Membrane and Water Treatment, Vol. 16, No. 3 (2025) 121-132
https://doi.org/10.12989/mwt.2025.16.3.121

Thin film nanocomposite (TFN) membranes filled with a novel
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Abstract. This paper reports the synthesis and use of a novel metal-organic framework (MOF), named Zr-BADS, within the
thin-film nanocomposite (TFN) membranes for reverse osmosis (RO) applications. Two types of zirconium-based MOFs,
Zr-BADS-1 and Zr-BADS-2, were synthesized via a solvothermal method using bicinchoninic acid disodium salt as a linker
and either dimethylformamide or ethanol as solvent, respectively. TFN membranes were prepared by embedding these MOFs
within the polyamide thin film supported by a polysulfone support sheet. The specific surface area of Zr-BADS-1 and
Zr-BADS-2 was determined to be 396.1 and 278.6 m%g, respectively, indicating significant surface area conducive to water
permeation. Scanning electron microscopic analysis revealed a uniform distribution of Zr-BADS nanoparticles (NPs) with
particle sizes < 100 nm within the TFN membranes. TEM images confirmed the dense packing of NPs within the membranes,
influencing their texture and enhancing performance. FTIR spectroscopy demonstrated the presence of characteristic peaks
corresponding to MOFs within the TFN membranes, with changes observed at higher loading ratios. The observed contact
angle decreased with increasing MOF loadings, indicating an enhancement in the hydrophilicity. Zr-BADS-1 NPs increased
water flux at its optimal loading of 0.3%, and the flux raised to 5.4 L/m? h bar. Salt rejection slightly decreased at low
concentrations but improved at higher loading ratios, indicating the interplay between porosity and charge effects. Zr-BADS-1
outperformed other MOFs in salt rejection and water flux, suggesting it is a remarkable RO membrane filler. This study
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demonstrates the potential of Zr-BADS MOFs for future membrane applications in the environment.
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1. Introduction

In light of the exponential growth of the global
population over recent decades, there has been an explicit
demand for freshwater (Azeez et al. 2023). Different
methods are applied to purify or reuse water from alternative
sources, where the decision to use a specific process is
dependent on the contaminant type and goal specifications
(Kadhom et al. 2022, Sandid et al. 2022). Large-size
pollutants, such as heavy metals (Alalwan et al. 2020, Salih
et al. 2019, 2022), organics, and dyes (Kadhom et al. 2020,
Oladoye et al. 2023), can be easily removed by adsorption
or other techniques (Yang et al. 2022). However, when it
comes to small-sized ions, such as sodium chloride,
approaches for its removal or desalination are limited
(Kadhom 2023b). Desalination of marine and brackish water
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is crucial for drinking, agricultural, and industrial uses
(Al-Furaiji et al. 2020). Recently, large-scale desalination
facilities have proliferated worldwide, and this trend is
projected to continue (Elimelech and Phillip 2011). Due to
its reliability, cost-effectiveness, and environmental friendly-
ness, reverse osmosis (RO) is the favored technology for
increasing desalination capacity. In recent times, numerous
studies have focused on refining the RO process to reduce
energy consumption (Van der Bruggen and Vandecasteele
2002).

