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Composites based on chitin (CH) biopolymer and metal-organic
framework (MOF) microporous nanoparticles have been devel-
oped as broad-scope pollutant absorbent. Detailed character-
ization of the CH/MOF composites revealed that the MOF
nanoparticles interacted through electrostatic forces with the
CH matrix, inducing compartmentalization of the CH macro-
pores that led to an overall surface area increase in the

Introduction

Water is an essential resource for Earth’s ecosystems considered
at as whole. Any pollution input within the natural water cycle
impacts on the base of the trophic chain in the short term,
reaching in the long term to affect all its scales. The challenge
of the current water remediation lies in the pollution hetero-
geneity, since in addition to heavy metals or oxyanions derived
from natural geologic environments, human activities incorpo-
rate uncountable types of inorganic and organic long-term
persistent chemicals to the water cycle. Today, highly persistent
pollutants such as antibiotics, endocrine disruptors, heavy
metals, nanoparticles, organic dyes, and pesticides can be found

Lanceros-Méndez,“ ¢ Maria I. Arriortua,’”

and Roberto Fernandez de Luis*“

composites. This created a micro-, meso-, and macroporous
structure that efficiently retained pollutants with a broad
spectrum of different chemical natures, charges, and sizes. The
unique prospect of this approach is the combination of the
chemical diversity of MOFs with the simple processability and
biocompatibility of CH that opens application fields beyond
water remediation.

in wastewater streams."™ The wide range of chemical charac-
teristics of these pollutants makes cleaning such a complex
matrix an enormous challenge beyond the capabilities of a
single technology or material. The development of efficient and
broadly applicable water remediation technologies is an urgent
need and must consider the fundamental properties of these
hazardous molecules, such as their size, shape, charge, and
potential binding groups (Figure 1).

Heavy metals, for example, are found as positive, negative,
or neutral aquo-oxo-metal species up to 4.5A in dynamic
diameter. The size, charge, and chemical variety of organic
pollutants is even higher. They range from small, Angstrom-
scale molecules (e.g., drugs, endocrine disruptors, or organic
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Figure 1. Representative examples of organic and inorganic components that can be found in a wastewater stream as well as their possible adsorption by the

developed CH/MOF-808 composites at the micro-, meso-, and macropores.

dyes), to nano- (e.g., nanoparticles) and even micron-scale
pollutants (e.g., enzymes, hormones, proteins, or micro-plastics).
Therefore multi-use water remediation technology must be
able to remove a large variety and size-range of pollutants
(Figure 1).%9

Of the current wastewater treatment technologies, adsorp-
tion has emerged as a green, efficient, selective, and reusable
option.” Many types of different sorbents have been developed
and tested to recover single specific pollutants. Nevertheless,
this “one adsorbent/one pollutant” strategy does not address
the challenge of cleaning real water samples that often contain
multiple pollutants.

To achieve broad-scope sorption the sorbent materials
should comply with at least two requirements. First, it is
necessary to synergistically combine micro-, meso-, and macro-
pores within the sorbent!® Second, functionalization of the
porous scaffold is needed, as this enables to introduce host-
guest interactions to trap neutral, anionic, and cationic
compounds.” Encompassing these characteristics in one sorb-
ent is not straightforward, since well-ordered microporous
materials lack the capacity to trap large molecules, whilst
macro- and mesoporous polymers usually fail to retain small
metal ions."*"

