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A B S T R A C T

This study describes the fabrication of novel buckypaper membranes through the dispersion of multi-walled
carbon nanotubes (MWCNTs) in the presence of surfactants metal oxide nano-catalysis Zinc oxide and magne-
sium oxide (ZnO and MgO) glycerol carbonate separately. Following vacuum filtration of the scattered solutions,
self-supporting membranes known as buckypapers (BPs) were produced. The suggested membranes were
employed for the efficient removal of heavy metals. The obtained data indicated that the incorporation of both
glycerol carbonates prepared by two different nano metal oxides enhanced the permeability of MWCNTs mem-
branes rejection efficiency. The characterization of the synthesized metal oxide nanoparticles, as well as the
physicochemical and morphological properties of the membranes, were investigated. The rejection capabilities of
membranes for the heavy metal ions were examined. Moreover, the suggested MWCNTs/ZnO nano-catalyst
glycerol carbonate BP membrane displayed high rejection efficiency for heavy metals (Cd2þ, Cu2þ, Co2þ, Ni2þ,
and Pb2þ) than that prepared from the MgO nano-catalyst one.
1. Introduction

Expeditious industrial development along water sources has put
additional strain on these sources and caused the water is becoming more
polluted and the environmental health is deteriorating [1]. As the pop-
ulation of the planet grows, industrialization is rapidly taking place and
becoming the primary cause of water contamination [2]. Heavy
metal-contaminated wastewater poses a significant difficulty because it is
poisonous and not biodegradable [3]. Heavy components were discov-
ered by researchers in agricultural products in industrial areas. These
products can be found on the dining table of the average consumer and
pose major health hazards [4]. Moreover, various techniques are applied
to remove heavy metals from wastewater, including direct regeneration
of ion exchange resins [5], scaled-up microbial electrolysis cells [6],
chemical oxidation [7], adsorption [8], and membrane filtration [9].
Because of its simplicity and low cost, the membrane filtering process is
highly recommended. Impurities are removed from water via membrane
filtration by exerting pressure across the membrane. Depending on the
amount of pressure applied and the size of the undesirable component,
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membrane filtration techniques such as microfiltration (MF), reverse
osmosis (RO), ultrafiltration (UF), and nanofiltration (NF) can be used
[10]. NF stands out as a wonderful option to remove the tiniest impurities
since it has a greater rejection rate and quicker water flux than the other
procedures. It operates under lower pressure than RO, resulting in greater
energy efficiency. It also removes materials with lower densities than UF
and MF [11]. Additionally, polymer-based membranes are necessary for
water purification in NF. Due to their high adsorption capacity, economic
effectiveness, and ease of processing, polymeric membranes had
garnered interest [12]. However, they have poor mechanical qualities
that make it impossible to use them in portable water treatment systems
or large-scale water treatment procedures. Due to the several desired
qualities MWCNTs possess, such as their excellent mechanical properties,
conductivity, large surface area, thermal and chemical stability, and ease
of fabrication, MWCNTs have therefore been used to reinforce polymeric
membranes as a solution to this problem [13]. MWCNTs are dissolved in
the polymeric solution and vacuum filtered to create buckypapers, which
are self-supporting carbon nanotubes (CNT)-based membranes (BP).
Numerous researchers have looked into BPs' capacity to treat water; they
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have demonstrated excellent results in adsorbing unwanted substances
from wastewater [14, 15, 16, 17]. As a result, they are an excellent
alternative to conventional active carbon-based portable water treatment
devices in homes and factories.

Nanoscale materials, particularly metal oxide nanoparticles, are a
distinct class of materials with unique physicochemical properties that
have a wide range of applications in science, including catalysis [18],
renewable energy [19], and removal of environmental pollution [20],
and photodegradation [21]. The astonishing physical and chemical
properties of Zinc oxide nanoparticles (ZnONPs) and Magnesium oxide
nanoparticles (MgONPs), encourage their prospective in various appli-
cations including, solar cells [22, 23], sustainable fuels [24, 25], sensors
[26, 27], nanoelectronics devices [28, 29], environmental remediation
[30, 31]. Furthermore, metal oxide-based catalysis is also an important
key in the reaction processes in various chemical reactions such as
alkylation, the transesterification in the chemical industry [32].