The RO technique desalinates by employing pressure to
drive water from a saline side through a semi-permeable
membrane to a permeate side (Kadhom and Deng 2019a).
For the system to operate, the exerted pressure must exceed
the osmotic pressure of the saline solution. The selective
membrane allows water molecules to pass while blocking
hydrated salt ions (Hua et al. 2017). RO has proven to be a
reliable method, even on a large scale. Since the
establishment of the first RO plant nearly fifty years ago,
this method rapidly gained prominence in the burgeoning
desalination industry two decades later. Presently, it
significantly impacts freshwater availability in various
regions (Kadhom and Deng 2019b, Zhao et al. 2013).
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In the RO process, the membrane is fundamental. Its
beginning was in the late 1950s when Loeb and Sourirajan
created the first practical membrane composed of cellulose
acetate (Kalash et al. 2020). Research and practical uses
mostly concentrated on membrane development from the
late 1950s to the early 1980s. John Caddote’s invention of
the polyamide (PA) thin film composite (TFC) membrane,
however, caused the sector to change dramatically. In an
organic solvent, trimesoyl chloride (TMC) and m-
phenyldiamine (MPD) in an aqueous solution underwent
interfacial polymerization (IP), which produced the thin
film (Kadhom and Deng 2019a). With continuous work to
improve its performance by employing additives, the TFC
membrane has become the most sophisticated technology
for RO operations. Integration of nanoparticles (NPs) of
different materials, such as silica (Kalash et al. 2020, Li et
al. 2024), clay (Kadhom and Deng 2019b), cellulose
(Kadhom et al. 2019), zeolite (Zhao et al. 2013), and
metal-organic frameworks (Kadhom et al. 2017, Kadhom
and Deng 2018), within the membrane results in the
formation of thin film nanocomposite (TFN) membranes
with improved performance. Post-treatment techniques (Yin
et al. 2012) have also been used to improve membrane
quality even more. Usually a few hundred nanometers
thick, the TFC membrane is fastened to a polymeric
supporting sheet, such as the PSU ultrafiltration membrane
prepared by phase inversion (Kadhom and Deng 2019a).
Various theories, including the solution-diffusion theory,
have clarified the membrane-based desalination process.
This theory holds that water and salt molecules migrate
through the PA layer, therefore enabling transport from one
side to the other (Kadhom 2023a). Preventing biofouling
and drawing water molecules depend on the great
hydrophilicity of this membrane (Al-Furaiji et al. 2022).
Assessing the development and enhancing the membrane
performance call for a thorough investigation.

Metal-organic frameworks (MOFs) have drawn great
interest in recent years with their fascinating chemistry and
possible uses. Separation science researchers used MOFs
for water treatment and gas separation (Kadhom and Deng
2018). MOFs show very large surface areas, plentiful
adsorption sites, varied particle structures, unusual pore
sizes, and modifiable structures. These criteria qualified the
MOFs for use in several domains (Kadhom et al. 2023).
Among these uses are ion exchange (An and Rosi 2010),
light harvesting (Lee et al. 2011), sensing (Allendorf et al.
2009), catalysis (Ma et al. 2009), drug delivery (Della
Rocca et al. 2011), gas storage (Murray et al. 2009), and
separation (Kadhom et al. 2023, Kadhom and Deng 2018).
MOFs’ adaptability comes from their capacity to be readily
customized for particular uses.

Because of their porous structure, which creates a great
volume of pores and surface area, MOFs are often
employed in gas separation (Farha et al. 2012). This quality
makes them perfect for gas storage and separation; the first
MOF membrane used for gas separation (Liu et al. 2009).
Inclusion of MOFs particles into the polyamide layer of
TFN membranes has resulted in improved characteristics
for separation in the aqueous phase (Kadhom et al. 2017).
Alumina hollow fiber membranes for water desalination use

MOFs as heavy metal adsorbents and fillers (Liu et al.
2015). TFN membranes are also used for water treatment.
For example, Lee et al. embedded and dissolved water-
soluble MOFs such A100 and C300 into ultrafiltration
membranes to boost porosity (Lee et al. 2014).

In a previous research from our group, UiO-66 and
MIL-125 MOFs were used in the TFN membrane to
enhance its desalination performance (Kadhom et al. 2017).
Various weight ratios were used to include the roughly 100
nm NPs into the membranes. The water filtration rate was
raised from 62.5 L.m2.h for the plain membrane to 74.9
L.m2h! and 850 L.mZ2h! for the TFN composite
membranes at the ideal loadings of 0.15% for UiO-66 and
0.3% for MIL-125, respectively. Though the addition of
MIL-125 NPs slightly improved NaCl rejection, the
inclusion of UiO-66 NPs had a negligible impact. Rejection
rates stayed over 98.5%. Likewise, Xiao et al. (2019) used
UiO-66 and UiO-66-NH, to generate TFN membranes in
the MPD or TMC solutions. Their findings showed that the
TFN membrane had a high water flux of 87.86 L.m2.h' by
adding 0.2 w/v% UiO-66 to the organic phase, as opposed
to the 46.31 L.m2.h! for the membrane prepared by adding
0.3 w/v% UiO-66 in the aqueous phase. When UiO-66 was
added to the organic phase, the interfacial polymerization
rate remarkably dropped, which was attributed to this
difference. Here, a thinner and more porous polyamide thin
film layer was produced, which lowers water transmission
resistance during filtration. When UiO-66-NH, was used,
the opposite situation was observed and ascribed to the
better hydrophilicity of the amino group in UiO-66-NH,
therefore improving membrane uniformity and water
dispersibility. UiO-66-NH; also delayed the interfacial
polymerization process, resulting in a more porous
membrane structure. Farahbakhsh et al. (2024) recently
created sophisticated TFC-RO membranes utilizing dual
modifications employing NH»-MIL-125 and functionalized
multiwalled carbon nanotubes (MWCNTSs). The changes
produced more than 97% NaCl rejection and a 70%
increase in water flow. These membranes also showed
outstanding antifouling qualities against nanoplastics and
bovine serum albumin (BSA). Koriem et al. (2023) created
mixed matrix membranes for reverse osmosis desalination
in another related study by combining cellulose acetate
(CA) and polyvinylidene fluoride (PVDF) with UiO-66
nano-MOF. With 90.2% salt rejection and a permeate water
flux of 5.7 L.m?2h?, the optimized membrane showed a
12% and 42% improvement in salt rejection and water flux,
respectively, over non-impregnated blends.

