
Enhanced flux of nanofiltration membranes for low molecular weight 
solutes using Zr-MOF@MoS2 nanohybrids as both interlayer and 
filler materials
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A B S T R A C T

This study investigates the fabrication and performance of polyamide (PA) thin film composite (TFC) membranes 
for nanofiltration applications, incorporating nanosized (~10 nm) zirconium-based metal-organic frameworks 
(MOFs) and MoS2. Three different Zr-MOFs, namely UiO-66, UiO-66-NH2 and MOF-808, were synthesized and 
anchored onto 2D MoS2 nanosheets forming MOF@MoS2 nanohybrids. These nanohybrids were integrated into 
PA TFC membranes using two distinct methods: (i) embedding them into the PA layer, resulting in thin film 
nanocomposite (TFN) membranes, and (ii) creating bilayered membranes with the nanohybrids beneath the PA 
layer. The membranes were evaluated for the removal of organic dyes, such as Rose Bengal (RB, 1017 Da), Sunset 
Yellow (SY, 452 Da) and Acridine Orange (AO, 265 Da), from water. The TFN membranes containing UiO- 
66@MoS2 nanohybrids exhibited the highest performance, with a water permeance of 12 L⋅m− 2⋅h− 1⋅bar− 1 for the 
SY dye solution, representing a 140 % increase relative to the control PA TFC membrane. All membranes 
exhibited high rejection values (> 98 %), with performance strongly influenced by the dye size and charge. The 
characterization revealed that the porosity and sorption capacities of the nanohybrids are crucial to obtain more 
permeable membranes, but other factors such as negative surface charge, roughness and hydrophilicity play an 
important role.

1. Introduction

Nanofiltration (NF) is a well-established membrane technology that 
effectively removes low molecular weight (MW) molecules and divalent 
salts from both water and organic solvents. Therefore, NF has been 
extensively investigated for various industrial processes requiring mo
lecular separations from water, including the removal of organic and 
inorganic pollutants, as well as product isolation and processing in food 
technology and the pharmaceutical industry [1,2]. Most commercial NF 
membranes utilize a thin film composite (TFC) configuration, consisting 
of a 20–200 nm thick polyamide (PA) layer over a highly permeable, 
porous polymer support that provides a low transport resistance and a 
robust mechanical stability [2]. The ultrathin PA layer ensures high 
water flux, while its highly cross-linked structure delivers excellent 
rejection properties. However, the performance of NF membranes can be 

further enhanced by the addition of various nanomaterials [1]. PA TFCs 
exhibit high rejections of low MW organic molecules and divalent salts. 
Consequently, the research aimed at improving the performance of these 
membranes for NF applications mostly focuses on enhancing water flux. 
The incorporation of nanomaterials, such as metal-organic frameworks 
(MOFs) and 2D materials, has proven to be an effective strategy for 
achieving this goal. Nanomaterials can be incorporated in two distinct 
configurations: a thin film nanocomposite (TFN) configuration, where 
nanoparticles (NPs) are embedded within a polymer matrix, and a 
bilayer configuration, featuring two distinct layers of nanomaterial and 
polymer [3,4].

MOFs are particularly promising due to their high crystallinity and 
porosity, well-defined pore sizes, ease of synthesis and tunable func
tionalities [5]. Their high sorption capacities, coupled with the hydro
philicity in some cases, facilitate the interaction between the membrane 
and water molecules, thereby enhancing water permeation [2,6]. 
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Furthermore, their open and porous structure provides new and faster 
transport routes for water molecules, thus enhancing the overall water 
diffusivity through the membrane [3,7]. Nevertheless, integrating MOFs 
into the organic polymer matrix presents a significant challenge due to 
the deficient compatibility between the rigid, discrete particles and the 
flexible organic polymer chains with distinct chemistries [8]. This 
frequently results in the uncontrolled formation of voids at the polymer/ 
MOF interface. The presence of these additional voids can facilitate 
permeation by creating pathway shortcuts through the polymer/MOF 
interface. However, if these voids become too large, which is likely given 
their uncontrolled nature, they can allow the transport of undesired 
molecules, thereby reducing rejection efficiency. To mitigate this 
disadvantage, MOFs are often chemically modified to enhance their 
compatibility with the polymer [8,9], frequently altering their original 
porosity properties. Among the existing MOFs, those containing zirco
nium (Zr) as the metallic center and carboxylate-based linkers have 
garnered significant attention for water-related applications. UiO-66 
(University of Oslo), synthesized using Zr(IV) and 1,4-benzenedicarbox
ylate ligand, is the most renowned of its kind. It features a pore volume 
of 0.77 cm3⋅g− 1, a pore aperture of 0.6 nm, a specific surface area (SSA) 
of 1160 m2⋅g− 1 and it shows a hydrophilic behavior due to the presence 
of carbonyl groups and unsaturated Zr(IV) sites [10]. For instance, Ma 
et al. showed that the incorporation of UiO-66 nanoparticles into PA 
TFCs increased water permeability by 52 % and maintained salt rejec
tion at 95 % [11]. A derivative known as UiO-66-NH2 exhibits an 
enhanced hydrophilicity, resulting from the incorporation of an amine 
group into the benzene ring [6]. In fact, several authors have investi
gated the use of this MOF for water NF applications [6,12]. Another 
alternative is MOF-808, which also contains a Zr(IV) metal center, but 
uses a benzene ring with three carboxyl groups (trimesate ligand) as a 
ligand resulting in 8-connected Zr6 nodes, compared to the two carboxyl 
groups in UiO-66 (12-connected Zr6 nodes). This difference leads to 
distinct crystal packing, resulting in different porosity and surface area; 
MOF-808 having a pore volume of 0.76 cm3ˑg− 1, pore apertures of 0.48 
and 1.8 nm and a SSA value of ~1200 m2ˑg− 1 [13,14].

Particularly interesting is the synthesis of nanosized MOFs [18]. In 
spherical particles, the ratio of external surface area to volume increases 
as the particle size decreases. Consequently, these nanosized or ul
trasmall particles exhibit a greater number of attractive interactions 
compared to their larger counterparts, thereby increasing membrane 
permeation. Recently, ultrasmall particles have been synthesized using 
an oxocluster as a precursor [19–22], although their potential for use in 
water NF applications has barely been investigated. Ultrasmall UiO-66- 
NH2 NPs were embedded in a thin PA layer on a polydopamine-coated 
carbon nanotube film to form a TFN membrane [23]. This membrane 

achieved a water permeance of 46 L⋅m− 2⋅h− 1⋅bar− 1 and Na2SO4 rejec
tion of 97.1 %; i.e. a 53 % increase in permeance compared to the TFC 
membrane. Therefore, the investigation of ultrasmall nanoparticles 
(NPs) for water-related applications remains limited. To enable a high 
loading of these NPs, their immobilization onto 2D nanosheets presents 
a promising strategy, offering a more robust method for incorporating 
ultrasmall NPs into PA layers. 2D materials have garnered considerable 
interest over recent decades. Their distinctive structure allows for a very 
high aspect ratio, imparting substantial surface properties [24]. Partic
ularly 2D MoS2 nanolaminates have been used to obtain improved NF 
TFN membranes but it has been necessary to treat, modify or function
alize them with other compounds such as polydopamine [25], 1,3-pro
pane sulfone [26], tannic acid [27] or acyl chloride [28]. 2D materials 
serve as excellent platforms for the deposition of various materials, 
including MOFs [29–32]. This represents an effective approach to pre
venting MOF aggregation and ensuring a significant surface area of the 
MOF is available for interaction with water molecules [33].

