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This work overcomes the longstanding challenge of processing metal-organic framework
(MOF) powders into a convenient and tailorable form by entrapping them within a cellulose
nanocrystal (CNC) aerogel. MOFs are a new class of porous materials, assembled from metal
ions or ion clusters bridged by organic ligands. Since the pioneering work on MOF-5 reported
by Yaghi and co-workers,''! MOFs have received great attention due to their large surface
area and porosity, high thermal stability, and tunable pore structure. MOFs have shown great
potential in various applications including gas separation'”! and storage,””’ chemical sensing,"!
catalysis,””! and so on. Designing and preparing new MOFs,'® post-modification of existing
MOFs,!! and fabrication of MOFs into different structures® are currently of great interest.
However, due to the crystalline nature of MOFs, they are most commonly found in powder
form and their processability and handling remain a significant challenge.” Integrating MOFs
onto or within various substrates to produce a shapeable, cost-efficient, and chemically inert

product is one way to expand the potential applications of these functional materials.

The deposition and growth of MOF particles on substrates has become a highly researched
area but is severely constrained by the physical and chemical requirements of the substrate

and gives materials with limited functionality.!"”! Usually surface modifications are needed in
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order to increase the compatibility between MOFs and substrates, and while different methods
to grow MOFs exist, including solvothermal,!'!! secondary,!"*! layer by layer growth,'*! and
electrochemical deposition,"'* the substrates have to be stable during the process or restricted
synthetic conditions must be employed.!'™ Incorporation of MOF particles onto polymer or
fiber substrates (of both synthetic!'® and natural origin!'™), by blending, deposition or in situ
growth, has been demonstrated. However, while these approaches overcome some of the
disadvantages of preparing MOF-only materials or planar MOF films, most examples
reported to date are either limited by low MOF loadings or reduced flexibility.!"® ' One
alternative approach used to avoid processing or depositing MOFs is to produce metal organic
framework gels (MOGs) which are high surface area MOF-like materials but they generally

lack the ordered crystal lattice and desired physical properties of MOFs.!"”!

]

Nanocellulose shows great promise for use as a supporting substrate’®” or templating

21

material'” -, especially in the form of cellulose aerogels and foams, because of its high

strength, light weight, low cost, non-toxicity and its ability to be processed easily in water.”*
Cellulose nanocrystals (CNCs), cellulose nanofibrils (CNFs), and bacterial cellulose are the
most common types of nanocellulose which are now being produced with consistency in
industrial-scale quantities yet few commercial products exist.!””! Interestingly, CNCs and
CNFs have been found to help unstable colloidal nanoparticles like carbon nanotubes (CNT),
boron nitride, manganese dioxide or molybdenum disulfide suspend better in water.[*> %!
Moreover, the co-suspended nanoparticles can be processed to give hybrid nanocomposites

21 Only one literature example exists combining

with uniform distribution of components.!
MOFs and nanocellulose; it is an elegant study of growing MOFs (up to 44 wt.% loading) in
situ on CNFs and preparing a densely-packed film supported by filter paper for gas

separations.”” Due to the combination of amorphous and crystalline cellulose regions in

CNFs, they are known to pack well, forming good barrier films with low oxygen permeability,
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and when the MOFs were incorporated only gas molecules smaller than the MOF pores could

25]

penetrate the film.! In contrast, we use highly crystalline rigid rod-shaped CNC

nanoparticles. When cross-linked together, the nanoparticles form highly porous self-

supported 3D materials, which have tailorable absorbent and mechanical performance.**’

Herein, we report a facile and novel method to combine functional MOFs and structural
CNCs into a flexible and porous aerogel with hierarchical structure without the use of
chemical modifiers. The hybrid materials are prepared through a straightforward sol-gel
process, followed by freeze-drying. Three different MOF-containing aerogels are
demonstrated with up to 50 wt.% of uniformly distributed MOFs. This new strategy is based
on orthogonally functionalized celluloses, which individually form colloidally stable
suspensions but assemble into covalently cross-linked clusters with entrapped MOFs, when
mixed together. The combination of MOFs, cross-linked clusters and freeze drying, gives
hybrid aerogels with hierarchical pores that remain intact in liquid under compression. MOFs
retain their crystallinity, porosity and accessibility in the aerogel format making them ideal

absorbents for water purification and other separations applications.

