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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Metal-organic frameworks-graphene 
oxide nanohybrids were synthesised.

• The incorporation of nanohybrids 
delayed pore-wetting in membrane 
distillation.

• Control membrane showed adequate 
salt rejection for 4.5 h.

• Nanohybrid membranes maintaied very 
high salt rejection over 100 h.

• Adsorption properties of metal-organic 
frameworks were key to prevent mem
brane failure.
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A B S T R A C T

Membrane distillation (MD) is an emerging technology in the field of water desalination due to its high-energy 
efficiency and the fact that is not affected by feed salt concentration. As an alternative to feed water pre- 
treatment, membrane surface modification aims at changing different properties to make it less prone to 
fouling. This work addresses the mitigation of the most concerning membrane degradation effects in MD, such as 
pore wetting and fouling, by modifying the membrane surface. This work takes advantage of the adsorption 
properties of metal-organic frameworks (MOF)@graphene oxide (GO) nanohybrids to create sacrificial sites 
(located zones where adsorption of foulants is facilitated) on the membrane surface. MOF@GO nanohybrids are 
embedded between two polydopamine (PDA) layers that are deposited on top of commercial polyethylene (PE) 
membranes. Two types of MOF@GO nanohybrids were evaluated, one containing UiO-66-NH2 and the other one 
ZIF-8. Air gap membrane distillation (AGMD) experiments using highly concentrated foulant solutions to 
accelerate the effects of membrane degradation, showed that surface modification effectively extended mem
brane life. The selective foulant adsorption delayed pore wetting and allowed to retain most of the membrane 
flux. Pore wetting occurred after 109 h for the membrane containing ZIF-8@GO (500 mg⋅m− 2), compared to 4–5 
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h for the unmodified commercial membrane. Due to their high adsorption properties, the presence of MOFs is 
essential to ensure the formation of sacrificial sites and to maintain the initial flux, thus higher fluxes were 
observed for MOF@GO membranes (13 kg⋅m− 2⋅h− 1), compared to those containing only GO (5 kg⋅m− 2⋅h− 1).

1. Introduction

Access to safe drinking water is one of the biggest global challenges 
today. Current population growth, geopolitical conflicts, and the 
adverse effects of climate change have led to increasing water scarcity 
and stress. Moreover, increased water consumption results in a higher 
volume of wastewater that requires treatment before being reused or 
discharged into watercourses and natural resources [1]. It is estimated 
that only about 11 % of all domestic and industrial wastewater world
wide is reused [2]. Therefore, there is an urgent need to develop more 
energy-efficient separation methods for both drinking water and 
wastewater. Furthermore, it is important to note that only 1 % of the 
Earth's water is considered usable or accessible freshwater, with the 
majority being surface water and groundwater [3]. Desalination of sea 
and ocean water is a viable alternative for countries and regions with 
access to these resources [4,5]. Membrane separation processes, 
particularly reverse osmosis (RO), dominate the world market for 
desalination technologies [5]. However, in recent years, certain tech
nologies have emerged as alternatives [3]. Membrane distillation (MD) 
is a thermally driven process that does not require overcoming osmotic 
pressure. The use of a hydrophobic membrane, combined with a vapour 
pressure difference between the feed and permeate sides, allows water 
molecules to pass in the vapour phase while blocking the passage of 
salts, and other non-volatile compounds and contaminants dissolved in 
the water. Thus, the high selectivity is a result of the vaporization pro
cess, resulting in very high separation efficiencies and salt rejections. 
MD has several advantages over RO, which include the ability to handle 
high feed salinities [6,7], higher resistance to fouling due to lower 
pressure requirements [7,8], and the allowance for energy reintegration 
[6,9]. However, the main challenge of this technology is obtaining high 
permeate fluxes and increasing energy efficiency [10]. In recent years, 
energy consumption in MD-based desalination processes has been 
significantly reduced through various strategies, resulting in lower 
specific costs. Advancements in utilizing waste heat and implementing 
heat recovery systems have significantly reduced the cost of desalinated 
water from MD plants, making them competitive with conventional 
reverse osmosis (RO) plants, which have a similar estimated cost per 
cubic meter of water produced [9,11,12].

As abovementioned, MD is able to operate in the presence of elevated 
salinity levels in the feed stream. Thus, this technology is particularly 
useful for treating water with high salt concentrations, such as seawater 
or brines from the agri-food [13], textile [14], and pharmaceutical in
dustries [15]. In industrial environments, it is important to sustain a 
consistent flow rate over extended periods of time, without being 
affected by water contaminants such as salts, heavy metals, and organic 
matter. To achieve this, it is crucial to maintain a clean membrane 
surface free of fouling layers and pore-blocking substances to ensure 
stable performance [7]. In the case of MD, the fouling layer is hydrated, 
which means that the evaporating water molecules are not necessarily 
physically obstructed by this layer. However, it can lower the temper
ature at the vapour-liquid interface, reducing the driving force for 
vapour transport and ultimately decreasing the permeate flux [16]. 
Unlike pressure-driven reverse osmosis (RO) processes, in MD, rejection 
is directly affected by fouling on the membrane surface due to the 
phenomenon of pore wetting [7]. Pore wetting occurs when substances 
and particles accumulate on the membrane surface and on the pore 
walls, creating a hydrophilic bridge that allows liquid phase molecules 
to pass through the membrane. Pore wetting can be superficial, partial 
or total [17]. This phenomenon is critical in long-term operations, as it 
significantly reduces rejection and contaminates the permeate tank, 

thereby shortening the lifespan of the membrane and limiting its in
dustrial applications. To the best of our knowledge, membrane fouling 
and wetting mechanism is still not fully comprehended.

Various strategies can be employed to prevent fouling and pore 
wetting in MD. Pre-treatment of feed water before the MD stage is often 
necessary, but it can greatly increase maintenance costs and it eventu
ally becomes ineffective [17,18]. An alternative to pre-treatment is 
modifying the membrane surface, for example, by adding nanomaterials 
to provide anti-fouling properties [19,20]. 2D materials, such as gra
phene and their derivatives, are ideal for this purpose due to their high 
surface area and surface area-to-volume ratio [19,21]. Graphene oxide 
(GO) is a graphene-like material containing oxygenated functional 
groups such as alcohol, epoxide, ketone, or carboxyl, which can be easily 
obtained by an inexpensive and scalable method using graphite as a 
starting material. In addition, the presence of functional groups in
creases the space between layers and enhance chemical reactivity, 
resulting in hydrophilic properties and the ability to be easily func
tionalized. GO has proven to exhibit anti-fouling properties in MD pro
cesses. Alberto et al. [21] fabricated a sandwich-like structure with GO 
flakes between two polydopamine layers, loaded it on a hydrophobic 
support, and tested it using a salt solution with a non-ionic surfactant 
(Triton X-100) for 70 h, guaranteeing salt retention of 99.9 %. Lu et al. 
[22] prepared n-butylamine-functionalized GO/Polyvinylidene fluoride 
(PVDF) mixed matrix membranes for seawater desalination using MD. 
Mechanical strength and pore wetting were improved when raising the 
nanomaterial loading. However, porosity decreased due to the higher 
viscosity of the casting solution, which ultimately caused flux reduction. 
Zahirifar et al. [23] coated a layer of octadecylamine functionalized GO 
on top of a PVDF support achieving stable desalination performance on 
MD for 5 days with 98 % rejection. In another study, Woo et al. [24] 
investigated the desalination performance of a graphene-loaded super- 
hydrophobic electrospun nanofiber membrane. They reported that at a 
certain graphene concentration, the mixed matrix membrane 
morphology and permeation properties were significantly improved, 
achieving 22.9 L m− 2 h− 1 flux and 99.99 % rejection.

