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Structure-reactivity relations in Cu/ZrO, catalysed glycerol
dehydration to acetol in continuous flow

The selective dehydration of glycerol to acetol was

studied in a continuous flow fixed-bed reactor with CuO
supported on monoclinic (m-) or tetragonal (t-) ZrO,. Deep
characterization of the catalysts by “in-situ” FTIR and
“guasi-in-situ” XPS evidenced Cu(l) species are more
reactive and promote desorption of a C=0 containing
intermediate, and revealed m-ZrO, preferentially stabilises
Cu(l) species, which correlates with its enhanced catalytic
performance. Cu/m—Zr'O2 vielded 60% of acetol, maintaining
its activity over three consecutive catalytic cycles, becoming
one of the most efficient catalysts for continuous
glycerol-to-acetol dehydration.
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Structure-reactivity relations in Cu/ZrO, catalysed
glycerol dehydration to acetol in continuous flowf

Jaime Mazario, 2 Deshetti Jampaiah, & ° Patricia Concepcion, ©2
Pablo Villasante-Iturria,® Karen Wilson, @ ¢ Adam Lee @ ¢ and Marcelo E. Domine @ *@

The selective dehydration of glycerol to hydroxyacetone (acetol) was studied in a continuous flow fixed-
bed reactor with CuO supported on monoclinic (m-) or tetragonal (t-) ZrO, nanoparticles. Catalysts were
characterised by ICP, N, physisorption, powder XRD, HR-TEM and SEM-EDS, N,O titration, and NH3z- and
CO,-TPD. Quasi-in situ XPS reveals the impact of zirconia phase on copper speciation, with m-ZrO,
preferentially stabilising Cu() species, whose presence correlates with enhanced catalytic performance. In
situ FTIR of 1,2-propanediol and glycerol evidenced Cu() promote desorption of a C=O containing
intermediate. Solvent selection strongly influenced catalyst reactivity, with methanol less prone to
competitive adsorption than water, and favouring the genesis of Cu() species. Cu/m-ZrO, achieved 60%
yield of the desired acetol at 240 °C, maintaining >=50% yield over three consecutive regeneration cycles,
being one of the most efficient catalysts based on earth abundant metals for continuous glycerol

rsc.li/catalysis

1. Introduction

The limited supply, unequal distribution, and rising
emissions from fossil fuels associated with anthropogenic
climate change are driving the urgent global search for
cleaner and renewable feedstocks for energy and chemicals
production.” Biomass, particularly that derived from waste
or non-edible plant or algal sources, is the only feasible
alternative for the large-scale and sustainable production of
chemicals that underpin modern society.>® One consequence
of efforts to decarbonise the energy sector at the end of the
20th century was the rise in biodiesel use, marketed as a ‘low
carbon’ liquid transportation fuel, and an abundance of bio-
derived glycerol as the main by-product of commercial
transesterification processes. In recent years, biodiesel
production has shifted to the hydrotreating of non-edible
vegetable oils, waste cooking oils and animal fats, to
minimize land use change and associated environmental
impacts.”® Nonetheless, transesterification remains the
dominant commercial route to biodiesel, and there is hence a
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dehydration to acetol under the present conditions.

strong driver to valorise the glycerol by-product to improve
biorefinery profitability.*’

Glycerol transformation to higher value oxygenated
chemicals has been extensively studied by catalytic
processes, including glycerol carbonate synthesis,"* acrolein
synthesis,’® steam reforming,"® glycerol hydrogenolysis,"*
and acetalisation, etherification or esterification.'”
Consequently, glycerol is regarded as an important platform
chemical from which to synthesise bioderived chemicals,
notably acetol, a reactive compound for the manufacture of
acetic acid,'® lactic acid"” and N-heterocycles.'® Acetol is
also an intermediate in the production of propylene glycol,
with glycerol dehydration being the rate-limiting step.'®*°
Improved fundamental insight and catalyst formulations for
selective glycerol dehydration to acetol would thus offer
significant techno-economic benefits, and a contribution to
meeting 2030 UN SDGs.*! To our knowledge, a reactive
distillation system employing copper chromite has proven
the most effective,>” but suffers from toxicity and scalability
issues. More benign heterogeneous catalysts are reported
under  continuous  flow  operation, with  copper
outperforming monofunctional acid or base catalysts at low
temperatures as an energy-efficient and cost-effective
option. However, copper metal is often combined with
acidic/basic  supports, with the resulting bifunctional
catalysts active for acetol formation under N, or H,
atmospheres.

High Cu loading catalysts are reported for glycerol
conversion to acetol in the absence of H,, with Sato et al

This journal is © The Royal Society of Chemistry 2024
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observing yields close to 90% at 250 °C using a 30 wt%
glycerol aqueous solution and Cu-Al,O; catalyst (Cu:Al
molar ratio = 3:2) prepared by co-precipitation.® Another
Cu:Al (1:1 molar ratio) mixed oxide showed good
selectivity to acetol (~50%) and stability, remaining active
for 400 h at 220 °C under 20 bar N,.***® La,CuO, is also
an effective catalyst (acetol yield of 76 mol%), albeit using
pure glycerol in the vapour phase at 280 °C.*°
Unfortunately, the preceding Cu:Al mixed oxide
deactivated by coke deposition and copper sintering, while
La,CuQ, is incompatible with water and requires glycerol
vaporisation at temperatures >280 °C before introducing
it to a N, inlet stream. Batiot-Dupeyrat reported a CuMgF,
catalyst containing only 5 wt% Cu able to yield 40%
acetol at 260 °C.>” We recently developed a Cu-MgAl
mixed oxide catalyst with 10 wt% Cu able to convert
glycerol to acetol with 40% yield at 240 °C. Although this
catalyst required a dilute (10 wt%) glycerol/MeOH mix, it
could perform multiple 9 h reactions with thermal
regeneration.”® A CuO/SiO, catalyst, with improved copper
oxide dispersion, shows higher activity (~60% acetol yield
at 240 °C) with a lower Cu loading under more
challenging conditions (50 wt% glycerol in MeOH).>’
Despite these promising demonstrations, continuous flow
glycerol dehydration to acetol remains in its infancy.
Copper appears essential for operation at temperatures
<300 °C, but there is no consensus on the reaction
mechanism or the nature of the active Cu species.
studies indicate Cu() as the most
oxidation state, and that support acidity regulates glycerol
conversion.”®*® The ultimate target is a high and stable
yield of acetol from a concentrated glycerol solution at
low temperature, in the absence of hydrogen and using
low copper loadings.

