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Cobalt- and cobalt-boron-loaded TiO, (anatase) catalysts were
prepared and characterized before and after catalytic tests by XRD,
HRTEM, IR, UV-visible, and laser Raman spectroscopy. Their
activity was investigated in oxidative dehydrogenation (ODH) of
ethane. In the absence of boron, the best performances were ex-
hibited by the sample containing 7.6 wt% Co, which was selected
for further investigations. At 550°C, it displayed a stationary state
with a conversion of 22.2% and an ethylene selectivity around 60%.
This catalyst also showed in the first 3 h on stream a 30% decay in
activity that was attributed to a concomitant loss of specific surface
area and the formation of CoTiO3; and Co,TiO4 phases. The addi-
tion of 0.25 wt% boron to this Co(7.6)/TiO, sample improved the
ethane conversion and the ethylene selectivity, which attained 28.4
and 67%, respectively. Boron concentrations superior to 0.25 wt%
negatively affected the catalysts performances, probably because at
high loadings it profoundly modified the acid—base properties of
the surface. XRD and HRTEM analyses showed that at the same
time the size of Co3 Oy crystallites decreased. IR investigations con-
firmed the increase in acidity upon boron addition and the decrease
in strength of the basic sites which were involved in the dehydro-
genation processes.

The catalytic behavior and the acid-base properties of
Co(7.6)/ITiO, loaded with different amounts of boron were also
studied using butan-2-ol conversion. Boron addition enhanced the
dehydration and the dehydrogenation reactions. However, above
0.25 wt% it decreased the dehydrogenation activity, confirming
the modifications of the properties of the acid—base centers revealed
by the IR studies. For this optimal concentration of boron, the ac-
tivity and the selectivity in butan-2-ol dehydrogenation exhibited a
maximum that coincided with the one observed in the ethane ODH,
which suggests that both reactions possibly involved the same type
of active centers. (© 2002 Elsevier Science (USA)
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1. INTRODUCTION

Partial oxidation and oxidative dehydrogenation of light
alkanes have been intensively studied in the last decade for
their promising commercial possibilities and also for the
academic challenge they represent. However, until now,
except for butane oxidation into maleic anhydride, there
have been no large-scale industrial operations for these pro-
cesses, probably because the yields are not yet satisfactory.
The presence of O, in the reaction mixture restrains the
thermodynamic limitations but conversely reduces the sta-
bility of the valuable products. Therefore, it seems that the
problem resides essentially in finding a catalyst that allows
a lowering of the reaction temperature while preserving
acceptable performances. Many types of solids have been
tested, including mixtures of transition metal oxides dis-
persed on large specific surface area carriers (1, 2). Pure
phases such as perovskites, Mg3(VOy),, phosphates, and
heteropolyoxometallates of Keggin or Dawson containing
redox metals such as V, Mo, W, Ga, Cu, Fe, and Cr, were
also investigated (3-6). The literature has reported several
reasonable conversions often achieved when N,O is used
as the oxygen source or under severe conditions at the ex-
pense of the selectivity. Introduction of promoters such as
alkalis (7), phosphorus (8-10), or boron (11, 12) has also
been investigated and numerous studies showed that modi-
fying the acid-base and the morphological properties of the
system might increase the activity as well as the selectivity.

In a previous work, it was shown that Co-loaded TiO,
(anatase), usually used in hydrogenation processes and
Fischer—Tropsch reactions, is quite active in ethane ODH
(13). The catalyst exhibits optimal performances when the
cobalt content is around 7.6 wt%. At 550°C, the global con-
version reaches 22.2% with an ethylene selectivity of 60%.
For loadings superior to 7.6 wt%, the activity and selectiv-
ity decrease, probably because the size of Co3Oy4 crystallites
increases and enhances the total oxidation of C;Hg. On the
other hand, the Co(7.6)/TiO, sample undergoes in the first
3 h of reaction a deactivation which is accompanied by the
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formation of CoTiOj3 and Co,TiO4 phases (13). This cata-
lyst rebuilding modifies the surface composition, changes
the Co?*/Co’* ratio, and lowers the specific surface area.
Cobalt-containing materials were also frequently used in
oxidation reactions, but it has always been difficult to corre-
late their activity to a redox mechanism since the oxidation
of Co?* ions is not easily achieved in conventional condi-
tions. Thus, the activity is often related to oxygen-adsorbed
species on the catalyst surface which are assumed to inter-
vene in the alkane activation.

The current work is an extension of previous studies per-
formed on cobalt-loaded TiO; in ethane ODH reactions
(13). Its main goal is to improve the catalytic abilities of
the system and determine the impact of boron addition on
the activity of cobalt species. In fact, it has been claimed
that on B;03/Al,03 at 550°C, the activity reaches 38%,
with an ethylene selectivity of 58% when using O, (12).
Boron oxides do not have redox properties and, therefore,
the reaction mechanism is certainly not of Mars and van
Krevelen type. The addition of boron (as H3;BOs3) to a
Co/TiO, Fisher—Tropsch catalyst also proved to have a ben-
eficial effect on the reducibility of the active phase and on
the CO hydrogenation (15).

