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Concerns regarding water contamination are escalating due to the increasing presence of all types of
pollutants in water sources, which pose serious health risks to humans and wildlife, disrupt ecosystems, and
compromise the safety of drinking water. Addressing water contamination requires stringent regulations and
increased public awareness, but especially, it requires the development of highly effective new technologies
to decontaminate those aquatic environments that have been already polluted over the past few decades.
Since the emergence of metal-organic frameworks (MOFs), their use has been proposed in a multitude of
fields, given their unique physicochemical properties, and one of the fields where a realistic application can
be expected in the near future is water remediation. In particular, oxamidato-based biological MOFs
(bioMOFs) have demonstrated, in recent years, unique properties such as extraordinary robustness,
crystallinity and water- and pH-stability as well as very easy functionalisation, which situates them among the
best adsorbents for this environmental purpose. In this review, we have summarised the most remarkable
results of oxamidato-based bioMOFs in the field of water remediation. Moreover, on the basis of the reported
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results, we dare to suggest the real possibilities of application, in relevant real-world environments, for these
and other MOFs, as well as the main obstacles that will need to be overcome, aiming to widening the range
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1. Introduction

Today’s society faces a huge challenge due to the increasing
presence of a wide diversity of both inorganic and organic
pollutants. Among them, emerging pollutants,”” such as heavy
metals,® per- and polyfluoroalkyl substances (PFAS),* insecti-
cides, pesticides, medical® or recreational® drugs, etc., - arising
from uses and customs of modern human activities (Fig. 1) -
are of particular concern due to a certain lack of information
about the harmful effects of these species as well as the most
efficient approach to achieve their removal. Indeed, recent
studies® confirm that these substances, which pose significant
risks to aquatic ecosystems and human health, are often
not fully removed by conventional wastewater treatment
processes.”® Their persistence and bioaccumulation potential
can lead to long-term environmental impacts, affecting water
quality and biodiversity. Addressing this issue requires the
development of advanced treatment technologies and stricter
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of applicability of MOFs and making solid headway towards sustainable development.

regulatory frameworks to ensure the safety and sustainability of
water resources.

In traditional water treatment plants, "~ water decontami-
nation typically involves a series of steps: coagulation and
flocculation (adding chemicals to form larger particles from
small contaminants), sedimentation (allowing these larger
particles to settle), filtration (passing water through sand,
gravel, and activated carbon filters to remove remaining parti-
cles and chemicals), disinfection (using chlorine, chloramine,
or UV light to kill pathogens), and sometimes advanced treat-
ments like reverse osmosis or ozone treatment to remove
specific contaminants and ensure water safety and quality.
Among them, the adsorption step is crucial as it requires the
sorbent material to be capable to sequestrate the soluble
pollutants from the contaminated solutions. In fact, many
studies demonstrate the difficulties water treatment plants
face”® in efficiently decontaminating various contaminants
(especially emerging ones). In this regard, although activated
carbon has traditionally been shown to be an excellent adsor-
bent material,"* it is necessary to develop new materials
that may have a greater affinity for emerging contaminants,
considering the problems that wastewater treatment plants
experiment dealing with these contaminants.
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Fig. 1 Sources of groundwater contamination, arising from human activities, in
the hydrologic cycle. This figure was image generated using Microsoft Designer.

Metal organic frameworks (MOFs)">"** are porous crystalline
materials that may offer, in principle, certain advantages — among
other remarkable properties — in water decontamination versus
more traditional adsorbents.’>™” In particular, MOFs permit a
greater synthetic control on their functional empty space in terms
of size, shape and, especially, the functionalities decorating their
channels. This explains their fascinating host-guest chemistry,'*>!
and allows a fine-tuning of their affinity for the target contami-
nants, thus improving their water remediation properties. In addi-
tion, a particular class of MOFs, so-called multivariate MOFs>*24
(MTV-MOFs), has emerged with great strength in the field of MOFs.
MTV-MOFs - which maintain a general common backbone but
multiple distinct organic functionalities — are particularly suitable
for water remediation.”>' They offer the possibility to tune, in a
rational manner, the multiple functionalities decorating their
pores, envisaging a greater efficiency in capturing contaminants
with various functional groups and, tentatively, the simultaneous
capture of different contaminants.

Indeed, MOFs - and also a specific type of MOFs, formed by
ligands derived from biomolecules and known as biological
MOFs***? (bioMOFs) - have been revealed as excellent adsorbent
materials for the capture of a wide variety of inorganic'”**** and
organic contaminants.?>*”313%37 However, despite these remark-
able advances, MOFs have not yet achieved their implementation
in real environments, such as waste treatment plants or smaller
industrial devices.*®* This fact can be explained by a combi-
nation of factors such as the increased synthetic difficulty in
preparing certain MOFs (many of which requiring solvothermal
conditions), the difficulty in scaling up these materials,*® their
price per kg, especially when compared to the reference material
(GAC = granular activated carbon), and the need to improve the
mechanical properties of many MOFs, as well as their shaping
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into different composites,*"*> which is a critical step aiming at
real applications,”® as it facilitates their integration into capture
devices. In any case, the potential rewards in terms of selectivity
and efficiency of MOFs in water remediation suggest that, once
these difficulties are overcome, MOFs will be definitively estab-
lished in the market.*?

Finally, it also seems clear that once MOFs with outstanding
capture properties are achieved, they need to be shaped*"*?
into robust hybrid composites, with improved mechanical
properties and convenient handling, thus permitting their
incorporation into current capture devices/treatment plants.
In recent years, different works have been published in which
MOFs have been shaped - with or without binders - to yield
water remediation suitable materials such as pellets/granules,
papers, membranes, foams or hollow structures.*>*?

2. Oxamidato-based bioMOFs as
suitable adsorbent materials

Among the plethora of MOF families reported to date, only a
few seem to meet the requirements to compete with, and
tentatively surpass, the adsorbent properties of the reference
materials currently in use (i.e. granular activated carbons).**
Specifically, the ideal MOF, that would enable a step forward
in capture processes associated with water treatment must neces-
sarily meet a series of unique requirements.>® For example, it must
exhibit permanent porosity, be stable in aqueous media (preferably
at different pH levels), and allow for precise control of the size and
shape of its pores/cavities, as well as the functional groups
decorating them to enhance affinity for target contaminants.*

2.1. General characteristics and advantages of amino acid
oxamidato-based bioMOFs for water remediation

Among the variety of reported MOFs, oxamato- and oxamidato-
based MOFs*>*® have shown more than suitable, fulfilling
satisfactory all the above described requirements. Additionally,
they exhibit other unique properties, such as great robustness
and high crystallinity, which, in the past, have allowed for the
determination of the structure of host-guest aggregates,*’*®
even after several post-synthetic processes.’®>® This point is
highly relevant as - unlike the vast majority of MOFs - offers
the possibility to unveil the host-guest interactions,*”*®
responsible for the capture of the contaminants, permitting a
positive feedback between structure and functionality, and
consequently, to develop novel and more efficient adsorbents.
Moreover, oxamidato-based MOFs syntheses, based on direct
precipitation methods***® (vide infra), can be easily scaled-up,
and the resulting MOFs can be also shaped,*>*® which are
important features thinking on real world applications.>

Of all the reported oxamato and oxamidato-based MOF families,
one stands out as particularly suitable for environmental remedia-
tion. Specifically, it is a family of amino acid-derived oxamidato-
based biological MOFs (bioMOFs), which exhibits a series of unique
characteristics in addition to those shared with other oxamidato-
based MOFs mentioned above (vide infra). Oxamidato-based

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Chemical structures of the amino acid-based oxamidato ligands
(a) and dicopper(i) precursor complexes (b), as well as a schematic representa-
tion of the bioMOF hexagonal network emphasizing the position of the amino
acid residues (c). R represent the amino acid residues decorating the channels.

bioMOFs represent a versatile and extensive class of isoreticular
porous coordination polymers. Their common crystal structures
typically consist of a chiral, honeycomb-like 3D network, built from
calcium(u) or strontium(u) ions coordinated with copper(u) centres
(Scheme 1). Overall, these structures feature functional hexagonal
channels, with pore sizes ranging from approximately 0.3 nm to
1 nm, making them ideal candidates for applications involving
molecular sieving and selective adsorption.

