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ABSTRACT: Isolated hafnium (Hf) sites were prepared on
Silicalite-1 and SiO2 and investigated for acetone conversion to
isobutene. Characterization by IR, 1H MAS NMR, and UV−vis
spectroscopy suggests that Hf atoms are bonded to the support via
three O atoms and have one hydroxyl group, i.e, (SiO)3Hf−OH.
In the case of Hf/Silicalite-1, Hf−OH groups hydrogen bond with
adjacent Si−OH to form (SiO)3Hf−OH···HO−Si complexes.
The turnover frequency for isobutene formation from acetone is
4.5 times faster over Hf/Silicalite-1 than Hf/SiO2. Lewis acidic Hf
sites promote the aldol condensation of acetone to produce mesityl
oxide (MO), which is the precursor to isobutene. For Hf/SiO2,
both Hf sites and Si−OH groups are responsible for the
decomposition of MO to isobutene and acetic acid, whereas for Hf/Silicalite-1, the (SiO)3Hf−OH···HO−Si complex is the
active site. Measured reaction kinetics show that the rate of isobutene formation over Hf/SiO2 and Hf/Silicalite-1 is nearly second
order in acetone partial pressure, suggesting that the rate-limiting step involves formation of the C−C bond between two acetone
molecules. The rate expression for isobutene formation predicts a second order dependence in acetone partial pressure at low partial
pressures and a decrease in order with increasing acetone partial pressure, in good agreement with experimental observation. The
apparent activation energy for isobutene formation from acetone over Hf/SiO2 is 116.3 kJ/mol, while that for Hf/Silicalite-1 is 79.5
kJ/mol. The lower activation energy for Hf/Silicalite-1 is attributed to enhanced adsorption of acetone and formation of a C−C
bond favored by the H-bonding interaction between Hf−OH and an adjacent Si−OH group.

1. INTRODUCTION

Isobutene is an important chemical intermediate used to
produce a broad range of products. These include octane
blending components for gasoline (e.g., isooctane, methyl-tert-
butyl ether (MTBE), and ethyl-tert-butyl ether (ETBE)), butyl
rubber, methyl methacrylate, methacrolein, and acrylics.1−5

The primary sources of isobutene today are steam cracking of
naphtha, isomerization and dehydrogenation of petroleum-
derived butane, and separation from the butane−butene
fraction produced by catalytic cracking of petroleum.5,6

However, growing concerns with global warming caused by
the combustion of products derived from petroleum have
motivated the search for routes to isobutene based on biomass
as the starting material.7−9 An attractive approach for doing so
is the condensation of acetone, produced by the fermentation
of glucose to a mixture of acetone, butanol, ethanol (so-called
ABE fermentation) or the ketonization of acetic acid. If acetic
acid produced as a byproduct of acetone condensation is
converted back to acetone and CO2, the overall reaction for
the synthesis of isobutene from acetone is

This reaction is thermodynamically favorable (ΔG298
o = −35

kJ/mol) and has a carbon utilization efficiency of 88.9%.
Previous investigations of acetone condensation to isobutene

have focused on the use of Brønsted acid zeolites, e.g., SAPO-
34, H-MFI and H-BEA, as the catalyst. These studies suggest
that isobutene is formed by successive aldol condensation and
self-deoxygenation.10−13 While Brønsted acidic zeolites are
demonstrated to be very active for acetone conversion to
isobutene, low isobutene selectivity and rapid catalyst
deactivation due to coking have discouraged their further
development.
The use of Lewis acid sites have been examined by a number

of investigators for reactions involving the formation of C−C
bonds via aldol condensation.14−17 Romań-Leshkov et al. have
reported Hf-, Sn-, and Zr-BEA to be active for the cross-aldol
condensation of aromatic aldehydes and acetone.18 Li and
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coworkers have reported that 10 wt % Y/BEA (YOx supported
on dealuminated BEA zeolite (DeAlBEA)) is an effective
catalyst for acetic acid conversion to isobutene with 100%
conversion and 60% isobutene selectivity.15 Lewis acid sites
have also been proposed as aldol condensation centers for
producing C6 intermediates over Y2O3 and YOx species
supported on DeAlBEA. More recently, Shylesh et al. have
demonstrated C−C bond formation via propanoic acid
ketonization and acetone aldol condensation to mesityl oxide
(MO) over site-isolated Zr catalyst (Zr/SiO2) containing 
Zr−OH sites.19

Previous studies have also found that the local environment
of Lewis acidic metal centers influence their catalytic
performance. For the reaction of acetone to isobutene, Li et
al. found that the catalytic efficiency of Y/SiO2 was much lower
than that of Y/DeAlBEA, and Y/Silicalite-1 showed almost no
C−C coupling activity. This much lower activity was ascribed
to the weaker interaction of Y species with SiO2 and Silicalite-1
compared with DeAlBEA.15

Here, we describe the preparation of isolated Lewis acidic Hf
sites on SiO2 and Silicalite-1. Hf was chosen for these studies
rather than Zr or Y for the following reasons.18,20,21 The Lewis
acidity of Hf is slightly lower than that of Zr, which should
result in a higher isobutene selectivity without significant
sacrifice in activity,20,21 and compared to Y, Hf grafted on silica
and Silicalite-1 is expected to exhibit higher activity for aldol
condensation.15,22,23 The catalysts were characterized by XRD,
IR, 1H MAS NMR and UV−vis spectroscopy. The structure of
the active Hf sites is proposed to be (Si−O)3−Hf−OH for
both Hf/SiO2 and Hf/Silicalite-1. In addition, for Hf/Silicalite-
1, the Hf−OH groups H-bond with adjacent Si−OH groups.
The influence of active site structure and local environment
was investigated for the conversion of acetone to isobutene for
both Hf/SiO2 and Hf/Silicalite-1. The rate of isobutene
formation on Hf/Silicalite-1 was found to be 4.5 times higher
than that on Hf/SiO2. The reactions of the intermediates
involved in the conversion of acetone to isobutene−diacetone
alcohol (DAA), mesityl oxide (MO), and acetic acid were also
investigated with the aim of identifying the roles of these
species in the overall reaction pathway. The accumulated
information was used to propose a reaction mechanism for the
conversion of acetone to isobutene over isolated Hf sites.

2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation. Preparation of Hf Grafted Silicalite-1

and SiO2. The silica support (SiO2) was provided by Silicycle.
Nanosheet-like Silicalite-1 (self-pillared pentasil) was synthesized
following a modification of a method reported previously by Zhang et
al.24 Tetra(n-butyl) phosphonium hydroxide (TBPOH) (Sigma-
Aldrich, 40%) and fumed silica (Sigma-Aldrich) were used as the
structure-directing agent and silicon source, respectively. After
crystallization, the as-synthesized material was washed with distilled
water until the pH of the supernatant was lower than 9; the
precipitate was then dried at 343 K in vacuum overnight and calcined
at 823 K for 6 h in a muffle oven. To ensure complete removal of the
residual organic structure-directing agent and decomposed organic
moieties, the calcined material was washed twice with a large amount
of deionized water at room temperature until the pH of the
supernatant was close to 7, then dried at 343 K overnight, and
calcined at 823 K for 6 h.25

Hafnium (Hf) was grafted onto Silicalite-1 and mesoporous SiO2
by aqueous impregnation. Prior to introducing Hf, both supports,
SiO2 and Silicalite-1, were dehydrated at 353 K for 6 h in a vacuum
drying oven and then stored in vacuum. Afterward, Hf was introduced
on SiO2 and Silicalite-1 by impregnating the support with aqueous

solution of HfCl4 with the Hf concentration adjusted to achieve the
desired metal loadings. Typically, 2 mL of the HfCl4 solution was used
per gram of support. After impregnation, the slurry was dried in air at
room temperature for 5 h, then heated to 323 K under flowing He,
and held at this temperature for 2 h. This step was followed by further
calcination in a muffle oven. The sample was heated from room
temperature to 393 K over a 30 min period, then heated to 823 at 5 K
min−1 and held at this temperature for 6 h, and finally cooled to room
temperature. The samples prepared are designated as xHf/SiO2 or
xHf/Silicalite-1, respectively, where x designates the surface
concentration of Hf (atoms nm−2).

