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Abstract

In this study, the transport performance of acetaminophen (paracetamol), which is
most commonly prescribed and used for humans and animals and whose wastes are
known to have toxic effects on the environment and some living organisms, was
investigated using zinc oxide (ZnO)-reinforced polymer membranes. In this study,
nanoparticle-containing polymer membranes were prepared from cellulose triac-
etate in dichloromethane and ZnO nanoparticles were synthesized to impart adsorp-
tion properties to the membrane in a single step, enabling adsorption and filtration
to improve the removal of low molecular weight micropollutants that are poorly
retained by conventional polymer membranes and by enabling re-release. Our mem-
brane was prepared by phase inversion method by doping with cellulose triacetate
(CTA) solution. Parameters such as carrier concentration, mixing rate, transport
time, acceptor and feed phase concentrations were studied to determine the opti-
mal conditions for the transport experiments of paracetamol (PARA). The presence
of acid in the acceptor phase converted the hydrophilic part of paracetamol, which
allowed the transport of PARA. The calculated flux values for different PARA con-
centrations ranged from (0.64)x107% to (1.8)x 10~ mol/(cm?s). Under optimal
conditions, a transport efficiency of 84% was obtained for PARA with a CTA/ZnO
polymer membrane. The obtained membranes can be used in wastewater treatment,
recovery of pharmacological products from pharmaceutical industry waste, re-eval-
uation of hospital waste, etc.
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Introduction

Due to the rapid population growth in the world and the industrial development of
countries, the excessive amount of domestic and industrial wastewater is increas-
ing, causing health, environmental and economic problems. One of the reasons
for the increasing pollution is that most countries discharge their wastewater into
the environment and the sea without treatment. Nowadays, the existence of phar-
maceuticals is curative [1, 2]. These substances are manufactured to remain per-
manently in the human body after administration to prolong their effects. There-
fore, these pharmaceuticals enter wastewater and the environment and pose a
serious threat to our aquatic environment and organisms. Some pharmaceutical
molecules can have lethal consequences and are of concern due to their biological
effects. For example, PARA has toxic effects on some marine animals. PARA is
the most commonly prescribed and used analgesic for humans and animals and
has been frequently detected in wastewater. Therefore, it is important to remove
it from the aquatic environment. In addition, acetaminophen is highly soluble in
water, making it difficult to remove in wastewater treatment plants, and has been
found in surface waters and groundwater [3—5]. Some properties of PARA are
listed in Table 1.

In fact, it is very important to reuse industrial wastes, recover valuable mol-
ecules and develop new effective separation processes to make this possible.
Although adsorption seems to be one of the most effective methods for water
purification of various materials and pharmaceutical products, its widespread
application is limited due to its high cost [6, 7]. Membranes are known as a tech-
nology that can be applied in any environment that is constantly evolving. Moreo-
ver, this method is simple, easy to develop, reliable, applicable on a large scale
and inexpensive. The basic polymer used for the mechanical strength of the mem-
branes is of great importance. Although a variety of base polymers are used in
many fields, it is surprising that the two most important polymers are polyvinyl
chloride (PVC) and CTA in researches on polymer including membranes (PIMs).
It is obtained by using an extractant, plasticizer and a basic polymer such as CTA
in the structure to provide flexibility and form a stable film in PIMs. Plasticizers
are used in the production of PIM to make the membrane flexible and soft and
to increase its flow rate. However, excessive use causes the membrane to lose its
flexibility and rupture. Moreover, plasticizers provide this increase in two ways,
by getting between the polymer molecules. First, they neutralize the polymer’s

Table 1 The properties of paracetamol

Structure * (Paracetamol) Molecular weight (g mol™!) pKa H,0 (25 C mg mL™h
H 151.2 9.38 14
N\ﬂ/
0]
HO
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polar groups with their own polar groups, and second, they reduce the strength of
the intermolecular forces by simply increasing the distance between the polymer
molecules [8].