Here, we report the synthesis of ultrasmall MOFs on the basal plane 
of 2D MoS₂ nanosheets and their role as nanofillers in PA NF mem
branes. These three Zr-based MOFs (see Table 1) are among the most 
relevant in the field. UiO-66 is the most studied and is considered the 
archetypal Zr-MOF. UiO-66-NH2 is structurally similar to UiO-66 but 
exhibits enhanced hydrophilicity due to the presence of amino groups in 
the MOF linker. MOF-808 was selected because, although it shares 
similar chemistry to UiO-66, it differs in connectivity (8-connected vs. 
12-connected), which significantly alters its overall structure and 
porosity. MoS₂ nanosheets enable attractive interactions with metal 
cations, facilitating the fabrication of these MOFs on the 2D material. 
The MOF@MoS2 nanohybrid was utilized to prepare both TFN and 

Abbreviations

AFM atomic force microscopy
AO Acridine Orange
BET Brunauer–Emmett–Teller
DMSO dimethyl sulfoxide
EDX energy-dispersive X-ray spectroscopy
HDA hexanediamine
HR-TEM high-resolution transmission electron microscopy
IP interfacial polymerization
IPA isopropanol
MPD phenylenediamine
MOF metal-organic framework
MWCO Molecular Weight Cut-Off
NF nanofiltration
NPs Nanoparticles
PA polyamide

RA Roughness average
RB Rose Bengal
RMS Root mean square
SEM scanning electron microscopy
SSA Specific Surface Area
STEM-HAADF scanning transmission electron microscopy-high- 

angle annular dark-field
SY Sunset Yellow
TFC thin film composite
TFN thin film nanocomposite
TGA thermogravimetric analysis
TMC trimesoyl chloride
UV–Vis ultraviolet-visible spectroscopy
WCA water contact angle
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

Table 1 
Comparison of porosity and surface area of the Zr-MOFs used in this work: UiO- 
66 [10], UiO-66-NH2 [15–17], and MOF-808 [13,14]. As the surface area and 
pore volume are highly dependent on the synthetic conditions, the values shown 
are representative examples and may vary with different synthesis procedures. 
Fig. S1 shows organic linkers used to prepare UiO-66, UiO-66-NH2, and MOF- 
808.

MOF Connected Zr6 

nodes
BET specific 
surface area 
(m2ˑg− 1)

Pore 
aperture 
(nm)

Pore volume 
(cm3⋅g− 1)

UiO-66 12 ~1160 0.6 ~0.77
UiO-66- 

NH2

12 ~900 0.6 ~0.38–0.5

MOF- 
808

8 ~1200 0.48 and 1.8 ~0.5–0.76
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bilayered membranes. P84® (polyimide) supports were employed due 
to their strong chemical resistance, commercial availability, and their 
ability to withstand dimethyl sulfoxide (DMSO) treatment, which plays 
a key role in opening the pores of the PA layer and thus enhancing 
membrane permeation. In contrast, other commercially available sup
ports such as Polysulfone (PSF) and polyethersulfone (PES) are not 
suitable due to their instability in DMSO. All membranes were charac
terized using scanning electron microscopy (SEM), atomic force micro
scopy (AFM), water contact angle (WCA), X-ray photoelectron 
spectroscopy (XPS), transmission electron microscopy (TEM), molecular 
weight cut-off (MWCO) and zeta potential measurements. All mem
branes were evaluated for the removal of low MW organic dye molecules 
such as Rose Bengal (RB, 1017 Da), Sunset Yellow (SY, 452 Da) and 
Acridine Orange (AO, 265 Da). To the best of our knowledge, the closest 
precedent using analogous materials focused on the application of UiO- 
66-NH2@MoS2 as an interlayer to adjust the properties of the substrate 
for forward osmosis applications [33], that is neither addressing the NF 
application nor comparing different Zr-MOF ultrasmall NPs and mem
brane configurations.

2. Material and methods

2.1. Materials

The following chemicals were employed for the synthesis of 
MOF@MoS2 nanohybrids: zirconium (IV) chloride (ZrCl4, 99.9 %), 
glacial acetic acid (HA, >99 %), MoS₂ powder, 1,4-dicarboxylic acid 
(synthesis grade), 2-aminobenzene-1,4-dicarboxylic acid (99 %) and 
benzene-1,3,5-tricarboxylic acid (98 %) (see Fig. S1) and n-hexane were 
obtained from Merck. Methanol (HPLC grade) and isopropanol (IPA, 
99.9 %) was purchased from Análisis Vínicos (Spain). All materials were 
used as received.

The fabrication of the P84® (polyimide) supports and the synthesis 
of polyamide (PA) layers were carried out using the following reagents 
and solvents: polypropylene nonwoven backing material from Freu
denberg Performance Materials, P84® powder (200 mesh) from HP 
Polymer GmbH and dimethyl sulfoxide (DMSO, 99.8 %) from Carlo Erba 
Reagents. Hexanediamine (HDA, 98 %), phenylenediamine (MPD, 99 
%), and trimesoyl chloride (TMC,98 %) were obtained from Merck. 
Polyethylene glycol (PEG, synthesis grade) was acquired from Scharlau 
and absolute ethanol (EtOH) was procured from Gilca. For the NF ex
periments, the following chemicals were used: RB, (95 %, 1017 Da), SY, 
(90 %, 452 Da) and AO, (55 %, 265 Da) were all purchased from Merck. 
Deionized (DI) water with a conductivity of 1.35 μS⋅m− 1 was used.

2.2. Synthesis of ultrasmall nanoparticles over MoS2 nanosheets

Three types of MOFs were synthesized on the basal plane of MoS2 
nanosheets for comparison of their respective properties: (1) UiO-66, (2) 
UiO-66-NH2 and (3) MOF-808. The initial step in this study involved the 
synthesis of the precursor for the MOFs, specifically Zr(IV) oxoclusters 
(see Section 2.2.1). The formation of these oxoclusters allows for precise 
control over the particle size of the MOFs, resulting in particularly small 
particles. Concomitant with this, nanosheets were exfoliated from a 
MoS₂ powder as the source material (see Section 2.2.2).

