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On The Multiscale Structure and Morphology of
PVDF-HFP@MOF Membranes in The Scope of Water
Remediation Applications

Ainara Valverde,* Roberto de Fernandez-de Luis,* Hugo Salazar, Bruna F. Gonçalves,
Stephen King, László Almásy, Manfred Kriechbaum, José M. Laza, José L. Vilas-Vilela,
Pedro M. Martins, Senentxu Lanceros-Mendez, José M. Porro, and Viktor I. Petrenko

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) is a highly
versatile polymer used for water remediation due to its chemical robustness
and processability. By incorporating metal-organic frameworks (MOFs) into
PVDF-HFP membranes, the material can gain metal-adsorption properties. It
is well known that the effectiveness of these composites removing heavy
metals depends on the MOF’s chemical encoding and the extent of
encapsulation within the polymer. In this study, it is examined how the micro
to nanoscale structure of PVDF-HFP@MOF membranes influences their
adsorption performance for CrVI. To this end, the micro- and nanostructure of
PVDF-HFP@MOF membranes are thoroughly studied by a set of
complementary techniques. In particular, small-angle X-ray and neutron
scattering allow to precisely describe the nanostructure of the polymer-MOF
complex systems, while scanning microscopy and mercury porosimetry give a
clear insight into the macro and mesoporosity of the system. By correlating
nanoscale structural features with the adsorption capacity of the MOF
nanoparticles, different degrees of full encapsulation-based on the PVDF-HFP
processing and structuration from the macro to nanometer scale are observed.
Additionally, the in situ functionalization of MOF nanoparticles with cysteine
is investigated to enhance their adsorption toward HgII. This functionalization
enhanced the adsorption capacity of the MOFs from 8 to 30 mg·g−1.
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1. Introduction

Water pollution has become an in-
creasingly alarming global issue. Of
the various emerging pollutants, heavy
metals have garnered significant con-
cern due to their toxicity, teratogenicity,
and carcirogenicity.[1] Among the dif-
ferent strategies to capture heavy metal
ions from water, adsorption holds
considerable promise due to its sim-
plicity and cost efficiency. However,
classic sorbents suffer from low ad-
sorption capacity[2] and selectivity due
to their limited chemical tailorability.

Here, Metal-Organic Frameworks
(MOFs) are becoming an interesting
family of porous materials to face
this problem. MOFs are crystalline
solids built from metal ions or clusters
connected by organic linkers to form
extended, ordered, and highly porous
networks.[3–7] Given these propertied,
MOFs stand out as alternative technolo-
gies for water remediation purposes
thanks to their ordered porosity metrics
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(i.e., record surface area, tunable pore volume/window…) and
their versatility to be encoded with functionalities placed surgi-
cally at specific positions of their frameworks.[8–14] Among the
various MOFs reported up to date, the Zr and Ti-based MOFs
as MOF-808 (Zr6O4(OH)4(C9H6O6)2(HCOO)6), UiO-66-NH2
(Zr6O4(OH)4(C8H7NO4), and MIL-125 (Ti8O8(OH)4(C8H6O4)6)
are among the most applied ones for these purposes.

Nevertheless, the practical application of MOFs in real-life ex-
periments is hindered by their powdered nature, which poses
challenges in terms of time and energy consumption during the
recovery process from water. As a consequence, the immobiliza-
tion of these active sorbents with mechanically robust polymeric
matrixes stands out as one of the most appealing strategies to
solve this handicap.

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-
HFP), is a chemically, thermally, and mechanically robust
polymer widely employed for water remediation purposes.[15]

One of the main advantages of PVDF-HFP is its easy and
widely-studied processability.[16–26] This opens the perspective
to shape it as water-filters and membranes with tailored porous
structures.[27–31]

However, the permeability and adsorbing capacity of these
membranes are limited because of their hydrophobicity. The in-
tegration of nanomaterials, and in particular of MOFs, into the
polymeric porous structure of the PVDF-HFP represents a suit-
able strategy to improve the overall properties and functionality
of the membranes based on this per-fluorinated polymer.[32,33]

Among the different processing routes to prepare composites
based on PVDF-HFP, phase separation is one of the most appro-
priate to obtain membranes with a well-interconnected porosity
network suitable for water remediation. It involves the transition
from a solution of the polymer in an organic solvent to the porous
interconnected membranes based on PVDF-HFP. The process
can be achieved by different routes such as: thermally induced
phase separation (TIPS), non-solvent induced phase separation
(NIPS), vapor-induced phase separation (VIPS), and evaporation-
induced phase separation (EIPS).[24,34,35] The type and conditions
of the phase separation process greatly influence the PVDF-HFP
macro to nano-meter pores structures, as well as the homoge-
neous integration of the MOF nanomaterials into the PVDF-HFP
matrix. That is, the processing of the PVDF-HFP is key to i) avoid-
ing the complete encapsulation of the MOFs, ii) enhancing their
surface exposure into the interconnected pore-space of the poly-
meric matrix, and iii) preventing their detachment during work-
ing conditions.[36]
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Overall, these characteristics are closely related to the mul-
tiscale structuration of the composites from the nano- to the
macroscale. Even if PVDF-HFP composites have been pro-
foundly studied from the macro to the microscopic regimes,
the investigations aiming to uncover the nanostructure of these
composites mainly via small-angle scattering techniques (i.e.,
small-angle X-ray (SAXS) and neutron (SANS) scattering) are still
limited.[37,38] This issue is nevertheless essential for improving
membranes functional response, since SAXS and SANS can give
access to critical aspects such as i) the distribution of the MOF
particles into the PVDF-HFP polymer matrix, ii) the interconnec-
tion of their pore-space, or iii) the interface between the MOF and
the PVDF components.[39,40] In addition, all these features may
have a significant impact on the functionality of the composite
membranes to capture target pollutants from water.

