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ABSTRACT: Heavy metal ions are a common source of water pollution. In this study,
two novel membranes with biobased metal—organic frameworks (BioMOFs) embedded
in a polyacrylonitrile matrix with tailored porosity were prepared via nonsolvent induced
phase separation methods and designed to efficiently adsorb heavy metal ions from
oligomineral water. Under optimized preparation conditions, stable membranes with high
MOF loading up to 50 wt % and a cocontinuous sponge-like morphology and a high water
permeability of 50—60 L m™ h™' bar™' were obtained. The tortuous flow path in
combination with a low water flow rate guarantees maximum contact time between the
fluid and the MOFs, and thus a high heavy metal capture efficiency in a single pass. The
performances of these BioMOF@PAN membranes were investigated in the dynamic
regime for the simultaneous removal of Pb**, Cd**, and Hg** heavy metals from aqueous
environments in the presence of common interfering ions. The new composite adsorbing
membranes are capable of reducing the concentration of heavy metal pollutants in a single
pass and at much higher efficiency than previously reported membranes. The enhanced performance of the mixed matrix membranes
is attributed to the presence of multiple recognition sites which densely decorate the BioMOF channels: (i) the thioether groups,
deriving from the S-methyl-L-cysteine and (S)-methionine amino acid residues, able to recognize and capture Pb** and Hg*" ions and
(i) the oxygen atoms of the oxamate moieties, which preferentially interact with Cd** ions, as revealed by single crystal X-ray
diffraction. The flexibility of the pore environments allows these sites to work synergically for the simultaneous capture of different
metal ions. The stability of the membranes for a potential regeneration process, a key-factor for the effective feasibility of the process
in real life applications, was also evaluated and confirmed less than 1% capacity loss in each cycle.
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B INTRODUCTION

Contamination of aquatic environments due to anthropogenic
activities, urbanization, industrialization, and natural resource
exploitation constitutes a global issue of increasing concern for

that should be monitored has been published in Decision
2015/495/EU (2015),% aiming at achieving a safe ecological
and chemical level of surface water and groundwater bodies.
The current PSs include a range of industrial chemicals, plant

our modern society.'~ The continuous uncontrolled release of
micropollutants into the environment may cause undesirable
effects on ecosystems and human health due to combined
long—range transport, accumulation, persistence, and long—
exposure effects.” Conventional urban wastewater treatment
plants are not originally designed to remove all these types of
contaminants, and the search for new and more advanced
water treatment solutions has become of paramount
importance to reduce their disposal.”

Since aquatic systems are crucial for the preservation of all
ecosystems and for the production of drinking water, surface
water needs to be protected, through monitoring programs,
risk assessment, and mitigation measures. In this regard, a
framework for EU action in the field of water policy was
established by Directive 2000/60/EC (2000).” A complete
Watch List of priority substances/group of substances (PSs)
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protection products, and metals/metal derivatives such as
cadmium, mercury, nickel, and lead. Because of their
persistence, bioaccumulation and/or toxicity,” "' these metals
have also been identified as priority hazardous substances
(PHSs), consistently with the criteria for substances of very
high concern (SVHCs) under REACH."”

Unlike the situation with organic pollutants, which can be
treated with advanced chemical/oxidation technologies,13
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including light-driven processes,'* the removal of heavy metals
requires, on a mandatory basis, their physical removal. Existing
capture methods include precipitation, coagulation/floccula-
tion, membrane technology, and adsorption by porous
materials.">™>° However, these currently available technolo-
gies, working separately, exhibit various shortcomings in terms
of efficiency, selectivity, and, especially, processability and
recyclability.”’ Moreover, successful much-needed novel
methodologies should be able to treat enormous volumes of
liquid, allowing high fluxes at low pressure.

Membrane-based separation technology can play a key role
in addressing the global challenges of water scarcity and the
pollution of aquatic environments, and it has been increasingly
applied in water purification processes.””>> However, the use
of water purification membranes still constitutes a challenge
due to the inherent limitations of customary membrane
materials which do not allow fine control of the structure and
properties of the selective layer.”**® Recently, adsorptive
membranes have emerged as novel materials for application in
advanced wastewater purification and desalination technolo-
gies, owing to their potential in overcoming the shortcomings
of conventional membranes and the trade-off between
membrane selectivity and permeability.”>™>" An easy and
convenient approach to prepare adsorptive membranes with
high productivity is incorporating nanomaterials or nano-
structured adsorbents into the polymeric matrix.”**” Several
inorganic and organic adsorbents featuring large surface area-
to-volume ratio, high interfacial activity, and adsorption
capacity have been designed for targeted applications and
have been used as possible fillers in membranes covering the
entire range of filtration. One of the challenges is the stable
inclusion of the fillers into the membrane matrix to overcome
at once the common handling problems, suspension stability,
and agglomeration concerns associated with the powdered
formulation and to impart the membrane with unique
functionalities. Each type of process needs a membrane with
a specific morphology (structure, average pore size, and pore-
size distribution), which requires accurate control of the
variables that determine the membrane formation process and
yield defect-free membranes.

Among the variet]y of potential fillers, metal—organic
frameworks (MOFs)~" have emerged as promising candidates
for advanced membrane development, yielding the so-called
mixed-matrix membrane MOFs (MMM-MOFs), due to their
versatile architecture, regular pore size, and functional surface
area.””™** As fillers, MOFs can improve both the adsorption
capacity, and selectivity, as well as the membrane hydro-
philicity and water permeability, by offering alternative
diftusion pathways through their porous channels and at the
MOF/polymer interface.

Within this context, we recently reported different MOFs,
derived from natural amino acids, including those based on
(S)-methyl-(L)-cysteine and (S)-methionine, with formulas
{MHCuén[(S,S)—Mecysmox]3(OH)2(H20)}-12H2036’37 and
{MICu [ (S,S)-methox];(OH),(H,0)}-16H,0°*** (where
M" = Ca or Sr, Mecysmox = bis[S-methyl-L-cysteine]-
oxalyldiamide and methox= bis[(S)-methionine]-
oxalyldiamide) (Scheme 1). These MOFs, featuring hexagonal
channels densely decorated with thioether groups belonging to
the amino acid residues, appeared as suitable candidates for
water remediation. Indeed, these MOFs were capable of
efficiently and selectively adsorbing organic molecules**™*
and/or heavy metal cations.”®*” In later works, both

Scheme 1. Chemical Structures of the Chiral (*) S-Methyl-
L-Cysteine Methyl Ester and (S)-Methionine Methyl Ester
(a and b, Respectively) and of the Bis(Amino
Acid)Oxamidate Ligand (c)
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MOFs*’—and also another multivariate MOF" (MTV-
MOF) containing 50% of each amino acid—were integrated
into Matrimid5218 polymeric films. The resulting MMM-
MOFs exhibited excellent capacities in mercury and lead
removal, respectively. In summary, this family of MOFs
exhibited very good selectivity toward metal pollutants, which
was preserved upon immobilization within the composite
materials.