Glycerol carbonate (GC) is an essential raw ingredient in the chemical
industry. This small molecule, with a molar weight of 118.09 g/mol, is
one of the glycerol derivatives attracting increased scientific and indus-
trial interest due to its good physical and chemical characteristics, as well
as its broad reactivity. Long-term glycerol-urea interaction results in the
formation of glycerol carbonate [33]. Glycerol carbonate synthesis pro-
vides an alternate method for revaluing waste glycerol produced in huge
quantities during biodiesel manufacturing. The fatty acid methyl esters
generated from the transesterification of vegetable oils with methanol
are known as biodiesel. Biodiesel can be made from a variety of feed-
stocks, but it always produces glycerol as a by-product, which accounts
for one-tenth of biodiesel production [34].

The reaction of glycerol with urea to produce glycerol carbonate
(sometimes referred to as glycerin carbonate or 4-hydroxymethyl-2-oxo-
1,3-dioxolane) is a fascinating technique that takes advantage of two
inexpensive and easily available raw ingredients. The most important
process involving the chemical use of carbon dioxide (CO2) is the reac-
tion between CO2 and ammonia (NH3), which produces urea [35]. The
use of CO2 as a platform chemical is a simple and long-term solution to
the problem of decreasing CO2 emissions impact. Glycerol carbonate and
NH3 are produced during the glycerolysis of urea. By reacting with car-
bon dioxide, this ammonia can be easily transformed back to urea. As a
result, this reaction is critical since it is part of a chemical cycle that leads
to the chemical fixation of CO2. The three carbon atoms in the dioxolane
ring and the attached hydroxyl moiety provide GC with an almost unique
number of reactive sites. The hydroxyl group in GC can act as a nucleo-
phile, and the carbon atoms in the ring can act as an electrophile. These
reactive sites open up a wide range of possibilities for employing glycerol
carbonate as a raw material for converting chemical intermediates into
surfactants and polymers. This is an indirect method of synthesizing
polymers for application in coatings, adhesives, foams, and other mate-
rials [36, 37]. The objective view of this study is the fabrication of a novel
membrane buckypaper metal oxide nano-catalysis glycerol carbo-
nate/MWCNTs membrane for the efficient removal of heavy metals from
wastewater.

2. Experimental

2.1. Materials and reagents

Pure grade materials were used in the current study including, zinc
sulfate heptahydrate (ZnSO4.7H2O, �99%), magnesium acetate tetra-
hydrate ((CH3COO)2Mg.4H2O,�99%), sodium hydroxide (NaOH, 99%),
glycerol (�99.0%), urea (99%), sulfuric acid (H2SO4, 99.9%), hydro-
chloric acid (HCl, 37%), sodium metaperiodate (NaIO4, 99%), ethylene
glycol (98%), sodium thiosulfate (Na2S2O3, 99%), potassium iodide (KI,
99.0%), starch, and bromothymol blue. All chemicals were purchased
from (Sigma Aldrich, Hamburg, Germany). Grafen Chemical Industries,
(Ankara, Turkey), supplied multi-walled carbon nanotubes (MWCNTs,
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KNT-M31). An immobilon PPVDFmembrane with a pore size of 0.45 mm
was used as a support layer. It was purchased from Merck KGaA, Ger-
many. Pure metal standards of cadmium, copper, nickel, cobalt, and lead
(Cd, Cu, Ni, Co, and Pb) 1000 mg mL�1, nitric acid HNO3 (2%) were all
purchased from PerkinElmer. Milli-Q® water (resistivity of 18.2 MΩ cm)
was utilized in the formulation of all solutions in this study.