Therefore, in this work we have combined a macro- and
mesoporous chitin (CH)"*"® biopolymer with the MOF-808
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microporous metal-organic framework (MOF)!"%*>'724 sorbent to
create a porous composite with multiple porosities and
chemical functionalities.”®>® CH is the second most abundant
natural polymer.B"3? |t can be easily handled and processed as
macro- and mesoporous gel,**3® which enables its use as
sorbent for macromolecules (e.g., enzymes and proteins).5~”
Nevertheless, CH usually lacks the adsorption affinity for
cationic and anionic inorganic species at the microporous
scale.”” To overcome this challenge, Zr-based MOF-808 nano-
particles have been included as fillers within the CH matrix.***!
MOF-808 has been specifically selected because it exhibits (i) a
wide pore window and high surface area (=22000-1000 m’g™")
that facilitates the pollutant migration into the structure, and
(i) linker defects at the inorganic hexa-nuclear clusters support-
ing the adsorption of negatively charged inorganic oxyanions
and molecules.***! Moreover, MOF-808 nanoparticles function
as a modulator of the CH porosity, leading to a synergistic
effect of the adsorption capacity and affinity of CH/MOF-808
composites in comparison to the average sum of their
individual components.
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Results and Discussion

The synthesis of CH/MOF-808 composites is carried out by a
three-step route, as detailed in the Experimental Section (Fig-
ure S1).  First, MOF-808 nanoparticles are synthesized
solvothermally,***? then they are dispersed in a chitin gel
solution, and finally, the composites are processed by wet
spinning. Three CH/MOF-808 samples were obtained varying
the MOF-808 weight content from 5% (CH 5), 10% (CH 10), to
15% (CH 15). X-ray diffraction (XRD) analyses of the MOF-808
nanoparticles confirm the correlation between the experimental
and calculated patterns obtained from the structural model of
MOF-808 (Figure 2a, b).>>*4

The structural stability of MOF-808 after being incorporated
into the CH biopolymer is confirmed in a first visual inspection
of the CH/MOF-808 patterns (Figure 2a—c).>* The profile match-
ing analysis of CH/MOF-808 XRD data allows semi-quantification
of MOF-808 loading in CH5, CH10, and CH15 composites
(Figure 2¢,d, S2-5).

As shown in the transmission electron microscopy (TEM)
images (Figure S6a,b), the presence of water in the synthesis
media reduces the MOF-808 particle size from the micron- to
the nanoscale (204+4 nm in diameter). No morphological or
particle size changes of MOF-808 nanoparticles are produced
due to their incorporation into the biopolymer (Figure Séc,d).

The morphology and structure of CH/MOF-808 composites
were also studied by scanning electron microscopy (SEM;
Figure S6e-l). CH shows a macroporous structure with average
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pore diameters of 18 £2 um (Figure Sée). The first consequence
of the incorporation of MOF808 nanoparticles is the CH pores
compartmentalization to 7+2 um in CH5 (Figure S6f), 2,3+
1.3 um and 640+£160 nm for CH10 (Figure S6g), and 1.6+
0.7 um and 450+ 140 nm for CH15 (Figure S6h). Compositional
mapping of carbon, oxygen, and zirconium content in CH/MOF-
808 composites (Figure S6i-l) indicates a uniform MOF-808
distribution within the CH structure.

Mercury porosimetry (Figure 3a,b) and room-temperature
CO, adsorption (Figure 3¢,d) measurements were carried out in
order to study the porosity of CH/MOF-808 samples from the
macro- to the microporous regimes.®®*”’ The macropore
compartmentalization directed by the template effect of MOF-
808 nanoparticles increases the total porosity and surface area
of the samples associated to the macro- and mesopores from
34m?g ' in CH to 275 m*g ™" in CH15 (Table S1). In addition to
the enhancement of the porosity associated to the meso- and
macropores, CH/MOF-808 composites also show the micro-
porosity characteristic of MOF-808 nanoparticles (Table 51).5®

