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A series of Ce; ,TiO,_s mixed oxide catalysts were synthesized using a homogeneous precipitation
method and characterized, and then these catalysts were applied to convert acetic acid to acetone using
a gas-phase ketonization reaction. Ti-doped Ce; ,Ti,O,_; catalysts (x = 0.1-0.5) exhibited much better
ketonization performance than their parent catalysts of CeO, and TiO,, and such Ti-doping-induced
catalysis improvement is attributed to the formation of a Ce-O-Ti structure depending on the Ti
content. Among the different Ce; ,Ti,O,_; catalysts, the Ceq;Tig30,_; catalyst calcinated at 500 °C
showed the best catalysis activity and high stability. A combination of techniques (i.e. TEM, FTIR, H>-TPR,
NH3/CO,-TPD and XPS) further revealed that the formation of the Ce-O-Ti structure modified the

Received 13th January 2017 surface acid—base properties and thus enhanced the redox properties. Moreover, the introduction of Ti
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into CeO, also increased the number of oxygen vacancies on the catalysts’ surface that favored the
DOI: 10.1035/c7ra00521k ketonization of acid molecules. This work provides valuable insights into the design of highly efficient

rsc.li/rsc-advances CeO,-based catalysts for acid removal in the upgrading process of bio-oil.

1 Introduction bio-oil and yield abundant ketones with different increased
lengths of carbons. The obtained ketones can be further
As an alternative energy source, biomass-derived fuels have upgraded into liquid fuels by the aldol condensation and
attracted much attention because of abundant sources, cheap hydrodeoxygenation process.
price, and environmentally benign properties. Different
synthesis routes have been developed for converting biomass
into liquid fuels. For example, the fast pyrolysis method usually
converts the whole biomass into a liquid bio-oil typically con-
taining carboxylic acids, alcohols, aldehydes and other
oxygenated compounds. However, when further upgrading the
derived bio-oil into high-grade fuels (e.g., gasoline, diesel, and
jet fuels), it is crucial to reduce the substantial oxygen content
and generate C-C bonds, coupling the light oxygenates to
increase the molecular weight of the products, thus improving
the total energy density of the bio-fuels. Deng et al.* proposed an
efficient catalytic method to upgrade acidic components of bio-
oil into non-corrosive compounds using the catalytic ketoniza-
tion reaction. Ketonization, as a reaction that converts two
carboxylic acid molecules into a ketone, carbon dioxide, and
water (eqn (1)), was considered as a green, non-polluting, and
economical method to obtain ketones. The ketonization reac-
tion can efficiently reduce small-molecule carboxylic acids in

2RCOOH — R,CO + CO, + H,0 (1)

Significant efforts have been made to develop different
materials as catalysts for ketonization. Among them, metal
oxides are considered as the most suitable and efficient ones
due to their acid-base and redox properties. Based on different
catalysis mechanisms, these metal oxides can be classified into
two categories.” The first category includes alkali and alkaline
earth oxides with low lattice energies, which can catalyze the
decarboxylation by decomposition of the corresponding
carboxylate salts. These oxides are known as bulk ketonization
catalysts. The second category includes CeO,, MnO,, TiO,, ZrO,,
and others with higher lattice energies. These oxides can form
surface intermediates including B-ketoacids, ketene etc., and
are thus defined as surface ketonization catalysts. Moreover,
compared with pure acidic or basic oxides, the amphoteric
oxides, especially ceria-based catalysts, usually possess excellent
ketonization activity and selectivity. Different ceria-based cata-
lysts such as CeO,-Fe,03,>* CeO,-Mn,03,>>* and CeO,-ZrO,
“State Key Laboratory of Chemical Engineering, College of Chemical and Biological (ref. 5, 7-12) have been developed for ketonization of carboxylic
E‘ngineering, Zhejiang University, Hangzhou 310027, P. R. China. E-mail: jiangbb@ acids, and the activity of these ketonization reactions was
guedu.cn ) ) o . largely improved by the modified CeO, oxides. Since CeZrO,
*Department of Chemical and Biomolecular Engineering, The University of Akron,

Akron, Ohio, USA 44325 catalysts exhibit outstanding reducibility and oxygen storage
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ketonization of carbohydrate-derived carboxylic acids and help
to improve the catalytic activity of the ketonization reaction
compared with other catalysts. It is generally believed that the
excellent performance of CeZrO, catalysts is attributed to the
Lewis acid-base site pairs and the enhanced reducibility.'
However, the structure-property-activity relationship of CeO,-
based catalysts between ketonization activity, surface acid-base
and redox characteristics, and structure of active composites
still remains unclear, which hinders the development of appli-
cable catalysts for the ketonization reaction.

In this work, we synthesized and characterized a series of
Ce-Ti composite oxides using a homogeneous precipitation
method, and then used them to catalyze the ketonization of
acetic acid in the gas phase. Ce-Ti mixed oxides have been
mainly used as catalysts for selective catalytic reduction (SCR) of
NO,, while TiO,-anatase is the most commonly used supporting
material for SCR catalysts that offers excellent dispersion of
active components.”*** The Ti'" cations regarded as same-
valence dopants to CeO, could actually affect the properties of
the host oxide, especially the redox properties.'® Furthermore,
the modification of acid-base sites can also be obtained for Ti-
doped CeO,, which is caused by the introduction of both Ti**
(Lewis acid) and O®> (Lewis base) ions.”” However, to our
knowledge, Ce-Ti composite oxides have not been reported as
solid acid-base catalysts for acid ketonization to date. Herein,
the ketonization process on Ce-Ti mixed oxides was examined
to illustrate the relationship between surface structures and
properties of Ce-Ti composite oxides and their catalytic activi-
ties. In addition, synergistic effects of the catalysts’ acid-base
sites and reducibility on the catalytic activity of Ce-Ti mixed
oxides were also studied using NH3/CO,-TPD and H,-TPR.