From a topological point of view, the framework can be
described by an acs uninodal sixfold-connected motif. This topol-
ogy is constructed from trans-oxamidato-bridged dicopper(n) units
(Scheme 1b), {Cuy[(S,S)-ligand]}, which serve as linkers between
Ca" or S nodes through their carboxylate functionalities
(Scheme 1c). The neighbouring Cu®" and Cu*'/Ca®* ions are
further interconnected via aqua or hydroxo groups in a pj;-
bridging configuration, present in a 1:2 statistical distribution,
thus forming robust yet flexible frameworks.

Indeed, one of the defining characteristics of this class of
MOFs is their exceptional intrinsic flexibility,>® which is pre-
dominantly localised within the pore structure. This flexibility
allows the frameworks to adapt their conformation depending
on the size, shape, and chemical properties of the guest
molecules. Notably, the variety of amino acid-derived moieties
within the structure provides additional functional diversity
(Scheme 1c). This adaptability, paired with a strong and resi-
lient backbone, allows oxamidato-based bioMOFs to withstand
harsh environmental conditions while remaining versatile
enough to engage in selective interactions with various guest
molecules. In other words, the synergistic combination of
structural robustness and dynamic flexibility imparts these
materials with unique properties, enhancing their potential
for applications in the area of water remediation.

This journal is © The Royal Society of Chemistry 2024
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In this context, the most relevant features of oxamidato-
based bioMOFs, as well as their advantages against other
MOFs, are summarised below.

2.1.1. Water and pH-stability of oxamidato-based bio-
MOFs. Since their emergence, MOFs have shown application in
very diverse fields. However, their use in water remediation is
more recent.>>*"3%3757°%1 The main reason for such delay is,
undoubtedly related with the low water stability that most of the
early examples of MOFs exhibited,*®® as a consequence of the
relatively weak strength of their coordination bonds. To overcome
this limitation, various strategies were proposed, in the following
years, to increase the water stability of MOFs, such as strengthen-
ing these bonds - by selecting appropriate ligands and/or increas-
ing the oxidation state of the metals or introducing hydrophobic
units into their network. As a result, there is now a fairly wide
range of MOFs that are stable in water, and even at different pH
levels.®>® This aspect is not only crucial for developing materials
that can be used for decontaminating aquatic environments but
also for enabling their reuse multiple times, as has been demon-
strated (Section 3).

Oxamato and oxamidato-based MOFs are well-known for
their high-water stability. In fact, some of them are well-known for
being capable to host very large number of water molecules even
exhibiting sponge-like behaviour®®® or properties associated to
transport with water molecules, such as proton conductivity.®® For
example, our first reported example of oxamidato-based bioMOF,
with the natural amino acid 1-alanine and with formula {Ca"Cug
[(S,S)-alamox];(OH),(H,0)}-32H,0°°  (CugCaAla) (where (S,S)-
alamox = bis[(S)-alanineJoxalyl diamide), exhibited high thermal
and water and basic media stability (Fig. 2). Indeed, this bioMOF
did not show any apparent degradation after being soaked for one
month in a pH = 14 aqueous solutions.

2.1.2. Outstanding crystallinity
Elucidation of the crystal structure of many MOFs, through

in harsh conditions.

intensity / a.u.

2.0

20/°

Fig. 2 (a) Calculated PXRD pattern profile of CugCaAla. Variable temperature
XRD patterns of the activated phase of CugCaAla at 298 (b), 343 (c), 353 (d),
and 370 K (e). PXRD pattern profiles of 1 after proton conduction measure-
ments (f) and after 1 month immersed in a pH = 14 aqueous solution (g) at RT.
This figure is reproduced with permission from ref. 66, copyright ACS 2016.
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single-crystal X-ray diffraction (SCXRD) analysis, has constituted a
challenge since the advent of these porous materials, as this
requires high quality crystals that not always can be
obtained.®”®® Therefore, other techniques like powder X-ray
diffraction,”® X-ray absorption techniques”® and even high-
resolution electron microscopies” are often required. In this con-
text, oxamidato-based MOFs have not only shown enough crystal-
linity to elucidate their crystal structures through SCXRD but, in
addition, such crystallinity is maintained even after the application
of harsh consecutive post-synthetic methods, and thus, the crystal
structures of different host-guest aggregates, such as metal
nanoclusters,’>****3*”> supramolecular complexes”™”* or organic
molecules®* (Fig. 3) embedded within the channels of the MOFs,
have been repeatedly obtained, in recent years, with oxamato- and
oxamidato-based MOFs.

In this sense, SCXRD can be a powerful tool in water
remediation, by unveiling the crystal structures of the host-
guest aggregates after the capture processes and allowing to
visualise the host-guest interactions governing them, with the
aim of optimising the design process of new MOFs with
increasingly better capture properties.

Fig. 3 (a) View along the crystallographic c axis of the porous structure of
bioMOF CugCaSer, prepared from the natural amino acid L-serine, encap-
sulating the hormone 17-B-estradiol. (b) Perspective view of one single-
channel of the hybrid host—guest material. (c) Chemical structure of 17--
estradiol. The networks are depicted as gold sticks whereas guest mole-
cules are represented as red (oxygen), green (chloride), blue (nitrogen) and
gray (carbon) stick/solid surfaces, respectively.
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2.1.3. Functionalization “a-la-carte’’ of the bioMOFs’ empty
space. Among the different families of oxamato- and oxamidato-
based MOFs reported to date, oxamidato-based bioMOFs, derived
from amino acids, are particularly suitable for water remediation
taking into account the wide variety of residues that can be
incorporated, rationally, into the channels of these bioMOFs. Thus,
depending on the amino acid used to construct the bioMOF,
different factors, such as functionality, flexibility, charge, and even
the hydrophobicity or hydrophilicity of the pores, which largely
determines the capture properties of the material, can be controlled.
For example, CusCaAla showed a honeycomb-like hexagonal 3D
Ca"Cuf open-framework, with the methyl groups from the amino
acid residues pointing towards the centre of the channels
(Scheme 1a). As all oxamidato-based bioMOFs of this family
(Table 1) are isoreticular, by selecting appropriate amino acids the
functionalities decorating the channels of the resulting bioMOF can
be rationally controlled (see below synthetic strategy, Scheme 1b and
¢) and thus, other properties such as gas adsorption or selectivity,
and, of course, their capture properties, can be modified/enhanced.
Moreover, the heterogeneity of channels functionalities can be
increased, by selecting amino acids of different nature, constituting
the so-called multivariate bioMOFs (MTV-bioMOFs, Fig. 4).

This exquisite functionalisation of the bioMOF channels lies
at the origin of the capture properties of this family of bio-
MOFs, as we can control the functional groups decorating the
channels in order to enhance the affinity for the target con-
taminant. The adsorption mechanisms driving these capture
processes rely on various supramolecular interactions between
the amino acid-derived functional groups of the bioMOFs and
the target contaminants. These interactions include a large
variety of the non-covalent interactions, i.e. hydrogen bonding,
van der Waals forces, n-m stacking, and c-hole interactions, as
elucidated through SCXRD analysis (see Section 3).

2.2. Synthetic strategy

Oxamidato-based bioMOFs are usually synthesised following
rational programmed methods based on the “complex-as-
ligand’” approach,*>*® which allow for a greater synthetic control
of MOF structure, compared to solvothermal ones. This metho-
dology consists on the sequential step by step construction of the
bioMOF, firstly with the preparation of the bisfamino acid]oxalyl
diamide ligand (Scheme 1a and Table 1), followed by the
synthesis/isolation of a precursor complex (Scheme 1b), and
finally, the direct precipitation of the bioMOF in water under
ambient conditions, without any control of parameters such as
PH, temperature, ionic strength, etc., by reacting the precursor
with a second metal (Scheme 1c). In so doing, a family of
isoreticular bioMOFs, with a wide variety of amino acids, such
as r-alanine, 1-valine, 1-leucine, 1-histidine, 1-serine, L-threonine,
t-methionine or S-methyl-i-cysteine, can be obtained, with the
corresponding residues decorating their channels (Fig. 4).
Thus, a fine tuning of the size, shape and, especially the
functionality and hydrophobicity/hydrophilicity of the channels
is achieved. In addition, the synthetic approach above
described constitutes a very suitable pathway to construct,
rationally, MTV-bioMOFs by combining the appropriate

This journal is © The Royal Society of Chemistry 2024
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Table 1 Oxamidato-based bioMOFs described in this work and removal efficiency for different target contaminants