2.2. Catalyst Characterization. Powder X-ray diffraction (XRD)
patterns of Silicalite-1 and Hf supported catalysts were recorded using
a Bruker D8 GADDS diffractometer equipped with a Cu Kα target
(40 kV and 40 mA) X-ray source. To observe the morphologies of
Silicalite-1, scanning electron microscopy (SEM) images were
acquired using a Thermo Scientific Helios G4 UC Focused Ion
Dual Beam microscope operated with an accelerating voltage of 2 kV
and a probe current of 25pA using a TLD detector. The specific
surface areas of all samples were determined by acquiring N2
adsorption isotherms at 77 K with a Micrometrics Gemini VII 2390
analyzer. The total surface areas were evaluated by applying the
Brunauer−Emmet−Teller (BET) equation. Prior to analysis, samples
were degassed for 6 h at 453 K. The Hf loadings were analyzed with
inductively coupled plasma optical emission spectroscopy (ICP-OES)
by Galbraith Laboratories, Inc.

Fourier transform infrared (FTIR) spectra were collected to
characterize surface hydroxyl groups using a Thermo Scientific
Nicolet 6700 IR spectrometer equipped with a liquid N2-cooled MCT
detector. Samples (∼36 mg) were pressed into thin self-supporting
wafers and then transferred to a transmission IR cell equipped with
CaF2 windows. Prior to the acquisition of spectra, samples were
pretreated under dry flowing air (Praxair, ultrazero, 100 mL min−1)
for 1 h at 773 K to remove impurities and moisture and then cooled
to 393 K. Spectra were recorded at 393 K with a resolution of 1 cm−1

and an accumulation of 64 scans.
The acid properties of Hf/SiO2 and Hf/Silicalite-1 were

characterized by FTIR spectroscopy of adsorbed pyridine using a
Thermo Scientific Nicolet 6700 IR spectrometer. Prior to the
acquisition of spectra, samples were pretreated at 773 K for 1 h in a
flow of 100 mL min−1 air and then cooled to 393 K to take
background scans. FTIR spectra of adsorbed pyridine were recorded
by injecting 2 μL of pyridine and then purging the IR cell with He at
393 K for 20 min to remove any physically adsorbed material.

FTIR spectra were collected at a resolution of 4 cm−1 during the
reaction of acetone as well as mesityl oxide (MO) over Hf/Silicalite-1.
For these experiments, 30 mg of sample was pressed into a thin self-
supporting wafer, transferred into the transmission IR cell, and
pretreated at 773 K for 1 h in 100 mL min−1 of dry air. Subsequently,
the sample was purged with 30 mL min−1 of He (Praxair, UHP) and
cooled to 306 K to collect the background spectrum. After that, 2 μL
of acetone was fed onto the catalyst under flowing He (Praxair, UHP,
30 mL min−1), and the spectra were recorded at constant time
intervals. For the reaction of MO, 0.2 μL MO was injected under
similar reaction conditions.

Prior to carrying out the NMR experiment, all samples were
dehydrated overnight at 353 K under vacuum, and then the material
was packed in a 4 mm zirconia rotor inside the glovebox. The rotor
was then placed inside a Bruker high resolution dual resonance
1H/13C magic angle spinning (MAS) probe that has a 1H frequency of
500 MHz. All NMR measurements were recorded with a spinning rate
of 10 kHz. The quantitative 1H spectra were acquired using the
DEPTH pulse sequence with a recycle delay of 2 s,26 equivalent to
five times the spin−lattice T1 relaxation, and a radio frequency power
of 80 kHz. The spectra were fitted with Dmfit software.27

Ultraviolet−visible (UV−vis) diffuse reflectance spectra of
Silicalite-1, SiO2, and Hf supported samples are collected with a
Fischer Scientific Evolution 300 spectrometer equipped with a
Harrick Scientific Praying Mantis diffuse reflectance chamber.
Samples were grounded and dehydrated at 473 K for 20 min in a
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flow of 120 mL min−1 air and then cooled to 303 K to collect spectra.
Dehydrated BaSO4 was used as a reference.
2.3. Catalyst Evaluation. Catalyst performance was evaluated at

atmospheric pressure using a 6.35 mm OD quartz reactor, whereas
reaction kinetics were determined using a 6.35 mm OD quartz tube
with an expanded section (∼12.7 mm OD). Quartz wool was placed
below the catalyst bed to hold the catalyst in place, and a
thermocouple was fixed at the center of catalyst bed. Prior to
initiating reaction, each catalyst was pretreated in flowing air (Praxair,
ultrazero, 30 mL min−1) at 823 K for 40 min and then cooled to
reaction temperature and purged with He (Praxair, 99.999%, 20 mL
min−1) for 10 min. All chemicals were obtained commercially and
used without further purification. Acetone (≥99.9%), 4-hydroxy-4-
methyl-2-pentanone (diacetone alcohol, 99%), and acetic acid

(>99%) were obtained from Sigma-Aldrich. Mesityl oxide (90%,
remainder 4-methyl-4-penten-2-one) was purchased from Alfa Aesar.

Reactions were performed using He as the carrier gas. In a typical
run, a syringe pump (KD Scientific, Legato 100 series, <5%
fluctuation) was used to supply liquid-phase reactants (i.e., acetone,
acetone-H2O mixture, diacetone alcohol−H2O mixture, mesityl oxide,
and nanopure H2O) into a heated port through which He flowed
continuously. The product stream was analyzed using an Agilent
6890A gas chromatography (GC) equipped with a HP-5 capillary
column, an FID, and a liquid N2 cooling system.

In the exploration of the effect of water partial pressure on the rate
of isobutene formation from acetone, a constant acetone partial
pressure of 1 kPa was cofed with water partial pressure ranging from
20 to 3 kPa, corresponding to steam-to-carbon (S/C) ratios of 6.67 to
1. For each combination of acetone/H2O, the rate of isobutene

Figure 1. (a) FTIR spectra for the hydroxyl stretching region and (b) FTIR spectra following pyridine adsorption of Silicalite-1 and SiO2.

Figure 2. Effect of Hf loading on the FTIR spectra of surface hydroxyl groups and FTIR spectra taken following pyridine adsorption on (a, c) Hf/
Silicalite-1 and (b, d) Hf/SiO2.
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formation was measured after cofeeding acetone and water for 5 min.
The rate of isobutene formation at 20 kPa of water partial pressure
was then measured again to assess whether catalyst deactivation had
occurred. No catalyst deactivation was detected in these experiments.