The behavior of Co/TiO, and B-Co/TiO, systems is
not yet well understood and has hardly been investigated
in ODH reactions. The present study is concerned with
the determination of the performances of boron-modified
Co(7.6)/TiO, in the ethane ODH. Special attention is de-
voted to the characterization of the catalysts before and af-
ter the catalytic runs using diffuse reflectance spectroscopy,
laser Raman spectroscopy, and HRTEM measurements.
The acid-base properties of the catalysts upon boron ad-
dition is examined by FTIR, adsorbing and desorbing 2,6-
dimethylpyridine (2,6-lutidine or C;HyN) at different tem-
peratures. Butan-2-ol conversion is also studied in order to
(i) compare the catalysts dehydrogenation activity in this
reaction with that of ethane ODH and (ii) correlate the
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acid-base properties of the solids to their activity in both
reactions (16).

2. EXPERIMENTAL

2.1. Catalysts Preparation

The synthesis of B(x)Co(7.6)/TiO, samples that contain
different amounts of boron and 7.6 wt% cobalt was car-
ried out using the coimpregnation and the sequential im-
pregnation methods. The titania in its anatase form was
supplied by Rhéne-Poulenc (TiO, DT51) and used with-
out any further treatment. Chemical determination of its
composition revealed that it contains less than 4-5% sul-
fates, resulting from its precipitation in sulfuric acid me-
dia. The cobalt and boron loadings were performed using
titrated solutions of Co(NOj3),-6H,O and H3BOj3. They
were added simultaneously or sequentially to TiO,. The re-
sulting mixture was maintained under stirring at 80°C un-
til the water completely evaporated. The recovered solids
were dried at 120°C, then calcined in a rotating furnace for
4 h at 550°C under flowing air (30 cm® min~!). The catalysts
prepared by coimpregnation are labeled B(x)Co(7.6)/TiO,,
where x (0 <x <2) represents the weight percent of boron.
Those prepared by sequential impregnation are named
B(x)/Co(7.6)/TiO;.

2.2. Characterization Techniques

The specific surface areas of the samples, which were
evacuated for 2 h at 300°C, were measured before and af-
ter the catalytic tests. Nitrogen adsorption at —196°C and
a Micromeritics apparatus were used. The results are dis-
played in Table 1. They show that loading TiO,with cobalt
decreases the specific surface areas of the samples. Boron
addition to Co(7.6)/TiO, minimizes this loss. The catalysts
synthesized by sequential impregnation exhibit slightly
lower surface areas than those prepared by coimpregnation.

TABLE 1

Specific Surface Areas before and after Catalytic Tests: Chemical Analysis of the Samples

Surface before

Surface after

Chemical analysis

Co/Ti B/Co

Sample catalysis (m? g~!) catalysis (m®> g~!) Theoretical Observed Theoretical Observed
TiO, 89 81.2 — — — —
Co(7.6)/TiO, 63.5 40.7 7.6 7.6 — —
B(0.2)Co(7.6)/TiO, 69.2 43.1 7.6 7.6 26x1072  25x1072
B(0.25)Co(7.6)/TiO, 75.9 49.7 7.6 7.5 33x1072  3.2x1072
B(0.25)/Co(7.6)/TiO, 64.2 46.6 7.6 7.6 33x1072  33x1072
Co(7.6)/B(0.2)/TiO, 69.8 48.1 7.6 7.5 33x1072  3.1x1072
B(0.33)Co(7.6)/TiO, 69.9 523 7.6 75 43x 1072 44x102
B(0.5)Co(7.6)/TiO, 69.3 51.1 7.6 7.5 6.6x102  65x10°2
B(1)Co(7.6)/TiO, 69.7 62.6 7.6 7.6 13.2%x 1072 13.1x1072
B(2)Co(7.6)/TiO; 69.9 64.9 7.6 76 263x102 26.4x 1072
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Chemical analyses were carried out at the Central Ser-
vice of analysis (CNRS-Vernaison) by inductive coupling
plasma-atomic emission spectroscopy (ICP-AES). The re-
sults are reported in Table 1. They show that the amounts
of Co and B found in the samples are in agreement with the
theoretical values. No significant sublimation of boron was
observed even after a calcination at 550°C.

X-ray powder diffraction patterns were recorded with a
Siemens D5000 high-resolution spectrometer using Cu K«
radiation (A =1.540598 A ). The data were collected with a
step of 0.02° (20) at room temperature.

Laser Raman spectra were obtained in backscattering ge-
ometry with a Dilor XY spectrometer using the 514.5-nm
excitation line of a coherent argon Spectra Physics Laser
model 165. The data were collected keeping the power un-
der 20 mW. The spectrometer was also equipped with a
monochromator utilized in the subtractive mode to select a
given range. The detector used was a multichannel Jobin—
Yvon 1024* 256 CCDS matrix, which is thermoelectrically
cooled.

HRTEM micrographs were taken using a JEOL 100CXII
microscope operating at 100 kV. The catalyst was ultrasoni-
cally dispersed in ethanol, and the suspension was deposited
on a copper grid coated with a porous carbon film and then
allowed to dry.

FTIR transmission spectra were recorded on Perkin—
Elmer 1730 and Bruker Equinox spectrometers (resolu-
tion 4 cm™!, 50 scans). The samples were pressed into
self-supporting disks (about 25 mg/cm?) and placed in a
stainless-steel cell (In Situ Research Instruments) that al-
lows in situ analysis. Lutidine adsorption—desorption exper-
iments were performed in the 20-500°C range.

Diffuse reflectance spectra were recorded with 300 mg of
the sample at room temperature between 190 and 2500 nm
on a Varian Cary 5E spectrometer equipped with a dou-
ble monochromator and an integration sphere coated with
polytetrafluoroethylene (PTFE). PTEF was used as a ref-
erence.

