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Ceramic membranes offer significant potential for addressing challenging and harsh wastewater
streams such as producedwater (PW) and surfactant-stabilized oil/water (O/W) emulsions. This study
focuses on developing a stable and a uniformly structured active layer solely composed of MIL-125-
NH2 MOF on a ceramic Alumina support. A stable covalent bonding approach was employed using
interfacial polymerization, with isophthaloyl chloride (IPC) acting as the organic crosslinker during
interfacial polymerization reaction. Three distinctMIL-125-NH2decoratedmembranesM50,M75, and
M100 were prepared by using varying MOF concentrations. Surface wettability analysis of the
membranes indicated that the MIL-125-NH2 MOF active layer displayed super-hydrophilic
characteristics in the air (water contact angle = 0°) and super-oleophobic characteristics underwater
(oil contact angle = 161.5°). In oil separation experiments, all the MIL-125-NH2 deposited membranes
displayed>99%oil rejection. Among the fabricatedmembranes,M50demonstrated the highestwater
flux of 2100 Lm−2 h−1 under a transmembrane pressure of 2 bar. The MIL-125-NH2 MOF deposited
membranes also showed stable performance under longer-run filtration. This studywould be a simple
and effective method of decorating MOFs as an active layer on ceramic support for efficient O/W
emulsion separation and desalination applications.

The quality of water in natural resources such as lakes, rivers, and seas is
deteriorated by themarine oil spills and discharge of oily wastewater from a
variety of industries, including the petroleum, pharmaceutical, metal pro-
cessing industries, and food. Such oily wastewater exists in the form of oil in
water (O/W) emulsion or immiscible oil-water mixture, both of which are
harmful to the environment and eventually human beings1,2. Membrane
technology has beendemonstrated tobemore effective and sustainable than
traditional treatment methods for the treatment of oily wastewater in large-
scale industrial applications3. Ceramic membranes are the preferred choice
of membrane materials for various industrial wastewater treatments due to
their innate characteristics, which encompass hydrophilicity, remarkable
mechanical robustness, and chemical stability3,4. The effectiveness of O/W
separation relies on amembrane’s resistance to fouling which is the buildup
of unwanted substances such as oil, particles, or organicson themembrane’s

surface or within its pores. Hydrophilic membranes are frequently an ideal
choice for O/W emulsion separation5. However, oil droplets stabilized by
surfactants readily adhere to the membrane surface via the hydrophilic
portions of the surfactant, leading to pore blockage and diminishing the
efficiency and effectiveness of the separation process, resulting in decreased
flux and heightened energy consumption6. Surface modification of ceramic
membranes has garnered recent attention in the pursuit of developing
hydrophilic surfaces with oleophobic properties for the enhancement of
performance of oil-water separation.

Metal-organic frameworks (MOFs) are porous materials formed
through the coordination of metal ions or clusters with organic ligands,
resulting in a highly ordered, crystalline structurewith an expansive internal
surface area.MOF-basedmembranes, combining the features ofMOFswith
membrane structures, possess significant promise in a range of industries
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due to their tunable characteristics, extensive surface areas, defined pore
sizes, antifouling tendency, and selective capabilities7,8. MOF membranes
are becoming increasingly attractive for O/W separation due to their
hydrophilic and underwater oleophobic properties9. Titanium (Ti) centered
MOFs are highly appealing because of the presence of a tetravalent cation
that exhibits excellent redox capabilities and forms robust metal-ligand
bonds within a stable framework. MIL-125-NH2 is a porous 3D amine
functionalized Ti-based MOF containing octahedral and tetrahedral cages
within its structure10. Lately, Zhu et al. decorated a MIL-125-
NH2@polyacrylic acid layer on the polyvinylidene fluoride (PVDF) sub-
strate using vacuum deposition to enhance the separation of O/W
emulsion11. The MIL-125-NH2@polyacrylic acid membrane exhibited
consistent and outstanding rejection performance, along with notable flux
capabilities, even after 10 filtration cycles. Wang et al. decorated the MIL-
125-NH2 hybridized reduced graphene oxide on cellulose acetate film
through self-assembly for the treatment of oily wastewater and dye
solution12. The resulting membrane displayed outstanding resistance to
fouling, as well as resistance to both acidic and alkaline conditions, while
maintaining a rejection rate of 99% and a flux of more than 600 Lm−2 h−1.
MIL-125-NH2demonstrated ahighly effectivemembrane layer in achieving
a high flux without compromising the rejection for O/W separation. Since
MIL-125-NH2 has a huge potential for O/W emulsion separation, we have
chosenMIL-125-NH2 to be decorated as a stable active layer onto a ceramic
support for the O/W emulsion separation.

