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• The removal of CrVI through adsorption 
requires time and cost intensive sor
bent’s recovery and reactivation. 

• Sorbent nanoparticles immobilization 
into polymeric membranes offers a so
lution to overcome these drawbacks. 

• Inactivation of the sorbent when 
immobilized into the polymeric matrix 
is a key parameter to assess their 
performance. 

• If the encapsulation of the sorbents is 
minimized, hybrid membranes are easy 
recovered, reactivated and functional.  
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A B S T R A C T   

Natural or industrial hexavalent chromium water pollution continues to be a worldwide unresolved threat. Today, 
there is intense research on new active and cost-effective sorbents for Cr(VI), but most still exhibit a critical lim
itation: their powdered nature makes their recovery from water cost and energy consuming. In this work, Al(OH)3, 
MIL-88-B(Fe), and UiO-66-NH2 Cr(VI) sorbents were immobilized into a poly (vinylidene fluoride-co- 
hexafluoropropylene) (PVDF-HFP) polymeric substrate to develop an easily reactivable and reusable water 
filtering technology. The immobilization of the sorbents into the PVDF-HFP porous matrix modified the macro and 
meso-porous structure of the polymeric matrix, tuning in parallel its wettability. Although a partial blocking of the 
Cr(VI) adsorptive capacity was observed for of Al(OH)3 and MIL-88-B(Fe) when immobilized into composite 
membranes, PVDF-HFP/UiO-66-NH2 filter (i) exceeded the full capacity of the non-immobilized sorbent to trap Cr 
(VI), (ii) could be reactivated and reusable, and (iii) it was fully functional when applied in real water effluents.  
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1. Introduction 

Achieving a zero toxic water environment is one of the main chal
lenges of the XXI century. Nowadays, more than 1.5 million deaths are 
estimated to be directly or indirectly related to health problems arising 
from water pollution (WHO/UNICEF, 2019; Langford, 2005; Fisher, 
2018). Indeed, more than 80% of the wastewater released into the 
environment lacks the appropriate treatment to mitigate pollution, as is 
the case of Cr(VI) derived from metal plating, leather tanning, or mining 
(Bakshi and Panigrahi, 2018; Li et al., 2021). The environmental and 
health risks arising from chromium are closely related to its oxidation 
state. For instance, the toxicity, bio-persistence, carcinogenicity, and 
environmental mobility of Cr(VI) are significantly higher than the ones 
of Cr(III) (Speer and Wise, 2018). As a result, Cr(VI) is considered by the 
Environmental Protection Agencies one of the top-priority hazardous 
contaminants (Murad et al., 2022a). 

Cr(VI) removal from water is faced from different technological 
perspectives, such as co-precipitation (Gopalratnam et al., 1988), 
reverse osmosis (Slater et al., 1983), ion exchange (Kim and Benjamin, 
2004), membrane filtration (Efome et al., 2018), coagulation (Bora and 
Dutta, 2019), and flocculation (Sun et al., 2020). Having each technical 
approach its pros and cons, all of them show similar Achilles’ Neels: high 
operating costs, pH sensitivity, and in particular, the lack of efficiency to 
lower Cr(VI) concentrations below the legal thresholds under certain 
operation conditions (Hu et al., 2004). These technical limitations are 
closely linked to Cr(VI) speciation as highly soluble and mobile chro
mate (HxCrO4)− 2+x and dichromate (Cr2O7)2- oxyanions. 

In this context, specific adsorption is considered one of the greener 
alternative to tackle Cr(VI) water pollution. Sorbents should be highly 
selective and efficient, easy to process, maintain and apply, do not 
require, or induce the addition or generation of secondary chemicals, 
and have a low cost (Fiyadh et al., 2019; Pavithra et al., 2019; Zhu et al., 
2021). Ideally, an efficient and fast adsorption is closely linked to the 
density and affinity of the adsorbent’s specific sites for Cr(VI) anions 
(Wadhawan et al., 2020). A variety of carbon-based (Hashemi and 
Rezania, 2019), metal oxides (Valentín-Reyes et al., 2019), clays and 
zeolites (Ghani et al., 2020) and, more recently, metal-organic frame
work (MOF) materials (Far et al., 2020; Mahmoud et al., 2022; Fang 
et al., 2018; Daradmare et al., 2021) have been applied to efficiently 
capture Cr(VI) from polluted ideal or real water matrixes (Nasrollahpour 
and Moradi, 2017; Wu et al., 2018a; Gao et al., 2021; Zhang et al., 2021; 
Zhou et al., 2021). Nevertheless, the main drawback that hinders the 
powdered sorbents’ real applicability is their time and 
energy-consuming recovery (i.e. most usually by centrifugation or 
magnetic- based) from the water media once saturated (Wadhawan 
et al., 2020). 

The immobilization of the active materials into polymeric substrates 
stands out as one of the most appealing strategies to solve this handicap. 
Polymeric composites bring the opportunity to merge the functions of 
the sorbents with the easy manipulation of filtering or membrane 
technologies (Choi et al., 2014). The variety of possible polymers and 
sorbents combinations (Gupta et al., 2021; Zhang et al., 2021), and the 
control over the final macro to micro pore-structure of the composite 
membranes, open up the perspective to obtain easily recoverable, 
reactivable, and function/pollutant-tailored technologies for water 
remediation purposes (Ng et al., 2013; Salazar et al., 2016; Martins 
et al., 2019a; Grandcolas and Lind, 2022; Vinothkumar et al., 2022). In 
this scope, poly (vinylidene fluoride-co-hexafluoropropylene), 
PVDF-HFP, stands out compared to other polymeric materials because 
of its mechanical, thermal, and chemical stability, simplicity of pro
cessability, and precise control over its porous structure when manu
factured by different means. Indeed, among the scarce research on 
PVDF-HFP for environmental purposes, PVDF-HFP composite mem
branes have proven their efficiency to capture and separate both inor
ganic and organic pollutants (Salazar et al., 2016, 2022; Zioui et al., 
2020; Martins et al., 2022). 