2.2. Instruments

The Fourier transform infrared spectroscopy (FT-IR, PerkinElmer Ltd,
Yokohama, Japan), Ultraviolet and visible spectroscopy (Ultrospec 2100-
Biochrom spectrophotometer, (Biochrom Ltd, Cambium, Cambridge,
UK), scanning electron microscopy (SEM, JEM-2100F, JEOL Ltd, Tokyo,
Japan), X-ray powder diffraction (XRD, PANalyticalX’Pert-PRO, Mal-
vern, United Kingdom), nuclear magnetic resonance (C NMR, H NMR,
JNM-ECZR series FT NMR, California, USA), and energy dispersive X-ray
(EDX, JSM-7610F; JEOL, Tokyo, Japan) were all applied for the char-
acterization of the synthesized metal oxide nanoparticles.

2.3. Synthesis of ZnO nanoparticles

The synthesis of zinc oxide nanoparticles (ZnONPs) was conducted
using the co-precipitation method by the reduction of zinc sulfate hep-
tahydrate with sodium hydroxide. Briefly, 0.1 mol L�1 zinc sulfate so-
lution was heated to 100 �C and 0.2 mol L�1 NaOH was added dropwise
for 30 min. The mixture was heated for 2 h under vigorous magnetic
stirring. The resulting solution was lifted aside overnight until the for-
mation of a white precipitate. The formed precipitate was filtered using
filter paperWhatman No.1 and washed several times usingMilli-Q water.
The obtained precipitate was dried at 400 �C in a furnace oven to obtain
ZnONPs [38].

2.4. Synthesis of MgO nanoparticles

The co-precipitation method was used for the synthesis of magnesium
oxide (MgONPs). At continual stirring, two separate homogeneous
aqueous solutions of magnesium acetate (0.2 mol L�1, 50 mL) and So-
dium hydroxide (0.4 mol L�1, 50 mL) were prepared. At constant stirring,
aqueous sodium hydroxide solution was added drop by drop with
aqueous magnesium acetate solution. The color of the fluid changed from
transparent to milky white. For 3 h, the mixture was continuously mixed.
The solution was then retained for precipitation, and the precipitate was
filtered after being washed with Milli-Q water and ethanol numerous
times. The entire reaction took place at ambient temperature [39].

2.5. Characterization of metal oxide nanoparticles

The pre-synthesized metal oxide nanoparticles were characterized
using different spectroscopic and microscopic techniques. UV-vis spec-
trophotometer was used to confirm the formation of ZnONPs and
MgONPs at the wavelength range of 200–600 nm. FTIR was utilized to
determine the possible functional groups that could be present in the
formed nanoparticles. XRD analysis was performed to determine the
mean average crystallite size. Further investigation was performed under
SEM to confirm the size and shape of the pre-synthesized metal oxide
nanoparticles. NMR analysis was also performed to know information
about the structure and dynamics of components. EDX was used to
determine the elemental composition of synthesized nanoparticles and
evaluate their purity.

2.6. Synthesis of glycerol carbonate

Glycerol carbonate was synthesized using a three-neck 250 mL flask
with a reflux condenser. Briefly, glycerol (10 g) andZnONPs catalyst (0.3 g)
were transferred inside the three-neck flask and heated on a hot plate



Figure 1. UV-vis spectra of (a) ZnONPs and (b) MgONPs measured at absorption wavelength 200–600 nm.

Figure 2. FT-IR spectra of (a) ZnONPs and (b) MgONPs measured at wavenumber in the range of 400–4400 cm�1.
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Figure 3. XRD patterns of the synthesized (a) ZnONPs and (b) MgONPs.

Figure 4. SEM images of (a) ZnONPs and (b) MgONPs synthesized by co-precipitation method.
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at 120 �C under constant magnetic stirring, the urea (10 g) was added and
the reaction was continued for 4 h. The same procedure was performed for
the synthesis of glycerol carbonate in the presence of MgONPs and a
catalyst.

2.7. Determination of free glycerol using titration method

The cold oxidation of glycerol by sodium meta periodate in a highly
acidic solution is the basis for this test procedure. This process produces
formaldehyde and formic acid, which are used to determine the glycerol
4

level by titration with a standard 0.1 mol L�1 sodium hydroxide
solution.