2 Material and methods
2.1 Catalyst preparation

A homogeneous precipitation method was adopted to prepare
the Ce, ,Ti, O, s mixed oxide catalysts, where x means the
molar ratio of Ti. In a typical procedure, appropriate amounts of
Ti (SO4), and Ce (NO3);-6H,0 were dissolved in deionized water
under vigorous stirring conditions until the formation of a clear
solution. Excess urea solution was then added into the mixed
solution, with a urea/(Ce + Ti) molar ratio of 23 : 1. The solution
was heated to 90 °C and held for 5 h with continuous stirring.
The obtained yellow precipitate was decanted, filtered off, and
washed with distilled water multiple times to remove the weakly
adhered ions on the sample surface, followed by oven drying at
120 °C for 12 h. Subsequently the oven-dried sample was
calcined at a certain temperature (400, 500, 650, 800 °C) for 5 h
in air at a heating rate of 5 °C min~". Pure CeO, and TiO, were
also prepared for comparison purposes by adopting the same
method.

2.2 Catalyst characterization

The powder X-ray diffraction (XRD) patterns of the samples were
recorded on a Philips PW3050/60 vertical goniometer using Ni-
filtered Cu Ka1 radiation (1 = 1.5406 A). A proportional counter
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and a 0.02° step size in the 26 range from 20 to 80° were used.
The assignment of the various crystalline phases is based on the
JPDS powder diffraction file cards. The crystal size of the
prepared oxide was calculated using the Scherrer equation:

K
"~ Bcosd

(2)

where L is the crystallite size in nm, A is the wavelength of the X-
ray radiation, K is a dimensionless shape factor and usually
taken as 0.89, # is the Bragg diffraction angle, B is the line
broadening at half the maximum intensity (FWHM), after sub-
tracting the instrumental line broadening, in radians.

Raman spectra were recorded on a Thermo Scientific DXR
Raman microscope with a He-Cd laser of excitation wavelength
532 nm.

The BET surface area, pore volume, and pore size distribu-
tion measurements were performed using a Quantachrome
Autosorb-iQ instrument. Prior to analysis, the samples were
degassed at 300 °C for 3 h to remove any residual moisture. The
BET surface areas were calculated from adsorption data in the
relative pressure (P/P,) range of 0.04-0.25. Pore size and pore
volume were calculated using the BJH method applied to the
desorption leg of the isotherms.

Temperature programmed reductions (TPR) were recorded
using a thermal conductivity detector (TCD) and a reducing gas
of 10% H, in Ar set at a flow rate of 40 mL min~'. The analysis
regime was as follows. Approximately 50 mg samples were pre-
treated at 450 °C for 60 min, the sample cell was purged with
a H,/Ar mixture for 30 min and the analysis run from 50 °C to
800 °C at a heating rate of 10 °C min~'. Water produced by the
reduction was trapped in an ice bath upstream of the TCD. H,
consumption was quantified by comparison to the reduction of
CuO.

X-ray photoelectron spectroscopy (XPS) measurements were
performed using an Escalab 250Xi with a monochromatized Al
K source (1486 eV). Narrow spectra were collected with a pass
energy of 30 eV. The charge correction was made considering
that the C 1s signal of contaminating carbon (C-C or C-H
bonds) was centered at 284.8 eV. The C 1s, Ti 3d, Ce 3d, and O 1s
levels were chosen for characterization because their signals are
the most intense and do not overlap.

A Fourier transform IR spectrometer (NICOLET 5700, USA)
was used to acquire the IR spectra of the samples. For the
transmission FTIR, each disc was mixed with 1 wt% sample and
99 wt% KBr.

The nature and concentration of acid-base sites were
studied by means of TPD of pre-adsorbed NH;/CO, and the
desorbed NH3/CO, on a Quantachrome Instrument. Samples of
approximately 100 mg were outgassed and dried at 450 °C for
30 min under Ar flow (40 mL min~", purity >99.999% wt%),
cooled to room temperature, and then treated with a flow of 10
vol% NHj/He or 10% vol% CO,/Ar (40 mL min ") for 120 min.
The sample cell was then evacuated for 20 min and a He flow at
40 mL min~ ' was started. This continued for 15 min prior to the
start of data collection. The sample was heated from room
temperature to 500 °C at 10 °C min~*. NH;/CO, was quantified

This journal is © The Royal Society of Chemistry 2017
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by comparing the areas under the curve with the sample of
known amounts of NH;/CO, using thermal conductivity.