3. RESULTS AND DISCUSSION

3.1. Catalyst Characterization. XRD patterns of
Silicalite-1 as well as Hf/Silicalite-1 with different Hf loadings
are shown in Figure S1; Hf/Silicalite-1 exhibit characteristic
peaks at 2θ = 7−10° and 22−25° of MFI zeolites and no
obvious peaks representing HfO2 for Hf concentration up to
0.56 Hf atoms nm−2, indicating high dispersion of Hf. The
elemental composition of each sample was analyzed by ICP-
OES and are summarized in Table S1. The weight loadings of
Hf detected closely match the intended metal loadings,
confirming the successful introduction of the metal. Preserva-
tion of the crystalline structure Silicalite-1 was further
confirmed by the N2 adsorption; only a slight decrease in
the BET surface area and volume were observed for Hf/
Silicalite-1 with Hf concentration ranging from 0.056 to 0.56
Hf atoms nm−2. Additionally, as shown in Table S1, the BET
surface area of Silicalite-1 is 603 m2 g−1, almost twice the value
of SiO2 (323 m2 g−1), consistent with its nanosheet-like
morphology (Figure S2).
FTIR spectroscopy was used to characterize the surface O−

H groups of Silicalite-1 and SiO2. As seen in Figure 1a, both
Silicalite-1 and SiO2 show a signal at around 3740 cm−1

attributable to isolated Si−OH groups.28 After pyridine
adsorption, two strong signals appear at 1596 and 1448 cm−1

on Silicalite-1 that can be ascribed to hydrogen (H)-bonded

pyridine.29,30 By contrast, almost no signal is observed for
pyridine interaction with SiO2. This suggests that the acidity of
silanol groups on SiO2 is weaker than those on Silicalite-1.
Hf/Silicalite-1 and Hf/SiO2 samples with different Hf

loadings were also characterized by FTIR. As shown in Figure
2a and b, a slight intensification of the band at 3740 cm−1 for
isolated Si−OH groups was observed for both sets of samples.
This phenomenon is unexpected considering the consumption
of Si−OH groups during the introduction of Hf species. A
plausible explanation for this observation is that Hf−OH
groups exhibit a peak at a similar position as that for isolated
Si−OH groups.31

FTIR spectra of pyridine adsorbed on Hf/Silicalite-1 and
Hf/SiO2 are shown at Figure 2c and d. For Hf/Silicalite-1, a
band for pyridine interactions with Lewis acid centers and a
second band for pyridine interactions with both Brønsted and
Lewis acid centers are observed at 1609 and 1490 cm−1,
respectively.30 The intensity of these three bands increases
with increasing Hf loading up to a loading of 0.28 Hf atoms
nm−2. It is also notable that the integrated intensity of the band
for H-bonded pyridine at 1596 cm−1 increases monotonically
with Hf concentration on Silicalite-1 up to a Hf concentration
of 0.28 Hf atoms nm−2 (see Figure S3). Although Hf grafting
consumes H-bonded Si−OH groups and, hence, is expected to
decrease intensity of the signal at 1596 cm−1, the interaction
between newly generated Hf−OH group and residual Si−OH
groups leads to the intensification of this band; additional
evidence for this process is presented in Figures 3 and 4. For
Hf/SiO2, very similar bands are observed at 1448, 1490, and
1609 cm−1 after pyridine adsorption, and the intensity of these

Figure 3. Difference spectra obtained by subtracting the spectrum of the catalyst prior to pyridine adsorption from that taken after pyridine
adsorption for (a) Hf/Silicalite-1 and (b) Hf/SiO2 for different Hf loadings. Plots of the integrated area for the band at 1609 cm−1 versus Hf
loading for (c) Hf/Silicalite-1 and (d) Hf/SiO2.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c01315
J. Am. Chem. Soc. 2021, 143, 8352−8366

8355

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c01315/suppl_file/ja1c01315_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c01315/suppl_file/ja1c01315_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c01315/suppl_file/ja1c01315_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c01315/suppl_file/ja1c01315_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c01315/suppl_file/ja1c01315_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c01315?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c01315?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c01315?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c01315?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c01315?rel=cite-as&ref=PDF&jav=VoR


three bands increases with increasing Hf concentration below
0.52 Hf atoms nm−2. In sharp contrast to what is observed on
Silicalite-1, no bands for H-bonded pyridine were detected
over Hf/SiO2 despite the observation of Hf-OH groups in
Figure 3b. Moreover, as shown in Figure S4, the intensity of
the band for pyridine interacting with Lewis acid centers on
Hf/SiO2 is weaker than that for Hf/Silicalite-1 containing the
same number of moles of Hf. Accordingly, Lewis acidic sites
are generated via the introduction of Hf. In addition, the
intensification of band at 1596 cm−1 for Hf/Silicalite-1 with
increasing Hf contents suggests that H-bonding interaction of
Hf-OH with Si-OH groups is presented.
The integrated areas of the band at 1609 cm−1 for Hf/

Silicalite-1 and Hf/SiO2 are plotted in Figure 3 against the
surface concentration of Hf. The integrated peak areas are
normalized by the intensity of the bands for Si−O−Si
framework overtones appearing between 1700−2000 cm−1.32

As seen in Figure 3c, the area of the band at 1609 cm−1 for Hf/
Silicalite-1 increases linearly up to a Hf concentration of 0.28
Hf atoms nm−2, suggesting the generation of isolated Hf Lewis
acid centers in this range. Above 0.28 Hf atoms nm−2, the rate
of increase in intensity decreases, due to the possible
generation of hafnium oxide oligomers and/or nanoclusters.
A similar linear increase in the intensity of the band at 1609
cm−1 is also observed for Hf/SiO2 for Hf concentrations below
0.21 Hf atoms nm−2 (Figure 3d), which also indicates isolated
Hf sites are present. However, as noted before, the integrated

area of the band at 1609 cm−1 for Hf/Silicalite-1 is always
larger than that for Hf/SiO2 for the same molar concentration
of Hf.
Another interesting feature of the IR spectra of adsorbed

pyridine is the negative band for hydroxyl vibrations. This
feature in Figure 3a and b provides direct evidence for the
interaction of pyridine with hydroxyl groups, either Si−OH
and/or Hf−OH. The negative peaks are centered at 3742 and
3745 cm−1 for Hf/Silicalite-1 and Hf/SiO2, respectively. For
both samples (Figure S5), the integrated negative peak areas
increase linearly with Hf concentration from 0.056 to 0.28 Hf
atoms nm−2 for Hf/Silicalite-1, and with Hf concentration
between 0.052 and 0.21 Hf atoms nm−2 for Hf/SiO2,
consistent with the linear increase of 1609 cm−1 bands. Such
negative peaks are much weaker for either Silicalite-1 or SiO2
because of the weaker interaction between silanol and pyridine
compared with Hf−OH. It has been reported that Zr grafted
on SiO2 and the open Sn sites on dealuminated beta both have
M−OH groups. IR spectra of ZrO2 or ZrOx supported on
siliceous materials exhibits Zr−OH bands at 3740−3775
cm−1.31,33,34 Although no information has been reported for
Hf−OH, considering the similarity of the electronic structures
and Lewis acid property of Zr and Hf,18 it is reasonable to
expect Hf−OH signals in a similar range to those found for
Zr−OH. As a result, the negative peak is proposed to be
associated with either Hf−OH itself or with Hf−OH H-
bonded to an adjacent Si−OH. The existence of the latter