Based on the remarkable properties and performance of
MOFs, our group worked on developing the already-
innovated ones (Albayati and Kadhom 2020) and synthesizing
others (Albayati et al. 2024). Recently, we reported the
synthesis and properties of a novel MOF (Zr-BADS)
(Albayati et al. 2024), which showed premium results when
applied in water treatment applications. In this work, we are
reporting its incorporation within the TFN membranes to
improve the membrane’s performance for brackish water
desalination. Two preparation methods were involved to
synthesize Zr-BADS depending on the used solvents, and
different techniques were applied to characterize the
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Fig. 1 The preparation reaction of Zr-BADS (Albayati et al.
2024)

properties and performance of the prepared membranes.
Our findings in this work motivated us to utilize this
material in other applications, as we will report in our
coming projects.

2. Materials and methods
2.1 Chemicals

To prepare the MOFs, the following materials were
obtained from Sigma-Aldrich (St. Louis, MO, USA): 4,4’-
dicarboxy-2,2’-biquinoline (bicinchoninic acid) disodium
salt with a water content of 2.5 mol/mol, zirconium(IV)
chloride (ZrCls, 99.5%), dimethylformamide (DMF, 99.9%),
and ethanol (> 99%). Additionally, polysulfone (PSU)
pellets for the support layer and DMF were also sourced
from Sigma-Aldrich. The supplier also provided (1s)-(+)-
10-camphorsulfonic acid (CSA, 99%) and triethylamine
(TEA, > 99%) used in preparing the CSA/TEA salt. The
raw materials for the IP were m- phenyldiamine (MPD, >
99%) from Fisher Scientific (Pittsburgh, PA, USA) and
trimesoyl chloride (TMC, > 98.5%) from Sigma-Aldrich.
Their solvents, 2,2,4- trimethylpentane (Isooctane, 99%)
and DI water, were purchased from Fisher Scientific and
obtained from a Millipore water system (Synergy 185, 18.2
MQ cm), respectively. The same water system provided DI
water for cleaning, casting, and other purposes. Finally,
CacCl, was supplied by Fisher Scientific.

2.2 Preparation of MOFs

Zr-BADS was prepared following the protocol described
in our recently published paper (Albayati et al. 2024). The
synthesis of Zr-BADS MOF involved utilizing ZrCl, as the
metallic precursor and 4,4’-dicarboxy-2,2’- biquinoline
(bicinchoninic acid disodium salt) as the linker in a DMF
solvent. The preparation procedure involved the solvothermal
method, where the mixture was sealed in a 500 ml Teflon
lined container within a metal autoclave in molar ratios of
1:1:500 for the metal: linker: solvent, respectively. The
autoclave was then placed in a furnace and maintained at
120 °C for 48 h. After cooling to room temperature, the
product was isolated via centrifugation, followed by
methanol washing and drying at 80 °C overnight. This
MOF is denoted as Zr-BADS-1. When ethanol is employed
instead of the DMF at the same operational conditions, the
prepared MOF is denoted as Zr-BADS-2. Fig. 1 illustrates
the synthesis process and the anticipated structure of the

produced MOF. Regarding the characterizations of the
prepared MOF, we have reported them in our previous
paper (Albayati et al. 2024).

