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ABSTRACT: Solid base catalysts are highly demanded in
many heterogeneous catalysis processes, but insights on active
sites and structure—property correlation have rarely been
revealed and remain a challenge. Herein, activated M,Al-
layered double hydroxides (denoted as re-M,Al-LDH, M = Ca,
Mg), as solid base catalysts toward the aldol condensation
reaction, were prepared via a two-step procedure: calcination
of the M,AI-LDH precursor to produce M,Al-mixed metal
oxide (M,AI-MMO), followed by a further rehydration
treatment. Structural characterizations confirm that re-Ca,Al-
LDH and re-Mg,Al-LDH show similar morphology, particle
size, specific surface area, and pore size distribution. However,
a combination study including XPS, EXAFS, CDCL;—FTIR,
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and DFT calculations verifies that the host layer of re-Ca,Al-LDH contains a distorted Ca(OH)4 octahedron with an additional
Ca—OH coordination that provides weak Bronsted basic site; in contrast, re-Mg,Al-LDH consists of a Mg(OH), octahedron
structure accompanied by surface adsorbed hydroxyl group via noncovalent interaction, resulting in a medium Brensted basic
site. For the re-Ca, AI-LDH samples, the concentration of weak Bronsted basic sites can be enhanced by tuning the Ca/Al molar
ratio in the LDH precursor. The optimized re-Ca,Al-LDH catalyst (re-Ca,Al-LDH) exhibits prominent catalytic performance
toward the condensation of isobutyraldehyde (IBD) and formaldehyde (FA) to produce hydroxypivaldehyde (HPA), with a
HPA yield of 61.5%. This is much higher than that of re-Mg,Al-LDH (12.2%) and conventional solid base catalysts (4—33%),
and even comparable to the level of liquid alkali (55—72%). Studies on the structure—property correlation reveal that the weak
Bronsted basic site serves as active center to catalyze the aldol condensation, which accelerates the product desorption and largely

promotes the HPA selectivity.
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1. INTRODUCTION

The base-catalyzed aldol condensation is an important facet of
synthetic chemistry used in many industrial processes, which
produces a variety of value-added chemicals with versatile
commercial applications (eg., polymers, pharmaceuticals, and
agricultural chemicals).'™ At present, the liquid alkali as a
homogeneous catalyst (e.g., aqueous NaOH, KOH, and
triethylamine) has been commonly used in aldol reactions
due to high activity and cost effectiveness.”> However, several
problems remain unsolved: the generation of large amounts of
waste liquid, environmental pollution, and equipment corro-
sion; moreover, the product separation from liquid alkali
catalyst is a big conundrum, which results in further
polycondensation of the product.”” Recently, solid base
materials such as heterogeneous catalysts (e.g,, metal hydrox-
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ides, hydrotalcite-like compounds) are considered as a
substitutional candidate to resolve the above problems
encountered in the application of liquid alkali®*~'' Many
previous studies have been focused on solid base catalysts via
synthesis exploration on category, particle size, morphology,
specific surface area, etc.””~'* To date, although much progress
has been made, their catalytic performances in aldol
condensation (catalytic activity and product selectivity) are
far from satisfactory and still need improvement. As is well-
known, the catalytic behavior is in principle determined by the
structure/property of alkaline sites on the surface (geometric
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and electronic structure).'>'® However, detailed knowledge
concerning the influence of alkaline site structure on catalytic
performance is rather lacking, and how to achieve largely
improved catalytic performances via tuning the microstructure
of alkaline species remains a challenge.

Layered double hydroxides (LDHs) are a class of two-
dimensional anion-intercalated materials that are also known as
hydrotalcite-like compounds. LDHs can be represented by the
general formula [M,_*M,**(OH),](A"),,, mH,0, where
M?** and M?* are divalent and trivalent metal cations distributed
at an atomic level in the hydroxide layers with an edge-sharing
M(OH)4 octahedron, and A" is charge-balance interlayer
anion."” Recently, LDH materials have received increasing
attention in solid base catalysts, owing to their versatility in
chemical composition and structural architecture. It has been
recognized that the alkaline site structure and catalytic
performance of LDH-based catalysts are strongly related to
the activation pretreatment.'”'® By a controlled thermal
decomposition process, LDHs convert into mixed metal
oxide (MMOs), and a following rehydration of MMO in the
liquid phase (e.g, aqueous NaOH), due to its so-called memory
effect, yields the reconstructed LDHs with enhanced alkaline
property.19 Moreover, the nature and strength of basic sites can
be modulated by changing chemical composition and structure
of rehydrated LDHs (e.g, types of metal cations or
exchangeable anions, the molar ratio of M2+/M3+).19’20 By
virtue of these advantages, LDH materials provide a viable
program for the design and preparation of solid basic catalysts
with tunable alkaline site structure and corresponding desired
catalytic performance.

In this work, M Al-layered double hydroxides (M,Al-LDH,
M = Ca, Mg) were prepared by a coprecipitation method
reported by our group.”” By means of calcination and
subsequently rehydration, activated M,AI-LDH solid base
catalysts (denoted as re-M,Al-LDH) with tunable Brensted
basic sites were obtained and used in aldol condensation of
isobutyraldehyde (IBD) with formaldehyde (FA) to produce
hydroxypivalaldehyde (HPA). Surprisingly, we found the re-
Ca,Al-LDH as a unique catalyst, in comparison with commonly
studied LDH materials (eg, re-MgAl-LDH sample). The
resulting re-Ca,AI-LDH sample shows an excellent catalytic
performance with a HPA yield of 61.5%, significantly higher
than conventional solid base catalysts and even comparable to
liquid alkali catalysts. Structural studies reveal no obvious
difference between these two catalysts, but a combination
investigation based on XPS, EXAFS, and DFT calculations
verifies that the host layer of re-Ca,Al-LDH contains an isolated
Ca—OH coordination in addition to the distorted Ca(OH)4
octahedron (Scheme 1), which provides a weak Bronsted basic
site confirmed by deuterated chloroform—FTIR spectra. In
contrast, re-MgAlI'LDH involves a Mg(OH), octahedron
structure with a physically adsorbed surface hydroxyl group,
giving rise to a medium Bronsted basic site. By establishing the
correlation between catalytic performance and alkaline site
structure, it is found that weak a Bronsted basic site as an active
center facilitates the product desorption and inhibits further
polycondensation, accounting for the significantly enhanced
HPA vyield over re-Ca AI-LDH. This work demonstrates a
successful paradigm for the exploration of LDH-based solid
base catalysts via a detailed insight on structure—property
correlation, which can be potentially used as a promising
candidate in heterogeneous aldol condensation reactions.