2.3 Catalyst tests

The gas-phase ketonization of carboxylic acids was carried out
in a down-flow quartz fixed-bed reactor (9 mm i.d.) under
atmospheric pressure. The temperature of heating furnace
externally was measured using a K-type thermocouple attached
to the reactor and controlled with a 708P temperature controller
(Yudian Automation Technology Co., Ltd). A HPLC pump was
used to introduce the liquid feed solution into the reactor. The
ketonization reaction was operated in the temperature range of
250 °C to 350 °C. Typically, 0.5 g of the as-prepared catalyst (40-
60 mesh) was placed in the middle region of the reactor between
two plugs of quartz wool and fused SiO, granules and the
reaction was carried out at a liquid acetic acid flow rate of 3 mL
h™" with an N, flow rate of 30 mL min~". For the co-feed of CO,,
the total molar flow of the gas feed through the reactor was kept
constant by modifying the molar ratio of CO, and N,. For the
H,0 co-feeding experiment, the weight hourly space velocity
(WHSV) of acetic acid was kept the same by adjusting the pump
rate of H,O and the N, flow rate. The mass transfer limitation
was excluded during the tests.

The feed and gas-phase reaction mixtures were analyzed with
online GC analysis equipped with two columns in parallel and
two detectors to obtain reactant conversion and product selec-
tivity. The outlet line was heated to 150 °C along with the
injection valve of the gas chromatograph to avoid product
condensation. For organic compounds, a FFAP capillary column
(30 m x 0.32 mm x 0.5 um) was connected to a flame ionization
detector, while for gas products, a TDX-01 column was con-
nected to a TCD detector. Prior to the catalytic test, each sample
was pretreated under a nitrogen flow at the lowest reaction
temperature in the stream of reactant for 2 h. The selectivity was
defined as the percentage of carboxylic acid converted into
a particular product taking into account the reaction stoichi-
ometry; thus, 100% ketone selectivity would mean 1 mol of
carboxylic acid converted to form 0.5 mole of the ketone. The
mean absolute percentage error in conversion and selectivity
was =10% and the carbon balance was maintained in the range
of 100 £ 5%.

In the absence of catalyst, no conversion of acetic acid was
observed. However, when SiO, granules were used, a back-
ground conversion of 2-3% was detected for our typical reaction
condition.

3 Results and discussion
3.1 Ce;_,Ti O, ; catalyst performance

The catalytic ketonization of acetic acid with the Ce; ,Ti,O,
catalysts was obtained at 280-350 °C. As shown in Fig. 1A, the
introduction of Ti atoms into CeO, can promote the ketoniza-
tion of acetic acid. The catalytic activity increased as the added
amount of TiO, into CeO, was increased from x = 0.1 to 0.3,
with Ce, ;Tip30,_; catalyst reaching the highest conversion of
100%. But, as the amount of TiO, was further increased to x =

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Acetic acid conversion as a function of temperature for (A)
Ce;_,TixO,_s catalysts and (B) Ceq7Tig30,_; catalysts calcined at
different temperatures, (C) acetic acid conversion of Ceg7Tip302 5
and pure CeO, at 315 °C as a function of time on stream (reaction
condition: 0.5 g catalyst, 30 mL min~! N, flow rate, 3 mL h~ liquid flow
rate).

0.5, the catalytic activity decreased. Pure TiO, showed a poor
catalytic reaction of acetic acid ketonization compared with
CeO, when the reaction temperature was below 350 °C. As one
of the ketonization products, the CO, formation rates at
different ratios of Ce/Ti are shown in Fig. S1.f Ce, ;Tip30,_s
catalyst displayed the highest CO, formation rate (0.12 mol
h™1), consistent with acid conversion data (Fig. 1A). In addition,
other side-products (e.g. acetic anhydride, CH,, etc.) produced at

RSC Adv., 2017, 7, 22017-22026 | 22019
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350 °C had very low selectivity of <2%. The performance of the
Cey ;Tip30,_; catalyst was also compared with the results of
other active metal oxides in the representative literature, and
the results are shown in Table S1.7 It can be seen that Ce, -
Tip.30,_s catalyst is superior to those catalysts reported previ-
ously under similar reaction conditions.

Fig. 1B shows the influence of calcination temperature on
the catalytic performance of the ketonization reaction. The
Ce, 7 Tip.30,_s catalyst was selected for the ketonization reaction
because of its excellent activity. It can be seen that Ce ;Ti.30,_;
catalysts calcined at 400 °C and 500 °C displayed almost the
same ketonization activity. At a calcined temperature of 650 °C,
the conversion of acetic acid reacted at 350 °C decreased from
100% to 91%. When the calcined temperature further increased
to 800 °C, the reaction activity dropped drastically, leading to
66% conversion at 350 °C. These results indicate that calcina-
tion temperature has a significant impact on acid conversion
and ketone yield. Furthermore, regarding the stability of Ce, -
Tip30,_s catalyst, Fig. 1C shows that the Ti-doped catalyst
exhibited very high stability to retain a higher acid conversion of
75% for 500 min. In sharp contrast, CeO, deactivated rapidly
from 36% to 22% within 500 min.

