Effect of secondary additives on the properties of
vanadium-aluminum mixed oxide catalysts used in

the oxidation of propane

’ . * . . . . . *)
Victor G. Baldovino-Medrano,"?? Benjamin Farin,? Eric M. Galgneaux3’ .

ICentro de Investigaciones en Catalisis -CICAT-UIS (CICAT), Parque Tecnoldgico de
Guatiguara, Universidad Industrial de Santander, km 2 via El Refugio, Piedecuesta, 681011,

Colombia.

2Laboratorio de Ciencia de Superficies (Csss_UIS), Parque Tecnoldgico de Guatiguara,

Universidad Industrial de Santander, km 2 via El Refugio, Piedecuesta, 681011, Colombia.

3Institute of Condensed Matter and Nanosciences - IMCN, Division Molecular Chemistry,
Materials and Catalysts -MOST, UCLouvain, Place Louis Pasteur 1, box L4.01.09, B-1348

Louvain-la-Neuve, Belgium.

KEYWORDS. Technical catalysts, tableting, vanadium-aluminum mixed oxide, additives,

propane oxidation.

ABSTRACT. We investigated how secondary additives for tableting vanadium-aluminum
mixed-oxides affect the mechanical resistance, surface chemistry, and catalytic performance in

propane oxidation of tablets based on this material. The secondary additives were magnesium
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oxide, silica, boron nitride, sepiolite, and zinc oxide while graphite was used as the primary
shaping agent. Our results showed that the changes in mechanical strength and porosity were
directly related to the softness and ductility of the secondary additive. Overall, we learned that
when manufacturing catalyst tablets, there is a compromise between mechanical strength and
loss in mesoporosity and surface area. On the other hand, the components of the formulated
tablets did not show signs of establishing a chemical interaction with the vanadium-aluminum
mixed oxide. Therefore, the effects of the additives that we found on the catalytic performance
were ascribed to the fact that the selected secondary additives may act as co-catalysts during
propane oxidation. In this sense, boron nitride and sepiolite were best for promoting both the
reactivity of the catalytic formulations while showing a better productivity of propene. The data
was interpreted suggesting that the promotion effect may be due to the combination of a redox
mechanism over the vanadium-aluminum mixed oxide phase and to a surface radical mechanism

occurring over the active moieties of these secondary additives.

1. INTRODUCTION

Shaping is a must for technical catalysts and its importance cannot be overstated.!”'® As
Armor pointed out in his 2005 essay: Do you really have a better catalyst?,'® “It is important to
remember that there is an overall rate (of reaction) determined by catalyst composition, catalyst
shape/structure, porosity, and additives; sometimes an extremely active powder may be difficult
to formulate into a commercial product which fits the reactor conditions.” Therefore, technical
catalysts are shaped bodies that possess the catalytic functionalities needed for high cost-
effective processes and that have adequate qualities for fitting specific reactor types,

configurations, and conditions.! !¢ To fulfill these requirements, they have to possess convenient



composition, size, geometry, and porosity that provide mechanical resistance, thermal, and
chemical resilience. When a promising catalyst powder is identified in the laboratory, the
scaling-up of its production includes designing a series of unit operations for shaping it. The

shaped catalyst is what is called the technical catalyst.

The catalytic powder is often combined with other substances that may serve as binders,
lubricants, plasticizers, compaction agents, porogeneous agents, and other additives promoting
chemical reactivity or stability during the forming operation that leads to shaping.”%!%!* The
formulation of a technical catalyst hence consists of making an adequate selection of these
substances and devising their relative composition in the formulation while keeping in mind the

method selected for the forming operation,>*>11:1417.18

Conventional forming operations are spray-drying, granulation, extrusion, and tableting
(or pelleting). Extrusion and tableting are most often employed for forming catalysts aimed to
processes operated with fixed-bed or trickle-bed reactors at the ton scale; e.g. hydrotreating,
reforming, and selective oxidations.*!>!* When a technical catalyst is installed within these
reactors, its lifespan depends on how it withstands the chemical, thermal, and mechanical
stresses imposed by their own weight, the weight of the reactants, and the constantly changing
operation conditions of the process.?’ " The effects of these stresses are intricately
interconnected with each other; e.g. thermal stresses may lead to sintering or crystallization that
may make the technical catalyst brittle henceforth promoting particle breakage into irregular
bodies and fines that cause channeling, hot-spots, and increased pressure gradients to a point
where the reactor plugs and the operation must be stopped. In these instances, catalysts
extrudates and tablets must offer the highest mechanical resistance possible without strongly

compromising the chemical reactivity and the access of the reactants to the catalytically active



centers. Where, the accessibility to the active centers of the catalysts is controlled by the porosity

of the shaped catalyst.