657

Scheme 1. Schematic Illustration for the Structure of re-
Mg, Al-LDH and re-Ca,Al-LDH
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2. RESULTS AND DISCUSSION

2.1. Structural and Morphological Characterizations.
The Ca,Al-LDH precursors with various Ca/Al ratios (4:1, 3:1,
and 2:1) were prepared via a facile coprecipitation method
reported by our group."® Their XRD patterns (Figure 1A) show
a series of diffraction peaks at 26 of 10.5°, 20.8°, 31.4°, 37.8°,
and 55.6°, which can be indexed to a characteristic feature of
the layered Ca,Al-NO; —LDH phase.”’ Moreover, weak peaks
at 18.3° and 34.4° are observed with the increase of Ca/Al
ratio, attributed to the presence of a small amount of Ca(OH),
phase. Subsequently, Ca,Al-LDH precursors converted to Ca/
Al mixed metal oxide (Ca,AI-MMO) via calcination at 450 °C
for 4 h, followed by a rehydration process in an aqueous NaOH
to obtain the reconstructed Ca,Al-LDH material (see
Experimental Section). Figure 1B gives the XRD patterns of
Ca, AI'MMO, in which three strong reflections (centered at
~37.6°, ~43.7°, and ~63.8°) attributed to a CaO-periclase
phase are observed. However, no reflection of ALOj; is
observed, indicating an amorphous phase. As shown in Figure
1C, the rehydrated Ca,Al-LDH materials display characteristic
peaks of an LDH phase, with the (003) reflection shifting to a
higher 20 relative to the Ca,AI-NO; —LDH precursor (11.5° vs
10.5°). This indicates the reconstruction of a layered structure
with OH™ as an interlayer anion. Correspondingly, the cell
parameters of re-Ca,Al-LDH (listed in Table 1) are calculated
based on (003) and (110) reflection as ¢ = ~22.50 A and a =
~3.30 A, respectively, which are in accordance with the
characteristics of OH™ intercalated Ca,Al-LDH.

The activated Mg AI-LDH samples with OH™ as an
intercalated anion (re-Mg,Al-LLDH) were also obtained by a
similar calcination and rehydration procedure (Figure S1 and
Table 1). It should be noted that the parameter a value of re-
Mg AL-LLDH (a = ~3.04 A) is significantly smaller than that of
re-Ca,Al-LDH (a = ~3.30 A), which is attributed to the bigger
ionic radius of Ca** and the increased cation—cation distance in
the host layer of re-Ca,AI-LDH. In addition, the Al
coordination in re-Ca Al-LDH and re-MgAl-LDH samples
was also investigated by *’Al MAS NMR spectroscopy, so as to
confirm the reconstruction of the layered structure.'® The
NMR spectra of both re-Ca Al-LLDH and re-MgAl-LDH
(Figure 2) show one single resonance peak with a narrow
and symmetric signal at a chemical shift of ~11 ppm,
corresponding to octahedrally coordinated Al. This suggests
that the layered structure is well reconstructed after the
calcination and rehydration process, in agreement with the
XRD results. SEM was used to study the morphology of
rehydrated LDH samples. Both re-Ca,Al-LDH (Figure 3A—C)
and re-MgAl-LDH (Figure 3D—F) samples show plate-like
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Figure 1. XRD patterns of (A) Ca,Al-LDH, (B) Ca, AI-MMOs, and (C) re-Ca,Al-'LDH, where a, b, and c represent a Ca/Al ratio of 4:1, 3:1, and 2:1

samples, respectively.

Table 1. Physicochemical Properties of Various Rehydrated LDH samples

sample M?**/AP* molar ratio” BET surface area (m” g_l)
re-Ca,Al-LDH 2.18 26.4
re-Ca;Al-LDH 3.36 29.6
re-Ca,Al-LDH 4.28 20.3
re-Mg,Al-LDH 1.92 21.3
re-Mg;Al-LDH 2.86 239
re-Mg,Al-LDH 3.95 29.1

pore diameter (nm) total pore volume(cm® g™") c (A)? a (A)°
7.1 0.0887 22.59 3.30
6.9 0.0878 22.56 3.30
7.4 0.0798 2244 3.32
7.0 0.0919 22.56 3.04
7.9 0.0937 22.47 3.04
7.7 0.0954 22.89 3.04

“M2*/AI** molar ratio was determined by inductively coupled plasma—atomic emission spectroscopy (ICP—AES). “Lattice parameter a was
determined by the formula a = 2d,,, which is related to the average cation—cation distance in the brucite-like sheets. “Lattice parameter ¢ was
determined by the formula ¢ = 3d;, which is indicative of interlayer distance.
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Figure 2. ”’Al MAS NMR spectra of re-Ca,Al-LDH and re-Mg,Al-
LDH samples.
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Figure 3. SEM images of (A—C) the three re-Ca,Al-LDH samples,
(D—F) the three re-Mg,Al-LDH samples.

microcrystals with a lateral diameter distribution of 1.0—2.0 ym.
Moreover, the nitrogen adsorption—desorption isotherms of re-
Ca, Al-LDH and re-Mg,Al-LDH samples display a comparable
specific surface, average pore size, and total pore volume (Table
1). Moreover, the molar ratios of M**/AI** determined by
inductively coupled plasma—atomic emission spectrometry
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(ICP—AES) are also summarized in Table 1, which are close
to the nominal values.