3.2 Catalyst characterization

3.2.1 Physical properties of Ce/Ti mixed oxide catalysts.
Fig. 2A shows the XRD patterns of various Ce;_,Ti,O,_, mixed
oxides calcined at 500 °C for 5 h. Pure CeO, and TiO, displayed
the pure cubic fluorite phase (PDF 00-0065-5923) and anatase
phase (PDF 00-021-1272) structure, respectively. Only a cubic
phase was observed in the Ce;_,Ti, O, s samples when x < 0.5,
suggesting that a small addition of TiO, to CeO, causes the
formation of a CeO,-like solid solution. The CeO, (111) peak
shifts to higher angles with the increasing amount of doping Ti
(shown in the inset) and this was attributed to the lattice
contraction caused by the smaller size of doping Ti*" ions (0.068

. ¢ Anatase TiO, '
% Cubic CeO, 3 ﬂ
_ _ — N\
= .
fé . . 26 28, 30
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Fig. 2 XRD patterns of as-prepared Ce; ,TiyO,_; catalysts: (a) x = O,
(b) x=0.1,(c)x=0.3,(d) x=0.5, (e) x=0.7, (f) x = 1. The inset shows
the shifting of the CeO, (111) peak to higher energies with increasing
amount of doping Ti.
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nm) than the Ce*" ion (0.094 nm). Correspondingly, the calcu-
lated lattice parameters listed in Table 1 decreased with
increasing Ti content. A weak peak for the Ce, 5Tig 50,5 sample
occurred at a diffraction angle (26) of 25.3° in the TiO, anatase
phase, indicating a limited solubility of TiO, in the ceria matrix.
Moreover, the Ce,3Tip,0,_s sample showed a mixture of
anatase TiO, and cubic CeO,, and this suggests that the excess
amount of doped Ti cannot enter the inside of the ceria lattice,
and instead they concentrate on the surface.

Fig. S21 shows the N, adsorption-desorption isotherms and
corresponding pore size distributions of Ce;_,Ti,O,_; mixed
oxides, in comparison with those of pure CeO, and TiO,. All
isotherms displayed a type IV shape with a H3 hysteresis loop at
high relative pressures of 0.4-1, suggesting the presence of slit-
like mesopores, associated with aggregates of plate-like parti-
cles. Table 1 summarizes the physical properties, crystalline
structure, and crystallite size obtained from N, adsorption-
desorption isotherms and XRD data. With the increasing
amount of Ti being doped into CeO,, the surface area increased
gradually from 81.5 m* g~ to 93.7 m? g~ " and the crystallite size
increased from 11.1 nm to 13.1 nm, respectively. From the
calculated crystallite sizes of Ce;_,Ti, O, catalysts in Table 1,
Ce3Tip.70, s showed a relatively smaller crystallite size than
pure CeO,, because of the appearance of the TiO, anatase phase
in Cey3Tip70,_s, Which restrained the growth of CeO, crystal
particles. The HRTEM micrographs and SAED images of Ce, ;-
Tip.30,_; sample are displayed in Fig. S3.f The TEM images
show that the Ce,;Tig30,_s sample is composed of nanosized
particles with an average particle size of ~11 nm, coinciding
with the results obtained from XRD patterns. The continuous
rings in the SAED patterns (shown as the inset in Fig. S3t)
confirm the high crystallinity and the fluorite structure of
Cey ;Tip.30,_5 sample.

Fig. 3 shows Raman spectra of various Ce; ,Ti, O, s cata-
lysts. Pure CeO, exhibited a prominent band at ca. 461 cm™"
corresponding to the F,, Raman active mode in metal dioxides
with a fluorite-like structure.'® Three Raman bands at 391, 515,
and 638 cm ™! were identified for pure anatase TiO,. The former
two bands were assigned to the B;, mode, while the latter band
was assigned to the E,; mode." Addition of Ti led to a gradual
attenuation of the F,, band intensity, and this is likely caused by
the decrease of Ce amount and different crystallite sizes of
Ce0,. Ce;_,Ti,0,_; samples at x < 0.5 retained their sole Fp,
mode of CeO, with the increasing amount of doped Ti, and this
further confirms that the Ce-O-Ti linkage bonds are formed for
Ce,_;Ti, O, 5 (x <0.5). The Ce 5Tig 50,5 catalyst showed slight
Raman peaks of three modes (391, 515, and 638 cm™ ") similar
to anatase TiO,, while Ce, ;Tiy-0,_s showed distinct Raman
lines characteristic of anatase TiO, together with a large drop in
F,; band intensity. Besides, the visible Raman spectroscopy
employed in this work mainly supplies the bulk information of
the catalysts.”>** Hence, no related peak was observed in around
585 cm ™' (ref. 22) or 601 cm " (ref. 23) that were attributed to
production of oxygen vacancies, indicating that the bulk oxygen
vacancies might not be formed on these catalysts.

3.2.2 FTIR spectra of Ce/Ti mixed oxide catalysts. Fig. S4}
shows FTIR transmission spectra of the as-prepared Ce-Ti

This journal is © The Royal Society of Chemistry 2017
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Table 1 Physical properties, crystalline structure and crystallite size of Ce; ,Ti,O,_; catalysts
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Pore volume

Pore diameter

Mean crystallite

Samples Sger (m* g7h) (em® g™ (nm) Crystallite structure Lattice parameter® (nm) size (nm)
CeO, 117 0.129 3.71 Cubic 0.543 12.2°
Cey.oTip 1055 81 0.144 3.72 Cubic 0.542 11.1°
Ceo-Tios0s s 86 0.284 5.05 Cubic 0.541 12.4?