Metal-organic frameworks (MOFs) are hybrid porous materials 
formed by coordinating metal ions with organic ligands, generating 
crystalline networks of one, two, or three dimensions. The arrangement 
of metal atoms in their structure gives both MOFs thermal stability, up to 
temperatures of 300–400 ◦C, and chemical stability, being stable in 
water and organic solvents. MOFs are known for their strong adsorption 
capacity, which is attributed to their high specific surface and pore 
volume, tunable pore size, and facile functionalization. MOFs can act as 
nanoadsorbents, increasing the selectivity and efficiency of separation 
processes, and therefore are very attractive materials for improving 
many membrane applications [25,26]. There are various structures and 
types of MOFs. ZIFs (zeolitic imidazole frameworks) [27] and UiOs 
(named after the University of Oslo) [28] are two of the most extensively 
researched families, which have also been explored for MD applications 
[29,30]. Li et al. [31] prepared a Janus membrane by functionalizing 
polytetrafluoroethylene (PTFE) with different ratios of UiO-66-NH2 and 
GO, reaching 48 h of stable flux with excellent rejection of 99.99 %. The 
formation of a hydrophilic layer over the hydrophobic PTFE was able to 
successfully delay pore wetting. However, the potential of hybrids 
formed by MOF grown on GO, instead of just a combination of individual 
components of both, has been barely investigated. To our knowledge, 
only MOF-801 has been grown in GO to be used in MD desalination 
processes, being its mission to achieve hydrophobic membranes that 
increase water flow [32]. MOF@GO hybrids exhibit strong interfacial 
bonding due to the anchoring of metal clusters to the functional groups 
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of GO. Zn2+ coordinate with carboxyl and epoxide groups, while the 
subsequent incorporation of ligand molecules facilitates the growth of 
the MOF on the basal plane of the nanosheet. Additionally, these link
ages enhance the dispersibility of MOFs over the GO, effectively pre
venting agglomeration [33–35]. Similar MOF@GO hybrids have been 
explored for a broad range of applications, including anti-fouling 
properties in nanofiltration applications [36,37], showing excellent 
nanomaterial stability. Thus, the synthesis of MOFs onto the basal planes 
of GO enables the full exploitation of their adsorption and hydrophilic/ 
hydrophobic properties, as they are homogenously dispersed and 
accessible to foulants.

This study aims to combine the adsorption capacity of MOFs and 2D 
graphene oxide flakes to mitigate fouling and control pore wetting in 
commercially available polyethylene (PE) membranes for MD applica
tions. UiO-66-NH2 and ZIF-8 are chosen to represent two of the most 
studied families of MOFs. UiO-66-NH2 is a zirconium-based MOF 
belonging to the isoreticular series of UiO-66. This family of MOFs is 
well known for its hydrophilicity, and the addition of the amine group 
further improves this property. ZIF-8 is the best-known member of its 
family and its recognized for its high adsorption capacity and hydro
phobic properties [38]. In this work, both MOFs are synthesized on the 
basal plane of GO in a one-step process to obtain ZIF-8@GO and UiO-66- 
NH2@GO. Theses nanohybrid materials are then deposited on top of a 
commercial PE membrane with the aid of polydopamine (PDA). PDA is 
widely utilized for its adhesive properties, acting as a bridge between the 
polymer and nanohybrids. The use of two PDA coatings enables the 
effective retention of nanohybrids within its structure. Besides, PDA 
coating forms a mesh-like structure that allows the free transport of 
molecules, ensuring that the embedded nanohybrids remain accessible 
to water and foulant molecules. These membranes will be tested for air 
gap membrane distillation (AGMD) using a feed containing sodium 
chloride and high concentrations of organic and inorganic fouling 
agents. In addition, extensive characterization and MD tests under 
different conditions performed in this study help comprehend the 
interaction between foulant nature and membrane surface properties.

2. Experimental

2.1. Materials

Graphene oxide (GO, 1 wt%) was purchased from Williamblythe 
(UK). Dopamine hydrochloride (DA, ≥ 98 %), 2-methylimidazole 
(Hmim, ≥99 %), zinc nitrate hexahydrate (Zn(NO3)2⋅6H2O, ≥ 99 %), 
ammonium hydroxide (NH4OH, 20.0–30.0 % NH3 basis), humic acid 
(HA), sodium chloride (≥ 99.0 %) and Triton X – 100 were purchased 
from Sigma Aldrich (Germany). Tris (hydroxymethyl) aminomethane 
(TRIS) was purchased from AcrosOrganics (Belgium). Isopropyl alcohol 
(IPA, ≥ 99.5 %) was purchased from Honeywell (USA, ≥ 99.5 %). 
Polyethylene (PE) membranes were purchased from Aquastill 
(Netherlands) with a mean pore radius of 0.16 μm and average thickness 
of 113 μm. Zirconium tetrachloride (ZrCl4, > 99.5 %) was purchased 
from Alfa Aesar (Spain). Aminoterephthalic acid (H2N-H2BDC, > 99 %) 
and formic acid (> 90 %) was purchased from Fischer Scientific (Spain). 
Ethanol (> 99.5 %) and deionized water (DI) were purchased from Gilca 
(Spain).

2.2. Synthesis of UiO-66-NH2@GO nanohybrids

UiO-66-NH2 was synthesized onto GO flakes, by dissolving first 466 
mg of ZrCl4 (2 mmol) in 30 mL of 1 wt% GO dispersion in water. This 
allowed electrostatic interactions between Zr(IV) cations and negatively 
charged functional groups in GO. Another solution was prepared by 
dissolving 179.13 mg H2N-H2BDC (1 mmol) in 20 mL of ethanol and 25 
mL of formic acid 30 % v⋅v− 1. Then both solutions were mixed turning 
into light brown-yellowish colour, and transferred to an autoclave, 
which was kept at 110 ◦C for 12 h. Finally, the product was washed three 

times with ethanol and twice with distilled water and dried at 60 ◦C for 
12 h under vacuum. The same procedure was carried out without GO to 
obtain pure UiO-66-NH2 crystals.

2.3. Synthesis of ZIF-8@GO nanohybrids

ZIF-8@GO nanohybrids were prepared by adding GO in the synthesis 
liquor prepared using the reagents and concentrations for ZIF-8 syn
thesis reported elsewhere [39]. Firstly, 0.594 g of zinc nitrate hexahy
drate (2 mmol) were dissolved in 13 mL of 1 wt% GO dispersion in water 
to enable the coordination of Zn(II) to the basal plane of GO. Secondly, 
0.328 g of Hmim (4 mmol) were dissolved in 3.76 g NH4OH. Both so
lutions were mixed, turning into a greyish suspension, which was stirred 
for 10 min at room temperature to undergo crystallization. The product 
was then centrifuged and washed with deionized water at least 3 times 
and dried at 60 ◦C in a vacuum oven. The same procedure was carried 
out without GO to obtain pure ZIF-8 crystals.