2.3. Catalytic Tests

Catalytic behavior and acid-base properties of the sam-
ples were measured using butan-2-ol conversion as the
probe reaction. The runs were performed at 200°C in a dy-
namic microreactor containing, between two quartz wool
plugs, 100 mg of catalyst sieved to 125-180 pum. Prior to
reaction the catalysts were evacuated at 400°C. The alco-
hol was diluted in pure nitrogen or air and supplied to the
reactor at a partial pressure of 8.3 x 10 Pa. The total flow
rate of the reaction mixture was 60 cm?® min~.

Ethane ODH was carried out in a quartz U-shaped
continuous-flow microreactor operated at atmospheric
pressure. Prior to the reaction the catalyst was sieved to a
grain size ranging from 125 to 180 um, then set into the re-
actor between two quartz wool plugs and pretreated with a
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pure nitrogen stream. The reaction mixture was composed
of 6 vol% ethane, 3 vol% O, and 91 vol% N, in a total
flow rate of 60 cm® min~!. Analyses of the effluent gases
were performed using two online chromatographs: a FID
for hydrocarbon separation on a Porapak Q column and
another one equipped with catharometers and a silica gel
column for the oxygenated products. Under the selected
experimental conditions the reaction started around 300°C
and produced only ethylene and CO,.

3. RESULTS

3.1. Catalysts Characterization before the Catalytic Tests

XRD patterns. The X-ray diffraction patterns of
Co(7.6)/TiO, show that besides the titanium dioxide, there
are additional peaks attributed to crystallites of Co304
(Table 2). This formation of Co3;O4 might be attributed
to the fact that the sample contains more cobalt than the
amount needed for the completion of a monolayer. The ex-
cess is transformed, in oxidative atmospheres, into Co3O4.
The formation of this monolayer of cobalt is not the limit-
ing factor that determines the performances of the catalyst.
The interactions between the loaded element and the car-
rier play perhaps a more important role because in many
cases they modify the original behavior of the supported
metal. In order to picture these interactions, the crystallo-
graphic features of TiO, (anatase) have to be taken into
account (14).

Table 2 summarizes the results of X-ray diffraction pat-
terns of B(x)Co(7.6)/TiO, and shows that boron addition
did not affect the structure of TiO,, albeit it decreases the
relative intensities of Co304 diffraction peaks. Concomi-
tantly, it lowers the size of Co3zOy4 crystallites (Table 2).
Other than the Co3O4 no mixed compound containing Co—
B was detected. The B(x)Co(7.6)/TiO, samples loaded with
more than 1% B did not show any crystalline phase ex-
cept TiO; (anatase). These results suggest that boron mod-
ifies the crystalline growth of Co3;QOy, in agreement with
what was reported in the literature for B-Co/TiO; and B—
Co/Al, O3 systems (15, 17).

TABLE 2
X-Ray Analysis of the Samples before Catalysis and the Size
of Co30y4 Crystallites
Size of Co304
Sample Detected phases crystallites (nm)
Co(7.6)/TiO, TiO, anatase + Co3;Oy4 17.9
B(0.25)Co(7.6)/TiO, TiO; anatase + Co3Oy4 19.2
B(0.33)Co(7.6)/TiO, TiO, anatase + C0304 17.1
B(0.5)Co(7.6)/TiO, TiO; anatase + Co3Oy4 16.5
B(1)Co(7.6)/TiO, TiO, anatase —
B(2)Co(7.6)/TiO, TiO, anatase —
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FIG.1. Raman spectra of B(x)Co(7.6)/TiO,: (a) Co(7.6)/TiO,

(b) B(0,25)Co(7.6)/TiO,, (c) B(0.5)Co(7.6)/TiO,, (d) B(1)Co(7.6)/TiO,,
(e) B(2)Co(7.6)/TiO,, and (T) TiO,.

Laser Raman spectroscopy. Laser Raman spectra of the
samples are compared on Fig. 1. Titanium oxide is charac-
terized by three bands, located at 397, 514, and 640 cm™!
(spectrum T). The bands at 397 and 640 cm ! are assigned to
Bi, and E{, modes, respectively, while the band at 640 cm™!
is a doublet of A,, and B;, modes (18). Loading TiO, with
7.6 wt% cobalt gives rise to a new absorption near 692 cm~!
and two shoulders, at 485 and 524 cm™!, assigned to the
Aig, E,, and F,, active Raman modes of the direct spinel
Co30y4, respectively (19, 20). The addition of boron to the
system produces, in agreement with the XRD results, a de-
crease in the intensity of Co3;O4 bands. When the boron con-
tentreaches 1 wt%, Coz O, vibrations disappear completely
(spectra d and e). Boron oxide B,O3; normally displays
two absorptions, located around 806 and 602 cm~!, while
boric acid exhibits two intense peaks, at 880 and 500 cm ™!
(21). None of these bands was identified on the spectra,
probably because boron leads to a formation on the TiO,
surface of amorphous compounds not detectable by this
technique (19).

TEM and HRTEM studies. Transmission electron mi-
croscopy (TEM) observation of the samples showed that
TiO, particles are almost spherical or slightly stretched.
Their size varies between 20 and 30 nm, in agreement with
the results of Roy et al. (22). However, by this (TEM) tech-
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nique it was impossible to distinguish TiO; particles from
those of Co30y, due to the small difference in size and the
poor contrast between them.