Figure 4. 1H MAS NMR spectra of (a) SiO2, (b) 0.21Hf/SiO2, (c) Silicalite-1, and (d) 0.28Hf/Silicalite-1. Prior to acquiring NMR spectra, each
sample was dehydrated at 353 K under vacuum.
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complex is suggested by the observation of H-bonded pyridine
signals at 1596 cm−1. For Hf/SiO2, the negative hydroxyl peak
is attributed to the interaction of pyridine with Hf-OH groups
because no signal of pyridine interacting with Hf-OH H-
bonded to an adjacent Si-OH group was observed. By contrast,
for Hf/Silicalite-1, the observation of H-bonded pyridine and
the broader negative hydroxyl peak both suggest that this peak
is most likely attributable to the interaction of pyridine with
both Hf−OH and Si−OH groups. Based upon the linear
enhancement of the band for pyridine interaction with Lewis
acid sites and with the −OH groups of Hf−OH for both Hf/
Silicalite-1 and Hf/SiO2, we propose that isolated Hf sites with
structure of (SiO)3−Hf−OH are formed over SiO2 and
Silicalite-1. This interpretation is fully consistent with many
previous studies of supported, isolated Lewis acidic
sites.19,35−38 Such sites have two chemical structures, i.e.,
closed ((SiO)4−M) and open ((SiO)3−M−OH) sites.
Open sites with relatively stronger Lewis acidity are found to
be more active for aldol condensation with respect to closed
sites.36,39

1H MAS NMR spectroscopy was used to further characterize
the hydroxyl groups on SiO2, Silicalite-1, and Hf supported on
both siliceous supports. All NMR spectra were deconvoluted
by fitting them with Dmfit software to distinguish the
overlapping peaks. As shown in Figure 4a and c, after
deconvolution, four similar peaks can be identified for both
SiO2 and Silicalite-1. The 1H MAS NMR spectrum of SiO2
shows signals at 0.16, 2.1, 3.0, and 4.6 ppm. The peaks at 2.1
and 3.0 ppm are assigned to isolated silanol groups and weakly
H-bonded Si−OH groups, respectively, while the peak at 4.6
ppm is due to clusters of adsorbed H2O.

40−44 The very small
peak at 0.16 ppm is probably due to some impurity species.
Similar peaks for isolated and H-bonded Si−OH groups are
detected for Silicalite-1 at around 2.1 and 3.2 ppm,
respectively.40,45,46 A signal representative of bulk H2O
adsorbed on Si−OH groups is also detected at 4.4 ppm.43

The line width of the signal for H-bonded Si−OH for
Silicalite-1 is much narrower than that for SiO2 (0.64 vs 1.8),
which suggests a relatively uniform distribution of H-bonded
Si−OH groups on the former support. The larger chemical
shift for H-bonded Si−OH groups observed for Silicalite-1
compared to SiO2 is evidence for stronger H-bonding
interaction between Si−OH groups on Silicalite-1.
The assignment of 1H NMR signals for grafted Hf−OH

groups has not been reported previously. Therefore, we looked
for analogies with the assignment of Zr−OH groups because
Zr and Hf are both d-block transition metals with similar
electronic structures. The 1H MAS NMR peak observed at 1.8
ppm for ZrOxHy aerogels has been assigned to terminal Zr−
OH groups.47 Similarly, it has been reported that the 1H MAS
NMR signal shifts from 1.5 to 1.7 ppm upon incorporation of
Zr into dealuminated BEA.48 In another example, it has been
reported that the 1H MAS NMR chemical shift of terminal Zr
hydroxyl groups appears at either 1.6 or 1.8 ppm.49

Accordingly, the 1H MAS NMR signal of Hf−OH is proposed
to be located between 1.6 and 2.0 ppm, a position similar to
that for isolated Si−OH groups. For Hf/SiO2, the

1H signal is
located at 2.0 ppm. By comparison, the 1H chemical shift for
SiO2 is 2.1 ppm. We note as well that the intensity of this
signal increases after grafting Hf. As discussed above, the
chemical shift at 2.0 ppm for Hf/SiO2 could have contributions
from both Hf−OH groups and residual terminal Si−OH

groups because the chemical shifts for Si−OH and Hf−OH
groups are very similar.
We note further that the position of the signal for Si−OH

groups H-bonding with Hf−OH groups in Hf/Silicalite-1 is 2.6
ppm and has a line width of 1.0 ppm compared to that for non-
H-bonded Si−OH groups which is positioned at 3.2 ppm and
has a line width of 0.64 ppm. These features for Si−OH groups
H-bonding with Hf−OH groups are absent from the NMR
spectrum of Hf/SiO2. Together with the intensification of H-
bonded pyridine signal observed upon introducing Hf to
Silicalite-1 (Figures 2c and S3), the broadened H-bonded
proton signal at 2.6 ppm observed for Hf/Silicalite-1 is
attributed to H-bonding between the hydroxyl group Hf−OH
and an adjacent Si−OH group.
The data reported in Figures 4c and d and Figure S6b and

Tables S2−S5 were used to evaluate the assumption that Hf is
bonded to Silicalite-1 via three Si−O−Hf bonds (i.e., (Si−
O−)3Hf−OH). This assessment begins with recognizing that
Silicalite-1 has 3.77 Si−OH groups nm−2 on its surface based
on deconvolution of 29Si NMR spectra.25 The data in Table S2
indicate that 62% of these silanol groups are H-bonded, and
38% are isolated silanol groups. Only the H-bonded silanol
groups are expected to be active in forming (SiO)3Hf−OH
groups, which means that grafting Hf to obtain a loading of
0.24 Hf atoms nm−2 (determined by ICP for 0.28Hf/Silicalite-
1) will consume 0.72 Si−OH nm−2, or 31% of the original
inventory of H-bonded silanol groups, 2.34 Si−OH nm−2. This
calculation suggests that the intensity of the peak at 2.6−3.2
ppm in the 1H NMR spectrum of 0.28Hf/Silicalite-1 should
decrease by 31% relative to that in the spectrum of Silicalite-1.
However, this projection does not recognize that the 1H NMR
shift for the Hf−OH group is virtually the same as that for the
Si−OH group. Taking this into account means that the
projected decrease in the intensity of the 1H NMR peak at
2.6−3.2 ppm should be 20.5%. The latter figure agrees
reasonably well with the observed decrease of 21.8%. A similar
calculation made for 0.21Hf/SiO2 (see the Supporting
Information for details) predicts that the peak at 3.0 ppm
should decrease by 15.6%. While this value is much larger than
that observed, 5.8%, it is still qualitatively consistent. The
consumption of H-bonded silanol groups upon grafting Hf
onto SiO2 is also evidenced by the loss of intensity in the broad
band located between 3710 and 3400 cm−1, which shows a
decrease in intensity of about 18.8% upon the introduction of
0.18 Hf atoms nm−2 (measured by ICP for 0.21Hf/SiO2
sample), in better agreement with what is predicted.
We would like to note that the 1H NMR signal for H-