In this work, the potential of water filtering technologies based on 
sorbent/PVDF-HFP composite membranes has been studied for the 
specific case of hexavalent chromium. It is demonstrated that PVDF-HFP 
based composite membranes (CM) immobilize the active sorbents ho
mogeneously, and in parallel, the sorbent particles themselves induce a 
templating effect on the porous structure of the PVDF-HFP matrix as 
well. The adsorption capacity, efficiency, and kinetics of the non- 
immobilized sorbents and of the PVDF-HFP/Sorbent membranes have 
been investigated. 

2. Experimental 

2.1. Composite membranes preparation 

Three different composite membranes (Al(OH)3/PVDF-HFP, UiO-66- 
NH2/PVDF-HFP, and MIL-88-B(Fe)/PVDF-HFP) were prepared 
following the general guidelines provided in (Salazar et al., 2016; 
Aoudjit et al., 2021). In short, a 10 wt % of sorbents were dispersed 
under ultrasonication in DMF for 3 h until a complete dispersion of 
particles was obtained (Salazar et al., 2020, 2021; Martins et al., 2022). 
This sorbent loading is selected to achieve the best compromise between 
the efficiency and the mechanical stability of CMs. Afterwards, 
PVDF-HFP was added (15:85 v/v), and the dispersion was magnetically 
stirred until the complete dissolution of the polymer. Then, the solution 
was spread on a glass substrate using a doctor blade and air-dried at 
room temperature for about 4 days. Membranes with 250 μm thickness 
were obtained after the process. 

2.2. Samples characterization methods 

The sorbent and composite membranes were fully characterized by 
means of X-ray diffraction, scanning electron microscopy, surface area 
measurements, mercury intrusion porosimetry, contact angle, ther
mogravimetric and differential scanning calorimetric measurements, 
and infrared spectroscopy. A detailed description of the measurement 
conditions and samples preparation can be found in the supplementary 
information file. 

2.3. Chromium adsorption evaluation 

Quantification of Cr(VI) in all kinetic and adsorption isotherm ex
periments was performed through UV–Vis spectroscopy (Tecan Infinite 
M Nano + spectrophotometer) by applying the previously reported 
diphenyl carbazide (DFC) colorimetric methodology (Saiz et al., 2020a; 
G. Saiz et al., 2021). For powdered sorbents, adsorption experiments 
were conducted at room temperature, using 10 mg of material dispersed 
in 10 mL of a 5 mg/L Cr(VI) solution. The dispersions were magnetically 
stirred for 24 h, and aliquots were withdrawn at defined time intervals. 
Afterwards, the aliquots were centrifuged at 6000 rpm for 10 min, fil
trated with a hydrophilic 0.20 μm filter, and analyzed by the DFC pro
tocol. Adsorption experiments with the composite membranes were 
performed following the same batch mode procedure, using a 100 mg 
mass of CM (i.e., 10 mg of active sorbent material immobilized within 
the composite) placed in the bottom of a beaker with 10 mL of a 5 mg/L 
Cr(VI) solution. The isotherm curves were obtained by obtaining the 
equilibrium adsorption capacity of the CM for Cr(VI) solutions of 
increasing concentrations. The performance of the 
UiO-66-NH2/PVDF-HFP composite membrane was tested as well using a 
water sample from Cávado River (Barcelos, Portugal) as a matrix to 
include a controlled concentration of Cr(VI) ions. The physicochemical 
properties of this real sample are provided in Table S1. 

Chromium adsorption efficiency (E) and capacity (Qe) were evalu
ated according to Equations S1 and S2. The kinetic curves were fitted 
according to nonlinear forms of pseudo-first-order (Aggarwal et al., 
2022), pseudo-second-order (Zhou et al., 2022), Elovich (Priya et al., 
2022), and Bangham (Singh et al., 2021) kinetic models, expressed in 
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Equations S3 to S6 (Supporting Information), respectively. The 
adsorption isotherms were fitted according to Langmuir (Murad et al., 
2022b), Freundlich (Mao et al., 2021), Temkin (Priya et al., 2022), and 
Dubinin-Radushkevich (Ammar et al., 2021) models, which are 
described by Equations S7 to S11 (Supporting Information), 
respectively. 

3. Results and discussion 

3.1. Sorbents characterization 

The sorbents were selected on the basis of the simplicity of their 
synthesis, the characteristics of their surface chemistry and charge, and 
surface or inner porosity. Metal-Organic Frameworks (MOFs), metal 
oxides and zeolite particles were pre-selected as potential sorbents to 
test their affinity to capture Cr(VI) oxyanions before and after their 
immobilization into polymeric matrices (Renu et al., 2016). All the 
selected materials can be acquired commercially. However, the MOFs 
have been synthesized under specific conditions (see experimental sec
tion), to control their defect chemistry, crystallinity, and porosity. 

