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For potential applications it is necessary to shape metal-organic frameworks (MOFs) into composite
materials. Due to its naturally porous and highly ordered structure, wood is a candidate for the synthesis of
MOF-composite materials. Herein, we report two easy wood functionalization methods using maleic
anhydride (MA) and (3-aminopropyltriethoxysilane (APTES) to achieve MOF@wood composites with
increased, in situ formed MOF loading compared to unfunctionalized wood. With the carboxylate-donating
maleate anchor from MA and the carboxylate MOF MIL-53(Al) or with the amino-donating anchor APTES
and the imidazolate MOF ZIF-8 MOF loadings up to 13 wt% could be reached in each case, forming

Received 2nd August 2022, composites with micro-meso-macrohierarchical porosity. The resulting composite materials were tested

Accepted 8th September 2022 for water purification, represented by the adsorption of methylene blue, and heterogeneous catalysis,
DOI: 10.1039/d2me00163b represented by the Knoevenagel condensation between benzaldehyde and malononitrile. Both potential
applications were tested under static and continuous conditions, showing promising results for the
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application of MOF@wood composite materials in flow-through filtration and catalysis.

Through the two molecular functionalization agents we could optimize the formation of a carboxylate MOF by using the carboxylate-forming MA and of a

nitrogen-linker MOF by using the amino-containing APTES. To the best of our knowledge this strategy is new for MOFs and should be generally applicable

to any carboxylate or imidazolate MOF. MOFs are generally investigated for their porosity for gas, vapor or molecule uptake, as heterogeneous catalysts etc.
The MOF@wood composites also fulfill these desired functionalities as a formulated or shaped MOF material. The MOF@wood design should be

applicable to many more roles for which MOFs are already investigated. The porosity, as the desired systems functionality, was fully preserved in the wood,

unlike in MOF@polymer composites. Design constraints can be due to the difference between wood types. The MOF@wood composites may open the way

to incorporate MOFs in wood consumer goods for air or water purification, humidity control through the water-uptake and release of the MOF or to deliver

fragrances through the slow release from the MOF. The mechanical stability of wood may also increase through the inside MOF skeleton.

Introduction

Metal-organic frameworks (MOFs) are a class of potentially
porous and crystalline coordination networks comprised of
inorganic metal nodes which are connected by multitopic
organic ligands (linkers)." Due to the huge variety of possible
structures, by modifying metals and linkers, and the
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resulting design possibilities,”* MOFs have found multiple
potential applications, such as gas storage and separation,”™®
water and  air  purification,”®  catalysis,”""  heat
transformation'>"® and drug delivery.'*'> However, MOFs are
usually obtained as microcrystalline powders, which limits
their manageability.'®"” For realistic applications, MOFs
would have to be shaped into monoliths, films, membranes
etc. by being processed as composite materials in a matrix
through the addition of polymers, binders etc."®>' The
additive matrix has to be chosen according to the envisioned
application. A general prerequisite for any matrix has to be to
retain the MOF porosity and access to the MOF pores which
is not necessarily guaranteed with organic polymers.**

Wood can be a natural material overcoming these
problems. It is a hierarchical composite containing intrinsic

This journal is © The Royal Society of Chemistry and IChemE 2022
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porosity and great mechanical stability.>*° Its hierarchical
structure is composed of cellulose and hemicelluloses, which
form the porous structure, and of lignin, which provides the
mechanical stability. A schematic construction of wood is
shown in Fig. 1a. An individual wood cell is constructed of a
primary and a secondary wall with the lumen, the porous
element, in the center. The primary and secondary walls
mainly consist of semi-crystalline cellulose-microfibrils which
are supported by a variety of hemicelluloses. These cells are
connected by the lignin-rich middle lamella, which accounts
for the rigidity and mechanical stability of wood.***” Lignin
itself is a random polymer consisting of the three monomers:
coumaryl alcohol, coniferyl alcohol and sinapyl alcohol
(Fig. 1b).*® Wood can generally be differentiated into
softwood and hardwood (Fig. 1c). Softwoods are usually only
comprised of one cell type, which varies in thickness and
diameter depending on the life cycle around the seasons,
which results in the characteristic growth rings of wood (the
so called “latewood” consist of cells with smaller diameter
and thicker cell walls resulting in a darker color). Hardwoods
contain different cell types resulting in a more complex
structure compared to softwood. In both types, the lumina
are interconnected by pits and wood rays, which grow
radially to the growth direction of the tree. Together this
gives the hierarchically porous and oriented anisotropic
properties of wood.”®?%%°