Ceo sTigs05_s 94 0.204 4.74 Cubic 0.539 13.1°
Cey.5Tip,0,_5 99 0.197 5.06 Anatase + cubic 0.538 5.1°
TiO, 90 0.149 4.47 Anatase — 10.3¢

“ Estimated by the formulate a = (k> + k> + )"* x (/2 sin §) using the {111} lattice face. ° Determined by the main peak of CeO, cubic phase.

¢ Determined by the main peak of TiO, anatase phase.

. Fog 515 638
_ 391,
5 (0
= MM
3 (e)
C
C
g 461 <
« ) (b)
(a)
300 400 500 600 700 800 900 . 1000

Raman shift (cm™)

Fig. 3 Raman spectra of various Ce;_,TiyO,_; catalysts: (a) x = 0, (b)
x=01()x=03(dx=05(x=07 (f)x=1

composite catalysts. The absorption peaks at 3400 cm " were
attributed to the stretching vibration of -OH groups from the
adsorbed water, while those peaks around 1600 cm ™' corre-
spond to the bending vibrations of ~-OH groups on the surface of
the catalysts. Pure CeO, possessed a certain amount of surface
-OH, while TiO, was short of surface -OH. Peaks below 883
em™~ ' were ascribed to the »(Ce-O) or »(Ti-0) vibrational mode.
The band at 1065 cm ™" for pure CeO, was assigned to the
bending vibrations of the hydroxyl group of metal oxides (Ce-
OH).2*° The absence of peaks between 1250-1000 cm ™' for
TiO, could be due to the lack of surface hydroxylation. Doping
Ti into CeO, led to the peaks below 883 cm™' moving towards
the higher wavenumber region, as well as the formation of
a new peak at 1120 cm ™ '. This indicates that a new surface
linkage of Ce-O-Ti is formed® and the appearance of the peak
at 1120 cm ™' should be due to the hydroxyl groups linked to the
surface Ce-O-Ti structure.”” When more Ti was doped into
CeO, (x > 0.5), the mixed oxides became less able to produce
more Ce-O-Ti bonds, thus the peak intensity at 1120 cm™*
dropped for the Cey3Tiy,0, sample. Ce-O-Ti bonds in the
Cey3Tip.70,_s sample were partially broken due to the appear-
ance of pure TiO, particles as evidenced by the XRD patterns in
Fig. 2.

This journal is © The Royal Society of Chemistry 2017

3.2.3 TPR profiles of Ce/Ti mixed oxide catalysts. Fig. 4
shows the TPR profiles of the Ce; ,Ti,O, ; catalysts. H,-TPR
results were used to quantify the ability of ceria to be reduced,
which is related to the properties of fluorite structured-mixed
valence oxides to deviate from stoichiometry.?® CeO, is gener-
ally reduced in a stepwise way: first reduction of Ce(wv) species
on the surface CeO,, followed by the second reduction of bulk
CeO,. Here, CeO, showed a reduction peak at 504.4 °C due to
the reduction of oxides on the surface."®*® In contrast with pure
CeO, oxide, pure TiO, oxide is difficult to be reduced as evi-
denced by no obvious reduction peak from 50 °C to 800 °C. The
reduction properties of Ce,; ,Ti, O, ; catalysts are evidently
enhanced by the introduction of Ti into the CeO, lattice. As
shown in Table S2,f H, consumption of all Ce; ,Ti,O, ;
catalysts (0.1 <x < 0.9) was much higher than that of pure CeO,
and TiO,, indicating that the doping Ti ions could weaken the
Ce-O bonds in the solid solution of Ce-Ti mixed oxides and
the newly formed weakly bound oxygens should be responsible
for the enhanced reducibility.>® Besides, the reduction peaks
were obviously shifted to high temperatures for samples with
high Ti content (x = 0.5). This fact suggests that the intro-
duction of abundant Ti will cause structure distortion and the
breaking of Ce-O-Ti bonds as verified by XRD, Raman and
FTIR results. This showed an opposite trend to the redox
behavior of mixed oxides.

Intensity(a.u.)

400 500 600 700
T/°C

100 200 300

Fig.4 H,-TPR profiles of Ce;_,Ti,O,_;catalystsat(a) x =0, (b) x=0.1,
(©)x=0.3,(d)x=05,(e) x=0.7,(flx =1
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Fig. 5 (A) NHz-TPD and (B) CO,-TPD profiles of Ce;_,Ti,O,_, cata-

lystsat (@) x =0, (b) x=0.1, (c)x=0.3, (d) x=0.5,(e) x=0.7, (fl x=1.

3.2.4 NH;-TPD/CO,-TPD of Ce-Ti mixed oxides. Fig. 5A
shows NH;-TPD profiles of Ce; ,Ti,O, ; catalysts. These
desorption peaks were deconvoluted by the simple Gaussian
function. Weak and strong acid sites were estimated from the
desorption peak in the temperature range of 50-250 °C and
250-500 °C, respectively (as shown by two dotted lines in Fig. 5),
and these include both Brgnsted and Lewis acidic sites.****
Bronsted acid sites are assigned to surface -OH groups and the
stronger Lewis acid sites are provided by coordinatively unsat-
urated surface metal cations (M*" or M**).32 It can be found that
pure CeO, mainly contained weak acid sites with a primary
desorption peak at ~100 °C. As has been reported by other
researchers,* weak acid sites of CeO, mainly represented the
surface hydroxyl groups. Nevertheless, pure TiO, contained
both weak and strong acid sites while the latter ones domi-
nated, corresponding to the high content of surface Lewis acidic
sites. This finding is consistent with the previous results* that
TiO, possesses the highest Lewis acid strength compared with
ZrO, and CeO,.