Polymeric membranes are structurally very susceptible to chemical and physi-
cal degradation and remain constant in their specific properties due to the nature
of the material used. To avoid this, new polymer-based membranes can be devel-
oped to meet the requirements of many practical applications by combining polymer
membranes with inorganic materials [9-12]. The addition of inorganic materials to
the polymer improves some physicochemical properties of the membranes such as
mechanical stability, porosity, pore size and hydrophilicity. The materials used in
the preparation of membranes should be carefully selected. When using such materi-
als, especially in the pharmaceutical industry, it is important to minimize the health
effects of cellulose-based polymers. Used as a membrane material, CTA stands out
for its high hydrolysis resistance, high salt resistance and durability. CTA is a com-
pound of acetate ester and cellulose. It is widely used as the main source for the pro-
duction of some films. To overcome the disadvantage of limited solubility of CTA
in common solvents and to improve CTA membranes, coating, doping and modifi-
cation methods have been applied to form a covalent bond with CTA. In the litera-
ture, hydrophilic monomers such as polymethyl acrylate and poly(butyl acrylate) are
commonly used for surface modification of CTA membranes. In addition, as shown
in some studies, it may be necessary to increase the hydrophilicity of the surface of
the CTA membrane by various methods. For example, a thin hydrophilic polymer
layer can be formed by immersing the membrane in a polyamide solution to increase
the performance of the membrane [13].

Nowadays, a modified polymerization method is used in which trimesoyl chloride
(TMC) is reacted after dissolving CTA on the CTA membrane. In this way, cova-
lent bonds are formed between the support material and the active layer, increas-
ing the performance of the membrane and stabilizing its structure. Membranes
need to be developed that eliminate these drawbacks of membranes and increase
their performance and efficiency. For this reason, the addition of composites, inor-
ganic and/or organic materials with different properties to membranes has recently
become a common method [14]. In particular, the selection of inorganic additives
(nanoparticles) at the nanoscale and the use of nanocomposite hybrid materials
in the membrane structure have added a new dimension to membrane technology
[15]. Nanoparticles and composite structures have high stability, chemical and bio-
logical resistance, unique physicochemical properties, ability to function in a wide
pH range, easy functionalization, antibacterial properties, protection against foul-
ing, etc.. Nanoparticles and some composite materials are added to the membrane
structure to take advantage of their properties and eliminate the disadvantage of the
hydrophobic polymer structure of the membrane. The production and development
of a new generation of membranes based on nanomaterials has become one of the
most important priorities to meet the requirements of domestic and industrial waste-
water treatment. Recently, much attention has been paid to the doping of hydrophilic
polymers with metal oxide nanoparticles. In this way, the use of nanoparticles in
membrane production has increased due to their superior physicochemical proper-
ties to prevent membrane fouling [16—19].
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We have found that the most common problem in membrane applications is con-
tamination, and studies in the literature show that nanoparticles are very useful in
solving this problem [20]. There are numerous studies in the literature using nano-
particles of silicon dioxide (Si0O,), titanium (TiO,), aluminum (Al,0O;), palladium
(Pd), silver (Ag), gold (Au), iron (FeO, Fe;0,4) [20] and hybrid structures [21, 22].
ZnO nanoparticles, like titanium nanoparticles, are the most important ingredients
in creams, coatings, and body lotions because they block solar radiation and have
antibacterial properties. There is no study in the literature on the purification of an
active pharmaceutical ingredient such as paracetamol from wastewater by a ZnO-
modified CTA composite membrane. In this study, CTA/ZnO composite membranes
were prepared by phase inversion and their chemical composition, membrane mor-
phology and hydrophilicity were investigated. Then, these membranes were used
for PARA transport experiments with aqueous PARA solutions. Due to the ease of
implementation in purification systems and the low-cost fabrication of the CTA/ZnO
polymer membrane system, an avenue for simple structured membrane studies with
commercialization potential may open up.

Experimental
Materials

The chemicals used in this study, such as cellulose triacetate, ZnCl,(analytically
pure), NH,OH(%25), CON,H,(analytically pure), CH,Cl,, and CH,CH,OH(extra
pure), were purchased from Merck. Paracetamol was purchased from Lianyungag
Kangle Pharmaceutical Co. Ltd. All solutions were prepared using ultrapure water
(UPW) during the experiments.

