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ABSTRACT: The use of an extrusion-spheronization process was
investigated to prepare robust and highly porous extrudates and
granules starting from UiO-66 and UiO-66_NH, metal—organic
framework powders. As-produced materials were applied to the
capture of gaseous iodine and the adsorption of xenon and krypton.
In this study, biosourced chitosan and hydroxyethyl cellulose
(HEC) are used as binders, added in low amounts (less than S wt
% of the dried solids), as well as a colloidal silica as a co-binder
when required. Characterizations of the final shaped materials
reveal that most physicochemical properties are retained, except
the textural properties, which are impacted by the process and the
proportion of binders (BET surface area reduction from 5 to 33%).
On the other hand, the mechanical resistance of the shaped
materials toward compression is greatly improved by the presence of binders and their respective contents, from 0.5 N for binderless
Ui0-66 granules to 17 N for UiO-66@HEC granules. UiO-66_NH),-based granules demonstrated consequent iodine capture after
48 h, up to 527 mg/g, in line with the pristine UiO-66 NH, powder (565 mg/g) and proportionally to the retaining BET surface
area (—5% after shaping). Analogously, the shaped materials presented xenon and krypton sorption isotherms correlated to their
BET surface area and high predicted xenon/krypton selectivity, from 7.1 to 9.0. Therefore, binder-aided extrusion-spheronization is
an adapted method to produce shaped solids with adequate mechanical resistance and retained functional properties.

KEYWORDS: metal—organic frameworks, extrusion-spheronization, shaping, iodine capture, Xe/Kr separation

B INTRODUCTION concentration of volatile radionuclides and especially iodine-
131 which is a major radionuclide comprising about 3 wt % of
the total fission products from uranium neutron reactions.'
Importantly, '*'I released in the environment can be either

Currently, the nuclear industry provides about 10% of the
world’s electricity through 445 power reactors, making it the

fourth source of electricity production behind coal (38%), ) ’ X
natural gas (23%), and hydroelectricity (16%). While the inhaled or ingested through food products (vegetables, dairy

farms, etc.) and penetrate the thyroid tissues, increasing the
incidence of thyroid cancers as observed following the
Chernobyl disaster.’

To minimize the release of radionuclides, and hence their
consequences on the health and the environment, passive
filtration systems have been developed by the nuclear industry
to treat the vented contaminated steam. Especially, filtered
containment venting systems (FCVS), either based on the use

number of power plants remained somehow constant since
1996, about 50 new reactors are under construction. Recently,
the European Commission declared nuclear energy as
sustainable. Hence, a consequent research and development
effort is devoted to the continuous improvement of the safety
of power reactors, sustainability of electricity production, and
long-term waste management. Besides, novel solutions to
valorize fission products or to limit the effects of potential
nuclear plant accidents are desirable.

For instance, in the case of a nuclear meltdown, as occurred Received: November 4, 2021
in 2011 at Fukushima Daiichi nuclear power plant, venting Accepted:  February 9, 2022
should be done to avoid containment overpressurization,'
which could cause irremediable structural damage and further
release of radioactive material with widespread effects—as it
happened.” However, the vented steam contains a significant
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of a scrubber (wet FCVS) or solid filter (dry FCVS), allow us
to trap above 99% of molecular iodine but are much less
efficient for organic iodide species.”* The capture of these
organics can be performed using a fixed bed of silver-doped
zeolites, which is typically installed downstream of the first
filtration step.4 For instance, up to 455 mg of molecular iodine
can be captured with a gram of silver-doped ZSM-5 zeolite.’
However, the zeolite trapping capacities with respect to iodine
derivatives such as CH;l may be inhibited by gaseous
contaminants (mainly CO).° Thus, to further improve the
FCVS efficiency, an alternative approach can be to study the
trapping properties of innovative porous material with similar
or higher adsorption capacities toward iodine species and
exhibiting larger pores.” Of note, the material should be stable
at 140 °C under steam and irradiation, related to the typical
conditions occurring in a vented contaminated steam.’®
Activated carbons impregnated with triethylenediamine
(TEDA) have been applied for I, and CH,l capture. They
present long-term performance under simulated operating
conditions, with up to 99% of the CHjl retained after 15
months.” However, they exhibit a low autoignition temper-
ature, which makes them unsafe to use in the nuclear field.”
Metal—organic frameworks (MOFs) have been studied from
2011, first using the Zn-based ZIF-8 MOF, which possesses
pores of size adequate for molecular iodine (Lignetic diameter = 5
A)."" A major breakthrough was reported with MOFs
presenting electron donor groups attached to organic linkers
since their presence leads to the polarization of the electron
cloud of molecular iodine."" Todine loadings above 500 mg per
g;an}%of MOF can be obtained,* with a record uptake of 2.79
g/g