The high-resolution TEM (HRTEM) investigations
(Figs. 2A and 2B) revealed that some of the particles are
covered with parallel fringes. Measurement of the distance
separating two consecutive fringes on the (a), (b), and (c)
particles allows the identification of crystallographic planes
of TiO, and Co304 crystallites. On particle (a) this distance
is equal to 3.56 A. This can reasonably be attributed to
the interplanar spacing of (101) planes of TiO, anatase,
which are the preferentially exposed ones. Theoretically,
this spacing is (101) = 3.51 A (23). On (b) and (c) particles
the distances between the fringes are smaller and equal to
d(b)=2.51 A andd(c) =2.42 A. They can be assigned to the
d-spacing of (311) planes in Co3Oy spinel. The size of parti-
cle (b), which corresponds to Co3Qy, is 19 nm. This value is
close to the one previously determined by XRD (17.9 nm)

Co(7,6)/TiO; |

FIG.2. HRTEM micrographs of B(x)Co(7.6)/TiO,.
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FIG.3. DR Spectra of B(x)Co(7,6)/TiO: (a) Co(7.6)/TiO,
(b) B(0.25)Co(7.6)/TiO;, (c) B(0.5)Co(7.6)/TiO,, (d) B(1)Co(7.6)/TiO,,
(e) B(2)Co(7.6)/TiO;, and (T) TiO,.

(Table 1). Boron addition to Co(7.6)/TiO; was found to sig-
nificantly decrease the dimensions of Co3O4 particles. For
the B(0.25)Co(7.6)/TiO, sample (Fig. 2B), particles with
sizes around 7 nm were detected.

UV-visible NIR DRS. The diffuse reflectance spectra
reported in Fig. 3 show that all the samples display a strong
absorption in the UV range due to TiO, interband transi-
tions (valence band — conduction band). The maxima ap-
pearing at 320 and 220 nm are attributed to O?~ — Ti*"
charge transfer bands. In the visible region there is a broad
band near 700 nm, a weak shoulder at 640 nm, and a more
pronounced one between 400 and 550 nm. In the NIR
we observe a set of overlapping bands centered on 1250,
1350, and 1530 nm. Most of these bands can be ascribed to
Co’* ions hosted by tetrahedral sites (24). There is also,
around 1380 nm, a sharp band 2v(OH) due to the har-
monic absorption of residual hydroxyl groups. The bands
located at 640 nm and 1250, 1350, 1530 nm are associ-
ated with v; and v, absorptions that result from the transi-
tions *A,(F) — *Ty(F) and *A,(F) — *Ty(P), respectively
(25,26). These transitions often split into three components
because of the degeneracy left by the excited levels *T;(P)
and *Ty(F) by spin-orbit coupling and/or the John-Teller
effect (24,27). The band at 700 nm and the shoulder appear-
ing between 400 and 550 nm are assigned to 'A;, — 1Ty,
and 'A;, — Ty, transitions, respectively, of Co®* ions (low
spin) in an octahedral environment (28). They confirm the

BRIK ET AL.

presence on the surface of TiO, of Co304, which is better
described by a [Co?"J1q[(Co**)2]onO4 formula. The iden-
tification of octahedral Co** ions on the spectra is quite
difficult because the absorption domains of Co?* ions in
Td and Oh symmetries overlap. Moreover, the absorption
coefficient of tetrahedral Co?* ions is quite superior to that
of Co?* ions in Oh symmetry.

The addition of small amounts of boron (0.2-0.5 wt%) to
Co(7.6)/TiO; leads to a decrease in the intensity of the tran-
sitions ' A, —!T,, and ' A;, — Ty, of the trivalent cobalt.
Concomitantly, a shoulder attributed to Co?* octahedral
species which are characterized by v, transitions located
near 750 nm appears (29). The samples containing more
boron (1-2 wt% ) exhibit remarkable changes in their elec-
tronic spectra (Figs. 3d and 3e). The v; and v, transitions
of Co** ions in octahedral sites disappear and the bands
characteristic of Co?* ions in tetrahedral sites centered on
540, 590, and 640 nm become much better resolved. Similar
observations were made by Houalla and Delmon in study-
ing the CoAIB system (30). On the other hand, it might be
pointed out that the formation of Co-B mixed phases on
the TiO, surface cannot be excluded, albeit such compo-
sitions were not identified by XRD analysis even at high
loadings of cobalt and boron.

IR spectra. The modifications brought to the catalysts
by boron addition were also studied by IR spectroscopy in
the domain of B-O (2000-700 cm~!) and O-H vibrations
(3800-3000 cm™!). The spectra recorded after evacuation
of the samples for 1 h at 350°C are displayed in Figs. 4 and 5.
The bands appearing between 1500 and 1150 cm™! can be
assigned to the valence vibrations of (BO3) groups (31-35).
These (BO3) species also exhibit deformation vibrations
that appear near 740 and 650 cm~!. In the domain extend-
ing from 1150 to 900 cm™, it is the boron oxide B,Osthat
displays several absorptions, at 1120, 1070, and 940 cm ™!,
due to valence vibrations of B-O in BO, tetrahedrons (31).
These bands do not appear in the spectrum of H3BOs.