bonded −OH groups decreases in intensity after Hf is grafted
onto Silicalite-1. This pattern appears to contradict the trends
seen in the IR spectra of pyridine adsorbed on Silicalite-1 and
Hf/Silicalite-1 (shown in Figures 2c and S3). These spectra
show that the band at 1596 cm−1 for H-bonded pyridine
increases monotonically with Hf concentrations up to 0.28 Hf
atoms nm−2. We believe that this apparent discrepancy is
attributable to the higher IR extinction coefficient for pyridine
interacting with the more acidic H-bonded Hf−OH groups
than Si−OH groups.50,51 This difference compensates the
decrease in intensity of the IR signal for pyridine H-bonded to
Si−OH groups. This interpretation is consistent with our
deduction that three Si−OH groups are consumed for each Hf
grafted; hence, the intensity of 1H NMR signal of H-bonded
−OH groups decreases after the introduction of Hf due to the
decrease of proton density.
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Figure 5 presents UV−vis spectra for SiO2, Silicalite-1, and
Hf supported samples. Silicalite-1 exhibits two absorption
peaks at ca. 200 and 240 nm, respectively, whereas SiO2
exhibits a broad absorption peak between 190 and 270 nm.
These features are attributable to the presence of Si−OH
groups.52,53 After grafting Hf, the absorption peaks ascribed to
Si−OH groups in Silicalite-1 and SiO2 lose intensity due to
their consumption upon introduction of Hf, consistent with
what is observed by FTIR and 1H NMR spectroscopy. It
should be noted that although the absorption signal for
0.11Hf/Silicalite-1 is weak due to the low concentration of
grafted Hf, the absorption in the low wavelength region (below
210 nm) becomes evident when Hf loading rises to 0.28 atoms
nm−2. This feature can be attributed to the introduction of
isolated Hf species. The absorption becomes stronger when
the Hf loading increases to 0.56Hf atoms nm−2, at which point
another broad absorption appears at 220−260 nm, which may
be due to the presence of HfOx clusters.54 For Hf/SiO2, signal
overlap between SiO2 support and Hf occurs when the Hf
concentrations is below 0.21 Hf atoms nm−2. However, a shift
of the absorption peak from high to low wavelength is still
observed as the Hf loading increases from 0 to 0.1 and then to
0.21 Hf atoms nm−2. The absorption peak becomes prominent
at an Hf concentration of 0.52 Hf atoms nm−2 and further
intensifies for 1.04 Hf atoms nm−2. The photon absorption
energies for Hf/Silicalite-1 and Hf/SiO2 attributable to ligand-
to-metal charge transfer (LMCT) from O to an isolated
Hf(IV) are estimated to be around 5.8 and 5.4 eV, respectively,
much higher than that for bulk HfO2, 4.4 eV.55,56

In summary, based on the information obtained from IR, the
1H MAS NMR, and the UV−vis spectroscopy of Hf/SiO2 and
Hf/Silicalite-1, we propose that isolated Hf sites on SiO2 and
Silicalite-1 are bonded to three O atoms of the support and
one −OH group as shown in Scheme 1. These structures are
similar to those proposed previously for isolated Zr dispersed
on siliceous supports and characterized by EXAFS, in addition
to the techniques used in this study.56,57 We note that for Hf/
Silicalite-1, the Hf−OH groups are H-bonded to adjacent Si−
OH groups.
3.2. Acetone Conversion to Isobutene. The reaction of

acetone to isobutene over Hf/Silicalite-1 and Hf/SiO2 was
conducted under differential reaction conditions (acetone
conversion <9%). Water was cofed with acetone at a steam-to-

carbon (S/C) molar ratio of 5 to alleviate the deactivation of
the catalyst.5 For all of these experiments, isobutene was the
dominant product with a carbon selectivity of about 85%,
corresponding to 95% of the theoretical selectivity (88.9% on a
carbon basis). It is noted that under similar reaction
conditions, no products were observed for either SiO2 or
Silicalite-1.
Figure 6 shows the rates of isobutene formation over Hf/

SiO2 and Hf/Silicalite-1 as a function of the surface
concentration of Hf. The rate of isobutene formation per
gram of catalyst increases linearly with Hf content for Hf/
Silicalite-1 up to a Hf concentration of 0.28 Hf atoms nm−2,
after which it increases but at a much lower rate. Hf/SiO2
exhibits a similar linear increase in isobutene formation rate
with Hf content up to 0.21 Hf atoms nm−2 (inset in Figure 6a).
The rates of isobutene formation normalized per Hf atom, the
turnover frequency (TOF), are shown in Figure 6b. The TOF
for Hf/Silicalite-1 is nearly independent of the Hf concen-
tration up to 0.28 Hf atoms nm−2, and for Hf/SiO2, the TOF is
constant for Hf concentration up to 0.21 Hf atoms nm−2. The
TOF suggests that isolated Hf active sites are created over both
supports. It is also notable that the TOF for isobutene
formation over Hf/Silicalite-1 is about 4.5 times of Hf/SiO2.
Considering the similar structure of Hf sites on these two
supports, we attribute this significant difference to differences
in the local environment of the isolated Hf sites. We note that
our observations differ from those reported by Li et al., who
observed mild activity over YOx/SiO2 but no activity over
YOx/Silicalite-1 for the reaction of acetic acid to isobutene.15

While acetic acid was completely converted to acetone, no
further aldol condensation occurred on YOx/Silicalite-1. The
authors proposed that the difference in activity for the two
catalysts was due to differences in the strength of interactions
between Y species and the supports.

Figure 5. Effect of Hf concentration on the UV−vis spectra of (a) Hf/Silicalite-1 and (b) Hf/SiO2.

Scheme 1. Chemical Structure of Hf Isolated Sites in (a)
Hf/SiO2 and (b) Hf/Silicalite-1
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Figure 7 illustrates the dependence of the TOF for isobutene
formation on the acetone partial pressure at different
temperatures, measured under differential reaction conditions
(acetone conversion <5%), for both Hf/Silicalite-1 and Hf/
SiO2. The rates of isobutene formation for both catalysts lie
between second and first order in acetone partial pressure at all
three temperatures (673, 698, and 723 K), suggesting that a
bimolecular process is involved in the rate-limiting step.
As noted earlier, water vapor is added to the feed stream to

alleviate catalyst deactivation. The effect of the water partial
pressure on the TOF for isobutene formation for a fixed
acetone partial pressure is shown in Figure 8. For 0.21Hf/SiO2,
the TOF for isobutene decreases by a factor of 2 as the partial
pressure of water vapor is raised from 3 to 10 kPa but then
remains constant for a further increase in the partial pressure of
water vapor. In the case of 0.11Hf/Silicalite-1, the TOF for
isobutene again decreases with increasing partial pressure but
becomes constant for water vapor partial pressures above 15
kPa. However, in contrast to Hf/SiO2, the TOF decreases by a
factor of 1.5.
The influence of water partial pressure on the TOF for

isobutene formation on supported Hf catalysts with different
Hf loadings was studied further. As seen in Figure S7, similar

Figure 6. Rates of isobutene formation measured at 1.57 kPa acetone/He, S/C = 5, and 723 K as a function of the concentration of Hf over Hf/
Silicalite-1 and Hf/SiO2. (a) Rates normalized per catalyst mass. (b) Rates normalized per moles of Hf.

