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The nanofiltration membranes with a stable decoration of inorganic fillers such as zeolites are desperately
required for enhancing the desalination performance of the membranes and hence three nanofiltration mem-
branes were fabricated by decorating the membranes with praseodymium-based triamino-functionalized MCM-
41 (Pr-(NH)2NH2-MCM-41). The membranes were applied for the removal of emerging pharmaceutically active
micropollutants from water. The Pr-(NH);NH2-MCM-41 was synthesized by using an in-situ approach where
praseodymium oxide was chemically decorated in the framework of MCM-41 followed by simultaneous amine
functionalization using N1-(3-Trimethoxysilylpropyl)diethylenetriamine (TMSPTA). A thorough characterization
of the synthesized Pr-(NH);NH2-MCM-41 was carried out by using HR-TEM, SEM, WCA, XRD, FTIR, BET,
elemental and mapping analysis. Three different concentrations of synthesized Pr-(NH);NH3-MCM-41 were
decorated in the membrane active layer through interfacial polymerization in the presence of an aqueous tetra-
amine solution and using terephthaloyl chloride as an organic crosslinker. Subsequently, the fabricated mem-
branes were used for desalinating saline feed containing divalent (CaClp, MgClz, NazSO4, MgSO4) and mono-
valent (NaCl) ions. The rejection of salts by PA/0.05-Pr-MCM@PSU/PET membrane was found to be the highest
among all the fabricated membranes which were found to be 98 %, 96 %, 95 %, 87 %, and 82 % for CaCly, MgCl,,
MgS04, NaySO4 and NaCl, respectively. The permeate flux was found to be dependent on the applied feed
pressure which was found to be 56 L m™® h™ (LMH) at 25 bar for PA/0.050-Pr-MCM@PSU,/PET membrane. The
rejection performance of the membranes was also evaluated by using different well-known pharmaceuticals
(Caffeine, Sulfamethoxazole, Amitriptyline, and Loperamide) as micropollutants in the feed. All the pharma-
ceutical drugs were found to be highly rejected > 96 % by PA/0.5-Pr-MCM-41@PSU/PET membrane followed by
PA/0.025-Pr-MCM-41 @PSU/PET membrane. Therefore, the current approach of synthesizing functionalized
zeolites is quite effective and efficient for the stable decoration of inorganic fillers in the membrane active layer
and should be extended to other zeolites such as zeolites with antimicrobial potential.

1. Introduction

The quest for clean water is increasing at an alarming rate due to the
demand for clean water for several industrial processes (Aldossari, 202.3;
Chowdhary et al., 2020; Schleifer, 2017). In addition, clean water is also
required for numerous domestic activities for maintaining day-to-day
chores of life. Similar to increasing clean water demand, several newly
emerging strict environmental regulations put more constraints on the
treatment and disposal of both domestic and industrial wastewater (Du
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et al., 2021; Gassem, 2021). The wastewater generated from industries
has a variety of pollutants such as dyes from the textile industry (Dutta
et al,, 2021), drugs and pharmaceuticals from hospital discharge
(Waheed et al., 2023b), saline and oily wastewater generated in the oil
and gas industry (Baig et al., 2022; Yu et al., 2017). Hence, the waste-
water from different industries must be treated efficiently to recover
clean water which can be used as and when needed.

Quite a few water treatment methodologies and techniques are
known to date which include screening, filtration, dissolved air
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floatation, and sedimentation (Chai et al., 2021; Saravanan et al., 2021;
Yadav et al., 2022). In addition, chemical-based wastewater treatment
methods such as flocculation, adsorption, chemisorption, ozonation,
oxidative and reductive degradation of pollutants, precipitation, and ion
exchange (Qasem et al., 2021; Wang et al., 2022, 2021, 2020). Although
the above-mentioned methodologies have proved to be viable for
treating large quantities of wastewater, most of these technologies are
pretreatment steps that do not generate considerably clean water. In
addition, these methodologies have certain disadvantages such as the
generation of huge quantities of sludge which require proper disposal
and degradation(Kacprzak et al., 2017). Similarly, high energy costs and
regeneration of materials such as ion-exchange resins are the major
challenges faced during the operation of these methodologies. In com-
parison, membrane-based separation is advantageous because of its
certain salient features such as ease of availability for different types of
feeds, ease of tuneability for matching the desired requirements, little
footprint compared to large land areas required for air floatation, high
permeate flux with clean water as output, rejection of a variety of species
such as divalent and monovalent salts, dyes, drugs, pharmaceutical
compounds and even the by-products generated during chemical
degradation of pollutants (Ahmad et al., 2020; Dharupaneedi et al.,
2019; Saxena et al., 2009). Hence, many efforts in literature have been
focused on developing novel and efficient membranes with enhanced
performance in terms of rejection and permeate flux (Alsohaimi et al.,
2023; El-Sayed et al., 2023).

Several techniques have been used in literature for enhancing the
performance of membranes such as increasing the volume of permeate
flux, increasing the % rejection of salts, and antifouling behavior of
membranes. To achieve enhanced nanofiltration performance of the
membranes, researchers have used different approaches which include
developing an interlayer between the ultrafiltration support and poly-
amide active layers of the thin film composite (TFC) membranes. In one
such example, Jing-Jing Wang et. al. developed a nanofiltration mem-
brane through interfacial polymerization (IP) between piperazine (PIP)
and trimesoyl chloride (TMC) on a cellulose nanocrystal interlayer
supported by microporous support. Due to the presence of cellulose
nanocrystal interlayer, the membrane showed a flux of 204 L m2h~!
(LMH) at 0.6 Mpa and NaySO4 rejection of 97 % (Wang et al., 2017). The
decoration of nanomaterials in the ultrafiltration support or active
layers of the membranes has also been explored in the literature to
enhance the performance of the membranes. In one such example, Lewis
Yung et. al. fabricated a TFC membrane by incorporating two different
ionic liquids (ILs) (with different molecular sizes) in the active layer of
the membrane. The ILs were added to aqueous PIP solution which was
crosslinked with TMC during IP. The IL with a smaller size of 1-butyl-3-
methyl-imidazolium chloride (BMIC) led to an increase in salt rejection
(99.1 % to 99.3 % of MgSO4) with a decrease in permeate flux (32.5
LMH to 12.9 LMH). The larger-sized IL 1-octyl-3-methylimidazolium
chloride (OMIC) showed an opposite effect to BMIC because the rejec-
tion of salts was decreased (99.1 % to 91.9 % of MgSO4) with an increase
in permeate flux (32.5 LMH to 60.3 LMH) of the membrane (Yung et al.,
2010). Hence, the incorporation of a suitable additive in the membrane
structure during IP would have a considerable impact on the perfor-
mance of the membranes.