Synthesis of zinc oxide nanoparticles

In the synthesis of ZnO nanoparticles, the synthesis procedure of Akin and Ersoz
[23] was used. 1/4 by weight of ZnCl,/urea was dissolved in 100 ml of UPW with
continuous stirring (300 rpm), and NH,OH solution was added dropwise until the
pH of the medium was about 10. Then the solution was heated to 200 °C in a Teflon
autoclave and kept there for 8 h. The white precipitates were filtered by successive
washing with ethanol and UPW and dried at 30 °C. Finally, calcination was carried
out at 400 °C for 6 h [23].

Preparation of CTA membrane

Figure 1 represents the schematic diagram of the preparation of the CTA membrane.
Prior to the preparation of the CTA membranes, ZnO nanoparticles were stored
overnight in an oven at 105 °C to remove adsorbed water from the obtained the ZnO
nanoparticles. CTA membranes doped with ZnO nanoparticles were prepared by the
phase inversion method. 400 mg of CTA was taken and 40 mL of dichloromethane
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Fig. 1 Schematic representation of the preparation of CTA/ZnO composite membrane

(DCM) was added at room temperature. Then, 0.6 mL of 2-nitro phenyl octyl ether
(2-NPOE) in 5 mL of DCM was added to the mixture. ZnO nanoparticles in various
ratios (ranging from 0.1 to 3%) were dispersed in 5 mL of DCM and added to the
CTA solution, and the mixture was stirred for 1 h. The CTA-ZnO was kept in mem-
branes and distilled water and separated from the petri dish [24, 25].

Membrane surface characterization

To characterize the composite membranes, surface morphology was studied using
a ATR FTIR spectrometer (Perkin Elmer 100 FTIR), contact angle measurements
using KSV CAM 200 and membrane surface images were taken with a Zeiss Pri-
movert microscope at 40X objective. Membrane surface, cross-section images and
EDX analysis taken with a scanning electron microscope (SEM) EVO-LS 10 (Carl
Zeiss, Germany).

Transport experiments

Transport experiments were performed using a membrane cell system consisting of
two separable Teflon chambers with a capacity of 50 ml. The membranes obtained
were placed between the rubber seals by squeezing them together to prevent leakage
between the chambers. The mixing speed of the two chambers was kept constant at
350 rpm during each transport run. Measurements of all PARA samples were taken
at 234 nm using a UV spectrophotometer. As a result of the transport studies, we
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intend to develop a commercially viable disposable prototype syringe filter system
with the best performing membrane. We also believe it will pioneer the development
of new systems that allow purification without leaving too much harmful waste in
the environment.

Results and discussion

The FTIR spectrum of the obtained membranes was taken and given in Fig. 2.
Examination of the FTIR spectra of CTA and ZnO nanoparticles reveals a charac-
teristic Zn—O vibrational band around 545 cm™, confirming that synthesis of ZnO
nanoparticles has occurred [26]. In pure ZnO nanoparticles, broad absorption peaks
are observed at the peak values of 3450 and 1630 cm™!. These are due to the O-H
stress of the absorbed water due to the large surface-to-volume ratio of the nanopar-
ticles and CO,. In CTA, weak tensile vibrations around 2930 cm™! were attributed
to aliphatic C—H groups. It shows the absorption bands of carbonyl group around
1740 cm™'. The absorption band at 1375 cm™! is due to C-H decays in methyl
groups. In addition, two absorption bands at 1032 and 1205 cm™' are due to the
stretching mode of the C-O group.

The photographic image and light microscope images of the obtained mem-
branes are shown in Fig. 3. As seen in the light microscopy images (Fig. 3), the
CTA composite membrane had an in homogeneous surface with air bubbles on the
surface, while the addition of ZnO nanoparticles gave the surface a homogeneous
appearance.