Hybrid MOF aerogels were prepared by mixing MOF particles with cross-linkable CNCs to
form a stable colloidal suspension in water, and then added to an aqueous solution of cross-
linkable carboxymethyl cellulose (CMC). More specifically, cross-linkable celluloses were
based on aldehyde modified CNCs (CHO-CNCs) and hydrazide modified CMC (NHNH,-
CMC) which form hydrazone cross-links when in contact. The mixture thus contained cross-
linked clusters composed of MOFs trapped in CNCs cross-linked to CMC, however these
clusters remained colloidally stable. The suspension of clusters was frozen and freeze-dried to
prepare the hybrid aerogels shown schematically in Figure 1A. Three MOF types with

different sizes and functionalities were synthesized and successfully incorporated into the
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cellulose aerogels, including zeolitic imidazolate framework-8 (ZIF-8),1*”! University of Oslo-
66 (Ui0-66),*! and Material Institute de Lavoisier-100(Fe) (MIL-100(Fe)).*”! The resultant
hybrid aerogels were uniform, flexible, and could easily be handled without any loss of
structural integrity (Figure 1B and Supporting Information Video S1). Powder X-ray
diffraction (PXRD) of the aerogels showed that the MOF crystallinity was retained during the

processing (Supporting Information Figure S1).

Similarly, hybrid aerogels were prepared without CMC such that the substrate was entirely
composed of orthogonally functionalized CNC nanoparticles (i.e., CHO-CNCs and NHNH;-
CNCs).**! However, when high loadings of MOFs were used the hybrid aerogels exhibited a
more loosely connected structure and fell apart easily (Figure 1C). As the MOF particles and
CNCs are both rigid crystalline structures we believe that the ability to form CNC-CNC cross-
links is sterically hindered in this system and thus the flexible NHNH,-CMC is needed to

gives aerogels with robust mechanical behavior.

The loading of MOF particles within the cellulose aerogels can be controlled by tuning the
ratio of the three components in the initial suspensions. UiO-66-containing aerogels were
chosen as an example to investigate the effect of MOF loading on the aerogel morphology and
performance. We achieved loadings as high as 50 wt.%, above which the clusters are no
longer stable in suspension and cannot be processed by the sol-gel method. Aerogels with 20,
33.3, and 50 wt.% UiO-66 added were prepared and characterized by thermogravimetric
analysis (TGA) and scanning electron microscopy (SEM). The UiO-66 loadings determined
by TGA were consistent with the nominal values indicating that all MOFs added to the
suspension were incorporated into the aerogel (Supporting Information Table S1). The hybrid
aerogels had ultralow densities, increasing slightly with MOF loading from 18.4 + 0.2 mg/cm’

for 20 wt.% to 22 + 1 mg/cm’ and 32.8 + 0.4 mg/cm’ for 33.3 and 50 wt.% MOFs,
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respectively. This implies that we have significant control over the MOF loading and density

and that the aerogels are extremely porous with a large accessible surface area.

The morphology of these hybrid aerogels was studied by SEM to investigate the hierarchical
structure (Figure 2). In general, all aerogels exhibit a similar internal pore structure,
consisting of micro pores from the well-defined MOF pores (not visible by SEM), meso pores
between the cross-linked CNCs and CMC which make up the “walls” of the structure, and
macro pores templated from the ice crystals that grow when the suspension of clusters is
frozen. Additionally, MOF particles are well dispersed within the “walls” and no MOF
agglomerates are observed. We believe this uniformity stems from the ability for CNCs to aid
in the suspension of MOF particles and the regularity in the cross-linked clusters, highlighting
the intricacies of our processing method. The versatility of the approach is also confirmed
through the preparation of aerogels with ZIF-8 and MIL-100(Fe) which exhibit similar

morphology (Supporting Information Figure S2).