2.3 Fabrication of PSU supporting layers

A casting solution was made by dissolving PSU grains,
comprising 15% of the total weight, in DMF. The solution
was subjected to a temperature of 60 °C and stirred for a
minimum of 5 h until it achieved a colorless appearance.
After being cooled to the ambient temperature and allowing
any organic vapor to escape through a vent, the solution
was left undisturbed overnight for degassing. The solution
was equally distributed over a glass plate and transformed
into a layer that was 130 pm thick using a casting knife
(EQ-Se-KTQ-150, MTI Corp., Richmond, CA, USA). The
glass plate containing the PSU solution was completely
immersed in a water bath, resulting in swift phase inversion
and the creation of a white sheet that detached from the
glass surface within a few seconds. The support sheets
obtained were subjected to three washes in DI water to
eliminate any remaining solvents. Ultimately, the sheets
were submerged in DI water at a temperature of 4 °C for a
minimum of 24 h prior to usage in order to completely
remove any leftover solvent.

2.4 TFN membranes preparation

To prepare the TFN membrane, initially, a PSU support
layer was lifted from the water and transferred onto a glass
surface, with residual water droplets removed using a
squeegee roller. The PSU sheet was then immersed in an
amine-based solution comprising 2% MPD, 1% CSA/TEA
salt, and 0.01% CacCl;, for 25 s, followed by elimination of
excess MPD solution using the roller and air-drying for 2
min. Subsequently, the sheet was submerged in an organic
phase containing 0.15% TMC in isooctane for 15 s to
induce interfacial polymerization, resulting in the formation
of a PA membrane. The choice of isooctane as the TMC
solvent was based on prior research. The composite
membrane underwent drying in an oven at 80°C for 6 min
and was then rinsed with DI water to remove residual
solutions. Initial membrane sheets were immersed in
deionized water at 4 °C for at least 20 h before testing.
Additionally, the nanocomposite with Zr-BADS was
prepared by adding varying weight ratios of the MOF
ranging from 0.05-0.4% and 0.05-0.5% for the Zr-BADS-1
and Zr-BADS-2, respectively. These particles were added
to the TMC solution, ensuring proper dispersion through
sonication for 30 min.

2.5 Assessments of MOFs and TFN membrane
properties

The Nz-adsorption technique was employed to determine
the specific surface area of Zr-BADS. The measurement
was conducted using the Beckman Coulter SA 3100 surface
area analyzer, manufactured by Beckman Coulter, Inc. in
Brea, CA, USA. The study was performed using the
Brunauer-Emmett-Teller (BET) technique. Following a
drying period of roughly 24 h at room temperature and
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subsequent storage at 4 °C, the TFN membranes were
subjected to further examination. The zeta potential was
performed using a zeta potential device from Brookhaven
Instruments Corporation (Nashua, NH, USA). The
morphology of the membranes was analyzed utilizing a
Hitachi S-4700 scanning electron microscope (SEM). The
specimens underwent platinum coating using a sputter
coater (Emitech, K575x) for 1 minute at a current intensity
of 20 milliAmps. After being inserted into the SEM
equipment, a variety of voltages were employed to attain
different resolutions for analysis.

The cross-sectional image of the membrane was studied
using the TEM apparatus (JEOL JEM-1400, JEOL Ltd.,
Peabody, MA, USA). Specimens were immersed in resin
(Eponate 12, Ted Pella, Inc., Redding, CA, USA) overnight
and then sliced using the Reichert-Jung Ultracut E
ultramicrotome (Reichert, Depew, NY, USA). Additionally,
the functional groups on the membrane’s surface were
assessed using ATR FT-IR spectroscopy. The Nicolet 4700
FT-IR instrument equipped with the multi-reflection Smart
Performer® ATR accessory (Thermo Electron, Waltham,
MA, USA) was utilized for this analysis. The hydrophilicity
of the membrane surface was evaluated by measuring the
contact angle between a drop of DI water and the membrane
surface. This was conducted using a contact angle video
system named VCA-2500 XE (AST products, Inc.,
Billerica, MA, USA), employing the sessile drop technique.
Six observations, at least, were taken at different locations,
and the reported contact angle value represents the mean of
these measurements.