In order to gain further insights into the interaction
between the polymeric CH matrix and the MOF nanoparticles,
the CH/MOF-808 composites were studied with different
spectroscopic techniques. Raman spectra for MOF-808, CH, CH
5, CH 10, and CH 15 samples are presented in Figure 3e. In
MOF-808, the characteristic bands are ascribed to the vibra-
tional modes of inorganic Zr—O bonds (644 cm™'). C—H out-of-
plane bending of ring, symmetric stretch (C=C), benzene ring,
symmetric stretching (COO), and asymmetric stretch (COO) of
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Figure 2. (a) Pattern matching analysis of MOF-808. (b) XRD patterns of CH, CH5, CH10, and CH15. (c) Peak fitting of CH15. (d) Quantification of MOF-808

within CHCH/MOF-808 composites were studied also by XRD, TEM, and SEM.
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Figure 3. (a) Cumulative porosity variation determined by mercury porosimetry. (b) Cumulative surface area determined by mercury porosimetry. (c) Raman
spectra, (d) DSC, (e) XPS, and (f) dielectric relaxation spectra of CH, MOF-808, and composite CH5, CH10, and CH15 samples.

trimesate organic linkers have been also identified at 808, 1008,
1370, and 1473 cm™', respectively. Spectra for CH/MOF-808
composites reveal predominantly the adsorption bands related
to the vibrational modes of the CH matrix. Specifically, Amide |
(1630 and 1660 cm™"), Amide Ill (1200-1350 cm™'), C—-O—C and
C-0 stretching vibration region (1200-950 cm™), and B-glyco-
sidic bonds (890 cm™') have been identified as the main Raman
fingerprints of CH. The intensity of the 1008 cm™' adsorption
band in CH/MOF-808 composites is correlated to the degree of

ChemSusChem 2021, 14, 1-11 www.chemsuschem.org

MOF-808 loading. No meaningful wavenumber displacements
or new vibration modes were observed in the Raman signals of
the separate components that form the composites, suggesting
that the blending of MOF-808 and CH is not based on strong
chemical interactions.

The differential scanning calorimetry/thermogravimetric
analysis (DSC-TGA) thermograms of pure CH and CH/MOF-808
composites are illustrated in Figure 3e and S7. The TGA curves
of CH/MOF-808 show the first weight loss at low temperatures
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(RT - 100°C); associated with the release of adsorbed water
molecules. After dehydration, the TGA and DSC curves show a
decrease in the temperature of the CH exothermic transition
from 250 (CH) to 220°C (CH 15). This effect is attributed to a
reduction of the interactions between CH—CH chains (i.e,
increase of the disorder degree) rather than to new chemical
interactions with MOF-808 nanoparticles.”® At higher temper-
atures, the CH exothermic deacetylation process starts around
320°C, which is not altered by the presence of the MOF-808
nanoparticles. The results obtained from X-ray photoelectron
spectroscopy (XPS) confirm the conclusion drawn from Raman
spectroscopy (Figures 3g and S8). The XPS spectra of CH and
CH/MOF-808 composites show the binding energies of CH for
O1s,N1s, and C1s. In the specific case of the CH/MOF-808
samples, additional bands related to the Zr3d;, (182.2 eV) and
Zr3d;, (1829 eV) binding energies have been detected. No
significant displacement of the signals is observed after
comparing the XPS spectra of MOF-808 with the CH/MOF-808
composites, further confirming that there are no strong
interactions between the filler and the polymeric matrix. The
dielectric relaxation spectra for all CH/MOF-808 composites
show a loss factor (tan d) peak between 250-350 kHz (Fig-
ure 3h). The tan d peak shifts to lower frequencies upon the
addition of MOF-808, indicating a slowing-down of the
relaxation dynamics of CH chains. The embedding of MOF-808
within the CH matrix can induce (i)a disorder in the CH
polymeric chains and (ii)) CH chain - MOF-808 electrostatic
interactions, both leading to a decrease the polymer relaxation
dynamics.”