While iodine-131 represents one of the major gaseous fission
products, every fission event also produces 0.25 to 0.30 atom
of valorizable noble gas species including xenon and krypton
elements, with Xe atoms being seven times more likely to be
produced than Kr atoms."* The process off-gas containing the
noble gas species as well as '*I, "*CO,, *H,0, and NO, are
usually vented to the atmosphere, which could arise hazardous
problematics. On the other hand, xenon is extremely scarce in
the Earth’s atmosphere (about 87 ppb),"> making it the most
expensive noble gas to purchase, while it has a number of key
applications, especially in the medical, lighting, and electronic
fields. Hence, it is of utmost importance to develop novel ways
to capture radioactive components from the process off-gas
and produce high-purity Xe gas. In this line, many porous
solids have been applied to the separation of xenon over
krypton. Activated carbons present interesting xenon uptakes
but low Xe/Kr selectivity, between 2 and 3."° Moreover, the
presence of NO, in the process off-gas forbids their use due to
possible fire hazards. On the other hand, zeolites show
remarkable Xe/Kr selectivity, over 4, but only limited noble gas
uptakes.'” Of note, silver-doped zeolites gave rise to higher
xenon uptakes and Xe/Kr selectivity than their protonated
form.'® MOFs, presenting some of the highest xenon uptakes
and Xe/Kr selectivities,"” are hence promising materials for
this application. The SBMOEF-1 compound is one of the
current leading materials for separation, with a Xe/Kr
selectivity of 16 owing to its pores closely matching the size
of xenon atoms.'” The record for xenon uptake in a MOF was
obtained with the PCN-14 compound, having a xenon uptake
of 7.1 mmol/g, 50% higher than the best activated carbon.””

MOFs are hybrid crystalline materials whose structure
results from the assembly of metallic nodes (clusters or ions)

with multitopic organic linkers through coordination bondings.
Their strength lies in this modular nature, as most of their
physicochemical properties can be tailored for specific
applications. This resulted in the report of over 10.000 MOF
structures within the last 20 years, with several prototypal
MOFs presenting surface areas (Sppr) over 1.000 m*/g and
pore sizes up to 98 A Owing to these properties, selected
MOFs demonstrate excellent performances in adsorption,
catalysis, and separation applications.”" On the downside, their
structure is rarely stable above 300 °C in air (thermal
decomposition) or in aqueous phase (hydrolysis of the
coordination bonds).”> For commercial applications, MOF
structures based on trivalent metals or above, less prone to
hydrolysis, should be preferred.

The [Zrs0,(OH),(0,C-C¢H,-CO,)s] MOF structural
archetype, also known as UiO-66, has been widely investigated
owing to its good stability against moisture, related to the
coordination of hexanuclear ZrsO,(OH), clusters with up to
12 terephthalate linkers, and high adsorption capacity, in line
with its BET surface area exceeding 1.000 mz/ g.23 Moreover,
the UiO-66 MOF presents a pore size distribution typically
between 8 and 11 A, due to the presence of defects in its
structure.”® Starting from the structural archetype, several
substructures can be obtained, either by changing the metal
(Hf, Ce, Th, U, Np, etc.) or the organic linker (fumarate: UiO-
66-FA, biphenyldicarboxylate: UiO-67, etc.) or even by adding
organic functionalities to the terephthalate linkers (UiO-
66_NH,, Ui0O-66_OH, Ui0-66_COOH, etc.).”*™*’

Owing to their good stability and scalable synthesis, this
family of MOFs has been used for the capture of a broad array
of molecules in gas and liquid phases,” including L.* In
particular, UiO-66_NH, has been applied for the capture of
substantial amounts of NO,,** HCl and CL,*" and CO,,*
owing to their high binding energy with the electro-donor
amino groups. Recently, our group applied this MOF for the
immobilization of 131-iodine under simulated nuclear
accidental conditions.® UiO-66 NH, millimetric granules
were preloaded with 7.8 mg of "*'I, per gram of MOF and
further subjected to a continuous wet air flow with a relative
humidity of 25%, an absolute pressure of 3.5 bar and a
temperature of 120 °C.° Moreover, a y radiation dose rate of
1.9 kGy/h was applied. After 30 h under these severe nuclear
accidental conditions, no leakage of *'I, was detected and the
UiO-66 NH, structure remained intact. Thus, this MOF
candidate is promising for applications linked to fission
products mitigation in a nuclear accident context.

However, one of the limits of this study is the weak
mechanical resistance of the binderless granules used, below 1
Newton. In a fixed bed, the solids are subjected to friction and/
or abrasion, which will produce fine particles in the case of low
mechanical resistance and will clog the filters typically installed
downstream of the fixed bed over time. This in turn would
dangerously arise the pressure within the installation. More
generally, MOFs shaping remains a major bottleneck prior to
their wider use in the everyday life due to several reasons: (1)
MOFs cannot undertake sintering, which is typically used to
reinforce inorganic materials, due to their mild thermal
resistance (typically below 300 °C); (2) the use of a large
amount of binders significantly lowers their performances,
making them less attractive compared to activated carbons and
zeolites; and (3) most MOF structures are not rigid enough to
withstand high compression pressure or shearing force, as
reached when using pelletization, extrusion, or granulation
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processes.”” However, it was reported that the UiO-66-based
MOFs offer an adequate resistance for binderless pellet-
ization,* but the resulting pellets are not suited for a fixed-bed
application due to the resulting spatial heterogeneities. More
suited solids for fixed beds include extrudates and granules,
giving the best compromise between pressure drop, contact
surface, and filling ratio. UiO-66 and UiO-66_NH, com-
pounds have been previously shaped under the granules form
in the presence of binders,” >’ allowing us to obtain relatively
resistant shaped bodies at the expense of the porosity. Another
derivative, UiO-66 _COOH, has been shaped following
extrusion, in the presence of a silicon resin, which greatly
affected the resulting porosity (Sppr = —40% with 5.5 wt % of
silicon resin).”® Intriguingly, no extrusion of UiO-66 nor UiO-
66 _NH, has been reported so far.