In our previous investigation (Kadhom et al. 2017), we
employed a cross-flow reverse osmosis system to quantify
water flux and salt rejection. The membrane was inserted
into a filter holder cell (HP Filter Holder, 47 mm, stainless
steel, EMD Millipore, Billerica, MA, USA) and underwent
an 8 h testing process. Test conditions included a pressure
of 220 psi, a temperature of 25 °C, and a NaCl solution
concentration of 2000 ppm. Water flux was determined by
measuring the volume of permeate water transported per

Permeate Water Line

PC System

Scheme 1 A diagram of the RO operation system used to examine the membrane (Kadhom and Deng 2019b)

unit time. Monitoring and quantification of water flux were
conducted using the LABVIEW program according to Eq.
.

vV
= &

The equation expresses the relationship between water
flux (J), permeate water volume (V), membrane area (A),
and accumulation time (t).

A conductivity meter from HACH Company in Loveland,
CO, USA, was utilized to estimate the overall dissolved
salts in both the brackish feed and pure discharged water.
The NaCl rejection was calculated using Eq. (2).

J

C
R = (1 —C—?) x 100 @)

The salt rejection ratio, denoted as R, is determined by
the permeate water conductivity (Cp,) and the feed
conductivity (Cs).

The solubility of the salt is maintained constant by
controlling the system’s temperature at 25 °C employing a
water bath. However, Scheme 1 shows the system used for
membrane operation testing (Kadhom Deng 2019b).

3. Results and discussion
3.1 Surface area measurements of Zr-BADS

The surface areas of Zr-BADS-1 and Zr-BADS-2 NPs
were found to be 396.1 and 278.6 m?/g, respectively.
Although these measurements indicate significant surface
area, they are somewhat lower than previously prepared
MOFs, which could be attributed to the aggregation. For
our two prepared MOFs, we noticed that Zr-BADS-1,
which is made using DMF as a solvent, has a higher surface
area than Zr-BADS-2, the one that was prepared utilizing
ethanol as a solvent. This could be attributed to DMF’s
higher dissolving potential, which could form higher
crystallinity and porous powder.
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Fig. 2 SEM images of the TFN membranes filled with Zr-BADS-1: (a) plain TFC membrane, (b) 0.05%, (c) 0.1%, (d)
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3.2 SEM characterizations

The morphology of Zr-BADS-embedded TFN membranes
was examined using the SEM technique to observe the
introduced changes before and after filling; Figs 2 and 3
show the morphology of membranes after filling Zr-BADS-1
and Zr-BADS-2, respectively. Fig. 2a displays the SEM
image of the TFC membrane, devoid of additional particles,

exhibited a leaf-like morphology characteristic of a standard
polyamide layer. Even with the incorporation of Zr-BADS
NPs at concentrations up to 0.1%, the leaf-like structure
remained largely unaltered. In both figures, it can be
noticed that as the ratio of filling particles increases, a
change in the membrane’s shape is noticed. However, at
high filling ratios, aggregation of the particles occurs on the
surface. Higher filling ratios led to higher aggregation and
eventually decreased the total performance.
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Fig. 3 SEM images of the TFN membranes filled with Zr-BADS-2: (a) 0.05%, (b) 0.1%, (c) 0.2%, (d) 0.3%, (&) 0.4%,

and (f) 0.5%

From these images, the particle size of both MOFs was
found to be < 100 nm, allowing easy filling within the TFN
membrane, whose thickness usually ranges from 100-300
nm (Kalash et al. 2020).

3.3 TEM characterizations

Figs. 4a-c show TEM cross-sectional images of the whole
membrane, the TFC membrane, and the 0.4% Zr- BADS-

filled TFN membrane, respectively. In Fig. 4a, the TFC
membrane on the PSU layer is shown, with a thickness of
approximately 100 um. As mentioned in Section 2.3, the
support layer was initially cast at 130 um. Still, its reduced
thickness in this image could be attributed to solvent loss
and layer shrinkage during phase inversion (Kadhom and
Deng 2019a). In Fig. 4b, the cross-sectional perspective of
the TFC membrane is illustrated, where the film thickness is
around 100-300 nm, which is consistent with the literature
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Fig. 4 TEM cross-sectional images of (a) TFN membrane on PSU support layer, (b) TFC membrane, and (c) TFN

membrane filled with Zr-BADS-1

(Kadhom and Deng 2019b). Finally, Fig. 4c illustrates a
cross-sectional view of the TFN membrane with an optimal
Zr-BADS NPs loading of 0.4%. The TEM analysis revealed
densely packed particles within the membranes, forming
dark clusters. The Zr-BADS-1 NPs displayed a high level of
uniformity within the membrane and influenced its texture.