At low MOF loadings, macroscopic regions without any MOFs are observed in the
mesoporous “walls” of the aerogels (Figure 2A and 2B); however, at high MOF loadings, the
“walls” are predominantly MOF particles (Figures 2E and 2F). Importantly, the MOFs appear
entrapped within the cellulose matrix and are not merely attached to the surface (Figure 2F).
This structure is predicted to minimize MOF loss and leaching during use, as tested below.
The high MOF loading achieved and the porous structure of the aerogel indicate that we have
produced a novel hybrid material, which retains the favourable properties of both MOFs and
CNCs. We expect that the morphology of the aerogels has led to one of the highest surface-
area accessible and lightweight MOF-containing materials reported to date. While MOF-only
powders/films are known to have higher surface areas than hybrid materials, they are difficult

to process into useful forms.
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Although MOFs are intended for various applications, here we test the water purification
abilities of our hybrid aerogels to demonstrate that the MOFs are still functional when
entrapped in the cellulose matrix. This is a particularly promising application area for this
type of material as CNC aerogels are recognized to function as absorbents and can take up
more than 100 times their own mass in water, be compressed to remove the liquid and re-
used.*® Specifically we looked at using the UiO-66-containing aerogels to remove the
hazardous compound potassium dichromate, which is the most toxic form of chromium,
Cr(VI), which often ends up in water streams due to industrial pollution.”” In the test, a
small aerogel (~0.8 cm’) was placed into 10 mL of an aqueous solution containing 10 mg/L
potassium dichromate. The Cr(VI) contaminated water was initially light yellow but became
colorless after the hybrid aerogel adsorbed the contaminants, while conversely the color of the
hybrid aerogel itself changed from white to light yellow (Figure 3A). This color change due
to water purification was even more striking in the case of MIL-100(Fe)-containing aerogels

which removed Rhodamine B (Supporting Information Figure S3).

The adsorptive capacities (q; in mg/g) of the MOF particles within the aerogels at different
times (t) were obtained to study the kinetic behavior (see Experimental Section for details).
The time-dependence of the adsorption was well-fitted to a pseudo-second-order kinetic
model with rate constant k, (Figure 3B and Supporting Information Figure S4) which is the
expected diffusion limited behavior of MOFs and implies that the cellulose support is not
hindering the accessibility of the MOF pores. The values of the kinetic parameters are
summarized in the Supporting Information Table S2. The aerogel containing 50 wt.% UiO-66
adsorbed 85% of the Cr(VI) after 24 hours, while aerogels with lower MOF loadings adsorbed
67% (33.3 wt.% UiO-66) and 51% (20 wt.% UiO-66) of the Cr(VI) due to the lower MOF

content. Aerogels without MOFs (control sample) did not show any removal of Cr(VI) after
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24 hours according to UV-Vis spectroscopy. No MOF particles were released from the
aerogels into the water after 24 hours of soaking as tested by dynamic light scattering (DLS)
and similarly, no breakdown of MOFs or leaching was detected by inductively coupled
plasma optical emission spectrometry (ICP-OES) testing for trace Zr content (Supporting

Information Table S3).

The adsorption capacity of pure UiO-66 powder was also tested to compare with the MOF-
containing aerogels. When the same mass of MOF powder as was present in the aerogel was
used, the powder was found to adsorb 85% of the Cr(VI) after 24 hours, which is the same as
the corresponding hybrid aerogel. However, if the total mass of the aerogel is considered then
the mass specific adsorption capacity is slightly lower for the aerogels. In all cases, equivalent
or superior adsorption capacity (based on mass of MOFs) was observed for the aerogels
(Table 1), indicating that all of the MOF particles within the aerogel are functional. We
believe the aerogel’s hierarchical porous structure contributes significantly to this good
performance where the combination of easy accessibility through macropores, and capillary
effect of mesopores, allow for fast water uptake and contact between the MOF micropores

and the contaminants.