In this work, the templating effect of MOF nanoparticles
(MOF-808, UiO-66-NH2, and MIL-125) into the porous structure
of PVDF-HFP@MOF composites processed by TIPS and NIPS
has been investigated by means of X-ray diffraction (XRD), in-
frared spectroscopy (IR), thermogravimetric analysis (TGA), and
scanning electron microscopy (SEM). As a first step, the main
physicochemical properties of such composites were analyzed.
Them, the macro, meso, and microporous structure of the com-
posites have been characterized by a combination of specific
experimental techniques, including mercury porosimetry, SEM,
SAXS, and SANS. Altogether, a complete landscape from the
macro to the nanometer scale of the structure of the composites
has been obtained and correlated with the encapsulation degree
of the MOF nanoparticles into the polymeric matrix, and hence to
their capacity to capture chromate oxyanions (CrO4

2−). We have
demonstrated as well that the MOFs included within the mem-
branes can be i) directly functionalized with cysteine via solvent-
assisted ligand incorporation (SALI) to adapt its adsorption affin-
ity toward the capture of soft metal ions as HgII, and ii) that the
efficiency of their SALI functionalization of the MOFs within the
membrane depends as well on their encapsulation degree. All
in all, this fundamental understanding of the system opens the
room to identify the best processing protocols to develop PVDF-
HFP@MOF composite membranes applied for water remedia-
tion purposes.

2. Results and Discussion

2.1. Sorbents Characterization

Metal-Organic Frameworks were selected due to their i) good
water stability, ii) affinity toward the adsorption of metal oxyan-
ions, and iii) chemical taylorability to modulate their adsorption
properties. Once synthesized, solvent exchanged and activated, a
full characterization of the MOFs and PVDF-HFP@MOF mem-
branes was performed by XRD, IR, CO2 adsorption, and TGA.
The visual comparison between the MOFs’ experimental and
simulated XRD patterns reveals a full agreement among them
(Figure 1a–c). As expected, a slight broadening of the diffrac-
tion maxima is observed due to their nanometer-scale size, es-
pecially for MOF-808 and UiO-66-NH2. As confirmed by SEM,
UiO-66-NH2 (50–100 nm), and MOF-808 (150–200 nm) show a
smaller particle diameter in comparison to the one of MIL-125
(100–500 nm) (Figure 1d–f). It is worth pointing out that a large
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Figure 1. a–c) Full profile matching analysis of the XRD patterns of the MOF samples and d,e) SEM images of d) MIL-125, e) UiO-66-NH2, and
f) MOF-808.

agglomeration of the UiO-66-NH2 particles has been observed
by SEM and that among all the samples, MIL-125 is the most
heterogeneous material in terms of particle size distribution
and morphology. Thermogravimetric curves of the three MOFs
(Figure S1a, Supporting Information) are similar to the ones re-
ported in previous studies,[12,41] showing the thermal loss of sol-
vent molecules (30 – 120 °C), coordinated species (120 – 350 °C),
and the calcination of the organic linkers (350 – 600 °C). In addi-
tion, the type I CO2 adsorption isotherms (Figure S1b, Support-
ing Information) confirm the microporous nature of the com-
pounds (MIL-125[42] = 785 m2 g−1, UiO-66-NH2

[43] = 922 m2 g−1,
and MOF-808[44] = 1037 m2 g−1).

2.2. Macro to Microporous Structure of PVDF-HFP@MOF
Composites

The presence of the MOF in the PVDF-HFP composites was con-
firmed by IR (Figure 2a; Figure S2a, Supporting Information) and
XRD (Figure 2c; Figure S2c, Supporting Information). Infrared
spectra indicate that PVDF-HFP@MOF membranes crystallize
in a mixture of both 𝛼 and 𝛽 phases. The bands corresponding
to the 𝛽 phase are found at 1234 and 840 cm−1, while the ones of
the 𝛼 phase are located at 976 and 763 cm−1.[45] It is not clear if
the composites have a minor content of the 𝛾-PVDF phase, as its
characteristic signal (833 cm−1) is located next to the one corre-
sponding to the 𝛽 phase.[45,46] The inclusion of the MOFs slightly
modifies the crystallization phase of the TIPS membranes, with
a slight increase of the band’s intensity at 763 cm−1, which is as-
sociated with the 𝛼-PVDF-HFP. XRD patterns of the composites
confirm the presence of MOFs in the PVDF-HFP-based compos-
ites (Figure 2c; Figure S2c, Supporting Information). The charac-
teristic diffraction maxima of the MOFs can be recognized in the

XRD patterns of all membranes. It is important to note that even
if the MOF loading is the same for NIPS and TIPS membranes,
the intensities of the diffraction peaks associated with the MOFs
are quite different. A possible explanation is the presence of a het-
erogeneous distribution of the MOF in the polymer, as the TIPS
membranes seem to have a higher density of MOF particles near
the surface. The processing method also induces a change in the
XRD signal coming from the polymeric matrix. Both membranes
present the diffraction maxima expected for the 𝛼-PVDF-HFP,
but composites processed by TIPS present narrower diffraction
maxima and, therefore, a higher crystallinity in comparison to
their homologue NIPS.