As a result of these intrinsic properties wood can be a
potential host matrix for the synthesis of MOF@wood
composite materials with hierarchical micro, meso and
macro porosity and directional mass transport.>’ Only a few
MOF®@wood composite materials have been reported so far
(Table S2, ESIf). MOFs in wood materials include UiO-66,
HKUST-1 and ZIF-8. The resulting composites were
characterized by increased mechanical stability compared to
natural wood and other MOF@polymer composite materials.
When the Cu-MOF HKUST-1 (Cu-BTC) was incorporated
increased antibacterial properties compared to natural wood
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were found. MOF@wood composites were tested for potential
applications such as the removal of organic pollutants from
water,*** solar steam generation for freshwater production
by increasing the water evaporation efficiency using solar
light>® and iodine capture.’*® Furthermore, wood composite
materials have been synthesized with metal nanoparticles
incorporated into MOF@wood materials which can be used
for continuous flow through hydrogen generation.>” However,
the reported materials contain only small amounts of MOF.
There are also reports of MOF-composite materials using
wood-based materials such as wood aerogel and carbonized
wood or carbonized MOF@wood materials,**™** but most of
these materials lose mechanical stability after delignification
or carbonization. Huang et al. were able to increase the MOF
loading without delignification of the wood by deploying the
method of localized magnetic induction heating (LMIH),
where the first functionalized by Fe,O;
nanoparticles and the MOF synthesis was conducted in a
magnetic field. Using this LMIH method, the MOF precursor
solution was heated only inside the wood lumina resulting in
MOF-loadings up to 50 wt% without destroying the structural
integrity of the wood."”

Herein, we present two wood functionalization methods
using maleic anhydride (MA) and (3-aminopropyl)
triethoxysilane (APTES) to achieve MOF@wood composite
materials with increased MOF loadings. Functionalization of
cellulosic substrates has been reported before.*®*” Cyclic acid
anhydrides like maleic anhydride can be wused to
functionalize substrates, including wood, with carboxylic acid
groups.”® % APTES is a well-known agent to introduce amino-
groups on surfaces like alumina and titania to induce the
targeted growth of zeolitic imidazolate frameworks (ZIFs) on
the surface of the so functionalized substrates.”’”* Two
exemplary MOFs have been used here to examine the effects
of the different functionalization methods: MIL-53(Al) with
Al-carboxylate bonds and ZIF-8 with Zn-N coordination (see
section 5, ESIT for MOF structures). These newly synthesized
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Fig. 1 a) Schematic construction of wood, from the bulk via the individual cell to the elemental fibril. b) Lignin monomers, from left to right:
coumaryl alcohol, coniferyl alcohol, sinapyl alcohol. c) Structural differences between hard- and softwoods. Reprinted from ref. 30 © 2019 by
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MOF@wood composite materials are then tested for the
adsorption of methylene blue from aqueous solution and as
a catalyst for the Knoevenagel reaction between benzaldehyde
and malononitrile, which are known potential applications
for MIL-53(Al) and ZIF-8, respectively.”>>* These experiments
are performed both in static and continuous conditions.

Materials and methods

Pine wood rods with a diameter of 14 mm were cut into disks
with a thickness of 3 mm using a band saw. Afterwards, the
wood surface was polished using a smoothing plane (Fig. S1,
ESIf). All chemicals were obtained from commercial
suppliers and used without further purification. A list of all
chemicals and suppliers can be found in the ESI{ (Table S1).