Amino acids involved Target contaminant

Name Chemical formula [percentage] [maximum recovery (%)] Ref.
CugCaAla {ca"cug[(s,S)-alamox];(OH),(H,0)}-32H,0 1-Alanine [100%] — 66
CugCaMet {ca"cuf[(s,S)-methox];(OH),(H,0)}-16H,0 1-Methionine [100%)] HgCl, [99.5%)] 75
CH;,Hg [99.0%)]
CuyMet {Cu}[(S,S)-methox],}-5H,0 L-Methionine [100%)] HgCl, [99.7%] 76
CugsCaMecys {ca"Ccuf[(S,S)-Mecysmox];(OH),(H,0)}-16H,O S-Methyl-1-cysteine [100%] HgCl, [99.9%] 77
CugCaMet/Mecys {Ca""Cug[(S,S)-methox], 5[(S,S)-Mecysmox] 5(OH),(H,0)}-38H,0O  1-Methionine [50%] Pb(NO;), [98.2%)] 78
S-Methyl-L-cysteine [50%]
CugCaSer {ca"cuf[(s,S)-serimox];(OH),(H,0)}-39H,0 1-Serine [100%] Methylene blue [93.3%] 79
Auramine O [92.0%]
Pyronine Y [91.7%]
Brilliant green [96.1%|
CueSrMet {sr""Cug][(s,S)-methox];(OH),(H,0)}-16H,0 L-Methionine [100%] Methylene blue [100%] 80
Auramine O [100%]
Pyronine Y [100%]
Brilliant green [100%]
CugSrMet/Mecys  {Sr"'Cug[(S,S)-methox], 5[(S,S)-Mecysmox]; 5(OH),(H,0)}-36H,0  1-Methionine [50%] Acetamiprid [100%] 81
S-Methyl-i-cysteine [50%]  Thiacloprid [100%]
CugSrSer {sr''Cug[(s,S)-serimox];(OH),(H,0)}-38H,0 1-Serine [100%] Ciprofloxacin [99.0%)] 82
Amoxicillin [100%]
Clindamyzin [98.1%]
Ceftriaxone [100%]
CugSrMet/Ser {sr""Cug[(S,S)-methox] 5[(S,S)-serimox], 5(OH),(H,0)}-12H,0 1-Methionine [50%] Ciprofloxacin [99.4%] 82
Amoxicillin [100%]
L-Serine [50%] Clindamyzin [97.4%]
Ceftriaxone [100%]
CugCaMet/Ser {ca"cuf[(s,S)-methox]; 5[(S,S)-serimox]; 5(OH),(H,0)}-16H,0 1-Methionine [50%] HgCl, [99.7%)] 83

percentages of different precursors at the same time. In this
way, we can rationally design ambivalent channels with a
desired affinity for different types of contaminants or even
capturing challenging pollutants, such as those possessing
both polar and non-polar groups (amphiphilic contaminants).
Regarding, the potential for real applications of these bio-
MOFs in water remediation, oxamidato-based bioMOFs can be
easily obtained in a multigram scale, which contrasts to that
observed for other MOFs synthesised using solvothermal pro-
cedures. Indeed, they are obtained by direct precipitation in
water under ambient conditions. This facilitates to scale-up
their synthesis to a hundred of grams or kilograms scale, which
is a key step for the mass production of MOFs, aiming at their
application in real environments. In this context, the shaping/
processing of MOFs also constitutes a crucial step, prior to be
incorporated in capture devices, where oxamidato-based bio-
MOFs have also demonstrated their suitability (vide infra).

3. Specific applications of oxamidato-
based bioMOFs in water remediation

3.1. Oxamidato-based bioMOFs for inorganic contaminants
removal
3.1.1. Mercury. One of the greatest challenges the world

faces today is the increasing heavy metal pollution caused by

This journal is © The Royal Society of Chemistry 2024

Pb(NO3), [99.2%)]
TINO; [99.4%)]
Methylene blue [100%]
Auramine O [99.8%]
Pyronine Y [99.7%|
Brilliant green [100%]

L-Serine [50%]

industrial activities and/or accidental discharge. In particular,
mercury — which is considered by the World Health Organization
(WHO)** as one of the top ten chemicals or groups of chemicals
of major public health concern - is widespread in the environ-
ment due to its very easy air and water transportation, as well as
its long atmospheric lifetime. As a consequence, high concen-
trations of mercury and derivatives can be found not only in
fish,®® but also in agricultural crops.®® Once in the environment,
mercury can be transformed by bacteria into methylmercury,
which is considered even more hazardous since it bioaccumu-
lates in living beings due to its lower solubility in water.

MOFs have been mainly studied for their ability to adsorb
mercury,'”?*?>8788 and the specific focus on methylmercury
uptake has been much less studied, despite its unique toxicity
and bioaccumulation. Chiefly, two main strategies for mercury
removal with MOFs have been proposed: (i) cation exchange
with the counter-cations - in case of anionic MOFs - located in
the pores, which have shown no preferential adsorption, as it is
based on charge effects, and thus, with no possible application
for real complex matrices,"”** and (ii) pre- or post-synthetically
functionalisation with sulphur atoms the organic linkers of
MOFs, based on the well-known affinity of sulphur atoms
towards soft metal ions,®® which have revealed as more rational
and efficient manners to capture mercury.

In this context and having in consideration the above-
mentioned features of oxamidato-based bioMOFs, firstly, we
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Fig. 4 Selected examples of recently synthesized oxamidato-based bioMOFs (a)-(g) and MTV-bioMOFs (h) and (i) prepared from the following amino
acids: L-alanine (a), L-valine (b), L-leucine (c), S-methyl-L-cysteine (d), L-methionine (e), L-serine (f), L-threonine (g), L-methionine/L-serine (red) (h) and L-
histidine (blue)/L-serine (i). Grey and red surfaces are used to emphasise the hydrophobicity and hydrophilicity, respectively, of the corresponding amino
acid residues.

focused our attention on a robust and water-stable, heterobi- and 166 mg (CH3HgCl) per g. Such a high loading of HgCl,
metallic calcium(i)/copper(i) bioMOF, which was synthesised by ~was one of the highest reported, to date,”® for a MOF, and
using a ligand derived from the natural amino acid r- constituted a benchmark value for MOFs. Also, it is worth
methionine.*>”® This bioMOF with the formula {Ca"Cug[(S,S)- mentioning that CusCaMet was the first known MOF for

methox];(OH),(H,0)}-16H,0 (CusCaMet) (where methox = CHzHgCl uptake, and that only very few examples have been
bis[(S)-methionine]oxalyl diamide), features functional channels reported since then.”®
decorated with thioalkyl chains (Fig. 4e and 5), which - on the These uptakes were reversible and selective towards HgCl,

basis of the well-known affinity of mercury for sulphur atoms® -  and CH;HgCl, which make of this material a potential sorbent.
situates CugCaMet as a very appealing candidate for mercury Thus, aiming at assessing its applicability in real world decon-
removal. CugsCaMet crystallises in the chiral P6; space group and tamination processes, extruded pellets were obtained by
consists of an uninodal acs chiral net built by calcium(u) vertexes combining polycrystalline powder of CugCaMet with the com-
and trans oxamidato-bridged dicopper(m)units, {Cuj[(S,S)- mercial polymer Matrimid5218. In this shape, kinetic profile of
methiox]}, which act as linkers between the Ca' ions through each mercury removal process was established. The experi-
the carboxylate groups. In the resulting porous net, the func- mental results showed that this hybrid material adsorbed both
tional flexible ethylthiomethyl chains of the amino acid-derived mercury salts in a very fast, selective, and reversible manner.
ligand remain confined in hexagonal channels. When tested Remarkably, the HgCl, and CH3;HgCl concentrations in water
towards mercury species uptake, CusCaMet showed high adsorp- were reduced from dangerous 10 ppm to extremely low levels of
tion performance, achieving maximum recoveries of 900 (HgCl,) about 5 and 27 ppb after capturing 99.95% and 99.0% of the
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Fig. 5 Kinetic profile of the selective Hg(i) recovery by bioMOF Cue¢Ca-
Met represented as metal adsorption (wt%) vs. time in the presence of
other interfering metal cations.

dissolved HgCl, and CHzHgCl salts (Fig. 5), respectively,
which is within the permissible limits for Hg** ions in
potable water.®*

Fig. 6 Perspective views of one single channel of bioMOF CugCaMet
after capturing HgCl, (a) and CHszHgCl (b). Copper and calcium atoms are
represented by cyan and blue polyhedra respectively. Mercury and chlor-
ide atoms are depicted as purple and green spheres, whereas sulphur and
carbon atoms from the residues are shown as yellow spheres and grey
sticks. This figure is adapted with permission from ref. 75, copyright Wiley &
Sons 2016.
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Noteworthy, substantial knowledge on the attachment and
conformation of these mercury species inside the pores of a MOF
could be shed, for the first time, thanks to the great crystallinity
that CugCaMet shows, even upon loading conditions, which
allowed the resolution of crystalline structures through SCXRD
(Fig. 6). The chemical environment inside the voids of CusCa-
Met, provided by the highly flexible ethylthiomethyl chains of
methionine ligands, reminds that of the mercury reductase (MR)
enzyme (Fig. 6a). Both systems having in common an intriguing
structural adaptability capable to recognise and immobilise
mercury species through S- - -Hg interactions.