Initial adsorption screening tests have been performed with
CH, MOF-808, and CH/MOF-808 composites over cationic,
anionic, and neutral pollutants with sizes ranging from nano-
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meter to the Angstrom scales. To this end, CH/MOF-808
adsorption efficiency over aqueous solutions of lysozyme (LYS),
gold nanoparticles (AuNP, 50 ppm), polymyxin B (POL-B),
erythrosine (ERY, 50 ppm), methylene blue (MB, 50 ppm), meth-
yl orange (MO, 50 ppm), Cr"' (50 ppm), and As’ (40 ppm) has
been quantified. Figure 4a shows the adsorption efficiency in %
adsorption of CH/MOF-808 composites, CH, and MOF-808
materials. In order to uncover whether the assembly of CH/
MOF-808 composites synergistically combines the individual
MOF-808 and CH components, the experimental adsorption
efficiency values for CH5, CH10, and CH15 have been
compared with those calculated in the plots of Figure 3b-d,
respectively. The calculated adsorption efficiencies have been
obtained from the sum of the weight-average adsorption
capacities of the MOF-808 and CH in CH 5, CH 10, and CH 15
composites. The difference in adsorption % between the
calculated and experimental values of CH/MOF-808 composites
is defined by the Equation (1):

ASE = (SE—”—SOS) - [(SEMOF—BOS)WP

[«
MOF

M
+(SE)(100 — WP)]

where ASE is the difference in adsorption capacity [%], WP is
the weight percentage of MOF-808 on CH/MOF-808 samples,
and (SEcymor—s0s) and (SEcy) are the experimental sorption
capacities of separate MOF-808 and CH components. The
discussion of the results derived from the adsorption tests will
be performed in the following order: metal oxyanions, organic
dyes, large molecules, and nanoparticles.

Regarding their chemical properties, inorganic cations and
oxyanions are the smallest pollutant species, and their
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Figure 4. (a) Removal efficiency of CH, CH5, CH10, and CH15 for As’ (40 ppm), Cr(VI) (50 ppm), erythrosine (ERY, 100 ppm), methyl orange (MO, 30 ppm),
methylene blue (MB, 100 ppm), polymyxin B (POL-B, 100 ppm), gold nanoparticles (AuNP, 12.5 ppm), and lysozyme (LYS, 5000 ppm). Comparison between
experimental (light columns) and calculated (dark columns) adsorption efficiencies for (b) CH5, (c) CH10, and (d) CH15 CH/MOF-808 composites.
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adsorption is highly dependent on the presence of attractive
charged groups in the adsorbent structure.®’ As demon-
strated by previous research,"***¥ MOF-808 shows an As'
removal capacity of near 99% for As' 40 ppm solution
(Figures 4a and S9), while CH exhibits a much lower perform-
ance (i.e, 20%). CH/MOF-808 composites show intermediate
efficiencies, highly dependent on the MOF-808 content. When
comparing experimental and calculated adsorption efficiencies,
CH/MOF-808 composites outperform the averaged sum of the
capacities of CH and MOF-808 components (Figure 4b-d).

The immobilization of hexavalent chromium anions in MOF-
808,“7%% CH/MOF-808 composites, and CH matrixes is governed
by two factors: (i) adsorption at the CH/MOF-808 structure,’*>"
and (i) reduction from Cr* to Cr" due to the electron donor
groups of CH matrix."*® MOF-808 nanoparticles have a near
100% capacity for the removal of Cr"' species from water; whilst
CH and CH/MOF-808 show just a 40% removal. Contrary to the
expected tendency, the CH/MOF-808 composites do not show
an increase of the chromate anions removal in comparison to
CH matrix. In order to gain further insights chromium speciation
after operation was studied by means of UV/Vis and electron
paramagnetic resonance (EPR) spectroscopies. As revealed by
UV/Vis and EPR studies (Figures S10-12), MOF-808 immobilizes
chromium mainly as hexavalent chromate and also as highly
reactive and hazardous pentavalent chromium (Figure S12a,b).
Although CH is less efficient in adsorbing Cr", it is highly
effective in immobilizing it as trivalent chromium (Fig-
ure S12¢,d). Similar Cr'-to-Cr" reduction capacity is found for
CH/MOF-808 composites. It seems that the Cr'-to-Cr" reduction
in CH composites is the process that governs the final chromate
removal capacity of the system, prevailing over, or even
blocking, the Cr'" adsorption process on the MOF-808 nano-
particles. Even though CH and CH/MOF-808 composites are less
efficient than MOF-808, and lower than the expected average
sum of their capacities (Figure 4b-d), they immobilize the
chromium in its less toxic, reactive, and mobile trivalent ion
form.