The thermal collapse of the PVDF-HFP matrix consists of two
overlapped weight losses from 425 to 450 °C and 450 to 600 °C.
These weight losses are related to carbon-hydrogen and carbon-
fluoride bond scissions and occur in two partially overlapped
steps due to the difference in the bond strength of C─H com-
pared with C─F (410 and 460 kJ mol−1, respectively) (Figure 2b;
Figure S2b, Supporting Information).[36,47–49] MOF particles re-
duce the degradation temperature and the percentage of weight
loss associated with the initial step, ascribed to the polymer’s
thermal collapse. This trend has also been reported for PVDF
composites, including other inorganic and organic fillers.[45,50,51]

In line with the thermogravimetric analyses, the DSC mea-
surements of the PVDF-HFP and PVDF-HFP@MOF samples
(Figure 2d; Figure S2d, Supporting Information) exhibit charac-
teristic endothermic peaks that correspond to the melting tem-
perature of the polymer (≈140 °C), but also to an endothermic
process (60–90 °C) related to the dehydration of the MOFs. On
the other hand, during cooling, the crystallization of the polymer
is detected by the peak at ≈100 °C.

As revealed by SEM, TIPS processing leads to PVDF-HFP-
composites with a slightly heterogeneous structure composed of
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Figure 2. a) FTIR spectra, b) thermogravimetric analysis, c) X-ray diffraction patterns, and d) differential scanning calorimetry for neat PVDF-HFP and
PVDF-HFP@MOF composites processed by TIPS method.

interconnected macro-pores. This structuration is similar both in
the cross section and at the surface of the membranes (Figure 3).
The surface of the composites shows a heterogeneous pore dis-
tribution ranging from 5 to 10 μm, suggesting a highly accessible
interphase for the pollutants’ migration into the membrane. The
inclusion of MOF particles into the PVDF-HFP porous matrix
slightly alters the geometry and pore size of the membrane at its
surface and inner structure. Moreover, depending on the MOF
integrated within the polymer, there are different changes in the
morphology. The inclusion of MIL-125 induces a homogeniza-
tion of the PVDF-HFP inner structure while it slightly increases
the average pore size of the PVDF-HFP structure up to a size of
≈10 μm. In contrast, the porosity on the surface of the compos-
ite is significantly reduced in comparison to the one of the bare
PVDF-HFP. For TIPS processed PVDF-HFP@UiO-66-NH2, the
main diameter of the pores at the inner structure and the sur-
face of the composite is slightly reduced. Still, in general terms, a
well-interconnected pores network is maintained. Finally, the in-
clusion of MOF-808 is the one that alters most of the porosity. On
the one hand, the size of the pores at the surface is maintained,

but they show a heterogeneous distribution that leads to the gen-
eration of highly-porous and non-porous domains. Besides, the
inner pores are significantly elongated and better defined than in
the pristine PVDF-HFP membrane. The macropores at the body
of the membrane show an average size of ≈10 μm, but narrower
windows interconnect them. In addition, the MOF-808 particles
are homogeneously placed, decorating the inner surface of the
macropores. In the case of MIL-125 or UiO-66-NH2-based com-
posites, in addition to MOF particles located at the surface of
the membrane, agglomerates of MOFs have also been detected
within the pores of the PVDF-HFP matrix.

On the other hand, NIPS generates PVDF-HFP@MOF mem-
branes with anisotropic structure and pore distributions (Figure
S3, Supporting Information). Larger pores ≈10 μm in diameter
appear near the surface of the composite. In contrast, smaller,
anisotropic, and elongated pores of ≈2–3 μm in diameter are gen-
erated in the bulk of the membrane. In addition, the surface of
the NIPS membrane exhibits a thin layer with a compact struc-
ture with isolated pores. It is essential to point out that the diam-
eter of the pores generated within this thin layer is considerably
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Figure 3. Representative SEM images prepared by TIPS.

smaller (i.e., 300 nm) than the one observed for their homolog
TIPS membranes. In addition, the pores are isolated from each
other. The structure of the thin film at the surface of the mem-
brane is generally maintained when the MOFs are incorporated
into the polymer, except for MOF-808, where its insertion causes
a heterogenization of the pores’ size and density. In addition, the
MOF particles also modulate the anisotropic structuration within
the body of the NIPS membranes so their incorporation makes
the structure more homogeneous by preventing the formation of
the larger macro-pores, usually located closer to the surface of the
pure PVDF-HFP NIPS membrane.