Fig. 5B presents the CO,-TPD profiles of the Ce; ,Ti,O, 5
catalysts. Similar to the NH;-TPD profiles, these profiles can be
divided into two regions of weak adsorption sites (50-250 °C)
and strong adsorption sites (250-500 °C) in a wide temperature
range (50-500 °C). Since CeO, only had weak basic sites,*
desorbed CO, was detected at a low temperature range. Weak
basic sites in CeO, lead to the formation of surface -OH groups
because they act as both acidic and basic sites. Differently, the
presence of strong basic sites in TiO, caused CO, to be desorbed
at a high temperature range. In fact, there are two types of
surface -OH groups due to various structures.*® CeO, hydroxyl
groups are mainly nucleophilic groups that always serve as
reactive basic (O>7) sites, while TiO, hydroxyl groups are
essentially H-bond donors. Thus, the two oxide catalysts expose
variously structured surface-OHs, which may cause the
discrepancy of CO, adsorption on the oxide surface. It can also
be seen that the low-temperature desorbed peak moved towards
lower temperatures with increasing addition of Ti, which could
be attributed to the gradual formation of Ce-O-Ti linkages
instead of Ce-O-Ce in CeO,.
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The changes in the distribution and strength of surface acid-
base sites versus Ti content were summarized in Table S31 and
shown in Fig. 6a—d. The total surface density of Ce-Ti composite
oxides gradually increased with amount of Ti, while the density
of strong acid sites on the surface increased almost linearly with
Ti (Fig. 6¢), further confirming that the addition of Ti can greatly
enhance the strength of strong acids. In addition, the Ce, ;-
Tip30,_s sample achieved a maximal value for the density of
weak acid sites, while the Ce,sTips0,_s; sample enabled the
transformation of weak acid sites to strong acid sites. This could
be attributed to NH; adsorption on the strong Lewis acids
provided by sufficiently doped Ti**.?** Due to the co-existence
of both acid-base pairs in TiO,, the density of strong basic
sites increased linearly with the added amount of Ti (Fig. 6d).
On the other hand, this kind of strong basic site was not greatly
enhanced by adding TiO, until x = 0.5. In other words, CeO,-
rich samples, which showed a typical CeO, cubic phase in the
XRD patterns, contained more weak acid-base sites compared
with others. In the case of Ce,sTi,s0,_s5, desorbed CO, was
detected at high temperature at the expense of the loss of weak
basic density, and the number of strong basic sites continued to
increase with increasing x.

3.2.5 XPS results of Ce/Ti mixed oxide catalysts. XPS anal-
yses were performed to elucidate the transformation of chem-
ical bonds and oxidation states on the interface of Ce-Ti
composite catalysts upon doping Ti into CeO,. Fig. 7A shows the
Ce 3d spectra of all samples. Peaks V, V/ and V" represent the
Ce 3d5/2 photoemission lines in CeO,, while the bands labeled
V' represent the Ce*" 3d final state. Lines U, U’, U"” and U"”
appeared to be a result of spin-orbit splitting (Ce 3d3/2). The
surface Ce®" ratio was calculated by Ce*'/(Ce*" + Ce*"), and
results were shown in Table 2. Surface Ce*" ratios of Ce;_,Ti,-
0,_; samples (11.9-21.1%) were much higher than that of pure
CeO, (6.5%). In general, the presence of Ce*" was assigned to
the generation of surface oxygen vacancies. Partial reduction of
Ce*" was caused by the introduction of Ti into Ce-O-Ce species
to form the Ti-O-Ce structure. Ce,-Tiy30,_s can achieve the
highest value of surface Ce*" ratio (21.1%) at x = 0.3.

Fig. 7B shows the O 1s spectra of the Ce, ,Ti, O, s samples.
The peaks at 527-536 eV were decomposed into three compo-
nents: (1) binding energy (BE) peak at ~529.1 eV corresponding
to lattice oxygen (O,), (2) BE peak at ~531.0-532.5 eV corre-
sponding to surface absorbed oxygen and surface hydroxyl
groups (Og), and (3) BE peak at ~533.5 eV corresponding to -OH
species (Oy) in the Ti-O-Ti bridge bonds.*>**** The molar ratio
of Op/Oyoral Was calculated by the area ratio of the areas under
the corresponding peaks. In Table 2, the molar ratio of Og/O¢otal
of the Ce,_,TiyO,_; catalysts increased obviously with
increasing doping ratio of Ti, suggesting the formation of
oxygen vacancies which promotes the adsorption and activation
of oxygen species. In the case of the Ce,3Ti,,0,_; catalyst, it
showed a significant decrease in Og/Oyora Molar ratio. This is
likely due to the partial deposition of TiO, on the surface. It was
also noted that the binding energy of O 1s for the lattice oxygen
of Ce-Ti composite oxides increased with Ti concentration,
suggesting that Ti and Ce indeed react with each other to form

This journal is © The Royal Society of Chemistry 2017
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chemical bonds in composite oxides, instead of physically
mixing together.