The synthesized membrane surfaces were examined with SEM. Figure 4 shows
the SEM images of the fabricated membranes. The more homogeneous and smooth
appearance of the CTA membrane surface was significantly changed by the intro-
duction of ZnO nanoparticles into the membrane structure. It is believed that the
surface undulations and plate-shaped accumulations result from the accumulation of
ZnO nanoparticles at certain locations during phase inversion in the CTA solution.
A similar situation was found in the study of Balta et al. [27]. Additionally, when
the cross-sectional images of the obtained membranes were examined, the thick-
ness of the CTA and CTA-ZnO membranes was measured as 52.3 um and 45.4 um,
respectively. The arrangement of the layers is clearly visible in the cross-sectional
image of the CTA membrane. However, with the addition of ZnO to the membrane
structure, it is seen that the structure becomes completely bulk. The EDX analysis
shows the presence of ZnO nanoparticles in the membrane structure and a homoge-
neous distribution. In the EDX analysis, it was observed that the membrane contents
contained approximately 65% carbon and 35% oxygen for the CTA membrane. It
was determined that the CTA/ZnO membrane contained approximately 30% carbon,
60% oxygen and 10% zinc. The results obtained are given in detail in Table 2.

As shown in Fig. 5, contact angle measurements were performed to obtain infor-
mation about the hydrophilicity of the surfaces of CTA and CTA/ZnO membranes
[28-30]. According to the measurement results repeated three times at room tem-
perature, the measured values of CTA and CTA/ZnO membranes were 61+ 1° and
63+ 1°, respectively. For polymer membranes, the contact angle value increases or

@ Springer



Polymer Bulletin

008

a0

006

agot

0011

00zt

00gT

LI

00sT 0081

00T

008t

0061

g0z

0012

[ ;. W] siaquinuases

o2z

002

a0sz

008z

008z

002z

008z

0062

seuBIqUIAW QUZ/VID Pue VI Jo enoads Y114 ‘b4

0008

oote

a0ze

ooge

ooe

oose

00se

o0ce

00se 006

000%

ouz-w1d
Vi —

(%) soueniwsuesL

pringer

Qs



Polymer Bulletin

Fig. 3 Photographic and light microscope images of the surfaces of the produced membranes

decreases depending on the material added to the membrane structure. The increase
in contact angle provides information about the wettability of the membrane surface.
An increase in the contact angle means less adhesion of the liquid to the surface.
The reason why the contact angle of the CTA membrane is lower than that of the
CTA/ZnO membrane is because ZnO nanoparticles are incorporated into the CTA
polymer.

The effect of paracetamol concentration on feed phase

In the transport study, transport experiments were performed with four different
PARA concentrations ranging from 0.005 to 0.1% to investigate the effects of the
concentration of PARA in the feed solution on transport. The results are shown in
Fig. 6. The effects of the concentration of PARA on transport were evaluated using
the flux values in Eq. (1). As the concentration of PARA increased, the transfer rate
decreased from 84 to 54% after 24 h of transport. The calculated flux values for dif-
ferent concentrations of PARA ranged from (0.64) X 1078 to (1.8) x 10~® mol/(cm?s).
The results show that a high concentration leads to a higher flux and an increase in
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Fig.4 Surface, cross-sectional SEM images and EDX spectrum of CTA membrane and ZnO nanoparti-
cle-doped CTA/ZnO membranes, respectively

the concentration of PARA in the feed phase causes a decrease in the transport rate
[23].

J=P-Ci. )

Effect of stripping phase concentration

Studies were performed with 0.1 to 3 M HCI solution to investigate the effects of
acceptor phase concentration on the transport of PARA. The transport of PARA
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Fig.4 (continued)
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Table 2 EDX composition
analysis of CTA anrzi CTA/ZnO cTA CTA/ZnO
membranes Element Weight % Weight %
C 34.66 58.79
(0) 65.34 30.24
Zn - 10.33
N - 0.64
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Fig.5 Contact angle measurement images of the CTA membrane and CTA/ZnO(%1 wt. ZnO) mem-
branes, respectively
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Fig. 6 Effect of PARA concentration in the feed solution on transport (receiver phase solution: 1 M HCl)
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increased with increasing HCI concentration, as shown in Fig. 7. The presence
of acid in the acceptor phase converted the hydrophilic part of paracetamol,
which allowed the transport of PARA. The transport of PARA showed a parabolic
increase up to a concentration of 2 M, while a slight decrease was observed at an
acid concentration of 3 M HCI.