Wood NaOH-pretreatment

Wood was pretreated with NaOH according to the procedure
described by Tu et al®® with minor modifications.
Approximately 0.5 g of pine wood disks were added to 50 mL
of aqueous NaOH (15% w/v), vacuum impregnated three
times by evacuating the flask and venting it to atmospheric
pressure with nitrogen and stirred for one hour. Afterwards,
the wood was removed and washed with water until the pH =
9 was reached. Then the wood was first dried in air at room
temperature for at least 24 h followed by drying at 60 °C
under vacuum overnight to minimize shrinking of the wood.
The wood pretreated with this method is denoted as Pine-
NaOH.

Wood functionalization with maleic anhydride (MA)

Wood was functionalized with maleic anhydride according to
the method by Montanari et al.>® Freshly dried untreated pine
wood (~1.4 g) was first soaked with acetone (20 mL). Maleic
anhydride (~50 g) was loaded into a flask and melted in an
oven at 100 °C. Then, the acetone-soaked wood was added
into the molten maleic anhydride and left to react at 100 °C
for 24 h with no stirring. Afterwards, the hot wood was
directly transferred into acetone and washed extensively with
altogether about 250 mL of acetone, dried at room
temperature in air for 4 hours and then at 60 °C under
vacuum overnight. The wood pretreated with this method is
denoted as Pine-MA.

Wood functionalization with (3-aminopropyl)triethoxysilane
(APTES)

The pine wood disks (~1.4 g) were first evacuated for one
hour in a flask equipped with a septum. The amount of 6 mL
(25 mmol) of APTES (threefold molar excess relative to the
wood, assuming the wood is only composed of cellulose with a
molecular weight of 162 g mol™" per anhydroglucose unit)
was first dissolved in 12 mL of DMSO (about twice the
volume relative to APTES) and then added to the flask (still
under vacuum) through the septum. The mixture was vented
with nitrogen to atmospheric pressure and left to react at 70 °C
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for 6 hours. Then the wood was removed, quickly rinsed
with 10 mL of ethanol and kept at 70 °C overnight.
Afterwards, the wood was washed three times with 20 mL of
ethanol, dried in air at room temperature for 4 hours and
then dried at 60 °C under vacuum overnight. The wood
pretreated with this method is denoted as Pine-APTES.

MIL-53(Al) and MIL-53(Al)@wood synthesis

MIL-53(Al) was synthesized according to the method
described by Mounfield III et al.”® Briefly, 1.3 g (3.5 mmol) of
aluminum nitrate nonahydrate and 1.3 g (7.8 mmol) of
terephthalic acid were dissolved in 30 mL of
dimethylformamide (DMF). The clear solution was
transferred into a screwcap bottle and heated at 120 °C for
72 h. The resulting precipitate was centrifuged, washed three
times each with 20 mL of DMF and 20 mL of ethanol and
dried at 60 °C under vacuum overnight. The procedure to
synthesize the MOF@wood composite materials was the
same but included a vacuum impregnation of the wood
before heating: two wood disks (~0.5 g) from the same
pretreatment (Pine, Pine-NaOH, Pine-MA or Pine-APTES) were
first evacuated in a flask equipped with a septum for one
hour. Then, the prepared MOF-precursor solution was
injected to the flask through the septum while still under
vacuum, followed by venting with nitrogen to atmospheric
pressure and soaking for one hour. Directly afterwards, the
synthesis and workup were conducted as for neat MIL-53(Al).