Figure 7. Dependence of the rates of isobutene formation on the acetone partial pressure measured at 673, 698, and 723 K over (a) 0.11Hf/
Silicalite-1 and (b) 0.21Hf/SiO2. Reaction conditions: catalyst mass = 20 mg for Hf/Silicalite-1 and 50 mg for Hf/SiO2, total flow rate at STP = 20
mL/min, PH2O = 15 kPa, the S/C ratio varies between 5 and 12.5.

Figure 8. Influence of water partial pressure on the formation rate of
isobutene from acetone on Hf/Silicalite-1 and Hf/SiO2 catalysts.
Reaction conditions: 723 K, PA = 1 kPa, mcat. = 20 mg for 0.11Hf/
Silicalite-1 and 50 mg for 0.21Hf/SiO2.
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effects of water partial pressure on the rates of isobutene
formation are observed for all of the Hf supported catalysts.
The rate of isobutene formation decreases with increasing
water partial pressures and then reaches a plateau. The rate of
isobutene formation decreases by 47% for 0.056Hf/Silicalite-1,
41% for 0.28Hf/Silicalite-1 and 67% for 0.10Hf/SiO2. Despite
some small difference, the inhibition of the rate of isobutene
formation due to water is approximately independent of the Hf
loading. Moreover, the TOF for isobutene formation is
independent of water vapor pressure for catalysts with water
partial pressures higher than 15 kPa, which agrees well with the
results in Figure 6.
The decrease in the initial rate and the subsequent plateau in

the rate of isobutene formation suggests the existence of more
than one kind of Hf site. Considering the abundance of Si−
OH on the surface of SiO2 and Silicalite-1, generation of small
numbers of Lewis acid Hf centers interacting with more Si−
OH groups can be expected. As observed in Figure 6, the rates
of isobutene formation on Hf sites H-bonded to one Si−OH
group is 4.5 times higher than that for Hf sites that do not H-
bond with adjacent Si−OH groups. Consequently, we propose
that the rates of isobutene formation on Hf sites H-bonding
with more Si−OH groups on Hf/Silicalite-1 are 5−10 times
higher than those on Hf sites H-bonding with one Si−OH
group. Based on this reasoning, Hf sites that are H-bonded
with multiple Si−OH groups only consist of 7.9−4.1% of the
total Hf sites to account for a decrease of 30% isobutene
formation rate over 0.11Hf/Silicalite-1 as the water partial
pressure increase from 3 to 20 kPa. A similar deduction is also
made for Hf/SiO2.
We hypothesize that such Lewis acid centers may adsorb

water much more strongly than Hf sites interacting with only
one adjacent Si−OH group. The results shown in Figure 8
suggest that water vapor does not inhibit that condensation of
acetone to isobutene on the latter sites. For this reason, we do
not consider inhibition of this reaction nor the ketonization of
acetic acid, produced as a byproduct of acetone condensation,
in our analysis of the reaction kinetics for acetone
condensation (see below).
3.3. Conversion of Reaction Intermediates. Prior

studies of acetone conversion to isobutene have proposed
diacetone alcohol (DAA) and mesityl oxide (MO) as possible
reaction intermediates.15,58 It has also been reported that the
acetic acid formed in one to one ratio with isobutene is
converted back to acetone by ketonization. For this reason, we
examined the reactions of DAA, MO, and acetic acid over Hf/
SiO2, Hf/Silicalite-1, SiO2, and Silicalite-1. We were partic-
ularly interested in establishing whether DAA and MO are
possible intermediates along the pathway from acetone to
isobutene and acetic acid and whether the rate of acetic acid
ketonization is faster than the rate of its formation.
Complete conversion of DAA occurs when it is fed together

with water vapor over Hf/Silicalite-1 and Hf/SiO2 at 723 K.
The principal products are acetone and a small amount of
isobutene. Interestingly, the distribution of products is nearly
identical to that observed when the same concentration of
acetone on a carbon basis was used as the reactant, in good
agreement with previous studies.5,59 The facile decomposition
of DAA at 723 K to acetone is fully expected because the
standard-state Gibbs free energy of reaction for this process is
−118 kJ/mol, and the enthalpy of reaction is only 6.3 kJ/mol,
as presented in Figures S8 and S9. Therefore, very little
activation is required to promote the decomposition of DAA.

MO together with water at a S/C ratio of 5 was fed over Hf/
Silicalite-1 and Hf/SiO2 as well as the supports at 723 and 573
K. As observed in Figure 9, both Silicalite-1 and SiO2 catalyze

the conversion of MO to isobutene at 723 K with isobutene as
the main product. The catalyst for these reactions is likely the
mildly acidic Si−OH groups on the surface of SiO2 and
Silicalite-1. This interpretation is similar to that proposed for
DeAlBEA.15 Silicalite-1 is more active than SiO2 due to the
stronger acidity of its Si−OH groups, as suggested by the
presence of H-bonded pyridine bands (1596 and 1448 cm−1)
(see Figure 1b).
The conversion of MO is much higher over 0.21Hf/SiO2

(>90% at 723 K, Figure 9) than over SiO2. Acetone is the
dominant product, and the yield of isobutene is not
significantly enhanced compared with that formed over SiO2.
Lowering the temperature to 573 K eliminates the formation of
isobutene, and only acetone is observed (Figure S10). By
contrast, much more isobutene is generated at 723 and 573 K
(Figure 9 and Figure S10) over 0.11Hf/Silicalite-1 compared
with Silicalite-1. Acetic acid, the byproduct of MO hydrolysis,
is also observed. The formation of acetone over both catalysts
can be ascribed to the hydrolysis of MO (the reverse of the
reaction that forms MO by the condensation of acetone), for
which the Gibbs free energy of reaction is −23.8 kJ/mol, a
value that is only slightly more endergonic than that for the
hydrolysis of MO to form isobutene and acetic acid, −26.5 kJ/
mol (Figure S8). Therefore, we suggest that the preferential
formation of acetone vs isobutene from MO over 0.21Hf/SiO2
compared to 0.11Hf/Silicalite-1 indicates that the formation of
isobutene on 0.21Hf/SiO2 is limited kinetically. We propose
that the higher isobutene selectivity of 0.11Hf/Silicalite-1
relative to 0.21Hf/SiO2 is due to the moderate Brønsted
acidity of Hf−OH groups that are H-bonded with adjacent Si−
OH groups on Hf/Silicalite-1. However, this kind of Brønsted
acidic sites is not strong enough to protonate pyridine as
demonstrated by the absence of Brønsted acidic pyridine
adsorption band at 1545 cm−1. This interpretation has also
been suggested in previous studies, which have shown that
moderately Brønsted acidic M−OH···HO−Si sites formed on

Figure 9. Product distribution of mesityl oxide conversion over SiO2,
Silicalite-1, and Hf supported samples at 723 K. Catalyst mass = 15
mg, PMO = 0.49 kPa, S/C = 5, total flow rate at STP = 20 mL/min.
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metal-incorporated zeolites39 are active for the hydrolysis of
MO to isobutene and acetic acid.60,61

The reaction of acetic acid at 723 K was examined over
0.21Hf/SiO2 and 0.11Hf/Silicalite-1 as well as over each
support (Figure 10). SiO2 and Silicalite-1 exhibit negligible

activity for the conversion of acetic acid to acetone. However,
both 0.11Hf/Silicalite-1 and 0.21Hf/SiO2 exhibit significant
rates of acetone formation, 3.76 and 3.18 mmol h−1 g−1,
respectively, demonstrating that Lewis acidic Hf sites are the
active sites for acetic acid ketonization. Lewis acidic Zr and Y
sites have also been found to be active for the ketonization of
carboxylic acid.15,19 In addition to acetone, noticeable amounts
of isobutene are generated over Hf-containing catalysts. It is
also noted that the rate of isobutene formation on 0.11Hf/
Silicalite-1 is about 3.6 times higher than that of 0.21Hf/SiO2,
which agrees closely with the relative rates of isobutene
formation observed when acetone is the reactant. It is also
notable that the rates of acetic acid ketonization are 3.4 and
13.9 times the rates of isobutene formation from acetone over
0.11Hf/Silicalite-1 and 0.21Hf/SiO2, respectively, which

explains why acetic acid is not observed as a product when
acetone is used as the reactant.