In this work, we report two novel MMM-MOFs, containing
two water-stable, robust, and eco-friendly isoreticular Zn(1I)-
based BioMOFs with formulas {Ca"Zn"([(S,S)-Mecys-
mox];(OH),(H,0)}-12H,0 (1)*** and the novel
{Ca"zn"[(8,S)-Methox],(OH),(H,0)}-16H,0 (2) as ad-
sorbing fillers, and with polyacrylonitrile (PAN) as the
polymeric matrix. While our previously reported Matrimid
polyimide membranes required multiple passes to reach
moderate Hg** capture efficiency, here we present a radically
improved BioMOF@PAN MMM system with a tortuous flow
path and high MOF loading with very high adsorption
efficiency even in a single pass. The chemical—physical
properties and the performance of these BioMOF@PAN
MMMs for the simultaneous removal of Pb**, Cd**, and Hg**
from aqueous environments, in the presence of common
interfering ions, will be discussed.

B MATERIALS AND METHODS

Materials. All chemicals were of reagent-grade quality. They were
purchased from commercial sources and used as received. The PAN
polymer matrix used in this work is a copolymer containing 92%
acrylonitrile and 8% vinyl acetate, supplied by Montefibre SpA. N,N-
Dimethylformamide >99.8%, AnalaR NORMAPUR was purchased
from VWR International PBI srl, Milano, Italy. Ultrapure water used
for the coagulation bath and for the preparation of the analytical
samples was produced by an RO system Purelab Option SR-7,
Conductivity <2000 uS/cm (Elga Veolia, UK). {Ca"Zn"([(S,S)-
Mecysmox];(OH),(H,0)}-12H,0 (1) was prepared following a
previously reported procedure.****

MOF Synthesis. Preparation of {Ca'zZn"[(S,S5)-Me-
thox]3(OH),(H,0)}-16H,0 (2). An aqueous solution (35 mL) of
H,Me,-(S,S)-methionine (2.3 g 6 mmol) and a 25% methanolic
solution of Me,NOH (7.35 mL, 18 mmol) were added dropwise to
another aqueous solution containing Zn(NO;),-6H,0 (3.55 g, 12
mmol) and CaCl, (0.22 g 2 mmol) in 20 mL. The resulting
suspension was stirred overnight, and a white powder was obtained
and collected by filtration and washed with water and methanol.
Yield: 1.45 g, 44%. Anal.: calcd. for C35ZngCaHg,S¢NOs; (1817.88):
C, 23.79; H, 4.66; N, 4.62; S, 10.58%. Found: C, 24.01; H, 4.51; N,
4.63; S, 10.51%.
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Alternatively, well-shaped hexagonal prisms of 2, suitable for X-ray
structural analysis, could be obtained by slow diffusion, in an H-
shaped tube, of H,O/DMF (1:1) solutions containing stoichiometric
amounts of H,Me,-(S,S)-Methox (0.023 g, 0.06 mmol) and
Me,NOH (74 uL, 0.18 mmol) in one arm and CaCl, (0.0022 g
0.02 mmol) and Zn(NO;),-6H,0 (0.035 g, 0.12 mmol) in the other.
They were isolated by filtration on paper and air-dried. Anal.: calcd.
for CysZngCaHg SN0, (1817.88): C, 23.79; H, 4.66; N, 4.62; S,
10.58%. Found: C, 23.69; H, 4.31; N, 4.61; S, 10.59%.

Preparation of (CdCl,)@{Ca"zZn"[(S,S)-Mecysmox];(OH),(H,0)}-
8H,0 (CdCl,@1) and [Pb(NO;),], s@{Ca"Zn"[(S,S)-Mecys-
mox]3(OH),(H,0)}-9H,0([Pb(NO3),]@1). Well-formed hexagonal
green prisms of CdCL,@1 and [Pb(NO;),]@1, which were suitable
for X-ray diffraction, were obtained by soaking crystals of 1 (5.0 mg)
in saturated H,0/CH;0H (1:1) solutions of CdCl, and Pb(NO;),,
respectively, for 72 h. The crystals were washed with water, isolated
by filtration on paper, and air-dried. CdCl,@1: Anal.: calcd for
C0ClLZngCaCdH SN0y (1772.76): C, 20.32; H, 3.18; S, 10.85;
N, 4.74%. Found: C, 20.31; H, 3.11; S, 10.41; N, 4.53%. IR (KBr): v
= 1613 cm™ (C=O0). Anal.: caled for C;yZngCaPbyHS¢N,O5;
(1773.09): C, 20.32; H, 3.30; S, 10.85; N, 5.53%. Found: C, 20.21; H,
3.47; S, 10.59; N, 5.63%. IR (KBr): v = 1609 cm™ (C=0).

Physical Techniques. Elemental (C, H, N), TGA analyses and
powder X-ray diffraction analyses (of the pure MOFs and of the
MOFs used as fillers in the PAN matrix) were performed at the
Microanalytical Service of the University of Calabria. ICP-MS
analyses for the Pb**, Cd**, and Hg’* and interferent ion capture
experiments on the membrane (vide infra) were performed at the
Department of Chemistry of the University of Calabria. FT—IR
spectra were recorded on a PerkinElmer 882 spectrophotometer as
KBr pellets. All characterizations confirmed the purity of the sample
when compared with the previous work reported by us.***’

Gas Adsorption. The N, adsorption—desorption isotherms at 77
K were carried out on polycrystalline samples of 1 and 2 with a
BELSORP-mini-X instrument. Samples were first activated with
methanol and then evacuated at 348 K for 16 h under 107 Torr prior
to their analysis. The same procedure was repeated with the
corresponding membranes.

X-ray Powder Diffraction Measurements. The experimental
powder X-ray diffraction (PXRD) patterns of MOFs 1 and 2 were
measured in order to confirm their structural stability. Thus,
polycrystalline samples of 1 and 2 were introduced into 0.5 mm
borosilicate capillaries prior to being mounted and aligned on a
Bruker D2 Phaser powder diffractometer using Cu Ko radiation (4 =
1.54056 A). Five repeated measurements were collected at room
temperature (26 = 2—50°) and merged in a single diffractogram.

On the other hand, the flexible disks of an average diameter of 34 +
1 mm for both PAN and BioMOF@PAN membranes have been
allocated on a plate sample holder and then mounted and aligned on a
Bruker D2 Phaser powder diffractometer, using Cu Ka radiation (4 =
1.54056 A). Three repeated measurements were collected at room
temperature (20 = 2—50°) and merged into a single diffractogram.