ZIF-8 and ZIF-8@wood synthesis

ZIF-8 was synthesized according to the method described by
Tu et al.>* Briefly, 1.6 g (5.4 mmol) of zinc nitrate hexahydrate
was dissolved in 2 mL of water and 16.6 mL of methanol,
while 8.8 g (107.2 mmol) of 2-methylimidazole were
separately dissolved in the same amount of the same solvent
mixture. Then, both solutions were combined and stirred at
room temperature for 24 h. The resulting precipitate was
centrifuged at 10 000 rpm (max. 10400 g), washed three times
each with 20 mL of water and 20 mL of ethanol, and dried at
60 °C overnight. The procedure to synthesize the MOF@wood
composite materials was the same but included a vacuum
impregnation of the wood with the zinc nitrate solution: Two
pieces of wood (Pine, Pine-NaOH, Pine-MA or Pine-APTES)
were first evacuated in a flask equipped with a septum for
one hour. Then, the prepared zinc nitrate solution was
injected into the flask through the septum while still under
vacuum and vented with nitrogen to atmospheric pressure.
The wood was first soaked for two hours with the zinc metal
salt, before adding the solution of 2-methylimidazole.
Directly afterwards, the synthesis
conducted as for neat ZIF-8.

and workup were

Methylene blue (MB) adsorption experiments

The amount of 50-60 mg (a composite disk was broken apart
to achieve the targeted amount) of dried wood or
MOF@wood composite material or 5-6 mg of dried MOF was

This journal is © The Royal Society of Chemistry and IChemE 2022
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shaken in 20 mL of an aqueous MB solution with a
concentration of 5 mg L. After 48 h the change in
concentration of the solution was checked via UV/VIS-
spectroscopy (at 664 nm). For kinetic sorption studies
50-60 mg of wood or MOF@wood composite were shaken in
50 mL aqueous MB solution (5 mg L") and aliquots of 1 mL
were taken after 1, 2, 8, 24, 32 and 48 h. The concentration of
MB was followed by UV/VIS-spectroscopy (at 664 nm). For
sorption isotherm studies, 50-60 mg of MOF@wood
composite material was shaken for 48 h in 20 mL of MB
solutions with different concentrations (1, 5, 10, 100, 250 and
500 mg L7'). Afterwards, the change in concentration was
determined by UV/VIS-spectroscopy (at 664 nm). For the
measurement the solutions were diluted to an approximate
concentration of 5 mg L™ from their initial concentration if
necessary. All experiments were performed in duplicate and
the similar values were averaged. For continuous filtration
experiments, a disk of the MOF@wood composite (diameter
=14 mm, thickness = 3 mm, mass = 234 mg) was first soaked
in water overnight and then fixed into a custom-made
filtration setup (see below). To this, a syringe filled with
20 mL of methylene blue solution in water (5 mg L") was
connected and pressed through the composite using a
syringe pump at a pumping rate of 0.05 or 0.03 mL min .
Four fractions were collected, each after 5 mL of solution
pressed out of the syringe, and the remaining concentration
of methylene blue was determined by UV/VIS-spectroscopy (at
664 nm).

Catalytic studies for the Knoevenagel condensation

For catalytic studies, 50-60 mg of dried wood or MOF@wood
composite material or 5-6 mg of MOF were added to a
solution of benzaldehyde (1 mmol) and malononitrile
(1 mmol) in 2 mL of anhydrous toluene. The reaction vessel
was then shaken on a VWR Mini Shaker for 48 h at room
temperature. After 1, 2, 6, 23, 31, 48 and 72 h aliquots of
10 puL were taken, diluted to 1 mL with toluene and the
concentrations were determined using gas chromatography.
For catalyst reusability tests, the MOF@wood composite
material was washed with toluene and ethanol for at least
24 h and reused again applying the same procedure as
before. For the non-catalytic wood, no reusability tests were
performed. For continuous catalysis experiments, the same
setup was used as for continuous filtration experiments. In
this case the MOF@wood composite (diameter = 14 mm,
thickness = 3 mm, mass = 338 mg) was first soaked in
toluene, before 5 mL of a solution of benzaldehyde and
malononitrile in toluene (1 mol L™ each) were pressed
through the composite at a pumping rate of 0.02 or 0.01 mL
min~'. Five fractions were collected, each after 1 mL of
solution were pressed out of the syringe. From each fraction
10 pL solution were taken and diluted to 1 mL with toluene
before being analyzed with gas chromatography.