Further, the possibility of removing larger organic molecules
was also evaluated for CH/MOF-808 composites. Several organic
dyes were first selected with shapes and average dimensions
suitable matching MOF’s pores” but also having charged
groups prone to interact with the CH and CH/MOF-808 surface
(Figure 1).°® A screening of the CH/MOF-808 adsorption over
cationic MB, anionic ERY, and MO dye molecules was carried
out (Figure 4). For MO, CH shows higher adsorption capacity
(100%) than MOF-808 (50%), and the performance of the CH/
MOF-808 composites simply averaged the performances of the
individual materials. (Figure 4b-d). Surprisingly, the results
obtained for cationic and anionic MB and ERY indicate that CH/
MOF-808 composites adsorb them more efficiently than the
corresponding MOF-808 or CH components (Figure 4b—d). Two
factors could explain this synergetic effect that leads to
enhances adsorption of CH/MOF-808 composites: (i) the in-
crease of the active total porosity due to the compartmentaliza-
tion of the CH macropores into mesopores (i.e., the increase of
available surface area), and (ii) the role of the CH/MOF-808
interface.
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Further, the behavior of CH/MOF-808 was investigated with
respect to the adsorption of larger molecules able to enter the
meso- and macroporous structure of CH, but not into the pore
system of the MOF-808 nanoparticles. It is worth noting that
even if the pore window of the MOF-808 nanoparticles impedes
the access of bulky macromolecules within its structure, their
outer surface also represents an important adsorption region,
since under-coordinated inorganic clusters and organic linkers
can act also as interacting points for adsorbates. This is in fact
observed for the absorption of POL-B.*? Nearly 60% of POL-B
molecules are retained at the surface of MOF-808 nanoparticles;
a capacity slightly higher than the one observed for the CH
macroporous matrix (58%) (Figure 4a). Again, CH/MOF-808
composites outperform the adsorption capacity of the separate
CH and MOF-808 components. This behavior further confirms
the relevance of the compartmentalization and interface
chemistry of CH/MOF-808 porous structure on its adsorption
capacity (Figure 4b-d). It is worth noting that POL-B is a natural
antibiotic agent used in this work as a model pollutant, since its
chemical structure and molecular size resembles the ones of
medium molecular size pollutants found in current wastewater,
such as hormones or antibiotics.?®

Due to the meso- and macroporous structure of CH and CH/
MOF-808 composites, they are also able to retain larger
adsorbates, such as lysozyme””" protein (30x50 A) or gold
nanoparticles with 13.6 - 1.4 nm average diameters (Figures S13
and S14). The estimation of an adsorbent system to retain large
proteins is also interesting, since, although proteins are not
pollutant per se, they are involved in the selective recognition
of endocrine disruptor hormones, a property that could lead to
future development of CH/MOF-protein systems able to retain
them.

MOF-808 is not generally useful in LYS or AuNPs capture,
the adsorption capacity for both adsorbates being negligible. In
these two cases, the CH macro- and mesoporous structure is
the active component, retaining 50 and 70% of gold and LYS,
respectively (Figure 4a). For LYS, CH/MOF sorbents show
efficiencies slightly lower than CH (Figure 4a), which can be
understood as the average sum of CH and MOF-808 (Figure 4b-
d). In the case of AuNPs, CH/MOF-808 composites underperform
in comparison to their components (Figure 4b—d). For these
two case studies, the compartmentalization of the CH macro-
pores into mesopores impede the migration of LYS and AuNPs
through the structure of the CH/MOF-808 matrix, reducing the
area accessible to the adsorbate. Therefore, compartmentaliza-
tion of CH macropore structure is beneficial to certain limit in
terms of pollutant molecular size. Despite this limitation, it has
been duly proved that the synergistic combination of CH and
MOF-808 give access to the adsorption of a wide variety of
pollutants from the angstrom to nano-regimes.