Hence, the following study is devoted to the preparation of
robust and highly porous extrudates and granules made of
Ui0-66 and UiO-66_NH, compounds. For this purpose, a few
percentages of a biosourced binder, either derived from
cellulose or chitosan, are added to a MOF-based paste prior
to extrusion. The extrudates were characterized as such or
further spheronized to produce granules. This is the first time
that an extrusion-spheronization process is applied to a MOF-
based material. The I, adsorption capacity of these granules
was evaluated using a specific testing bench. Notably, chitosan
possesses inherent amino functions, which could either
improve or at least make the effect of the presence of binder
mild on the I, uptake of the resulting composite. Finally, Xe
and Kr sorption isotherms of these composites were also
measured at room temperature to diversify their possible
applications for the nuclear energy field and the valorization of
xenon gas.

B EXPERIMENTAL SECTION

Reagents: N,N-dimethylformamide (DMF, Carlo Erba 99.9%),
methanol (MeOH, VWR 98.5+ %), zirconium tetrachloride (ZrCl,,
Acros Organics 98%), acetic acid (CH;COOH, VWR 99+ %), formic
acid (HCOOH, Acros Organics 98%), terephthalic acid (H,BDC,
Alfa Aesar 98%), 2-aminoterephthalic acid (H,BDC-NH,, Aldrich
99%), 2-hydroxyethyl cellulose (HEC, Aldrich M,, = 1300000 g/
mol), deacetylated chitin (chitosan, Aldrich M,, = 310 000 to 375 000
g/mol), Ludox HS-40 (colloidal silica, Sigma-Aldrich, 40%),
potassium iodide (KI, Alfa Aesar 99%). All reagents were used
without further purification.

Synthesis of UiO-66. Its preparation was based on the scale-up
synthesis protocol described elsewhere.” Briefly, 3 L of DMF, 40 g of
ZrCl, (+150 mL of DMF for rinsing), 56 g of H,BDC (+100 mL of
DMEF for rinsing), and 0.65 L of HCOOH were added successively in
a mechanically stirred, 8 L stainless steel autoclave. The latter was
sealed, and the starting reactants were mixed at 100 rounds per
minute (rpm) for 24 h at 120 °C. After cooling down the autoclave,
the mixture was collected and the resulting solid was separated from
the supernatant by centrifugation at 4000 rpm for 10 minutes. The
solid was then dispersed twice for 24 h in fresh DMF and three times
in MeOH, with separation by centrifugation in-between. Finally, the
white powdered product was dried for 1 h at 100 °C and then for 8 h
at 150 °C. Final yield = 65 mol % upon Zr.

Synthesis of UiO-66_NH,. A similar protocol was used, with
slightly different weights of the starting chemical reactants but
identical reaction conditions. More specifically, 80 g of ZrCl, and 120
g of H,BDC-NH, were added in the 8 L autoclave. Final yield = 85
mol % upon Zr.

Extrusion-Spheronization of Ui0-66 and UiO-66_NH,
Solids. All steps were conducted using a Caleva Multi Lab apparatus.
First, a MOF-based paste was formed by kneading about 10 g of
powdered MOF (either UiO-66 or UiO-66_NH,) with about 12 g of

a gel containing the binder (either 2-hydroxyethyl cellulose—HEC—
or deacetylated chitin—chitosan) at 150 rpm for 30 min. When using
HEC as a binder with UiO-66 powder, a second batch composition
was obtained by adding 0.47 g of a silica suspension. The exact
composition of the pastes as well as the protocol to prepare gels are
given in the SI Successive additions of portions of the MOF powder
gave better paste homogeneity. The paste was recovered and pushed
into the feed zone of a single-screw extruder rotating at 90 rpm. At the
end of the screw, a die with multiple holes of diameter 1 mm was
fitted. The as-obtained extrudates (Figure S1) were dried overnight at
120 °C.

For the production of granules, 1.5 g of as-obtained extrudates was
directly placed onto the 3 mm pitch plate of the spheronization
module. The plate was rotated at 2500 rpm for 10 minutes. After
sieving (mesh size 500 ym), 1.2 to 1.4 g of rounded granules was
obtained. The granules were also dried overnight at 120 °C.

All solids are named according to their MOF structure and the
binder used, following the denomination MOF@binder related to the
samples: UiO-66@HEC, UiO-66@chitosan, UiO-66 NH,@HEC,
UiO-66_NH,@chitosan, and UiO-66@HEC-Ludox.

Characterization. Powder X-ray diffraction patterns (XRD) were
collected on a Bruker D8 Advanced AXS diffractometer equipped
with Cu K,; monochromatic radiation source (1 = 1.5418 A) and
operated at 40 kV and 30 mA. X-ray diagrams were recorded within
the S—50° region with a 0.02° step size (step time = 0.5 s). Nitrogen
sorption isotherms at 77 K were measured with a Micromeritics
Tristar II Plus apparatus. Prior to measurement, the samples were
degassed for 8 h at 150 °C. The surface area (Spgy) was determined
by applying the multipoint B.E.T. algorithm over a linear portion at
relative pressures in the range 0.04—0.2S. The micropore and total
pore volumes were estimated from the adsorbed volume of nitrogen at
relative pressures of 0.25 and 0.99, respectively. Scanning electron
microscopy (SEM) images were taken using a JEOL JSM 6700F. The
solids were directly deposited on a carbon tape, and electron
conductivity was obtained by depositing silver lacquer. Image]
(v.1.52a) was used to determine the crystal size distribution from
SEM micrographs. Thermogravimetric analyses (TGA) were
conducted with a Mettler Toledo TGA/DSC 3+ thermal analyzer
over the range 25—600 °C under air flow (80 mL/min), following a
heating rate of 2 °C-min™". Fourier transform infrared (FTIR) spectra
were recorded at room temperature between 4000 and 400 cm™'
using a PerkinElmer Spectrum Two Spectrometer equipped with an
ATR sampling module. The deacetylation degree (DD) of the
commercial chitosan was evaluated following the equation DD =1 —
(Ai320/Arsne — 0.3822)/3.133.>° The averaged bulk density was
determined by weighing 10 dried extrudates and measuring their
dimensions with a digital caliper. The compressive strength of the
solids was determined by a Vinci Technologies Versatile Crushing
Strength Tester, using a set of flat anvil and hammer. The load applied
was recorded by the force sensor as a function of the displacement of
the punch at a constant speed of 0.6 mm/min until failure, happening
at the ultimate crushing strength of the solid (called compressive
strength hereafter for simplicity). For each sample, 10 representative
solids were crushed and the resulting compressive strength values,
given in Newton, were averaged. Xenon and krypton sorption
isotherms at 293.15 + 2 K were measured separately with a
Micromeritics ASAP 2020 PLUS. Prior to measurement, the samples
were degassed for 8 h at 120 °C. Xe/Kr selectivity is determined from
the ratio of Henry’s constants, which are obtained from the slope of
the isotherms in a linear, low-pressure range (p/p, < 0.03).