Zirconia is well-known to exist as monoclinic and
tetragonal polymorphs, which are kinetically stable at room
temperature and widely used as catalyst supports or catalysts
in their own right.*>*! Literature reports indicate that these
polymorphs exhibit distinct acid-base properties and hence
catalytic ~ reactivity in  eg  ketonisation®®  and
cyclodehydration.*® Studies using small probe molecules
such as NH;, CO and CO, have demonstrated a higher
concentration of surface hydroxyl groups, stronger Lewis
acidity (of Zr'" cations) and stronger Lewis basicity (of O*”
anions) for m-Zr0,.>*® However, a recent study using a
pyridine probe suggests a similar concentration of Lewis acid
sites for both polymorphs,®” albeit of higher strength for t-
ZrO,, while another reports a significantly higher
concentration of acid sites for t-ZrO, than m-ZrO,.*® The lack
of consensus may reflect the variation in synthetic protocol
(e.g. choice of precursors, precipitants and thermal
processing)**™*' and strong influence of trace impurities
(such as yttrium®’) on the tetragonal phase stability.
Chimentdo and co-workers had studied Cu/t-ZrO, for the
batch-wise dehydration of glycerol to acetol, proposing
interfacial Cu-Zr sites as key active centers for reaction.*>*?

Previous active
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Nevertheless, further investigations are necessary to
understand the entire reaction mechanism, the role of
catalytic active sites, and whether there may be a role of the
ZrO, polymorph used as support.

Herein, we report the liquid phase, continuous flow
dehydration of glycerol to acetol of Cu/ZrO,, and the impact
of the support phase on catalytic performance and reaction
mechanism. ZrO, catalyst surface containing the monoclinic
phase generates a greater amount of Cu(i) species when
glycerol is present, this being related to its highest specific
activity towards acetol. This finding also reinforces our
previous suggestion that Cu(r) sites are the most crucial
species for an efficient Cu-based catalyst aimed at selectively
dehydrating glycerol to acetol. Overall, this study highlights
several fundamental aspects of the CuO/ZrO, catalyst system
and its mode of action, with important implications for
developing more efficient and effective catalysts in the
future.

2. Experimental
2.1 Materials

Glycerol (Sigma-Aldrich, 99.5%) was used as reactant. For
liquid reaction mixture analyses and in situ experiments,
acetol (90%), methyl glycolate (99%), methyl lactate (98%),
acetoin (98%), acrolein dimethyl acetal (98%), acetic acid
(99%), propionic acid (99.5%), 1,2-propanediol (99.5%),
methyl acetate (98%), glyceraldehyde (98%), anhydrous
pyridine (99.8%), chlorobenzene (99.9%) and 1,4-butanediol
(99%) were supplied by Sigma-Aldrich and used as received.
Methanol (99.9%), acetone (99.8%) and hexane (96%) from
Scharlab and Milli-Q water (Millipore) were used as
solvents. Abellé-Linde S.A. supplied a GC calibration gas
mixture (CO, CO,, CH,, C,H, and H, in N,), and pure H,,
NH;, N,O, CO and CO,. ZrO, provided by Chempur was
calcined at 250 °C for 3 h (heating rate = 3 °C min™") to
contaminants. Cu(NO3),-2.5H,0 (99.99%) from
Sigma-Aldrich was used as a copper precursor. CuO (>99%)
and Cu,O (>99.99%) standards for XPS fitting were
supplied by Sigma.

remove

2.2 Catalyst preparation

Catalysts were prepared by dispersing copper on m- and t-
ZrO, supports, and a physical mixture of both (60% m-ZrO,:
40% t-ZrO, by weight) designated mxt-ZrO,, by incipient
wetness impregnation. The saturation pore volume of each
support was first estimated by milli-Q water addition, and
the appropriate mass of Cu(NO3),-2.5H,0 dissolved in milli-Q
water for a nominal 5.0 wt% Cu loading. This copper solution
was then added to each support under stirring, and the
resulting slurries then dried at 100 °C for 16 h prior to
calcination at 550 °C under static air for 6 h (heating rate 3
°C min™"). Catalysts are designated Cu/m-ZrO,, Cu/t-ZrO, and
Cu/mxt-ZrO,, respectively.

Catal. Sci. Technol,, 2024, 14, 3878-3892 | 3879
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2.3 Catalyst characterization

2.3.1 Chemical composition. Cu content was measured
using a Varian 730 ES  ICP-optical  emission
spectrophotometer after sample digestion in an HNOz/HCl/
HF aqueous solution (1:1:1 by volume). Thermogravimetric
analysis (TGA) and elemental analysis (EA) were also
performed to evaluate the organic content post-reaction. TGA
was conducted in a Mettler Toledo TGA/SDTA 851 apparatus,
with a heating rate of 10 °C min™" under flowing air. For EA,
a Fisons EA1108CHN-S analyser used, with a
sulfanilamide reference.

2.3.2 X-ray diffraction. Powder X-ray diffraction (XRD)
patterns of as-prepared, calcined and post-reaction samples
were collected on a Philips X'Pert MPD diffractometer
equipped with a PW3050 goniometer (Cu K, radiation)
operating at 40 kv and 35 mA, with a variable divergence slit
and in fixed irradiated area mode. Diffraction patterns were
acquired in the 26 range of 2-90°, with a step size of 0.04°
and 0.3 s measurement per step.

2.3.3 Electron microscopy. High-resolution transmission
electron microscopy (HR-TEM) of as-prepared, calcined and
post-reaction samples was performed on a Jeol JEM-2100F
microscope with a field emission gun operated at 200 kv and
equipped with a high-angle annular dark field (HAADF)
detector and energy dispersive spectroscopy (EDS) using an
X-Max 80 detector at an energy resolution of 127 eV. Samples
were prepared by suspension in CH,Cl, and then drop-cast
on carbon-coated Ni grids (3 mm diameter) and air-dried.
Image analysis utilised Gatan Digital Micrograph software.

2.3.4 Textural and acid-base properties. Nitrogen
physisorption was conducted using a Micromeritics Flowsorb
porosimeter with ~200-300 mg of sample degassed at 300 °C
prior to N, adsorption at -196 °C. Data were analysed using
MicroActive software. Surface areas were determined by the
Brunauer, Emmett, and Teller (BET) method, fulfilling the
criterion established by Rouquerol et al** over the relative
pressure range P/IP® = 0.05-0.25. Temperature-programmed
desorption (TPD) of ammonia was conducted on a
Micromeritics TPD/2900 instrument to evaluate solid acidity.
Approximately 0.1 g of sample was pre-treated under flowing
Ar at 300 °C for 30 min, and then NH; pulses introduced at
100 °C until saturation. The sample was then purged under
100 mL min~" flowing He for 15 min, and the temperature
raised to 500 °C (heating rate 10 °C min™'). NH; adsorption
was quantified using a thermal conductivity detector (TCD),
with a mass spectrometer (MS, m/z = 15 signal) used to
monitor desorption. CO, chemisorption and TPD were also
conducted to evaluate solid basicity. Approximately 0.1 g of
sample was pretreated under flowing Ar at 300 °C for 1 h,
and then CO, pulses introduced at room temperature until
saturation. The sample was then purged under 100 mL min™*
flowing He for 15 min, and the temperature raised to 650 °C
(heating rate 10 °C min '), with adsorption and desorption
(m/z = 44) monitored by TCD and MS, respectively. Acid sites
were also probed by pyridine adsorption using a Nicolet iS10

was
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Thermo Scientific Fourier transform infrared (FTIR)
spectrometer in diffuse reflectance mode. Samples were first
heated in vacuum to 300 °C to remove any surface residues
prior to room temperature pyridine adsorption. IR spectra
were then collected at room temperature, 150 °C, 250 °C and
350 °C.