CH15 composite performance was fully studied for the
specific case of pentavalent arsenic oxyanion. It is important to
note that arsenic natural pollution is a worldwide issue affecting
large geographical areas of many countries (e.g., USA, India,
Chile, Argentina, Europe, etc.). As’ adsorption was studied at a
1 ppm initial concentration, which is a level of arsenate
contamination common in many river basins worldwide, in
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particular in those crossing bedrocks containing arsenic-rich
minerals. Full kinetic and isotherm adsorption of As’ for the
CH15 composite are shown in the Figure 5. The adsorption
capacity of the CH15 matrix at 1 ppm arsenic concentration is
339%, far from the 82% value obtained when using a 40 ppm
As’ concentration (Figure 5a). Nevertheless, at this low concen-
tration, the inclusion of MOF-808 fillers continue to enhance the
CH matrix with the affinity for negative species that the CH
polymer solely lacks.

The CH15 adsorption kinetic profile for As' (Figure 5b) is
similar to that previously reported for zirconium-based MOFs,
with most of the adsorption occurring at the first stage of the
experiment.”® The Elovicth model (Table S2), used to fit the
experimental data (green line of Figure 5b), indicates that the
arsenate is chemisorbed into CH15. This observation is in
agreement with previously reported adsorption mechanisms on
Zr-MOFs over oxyanions, since it has been experimentally
proven that oxyanions uptake occurs through direct coordina-
tion of arsenate to the zirconium hexa-nuclear clusters.”?

Figure 5c shows the adsorption isotherms for CH15 over
arsenate. The data can be fitted with the Freundlich and
Langmuir models, resulting in slightly better agreement factors
for Freundlich model, (Freundlich, R*=0.991; Langmuir, R*=
0.958; Table S2). The values of the g.., and k constants (related
to the adsorption capacity of the CH15) calculated from the
fittings are 10.6+1.7 mgg™"' and 2.2+0.2 mgL™"."*' More inter-
esting is that the n Freundlich parameter value of 0.39(2) further
confirms that a chemisorption mechanism is responsible for
arsenate retention within the CH15 composite, overriding the

(a) [As(V)']‘=4O ppms ' [As(V)]I'=100 ppms

q, (mg-g™)

0 . | 1 L
0 10 20 30 40 50
Ce (mg/L)

interparticle interaction effects among the arsenate oxyanions
and the CH matrix.

The adsorption capacity of CH15 over As’ (C,=40 ppm) was
also tested in the presence of 40 and 400 ppm sulfate, nitrate,
and chloride anions (Figure 5d and Table S4). Figure S15
summarizes the same information but in terms of As'
adsorption efficiency. The competition of these anions for the
adsorption sites does not strongly affect the performance of
CH15. Indeed, the observed deviation is correlated with slight
differences of the As' initial concentration found for the
solutions containing different competitor species. In the worst-
case scenario, a slight reduction of the retention capacity is
observed in the presence of 400 ppm of CI~ and NO;~ species.

In the specific case of organic dyes, adsorption kinetics for
larger molecules is faster than those reported for arsenate
oxyanions (Figures S16-18). Indeed, the system reaches equili-
brium in 60 min for MB and MO and in 100 min for ERY. The
charge of the organic dyes is a key factor in an electrostatic
interaction driven adsorption process. In comparison to As’,
here the CH plays also a very active role during adsorption,
since it is able to retain the same quantity of target dye as
MOF-808 (Figure S18).