Similarly, several nanomaterials such as carbon nanotubes (CNTs),
mesoporous silica, graphene oxide nanosheets, metal-organic frame-
works (MOFs), and carbon organic frameworks (COFs) have been
incorporated into the membranes. Among the nanomaterials, micropo-
rous or mesoporous such as MCM-41 has unique properties such as easy
functionalization, homogenous hexagonal channel structure, large pore
volume, large surface area, and excellent chemical and thermal stability.
Due to these unique features, MCM-41 has found a wide range of ap-
plications such as drug delivery, extraction, adsorption, sensors, and
support for catalysts. Due to its large surface area and porosity, MCM-41
has been used as a support with enhanced capacity for the loading of
various catalysts and metal ions. Similarly, the large pore volume of
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MCM-41 also allows immobilization of organic ligands and metal ion
complexes in the channels of MCM-41. Lanthanide metal ions have been
incorporated into the channels and pores of MCM-41 for different ap-
plications. In one such example, a Schiff-base complex of lanthanum-
catalyst was immobilized on MCM-41 as an efficient catalyst for the
homoselective synthesis of substituted 1H-tetrazole derivatives (Tah-
masbi et al., 2022). Similarly, other lanthanides such as Praseodymium
(Pr) have also been decorated in the MCM-41 framework. In one such
example, X. Cao et. al. investigated a Pr-modified MCM-41 catalyst for
the catalytic decomposition of methyl mercaptan (CH3SH) (Cao et al.,
2021). The catalytic ability of Pr was due to praseodymium oxide. Pr is a
soft, silvery, metallic element that exists in two + 3 and + 4 general
oxidation states (Zamani et al., 2008). The oxides of Pr have different
phases which depend on the availability of oxygen in the ambient
environment. Generally, praseodymium oxide exists in P,02,-2 (n = 4,
7,9, 10, 11, 12, etc.) homologous series with conversion from PrO3 to
PrO, with a decrease in temperature and increase in oxygen content. The
PrgOq1 is considered a mixed oxide of 4PrO,.PryO3 contains oxygen
vacancies and hence has a high hole and oxygen ion conductivity
(Vshivkova et al., 2015). Due to the oxygen vacancies, the praseodym-
ium oxide develops an affinity for water molecules which leads to the
filling of oxygen vacancies in praseodymium oxide and results in pro-
tonated PrO, represented by Hy 334PrOs. Therefore, the use of Pr in the
framework of MCM-41 could potentially increase the performance of the
membranes in terms of permeate flux while maintaining the rejection
performance of the membranes. In addition, Lanthanides (Ln) also have
huge coordination potential owing to their large atomic size and
consequently large coordination numbers. Generally, the coordination
number of lanthanide is usually eight or larger(Kanesato et al., 1996).
Different types of additives that have been used for fabricating desali-
nation membranes have been reviewed as shown in Table 1. Most of
these additives are amino (-NH>) functionalized for effective decoration
in the membrane active layer via covalent bonding.

A careful design of the material structure can yield a promising
material for desired applications. Previously, various doping materials
and lanthanides have been decorated based on mere physical or ionic
interaction which can be rendered unstable and washed out under high-
pressure filtration experiments. Hence, the need of the day is to design a
strategy where metal ions such as Ln can be covalently decorated in the
MCM-41 framework to yield stable materials. The covalent decoration of
Ln in MCM-41 enables the use of unique properties of Ln over an
extended period and under high filtration pressure. Furthermore, the Ln
covalently doped MCM-41 should also possess functional groups like
amino groups (-NHj) which can react during IP for decoration in the
membrane active layer.

The current study is aimed at synthesizing an amino-functionalized
zeolite for covalent decoration in the polyamide active layer of the
membrane. Moreover, the zeolite was also decorated with transition
metal Pr to further tune the features of the zeolites such as particle size
and porosity for developing efficient desalination membranes. In an in-
situ solvo-thermal synthesis of MCM-41, a Pr precursor namely Praseo-
dymium methoxyethoxide (PrOMeEtO) was added to the reaction
mixture resulting in covalent decoration of Pr in the MCM-41 frame-
work. Similarly, N1-(3-Trimethoxy silylpropyl) diethylenetriamine
(TMSPTA) was also added as a dual-purpose agent in the above reaction
mixture. The TMSPTA becomes an integral part of MCM-41 where it
serves as a ligand for complexation with Pr and on the other hand,
TMSPTA confers several amino (-NH;) groups to Pr decorated MCM-41.
The resulting MCM-41 variant was named Pr-(NH);NH3-MCM-41. The
Pr-(NH)2NHp-MCM-41 was covalently decorated in the polyamide
active layer of the TFC nanofiltration membrane during IP. Three
different concentrations of Pr-(NH);NH>-MCM-41 were decorated in
polyamide active layers of the membranes. The synthesized Pr-
(NH)2NH3-MCM-41 and fabricated membranes were thoroughly char-
acterized for determining various structural features using different
techniques which include SEM, TEM, water contact angle, AFM, ATR-
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Table 1
Nanofiltration Chemicals used for interfacial Additives Water Rejection of  Rejection of Ref.
Membranes polymerization Flux (L/ Salts (%) organic pollutants
m>h) (%)
PA/OMIC@PES Piperazine (In aqueous phase) and Trimesoyl  Ionic liquids; 1-butyl-3-methylimida- ~ 50 ~97.8% - (Yung
chloride (In organic Phase) zolium chloride (BMIC) and 1-octyl-3- etal.,
methylimidazolium chloride (OMIC) 2010)
PEI/TPC-SiO; NPs/  Polyethyleneimine (In aqueous phase) and SiO, nanoparticles ~13.3L - ~ 99 % Dyes (Kebria
PSt triphthaloyldichloride (In organic Phase) etal,
2015)
PA/UIO-66-NHy/ Piperazine (In aqueous phase) and Trimesoyl ~ UIO-66-NH, 46 ~971% - (Gong
PD-SWCNT/PES chloride (In organic Phase) etal.,
2020)
PA/Zeolite A/PS m-phenylenediamine (In aqueous phase) and  Zeolite A nanoparticles 3.8 x ~94% - (Jeong
Trimesoyl chloride (In organic Phase) 102 m/ etal.,
Pa.s 2007)
PA/UIO-66-NH,/ Piperazine (In aqueous phase) and Trimesoyl UIO-66-NH, 14.55 ~99 % - (Liu
H-PAN chloride (In organic Phase) et al.,
2019)
Pr-MCM-41-NHy- 2 % N,N-bis(2-aminoethyl)-1,3-propane Pr-MCM-41-NH, ~ 56 ~ 99 % Pharmaceutical This
PA/PSf diamine (Tetra-amine in aqueous phase) and drugs ~ 97 % Work