The effect of carrier concentration

The efficiency of transport in polymer membranes prepared by the phase inver-
sion method depends on the functional groups of the polymer source. However,
the material added to the polymer, namely the carrier molecule, is crucial. The
concentration of the carrier molecule ZnO nanoparticles in the membrane struc-
ture has a significant effect on the transport of paracetamol across the membrane.
The effect of the amount of ZnO nanoparticles on the transport of PARA was
studied at four different carrier concentrations ranging from 0.1 to 3%. Figure 8
shows the effect of the ratio of doped ZnO nanoparticles on the transport of
PARA in the CTA/ZnO membrane. The experiments showed that the transport
rate increased when the ZnO content was increased to 1%, while a decrease of 3%
was observed. In the literature, similar results were observed in transport stud-
ies of dyes, metals and some organic molecules with different supports [31]. It
is suggested that this decrease is due to the interaction PARA /ZnO at the inter-
face between the feed solution and the membrane, which becomes saturated after
a certain time at the membrane surface, i.e., causes steric hindrance. In order
to eliminate this decrease in such processes, in the literature, changes are usu-
ally made to the porcelain parameters or the membrane surface is affected with
various applications (electric current, vibration, etc.). However, in this type of
research, the membranes produced are usually disposable membranes, as they are
preferred in accordance with the modules designed for practical applications [23].

Fig.8 The effect of doped 100
ZnO nanoparticle ratio on the
transport of PARA in CTA/ZnO 80
membrane -

S

2 60
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&= 40 1
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20 A
0 T T T T
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ZnO amount, %
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Fig. 9 The effect of contact time on the transport of PARA with CTA/ZnO polymeric membrane
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Fig. 10 The effect of stirring speed on the transport of PARA through CTA/mZnO membrane

The effect of transport time and stirring speed

To investigate the performance of the membranes during 24-h transport, a series of
experimental setups were fabricated and the optimal transport time was determined
by measuring the amount of PARA in both the feeding and acceptor phases at spe-
cific time intervals; the results are shown in Fig. 9. The results show that the trans-
port process lasts up to 8 h and is stable after 8 h. From Fig. 10, it can be seen that
as the mixing speed increases, the transport ratio increases in parallel up to a certain
point. However, with the increase of mixing speed after 350 rpm, the maximum of
transport, a significant decrease of transport ratio is observed. The reason for this
is the turbulence effect caused by the mixing speed, for which there are numer-
ous examples in the literature [32, 33]. All other experiments were carried out at
350 rpm.
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Conclusions

In this study, the transport performance of PARA in a versatile polymer mem-
brane doped with ZnO was investigated by the phase inversion method. To
determine the optimal conditions for transport experiments with the obtained
membranes, the effects of variables such as time, ratio of ZnO nanoparticles as
carriers, PARA concentration, mixing rate and acceptor phase concentration were
investigated. The results showed that the incorporation of ZnO into the CTA
polymer matrix was successful. Thus, the fabrication of a polymer-containing
membrane doped with ZnO nanoparticles was possible. Based on the experi-
ments performed to determine the optimal conditions in the transport experi-
ments of PARA, the maximum transport of PARA was achieved under the follow-
ing experimental conditions: membrane prepared with 1.0% ZnO nanoparticles,
stirring speed 350 rpm, transport time 10 h and acceptor phase concentration of
1 M HCI. On the other hand, the transport fraction decreased when the concentra-
tion of PARA in the feed phase was increased from a certain point. SEM Results
showed that the uniform and smooth appearance of the CTA membrane surface
was significantly changed by the addition of ZnO nanoparticles to the membrane
structure.

The calculated flux values for different PARA concentrations ranged from
(0.64)x 1078 to (1.8)x 107® mol/(cm?s). The results show that a high concen-
tration leads to a higher flux and an increase in the concentration of PARA in
the feed phase causes a decrease in the transport rate. The results of transport
experiments showed that the transport rate increased when the amount of ZnO
was increased to 1%, while a decrease of 3% was observed. The performance test
results showed that the transport process for the obtained membranes lasted up to
8 h and was stable after 8 h. Under optimal conditions, a transport efficiency of
84% was obtained for PARA with a CTA/ZnO polymer membrane. Our polymer-
containing membranes doped with ZnO nanoparticles can be used in wastewater
treatment, recovery of pharmacological products, re-evaluation of hospital waste,
etc.
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