lodine Capture Test. The adsorption capacity of the investigated
MOF-based granules toward I, was investigated using a dedicated
experiment.'” The experimental setup devoted to the I, sorption test
can be divided into three main parts: generation of the I, inlet flow, a
fixed-bed glass reactor, and the quantification system composed of
bubblers containing potassium iodide solution (KI, 0.1 M) and a
UV—vis spectrometer (Figure S2). Gaseous iodine is produced from
the sublimation process (0.2 mg/h) of crystalline iodine beads in a
permeation chamber (VICI Metronics, Inc., Dynacalibrator Model
150) set at 100 °C and is carried by a controlled flow of argon (10
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Figure 1. Photographs of (a—d) extrudates and (e—h) granules of (a, e) UiO-66@HEC, (b, f) UiO-66@chitosan, (¢, g) UiO-66_NH,@HEC, and

(d, h) Ui0-66_NH,@chitosan.

Figure 2. SEM micrographs of extrudates made with (a) UiO-66@HEC, (b) UiO-66@chitosan, (c) UiO-66_NH,@HEC, and (d) UiO-66_NH,@

chitosan. Scale bars: (a, b) 1 um and (c, d) 100 nm.

nL/h; [I,] = 100 ppm) and then, transferred into the glass sintered
cell (4 mm diameter) at room temperature (20 + 1 °C) through an
inert PTFE line.

The quantity of iodine passing through the glass sintered cell (i.e.,
not adsorbed by the granules) is collected in a bubbler held ina 2 L
opaque flask of 0.1 M KI solution, leading to the quantitative
formation of the triiodide ion I;”~. A peristaltic pump allows the
continuous flow of the solution through the quartz cell of a UV—vis
spectrometer, and the concentration of I;~ generated in the bubbler is
measured every 4 min at the absorbance of the selected band (A, =
352 nm). The kinetic adsorption of iodine is then calculated from the
difference between a blank curve (i.e., no adsorbing material) and the
curve collected in the presence of the granules in the reactor. The
content of molecular iodine trapped within the porous framework is
then calculated by means of a calibration curve.

Prior to analysis, MOF-based granules were thermally treated ex
situ overnight at 120 °C to remove entrapped species within the
pores. Activated UiO-66-based materials (20 mg) were transferred
into the glass sintered cell, leading to a 1 cm bed height. The
estimated residence time is about 0.04 s.

Bl RESULTS AND DISCUSSION
Impact of Shaping on the Properties of UiO-66/UiO-

66_NH,. After extrusion and spheronization, and as observed
in Figures 1 and S1, all shaped materials are dust-free and their
aspect is homogeneous. The diameter of all extrudates and
granules comprised between 0.89 and 0.96 mm, while the
length of the granules seems related to the resistance of the
extrudates toward attrition, and hence to the nature of the
binder. Indeed, starting from extrudates with comparable
lengths, UiO-66@chitosan and UiO-66 NH,@chitosan are
spheronized into 1.88 and 1.63 mm rounded granules,
respectively, while UiO-66@HEC and UiO-66 NH,@HEC
lead to spherical solids (length = 0.9—1.2 mm). Several authors
have shown that the spheronization mechanism,* which is
based on abrasion, typically includes several stages: starting
from extrudates, cylinders with rounded ends are produced
first. Then, dumbbell-like solids are formed that are further
split into ellipsoidal objects. Finally, spheres are obtained.
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Table 1. Textural Properties, Average Compressive Strength (), Averaged over 10 Samples, and Estimated Binder Content
(from TGA) of the MOF@binder Extrudate and Granule Series

sample shape Sger (m?/g) V, (em®/g)
Ui0-66 powder 1510 (100%) 0.59
UiO-66@HEC extrudate 941 (62%) 0.38
granule 1006 (67%) 0.38
UiO-66@chitosan extrudate 1212 (80%) 0.47
granule 1291 (85%) 0.52
UiO-66_NH, powder 925 (100%) 0.39
Ui0-66_NH,@HEC extrudate 855 (92%) 035
granule 683 (74%) 0.28
UiO-66_NH,@chitosan extrudate 868 (94%) 0.35
granule 878 (95%) 0.36

v,

me

o (cm*/g) Vi (%) Vig (em’/g) o (N) binder (wt %)
0.04 6 0.63
0.07 16 0.45 723 + 147 2.7
0.13 25 0.51 1.64 + 0.88
0.03 6 0.50 19.45 + 4.68 4.2
0.06 10 0.58 16.88 + 7.65
0.30 43 0.69
0.68 66 1.03 14.59 + 4.62 1.5
0.46 62 0.74 11.32 + 3.25
0.72 67 1.07 13.22 + 3.81 24
0.55 60 091 8.62 + 4.10

Thus, different shapes come from a different stage reached for
a similar amount of mechanical energy provided.