Scanning electron microscopy (SEM) analysis of the MOFs was
carried out with an XL 30 ESEM (PHILIPS) microscope. Analysis of
the membranes was carried out with a Phenom Pro X desktop SEM
(Phenom-World, Eindhoven, NL), equipped with a backscattering
detector. The images of the membrane morphology were acquired
with an accelerating voltage of 10 kV. The samples were not sputter-
coated with gold to avoid the backscattering signal of the MOF
particles being covered by the stronger signal of the gold itself. As a
result, the sample resolution and attainable magnification are
somewhat lower due to charging of the sample.

X-ray Crystallographic Data Collection and Structure
Refinement. Crystals of 2, CdCl,@1, and PbClL,@1, with
dimensions of ca. 0.08 X 0.08 X 0.10; 0.16 X 0.12 X 0.10, and 0.14
X 0.08 X 0.10 mm, respectively, were selected and mounted on a
MITIGEN holder in Paratone oil. Measurements on single crystals of
CdCL,@1 and [Pb(NO;),]@1 were performed at room temperature,
whereas the single crystal of 2 was very quickly placed in a nitrogen
stream cooled at 100 K to avoid possible degradation upon

dehydration. Diffraction data were collected using synchrotron
radiation at 119 beamlines in DIAMOND (4 = 0.6889 A) for 2 or
on a Bruker-Nonius X8APEXII CCD area detector diffractometer
using graphite-monochromated Mo Ka radiation (4 = 0.71073 A) for
CdCL@1 and [Pb(NO;),]@1. The data were processed through xia2
software™* ™" (2) or processed through SAINT®' reduction and
SADABS** multiscan absorption software (CdCL@1 and PbCL,@1).
The structures were solved with the SHELXS structure solution
program, using the Patterson method. The model was refined with
version 2018/3 of SHELXL against F* on all data by full-matrix least-
squares.””~** Crystals of CdCL@1 and [Pb(NO;),]@1, suitable for
X-ray diffraction, were obtained by soaking crystals of 1 (5.0 mg) in a
saturated aqueous solution of CdCl, and Pb(NOs), for 10 days, after
a crystal-to-crystal transformation. For these reasons, it is reasonable
to observe a diffraction pattern sometimes affected by the expected
internal imperfections of the crystals. All non-hydrogen atoms were
refined anisotropically in 2 and CdCl,@1 except for some carbon and
sulfur atoms belonging to the highly thermally disordered methionine
and methylcysteine chains pointing within huge pores and disordered
solvent water molecules or Cd and Pb atoms in CdCl,@1 and
[Pb(NO;),]@1, respectively. In the latter, due to the very low power
of diffraction and in order to improve the reflections to parameters
ratio, only the Zn** and Ca?' were refined anisotropically. The
occupancy factors of Cd** (0.333) and Pb** (0.1667) metal ions have
been defined, in agreement with SEM results. Both Cd*" and Pb**
metal ions exhibit thermal disorder, as normally expected in porous
crystals for captured molecules/ions. Indeed, the cadmium metal ions
are detected residing at 2.64 A from oxamate of the amino acid
derivative and 3.99 A from sulfur. On the contrary, the softer nature of
Pb** ions brings them close to sulfur belonging to the methylcysteine
derivative at a distance of 3.29 A. In all crystal structure refinements,
the use of some C—C and C—S bonds together with Pb—S bond, in
[Pb(NO;),]@1, length restraints during the refinements of some
highly disordered atoms have been reasonably imposed and related to
ethyl- and methyl-thiomethyl chains of the methox and mecysmox
ligands, respectively, that are dynamic components of the frameworks.
In the refinement of the crystal structure, some further restraints, to
make the refinement more efficient, have been applied. For instance,
ADP components have been restrained to be similar to other related
atoms, using SIMU 0.02 for disordered sections or EADP for groups
of atoms expected to have essentially similar ADPs. All the hydrogen
atoms of the net were set in calculated positions and refined
isotropically using the riding model. The large disordered sites for
atoms belonging to the terminal chains residing in large pores
imposed the need to fix their positions.

The solvent molecules in both models, together with NO;~ and
Cl™ anions expected in [Pb(NO;),]@1 and CdClL,@1, were
disordered, and no reasonable models have been found to define
them. The hydrogen atoms of the ligand were set in calculated
positions and refined as riding atoms, whereas water molecules were
neither found nor calculated. A summary of the crystallographic data
and structure refinement for 2, CdCL,@1, and [Pb(NO,),]@1 is
given in Table S1. The comments for alerts A and B are reported in
the CIFs using the validation response form (vrf). The somewhat high
R values (levels Alert A and B in checkCIFs) are most likely affected
by the contribution of the highly disordered solvent and anions to the
intensities of the low angle reflections. CCDC (Cambridge Crystallo-
graphic Data Centre) reference numbers are 2354976, 2354977, and
2354978 for 2, CdCL,@1, and [Pb(NO;),]@1, respectively. The final
geometrical calculations on free voids and the graphical manipulations
were carried out with PLATON,SS'56 implemented in WinGX,>>%¢
and CRYSTAL MAKER®” programs, respectively.

Membranes Preparation and Morphology Optimization.
Membrane Casting. The neat PAN and MMM-MOFs were prepared
by the nonsolvent-induced phase separation (NIPS) method. PAN
was dissolved in DMF at 12 wt % under stirring at 60 °C until a clear
and apparently homogeneous solution was obtained. For MMM-
MOFs, BioMOFs 1 and 2, as nanocrystalline powder, were added into
the polymeric solution (S0 wt % ratio polymer/MOF) and after
mixing the mixture was sonicated for 1 h at 60 °C. The dispersion was

https://doi.org/10.1021/acsami.4c12363
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then left standing for at least 30 min to remove air bubbles. The
obtained solution or dispersion was cast by casting knife (Elcometer
Instruments Inc., Manchester, England), with a gap of 450 ym, on a
glass plate, and after 1 min, the film was immersed in the coagulation
bath of pure water or water/solvent mixtures.

Membrane Characterization. The morphology of the neat PAN
membrane was first optimized to obtain a sponge-like structure with
fine uniform porosity, for guaranteeing a more consistent and intimate
contact between the metal solution and the membrane, and for
improving the interaction between the MOFs and the heavy metals to
be captured. The composition of the coagulation bath was varied to
tailor the membrane morphology. The addition of solvent in the
coagulation bath delays the demixing process and therefore favors the
formation of membranes with a spongy morphology. Neat PAN
membranes were prepared with a range of different compositions of
the coagulation bath, with a DMF/H,O weight ratio ranging from 50/
50 to 80/20 wt ratio, with intervals of 10% (Figure S4). The obtained
membranes were stored in water until the absorption and flux
measurements. The desired sponge-like morphology was obtained
using a coagulation bath composition of 80/20 wt ratio DMF/H,0.
The optimized conditions were used for the MMMs’ preparation.
Figure S shows the morphology of the neat PAN membranes
prepared by varying the coagulation bath composition. The finger-like
morphology of the membrane gradually changes in a sponge-like
morphology by increasing the solvent/nonsolvent ratio.