0.15 % Terephthaloyl chloride (In organic
Phase)

FTIR, PXRD, and BET. The resulting membranes were applied for
desalinating saline feed and removing several micropollutants from
contaminated feed water.

2. Experimental
2.1. Materials

Polysulfone (Psf), N, N’-bis(3-aminopropyl)ethylenediamine (Tetra-
amine, TA), Cetyltrimethylammonium bromide (CTAB), Tetraethyl
orthosilicate (TEOS), Sodium hydroxide (NaOH), terephthalyol chloride
(TPC), triethylamine (TEA), and were purchased from Sigma Aldrich,
USA. The ethanol and hydrochloric acid (HCl) were purchased from
Merck, Germany. Praseodymium methoxyethoxide (PrOMeEtO) and N1-
(3-Trimethoxy silylpropyl) diethylenetriamine (TMSPTA) were pur-
chased from Gelest USA. For the filtration test, different salts (MgCl,,
CaClp, MgSO4, NazSO4, NaCl) and pharmaceutically active compounds
(Caffeine, Sulfamethoxazole, Amitriptyline, Loperamide) were also
bought from Sigma. The chemicals utilized during the formation of
mesoporous silica MCM-41 and membrane fabrication process are toxic
but proper disposal is ensured.

The material was characterized using Powdered X-Ray Diffraction
Ultima IV Rigaku, Transmission Electron Microscopy (JEOL,
JEM2100F), Quantachrome: Autosorb (ASIQCU01000-6, USA), and
scanning electron microscope (JEOL JSM6610LV, Japan). The material,
active layer, and membranes were evaluated for the functional group
vibrations using attenuated total reflectance-Fourier-transform infrared
spectroscopy (Thermo, Smart iTR NICOLET iS10). The membranes’
surface morphology, roughness, and hydrophilicity were characterized
using a scanning electron microscope (JEOL JSM6610LV, Japan),
Atomic force microscope (Agilent 550, Netherland), and Water contact
angle (KRUSS DSA25) respectively. The solutions of salt and pharma-
ceutical were tested using a conductivity meter (Ultrameter II, Hanna)
and JASCO V-750 UV-Vis spectrophotometer respectively.

2.2. Synthesis of Pr-(NH)2NH2-MCM-41

The in-situ metal bonding and amine-functionalized synthesis of
MCM-41 was designed by learning from literature (Rahimi et al., 2021).
The Pr-(NH)2NH2-MCM-41 was synthesized by dissolving 0.5 g of CTAB
in 480 mL DI water and 7.0 mL of 2 M NaOH. This solution was stirred at
80 C for 30 min. Later, TEOS (9.4 g) was added slowly to the stirring
mixture and stirring was continued for an additional 30 min. Subse-
quently, triamine TMSPTA (20 % to TEOS molar ratio) and PrOMeEtO

(20 % to TEOS molar ratio) were added respectively under continuous
stirring for a further 1.5 h. The precipitated product was then centri-
fuged, washed multiple times with ethanol/HCl (100:1, V/V) mixture to
remove CTAB, and dried at 90 C in the oven. The current synthesis
approach is defined as in-situ chemical bonding of Praseodymium oxide
and triamine functionalized silane to mesoporous silica MCM-41
network and denoted as Pr-(NH)oNH;-MCM-41.

2.3. Membrane fabrication

Three different membranes were fabricated by altering the amount
(0.025 % wt/v, 0.05 % wt/v, 0.1 % wt/v) of Pr-(NH)sNH2-MCM-41 in
the active layers of membranes through interfacial polymerization (IP).
Briefly, three aqueous amine solutions were prepared by dissolving 2 %
wt/v of TA and 4 % TEA and different amounts (0.025, 0.05, and 0.1 %)
of Pr-(NH);NH2-MCM-41. The aqueous solution was thoroughly ho-
mogenized using a probe sonicator. The n-hexane solution was prepared
by dissolving 0.2 % wt/v TPC crosslinker.

For the sake of fabricating ultrafiltration support of the nano-
filtration membranes, polysulfone (Psf) was cast on polyester tere-
phthalate (PET) using wet phase inversion methodology. Following wet
phase inversion, the Psf/PET supports were dipped in SDS solution
overnight. For IP, the Psf/PET supports were tapped onto the glass
surface and dipped separately into three prepared aqueous amine so-
lutions for 10 min while shaking in see saw direction. Upon amine
impregnation and loading of Pr-(NH)2NH2-MCM-41, the Psf/PET sup-
ports were removed from aqueous amine solutions, and excess aqueous
amine solution was removed using a rubber roller. Next, the amine-
impregnated and Pr-(NH),NH,-MCM-41 containing Psf/PET supports
were dipped into an n-hexane solution for 1 min. The unreacted TPC was
washed using excess n-hexane. Finally, for the sake of curing, the
resultant membranes were kept inside the oven at 80 C for 1 h. Hence
prepared polyamide active layers were denoted as PA/0.025-Pr-MCM,
PA/0.05-Pr-MCM, PA/0.025-Pr-MCM, and corresponding membranes
to PA/0.025-Pr-MCM@PSU/PET, PA/0.05-Pr-MCM@PSU/PET, PA/0.1-
Pr-MCM@PSU/PET respectively, based on material loading. A sche-
matic representation of different steps of membrane fabrication by
incorporating Pr-(NH);NH2-MCM-41 in the active layer is shown in
Fig. 1.