Generating a stable and continuous selective layer composed of
MOFs on a microfiltration support such as ceramic alumina support is a
considerable challenge. Any defect that emerges during fabrication of
membrane has the potential to hinder the inherent separation abilities of
these membranes13. The deposition of MOFs in ceramic membranes can
be achieved through various techniques such as the formation of a MOF
layer or coating on the ceramic membranes surface, the infiltration of
MOF nanoparticles through the ceramic porous structure14. The com-
monly adopted methods for fabricating MOF membranes are in-situ
growth, layer-by-layer deposition, solvothermal reactions, seed-assisted
secondary growth, electrospinning, vacuum-assisted filtration, and
electrodeposition13,14. Although such techniques are promising, these
techniques have certain limitations such as expensive instrumentation,
tedious fabrication procedures, and large-scale production.Moreover, the
majority of the membranes prepared by these techniques have been
applied in dead-end configuration in lab scale experiments. In addition,
most of theMOF-basedmembranes have been prepared bymixingMOFs
as fillers in the polymeric matrix without a stable bonding which could be
washed out duringfiltration experiments. Therefore, the need of the day is
to develop a highly stable and continuousMOFs active layer supported by
a ceramic microfiltration support which can be effectively applied in a
crossflow filtration mode. Given the high utility and versatility of inter-
facial polymerization inmembrane fabrication, interfacial polymerization
(IP) can be readily applied for generating a stable and defect-free active
layer on a support. IP is a well-established technique which has been
widely used on the industrial scale. During IP, an active layer is generally
grown using an aqueous amine and non-aqueous acid chloride on an
ultrafiltration(UF)/microfiltration(MF) support. IP has shown positive
effect in integration of MOFs as fillers in thin film nanocomposite (TFN)
nanofiltration (NF), reverse osmosis (RO), and forward osmosis (FO)
membranes15–18.

Owing to the presence of a free amino group (-NH2) per each ligand in
MIL-125-NH2 MOF structure, MIL-125-NH2 MOF is an ideal candidate
for IP reaction. There are several amino groups in the structure ofMIL-125-
NH2which can effectively take part in SchottenBaumann reactionwith acid
chloride groups of a crosslinker. Due to a reaction between the amino group
(-NH2) of MIL-125-NH2 MOF and acid chloride group (-COCl) of a
crosslinker, a stable amidebond (-CONH) is formed leading to a continuous
and stable active layer in the membrane. Hence, the current work is dedi-
cated to developing a highly stable, uniform and defect-free active layer
composed of MIL-125-NH2 MOF decorated on an alumina ceramic

support by IP reaction where MIL-125-NH2 was reacted with isophthaloyl
chloride (IPC). The resultantMIL-125-NH2MOFmembranewas tested for
its O/W surfactant stabilized emulsion separation by installing the mem-
branes in a crossflow filtration mode. The concentration optimization of
MIL-125-NH2 MOF was achieved by fabricating three membranes using
three different MOFs containing membranes. These membranes were
extensively characterized by using all the relevant membrane character-
ization techniques and subsequently testing the membranes by using a feed
prepared by emulsifying crude oil in the water. Different parameters for
establishing the O/W emulsion separation potential of the MIL-125-NH2

membranes were studied and optimized in the current study.

Results and discussion
TheMIL-125-NH2MOFwas synthesized byusing an amino-functionalized
ligand ATPA and TTIP as a metal source (Fig. 1a). The ATPA ligand was
purposely selected in this study to eventually get a MOF with an inbuilt
amino (-NH2) functional group so that it can readily take part in reaction
with IPC during the interfacial polymerization reaction. This approach will
yield an active layer composed of well-decorated MIL-125-NH2 MOF on
the surface of alumina ceramic support (Fig. 1b).

Characteristics of MIL-125-NH2 MOF
As seen in Fig. 2a and Supplementary Figure 1, distinct and intense dif-
fraction peaks were observed for the MIL-125-NH2 MOF at 2θ angles of
6.89°, 9.85°, and 11.75°, corresponding to the crystallographic planes of
(0 1 1), (0 0 2), and (1 2 1), respectively19. The FTIR spectrum of MIL-125-
NH2 MOF (Fig. 2b) revealed the chemical structure by recording the
characteristics peaks owing to the presence different constituents. Themost
prominent peak was observed at around 3400 cm−1 which was observed as
doublet of peakswhich is a characteristic of a primary amine (-NH2).Hence,
the amino (-NH2) group of the ATPAwas confirmed by FTIR. Onmoving
further, another set of highly important peaks was found at around
3000 cm−1 which is attributed to sp2 C–H stretching of the benzene rings of
ATPA.A peak confirming the carbonyl (>C=O) group of carboxylic groups
(-COOH) was found to be located at 1532 cm−1 (Fig. 2b). Hence, the
structure of the organic linker ATPA was completely confirmed by FTIR.
The binding of the Titaniummetal with carboxylate groups was confirmed
due to the existence of several Ti-O-Ti stretching vibrations at the wave-
numbers of 774 cm−1, 639 cm−1, and 514 cm−1 20,21.

The surface morphology of MIL-125-NH2 MOF resembles thin disc-
like structures with an estimated average particle size of 0.7 µm arranged in
uniform order (Fig. 2c–e). EDX analysis confirmed the presence of all the
constituent elements including titanium (Ti), oxygen (O), carbon (C), and
nitrogen (N) (Fig. 2f). The elemental mapping revealed a uniform spatial
distribution of all the constituent elements throughout the structure of the
synthesized MIL-125-NH2 MOF. The presence of these elements is attrib-
uted to different reaction participants including TTIP and ATPA. The
content of each element in the MIL-125-NH2 MOF is reflected by the
density of themappingdots in the respectivemapping image (Fig. 4g–j). The
highest C content among all the elements is a confirmatory indication of the
participation ligand ATPA which is further confirmed by N owing to the
presence of amino groups (-NH2) in ATPA.