2.4. Membrane preparation

Dopamine-functionalized PE membranes were prepared via facile 
surface coating following the procedure reported by Alberto et al. [21] 
The coating solution was prepared by dissolving DA in a TRIS-HCl buffer 
solution (10 mM, pH = 8.5) at a concentration of 2 mg⋅mL− 1. The so
lution was stirred for 30 min to allow for the first stage of polymeriza
tion, which is more heterogeneous and could cause defects on the 
membrane surface [40]. Then, the PE membranes were floated in the DA 
solution for 2 h for subsequent self-polymerization, leading to a PDA 
layer coating the PE surface. The PDA-functionalized PE membranes 
(PDA/PE) were rinsed using deionized water and dried in a vacuum 
oven at 60 ◦C for 2 h. Once dried, the modified membranes were 
immersed in IPA for 30 min to activate the pores and allow their full 
wetting.

Dispersions of GO nanohybrids (either UiO-66-NH2@GO or ZIF- 
8@GO) were prepared by adding the powder into 100 mL water/IPA 
mixtures (1:1 volume ratio), stirring for 10 min, sonicating for another 
10 min and repeating the stirring and sonication process two times. 
Afterwards, the dispersions were vacuum filtered onto membrane discs 
of 44.2 cm2, where the deposited amount of nanohybrids ranged from 
100 to 1000 mg per m2 of membrane. The membranes were dried in a 
vacuum oven at 60 ◦C for 2 h, and another PDA layer was added on top 
following the same procedure as for the first PDA layer (Fig. 1) to 
immobilize the GO derivative. A more detailed schematic of the 

Fig. 1. Scheme of the membrane structure including an illustration of the 
chemical structure of the nanoadsorbents.

A. Moriones et al.                                                                                                                                                                                                                               



Desalination 604 (2025) 118722

4

fabrication process is shown in Fig. S1.
PDA-functionalized PE membranes (without nanohybrids) were also 

prepared for comparison. Synthesized membranes and their character
istics are shown in Table 1. The loading (L) of the nanohybrids was 
calculated dividing the amount of the MOF@GO deposited (m) divided 
by the membrane area (A) (See Eq. 1). Where m is the product of 
dispersion concentration (C) and volume (V) (See Eq. 2): 

L = m⋅A− 1 (1) 

m = C⋅V (2) 

2.5. Air gap membrane distillation (AGMD) tests

Air gap membrane distillation (AGMD) experiments were carried out 
in an in-house built system (a schematic representation is shown in 
Fig. 2). The air gap configuration was chosen due to its energy efficiency, 
simplicity, ease of operation and higher flux as compared to direct 
contact mode [41]. The feed solution was continuously stirring at 350 
rpm and kept at 70 ◦C by using a hot plate with a thermocouple attached 
(IKA RCT standard 2.0). The feed was recirculated at 600 mL⋅min− 1 

using a 12 V pump. The condenser plate in contact with the permeate 
was cooled by a recirculating water flow (600 mL⋅min− 1) in counter 
current configuration coming from a chiller (Julabo F32) set at 2 ◦C. The 
membrane cell is made of acrylic plastic and had an effective area of 
7.07 cm2 and a 3 mm air gap. The system was also composed of a con
ductimeter (Cond60 VioLab) and a precision balance (Sartorius Practum 
1102-1S) connected to a computer for real time data acquisition. The 
water vapour travelled through the hydrophobic pores from hot to cold 
side due to the vapour pressure across the membrane. The feed con
ductivity was measured at the beginning and at the end for every 
experiment to reassure that the feed tank did not suffer a noticeable 
change in salinity and driving force was kept almost constant during the 
process.

Aqueous feed solutions containing sodium chloride (35 g⋅L− 1), HA 
(500 ppm) and calcium chloride (420 ppm) were used. These compo
nents are representative of typical fouling agents [42,43], therefore 
chosen to study the anti-fouling and stability properties of the mem
branes under harsh conditions and accelerated fouling [44]. The pH of 
the feed was maintained ~7.5, simulating seawater [45].

The membrane performance was evaluated by continuous mea
surement of permeate flux and rejection. Flux (J (kg⋅m− 2⋅h− 1)) was 
calculated as the permeate mass increment (Δm) in time (Δt) divided by 
the membrane effective area (A). See Eq. 3: 

J
(
kg⋅m− 2⋅h− 1) = Δm⋅A− 1⋅Δt− 1 (3) 

The rejection rate (R) was determined monitoring conductivity 
changes in the collected permeate (Cp) divided by the feed conductivity 

(Cf). See Eq. 4: 

R (%) =
(
Cf − Cp

)
⋅C− 1

f ⋅100 (4) 

The reported values of membrane flux and rejection correspond to a 
continuous measurement of these parameters. To ensure reproduc
ibility, they were repeated two or three times, except for the long-term 
operation experiments (i.e. up to 120 h) that were performed only once.

2.6. Nanohybrids characterization

X-ray diffraction analysis (XRD, PANalytical Empyrean X ray 
diffractometer) was used to determine the crystalline structure and 
purity of the synthesized materials. Data was registered in a 2θ range of 
5–40◦ employing a Cu anode (Cukα λ = 1.54186 Å) with a voltage of 40 
kV and a current of 40 mA as X-ray source. Scanning electron micro
scopy (SEM) coupled with an energy dispersive X-ray (EDX) was used to 
analyze particle size and growth of MOFs over GO sheets using a Field 
Emission F50 Inspect operating at 10 kV. Particle size distribution was 
calculated using the open-source software ImageJ® and estimated as the 
average of 100 measurements for each nanomaterial. Thermogravi
metric analysis (TGA) was used to analyze thermal stability and nano
hybrids composition by employing a Mettler Toledo TGA/SDTA 851e. 
These experiments were carried out from 35 to 700 ◦C under air atmo
sphere with flowrate of 100 mL (STP) ⋅min− 1 at a heating rate of 
10 ◦C⋅min− 1. Surface area was measured by nitrogen sorption analysis 
and BET method (Micromeritics Tristar 3000). X-ray photoelectron 
spectroscopy (XPS) analysis was conducted to study chemical compo
sitions using a Kratos Axis Ultra spectrometer with a monochromatic Al 
Kα (1486.6 eV) X-ray source (10 mA, 15 kV and a power of 150 W) and 
data were analyzed using a CASAXPS software. For the determination of 
the HA adsorption capacity of nanofillers, different HA solutions with 
concentrations ranging from 10 to 200 mg⋅L− 1 were prepared. After 
that, 20 mg of nanohybrid were added to these solutions and kept stir
ring at an orbital shaker for at least 24 h to allow HA adsorption. The 
solutions were then centrifuged at 9500 rpm during 45 min and filtrated 
with a syringe filter of 0.22 μm twice. The amount of free HA was 
quantified using a UV–Vis and a calibration curve at 254 nm. Then, the 
amount of HA adsorbed was calculated by the difference between the 
initial value and that in the mother liquor.