3. Results and discussion

The Pr-(NH);NH>-MCM-41 was synthesized by using an in-situ
simultaneous decoration of PrO and TMSPTA in the MCM-41
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Fig. 1. Schematic illustration of steps involved in membrane fabrication through interfacial polymerization.

framework (Fig. 2). The Pr-(NH);NHy-MCM-41 material has unique
features such as large particle size and pore size which can be attributed
to the presence of three methoxyethoxide groups. The zeolite framework
grows from three —OH groups of trivalent PrO compared to four sides of
TEOS leading to a relatively bigger pore size. Moreover, the amine
groups present due to TMSPTA can act as ligands for binding with Pr
transition metal resulting the formation of a complex as has been re-
ported in literature (Kanesato et al., 1996) and on the other hand amino
groups also take part in IP. A schematic representation of a possible
route for the synthesis of Pr-(NH);NH,-MCM-41 is given in Fig. 3.
Following an in-situ covalent decoration of the Pr metal ions in the
structure of MCM-41 with simultaneous amino-functionalization
yielding Pr-(NH),NH,-MCM-41, various relevant characterization
techniques were applied for establishing the structure of Pr-(NH);NH;-
MCM-41. To find out various functionalities in the structure of Pr-
(NH);NH,-MCM-41, FTIR was carried out as shown in Fig. 4a. The
presence of amino groups can be confirmed by a broadband that spans

from a region of 3600 cm~! to 3200 cm~! (Waheed et al., 2023a).
Similarly, the aliphatic -CH groups of Pr-(NH);NH2-MCM-41 can also
be confirmed by small peaks at 2900 cm ™~ and 2800 cm . The presence
of a deep band at 1400 cm™! can be attributed to the O-Si-O bonds of
MCM-41(Waheed et al., 2023b). Similarly, a weak band at around 500
cm ™! can be attributed to the Pr-O bond of the Pr-(NH)3;NH,-MCM-41
(Kumar Trivedi et al., 2015). After identifying the various functionalities
contributing to the structure of Pr-(NH):NH»-MCM-41, the crystal
structure of Pr-(NH);NHy-MCM-41 was studied through low-angle and
wide-angle PXRD of the Pr-(NH);NHy-MCM-41 as shown in the
following Fig. 4b and 1c. The low angle XRD revealed the presence of
two highly sharp peaks in a region below 1° which is a confirmation of
the highly ordered structure of Pr-(NH);NH>-MCM-41 indicating that
the original structure of MCM-41 is intact even after incorporation of
transition metal Pr. The wide-angle XRD also showed a typical XRD
pattern of mesoporous silica MCM-41 with a hump located at 28° (Tri-
sunaryanti et al., 2020). Hence, the low-angle and wide-angle PXRD
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Fig. 2. Schematic representation of synthesis route of Pr-(NH),NH,-MCM-41.

patterns confirmed the intactness of the mesoporous structure of the
newly synthesized Pr-(NH);NHy-MCM-41.

To get further evidence of the mesoporous nature of the newly syn-
thesized Pr-(NH),;NH,-MCM-41, N, adsorption-desorption experiments
were carried out as shown in Fig. 5a and 5b. The mesoporous nature of

Pr-(NH),NH,-MCM-41 was confirmed from the type IV isotherm of Ny
adsorption—desorption data(Ambroz et al., 2018). This type of isotherm
with hysteresis loop generally develops for mesoporous materials with
pores size greater than critical pore size. The capillary condensation
happens at a considerably higher relative pressure P/P, which hints at
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larger pore diameters as higher pressure of gases are required to saturate (NH),NH,-MCM-41 was found to be 216 m? g~*. The TEM images of Pr-
the pores completely (Fig. 5a). The pore diameter was estimated to be in (NH)2NH3-MCM-41 revealed highly ordered mesoporous spherical
the range of 3.0 nm to 4.0 nm as the half pore width was measured to be particles (Fig. 5¢). The scale shown in Fig. 5c¢ suggested an approximate
in the range of 1.5 nm to 2.0 nm (Fig. 5b). Similar results have also been particle size ranging from 500 nm to 600 nm. The high-resolution TEM
found in literature(Hiratsuka et al., 2017). The surface area of the Pr- of Pr-(NH);NH3-MCM-41 revealed uniform pore channels distributed



S. Muhammad Sajid Jillani et al.

~~
B @
A
9
2]
=
=
£
w
=
g
=

3900 3400 2900 2400 1900 1400 900 400

Wavenumber (cm™)
(b)

Intensity (a.u)

0 1 2 3 4 5 6 7 8 9 10

20 (degree) |
©
£l
3
Py
w
=
@
E
1-0 2-0 3-0 4.0 5.0 6.0
20 (degree)

Fig. 4. (a) FTIR spectrum, (b) low angle PXRD, and (c) wide angle PXRD of Pr-
(NH),NH,-MCM-41.

Volume @ STP (CC/g)
13 w - n
g 8 8 8

[y
(=3
=]

0 0.2 0.4 0.6 0.8 1

Relative Pressure (P/Po)

500 nm

dV(d) (cc/nm/g)

Arabian Journal of Chemistry 17 (2024) 105450

throughout the structure of the Pr-(NH)2NH»-MCM-41 (Fig. 5d). The
pore channels have diameters with a width of roughly 1 nm to 2 nm
which agrees with the BET data. Hence, the structural and morpholog-
ical features of the Pr-(NH)2NH2-MCM-41 make them a perfect choice
for application in the separation of desired solutes and filtration of
micropollutants.