2.2.1. Synthesis of Zr(IV) oxoclusters
The synthesis is conducted in accordance with the procedure 

described by Martinez-Izquierdo et al. [34] A solution was prepared by 
mixing 5 mL of IPA with 3 mL of AcH, to which 2 g of ZrCl4 were added. 
The mixture was stirred magnetically until the ZrCl4 was completely 
dissolved. The reaction was carried out in an autoclave at 120 ◦C for 1 h. 
The resulting white solid was then washed to remove any unreacted 
compounds by centrifugation (10,000 rpm for 20 min each) using 
acetone (three washes in overall). After washing, the solid product was 
dried at room temperature (RT) for 24 h.

2.2.2. Exfoliation of MoS2 nanosheets
A suspension of exfoliated MoS2 was prepared by dispersing 1.8 g of 

MoS2 powder in 180 mL of ethanol. The dispersion was sonicated for 24 
h at RT using an ultrasonic bath. Subsequently, the resulting suspension 
was subjected to centrifugation at 10,000 rpm for 40 min, with the goal 
of separating the larger aggregates. The supernatant was carefully dec
anted, yielding a blueish suspension comprising the MoS2 nanosheets 
dispersed in ethanol. The aforementioned suspension was employed as 
the substrate for the subsequent synthesis of ultrasmall MOFs on the 
basal plane of MoS2 nanosheets.

2.2.3. UiO-66@MoS2 nanohybrids (UiO-66@MoS2)
0.3 g of Zr(IV) oxocluster were dispersed in 2 mL of acetic acid 

through magnetic stirring. Subsequently, 5 mL of distilled water was 
added and the obtained mixture was stirred until it becomes colorless. 
This solution was then mixed with the MoS2 nanosheets and stirred for 
30 min. Subsequently, 200 mg (1.2 mmol) of 1,4-dicarboxylic acid was 
added and the mixture was stirred for 2 h at RT. This resulted in the 
metal-coordinated acetate molecules in the oxocluster being replaced by 
the ligand, thereby forming the MOF while essentially maintaining the 
size of the Zr(IV) oxocluster. Upon completion of the reaction, the solid 
was recovered by centrifugation at 10,000 rpm for 45 min and washed 
three times with ethanol by centrifugation (10,000 rpm, 45 min). 
Finally, the solid was dried in an oven at 40 ◦C overnight.

2.2.4. UiO-66-NH2@MoS2 nanohybrids (UiO-66-NH2@MoS2)
The synthesis of UiO-66-NH2@MoS2 nanohybrids followed the same 

procedure as that of UiO-66@MoS2, but 1,4-dicarboxylic acid was 
replaced with 2-aminobenzene-1,4-dicarboxylic acid (220 mg, 1.2 
mmol).

2.2.5. MOF-808@MoS2 nanohybrids (MOF-808@MoS2)
The procedure was identical to that described for UiO-66@MoS2, 

with the exception that benzene-1,3,5-tricarboxylic acid (253 mg, 1.2 
mmol) was employed as a ligand.

2.3. Membrane fabrication

All membranes were utilized within a period of no more than 5 
d from the time of preparation. The fabricated membranes and 
manufacturing details of all membranes can be found in Fig. 1 and 
Table 2.

2.3.1. Thin film composite membranes (TFCs)
PA layers were synthesized over cross-linked P84® supports using 

the conventional interfacial polymerization (IP) technique. The fabri
cation of P84® supports is described in our previous publication [3], but 
22 wt% loading of P84® in the dope solution was employed. The IP was 
conducted as follows: first, the P84® support was impregnated with an 
aqueous solution of 2 % (wˑv− 1) MPD (10 mL) for a period of 2 min. 
Then, the surplus solution was eliminated through the utilization of a 
rubber brayer roller and a spraying process with compressed air for a 
period of 10 s. Then, a solution of 10 mL of 0.1 % (wˑv− 1) TMC in n- 
hexane was applied to the impregnated P84® support for 2 min to allow 
IP and the formation of the PA TFC. The resulting membrane was 
washed with n-hexane (10 mL, twice) and water (10 mL, once) to 
remove any excess TMC. They were then stored in a Petri dish with DI 
water at 4 ◦C until required.

2.3.2. Thin film nanocomposite membranes
TFN membranes were prepared by adding 0.01 % (wˑv− 1) of 

MOF@MoS2 nanohybrids to the MPD (2 % wˑv− 1) aqueous solution. 
Thus, the MOF@MoS2 nanohybrids were incorporated to the P84® 
supports and the IP occurred between MPD and TMC molecules wrap
ping the 2D MOF@MoS2 nanosheets (Fig. 1).
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2.3.3. Bilayered membranes (BL)
TFN membranes named as bilayered membranes (BL) were prepared 

by first depositing MOF@MoS₂ nanosheets on the P84® support, fol
lowed by the synthesis of a PA layer on top (MOF@MoS2_BL in Fig. 1). 
MOF@MoS₂ nanosheets were deposited using two different methods: 
evaporation and spin-coating.

In the evaporation method, a MOF@MoS₂ suspension (1 or 0.1 
mg⋅mL− 1 in IPA) was prepared and 1 mL of this suspension was added to 
the pre-heated (80 ◦C) surface of the P84® support. The membrane was 

then subjected to heating at 80 ◦C for 5 min until the IPA evaporated, 
thereby leaving MOF@MoS₂ nanosheets on top of the support. In the 
case of the spin-coating method, 1 mL of a MOF@MoS₂ suspension (0.1 
mg⋅mL− 1) in IPA was spin coated on top of the P84® support.

2.4. Characterization

MOF@MoS2 nanohybrids were characterized using the following 
techniques. Thermogravimetric analysis (TGA) was performed using a 
Mettler Toledo TGA/STDA 851e instrument. Approximately 3 mg of the 
nanohybrid sample powder was placed in an alumina pan (70 μL) and 
heated under an airflow of 40 cm3ˑmin− 1 (STP) from 35 to 700 ◦C at a 
heating rate of 10 ◦Cˑmin− 1. X-ray diffraction (XRD) measurements were 
conducted using a PANalytical Empyrean-Multipurpose device (Malvern 
Panalytical Ltd) equipped with a Cu Kα rotating anode (λ = 1.1542 Ǻ), 
operating at 40 kV and 80 mA. A reflection-transmission spinner stage 
with a zero-background sample holder was employed for XRD analysis. 
High resolution-transmission electron microscopy (HR-TEM) images 
were captured using a Thermo Fisher Scientific Titan Analytical at an 
accelerating voltage of 300 kV equipped with an energy-dispersive X-ray 
(EDX) detector, employing holey carbon support films on a copper 300 
square mesh (Aname). Nitrogen adsorption-desorption isotherms were 
recorded using a Micromeritics Tristar 3000 working at − 195.8 ◦C, the 
Brunauer-Emmett-Teller (BET) specific surface area (SSA) being calcu
lated with the Micromeritics software. Prior to analysis, samples were 
degassed under vacuum at 200 ◦C for 8 h with a heating rate of 10 
◦Cˑmin− 1. Selected membranes were characterized using a range of 
techniques. SEM images were taken with a FEI-Inspect F20 microscope 
operating at 30 kV and elemental analysis was obtained using an EDX 

Fig. 1. Fabrication of TFCs (a), MOF@MoS2_TFN (b) and MOF@MoS2_BL membranes (c).