At the microscopic scale, several features can be observed.
Notably, the initial UiO-66 and UiO-66_NH, powders,
prepared under the same conditions, are composed of
crystallites with different sizes and shapes as observed in
Figure S3. UiO-66 crystals present a typical octahedral shape
with an average diameter of 220 nm, while UiO-66_NH,
crystals are smaller (78 nm) and less faceted. The packing
density of a material is a function of the particles size
distribution and their average size and shape.41 Thus, UiO-
66_NH,-based solids might exhibit higher packing densities,
which in turn would allow reaching higher volumetric uptakes
and compressive strength. UiO-66@chitosan and UiO-
66_NH,@chitosan extrudates present averaged bulk densities
of 0.87 and 0.86 g/cm?, respectively. These values are close to
the reported value of 0.79 g/cm® for MI-101(Cr) extrudates
and higher than UiO-66 and UiO-66 NH, solids made by
granulation (0.67 and 0.56 g/cm’, respectively).”>** Hence,
the bulk density of extrudates is rather dictated by the
extrusion process parameters including the inlet flowrate, die
pressure, screw speed, and torque.*’ On the contrary, the
crystallites size and shape do not seem to have a marked effect
on the bulk density of the materials.

Figures 2 and S4 represent SEM micrographs of extrudates
and granules prepared from UiO-66 and UiO-66_NH,
powders, respectively. All solids present a dense packing of
MOF crystallites, and no difference can be observed between
extrudates and granules, revealing that the spheronization
process has no impact at the microscopic scale. However, in
the case of UiO-66, significant differences are observed
depending on the nature of the binder. When the HEC gel
is used, rounded instead of faceted crystals are observed. This
could be due to the binder preferentially covering the crystal
facets. More intriguingly, the use of the chitosan gel results in
the formation of ill-defined and partially agglomerated
particles. Individual UiO-66 crystals can still be observed,
but most crystals seem to be incorporated within these bigger
particles. In the case of UiO-66 NH,-based solids, however,
the crystals retained their shape and size and binders cannot be
observed.

The surface and cross section of representative extrudates
and granules were also observed by SEM and are displayed in
Figures S5 (UiO-66@chitosan) and S6 (UiO-66 NH,@
HEC), arbitrarily chosen as representative solids. Linear
microgrooves can be observed over the surface of smooth
extrudates (Figures SS.a and S6.2) and are due to the high
pressure exerted within the die holes. On the other hand, the

surface of the granules (Figures SS.c and S6.c) is highly
fractured and rough, due to the strong attrition exerted during
spheronization. In both cases, the solids are homogeneously
dense over their cross section.

Thermogravimetric curves of the MOF@binder extrudate
series (MOF = Ui0O-66 and UiO-66 NH,; binder = HEC or
chitosan), displayed in Figure S7, were obtained under air and
compared to their powder counterparts. The first weight loss,
below 150 °C, is typically due to the desorption of weakly
physisorbed water molecules. A second weight loss, between
150 and 350 °C, corresponds to the dehydroxylation of the
MOF and the possible remaining DMF entrapped within the
porosity,"* as well as the combustion of organic binders. As the
organic binders (HEC and chitosan) are thermally decom-
posed from 250 °C, the solids present lower thermal stabilities
than their MOF powder counterparts. It remains significantly
above 140 °C, which is the typical temperature reached inside
FCVS.® Also, as the BDC_NH, organic linker starts degrading
from around 300 °C, it is not possible to clearly evaluate its
weight loss under these conditions. Importantly, by subtracting
the varying amount of weakly physisorbed water, it is possible
to roughly estimate the binder content in the extrudates,
reported in Table 1. The provisional 3 wt % content is mostly
respected for most extrudates (2.4—4.2 wt %), except UiO-
66 _NH,@HEC, which is lower than expected (1.5 wt %). It is
noticed that a lower binder content should improve the
textural properties of the final material but will also induce
lower mechanical resistance.

The powder X-ray diffractograms of the MOF@binder
extrudate and granule series are given in Figure S8. All solids
exhibit a PXRD pattern with well-defined Bragg peaks, and
hence a crystalline structure, matching with the initial UiO-66
or UiO-66_NH, powder counterpart. An additional small
hump around 8.7° (26) can be observed on the PXRD patterns
of UiO-66@chitosan solids (see the inset in Figure S8.b),
which can be attributed to the binder. To verify this
hypothesis, the PXRD pattern of the commercial chitosan is
displayed in Figure S9.a. A diffraction peak at 9.5° (20),
ascribed to the (020) crystallographic plane of chitin,* is
clearly observed. Chitosan is obtained from the deacetylation
of chitin, the latter remaining as an impurity. To evaluate the
actual content of chitin within the commercial chitosan, its
FTIR spectrum was measured and is shown in Figure S9.b.
The deacetylation degree (DD) of the commercial chitosan is
estimated to be 68%, meaning that chitin represents more than
1 wt % of the UiO-66@chitosan solids.”” This hump is not
visible on the UiO-66_NH,@chitosan solids, owing to its
lesser content. Thus, the extrusion and spheronization
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Figure 3. N, adsorption—desorption isotherms of (a) UiO-66 and UiO-66@HEC, (b) UiO-66 and UiO-66@chitosan, (c) UiO-66_NH, and UiO-
66_NH,@HEC, and (d) UiO-66_NH, and UiO-66 NH,@chitosan: (black round) initial MOF powder, (red triangle) MOF@binder extrudates,

and (blue square) MOF@binder granules.