Powder X-ray diffraction (PXRD) patterns were recorded
on a Bruker D2 Phaser equipped with a copper X-ray

This journal is © The Royal Society of Chemistry and IChemE 2022

View Article Online

Paper

generator (Cu-K,; 1 = 1.5406 A) at 30 kv and 10 mA. Samples
were dusted onto a Si-low background sample holder and
measured in the 26 range of 5-50° at a scan rate of
0.024° s™'. To collect the PXRD patterns of the composite
materials, a disk of MOF@wood was fractured and a sample
was scratched off of the cross-section.

Nitrogen physisorption isotherms were obtained on a
Quantachrome Autosorb-6 at 77 K with nitrogen gas of
99.9990% purity. Prior to the measurement, samples were
degassed at 120 °C for at least 3 hours to a pressure of less
than 30 mTorr. Brunauer-Emmett-Teller (BET) surface areas
were determined at relative pressures p p, = between 0.03
and 0.06 for MIL-53(Al) and its composites or between 0.01
and 0.04 for ZIF-8 and its composites. The isotherms were
collected on a standard Autosorb-6 device with a pressure
transducer accuracy of 0.11% and a maximum vacuum of 5 x
10~ mbar. As a result, the ultra-low-pressure region cannot
reliably be measured, causing the isotherms to start above an
uptake of 0 cm® g™,

Fourier-transform infrared (FT-IR) spectra were recorded
on a Bruker FT-IR Tensor 37 spectrometer in the attenuated
total reflection (ATR) mode in the range of 4000-550 cm ™.

Scanning electron microscopy (SEM) images and energy
dispersive X-ray (EDX) analysis were recorded on a Jeol JSM-
6510LV QSEM electron microscope equipped with a LaBg
filament and a Bruker XFlash 410-M EDX detector at an
acceleration voltage of 20 kV. Prior to the measurement, samples
were coated with gold using a Jeol JFC 1200 sputter coater.

Atomic absorption spectroscopy (AAS) was conducted on a
PerkinElmer PinAAcle 900 T with Zn and Al hollow cathode
lamps. For zinc, an acetylene-air flame was used for
atomization, while for aluminum, a graphite furnace was
used. Samples were prepared by digestion of 15-20 mg of
MOF@wood composite in aqua regia (4 mL of a 3:1 v:v
mixture of 37% HCl and 65% HNO;) at 120 °C until the
solvent evaporated completely, dissolving the residue in 5 mL
HNO; (0.5 mol L) and dilution in purified water to
appropriate concentrations. The calibrating samples were
prepared from commercial aluminum and zinc standard
solutions (1000 mg L") by dilution to required concentrations.

Mercury intrusion porosimetry (MIP) was performed on a
combined Porotec Pascal P140 + P440 device, where the P140
device reaches pressures up to 400 kPa and the P440 device
reaches pressures up to 400 MPa, ultimately reaching a
determinable pore size from 100 um down to 4 nm. Both
measurements have been combined into one using the
SOLID Software Ver 1.6.6 by ThermoFisher Scientific. Pore
size and surface characterization was performed using the
“cylindrical and plate” model.

UV/Vis spectra were recorded on an Analytik Jena Specord
S 600 spectrometer from 190 to 1000 nm in a quartz glass
cuvette with a light path length of 10 mm.

Gas chromatography was conducted on a Shimadzu GC-
2010 system with a flame ionization detector operated at
350 °C. The used column (type SB-1 by HP) was 30 m long
and 0.25 mm in diameter. The column was first heated at
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40 °C for 4 min, then heated to 220 °C within 3.5 min and
kept at this temperature for a further 5 min. Product yield
was determined by calibration using a commercially
purchased sample of the benzylidene malononitrile product
of the Knoevenagel condensation.

Thermogravimetric analyses (TGA) were performed on a
Netzsch Tarsus TG 209 under synthetic air (20.5 + 0.5% O, in
N,) from room temperature to 1000 °C with a heating rate of
10 °C min ! in AL,Os-crucibles.