Despite CugCaMet showed benchmark uploads for mercury
species among MOFs, we wanted to accomplish much lower
mercury levels and in a faster manner, that is a better efficiency.
The followed strategy was to design a bioMOF displaying
thioalkyl functionalities (as CusCaMet), but targeting more
constricted pores. Thus, reaction of the previously used oxami-
dato ligand derived from the natural amino acid r-methionine
towards Cu' ions, afforded a new microporous bioMOF featur-
ing narrow square-shaped channels decorated with thioalkyl
chains.”® The bioMOF of formula {Cuj[(S,S)-methox],}-5H,0
(CusMet) showed lower maximum loading capacity than CueCa-
Met (280 mg per g of bioMOF), but much better kinetic profile
as well as efficiency. The moderate loading capacity of CusMet
is due to its narrower pores and overall lower porosity. On the
contrary, when mercury uptake kinetics of Cus;Met was inves-
tigated, an outstanding decrease of HgCl, concentration from
10 ppm to below 2 ppb was achieved in 15 min, thus revealing
an exceptional removal behaviour and affording values within
the permissible limits in drinking water.®*

In Cu,Met, as in CugCaMet, the affinity binding was ensured
by resemblance with MR enzyme, whereas selectivity and
kinetics were controlled by the size and shape of the pores.

In the light of such promising results on mercury deconta-
mination, we could say that oxamidato-based bioMOFs repre-
sent firm candidates for water remediation technologies.
However, MOFs powders present some inherent drawbacks,
such as difficult handling or losses/leakages of fine powders,
when searching for industrial uses. Thus, with the purpose of
going one step forward, we explored the mercury decontamina-
tion performance of CusCaMet and a brand-new bioMOF
(CugCaMecys) (Fig. 4d) as fillers into mixed-matrix membranes
(MMMs) in batch conditions (see Section 4 for further details),
and eventually, into a device designed for decontamination in
dynamic flux.”” Since thioalkyl arms decorating the pores of the
bioMOF have shown essential for providing the sulphur bind-
ing sites to anchor mercury species, we chose CugCaMet and
tested a new bioMOF derived from the amino acid S-methyl-r-
cysteine with formula {Ca"Cug[(S,S)-Mecysmox];(OH),(H,O)}-
16H,0 (CugCaMecys), (where Mecysmox = bis[(S-)methylcystei-
nejoxalyl diamide). Both CusCaMet and CugCaMecys are iso-
reticular and their flexible thioalkyl arms point inwards the
hexagonal channels, being the only difference between them
the empty space in the voids. Ethylthiomethyl groups in
CugCaMet are bulkier than methythiomethyl ones in CueCa-
Mecys, showing the last a higher porosity. Mercury uptake
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capacity of CusCaMecys was assessed showing capability to
reduce the Hg>* concentration from 10 ppm to 4.6 ppb, close
enough to acceptable limits for drinking water, in 4 h. Being
then proved both CugCaMet and CugCaMecys as effective
adsorbents, two MMMs using Matrimid5218 as polymer matrix
were prepared, matrimid@CusCaMet and matrimid@CueCa-
Mecys. The Hg”" removal efficiency of the two MMMs was
studied by both static adsorptions in batch and dynamic
adsorption during permeation, adapting a microfiltration test
cell, thus recirculating the contaminated solutions through the
bioMOF-MMMs via a peristaltic pump. From all the results
shed in this work, here we highlight those achieved in the more
challenging conditions: very low concentrated solutions of Hg>"
prepared with oligo mineral water, which contain other metal
cations - that may interfere adsorption process - in higher
concentration than mercury. Thus, in static conditions, Hg>*
concentration dropped from 370 ppb to 1.85 and 1.20 ppb, after
72 h, with matrimid@CusCaMet and matrimid@CusCaMecys,
respectively. In dynamic conditions, Hg>" concentration
decreased from 330 to 1.78 and 1.26 ppb, after 48 h, with
matrimid@CusCaMet and matrimid@CusCaMecys, respec-
tively. Achievements in this work were two-folded: (i) a novel
device consisting of the recirculation and microfiltration of
contaminated water through the bioMOF-MMMs was devel-
oped and it satisfactorily performed and, (ii) in both static
and dynamic decontamination regimes, achieved Hg*" concen-
trations were below limits for drinking water established by the
U.S. Environmental Protection Agency (EPA, <2 ppb).

3.1.2. Lead. Lead is a very harmful metal that has been
widely used, leading to significant environmental pollution and
health issues in many regions around the globe. Specially, the
main source of lead-contamination is the corrosion of house-
hold plumbing systems, e.g. Flint water crisis.”® Lead is a
cumulative toxin - considered also of the top ten chemicals
of major public health concern-, that impacts various body
systems, including the nervous, blood, digestive, cardiovascu-
lar, and renal systems.®" The maximum contaminant level goal,
established by the United States Environmental Protection
Agency (EPA) is 0 pg L™".°> However, this result is not viable
with existing technologies — benchmark phosphate dosage only
is able to reach 15 pg L. Thus, so far, the maximum allowed
levels for lead, established by the EPA and the U.S. Food and
Drug Administration (FDA), are 10 and 5 pg L™" (for bottled
water), respectively.

Capacity of MOFs for Pb>" capture has been investigated and
some MOFs have performed quite well. However, the minimum
Pb>* levels reached are above the accepted limits for drinking
water. Having our family of bioMOFs demonstrated such good
mercury removal capacity, based on Coordination Chemistry
basic principles, we proposed them for lead decontamination.
In this work,”® we targeted Pb*" uptake by using a MTV-
bioMOF, which is derived from the two amino acids -
methionine and r-methyl-cysteine, since both bear thioether
residues and, therefore, sulphur atoms which show great
affinity for Pb*". The MTV-bioMOF of formula {Ca"Cug[(S,S)
methox]; 5[(S,S)-Mecysmox]; 5(OH),(H,0)}-38H,0 (CugCaMet/Mecys)
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is isoreticular to the aforementioned family (Fig. 4). Thus, CusCa-
Met/Mecys features hexagonal functional channels. But, in
this case, decorated with two types of thioether groups, being
either -CH,CH,SCH; or -CH,CH; (methionine and methyl-
cysteine, respectively), pointing toward the accessible void
spaces and creating a favourable and confined space to trap
Pb** species.