processes do not affect UiO-66 and UiO-66 NH, frameworks
owing to their high intrinsic mechanical stability.”*

FTIR measurements were conducted to evaluate if the
extrusion and spheronization processes affected the initial
chemical properties of the UiO-66 and UiO-66_NH, powders.
The resulting spectra of the MOF@binder extrudate and
granule series are shown in Figure S10, and band assignment
can be found elsewhere.”® Namely, the most characteristic
bands are found at 482 cm™" (Zr-4’0O symmetric stretching),
663 cm™' (C—C—C aromatic ring), 1398 cm™! (0O-C-0
symmetric stretching), and 1578 cm™' (O—C—0O asymmetric
stretching). Additional bands at 1260 and 1386 cm™' (C—N
stretching) are characteristic of UiO-66_NH,. They can all be
superimposed with no additional emerging peak or clear
differences of relative intensities, stressing that all solids have
comparable chemical properties with their powder counterpart.
Notably, a band at around 1650 cm™ (vc—o) is attributed to
the presence of residual DMF. This band seems more intense
in the case of UiO-66 NH,-based materials, which correlates
with the larger weight loss observed by TGA.

Nitrogen sorption isotherms of the MOF@binder extrudate
and granule series are displayed in Figure 3 and compared to
the initial UiO-66 and UiO-66 NH, powders. UiO-66-based
materials are purely microporous, as deduced by their type I
isotherm and absence of hysteresis. On the other hand, UiO-
66 NH,-based materials present a type I isotherm at low
partial pressures (p/p, < 0.2) and a type IV isotherm at high
partial pressures (p/p, > 0.7), along with a significant capillary
hysteresis loop. This is classically observed in the case of
microporous nanocrystals (crystals size <100 nm), offering a

considerable intercrystalline porosity upon agglomeration. This
intercrystalline porosity seems promoted by the use of binders,
leading to 2-fold higher mesopore volumes (V,,.,,) compared
to the initial UiO-66 NH, powder. While there is no clear
correlation between the binder nature or content and the
resulting mesoporosity generated, the spheronization process
seems to reduce the final mesoporosity by densifying the
solids.

As reported in Table 1, lower BET surface areas and pore
volumes are observed for the extrudates and granules—even
when the proportion of organic binder (1.5—4.2 wt %) is taken
into account. Previous studies reported a similar nonpropor-
tional decrease, attributed to partial pore blockage by the
binders at 77 K.*’ Indeed, the UiO-66 NH,-based solids
shaped with less than 2.5 wt % of binder display a lower BET
surface area loss (from —S to —24%) than the UiO-66-based
solids shaped with more than 2.5 wt % of binder (from —15 to
—38%). One may note that except in the case of UiO-
66 NH,@HEC, all other MOF@binder granules display
higher Sgpr values than their extrudate counterparts. While it
seems counterintuitive, the strong attrition exerted during
spheronization may free some of the blocked porosity. Thus,
and as indicated by the matching PXRD patterns and FTIR
spectra, the shaping processes only have a small influence over
the physicochemical properties of the final extrudates and
granules including UiO-66 and UiO-66 NH,, their impact
being more pronounced on UiO-66-based solids, due to the
larger content of binders, and on extrudates.

The compressive strength of the MOF@binder series was
evaluated by crushing each time 10 extrudates or granules on
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Figure 4. Representative force—displacement curves of (a) UiO-66@HEC, (b) UiO-66@chitosan, (c) UiO-66 NH,@HEC, and (d) UiO-

66_NH,@chitosan: (black line) extrudates and (red line) granules.

their edge, and the results are given in Figure 4 and Table 1.
The UiO-66@chitosan, UiO-66 NH,@HEC, and UiO-
66_NH,@chitosan extrudates and granules all present a high
compressive strength, with values exceeding 12 N of resistance
before failure. However, the mechanical resistance of UiO-66@
HEC extrudates and granules remains significantly lower than
the other solids of the present study, while also having the
most important BET surface area drop. Extrusion requires
pastes with appropriate viscous properties to allow being
conveyed along the screw and pushed through the die holes
with minimal resistance. Too much resistance would induce a
significant pressure increase, which could, in turn, affect the
UiO-66 framework. Hence, an additional experiment using a
co-binder—2 wt % of Ludox HS-40—was conducted. Silica
colloids have already been used to prepare MOF granules*®
and would bring additional plasticizing properties for the
extrusion step. Figure S11 presents the relating characterization
of as-prepared UiO-66@HEC-Ludox extrudates and granules.
A clear improvement of the compressive resistance is reached
(eg, 12.7 vs 72 N for the extrudates), along with better-
preserved BET surface area (1383 m*/g: —8% compared to the
initial UiO-66 powder), compared to UiO-66-HEC extrudates.

Hence, following extrusion and spheronization, highly
robust and porous extrudates and granules were prepared.
For comparison, following wet granulation, binderless granules
made from UiO-66_NH, were observed with a resistance
value of 0.3 N,® and UiO-66 granules formed with 5 wt % of
mesoporous p-alumina binder displayed an average crushing
strength of 4.7 N and a decrease of Sgpr (—13%) in the range
of the decreases reported herein.”> A considerable improve-
ment of the mechanical stability was thus obtained following
this novel protocol, related to the presence of appropriate
binders and the high bulk densities reached. Moreover, the

shaping protocol developed herein preserved most of the
physicochemical properties of the initial UiO-66 and UiO-
66_NH, powders, and especially the high BET surface area,
which is a strong requirement for most applications involving
porous MOF materials, especially for gas sorption. In
particular, owing to its high retained Sz along with the
additional amino functions brought by the chitosan binder,
UiO-66_NH,@chitosan should be used for the capture of
gaseous iodine.