To ascertain the chemical composition of the Pr-(NH);NH-MCM-41,
EDX and mapping analysis of Pr-(NH),NH>-MCM-41 were carried out as
shown in Fig. 6. When an appropriate area of Pr-(NH);NHy-MCM-41
(Fig. 6a) was analyzed through EDX, it revealed the presence of all the
constituent elements in Pr-(NH);NH>-MCM-41. The elements include
Carbon (C), Oxygen (0), Nitrogen (N), and more importantly Silicon (Si)
and Praseodymium (Pr). The presence of C and O can be attributed to
Tetraethyl orthosilicate (TEOS), and Praseodymium methoxyethoxide
(PrOMeEtO) while N is due to N1-(3-Trimethoxy silylpropyl) dieth-
ylenetriamine (TMSPTA). The lower content of N compared to other
elements is in perfect agreement with the molecular structure of the
reactants where TMSPTA is a sole contributor of N to the structure of Pr-
(NH),NH,-MCM-41. Similarly, Si is due to silane groups of TEOS and
TMSPTA while Pr is due to PrOMeEtO. These results confirmed the
contribution of all the constituent elements towards the structure of Pr-
(NH)2NH,-MCM-41 (Fig. 6b). The mapping analysis confirmed the
uniform distribution of all the detected elements in the structure of Pr-
(NH)2,NH,-MCM-41 (Fig. 6¢ to 6 g). Another observation is the density of
the elements in the Pr-(NH),NH,-MCM-41 which is directly related to
the concentration of elements in Pr-(NH);NH,-MCM-41.

The Pr-(NH);NH,-MCM-41 was decorated through covalent cross-
linking of Pr-(NH);NH3-MCM-41 in the active layer of the membranes.
Both primary and secondary amino groups of Pr-(NH)2NH2-MCM-41 are
responsible for covalently bonding the Pr-(NH)2NH2-MCM-41 in the
polyamide active layer of the membranes. The amide bonds are formed
between acyl chloride groups of TPC and amino groups of Pr-(NH),NHo-
MCM-41 and tetra-amine (Jillani et al., 2022). Hence, due to the
chemical bonding between the amino groups and acyl chloride groups,
Pr-(NH),NH,-MCM-41 is covalently bonded in the membrane active
layer. This stable incorporation of Pr-(NH);NH,-MCM-41 in the active
layer of the membranes is a highly desirable feature for membranes
because Pr-(NH);NH3-MCM-41 will remain stable during filtration ex-
periments. The possible reaction between Pr-(NH),;NH>-MCM-41, TPC,
and tetra-amine along with the structure of the polyamide active layer is

0.025 0.006
(b) AdV(d)
<-Cumulative Pore Volume

0.02 4 0.005
0.004 &3
0.015 1 3
<
0.003 2
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0.01 1 =2
0.002 ;2

0.005 1 0.001

0 A drh 0
1 1.5 2 25 3
Half pore width (nm)
Wetn

20 nm

Fig. 5. (a) The BET isotherm, (b) pore width, (c and d) TEM images of Pr-(NH),NH>-MCM-41.
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Fig. 6. (a) The selected area, (b) EDX analysis, and (c to g) mapping analysis of Pr-(NH),NH5-MCM-41 [0.05%].

given in Fig. 3.

Free-standing active layers of the three different concentrations of
Pr-(NH),NH,-MCM-41 were synthesized for the sake of establishing and
characterizing the structures of the Pr-(NH),NH,-MCM-41 decorated
membranes. FTIR analysis of free-standing active layers revealed the
presence of several functional groups confirming the structure and
functionalities of Pr-(NH);NH>-MCM-41 membranes (Fig. 7a and 7b). As

all the active layers are polyamides in nature, the presence of an amide
bond (-CONH) was realized by the presence of a broad band in a region
of 3600 cm ™! to 3200 cm ™! which is a characteristic peak due to -N-H
stretching of an amide linkage. The amide bonds are generated due to
the reaction of acid chloride (-COCI) of TPC with amine (-NH3) groups of
Pr-(NH);NH,-MCM-41 and tetra-amine. The other important peaks
include aromatic -G-H bond stretching at around 3000 cm ™' due to

(a)
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—PA/0.1-Pr-MCM
—PA/0.05-Pr-MCM
PA/0.025-Pr-MCM

(b)

3900 3400 2900 2400 1900 1400
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400 1650 1400 1150 900 650 400
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Fig. 7. (a) ATR-FTIR spectra and (b) fingerprint region of Pr-(NH),NH,-MCM-41 decorated active layers of the membranes.



S. Muhammad Sajid Jillani et al.

benzene rings of TPC, -C-H bond stretching at 2900 cm™! and 2800
em™! due to aliphatic linear chains of tetra-amine and Pr-(NH),NH,-
MCM-41. Another confirmatory peak of amide linkage is the carbonyl
(>C = 0) peak which is located at 1650 cm™'. Furthermore, a peak
located at around 1300 cm™! to 1200 cm™! is due to O-Si-O of Pr-
(NH),NH3-MCM-41. All these findings and observations verified an
effective contribution of all the reacting monomers leading to the co-
valent decoration of Pr-(NH)>NH,-MCM-41 in the active layers of the
membranes.

Following Fig. 8 shows the ATR-FTIR spectra of all the TFC mem-
branes compared to PSU/PET support. Appropriate and completely
dried pieces of the support and fabricated membranes were scanned in
ATR mode for recording the FTIR spectra. All the membranes with
different concentrations of Pr-(NH);NH,-MCM-41 showed the presence
of all the peaks identified in the case of free-standing active layers as
shown in Fig. 7. However, in the case of PSU/PET support, the region
from 3600 cm™! to 3200 cm ™! was found devoid of the broad amide
peak as the PSU/PET support lacks the polyamide active layer (Fig. 8a
and 8b).