EXAFS spectroscopy (Figure 4) was performed to reveal the
detailed structure of re-Ca,Al-LDH samples, and the
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Figure 4. (A) Normalized XANES spectra at Ca K-edge for (a) re-
Ca,Al-LDH, (b) re-Ca;Al-LDH, (c) re-Ca,Al-LDH, and (d) calcium
hydroxide. (B) Fourier-transform EXAFS spectra at Ca K-edge for (a)
re-Ca,Al-LDH, (b) re-Ca,Al-LDH, (c¢) re-Ca,Al-LDH, and (d)
calcium hydroxide (the solid line, experimental data; the dashed line,
fitting curve).

normalized Ca K-edge XANES spectra for the three re-Ca,Al-
LDH samples and calcium hydroxide reference are shown in
Figure 4A. The pre-edge feature in XANES spectra gives
important electronic and structural information, especially
structural symmetry.”” For the three re-Ca,AI-LLDH samples,
a weak pre-edge feature, originating from transitions from a 1s
to 3d state, is observed at ~4043 eV. This indicates a
geometrically distorted Ca—OH octahedron (with a low
structural symmetry) existing in the host layer of re-Ca,Al-
LDH samples, according to selection rules for electric dipole
transitions. In contrast, except for a shoulder peak of white line
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(at ~4047 eV) observed in the XANES region, this pre-edge
feature disappears completely for the reference sample of
calcium hydroxide with a symmetric octahedron. Furthermore,
this phenomenon has also been observed in M,Al-LDHs (M =
Mg, Zn, Ni, etc.) consisting of a typical M—OH octahe-
dron,'®*** since a 1s to 3d transition is forbidden in the
octahedrally symmetrical Ca—OH coordination structure. The
Ca®* cation in the host layer of re-Ca,Al-'LDH is prone to
coordinate with surface hydroxyl to form an additional/isolated
Ca—OH bond (the so-called 7-fold coordinated Ca—OH), due
to its big ionic radius and high s-orbital exposure. This thus
leads to a remarkable decrease in the symmetry of the Ca—OH
octahedron and the corresponding occurrence of the pre-edge
feature (1s —3d transition). In previous studies, the additional/
isolated Ca—OH coordination in Ca-based hydrotalcites has
already been reported by using theoretical calculation or
structure simulation.”>~>® This work provides clear exper-
imental evidence for the 7-fold coordination of Ca’* in
hydrotalcites. In addition, the white line peak of re-CaAl-
LDH (4052.1 V) is 1.2 eV lower than that of the calcium
hydroxide reference (4053.3 eV), which suggests a decreased
average oxidation state of Ca*" in re-Ca,Al-LDH samples. This
is possibly attributed to an increase in average electron density
of Ca®, resulting from the formation of additional/isolated
Ca—OH coordination and concomitantly strengthened Ca*/
OH™ interaction (OH™ group as an electron donor).

For the three re-Ca, Al-LDH samples and calcium hydroxide
reference, the FT k*-weighted EXAFS spectra at the Ca K-edge
(the R-space plot) and corresponding curve-fitting results are
obtained (Figure 4B). The R-space plots of all samples exhibit
two major peaks at ~1.83 A and ~3.08 A, respectively,
corresponding to the first Ca—O shell and the second Ca—Ca
shell (ie, Ca—O—Ca bond). Notably, the R-space plots
(Figure 4B) are not phase corrected and thus do not represent
the true bond distances. The fitting results including
coordination number, bond distance, and Debye—Waller factor
are listed in Table 2. The first Ca—O shell distance of re-Ca, Al-

Table 2. EXAFS Fitting Parameters at the Ca K-Edge for
Various Samples

first Ca—O shell second Ca—Ca shell

R 7 Ax R 7 (B x
sample (A)* N 10  (A)* N 10%)¢

calcium hydroxide 235  6.00 0.006 3.58  6.00 0.006

reference

re-Ca,Al-LDH 2.38 7.49 0.010 3.51 1.88 0.003

re-Ca;Al-LDH 2.39 7.56 0.010 3.50 2.52 0.005

re-Ca,Al-LDH 2.38 7.64 0.009 3.52 2.96 0.004

S =0.71 S,2 = 0.77

“R: bond distance. ®N: coordination number. “c* Debye—Waller
factor. S,” was obtained from the experimental EXAFS fitting over
Ca(OH), reference with known crystallographic value, which was then
used for all the samples.

LDH samples (~2.38 A) is slightly larger than that of calcium
hydroxide reference (2.35 A), and the Debye—Waller factors of
the first Ca—O shell also give the same trend. This accords with
a distorted Ca—OH octahedron associated with an additional/
isolated Ca—OH coordination. Moreover, it should be noted
that coordination number of the first Ca—O shell for re-Ca Al-
LDH samples is ~7.5, much larger than that of calcium
hydroxide reference (~6.0). This further substantiates the
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existence of additional/isolated Ca—OH coordination, which
results in a distorted Ca—OH octahedron in re-Ca,Al-LDH
samples. In addition, DFT calculations were performed as a
supplementary method to experimental studies, which also
verified the existence of 7-fold Ca—OH coordination structure
in re-Ca,Al-LDH materials (see details in Figures S2 and S3).

XPS spectra in O 1s regions for re-Mg,Al-LDH and re-Ca Al-
LDH samples were further investigated, so as to explore the
electronic structure of O species. Figure SA shows a broad O 1s
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Figure S. (A) XPS O 1s of (a) re-Mg,Al-'LDH, (b) re-Mg;Al-LDH, (c)
re-Mg,A-'LDH, (d) re-Ca,Al-lLDH, (e) re-Ca;Al-LDH, and (f) re-
Ca,Al-'LDH. Schematic octahedral unit cell of (B) re-Mg,Al-LDH and
(C) re-Ca,Al-LDH.

spectrum within 528.8—535.2 eV, which can be deconvoluted
to three peaks by a Gaussian peak fitting method for these
rehydrated LDH samples. For the three re-MgAl-LDH
samples (Figure SA, curves a—c), the two peaks at ~530.9 eV
and ~531.8 eV are assigned to the defective O*~ species with
low-coordination and lattice oxygen species in brucite-like
layers of an edge-sharing M(OH)¢ octahedron, while the peak
at ~532.7 eV is attributed to the physically adsorbed surface
hydroxyl via a noncovalent interaction (Figure 5B).””*" In the
case of re-Ca, AI'LDH samples (Figure SA, curves d—f),
interestingly, the deconvoluted peak (at ~533.1 eV) due to
the surface hydroxyl shifts to higher binding energy relative to
re-Mg,Al-LDH samples, implying a decrease in average electron
density of surface hydroxyl species. This is related to the
existence of additional/isolated Ca—OH coordination (Figure
5C): the empty s orbitals of Ca** in the Ca—OH octahedron
bond with valence electrons provided by the surface hydroxyl
(as an electron donor) to form additional/isolated Ca—OH
coordination, resulting in an increased electron density of Ca**
but a decreased electron density at the oxygen in the hydroxyl
group. This is in line with the results of Ca K-edge XANES
spectra. In contrast, the physically adsorbed surface hydroxyl on
re-Mg,Al-LDH cannot induce such an electron excursion effect.