Figure 3a shows the N2 adsorption/desorption isotherm of the syn-
thesized MIL-125-NH2 MOF. The isotherm analysis showed type I iso-
therm at 77K with no hysteresis phenomenon. The calculated BET surface
area was 965m2/g. In the low relative pressure region, the adsorption curve
increases sharply which indicates the presence of micropores. The
adsorption curve reached a plateau after that indicating that most of the
MOF porosity is attributed to the micropores. The calculated surface area
and volume of the micropores was 723m2/g and 0.282 cc/g; respectively.
Figure 3b shows the pore size distribution of the synthesizedMOF.Thepore
width (mode) was 0.889 nm with an average pore diameter of 1.7 nm. The
total pore volume at relative pressure of 0.926 was 0.341 cc/g indicating that
more than 80%of the pores aremicropores. The adsorption isotherms ofN2

on MIL-125-NH2 reveal intriguing behavior, particularly its high
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adsorption capacity at low partial pressures. However, within a wide range,
the adsorption amount exhibits only insignificant changes until reaching
saturation pressure, where it rapidly increases. This phenomenon can be
elucidated by considering the energy distribution of adsorption sites within
the MOF structure and the presence of multiple peak energy distribution
functions22,23. At low partial pressures, the availability of vacant adsorption
sites allows for efficient adsorption of N2 molecules, resulting in high
adsorption capacity. As the partial pressure increases, the competition for
these adsorption sites becomes more pronounced, leading to diminishing
changes in adsorption amount. However, at saturation pressure, additional
adsorption sitesmay become accessible due to structural rearrangements or
cooperative interactions between N2 molecules and the MOF framework,
resulting in the observed increase in adsorption capacity. Figure 3c–f shows
various structures of the MIL-125-NH2 MOF exhibiting different orienta-
tions along various planes and symmetries showing the porosity of the
synthesized MIL-125-NH2 MOF.

Decoration of MIL-125-NH2 active layer on alumina support
Given the presence of amino groups in the linker ATPA, theMIL-125-NH2

MOF can be efficiently decorated as an active layer through the Schotten
Baumann reaction between the amino groups of MIL-125-NH2 MOF and
acid chloride groups of IPC. Hence, MIL-125-NH2 MOF was successfully
decorated on the ceramic support through stable covalent bonding between
the MOFs units which is a highly desirable feature for membrane-based
separations. Figure 4a shows the interfacial polymerization reaction and
proposed active layer structure of MIL-125-NH2 MOF grown on ceramic
alumina support.

Surface chemistry & crystallinity analysis of MOF-membranes
Figure 4b shows the FTIR spectra of alumina support,M50,M75, andM100
nanocomposite membranes. As seen in Fig. 4b, the characteristic peaks of

alumina support correspond to Al–O stretching at 459, 595, and 656 cm−1,
while a peak at 900 to 1100 cm−1 is attributed to the Al–O stretching
vibration due to free surfacehydroxyl groups (O-H) present at the surface of
the membrane24. The characteristic peaks of MOF functional groups are
clearly identified in all the MIL-125-NH2 MOF decorated alumina nano-
composite membranes. The characteristics peaks confirming the successful
interfacial polymerization were identified at 3500 cm−1 due to N–H
stretchingvibrationof amide linkage (-CONH).Acareful comparisonof the
amide peak of MIL-125-NH2 MOF/IPC decorated membrane and amino
groups of MIL-125-NH2 MOF clearly shows a marked difference. In the
case of MIL-125-NH2 MOF, the peak at around 3500 cm−1 is a doublet
which is a characteristic of a primary amine while in the case of MIL-125-
NH2MOF ceramic membrane, the amide bond shows a broad single band.
The prominent spectra indicating the asymmetric (C=O) and symmetric
carbonyl (C=O) stretching vibrations at 1532 cm−1 and 1378 cm−1 are dis-
tinctly present, confirming the successful polymerization of MIL-125-NH2

MOF on the alumina substrate surface. Moreover, vibrations associated
with Ti-O-Ti (774 cm−1) are evident in the spectra. The intensity of MIL-
125-NH2 MOF became more pronounced as the decoration concentration
increased from 50mg/100ml to 100mg/100ml.