After establishing the chemical structure of Pr-(NH),NH5-MCM-41
decorated membranes and PSU/PET support, various surface features of
the support and membranes were also revealed by different character-
ization techniques. AFM of the support and Pr-(NH)2NH3-MCM-41
decorated membranes are given in Fig. 9. AFM of the PSU/PET support
(Fig. 9a and 9b) revealed a comparatively smoother surface compared to
Pr-(NH);NH5-MCM-41 decorated membranes. The smooth surface of
PSU/PET support is attributed to the uniform and smooth deposition of a
polysulfone dope solution using a doctor’s blade on unwoven PET. After
the IP reaction, the development of Pr-(NH);NH3-MCM-41 decorated
polyamide active layer resulted in the formation of a characteristic ridge
and valley structure on PSU/PET support. A careful analysis of both 2D
and 3D AFM images led to the conclusion that the overall surface
roughness of the Pr-(NH)2NH,-MCM-41 decorated membranes
decreased with increasing concentration of Pr-(NH);NH,-MCM-41. The
highest surface average roughness (R,) and mean square roughness (R)
was found for PA/0.025-Pr-MCM@PSU/PET with R, and Rq values of
28.4 nm and 33.2 nm respectively (Fig. 9c and 9d). As the Pr-(NH);NHo-
MCM-41 concentration was raised to 0.05 %, the R, and Rq values
decreased to 20.6 nm and 25.3 nm respectively (Fig. 9e and 9f). Finally,
with a Pr-(NH),;NH,-MCM-41 concentration of 0.10 % in case of PA/
0.10-Pr-MCM@PSU/PET membrane the R, and Rq values were
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decreased further to 16.5 nm and 19.4 nm (Fig. 9g and 9 h). This trend
can be attributed to the effective contribution of Pr-(NH);NH;-MCM-41
in the crosslinking event of IP. The contribution of Pr-(NH);NHy-MCM-
41 in crosslinking leads to filling of the valleys between the ridges of the
polyamide beads which can be clearly seen in the 3D images of mem-
branes as shown in Fig. 9d, 9f and 9 h. The presence of amino groups in
the structure of Pr-(NH);NH;-MCM-41 made the covalent crosslinking
of Pr-(NH)sNH2-MCM-41 in the active layer of the membranes.

Another highly useful characteristic feature of membranes is the
surface hydrophilicity of the membranes. The water contact angle
(WCA) measurement showed a value of 90° which is consistent with
several hand cast polyamide membranes reported in literature(Pang and
Zhang, 2017). These higher values of handmade polyamide membranes
compared to commercial membranes are due to the rougher surface. Due
to the increased surface roughness of polyamide membranes, larger
WCA contact angles are obtained than expected from the chemistry of
the membrane which is due to the entrapment of air bubbles between
the solid surface rugosities and water droplets(Ni and Ge, 2018). It was
observed that the WCA increased with increasing concentration of Pr-
(NH)2NH3-MCM-41 in the active layer of the membrane as PA/0.025-Pr-
MCM@PSU/PET and PA/0.050-Pr-MCM@PSU/PET have WCAs of 90°
and 95°, respectively (Fig. 10). This increase in WCA shows that Pr-
(NH)2NH,-MCM-41 is relatively less hydrophilic which might be due to
the presence of silane groups in the structure of Pr-(NH),;NHy-MCM-41.
However, in the case of PA/0.100-Pr-MCM@PSU/PET membrane, WCA
was decreased to 85° which might be due to smoother surface (R, =
16.5 nm) of PA/0.100-Pr-MCM@PSU/PET membrane compared to PA/
0.025-Pr-MCM@PSU/PET (R, = 284 nm) and PA/0.050-Pr-
MCM@PSU/PET (R, = 20.6 nm).

Like surface roughness and hydrophilicity of the membranes, surface
morphology of the membranes is also a highly important feature of
membranes. Fig. 11 shows SEM micrographs of all the fabricated
membranes including PSU/PET support. Fig. 11a to 11c shows the mi-
crographs of PSU/PET support at different magnifications. The PSU/PET
support appears highly porous and shows a uniform structure. This
highly porous structure of PSU/PET support is due to the phase inversion
process as the DMAc leaves the PSU and water replaces the DMAc
leading to the development of pores in PSU/PET support. In contrast to
PSU/PET support, the surface of the membranes appeared highly beaded
having a typical ridge and valley configuration. This ridge and valley
morphology of the Pr-(NH),NH,-MCM-41 membrane is attributed to the

(@
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Fig. 8. (a) ATR-FTIR spectra and (b) fingerprint region of Pr-(NH),NH,-MCM-41 decorated membranes and PSU/PET support.
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Fig. 9. AFM images of (a and b) PSU/PET support, (c and d) PA/0.025-Pr-MCM@PSU/PET, (e and f) PA/0.050-Pr-MCM@PSU/PET and (g and h) PA/0.100-Pr-

MCM@PSU/PET decorated membranes and PSU/PET support.

150 + I

125 A

100 -

Water Contact Angle (°)
~J
h

7]
=
i

Pupy
| |

PA/0.025-Pr-MCM@PSU/PET

PA/0.05-Pr-MCM@PSU/PET

PA/0.10-Pr-MCM@PSU/PET

Membrane Samples
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successful IP reaction between Pr-(NH):NH,-MCM-41 containing
aqueous amine solution and non-aqueous hexane solution of TPC. A
careful analysis of micrographs of Pr-(NH);NH,-MCM-41 decorated
membranes showed that with increasing concentration of Pr-(NH);NH-
MCM-41, the valleys get filled with the polymeric mass, and the mem-
brane surface becomes relatively smooth as confirmed by AFM analysis
of the membrane. Fig. 11f shows that PA/0.025-Pr-MCM@PSU/PET
membrane has more vivid and clear valleys while in the case of PA/
0.050-Pr-MCM@PSU/PET membrane, the ridges become slightly
smoother (Fig. 11i). Similarly, a smoother morphology is observed in
case of PA/0.100-Pr-MCM@PSU/PET (Fig. 11m). The SEM micrographs
of the Pr-(NH);NH,-MCM-41 decorated membranes revealed the fact
that Pr-(NH),NH2-MCM-41 was completely impregnated throughout the
entire area of the membrane and no agglomeration of Pr-(NH);NH»-
MCM-41 was seen (Fig. 11d to 11 m). This is due to the introduction of
organic components such as TMSPTA which made Pr-(NH);NH>-MCM-
41 familiar with the polymeric polyamide active layer. Given the unique
features of Pr-(NH),NH,-MCM-41 such as porosity, particle size, and
surface area, the uniform decoration of Pr-(NH)oNH;-MCM-41 in the
polyamide active layer provides the membranes with unique separation
potential. Moreover, the ridge and valley confirmation of the

membranes provides routes for the transport of water while rejecting the
solutes.