Purified water with a residual conductivity of 0.05 pS em™
(at 25 °C) has been obtained from a Millipore Synergy® water
purification system.

Results and discussion
Wood functionalization

Pine wood disks with a diameter of 14 mm and a thickness
of 3 mm were either pretreated with aqueous sodium
hydroxide (NaOH), maleic anhydride (MA) or (3-aminopropyl)
triethoxysilane (APTES). Pine, a softwood, was chosen for its
more uniform structure, which is only composed of one cell
type.>® Pretreatment with NaOH causes the deprotonation of
carboxylic acid groups which are more common in
hemicelluloses, creating carboxylate coordination sites for
metal cations in the wood surface (Scheme 1a).*>
Functionalization with MA and APTES results in the
formation of covalent bonds between the abundant hydroxyl
groups and the functionalizing agent and leads to additional
carboxylic acid or amine coordination sites for metal ions
(Scheme 1b and c).*”*® Successful deprotonation by NaOH
pretreatment is evidenced by the decreasing intensity of the
carboxylic acid C=0-stretching vibration at 1735 cm ™" in the
ATR-IR spectrum (Fig. 2a).** Likewise, after esterification with
MA, the same vibration increases in intensity due to the
presence of more COOH-groups after functionalization (a
slight shift to 1722 em™ is observed), which is furthermore
visible with the increasing intensity of the band at 1155 cm™*

O, OH
(0]
=
O

O o]
Na* |—OH
OH NaoH,, o MA
OH —>» | 0oH [—OH ——» -0OH
1h, RT 241,100 °C
OH OH —OH 0.__0 °
N
OH
OH o
APTES
OH —» —o—Si—/_\NH2
6h,70°C
OH o
c)

Scheme 1 Functionalization methods of wood. a) Pretreatment with
sodium hydroxide, b) functionalization with maleic anhydride, c)
functionalization with (3-aminopropyl)triethoxysilane. In the cases of
functionalization with MA and APTES only representative
configurations are shown (see ESIt for more details).
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Fig. 2 a) IR spectra of Pine, Pine-NaOH and Pine-MA. b) EDX-
spectrum of Pine-APTES.

which is assigned to the C-O stretching in aliphatic esters.”®
For functionalization with APTES, ATR-IR does not yield any
significant identification of a successful reaction, since all
expected Si-O-stretching and Si-O-CHj;-rocking bands
between 950 and 1200 ¢cm™' are masked by the vibrational
peaks of the wood.>® Only the decrease of the OH-vibrational
band at 3338 em ™, as a result of the covalent bond between
the hydroxyl-O and silicon, indicates the reaction (Fig. S3,
ESIt). However, SEM-EDX can be used in this case to verify
that silicon is present after the functionalization, which is
evidenced by the prominent EDX peak at 1.74 keV (Fig. 2b).
Additionally, the success of functionalization can be
determined by the weight percent gain (WPG) (eqn (1)),

which  determines the increase in mass after
functionalization =~ compared to the weight before
functionalization.*®
We — W
WPG = ——.100% (1)
Wo

W, and W; represent the wood mass before and after
functionalization, respectively. In the case of pretreatment
with NaOH, a weight loss of around 5 wt% was observed,
which is caused by the partial delignification of the wood
matrix and can also be observed by the brown discoloration
of the solution.** On the other hand, for MA and APTES
functionalization, a WPG of around 35 wt% and 25 wt% was
observed, respectively, which indicates successful covalent

This journal is © The Royal Society of Chemistry and IChemE 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2me00163b

Open Access Article. Published on 13 september 2022. Downloaded on 25. 05. 2026 05:37:57.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