Figure 4c shows the XRD pattern of alumina support, M50, M75, and
M100 nanocomposite membranes. As seen in Fig. 4c, all the membranes
displayed distinctive and prominently pronounced peaks corresponding to
the crystallographic planes of alumina, specifically (116), (024), (113), and
(104), which were observed at 2θ angles of 59.2°, 54.1°, 45.1°, and 36.9°,
respectively. The observed peaks for the crystalline alumina align closely
with those reported in the open literature25. In the case of MIL-125-NH2

MOF decorated alumina nanocomposite membranes, the additional MOF
crystalline peaks were seen on the M50, M75, and M100 nanocomposite
membranes. In all the nanocomposite membranes, the planes of MIL-125-
NH2MOF with indices (132) and (222) were observed at 2θ angles of 18.5°

Fig. 1 | Proposed scheme for the synthesis of MIL-
125-NH2MOF and its decoratedmembrane. aThe
chemical reaction for the synthesis ofMIL-125-NH2

MOF using an amino-functionalized ligand ATPA
and TTIP as a metal source via the solvothermal
process. bVarious phases involved in the fabrication
of the MIL-125-NH2 MOF decorated alumina
ceramic membrane using an interfacial poly-
merization process.
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and 16.9°, respectively. The intensities of prominent peaks of alumina were
decreased due to the covering of the alumina support by MIL-125-NH2

MOF. An obvious finding was an increase in the intensities of the peaks due
toMIL-125-NH2MOFowing to increasing concentration ofMIL-125-NH2

MOF from M50 to M100. This justifies the fact that the interfacial poly-
merization reaction has resulted in the establishment of a considerable layer
of MIL-125-NH2 MOF onto alumina ceramic support.

Morphological analysis of membranes
Figure 5 shows the surface morphology analysis of alumina support, M50,
M75, andM100 nanocomposite membranes. As seen in Fig. 5a–c, alumina
support showed the porous structure with a considerably rough surface,
irregular shaped alumina particles with a non-uniform particle size dis-
tribution. Since alumina support is microporous, numerous micro-sized
pores and voids are evident in the entire membrane area. This porous
arrangement, with a size of 0.1 µm, could potentially result in the passage of
oil and subsequent pore clogging during the filtration process26. A marked
variation in the surface texture and surface morphology was observed upon
successful interfacial polymerization reaction betweenMIL-125-NH2MOF
and IPC onto alumina support. A thin layer composed of disc-shapedMIL-
125-NH2 MOF crystals with uniformly distributed pores was seen in the
case of M50 (Fig. 5d–f), M75 (Fig. 5g–i), and M100 (Fig. 5j–l) membranes.
Another important observationhighlights theporenarrowing in the cases of
M50, M75, and M100 when compared to the alumina support. The pores
exhibited increased narrowing with increased concentration of MIL-125-
NH2MOF.This pore constriction is a desirable feature required for rejecting
the micro-sized oil droplets while allowing the water to permeate through
the membranes under the applied feed pressure.

Figure 6 shows the EDX andmapping analysis of a representativeM75
membrane. As anticipated from the membrane chemistry described in the

previous sections, EXD analysis revealed the presence of all the constituent
elements including Ti, C, O, and N owing to the constituents of MIL-125-
NH2 MOF decorated as an active layer on ceramic alumina support (Fig.
6a, b). Smaller concentrations of other elements such as Al and Si were also
observed which can be attributed to the components of alumina ceramic
support. The mapping analysis exhibited a uniform distribution of all the
elements detected by EDX analysis. The percentage concentration of each
element in theMOF containing active later is reflected by the density of the
mapping dots shown in their respective maps shown in Fig. 6c, h. When
compared, the percentage of C, O, Ti, and Nwas higher than that of Al and
Si which confirmed the presence of MIL-125-NH2 MOF active layer on
alumina support.

Wettability and porosity analysis of membranes
Themembrane surfacewettability is of immense importance indetermining
the O/W emulsion separation capability of a membrane. It has been
observed in literature that membranes with underwater superoleophobic
surfaceshave anexceptional capability for separating theoil fromwater even
in the case of surfactant stabilized O/W emulsion. Figure 7a shows surface
contact angle analysis of M75 nanocomposite membranes in different
media which include water, air, oil in air, and oil underwater. The water in
air (θW,A) and oil in air (θO,A) contact angles were measured as 0°, which
clearly depicted that the M75 membrane is both super-hydrophilic and
super-oleophilic in air. This can be attributed to the surface chemistry of the
MIL-125-NH2 MOF decorated M75 membrane which has several hydro-
philic groups such as -COOH, NH, -CONH, and OH along with hydro-
phobic moieties such as phenyl rings of ATPA organic linker. The
hydrophilic groups develop a considerable interactionwithwatermolecules
such as strong hydrogen bonding while the oil is attracted due to organo-
philic moieties of the MOF in the air medium27. However, the most

Fig. 2 | Crystalline structure, spectroscopic, mor-
phological, EDX, and elemental mapping analysis
ofMIL-125-NH2MOF. aXRD pattern ofMIL-125-
NH2MOF, 2θ range from 5 to 25°. b FTIR spectrum
of MIL-125-NH2 MOF, wavenumbers range from
400 to 4000 cm−1. c–e SEM images ofMIL-125-NH2

MOF at three different magnifications. f EDX
spectrum and g–j elemental mapping images for C,
Ti, O, and N of MIL-125-NH2 MOF.
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important surface wettability is underwater surface chemistry which
resembles the real-life filtration condition as the membrane is underwater
during O/W separation experiments. A comparison of temporal contact
anglemeasurements is also shown inFig. 7b.Themembranewas completely
wetted with both water and oil in air in mere 2 s and 1 s, respectively.
However, in the case of oil underwater contact angle measurements, oil-
beading was observed which was found to be stable up to 2min with an
underwater contact angle measurement of 160.5°. This observation con-
firmed the fact that M75 has an underwater superoleophobic surface. This
surface wettability of the membrane is attributed to the establishment of a
strong hydration layer on the surface of the M75 membrane and such a
phenomenonhas alsobeenobservedwith Strontium-MOF9. Such as surface
wettability is an ideal feature required for O/W separation as the water is
readily permeated through the membrane whereas the oil is rejected.