3.4. IR Spectroscopy of Absorbed Species. In situ
FTIR spectra of acetone and MO reacting on Hf/Silicalite-1
were acquired to gain more insight into the reaction
mechanism. As shown in Figure 11a, when acetone is fed as
a reactant, a strong peak is observed centered at 1690 cm−1

that is characteristic of the vibration of ν(CO) in molecular
acetone adsorbed on Lewis acidic Hf.15,58 Due to the overlap
of the ν(CO) vibration in acetone, DAA, and MO, it is hard
to distinguish the generation of possible C6 intermediates using
this feature. However, during the reaction of acetone, a broad
peak appears at 1596 cm−1 and strengthens with time. This
band can be ascribed to ν(CC) stretching vibrations of MO
adsorbed on Hf sites. The assignment of this band to MO is
supported by its observation in the spectrum of adsorbed MO,
as seen in Figure 11b.15,58,62 Although the enol form of acetone
has a structure that is similar to that of MO, the enolization of
acetone and subsequent aldol condensation proceed very
rapidly, making it very difficult to observe the enol form of
acetone.63 The first evidence for enolate species has recently
been reported in an IR study of acetone conversion on
ZnxZryOz. This work clearly demonstrated that the ν(CC)
infrared stretching vibration of the acetone enolate and MO
are located at 1517 and 1596 cm−1, respectively.63 Building on
these findings, the appearance of a band at 1596 cm−1 for the
ν(CC) stretching vibration together with the presence of
bands at 3010 and 2920 cm−1 for ν(C−H) stretching
vibrations evidence for the formation of MO from acetone at
306 K.15,58,63

3.5. Mechanism and Kinetics of Acetone Conversion
to Isobutene. Scheme 2 illustrates the proposed mechanism
for the conversion of acetone to isobutene and acetic acid over
Hf/Silicalite-1. Reaction begins with the stepwise adsorption of
two molecules of acetone onto a Lewis acidic Hf site (Steps I
and II). Both forms of adsorbed acetone involve a Lewis base-
acid interaction of the oxygen atom of the CO group with
the Hf cation. This form of adsorption is supported by DFT
calculations for the interactions of acetone with isolated Zr
species on silica (Zr−OH).19 Further supporting the
proposed form of acetone adsorption we note that the
frequency of CO vibrations for acetone shifts from 1740

Figure 10. Products yields observed during the conversion of acetic
acid over Hf/Silicalite-1 and Hf/SiO2 at 723 K. Catalyst mass = 20
mg, PAA = 0.5 kPa, STP = 40 mL/min.

Figure 11. In situ FTIR spectra taken during the reaction of (a) acetone and (b) mesityl oxide over 0.28Hf/Silicalite-1. 2 μL of acetone or 0.2 μL
of mesityl oxide was fed with He at a STP flow rate = 30 mL/min.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c01315
J. Am. Chem. Soc. 2021, 143, 8352−8366

8361

https://pubs.acs.org/doi/10.1021/jacs.1c01315?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c01315?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c01315?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c01315?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c01315?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c01315?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c01315?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c01315?fig=fig11&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c01315?rel=cite-as&ref=PDF&jav=VoR


cm−1 in the gas phase to 1690 cm−1 upon absorption on Hf/
Silicalite-1. The next step in the pathway (Step III) is
enolization of one of the adsorbed acetone molecules, a
process that involves the transfer of a proton to the Lewis basic
O atom of the OH group associated with Hf (Hf−OH). This
mechanism has been proposed for the aldol condensation of
acetone and cross-aldol condensation of aromatic aldehydes

with acetone over Lewis acidic metals supported on SiO2,
incorporated into zeolite beta, and present on the surface of
ZnxZryOz.

18,19,63 Polarization of the CO bond of an
adsorbed acetone via interaction of the nucleophilic oxygen
atom and the electrophilic Hf site acidifies the α-H on one of
the methyl groups of acetone, thereby facilitating its
abstraction by the basic hydroxyl oxygen on the Hf site to

Scheme 2. Proposed Reaction Mechanism for Acetone Conversion to Isobutene over Hf/Silicalite-1

Scheme 3. Proposed Reaction Mechanism for Acetic Acid Ketonization over Hf/Silicalite-1
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form an enolate intermediate and bound H2O. This step is
then followed by nucleophilic attack of the enolate on the
electrophilic carbonyl carbon of the second adsorbed acetone
molecule, resulting in the formation of a C−C bond (Step IV).
The bound water acts as a Brønsted acid. The aldol
condensation intermediate is formed via abstraction of a
proton from bound water, which rapidly dehydrates to produce
thermodynamically favored MO (Step VI and VII). This
proposal is verified by the presence of IR signal at 1596 cm−1

corresponding to CC vibration in MO adsorbed on Hf sites
during the reaction of acetone (see Figure 11a). As
demonstrated experimentally, the further conversion of
adsorbed MO is rapid because MO is not observed as a stable
intermediate. We propose that in Step VIII protonation of the
α-carbon of adsorbed MO occurs by attack of the Brønsted
acid Si−OH group that is H-bonded to an adjacent Hf sites
and that the hydroxyl H atom on Hf regenerates the Si−OH,
resulting in the formation of a carbocation intermediate. This
intermediate then undergoes C−C cleavage to produce
isobutene and acetic acid with the simultaneous addition of a
hydroxyl group that transfers from the Hf site to the carbonyl
carbon (Step IX). The acetic acid then either desorbs or
undergoes ketonization to produce acetone and CO2. The
reaction mechanism envisioned for acetone conversion to
isobutene over Hf/SiO2 is thought to be similar to that shown
in Scheme 2. However, for Hf/SiO2 (see Scheme S1), due to
the absence of H-bonding between Hf−OH and an adjacent
Si−OH group, the O atom of Hf−OH will be less basic and,
hence, will be less favorable for the enolization step (Step III).
This, in turn, will retard C−C formation and, hence, the rate of
isobutene formation. In addition, the absence of H-bonding
between adjacent Hf−OH and Si−OH groups makes the H of
Si−OH over Hf/SiO2 less acidic, thereby retarding proto-
nation of the adsorbed MO carbon by comparison to what
occurs on Hf/Silicalite-1.
Scheme 3 illustrates the proposed mechanism for ketoniza-