The titration process was conducted by Pipetting 10 mL of sodium
periodate solution (60 g of sodium meta periodate in sufficient water
containing 120 mL of 0.1 N sulfuric acid to make 1000 mL) into a 250-
measuring flask and diluting with Milli-Q water to the volume and
approximately 550 mg of glycerol was added to the flask. Then 50 mL of
Milli-Q water was added to the sample followed by the addition of 50 mL
of dilute periodate solution. The mixture was kept aside for 30 min. After
that, 5 mL of hydrochloric acid and 10 mL of potassium iodide solutions



Figure 5. EDX patterns of synthesized metal oxide nanoparticles (a) ZnONPs and (b) MgONPs.

Figure 6. FT-IR of glycerol carbonate in the presence of (a) ZnONPs and
(b) MgONPs.
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were added. Themixture was gently mixed. The solution was left to stand
for 5 min. Then 100 mL of Milli-Q water and 3 mL of starch were added.
The titration then was carried out using 0.1 N sodium thiosulfate to the
5

endpoint of starch. The glycerol content is measured in mg/mL. Blank
determination was performed by repeating the same procedures using
the same amounts of reagents without the test sample. The titration was
performed using 0.1 mol L�1 sodium hydroxide at pH 6.5.

2.8. Preparation MWTNT/glycerol carbonate dispersed membranes

MWNTs (30 mg) were dispersed using an ultrasonicator (Branson
Digital 400W) for 20 min in 30 mL of Milli-Q water with two surfac-
tants (solution1 and solution 2, 2 % w/v). Using a simple filtration
vacuum pump, each liquid was diluted to a volume of 0.2 L before
being filtered using hydrophilic nylon membrane filters (diameter: 47
mm; pore size: 0.45 m) (CVC2 Vacuubrand). The hydrophilic filtration
membrane's surface continued to be covered with MWNTs, creating an
extremely thin membrane. The composite membranes were dried for 24
h at 21 �C.

2.9. Characterization of the prepared membranes

The field emission scanning electron microscope examined the
morphological characteristics of BP membranes. The JEOL JEC-3000FC
fine coater (JOEL. Ltd., Tokyo, Japan) was used to sputter-coat the
membranes twice for 30 s after fixing them to various stubs with carbon
tape. Following coating, each sample was examined using acceleration
voltage in the 5–15 kV range at various magnifications. It is important to
note that polymer-based membranes should be rinsed in water for up to
30 min in order to acquire high-quality pictures.

2.10. Heavy metal removal

The Heavy metals rejection of the membranes was evaluated using a
dead-end cell. Water was then pumped through the filtration cell using a
compressed air cylinder, with membranes that were cut into rectangles
(about 4.25 cm2) and fitted between the two layers of the cell. To control
the flow of water through the membranes, varying pressures (1–3 bar)
were used. After one hour of filtration testing to establish the steady-state
operation, the heavy metal removal sample data were gathered. The feed
water for heavy metal removal comprised 6 ppm of a combination of
heavy metals at pH 7 (Cdþ2, Cuþ2, Coþ2, Niþ2, and Pbþ2). The following
Eq. (1) was used to compute the removal of heavy metals:



Figure 7. (a & b) 1H-NMR and (c) 13C-NMR for Glycerol carbonate synthesized using ZnO Nano-catalyst.
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R% ¼ (1� Cp/Cf) � 100% (1)

where Cp and Cf are, respectively, the concentrations of heavy metals in
the feed and permeate solutions. By employing ICP-MS Perkin Elmer,
inductively coupled plasma atomic emission spectrometry was used to
make a quantitative assessment of the removal of heavy metals.