In addition to adsorbing large amounts of contaminants, the aerogels could be compressed to
squeeze out the water, which always contained a lower concentration of contaminants than the
bulk solution; for example, in one test, after 8 hours of soaking, the concentration of Cr(VI)
within the aerogel (with 50 wt.% UiO-66) was 1.8 mg/L while the bulk solution had a
concentration of 3.7 mg/L. This concentration difference contributed to the aerogel
performance by consistently driving more contaminated water into the aerogel until saturation.
Additionally, no leaching of MOF particles occurred during the compression process since no

particle signal was detected by DLS. The compressed aerogels quickly recovered their shape
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when re-immersed in water (Figure 3C). Hybrid aerogels with ZIF-8 and MIL-100 were also
tested for water treatment and showed a high capacity for the removal of other hazardous
materials including benzotriazole and Rhodamine B, for ZIF-8 and for MIL-100(Fe) aerogels,

respectively (Supporting Information Figure S3 and Table S2).

In conclusion, we have demonstrated a facile way of combining two emerging materials —
MOFs and CNCs — into one highly functional aerogel. The CNCs act as the structural
component supporting the functional MOFs in a three dimensional flexible and lightweight
networked material. The MOF loading can be tailored by changing the initial ratio of
components, up to 50 wt.% MOF content can be easily achieved. Three different types of
MOFs were embedded into the CNC-based aerogels, highlighting the versatility of the
processing method and materials, and showing that the MOFs retain their crystallinity and
function. Water treatment applications were demonstrated based on the good absorption
properties of aerogels, however these materials may also be extended to be used as air filters,

substrate-supported catalysis, and sensors, to name just a few examples.

Experimental

Materials. Whatman cotton ashless filter aid was purchased from GE Healthcare Canada, and
sulfuric acid (95-98%) was purchased from VWR Canada. Dimethyl sulfoxide (DMSO,
reagent grade) was purchased from Caledon Laboratory Chemicals (Georgetown, ON,
Canada). Sodium carboxmethyl cellulose (CMC, Mw ~ 250000 g/mol, DS = 0.9), adipic acid
dihydrazide (ADH, 98%), N-hydroxysuccinimide (NHS, 97%), N’-ethyl-N-(3-
dimethylaminopropyl)-carbodiimide (EDC, commercial grade), zinc nitrate hexahydrate
(98%), 2-methylimidazole (99%), zirconium chloride (>99.5%), terephthalic acid (BDC,

98%), acetate acid (299.7%), iron (III) chloride hexahydrate (>98%), trimethyl 1,3,5-



ADVANCED
submitied o MATERIALS

benzenetricarboxylate (95%), benzotriazole (99%), potassium dichromate (>99%), and
Rhodamine B (>95%) were purchased from Sigma-Aldrich and used without further
purification. All water used was purified Type I water with a resistivity of 18.2 MQ- cm

(Barnstead NANOpure DIamond system, Thermo Scientific, Asheville, NC).

MOFs. ZIF-8 (Zeolitic Imidazolate Framework-8), UiO-66 (University of Oslo-66), and MIL-
100(Fe) (Material Institute de Lavoisier-100(Fe)) were prepared using the methods reported in
the literatures [31]. Briefly, ZIF-8 was prepared by dropping zinc nitrate solution (1.17 g zinc
nitrate hexahydrate in 8 g water) into 2-methylimidazole solution (22.7 g 2-methylimidazole
in 80 g water) under stirring for 10 minutes and collected by ultracentrifugation and washed 3
times with water. UiO-66 was prepared by dissolving zirconium chloride (915 mg) and BDC
(645 mg) in 225 mL DMF containing 6.7 mL acetic acid, which was kept under 120 °C for 24
hours and collected by centrifugation and washed with methanol (3 times) afterwards. MIL-
100(Fe) was prepared by dispersing iron (III) chloride hexahydrate (0.162 g) and trimethyl
1,3,5-benzenetricarboxylate (0.138 g) in 5 mL water, which was then kept under 130 °C for 3

days. The product was centrifuged and washed with acetone (3 times).

