant transportation, etc. [29-31]. CuO nanopar-
ticles (CuO-np) have also been integrated into the mem-
branes for improved performance of polymeric membranes,
they can also be employed as the carriers in the membranes
[32]. The amino group functionalized CuO-np has been
found to be more compatible with the organic phase of the
membrane matrix. The amino-modified CuO-np integrated
membranes also depict improved hydrophilicity [33]. The
amino groups can be added to the CuO-np via different
chemicals, 3-(aminopropyl)triethoxysilane (APTES) serves
the purposes efficiently, as a single pot reaction is enough
for the synthesis of amino-modified nanoparticles [33].
In this study, APTES is used for the amino modification
of the CuO nanoparticles.

Krishnamurthy et al. [34] have fabricated, copper(I) oxide
(Cu,0) nanoparticles integrated PES mixed-matrix mem-
branes via phase inversion. The membrane performance was
improved by the usage of Cu,0 nanoparticles in 1.5 wt.%. In
another study conducted by Nasrollahi et al. [35], CuO-np
was used in the polymeric matrix of the membranes and
the membranes depicted promising anti-biofouling activity.

The polymeric membranes with no integrated mate-
rial are not capable of transporting the materials from one
phase or another. Because the integrated material functions
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as the carrier and gets bound with the analyte at the mem-
brane/feed phase interface. The difference in pH or some
other parameter is responsible for the removal of the ana-
lyte at the membrane/strip phase interface. Transportation is
driven by the chemical force [19]. In this study phase inver-
sion method was used for the synthesis of CTA/CuO-np and
CTA/A-CuO-np (ATPES) enhanced CuO-np) membranes.
The prepared membranes were characterized with a scan-
ning electron microscope (SEM) and Fourier transform infra-
red spectroscopy (FTIR). Dye transport experiments with
an aqueous solution of methylene blue [28] were performed
by employing the fabricated membranes.

2. Experimental

CuO-np was prepared by the procedure reported by
Phiwdang et al. [36]. For that purpose, Cu(NO,),:3H,0 and
copper chloride CuCl, were obtained from Sigma-Aldrich
Chemicals, USA. The solutions of the precursors were made
in deionized (DI) water. Afterwards dilute NaOH solution
was added to obtain the alkaline environment. Black pre-
cipitates of the product were obtained and were washed
repeatedly with DI water and absolute ethanol until neutral
pH was obtained. Later, the product was dried at 80°C for
16 h. Finally, the product was calcined at 500°C for 4 h and
examined by X-ray diffractometry (XRD). The morphology
was investigated by SEM and FTIR.

2.1. Modification of CuO-np with 3-(aminopropyl)triethoxysilane

The CuO-np adsorbed water, to remove that CuO-np
were kept in an oven at 120°C for 1 d. The dried CuO-np
were later sonicated 30 min in 30 mL absolute ethanol,
followed by the addition of APTES. The mixture was son-
icated again in ice-water for 30 min and then stirred
for 24 h. The black product thus obtained was dried at
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60°C [33]. The prepared A-CuO-np was later used for the
fabrication of the membranes. The surface modification of
CuO-np is depicted in Fig. 1.

2.2. Membrane fabrication

At first, the adsorbed water from A-CuO-np was
removed by drying at 120°C in an oven for 24 h. The phase
inversion method was used to synthesize A-CuO-np inte-
grated CTA membranes. For this purpose, CTA (200 mg) was
dissolved in 20 mL of DCM at room temperature. Added
0.3 mL of 2-NPOE in 5 mL of DCM. A solution containing
the A-CuO-np was added after vigorous the solution
was allowed to stir for half an hour and a homogeneous
solution was obtained. Afterwards the DCM was evapo-
rated, and the membrane was dried for the whole night.
Later, the formed membrane was detached by immers-
ing in the water for 1 h. The illustration of the membrane
fabrication is depicted in Fig. 2.

2.3. Characterization

The fabricated membranes were characterized with
EVO-LS 10 (Carl Zeiss, Germany) scanning electron micro-
scope (SEM) and Bruker Vector 22 Fourier transform infrared
(FTIR) spectrometer.