2.2. Surface Basic Properties of re-M,Al-LDH (M = Ca,
Mg) Samples. Fourier-transform infrared spectroscopy
(FTIR), with a suitable probe molecule under mild conditions,
has been employed as a powerful and accurate method to study
basic properties of solid materials.”"** CO, as a probe molecule
is normally used in FTIR experiments, but its relatively strong
acid would induce a reaction with OH™ of LDHs to bicarbonate
and carbonate species.?’3 In this work, therefore, deuterated
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chloroform (CDCl;, a weak acid) was chosen as a molecule
probe to identify basic properties of rehydrated LDH samples.
For re-Mg,Al-LDH and re-Ca,Al-LDH samples, a broad FTIR
band located in the range 2180—2290 cm ™" is observed (Figure
6), corresponding to C—D stretching vibration (vcp)."** To

(A) (B)

I 0.02 2214 2253 0.01 I
2252 1

b
N N
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o
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Figure 6. (A) FTIR transmission spectra of (a) re-Mg,Al-LDH, (b) re-
Mg;Al-LDH, and (c) re-Mg,Al-LLDH recorded in 2170—2300 cm™
after CDCl; chemiadsorption at 25 °C. (B) FTIR transmission spectra
of (a) re-Ca,Al-LDH, (b) re-Ca;Al-LDH, and (c) re-Ca,Al-LDH
recorded in 2185—2300 cm ™" after CDCl; chemiadsorption at 25 °C.

obtain the distribution of basic strength and semiquantitative
data, the FTIR spectrum is further deconvoluted to four peaks
via a Gaussian peak fitting method, and the normalized FTIR
peak areas of the C—D stretching vibration are listed in Table 3.
The two peaks at a relatively high wavenumber (~2275 cm™
and ~2265 cm™") are assigned to the C—D stretching vibration
of CDCl; gas and physically adsorbed CDCl;."*** A red-shift
magnitude relative to the CDCly gas peak (~2275 cm™) and
the resulting proton affinities (calculated by eq 1) are related to
the Bronsted basic strength.'** The deconvoluted FTIR
spectra of all these samples display two bathochromic peaks
with a maximum in the regions 2252—2255 cm™" and 2211—
2214 cm™!, which are identified as the C—D stretching
vibration of CDCIl; adsorbed on a weak basic site and on a
medium basic site, respectively.”* For re-Mg,Al-LDH samples,
the FTIR peak (at 2214 cm™) assigned to the medium basic
site (with proton affinity of ~92S kJ mol™") is dominant
(Figure 6A), with the existence of surface hydroxyl adsorbed on
brucite-like layers. However, in the case of re-Ca,Al-LDH
samples, the FTIR peak (at 2252 cm™) corresponding to the
weak basic site (with a proton affinity of ~854 kJ mol™") is
predominant, in the presence of additional/isolated Ca—OH
coordination. Moreover, the normalized peak area of the weak
basic site shows a linear increase along with the increment of

Ca®" content (i.e, Ca®*/AI** molar ratio; Figure S4), which
indicates that the weak basic site originates from additional/
isolated Ca—OH coordination. The formation of 7-fold Ca—
OH coordination (as confirmed by EXAFS and XPS) causes
valence electron excursion of hydroxyl oxygen within this Ca—
OH bond, resulting in a weakened interaction between the
hydroxyl oxygen and hydrogen proton (proton affinity of ~854
k] mol™') and the relatively weak Bronsted basic site. In
contrast, for re-MgAl-LDH, the physically adsorbed surface
hydroxyl group possesses a relatively high electron density at
the hydroxyl oxygen and more active outer shell electrons,
leading to an enhanced O—H interaction (proton affinity of
~925 k] mol™') and a medium Bronsted basic site.

2.3. Catalytic Evaluations and Structure—Property
Correlation. The aldol condensation of isobutyraldehyde
(IBD) with formaldehyde (FA) to produce hydroxypivaldehyde
(HPA, an intermediate in the production of neopentyl glycol)
is a base-catalyzed reaction with great industrial importance.™
An eflicient and “green” route is highly desirable. In this work,
the aldol condensation of IBD with FA was performed over
these LDH solid basic catalysts, and the catalytic evaluation
data are shown in Figure 7A and Table 3. For the re-Mg,Al-
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Figure 7. (A) IBD conversion, HPA selectivity, and HPA yield over
pure Ca(OH),, re-Mg,Al-LDH, and re-Ca, Al-LDH catalysts, respec-
tively. (B) Catalytic behavior of re-Ca,Al-LDH for six consecutive
cycles. Reaction conditions: IBD (0.55 mmol), FA (0.80 mmol, 37%
aqueous solution), cetyltrimethylammonium bromide (CTAB 0.1 g),
dioxane (0.2 g), catalyst (0.2 g), 70 °C, 6 h, Ar atomosphere.

LDH catalysts, as the Mg**/AI** molar ratio rises from 2 to 4,
the equilibrium conversion and selectivity at 6 h increase
gradually, and the selectivity remains at a low level (8—16%),
resulting in a poor HPA yield (5—12%). In the case of re-Ca,Al-
LDH catalysts, however, with the increment of Ca**/AI** from
2 to 4, the equilibrium conversion remains at ~80%, while the
selectivity increases markedly and reaches the maximal value
(75.6%) over the re-Ca,Al-LDH catalyst with a maximal yield

Table 3. Catalytic Performances of Various Samples toward Aldol Condensation of Isobutyraldehyde with Formaldehyde®

sample By” (area ) By (area g™')  IBD conversion (%)
re-Ca,Al,-LDH 467 115 814
re-Ca;Al,-LDH 34.1 11.1 78.3
re-Ca,Al,-LDH 23.4 82 76.2
re—Mg4All—LDH 18.3 61.8 74.5
re-Mg3A11-LDH 11.1 73.1 62.9
re-Mg,Al;-LDH 4.5 433 56.6

HPA selectivity (%)  HPA yield (%)  formation rate” (mmol g™* h™*)