The removal behaviour of MTV-bioMOF CusCaMet/Mecys, in the
shape of polycrystalline sample (50 mg) was evaluated towards an
aqueous solution of Pb(NO;), (1 ppm). We found that CusCaMet/
Mecys could drastically reduce Pb>" concentration to less than 5 ppb,
sufficiently close to acceptable limits for drinking bottled water.
Remarkably, not only robustness of CusCaMet/Mecys was proven
after the capture experiments, but also Pb®>" uptake could be
followed and unambiguously unveiled by SCXRD. The crystal struc-
ture of Pb@CusCaMet/Mecys confirmed that lead ions are trapped
inside the pores of CugCaMet/Mecys stabilised by S---Pb*" linkage.
An auxiliary interaction of Pb** with oxygen atoms belonging to
oxamidato ligands from the MTV-bioMOF was also revealed, likely
contributing to stabilising the metal ions in the confined spaces.”®**

3.2. Oxamidato-based bioMOFs for organic contaminants
removal
3.2.1. Organic dyes. Dyes are mainly used to colour fabrics

and other materials, such as leather, fur, hair, waxes, and
plastics. Specially, textile industry consumes more than 10000
tons of dyes, and the washing processes of textiles generate a
large volume of liquid waste that contains dyes and pigments.®*
Unfortunately, the entire dying process releases dye-containing
effluents, which eventually, end up at remote areas through
contaminated streams and oceans. This is especially alarming
since the emissions all over the world are found increasing at a
rapid rate.”> Contamination of aquatic ecosystems with organic
dyes represents a severe environmental problem, having a
negative impact on the quality of aquatic ecosystems, inhibiting
plants and algae photoactivity and representing a health threat
for fish and human, as a consequence of their teratogenic,
mutagenic and carcinogenic character.”®

Having shown oxamidato-based bioMOFs great capabilities
for heavy metals capture and having in consideration the
different functionalities decorating the pores that this family
of bioMOFs has, we logically aimed at testing them towards the
capture of organic nature contaminants, starting with organic
dyes. Crystallographic evidence shown so far on the effective
interactions between the amino acid residues decorating the
pores of our bioMOFs’ family and contaminants, led us to think
that these could also play a key role in the capture of dyes.
Therefore, we set two main objectives: achieve the selective
capture of dyes from water and solve the crystal structure of
bioMOFs containing dyes. So, information on the effective
host-guest interactions could be drawn enabling the rationali-
sation and design of bioMOF structures with optimal removal
behaviour, especially at relevant very low concentration (parts
per million levels).

In our first related work,”® we targeted the adsorption of four
well known organic dyes Pyronin A (PY), Auramine O (AO),

This journal is © The Royal Society of Chemistry 2024
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Brilliant Green (BG) and Methylene Blue (MB). As sorbent, we used
an oxamidato-bioMOF derived from the ligand r-serine (Fig. 4f)
with formula {Ca"Cug][(S,S)-serimox];(OH),(H,0)}-39H,0 (CugCa-
Ser) (where serimox = bis[(S-)serineJoxalyl diamide).”® CugCaSer
displays the typical honeycomb six-connected 3D calcium(i)-cop-
per(n) network of this family, and features highly hydrophilic
hexagonal channels (pore size of ca. 0.9 nm) decorated with
hydroxyl groups from r-serine. CusCaSer performed quite well
towards the capture of dyes, achieving maximum uploads of
772.8, 575.7, 1269.7 and 739.8 mg per g for PY, AO, BG and MB,
respectively. Aiming at the potential applicability of CugCaSer and
following similar strategy described above, we also prepared pellets
of CugCaSer combined with the polymer Matrimid5218 (matri-
mid@CugCaSer). These pellets (50 mg) were immersed in a
solution containing the four dyes in a concentration like that
found in real industrial wastewater (10 ppm each dye) and
prepared with mineral water-containing ions naturally present in
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Fig. 7 Comparative evolution with time of the UV-Vis absorption spectra
of a multidye aqueous solution containing 10 ppm of Auramine O, Brilliant
green, Methylene blue and Pyronin Y in the presence of bioMOF CugCaSer
(a) and CueSrMet (b). Blue: t = 0; red: t = 1 min; yellow: t = 5 min; orange
t = 30 min; light blue t = 360 min; green: t = 720 min. The photographs
show the colours of the solutions at the beginning (left) and after only one
minute of exposure of the multidye solution with the corresponding
bioMOF (right). This figure is adapted with permission from ref. 79 and
80, copyright ACS and Wiley & Sons 2018.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Feature Article

water. Remarkably, matrimid@CugsCaSer adsorbed the four dyes
in a quite fast and very effective manner, thus removing almost
completely the dyes from the solution (86.1-91.7%) in 6 h (Fig. 7a).
Moreover, the high crystallinity of CueCaSer allowed to
resolve the crystal structure of the host-guest aggregates, here-
after named PY@CugCaSer, AO@CusCaSer (Fig. 8), BG@Cus.
CaSer and MB@CugCaSer and revealed valuable information
(Fig. 8). Firstly, all four bioMOF structures were maintained
after the dye insertion, which demonstrates the stability and
robustness of oxamidato-based bioMOFs. Secondly, the main
interactions governing the dye anchoring were similar for all
four dyes and consisted of H-bonds or weak C-H-:--O interac-
tions mediated by the arms of the serine derivative. Thirdly,
while in PY@CugCaSer and AO@CugCaSer prevailed interactions
of dye molecules directly with the net of CugCaSer, in BG@Cus,.
CaSer and MB@CugCaSer the lattice water molecules confined
in the pores were non-innocent participants, and also contrib-
uted to the stabilisation of BG and MB. With this work, we not
only demonstrated the decontamination power of the family of
oxamidato-bioMOFs, but also got unprecedented snapshots of
the real host-guest interactions that govern the dye uptake.
Despite the good performance of CugCaSer towards dye
removal, we still wanted to further explore the potential of other
members of our family of bioMOFs. At this respect, along the
course of our investigations, we have found that sulphur atoms
play a key role in several recognition processes through supramo-
lecular interactions. Among these, we inferred that sulphur c-hole
interactions may have a prominent role in the capture of organic
molecules, such as dyes.* Thus, we prepared a new bioMOF,
isostructural to CusCaMet, but containing Sr(u) instead of Ca(u)
acting as the nodes in the uninodal acs chiral net, with formula
{sr'"Cug][(S,S)-methox];(OH),(H,0)}- 16H,0% (CusSrMet).
Maximum loading capacity of CusSrMet was tested towards
dyes PY, AO, BG and MB, founding uptakes of 542.6, 598.9, 786.8
and 554.0 mg per g, respectively. These are lower than those
reported for CugCaSer (L-serine derivative bioMOF), probably due
to the lower pore size that CusSrMet displays. Later, like in
previous works, we tested the kinetics of CusStMet in the shape
of extruded pellets (Matrimid5218). A solution containing the

Fig. 8 Top (a) and side (b) views of a fragment of a single channel of
bioMOF CugCaSer encapsulating capture Auramine O molecules. The
networks are depicted as grey sticks whereas the guest organic dye is
represented as spheres and yellow surface.
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four dyes PY, AO, BG and MB in 10 ppm concentration was
prepared (Fig. 7b). As a novelty, we used real water from Turia
river (Valencia, Spain) to prepare the dye-contaminated solu-
tions, aiming at reproducing more realistic conditions. The
obtained kinetic profile evidenced the efficient and fast adsorp-
tion of all four dyes, reaching almost 100% of removal after only
1 min. This contrasts with the serine-based bioMOF, which
needed more than 6 h to reach the same capture efficiency. In
addition, we were also able to resolve the crystal structure of
CueSrMet containing the different dyes trapped in the pores,
hereafter named PY@CugSrMet, AO@CusSrMet, BG@CugSrMet
and MB@CueSrMet. This allowed the atomically-precise visuali-
sation of the main host-guest interactions, likely at the origin of
the efficient capture of pollutant dyes. So, the main host-guest
interactions were assured by sulphur atoms, directly interacting
either with Cl~ anions in PY@CugSrMet, AO@CugSrMet and
MB@CusStMet or with aromatic rings via the low-lying o*
orbitals of the C-S bond (c-hole interaction).®

3.2.2. Pesticides. The contribution of pesticides to boost
global agricultural output is substantial. However, improper
use has posed harmful environmental impacts. A large portion
of pesticides — or their metabolites when degraded by the
ecosystem - seeps into groundwater or flows into surface waters
through runoff, threatening the whole ecosystem and, even-
tually, water supplies and human health.”” Among them,
neonicotinoids®® (NEOs) are a widely used type of insecticides
that spread easily due to their moderate solubility in water. In
fact, The European Environment Agency (EEA) claimed that
imidacloprid was one of the pesticides found exceeding the
quality threshold at 25% of the water monitoring sites.”® There-
fore, monitoring and eliminating pesticides from water sources
is a critical global priority.

Aiming at proposing oxamidato-bioMOFs as an alternative
to more traditional materials used for pesticides removal, in a
recent work, we tested their great host-guest capabilities shown
so far toward the adsorption of different NEOs. Among the
bioMOFs explored, specially three of them, CusCaMet and
CugCaMecys and a novel MTV-bioMOF with formula {Sr"'Cuf
[(S,S)-methox]; 5[(S,S)-mecysmox]; 5(OH),(H,0)}-36H,O (CugSr-
Met/Mecys),*" showed great removal performance of imidaclo-
prid, thiamethoxam, clothianidin, acetamiprid and thiacloprid.