The addition of the BioMOFs 1 and 2 in the polymeric matrix is
evidenced by the presence of small spherical particles homogeneously
distributed inside the membrane having an average size lower than 1
um and formed by smaller primary particles with an average diameter
of ~ca. 100 nm (Figure SS). The results of EDX analysis and mapping
confirm the presence and the homogeneous distribution of the
BioMOF filler in the polymer matrix. Specific elements of the
BioMOFs, such as S, Zn, and Ca, are present in both membranes.

The highly porous structure of the membrane, firmly hosting the
nanosized BioMOF particles (no leakage was observed at the end of
the experiments), guarantees high permeability and a large surface
area for the contact and successive adsorption of ions present in the
solutions.

Tensile Tests. The mechanical properties of the membranes were
studied by means of tensile tests, using a Zwick Roell single-column
universal testing machine; model Z2.5 with a 100 N maximum load
cell and pneumatic clamps with a rubber surface to increase friction
with the sample. The membrane samples were fixed in the pneumatic
clamps at an effective sample length of 3 cm and tested at a constant
speed of 6 mm min~" (corresponding to a deformation rate of 20%
min~"). For each membrane sample, at least 4—6 rectangular test
strips of 5.0 mm width were tested, and the stress—strain curves were
analyzed by the TestXpert III V1.161 software, calculating the average
and standard deviation of Young’s modulus, the tensile strength, and
the maximum deformation at break.

Surface Roughness Measurement. Surface profile acquisition was
performed using a Universal Optical Profilometer (Rtec UP-24, CH)
in order to acquire the profile of the top surface of each membrane
and to determine different profile roughness parameters, i.e., average
roughness (R,), root-mean-square roughness (R,), and total height
roughness (R,). The sampling length was set as 8 mm.

Membranes Performance Tests. Pure Water Permeability
Tests. Pure water permeability tests were carried out to determine the
average residence time of the water phase as a function of applied
pressure. The experiments were carried out with a Millipore UF
Solvent Resistant Stirred Cell 47 mm XFUF04701, with an active area
of 13.84 cm?. The cell was pressurized with nitrogen, and the pressure
was read with an analog manometer Spriano (Milano, Italy), model
A49681 class 0.25 with a precision of 0.05 bar (Scheme S1). All
measurements were carried out in the range of 1-5 bar, at 1 bar
intervals. Measurements were repeated twice at each pressure. The
weight of the permeate was measured as a function of time, taking 15
points for each pressure, using a Gibertini EU4000 AR electronic
balance (4 decimal places) with ScaleCOM software for automatic

registration of the permeate weight. A total of 0.5—2 g of water was
collected for the neat PAN membrane, and 3—15 g for the MMMs.

No significant deviation from linearity was observed during single
measurements of the flow rate as a function of the time. The neat
PAN membrane showed a lower permeability than the BioMOF@
PAN MMMs, and the permeability further decreased with increasing
pressure, while the permeability of the MMMs was virtually pressure-
independent. In the neat PAN membrane, a shrinking of the pores
likely occurs as a result of the increased pressure, with a consequent
decrease in water permeability. The presence of the BioMOFs
probably confers additional structural stability to the membranes,
which do not undergo mechanical deformations due to the increase in
pressure.

Contact Time Optimization and Capture Experiments. The
heavy metal sorption by MOFs is usually characterized by very fast
kinetics. The water permeation rate must nevertheless be set low
enough to guarantee an average contact time of the membrane with
the permeating liquid of at least several seconds to ensure the
maximum removal efficiency of heavy metals from the water matrix.

The average contact time, 7, of the fluid with the membrane is
given by

r=1/v (1)

where [ is the membrane thickness (m) and v is the average linear
velocity (m s™"). The linear fluid velocity is given by the ratio of the
measured flow rate J (m® s™') and membrane area A (m?):

v=J/A 2)

The average contact-time rapidly increases when decreasing the
applied pressure and consequently the flow rate (Figure S7), showing
an exponential dependence of the contact time as a function of
pressure for all of the investigated membranes. High values of contact
time were obtained with pressure <1 bar. Therefore, the absorption
tests were carried out at the minimum feasible pressure (0.1 bar) to
maximize the contact time.

We calculated the adsorption efficiency and the equilibrium loading
as follows:

Removal efficiency (R%)

CP,i

E,i

Ri(%) = [1 - ] X 100

3)

where Cg; and Cp; are the heavy metal concentrations in the feed and
in the permeate, respectively.

Q.= (Co = CYV/m (4)

where C, and C, are the initial and equilibrium concentrations (mg/
L), respectively, V is the volume of the solution (L), and m is the mass
of the adsorbent (g).

The absorption tests were carried out at the minimum feasible
pressure (0.1 bar) to maximize the contact time. For the evaluation of
the removal efficiency, a multielement solution containing Pb-
[(NO;)],, CdCl,, and HgCl, and common interfering ions (such as
Na*, K%, Ca?*, Mg*, CI", HCO;~, NO;, and SO,*”), at room
temperature, was used under dynamic conditions using the system
reported in Scheme S1. The variation of the concentration of the
heavy metals in the permeate was monitored through ICP-MS
analysis on a number of samples collected over time (Tables SI—SS).
All the samples were stabilized by adding 100 uL of nitric acid with a
purity of 98%. Each experiment was performed in triplicate, and
results are reported as average values of +3SD.

B RESULTS AND DISCUSSION

MOF Synthesis and Structures. BioMOFs 1 and 2 were
prepared following an improved synthetic strategy, compared
to that used for the previously reported isoreticular BiloMOFs
containing Cu(Il) as metal ions,*”* which required the
preparation and isolation of the corresponding [Cu,(L)]*~
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precursors. Zn-based MOFs 1**** and 2 are prepared
following a more straightforward strategy consisting of the
direct precipitation after mixing stoichiometric amounts of
deprotonated ligands and Zn®>* and Ca* cations, which
facilitates their large scale preparation.”®*” In particular, the
synthesis of 1 was reported very recently”" in a previous work,
whereas the synthesis and synchrotron crystal structure of 2 are
here reported and described in detail in the Materials and
Methods section.