SEM was initially employed to evaluate the morphology and particle 
size distribution for the sorbents (Figure S1 a). Al(OH)3 and Fe3O4 
presented irregular shaped morphologies with average sizes of 701 ±
320 nm and 959 ± 802 nm, respectively. The particle size values 
differed significantly from the ones provided by commercial description 
of the samples (Souza et al., 2015; Shen et al., 2016). This fact could be 
attributed to some degree of agglomeration during the preparation of 
the samples for the SEM observations. MOF samples exhibited aggregate 
morphologies as well. From the SEM images, individual particle di
ameters close to 200 nm could be estimated for MIL-125 and 
UiO-66-NH2. Both MOFs shown broad particle diameter distribution 
accounting for individual crystals and aggregates of average size of 489 
± 225 nm for MIL-125 and 634 ± 302 nm for UiO-66-NH2. In the spe
cific case of MIL-88-B(Fe) and NanoNaY, the samples were formed by 
micro-meter size single-crystals with octahedral morphologies with 
average diameters of 1350 ± 66 nm and 1752 ± 809 nm, respectively. 

XRD data was applied to confirm the purity and crystallinity of the 
materials. The comparison of the experimental and simulated powder 
XRD patterns (Figure S2) confirmed that the diffraction fingerprint of 
the sorbents matches the expected theoretical one. Al(OH)3 exhibited 
the crystalline structure of bayerite aluminum hydroxide polymorph 
(Salazar et al., 2016). Fe3O4 had the characteristics pattern for the 
magnetite iron oxide cubic spinel like structure (Masudi et al., 2020). 
Then diffraction peaks of NanoNaY could be attributed to the crystalline 
planes of the cubic structure of NaY zeolite (Salazar et al., 2015). 
Similarly, the XRD pattern of MIL-125 and UiO-66-NH2 were in agree
ment with the data reported in previous studies (G. Saiz et al., 2021; Saiz 
et al., 2020a). In the specific case of MIL-88-B(Fe), the XRD data pointed 
that the compound is the characteristics closed form of this MOF with a 
flexible framework (Hou et al., 2018). In addition, the pattern matching 
analyses of the XRD data for all the samples discard the presence of 
minor impurities (Salazar et al., 2015; Salazar et al., 2016; Hou et al., 
2018; Masudi et al., 2020; Saiz et al., 2020a; G. Saiz et al., 2021). 

The sorbents were characterized by FTIR to identify the chemical 
functions that could participate into the chromate anions adsorption 
(Figure S3). Among the multiple IR characteristic peaks, it is important 
to highlight the infrared (IR) absorption bands at ≈ 3410, 3470, 3550, 
and 3655 cm− 1, related with the vibrational modes of hydroxyl groups 
of bayerite sample (Salazar et al., 2016). For MOF samples, the FTIR 
spectra mainly contained the vibrational modes related to the symmetric 
and asymmetric vibration of C–O carboxyl group (≈1400, 1535 and 
1685 cm− 1) and N–H deformation of the organic linkers (Castellanos 
et al., 2019; Rahmani and Rahmani, 2020). For UiO-66-NH2, an addi
tional weak band has been identified at approximately 1700 cm− 1. This 
fingerprint signal is associated with the stretching vibrational modes of 
C––O groups belonging to the uncoordinated positions arising from the 

amino-terephthalate linkers, that is, to defective position within the 
framework of the UiO-66-NH2. For instance, it has been demonstrated 
that incorporating hard modulators (i.e., HCl) in the synthesis media 
induces a certain degree of linker defects within the material, which 
benefits the adsorption of anionic species as Cr(VI) anionic species (Saiz 
et al., 2020a). 

TGA analyses were also performed for the MOF samples (Figure S4). 
MIL-125 and MIL-88-B(Fe) show a two-stage thermal degradation: (i) 
dehydration process (30–125 ◦C), and (ii) organic linker calcination 
(250 ◦C for MIL-88-B and 325 ◦C for MIL-125 samples) (Golmoha
madpour et al., 2018). For the UiO-66-NH2 sample, a three-stage 
degradation was observed: (i) solvent release (30–125 ◦C), (ii) cluster 
dehydration (150–300 ◦C) and (iii) linker calcination (325–400 ◦C). As 
explained in detail by Saiz et al. (2020a) and G. Saiz et al. (2021), the 
linker defect degree within the UiO-66-NH2 material can be estimated 
based on the thermogravimetric normalized weight loss associated with 
the organic linkers’ calcination. Based on this calculation, 0.5 linker 
defects per zirconium hexa-nuclear clusters could be estimated. 

Dynamic light scattering, and zeta potential measurements were 
performed for the specific case of UiO-66-NH2 in order to assess the 
hydrodynamic size distribution and the periphery surface charge of the 
sample (Figure S5). In agreement with the conclusions drawn by SEM 
analyses, dynamic light scattering data pointed out to a bimodal dis
tribution of the UiO-66-NH2 particle size with average diameters of 150 
and 600 nm (Figure S5 a). In addition, the zeta potential values of the 
UiO-66-NH2 dispersions in water indicated a zero-charge point located 
at a pH close to 4, above which the UiO-66-NH2 particles exhibited 
negative surface potential values up to − 40 mV at pH 11 (Figure S5 b). 
The protonation of the amino groups within the UiO-66-NH2 framework 
explains the positive values of the zeta potential below a pH 4, while the 
negative surface charge at higher pH values can be ascribed to the hy
droxyl groups at the surface uncoordinated positions of the UiO-66-NH2 
particles (Ibrahim et al., 2019). 