2.7. Membrane characterization

SEM-EDX (Field Emission F50 Inspect, 10 kV) was used to study the 
morphology and surface structure of pristine PE and PDA-functionalized 
PE. Water contact angle (WCA) was used to determine changes in 
membrane hydrophobicity by using a Krüss Shape Analyzer 10 MK2. 
Surface roughness was analyzed by atomic force microscopy (AFM) 
using a Bruker Multimode V AFM System, exchangeable scanner type J 
(200 μm(X) x 200 μm(Y) x 5 μm (Z), RTESPA-150, 5 N⋅m− 1 symmetric 
tip, Al Reflex Coating)). Immobilization of the nanohybrids on top of the 
PDA/PE surface was investigated over time. The membranes were 
mounted inside the MD module and DI water was recirculated for 24 to 
48 h. After this period, the DI water was examined using a V-670 Jasco 
UV–Vis spectrophotometer to identify the presence of nanohybrids or 
PDA in the water.

3. Results and discussion

3.1. Nanohybrids characterization

XRD analysis was performed on the nanohybrids to confirm the 
formation of the MOFs and crystalline phases of both UiO-66-NH2 
(Fig. 3a) and ZIF-8 (Fig. 3b). Their spectra are shown together with that 
of GO and pure MOFs, and were compared with simulated CIF files from 
the International Zeolite Association (IZA) database [46]. The 

Table 1 
Membrane codes and their main specifications according to fabrication method. 
All membranes were prepared using PDA-coated PE and an additional PDA layer 
was formed after deposition of the nanoadsorbents.

Code Type of nanohybrid Loading (mg⋅m− 2)

PE (as received) – –
PDA/PE – –
GO 50-PDA/PE

GO

50
GO 75-PDA/PE 75
GO 100-PDA/PE 100
GO 500-PDA/PE 500
GO 1000-PDA/PE 1000
U-G 100-PDA/PE

UiO-66-NH2@GO
100

U-G 500-PDA/PE 500
U-G 1000-PDA/PE 1000
Z-G 100-PDA/PE

ZIF-8@GO
100

Z-G 500-PDA/PE 500
Z-G 1000-PDA/PE 1000
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Fig. 2. Representation of the homemade AGMD distillation set up.

Fig. 3. XRD spectra (a and b) and TGA curves (c and d) for both UiO-66-NH2@GO (a and c) and ZIF-8@GO (b and d) nanohybrids. XRD spectra and TGA curves of 
GO, UiO-66-NH2 and ZIF-8 are plotted for comparison.
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diffraction pattern of the GO shows a diffraction peak at around 11.2◦, 
which is attributed to the interlaminar distance due to stacking of the 2D 
flakes [27]. This signal does not appear in the spectra of the nanohybrids 
due to the random stacking of the GO flakes resulting from the deposi
tion of the MOFs [47]. The MOFs synthesized without GO match the 
simulated XRD pattern. The main diffraction peaks of both UiO-NH2 and 
ZIF-8 are also found in their respective nanohybrid. The XRD spectrum 
of ZIF-8@GO contains additional small peaks that can be related to zinc 
hydroxide nitrate impurities (the peak at 2θ = 11◦ could be related to Zn 
(OH)(NO3)(H2O)), in accordance with that observed by other authors. 
This by-product can be produced at very low quantities at low Hmim/Zn 
ratios, such as the one used here [47,48].

In order to calculate the MOF/GO ratio for the synthesized nano
hybrids, thermogravimetric analysis was carried out. Fig. 3c and d dis
plays the TGA curves from for UiO-66-NH2@GO and ZIF-8@GO, 
respectively, together with that of GO and pure MOFs. The thermal 
degradation of GO occurs mainly in three stages. Up to 100 ◦C, super
ficially adsorbed water molecules are removed. Subsequently, two 
marked weight losses are observed due to the degradation of structural 
components: (i) 100 ◦C–360 ◦C, the removal of oxygen functional 
groups, and (ii) from 360 ◦C onwards, the oxidative pyrolysis of carbon 
structure [49]. Both ZIF-8 and UiO-66-NH2, and their respective nano
hybrids do not display weight loss up to 100 ◦C, probably due to the 
lower hydrophilicity as compared to bare GO. For UiO-66-NH2, two 
weight losses are clearly distinguished. Between 100◦ and 400 ◦C, a 
weight loss of 14 % occurs due to dehydroxilation. Above this point, a 
20 % weight loss step is be observed due to material decomposition [50]. 
ZIF-8 quickly collapses above 450 ◦C due to thermal decomposition of 2- 
MeIm, which leads to the formation of ZnO as the final calcination 
product [51]. However, the weight loss in both nanohybrids (UiO-66- 
NH2@GO and ZIF-8@GO) follows a constant pace due to the degrada
tion of structural moieties in GO and MOFs. MOF/GO ratios were 
calculated considering that GO degrades completely at 700 ◦C while that 
the remaining weight for both nanohybrids were 62.6 % for UiO-66- 
NH2@GO and 22.3 % for ZIF-8@GO (see Fig. 3c and d). By comparing 
this remaining weight with that of the pure MOF, UiO-66-NH2 (65.4 %) 
and ZIF-8 (29.6 %) samples, the percentage of the MOF in the nano
hybrids can be calculated. The obtained compositions, 95.7 wt% MOF in 
UiO-66-NH2@GO and 75.3 wt% MOF in ZIF-8@GO, are shown in an 
inset along with the weight loss curves.

Morphology and particle size of all materials were estimated using 
SEM. For the synthesis of pure MOFs (Fig. 4a and b), nanoparticles of 
719 (±113) and 130 (±4) nm were observed for ZIF-8 [39] and UiO-66- 
NH2 [52], respectively. Fig. 4c and d show the SEM images of the 
nanohybrids, UiO-66-NH2@GO and ZIF-8@GO, respectively. The 2D 
flakes correspond to the GO and the nanoparticles on top of them evi
dence the presence of MOFs (UiO-66-NH2 in Fig. 4c, and ZIF-8 in 
Fig. 4d). The commercial GO flakes have a wide and heterogeneous size 
distribution, ranging from a lateral size of 5 up to 30 μm and a thickness 
of 2 nm, as granted by seller. This size makes it suitable for the depo
sition onto the PE support (pore radius of 0.16 μm). Fig. 4c shows the 
presence of several UiO-66-NH2 nanoparticles homogenously grown on 
the surface of the GO flakes, although they partially lost their charac
teristic cubic morphology. The observed change in shape agrees with 
previously reported results [53,54]. ZIF-8 nanoparticles, on the con
trary, grew with their distinct cubic shape [27,55], unaltered by the 
presence of GO, and were also homogenously distributed along the GO 
basal plane without agglomerating (see Fig. 4d). The nanoparticles 
grown on top of the GO had an average particle size of 132 (±3) and 746 
(±11) nm for UiO-66-NH2@GO and ZIF-8@GO, respectively. Fig. S2 
displays the particle size distributions for pure MOFs and both 
nanohybrids.