3.3 Correlation between the reducible acid-base property
and catalytic performance of Ce/Ti mixed oxides

As discussed above, the macro-structure of Ce,_,Ti,O,_; cata-
lysts shows a strong dependence on the doped Ti content. When
the additional amount of Ti reaches a certain degree, composite
oxides possess modified acid-base sites different from either
pure CeO, or TiO,, which likely results from the surface
heterogeneity by substituting Ce** with Ti*" ions. The macro-

This journal is © The Royal Society of Chemistry 2017

Table 2 Ce 3d and O 1s XPS results of Ce; ,Ti,O,_; catalysts

Surface molar fraction of O

Surface Ce®*" ratio 1s
(%)
X Ce3+/(ce4+ + Ces+) Oa/ototal Oﬁ/ototal
0 6.5 0.70 0.30
0.1 11.9 0.69 0.31
0.3 21.1 0.66 0.34
0.5 17.9 0.57 0.36
0.7 17.3 0.58 0.32

structure of the Ce; _,Ti,O,_; catalysts was found to correlate
with both catalytic properties (redox properties and surface
acid-base density) and catalytic performance (acid conversion
or ketone yield) during the ketonization reaction.

It can be seen that CeO,-rich Ce-Ti composite oxides (x =
0.1-0.5) show better ketonization reaction activity than the pure
parent oxides. It was reported that carboxylic acids utilize both
dehydration and dehydrogenation sites, indicating the
involvement of both acid and base sites for ketonization.*
Therefore, pure CeO, that has abundant weak basic sites but
lacks acid sites, showed a lower ketonization activity compared
with the Ce( oTig 10, Cey ;Tip.30,_5 and Ce, 5Tip 50,5 samples.
Furthermore, based on the ketonization mechanism with B-
ketoacid as an intermediate,>* the formation of surface
carboxylates was the first step. The «-H atom was then
abstracted from one carboxylate and a corresponding anionic
radical was formed, while the surface Ce*" cations were partly

RSC Adv., 2017, 7, 22017-22026 | 22023
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reduced by picking up the redundant electrons from the
abstracted «-H atoms. Thereafter, the anionic radical subse-
quently attacked another carboxylate to form the PB-ketoacid
intermediate. At the same time, the reduced Ce*" cations were
reoxidized by the hydroxyl radical desorbed from the interme-
diate. Finally, the B-ketoacid intermediate decarboxylated to
form the ketone product. It should be noted that this surface
mechanism involves consecutive reduction-oxidation cycles of
the redox oxide catalyst.*>*' Therefore, the redox properties
should play a critical role during the ketonization process. As
a result, pure CeO,, which is less reducible than Ti-doped CeO,,
will be restricted in taking part in the ketonization reaction.

In the case of Ce, ;Tip30,_s, it displays the highest ketoni-
zation activity and the highest weak acid-base density. This
modified surface has proper acid-base properties due to the
formation of Ce-O-Ti linkage bonds. These Ce-O-Ti species are
considered to be obtained via the incorporation of Ti** into the
lattice of CeO, to form a CeO, solid solution, which has been
confirmed by the results of TEM, XRD, Raman and FTIR. The
redox properties of Ce-O-Ti bonds are superior to those of Ce-
O-Ce and Ti-O-Ti bonds, which was manifested by the fact that
the H, consumed for Ce-Ti mixed-oxides is much higher than
for pure oxides. Additionally, when the Ti content is lowered to x
< 0.5, the surface concentration of oxygen vacancies increases
due to the formation Ce-O-Ti bonds. It is believed that the
increasing amount of surface oxygen vacancies will facilitate the
absorption and activation of acid molecules on the catalyst
surface.””* The acid consumption rate is notably increased as
a function of the ratio of surface Ce*" and the Cey;Tip 3055
catalyst with the highest surface concentration of oxygen
vacancies showed the best ketonization activity. So, it gives
a direct experimental proof that the presence of oxygen vacan-
cies or coordinatively unsaturated surface metal cations could
contribute to the improvement of ketonization performance at
low Ti content (x =< 0.3).

Cey5Tip50,_s shows a relatively lower ketonization activity
with an obvious transformation of weak acid-base sites to
strong acid-base sites and inferior redox properties, compared
with CeO,-like catalysts doped with Ti (x < 0.5). This phenom-
enon is closely related to the change of structural properties
caused by excess doped Ti. When abundant Ti is doped into
CeO, (x = 0.5), Ti*" cations will occupy interstitial sites in the
fluorite lattice and/or concentrate on the oxide surface* as
confirmed by XRD, Raman, and FTIR results. The redox prop-
erties also become worse with the increased amount of doping
Ti (x > 0.5), which indicates that the interaction of Ti and Ce
species becomes weaker. Moreover, the Ce, 3Tiy,0,_s sample
shows a lower ketonization activity compared with the Ce, 5-
Tio.50,_; catalyst. This is because the worse redox ability with
numerous strong acid sites for a TiO,-rich composite oxide,
such as the Ce, 3Tij,0,_; sample, will be unfavorable for the
ketone formation.***’