3. Results and discussion

3.1. Characterization of ZnONPs and MgONPs

The size of nanoparticles has a significant impact on the overall
characteristics of materials. Thus, studying the size evolution of semi-
conducting nanoparticles has critical for understanding material char-
acteristics. The technique of UV-visible absorption spectroscopy was
commonly utilized to investigate the optical characteristics of nanoscale
particles. UV-vis spectroscopy was used to evaluate the optical properties
of each produced metal oxide nanoparticle. At 347 nm, a distinct peak
attributable to ZnONPs surface plasmon resonance (SPR) was seen
(Figure 1a). The absorption spectrum of MgONPs showed the appearance
of one peak at 295 nm (Figure 1b). The spectra obtained were found in
the agreement with those reported in the literature [40, 41].

FT-IR analysis was utilized to confirm the possible functional groups
that can be presented in the formed nanoparticles. The FT-IR spectrum of
ZnONPs displayed a chain of absorption bands from 400–4400 cm�1. The
absorption band at 3400 was corresponding to the O–H stretching vi-
bration of water. The absorption band at 2370 cm�1 corresponds to
strong O¼C¼O carbon dioxide stretching vibration. The observed bands
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from 1000 to 400 cm�1 such as 962, 831, 702, 602, 518, and 469 cm�1

correspond to hexagonal crystalline Zn–O nanoparticles (Figure 2a).
MgONPs were analyzed using FT-IR in the 400–4400 cm�1 range.

Different absorption bands for MgONPs were observed at 3700, 3429,
2362, 1513, 1400, 876, 568, and 447 cm�1. The O–H bond stretching
vibration was recorded in two bands at 3700 and 3429 cm�1. CO2
stretching vibration because of ambient carbon dioxide adsorption was
ascribed to the weak band at 2362 cm�1. Two detected absorption bands
around 1513 and 1400 cm�1, showed the existence of an O–H stretching
mode of water. Magnesium hydroxide (Mg–OH)was found to have a high
peak at 876 cm�1. The formation of Mg–O stretching vibrations was
corroborated by the observed peaks, which appeared at 568 to 447 cm�1

(Figure 2b).
The X-Ray diffraction (XRD) pattern of produced ZnONPs was

demonstrated in Figure 3a. The data was collected between the ranges of
20–80 θ and the values were seen in the XRD pattern at 31.84� (1 0 0),
34.52� (0 0 2), 36.38� (1 0 1), 47.64� (1 0 2), 56.7� (1 1 0), 63.06� (1 0 3),
and 69.18� (1 1 2) planes. All observed peaks could be hexagonal crys-
talline and matched the Zinc oxide wurtzite structure (Joint Committee
on Powder Diffraction Standards JCPDS Data Card No: 36–1451) [42]. It
was also confirmed that the synthesized ZnONPs were free of impurities,
as it does not contain any characteristics of XRD peaks other than zinc
oxide peaks. The XRD pattern of the synthesized MgO nanoparticles was
demonstrated in Figure 3b. The observed peaks appeared at 19.8� (1 0 1),
32.6� (1 1 1), 37.2� (2 0 0), 51.4� (2 2 0), 59.5� (2 2 1), 62.3� (3 1 1),
69.8� (2 2 2), 72.4� (3 2 1). The obtained data showed that the shape of
nanoparticles was rod-like structure and these results were in agreement
with JCPDS card number 89–7746 [43]. As the width of the peak in-
creases the size of particle size decreases, which resembles that present



Figure 8. (a) 1H-NMR and (b) 13C-NMR for Glycerol carbonate synthesized using MgO Nano-catalyst.
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material in the nano range. The prominent peak in the XRD pattern was
used to calculate the average crystallite size using a Scherrer formula (2):

D ¼ 0.9λ/ β cos θ (2)

Where λ, θ and β are the X-ray wavelength, Bragg diffraction angle, and
the Full width at half maximum of the XRD peak appearing at a
diffraction angle θ, respectively. The average crystallite size of the syn-
thesized ZnONPs andMgONPs was evaluated to be 17.9� 1.2 and 25.6�
2.5, respectively.