N2 adsorption-desorption experiments were carried out to obtain the 
BET surface area of the synthesized nanomaterials. The isotherms are 
shown in Fig. S4 and all samples exhibited type I isotherms according to 
the IUPAC classification. Both nanohybrids show a certain presence of 

mesopores at high values of P/P0, which can be related to voids between 
the particles. Both UiO-66-NH2 and ZIF-8 (928 and 1059 m2⋅g− 1, 
respectively) showed higher specific surface areas that their corre
sponding counterparts synthesized over GO flakes. This is believed to be 
related to the contribution of non-porous GO (which exhibits minimal 
N2 adsorption, at approximately 2 m2/g [56,57]) and the pore blocking 
of MOFs due to poor accessibility of stacked 2D flakes [58]. The 
reduction was estimated to be 45 % for UiO-66-NH2@GO (512 m2⋅g− 1) 
and 82 % for ZIF-8@GO (194 m2⋅g− 1).

3.2. Membrane characterization

SEM images of the membranes were acquired after each of the three 
modification steps to observe changes in morphology throughout the 
process (Fig. 5). It should be noted that the samples employed for the 
SEM analysis (PDA/PE, UiO-66-NH2@GO/PDA/PE, and ZIF-8@GO/ 
PDA/PE) contain a single PDA layer, which differs from the mem
branes presented in Table 1 (dual PDA layer configuration in a layered 
structure as depicted in Fig. 1). In other words, the second PDA coating 
(after nanohybrid deposition) was not applied to the SEM samples with 
the aim of avoiding any potential interference from the covering layer. 
Therefore, samples in Fig. 5 do not follow the coding shown in Table 1. 
Fig. 5a corresponds to the bare polymeric support, in which some pores 
were identified (indicated with red circles). After the formation of the 
first PDA layer (Fig. 5b), pores and fibre gaps seem to be partially 
covered, with an increase in the surface roughness as compared to the 
original PE membrane (304 vs 288 RMS value, see Fig. S4). SEM images 
in Fig. 5c and d correspond to the membrane surface modified with one 
layer of PDA and nanohybrids. The presence of these nanohybrids on top 
of the PDA/PE layers is confirmed; i.e. UiO-66-NH2@GO/PDA/PE 
(Fig. 5c) and ZIF-8@GO/PDA/PE (Fig. 5d). In addition, it can be 
observed that MOF nanoparticles on top of GO maintained their original 
structure and size after membrane fabrication. SEM images of a control 
membrane containing two PDA layers over the PE support were also 
taken. Results can be seen in Fig. S3, and show not noticeable change in 
membrane surface morphology or shape.

AFM measurements (Fig. S5) indicate that the nanohybrid deposition 
increased the membrane surface roughness. Ra and RMS parameters 
(288 and 236.8 nm for PE) raised by 97 % and 75 %, respectively (509 
and 416 nm) for the U-G 500-PDA/PE membrane.

High Resolution SEM (HR-SEM) images were taken in order to check 
the structure and different layers that comprise the membrane. As can be 
seen in Fig. S6, membrane contains two different regions, the PE support 
behind (highlighted by the green arrow) and the surface, consisting of 
two PDA layers with the hybrid in between (highlighted by the yellow 
arrow) with a thickness of around 0.3 μm.

WCA was performed to examine the hydrophobic properties of the 
membranes (Fig. 6a). For the bare polymer after the addition of two PDA 
layers without nanomaterial, wettability increased (i.e. decreased WCA) 
due to the hydrophilicity of this polymer. Besides, the increase in 
roughness (confirmed by AFM, Fig. S5) also contributes to decrease 
WCA values according to Wenzel and Cassie Baxter equations (see Eq. 
S1), which states that the observed WCA is directly proportional to the 
cosine of the actual WCA. In other words, the surface roughness am
plifies surface hydrophilicity or hydrophobicity [59,60]. For the UiO-66- 
NH2@GO membranes, despite the presence of hydrophilic groups in the 
nanohybrids, the WCA of the modified membranes increases with the 
loading (100, 500, and 1000 mg⋅m2). The same tendencies have already 
been reported for other authors and it is believed to be related to the 
presence of hydrophobic regions in GO, therefore weakening the effect 
of the hydrophilic MOF [8,61]. For membranes containing ZIF-8@GO 
nanohybrids, the WCA are higher PDA/PE and UiO-66-NH2@GO 
membranes due to higher hydrophobic nature of ZIF-8.

High resolution XPS spectra of the C 1 s core level region for the 
membrane surface after every modification step is shown in Fig. 6b-d. As 
compared to PE (Fig. 6b), the concentration of C–C bonds decreases 
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Fig. 4. SEM images of UiO-66-NH2 (a) nanoparticles, ZIF-8 (b) nanoparticles, UiO-66-NH2@GO (c-d), and ZIF-8@GO (e-f) nanohybrids.
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during the subsequent steps of membrane fabrication due to the 
contribution of other species. Both PDA/PE (Fig. 6c) and Z-G 500 PDA/ 
PE (Fig. 6d) showed C-O/C-N and C=O/C=N peaks, confirming the 
existence of a PDA layer and nanohybrid on top of the PE membrane. 
After deposition of the nanohybrid (Z-G 500 membrane, Fig. 6d), the 
concentration of C––C increases and the C-O/C-N decreases as compared 
to PDA/PE (Fig. 6c) due to the presence of the imidazole group and 
graphene aromatic regions. Fig. S7 show obtained XPS spectra for the O 
1 s, N 1 s and Zn 2p. In the N 1 s region, after the addition of the 
nanohybrid, C=N-C bond gets more intense due to the nanohybrid 
presence (imidazole group). In O 1 s region, the arising of a new bond at 
B.E. of 533 eV, related to GO addition of the nanohybrid, is identified. In 
the case of Z-G 500-PDA/PE membrane, Zn is also present (Fig. S7e), 
suggesting the deposition of ZIF-8@GO nanohybrids on the membrane 
surface. Furthermore, atomic compositions were determined from the 
high-resolution spectra of each atom. Fig. S7f summarizes the atomic 
concentrations of these elements for the tested membranes.

The stability of the membranes, i.e. the potential detachment of 
nanohybrids or PDA from the PE membrane, was analyzed as previously 
described in the experimental section. As can be seen in Fig. S8, com
mercial PE membranes were found to release molecules that absorb 
signal within the UV–Vis range. These are believed to be membrane 

preserving agents that are physically adsorbed into the membrane pores 
and that are easily removed with hot water (Fig. S8a). The addition of 
the PDA layers decreases significantly the signal coming from the PE 
substrate (Fig. S8a). The stability of membranes with a single PDA layer 
and GO (loading of 50 mg⋅m− 2) was evaluated and it was found that the 
longer the testing (24 vs. 48 h), the higher the degree of detachment 
(Fig. S8b). This indicates that some PDA molecules or GO are not 
completely stuck to the PE membrane and falls off the surface. When a 
second layer of PDA is deposited (Fig. S8c), the signal from the PDA/ 
nanohybrid detachment is significantly reduced, meaning that the sec
ond PDA layer is essential to preserve the membrane structure and 
properties after the addition of nanohybrids. The membranes with the 
ZIF-8@GO nanohybrid hardly show any signal, which would indicate 
that this nanohybrid shows good stability after the second PDA layer is 
deposited. A parametric study on UiO-66-NH2@GO nanohybrid con
centration was conducted to verify if material detachment was influ
enced by nanohybrid loading (Fig. S8d); UiO-66-NH2@GO nanohybrid 
was chosen as it shows higher detachment compared to ZIF-8@GO. This 
study reveals that the degree of detachment was higher for the mem
branes with greater concentration of nanohybrid. Besides, this is much 
more pronounced when the exceeds 500 mg⋅m− 2. The motivation of 
adding the second layer is to stick both PDA layers together trapping the 

Fig. 5. SEM images of pristine PE membrane (a), PDA/PE (b), UiO-66-NH2@GO/PDA/PE (c) and PDA/ZIF-8@GO/PDA/PE (d).
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Fig. 6. WCA of prepared membranes (a) and C 1 s high resolution XPS spectra of bare PE polymer (b), PDA/PE (c), and Z-G 500-PDA/PE (d). Different colors 
represent the presence of the identified bonds, experimental signal (light green), and theoretical fitting (black).