Initially, the efficiency on the NEOs capture was evaluated
toward aqueous solutions containing the five NEOs at different
relevant concentrations. For the evaluation, solid phase extrac-
tion (SPE) devices were prepared by packing 25 mg of the
corresponding bioMOF into empty propylene cartridges (1 mL
volume). Thus, the contaminated solutions were percolated
through them and the corresponding analyses carried out.
Overall, CusCaMet, CugCaMecys and CusSrMet/Mecys captured
very efficiently thiacloprid and acetamiprid and, moderately
well, clothianidin, imidacloprid and thiamethoxam. Interest-
ingly, CuesSrMet/Mecys showed the best performance even at
very low concentration (0.1 mg L"), achieving removal values
of 71 (thiamethoxam), 86 (clothianidin), 86 (imidacloprid),
100 (thiacloprid) and 99% (acetamiprid). CugCaMet and CugsCa-
Mecys showed more modest uptake of clothianidin,
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imidacloprid and thiamethoxam, but outstanding uptake of
thiacloprid and acetamiprid, achieving removal values of 95,
93% (CugCaMet) and 91, 96% (CugCaMecys), respectively.

Then, we wanted to further prove our materials at more
realistic conditions, using complex matrices, looking for real-
world applications. In so doing, capture experiments were
performed with real water samples taken from the Turia River
(Valencia, Spain) - with possible competing species-, which
were spiked at 5 mg L™" with each of the five NEOs. Excellent
removal efficiencies were found, especially for acetamiprid and
thiacloprid, achieving values of 96, 99% (CusCaMet), 77, 95%
(CugCaMecys) and 100% (CueSrMet/Mecys), respectively. For
clothianidin, imidacloprid and thiamethoxam, efficiencies of
21-45% (CugCaMet), 34-42% (CugCaMecys) and 58-78%
(CugSrMet/Mecys) were found. The reusability of the bioMOF-
containing cartridges was also assessed and it could be
observed that, at least for 10 cycles, the three bioMOFs main-
tained the efficiency of the removal of the five NEOs.*!

Crystallographic data of MTV-bioMOF CusSrMet/Mecys con-
taining acetamiprid (Fig. 9) and thiacloprid revealed that
both guest molecules are encapsulated in the nanopores and
simultaneously recognised by the thioether arms of the methyl-
cysteine and methionine residues (Fig. 9b), being the most
relevant stabilising forces the ones assured by the sulphur
atoms interacting with nitrile groups or with Cl atoms as
electron donors (Fig. 9b). The simultaneous contribution of
both type of amino acid residues — with similar functionalisa-
tion but different electron density - seems to optimise the
accommodation of guests inside the channels of bioMOF versus
those bioMOFs derived from single methionine or single
methyl-cysteine (CusCaMet and CugCaMecys).

3.2.3. Antibiotics. Antibiotics are a class of pharmaceutical
drugs widely used to prevent and treat bacterial infections.
Even though their development has been key to the existing
wellbeing in societies, their excessive and improper use has
created a significant risk to both the balance of ecosystems and
human health, contributing to the emergence of antibiotic
resistance genes (ARGs).'°® Antibiotics are commonly found
in surface waters across the globe, and are frequently detected
in rivers, lakes, oceans, and even in drinking water. Despite the
magnitude of this problematic, there is a lack of specific water
decontamination protocols for the elimination of antibiotics at
sewage plants. Among the technologies investigated so far,
traditional porous solids have been exploratory considered
(i.e. activated carbon and zeolites). Thus, based on the reported
successful decontamination performance of the family of
oxamidato-bioMOFs and on the work developed by us, where
they were used for extraction, detection and quantification of
vitamins,'*" we proposed our materials for the efficient removal
of antibiotics from water. Noteworthy, previously, scarce exam-
ples of MOFs with this purpose could be found in the literature.
Besides, no MTV-MOFs performing towards antibiotic capture
had been published so far.

In this publication, we described the antibiotic removal
behaviour of the already reported CugSrMet (derived from
t-methionine), and novel isostructural bioMOF derived from

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 (a) Perspective view, in the ab plane, of the porous structure of
bioMOF CueSrMet/Mecys with acetamiprid molecules embedded. (b)
Detailed view of the captured acetamiprid molecules emphasising the
host—guest interactions with thioether groups from t-methionine and S-
methyl-L-cysteine amino acids. Guest molecules are represented as green
solid surfaces for the sake of clarity. This figure is adapted with permission
from ref. 81, copyright ACS 2021.

L-serine (CugSrSer) and isostructural MTV-bioMOF (CusSrMet/Ser)
containing 50% of thioether and 50% alcohol residues from
L-methionine and vr-serine (Fig. 4h), respectively, whose chemical
formulas are {Sr"Cug|[(S,S)-serimox];(OH),(H,0)}-38H,0 (CugStSer)
and  {Sr"Cug[(S,5)-methox], 5[(S,S)-serimox], 5(OH),(H,0)}-12H,0
(CugSrMet/Ser).®> These bioMOFs, in the shape of SPE sorbents
(vide supra), were tested toward four widely used antibiotics
ciprofloxacin, amoxicillin, clindamycin (Fig. 10) and ceftriaxone,
each one belonging to a different representative family.*>

The capture experiments were performed using environmen-
tal matrices, such as real water samples from Albufera natural
park (Valencia, Spain) and a sewage treatment plant (Paterna,
Spain), which were further spiked using mixtures of the four
antibiotics at two concentrations (5 and 25 mg L™ "). Overall, the
three materials showed very high removal efficiency (ca. 100%)
for all four antibiotics in both concentrations and in a single
loading step. This represented an astounding result - considering
that adsorption process took place in 30 s and that we were using
environmental matrices-, and positioned CugStMet, CugSrSer and
CugSrMet/Ser among the best-performing materials. The differ-
ence in the performance of CusSrMet, CueSrSer and CugStMet/Ser
lies on their reusability. Whilst CusSrMet and CueSrSer presented
a very limited reusability, the MTV-bioMOF CueSrMet/Ser showed
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Fig. 10 (a) Details of crystal structure of bioMOF CueSrMet/Ser with
clindamycin molecules embedded underlining the interactions involving
hydroxyl groups of serine moieties and chlorine and sulphur atoms of
guest molecules in the cooperative network of host—guest interactions. (b)
Details of crystal structure of the same host—guest aggregate underlining
the interactions involving sulphur atom of methionine moieties and oxy-
gen atoms of guest molecules. This figure is adapted with permission from
ref. 82, copyright ACS 2023.

an impressive removal efficiency of 99% after 15 cycles. Remark-
ably, CusSrMet/Ser started outperforming activated carbon
(benchmark material) after the 10th reuse (Table 2).** Last but
not least, SCXRD afforded unique insights about the host-guest
interactions governing the capture processes by means of the
resolution of the host-guest adsorbate with clindamycin mole-
cules hosted in the channels of CusStMet/Ser (Fig. 10).

3.3. Simultaneous removal of inorganic and organic
contaminants

Up to this point, our results have validated the synthetic
strategy that we follow. We have demonstrated that we can
elegantly tailor the pore functionalisation, through the some-
how wise choice of the starting amino acid, depending on the
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final application that we are pursuing. For example, CusCaMet
exhibited great performance toward Hg”* capture, thanks to the
well-known affinity that sulphur atoms from the methionine
residue show by soft metals. Following the same rationale,
CugCaSer achieved great success on dye removal thanks to the
hydroxyl groups that serine amino acid display, which stab-
lished powerful interactions with the dyes. Bearing this in
mind, and with the final goal of achieving porous materials
with optimal dual decontamination performance, we prepared
the MTV-bioMOF of formula, {Ca"Cug[(S,S)-methox]; 5[(S,S)-
serimox]; 5(OH),(H,0)}-30H,0%* (CusCaMet/Ser, Fig. 11a), to
target the simultaneous uptake of both organic and inorganic
contaminants from water.