2.3.5 Copper reducibility and dispersion. Reducibility of
supported Cu oxides was studied by H, temperature-
programmed reduction (TPR) wusing a Micromeritics
Autochem 2910 device. Samples of ~100 mg were purged
under 30 mL min~" flowing Ar at room temperature for 30
min, and a mixture of H, in Ar (10 vol%) then flowed at 50
mL min~' during heating to 800 °C (heating rate 10 °C
min'). H, consumption was quantified using a calibrated
TCD. Copper dispersion was determined by N,O titration
according to the literature.*> Samples of ~100 mg were
placed in a quartz tubular reactor, and reduced under 50 mL
min~" flowing H,/Ar (10 vol%) at the minimum temperature
to completely reduced Cu(i/u) species to Cu(0) (heating rate =
10 °C min ). Reduced samples were then cooled to 50 °C
and exposed to flowing N,O (1 vol% in He, 10 mL min™") for
45 min to fully oxidise Cu(0) to Cu(u) (as confirmed by an
independent in situ IR analysis of chemisorbed CO). The
reactor was then purged with He, and a second H, reduction
of CuO performed under the preceding conditions. Copper
dispersion (D), defined as the ratio of surface:total Cu
atoms, was calculated by normalising the pmols of H,
consumed in the second reduction (MH,, umols of H, per g
of catalyst) by the pmols of Cu determined by ICP (Mc,, pmol
of Cu per g of catalyst):

M
Dy (%) = —2 x100
Cu

Copper surface area (sg‘;o) was calculated according to:

N0 (m2 g—l) _ My, XSFXNy
Cu 10* x Cy X Wy

where My, SF, N, Cy, and W, are the pumoles of H,

consumed per mass of catalyst, stoichiometric factor (1 for
the reduction of CuO), Avogadro's number (6.022 x 10’
mol™), number of Cu atoms per surface area (1.46 x 10"°
atoms per m?) and Cu loading in wt%, respectively. Assuming
a spherical morphology, and density of copper p of 8.92 g
em ™, the average diameter of Cu particles (d3:°) can be

estimated according to:

6x10°
dgzo (n ) = °N,O
! Sca Pcu
2.4 Catalytic tests
Catalytic experiments for glycerol dehydration were

performed in a down flow, stainless steel fixed-bed reactor
(25 cm x 0.5 cm internal diameter), with ~500 mg pelletised
catalyst (0.425-0.600 mm diameter) mixed with SiC particles

This journal is © The Royal Society of Chemistry 2024
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(0.600-0.800 mm) as an inert diluent. The liquid feed was
typically a 50:50 by weight mix of glycerol and methanol
(MeOH), flowing at 2.0 mL h™, through the catalyst bed at
240 °C (Fig. S1t). No additional diluent gas was used.
Computational simulations to ascertain the physical state
and assure feed homogeneity during operation have
previously been reported.>® Data collection began when the
first drop of liquid was observed at the reactor outlet.
Cumulative fractions (representing products formed between
e.g. 1-2 h reaction) were collected in a glass vessel in an ice
bath; the fraction for 0-1 h reaction was deemed influence by
reactor induction/stabilisation and hence disregarded.
Control experiments confirmed that reactor operation was
free from diffusion limitations (Fig. S27).

Two gas chromatographs were used to study liquid
products. Non-polar compounds and acetol were
determined using an Agilent Technologies 7890 A GC with
a flame-ionisation detector (FID) and HP-5 MS capillary
column (30 m x 250 pm x 0.25 pm). Polar compounds were
determined wusing a Varian CP-3800 with a FID and
CARBOWAX capillary column (15 m x 3.2 mm X 0.25 um
film thickness). Representative chromatograms are shown
in Fig. S3 and S4.F In both cases internal standards were
employed for quantification: chlorobenzene (1 wt% in
MeOH) for the HP-5 column; and 1,4-butanediol (1.5 wt%
in MeOH) for the CARBOWAX column. Product
identification was confirmed by GC-MS using an Agilent
6890 N GC system with HP-5 capillary column, connected
to an Agilent 5973 N detector. As previously described,
silylation was used to identify some polar compounds by
means of an MS detector.>® In selected experiments, the
gas fraction was also analysed on a multichannel GC
equipped with: a 1.8 m 5A molecular sieve column (with Ar
as carrier) and a TCD for H,; a 0.8 m 13X molecular sieve
column (with He as carrier) and a second TCD for N,, CO
and CO,; and a 50 m Al,O3; column (with He as carrier)
and a FID detector for hydrocarbons. Glycerol conversion
(X) and the yield (Y;), and selectivity (S;) of product (i) were
calculated by analysis of collected fractions from cumulative
reaction times (¢):

t

n
glycerol

Xglycerol (mol%) == X100
nglycerol
nt-a;
Y! (mol%) = —* x100
nglycerol

where a; the stoichiometric correction factor for product i.

Note that polyglycerols, detected at low conversion, are
believed the result of glycerol condensation in the GC
injector rather than a reaction product, and hence
considered as glycerol. Product selectivity was calculated
considering both the glycerol converted (S7) and the total
amount of products in the liquid fraction (SF):

This journal is © The Royal Society of Chemistry 2024
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t

Macetol

Szcetol (mOIO/o) = 100
nglycerol - nglycerol
nt
S:;CEtoI (mol%) = acetol %100
nliqUid products
Carbon balances (CB) with respect to glycerol were

calculated considering the liquid (GC analysis), gas (GC
analysis) and solid (EA and TGA) fractions:

t ,
2~ Mproduct, Xi C atoms

CBgiycerol (mol%) = X100

0 .
Nolycerol 3 C atoms

where x; is the number of carbon atoms in product i from

glycerol. Although MeOH reacts under reaction conditions,
it produces mainly H, and methyl formate, and hence is
not considered in the above calculations. Acetol productivity
and specific productivity are defined as pmols acetol
produced per unit area (m> g™') per minute, and mmols
acetol produced per gram of catalyst per hour:

Nacetol

Acetol productivity = —————————
P v surface area x t

Nacetol

SpeCifiC prOduCtiVity = W

Lo . . Nacetol
Specific activity = ————
Ncu X t

2.5 Spectroscopic studies

2.5.1 Quasi-in situ XPS. X-ray photoelectron spectroscopy
(XPS) was performed on a Kratos Supra spectrometer with
monochromatic Al K, operated at 90 W. For quasi-in situ
measurements, a 50:50 by weight glycerol/MeOH mixture
was prepared, of which 100 puL was dropped on to 100 mg of
Cu/ZrO,, catalyst which was then dried at 50 °C for 20 min.
Unmodified and glycerol/MeOH impregnated samples were
independently loaded into the spectrometer and transferred
to the analysis chamber for spectral acquisition at 25 °C.
Samples were then transferred to a separate chamber for
heating to 100 °C or 200 °C for 30 min at 10~ Torr, being
cooled to room temperature and transferred back to the
analysis chamber after each thermal treatment. Spectra were
acquired at 10~ mbar, with a spot size of 500 x 500 um. The
pass energy was fixed at 80 eV with a step of 0.1 eV. Spectral
analysis was performed using CasaXPS V2.3.19 software, a U2
Tougaard background subtraction, and line shapes
determined from CuO and Cu,O reference powders. Energy
correction of all photoelectron peaks was performed relative
to adventitious C 1s XP features at 284.8 eV (in accordance
with the NIST X-ray Photoelectron Spectroscopy Database
(SRD 20), version 5.0). Cu 2p XP spectra were analysed by
linear least squares fitting to weighted reference spectra of
pure Cu,0O and CuO between ~930-950 eV (which

Catal. Sci. Technol., 2024, 14, 3878-3892 | 3881
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Table 1 Physicochemical properties of Cu/ZrO, materials
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Catalyst Cu loading®/wt% BET area’/m?* g* Pore volume®/cm?® g™ Cu dispersion?/% Cu particle size’/nm
Cu/t-ZrO, 5.7 123 0.17 40.2 2.6
Cu/mxt-ZrO, 5.9 105 0.20 n/d n/d
Cu/m-ZrO, 5.7 75 0.26 38.3 2.7

@ ICP. ” N, porosimetry. ¢ BJH method applied to N, desorption isotherm. ¢ N,O titration.

encompasses the Cu(u) satellite), being more reliable than
independently fitting core level and satellite features.

2.5.2 In situ FT-IR. FT-IR spectra were acquired using a
Bruker 70 V spectrometer equipped with a DTGS detector at 4
em™" resolution. A bespoke transmission IR cell allowed for
controlled atmospheres and temperatures from 25 °C to 500
°C via connections to a vacuum system and gas-dosing
manifold. Samples (mass = 19 mg) studied as self-supporting
wafers.

Gas phase studies were performed using 1,2-propanediol
to gain insight into the reactivity of polyols over Cu/m-ZrO,
(glycerol's extremely high boiling point of 290 °C made it
impossible to study by this means) and corroborate previous
reports on related catalysts.”® The sample was first heated to
300 °C under 20 mL min™" of flowing N, for 1 h, then in
vacuum at 10~ mbar and 100 °C for 1 h, before cooling down
to 25 °C in vacuum. It was then exposed to 1.5 mbar of
1,2-propanediol for 5 min, evacuated at 10™° bar for 5 min,
and finally heated under a static vacuum to 160 °C (5 °C
min™"), with IR spectra recorded at 45 min intervals. After the
final 45 min at 160 °C, the sample was cooled in vacuum to
25 °C, and exposed to 10 mbar CO with spectral acquisition
immediately commenced to minimise potential reduction of

surface CuO, species. Competitive adsorption between
1,2-propanediol and MeOH/water solvents on Cu/m-ZrO, was
also studied. The sample was first heated to 150 °C under 7
mL min™' flowing air, and then cooled to 50 °C under
dynamic vacuum. Calibrated MeOH or water doses (2 mbar
each reactant) were then introduced until the sample was
saturated (determined by IR intensities), after which
calibrated doses of 1,2-propanediol were introduced, with IR
spectra collected at each stage.

Solvent effects were also examined by impregnating 100
mg of Cu/m-ZrO, with 100 pL of a liquid mixture of 90 wt%
MeOH (or water) and 10 wt% glycerol, this being the
maximum amount of glycerol the sample could absorb while
remaining a self-supporting wafer. Impregnated samples were
dried at 50 °C for 20 min and then IR spectra recorded at 20
°C intervals under static vacuum at temperatures between 25
°C and 160 °C.

3. Results and discussion
3.1 Catalyst characterization

Chemical composition analysis of the as-prepared Cu/ZrO,
materials revealed a common bulk Cu loading ~5.8 wt% for

* tetragonal ZrO, (00-017-0923)
% monoclinic ZrO, (00-037-1484)

= Cu/t-ZrO,

*

3

* (0]
>

@,

<

. °
N Cu/mxt-ZrO, | <
[ = ‘ . c

o [l
wawg
Cu/m-ZrO,

Pos.[°2Theta]

Fig. 1 Left: (1) HR-TEM and (2) STEM micrographs of (a) Cu/t-ZrO,, (b) Cu/mxt-ZrO, and (c) Cu/m-ZrO,. Right: Powder XRD patterns of Cu/ZrO,.
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Fig. 2 (a) NHz- and (b) CO,-TPD profiles of Cu/ZrO, materials.

all samples (Table 1). Specific BET surface areas fell between
literature values,**** but lower for the monoclinic zirconia
than tetragonal zirconia phase as widely reported,®® with the
mixed phase close to the arithmetic mean of the pure phases.
Pore volumes were small, as expected for non-porous
nanocrystals, and likely reflect inter-particle porosity. Values
for both pure phase Cu/ZrO, samples were slightly lower than
those of the corresponding unmodified zirconias (Table S1t).
Despite modest surface areas, Cu dispersions for both pure
phase Cu/ZrO, were high (~40%) (Tables 1 and S2f),
corresponding to nanoparticles <3 nm diameter, and
indicate success of the incipient wetness technique. This
high dispersion was confirmed by the absence of reflections
for any copper-containing crystalline phase by XRD (Fig. 1),
which only evidenced reflections characteristic of the parent
monoclinic (JCPDS: 00-037-1484) and tetragonal (JCPDS: 00-
017-0923) zirconias (Fig. S5t) for all three Cu/ZrO, samples.
Bright- and dark-field HR-TEM images showed
agglomerates of irregularly shaped, sub-30 nm zirconia
particles for all Cu/ZrO, samples. Determination of particle
size distributions for copper species was hindered by their
poor contrast against the denser, dominant zirconia particles.
Nevertheless, some well-defined, sub-5 nm particles, with
lattice fringes indicative of monoclinic CuO, were identifiable
in all cases, whose dimensions were consistent with those
determined by N,O titration (Table 1). Note the presence of
other highly dispersed copper phases cannot be discounted
based on either HR-TEM or N,O titration results. In fact,
elemental mapping of Cu/t-ZrO, and Cu/m-ZrO, by EDS (Fig.

Table 2 Acid-base properties of Cu/ZrO, materials

Temperature (°C)

S6t1) confirmed a uniform distribution of (sub-5 nm) copper
containing species throughout the zirconia.