The bulk porosities (ε) of the M50, M75, and M100 membranes were
also determined using a well-established procedure28. The bulk porosities of
the M50, M75, and M100 membranes were found to be 28.0%, 22.7%, and
21.5%, respectively.

Size distribution analysis of oil droplets in the surfactant stabilized
crude oil-in-water emulsion has been carried out using Malvern Nano ZS
Zetasizer as shown in Supplementary Figure 2. The average oil droplet size
in the surfactant stabilized crude O/W emulsion was found to be ~95 nm.

Performance evaluation of membranes
Initially, the MOF-containing membranes were tested by measuring their
waterfluxusingDIwater as feed in a crossflowfiltration assembly. Figure 8a
shows the water flux of M50, M75, and M100 membranes as a function of
increasing transmembrane pressure where the pressure was increased from
0.5 to 2.0 bar. A linear correlation was observed between transmembrane
pressure (TMP) and water flux. This correlation strongly suggests that the
trend in flux aligns with the principles of Darcy’s law. Among all the

fabricated membranes, M50 demonstrated the highest water flux of
2112 Lm−2 h−1 at a transmembrane pressure of 2 bar. The attainment of
highfluxunder low transmembranepressure canbe attributed to a relatively
higher porosity (28%) of the M50 membrane coupled with improved
hydrophilicity owing to the presence of MIL-125-NH2 MOF in the active
layer. It is imperative to note that the flux gradually decreased as the dec-
oration concentration ofMIL-125-NH2MOF increased from50mg/100ml
to 100mg/100ml. It indicated that the higher concentration of decorated
MIL-125-NH2 MOF formed a dense layer over the alumina support under
interfacial polymerization, leading to decrease in the porosities (22.7% and
21.4%) of the M75 and M100 membranes.

The oil/water emulsion separation experiments of themembraneswere
conducted by using a feed composed of 100 ppm aqueous solution of crude
oil. Figure 8b, c shows the oil-water flux and rejection analysis of MIL-125-
NH2 MOF decorated alumina nanocomposite membranes M50, M75, and
M100 as a function of varying transmembrane pressure ranging from 0.5 to
2.0 bar. Among themembranes,M50 displayed a flux of 963.4 Lm−2h−1 and
a separation efficiency of ~99% at a transmembrane pressure of 2.0 bar. The
performance ofM50membrane could be due to the surface characteristics of
being super hydrophilic in air and super-oleophobic characteristics under
water. Since, the active layer of themembrane is composed ofMIL-125-NH2

MOF, several hydrophilic functional groups such as -CONH, -NH2, and
-COOH groups can develop a considerable hydrogen bonding between the
MIL-125-NH2 MOF active layer and water molecules yielding a strong
hydration layer. Hence, the oil molecules are pushed away from the mem-
brane surface due low adhesive force29. The M75 and M100 membranes
displayed permeate flux of 481.69 and 439.43 Lm−2 h−1 with separation
efficiencies of 99.2%and99.6%, respectively, at a transmembranepressure of
2.0 bar.This observation canbe attributed to the existenceof a comparatively
dense MIL-125-NH2 MOF active layer as we moved from lower con-
centration to higher concentration ofMIL-125-NH2MOFwhich resulted in

Fig. 3 | BET surface area analysis and 3D structures of the porous MIL-125-
NH2MOF. aN2 adsorption-desorption isotherm ofMIL-125-NH2MOF and b Pore
size distribution of MIL-125-NH2 MOF. c 3D structures of the synthesized MIL-

125-NH2 MOF. 3D structures of the synthesized MIL-125-NH2 MOF along dif-
ferent planes: d along c-plane, e along b-plane, and f along a-plane.
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narrowingof the pores as observed in the SEManalysis aswell. Furthermore,
all the membrane exhibited a superior rejection performance at the low
transmembrane pressure of 0.5 bar. The decline in oil rejection was slightly
mitigated under transmembrane conditions of 1.5 and 2.0 bar. This occur-
rence might be attributed to the diffusive force, leading to a flow of oil
molecules across the surface.