Table 2 
Fabrication details of all prepared membranes encompassing membrane code, 
MOF@MoS2 nanohybrid and membrane configuration.

Membrane code Membrane 
configuration

MOF@MoS2 

nanohybrid
Nanohybrid 
concentrationa

PA_TFC TFC – –
U66@MoS2_TFN TFN UiO-66@MoS2 0.1 mg⋅mL− 1

U66- 
NH2@MoS2_TFN

TFN UiO-66- 
NH2@MoS2

0.1 mg⋅mL− 1

M808@MoS2_TFN TFN MOF- 
808@MoS2

0.1 mg⋅mL− 1

U66@M_BL 
(Evap_1)

Bilayer 
(evaporation)

UiO-66@MoS2 1 mg⋅mL− 1

U66@M_BL 
(Evap_0.1)

Bilayer 
(evaporation)

UiO-66@MoS2 0.1 mg⋅mL− 1

U66@M_BL 
(SC_0.1)

Bilayer (spin 
coating)

UiO-66@MoS2 0.1 mg⋅mL− 1

a In TFNs this concentration corresponds to the aqueous solution containing 
MPD; in bilayered membranes, this corresponds to the solution used to prepare 
the nanohybrid layer prior to IP.
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detector. WCA measurements were conducted using a Krüss Drop Shape 
Analyzer 10 MK2 at 25 ◦C. An average of three measurements per 
membrane code was reported along with its standard deviation. AFM 
analysis was performed at ambient pressure using a Bruker MultiMode 5 
scanning probe microscope in tapping mode, with a scan rate of 1 Hz and 
an amplitude of approximately 250 mV. Analysis of roughness param
eters was performed using the free user software Gwyddion. XPS mea
surements were obtained with a Kratos Axis Ultra spectrometer, utilizing 
a monochromatic Al Kα (1486.6 eV) X-ray source operating at 10 mA, 
15 kV and 150 W. High resolution spectra (C1s, O1s, Zr3d, S2p and 
Mo3d) were analyzed with CASA XPS software. The zeta potential 
measurements were conducted using a SurPASS 3 Eco analyzer from 
Anton Paar. Membrane samples were prepared by cutting them into 
uniform rectangular sections and thoroughly rinsing them with deion
ized water before mounting into the testing cell. During the measure
ment, a 0.1 M KCl electrolyte solution, adjusted to a neutral pH of 7.0, 
was flowed through the membrane sample assembly. All measurements 
were performed three times to ensure accuracy and reproducibility. 
Molecular weight cut-off (MWCO) experiments were performed using 
aqueous PEG solutions (concentration of 5 g⋅L− 1) of varying molecular 
weights: 200, 400, 600 and 1500 Da. The concentration of PEG in the 
retentate and permeate solutions were quantified using a Shimadzu 
TOC-L Series total organic carbon (TOC) analyzer. Ultrathin specimens 
of 70 nm of U66@MoS2_TFN membranes were obtained by ultrami
crotomy and imaged using a T20 Tecnai transmission electron micro
scope operating at 30 kV and equipped with an energy-dispersive X-ray 
detector, as described elsewhere [3].

2.5. Water nanofiltration experiments

NF experiments were conducted utilizing a Sterlitech HP4750 dead- 
end membrane module with aqueous dye solutions. Independent dye 
solutions of RB (MW = 1017 Da), SY (MW = 452 Da) and AO (MW =
265 Da) at a concentration of 20 mg⋅L− 1 each were employed. The ex
periments were carried out under a feed pressure of 20 bar and main
tained at 20 ◦C. A membrane with an effective area of 4.9 cm2 was used, 
along with a feed volume of 250 mL. Prior to filtration of the dye so
lution, the membrane was washed with DMSO for 1 h at 20 bar. This 
process was employed to remove any residual monomers and facilitate 
the swelling of the polymer chains. Afterwards, the membrane surface 
was rinsed with abundant DI water. Filtration with dye solutions was 
conducted for a period of 1–2 h until a stable flux was achieved, in order 
to facilitate membrane compaction. The permeance (Lˑm− 2ˑh− 1ˑbar− 1) 
and rejection (%) used to evaluate membrane performance were 
calculated using the following equations [35]: 

Permeance =
V

t⋅A⋅ΔP
(1) 

Rejection (%) =

(

1 −
Cpermeate

Cretentate

)

⋅100 (2) 

where V represents the permeate volume (L), A is the membrane area 
(m2), t is the permeation time (h) and ΔP is the transmembrane pressure 
(bar). Cpermeate and Cretentate account for the concentrations of dyes in the 
permeate and retentate side, respectively. The reported permeance and 
rejection values are mean values with their corresponding standard 
deviations of at least three different membranes tested. These concen
trations were related to dye absorbance values, which were obtained by 
means of a UV–Vis Jasco V-670 spectrophotometer using quartz cuvettes 
and water as a solvent. Among the techniques employed, UV–Vis spec
troscopy is a well-established method for the detection and quantifica
tion of organic pollutants [3,15]. Flux improvement was calculated as 
follows: 

Permeance improvement (%)

=

(
Membrane permeance − TFC permeance

TFC permeance

)

⋅100
(3) 

3. Results

3.1. Characterization of UiO-66@MoS2, UiO-66-NH2@MoS2 and MOF- 
808@MoS2

The crystalline structure of all nanohybrids was analyzed through 
XRD. Fig. 2a provide comparative analyses of the nanohybrids against 
those of the individual MOFs and MoS₂ nanosheets and the corre
sponding simulations of each MOF. The XRD patterns for all samples 
show a significantly intense main peak of considerable width. This peak 
broadening is attributed to the small size of the nanoparticles (NPs) as a 
result of a limited number of atomic planes available to produce 
constructive interferences [19]. Additionally, ultrasmall NPs synthe
sized via the Zr oxocluster method are prone to minor structural defects, 
which may further contribute to the peak broadening [20]. Further
more, the characterizations presented below, such as the BET specific 
surface area, XPS, TGA and TEM, support the formation of the MOF. All 
synthesized ultrasmall MOF NPs show a similar characteristic pattern 
with only one broad main intensity peak and the absence of other peaks, 
which is consistent with that reported in the literature for ultrasmall 
nanoparticles [19,20,36]. The main peak in the bulk MoS2, which is 
attributed to stacked 2D laminates, is no longer discernible in the spectra 
of the nanohybrids. This evidence is consistent with a high efficacy of 
the exfoliation process [37].