Application of UiO-66 and UiO-66_NH,-Based Gran-
ules for I, Capture. As a first hint of their potential for the
remediation of radioactive iodine, the MOF@binder granule
series were used in a fixed-bed setup and submitted to a
constant flow of gaseous iodine at room temperature. The
corresponding adsorption kinetic curves are shown in Figures 5

600

500 A

400 A

300 A

200 A

Quantity adsorbed (mg/g)

12 24 36 48

Duration (Hours)

Figure S. Iodine adsorption kinetic curves of UiO-66_NH,-based
materials: (black line) UiO-66_NH, powder, (red line) UiO-
66_NH,@HEC granules, and (green line) UiO-66_NH,@chitosan
granules.
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Table 2. Quantity of Iodine Captured by UiO-66- and UiO-66 NH,-Based Materials in Relation to Their BET Surface Area,

and Their Related Kinetic Constants Data

sample SpEr (mz/g) SpeT (%/powder) Lads) (mg/g) Laas) (%/powder) kipe (h_l)a R t (F=09) (h) b
Ui0-66 1387 100 211 100 0.170 0.822 13.5
UiO-66@HEC 1006 67 148 66 0.224 0.979 10.3
UiO-66@chitosan 1291 85 190 84 0.151 0.943 152
UiO-66_NH, 825 100 565 100 0.095 0.992 24.2
UiO-66_NH,@HEC 683 83 481 85 0.111 0.994 20.7
UiO-66_NH,@chitosan 878 106 527 93¢ 0.040 0.994 57.6

“Mass transfer coefficient from the linear drive force (LDF) model: F(¢) = 1 — exp[—k;pgt], where F(t) is the fractional uptake. quuilibration time
t to reach 90% of the total adsorption capacity, from LDF fit. “Plateau not reached after 48 h.
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Figure 6. (a) Xenon and (b) krypton adsorption isotherms of UiO-66-based materials: (black) as-made powder, (red) UiO-66@HEC granules,

and (green) UiO-66@chitosan granules.

and S12. As reported elsewhere, the UiO-66 NH,-based
materials present superior iodine adsorption capacity (565 vs
211 mg/g). Recently, the combination of experimentation and
DFT calculations has shown the preferential interaction of
molecular iodine with lone electron pair groups, including
amino groups.'” Of note, I, undergoes a kinetic conversion
into anionic I3~ within zirconium-based UiO-n MOFs, which is
then slowly desorbed over time, thus highlighting that I,
sorption is mostly governed by physisorption phenomena."

Except UiO-66_NH,@chitosan, all other MOF-based
granules of the series reached their maximal uptake,
characterized by a plateau, before 48 h. Intuitively, granules
are expected to show greater diffusion restrictions as the MOF
crystallites at the core of the granules would be harder to reach
by iodine. Moreover, the latter might flow in between the
granules bed, even if a rapid color change occurs (from white
to purple) for all granules due to the effective capture of iodine
within the pores of the MOFs (Figure S13), while the powder
beds are denser in comparison. For practical comparisons
between the materials, a simple analytic equation derived from
the Linear Driving Force (LDF) model has been used for the
kinetic curves.*” This approach has been successfully applied to
the study of adsorption kinetics of gaseous species in MOF
materials.’”®" The fitted and experimental curves can be
observed in Figure S14. Of note, as the UiO-66 powder
presents a second small but consistent uptake of iodine
(measurement done twice), the resulting fitting is mediocre.
This feature does not appear on the UiO-66-based shaped
materials and could be related to different fluid dynamics
within the adsorbent bed.

Table 2 summarizes the iodine adsorption capacity of the
MOF@binder granule series and their powder counterparts, as
well as the kinetic constants data. Especially, the granules

present an adsorption capacity that is well correlated with the
evolution of their BET surface area after extrusion and
spheronization, as illustrated in Figure S15. This indicates that
the amino groups of chitosan, as well as the hydroxy groups of
both HEC and chitosan, have a negligible role over the total
adsorption capacity toward molecular iodine, and further
increasing their content would reduce the capacity of the
materials. Of note, besides the presence of amino moieties in
the UiO-66 NH, compound, the presence of chitosan also
strongly reduces the mass transfer coeflicient k;pg, which is
even more marked with UiO-66_NH, MOF. It is hypothesized
that the amino groups of chitosan, located at the surface of the
MOF crystals, weakly physisorbed some of the molecular
iodine before releasing it back in the stream. According to the
fit, its expected total I, adsorption capacity should be about
600 mg/g. Also, and as expected, the intercrystalline porosity
deduced from N, isotherms does not seem to contribute to
iodine encapsulation within the granules. Importantly, the
prepared UiO-66_NH,-based granules present I, adsorption
capacities higher than 455 mg/g, which is the maximal capacity
of silver-doped faujasite zeolites.” These granules are thus good
candidates for further tests under realistic nuclear accidental
conditions.