The spectrum of TiO, anatase (Fig. 4T) displays an in-
tense band at 1370 cm~! and a shoulder around 1260 cm™!
attributed to residual sulfate species left on the sample after
its calcination (36). These sulfate species stabilize the TiO,
anatase by preventing its transformation at high tempera-
tures into the rutile phase, which leads to a less active cata-
lyst in ethane ODH, even if the loaded quantity of cobalt is
changed. They also enhance the acid properties of the car-
rier. Cobalt dispersion on TiO; (7.6%) does not affect the
region of the spectrum where the (SO4)?>~ groups appear
(Fig. 4a), while boron addition to Co(7.6)/TiO, increases
the intensity of some bands and favors the growth of sev-
eral new ones, at 1320, 1270, 1235, 1130, and 1030 cm—".
These bands broaden with the increase of boron content
and reach a saturation for loadings superior to 1 wt% B.
Boron species in a trigonal environment normally gener-
ate three bands, the most intense one being centered on
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FIG.4. IR (1800-700 cm™!) spectra of B(x)Co(7.6)/TiO, recorded
after evacuation at 350°C of (a) Co(7.6)/TiO,, (b) B(0.25)Co(7.6)/TiO;,
(c) B(0.5)Co(7.6)/TiO, (d) B(1)Co(7.6)/TiO,, and (T) TiO,.

1300 cm~!. However, these bands, according to Ramirez
et al., can shift toward low frequencies if boron interacts
with the neighboring atoms (37). Aramendia and colleagues
reported that this band appears at 1265 cm~! if the vibra-
tions of the B-O bond in a trigonal environment are af-
fected by the adjacent cations (34). When boron is hosted
by tetragonal sites, the B-O vibrations appear in the range
1200-1100 cm~!. Therefore, as reported in the literature
(31-35) and by comparison with the reference compounds,
it might be concluded that the boron added to Co(7.6)/TiO;
forms perhaps part of TiO, and is distributed between the
trigonal and the tetragonal sites of the structure (34).

In the domain ranging from 4000 to 3000 cm~! the
spectrum of TiO, anatase exhibits only a broad band at
3665 cm~! surrounded by two shoulders, near 3690 and
3631 cm~!. Addition of cobalt and boron to TiO, gives rise,
as shown in Fig. 5, to several new bands. The absorptions
located at 3665 and 3631 cm~! are due to weak acid OH
groups bounded to Ti** ions that have different coordina-
tion numbers (31, 38). The shoulder at 3690 cm ™! can be as-
cribed to OH groups bonded to Ti** ions that interact with
sulfate anions. Addition of cobalt (7.6 wt%) to TiO; sup-
presses the shoulder at 3690 cm~! and concomitantly gives
rise to a new band at 3735 cm~!. This band was also ob-
served on the MgO-CoO system and it was assigned to OH
hydroxyls bonded to cobalt atoms. The band at 3665 cm™!

475
and the shoulder appearing around 3631 cm~! can be at-
tributed to OH groups of the carrier and/or to new OH
groups belonging to the loaded active phase.

Addition of boron to Co(7.6)/TiO, (Figs. 5a—5d) resulted
in the appearance of a band at 3690 cm~! that increases
with the loading increase. This band was also observed with
B,05/S10,, B,03/A1PO4,and B,O3/Al, O3 systems and was
assigned to B-OH tetrahedrons (31, 39). The absorption at
3735 ecm™!, also found on the spectrum of Co(7.6)/TiO;,
disappeared after introducing 0.25 wt% B and a new one
appeared around 3715 cm~'. This band shifted toward
high frequencies when the B content increased (3715-
3744 ¢cm~!). New bands and significant modifications of
the positions of their maxima occurred upon increasing
boron loading (Figs. Sb-5d). Knozinger and Ratnasamy
(40) Wachs (41) have reported that on alumina, the OH
groups appearing at high frequencies have a basic charac-
ter and their shift toward low frequencies can be associated
with an increase in their acid character. Therefore, it might
be concluded that boron addition to Co(7.6)/TiO; increased
its surface acidity.

The acid-base properties of the catalysts were also in-
vestigated by adsorbing and desorbing 2,6-lutidine (2,6-
dimethylpyridine) at different temperatures (Fig. 6). This
probe molecule allows easy identification of acid sites on

(m)
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FIG.5. IR (4000-3000 cm™!) spectra of B(x)Co(7.6)/TiO, after
evacuation at 350°C of (a) Co(7.6)/TiO,, (b) B(0.25)Co(7.6)/TiO,,
(c) B(0.5)Co(7.6)/TiO;, (d) B(1)Co(7.6)/TiO,, and (T) TiO,.
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FIG. 6. Comparison of 2,6-lutidine IR spectra desorbed at 150°C
from (a) Co(7.6)/TiO;, (b) B(0.25)Co(7.6)/TiO;, (c) B(0.5)Co(7.6)/TiO,,
(d) B(1)Co(7.6)/TiO,, and (T) TiO,.

a surface. It adsorbs on Bronsted acid sites, giving rise to
two bands, near 1644 and 1628 cm~! (BLu). The 2,6-lutidine
coordinates also to Lewis acid sites (LLu), displaying two
characteristic bands, located at 1612 and 1580 cm " (42—-44).
The Bronsted acid sites detected on TiO; free of any load-
ing are probably due to OH hydroxyls bonded to sulfate
groups. Introduction of cobalt increased the Lewis acid-
ity and slightly decreased the Bronsted acidity. Figure 7
represents the changes that the acid sites densities under-
went upon boron addition (Bronsted acidity = area of the
bands at 1644 and 1628 cm™!; Lewis acidity = area of the
band at 1580 cm™'). The density of Bronsted acidity in-
creased with boron content and went through a maximum
for a loading equal to 0.5 wt%. In the meantime, the Lewis
acidity decreased, and after an addition of 0.5 wt% B it
increased slowly. A shift toward high frequencies of the
band at 1612 cm~! (LLu) was also observed, indicating an
increase in the strength of Lewis acidity.