The BET specific surface area (SSA) was employed to investigate the 
porosity of the synthesized nanohybrids (Fig. S2). The existence of mi
cropores was observed in all samples, which is attributed to the presence 
of MOFs [19,38]. Additionally, some mesoporosity was observed, which 
is indicative of voids between NPs. The BET SSA values of the nano
hybrids, 710 m2ˑg− 1 for UiO-66@MoS2, 428 m2ˑg− 1 for UiO-66- 
NH2@MoS2 and 410 m2ˑg− 1 for MOF-808@MoS2, are significantly 
reduced as compared to those of the bare MOFs (>1000 m2ˑg− 1 

[10,13,14]) but still high in aggrement with the claimed micropores 
above. This finding aligns with the presence of laminar MoS₂, which has 
been observed to exhibit a markedly low N₂ sorption capability with BET 
SSA of 3.1 m2ˑg− 1 [31].

Fig. 2b illustrates the TGA curves of all nanohybrids, along with 
those of the MOF and MoS₂ samples. The curves of weight loss of all 
nanohybrids fall between those of MOFs and MoS₂, in agreement with 
the fact that they are composed of both. The final weight percentages of 
the nanohybrids at 700 ◦C were employed to calculate the MOF load
ings. The values of MOF loading were as follows: 75 wt% for UiO- 
66@MoS2, 85 wt% for UiO-66-NH2@MoS2 and 94 % for MOF- 
808@MoS2.

XPS was employed to analyze the formation of UiO-66@MoS2 by 
comparison with that of Zr(IV) oxocluster and UiO-66. The Zr(IV) 
oxocluster is mainly formed by acetate species and metal atoms. The 
formation of both UiO-66 and UiO-66@MoS2 occurs through the 
replacement of the acetate specie by the 1,4-benzenedicarboxylate 
ligand. This chemical exchange is identified through the examination 
of the corresponding C 1 s high resolution spectra. The C-C/C-O ratio of 
both UiO-66@MoS2 and UiO-66 is higher (4.7 and 4.8, respectively) 
than that of the Zr(IV) oxocluster (3.3), which can be attributed to the 
incorporation of the dicarboxylate ligand (Fig. S3). Moreover, the high 
resolution spectra of Mo 3d and S 2p for UiO-66@MoS2 nanohybrids 
exhibit the characteristics of MoS2 [39], indicating that the deposition of 
UiO-66 nanoparticles does not alter the chemical composition of the 2D 
material (Fig. S3).

Fig. 3a–d show the TEM images corresponding to the MOF@MoS2 
nanohybrids. These images reveal a granular structure that can be 
attributed to the presence of MOF NPs. Elemental mapping through EDX 

J. Colás-Sebastián et al.                                                                                                                                                                                                                       Journal of Water Process Engineering 78 (2025) 108642 

5 



(Fig. 3e) provided further insights into the distribution of various ele
ments within the sample and confirmed that the granular patterns 
correspond to ultrasmall UiO-66@MoS2 particles. The analysis of oxy
gen, zirconium and carbon demonstrated the existence of nanoparticle 
clusters localized in specific regions. Conversely, the distributions of 
molybdenum and sulphur atoms appeared more homogeneous across 
the sample due to the presence of a 2D MoS₂ nanosheet. Fig. 3b dem
onstrates the successful exfoliation of MoS₂, as the resulting nanohybrids 
are composed of monolayer or few-layer MoS₂ nanosheets. Additional 
STEM-HAADF images and EDX analysis can be found in the supporting 
information. Fig. S4 shows that the edge of the 2D material, where few- 
layer laminates are observed, exhibits markedly higher intensities for 
molybdenum and sulphur atoms. Figs. S5 and S6 correspond to UiO-66- 
NH2@MoS2 and MOF-808@MoS2 nanohybrids, respectively, the distri
bution of MOF nanoparticles being similar to that of UiO-66. In brief, in 

any of the MOF@MoS2 nanohybrids, NPs with sizes around 10 nm are 
identified, which implies the preservation of the laminar character of 
MoS2 and its surface modification with a porous material with a 
different chemistry.

3.2. Membrane characterization

Top-view SEM images were employed to investigate the morphology 
of the membrane surface. As shown in Fig. 4, all membranes exhibit the 
distinctive ridge-and-valley morphology of PA TFCs [40,41]. The SEM 
image of the TFC membrane shows the presence of the characteristic 
ear-shaped features that are indicative of a fast IP reaction [3]. These 
features are less noticeable for the membranes incorporating the nano
hybrids (Fig. 4b, c and d), concomitant with a reduction in surface 
roughness. This is primarily attributed to the influence of the 2D 

Fig. 2. XRD patterns (a) and TGA curves (b) of: MoS2, UiO-66@MoS2 (a1 and b1), UiO-66-NH2@MoS2 (a2 and b2) and MOF-808@MoS2 (a3 and b3) nanohybrids 
and their corresponding MOF counterparts.

J. Colás-Sebastián et al.                                                                                                                                                                                                                       Journal of Water Process Engineering 78 (2025) 108642 

6 



nanosheets, thereby forming flatter surfaces and reducing surface ir
regularities. Besides, MOFs on the surface of the nanohybrids may 
interact with the monomers during the IP process. In fact, MPD may 
react with free carboxylic groups in the MOF, while TMC may bind to 
uncoordinated Zr4+ at defective sites (illustrated in Fig. 5). Moreover, 
ultrasmall nanoparticles synthesized via oxocluster formation exhibit a 
particularly high number of defect sites [21] and furthermore the 
porosity of the MOF can act as reservoirs of the monomers that slowly 
dose them. As a consequence of this, the IP reaction is slowed down, 

resulting in a reduction in the number of protrusions and lower surface 
roughness. The SEM image of the bilayered membrane (Fig. 4e) shows as 
well a markedly reduced surface roughness in comparison with PA_TFC, 
which can be primarily explained by the 2D nature of the nanohybrids 
and their position, more submerged in the polyamide (PA) layer, near 
the support surface, than in the TFN membrane.