3.2. Functional characterization of the sorbents 

An initial assessment of the capacity of the sorbents to capture Cr(VI) 
was performed in order to identify the best candidates to be immobilized 
within the PVDF-HFP membranes. Punctual adsorption experiments 
over a high concentrated 100 mg/L Cr(VI) solution were carried out as a 
probe test. The UV–Vis quantification of the Cr(VI) concentration before 
and after the adsorption process allows estimating the Cr(VI) removal 
efficiency for each material, as shown in Fig. 2 (a). As evidenced by these 
initial results, MIL-88-B(Fe), UiO-66-NH2 and Al(OH)3 stood out as the 
best of the selected materials to capture Cr(VI). Given the high con
centration of the initial chromium solution, the adsorption capacity 
values were foreseen to be close to the maximum expected ones for each 
material, as supported by previously investigations (Salazar et al., 2016; 
Niu et al., 2017; Wu et al., 2018b). The difference in the adsorption 
capacities obtained for each material can be explained on the basis of the 
different chromium immobilization mechanisms for each sorbent. 
Cationic NanoNaY zeolite lacks the capacity to retain negative chromate 
ions (Lopes et al., 2012). Iron-based materials (i.e., Fe3O4 and MIL-88-B 
(Fe)) combine the iron affinity over the capture of chromium with the 
iron-based Fenton-mechanism to reduce Cr(VI) to Cr(III). Bayerite retain 
chromate by anionic exchange with the hydroxyl surface groups. As 
reported previously, UiO-66-NH2 possesses a threefold chromium 
immobilization mechanism: chemisorption at the inorganic clusters, 
electrostatic sorption at the amino protonated groups, and reduction to 
trivalent chromium at the same positions (Zango et al., 2019; Saiz et al., 
2020a). 

3.3. Composite membranes characterization 

Based on the initial Cr(VI) adsorption tests, Al(OH)3, MIL-88-B(Fe), 
and UiO-66-NH2 were selected to assemble 10 wt % sorbent/PVDF- 

J.M. Queirós et al.                                                                                                                                                                                                                              



Chemosphere 307 (2022) 135922

4

HFP CMs. The sorbent loading was selected considering our previous 
investigations to reach a compromise between the performance of CM 
and its mechanical and chemical stability (Salazar et al., 2020, 2021; 
Martins et al., 2022). After assembling the CM by solvent casting (i.e., as 
detailed in the experimental section and in the supporting information 
file), the morphological, chemical, spectroscopic, and thermal charac
terization of the CMs was performed to evaluate whether the sorbents 
were fully or partially functional after their immobilization into the 
polymeric matrix. That is, if the specific placement within the macro to 
mesoporous structure or the PVDF-HFP matrix modulated its capacity to 
capture chromium anions. 

Surface and cross-section SEM images (Fig. 1 a–d) indicate that the 
slow evaporation of the solvent promoted the formation of a micro
metric well-distributed porous structure for all composite membranes 
(Ribeiro et al., 2018). For the pristine PVDF-HFP, a homogeneous 
spherulitic morphology (0.4–2.6 μm) with a well-defined and inter
connected pore structure was formed. Noticeable, the immobilization of 
different sorbents did not significantly affect the PVDF-HFP matrix 
structuration at the micrometer scale (Fig. 1 b–d). Nonetheless, a slight 
modification of surface morphology was observed. Indeed, the average 
diameter of the spherulites in the PVDF-HFP sample was 1.96 ± 0.61 μm 
(Min.: 0.87 μm, Max.: 4.5 μm) (Figure S6 a). A perfect cubic or close 
hexagonal packing of 2 μm spherulites would lead to pores with di
ameters equal or below 1 μm, which was the value where the maximum 
pore diameter distribution of the PVDF-HFP was located, as observed in 
mercury porosity measurements discussed in the following (Fig. 1g and 
S6 b–c). As a significant dispersion of the spherulites diameter was 
observed, the pores arising from their packing can slightly exceed this 
range but did not justify the existence of pores with diameters far above 
1 μm. This porous structure was predicted by the phase diagram of the 
PVDF-HFP and the binary system of DMF, in which areas of miscibility 
and phase separation are noted (Ribeiro et al., 2018). Additionally, the 

interconnectivity of the pores shape percolation pathways for water 
across the membranes that connected the immobilized active materials, 
as long as they were not fully encapsulated within the PVDF-HFP matrix 
(Teixeira et al., 2016). 

XRD patterns of the CMs confirmed the presence of the sorbents after 
their incorporation within the PVDF-HFP matrix. The slight differences 
in the positions of the diffraction peaks of the MIL-88-B(Fe) sample after 
its immobilization in the polymer can be explained by the flexible 
structural nature of this material (Zango et al., 2019). As the MIL-88-B 
(Fe) structure responded to the solvent loading, a slight displacement 
of the diffraction maxima was predictable in comparison to the activate 
sample studied within the first section of this work. 

FTIR spectroscopy further confirmed the immobilization of the sor
bents within the CM and given access to identify the polymeric phases of 
PVDF-HFP (Fig. 1 e). FTIR spectra of PVDF-HFP exhibited the charac
teristic absorption bands of C(F)–C(H)–C(F) skeletal bending, C–C and 
F–C–F symmetrical stretching, and C–F stretching at 875, 1072, 1169, 
and 1404 cm − 1, respectively. It was noted that the immobilization of 
inorganic Al(OH)3 did not result in additional bands in the FTIR spectra 
of CMs. For the specific case of MOF-based membranes, three weak 
additional signals, associated to the vibrational modes of the organic 
linkers, were observed at 747, 1598, and 1659 cm− 1 were observed 
(Zango et al., 2019). 