75.6 61.5 52.5
46.1 36.1 37.4
32.5 24.8 28.7
16.4 122 10.7
12.8 8.1 6.5

8.6 49 4.1

“Reaction conditions: isobutyraldehyde (0.55 mol), formaldehyde (0.80 mol), cetyltrimethylammonium bromide (0.1 g), dioxane (0.2 g), catalyst
(02 g), 70 °C, 6 h, Ar atomosphere. bBw and By are the normalized FTIR peak area assigned to the weak basic site and medium basic site,
respectively, which are calculated based on each integral area divided by sample quantity. “Formation rate of hydroxypivaldehyde (HPA) is calculated
on the basis of the tangent slope of the yield-reaction time plot at the 2% yield of HPA.
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of 61.5%. Meanwhile, some byproducts from the Cannizzaro
reaction or deep condensation are detected by HPLC-MS,
including major neopentyl glycol, 3-hydroxy-2,2,4-trimethyl-
pentanal, and polymerization products. Moreover, it should be
noted that a small amount of Ca(OH), impurity coexists with
re-Ca,Al-LDH catalysts. In order to investigate the influence of
Ca(OH), in re-Ca,Al-LLDH catalysts, we performed the aldol
reaction over pure Ca(OH), as a catalyst (Figure 7A). The
selectivity and yield of HPA are 42.6% and 32.8%, respectively,
significantly lower than those of the re-Ca,Al-LDH catalyst
(selectivity, 75.6%; yield, 61.5%). This indicates that a small
amount of Ca(OH), is not responsible for the prominent
catalytic performance of re-Ca,Al-LDH. For a comparison
study, the catalytic performances of M,AI-LDH precursors,
conventional solid base, and liquid alkali toward this reaction
were investigated and are listed in Table S1. The results show
that the re-Ca,Al-'LDH catalyst exhibits much superior
performances to those of LDH materials (conversion, 40—
66%; selectivity, 10—48%) and conventional solid base catalysts
(conversion, S0—64%; selectivity, 9—35%). More importantly,
its selectivity is even comparable to that of liquid alkali catalysts
(75.6% vs 56—76%), despite a lower conversion (81.4% vs 95—
99%). A comparison study between re-Ca,Al-LDH and
previously reported catalysts toward the synthesis of HPA is
performed, and the results show the largest HPA yield
demonstrated in this work (Table S2). When the re-Ca,Al-
LDH catalyst was reused for six consecutive cycles, both the
conversion and yield decreased by ~10% after the first four
consecutive cycles and then remained at a stable level within
five to six cycles (Figure 7B). We found that the used catalyst
was contaminated by sticky organic species, resulting in its
activity loss in the subsequent reaction cycle. To remove this
surface contamination, we performed a regeneration treatment
after each employment: the used catalyst was separated from
the reaction mixture, washed, and dried, followed by calcination
at 450 °C for 4 h and final rehydration in a NaOH solution (1.1
M) for 2 h. In addition, aldol condensation reactions of various
aldehydes with acetone are investigated, and the results are
summarized in Table S3. The re-Ca,Al-LDH displays
satisfactory catalytic performances toward one-step aldol
condensation.

In order to determine the active site of re-LDH solid basic
catalysts, the yield of HPA vs reaction time and initial formation
rate at 2% IBD conversion that reflects the intrinsic catalytic
property are shown in Figure 8A and Figure S5, respectively.
For all these samples, HPA yield increases gradually along with
reaction time and reaches the equilibrium maximum at 6 h. The
largest yield is present in the sample of re-Ca,Al'LDH (61.5%).
In addition, the formation rate of the product (Figure SS) also
shows a big difference: the three re-Mg Al-LDH catalysts give a
rather low level (4—11 mmol g' h™"), while re-Ca,Al-LLDH
catalysts exhibit satisfactory behavior (28—53 mmol g~ h™"). It
has been reported that the byproducts of aldol condensation
normally come from a deep condensation of the hydrox-
yaldehyde product (e.%., aldolization, hemiacetal reaction, and
polycondensation);**” therefore, timely desorption of alcohol
aldehyde from the active site without further polycondensation
is the key step determining the selectivity toward the aldol
condensation product. In the base-catalyzed aldol condensa-
tion, the property of alkaline sites (strength, concentration)
imposes a crucial influence on the product desorption and
selectivity. Recently, the surface acid—base properties and
structure—property correlation of solid catalysts used in aldol
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Figure 8. (A) Profiles of HPA yield vs reaction time: (a) re-Mg,Al-
LDH, (b) re-Mg;Al-LDH, (c) re-Mg,Al-LDH, (d) re-Ca,Al-LDH, (e)
re-Ca;Al-LDH, and (f) re-Ca,Al-LDH. (B, C) Formation rate of HPA
as a function of the normalized FTIR peak areas assigned to the weak
basic site (By) and medium basic site (By;) over re-Ca,Al-LDH,
respectively. (D, E) Desorption energy of HPA on the surface of re-
Ca,Al-LDH and re-Mg, Al-LDH based on DFT calculations. Ca, Mg,
Al, O, C, and H atom are represented as green, yellow, pink, red, gray,
and white spheres, respectively.

condensation were studied by calorimetry and the CO,-TPD
technique.'”***” Herein, to further study the fine structure of
basic sites and establish a structure—property correlation, the
initial formation rate of product vs the relative concentration of
the two kinds of base sites (weak By, and medium B,,) based
on the normalized FTIR peak area (listed in Table 3) for re-
Ca, Al-'LDH catalysts are displayed in Figure 8B and C,
respectively. A linear correlation between initial formation
rate and By, concentration is observed, but no relationship is
found between initial formation rate and By, concentration.
Similar results are also obtained over re-Mg,Al-LDH catalysts
(Figure S6A and B). This manifests that the By, site
(additional/isolated Ca**—OH) serving as the active center
plays a leading role in the aldol condensation reaction, other
than the By, site (physically adsorbed hydroxyl). The IBD
molecule is adsorbed and deprotonated to carbanion on the
basic site of the catalyst and then attacks the carbonyl group of
FA to produce deprotonated HPA. In the case of re-MgAl-
LDH, H' strongly adsorbs on the By, site without mobility,
which would inhibit its combination with deprotonated HPA.
This results in a side-reaction (Cannizzaro reaction or deep
condensation) of deprotonated HPA and thus a low HPA yield
(Figure 7A). In contrast, the 7-fold Ca**—OH coordination
with a weak basic site (By) is inclined to release and transfer
the absorbed H' to attack the deprotonated HPA that is
adsorbed on the adjacent acid site. This therefore facilitates the
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formation and desorption of HPA (Scheme 2), which is
responsible for the largely enhanced HPA selectivity of the re-

Scheme 2. Schematic Reaction Mechanism for the Aldol
Condensation of IBD and FA over re-CaAl-LDH Catalyst

Ca,Al-LDH catalyst. To further confirm this conclusion, the
desorption behavior of HPA from these two catalysts was also
studied by DFT calculations (Figure 8D and E). The results
show that the proton adsorbed on the Brensted basic site (7-
fold Ca—OH or physically adsorbed surface hydroxyl group)
attacks the intermediate species (large carbanion) to produce
HPA. In view of the desorption of HPA (the selectivity-
determining step), its desorption energy from re-Ca,Al-LDH
(weak alkaline site) is significantly lower than that from re-
Mg, Al-'LDH (medium alkaline site; 0.320 eV vs 0.615 eV), in
agreement with the catalytic selectivity.