Confirmatory evidence was collected from the digital and optical
images of feed and permeate samples collected using M100 membrane at
differentTMPsas shown inFig. 9.The feed appearedquite cloudyandmilky
confirming the formation of a stable emulsion having oil droplets com-
pletely emulsified by SDS surfactant. However, there were no visible oil
droplets observed in the permeate, which indicated that the oil molecules
were completely rejected by the MIL-125-NH2 MOF active layer. For the
sake of comparison, the separation performance of the bare alumina sup-
portwas alsomeasured as shown in SupplementaryFigure 4. The separation
efficiency of the bare alumina support was found to be 78% which is con-
siderably lower compared to theMOFs decoratedmembrane. However, the
most important finding of this experiment was that the separation of O/W
emulsion was based on the adsorption of oil onto the surface of the alumina
support. Owing the adsorption of oil on the alumina support a dramatic
decrease in the permeate flux of the alumina support was observed. In
comparison, theMOF-decoratedmembranes did not show any appreciable
deposition of oil on the membrane surface. Digital images of the bare alu-
mina support and MOF-decorated membrane M100 have been given in
Supplementary Figure 5.

Fig. 5 | Surfacemorphological analysis ofMIL-125-NH2MOFdecorated alumina
nanocomposite membranes. a–c SEM images of bare alumina support, M50 (d–f),
M75 (g–i), and M100 membranes (j–l) at different magnifications.

Fig. 4 | Decoration of MIL-125-NH2 active layer
on alumina ceramic support and their surface
chemistry and crystallinity analysis. a Interfacial
polymerization reaction between MIL-125-NH2

MOF and IPC leading to an active layer composed of
MIL-125-NH2 MOF/IPC. b FTIR spectrum of bare
alumina support, M50, M75, and M100 membranes
ranging from 390 to 4000 cm-1. c XRD pattern of
bare alumina support, M50, M75, and M100 mem-
branes ranging from 5 to 80°.
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Fig. 7 |Wettability analysis ofMIL-125-NH2MOF
decorated alumina nanocomposite membrane.
a Contact angle analysis of M75 membrane in dif-
ferent media such as water in the air, oil in the air,
and oil underwater environment. b Temporal con-
tact angle measurements of M75 membrane for
water in the air, oil in the air, and oil underwater
environment.

Fig. 6 | SEM/EDX and elemental mapping analysis
of MIL-125-NH2 MOF decorated alumina nano-
composite membrane (M75). a, b SEM/EDX ana-
lysis of M75 membrane and c–h elemental mapping
images for C, O, Ti, Si, Al, and N of the M75
membrane.
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Long-term fouling analysis
The long-term stability of the membrane was studied by using 100 ppm
crude O/W emulsion as feed. Figure 10a, b shows the long-term perfor-
manceof themembranesM50,M75, andM100, illustrating the variations in

permeate flux and separation efficiency. As depicted in Fig. 10a, the flux
decreases as time progresses and reaches a steady state in nearly
100minutes.The initial decline in thepermeatefluxmaybe attributed to the
gradual adherence of oil droplets on the membrane surface, which

Fig. 9 | Digital and optical visualization of feed
and permeate samples. a Digital and b–f optical
images of the feed (100 ppm crude oil-in-water
emulsion) and permeate samples were collected at
different trans-membrane pressures using anM-100
membrane and crossflow filtration system.

Fig. 8 | Water flux analysis and oil-in-water
emulsion separation efficiency of the MIL-125-
NH2 MOF decorated alumina nanocomposite
membranes. a Effect of pressure on pure water flux
of MIL-125-NH2 based membranes. Effect of pres-
sure on permeate flux (b) and separation efficiencies
(c) of MIL-125-NH2 based membranes using 100
ppm crude oil-in-water emulsion as feed. The error
bar represents the standard error.
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eventually accumulates over time to form an oil layer. It relies on feed
characteristics such as surfactant concentration, viscosity, and oil
concentration30. M100 membrane showed a lower decline in flux rate
compared to other membranes. Over the extended filtration period of
360min, the M100 membrane attained a normalized flux value of 0.45,
while the M50 membrane underwent a decline, dropping to as low as 0.21.
The low flux drop in M100 can be attributed to the formation of a dense
MIL-125-NH2MOF layer with a stronger hydration layer compared to the
M50 and M75 membranes which restricts the accumulation of oil droplets
on themembrane surface lowering themembrane fouling. Furthermore, the
M100 membrane exhibited a dense layer, as evident in the SEM analysis
(Fig. 5). The following trend of declining flux was observed
M50 <M75 <M100 (Fig. 10a). In terms of O/W emulsion separation, the
separation efficiencies of the membranes gradually increased with
decreasing flux which is obvious because of the well-known tradeoff
between flux and rejection. The membranes showed a following decreasing
trend of O/W emulsion separation M100 >M75 >M50 (Fig. 10b). In
addition, we also performed the stability tests where the membranes were
subjected to theO/Wseparation for 360minutes and theperformanceof the
membrane was monitored in terms of flux and separation efficiency. The
flux was decreased during the first cycle with high separation efficiency.
However, upon cleaning the membrane surface with methanol for
20minutes by dipping the fouled membrane in clean methanol, the
membrane was able to regain its performance. The cleaned membrane
showedaflux recoveryof 82%with an intact separation efficiencyduring the
second cycle of performance analysis which highlighted the stability of the
active layer deposited on the alumina ceramic support (Supplementary
Figure 3).