The structure of the PVDF-HFP@MOF composites was fur-
ther investigated by means of mercury porosimetry (Figure 4).
PVDF-HFP TIPS membranes accumulate most of the volume of
their accessible pores in those 1.5 μm diameter wide. In contrast
with the main pore size observed in the SEM images (≈10 μm di-
ameter), mercury porosimetry indicates that most of the surface
area of the membrane lies within the pores with a smaller diam-
eter of ≈1 μm. A similar trend is found for the composites based
on MIL-125 and MOF-808, with most of the accessible volume lo-

cated at 1–1.5 μm diameter pores. In contrast, PVDF-HFP@UiO-
66-NH2 shows a bimodal distribution with mean pore diameters
of 2.9 and 4.6 μm.

On the other hand, PVDF-HFP NIPS membranes accumulate
most of their free space volume within the pores with a 0.25 μm
diameter. The inclusion of UiO-66-NH2 and MIL-125 MOFs does
not alter this distribution. However, when MOF-808 is integrated
within the PVDF-HFP, a bimodal distribution (d = 0.21 and
0.45 μm) is found for the composite. It is important to note that
although most of the free-pore volume in the membranes is as-
cribed to the pore diameters described above, this does not pre-
clude the existence of specific porosity related to macro and meso-
pores below and above the main diameter value obtained from
the mercury porosimetry measurements.

2.3. Nano-Structuration of PVDF-HFP@MOF Composites

The nanoscale structure variations of the PVDF-HFP mem-
branes and of the three PVDF-HFP@MOF composites (i.e.,
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Figure 4. Cumulative pore volume dependence of the pore size for PVDF-HFP polymer membrane and composites with MOFs addition.

UiO-66-NH2, MIL-125 and MOF-808) processed via TIPS and
NIPS were studied by means of SANS and SAXS measurements.

Small-angle scattering is applied to characterize all types of
materials at the nanometre scale in a typical interval of 1–
200 nm.[52] This operational window gives access to a size-scale
regime below the macro to micrometre ones observed by SEM or
mercury porosimetry. In general, four SANS and SAXS features
can be observed in the experimental data plotted in Figure 5: i)
the scattering arising from the nano-inhomogeneities generated
within the membranes due to the phase/domain structuration of
the polymer itself (characteristic size ≈2–3 nm); ii) the interparti-
cle space created due to the MOF particles agglomeration within
the polymer (characteristic size ≈10–20 nm); iii) the power law
decay of the scattering data that is related to the aggregates with
mass or surface fractal structures in the composites; and iv) the
diffraction peak in the large q region due to the crystal structure
of the MOF (similar peak was observed in our recent study of sep-
arators based on polymer composites with MOFs for battery[36]).
All these heterogeneities can be fitted if a proper model is applied
(more information can be found in the Section S2.2, Supporting
Information).

Experimental SANS and SAXS curves for the studied PVDF-
HFP@MOF composites are presented in Figure 5. In addi-
tion, power law exponent, P, and radius of gyration, Rg, values
obtained from the fittings of the SAXS/SANS data have been
summarized in Table S2 (Supporting Information). In general
terms, the data obtained for all the membranes is the typical
one found in polydisperse systems forming a fractal-like aggre-
gated structure.[53] Therefore, the differences arising from the
fractal structure will be discussed, followed by a discussion of
the nano-inhomogeneities detected in the different composite
membranes.

PVDF-HFP membranes processed by TIPS and NIPS show
similar nanostructures, with surface fractals of P = 3.8–3.9 ob-
tained for both SANS and SAXS measurements. We attribute this
fractal-structuration to the surface and/or internal organization
of the PVDF-HFP around the pore structure of the membranes.
The arrangement of the pore-space could be replicated in a frac-

tal manner from the macro to the mesopores observed in the
porosimetry measurements and illustrated in the Figure 6 and
Figure S4 (Supporting Information). That is, large pores within
the PVDF-HFP matrix are interconnected by channels to mid-
size pores, and mid-size pores are interconnected at the same
time with small pores, giving rise to a surface fractal with an in-
terconnected structure (Figure 6).

When MOF particles are introduced into the PVDF-HFP ma-
trix, the nanometric differences observed between the mem-
branes processed by the NIPS and TIPS methods increase and
similar observation was obtained for macropores according to
SEM and porosimetry experiments. TIPS composites show dif-
ferent fractal structures depending on the MOF. For instance,
bare PVDF-HFP and PVDF-HFP@UiO-66-NH2 show surface
fractals of P = 3.9 (Ds = 2.1) and P = 3.7 (Ds = 2.3), respec-
tively. Its homologue MIL-125 composite also exhibits a surface
fractal, but with a P = 3.3 (Ds = 2.7), indicating a higher sur-
face roughness. Altogether, it is evidenced that the surface frac-
tals arising from the empty pore-space of the TIPS PVDF-HFP
membranes are partially modulated when MOF particles are in-
cluded within the system. Therefore, this modulation gives rise
to different P values when fitting the power-law decay of the
SANS and SAXS data of the composites, as illustrated in Figure 6.
The PVDF-HFP@MOF-808 membrane shows the most complex
fractal structure. The SANS spectrum shows a mass fractal of
Dm = 2.8, corresponding to dense agglomerations within the
polymeric matrix. However, SAXS data reveals two types of be-
havior: a mass fractal with Dm = 1.7, and a surface fractal of
P = 3.5 (Ds = 2.5). Overall, the SANS and SAXS data indicate
a branched and interconnected fractal structure formed from
anisotropic elongated pores observed by SEM. The surface-fractal
structuration of PVDF-HFP@MOF-808 can be explained by the
decoration of the surface of the pore space in the PVDF-HFP with
MOF-808 nanoparticles. In addition, the values of the mass frac-
tals can be closely related to the entrapment of MOF agglomer-
ates into some of the PVDF-HFP pores.