Application of UiO-66 and UiO-66_NH,-Based Gran-
ules for Xe/Kr Adsorption. As a proof of the versatility of
MOF composites for the nuclear energy field, the granules
were also used for the adsorption of xenon and krypton gases.
According to a computational study by Sikora et al., ideal MOF
structures for Xe/Kr separation should present pore diameters
from 4.1 A—slightly larger than an atom of xenon
(Xeinetic dismeter = 396 A)—to 8.2 A, hence favoring the
creation of an induced dipole between the electronic cloud of
the gas and the MOF frameworks, while the cavities should be
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small enough to hold only one xenon atom.’” The size of
krypton atoms being smaller (Kryietic diameter = 3-60 A), this gas
would have less interactions. With tetrahedral cages of 7.5 A
and octahedral cages of 12 A, connected through triangular
windows of about 6 A, the UiO-66 structure is a good
candidate for xenon preferential capture over krypton.

By exploiting the xenon and krypton isotherms at room
temperature, displayed in Figures 6 and S16, it is possible to
estimate the xenon uptake and Xe/Kr selectivity of MOF
composites. As expected, the adsorption capacity of the
materials toward xenon and krypton is mostly dependent on
their BET surface area,”> with the best performing granular
material here being the UiO-66@chitosan (Sgpr = 1291 m?/g).
Moreover, both UiO-66_NH,-based granules show lower Xe
and Kr uptakes correlated to their lower BET surface area,
implying that the amino functions do not provide interactions
with the noble gases. Lee et al. reported higher xenon
adsorption capacity on UiO-66_NH, (2.3 mmol/g) compared
to UiO-66 (1.3 mmol/g), attributed to the ability of amino
groups to polarize xenon preferentially.”> This observation is
not supported herein, as Figure S17 further highlights the
linear relationship between the BET surface area and the
adsorption capacity of the MOF-based materials. Table 3

Table 3. Xenon and Krypton Uptake Capacity of UiO-66-
and UiO-66_NH,-Based Materials at 1 bar and 293.15 K,
and the Relative Xe/Kr Selectivity Predicted from the Ratio
of Henry’s Constants

S%ET Xe(ad7 Kr(yq5) Xe/ Kr
sample (m*/g) (mmol/g) (mmol/g) selectivity
Ui0-66 1510 2.01 0.66 7.0
UiO-66@HEC 1006 1.50 0.38 9.0
UiO-66@chitosan 1291 1.63 0.48 8.1
UiO-66_NH, 925 13§ 0.35 7.7
UiO-66_NH,@HEC 683 1.20 0.34 7.1
UiO-66_NH,@chitosan 878 1.26 0.32 8.3

summarizes the uptake capacity of the materials issued from
the isotherms as well as the corresponding Xe/Kr adsorption
selectivity, obtained from the ratio of Henry’s constants. The
as-made UiO-66 powder exhibits a predicted Xe/Kr selectivity
of 7.0, in line with the literature (7.2).> Importantly, the
presence of binders seems to improve this selectivity, with
performances of the UiO-66-based granules (8.1—9.0) higher
than their powder counterpart. For comparison, a leading
MOF-based material for Xe/Kr separation is the HKUST-1
compound, displaying a predicted Xe/Kr selectivity of 8.4
under the same conditions.” However, its structure is far less
stable over time. This improvement may be attributed to a
reduction of the flexibility of the MOF frameworks by the
binders, especially at low pressures (in a range where Henry’s
constants are calculated),” or to partial pore blockage, thus
reducing the interactions with Kr molecules. Hence, the use of
binders could be a good strategy to orientate the separation
selectivity of MOFs.

B CONCLUSIONS

For the first time, an extrusion-spheronization process has been
applied to MOF materials, namely, UiO-66 and UiO-66_NH,.
To ensure sufficient robustness of the final objects, up to 6 wt
% of a biosourced binder, either chitosan or 2-hydroxymethyl
cellulose (HEC), has been added. The obtained extrudates and

granules present similar physicochemical properties to the
initial UiO-66 and UiO-66_NH, powders, therefore implying
that this process is suited for the shaping of MOFs from the
UiO-66 family and could be applied more broadly to other
MOF structures. We pointed out that the presence of a binder
lowers the BET surface area in a nonlinear manner (5—38% of
Sger reduction for 2.0—5.6 wt % of binder), as typically
observed, but it also favors the generation of intercrystalline
pores when the crystallites are small enough—in this case with
UiO-66_NH,. Importantly, the as-produced extrudates and
granules present a significant mechanical resistance toward
compression, in the range of 7—20 N. When an insufficient
mechanical resistance is achieved, as in the case of UiO-66 with
5.0 wt % of HEC, the addition of a co-binder, colloidal silica,
further improves it (from 7.2 to 12.7 N) while lowering the
impact of the process over the BET surface area (from —38 to
—8% of Sgpr compared to the initial powder) by acting as a
plasticizer.

The series of shaped UiO-66 and UiO-66 NH,-based
granules were further applied to the capture of iodine. UiO-
66_NH,-based granules reached the highest iodine uptake,
above 480 mg/g after 48 h independently of the binder used.
This is in line with the commercial adsorbent used nowadays
(silver-doped faujasite zeolite, 455 mg/g). Finally, these
granules were also utilized for the adsorption of xenon and
krypton, with gas uptakes mostly correlated to their BET
surface area. Hence, the UiO-66-based granules presented the
highest uptakes, while the predicted Xe/Kr uptake ratio (7.1—
9.0) was similar for all materials. Finally, it was observed that
the presence of binders might slightly improve the Xe/Kr
selectivity.

Hence, the produced MOF-based granules retained most of
the performance of the initial MOF UiO-66 and UiO-66 NH,
powders. Their use in a demonstrator under realistic
conditions would be of interest, in particular to evaluate the
impact of the presence of binders on the long-term stability of
the shaped materials. Also, the broader application of this
shaping technique to other attractive MOF structures is
envisaged.
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