2.4. Dye transport experiment

A cell with two detachable glass compartments was
employed for performing transport experiments. A picto-
rial representation of the transport cell is shown in Fig. 3.
Between the chambers, the polymer inclusion membrane
integrated with CuO (membrane a) and A-CuO-np (mem-
brane b) was placed (in separate experiments), and the com-
partments were sealed with steel screws. To stop any leakage
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Fig. 1. Surface modification of CuO nanoparticles with 3-(aminopropyl)triethoxysilane.
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ATPES enhanced CuO-np incorporated in CTA matrix

Fig. 2. Process of fabrication of membrane.
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Fig. 3. Pictorial representation of glass cell assembly used for transport experiment.

from the chambers the silicone rubber seals were used. One
of the chambers was termed a feed chamber and the other
was a stripping chamber. Both chambers of the transport
cell contained equal volumes (40 mL) of the feed and strip-
ping phase. The stirring is kept constant (300 rpm) in both
phases, throughout the experiment. The whole experiment
was conducted at 25°C + 1°C, whereas the effective area of
the membrane was 7.0 cm? [37]. The investigated experimen-
tal factors were MB concentration in feed phase compartment
0.025-0.1 (%w/w), the concentration of strip phase and ini-
tial pH (2.0-14.0) and transport time. The transport of MB
was found to be in consistency with the following equation.

Transport (%) =100x [(C?S) @

0

where C, is the concentration of MB in strip phase, at time
t where C; is MB concentration in the feed phase. For the
determination of the concentration of MB, 1 mL of both
the phases was drawn at regular intervals and examined
by Shimadzu UV-1800, JAPAN UV spectrophotometer.

3. Results and discussion
3.1. FTIR analysis of fabricated membranes

The modification of the CuO nanoparticles with APTES
was confirmed by FTIR analysis. The FTIR peak values
and the corresponding radicals of various components of
membranes are shown in Table 1. The synthesis of CuO is
confirmed by the peak at 452 cm™ in the FTIR spectrum
because this absorption band is characteristic of the Cu-O
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stretching vibrations [38]. The peak values for the pure
CuO nanoparticles, the O-H stretch band of the absorbed
water carbon dioxide and molecules appear as wide
absorption bands centered at 3,480 and 1,635 cm™. This is
due to the high surface area of the nanocrystalline mate-
rials. Nanocrystalline substances are usually better than
those of traditional polycrystalline-grained substances.
These materials depict enhanced strength, diffusivity, duc-
tility, electrical resistivity, specific heat, thermal expansion
coefficient, lower thermal conductivity and density [39].
The weak band at 2,950 cm™ in the FTIR spectrum of the
CTA is associated with the aliphatic C-H group’s stretch
modes. The stretching vibration of the C=O group forms
the absorption peak at 1,740 cm™. While peak at 1,370 cm™

Table 1
FTIR peak values and the corresponding radical in membranes
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is due to distortion of C-H in CH,. C-O stretching vibra-
tions are also confirmed by two peaks around 1,030 and
1,210 cm™. The well-rounded membrane’s peak values in
enhanced CuO nanoparticles and the presence of distinc-
tive bands of APTES denote the coupling agent’s existence
after modification. The CH, and CH, groups of APTES
depict bands at 2,850 and 2,954 cm™ [19]. The fading of the
band around 817 cm™ is associated with Si-O-CH,, and
the formation of Si-O-Cu bonds is confirmed by the exis-
tence of a new peak at 950 cm™ [40-42]. Hence all these
attributes confirm that the grafting of silane molecules
on the surface of CuO nanoparticles. The FTIR spectra
of the prepared membranes are shown in Fig. 4.

3.2. SEM characterization of fabricated membranes

Surface of the membranes were also characterized
with SEM. Fig. 5 depicts the effect of the addition of CuO
and A-CuO-np to the membrane surface. The SEM images
of the surface of pure membrane (without nanoparti-
cles) appeared to be very smooth in comparison to the
other membranes. The presence of the additives is evi-
dent in the SEM images as they can be seen as grain like
structures in the SEM images. Similar results have been
found by Rambabu and Velu [43] whereas “membrane b”
was the roughest in appearance as seen by the SEM anal-
ysis. The roughness of the formation of clusters or aggre-
gates of CuO and A-CuO nanoparticles on the membrane
surface significantly increased with the increase in con-
centration of the added nanoparticles. Such results were
also discovered by Balta et al. [44]. The agglomeration can
be attributed to the attraction of CuO by the lone pairs
of electrons present on the Oxygen atoms of the CTA
matrix [45].

Membrane Peak value (cm™) Corresponding radical
1,210 and 1,030 c-O
1,350 C-H (CH, deformation)
CTA 1,740 C=0
2,950 C-H
3,480 O-H
1,636 and 3,448 O-H
CuO
" 452 Cu-O
All CTA bands
A 817 Si-O-CH,
i C /O 950 Si-O-Cu
UETP 2850 C-H
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Fig. 4. FTIR spectra of fabricated membranes: (A) pure membrane, (B) CTA/CuO-np membrane, and (C) CTA/A-CuO-np membrane.
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Fig. 5. (A) Pure membrane, (B) 1.0% CTA/CuO-np membrane, (C) 1.0% CTA/A-CuO-np membrane, (D) 2% CTA/CuO-np membrane,

and (E) 2.0% CTA/A-CuO-np membrane.