Contrary to TIPS, NIPS composite membranes exhibit power
laws with mass fractals of P = 3.7, similar to the bare PVDF-HFP
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Figure 5. SANS data for a) TIPS and b) NIPS membranes. SAXS data for c) TIPS and d) NIPS membranes.

membranes. Therefore, the nanostructuration of the polymeric
matrix remains largely unaffected by the inclusion of MOF
particles.

Considering the information from the SEM images and the
one obtained by SANS and SAXS, the shape of the branched frac-
tal structuration of the pores in PVDF-HFP membranes are sum-
marized as schematized in Figure 6. In this simplified model, it
can be found MOF nanoparticles finely decorating the pore space
of the PVDF-HFP, as in the case of MOF-808 TIPS membrane,
agglomerated MOF nanoparticles, and even single nanoparticles
encapsulated within the PVDF-HFP matrix.

It is worth noting that the SANS data does not provide in-
formation about the inhomogeneities of bare polymeric mem-
branes usually observed at higher q values using SAXS (Rg val-
ues of 2 and 2.5 nm for TIPS and NIPS membranes, respectively).
We have ascribed these inhomogeneities to the PVDF-HFP per-
fluorinated chain arrangements at the amorphous and crystalline

domains of the different phases of the polymeric matrix. For in-
stance, a domain size between 2 and 2.5 nm would correspond
to a polymeric chain of ≈20–22 carbons, which is much below
the molecular weight of the polymer. When the MOFs are in-
corporated into the membrane, these inhomogeneities observed
for the bare PVDF-HFP seem to disappear, with the exception
of MIL-125-based composites. It is not an easy task to directly re-
late the small-angle scattering signal with a specific feature of the
polymeric chain structuration at the nanoscale. Still, given the in-
homogeneity size, it can be inferred that MOF-808 and UiO-66-
NH2 can alter the crystalline and amorphous domain structura-
tion of the PVDF-HFP. It is known that including nano-objects
within a PVDF-HFP matrix can significantly alter its crystalliza-
tion process toward specific polymeric phases. A clear indication
of this phenomenon is given by XRD, where the width of the
diffraction peak from a pure polymer matrix changes with and
without the presence of nano-objects.

Adv. Mater. Interfaces 2023, 10, 2300424 2300424 (7 of 13) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 6. Schematic representation of the overall structuration of PVDF-HFP@MOF composites. a–e) Schematic illustration of the fractal pores inter-
connected structure of the PVDF-HFP matrix, the MOF immobilization possibilities within the membrane, and f) the mathematic description of the
interparticle space between MOF particles and at the polymer-MOF interphase. Bottom of the figure: SEM images of the different cases.

Adv. Mater. Interfaces 2023, 10, 2300424 2300424 (8 of 13) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Further, additional inhomogeneities with an Rg value of 11 nm
are found in both SANS and SAXS data for the TIPS samples
containing MOF-808 and UiO-66-NH2, but not for MIL-125. Ac-
cording to this size, they may be related to the interparticle space
created by the MOF nanoparticles when they are agglomerated
within the membrane since the inhomogeneity is too small to be
related to the MOF nanoparticles themselves. Indeed, in a perfect
packing of MOF spherical particles, the diameter of the spheres
enclosed within MOF particles can be calculated by applying the
equations summarized in Figure 6e. Therefore, MOF particles
with diameters ranging from 50 to 200 nm generate interparti-
cle inhomogeneities ranging from 7.8 to 31 nm, and from 11 to
45 nm, resulting from the interparticle space enclosed within a
triangle or a tetrahedron of MOF particles, respectively. It is im-
portant to note that, as the packing of the MOF particles into the
membrane is foreseen to deviate from the ideal case, the interpar-
ticle size could significantly vary between the minimum (7 nm)
and maximum (44 nm) values. Even though the experimental ev-
idence point toward this direction, inhomogeneities with an Rg
value close to 11 nm are only appreciable in UiO-66-NH2 and
MOF-808-based samples. In both cases, the diameter of the MOF
particles is 50 nm and of 100–200 nm for UiO-66-NH2 and MOF-
808, respectively. This hypothesis is further confirmed by the lack
of this nanometer range inhomogeneity in MIL-125-based mem-
branes because the large particle diameter of the MOF (≈500 nm)
would give rise to an interparticle pore space of 110 nm. This
range of size is above the usual limits studied by SAXS.