3.2. Butan-2-ol Conversion

Butan-2-ol conversion was studied in order to underscore
the effects of the catalyst acid-base properties on their ac-
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FIG.7. Distribution of Lewis and Bronsted acidity versus boron con-
tent in B(x)Co(7.6)/TiO;.

tivity in this reaction and in ethane ODH. This probe re-
action allows the estimation of the surface acidity by in-
vestigating the catalyst dehydration and dehydrogenation
abilities (45-47).

Figure 8 displays butan-2-ol conversion to butenes and
butanone (methyl ethyl ketone) at stationary state in the
absence of O,from the reaction mixture. The nonimpreg-
nated TiO; is slightly less active than Co(7.6)/TiO,. Upon
boron addition, the dehydration reaction increases rapidly
and reaches a limit for a boron loading around 1 wt%. The
dehydrogenation reaction is very weak and exhibits a maxi-
mum for 0.25 wt%. Beyond this concentration, it decreases
to a negligible value. As previously reported, butan-2-ol
dehydration requires acid sites whereas the dehydrogena-
tion requests basic or redox sites (48). Usually, basic sites
do not intervene in the dehydration process, and if they do,
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FIG. 8. Butan-2-ol conversion into butenes and butanone at 200°C
versus boron content of B(x)Co(7.6)/TiO;. (Solid line) Absence of Oy;
(dotted line) presence of O;.
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TABLE 3

Activation Energies of Butan-2-ol Conversion over
B(0.25)Co(7.6)/TiO; in Absence and Presence of O,

Absence of oxygen Presence of oxygen

Sample E&e (KI)  ES (KI)  Eg (K))  EG,. (KJ)
Co(7.6)/TiO, 1289 80.2 1402 79.1
B(0.20)Co(7.6)/TiO, 120.8 735 1222 67.4
B(0.25)Co(7.6)/TiO, 107.3 73.1 112 62.8
B(0.33)Co(7.6)/TiO, 88.3 86.5 92.4 77.7
B(0.5)Co(7.6)/TiO, 785 89.8 82.8 81.8
B(1)Co(7.6)/TiO, 71.2 92.5 762 83.8
B(2)Co(7.6)/TiO, 703 95.6 72.6 87.2

they must be weaker than those involved in the dehydro-
genation. Therefore, boron loadings superior to 0.25 wt%
decrease notably the amount and the strength of the basic
sites and subsequently the dehydrogenation activity. These
results are in agreement with the modifications of the acid—
base properties of the catalysts formerly investigated by IR
spectroscopy using 2,6-lutidine adsorption.

The activation energy of the dehydration process (EZ,.
(Table 3) decreases when boron content is increased, while
for the dehydrogenation stage there is first a slight decrease,
then an increase. These changes in energy reveal the mod-
ifications that occur on the catalyst surface upon boron
introduction. The small maximum observed for the de-
hydrogenation reaction appears clearly as a minimum in
the activation energies (E3,.). Boron increases the cata-
lysts acidity but concomitantly it decreases the number and
strength of the basic sites. On the other hand, it also de-
creases the size of the Co3Qy4 particles and probably in-
creases their dispersion.

30 T T T T
—e— 450°C
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;;6 Zoj -]
H
% 154 h
o
[(]
I
S 10 .
5 .
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The results obtained in the presence of air in the reaction
mixture, at stationary state, are reported in Fig. 8. The de-
hydration activity undergoes the same changes as in the ab-
sence of O, albeit its limit is higher. Simultaneously, the
dehydrogenation increases more than five times. The pro-
duction of methyl ethyl ketone exhibits, surprisingly, as in
the absence of oxygen, a maximum for a boron loading
equal to 0.25 wt%, which suggests that the dehydrogena-
tion reaction in both cases takes place on the same category
of sites. Introduction of O, in the reaction mixture modi-
fies the catalytic behavior of the catalyst surface. It adsorbs
on the cobalt and produces O?>~ basic specie, which enhance
the performance of the dehydrogenation reaction (49) . For
boron contents superior to 0.25 wt% the activity decreases
rapidly. Boron becomes at these loadings a poison for the
catalyst, probably because it spreads over the active sites,
forming amorphous species. The activation energies deter-
mined at the stationary state for different B loadings in the
presence of O, (Table 3) are inferior to those determined
in the absence of oxygen.

3.3. Ethane ODH

The catalytic activity and selectivity of B(x)Co(7.6)/TiO,
were also studied in ethane ODH reaction. Globally, the ac-
tivity decreases, with time on stream, at all the reaction tem-
peratures. It reaches a stationary state after 3 h on stream.

Figure 9 displays the ethane conversion and ethylene
yield at stationary state and different boron loadings. All
the curves have the same profile. At 550°C, the conver-
sion reaches 28.4% with an ethylene yield of 19%. The best
performance (maximum of conversion and C,Hy yield) is
achieved for a boron content equal to 0.25 wt%. This ad-
dition of boron to Co(7.6)/TiO; increases its activity from
22 t0 28.4% and the ethylene yield from 13 to 19%. Above

211 -
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—»— 550°C

CoHg yield (%)
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FIG.9. Ethane conversion («,) and ethylene yield (7ne) versus boron content at different temperatures over B(x)Co(7.6)/TiO,.
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this loading, as in the case of butan-2-ol dehydrogenation,
the catalyst performance decreases abruptly. It is, however,
worth pointing out that unexpectedly the sharp maximum
of activity observed here coincides with that obtained with
butan-2-ol, for the same boron content (Fig. 9).