3.4 FTIR characterization

Surface attenuated total reflection Fourier-transform
infrared (ATR FTIR) spectra were acquired from various
membrane materials. Figs. 5a and b illustrate the spectra of
the TFC membrane on the PSU supporting film and the
TFN membranes containing Zr-BADS-1 and Zr-BADS-2
NPs, respectively. The spectrum characteristics of the PSU
sheet and TFC membrane chemical groups are mirrored in
the spectra of TFN membranes, where peaks corresponding
to MOFs are also evident. As the NP fraction increases, the
reflected spectra typically observe additional peaks
associated with the embedded materials. Analysis of the
PSU spectra revealed two prominent peaks at 1150 and
1245 cm™, attributed to the symmetric stretching of the
sulfone group (O=S=0) and the asymmetric stretching of
the aryl ethyl group (C-O-C), respectively (Deng et al.
2011). Peaks around 1300 and 1325 cm™ suggest
asymmetric stretching of the O=S=0 sulfone group, while
peaks around 1490 and 1590 cm™ indicate stretching of
aromatic C-C bonds (Tarboush et al. 2008). The
introduction of a polyamide thin film layer led to the
appearance of peaks at 1350 and 1610 cm™, attributed to
N-H deformation (amide IlI) and C=0 (carboxylic)
vibrations, respectively (Lee et al. 2008).

Additionally, bending of N-H bonds and stretching of
C-The peak indicates N bonds observed around 1545 cm™
(referred to as amide Il), while vibration at 1660 cm™ is
attributed to stretching of the C=0 bond in the amide |
region (Shawky et al. 2011).

By adding Zr-BADS, no noticeable peaks appear at low
loading ratios; yet, at the highest loading ratios, some
changes in the spectra are detected. The distinctive peaks

observed at around 1650 and 1450 cm™ are attributed to the
carboxylate group’s in-phase and out-of-phase stretching
modes. Specifically, the peak at 1650 cm™ corresponds to
the C-C bond in the aromatic molecule of the organic
linker, while the peak at 1450 cm™ is attributed to the C-O
bond in the carboxylic acid’s C-OH group (Zati-Hanani et
al. 2011). The peak at 680 cm™ corresponds to the O-H
bending mode and the peak at 780 cm™ corresponds to the
Zr—O mode (Jin and Yang 2017). Additionally, peaks in the
area 540 cm™ and 560 cm™ refer to the symmetric and
asymmetric stretching of Zr—(OC) (Valenzano et al. 2011).

3.5 Contact angle measurements

Fig. 6 illustrates the contact angles measured between a
DI water drop and the membrane surface. The inclusion of
Zr-BADS NPs led to a higher degree of decrease in the
contact angle than in conventional materials, such as
hydrophilic silica (Kalash et al. 2020). This reduction can
be attributed to the hydrophilic nature of the prepared
MOFs, although they comprise organic parts within their
structure. As depicted in the Fig., Zr-BADS-1 demonstrated
a slightly higher degree of hydrophilicity compared to
Zr-BADS-2. This discrepancy may stem from the presence
of a higher number of surface hydrophilic groups coming
from the used solvent, DMF. In fact, DMF is a higher polar
aprotic solvent than ethanol, which may retain residuals and
have uncoordinated carboxylate groups that contribute to
the hydrophilic nature (Israr et al. 2016). The second reason
is the possibility of producing formic acid via DMF
hydrolyzing, which could enhance the hydrophilicity
(Cottineau et al. 2011). The last probable reason is DMF
facilitates the formation of highly crystalline structures with
larger pores (Ratajczyk et al. 2019), which can enhance
water uptake capacity and, therefore, hydrophilicity.