The DSC curves of PVDF-HFP composite membranes (Fig. 1 f) 
confirmed the characteristic endothermic melting of the polymer crys
talline phase at 142 ◦C followed by the thermal degradation of the 
polymer (Ribeiro et al., 2018); two characteristic parameters of the 
PVDF matrix that were not significantly affected by the presence of the 
sorbent materials (Ribeiro et al., 2018). The TGA profiles of the com
posite membranes shown an additional endothermic step related to the 
dehydration process of the MOFs. (Figure S7). 

Mercury porosimetry measurements for the polymeric and 

Fig. 1. (a–d) Representative SEM images, (e) FTIR spectra, (f) DSC curves, and (g) porosimetry measurements of Al(OH)3/PVDF-HFP, MIL-88-B(Fe)/PVDF-HFP, and 
UiO-66-NH2/PVDF-HFP composite membranes. 
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composite membranes given access to quantify the pore volume distri
bution (Fig. 1 g). Most of the empty volume of the solvent casting pro
cessed PVDF-HFP lied within 2 and 6.5 μm pores, with a maximum of the 
pore volume associated to an average pore diameter of 3.5 μm. The in
clusion of the sorbents induced a decrease of the pore’s diameter and a 
narrowing of the pore size distribution in comparison to pristine PVDF- 
HFP (i.e., Bayerite: 3.5 μm, (Min: 2 μm and Max: 6.5 μm), MIL-88: 2.15 
μm (Min: 0.7 and Max: 4.5 μm) and UiO-66-NH2: 2.15 μm, (Min: 1.2 and 
Max: 4.5 μm)). Overall, an increase of the total porosity and surface 
areas has been observed for composite membranes compared to the 
pristine polymer (Table S3). Thus, it is important to mention that the 
information obtained from mercury porosimetry and electron scanning 
microscopy is complementary since mercury intrusion within the 
membranes gives access to uncover which pores observed by SEM ac
counts for the larger fraction of the surface area of the membranes. 

Contact angle measurements (Figure S8) corroborated the hydro
phobic nature of the porous PVDF-HFP membrane (Ribeiro et al., 2018) 
with a contact angle of 165◦. In comparison, composite membranes 
exhibited an important improvement of their wettability, with a marked 
hydrophilic nature (contact angle of 0◦). The surface morphology and 
chemistry can partially explain the modification of the wetting behavior. 

Nonetheless, it is important to consider the composite membranes’ 
topography and surface roughness as important parameter that promote 
the water permeability as well (Correia et al., 2019; Martins et al., 
2019b). 

3.4. Functional characterization of composite membranes 

The punctual adsorption efficiency and capacity of the CMs were 
evaluated under 5 mg/L hexavalent chromium solutions (Fig. 2 b and 
Table S4). A PVDF-HFP membrane was employed as a control. As ex
pected, it possessed a near negligible capacity to retain Cr(VI) (5.7% 
removal and Qe = 0.14 mg/g). Opposite, CMs offered higher efficiencies 
to retain chromate anions, with 12, 62 and 97% of chromium removal 
after adsorption for Al(OH)3/PVDF-HFP (Qe = 5 mg/g), MIL-88-B(Fe)/ 
PVDF-HFP (Qe = 3 mg/g), and UiO-66-NH2/PVDF-HFP (Qe = 3 mg/ 
g), respectively. 

Conventional characterization techniques do not give access to un
ravel the complete picture of the CM structures, such as the active ma
terials’ inactivation due to their full encapsulation within the polymeric 
host. Therefore, one of the primary goals of this work was to assess 
whether indirect approaches, as the comparison of the adsorption 

Fig. 2. Cr(VI) adsorption efficiency and capacity of (a) sorbents (dosage: 1 g/L; [Cr(VI)] = 100 mg/L; t = 60 min); and (b) composite membranes; (c) comparison of 
adsorption capacity of suspended and immobilized Al(OH)3, MIL-88-B(Fe), and UiO-66-NH2 sorbents ([Cr] = 5 mg/L, pH = 7, t = 24 h, dosage: 1 g/L); (d) Kinetic 
curve of Cr(VI) adsorption fitted with the model ([Cr] = 5 mg/L; pH = 7; t = 24 h), and (e) Cr(VI) adsorption isotherm fitted to Langmuir model (pH = 7; t = 24 h); 
(f) effect of pH on Cr(VI) removal by UiO-66-NH2/PVDF-HFP ([Cr] = 5 mg/L; t = 24 h); (g) reusability of the CM ([Cr] = 5 mg/L; pH = 7; equilibrium time = 24 h), 
and (h) Cr(VI) removal experiment on real water matrix ([Cr] = 5 mg/L; pH = 7.7; time = 24 h; the contribution of PVDF-HFP matrix has been subtracted). 
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kinetics or isotherms of the active materials and of the PVDF-HFP-based 
CM, could help us to estimate this parameter as well. The Cr(VI) 
adsorption capacity of the active materials immobilized on the mem
branes has been calculated considering the weight of the CM, the 10 wt 
% loading of the sorbents, and the volume and concentration of the Cr 
(VI) solution. The contribution of the PVDF-HFP matrix to the adsorp
tion (i.e., ≈6%) has been subtracted to obtain a more accurate value. In 
parallel, the adsorption capacity of the suspended sorbents was obtained 
in the same experimental conditions. The data has been plotted and 
summarized in the Fig. 2 (c) and Table S4. When comparing the 
adsorption capacity of the active sorbent materials before and after their 
immobilization into the PVDF-HFP matrix (Fig. 2c), it is clear that there 
was a significant reduction of the capacity for Al(OH)3 and MIL-88-B 
(Fe). In contracts, the adsorption capacity of UiO-66-NH2 adsorption 
capacity remained constant after its incorporation within the PVDF-HFP 
membrane. Therefore, chromium adsorption experiments given us an 
indirect clue to estimate that the encapsulation of UiO-66-NH2 particles 
is almost negligible, while the 65 and 45% of the Al(OH)3 and MIL-88- 
(B) particles were somehow embedded within the polymeric matrix 
losing their functionality. 