The surface morphology of ZnONPs and MgONPs was examined
under SEM using 30,000� magnification. The picked SEM image
(Figures 4a and 4b) suggested the formation of stable ZnONPs and
MgONPs. The images showed the presence of both individuals as well as
7

the aggregated ZnONPs and MgONPs with particles size ranging from
80–100 nm.

The atomic arrangement of biosynthesized ZnONPs and MgONPs was
evaluated by EDX mapping analysis. It was performed to evaluate the
chemical contents of the synthesized ZnONPs and MgONPs. The out-
comes demonstrated that the weight and atomic percentages of Zn and O
in ZnONPs were 61.10% and 38.90% from O and Zn, with atomic per-
centages of 86.52% and 13.48% from O and Zn, respectively (Figure 5a).
However, the elemental composition of the MgONPs showed weight
percentages of 64.08%, 35.92% from O and Mg, atomic percentages of
73.05%, and 26.95% from O and Mg (Figure 5b). No additional peaks
were recorded relating to other elements, proving the purity of the syn-
thesized ZnONPs and MgONPs.



Figure 9. SEM images of (a &b) MWCNTs/GC-MgO-nano-catalyst and (c & d) MWCNTs/GC-ZnO-nano-catalyst buckypaper membranes.
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3.2. Synthesis of glycerol carbonate

Trans carbonation is one of the most important routes to produce
glycerol carbonate. Glycerol and urea are both inexpensive and afford-
able reagents and easily available. Urea in this reaction acts as an acti-
vated form of CO2 and an alternative source for carbonylation. Urea is a
specifically attractive carbonylating agent due to the only byproduct is
ammonia in the gas phase which is easily captured and reused to react
with CO2 forming urea as shown in Eqs. (3) and (4).

2NH3 þ CO2 ⇌ NH2COONH4 (3)

NH2COONH4 ⇌ CO(NH2)2 þ H2O (4)

The formation of glycerol carbonate takes place without any solvents.
Although the synthesis of glycerol carbonate from urea and glycerol can
be accelerated by increasing the temperature, several catalysts have been
discovered to improve the reaction's rate and selectivity. Metallic oxide
nanoparticles such as ZnONPs and MgONPs were used as catalytic agents
in the formation of glycerol carbonate.

3.3. Confirmation of glycerol carbonate using FT-IR analysis

FT-IR analysis was utilized to characterize the functional groups of
glycerol carbonate that were pre-synthesized using ZnONPs or MgONPs.
The FT-IR spectrum of glycerol carbonate displayed various vibration
bands at 3358 (OH stretching vibration), 2934 (N–H strong stretching
vibration), 1664 (C–H bending), 1625 (medium N–H bending amine),
1459 (C–H bending vibration), 1110, 1045 (strong CO–O–CO), 933–587
8

(Zn–O) cm�1 (Figure 6a). However, the FT-IR spectrum (Figure 6b)
showed nearly the same vibration bends with slight changes. Two ab-
sorption bands were observed at 3441 and 3363 cm�1 corresponding to
the (O–H stretching vibration of water and N–H stretching vibration of
amine), respectively. Different vibration bands appeared at 1665,
1625,1457, 1109, and 1045 cm�1 corresponding to C–H bending, N–H
bending amine, C–H, bending, and CO–O–CO vibrations, respectively.
The bands in the range from 1000–400 correspond to the presence of
metal oxide (Mg–O).

3.4. Confirmation of glycerol carbonate formations using NMR

3.4.1. Nuclear magnetic resonance (13C NMR) and (1H NMR) for glycerol
carbonate synthesized using ZnO nano-catalyst

The formed GC using nano-catalyst ZnO was confirmed through
1HNMR and 13C NMR. The 1H-NMR spectrum of the synthesized GC
using ZnONPs showed the absence of glycerol protons as no signals were
detected in the range 3.3–3.5 ppm (Figures 7a and 7b). The glycerol
carbonate 1H-NMR spectrum detected a signal at δH¼ 3.9 ppm for traces
of residual ethanol protons. The spectrum recorded a plot of character-
istic signals of GC characteristic protons. Amultiple signal at 4.05 and 4.1
ppm refers to proton (d). The quartet peak at δH ¼ 5.2 ppm represents
proton (c). The triplet and doublet appear at δH ¼ 5.5 ppm representing
CH proton (b). Finally, the signal observed at δH¼ 6.4 ppm was assigned
to OH proton (a).