AFM analysis was conducted to provide a comprehensive evaluation 
of the membrane surface roughness (Fig. S7). Quantitative evaluation of 
the mean roughness (Ra) and root mean square (RMS) values indicates 

Fig. 3. STEM-HAADF images of UiO-66@MoS2 (a and b), UiO-66-NH2@MoS2 (c), MOF-808@MoS2 (d) and EDX analysis for UiO-66@MoS2 (e).
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that higher values of these parameters correspond to more pronounced 
roughness (Fig. 4f). The highest values were obtained for PA_TFCs (Ra of 
35.5 nm and RMS of 43.7), attributed to the large ear-shaped pro
tuberances observed in the SEM images and mentioned above (e.g., 
ridge-and-valley morphologies). The incorporation of the nanohybrids 
into the membranes was found to result in a reduction in surface 
roughness, particularly for U66@MoS2_TFN (Ra of 22.9 nm and RMS of 
27.9) and U66-NH2@MoS2_TFN (Ra of 22.8 nm and RMS of 29.2). The 
exception is M808@MoS2_TFN (34.6 nm for Ra and 43.4 nm for RMS), 
which has very similar values to those of the TFC. SEM images of this 
particular TFN (Fig. 4d) reveal a significantly higher density of pro
tuberances compared to other TFNs, which accounts for its increased 

roughness. This phenomenon may be attributed to the larger pore 
aperture and pore volume of MOF-808 (1.8 nm) compared to MOFs UiO- 
66 and UiO-66-NH2 (0.6 nm) [42], potentially allowing the tethering of 
MPD monomers into the MOF pores due to existence of attractive in
teractions with metal centers. Consequently, this results in the concen
tration of MPD around the MOF, giving rise to the formation of larger 
protuberances and also some additional protruding corresponding to the 
imprint of the own MOF particles below the PA surface.

Fig. 6a reveals that TFN membranes, with the exception of MOF- 
808@MoS2, exhibit higher WCA values than TFCs. Although a lower 
WCA relative to TFC membranes might be anticipated for TFNs due to 
the hydrophilic behavior of MOF@MoS2 nanohybrids, the opposite 

Fig. 4. SEM images of PA_TFC (a), U66@MoS2_TFN (b), U66-NH2@MoS2_TFN (c), M808@MoS2_TFN (d), U66@MoS2_BL (Evap_0.1) (e) and Ra and RMS parameters 
estimated from AFM (f).

Fig. 5. Organic linkers used to prepare UiO-66, UiO-66-NH2, and MOF-808 (a) and illustration of MOF-MPD interactions using UiO-66 as an example (b).
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trend is mainly observed. This discrepancy may be attributed to the 
presence of MoS2 nanosheets. These 2D structures alter the membrane 
surface roughness, creating a smoother outer surface (observed by SEM 
and AFM). According to the Wenzel and Cassie Baxter equations [43], in 
a hydrophilic surface (WCA < 90◦) the apparent contact angle decreases 
as the membrane roughness increases. Consequently, in TFNs containing 
UiO-66@MoS2 and UiO-66-NH2@MoS2 nanohybrids, two opposing ef
fects are observed: (i) the presence of a hydrophilic nanofiller and (ii) a 
reduction in surface roughness. Moreover, this aligns with the finding 
that M808@MoS2_TFN, which shows a comparable surface roughness to 
TFC, exhibits the lowest WCA among all the membranes evaluated. As 
explained in the supporting information (eq. S1), corrected WCA values 
are calculated (Table S1) using the Wenzel equation and the roughness 
parameters. These results confirm that the corrected (or intrinsic) WCAs 
for all membranes are higher than the observed WCA in Fig. 6a due to 
the impact of surface roughness. In addition, those membranes with 
higher RMS and Ra parameters (TFC and M808@MoS2_TFN) exhibit 
more pronounced alterations between the non-corrected and corrected 
WCAs. The corrected WCA also serves to confirm that the 
M808@MoS2_TFN membrane remains as the most hydrophilic mem
brane, followed by the U66-NH2@MoS2_TFN one.

Fig. 6b illustrates the zeta potential measurements of TFC and TFN 
membranes, accompanied by a schematic representation of the mecha
nism through which surface charges are generated. During the IP pro
cess, MPD and TMC monomers react resulting in a cross-linked PA layer. 
However, fully cross-linking is not achieved, and unreacted functional 
groups are present. Unreacted TMC molecules give rise to the formation 
of negatively charged carboxylic groups, whereas MPD ones remain 
neutral at the conventional pH operation. Consequently, it is expected a 
negative charge for the surface of the PA layer (− 20.5 mV for the control 
TFC). The figure shows that the incorporation of the nanohybrids de
creases zeta potential, in agreement with more negatively charged sur
faces. These findings suggest that the presence of the MOFs impedes the 
formation of the PA layer during the IP process, resulting in a reduced 
cross-linked PA layer and the generation of surfaces with a more nega
tive charge [12]; zeta potential values being − 25.9 and − 24 mV for 
U66@MoS2_TFN and M808@MoS2_TFN, respectively. Both MPD and 
TMC species can interact with various functional groups in the MOFs; 
MPD with carboxylic groups and TMC with uncoordinated Zr4+. These 
competitive interactions hinder efficient PA cross-linking, resulting in 
unreacted TMC and a negatively charged surface [12,44,45]. This is 
particularly significant because the presence of ultrasmall MOFs, known 
by their large surface area to volume ratio and enhanced sorption 

properties [19], increases the likelihood of interactions with other 
molecules, inducing additional competing effects to the cross-linking 
process. Besides monomer-nanohybrid interactions, the presence of 
unreacted functional groups and defective sites in the MOFs may also 
contribute to the increase in negative charge [21]. The nanohybrid of 
UiO-66-NH2@MoS2 shows a less negative charge (− 20.7 mV) than the 
other two MOFs, probably due to the presence of the amino group which 
may react with the carboxylic moieties in TMC (emulating the IP process 
and consuming TMC) and thus decreasing PA crosslinking.

XPS analysis was performed to confirm the incorporation of the 
nanohybrids within the TFNs. The detection of zirconium, molybdenum 
and sulphur in their respective high-resolution spectra (Zr 3d, Mo 3d and 
S 2p), as illustrated in Fig. S8, indicates the presence of these elements. 
The relatively low signal intensity is attributed to their encapsulation by 
the polymer matrix, coupled with the limited penetration depth of XPS 
(approximately 3–10 nm).

The MWCO of PA TFC and U66@MoS2_TFN membranes for neutral 
molecules was assessed using PEG molecules ranging from 200 to 1500 
Da (Fig. S9). Both MWCO are around 400 Da (at 90 % rejection) with 
those of the TFC being slightly lower than those of the TFN. This suggests 
a more open structure due to the incorporation of MOF@MoS2 nano
hybrids, consistent with the higher water permeance achieved. It is 
important to note that the MWCO values of both are comparable to those 
of conventional PA TFC used in NF applications [46].

TEM images of TFN membranes revealed the presence of MOF@
MoS2 nanohybrids located beneath the PA layer (Fig. 7a). Additionally, 
the characteristic earlike wrinkles typical of this type of polymer films 
were observed, with the selective PA layer thickness measured at 
approximately 20 nm (Fig. 7b).