Previous studies have shown that supported vanadia is
one the most active and selective catalysts, with a con-
version and a selectivity approaching 30 and 60%, respec-
tively. This good performance is often related by the au-
thors to the redox properties of VO, species (50). The
B(0.25)Co(7.6)/TiO, exhibits a comparable activity at the
same reaction temperatures. This catalyst is also of value in
understanding the fundamental aspects of catalysis, since it
does not own conventional redox centeres but is active in
oxidative dehydrogenation processes. On the other hand,
this system has barely been studied in oxidant atmospheres
such as those investigated here.

Its well known that the selectivity depends consider-
ably on the extent of the conversion. Therefore, in order
to properly compare the performances of the catalysts,
experiments were performed to determine their selectiv-
ity at the same conversion. Figure 10 displays the results
and confirms that the best performance is exhibited by
B(0.25)Co(7.6)/TiOs.

The investigation of the catalysts behavior also showed
that their activity and selectivity do not depend on the
method of preparation. The use of catalysts synthesized
by sequential impregnation (Co(7.6)/B(0.25)/TiO,) leads
to approximately the same results as those obtained us-
ing coimpregnated catalysts (B(0.25)Co(7.6)/ TiO,). This is
probably because regardless of the sequence of Co and B
introduction, cobalt is in excess and seems to always occupy
on TiO; the same sites. The quantity loaded (7.6 wt%) ex-
ceeds the amount needed for the completion of the mono-
layer. Boron addition, independent of its method of intro-
duction, always leads to amorphous mixed phases similar to
those described in the literature for MgO-B, O3 prepared
by coprecipitation (B, Mg, and Co possess comparable ionic
radii) (34).
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FIG. 10. Variation of ethylene selectivity (Sene) versus the conversion
(ag) at 550°C.
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TABLE 4
X-Ray Identification of the Phases after Catalytic Tests

Sample Identified phases
Co(7.6)/TiO, TiO, anatase + Co304 + CoTiO3 + Co, TiOy4
B(0.25)Co(7.6)/TiO, TiO, anatase + Co3 04 + CoTiO3 + Co,TiOy4
B(0.33)Co(7.6)/TiO, TiO, anatase + Co304 + CoTiO3 + Co, TiOy4
B(0.5)Co(7.6)/TiO, TiO, anatase + Co3zO4 + CoTiO3 + Co,TiOy4
B(1)Co(7.6)/TiO, TiO; anatase
B(2)Co(7.6)/TiO, TiO, anatase

3.4. Characterizations after Tests

The catalyst color was observed to change throughout the
tests from brown-grey to green. This modification of color
can be related to an alteration of cobalt coordination sub-
sequent to the formation of well-defined phases and Co**
reduction into Co”* ions. The decay of activity observed
in the first 3 h of reaction could also be, at least in part,
attributed to these changes. In order to trace them, char-
acterization of the catalysts after the catalytic tests were
performed. As Table 1 illustrates, the specific surface areas
of the samples decreased after the tests. Table 1 also shows
that large amounts of boron minimize this decrease.

XRD patterns. X-ray diffraction patterns of the
B(x)Co(7.6)/TiO, recorded after the runs show that the
anatase phase did not undergo any crystallographic change
at the investigated reaction temperatures, probably be-
cause initially it contained sulfates that stabilize its structure
(Table 4). Besides Co3zO4, which appears after the sam-
ple calcination, two new phases were identified as being
CoTiO3; (JCPDS 77-1373) and Co,TiO4 (JCPDS 39-1410).
In CoTiO3, Ti** and Co?* are hosted by slightly distorted
octahedral sites (51). Co,TiOy4 is an inverse spinel and is
better represented by a (Co?*)q(Co** Ti**)onO4 formula
in which half of the Co>* ions occupy tetrahedral sites. The
other half and the Ti** ions are in octahedral sites (52).
The formation of these phases is possibly promoted by the
reducing character of the reaction mixture despite the fact
that it contains O;. For boron loadings inferior to 1 wt%,
XRD spectra are not affected, whereas for superior quanti-
ties the peak width increases and the formation of CoTiO;
and Co,TiOy4 is completely inhibited.

UV-visible NIR spectroscopy. The DRS spectra of
B(x)Co(7.6)/TiO; recorded after catalytic tests (Fig. 11)
reveal that in comparison with the initial samples (Fig. 3)
several differences appear in the visible and NIR domains.
The shoulder located between 400 and 550 nm and the
band centered on 700 nm are characteristic of Co30Oy4. The
three peaks at about 630, 590, and 540 nm are due to *A,
(F) — *T(P) transition of Co*" ions in tetrahedral sites.
There is also, near 760 nm, a shoulder which is overlapped
by the band at 700 nm. This shoulder was, before the tests,
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FIG. 11. DR spectra of B(x)Co(7,6)/TiO, recorded after catalytic

runs: (a) Co(7.6)/TiO,, (b) B(0.25)Co(7.6)/TiO,, (c) B(0.5)Co(7.6)/TiO,,
(d) B(1)Co(7.6)/TiOy, (e) B(2)Co(7.6)/TiO;.

absent from the spectra of the samples containing more than
1 wt% B. In the near-infrared region, a new band assigned
to *A, (F) — *Ty(F) transition appears near 1750 nm.