The presence of MOF-808 after adsorption is confirmed by
applying the XRD peak fittings approximation. Nevertheless,
post-operation XRD analyses for CH 15 samples after arsenic
and dye adsorption suggest that MOF-808 crystallinity de-
creases during the process (Figures S19-522). Although the
water stability of zirconium-based MOFs is well stablished,**”*
the presence of anionic species in the water matrix, especially

a, (mglg)

0.5 L ; L
1000

Time (min)

o
o
f=3
o

a, (mglg)
N

S0, 400 ppm

ClI- 400 ppm

Figure 5. (a) Adsorption capacities over As’ at 40 and 100 ppm for CH and CH15. (b) Adsorption kinetics of As' at 1 ppm for CH15 composite. (c) Adsorption
isotherm over As' for CH15 (red line: fitting obtained with a Langmuir model, green line: fitting obtained with a Freundlich model). (d) Adsorption capacity
over As’ (C,=40 ppm) of CH15 in the presence of competitor anions at 40 and 400 ppm. The first red colored bar of the Figure 5d is the adsorption capacity
of CH15 over As' (C,=40 ppm). This data has been depicted as a reference. All the adsorption studies were performed with the addition of 10 mg of CH and

CH/MOF composites to 10 mL of arsenic solution.
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after a prolonged contact with the MOF structure, can induce a
partial displacement of the trimesate organic bridges leading to
the partial amorphization of the crystal structure.

IR spectra do not give further information about the MOF-
808 degradation process, and neither do the arsenate adsorp-
tion mechanisms, since the fingerprint signals for MOF-808 and
CH matrix remain unaltered (Figure S23).

Dielectric spectroscopy measurements were performed after
the arsenate uptake for CH15 (Figures S24-S27). Arsenate
incorporation within CH15 modified the electrical properties of
all the composites, lowering electrical conductivity and elec-
trode polarization contribution. This initial evidence directly
countered the expected result, since the higher the ionic
concentration of water encapsulated within the CH/MOF-808
composite should lead to higher conductivity in the system,
unless the arsenate ions are strongly attached to the matrix
during adsorption. Indeed, the electrical permittivity increases
at low frequencies, and the permittivity slope changes after
arsenate uptake, suggest that arsenate is covalently bonded to
the CH/MOF-808 matrix. This observation agrees with the Zr
binding energy displacement observed in the XPS spectra after
the As" adsorption (Figures $28-532). The covalent anchoring of
arsenate species through Zr—O—As bridges influences the bind-
ing energies associated with Zr and oxygen atoms within the
zirconium hexa-nuclear clusters.

Conclusion

Metal-organic framework MOF-808 nanoparticles incorporation
into chitin (CH) gel polymeric matrix developed micro-, meso-,
and macroporous composites that can be used as broad-scope
adsorbents. This is possible because MOF-808 nanoparticles
compartmentalize into the macroporous structure of CH
polymeric matrix, endow the composite with the inherent
microporosity of the MOF-808 material itself, and additionally
increase the surface area available for absorption.

Due to their micro-, meso-, and macroporous structure, the
CH/MOF-808 composites are able to work efficiently for the
adsorption of a large variety of pollutants ranging from small
ions and molecules to large proteins or nanoparticles. CH/MOF-
808 composites exhibit the chemical affinity of their separate
components; however, in some cases (e.g., As’, methylene blue,
erythrosine, and Polymyxin B), the material benefits from the
synergistic interactions of its components, outperforming both
MOF-808 and CH efficiency. This synergetic effect is attributed
to (i) the compartmentalization of the CH macropores when
including MOF-808 nanoparticles within its structure, and
(i) the active role of the interface between MOF-808 and CH
during adsorption. CH/MOF-808 composites are also able to
work efficiently in terms of capacity and kinetics over As'
capture in solutions mimicking real polluted waters. As
concluded from the fittings of adsorption isotherms and kinetic
curves, as well as from the dielectric response of CH/MOF-808
after operation, As' is captured through chemisorption at the
MOF-808 nanoparticles.
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Considering the performance of the CH/MOF-808 systems, it
can be concluded that we have achieved a broad adsorption
technology able to work in the presence of a complex variety of
pollutants that can be found in current water streams. More-
over, the MOF structural diversity and designability at the
molecular level, combined with the easy processability and
biocompatibility of CH polymers, makes the developed materi-
als suitable for applications where available surface area, pore
size, and pore chemistry become relevant issues.