3.3. Membrane performance

The NF performance of the membranes incorporating UiO- 
66@MoS2, UiO-66-NH2@MoS2 and MOF-808@MoS2 nanofillers was 
evaluated using solutions of RB, SY and AO. Fig. 8a illustrates the mean 
permeance and rejection values of TFC and TFN membranes, accom
panied by their corresponding standard deviations. The PA_TFC mem
brane demonstrated a moderate water permeance for RB (5.7 
L⋅m− 2⋅h− 1⋅bar− 1), SY (5.0 L⋅m− 2⋅h− 1⋅bar− 1), and AO (3.9 
L⋅m− 2⋅h− 1⋅bar− 1) solutions. All TFNs showed an increase in water per
meance compared to the control TFC membrane. The incorporation of 
UiO-66@MoS2, the nanohybrid with the higher SSA, into the PA matrix 
(U66@MoS2_TFN) resulted in a notable enhancement in water 

Fig. 6. WCA values (a): intrinsic (dark) and observed (light); intrinsic values correspond to corrected values with Wenzel’s equation using AFM roughness, see 
Table S1. Zeta potential values (b) of TFC and TFNs with UiO-66@MoS2 (U66@MoS2_TFN), UiO-66-NH2@MoS2 (U66-NH2@MoS2_TFN) and MOF-808@MoS2 
(M808@MoS2_TFN). The dashed inset provides an explanation of the reaction mechanisms that result in the formation of negatively charged membranes.
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permeance, particularly for the SY solution, which exhibited an increase 
to ca. 12 L⋅m− 2⋅h− 1⋅bar− 1. The use of UiO-66-NH2@MoS2 nanofiller 
resulted in a slightly lower permeance compared to U66@MoS2_TFN, 
but it still surpassed the control PA_TFC membrane. M808@MoS2_TFN 
enhanced the water permeance compared to the control PA_TFC, 
particularly for RB and AO. The rejection rates remained above 98 % for 
all dyes, ensuring the efficiency of the TFN membranes in separating the 
dyes from the aqueous solution. Organic dyes are rejected by mem
branes primarily through a combination of steric hindrance and elec
trostatic interactions [47,48]. Large organic dyes such as RB (1017 Da) 
are likely rejected predominantly due to steric exclusion, as their mo
lecular size exceeds the MWCO of the membranes (see Fig. S9). In 
contrast, smaller dyes like SY (452 Da) are rejected mainly due to 
electrostatic repulsion and Donnan effects. Given their negative charge. 
AO (265 Da), being both small and positively charged, typically presents 
a challenge for rejection. However, the tight structure of the TFN 
membranes, along with Donnan exclusion, effectively contributes to its 
removal [47,49]. Both PA_TFC and all TFN membranes exhibit similarly 
high rejection for all organic dyes, with differences falling within 
experimental error. This suggests that dye rejection is primarily gov
erned by the properties of the PA layer. SY exhibits slightly lower 
rejection compared to RB and AO across all membranes, which may be 
attributed to differences in interactions with the membrane surface. 
Theoretically, if the electrostatic repulsion between the negatively 
charged membrane surface and the negatively charged SY molecules is 
partially overcome, some SY molecules may pass through due to their 
smaller size. However, the consistently high rejection values (>98 %) for 
all membranes indicate that this effect is minimal.

Fig. S10 compares the pure water permeance with that obtained 
during RB filtration. As expected, for both PA_TFC and U66@MoS2_TFN, 
the pure water permeance is higher than that observed in the RB 
filtration experiments. This difference is attributed to the interaction of 
dye molecules with the membrane surface, which can block membrane 
pores and promote concentration polarization. As a result, the local 
water concentration near the membrane surface decreases, reducing the 
effective driving force for permeation.

Fig. 8b depicts the water permeance for all bilayered membranes, all 
of them prepared using UiO-66@MoS2 nanohybrids. When comparing 
the two deposition methods, evaporation (Evap) and spin coating (SC), a 
similar performance was achieved. Spin coating is generally assumed to 
result in a more homogeneous distribution of 2D nanohybrids, as the 
spinning forces spread the 2D flakes evenly across the surface. In 
contrast, during evaporation, the 2D nanohybrids tend to agglomerate. 

Fig. 8b shows a higher water permeance for BL (Evap) than BL (SC), 
which can be attributed to the presence of small agglomerates below the 
PA layer in the former case. These agglomerates may partially hinder the 
formation of the PA layer around them, introducing additional voids in 
the membrane, which shortens molecular pathways and enhances water 
permeation. Despite this, the PA layer can still efficiently remove most 
organic contaminants, as evidenced by the rejection rates, which exceed 
98 % for all tested dyes.

Fig. 8c shows the percentage enhancement in permeance for all 
membranes (TFNs: filled symbols, bilayer: unfilled symbols). As 
mentioned above, incorporating MOF@MoS2 nanohybrids, in both 
configurations, significantly enhances water permeance. However, 
bilayered membranes show less improvement compared to the corre
sponding TFN (U66@MoS2_TFN). This is likely due to the porous nature 
of the MOF, promoting the water sorption and passage while restricting 
the transport of the dye molecules through steric exclusion [12]. 
Furthermore, the 2D structure of the nanohybrids provides a high sur
face area-to-volume ratio, thereby increasing the dissemination of ul
trasmall NPs of the hydrophilic MOFs along the PA film and, in 
consequence, the number of sorption sites for water molecules [50,51]. 
The surface charge, assessed by the measurement of the membrane zeta 
potential, also influences the NF performance. In general, in NF pro
cesses, the use of a membrane with a more negative charge is advan
tageous, given that the majority of pollutants are negatively charged 
[52]. This allows for the effective separation of these pollutants from the 
feed solution through electrostatic repulsion with the membrane sur
face. Both U66@MoS2_TFN and M808@MoS2_TFN exhibited a higher 
negative charge as compared to control PA_TFC (see Fig. 6b). As seen in 
Fig. 8c, these two TFNs have the highest increase in permeance for 
negatively charged dyes (SY and RB), demonstrating the impact of the 
membrane surface charge. For the positively charged dye AO, due to the 
counterionic surface charge, AO molecules can interact with the mem
brane surface, resulting in the deposition of material over the membrane 
surface. This leads to a reduction in the effective membrane surface area 
and subsequent inhibition of water transport. M808@MoS2_TFN 
exhibited the greatest enhancement in permeance for the AO solution 
among all TFNs (Fig. 8c), which can be attributed to its higher mem
brane roughness (see Table S1). A higher surface roughness has the 
potential to reduce short-range attraction forces with organic molecules 
[52]. Besides, an increase in membrane roughness results in larger hy
drophilic character and membrane surface area features.