On the other hand, NIPS membranes barely show the in-
homogeneities corresponding to the interparticle space that we
could observe in TIPS membranes, except for the UiO-66-NH2-
based one (Rg ∼12 nm). These results, together with the infor-
mation obtained from SEM images (Figure 3; Figure S3, Sup-
porting Information), point out that the interparticle space gen-
erated because of the agglomeration of MOF particles is signif-
icantly smaller in NIPS membranes. Overall, the experimental
data point toward a higher percentage of isolated MOF parti-
cles stabilized at the surface or the inner body of the NIPS-type
membranes. In the latter case, the MOF may be inaccessible to
act as an adsorption point of the membrane. Additional SANS
measurements were performed after wetting the samples with d-
methanol to increase the neutron scattering contrast between the
interconnected porosity and the isolated nano-inhomogeneities
of the PVDF-HFP@MOF systems (Figure S5, Therefore, the
nanostructuration of the po). In general terms, the power law re-
lated to the fractal structure of the membranes is not altered after
wetting by deuterated solvent, but there is a general decrease in
the scattering signal. In parallel, the wetting by deuterated sol-
vent of these composite membranes showing inhomogeneities
related to the MOF interparticle space induces the disappearance
of this signal (Figure S5e–h, Supporting Information). This vari-
ation is attributed to the decrease of the neutron scattering con-
trast between the MOF and the interparticle space when the sys-
tem is in contact with d-solvent. In fact, both MOF-08 and UiO-
66-NH2 have a scattering length density (SLD) of ≈2.7·1010 cm−2,
and the SLD of the air is 0. Consequently, the contrast between
the two objects in an air-filled membrane is 2.7·1010 cm−2. How-
ever, when the composite is wetted with d-methanol, the SLD of
the MOF with d-methanol in its pores increases to 3.32·1010 cm−2

(considering that the porosity of the MOF is 38% in volume frac-

tion) while the SLD of the d-methanol located at the MOF inter-
particle space is of 5.16·1010 cm−2. Overall, a contrast of 1.84·1010

cm−2 is obtained, a value two-fold smaller than the initial one for
the as-synthesized composites.

Finally, it is important to note that a new inhomogeneity ap-
pears in all TIPS membranes after their wetting with d-methanol,
except in the composite containing MIL-125. This heterogene-
ity has an approximate size of 2–3 nm. It has en tentatively as-
cribed to an increase of contrast due to the preferential uptake of
d-methanol by some of the phases or amorphous/crystalline do-
mains of the PVDF-HFP matrix. Although this initial hypothesis
needs further experimentation to be corroborated, several pro-
cesses, such as ionic diffusion, can be favored in the amorphous
domains’ regions of the PVDF-HFP. In parallel, a 2–3 nm inho-
mogeneity cannot be ascribed to the MOF particles (their size >

50 nm), nor to the MOF-MOF and MOF-polymer interphase.
Finally, we have focused on the NIPS PVDF-HFP@MOF-808

system to study: i) if the MOF loading alters the nanostructure
of the membranes; ii) if the functionalization of the MOF-808
with cysteine before and after its incorporation into the PVDF-
HFP matrix can alter somehow the nanostructuration of the poly-
mer; and iii) if the adsorption of CrVI generates new inhomo-
geneities into the composites. Regarding the MOF-loading, its
increase from 10 to 30 wt% induces a slight variation of the frac-
tal structure as derived from the decrease of the P value from 3.9
in pure PVDF-HFP to 3.8 and 3.5 in composites with a 10 and
30% wt. of MOF particles (Figure S6a,b, Supporting Informa-
tion). In addition, the MOF-loading induces the disappearance
of the 2.5 nm size inhomogeneity ascribed to the phase or crys-
talline/amorphous domains of the PVDF-HFP matrix. This evi-
dence is not unexpected since the inclusion of fillers as MOF into
the PVDF-HFP matrix is known to alter its crystallinity and its
crystallization as specific phases significantly.[54–57] On the other
hand, the pre or post-synthetic functionalization of the MOF-808
before and after its integration in the membrane does not alter
its nano structuration (Figure S6c,d, Supporting Information).
More interestingly, the SANS curves remain unaltered after CrVI

adsorption by the membranes, so the metal loading does not en-
hance the nano-inhomogeneities already present in the system
(Figure S6e,f, Supporting Information).

2.4. Metal Adsorption Assessment to Evaluate the MOF Particles
Encapsulation

Although the macro to nanometric structuration of the compos-
ites has been studied in the previous sections, this information
is not enough to elucidate if the MOF nanoparticles incorporated
into the membrane have direct contact with heavy metals in a
water solution or if they are encapsulated within the polymer. To
this end, we have performed metal-ion adsorption experiments
on the MOF materials and the composites (Figure 7). Two dif-
ferent cases were investigated: the adsorption of anionic CrVI by
non-functionalized PVDF-HFP@MOF membranes (Figure 7a)
and the capacity to capture cationic HgII of cysteine functional-
ized TIPS PVDF-HFP@MOF-808 composite (Figure 7b).