3.6 Performance calculations

Figs. 7a and 7b present the salt rejection and water flux
of membranes treated with Zr-BADS-1 and Zr-BADS-2,
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Fig. 5 ATR FTIR spectra of (a) Zr-BADS-1 and (b) Zr-
BADS-2 filled TFN membranes

respectively. For Zr-BADS-1, the optimal addition was
found to be 0.3%, resulting in increased permeate water
flux from 63.04 L/m? h to 81.89 L/m? h. However, a
marginal reduction was noticed when the salt rejection was
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Fig. 6 Contact angle test for the TFC and TFN membranes
filled with Zr-BADS

measured, where it changed from 97.49 % to 95.39% when
0.3% was uploaded within the membrane. As depicted in
Fig. 7a, incorporating Zr-BADS-1 initially decreased NaCl
rejection at low concentrations, but higher NP concentrations
improved salt rejection. This initial reduction in rejection is
likely related to the provided porosity by Zr-BADS-1,
which led to passing the salty water (Cavka et al. 2008).
However, at higher loading ratios, the charge of the
particles could dominate and result in repulsion for the salt
ions, knowing that the zeta potential value of Zr.BADS-1
was -20.77 mV. It is worth mentioning that the size of water
molecules is around 2.8 A, which is smaller than that of
hydrated ions of the salt (Na* = 7.16 A and CI" = 6.64 A)
(Nightingale 1959). Yet, excessive NP loading reduced the
water flux due to the aggregation on the TFN membrane
surface. Conversely, the increase in water flux by adding
NPs peaked at 0.3%, attributed to the hydrophilic nature of
zirconium within the structure of Zr-BADS-1 (Furukawa et
al. 2014). Water flux decreased when the percentage
exceeded 0.3%, likely due to NPs agglomeration. Here, the
aggregation of particles might hinder water transfer through
the membrane by generating a hinder layer, thereby
reducing water flux (Wu et al. 2021).

Fig. 7b demonstrates the effect of incorporating Zr-
BADS-2 NPs into the TFN membrane. As the nanoparticle
loading increases, there is a corresponding increase in water
flux. For example, by filling 0.3%, the permeate water flux
enhanced from 63.04 to 69.45 L/m? h, but the salt rejection
was negligibly reduced (97.49% vs. 96.36%). The higher
loading ratios showed almost stable outcomes. However,
with the addition of 0.4% NPs, there was an increase in salt
rejection and water flux to 97.55% and 70.04 L/m? h,
respectively. Zr-BADS-2 could increase the water paths for
the water molecules while rejecting the ions due to the
Donnan effect (Xiao et al. 2021). Further increase in the
dose led to a remarkable decrease in salt rejection (data are
not shown). We like to mention that each result was
performed at least three times to obtain the average and
calculate the standard deviation.

The table below compares Zr-BADS performance
results with other types of MOFs at their best filling ratios
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Fig. 7 Performance results of (a) Zr-BADS-1 and (b) Zr-
BADS-2

in RO. From the table, Zr-BADS-1 could be considered one
of the best fillers that led to obtaining superior membranes.
This could be attributed to its long chain linker, compared
to the terephthalic acid of the UiO-66, which could give
larger crystallinity units and enhanced porosity. Therefore,
water molecules’ transfer is facilitated within the MOF.
However, Zr-BADS-1’s salt rejection is slightly lower than
others, which could be attributed to the same reason as the
ions could move in higher amounts in wider porosity.

We like to mention that although the surface area of
Zr-BADS is lower than many synthesized MOFs, they
showed high results. This disparity results from the distinct
structural characteristics of Zr-BADS than those of some
previously prepared MOFs, such as ZIF-8 or MIL-101; this
disparity results from Zr-BADS’s distinct structural
characteristics. The bicinchoninic acid disodium salt linker
employed in Zr-BADS synthesis could create a denser
framework with reduced accessible micropores, leading to a
diminished overall surface area. The solvothermal synthesis
conditions, utilizing dimethylformamide or ethanol as solvents,
may affect the pore size distribution and crystallinity,
thereby impacting the measured surface area. For reverse
osmaosis applications, the moderate surface area, combined
with the distinct pore architecture, facilitates efficient water
transport while reducing the risk of excessive pore flooding
that may compromise salt rejection.