Acid-base properties were subsequently explored through
NH;- and CO,-TPD (Fig. 2). The former indicated common,
strong NH; desorptions for all three Cu/ZrO, samples, with a
peak maximum at 200 °C characteristic of weak-medium
strength.>>*® Cu/t-ZrO, and Cu/mxt-ZrO, exhibited a higher
proportion of medium strength acid sites (>250 °C) than Cu/
m-ZrO, apparent from broadening of the NH; desorption
peak to higher temperature. Quantification by peak
integration revealed total acid site loadings between 115-311
pumolyy, ¢ ! and corresponding densities of 1.5-2.5 pumolyy,
m™> (Table 2), consistent with literature for the unmodified
pure zirconias,***" albeit decreasing in the order Cu/t-ZrO, >
Cu/mxt-ZrO, > Cu/m-ZrO, in contrast to previous reports
wherein m-ZrO, exhibited the higher acid site density.**"*
Interestingly, Cu doping of m-ZrO, significantly increased
acidity relative to the parent support (115 versus 39 umolyy,
g "). Similar CO, desorption profiles were also observed for
the parent supports and copper doped samples, with three
distinct features observed ascribed to: CO, adsorbed at weak
base sites (surface hydroxyl) to form bicarbonate, desorbing
<200 °C; CO, bound to medium strength base sites (M*'0*"
pairs) to form bidentate carbonate, desorbing between 200 to
350 °C; and CO, adsorbed at strong base sites (coordinatively
unsaturated O~ species) to form multidentate carbonates,
desorbing >350 °C.***”*® Total base site loadings and
densities were comparable to the literature,***>*¥ and
showed the opposite trend to acid properties, decreasing in

Catalyst Acid sites”/umolyy, gt Basic sitesb/umolcoz gt Acid site density”/umolyy, m? Basic site densityb/pmolcoz m?
Cu/t-ZrO, 311 35 2.53 0.28
Cu/mxt-ZrO, 177 89 1.69 0.85
Cu/m-ZrO, 115 153 1.53 2.04

@ From NH,;-TPD. ” From CO,-TPD.
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the order Cu/m-ZrO, > Cu/mxt-ZrO, > Cu/t-ZrO, (Table 2).
Cu/m-ZrO, was dominated by weak base sites whereas Cu/t-
ZrO, exhibited a similar proportion of weak: medium: strong
base sites. Bronsted/Lewis acid character of the three samples
was also studied by pyridine adsorption and desorption at
different temperatures (Fig. S71), with Lewis acidity
dominant in all cases (evidenced by strong IR bands at 1445
em™, 1480 cm ™' and 1610 cm ™' associated with the
molecular species).*’

The nature of surface copper species was probed by H,-
TPR, with two reduction processes identified for all samples,
indicated by peak maxima ~130-140 °C and ~170-175 °C
(Fig. S8f1). These reduction temperatures are significantly
lower than typical of bulk CuO (240 °C) or Cu,O (~280
°C),>°** indicative of highly dispersed Cu,O species in
accordance with the lack of corresponding XRD reflections
(Fig. 1). Definitive assignment of Cu species from H,-TPR is
complex due to their sensitivity to oxidation state, particle
size and heating rate,” however the (similar) reduction
profiles of Cu/t-ZrO, and Cu/mxt-ZrO, which are dominated
by the 130-140 °C peak likely arise from dispersed CuO
nanoparticles/clusters.”*>> In contrast, Cu/m-ZrO, exhibits an

(@)

[E Glycerol Conversion [ Yield to Carbonaceous Mat.**
[ Yield to Acetol M Yield to Acids & Esters
Carbon Balance Yield to PDOs

[1Yield to Other Liquid Products*

View Article Online
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approximately equal distribution of reducible copper in the
low and high temperature peaks, a characteristic of the
stepwise reduction of Cu®>* — Cu" — Cu’.*® Therefore, it is
possible to assign the higher temperature reduction peak to
Cu,0, which already suggests that monoclinic zirconia is
better able to stabilise Cu(1) species than the tetragonal

polymorph.

3.2 Catalytic glycerol dehydration

The preceding Cu/ZrO, samples were investigated for glycerol
dehydration in continuous flow under previously optimised
conditions.*®*° Note that although glycerol dehydration can
occur via thermal pathways, several studies have documented
that such reactions require significantly higher temperature
and pressure than used in our work (240 °C and atmospheric
pressure). Castell6 et al.’” and Goncalves et al.>® report that
pure glycerol is thermally stable until complete evaporation
under atmospheric air or nitrogen, and even though additives
such as methanol or water can impact the thermal reactivity
of glycerol, supercritical conditions are required for these
reactions to become significant.’® Previous reports of Cu/

[T Acetol selectivity (with respect to the amount of
glycerol converted)

100 W Acetol selectivity (over the total amount of liquid products)|
Y
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Fig. 3

(a) Cumulative glycerol conversion (TOS = 1-8 h), liquid products yields (TOS = 1-8 h) and carbon balance (TOS = 0-8 h), (b) cumulative

acetol selectivity (TOS = 1-8 h), and (c) time-dependent glycerol conversion, and (d) acetol selectivity, for Cu/ZrO, catalysts. Reaction conditions:
feed = methanol: glycerol (50 :50 wt%), flow = 2 mL h™*, 0.5 g catalyst, 240 °C, TOS = 8 h. *Other liquid products include acetoin, acetoin methyl
ether, 3-methoxybutanol, hydroxyacetone dimethyl acetal, acetic acid and methyl lactate. **Estimated by TGA and EA, and GC analysis of wash
solvent collected from post-reaction catalysts (not determined for Cu/mxt-ZrO5).
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Table 3 Catalytic performance of Cu/ZrO, and related literature systems

View Article Online
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Acetol Specific
Catalyst, Cu Glycerol Acetol productivity/umolacetor  productivity/mmol,eetor  Specific activity/mmolycecor
loading in wt% conversion/mol%  selectivity’/% Mgy > min ' Zeae “h7! mmol Cu* h™
6%Cu/m-Zr0, 92 59 (67) 5.1 23.0 25.6
6%Cu/t-Zr0O, 71 42 (56) 1.6 12.0 13.4
12-Crown-4-ether 100 95 — 4.4 1.1
25%Cu/SiO, (ref. 65)
16%Cu/Al,Oj (ref. 23)° 100 90 1.8 12.4 5.0
La,CuO, (19%Cu) (ref. 26)* 100 76 103 12.3 4.2

“ With respect to glycerol conversion (values in parenthesis with respect to liquid products). Reaction conditions: methanol: glycerol (50:50
wt%), flow = 2 mL h™, 0.25 g catalyst, 240 °C, TOS = 1-3 h. b Flow, 270 °C, 240 min. ¢ Flow, 250 °C, 120 min. ¢ Flow, 280 °C, 150 min.