The two chiral three-dimensional (3D) BioMOFs 1 and 2
were prepared using ligands derived from the natural amino
acids S-methyl-L-cysteine and (S)-methionine, respectively.
Both feature functional hexagonal channels decorated with
thioether (—(CH,),—S—CHj;) groups from the amino-acid
residues, but with different pore sizes (Figure 1). The presence

Figure 1. View of the porous crystal structures of 1 (a) and 2 (b)
emphasizing their functional channels decorated with —CH,SCHj;
and —CH,CH,SCHj; groups for 1 and 2, respectively. Zn and Ca are
represented as orange and blue polyhedra, respectively. Organic
ligands are depicted as gray sticks with the exception of sulfur atoms
(yellow spheres).

of thioether groups pointing toward the accessible void space
of the BioMOFs (Figures 1 and S1), along with the high
flexibility of the porous framework, offers a valuable micro-
environment for interaction with metal ions. In particular, the
softer Hg(II) ion displays a good binding tendency for sulfur
coordination sites,”® while the affinity is expected to gradually
decrease for the Pb** and Cd** cations,””*” although examples
exist reportinég affinity interactions of Hg** toward cooperative
oxygen sites.”” Crystal structures of BioMOFs 1** and 2 were
determined by single crystal X-ray diffraction (Figure 1), and
their bulk was fully characterized through thermogravimetric
analysis (TGA), N, adsorption, and X-ray powder diffraction
(Figures S2—S4). The morphology of polycrystalline samples
of BioMOFs 1 and 2 determined by scanning electron
microscopy (SEM) can be seen in Figures SS and S6,
respectively. Interestingly, both BioMOFs exhibit similar
particle sizes in the range of 70—200 nm, which are in
principle suitable for their incorporation in PAN MMM-
MOFs.”

The permanent porosity of BioMOFs 1 and 2, was
confirmed by their N, adsorption isotherms (Figure S3).
The calculated Brunauer—Emmett—Teller (BET) surface areas
were 682 and 455 m?*/ g,63 respectively, with calculated pores®*
of 0.74 nm (1) and 0.49 nm (2), similar to that observed in the
crystal structure for 1 and reduced with respect to that found
in the crystal structure of 2 (Figure 1).

This discrepancy is expected and likely due to the higher
flexibility of thioether groups, confined in the pores of 2 that
can be elongated after the activation process. The similarity in
pore dimensions detected by SCXRD is only related to the
snapshot of 2, referring to bent thioether conformations.

In order to corroborate the possible pathways of interactions
leading to Pb**, Cd**, and Hg*" capture for the two BioMOFs,
single crystal to single crystal loading experiments have been
set. Systematic optimization of the crystallization conditions
allowed us to obtain single crystals of 1 after absorption of
metal ions from water, and thus, we determined the structures
of the two hybrid materials CdCL,@1 and [Pb(NO;),]@1.
These compounds were obtained by soaking single crystals of
1 in a water solution containing a suitable metal salt. In
particular, 10 mg of 1 was soaked with 2 mL of a 2000 ppb
solution of the corresponding metal salt for 10 days (replacing
the aqueous solution every 24 h). EDX analysis performed on a
sample of 1 after 10 days of soaking provided us with the
following results: 6.5 and 5.9 wt % for CdCL,@1 and
[Pb(NO,),]@1, respectively, which confirmed the presence
of Cd(II) and Pb(II) in the framework structures. The
maximum loading was 837 mg g~' for lead and 923 mg g~* for
cadmium after 30 days of soaking.

No degradation of the crystals was observed, which
completely retained their single-crystallinity, and the crystal
structure of the hybrid materials [Pb(NO;),@1 and CdCL@1
could be resolved by single crystal X-ray diffraction (Figures 2
and S7).

The structures of [Pb(NO;),]@1 and CdCL,@1 are
isoreticular to 1. They crystallize in the chiral P6; space
group of the hexagonal system (Table S1) and consist of
honeycomb-like 3D Ca(II)—Zn(II) networks. The uninodal
six-connected acs net is built up from trans-oxamidato-bridged
zinc(I1) units, {Zn",[(S,S)-Mecysmox]}, which act as linkers
between the Ca(II) ions through the carboxylate groups. In the
resulting porous net, the functional —CH,SCH; groups of the
amino acid decorate the walls of the hexagonal channels with a
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Figure 2. Perspective view of [Pb(NO;),]@1 (a) and CdCL,@1 (b)
crystal structures along the ¢ crystallographic axis. Color code: same as
Figure 1.

diameter of ca. 0.8 nm. In the crystal structures of [Pb(NO;),]
@1 and CdCl,@1, the guest species reside in the hexagonal
channels of the MOF, being anchored by interactions with the
sulfur atoms from the thioether arms or the oxygen atoms of
the oxamidato ligands decorating the pore walls, for Pb (II)
and Cd(II), respectively, in perfect agreement with the Hard—
Soft Acid—Base theory. These results definitely confirm that
S--Pb [3.3 A] and O--Cd [2.64 A] interactions are at the
origin of the material receptor properties for the selective metal
capture process (Figures 2 and S7).

Evaluation of the Metal Adsorption Performance of 1
and 2. The removal efficiency and the equilibrium loading
(Q.) of 1 and 2, defined as the amount of solute adsorbed per
unit weight of solid at equilibrium, were first measured by
soaking for 24 h a crystalline sample (50 mg) of each BioMOF
in 100 mL of a 1 ppm aqueous solution containing either
Pb(NO;),, CdCl,, or HgCl, metal salt. Small aliquots of
samples were extracted after 72 h, and the metal ratio was
monitored through ICP-AES. Results are shown in Figure 3. 1
showed the best performance for all the heavy metal cations,
with removal efficiencies of 100, 82.1, and 100%, and Q, of
2340, 1718, and 1822 ug g_1 for lead, cadmium, and mercury,
respectively. On the other hand, 2 showed good results for
mercury removal, with an efficiency of 89%, and a Q. of 1550
ug g ', but its performance declined for lead and cadmium. In
particular, 1 showed superior ability for Cd*" capture, when

Metlhiomtl>x (2)‘
B Hg
ECd
EPb

Mecysmox (1)

125 100 75 50 25 0 500 1000 1500 2000 2500
Removal efficiency (%) ¢ - Maximum loading (ng/g)

Figure 3. Equilibrium loading and removal efficiency after 72 h,
determined by soaking 50 mg of polycrystalline samples of 1 and 2 in
100 mL of a 1 ppm aqueous solution containing the suitable metal
salt.

considering the lower Q. and removal efficiency recorded for 2
(275 pg g~" and 13.4%) under the same conditions. The Q,
and removal efficiency for lead ions are also substantially
higher in 1 with respect to 2 (1214 ug g~ and 51.7%).

These results clearly situate 1 as the best adsorbent for all of
the metal ions. Its superior performance can be attributed to
the optimal combination of pore functionality and pore size,
determined by the thioether arms®’~**°>°® of the methyl
cysteine residues in 1.

The capture efficiency of the BioMOFs in more diluted
multicomponent solutions was also evaluated by soaking
polycrystalline powders of 1 and 2 (40 mg) for 60 min in 200
mL of a 300 ppb aqueous solution containing Pb(NO,),,
CdCl,, or HgCl,, dissolved in oligomineral water. Small
aliquots of the solutions were extracted at different time
intervals, and the metal ratio was monitored through ICP-AES.
The trends are shown in Figure 4, and the numerical values are
reported in Tables S2 and S3.