Preparation of Carboxymethyl Cellulose-Hydrazide (NHNH,-CMC), Hydrazide-Modified
CNCs (NHNH>-CNCs) and Aldehyde-Modified CNCs (CHO-CNCs). NHNH,-CNCs and
CHO-CNCs were synthesized using the method described in our previous work [26a]. Briefly,
hydrazide groups were introduced onto CMC (or CNC) by reacting ADH with CMC (or
CNC) through the NHS/EDC coupling system; aldehyde groups were generated by the
oxidization of the CNC using NalO,. Solutions/suspensions were stored at 4 °C before further

experiments.
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Preparation of Hybrid Aerogels. MOF nanoparticles were suspended into 1 wt.% CHO-CNC
suspensions, with 15 min of probe sonication. The resulting suspensions were mixed with an
equal volume of 1 wt.% NHNH,-CMC, or NHNH,-CNCs, using a vortex mixer (Level 8,
Analog Vortex Mixer, VWR) for 2 min. The final suspension of cross-linked clusters was
transferred into a cylindrical glass vial (14.5 mm in diameter) and allowed to set for another
10 min before transfer into the freezer (-20°C). The final hybrid aerogels were obtained by

freeze-drying the ice-gel.

Adsorption. Adsorption kinetics were studied by soaking the aerogels or MOF particles in 10
mL aqueous solution containing different contaminants (200 mg/L benzotriazole for ZIF-8, 10
mg/L potassium dichromate for UiO-66, and 0.01 mM Rhodamine B for MIL-100(Fe)) for a
predetermined time. Then the solution was analyzed by UV-Vis to determine the
concentration based on a calibration curve prepared from solutions with known contaminant

concentrations. The adsorption capacity at time t was calculated using the following equation:

_(CyCYV

t m
where V is the solution volume, m is the mass of the aerogel or the mass of MOF particles, Co
is the initial concentration, C; is the concentration at time t. The time-dependence of the

adsorption was fitted with the pseudo-second-order kinetic model, which is:

where q; and q. are the adsorption capacities at time t and equilibrium, respectively, and k; is

the rate constant of the pseudo-second-order model.

Characterization. JEOL JSM 7000 Scanning Electron Microscopy (SEM) was used to
characterize the MOF particles and aerogels with a 5 nm platinum coating. Powder X-ray
diffraction (PXRD) was conducted on a Bruker D8 Advance X-Ray Diffractometer with a

10
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scan speed of 1 deg/min, a step size of 0.05°, and a 26 range of 2-50°. The concentration of
the contaminated water was determined by DU 800 UV/Vis Spectrophotometer. MOF
nanoparticle size and the presence of MOFs in purified water test (leaching) were determined
using a Malvern Zetasizer Nanoparticle Analyzer (dynamic light scattering apparatus) at
25 °C. Thermogravimetric analysis (TGA) was performed on a TA Q5000 thermogravimetric
analyzer with a ramp rate of 10 °C/min. Inductively coupled plasma optical emission

spectrometry (ICP-OES) was conduceted on Varian ICP-OES Vista Pro.
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ZIF-8 UiO-66  MIL-100(Fe) ZIF-8 Uio-66 MIL-100(Fe)

Figure 1. (A) Schematic of MOF-cellulose hybrid aerogel. Photographs of (B) CNC-CMC
based hybrid aerogels (CNC:CMC:MOF=1:1:1 by weight), and (C) all-CNC based hybrid
aerogels (CNC:CNC:MOF=1:1:1 by weight); aerogels are about 7 mm in diameter and 5 mm
in height.

Figure 2. SEM images of UiO-66-containing cellulose aerogels. (A) Aerogel with 20 wt.%
Ui0-66, (B) aerogel with 33.3 wt.% UiO-66, (C, D, E, F) aerogels with 50 wt.% UiO-66 at

different magnifications.
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Figure 3. (A) Photographs of the contaminated aqueous solution before and after adsorbing
Cr(VID) in the aerogel with 50 wt.% UiO-66 and (B) the time dependent adsorption
(correlation curve was drawn using the kinetic parameters calculated from the pseudo-second-
order model) and pseudo-second-order plots (inset). (C) Photographs showing that a wet
hybrid aerogels (50 wt.% UiO-66) can be incorporated into a syringe and compressed fully by
the piston (top left), also shown from the bottom view of the syringe (top middle). When
removed from the syringe, the compressed aerogel in air maintains the shape of the container
it was compressed in (top right) but recovers its original shape completely when place in

solution again (bottom), this is also demonstrated in the Supporting Information Video S1.