In recent years, we have devoted efforts to understand the basics behind the extrusion and
tableting of catalytic powders used in selective oxidation reactions.?!3* Particularly, we have
investigated how tableting modifies the physicochemical catalytic properties of vanadium-
aluminum mixed (hydr)oxide (VAIO) powders used for the oxidative dehydrogenation of
propane.?343¢ We found that these powders can only be tableted if they are mixed with low
loadings of graphite (G), ca. 1.0 wt.%, because this substance is needed as both lubricant and
binding agent during the forming operation. The tablets produced with graphite displayed better
selectivity to the production of propene as compared to those made solely with the base VAIO
powder. Furthermore, an analysis of the spent catalysts showed that graphite does not decompose
or burn during the catalytic tests. The latter was a matter of concern for the studied reaction;
propane oxidation. Indeed, Stiles'? strongly warned upon the risks of graphite burning or
oxidation at high temperatures on the stability and performance of industrial catalysts.
Unfortunately, and as it is common for literature concerning the shaping of catalysts, the author
neither provided evidence to support his warning nor did he mention literature references

documenting the fact.

Given the advances described above, we decided to broaden the scope of our research by
investigating the effect of putting secondary additives of different acid-base characteristics into
the formulation of tablets of VAIO-G over some of the relevant physicochemical and catalytic
properties of these materials. For this purpose, we arbitrarily added 5.0 wt.% of the following
substances during tableting: basic MgO, neutral or slightly basic sepiolite,’” neutral boron

nitride, neutral or slightly acidic SiOz, and amphoteric ZnO. The produced tablets were analyzed



in terms of their mechanical resistance, porosity, surface chemical composition, and their
catalytic behavior on the oxidation of propane. For the latter, we investigated how the produced
formulations behaved in front of changes of the reaction temperature and of the O»/C3Hg molar

ratio of the reaction feed.

2. EXPERIMENTAL METHODS

2.1. Synthesis of vanadium-aluminum mixed hydroxides

The synthesis of vanadium—aluminum mixed hydroxides in the 1 kg scale was described in
detail in previous works.>343%3% Briefly, adequate quantities of ammonium metavanadate
(NH4VOg, Isochim, technical degree) and aluminum nitrate nonahydrate (AI(NO3)3-9H>0O, Merck,
95%) were dissolved in distilled water at 333 K in an 80 L stainless steel precipitation tank stirred
with a boat propeller type stirrer. A nominal bulk molar V/Al ratio of 0.25 was fixed for the
synthesis. The coprecipitation of the mixed hydroxide proceeded at a pH of 5.5. This pH was
reached and maintained by adding NH4OH (Merck, 25%). The obtained hydroxide slurry was
filtered in a belt-filter and then washed overnight under stirring with hot water in the co-
precipitation reactor vessel. After a second filtration, the recovered solid was dried in a static air
stove at 333 K. The dried vanadium—aluminum mixed hydroxide powder was grounded and sieved

to particle sizes below 100 pm.

2.2. Tableting

The sifted vanadium—aluminum mixed hydroxide powder was mixed with 1.0 wt.%
graphite (Merck, technical grade) and 5.0 wt.% of the selected secondary shaping additives inside
a glass bottle.>*** These additives were powders of magnesium oxide -MgO: basic- (Aldrich),

sepiolite -Mg4SicO15(OH)2-6H,0: neutral or slightly basic->7 (Sigma-Aldrich), boron nitride -BN:



neutral- (Sigma-Aldrich), silica -SiO;: neutral or slightly acidic- (Merck), and zinc oxide -ZnO:
amphoteric- (Merck), that were all technical grade products. Cylindrical tablets with dimensions:
L =23 mm x @ = 5.1 mm, were manufactured with a hand-operated machine (Ateliers Ed.
Courtoy, series 796).32** Tablets were roasted inside a stove under static air at 773 K for 4 h. The
formed materials were named following the nomenclature: VAIO-G-Additive. Where, G stands
for 1.0 wt.% graphite and Additive was replaced by the corresponding nomenclature adopted for
each additive. Namely, Mg = magnesium oxide, BN = boron nitride, Si = silica, Sep = sepiolite,

and Zn = zinc oxide.

2.3. Assessment of the physicochemical properties of the materials
Mechanical resistance

The axial compressive strength (c:) of the tablets was measured with an automatic Instron
5566 testing using the methods reported elsewhere.’!*>** Tablets were placed in the instrument
where they were submitted to an axial load at a constant speed of 5 mm/min. The accuracy of the
measured force was =1 N. The measurements were replicated at least five times for each tested

sample.