Experimental Section

Synthesis of MOF-808 nanoparticles: MOF-808 nanoparticles were
synthesized using a slightly modified version of the protocol
presented in Ref. [75]. ZrCl, (0.1234 g, 0.5295 mmol), 1,3,5-benzene-
tricarboxylic acid (H3BTC, 0.1237 g, 0.5887 mmol), formic acid
(12 mL), water (0.5 mL), and N,N-dimethylformamide (DMF, 12 mL)
were mixed, stirred at room temperature, sealed in a 25 mL glass
autoclave (Schott, Duran®), and then placed in an oven at 120°C for
48 h. After the reaction, the vessel was cooled naturally to room
temperature in the oven. The white precipitate was centrifuged and
washed with methanol three times. Subsequently, the obtained
precipitate was dried at 80°C."

Synthesis of CH and CH/MOF-808 composites: Chitin gels were
synthesized according to Ref.[77]. Firstly, calcium solvent was
prepared by suspending CaCl, 2H,0 (42.5 g, 0.288 mol) in 50 mL of
methanol and refluxed for 30 min at 82°C to a state of near-
dissolution. Then, 1 g of CH was refluxed in the calcium solvent for
2 h at 90°C under constant stirring. For the preparation of the
composites, 50, 100, or 150 mg of MOF-808 were added to the
above solution at this point. This process is illustrated in Figure S1.
The mixtures were spinned in methanol until they gelled. Finally,
the gel composites were washed three times with methanol
overnight. The gel of chitin will be denoted as CH and the obtained
composites as CH5, CH10, and CH15, respectively.

Adsorption experiments

Punctual adsorption tests: Adsorption experiments with CH, MOF-
808, and CH/MOF-808 were conducted at 20°C, using 10 mg
adsorbent dispersed in 1 mL pollutant model solutions/dispersions
contained in a conical flask. The flasks were agitated in vibrator
shaker at 180 rom during 12 h until adsorption equilibrium was
reached. After that, the suspension was centrifuged at 6000 rpm for
10 min, filtrated with a hydrophilic 0.20 um filter, and finally
analyzed by means of UV/Vis or inductively coupled plasma atomic
emission spectroscopy (ICP-AES) depending on the analyte.

Adsorption kinetic curves: For As’ and some of the organic dyes,
the full kinetic and curves were determined by separating the
adsorbent and adsorbate solutions at different equilibrium times.
To this end, a 1 mL solution of 1 ppm As’ and 100 ppm organic
dyes was added to Eppendorf tubes. Afterwards, 10 mg CH15 was
added to the solutions. The Eppendorf tube was shaken at room
temperature and filtrated at given times of the adsorption process.
Measurements were performed in triplicate.

Adsorption isotherm curves: The same experimental protocol was
used to determine the adsorption isotherms, but using the same
equilibrium time (4 h) and different concentrations of the pollutants
in the initial solutions. The adsorbent concentration and volume of
the initial solutions were kept as previously described.
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Clean it up: Chitin (CH) macro- and
mesoporous biopolymer and metal-
organic framework (MOF) micropo-
rous nanoparticles are combined to
obtain a macro- to microporous
sorbent able to retain pollutants
from the Angstrom to nanometer
scales. CH/MOF composites outper-
form the adsorption capacities of the
average sum of their CH and MOF
components due to their improved
textural properties and diverse
surface chemistry effects.
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