The O/W emulsion separation mechanism of MIL-125-NH2 MOF is
illustrated in Fig. 10c. Given the underwater superoleophobic nature of the

membranes and the presence of several hydrophilic groups such as -COOH,
-CONH, and -NH2 a strong hydration layer is established on themembrane
surface which inhibits the formation of an oil layer on the membrane sur-
face. Hence, the oil is not able towet themembrane and the oil is rejected by
the membrane surface whereas the water is permeated through the mem-
brane. Hence, the current approach is highly feasible for establishing an
active layer of an amine-containing MOF on the ceramic support by
interfacial polymerization reaction.The aminogroup enables the reactionof
theMOF such asMIL-125-NH2with acid chloride groups of an appropriate
crosslinker such as IPC. Therefore, a stable MOF active layer can be effi-
ciently decorated for applications such as O/W emulsion separation and
wastewater treatment.

The membrane performance was also compared the similar mem-
branes from literature and tabulated inTable 1. Themembranes prepared in
the current study showed a comparable performance or better performance
in some cases compared to the membranes known in literature. Although,
the separation efficiency of the majority of the membranes known in lit-
erature is ≈98% but the flux is not as high as shown by the membranes
prepared in the current studywhich is attributed to the salient features of the
MIL-125-NH2 MOF such as high surface area, porosity, and hydrophilic
pores31–34.

MIL-125-NH2 MOF was successfully decorated as an active layer on
alumina ceramic support through interfacial polymerization for the effective
separationof surfactant stabilized emulsion.MIL-125-NH2characterization
revealed a morphology resembling thin discs, featuring well-defined crys-
talline planes and the presence of hydrophilic groups. Surface morphology
revealed that the thin disc-likeMIL-125-NH2MOF layerwere clearly visible
on the surface of alumina ceramic support. EDX analysis confirmed the
homogeneous dispersion ofMOF elements on the ceramicmembrane. The
contact angle analysis of MIL-125-NH2 MOF membrane exhibited a

Fig. 10 | Long-term fouling analysis and Oil-in-
water emulsion separation mechanism of MIL-
125-NH2MOFdecorated alumina nanocomposite
membranes. Permeate flux (a) and separation effi-
ciencies (b) with time of MIL-125-NH2 based
membranes using 100 ppm crude O/W emulsion as
feed. c Schematic sketch of surfactant stabilized
crude O/Wr emulsion separation mechanism using
super-hydrophilic and underwater super-
oleophobic MOF-based ceramic membranes
through crossflow filtration system.
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superior super-hydrophilic (0°) and underwater super-oleophobic (160.5°)
characteristics, an ideal feature for oil-water emulsion separation.Waterflux
analysis ofMIL-125-NH2MOFmembranes showed that the flux decreased
with the increase of decoration concentration of MOF from 50mg/100ml
to 100mg/100ml. A denseMOF layerwas formed under higher decoration
concentration ofM75 andM100membranes. In O/W emulsion separation
studies, MIL-125-NH2 MOF membranes showed more than 99% separa-
tion efficiency for the 100 ppm of crude oil emulsion. Long-term fouling
depicted that the M100 MOF membrane outperformed with superior oil
rejection and normalized flux, owed to higher decoration concentration of
MIL-125-NH2 MOF. Overall, this study would offer valuable insights into
the design of MOF-based membranes using MIL-125-NH2 for the O/W
emulsion separation application.

The cost of synthesized MIL-125-NH2 MOF and its based membrane
were also estimated. The cost for the synthesis of MIL-125-NH2 MOF is
aboutUS$3.771/g, and the total cost for the fabrication of theMIL-125-NH2

MOF-based membrane of 47mm diameter is about US$ 4.4533 and the
breakdown of the cost is summarized in Supplementary Table 1. Also, the
cost comparison for the fabrication of our MIL-125-NH2 MOF-based
membrane with that of commercial ceramic membranes is made in Sup-
plementary Table 2, and it is quite clear that the former ismore economical.

Methods
Chemicals and reagents
Titanium isopropoxide (TTIP), 2-aminoterephthalic acid (ATPA), Iso-
phthaloyl chloride (IPC), methanol, N,N-dimethyl formamide (DMF), n-
Hexane, were purchased from Sigma (USA). The Al2O3 ceramic supports
were purchased from HIGHBORN New Materials Co., LTD. in China.

Synthesis of MIL-125-NH2 MOF
MIL-125-NH2 MOF was prepared by solvothermal approach using ATPA
as an organic linker and TTIP as a metal source. Initially, 0.56 g ATPAwas
dissolved in 70mL of DMF:Methanol mixture in a ratio of 9:1 followed by
the addition of 0.6mL TTIP and the reaction mixture was stirred for
20minutes at room temperature. Then the reactionmixturewas transferred
into a Teflon-lined stainless-steel autoclave, sealed, and kept in a heating
oven at 150 °C for 24 hours.After 24 hours, the autoclavewas removed from
theovenandallowed tocool downwhereMIL-125-NH2MOFwasobtained
as a yellow precipitate. The yellow precipitate was thoroughly washed with
excess ofDMFandmethanol to remove the residual reactants. The obtained
MIL-125-NH2 MOF was further refluxed in DMF for 2 hours followed by
isolation using centrifugation. Finally, the MIL-125-NH2 MOF was exten-
sivly washed with water and calcined at 200 °C for 6 h. The purified MIL-
125-NH2 MOF was extensively characterized and used for membrane
fabrication. Figure 1a shows the chemical reaction for the synthesis ofMIL-
125-NH2 MOF using the solvothermal process.