tion of acetic acid over isolated Hf sites on Hf/Silicalite-1. This
scheme parallels that proposed for the ketonization of
propanoic acid on isolated Zr−OH sites supported on
silica.19 The reaction begins with the adsorption of two acetic
acid molecules through a Lewis acid−base interaction between
the nucleophilic carbonyl oxygen of acetic acid and the
electrophilic Hf, as presented in Steps I and II. Polarization of
the carbonyl groups makes the α-H of an adsorbed acetic acid
more acidic and, therefore, the basic hydroxyl oxygen in Hf−
OH can abstract the α-H and form an adsorbed enolized
carboxylic acid and adsorbed H2O (Step III). Subsequent
nucleophilic attack by the α-C of the enolate on to the
electrophilic carbonyl carbon of the second adsorbed acetic
acid leads to the formation of a carbocation intermediate,
which contains a new C−C bond (Step IV). The next step is
the abstraction of a proton from the water bounded to Hf sites
to the hydroxyl group of this intermediate, followed by
dehydration to produce an adsorbed β-keto acid (Step V).
Subsequently, in Step VI, deprotonation and C−C bond
cleavage of the β-keto acid intermediate leads to decarbox-
ylation and formation of an enolized ketone species. After the
desorption of CO2, the proton abstracted from the β-keto acid
intermediate is transferred to the negatively charged enolized
ketone carbon, producing adsorbed acetone (Step VIII).
Finally, the desorption of acetone closes the reaction cycle.
Ketonization of acetic acid over Hf/SiO2 is envisioned to occur

via an identical reaction pathway and the corresponding
reaction mechanism is presented in Scheme S2.
As noted above, neither MO or acetic acid are observed as

reaction intermediates, suggesting that these species are rapidly
consumed and, therefore, are not involved in the rate limiting
step along the pathway from acetone to isobutene. More
importantly, the yield of isobutene from MO is much higher
than that of acetone at similar conditions (Figure 9), indicating
a much higher reactivity of MO. Therefore, the rate-limiting
step for the conversion of acetone to isobutene occurs prior to
the formation of MO. Together with the fact that the kinetics
of isobutene formation are nearly second order in acetone
concentration, we propose that the rate-limiting step involves
the formation of C−C bond, Step IV in Scheme 2. This
conclusion is identical to that reached for the synthesis of MO
from acetone over isolated Zr−OH sites supported on
silica.19 The rate expression for isobutene formation in that
case is given by (see the Supporting Information for a
derivation):

r
K K K k P
K P K K P(1 )IB

I II III IV Acet.
2

I Acet. I II Acet.
2=

+ + (1)

In eq 1, rIB is the rate of isobutene formation per Hf site; KI,
KII, and KIII are the equilibrium constants for Step I, II, and III,
respectively; kIV is the rate coefficient for Step IV; and PAcet. is
the partial pressure of acetone.
Eq 1 was fit to the measured rate data by nonlinear least-

squares regression. The quality of the fit is very good as can be
judged by the parity plot shown in Figure S11. For both
catalysts, the value of R2 is 0.98. To further test the validity of
the rate expression of isobutene formation, we measured the
rates of isobutene formation at acetone partial pressure of 3
and 5 kPa at 723 K, and the results are presented in Figure
S12. As shown, the rates of isobutene formation estimated by
eq 1 at these conditions deviated from experimental
observation by no more than 15% at 5 kPa for Hf/SiO2,
thereby further demonstrating the reliability of eq 1 and the
fitted parameters.
The fitted rate parameters for Hf/SiO2 are given in Table 1.

The estimated enthalpies for adsorption of the first and second

molecules of acetone (ΔHads) are −34.7 and −25 kJ/mol,
respectively. These values are lower than those calculated for
Zr/SiO2 containing isolated Zr sites, for which the adsorption
enthalpies for the first and second molecules of acetone are
−80 and −75 kJ/mol, respectively.19 The lower adsorption
enthalpies for Hf compared to Zr is attributed to the lower
Lewis acidity of Hf. Consistent with this reasoning, we note
that apparent order in acetone partial pressure is close to zero

Table 1. Rate Parameters for Isobutene Formation over Hf/
SiO2

rate parameters
KI,

kPa−1
KII,
kPa−1

KIIIkIV, mol mol
Hf−1 h−1

T, K 673 0.1936 0.0931 38
698 0.1522 0.0778 76
723 0.1262 0.0684 158

entry first acetone molecule
ΔHads, kJ/mol

−34.7

second acetone molecule
ΔHads, kJ/mol

−25.0

intrinsic Ea, kJ/mol 116.3
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for Zr/SiO2
19 but nearly second order for Hf/SiO2, as reported

here. The effective activation energy under conditions of zero
order dependence on acetone partial pressure on isolated Hf
sites of Hf/SiO2, calculated for KIIIkIV, is 116.3 kJ/mol.
The fitted rate parameters for isobutene formation over Hf/

Silicalite-1 are presented in Table 2. The enthalpy of acetone

adsorption on Hf/Silicalite-1 is higher than that for Hf/SiO2
due to the stronger acidity of Hf sites of Hf/Silicalite-1,
consistent with the conclusion drawn from IR spectra of
adsorbed pyridine. The effective activation energy, calculated
for KIIIkIV, is 79.5 kJ/mol, which is much lower than that
obtained for Hf/SiO2 (116.3 kJ/mol). This difference is
attributed to H-bonding interaction between Hf−OH and
adjacent Si−OH on Hf/Silicalite-1, which strengthens the
nucleophilic oxygen atom of Hf−OH, consequently facilitates
α-H abstraction from adsorbed acetone, and enhances the
aldol condensation of acetone.

4. CONCLUSIONS
Hf was grafted onto SiO2 and Silicalite-1. Characterization by
IR spectroscopy, 1H MAS NMR, and UV−vis spectroscopy
indicates that for surface concentration below 0.28 Hf atoms
nm−2 for Hf/Silicalite-1 and 0.21 Hf atoms nm−2 for Hf/SiO2,
Hf is present as isolated sites bonded to the support as (Si−
O)3−Hf−OH groups. In the case of Hf/Silicalite-1, the Hf−
OH groups H-bond with adjacent Si−OH groups ((Si−
O)3−Hf−OH···HO−Si ). Both Hf/SiO2 and Hf/Silicalite-1
are active for the conversion of acetone to isobutene. Despite
the similarity in chemical structure, the active sites on Hf/
Silicalite-1 exhibit a TOF for isobutene formation at 723 K that
is 4.5 times that on Hf/SiO2. This difference is attributed to H-
bonding interaction between Hf−OH and adjacent Si−OH on
Hf/Silicalite-1. Isolated Lewis acidic Hf sites are responsible
for the acetone aldol condensation step to form mesityl oxide
(MO), which is observed by in situ IR spectra. Studies of the
reactions of potential intermediates (DAA and MO) suggest
that isobutene formation occurs via the hydrolysis of MO,
catalyzed by Hf sites. Hf−OH groups H-bonded with Si−OH
groups on Hf/Silicalite-1 exhibits moderate Brønsted acidity
and are much more effective for C−C cleavage of MO. During
this process, one equivalent of acetic acid is generated per
equivalent of isobutene, and the acetic acid is then rapidly
converted back to acetone via ketonization on the Lewis acidic
Hf sites. The rate of isobutene formation exhibits close to
second order kinetics both on Hf/SiO2 and Hf/Silicalite-1 for
the range of acetone partial pressure explored, suggesting that
the rate-limiting step involves C−C bond formation between
two acetone molecules.
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