Surface area and porosity

N adsorption-desorption isotherms at 77 K were measured by the volumetric method in a
Micromeritics Tristar 3000 apparatus. The analysis was performed on particles of sizes ranging
between 100 and 350 um. These particles were recovered after crushing the corresponding VAIO-
G-Additive tablets. In general, 0.15 - 0.25 g of sample were outgassed overnight at 423 K under a
vacuum pressure of 15 Pa before running the analyses. During each test, both the warm and cold

free spaces of the sample cells were automatically measured by the apparatus. The relative pressure



(P/Pg) range of the measurements was comprised between 0.01 — 0.99 with ~59 points being

collected to complete the isotherms.
X-Ray photoelectron spectrometry (XPS)

XPS measurements were performed with an SSI-X-probe (SSX-100/206) photoelectron
spectrometer (Surface Science Instruments) equipped with a monochromatic microfocused Al Ka
X-ray source (1486.6 eV) using the same procedures reported elsewhere.>!>* Sample preparation
consisted of crushing and grounding randomly selected tablets into fine powders. These powders
were then pressed into small stainless-steel troughs and mounted on a multi-specimen ceramic
carrousel used as the sample holder. Samples were then introduced in the preparation chamber of
the instrument where they were outgassed overnight over vacuum. Afterward, they were passed to
the analysis chamber of the instrument where the pressure was around 1.3x10°° Pa. An area of
approximately 1.4 mm? (1000 pm x1700 pm) was analyzed for each sample. To avoid issues with
sample charging, a Ni grid was placed 3 mm above the carousel holding the samples and the
samples were flooded with low energy electrons using a flood gun operated 8 eV. During the
analyses, general survey spectra were recorded using a pass energy of 150 eV. Under such a
condition, the full width at half maximum (FWHM) of the Au 4f;,» peak of a clean gold standard
sample was about 1.6 eV. Besides the general spectra, narrow scans were recorded for selected
regions of the spectra by setting the pass energy at 50 eV. The stability of the surface charge of the
samples during the measurements was monitored by recording the C 1s peak of the samples at the
beginning and at the end of the measurements. The recorded data were analyzed with CasaXPS®
(Casa Software Ltd., UK) using a Gaussian/Lorentzian (85/15) product function as line shape after
subtraction of a Shirley baseline. Further details on the analysis conditions are given

elsewhere. 3132344041



2.3. Catalytic tests

The oxidation of propane was used as a test reaction. Tests were carried out in a U-shaped fixed-
bed reactor made of quartz; external diameter of the tube = 0.6 cm; external diameter of the fixed-
bed =1.4cm, L =19.1 cm, and provided with a frit to hold the catalyst. Before the tests, the tablets
of the catalysts were crushed and the recovered particles were sifted to sizes between 200 and 315
um. Circa 0.1 g of these particles were diluted in quartz spheres (0.4 g, Dp < 200 um) and put
inside the reactor for testing under plug-flow conditions. The volume of the catalytic bed (catalyst
plus quartz spheres) was ca. 1.0 cm®. The empty space between the entrance and exit of the fixed
bed was not filled up. The reactor was provided with a thermowell located at the same height as
the catalytic bed. This allowed direct sensing and control of the reactor temperature at the level of
the catalytic bed. The temperature was sensed by a K-type thermocouple connected to a
conventional PID controller. The tests were made as follows. First, the catalysts were dried for 1
h under nitrogen flow after which the reactants were fed to the reactor. Then, the temperature was
consecutively ramped up to 723, 748, and 773 K. The feed consisted of 40 cm?/min of a mixture
of O and C3Hg and N> as diluent. Tests were made at different O»/C3Hg molar ratios; namely, 2.0,
1.5, 1.0, and 0.67. Technical grade propane, 99.999% purity oxygen and 99.999% nitrogen were
used. All gases were provided by Praxair and used as received. Reaction products identification
was made with an on-line Varian GC provided with three GC columns and two detectors. A
Hayesep column coupled with a Molecular Sieve column and a TCD detector were used to separate
and quantify Oz, N, CO, CO», C3Hs, and C3Hs. The presence and quantification of oxygenates
were managed through a system composed of one EC-Wax column coupled with an FID detector.
Further details of the reaction set-up are presented elsewhere.?!*> Carbon balances around 100%

were achieved for each catalytic test. A standard deviation of 10-15 % was accepted due to the



uncontrolled limitations of the experimental set-up. The catalytic performance was assessed in
terms of fractional conversions and products yields according to the equations:

0_nf
X, = (nlnpnl) :1=C3Hs or O (Equation 1)

4

. U
y; = ( d) ) X i +— (Eq. 2); j = C3Hs, CO», CO, or other oxygenated

% 0 -
C3Hg nC3H8 anHg

hydrocarbons (Equation 2)

3. RESULTS AND DISCUSSION

3.1 Physicochemical properties. First, we will discuss the effect of the use of the selected
secondary additives on the mechanical resistance of the materials. Then, we will show that the
original mesopore structure of the vanadium-aluminum mixed oxides was kept by tableted
materials even though the number of mesopores was reduced by the forces exerted during the
forming operation. The latter translated into losses of specific surface area and pore volume

which were found to vary with the type of secondary additive.