MSDE

bonding between the hydroxyl groups and the functionalizing
agent. It should be noted, however, that these values do not
precisely describe the degree of functionalization because of
two reasons: firstly, functionalization in both cases takes
place at elevated temperatures which already causes
dissolution of wood components to some degree and thereby
reducing the mass of the wood. Secondly, it cannot be
guaranteed that the solvent is completely removed after
washing and drying. This is mainly the case for APTES
functionalization and is evidenced by the EDX peak at
2.30 keV corresponding to sulfur, which stems from the
solvent DMSO used during the reaction. A determination of
the retained solvent as mass loss from TGA above 189 °C
(boiling point of DMSO) cannot be differentiated from the
mass loss caused by the starting decomposition of the wood
matrix. Thus, the possible error from dissolution and
remaining solvent was determined as a blind value for the
APTES functionalization by applying the procedure without
the APTES, i.e. heating the wood in the solvent DMSO alone.
The overall weight loss in this case was only 0.5 wt% and can
therefore be neglected. For the functionalization with MA,
this error estimation was not possible since there is no
solvent involved and the functionalization takes place in
molten MA.
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Synthesis of neat MOFs

MIL-53(Al) was synthesized by the solvothermal reaction
between aluminum nitrate and terephthalic acid in
dimethylformamide. The experimental PXRD data match the
simulation from the deposited structure files (Fig. 3a),”’
except that the experimental diffraction peaks are broadened
and slightly shifted to higher 26 values compared to the
simulated diffraction pattern which is caused by the lower
synthesis temperature of 120 °C instead of the commonly
used temperature of 220 °C.%® This low-temperature synthesis
was chosen with regard to the synthesis of the MOF@wood
composites, where a high temperature synthesis would cause
thermal degradation of the wood matrix. As a result, the
synthesized MIL-53(Al) crystallites are nanosized (as
evidenced by SEM, Fig. S5, ESI{), which causes the diffraction
peak broadening. Also, the low-temperature MIL-53(Al)
contains a significant amount of mesopore defects (as
evidenced by the pore size distribution from N, sorption, Fig.
S9, ESIf) which causes the diffraction peak shift.>>*° We
assume that the lower synthesis temperature results in the
formation of a defect-rich MIL-53(Al) with mesopores.
Nitrogen sorption measurements (Fig. 3b) of the
synthesized material revealed a Brunauer-Emmett-Teller
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Fig. 3 a) PXRD pattern of synthesized MIL-53(Al) compared to the simulated pattern of the ht-form (CSD-Refcode: SABVUNOL, ref. 57). b)
Nitrogen-sorption isotherms of MIL-53(Al) after degassing at 393 K and 473 K. c¢) PXRD pattern of synthesized ZIF-8 compared to the simulated
pattern (CSD-Refcode: FAWCEN, ref. 61). d) Nitrogen-sorption isotherm of ZIF-8. For the nitrogen-sorption isotherms the filled symbols represent
the adsorption branch, while the empty symbols represent the desorption branch.
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(BET) surface area of 1315 m*> g' when degassed at 200 °C
(literature 1140-1520 m” g *).>®**° However, this degassing
temperature will again not be applicable for the wood
composites, therefore an additional N, sorption with
degassing at 120 °C was measured and resulted in a decreased
BET surface area of 835 m” g™*. This surface area will later be
used as reference to compare to the composite materials. Pore
size distribution shows a maximum at 12 A, which
corresponds well to the diagonal of the 8.5 x 8.5 A channel
opening in the ht-form of MIL-53(Al).”® The mesopores are
most prominently distributed at around 160 A. The MOF ZIF-
8, was readily synthesized in a room temperature reaction
between zinc nitrate and 2-methylimidazole in a mixture of
methanol and water. The resulting PXRD (Fig. 3c) shows very
good agreement with the simulated pattern, confirming the
identity of the framework.®" The BET surface area determined
by N, sorption (Fig. 3d) revealed a specific surface area of
2100 m*> g' and a maximum in the pore size distribution
(Fig. S10, ESIT) at 12 A, in good agreement with the expected
values of 1950 m* g' and of 11.6 A, respectively.> SEM
images (Fig. S61) show the typical dodecahedral crystallites
with a uniform size of approximately 1 pm.

Synthesis of MOF@wood composite materials

MOF@wood composite materials were synthesized the same
way as the pristine MOFs, but with a preceding soaking of
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