The 13C spectrum of the synthesized GC using nano-catalyst ZnO
displayed significant characteristics of glycerol carbonate signals that
derived from cyclic carbon atoms as well as linear carbonate signals



Figure 10. The percentage removal of heavy metals using (a) MWCNTs/MgO
nano-catalyst GC and (b) MWCNTs/ZnO nano-catalyst GC buckypaper
membranes.
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160.9 ppm, 72.9 ppm, 66.7 ppm, and 63.45 ppm. These results are in
agreement with the previously reported results [44]. The linear car-
bonate atoms were located at 66.7 ppm and 72.90 ppm. These results
suggested the efficient catalytic pathway for the formation of cyclic
carbonates such as GC and linear carbonate (Figure 7c).

3.4.2. Nuclear magnetic resonance (1H NMR) and (13C NMR) for glycerol
carbonate synthesized using MgO nano-catalyst

The 1H-NMR spectrum of glycerol carbonate synthesized using
MgONPs confirmed the identity of the GC by showing all its dis-
tinguishing signals in Figure 8a. 1H NMR (400 MHz, DMSO-d6) exhibited
three multiple signals at δH ¼ 2.65, 2.75, and 2.8 ppm which are cor-
responding to protons (d), (c), and (b) respectively. The characteristic
signal at δH ¼ 4.9 ppm points to OH proton (a).

The 13C spectrum of the synthesized GC using nano-catalyst MgO
displayed significant characteristics of glycerol carbonate signals that
derived from cyclic carbon atoms as well as linear carbonate signals 154
ppm, 64.3 ppm, 54.5 ppm, and 43.9 ppm. These results are in agreement
with the previously reported results [44]. The linear carbonate atoms
were located at 64.3 ppm and 72.90 ppm. These results suggested the
efficient catalytic pathway for the formation of cyclic carbonates such as
GC and linear carbonate (Figure 8b).

3.5. Determination of total yield of free glycerol

The content of glycerol estimated as a percentage, is calculated by the
following Eq. (5):

Glycerol (%) ¼ (V1-VB) � F � N/W (5)

Where VB is the volume of 0.1 N sodium hydroxide solution used for the
blank titration and V1 is the volume of 0.1 N sodium hydroxide solution
used for the sample titration, F ¼ 9.210, N ¼ precise normality of the
sodium hydroxide used for titration, and M ¼ mass of glycerin subjected
to reaction with sodium meta periodate solution (in grammes). The re-
sults revealed that the sample's titration volume for the ZnO nano-
catalyst-generated sample was 2.6 mL as shown in Eq. (6).

Glycerol ð%Þ¼ ð2:6� 7:5Þ � 9:210� 0:1
0:55

¼8:21% (6)

Meanwhile, the volume of titration for the sample synthesized usingMgO
nano-catalyst ¼ 5.4 mL as shown in Eq. (7).

Glycerol ð%Þ¼ ð5:4� 7:5Þ � 9:210� 0:1
0:55

¼3:52% (7)

3.6. Morphological characteristics of the fabricated membranes

A reliable indicator of the structure and porosity of membranes is
their shape. It indicates the membrane's flow, size distribution, and pore
geometry. The materials and fabrication methods utilized have an impact
on the shape of membranes, among other things. The surface SEM images
of the MWCNTs/GC BP membranes were obtained. uniformly distributed
MWCNTs over the BP membrane's flat, homogeneous surface (Figures 9a
and 9b) for SEM images of MWCNTs/GC-MgO-nano-catalyst and
(Figures 9c and 9d) for MWCNTs/GC-ZnO-nano-catalyst buckypaper
membranes.