1 showed the best performance for the adsorption of all
heavy metal cations, with very fast kinetics and a removal
efficiency of 100, 45, and 92% for lead, cadmium, and mercury,
respectively. The capture performance of 2 was modest

BioMOF 1 BioMOF 2

Cd-e

Hg—e

Pb—,

0 "ttt 0 1

0 10 20 30 40 50 60 0O 10 20 30 40 50 60
Time (min) Time (min)

Figure 4. Relative concentration (C;/Cy%) as a function of time for
lead, cadmium, and mercury metal ions measured in static conditions
for 1 (left) and 2 (right) (40 mg of polycrystalline samples of 1 and 2
in 200 mL of an aqueous solution containing 300 ppb of each metal
salt).
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compared to 1, with a removal efficiency of 40% for lead, 11%
for cadmium, and 33% for mercury. This confirms 1 as the best
adsorbent for all metal ions, even at lower concentrations.

Membrane Preparation, Morphology, and Properties.
Based on the removal properties of 1 and 2 and aiming at
obtaining more manageable and efficient materials, both MOFs
were embedded in porous mixed matrix membranes. In a
previous work,”” we used Matrimid membranes, but their
tendency to form macrovoids and finger-like void structures
led to ineflicient absorption. Therefore, in the present work, we
used polyacrylonitrile (PAN), one of the most commonly used
polymers for the fabrication of microfiltration membranes,®”
with a semicrystalline structure, in contrast to the amorphous
Matrimid. Under optimum conditions, PAN may undergo
solid—liquid demixing during the nonsolvent-induced phase
inversion process or it may undergo liquid—liquid demixing
followed by rapid crystallization, and this can be exploited to
tailor the membrane morphology. PAN contains a nitrile group
(-C=N) in the polymer repeating unit, which mainly
determines its hydrophilic properties.”” It has high mechanical
strength and fair thermal and chemical stability. It is resistant
to acids and alkalis in a fairly wide pH range (from 2 to 12)
and presents good chemical resistance to aliphatic hydro-
carbons and alcohols.”” The polymer also exhibits biocompat-
ibility and sterilization resistance. Moreover, it is cheaper than
the SWCNTs and Matrimid 5218 that we previously used as
support materials.””*°

Porous films were prepared by nonsolvent-induced phase
separation (NIPS). This is the only technique capable of
producing the required highly porous tortuous morphology
where the BioMOFs, chemically functionalized for selective
and efficient adsorption, remain partially immobilized and
trapped yet fully accessible for the surrounding liquid phase.
For membrane preparation via phase inversion, PAN was
dissolved in the aprotic polar solvent dimethylformamide
(DMF).*® Extensive optimization of the membrane formation
process (polymer concentration, coagulation bath composi-
tion, and additives) was required to yield the desired sponge-
like porous structure (Figure S8). A sponge-like morphology
with a fine uniform porosity is also required to guarantee a
more intimate contact between the metal solution and the
membrane, and to improve the interaction between the MOFs
and the heavy metals to be captured. Polyvinylpyrrolidone
(PVP) is soluble in water and in the PAN solution, increasing
its viscosity and slowing down the phase inversion process.
Addition of PVP to the casting solution as a pore-former®””’
helped to reduce the formation of macrovoids but was
insufficient to yield a fully sponge-like morphology (Figure
S$8). Unfortunately, it was later found that PVP favors leaching
of the MOF into the coagulation bath when making MMMs.
As an alternative approach, addition of the DMF to the water
coagulation bath to slow down the coagulation process”"’*
successfully yielded the required sponge-like morphology at
80% DMF in the water bath, even without the pore-former
PVP (Figure 5).

The BioMOF@PAN MMMs, containing 1 and 2 (1@PAN
and 2@PAN), were prepared under the following optimized
conditions: 15 wt % PAN in the casting solution and 80 wt %
DMF in the coagulation bath (see Materials and Methods
section for synthetic details). The highest possible amount of
MOF that kept the solution sufficiently fluid for the casting of a
homogeneous film was 15 wt %, corresponding to 50 wt % of
the projected total MMM solid content, and was used for the

70% 80% DMF

50%

Figure S. Cross-sectional images of neat PAN membranes prepared
with increasing DMF fractions in the water coagulation bath. SEM
magnification: 2500X ; acceleration voltage 10 kV. The scale bar is
identical for all figures.

preparation of the membranes with both 1 and 2. This is a
relatively high MOF loading compared with other MMMs
reported in the literature, which are usually dominated by
polymer performance and low MOF loading (<50%).”* Neat
PAN membranes were used for comparison in all experiments
since PAN contains —C=N groups, which can also interact
with the metal ions. The resulting membranes are extremely
pliable and can deform to some extent when stretched. The
morphology and microscopic texture of PAN and BioMOF@
PAN membranes were characterized by scanning electron
microscopy. Figure 6 shows the cross-sectional SEM images of

Figure 6. Representative cross-sectional SEM images (1000x, 15 kV)
of neat PAN (a), 1@PAN (b), and 2@PAN (c). The brighter spots
are the larger MOF clusters, highlighted by the backscattering
detector, and confirm the uniform particle distribution. The scale bar
is identical for all figures.

neat PAN and BioMOF@PAN membranes obtained under the
above-mentioned conditions. A zoomed-in view of membrane
1@PAN highlights the particles of 1 embedded in the PAN
matrix. The surface and bottom images are shown in Figure S9.

The circular membranes all have an active average diameter
of 47 + 0.1 mm and an average thickness of 198 + 13.2 yum for
the neat PAN, while it was 185.4 + 3.65 and 201.2 + 2.95 ym
for 1@PAN and 2@PAN, respectively. The average mass of
the disks is 41.4 &+ 2 mg for the PAN membrane and 35.9 + 3
mg for both mixed matrix membranes, with a resulting density
of 0.12 g cm™ for neat PAN and 0.11 and 0.10 g cm™ for 1@
PAN and 2@PAN, respectively, confirming their high porosity.

All membranes are characterized by a smooth surface
(Figure S9) and a spongy morphology. The presence of the
BioMOFs in the membranes is evidenced by PXRD patterns
(Figure S4c) where only a slight decrease of peak intensity
compared to the MOFs is observed, as expected. The small
MOF crystals with an average size of 1 ym are homogeneously
dispersed in the polymer matrix (Figure S9). The highly
microporous and stable structure of PAN firmly hosts the
nanosized BioMOF particles, and no leakage of the MOF fillers
was observed during the adsorption tests.
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The stability of the membrane is guaranteed by the fact that
the size of the pore windows of the PAN membrane is smaller
than the size of the dispersed BioMOF particles. As a result,
the PAN matrix is formed around the BioMOF, and the
BioMOF particles are free to move within the internal voids of
the membrane (inset in Figure 6b), but they are trapped and
cannot leave these voids.