ZrO, catalysts for the batch-wise reaction observed a
maximum acetol yield of <10%,">* albeit at a lower
temperature (190 °C), with selectivity decreasing sharply as a
function of reaction time. In contrast, all three Cu/ZrO,
samples in the present study exhibited acetol yields >45% at
240 °C, and almost complete glycerol conversion (Fig. 3a) for
8 h time-on-stream (TOS). Closer examination of the
cumulative and time-dependent conversion and acetol
selectivity (Fig. 3b-d) reveals that Cu/m-ZrO, significantly
outperformed Cu/t-ZrO,; the former exhibited a selectivity to
acetol >60% while the latter remained <50% (resulting in a
lower acetol yield). Furthermore, Cu/m-ZrO, was less prone
to deactivation, resulting in a higher carbon balance and
lower organic content in both the post-reaction catalyst and
associated methanol washing (Fig. 3a). Significant amounts
of carbon-rich compounds were detected in methanol
washings of the post-reaction Cu/t-ZrO, (by GC-FID and GC-
MS) which itself possessed significant organic content (by EA

(a)

Cu/m-ZrO, (reference)

and TGA, Fig. 3a, light blue segment). Cu/t-ZrO, thus appears
more susceptible to active site poisoning by strongly
adsorbed, heavier organic by-products, possibly reflecting its
higher loading of (mainly weak and medium Lewis) acid sites
(Table 2).

In order to eliminate possible artefacts arising from mass-
transport limitations under the preceding reaction conditions
(optimised for high conversion),”®*° additional reactions
were performed using half the loading of Cu/t-ZrO, and Cu/
m-ZrO, catalysts (0.25 g) for 3 h TOS (Table 3) to examine
whether the same product distributions (and hence reaction
pathways) were observed. In that sense, reducing the catalyst
loading to half could effectively lower the concentration of
active sites available for catalysis, thereby with moderate
decrease in conversion levels. For both Cu/t-ZrO, and Cu/m-
ZrO, catalysts, the acetol selectivity with respect to liquid
products after 3 h TOS were approximately independent of
catalyst loading/glycerol conversion, being ~65% (0.5 g) vs.

(b)  cuwm-zro, (Gly + MeOH)

;z 200 °C A 200 °C
i L3 \ i
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Fig. 4 Cu 2pz,, XP and Cu LMM Auger (embedded images) spectra after different thermal excursions for (a) Cu/m-ZrO, and (b) Cu/m-ZrO,
catalysts pretreated by impregnated with a glycerol/MeOH mix (50 :50 by weight).
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Table 4 X-ray photoelectron and Auger electron spectroscopic data for quasi-in situ experiments with Cu/ZrO, catalysts

Catalyst Cu 2ps), binding energy/ev Cu LM, sM, 5 kinetic energy/eV a’ (eV) Cu(0/1): Cu(u)
Cu/m-ZrO, (25 °C) 932.4 915.6 1848.0 24:76
Cu/m-Zr0, (100 °C) 932.5 915.5 1848.0 53:47
Cu/m-ZrO, (200 °C) 932.4 915.2 1847.6 61:39
Gly/MeOH + Cu/m-ZrO, (25 °C) 932.5 915.5 1848.0 15:85
Gly/MeOH + Cu/m-ZrO, (100 °C) 932.7 915.1 1847.8 69:31
Gly/MeOH + Cu/m-ZrO, (200 °C) 932.4 915.6 1848.0 91:9
Cu/t-Zr0, (25 °C) 932.3 915.6 1847.9 15:85
Cu/t-ZrO, (100 °C) 932.3 915.6 1847.9 39:61
Cu/t-Zr0, (200 °C) 932.4 915.4 1847.8 56:44
Gly/MeOH + Cu/t-ZrO, (25 °C) 932.6 915.6 1848.2 42:58
Gly/MeOH + Cu/t-ZrO, (100 °C) 932.5 915.3 1847.8 62:38
Gly/MeOH + Cu/t-ZrO, (200 °C) 932.5 915.7 1848.2 74:26

@ Auger parameter: Cu 2p;/, XPS binding energy + Cu L3M, sM, 5 AES kinetic energy.

56% (0.25 g) and 72% (0.5 g) and 67% (0.25 g) respectively,
from Fig. 3d and Table 3. This indicates that the same
reaction mechanism dominated at complete and moderate
glycerol conversion. Future studies will compare acetol
selectivity under differential conditions for glycerol iso-
conversion <20%. Continuous flow operation confers higher
glycerol conversion and selectivity to the desired acetol
product than reports for similar catalysts in batch.*>** Over
the first 3 h reaction, the Cu/m-ZrO, catalyst is twice as
productive as its Cu/t-ZrO, counterpart (23 versus 12
mmol,cetol gcat_1 h_i) due to higher acetol selectivity and
catalyst stability (Fig. 3c and d). The specific productivity for
Cu/m-ZrO, is double that most literature values for glycerol
dehydration under continuous flow, and achieved at a lower
temperature (see Table 3). If we consider the amount of
copper in each of the catalysts to calculate “specific activity”
(see section 2.3), it further reinforces the better performance
of CuO/m-ZrO, reported herein (see Table 3). Previous reports
suggest that glycerol adsorption and dehydration occur over
weak Lewis acid sites.”®?>*> The higher proportion of
medium strength Lewis acid sites present in Cu/t-ZrO,
(Fig. 2a) may therefore catalyse undesired side reactions®”®!
resulting in deactivation. Glycerol dehydration to acetol is
reported over Na-doped metal oxides®* and hydroxyapatites,®’
which possess significant solid acidity and basicity, akin to
our Cu/m-ZrO,. Pure solid bases promote glycerol
condensation into polyglycerols and deactivation.®*

3.3 Copper speciation and reactivity

Quasi in situ XPS and FTIR experiments were conducted to
investigate the nature of active sites within the Cu/m-ZrO,
and Cu/t-ZrO, -catalysts. Interaction of the 50:50 vol%
glycerol : methanol reaction mixture with the surface of Cu/
ZrO, samples was first examined by incipient wetness
impregnation, and subsequent XPS analysis after drying at 50
°C. The impregnated and as-prepared Cu/ZrO, samples were
then each subjected to in vacuum thermal processing to
compare their Cu speciation (Fig. 4 and S97). In all cases,
spectral fitting to CuO and Cu,O reference compounds

3886 | Catal Sci. Technol., 2024, 14, 3878-3892

identified two distinct Cu 2p spin-orbit split doublets: one
with a 2p;/, binding energy (BE) of between 932.1-932.6 eV
attributed to Cu(0/1) species; and the second with a higher
2ps;, BE of between 933.8-934.3 eV indicative of Cu(u).®>*”
The presence of Cu(u) in all samples was also apparent from
the characteristic broad satellite at 943 eV. Quantification of
Cu core-level chemical environments, and corresponding
Auger parameters, are reported in Table 4. Catalysts
impregnated with the reaction mixture exhibited a higher
degree of reduction (Cu"’®:Cu®" ratio) after heating to 100
°C and 200 °C than their as-prepared counterparts, with the
extent of reduction proportional to temperature. The Cu/m-
ZrO, catalyst is more susceptible to reduction of Cu(u) to
Cu(0/1) than Cu/t-ZrO,, and exhibited an almost complete loss
of Cu(u) after 200 °C annealing of the glycerol/MeOH
impregnated surface (Fig. 4b). Auger parameters associated
with the low binding energy Cu 2p;, peaks ranged between

Ve=0
(stretches)
f_‘_l

1648
1

‘ 1565: v (asy. stretch)

160 °C

1441: v (sym. stretch)

Absorbance (arb. u.)