In order to confirm the attribution of the bands that
arise after the runs and to relate their appearance to the
formation of new phases, CoTiO3; and Co,TiO4 were syn-
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thesized. These bands are listed in Table 5 and compared
with those of reference compounds. Co,TiO4 exhibits (i) a
broad absorption spreading over 1300-1820 nm and three
absorptions near 670, 623, 580 nm that can be assigned to v,
and v, transitions of Co”" in tetrahedral sites, respectively
(53); (ii) three shoulders, around 535, 720, and 1150 nm,
that are assigned to the transitions vy, v5, and v3 of Co**
ions in octahedral sites (29). The spectrum of the ilmenite
CoTiO; phase is similar to that of (CoClg)*~ and Co,SiOy.
It is mainly characterized by three bands, located at 600,
760, and 1530 nm (29). The spectra of the catalysts after
the tests contain bands belonging to CoTiO3 and Co,TiO4
phases. Therefore, the shoulder at 760 nm can be ascribed
to Co?* ions hosted by the octahedral sites of the ilmenite
phase and the band at 1750 nm to Co?* ions in the tetrahe-
dral sites of the spinel Co,TiO4. The spectra of the samples
containing more 1 wt% B do not show any noticeable modi-
fication compared to those of the initial samples loaded with
the same boron amounts. At high concentrations boron to-
tally inhibits the formation of CoTiO3; and Co,TiOy. It was
previously shown that these phases are less active and less
selective than Co(7.6)/TiO, in ethane ODH. Their forma-
tion produces a decrease in the catalyst surface area and a
reduction of Co>* ions into Co?* (13).

Besides the crucial role played by the structural proper-
ties of the catalyst surface, several authors reported that the
acid-base properties intervene in the ODH processes. Con-
cepcion et al., in investigating a series of vanadium-based
catalysts, reported that the olefin selectivity depends on the
acid-base features of the catalysts and on the nature of the
hydrocarbon used (54). Grabowski et al. (7) showed that al-
kali introduction into VO/TiO; and MoQOs3/TiO; systems in-
creases their olefin selectivity. It was also observed, in agree-
ment with the results presented here, that boron addition to
alumina improves its performances in the same class of re-
actions (12). The importance of these acid-base properties

TABLE 5

UV-Visible-NIR Band Positions (in nm) and Assignments of Cobalt Ions in B(x)Co(7.6)/TiO, Catalysts and Reference Compounds

Co** (Td) Co*t (Oh) Co*t (Oh)
V1 ) V1 1% V3 V1 V2

Sample 4A2 — 4T] (F) 4A2 — 4T1 (P) 4T1g — 4ng (F) 4T]g — 4Azg (F) 4T1g — 4T1g (P) ]Alg —>1T1g 1A]g — 1ng
Low-boron- 1750, 1530, 630, 590, 540 sh. 760 700 420

content 1350, 1250 v; and vz are weak because the extinction

BCo/TiO, coefficients of the bands of Co?* (Td) are

higher than those of Co?* (Oh)

High-boron- Very weak 640, 590, 540

content Contain only Co?" in tetrahedral symmetry

BCo/TiO,

Co,TiO4 1820-1300 670, 623, 580 sh. 1150 sh. 720 sh. 535 Contains 50% Co?* in Oh
symmetry and 50% Co?*
in Td symmetry

CoTiOs Contains only Co?* in 1530 760 596 Contains only Co?* in

octahedral symmetry

octahedral symmetry
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is also illustrated by the maximum observed in butan-2-ol
dehydrogenation (in the presence and absence of O, in the
reaction mixture), which coincides with that observed in
ethane ODH for the same boron loading (0.25 wt%). This
result suggests, as pointed out above, that both reactions
involve similar active sites and require the same ratio of
Bronsted and Lewis acid centeres to exhibit the best activity
and selectivity. As a result, when the catalyst is overloaded
with boron, the acidity increases too much and provokes a
marked decrease in butan-2-ol dehydrogenation as well as
a loss of activity and selectivity in ethane ODH.

4. CONCLUSION

From the presented results the following conclusions can
be drawn.

e Cobalt-loaded titanium dioxide Co(7.6)/TiO; is active
in ethane ODH. Its activity decreases from 33% to reach,
after 3 h on stream, a stationary state characterized by
a conversion of 22% and a selectivity of 60%. Through-
out the transitory state of activity, the specific surface area
decreases and concomitantly a formation of less selective
CoTiO3 and Co,TiO4 phases was observed.

e Addition of boron to Co(7.6)/TiO; changes notably the
catalyst acid-base properties. Butan-2-ol confirmed these
results and showed that the best performance is achieved
when boron content equals 0.25 wt % . The dehydrogenation
reaction (in the presence and in the absence of oxygen)
exhibits a maximum for that loading.

e In the ethane ODH reaction, addition of boron to
Co(7.6)/TiO, improves the catalytic performances. A max-
imum of conversion (at stationary state) equal to 28 % with
an ethylene selectivity of 67% was achieved for a boron
loading of 0.25 wt%. For the same loading, a similar maxi-
mum was observed in butan-2-ol dehydrogenation, suggest-
ing that both reactions take place on the same active sites.
The activity improvement subsequent to boron introduc-
tion was related, as shown by XRD and HRTEM analyses,
to the decrease in the size of Co3zOy crystallites and to the
optimization of the surface acid—base properties by the in-
troduction of 0.25 wt% boron.
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