Fig. 7. AGMD performance of the synthesized membranes: GO PDA/PE (a), U-G PDA/PE (b) and ZIF-8@GO (c), and long-term stability study of selected mem
branes (d).
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nanohybrids between. Then, if the loading of nanohybrid becomes too 
high, a significant area of the PDA is covered by the nanohybrids and the 
interactions between both PDA layers are limited, thus compromising 
the mechanical stability of the membranes. To sum up, the presence of 
the second layer of PDA is critical to ensure long-term stability, nano
hybrid loading plays an important role in membrane stability, and ZIF- 
8@GO show minimal detachment even at loadings as high as 1000 
mg⋅m− 2.

3.3. AGMD experiments

All membranes were tested in AGMD configuration for water desa
lination. The feed stream contained 35 g⋅L− 1 NaCl, 500 ppm HA and 420 
ppm of CaCl2, which was added to control the formation of HA co
agulates [62] and investigate membrane performance in conditions of 
accelerated pore wetting, i.e. high concentration of foulants. The un
modified commercial PE membrane was tested as received and with two 
PDA coatings (PDA/PE) as a control membrane. Both PE and PDA/PE 
membranes show a similar behavior, where HA is quickly adsorbed to 
their surface and pore wetting occurred after 4.5 h (Fig. S9a). Those 
membranes containing GO (GO PDA/PE membranes) showed a decrease 
in water flux when increasing the nanohybrid loading (Fig. 7a), mainly 
due to the large average lateral size of GO flakes (up to 11 μm) that can 
partially block the pores of PE making the path of the water molecules 
more tortuous; GO 500-PDA/PE membrane shows a constant flux of 

about 10 kg⋅m− 2⋅h− 1 and GO 1000-PDA/PE membrane (double con
centration of GO) shows half the flux (5 kg⋅m− 2⋅h− 1). However, the 
membrane at the lowest loading (GO 100-PDA/PE) behaves in a similar 
manner to the control membrane in terms of flux; i.e. flux starts at c.a. 
17 kg⋅m− 2⋅h− 1 and gradually drops down to 11 kg⋅m− 2⋅h− 1. Interest
ingly, the salt rejection behavior is markedly different compared to the 
control PDA/PE membrane, which shows pore wetting at 4.5 h. Those 
membranes coated with GO showed a stable rejection above 99 % for the 
entire testing period (15 h). It is believed that electrostatic repulsion 
between carboxylic and phenolic groups of HA and negatively charged 
GO are responsible for maintaining rejection constant [63,64]. For the 
membranes coated with UiO-66-NH2@GO (U-G PDA/PE) and ZIF- 
8@GO (Z-G PDA/PE), the flux does not fluctuate significantly when 
varying the loading of nanomaterial (Fig. 7b and c, respectively), 
distinctly to GO PDA/PE membranes (Fig. 7a). For all membranes con
taining the nanohybrids, water flux starts at c.a. 18 kg⋅m− 2⋅h− 1 and 
slowly decreases after 6–7 h of operation, reaching a plateau at c.a. 
10–12 kg⋅m− 2⋅h− 1. Nevertheless, the membranes containing nano
hybrids perform similarly to PE/PDA. This suggests that the additional 
porosity of the nanohybrid does not significantly affect water flux per
formance in the early stages of operation. Besides, both U-G PD/PE and 
Z-G PD/PE membranes achieved superior (>99 %) rejection over the 
entire tests (15 h). The lack of a clear trend between the flux and loading 
for the membranes containing nanohybrids —in contrast to GO mem
branes where the higher the loading, the the lower the flux— suggests a 

Fig. 8. Schematic diagram of fouling and pore wetting mechanisms at macroscopic (a) and at a molecular level (b), including (b1) bare PE membrane and modified 
membranes with GO (b2.1) or MOF@GO (b2.2) nanohybrids.

A. Moriones et al.                                                                                                                                                                                                                               



Desalination 604 (2025) 118722

11

different interaction mechanism between HA molecules and the nano
hybrids. Fig. S9b-d presents a comparative analysis of the flux and 
rejection for all loadings and membranes tested. As the loading in
creases, a decrease in flux is observed for membranes containing gra
phene oxide (GO), whereas those containing nanohybrids show a very 
similar flux regardless of the load used. This distinct behaviour is 
believed to be related to the strong HA adsorption properties of MOFs 
and will be thoroughly discussed later on (Fig. 8). Long-term perfor
mance (see Fig. 7d) was evaluated for U-G 500-PDA/PE and Z-G 500- 
PDA/PE membranes. This loading was selected for being the highest 
tested that did not suffer significant detachment from the membrane 
(see Fig. S8). The GO75 membrane was chosen as comparison since its 
GO concentration is the same as that in the U-G 500-PDA/PE membrane, 
according to calculated wt% (Fig. 3c). It can be seen that membranes 
containing the nanohybrids clearly outperform the membranes without 
them, including the membrane with GO. In all membranes, the flux 
followed a decrease at a pseudo-constant slow rate due to local organic 
fouling until complete deposition of HA molecules on the membrane 
surface occurred, where pore wetting is clearly noticeable. This caused a 
reduction in membrane surface tension, facilitating liquid passage 
through the membrane and wetting of the membrane pores. The mem
brane containing unmodified GO suffered a two step decline in rejection 
(at 30 and 57 h) before complete failure at 70 h. This phenomenon was 
delayed when the GO-based nanohybrids were used, achieving 74 and 
109 h of sustained performance for UiO-66-NH2@GO and ZIF-8@GO, 
respectively, due to the aforementioned differences in the fouling 
mechanisms associated with HA adsorption. Comparing the two MOFs, 
it can be seen that the ZIF-8 displays the highest fouling mitigation. This 
is believed to be related to its hydrophobic character, which has been 
imparted to the membrane as confirmed by the WCA measurements. It is 
well-established that enhanced hydrophobicity serves to prevent mem
brane wettability in porous membranes [8,65]. Given that fouling and 
pore wetting are surface-related mechanisms, it can be inferred that the 
adsorption properties of the surface functionalization are of consider
able importance. HA adsorption experiments were conducted using UiO- 
66-NH2@GO and ZIF-8@GO nanohybrids (Fig. S10). Both show a 
similar adsorption isotherms reaching a plateau at c.a. 60 and 55 mg⋅g− 1 

for UiO-66-NH2@GO and ZIF-8@GO, respectively. Therefore, the 
enhanced stability of membranes containing ZIF-8@GO nanohybrids is 
attributed to the increased membrane hydrophobicity, rather than 
greater HA adsorption. Furthermore, Z-G PDA/PE membranes have 
shown lowest tendency to undergo detachment than U-G PDA/PE, 
which would also potentially contribute to extend its operation. It is 
important to reiterate that accelerated fouling conditions (c.a. 100 times 
the amount of HA in typical water) were used for the experiments. 
However, high loadings of MOF@GO nanohybrids as in this study may 
not be necessary, and it will depend on the amount of HA in the feed 
stream. This is particularly relevant when concerns to membrane sta
bility, as it was proven that PDA/nanohybrid detachment is much more 
prone at higher loadings. Finally, Plots in Figs. S11–13 show the MD 
performance of different membrane specimens for the same membrane 
code, where high reproducibility can be observed.