On the basis of the structural characterizations and catalytic
evaluations in this work, as well as the results of previous
studies,*”*" a possible mechanism considering a surface weak
Bronsted base site for aldol condensation of IBD and FA over
re-CaAl-LDH catalysts is proposed (Scheme 2). Initially, as an
acidic species, the a-C—H of the aldehyde group in the
isobutyraldehyde molecule is absorbed at the oxygen of the
hydroxyl group with 7-fold Ca—OH coordination, accompanied
by adsorption of the formaldehyde on an adjacent acid site
(hydrogen in hydroxyl of host layer). In the second step, the
cleavage of the adsorbed a-C—H bond produces a water
molecule and deprotonated isobutyraldehyde, which transforms
to an enolate anion via keto—enol tautomerism. Subsequently,
the enolate anion reacts with formaldehyde to form large
carbanion adsorbed on the surface hydroxyl of LDH (as
confirmed by DFT calculation), which then accepts protolysis
from the neighboring Brensted basic site (7-fold Ca—OH) to
produce HPA. Most importantly, the weak alkaline site is prone
to release and transfer H* to the larger carbanion, which
activates the desorption of HPA and thus inhibits deep
polycondensation.

3. CONCLUSION

In summary, activated Ca—Al layered double hydroxides
(LDHs) as a heterogeneous basic catalyst were prepared
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based on the structural topotactic transformation and
rehydration of LDH precursors. The resulting re-Ca,Al-LDH
exhibits a largely enhanced catalytic performance (HPA yield of
61.5% and product formation rate of 52.5 mmol g"'h™") toward
aldol condensation of isobutyraldehyde with formaldehyde,
comparable to the level of liquid alkali catalysts. A combination
study including XPS, EXAFS, deuterated chloroform—FTIR
spectra, and DFT calculation verifies that the host layer of re-
Ca,Al-LDH contains a distorted Ca(OH)4 octahedron with an
additional Ca—OH coordination that provides a weak Bronsted
basic site. Studies on the structure—property correlation and
desorption energy of the product reveal that the weak Bronsted
basic site serves as an active center to adsorb the a-C—H of the
aldehyde group and accelerate the product desorption,
accounting for the largely promoted HPA selectivity. This
work provides a facile and cost-effective approach for the
preparation of LDH-based solid basic catalysts, which can be
used as a promising candidate in green catalysis of aldol
condensation reactions.

4. EXPERIMENTAL SECTION

4.1. Materials. Mg(NO,),-6H,0, Ca(NO;),"4H,0, Al-
(NO,;);-9H,0, NaOH, isobutyraldehyde (IBD), formaldehyde
(FA, 37% aqueous solution), dioxane, hydroxypivaldehyde
(HPA), and cetyltrimethylammonium bromide (CTAB) were
purchased and used without further purification. Decarbonated
deionized water was used in all the experimental processes.

4.2. Catalysts Preparation. Ca,Al-LDH precursors with
varying Ca/Al molar ratios were prepared by the coprecipita-
tion method as follows. Solution A was a mixture of Ca(NO,),
4H,0 and AI(NO,);-9H,0 ([Ca**] + [AP**] = 0.48 M) with
various Ca/Al molar ratios (from 2 to 4) dissolved in 50 mL of
deionized and decarbonated water (purged with N, to remove
carbonate). Solution B was obtained by dissolving NaOH in the
same volume of deionized water with [NaOH] = 1.1 M. Both
solutions were added rapidly and simultaneously to a three-
neck round-bottom flask in a N, atomosphere. The precipitate
was stirred vigorously at room temperature for 6 h, followed by
separation, washing thoroughly, and drying at 80 °C for 24 h.
Mg Al-LDH samples were synthesized by a similar method
but with an additional crystallization process (at 110 °C for 12
h).

The catalysts were activated in a two-step procedure.
Typically, 0.5 g of the as-synthesized LDH sample was heated
in flowing N, (100 mL min~") for 4 h, at a heating rate of 2 °C
min~", up to 450 °C. Afterward, the sample was cooled down to
room temperature, followed by dispersion and stirring in a
NaOH solution (100 mL, 1.1 M) for 2 h. The product was
filtered, washed thoroughly with water and ethanol, finally dried
in an air-circulating oven at 80 °C for 12 h, and labeled as re-
Ca,AlI-LDH and re-Mg,Al-LDH, (x = 2, 3, and 4).

4.3. Catalytic Evaluation toward Aldol Condensation
of IBD with FA. The aldol condensation reaction was
performed with a batch-type reactor (cylindrical glass tube).
Typically, the freshly activated catalyst (0.2 g) was dispersed
into a mixture of IBD (0.55 mol), FA (0.80 mol, 37% aqueous
solution), dioxane (0.2 g, as internal standard), and CTAB (0.1
g). Herein, CTAB is used as a phase transfer catalyst, which can
facilitate the migration of IBD from the oil phase into the water
phase to accelerate the reaction, so as to obtain a high
conversion and inhibit byproducts in the oil—water two-phase
reaction system. After vacuuming and inletting argon gas, the
solution was magnetically stirred in an oil bath at 70 °C. The
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power and rotating rate of the magnetic stirrer were also
studied to reduce the influence of mass transfer, and an
optimized stirring condition (15 W, 600 r/min) was applied in
this reaction. Once the reaction started, aliquots were
periodically taken from the reaction mixture, filtered, and
analyzed on a gas chromatograph (GC-2014) equipped with a
flame ionization detector (FID) and an Rtx-5 capillary column
(025 mm in diameter, 30 m in length). Conversion was
calculated based on the decrease in isobutyraldehyde
concentration.