Profile scans of the top surface of the membranes (Figures
S11 and S12) were made to determine the average roughness
(R,), the root-mean-square roughness (R,), and the total
height roughness (R,) of the membrane skin (Figure S10). The
values of R, and R all fall roughly in the range of 1-2 um,
indicating a relatively smooth surface of the membranes,
considering their total thickness near 200 um. The larger
negative fluctuations of the profile in Figure S11 most likely
represent larger voids just below the surface because the pores
in the skin are submicrometer sized. The large and mostly
overlapping error margins in Figure S11 do not allow any
statistically relevant quantitative comparison of the mem-
branes. The 10X higher values of R, compared to R, and R,
reflect the somewhat larger long-distance fluctuations in the
membrane (Figure S12), most likely formed during the weak
contraction of the polymer in contact with the nonsolvent.

The neat PAN membrane has a water permeability of 25 L
m~2h7! bar ! at 1 bar, which decreases to 16 L m™ h™! bar™!
when increasing the pressure to 5 bar, probably caused by the
compression of the porous membrane structure (Figure 7).

80
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1@PAN

60 +

50 +

20 1
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20 +

Permeability (L m=2 h' bar)

Figure 7. Permeability as a function of the applied pressure for the
neat PAN and the 1@PAN and 2@PAN MMMs. The data indicate
the average and standard deviation of 1S individual measurements.

The water permeability improves more than 2-fold to ca. S5 L
m~2h™! bar™" upon incorporation of the BioMOFs, as a result
of the higher porosity or more open pore-structure (Figure 6)
of the membranes. The high permeability is maintained with
increasing pressure, suggesting that the BioMOFs also increase
the mechanical stability of the overall membrane structure
(Figure 7). Although the flat sheet membranes are subject to
compression forces, tensile tests provide useful information
about their general mechanical properties in relation to their
composition and morphology. Tensile tests on a representative
set of neat PAN membranes (row 1 with 3% PVP in Figure S8)
show a rapid increase in Young’s modulus and tensile strength
at higher DMF concentrations in the nonsolvent bath (Figure
S$13), confirming the importance of the sponge-like morphol-
ogy also from the mechanical point of view, besides that of
providing optimum fluid dynamics. Tensile tests of the 1@

PAN and 2@PAN membranes show good mechanical
resistance, with an elastic modulus of 145 and 125 MPa,
respectively, and a tensile strength of 4.1 and 3.3 MPa (Figure
S13). These results show that the MMMs can withstand much
higher stresses than the pressures applied during the
permeation tests (<0.5 MPa), without the risk of rupture.
The tensile strength becomes even more relevant in the case of
hollow fiber membranes, for which the internal pressure
translates into a transversal (tensile) force on the membrane
wall.”

Evaluation of the Metal Adsorption Performance of
Membranes. Most of the current technologies for heavy
metal ion removal target a specific metal ion. Since water is
often simultaneously polluted by a variety of heavy metal ions,
a material that can simultaneously adsorb more than one
species can be useful for practical application. Issues related to
competitive adsorption due to different binding affinities
toward active functional groups can lead to preferential
adsorption for certain species, with respect to others. Lead,
cadmium, and mercury are among the most common heavy
metals that cause severe human poisoning. To evaluate the
adsorption of multiple heavy metal ions, we conducted a
screening process under dynamic conditions (refer to
Supporting Information and Scheme S1). We employed an
oligo-mineral aqueous solution (80 mL) containing the three
metal ions, with initial concentrations of approximately 600
ppb for Hg(II) and 300 ppb for Pb(II) and Cd(1I), along with
various multiions as potential interferents. Given the good
performance of 1 in mercury removal, the mercury solution
was prepared at twice the concentration of those for cadmium
and lead. Compared to our earlier work,” apart from the
improved tortuous flow path through the sponge-like
morphology present in the PAN-based membranes, the mass
transfer and heavy metal removal efficiency were also improved
by tailoring the contact time (see Materials and Methods
section for synthetic details). Hence, the contaminated
solution was filtered through both the pristine PAN
membranes and the MMMs under low pressure. This approach
aimed to decrease the flow rate and extend the contact time
(>100 s) between the membrane bulk and the multi-
component solution, thereby enhancing the adsorption process
(Figure S14). The heavy metal concentration in the permeate
was monitored via periodic ICP-MS analysis to track the
adsorption as a function of time (Tables S4—S6). To quantify
the absorption of metal ions by the setup, a solution containing
all metal salts was also analyzed under identical conditions and
over the same time interval but without a membrane. The
absence of a significant drop in metal concentrations during
this test confirmed that there was no considerable adsorption
by the experimental setup.

The amount of metal ions removed by BioMOF@PAN
membranes was generally much higher than the amount
adsorbed by the neat PAN membrane under the same
conditions, as reported in Figures 8, S15, and S16 and Tables
S4—S6, confirming the fundamental role of the MOFs within
the membranes. Despite the presence of other ions in oligo-
mineral water at much higher concentrations compared to the
heavy metal pollutants, the composite material effectively
removed the three heavy metal ions. This demonstrates the
selective recognition and removal capabilities of the composite
materials for heavy metal ions from water. Remarkably,
considering the performance exhibited by the BioMOFs
when utilized as polycrystalline powders, the removal efficiency
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Figure 8. Removal efficiency for Pb**, Cd**, and Hg*" for the neat
PAN membranes and the MMMs containing 1 and 2, after 12 h.

of each BioMOF embedded in the PAN matrix remains
unchanged or even improves when filtering multiple ions
simultaneously.

The neat PAN membrane removed lead with an efficiency of
70%, substantially better than those of Cd(II) (23.2%) and
Hg(II) (13.9%). This must be attributed to a high affinity of
the PAN polymeric matrix for lead, most likely in combination
with a higher diffusion ability of Pb(II) ions within the pores of
the membrane.”* The significant increase in water permeability
upon inclusion of BioMOF 1 and 2 in the PAN membrane
(Figure 7) was accompanied by an enhancement in the
absorption ability of the MMMs. The removal efficiency, R, is
defined as the fraction of the heavy metals retained by the
membranes (Figures 8 and S10), either through adsorption, or
rejection, or both (eq 3).

A moderate increase was observed for lead ion capture
compared to the PAN membrane (R = 81.3 and 81.7% for 1
and 2, respectively). Additionally, a major improvement of the
absorption ability for Cd** and, particularly, for Hg** (R = 23.2
and 13.9% for PAN, 88 and 96.8% for 1@PAN, and 43.3 and
95.1% for 2@PAN, for Cd*" and Hg™, respectively) was
achieved. The excellent capture capability of 1@PAN and 2@
PAN membranes for cadmium, lead, and mercury ions,
sometimes surpasses the performance of 1 and 2 in their

powder form; the capture capability of the BioMOFs is not
compromised by their inclusion of the polycrystalline powders
in the PAN matrix; in fact, it appears to facilitate the transport
and concentration of metal ions in proximity to the BioMOFs’
surface.