Firstly, removal performances toward organic dyes and
metal cations were assessed separately. Therefore, an aqueous
multidye solution containing the four dyes PY, AO, BG and MB
(10 ppm each dye) was prepared and CugCaMet/Ser (50 mg) was
soaked in the shape of polycrystalline sample. The adsorption
of all four dyes occurred in a very rapid manner; after 15 min
92.0 (PY), 92.1 (AO), 96.0 (BG) and 90.6% (MB) removal effi-
ciency was achieved. These findings were particularly signifi-
cant considering that such cleaning efficiency was achieved at
very low concentration - similar to that found in real industrial
wastewater. Later, the efficiency and selectivity of CusCaMet/
Ser toward the removal of toxic soft heavy metals was examined.
Hence, polycrystalline sample of CugCaMet/Ser (50 mg) was
immersed in an aqueous solution containing Hg(NO3),,
Pb(NO;), and TINO; (1 ppm each metal ion) where other salts
were also added (NaNO;, KNO;, Mg(NO;),, Ca(NO3),, Ni(NO3),
and Cu(NO,),). After 2 h, concentrations of 7 (Hg>"), 65 (Pb>")
and 365 ppb (TI"), were found, whilst concentrations of the rest
of metal cations remained 1 ppm, thus confirming the high
removal efficiency and selectivity of CusCaMet/Ser. Remark-
ably, all these results achieved by CugCaMet/Ser (dyes and
heavy metal removal), improved those already reported by
CugCaMet and CugCaSer (vide supra) - taking into account that
CugCaMet/Ser only bears 50% hydroxyl groups and 50%
thioether groups. The reason behind such improvement could
be the cooperative manner in which both alcohol and thioether
arms work. Therefore, despite hydroxyl groups were reported to
stablish the more stabilising interactions with dyes, also
thioether arms have shown good performance and are playing
a role in the dye immobilisation. Besides, likely, despite sul-
phur atoms from thioether arms showed optimal affinity
towards heavy metal ions, interactions with the oxygen atoms
from hydroxyl group are non-negligible.

Table 2 Comparative efficiency and reuses for bioMOFs CugSrMet,
CugSrSer and CugSrMet/Ser and activated carbon

Reuses CusSrMet  CugSrSer  CugSrMet/Ser  Activated carbon
1st 100.0 91.6 98.9 97.9

3rd 84.1 55.7 99.6 99.1

5th 45.2 38.3 99.7 99.4

7th 25.4 42.3 100.0 100.0

10th 31.1 33.6 99.5 93.1

15th 28.0 32.5 99.0 93.0
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Fig. 11 (a) Details of crystal structure of MTV-bioMOF CugsCaMet/Mecys
after the simultaneous capture of HgCl2 and methylene blue. Mercury and
chlorine atoms are represented by magenta and green spheres, respec-
tively, whereas methylene blue molecules are represented as blue
surfaces. (b) Maximum recovery (after 6 h) of both inorganic and organic
contaminants. This figure is adapted with permission from ref. 83, copy-
right ACS 2019.
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Secondly, after such promising individual results, CusCa-
Met/Ser was tested toward the simultaneous removal of both
type of contaminants. To this end, aqueous solutions contain-
ing 1 ppm of Hg(NO3),, Pb(NO3), and TINOz;, NaNO;, KNO3,
Mg(NO;),, Ca(NO;),, Ni(NO;), and Cu(NOj3), and 10 ppm of PY,
AO, BG and MB were prepared. Then, 50 mg of CugCaMet/Ser
were soaked in the solution under stirring. Analysis of the
results revealed and excellent removal performance (Fig. 11b).
Moreover, the removal efficiencies were slightly enhanced in
comparison with the individual experiments, especially those
of metal ions. In the case of dyes removal, after 15 min
90.1 (PY), 96.3 (AO), 92.3 (BG) and 92.3% (MB) uptake was
achieved. The metal ion concentrations after 2 h were 6.0
(Hg*"), 4.9 (Pb®") and 123 ppb (TI"). In order to be completely
sure than CugCaMet/Ser performed better than the corres-
ponding monovariated-bioMOFs CugCaMet and CugCaSer, the
above mentioned experiments were also run for a physical
mixture of CugCaMet (25 mg) and CueCaSer (25 mg). We
observed that this showed an approximately 15 and 20% worse
efficiency for the removal of inorganic and organic contami-
nants, respectively.

Secondly, after such promising individual results, CugsCa-
Met/Ser was tested toward the simultaneous removal of both

This journal is © The Royal Society of Chemistry 2024
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type of contaminants. To this end, aqueous solutions containing
1 ppm of Hg(NO;),, Pb(NO;3), and TINO;, NaNOs;, KNOj,
Mg(NOs),, Ca(NOs),, Ni(NO;), and Cu(NO3), and 10 ppm of
PY, AO, BG and MB were prepared. Then, 50 mg of CusCaMet/
Ser were soaked in the solution under stirring. Analysis of the
results revealed and excellent removal performance (Fig. 11b).
Moreover, the removal efficiencies were slightly enhanced in
comparison with the individual experiments, especially those of
metal ions. In the case of dyes removal, after 15 min 90.1 (PY),
96.3 (AO), 92.3 (BG) and 92.3% (MB) uptake was achieved. The
metal ion concentrations after 2 h were 6.0 (Hg>"), 4.9 (Pb**) and
123 ppb (TI"). In order to be completely sure than CugCaMet/Ser
performed better than the corresponding monovariated-
bioMOFs CugsCaMet and CugCaSer, the above mentioned experi-
ments were also run for a physical mixture of CusCaMet (25 mg)
and CugCaSer (25 mg). We observed that this showed an
approximately 15 and 20% worse efficiency for the removal of
inorganic and organic contaminants, respectively.

Finally, with the aim to unlock the snapshots of the dual
capture process, we underwent the dual capture process into
single crystals of CugCaMet/Ser. This MTV-bioMOF revealed
robust enough to stand the loading conditions, and the struc-
tural elucidation through SCXRD afforded unprecedented
insight. To the best of our knowledge, this was the first crystal
structure of an adsorbate with guests of different nature con-
fined together within functional pores. Best quality crystals for
resolution were those of (MB)-HgCL,@CugCaMet/Ser, isomorph
of CugCaMet/Ser confirming the preservation of the 3D network
of the hosting matrix after capture. The crystal structure revealed
HgCl, molecules hosted in the hexagonal pores of CusCaMet/
Ser, recognised by the thioether arms of the methionine residues
and stabilised by S---Hg interactions. MB molecules where also
trap in the hexagonal pores sharing space with HgCl,, being
packed via hydrogen bond interactions with both serine arms
and other dye molecules. Interestingly, interactions between
organic and inorganic pollutants were also found. These last
may explain the improved results of the simultaneous contami-
nant capture in comparison with individual uptake experiments.

4. Processing of oxamidato-based
bioMOFs

In light of all these results, the great efficiency, versatility, and
selectivity of oxamidato-based bioMOFs, derived from amino
acids, in capturing a wide range of organic and inorganic
contaminants is clearly evident and reflects the great potential
of this family of bioMOFs in water remediation. However, it is
clear that further efforts are required in order to facilitate their
application in real-world environments. In particular, proces-
sing oxamidato-based bioMOFs is crucial in order to shape the
polycrystalline powders - obtained in chemical synthesis - into
composites that could be, tentatively, incorporated in scalable
capture devices.

In this sense, processing polycrystalline powders into
composites, with appropriate mechanical properties and
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maintaining the reported capture properties, that can be effec-
tively used as filters for an efficient decontamination in a
continuous flow constitutes a clear step forward in the field.
This strategy has been successfully started to be explored with
oxamidato-based bioMOFs, with the preparation of bioMOF-
based mixed matrix membranes (MMMs-bioMOFs) (Fig. 12)””
for the removal of HgCl, in batch and dynamic conditions (see
Section 3.1.1).

For example, we have anticipated, in Section 3, that bio-
MOFs derived from amino acids t-methionine and S-methyl-t-
cysteine, CugsCaMet and CugCaMecys — whose polycrystalline
powders had exhibited extraordinary HgCl, capture properties
(see Section 3) - could be also successfully integrated within
porous organic polymers, yielding a type of hybrid material, so-
called bioMOF-based mixed matrix membranes (MMM-
bioMOFs) (Fig. 12).”” Both MMM-bioMOFs exhibited, as their
ancestor polycrystalline samples, high efficiency and selectivity
in the removal of Hg>" from contaminated aqueous solutions
reaching a Hg>* concentration below 2 ppb, which is within the
acceptable limits for drinking water. This capture was not only
carried out in a static regime but also in a continuous regime
were contaminated solutions passed through membranes in a
continuous manner. Thus, MMM-bioMOFs could be even incor-
porated within a lab-scale capture device (Scheme 2), consisting
in a peristaltic pump capable to recirculate Hg”* contaminated
aqueous solution through the membranes, which exhibited
excellent capture performances for small volumes of water.””