The permeance of a given NF membrane is subject to considerable 
variation depending on the monomers and the synthesis conditions 

Fig. 7. TEM images of a TFN with UiO-66@MoS2 (U66@MoS2_TFN) showing the presence of the nanohybrid (a) and the thickness of the PA selective layer (b).
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employed, along with the characteristics of the polymeric support. 
Accordingly, when assessing the impact of nanomaterials on the mem
brane performance, it is imperative to evaluate the enhancement in 
membrane permeance as compared to the control TFC membrane. 
Fig. 8d presents a comparative analysis of the permeance improvements 
observed in our membranes (colored symbols) relative to data from the 
literature (grey crosses) across a range of dye and salt solutions. In this 
study, we employed MPD and TMC monomers to fabricate a tight PA 
layer, which is essential for achieving the required rejection perfor
mance across a wide range of dyes, including the particularly chal
lenging positively charged and small AO (265 nm). In contrast, PA layers 
prepared using other monomers, such as piperazine (PIP), result in more 

open structures with higher permeances but exhibit a higher MWCO 
[53] often failing to reject small organic dyes. In addition, we employed 
a chemically resistant polymeric porous membrane using a commer
cially available polymer (P84®) with the objective of facilitating the 
feasibility and scalability of the final membrane. Our membranes exhibit 
some of the highest permeance increases across the tested solutes, out
performing numerous values reported in the literature, including those 
corresponding to other TFNs which involve UiO-66 NPs [6,12,44,54,55] 
or 2D MoS2 nanosheets [51]. It is important to note that our permeance 
values correspond to water permeance of dye solutions, whereas some of 
the literature data reports pure water flux enhancements, which is 
typically higher due to the absence of pore blocking and concentration 

Fig. 8. Permeances and RB, SY and AO rejections of TFN (a) and bilayer (b) membranes together with that of control PA-TFCs. Permeance improvement (as %) for 
each dye or salt solution of all prepared membranes in this study (c) and comparison with literature values (d). Organic dyes in x axis are ordered from smaller to 
larger MW and their charge is also included. All the data shown in (d) are provided in the supporting information (Table S2).
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polarization. Our membranes show a particularly noteworthy perfor
mance with the negatively charged dye SY, exceeding other reported 
membranes, e.g. TFNs based on UiO-66-NH₂ NPs [12] and bilayers based 
on ZIF-8 and ZIF-93 [3].

Compared to commercial membranes with similar MWCO, the 
membranes reported here exhibit enhanced permeance of 12 
L⋅m− 2⋅h− 1⋅bar− 1. For example, the NF90 membrane from Dow Filmtec 
has a water permeance of 8.7 L⋅m− 2⋅h− 1⋅bar− 1 [56]. Other commercial 
membranes, such as NFS and NFX from Synder, show lower water per
meance values ranging from 4.2 [57] to 6.3 L⋅m− 2⋅h− 1⋅bar− 1 [56]. 
Similarly, membranes from other manufacturers, such as Veolia, exhibit 
a water permeance of around 6.5 L⋅m− 2⋅h− 1⋅bar− 1 [58].

Membrane recycling was evaluated by testing, then immersing the 
membrane in DI water for 12 h (overnight), followed by nanofiltration 
reoperation. As shown in Fig. S11, both PA_TFC and U66@MoS2_TFN 
membranes retained their initial water permeance and RB rejection 
following storage, highlighting their strong potential for industrial ap
plications. Nanofiller leaching is a common concern in TFN membranes, 
particularly when the fruit of such process is potential pollutant metals. 
To assess this, the permeate from NF experiments was analyzed using 
UV–Vis spectroscopy to detect any potential nanofiller UiO-66@MoS2 
release. Fig. S12 presents a comparison among an aqueous dispersion of 
UiO-66@MoS2 nanofillers at a concentration of 0.1 mg ‧ mL− 1, the RB 
feed solution, and the permeate solution from a U66@MoS2_TFN 
membranes. The UV–Vis spectra are consistent with the no noticeable 
presence of nanofillers in the permeate, suggesting negligible leaching 
and confirming the stability of the embedded nanofillers during opera
tion. In the unlikely event of UiO-66 detachment from MoS2 nanosheets, 
the presence of individual UiO-66 NPs or MoS2 nanosheets would 
manifest in the UV–Vis spectrum as a continuous baseline increase, 
arising from Rayleigh scattering, analogous to that observed for the UiO- 
66@MoS2 nanofiller dispersion (blue line).

4. Conclusions

The incorporation of nanosized Zr-based MOFs@MoS2 nanohybrids 
produced an enhancement of the NF performance of PA TFC mem
branes. Three different MOFs, UiO-66, UiO-66-NH2 and MOF-808, were 
synthesized onto MoS₂ nanosheets. The utilization of a zirconium 
oxocluster as the MOF precursor facilitated a precise control over MOF 
particle size, resulting in the fabrication of ultrasmall nanoparticles with 
high crystallinity and good textural properties which fully covered the 
MoS2 nanosheet.

The nanohybrids were integrated into the PA skin layer in two 
distinct configurations: (1) The addition of the nanohybrids to the 
aqueous solution during the IP resulted in the formation of TFN mem
branes with embedded MOFs@MoS2 nanosheets within the PA layer. (2) 
The deposition of the nanohybrids prior to the IP process resulted in the 
fabrication of bilayered membranes (BL). Membranes were evaluated 
for water NF of dye (RB, SY and AO) solutions. The membrane perfor
mance was shown to be significantly affected by the charge of the dyes. 
TFNs containing UiO-66@MoS2 and MOF-808@MoS2 nanohybrids 
achieved the highest rejection for negatively charged dyes (SY and RB), 
which can be attributed to the presence of a more negative surface 
charge according to zeta potential experiments. The TFN membrane 
with the highest roughness and hydrophilicity (M808@MoS2_TFN) 
exhibited the greatest improvement in permeance for the smallest and 
positively charged dye (AO). This can be attributed to the less favored 
interactions between the dye and the membrane surface. All tested TFN 
and BL membranes exhibited consistent rejection rates above 98 % for 
all the three dyes, thereby demonstrating their effectiveness for chal
lenging NF applications.

Finally, the prepared membranes were evaluated in comparison with 
existing literature data. The best performing TFN in this study (con
taining UiO-66@MoS2 nanohybrids) exhibited a water permeance of 12 
L⋅m− 2⋅h− 1⋅bar− 1 and a notable enhancement in permeance of up to 140 

% for SY in comparison to the control PA TFC membrane. This extent of 
permeance improvement is among the highest reported in the literature, 
with emphasis on the rejection of small molecules, what is key to afford 
the removal of micropollutants (e.g. drugs, pesticides, etc.). Also, the use 
of a commercially available polymer (polyimide P84®) paves the way to 
the scale up of these membranes.
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