Since the UiO-66-NH2/PVDF-HFP composite was the most promising 
one of the studied, we continued its functional characterization in order 
to fully understand the kinetics (Fig. 2 (d)) and adsorption capacity 
(Fig. 2e) of the active material immobilized within the PVDF-HFP in 
comparison to the non-immobilized material (Hamoudi et al., 2018; Saiz 
et al., 2020a). First, adsorption kinetics of UiO-66-NH2/PVDF-HFP was 
significantly lower than the one of the suspended UiO-66-NH2 sorbent. 
Even though, the 50% of the chromium uptake occurred within the first 
4 h of the experiment. This finding is related to the lower mass transfer 
across the PVDF-HFP matrix. Pseudo-first order, pseudo-second order, 
Elovich, and Bangham kinetic models were used to fit the experimental 
data. The parameters obtained from the fittings have been summarized 
in Figure S9 and Table S5. The Bangham’s fittings for the sorbent and the 
composite membrane have been plotted as dotted lines in the Fig. 2 (d). 
Bangham and pseudo-second order models were the ones that match 
better with the experimental data of the composite membrane, as both 
present the smallest RMSE values. The figures of merits obtained from 
the fitting with the Bangham kinetic model suggested that adsorption 
was mainly governed by intraparticle diffusion phenomena (Edet and 
Ifelebuegu, 2020; G. Saiz et al., 2021). In parallel, the 
pseudo-second-order kinetic model indicated that Cr(VI) removal by CM 
was not merely governed by diffusion, but chemisorption also occurred 
during adsorption (Choong et al., 2021). Both conclusions agree with the 
nature of our composites since the PVDF-HFP matrix imposes diffusion 
limitations to the chromium anions to reach the UiO-66-NH2 particles, 
whilst Cr(VI) chemisorption occurs at the microporous structure of the 
UiO-66-NH2. 

The Cr(VI) adsorption capacity of the CM and the active material was 
assessed (Table S6). In agreement with the kinetic studies, the adsorp
tion capacity of the sorbent was maintained after its immobilization, 
with a Qmax value of 59.9 mg/g. However, the profile of the isotherms 
differed significantly for the non-immobilized and the immobilized 
material. For instance, the adsorption capacity at low concentrations 
was higher for the non-immobilized UiO-66-NH2 but was reversed in the 
higher Cr(VI) concentration range for the active material immobilized in 
the composite membrane. Although the explanation to these experi
mental evidence it is still unclear, this tendency suggests that the PVDF- 
HFP play an active role in the composite membranes for the Cr(VI) ab
sorption at high concentrations. (Guo et al., 2021; Zhang et al., 2022). 
Based on the experimental data, adsorption isotherms were fitted using 
Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich models 
(Figure S10 and Table S7). The RMSE value for Langmuir fitting was 
slightly inferior to the remaining models both for the free and immo
bilized material (Fig. 2 e). Langmuir model assumes that the adsorption 
process takes place on a homogeneous surface with adsorption sites of 
similar affinity for Cr(VI), so a monolayer of adsorbate Cr(VI) oxyanions 

is formed on UiO-66-NH2 pore space of the composite membranes 
(Bilgiç and Çimen, 2019). Langmuir adsorption equilibrium constant 
accounts for the affinity of the sorbent for the adsorbate, so the inclusion 
of the UiO-66-NH2/PVDF-HFP CM exhibited a lower overall adsorption 
affinity over chromium in comparison to the active materials because 
the PVDF-HFP matrix hindered the migration of chromium anions to the 
active adsorption sites of UiO-66-NH2. 

As chromium speciation was highly dependent on the pH of the 
media (Figure S11, (Dvoynenko et al., 2021)), the dependence on the 
adsorption affinity of the composite membranes was studied also in 
function of this parameter. (Fig. 2 (f) and Table S8). On the other hand, 
the surface chemistry, and the protonation degree on the amino groups 
of UiO-66-NH2 was highly dependent on the pH, increasing as the 
acidity pH the media did. 

It was thus observed that Cr(VI) adsorption by UiO-66-NH2/PVDF- 
HFP was affected by the pH of the media similarly as the active material 
did. Previous research has proved the overperformance of Zr-based MOF 
materials to capture Cr(VI) at acidic conditions compared to neutral or 
basic ones (Ibrahim et al., 2019). Similarly, acidic, and neutral envi
ronments proved to be the most favorable for efficient adsorption of the 
developed composite membranes, whilst the adsorption process was 
significantly affected under alkaline conditions. The adsorption kinetics 
were faster under acidic conditions as well. As in all the explored con
ditions, the chromate was stabilized as negative species, the adsorption 
dependence on the membrane could be explained based on the 
UiO-66-NH2 increasingly protonation - as the acidity of the media 
increased. When the pH value was nine, the amino groups were mostly 
in their neutral form, and all the chromate adsorption was foreseen to be 
ascribed to its chemisorption at the zirconium hexanuclear clusters of 
the UiO-66-NH2 framework. Opposite, as the acidity of the media 
increased, the protonation degree of amino groups did, promoting the 
chromium uptake through NH3

+⋅⋅⋅Cr(VI)n− electrostatic interaction. 
However, as demonstrated by Saiz et al. (2020a), the capture of hex
avalent chromium species by Zr-MOFs is far to be a single adsorption 
process since a partial reduction of Cr(VI) to Cr(V) and Cr(III) is pro
moted as a consequence of the functional groups within the framework. 