To further confirm the incorporation of Pr-(NH);NH5-MCM-41 in the
polyamide active layer of the TFC membranes, EDX analysis of the PUS/
PET support and all the fabricated membranes was carried out as shown
in the following Fig. 12. As expected from the molecular structure of
PSU/PET, EDX analysis of a selected area of PSU/PET support (Fig. 12a)
confirmed the presence of carbon (C), sulfur (S) and oxygen (O)
(Fig. 12b). However, EDX analysis of selected areas of Pr-(NH);NHo-
MCM-41 decorated membranes (Fig. 12¢, 12e and 12 g) disclosed the
presence of two additional elements nitrogen (N) and Praseodymium
(Pr) which are due to the polyamide (-CONH) nitrogen atoms and Pr
present in Pr-(NH),NH,-MCM-41 (Fig. 12d, 12f and 12 h). These ob-
servations confirmed the successful decoration of Pr-(NH);NH,-MCM-41
in the polyamide active layer of the membranes.

After confirming the presence of various essential elements in the
active layer of the membranes, the distribution of all the elements in the
active layer showed that all the identified elements were equally
distributed throughout the entire area of the membranes (Fig. 13). The
relative amount of all the elements in the membranes are reflected in the
intensity of the colored dots in the images of the respected element. C
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Fig. 11. SEM micrographs of (a to ¢) PSU/PET support, (d to f) PA/0.025-Pr MCM@PSU/PET, (g to i) PA/0.050-Pr-MCM@PSU/PET and (k to m) PA/0.100-Pr-

MCM@PSU/PET.

(Fig. 13a) and S (Fig. 13e) are the most abundant elements followed by
O (Fig. 13c) and Si (Fig. 13d) while N (Fig. 13b) and Pr (Fig. 13f) are the
least abundant elements which agree with the molecular composition of
membranes. These findings suggested that the Pr-(NH);NHy-MCM-41
were successfully decorated in the polyamide active layer of the mem-
branes where it has become an integral part of the membranes.
Following thorough characterization and establishing the structure
of the membranes, the filtration performance of the Pr-(NH);NH5-MCM-
41 decorated membranes was evaluated. All three membranes were
installed in parallel on a crossflow filtration system and DI water was
used as feed for compacting the membranes for 1 h at 20 bar. Following
compaction, the membranes were tested for variation in the flux with
increasing transmembrane pressure from 5 bar to 25 bar (Fig. 14). It was
observed that the permeate flux increased linearly with increasing
transmembrane pressure with flux reaching 56 L m2h~! (LMH) at 25 bar
for PA/0.050-Pr-MCM@PSU/PET membrane. Among the three tested
membranes, the permeate flux showed variations to a certain extent, and
following trend of increasing permeate flux was found PA/0.050-Pr-
MCM@PSU/PET < PA/0.025-Pr-MCM@PSU/PET < PA/0.100-Pr-
MCM@PSU/PET membrane. The permeate flux was found to be 33
LMH, 42 LMH, and 56 LMH at 25 bar for PA/0.050-Pr-MCM@PSU/PET,
PA/0.025-Pr-MCM@PSU/PET and PA/0.100-Pr-MCM@PSU/PET
respectively. This variation in permeate flux reflected that the amount
of Pr-(NH);NH2-MCM-41 decorated in the membrane active layer has
affected the structure of the polyamide active layer. These variations in
membrane structure have already been detected during membrane
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characterization such as SEM, AFM, and WCA. The 0.025 wt% led to an
active layer with big-sized polyamide globules (Fig. 11f) while 0.100 wt
% of Pr-(NH)2NH2-MCM-41 resulted in highly fine fibrous and porous
active layers (Fig. 11m) of the membranes. These features could be
possibly responsible for higher flux in the case of PA/0.025-Pr-
MCM@PSU/PET and PA/0.100-Pr-MCM@PSU/PET membranes. How-
ever, in the case of 0.05 % wt% loading of Pr-(NH);NH2-MCM-41 has
generated a highly uniform and dense polyamide active layer which is
responsible for lower permeate flux in the case of PA/0.050-Pr-
MCM@PSU/PET membrane.

Similarly, the rejection performance of membranes was also tested
by using both divalent (Mg?*, Ca®*, and SO%) and monovalent ions
(Na™ and CI"). By comparing the rejection performance of the fabricated
membranes, it was found that the use of higher concentrations of Pr-
(NH)2NH,-MCM-41 in the active layers of the fabricated membranes
was not a suitable option for gaining performance improvements. The
PA/0.100-Pr-MCM@PSU/PET membrane showed the lowest rejection
among all the three fabricated membranes which can be understood by
considering the structural features of the PA/0.100-Pr-MCM@PSU/PET
membrane. Both SEM micrographs and AFM analysis of the PA/0.100-
Pr-MCM@PSU/PET membrane revealed an active layer having
reduced ridge and valley configuration and the lowest surface roughness
among all the membranes. Hence, the PA/0.100-Pr-MCM@PSU/PET
membrane offered the lowest mass transfer resistance to both the salts
and permeating water through the membrane. In the case of PA/0.100-
Pr-MCM@PSU/PET membrane, the rejections of CaCly, MgCly, NasSOs4,
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and EDX analysis of (b) PSU/PET support, (d) PA/0.025-Pr-MCM@PSU/PET, (f) PA/0.050-Pr-MCM@PSU/PET and (h) PA/0.100-Pr-MCM@PSU/PET.