First, it is important to note that PVDF-HFP lacks any capacity
to adsorb CrVI or HgII. Thus, the overall adsorption capacity
of the membranes arises from the MOF particles that are not

Adv. Mater. Interfaces 2023, 10, 2300424 2300424 (9 of 13) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 7. a) CrVI adsorption experiments for TIPS and NIPS membranes and b) HgII adsorption experiments for NIPS membranes with and without
cysteine functionalization.

encapsulated within the polymer. Therefore, by comparing the
adsorption capacity of the free MOFs and the MOFs immobilized
within the membranes, the accessibility degree of the later ones
can be calculated.

Regarding the CrVI capture of the studied MOFs, UiO-66-NH2
shows the highest CrVI adsorption capacity (23.88 mg·g−1) thanks
to its linker-defective sites and the fact that amino groups wel-
come the capture of chromate species. MOF-808 shows an ad-
sorption capacity for CrVI of 11.3 mg·g−1 ascribed to replacing
the formate modulators linked to the zirconium clusters by chro-
mate oxyanions. Finally, MIL-125 shows the smallest adsorption
capacity, of 5.73 mg·g−1, tentatively ascribed to a weak hydrogen
interactions-driven capture.

The MOFs immobilized into TIPS membranes show similar
adsorption capacities over CrVI compared to their corresponding
powdered samples. The ratio between the capacity of the MOF in
the membrane and the capacity of the powdered MOF allows for
estimating accessibility between 80–100% of the MOF particles
in the polymer. Contrary to this, MOFs immobilized within NIPS
membranes show only 45 to 55% of the capacity of the powdered
samples. In perspective, the small porosity shown by the sur-
face of the NIPS membrane hinders the mobility of the chromate
ions while at the same time isolates some of the MOF particles
from the media. Their encapsulation degree is also related to the
nanostructuration observed by SANS and SAXS, since the mem-
branes that lack the inhomogeneities come from the agglomera-
tion of the MOF particles and MOF-polymer interphase space are
the ones that show higher ratios of MOF encapsulation within the
polymer.

At this point, it has been proven that the in situ functional-
ization of the MOF-808 immobilized within the membrane with
cysteine via water based SALI protocols is feasible. As previously
reported by A. Valverde et al.[58] incorporating cysteine functions
with ─SH groups into the MOF-808 pore space strongly shifts
its adsorption affinity to capture soft metal ions as HgII. Indeed,
as explained in the cited work, the immobilization of different
amino acids into the pore space of MOF-808 endows the mate-
rial of metal-complexing mechanisms where single or coopera-
tive metal-binding modes five rise to the stabilization of isolated,
clustered and even partially reduced species for some specific
metals.

In parallel, the cysteine encoding of powdered MOF-808 par-
ticles has been performed for comparison. We have selected
PVDF-HFP@MOF-808 NIPS membrane for this study because
it shows a higher degree of encapsulation of the MOF-808 parti-
cles compared to its TIPS homologue. So, it will allow to evaluate
if there is any unblocking of the MOFs encapsulated within the
membrane during the in situ functionalization of the system with
cysteine. In parallel, this study explores as well if the encapsula-
tion is reduced when the MOF particles are functionalized with
cysteine before their incorporation into the membrane.

First, as revealed by 1H-NMR, the SALI process in MOF-808
gives rise to an average functionalization of 1.7 cysteines per zir-
conium cluster, while 0.9 cysteines per cluster are incorporated
into the MOF-808 immobilized within the membrane. That is,
only 53% of the MOF-808 within the membrane is accessible to
SALI, a value that is similar to the 60% accessibility obtained
from the CrVI adsorption experiments. Therefore, as expected,

Adv. Mater. Interfaces 2023, 10, 2300424 2300424 (10 of 13) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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the SALI process does not de-block the access to the MOF en-
capsulated within the polymer.

Regarding the HgII adsorption performance (Figure 7b), first,
an adsorption study of MOF-808 and MOF-808@Cys was per-
formed to determine their capacity to capture HgII in the applied
experimental conditions (MOF-808 = 11.3 mg·g−1 and MOF-
808@Cys = 42.4 mg·g−1).

Regarding the polymeric composites, the NIPS PVDF-HPF
membrane shows negligible adsorption capacity toward HgII.
When non-functionalized MOF-808 is introduced in the mem-
brane, the PVDF-HFP@MOF-808 NIPS membrane rises its ca-
pacity up to 7 mg·gMOF

−1. According to the HgII adsorption capac-
ity of the bare MOF, this means accessibility of a 62% to the MOF
integrated within the membrane. Similarly, the adsorption capac-
ities over HgII of the composites functionalized with cysteine di-
rectly in the NIPS membrane (Figure 7b) point toward a 70% ac-
cessibility degree of the MOF in the 10% loaded membrane. This
accessibility decays to 43% for 30% wt. MOF-808 loaded mem-
brane that has been functionalized within cysteine molecules.
Thus, increasing the MOF loading increases as well the encap-
sulation degree of the MOF. This issue is not solved if MOF-808
is pre-functionalized before its inclusion into the PVDF-HFP (de-
noted as PVDF@MOF@PreCys in Figure 7b) since both 10%
and 30% wt. loaded PVDF-HFP membranes show accessibilities
close to 35%, much lower than the ones reported for the in situ
modified composites.