3.7. Contact angle

The hydrophilicity-hydrophobicity of a solid surface can be deter-
mined by using the static contact-angle technique [45]. A surface's hy-
drophobicity will also decrease if the contact angle lowers for that
surface, and vice versa. Since the hydrophilicity/hydrophobicity of a
membrane affects how the membrane interacts with water, organic
compounds, and inorganic materials, contact angle was regarded as a
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standard measurement for membranes [46]. MWCNTs display a hydro-
phobic property by nature [47]. However, as stated by previous re-
searchers who utilized surfactants and other polymers, it is anticipated
that their dispersion with polymers will diminish the hydrophobicity
[13]. It is crucial to understand that glycerol carbonate, which is used in
this study acts as a surfactant, is used to permeabilize organic mem-
branes, and is utilized as a dispersion in the two membranes. The contact
angle of MWCNTs/GC-MgO-nano-catalyst and MWCNTs/GC-ZnO
-nano-catalyst BP membranes were found as 63.72 � 1.78 and 65.46 �
2.69, respectively.

Adsorption, which can happen for a number of reasons, including van
der Waals interactions, hydrogen bonds, and electrostatic attraction, may
also have an impact on how metal ions are rejected [48]. The results
showed that bothmembranes displayed excellent metal rejection rates up
to 99% for the tested ions (Cd2þ, Cu2þ, Co2þ, Ni2þ, and Pb2þ) at pH 7 and
ambient temperature. The effect of applied pressure on the heavy metal
ions rejection rate of both MWCNTs/GC-MgO-nano-catalyst and
MWCNTs/GC-ZnO-nano-catalyst BP is demonstrated in Figures 10a and
10b. The results showed that the MWCNTs/GC-ZnO-nano-catalyst
exhibited high efficiency for the removal of Pb2þ> Cu2þ˃Cd2þ˃
Co2þ˃Ni2þ, and the MWCNTs/GC-MgO-nano-catalyst exhibited high ef-
ficiency for the removal of Ni2þ > Co2þ > Cd2þ > Cu2þ > Pb2þ.
3.8. Heavy metal removal

The size exclusion mechanism is more likely to play a role in the
rejection of heavy metals by BP membranes than any other membrane
filtration process. For both membranes, cylindrical carbon tubes were
stable with pressure. However, as the pressure increased, the rejection
rate of the remaining metal ions either decreased or stayed steady
without significantly changing.
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The rejection of metal ions was more efficient in MWCNTs/GC-ZnO-
nano-catalyst compared to the MWCNTs/GC-MgO-nano-catalyst
membrane.

4. Conclusion

The production of two metal oxide nanoparticles (ZnONPs and
MgONPs) has been accomplished using a straightforward co-
precipitation technique. The creation of nanoparticles was verified
using a variety of spectroscopic and microscopic techniques. The results
showed that hexagonal and cubic nanostructured metal oxides with high
purity and particle sizes of about 100 nm were prepared. The reaction
between glycerol and urea to form glycerol carbonate has been used to
test the catalytic effectiveness of the pre-synthesized metal oxide nano-
particles. The results showed that adding ZnONPs and MgONPs catalytic
agents significantly increased the synthesis of glycerol carbonate while
exhibiting outstanding activity as nano-catalysts. The generated glycerol
carbonate was used to create two BP membranes for the rejection of
heavy metals (Cd2þ, Cu2þ, Co2þ, Ni2þ, and Pb2þ) using MWCNTs/GC-
ZnO and MWCNTs/GC-MgO nano-catalyst, respectively. The as-
constructed BP membranes were characterized by SEM. The docu-
mented enhancement in membrane performance and properties proved
the necessity of using these fillers. Fillers changed the morphology of
membranes, increasing their porosity and the effectiveness of rejection.
Both membranes also have effective qualities that are suitable for
filtration processes at low pressures. The results of this study also show
that BP membrane systems are a desired issue for other researchers to
study in order to deepen our understanding of preferred membranes,
especially the selective uptake of heavy metal ions.
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