Table 1 A performance comparison between Zr-BADS and
other fillers

Filler type Salt rejection Wattzer flux Reference
(%) (L/m?h bar)
Zr-BADS-1 95.39 5.40 This work
Zr-BADS-2 97.36 4.62 This work
Ni-MOFs 99.2 2.50 (Liu et al. 2022)
ZIF-8 99.5 3.35 (Duan et al. 2015)
ZIF-8/CNT 99.21 3.60 (Lee et al. 2020)
UiO-66 99.35 3.67 (Liu et al. 2019)
ZIF-67 99.28 2.94 (Zhao et al. 2021)
Defective 98.6 261 (Zhao et al. 2021)
MIL-125 98.6 411 (Kadhom et al. 2017)
UiO-66 98.8 3.62 (Kadhom et al. 2017)

3.7 MOFs mechanisms in TFN membrane

Our experimental results, in addition to other groups’
observations, show that MOFs present remarkable fillers for
the TFEN membrane. The following points show the ways of
MOFs incorporation.

1. Enhanced Selectivity: The adaptable pore dimensions
and surface properties of MOFs offer precise control over
the molecular sieving attributes of TFN membranes.
Through meticulous selection of MOFs with specific pore
sizes and functional groups, it becomes possible to fabricate
membranes capable of allowing the passage of water
molecules while effectively inhibiting the transport of ions,
organic compounds, and other contaminants (Kadhom et al.
2017). This capacity for selectivity is indispensable for
attaining high water purity levels in reverse 0smosis
processes.

2. Increased Permeability: MOFs’ very high
(commonly) surface area and interconnected porous
structures facilitate rapid and effective transport of water
molecules within the membrane. This is advantageous for
boosting water flux rates in TFN membranes by reducing
resistance to water flux by providing channels within the
membrane. Additionally, the hydrophilic nature (which is
required for this type of application) of many MOFs
promotes water adsorption and transport (Kadhom et al.
2023).

3. Improved Stability: Incorporating MOFs into TFN
membranes can enhance their mechanical and chemical
stability by serving as reinforcing fillers within the membrane
matrix (Kadhom and Deng 2019b). Strong coordination
interactions between metal ions and organic ligands in MOFs
allow membranes to tolerate rigorous working conditions
without deformation or degradation. MOFs might also
protect membranes against fouling, oxidative damage, and
other environmental issues (Firouzjaei et al. 2020).

4. Customization of Surface Properties: MOFs offer a
versatile platform for integrating diverse chemical groups,
such as hydrophilic or hydrophobic moieties, metal
complexes, or reactive sites. This flexibility enables precise
tuning of TFN membranes to enhance their surface
properties and interactions, leading to tailored performance
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characteristics (Kitao et al. 2017). Functionalized MOFs
can augment membrane hydrophilicity to mitigate fouling
or enhance antibacterial properties to bolster resistance
against biofouling.

5. Tailored Attributes: Strategic design may precisely
customize MOF attributes because of their modularity. By
selecting metal ions, organic ligands, and synthesis
parameters, pore size, shape, surface area, chemical stability,
and surface chemistry may be controlled. These properties
may be carefully modified for reverse osmosis applications,
such as saltwater desalination (Shen et al. 2021).

4., Conclusions

This study presents a systematic investigation into the
synthesis, characterization, and performance evaluation of
TFN membranes embedded with zirconium-based MOFs
for RO applications. The successful synthesis of Zr-BADS-1
and Zr-BADS-2 MOFs was achieved via a solvothermal
method, demonstrating high surface area and potential for
effective water permeation. Morphological analysis revealed
uniform distribution and dense packing of Zr-BADS NPs
within the TFN membranes, influencing their texture and
enhancing performance. FTIR spectroscopy confirmed the
presence of characteristic MOF peaks within the
membranes, with changes observed at higher loading ratios.
Performance evaluation demonstrated improved water flux
with the addition of Zr-BADS-1 NPs, reaching a peak at
0.3% loading, while salt rejection exhibited a complex
interplay between porosity and charge effects. Comparative
analysis with other MOFs highlighted the superior
performance of Zr-BADS-1 in terms of salt rejection and
water flux, positioning it as a promising filler for RO
membranes. Future work could consider the synthesis of
pure Zr-BADS membranes on support layers and
investigate their performance in the NF, RO, and FO
applications. Here, the findings of our work offer a base on
which to step forward in Zr-BADS applications in research
and large-scale industries.
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