T T T T T T
2000 1750 1500 1250 1000 750

2250
Wavenumber (cm™)
Fig. 5 IR spectra of 1,2-propanediol (1.12 mbar) on Cu/m-ZrO,; (black):

room temperature; (green): 60 °C; (blue): 120 °C; (red): 160 °C; (grey): 160
°C (after cooling to room temperature and evacuation at 10°® mbar). For
each temperature, the spectrum above is that cooled to room
temperature. Reference 1,2-propanediol spectrum shown in Fig. S12.}
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Scheme 1 Schematic of proposed bifunctional catalytic dehydration of glycerol to acetol over Cu/ZrO,.

1847.6 eV and 1848.2 eV, and are hence consistent with the
presence of Cu(1) and not Cu(0) in all cases.®®***° Note that
Cu(i) species have previously been proposed as the active
sites for glycerol dehydration to acetol.**™°

The surface reactivity of Cu/m-ZrO, towards polyols was
also explored by FTIR following the vapour phase adsorption
of 1,2-propanediol (the high boiling point of glycerol being
prohibitive for this study). A saturation adlayer of
1,2-propanediol over Cu/m-ZrO, at room temperature was
progressively heated to 160 °C with IR spectra periodically
collected (Fig. 5). The spectra are dominated by stretching
modes of carbonate moieties, already present in the FTIR
spectra of bare m-ZrO, (Fig. $131).”° The intensity of this
complex set of bands increases with temperature, which is
attributed to the formation of support-mediated
intermediates (carbonates and formates), precursors to
compounds like acetic acid, formaldehyde, or CO,.”"”*
Additionally, two bands are observed at 1703 and 1648 cm ™"
assigned to the stretching modes of a carbonyl functional
group (likely the terminal carbonyl in glyceraldehyde,
Scheme 1), whose intensities monotonically increase with
catalyst temperature. A similar carbonyl moiety was observed
in our recent report of 1,2-propanediol adsorbed over Cu'*-
rich Cu-Mg-AlO, catalysts.>® Similar diol reactivity is

(a)
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1
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e
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Fig. 6

observed over m-ZrO, and its Cu supported analogue at room
temperature (Fig. S13f) with aldehyde formation in both
cases. However, on the bare support (m-ZrO,), the 1648 cm™
band associated with reactively-formed aldehyde was more
intense suggesting stronger adsorption relative to Cu/m-ZrO,
(1703 cm™" band); copper appears to destabilise the aldehyde
intermediate promoting facile desorption of the acetol
product.

3.4 Influence of ZrO, phase

The preceding results identify Cu(i) as the likely active phase
for glycerol dehydration, and a significant difference in the
reactivity of Cu/m-ZrO, and Cu/t-ZrO, for acetol production.
As catalyst performance does not correlate with acid-base
properties, the question arises whether the different zirconia
phases influence copper speciation and hence reactivity.
Copper XPS data for Cu/t-ZrO, (Fig. S97) saturated with a 50:
50 wt% glycerol: MeOH mixture and subsequently annealed
at various temperatures was hence compared with the
corresponding data for Cu/m-ZrO, (Fig. 4). Two distinct Cu
2ps» chemical environments were observed at 932.4 eV and
934.1 eV BE, assigned to Cu(/0) and Cu(u) species,

respectively, for both catalysts. Corresponding Auger
(b)

1201 ®cum-zr0, W CutZi0,

100

[0
o
1

mol acetol / mol Cu
o
o
1

40 A
20
0
(Cu?* + Cu'*) Cu' [Surface Cu
[Surface Cu by N,0O] corrected by XPS]

(a) Temperature-dependent surface copper speciation of Cu/m-ZrO, and Cu/t-ZrO, pre-saturated with 50:50 wt% glycerol: MeOH. (b)

Correlation between surface copper species and turnover number for acetol production: feed = methanol: glycerol (50:50 by weight), flow = 2
mL h™, 0.50 g catalyst (0.425-0.600 mm), 240 °C, TOS = 1-3 h. Total surface copper derived by N,O titration and Cu() from XPS of the 200 °C

annealed samples in Fig. 6a.
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Fig. 7 Glycerol conversion as a function of wt% water over Cu/m-
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°C.

parameter (1847.9-1848.2 eV) analysis confirmed Cu(i) as the
dominant species on heating =100 °C (Fig. 6a and
Table 4),°”"*° with m-ZrO, stabilising more Cu(1) species than
t-ZrO,. Acetol production scaled with the total amount of
surface copper (Fig. 6b), however differences between the two
catalysts were diminished when acetol production was
normalised to their respective Cu(1) surface content,
consistent with this being the active copper species for
glycerol dehydration.

3.5 Impact of water on glycerol dehydration

The benefit of methanol as solvent in the selective
dehydration of glycerol to acetol is previously reported,®
however process sustainability would be improved by partial
substitution of the alcohol by water. Additional reactions

Absorbance (arb. u.)
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were therefore performed using the Cu/m-ZrO, catalyst with
different amount of water (Fig. 7). The presence of even 10
wt% H,O strongly suppressed glycerol conversion over the
course of 8 h TOS. Although water is expected to promote
acetol hydrolysis back to the reactant, the time-dependence
of the poisoning was intriguing, and our previous work
indicated that methanol plays a role in catalyst activation
and the formation of Cu() species.*®

An in situ FTIR study was therefore performed of Cu/m-
ZrO, saturated with either water or methanol, prior to the
adsorption of gaseous 1,2-propanediol (as a model for
polyol), and subsequent evacuation. Vibrational bands
associated with 1,2-propanediol were observed for pressures
of >0.8 mbar (Fig. 8a) over the methanol-saturated surface,
indicating facile displacement of the initial methanol by the
more strongly adsorbed diol which remained even under
high vacuum. In contrast, 1,2-propanediol pressures >2.5
mbar are required to observe diol bands over the water-
saturated surface (Fig. 8b), confirming that water effectively
site-block polyols from adsorption over Cu/m-ZrO,.