Furthermore, the uptake of multiple metal ions in the pores
of the BioMOFs does not appear to affect their performance, in
terms of removal efficiency for each metal ion. This is
attributed to the functional microenvironment provided by the
porosity of the BioMOFs. It is conceivable that the adsorption
of a specific metal ion within the BioMOFs’ cavities can induce
a favorable reorganization of the flexible functional groups
decorating the BioMOFs’ walls. This may enhance the
microporous environment’s receptivity toward the adsorption
of additional different species. Indeed, it can be inferred—from
the comparison of the structures of [Pb(NO;),]@1 and the
previously reported one’” from a host—guest aggregate formed
by a Cu4Ca isoreticular MOF with HgCl, molecules embedded
(HgClL,@1)—that competitive adsorption can mainly occur
for mercury and lead metal ions in 1@PAN and 2@PAN
membranes, since both Hg®* and Pb*" compete for
coordination to the sulfur atoms of the amino acid residue,
when entrapped within the BioMOFs’ pores. Conversely, the
snapshots provided by single-crystal X-ray structural determi-
nation of CdClL,@1 (also compared with HgCl,@1*’
structure) suggest that Cd** and Hg** metal ions are
principally recognized and trapped within the BioMOFs by
means of two different structural functionalities. While S---Hg
interactions involving the thioether groups are responsible for
facilitating mercury capture, O---Cd interactions involving the
oxamate moieties of the 3D framework primarily drive the
capture of cadmium ions. Moreover, the thioether groups of
the amino acid residue exhibit extreme flexibility, being able to
assume a distended conformation inward the pores upon
mercury coordination while forcing the other chains to adopt a
strongly bent conformation.”” This rearrangement can make
the oxygen atoms of the BioMOF walls more exposed and
accessible for cadmium binding. These changes are expected to
occur more easily in 1 than in 2, due to the presence of shorter
thioether functional chains, which guarantee the optimal

Table 1. Comparison of Removal Efficiency (R%) for Some MOF-Based Adsorbent Materials

Pb(II) in

itial

concentration

MOF-based adsorbent Experimental conditions

(mg/L)

Cd(II) initial ~ Hg(II) initial

MOF microcrystalline powder

Amino-functionalized ZIF-8 Batch experimentl hMultielement 50
aqueous solution

Methox/SeriMTV-MOF Batch experiment48 hMultielement 1

Methox/MecysMTV-MOF aqueous solutionBatch
experiment72 hOligomineral

CaCugMecys waterBatch experiment24 B
hOligomineral water

CaZngMecys Batch experiment72 h (1 h) 1(0.3)

Oligomineral water

MOF-based composite materials

MOEF-808 CMC Aerogel Batch experiment24 hAqueous 100
solution
Methox/Mecys Batch experiment72 hOligomineral 0.31
MTV-MOF/SWCNT-BP water
CaCugMecys@ Matrimid Filtration by recirculation48 -
hOligomineral water
1@PAN Single pass filtration12 0.3

hMultielement solution

51190

concentration  concentration Cd(Ir)
(mg/L) (mg/L) Pb(11)R% R% Hg(IT)R% Ref.
S0 - 79.9 91.5 63
1 99.4 - 99.5 43
- 99.5 . 54
10 - - 100 37
1(0.3) 1(0.3) 100 (100) 82 (45) 100 (92)  This
work
- 90 - 64
- 100100 - 54
0.3 - - 99.6 37
0.3 0.6 81.3 88.0 96.8 This
work
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combination of recognition sites, pore size, and a more
adaptive environment for metal ion sequestration.

Overall, these results, in comparison with previous
reports,””*¥%7>7¢ (Table 1), clearly identify the BioMOF@
PAN 1 membrane as a potentially effective material for
capturing multiple heavy metal ions simultaneously from water.
This makes it useful for the reduction of the concentration of
these harmful species in drinking water in order to comply with
regulatory contaminant limitations and meet the criteria for an
efficient water reuse strategy.

Finally, since the stability during the potential regeneration
of the membranes is a key factor for their successful industrial
application, the performance of the 1@PAN membrane during
the regeneration process was also evaluated. Two of the main
risks that could potentially compromise the successful
industrial application of these novel membranes are the
leaching of the MOF from the polymer matrix, as observed
in our preliminary experiments under different coagulation
conditions and the loss of sorption capacity due to pore
blocking of the MOF or irreversible adsorption of trace
contaminants. Therefore, the stability and the possibility to
recycle the 1@PAN membrane were evaluated by repeating
the sorption experiments three times, alternating the tests with
a regeneration step by washing the membranes with 250 mL of
ethanol. It was found that the membrane showed nearly
complete efficiency recovery after each regeneration process,
losing less than 1% of the original adsorption capacity.

Further optimization of the membrane morphology to
produce tight nanofiltration membranes, where part of the
separation takes place by size exclusion or Donnan exclusion”’
and where only a fraction of the heavy metals needs to be
adsorbed in the MOFs or in the membrane bulk, offers
important future perspectives for a further enhancement of
their separation performance and for a reduction of the
regeneration frequency.

B CONCLUSIONS

In this study, PAN membranes loaded with high concen-
trations of different BioMOFs were successfully prepared via
the NIPS method. The presence of the BioMOFs, in particular
those containing the S-methyl-L-cysteine amino acid residues
(1), assured highly efficient heavy metal ion adsorption from
oligomineral water. The improved adsorption performance for
the simultaneous removal of all the metal ions observed for
BioMOF@PAN membranes can be attributed mostly to the
functional microenvironment of the BioMOFs, which provide
convenient recognition sites for metal sequestration. Addition-
ally, in the case of Pb*', this improvement can also be
attributed to a significant affinity of the metal ion for the
polyacrylonitrile itself. The thioether groups of the amino acid
residues in 1 and 2 establish preferential interactions with the
softer Hg2+ and, to a minor extent, with Pb>* cations through
the sulfur atom, while the Cd*" cation is preferentially
recognized by the oxygen atoms of the oxamate ligands. The
BioMOF@PAN membranes containing 1 displayed the best
performance, most likely due to a combination of the
opportune pore size and porosity for metal capture. Indeed,
while 1 contains short-chain thioether functionality from the
cysteine-derived bioligand, 2 contains methionine-derived
ligands with longer thioether functional groups, which reduce
the pore size and increase the steric hindrance within the
channels (see the BET values). Optimizing the membrane
preparation conditions to tailor the morphology, increase the

tortuosity, and enhance the MOF loading, along with a careful
selection of the operation conditions to maximize the contact
time of the solution with the membrane, enables highly
efficient heavy metal removal in a single pass. Furthermore,
successful regeneration by simple alcohol purging to remove
the absorbed metals makes these membranes promising
candidates for practical application in water remediation.
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