4.4. Characterization. X-ray diffraction (XRD) patterns
were recorded on a Shimadzu XRD-6000 diffractometer, using
Cu Ka radiation (4 = 0.1542 nm) at 40 kV and 30 mA. X-ray
photoelectron spectra (XPS) were recorded on a Thermo VG
Escalab 250 X-ray photoelectron spectrometer at a pressure of
~2 x 107 Pa with Al Ka X-rays as the excitation source. The
morphology was investigated using a scanning electron
microscope (SEM; Zeiss SUPRA 55) with an accelerating
voltage of 20 kV. The specific surface area was obtained by the
Brunauer—Emmett—Teller (BET) method with the use of a
Quantachrome Autosorb-IC-VP analyzer. Thermogravimetry
(TG) curves were obtained on a Beifen PCT-IA instrument in
the temperature range 30—900 °C. Elemental analyses were
carried out by using a Shimadzu ICPS-7500 inductively coupled
plasma atomic emission spectrometer (ICP-AES). The single
pulse solid-state Al MAS NMR spectra were acquired under
MAS conditions on a Bruker 400WB Avance III spectrometer,
at 9.4 T. In the determination, 100 mg of finely powdered and
dried LDH sample was used. The spinning speed of samples
was 10 kHz, and at least 5000 scans were performed.

Deuterated chloroform was used as a basicity probe molecule
for the measurement of FTIR transmission spectroscopy, which
was carried out in a Bruker Equinox 55 spectrometer, between
4000 and 400 cm™" with a resolution of 4 cm™ after 600 scans
per spectrum. Fourier-transformed infrared absorption spec-
troscopy was also carried out using a Nicolet 380 instrument
spectrophotometer. The nature of the basic site was
characterized by the FTIR spectroscopy of adsorbed deuterated
chloroform (CDCl;—IR). About 18 mg of the sample was
pressed into a wafer with a diameter of 1.3 cm, which was then
installed in an IR cell with CaF, windows, reduced at 150 °C
for 0.5 h, followed by an evacuation treatment at this
temperature. Subsequently, the sample was cooled to 50 °C
for recording the background spectrum. With the introduction
of deuterated chloroform into the cell for 1 h, another
evacuation was performed to remove physisorbed deuterated
chloroform; afterward, the spectrum was recorded with a step
of 4 cm™" and an accumulation of 32 sans. The strength of base
site involved in the adsorption of CDCI; was estimated based
on the following equation:

log Avep = 0.0066PA — 4.36 (1)
where Avcp is the shift of vcp (cm™) and PA is the proton
affinity (kJ mol™).

The Ca XAFS measurements were performed at beamline
4B7A of the Beijing Synchrotron Radiation Facility (BSRF),
Institute of High Energy Physics (IHEP), Chinese Academy of
Sciences (CAS). Extended X-ray absorption fine structure
spectra (EXAFS) were recorded at ambient temperature in
total electron yield mode. The typical energy of the storage ring
was 2.2 GeV with a maximum current of 100 mA; the Si (111)
double crystal monochromator was used. The IFFEFIT 1.2.11
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data analysis package (Athena, Artemis, Atoms, and FEFF6)
was used for the data analysis and fitting.

4.5. Computational Methods. The density functional
theory calculations were performed with the Vienna Ab-initio
Simulation Package (VASP) in slab models. The model of
CaAl-OH-LDH was constructed according to the crystal data
of these LDHs reported previously. The space group of LDHs
was r3m, with unit cell parameters @ = # = 90° and y = 120°.
The other three unit cell parameters, g, b, and ¢, are referred to
the powder X-ray diffraction data of these LDHs. The supercell
of bulk CaAl-LDH is set to be 3 X 3 X 1 in the g, b, and ¢
directions with the accustomed molar ratio of Ca/Al = 2. Three
hydroxyl ions were placed into the interlayer gallery of bulk
Ca)Al-LDH to keep the charge neutral. The exchange-
correlation potential was described by the Perdew—Burke—
Ernzerhof (PBE) in the generalized gradient approach (GGA).
The structure optimizations were based on the following
points: (1) an energy tolerance of 1.0 X 107* eV per atom, (2)
a maximum force tolerance of 0.2 eV, and (3) the k-points were
set to be 3 X 3 X 1 in calculating the electronic structure.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acscatal.7b03022.

Figures S1—S6 and Tables S1—-S3 (PDF)

B AUTHOR INFORMATION
Corresponding Authors

*Tel.: +86-10-64412131. Fax: +86-10-6442538S. E-mail:
zhenglr@ihep.ac.cn.

*Tel.: +86-10-64412131. Fax: +86-10-6442538S. E-mail:
wangyd.sshy@sinopec.com.

*Tel.: +86-10-64412131. Fax: +86-10-6442538S5. E-mail:

weimin@mail.buct.edu.cn.
ORCID
Min Wei: 0000-0001-7540-0824

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the National Key Research and
Development Programme (Grant No. 2017YFA0206804), the
National Natural Science Foundation of China (NSFC), and
the Fundamental Research Funds for the Central Universities

(buctylkxjo1).

B REFERENCES

(1) Smolakova, L.; Frolich, K;; Kocik, J.; Kikhtyanin, O.; éapek, L.
Ind. Eng. Chem. Res. 2017, 56, 4638—4648.

(2) Cueto, J.; Faba, L; Diaz, E.; Ordéfiez, S. Appl. Catal, B 2017,
201, 221-231.

(3) Kikhtyanin, O.; Tisler, Z.; Velvarska, R.; Kubicka, D. Appl. Catal,
A 2017, 536, 85—96.

(4) Keskivili, ].; Wrigstedt, P.; Lagerblom, K.; Repo, T. Appl. Catal,
A 2017, 534, 40—4S.

(5) West, R. M; Liu, Z. Y.; Peter, M.; Girtner, C. A.; Dumesic, J. A. J.
Mol. Catal. A: Chem. 2008, 296, 18—27.

(6) Kikhtyanin, O.; Bulanek, R.; Frolich, K éejka, J.; Kubicka, D. J.
Mol. Catal. A: Chem. 2016, 424, 358—368.

(7) Hattori, H. Appl. Catal, A 2015, 504, 103—109.

(8) Delidovich, L; Palkovits, R. J. Catal. 2015, 327, 1-9.