Analogous experiments were undertaken for Cu/m-ZrO,
treated with glycerol/water and glycerol/methanol mixtures
and then dried at 50 °C (experimental details in sections
2.4.1 and 2.4.2). FTIR evidenced a stronger C=O band,
indicative of a reactively-formed aldehyde intermediate, at all
temperatures for the glycerol/methanol versus glycerol/water
treated sample (Fig. 9a). This confirms that water effectively
site-blocks glycerol adsorption at active Cu(i) sites necessary
for the latter's dehydration. Corresponding Cu XP spectra of
Cu/m-ZrO, treated with the glycerol/water mixture (Fig. 9b)
exhibited less surface Cu(r) at 100 °C and 200 °C (Table S37)
than for the same catalyst treated with glycerol/methanol
(Fig. 4a), and indicated the presence of small amounts of
Cu(0) at 933.6 eV; water promotes partial disproportionation
of catalytically active Cu(1) species to Cu(u) and Cu(0) at
reaction temperatures compared to methanol (in the
presence of glycerol).

(b)
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o |
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Fig. 8 FTIR spectra for Cu/m-ZrO, sample saturated with (a) MeOH or (b) water prior to the adsorption of 1,2-propanediol (1,2-pdo, in gas phase)
at different pressures, and subsequent evacuation. *IR bands characteristic of the diol (see Fig. S127} for reference spectra).
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(@) FTIR spectra and (b) Cu 2ps/>, XP and Cu LMM (embedded images) spectra after different thermal excursions in vacuo for Cu/m-ZrO,

pre-treated by impregnation with: (a) MeOH/glycerol (90:10 by weight) or water/glycerol (90:10 by weight); or (b) glycerol/water mix (50:50 by

weight).

3.6 Catalyst reusability

The stability of Cu/m-ZrO, for acetol production from
glycerol using a MeOH was examined through extended
TOS (Fig. 10a) and recycle studies after 6 h TOS
(Fig. 10b). Complete glycerol conversion was achieved
for 10 h TOS for an as-prepared catalyst, however the
acetol yield slowly fell from a maximum of ~70% (2 h
TOS) to ~50% (10 h TOS). The loss of acetol selectivity
coincides with the accumulation of ~15 wt% surface
carbon (Table 5), indicating poisoning of the Lewis
acidic Cu(r) sites that favour dehydration versus e.g
carbon deposits formation over strong Lewis acid or
Bronsted acid sites.” Catalyst regeneration after 6 h

(a) —— Glycerol conversion —— Acetol yield

100 F¥——a—a—a = =%
90 1
80 1

70 1

(mol.%)

60 1

50 A

40 -

30 T T T T T
0 2 4 6 8 10

TOS (h)
Fig. 10

TOS was attempted by in situ methanol washing and
subsequent calcination under flowing air at 550 °C. The
resulting Cu/m-ZrO, possessed negligible organic residue
and had the same copper loading and dispersion
(particle size) as the parent catalyst. A repeat experiment
wherein regeneration was performed after 8 h TOS also
evidenced retention of the crystallinity and reducibility
of the parent catalyst (Fig. S11f). Recycle experiments of
in situ Cu/m-ZrO, (after 6 h TOS) revealed that while
the drop in acetol yield after the first reaction could
not be reversed by a regeneration treatment, the yield
could be stabilised at ~50% for three additional 6 h
reactions, an essential criterion for commercial acetol
production.

(b)

Glycerol conversion [l Acetol yield

1st 2nd 3rd 4th
Use

(a) Glycerol conversion and acetol yield as a function of TOS for Cu/m-ZrO,. (b) Mean glycerol conversion and acetol selectivity for

consecutive 6 h reaction and in situ regeneration cycles. Reaction conditions: feed = methanol: glycerol (50:50 wt%), flow = 2 mL h™%, 0.5 g

catalyst, 240 °C.
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Table 5 Effect of use and regeneration on metal loading, surface area, organic matter deposition and metallic dispersion for Cu/m-ZrO,

Physicochemical parameter Cu loading®/wt%

Surface area (BET)?/m? g™

Organic matter‘/wt% Particle size’/nm

As-prepared Cu/m-ZrO, 4.8+0.2 45
Post-reaction Cu/m-ZrO, n/d n/d
Regenerated’ Cu/m-ZrO, 4.6 £ 0.2 42

— 2.7
14.7° n/d
1.8 2.3

“ICP (random error estimated by applying ¢ student (0.98) criterion to three repeat measurements). ” N, porosimetry. ¢ TGA. ¢ N,O
chemisorption and H,-TPR. ° After 6 h TOS./ After 8 h TOS. Regeneration protocol: reactor flushed at 240 °C with 40 mL of MeOH (2 mL h™?)
and subsequent calcination under 50 mL min™" flowing air at 550 °C for 4 h (heating rate = 10 °C min ™).

4. Conclusions

Copper-impregnated zirconia polymorphs were examined as
solid acid catalysts for the selective dehydration of glycerol
to acetol in continuous flow. Similar metal loading (~6 wt%
Cu) resulted in uniformly dispersed Cu,O nanoparticles of
similar size (<3 nm) over monoclinic (m-), tetragonal (t-)
and mixed phase (mxt-) ZrO, supports. The resulting Cu/
ZrO, materials exhibited mixed acid/base properties, with
Cu/m-ZrO, possessing the lowest acid loading and weakest
(Lewis) acidity. Surface copper was mainly present as Cu(u)
in as-prepared catalysts, but underwent reduction to
predominantly Cu(r) at =200 °C and/or in the presence of
glycerol and methanol. Glycerol conversion and acetol
selectivity/yield at 240 °C were sensitive to the zirconia
phase, decreasing in the order Cu/m-ZrO, > Cu/mxt-ZrO, >
Cu/t-ZrO,. Monoclinic zirconia also conferred the greatest
catalyst stability over 8 h time-on-stream. The poorer
performance of Cu/t-ZrO, appears to reflect active site
poisoning by strongly adsorbed, heavier organic by-products
over its medium-strength Lewis acid sites. Glycerol
dehydration proceeds via a surface aldehyde intermediate
(likely glyceraldehyde) over zirconia, which is destabilised by
surface copper, promoting acetol desorption. Cu(r) is
identified as the catalytically active species for acetol
production in Cu/m-ZrO, and Cu/t-ZrO,; the monoclinic
phase favours a higher concentration of surface Cu(i)
species. The Cu/m-ZrO, catalyst achieved 60% acetol
selectivity and a specific productivity of 23 mmolacetol Eeat -
h™, surpassing batchwise and flow literature reports at
comparable temperature. However, Cu/m-ZrO, was sensitive
to poisoning by water present >10 wt%, which prevented
glycerol dehydration to the aldehyde intermediate and
destabilised surface Cu(i) versus Cu(u). Slow on-stream
deactivation of Cu/m-ZrO, occurs due to the accumulation
of carbonaceous matter but is partially reversible by in situ
methanol washing and calcination, facilitating complete
glycerol conversion and a stable acetol yield of 50% over
three recycles. Careful selection of the appropriate support
phase is necessary to unlock the potential of a range of
copper-catalysed biomass valorisation reactions.
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