Fabrication of MIL-125-NH2 MOF-based membranes
MIL-125-NH2MOF decorated alumina membranes were fabricated by the
interfacial polymerization where the three different concentrations of MIL-
125-NH2MOFwere decorated on an alumina ceramic support. In a typical
membrane fabrication procedure, an aqueous dispersion of MIL-125-NH2

MOFwaspreparedbydispersing 50mgofMIL-125-NH2MOF in100mlof
distilled water and homogenized by probe sonicaor for 15min followed by
filtration on the alumina support fixed in a dead-end-filtration cell (Sterli-
tech, Auburn, WA, USA). This led to deposition of MIL-125-NH2 MOF
onto the Al2O3 ceramic support and subsequently the MOF-deposited
membrane was allowed to dry in open air. To stabilize the deposition of
MIL-125-NH2 MOF onto the alumina support, the dried membrane was
dipped in 0.15% (wt/v) n-hexane solution of isophthaloyl chloride (IPC) for
30minutes. The resultant membrane was washedwith n-hexane to remove
the unreacted IPC. Finally, theMIL-125-NH2MOFceramicmembranewas
cured in an oven at 70 °C for 1 h and hence obtainedmembranewas labeled
as M50. The other two membranes M75 and M100 were also prepared by
using the same procedure except the concentration of MIL-125-NH2MOFT
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was 75mg/100mL and 100mg/100ml, respectively. Figure 1b shows the
steps involved in the fabrication of the MIL-125-NH2 MOF decorated
alumina ceramic membranes.

Characterization
The crystal structure and order of the synthesizedMIL-125-NH2MOFs and
MIL-125-NH2 MOFs decorated alumina membranes (M50, M75, and
M100) were evaluated using X-ray diffraction (XRD, MiniFlex-600,
Rigaku).Theanalysis employed copperK-alpha radiationwith awavelength
of 1.542 angstroms and scanned a broad range of angles from 5 to 80
degrees. Preceding XRD investigation, meticulous drying, and microniza-
tion yieldedhomogeneousmicrocrystalline samples, subsequentlymounted
on the designated holder for optimal data acquisition. The surface func-
tionalities of the synthesized MIL-125-NH2 MOFs were characterized by
Fourier transform infrared spectroscopy (FTIR, Nicolet iS-50, Thermo
Fisher Scientific) FTIR) employing KBr pellets within a scan wavenumber
range of 390 to 4000 cm−1. Similarly, the MIL-125-NH2 MOFs decorated
alumina membranes were also evaluated using attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy. Prior tomorphology
analysis, synthesized MIL-125-NH2 MOFs and MIL-125-NH2 MOFs
decorated alumina membranes were gold sputtered and analyzed using
scanning electron microscopy coupled with Energy dispersive X-ray spec-
troscopy (SEM/EDX, Coxem EM-30AX SEM) at the voltage of 10 kV. The
surface wetting/non-wetting properties of the MIL-125-NH2 MOFs deco-
rated alumina membranes were evaluated using the sessile drop method to
analyze contact angles of water and oil, employing a goniometer (KRUSS,
DSA25).Water contact angle (WCA)measurementswere carriedouton the
membranes in an air environment by depositing 2 μL droplets at various
locations. The resulting contact angles were averaged and documented,
providing a representation of the surface wettability. A similar procedure
was employed for measuring the oil contact angle in an air environment,
with a droplet concentration of 1 μL. Oil contact angle measurements were
also conducted on themembrane in an underwater environment by directly
injecting oil droplets onto the submerged membrane.

Filtration experiment
Crossflowmodulewas used to evaluate the permeateflux andoil rejectionof
M50, M75, and M100 membranes. The performance analysis was investi-
gated at different transmembrane pressures between 0.5 and 2 bar. The
permeate flux (J) of each membrane was calculated using Eq. (1).

J ¼ V
A × t

ð1Þ

whereV ,A and t are thepermeate volume (L),membrane effective area (m2)
and time (h), respectively. The stock solution of 1000 ppm O/W emulsion
waspreparedbymixing1 gof crudeoil in 1 liter of distilledwaterwhere0.5 g
of SDS was added as an emulsifying agent using a shear mixer set at
30,000 rpm. The stock solution was diluted with distilled water to prepare
100 ppm of crude O/W emulsion to be used as the feed solution during the
separation experiments. The separation efficiencies of membranes were
calculated using Eq. (2).

Separation efficiency ¼ 1� Cp

Cf

 !
× 100 ð2Þ

where Cp is the oil concentration in the permeate while Cf is the oil con-
centration in the feed.

Data availability
All data generated or analyzed during this study are included in this pub-
lished article (and its supplementary information files).
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