The reusability of the CM was evaluated by performing three 
consecutive uses. Between each use, the composite membrane was re- 
activated under magnetic stirring for 4 h with a 1 M HCl solution and 
further washed with ultra-pure water for 2 h. After the desorption pro
cess, a new Cr(VI) solution was placed in contact with the membrane to 
evaluate its performance. The results of reusability tests were shown in 
Fig. 2 (g), whilst the raw data were summarized in Table S9. The first 
conclusion drawn by the reusability tests was that the loss of the effi
ciency of the membranes was attenuated during consecutive regenera
tion and reuse cycles. For instance, the adsorption capacity fading was 
accentuated during the initial adsorption cycles while recovered as the 
system reached equilibrium after 24 h. There is a possible passivation of 
the Cr(VI) reduction/Cr(III) adsorption active sites on MOF particles 
after each regeneration process, causing a slight decrease on the 
reduction/adsorption capacity of CM. Therefore, the regeneration 
caused a slight reduction of the functionality of the composite mem
branes in terms of adsorption kinetics. 

The selectivity and efficiency of UiO-66-NH2/PVDF-HFP on a real 
treated effluent matrix were studied in order to test the selectivity of the 
membranes to extract the Cr(VI) in complex matrixes that contain 
background competing ions (Speer and Wise, 2018; Zinicovscaia et al., 
2020; Rasheed et al., 2020; Mahmoud et al., 2021; Meena and Arai, 
2016). To this end, 5 mg/L of Cr(VI) were added to the effluent sample to 
perform the experiment. In the specific case of the tested water matrix, 
nitrate was the anionic competitor in a higher concentration (6 mg/L). 
Similarly than chromate, nitrate was not a strong coordinating group, 
and it was foreseen to share the same adsorption sites within the 
UiO-66-NH2 sorbent (Wu et al., 2018b). Even though the efficiency of 
the system was maintained in real water matrices since no appreciable 
differences were observed in adsorption efficiencies or capacity of the 
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composites from ideal to real aqueous media (Fig. 2 h). 

3.5. Hexavalent chromium adsorption mechanisms 

UiO-66-NH2/PVDF-HFP was characterized by means of composi
tional EDX mapping, UV–Vis, XRD and FTIR techniques after adsorption 
in order to shed some light in the functional mechanisms of the system. 
To this end, UiO-66-NH2/PVDF-HFP membranes were characterized 
before and after exposing them to a 50 mg/L Cr(VI) and 5 mg/L Cr(VI) 
solution for three cycles. It is important to note that for specific tech
niques as FTIR or EDX mapping, no significant differences were obtained 
when studying the CMs exposed to low concentrated Cr(VI) solutions (5 
mg/L). Therefore, it was necessary to augment the chromium loading by 
increasing the concentration of the initial Cr(VI) solution up to 50 mg/L. 

First, cross-section compositional mappings of the membranes were 
obtained by SEM-EDX (Figure S12 and Fig. 3 (a), respectively). As ex
pected, carbon, fluorine, zirconium, and oxygen were identified as the 
main elements constituting the sample. Although a homogeneous dis
tribution of the zirconium and oxygen content associated with the UiO- 
66-NH2 particles were found in the membranes, a certain degree of 
agglomeration was also observed at the compositional maps. For the 
membranes tested at 5 mg/L Cr(VI) solution, it was not possible to map 
its chromium content, although some of the punctual EDX analysis 
demonstrated its presence in the membrane. After exposing UiO-66- 
NH2/PVDF-HFP to a 50 mg/L Cr(VI) solution, the chromium distribution 
along the membrane coincided with the zirconium enriched areas, thus, 
with the locations of the UiO-66-NH2 component. This evidence further 
indicated that the chromium uptake was mainly ascribed to the MOF 
particles. This technique allowed concluding that at least at a 

micrometer regime, the system did not show blind adsorption areas. 
UV–Vis spectroscopy was employed to unravel qualitatively the 

chromium speciation once immobilized in the composite membrane. 
The bare membranes exhibited two strong absorption bands at 250 and 
350 nm associated with the charge transfer bands related to the MOF 
material. After use, there was a significant gain of absorbance of the 
band located at 350 nm, directly associated with the typical orange color 
attributed to the chromate oxyanions (Fig. 3 b). In addition, a broad but 
clear fingerprint also appeared at 570 nm. For instance, this UV–Vis 
signature was associated with the spin-allowed d–d transitions of an 
octahedral-coordinated Cr3+d7, 4A2g(F) → 4T1g(F) transition, which 
confirmed the presence of trivalent chromium stabilized within the 
membrane. Henceforth, once immobilized within the PVDF-HFP matrix, 
the immobilized UiO-66-NH2 is still able to adsorb and chemical reduce 
the Cr(VI) to Cr(III), as the material does when is applied in as a powder 
suspended in an aqueous solution. XRD patterns (Fig. 3 c) pinpointed 
that the UiO-66-NH2 crystallinity was maintained after three adsorp
tion/activation cycles in a 5 mg/L Cr(VI) solution, while there was a 
substantial loss of crystallinity when the membrane is exposed to a 50 
mg/L Cr(VI) solution. After three consecutive adsorption and regener
ation cycles, the diffraction maxima ascribed to the UiO-66-NH2 shown 
an insignificant intensity loss, so, the immobilization of the sorbent into 
the PVDF-HFP matrix conferred an extra protective function that delays 
the UiO-66-NH2 chemical degradation during activation. 