3.4 Effect of co-feeding CO, and H,O

Since both CO, and H,O are products from the ketonization
reaction, we further examined the effect of co-feeding CO, and
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H,O0 on the ketonization activity of the Ce, ;Tiy 30,_; catalyst. It
can be seen in Fig. 8 that co-feeding of 50 mol% CO, reduced
the ketonization activity by 13% from that found without co-
feeding. When terminating the co-feeding of CO,, the Ce, ;-
Tip30,_s catalyst regained its ketonization activity, reaching
78%. This result gives evidence that the Ce, ;Tip30,_; catalyst
has a weak binding ability to CO, molecules due to the lack of
strong Lewis basic sites on the surface, consistent with CO,-TPD
data. In parallel, co-feeding of 10 mol% H,O led to a 19%
reduction in acetic acid conversion, indicating the inhibition
effect of H,O on the ketonization activity. Different from the co-
feeding effect of CO,, suspension of co-feeding of H,O did not
recover the ketonization activity back to its initial value of 79%. It
should be mentioned that the calculated thermodynamic conver-
sions of acetic acid under our conditions are >99.8% (ref. 48) and it
is much higher than the ones in our co-feeding test. Hence, the
thermodynamic limitation impacts can be neglected here. So, the
inhibition effect of water is mainly attributed to the hydrolyzation
of surface intermediates, such as p-ketoacids. Besides, the
adsorption of strong -OH groups onto the surface, which is
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Fig. 8 Effects of H,O and CO, in feeding (reaction conditions: T =
315 °C, 0.5 g catalyst, 30 mL min~* N, flow rate, 3 mL h™* liquid flow
rate).
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competitive with acetic acid conversion, may also cause the decline
in activity. The observation that the ketonization activity did not
recover with the absence of water may be due to the modification
of the surface acid-base sites, which is caused by the hydrothermal
treatment to the catalysts during the reaction.>*

3.5 Post-reaction catalyst characterization

Both the CeO, and Ce, ,Tiy 30, , catalyst were characterized
after 500 min reaction time. The XRD patterns are shown in
Fig. S5.1 It can be obviously seen that, after 500 min of ketoni-
zation reaction, both the CeO, and Ce-Ti mixed oxide catalysts
could maintain the fluorite structure with a little modification of
the crystallinity. Some new diffraction peaks also appeared,
which can be attributed to the formation of carboxylate. The
FTIR spectra of the spent catalysts are shown in Fig. S6.} It is
evident from the figure that the 4,4_sm Was equal to 119 and
139 em™" for CeO, and Ce-Ti mixed oxides, respectively. The
values imply that the surface carboxylate corresponds to
a bridging or chelating coordination.” Ce 3d XPS results
(Fig. S77) of the spent Ce-Ti catalysts also showed significant
reduction of the surface cerium, which could be attributed to the
presence of Ce(m) in the as-formed metal acetate. Moreover, C 1s
spectra are also depicted in Fig. S7.T7 The C 1s peak at 284.6 eV is
attributed to the carbon in C=C while the C 1s peak at 288.4 eV
is assigned to a carboxylate carbon.?® The O 1s peak at 531.5 eV
for the spent catalyst is ascribed based on the presence of
a carboxyl group (O-C=0).** Both of the changes in C 1s and O
1s spectra manifested due to the formation of surface carbox-
ylate species. No variation of binding energies for Ti 2p was
observed, suggesting that Ti species maintained its chemical
state during the ketonization. It should also be noted that the as-
formed metal carboxylates on the Ce-Ti catalysts can be
completely decomposed thermally and restored to their original
status when the spent Ce, ;Tio30,_; catalyst was then calcined
at 450 °C in air for 1 h (shown in Fig. S57).

It has been reported that the performance of the catalytic
ketonization was correlated to the efficacy of forming metal
acetates versus their decomposition to release a ketone.* The
as-formed surface carboxylate could facilitate the ketonization
as reaction intermediates, especially at higher temperatures. As
shown in the FTIR spectra, it can be seen that more surface
carboxylates were formed over the Ce-Ti mixed oxides catalyst
compared with pure CeO, under the same reaction conditions.
Therefore, this phenomenon indicates that the Ti-doped CeO,
with modified acid-base sites and enhanced redox properties
could facilitate the formation of surface carboxylates and show
better ketonization activity. Although the surface carboxylate
could play the role of surface intermediates, the worse redox
ability of pure CeO, will inhibit these surface intermediates
from further decomposing to products. In this case, the
carboxylate may cause the deactivation.

4 Conclusions

In this work, we prepared a series of Ce; _,Ti,O,_; mixed oxide
catalysts with different doped Ti contents (x = 0.1-0.9) using the

This journal is © The Royal Society of Chemistry 2017
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homogeneous precipitation method. Then, we applied these
catalysts to the gas-phase ketonization reaction to produce
acetone from acetic acids, with special attention to the effects of
doped Ti contents on the ketonization activity. The CeO,-rich
catalysts (x = 0.1-0.5) with the structure of CeO,-like solution
displayed the better redox property and ketonization activity
than pure metal oxides and TiO,-rich catalysts. Among the
catalysts, the Ce,,;Tip30,_s catalyst calcinated at 500 °C
exhibited the highest activity and super-stability for the keto-
nization reaction. This superior activity is attributed to the
enhanced redox properties together with the modification of
surface acid-base sites, providing by the proper formation of
Ce-O-Ti linkage bonds. The excess doped Ti catalysts (x > 0.5)
with worse redox properties and strong acid sites are unfavor-
able for ketone formation. Additionally, the doping of Ti
promoted the formation of surface oxygen vacancies, which is
beneficial for the ketonization reaction. This work demon-
strates the promising potential of Ce-Ti mixed oxides for
practical bio-oil applications.
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