Fig. 8a illustrates the proposed pore wetting mechanisms proposed to 
occur in the membranes reported in this study. When the unmodified PE 
or PDA/PE membranes are used, a hydrated foulant layer is formed on 
top (Fig. 8b1), resulting in pore wetting phenomenon. This leads to the 
formation of a hydrophilic bridge (mainly in the largest pores), and 
liquid water with dissolved salts starts to pass through the membrane 
and the rejection decreases at a pseudo constant rate (i.e. an abrupt loss 
in rejection at 4.5 h). In the GO PDA/PE membranes, a continuous layer 
of foulants is expected to grow parallel to the surface, creating addi
tional mass transfer resistance (Fig. 8b2.1). This causes flux decline that 
gets more noticeable with the increase of GO loading (see Fig. 7a). For 
membranes containing both nanohybrids on their surface, it is believed 
that selective adsorption of foulant molecules takes place on the MOF 
nanoparticles due to their strong adsorption capacity. Thus, the 

existence of highly preferential adsorption sites on the surface results in 
the foulant layer growing perpendicular to the surface keeping a sig
nificant part of the membrane surface available for water molecules to 
pass through (Fig. 8b2.2). Therefore, membranes containing nano
hybrids show lower flux decay and flux stabilization at larger values (e. 
g. 13 kg⋅m− 2⋅h− 1 for Z-G 1000-PDA/PE) compared to the GO-coated 
membranes (5 kg⋅m− 2⋅h− 1).

Membranes were also tested for simulated seawater separation with 
much lower concentration of humic acid. For that, a feed of 10 mg⋅L− 1 

HA, 420 mg⋅L− 1 CaCl2 and 35 g⋅L− 1 NaCl was prepared. Results are 
depicted in Fig. 9.a and show the significative effect that feed concen
tration has in the long-term stability and operability; the ZG 500-PDA/ 
PE membrane did not lose separation performance for 300 h, which is 
almost three times higher than the stability reached for accelerated 
fouling conditions (i.e. 500 mg⋅L− 1 HA).

Performance recovery and reusability were also evaluated. For that, 
a fouled ZG 500-PDA/PE membrane (after 109 h of operation), was 
cleaned according to the following three-step procedure: i) it was rinsed 
thoroughly with DI water, ii) then it was submerged in an ultrasonic 
bath (10 min, 3 times) rinsing with DI water between cycles, and iii) the 
membrane was chemically cleaned with a 5 wt% HCl solution for 1 h. 
After that, the cleaned membrane was tested again under accelerated 
fouling conditions (i.e. high concentration of HA, of 500 mg⋅L− 1). After 
20 h of operation (Fig. 9b), membrane flux seemed completely steady 
and unaltered with rejection still >98 %. This confirms that the mem
brane can withstand acidic cleaning treatments.

Optical and SEM analysis of the membranes before and after AGMD 
operation (Fig. 10) were acquired to evaluate the fouling effect on the 
membrane morphology. Fig. 10a and d display images of a fresh Z-G 
500-PDA/PE membrane, prior to undergoing testing. After MD, a thick 
hydrated HA deposition layer was formed on top of the surface (Fig. 10b 
and e). Fig. 10c and f show the same membrane after being rinsed with 
deionized water. It can be observed that the cake layer was removed but 
some salt crystals and HA foulants still remained attached to the mem
brane surface (Fig. 10e).

Membranes without the protective second PDA layer were tested in 
MD using a highly concentrated HA feed solution (500 mg/L). After 5 h 
of testing, during which some foulants were deposited but did not cover 
the entire surface, membranes were removed from the MD module and 
were analyzed by SEM-EDX to provide further insights into where the 
adsorption was taking place. Since the deposited fouling particles are 
composed of humic acid molecules coordinated with Ca2+ [66], the 
presence of these ions could be associated with more severe fouling at 
that specific location. SEM images and EDX spectra of samples Z-G 500- 
PDA/PE and U-G 500-PDA/PE are shown in Fig. S14, where element 
distribution on the nanohybrids and the polymer matrix is displayed. Ca 
was detected on top of the GO@MOF nanohybrids, for both ZIF-8@GO 
(Fig. S14.a) and UiO-66-NH2@GO (Fig. S14.b), but not on the polymer 
matrix (Fig. S14.c-d). This suggests the aforementioned selective 
adsorption of fouling agents.

Lastly, a comparison with the literature on current membrane 
development in terms of anti-fouling and anti-wetting modifications is 
presented in Table 2. All these membranes are made of different poly
mers; typically, PVDF, Polypropylene (PP), Polysulfone (PSF), PE, PTFE. 
These materials are utilized in commercial membranes developed by 
various companies, including Aquastill and Tisch Scientific. However, 
they lack from for long-term operability, which has prompted efforts to 
develop new membranes and modify existing ones in order to achieve 
high performance and durability. Most of these efforts focused on 
superhydrophobization of the membrane surface (WCA > 150◦), syn
thesis of omniphobic and Janus membranes, and incorporation of 
nanomaterials such as MOF or 2D materials. For instance, Zhang et al. 
[67] synthesized a superhydrophobic and oleophobic membrane 
immobilizing SiNPs on the PVDF support. Silica NPs was then fluo
rosilanized by a silane coupling agent with the aid of a PDA. WCA 
increased from 127 to 169◦ and membranes were tested for DCMD, with 
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a feed composed of NaCl, HA and CaCl2, showing a stable permeate flux 
for 150 h. Hou et al. [68] also studied the effect of adding SiNPs on a 
PVDF substrate. In this case, they prepared PVDF-HFP/SiNPs flat-sheet 
hybrid membranes by electrospinning, getting enhanced in roughness 
and superhydrophobic membranes and achieving up to 240 h of stable 
flux for a NaCl feed solution. The superhydrophobic surface (WCA 
higher than 170◦) accounts for the membrane durability. However, 
these fluorinated compounds are not only difficult to obtain, but also 
have a detrimental impact on the environment, particularly due to their 
high resistance to degradation and accumulation in water systems. 
Certain fluoro-compounds have also been linked to various health issues 
like cancer or thyroid problems. MXene, an emerging hydrophilic 2D 

nanomaterial, has attracted a lot of attention to prepare Janus mem
branes for MD. These materials have plenty of interesting qualities for 
this purpose: hydrophilicity, high thermal conductivity and mechanical 
stability. Yan et al. [69] modified a PVDF support using Poly
dimethylsiloxane (PDMS) to enhance wettability, and immobilized hy
drophilic MXene to a PEI/PDA layer through hydrogen bonds. This leads 
to a Janus MXene membrane reaching up to 15 h of stable flux and salt 
rejection for a NaCl and sodium dodecyl sulfate (SDS) feed solution. 
MOFs and GO have also been investigated to improve flux and fouling 
resistance enhancement due to their high surface area, porosity and 
tunability [70]. Kebria et al. [71] synthesized a TFN with an ultrathin 
ZIF-8/chitosan layer coated on a PVDF support, which greatly improved 