Table 1. Adsorption capacities of Cr(VI) for aerogel with UiO-66, UiO-66 portion of aerogel,
and UiO-66 powder.")

- - NG
Ui0-66 Adsorption capacity q; (mg g™)

loading Aerogel with MOF MOF pomg]n of MOF powder
aerogel
20 wt.% 3.60 18.02 15.50
333 wt.% 3.89 11.66 8.40
50 wt.% 3.35 6.70 6.96

[a] The amount of the UiO-66 powder used for characterizing adsorption capacity was the
same as the amount of the UiO-66 powder trapped within the aerogel. [b] The adsorption was
conducted over 24 hours without any agitation. [c] This capacity was calculated with the same
data used for the aerogel with MOF, but only the UiO-66 mass was used instead of the total
aerogel mass.
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Figure S1. PXRD spectra of a CNC-CMC aerogel, pristine MOFs, and MOF-containing
CNC-CMC aerogels.

Table S1. Nominal and measured weight percentage of UiO-66 within aerogels
as determined by TGA.

UiO-66-containing CNC-CMC aerogels'™

Nominal mass 20% 33.3% 50%
Ash content 10.46% 15.27% 22.05%
Measured mass 20.86% 33.41% 51.10%

[a] Ash content of plain CNC-CMC aerogel and UiO-66 powders are 2.465% and 40.79% after TGA testing.
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Figure S2. SEM images of ZIF-8 and MIL-100(Fe)-containing aerogels. Upper two images
are aerogels with 33.3 wt.% MIL-100(Fe) at different magnifications. Lower two images are
aerogels with 40 wt.% ZIF-8 at different magnifications.
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Figure S3. Time dependent adsorption (correlation curve was drawn using the kinetic

parameters calculated from the pseudo-second-order model), pseudo-second-order plots
(inset) and photographs of the contaminated aqueous solution before and after adsorption of
(A, B) benzotriazole on ZIF-8 (40 wt.%) aerogel, (C, D) Rhodamine B on MIL-100(Fe) (33.3

wt.%) aerogel.
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Time dependent adsorption (correlation curve was drawn using the kinetic

parameters calculated from the pseudo-second-order model) and pseudo-second-order plots
(inset) of the contaminated aqueous solution before and after absorption of Cr(VI) on (A) 20
wt.%, (B) 33.3 wt% loaded UiO-66 aerogel.

Table S2. Kinetic parameters for the adsorption of contaminants (Cr(VI) for UiO-66,
benzotriazole for ZIF-8, Rodamine B for MIL-100(Fe)) on MOF loaded aerogels.

Kinetic parameters
MOF loading | qe)cal (Mg g) | ka(gmg' h?) R*
20 wt.% 6.1 0.01 0.9971
Ui0-66 33.3 wt.% 5.33 0.03 0.9963
50 wt.% 391 0.07 0.9990
ZIF-8 40 wt.% 39.06 0.16 0.9927
MIL-100(Fe) 33.3 wt.% 2.32 0.14 0.9999
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Table S3. Zr concentration detected by ICP-OES on pure water and water after treated with
50 wt.% loaded UiO-66 aerogel.

Pure Water after Cr(VI) water after
Pure Water hydrogel hydrogel
compression'”! adsorption!”

Zr concentration
0.077 0.076 0.076

(ppm)

[a] Water was obtained after compression of the 50 wt.% loaded UiO-66 aerogel showed in
Supporting Information Video S1. [b] Cr(VI) water was obtained after soaking with 50 wt.%
loaded UiO-66 aerogel for 24 hours.
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