3. Conclusion

The combined and complementary experimental characteri-
zation protocols that have been applied to this study have
opened the room to understand the structuration of the PVDF-
HFP@MOF membranes produced by TIPS and NIPS from
macro to nanometric points of view.

First, it is clear that MOF particles alter the NIPS and TIPS
phase inversion process of PVDF-HFP, affecting the final pore
structure of the composites. In addition, the surface and mass
fractal pore nanostructure of the PVDF-HFP is as well altered
when MOFs are included within the system, indicating a rougher
surface in the pores wall due to the installation of the particles.
Indeed, SANS and SAXS exhibit additional features related to
the arrangement of MOF particles within the polymeric system.
Comparative metal-ions adsorption experiments have allowed es-
timating the accessibility degree of the MOF particles incorpo-
rated into the membranes. The membrane’s processing and the
MOF’s nature modulate the encapsulation degree of the parti-
cles in the polymeric system indicating an almost 100% accessi-
bility in membranes processed by TIPS and a nearly 60% of ac-
cessibility of the particles in the membranes processed by NIPS.
Although the accessibility of MOF particles in the membrane
cannot be directly linked to a specific feature at the nano-scale,
the TIPS membranes exhibit a more intense signal at the inho-
mogeneity related with the Rg of 11 Å than the NIPS ones. So,
probably a certain degree of agglomeration can be beneficial, as it
seems to be a consequence of a lower encapsulation of the MOF
particles within the polymeric matrix. For instance, the encapsu-
lation degree governs these MOF fractions that are accessible to
be in situ modified by SALI in the membrane. It is important
to note that, as far as we know, this is the first time that a SALI

direct functionalization of a polymeric-MOF composite has been
performed and that this strategy has been fully effective in modu-
lating the adsorption affinity of the system toward soft acid metal
ions such as HgII.

In situ modification of polymer-MOF systems opens the per-
spective to improve the processing of the composites until the
proper accessibility, porosity, permeability and MOF-loading fea-
tures are achieved, and later on, modify the inner chemistry of
the system to tailor-adapt it to the capture or separation of spe-
cific metal ions, introducing different functionalities depending
on the targeted metal ion for removal.

4. Experimental Section
Composite Membranes Preparation and Characterization: PVDF-

HFP@MOF membranes were prepared through two different phase
inversion methods: thermal-induced phase separation (TIPS) and non-
solvent-induced phase separation (NIPS), as detailed in the Supporting
Information file.[24] Three different MOFs (i.e., MOF-808,[59] UiO-66-
NH2,[12] and MIL-125[60]) were employed to prepare the composite
membranes. The synthesis of the three materials was performed as
detailed previously by A. Valverde and P.G- Saiz,[12,13,61,62] and the
description can be also found as Supporting Information. For the func-
tionalization of the PVDF-HFP@MOF-808 membranes with cysteine,
the procedure was similar to the one applied for the MOF-808 particles
functionalization reported in.[58] Hundred milligram membrane was
immersed in 100 mL of a 0.05 m cysteine solution and heated at 60 °C for
24 h. Then, the membranes were washed with water twice and dried at
room temperature for 24 h. The sorbent and composite membranes were
fully characterized, as detailed in the Supporting Information.

The composites were then characterized through X-ray diffraction
(XRD), scanning electron microscopy (SEM), thermogravimetric analy-
sis (TGA), CO2 adsorption experiments, differential scanning calorime-
try (DSC), IR spectroscopy, mercury porosimetry and small-angle neutron
and X-ray scattering (SANS and SAXS respectively). Further information
about the characterization conditions can be found in the Supporting In-
formation.

Metals Adsorption Evaluation: The adsorption capacity over CrVI of
the free MOFs (MIL-125, UiO-66-NH2, and MOF-808) and the PVDF-
HFP@MOF composites was studied employing the same ratio of MOF:
metal solution for both the pristine materials and the membranes. For
the adsorption experiments with MOFs, 5 mg of MOF were dispersed in
50 mL of a 5 ppm heavy metal solution and stirred overnight. Then, they
were filtrated with nylon filters (0.22 μm), and the metal concentration was
analyzed. For the membranes, 10 mg of the membrane was introduced in
10 mL CrVI solution at 5 ppm. The membrane was recovered after the ad-
sorption, and the CrVI concentration of the solution was quantified. Each
of these procedures was performed three times to determine the uncer-
tainty of the described processes. Quantification of CrVI was performed
through UV–Vis spectroscopy by applying the diphenyl carbazide (DPC)
colorimetric methodology.[33]

In the specific case of PVDF-HFP@MOF-808, it was in situ function-
alized with cysteine to study the modulation of the adsorption affinity of
the MOF-808 immobilized into the polymer for cationic species as HgII.
To this end, HgII adsorption experiments were performed in cysteine func-
tionalized and non-functionalized membranes following the same proce-
dure described for CrVI and HgII. Metal concentration was quantified by
means of ICP-AES. Similarly, CrVI adsorptions were performed three times
each to determine the uncertainty of the protocol.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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