Fig. 9. Humic acid concentration effect on membrane separation capacities. ZG 500-PDA/PE in 10 mg⋅L− 1 HA, 420 mg⋅L− 1 CaCl2 mg⋅L− 1 and 35 g⋅L− 1 NaCl (in red) 
and ZG 500-PDA/PE in 500 mg⋅L− 1 HA, 420 mg⋅L− 1 CaCl2 mg⋅L− 1 and 35 g⋅L− 1 NaCl (in black) (a). Recycling and reusability of ZG 500-PDA/PE membrane. Figure is 
divided in 3 regions; I: Pre-pore wetting. II: pore wetting. III: after cleaning (b).

Fig. 10. Photographs (top) and SEM images (down) of Z-G 500-PDA/PE membranes: before use (a and d), after use (b and e), and rinsed with DI water after use (c 
and f).
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AGMD performance. They experienced approximately 350 % water flux 
improvement with 99,5 % NaCl stable rejection for 15 h when tested 
with real seawater. Alberto et al. [21] conducted a similar study. The 
modified the surface of commercial PVDF membranes by adding GO 
embedded between two polydopamine layers that kept the 2D material 
in place. They reached up to 100 h of efficient separation when using a 
feed containing high concentration of a surfactant (Triton X-100), 
delaying pore wetting over 100 times as compared to bare support.

It is inherently challenging to establish a comparison between 
different studies, as the long-term performance is significantly influ
enced by the feed concentration and composition, which vary consid
erably between different works. However, it can be stated with certainty 
that the membranes prepared in this study, are capable of competing 
with those produced in previous studies in terms of long-term perfor
mance. This is due to the exploitation of both MOF and GO properties 
and the generation of “sacrificial” adsorption sites. Furthermore, our 
approach allows for the utilization of environmentally benign solvents 
and facilitates straightforward modifications to the nanohybrid coating 
concentration.

4. Conclusions

ZIF-8@GO and UiO-66-NH2@GO nanohybrids were employed to 
modify the surface of a hydrophobic commercial polyethylene mem
brane. Both nanohybrids were deposited via vacuum filtration and 
embedded between two PDA layers, which has proved to be an excellent 

way of attaching these nanohybrids to the membrane for a load of 500 
mg⋅m− 2 or below. The formation of the PDA layers and nanohybrid 
deposition were confirmed by different characterization techniques, 
such as SEM, XPS, WCA, and AFM. Increased surface roughness, modi
fied hydrophobicity, and adsorption properties were found to be critical 
in delaying fouling and pore wetting. A pore-wetting mitigation mech
anism has been proposed where the addition of the nanohybrids results 
in selective fouling due to the interaction between nanohybrids and 
fouling agents. Nanohybrids containing ZIF-8 show better behavior in 
preventing fouling, pore wetting and detachment, which is attributed to 
its higher hydrophobic character. Membranes ZIF-8@GO 500 PDA/PE, 
reached up to 109 h of operability (compared to 4.5 h for bare PDA/PE 
membranes or 69 h for membranes containing unmodified GO) under 
accelerated aging conditions. In contrast, it is hypothesized that GO 
nanosheets cause the formation of a foulant layer resulting in partial 
blockage of pores at higher loadings, decreasing flux and stabilizing at 
lower values. The best performing membrane containing nanohybrids (i. 
e. Z-G 500-PDA/PE) improved membrane lifetime by 2300 % (4.5 to 
109 h) and 58 % (69 to 109 h) as compared to PE and GO-PDA/PE, 
respectively.
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Table 2 
Comparison and benchmarking of present's work-developed membranes in literature.

Polymer Modification Feed Driving force Configuration Flux Wetting resistance Ref.

R (%) Before 
modification

After 
modification

PVDF Silica coating with fluorosilanization
35 g/L NaCl

50 ◦C DCMD

37 
L⋅m− 2⋅h− 1

30 h 150 h [67]
50 ppm HA 99.99 %
1.26 g/L CaCl2

PVDF PDMS coating plus MXene incorporation 0.4 mM SDS 68 DCMD
9.5–6 
L⋅m− 2⋅h− 1 5 h > 15 h [69]

15 g/L NaCl 99.99 %

PDA/ 
PEI Si nanoparticles with a PVDF layer

0.5 mM NaCl

40 ◦C DCMD

19–16 
L⋅m− 2⋅h− 1

4 h 72 h [72]0.1 mM SDS
99.99 %1 g/L mineral 

oil

PVDF Hydrophobization with PDANPs and PDMS 35 g/L NaCl 75 ◦C and 95 
kPa vacuum

VMD
14–13 
L⋅m− 2⋅h− 1 6 h > 25 h [73]

1.26 g/L CaCl2 99.99 %

PVDF
PVDF-HFP/Silica nanoparticles flat sheet 
hybrid 35 g/L NaCl 33 ◦C DCMD

15 
L⋅m− 2⋅h− 1 240 h

Scaling 
removed [68]

99.99 %

PES PES superhydrophilic membranes were 
coated with PDMS and SiO2

35 g/L NaCl

40 ◦C DCMD

12 
L⋅m− 2⋅h− 1

15 h Fouling also 
removed

[74]10 mg/L HA 99.99 %
1.47 g/L 
CaCl2⋅2H20

PES
Amphiphobization by dipcoating with SiNPS 
and coating with FDTES and PDMS

60 g/L NaCl
40 ◦C DCMD

16–13 
L⋅m− 2⋅h− 1 24 h

Fouling also 
removed [75]

40 mg/L HA 99.50 %

PVDF Superhydrophobization with PFPE coating 
cured by UV

35 g/L NaCl
55 ◦C and 90 
kPa vacuum

VMD

30–25 
L⋅m− 2⋅h− 1

8 h > 25 h [76]100 mg/L HA 99.99 %
saturated 
CaCO3

PVDF
Addition of GO flakes, concentration 
optimization

35 g/L NaCl
55 ◦C AGMD

9 L⋅m− 2⋅h− 1

0.6 h 80 h [21]150 ppm Triton 
X-100

99.99 %

PE Addition of UiO-66-NH2 and ZIF-8@GO 
hybrids

35 g/L NaCl

68 ◦C AGMD

17–11 
L⋅m− 2⋅h− 1

4.5 h 109 h This 
work

500 mg/L HA 98.50 %
420 mg/L 
CaCl2
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