DOI: 10.1021/acscatal.7b03022
ACS Catal. 2018, 8, 656—664


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acscatal.7b03022
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b03022/suppl_file/cs7b03022_si_001.pdf
mailto:zhenglr@ihep.ac.cn
mailto:wangyd.sshy@sinopec.com
mailto:weimin@mail.buct.edu.cn
http://orcid.org/0000-0001-7540-0824
http://dx.doi.org/10.1021/acscatal.7b03022

ACS Catalysis

Research Article

(9) Faba, L; Diaz, E.,; Ordéfiez, S. Appl. Catal, B 2013, 142—143,
387-39S.

(10) Wang, Z.; Fongarland, P.; Lu, G.; Essayem, N. J. Catal. 2014,
318, 108—118.

(11) Keller, T. C.; Desai, K;; Mitchell, S.; Pérez-Ramirez, J. ACS
Catal. 2015, 5, 5388—5396.

(12) Ledn, M.; Faba, L.; Diaz, E.; Bennici, S.; Vega, A,; Ordéiiez, S.;
Auroux, A. Appl. Catal, B 2014, 147, 796—804.

(13) Lei, X; Zhang, F,; Yang, L; Guo, X; Tian, Y,; Fu, S; Li, F;
Evans, D. G,; Duan, X. AICKE J. 2007, 53, 932—940.

(14) Frey, A. M.; Yang, J.; Feche, C.; Essayem, N.; Stellwagen, D. R;;
Figueras, F.; de Jong, K. P.; Bitter, J. H. J. Catal. 2013, 305, 1-6.

(15) Taifan, W. E.; Butko, T.; Baltrusaitis, J. J. Catal. 2017, 346, 78—
91.

(16) Chen, H.; He, S.; Xu, M.; Wei, M.; Evans, D. G.; Duan, X. ACS
Catal. 2017, 7, 2735—2743.

(17) Sideris, P. J.; Nielsen, U. G; Gan, Z.; Grey, C. P. Science 2008,
321, 113—117.

(18) Valente, J. S.; Pfeiffer, H.; Lima, E.; Prince, J.; Flores, J. J. Catal.
2011, 279, 196—204.

(19) Doy, Y.; Pan, T.; Xu, S.; Yan, H.; Han, J.; Wei, M.; Evans, D. G.;
Duan, X. Angew. Chem., Int. Ed. 2015, 54, 9673—9678.

(20) Han, J.; Dou, Y.; Wei, M.; Evans, D. G.; Duan, X. Angew. Chem.,
Int. Ed. 2010, 49, 2171-2174.

(21) Ashekuzzaman, S. M; Jiang, J.-Q. Chem. Eng. ]. 2014, 246, 97—
10S.

(22) Wang, D. Y,; Chou, H. L;; Lin, Y. C; Lai, F. J.; Chen, C. H.; Lee,
J. F.; Hwang, B. J; Chen, C. C. J. Am. Chem. Soc. 2012, 134, 10011—
10020.

(23) Shimamura, A.; Kanezaki, E.; Jones, M. L; Metson, J. B. J. Solid
State Chem. 2012, 186, 116—123.

(24) Zhao, Y.; Chen, G,; Bian, T.; Zhou, C.; Waterhouse, G. L; Wy,
L. Z; Tung, C. H; Smith, L. J.; O'Hare, D.; Zhang, T. Adv. Mater.
2015, 27, 7824—7831.

(25) Chen, Y.; Shui, Z.; Chen, W.; Chen, G. Constr. Build. Mater.
2015, 93, 1051—1058.

(26) Rapin, J.-P.; Renaudin, G.; Elkaim, E.; Francois, M. Cem. Concr.
Res. 2002, 32, 513—519.

(27) Renaudin, G.; Rapin, J. P.; Elkaim, E.; Francois, M. Cem. Concr.
Res. 2004, 34, 1845—1852.

(28) de S4, F. P,; Cunha, B. N.; Nunes, L. M. Chem. Eng. . 2013,
215-216, 122—127.

(29) Dy, Y, Wang, Q,; Liang, X;; He, Y,; Feng, J; Li, D. J. Catal.
2015, 331, 154—161.

(30) Hu, Q.; Yang, L,; Fan, G.; Li, F. J. Catal. 2016, 340, 184—195.

(31) Perret, N.; Wang, X,; Onfroy, T.; Calers, C.; Keane, M. A. ].
Catal. 2014, 309, 333—342.

(32) Timofeeva, M. N.; Panchenko, V. N.; Gil, A,; Doronin, V. P,;
Golovin, A. V; Andreev, A. S.; Likholobov, V. A. Appl. Catal, B 2011,
104, 54—63.

(33) Winter, F.; Xia, X. Y,; Hereijgers, B. P. C,; Bitter, J. H.; van
Dillen, A. J.; Muhler, M.; de Jong, K. P. J. Phys. Chem. B 2006, 110,
9211-9218.

(34) Angelici, C.; Meirer, F.; van der Eerden, A. M. J.; Schaink, H. L.;
Goryachev, A.; Hofmann, J. P.; Hensen, E. J. M.; Weckhuysen, B. M.;
Bruijnincx, P. C. A. ACS Catal. 2015, S, 6005—6015.

(35) Kleineberg, H.; Eisenacher, M.; Lange, H.; Strutz, H.; Palkovits,
R. Catal. Sci. Technol. 2016, 6, 6057—6065.

(36) Verbruggen, S. W.; Keulemans, M.; van Walsem, J.; Tytgat, T.;
Lenaerts, S.; Denys, S. Chem. Eng. ]. 2016, 292, 42—50.

(37) Quesada, J.; Faba, L.; Diaz, E.; Bennici, S.; Auroux, A.; Ordéfiez,
S. J. Catal. 2015, 329, 1-9.

(38) Xu, J.; Li, N;; Yang, X,; Li, G.;; Wang, A,; Cong, Y.; Wang, X,;
Zhang, T. ACS Catal. 2017, 7, $880—5886.

(39) Pang, J.; Zheng, M,; He, L,; Li, L,; Pan, X,; Wang, A,; Wang, X,;
Zhang, T. ]. Catal. 2016, 344, 184—193.

(40) Hanna, D. G.; Shylesh, S; Li, Y.-P.; Krishna, S.; Head-Gordon,
M.; Bell, A. T. ACS Catal. 2014, 4, 2908—2916.

664

(41) Kim, K. C,; Moschetta, E. G.; Jones, C. W,; Jang, S. S. J. Am.

Chem. Soc. 2016, 138, 7664—7672.

DOI: 10.1021/acscatal.7b03022
ACS Catal. 2018, 8, 656—664


http://dx.doi.org/10.1021/acscatal.7b03022