Taking into consideration all the results, an adsorption mechanism 
for the Cr(VI) uptake by composite membranes was proposed. First, it is 
important to note that the particles immobilized within the PVDF-matrix 
can be stabilized in three different locations: (i) First, the active mate
rials can be placed at the surface of the interconnected macro to meso 

Fig. 3. (a) SEM-EDX mapping of CM before and after 50 mg/L Cr(VI) adsorption experiment; (b) UV–Vis spectra, (c) XRD patterns, and (d) FTIR spectra of CM before 
and after 5 mg/L and 50 mg/L Cr(VI) adsorption experiment. 
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pore-structure of the PVDF-HFP, and hence, being in a direct contact 
with chromium ions of the water solution (Fig. 4), (ii) the particle can 
migrate during the PVDF-HFP non-solvent induced phase separation to 
the surface of the isolated pores, or (iii) they can be encapsulated within 
the polymeric non-porous regions of the PVDF-HFP membrane (Fig. 4). 
In both last cases, the sorbents would be inactive for any adsorption 
function since the water solution would never reach these occluded 
areas of the membrane. For example, the adsorption capacity of the 
sorbent included within the Al(OH)3/PVDF-HFP and MIL-88-B(Fe)/ 
PVDF-HFP membranes was significantly lower than the one obtained 
for the experiments directly performed with the active materials. 
Therefore, it was foreseen that an important population of the Al(OH)3 
and MIL-88-B particles migrated to inactive positions within the PVDF- 
HFP matrix. 

Opposite, the adsorption capacity of the UiO-66-NH2 incorporated in 
the PVDF-HFP membrane was similar to the one of the non-immobilized 
material, suggesting that most of the UiO-66-NH2 particles were placed 
at the surface of the interconnected pore structure of the PVDF-HFP 
matrix. These results suggested that the nature and properties of the 
sorbent may influence its migration during the NIPS process. 

According to previous studies developed on MOF for chromium 
remediation from water, the adsorption process in the active material 
occurred through (1) electrostatic interactions between the NH3

+ groups 
and negatively charged [HxCr(VI)O4]− 2+x oxyanions; and (2) anionic 
exchange between the CrO4

2− oxyanions and the OH− groups linked to 
Zirconium hexanuclear clusters of the UiO-66-NH2 framework (Fig. 4) 
(Saiz et al., 2020b; G. Saiz et al., 2021). Furthermore, the capacity of 
UiO-66-NH2 to partially reduce Cr(VI) to Cr(III) species was also a point 
to consider. This mechanisms were also preserved in the PVDF-HFP 
composite membrane, as proved by the presence of the UV–Vis ab
sorption band related to Cr(III) species after the Cr(VI) adsorption by 

UiO-66-NH2/PVDF-HFP composite (Fig. 3 b). Surprisingly, the adsorp
tion capacity Cr(VI) of UiO-66-NH2/PVDF-HFP membrane overcome the 
average capacity of its individual components, an experimental result 
that pointed towards the existence of a synergistic effect between active 
material and the polymeric matrix. However, additional experimenta
tion is needed to fully unravel the mechanisms at the interphase of the 
two materials that makes this extra-adsorption capacity possible. 

4. Conclusions 

The adsorption capacity of varied sorbents over hexavalent chro
mium (i.e. Al(OH)3, Fe3O4, NanoNaY, MIL-125, MIL-88-B(Fe), and UiO- 
66-NH2) was evaluated before and after their immobilization into PVDF- 
HFP polymeric composite membranes. These hybrid systems were fully 
characterized to gain a complete understanding of their porous structure 
from the macro to the micrometer scale. 

All the studied membranes show a well-defined and interconnected 
micrometric porous structure and a hydrophilic nature. The Cr(VI) 
removal capacity of the active materials immobilized within the poly
meric membranes points out that their partial or full functionality de
pends on their degree of encapsulation into the polymeric matrix, which 
in turn, depends on their intrinsic nature and surface characteristics. 

UiO-66-NH2/PVDF-HFP composite was the most effective in 
capturing chromium from simulated and real water samples with 
different acidities. A combination of intraparticle diffusion and chemi
sorption was identified as the most plausible mechanism to explain the 
adsorption kinetics of composite membranes. For instance, the mem
brane still exhibits the Cr(VI) to Cr(III) reduction capacity of the active 
UiO-66-NH2 particles, which endow a dual adsorption/detoxification 
function to the membrane since Cr(III) species are much less environ
mentally hazardous than Cr(VI). 

Fig. 4. Adsorption and reduction of Cr(VI) on UiO-66-NH2/PVDF-HFP composite membrane surface.  
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Overall, the sorbent/PVDF-HFP composite technology is close to the 
capacity to capture Cr(VI) of the active materials in suspension, and in 
addition, it is easily recoverable, reactivable and reusable. The UiO-66- 
NH2/PVDF-HFP composite membrane arises as to the most promising 
studied hybrid technologies to capture hexavalent chromium with 
outstanding efficiency, being functional under real water matrixes and 
different pH environments. Although there is still room for improvement 
to achieve a fast Cr(VI) adsorption kinetic by the hybrid membranes, this 
work poses the first step towards further developing an easily recover
able, reactivable and reusable technology for Cr(VI) removal from 
polluted industrial and mining acidic waters. 
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