3.3. Transport experiments

The experiment was conducted at varying pH, that
is, 4.0, 6.0, 8.0, 10.0 and 12.0 to analyze the impact of feed
phase pH on the transportation of MB. An increase in
transport of the dye was found in acidic environment. The
acidic environment in strip phase makes the dye acidic
allowing it simple binding with the basic amino groups
of the modified nanoparticles. Similarly, the detaching of
the modified nanoparticles and the dye occurs in the strip
phase which operates in basic conditions. The pH 4 was
used as optimized value as maximum transportation of MB
from feed to stripping was achieved as shown in Fig. 6a.
The stirring speed of experiment was also optimized in a
set of experiments. The high speeds a decrease in transport
of the dyes was observed, mainly due to the splashing of
the solvent, as this results into the loss of the targeted mol-
ecules. At low speed the contact of the nanoparticles and
the dye molecules is reduced, resulting into the limited
chemical binding of the nanoparticle and the dye leading
to the lower transportation. At high speed the splashing
causes the loss of the material resulting in the decreased
transport between the phases. Maximum transport of the
dye was observed at 300 rpm. The results are shown in
Fig. 6b. Similar experiments were performed for the optimi-
zation of time, at 3 h maximum transportation was observed
afterwards the rate of transport became constant (Fig. 6¢).
The increase in the rate of the transport of the dye with time
might be related to the availability of the carriers and dye
molecules, with the increasing time the binding of the car-
rier and dye increased but after certain time (3 h) the car-
riers become saturated with the dye and a further increase
in the time will no longer affect the transportation of the
dye. The experiments for optimization of the pH, speed and

were carried out at 0.05% concentration of MB and 1% con-
centration of the carrier nanoparticles.

The optimized concentration of the carrier and dye
was determined at the optimized at pH 4 and 300 rpm.
Maximum efficiency was obtained at 1% concentration
of the carrier nanoparticles (Fig. 7a). The transport exper-
iments were also performed at the varying concentrations
of the dye ranging from of 0.005%-0.1% at optimum pH
and room temperature to judge the effect of the MB con-
centration on its transportation through the nanohybrid
membrane. The maximum transportation of the dye was
observed at 0.05% concentration of MB by using CTA/A-
CuO-np membranes. The results are shown in Fig. 7b.
The results of CTA/A-CuO-np membrane in the transport of
MB were comparable to CTA/CuO membrane.

The transport of the dye between the phases is driven
by the chemical force, the difference in the pH of both
the phases allow the nanoparticles to bind with the dye
in the feed phase and gets detached from it in the strip
phase. The stripping phase interface involves the reaction
between the MB-A-CuO-np complex and [OH] leading
to the diffusion of dye into the stripping phase. The pro-
posed mechanism for the functioning of both membranes is
shown in Fig. 8 [19]. [OH]" is present in the stripping phase
this was to obtain the de-complexing of dye-A-CuO-np
complex. The alkaline environment was achieved by the
addition of 0.1 M solution of NaOH.

4. Conclusion

In the current study amino enhanced CuO nanoparti-
cles were prepared with 3-(aminopropyl)triethoxysilane
(APTES). Later nanohybrid CTA membranes were fabricated
via phase inversion enhanced by the CuO-np and A-CuO-np.
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The fabricated membranes were characterized with FTIR
and SEM. Afterwards the fabricated membranes were
employed for the transport of dye between feed and strip-
ping phase. Different factors like pH of the feed/stripping
phase and concentration of the dye were optimized in the later
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the dye and (b) effect of percentage concentration of the dye in the

part of the experiment. The membrane modified with the
A-CuO showed better transportation of the dyes as compared
to the CuO-np modified membranes. This can be associated
to the presence of amino groups on A-CuO-np membranes,
which offers the better binding of the dye molecules to the
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Fig. 8. Proposed mechanism for transport of dye through nanoparticles embedded polymer inclusion membrane.

carrier. It was concluded that CTA/A-CuO-np membrane at
300 rpm, 25°C, 4 pH for feed phase and alkaline stripping
phase depicts 97% transport of MB from feed phase to strip-
ping phase. These membranes can be used for the transport
of dyes from desirable solvent to the unwanted solvents.
After transportation the water can be used again in textile
industry. Similarly, the change of the carrier can provide dye
selectivity, in that case a particular pigment can be moved
from the one phase to another.
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