Aiming at developing more hybrid materials with similar
capture properties but enhanced mechanical properties, we

Fig. 12 Optical photographs of MMMs-bioMOFs containing bioMOFs
{Ca"'Cull(s.S)-methox]s(OH),(H,0)}-16H,0 () and  {Ca"Cull(S.9)-
Mecysmox]z(OH),(H,0)}-16H,0 (b). This figure is adapted with permission
from ref. 77, copyright Wiley & Sons 2021.
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Scheme 2 Representation of the capture device for mercury deconta-
mination. This figure is adapted with permission from ref. 77, copyright ACS
2022.

also followed another approach consisting on integrating our
oxamidato-based bioMOFs with single-walled carbon nanotube
buckypapers (bioMOF/SWCNT-BPs) (Fig. 13).”%'°* BPs are
indeed suggested as innovative filtration systems, as an alternative
to MMMs, given their well-known chemical resistance.'®™% In
particular, when combining oxamidato-based bioMOFs CueCa-
Met/Mecys and also another bioMOF derived from amino acid t-
threonine, with formula {Sr"Cuf[(S,S)-threomox];(OH),(H,0)}-
36H,0 (Cu6SrThreo), with SWCNT-BPs, the resulting bioMOF/
SWCNT-BPs exhibited excellent capture performances in Pb**
capture’® and Ce®" recovery,'%” respectively. Overall, these find-
ings serve as a proof-of-concept feasibility study and pave the way
for new approaches in the development and application of
bioMOF-carbon-based materials for recovery and environmental
remediation, and eventually, their integration in water remedia-
tion devices.

400 nm ¥y ;

Fig. 13 Photographs of neat SWCNT-BP (a) and bioMOF@QSWCNT-BP
obtained by integrating CueSrThreo and SWCNT-BP (b) circular mem-
branes own an average diameter of 41 + 1 mm. SEM images of SWCNT-BP
(c) and bioMOF@SWCNT-BP (d). This figure is reproduced with permission
from ref. 78, copyright ACS 2022.
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5. Perspectives for oxamidato-based
bioMOFs in real environments
decontamination

Considering all the points discussed above, the great potential
of oxamidato-based bioMOFs in environmental decontamina-
tion is evident. However, it is true that all experiments have
been conducted at a laboratory scale so far, and a series of
challenges must be overcome for their potential application in
a real-world environment. For instance, it is essential to opti-
mise the syntheses of oxamidato-based bioMOFs in order to
minimise solvent, energy, and human resource consumption,
making these processes economically viable. Additionally, it is
extremely important to scale them up, once optimised, to
produce large quantities of bioMOFs, preferably in a contin-
uous manner. Secondly, oxamidato-based bioMOFs should be
processed at large-scale into membranes, composites or
sponges/foams, which, ultimately, could be used as filters in
efficient and scalable capture devices. Last but not least, the
efforts to design new MOFs must continue, so this bioMOF
family could grow and they could effectively address the
removal of novel emerging contaminants.

5.1. Synthesis optimisation and scale-up of oxamidato-based
bioMOFs

Oxamidato-based bioMOFs are usually prepared following a
three-step synthetic process: (i) preparation of the oxamidato
ligand (Scheme 1a) from the selected amino acids, (ii) prepara-
tion and isolation of respective dicopper(i) complex (Scheme 1b)
and (iii) formation of the target bioMOF (Scheme 1c) by coordi-
nation to a second metal (Ca", St or Ba"). Among them, the
second step is critical and hampers the economic viability of
these materials, as it consumes large amounts of energy, time,
solvents, and human resources. Therefore, it is essential to
optimise this synthesis, preferably by eliminating this second
stage and forming the bioMOFs directly in one-pot from the
ligand. This would not only improve economic viability, but also,
greatly facilitate the scaling-up of these materials.

In this context, it is fair to mention that oxamidato-based
bioMOFs are particularly suitable to be scaled-up, as they
precipitate at room temperature in one-pot syntheses in water
and, in fact, can be easily obtained in a gram-scale, which
contrasts to other methods in MOFs syntheses like solvother-
mal ones. These characteristics suggest that using large-scale
chemical reactors should enable the production of these bio-
MOFs on a large scale. Alternatively, large-scale and continuous
production methods, such as spray drying under continuous
flow, would be interesting to be considered.

5.2. Shaping of oxamidato-based bioMOFs and incorporation
in capture devices

With the ultimate goal of applying these materials in real-world
environments, we have already mentioned in Section 4 that
oxamidato-based bioMOFs must be processed in order to be
used as filters in scalable capture devices and even in large

This journal is © The Royal Society of Chemistry 2024
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water treatment facilities. Indeed, we have previously described
how bioMOFs can be incorporated into MMMs or SWCNT-BPs,
maintaining excellent capture properties. Moreover, these com-
posites can be incorporated on small-scale capture devices
capable to decontaminate small amounts of aqueous solutions
in a continuous flow.

In this context, it would be highly desirable to develop
hybrid materials that incorporate our bioMOFs and could exhibit
mechanical properties that allow them to withstand the flow of
large volumes of contaminated water, while maintaining their
capture capabilities. In this regard, based on a number of
published results, we believe that a new type of composite,
consisting of the combination of bioMOFs with functionalised
cellulose foams, is highly promising. This composite would
combine great mechanical strength and chemical versatility with
the capture properties of both the bioMOFs and the substrate.

5.3. Design of novel examples of oxamidato-based
(MTV)-bioMOFs

As a final remark, despite the high decontamination efficiency
of the oxamidato-based bioMOFs described here, it is necessary
to continue designing novel examples that can effectively
address any emerging contaminants that may arise. In this
regard, we believe that the development of new MTV-bioMOFs
is the most appropriate strategy, not only due to their ability to
simultaneously capture contaminants of diverse nature, but
also to enhance the capture of pollutants with different func-
tional groups.

A very illustrative example of emerging contaminant is
represented by the so-called per- and polyfluoroalkyl sub-
stances (PFAS).'®® These species — ubiquitously present in the
environment - are inefficiently removed by current remediation
technologies, because of their particular physicochemical prop-
erties and the resulting intermolecular interactions that they
can establish as a consequence of their dual hydrophobic/
hydrophilic nature. On this basis, we speculate that the design

Hydrophilic
Residue *‘

Hydrophobic &
Portion of PFAS,
[

&9

Hydrophobic
Residue

Hydrophilic
Portion of PFAS

Fig. 14 Schematic representation of the capture mechanism suggested
for MTV-bioMOFs towards PFAS.
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of a MTV-bioMOF with both hydrophobic/hydrophilic func-
tional groups should be suitable to capture efficiently a wide
range of this type of molecules (Fig. 14).

6. Conclusions

In summary, in this feature article we have provided the reader
with a comprehensive overview of some of the goodness
reported in the recent years in oxamidato-based bioMOFs by
our research group for the removal of contaminants from
water. Great advances have been obtained with this quite novel
family of bioMOFs, but these would be just academic exercises
if we do not think in a global and holistic manner. For this
reason, we have also developed a critical view of some of the
main future steps needed to be addressed to be able to translate
the basic knowledge reported in the highlighted manuscripts to
real-world applications. Based on the presented results, we
would like to reaffirm several distinguishable aspects of the
unique potential of this family of bioMOFs, where besides their
great removal performances, reusability and durability, we
could rationalise most of these results with the beautiful
insight of SCXRD, which is something quite unique even within
MOFs field. This is also accompanied by the environmentally
friendly nature and wide availability of constituting compo-
nents, as well as the simplicity and eco-character of synthetic
procedure, which is something to have in consideration toward
the aimed sustainable development modern societies would
have to face more seriously in the following decades. To sum up
and finish, we would like to take the licence to give the reader
the following message to take home: MTV-bioMOFs have
supposed a sparkling revolution in materials chemistry for
water remediation, oxamidato-based ones are just the simple
vehicle we take advantage to enjoy and explore beyond the
limits of knowledge with the ultimate aim to give back a
substantial benefit to humanity and guarantee the sustainabil-
ity of water ecosystems. But certainly, novel systems are waiting
to be discovered, it is just a matter of time.
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