MgS04, and NaCl were found to be 72 %, 62 %, 58 %, 55 %, and 48 %
respectively. The structure of Pr-(NH)3NH»-MCM-41 can also contribute
to the decrease in the rejection of salts. Hence, higher concentrations of
Pr-(NH);NH,-MCM-41 are not ideal for enhancing the performance of
the membranes which might be due to the larger particle size and pore
size of Pr-(NH);NH,-MCM-41. Therefore, the lower concentrations of
Pr-(NH),NH,-MCM-41 were found to be highly suitable for enhancing
the flux of the membranes while maintaining relatively higher salt re-
jections. The rejection of salts by PA/0.05-Pr-MCM@PSU/PET mem-
brane was found to be the highest among all the fabricated membranes
which were found to be 98 %, 96 %, 95 %, 87 %, and 82 % for CaCl,,
MgCly, MgS04, NaySO4 and NaCl, respectively. Similarly, the PA/0.025-
Pr-MCM@PSU/PET membrane also showed a similar rejection of salts to
that of the PA/0.05-Pr-MCM@PSU/PET membrane. Hence, the lower
doses of Pr-(NH),NH,-MCM-41 were found to be suitable for fabricating
a desalination membrane with considerably acceptable salt rejection
without lowering permeate flux to a larger extent. Salts are rejected by
various mechanisms which include size exclusion and charge exclusion.
As it has been observed in the current pattern of salt rejection, the
divalent ions such as Ca>", MgZ" and SOF have higher rejection than
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monovalent ions such as Na™. The highest salt rejection was recorded for
CaCl, where Ca®™ is the largest ion studied in the current work. Another
interesting example is the rejection of MgSO4 and Na;SO4 where MgSO4
showed a rejection of 95 %, whereas Na,SO4 was rejected up to 87 %.
The higher rejection of MgSO4 can be attributed to the fact that both
Mgt and SO are divalent ions having larger ionic radii causing higher
salt rejection. Hence, the salient features of Pr-(NH),NH,-MCM-41 such
as porosity, pore size, particle size, surface area, hydrophilicity, and
compatibility with the polyamide active layer contribute to the
enhanced performance of the desalination membranes. To get a highly
optimized performance of an additive such as zeolites decorated in the
active layer of the membranes, more attention should be dedicated to
optimizing the concentration of the additive. Moreover, another
important aspect of the development of high-performance membranes
using inorganic additives is to introduce an organic component to
enhance its homogeneity to the polymeric active layer. Therefore, the
current work was focused on introducing organic functionalization to
Pr-(NH);NH,-MCM-41 and optimizing its concentration.

Fig. 15 shows the rejection performance of the membranes by using
different well-known pharmaceuticals as micropollutants in the feed.
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Fig. 13. Mapping analysis of PA/0.050-Pr-MCM@PSU/PET membranes as a representative membrane.
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MCM@PSU/PET.

The micropollutants are continuously increasing in water bodies and
hence require treatment before disposal as well as reuse of the
contaminated water. All the pharmaceutical drugs (Fig. 15a) were found

to be highly rejected > 96 % by PA/0.5-Pr-MCM-41@PSU/PET mem-
brane followed by PA/0.025-Pr-MCM-41@PSU/PET membrane. The
higher rejection of micropollutants by the PA/0.5-Pr-MCM-41@PSU/
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PET membrane can be attributed that the molecular weights of the drugs
studied in this work lie above the molecular weight cutoff (MWCO) of
the membrane. Hence due to the larger size of the molecules, the drugs
are rejected > 96 %.

Since, the Pr-(NH);NH3-MCM-41 has an ideal chemistry required for
covalent bonding of Pr-(NH);NH>-MCM-41 in the active layer of the
membrane. Due to the formation of a stable covalent bond between Pr-
(NH)5NH5-MCM-41 and TMC, the Pr-(NH),NH»>-MCM-41 becomes an
integral part of the membrane active layer and hence their chances of
washing out are reduced to a negligible level which in turn minimizes
the potential environmental side effects of using rare earth elements.

4. Conclusion

An in-situ approach was used for synthesis of modified version of
MCM-41 by covalently decorating PrO in the framework of MCM-41
with simultaneous amino functionalization leading to Pr-(NH);NH-
MCM-41. Given the presence of several amino groups in the structure of
Pr-(NH),NH,-MCM-41, the interfacial polymerization successfully led to
the fabrication of nanofiltration membrane with tetra-amine as addi-
tional aqueous amine. The HR-TEM revealed the existence of particles of
Pr-(NH)2NH2-MCM-41 in the form of pairs with geometry like MCM-41.
The low angle XRD revealed the presence of two highly sharp peaks in a
region below 1° which is a confirmation for the highly ordered structure
of Pr-(NH);NH,-MCM-41 indicating that the original structure of MCM-
41 is intact even after incorporation of transition metal Pr. The covalent
decoration of Pr-(NH)2NH,-MCM-41 in the membrane active layer
yielded membranes with different structural and functional features.
The lower concentrations (0.025 %, 0.05 %) of Pr-(NH)>NH,-MCM-41
were found to be advantageous compared to higher concentrations
(0.10 %) in terms of performance of the membranes. This observation is
evident from the higher salt rejection by PA/0.025-Pr-MCM@PSU/PET
membrane and PA/0.05-Pr-MCM@PSU/PET membrane. Therefore, PA/
0.05-Pr-MCM@PSU/PET membrane rejected CaCly up to 98 % and
MgCl, up to 96 %. In terms of permeate flux, PA/0.05-Pr-MCM@PSU/
PET membrane showed a permeate flux of 56 L m-2 h-1 (LMH) at 25
bar. All the pharmaceutical drugs were found to be highly rejected > 96
% by PA/0.05-Pr-MCM-41@PSU/PET membrane. Hence, when
different membranes were compared, 0.5 % dose of Pr-(NH)>NHy-MCM-
41 was found to be an optimum dose where PA/0.05-Pr-MCM@PSU/
PET membrane showed better performance both in terms of selectivity
and flux.
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