Mechanical resistance. Figure 1 shows boxplots comparing the axial compression
strength for samples of the manufactured tablets. Raw data can be found in Table S1. Clearly,
the addition of silica, VAIO-G-Si, strengthened the axial compression resistance of the tablets
beyond the levels reached with the sole addition of graphite, VAIO-G. However, the mechanical
resistance of VAIO-G-Si was highly variable with some tablets having a similar mechanical
resistance than those produced with the other secondary additives. To this respect, compared to
VAIO-G, boron nitride, magnesium oxide, sepiolite, and zinc oxide lowered the mechanical
resistance of the manufactured tablets to a very similar extent. In the case of boron nitride,

sepiolite, Mohs hardness ~ 2.0 for both, and zinc oxide, Mohs hardness ~ 4.5, these are soft



materials that could have been expected to lower the mechanical resistance of the tablets. In the
cases of magnesium oxide and silica, these are both hard solids, Mohs hardness ~ 5.5 and 7.0,%?
respectively, but, as mentioned before, only silica enhanced the mechanical resistance beyond
the values obtained for the tablets made with graphite. Although, the tablets manufactured with
magnesium oxide had the highest median axial compressive strength, ~35 MPa, among those
made with the other additives. We do not know the reason (or reasons) behind these trends at this
point. One may suppose though that they are related to the changes in the hardness of the

14,17,43

secondary additives commented before. According to the literature, refractory oxides make

tableting very difficult since their hardness makes them less ductile. Ductility is necessary for
wielding the particles from the different substances formulated to make the technical catalyst via

tableting, 41743
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Figure 1. Boxplots for the mechanical resistance of vanadium-aluminum mixed tablets
manufactured with different shaping additives. Nomenclature: VAIO-G-Additive, where, G = 1
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wt.% graphite, Si = SiO2, BN = Boron nitride, Mg = Magnesium oxide, Sep = Sepiolite, Zn =
Zinc oxide. All tablets contained 5.0 wt.% of the corresponding additives.

Porosity. Figure 2 shows two nitrogen physisorption isotherms, selected among those
measured for the manufactured catalysts tablets, that illustrate that the mesoporous structure of
the catalytic vanadium-aluminum mixed oxide was kept by the tablets made with the secondary
additives. The isotherms, measured with particles recovered after crushing tablets of the
vanadium-aluminum mixed oxide and of the formulation with 1.0 wt.% graphite and 5.0 wt.%
silica, are presented in terms of a y-plot.***> We used this method because for the present
materials it is more adequate for estimating surface area, SAy, than the conventional BET
method.*® As we discussed in a previous contribution,*? vanadium-aluminum mixed oxide
powders consist of platy particles making slit-like mesopores that produce type II isotherms with
an H3 hysteresis loop. As the results presented in Figure 2 show, our tests did not detect changes
of the pore structure after tableting using the additives studied herein. This is further
corroborated by the results of the BJH calculations*” done for assessing the corresponding

mesopore size distributions, Insets Figure 2 and Figure S2.
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Figure 2. Representative nitrogen physisorption isotherms, x-plots,>>* for particles
recovered from two representative formulations of vanadium-aluminum mixed oxide tablets:
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VAIO = vanadium-aluminum mixed tableted without additives. VAIO-G-Si = vanadium-
aluminum mixed tableted with 1.0 wt.% graphite and 5.0 wt.% silica. Physisorption isotherms
for the other manufactured tablets can be found in Figure S1. Insets correspond to BJH*” pore
size distributions and cumulative pore volumes considering slit-shape pores. Other pore size
distributions and cumulative pore volume plots are presented in Figure S2.

Indeed, the original two families of mesopores found for the vanadium-aluminum mixed
oxide powder after tableting; one around 6.0 nm and the other around 15 nm, were also found for
the powders recovered from the other tablets, Figure S2. In conclusion, neither of the
formulations employed for tableting the vanadium-aluminum mixed oxide catalyst modified its

mesoporous structure.

Although the manufactured tablets kept the mesoporous structure of the vanadium-
aluminum mixed oxide, tableting led to a loss in the number of mesopores hence decreasing the
surface area of the materials. This effect is made patent by the results feature in Figure 3
(numerical values are reported in Table S1). We may notice that, as secondary additives,
magnesium oxide and silica roughly had a higher surface area and cumulative pore volume than
the tablets produced solely with graphite. One may also notice that the tablets produced with
sepiolite were those with the least loss in surface area and cumulative pore volume while keeping
the same level of mechanical strength of the tablets manufactured with zinc oxide and boron
nitride. The effect of sepiolite may be explained considering that this material is a clay binder
whose platy and ductile particles may easily intercalate with those of the vanadium-aluminum
mixed oxide. However, its softness does not contribute to enhancing the mechanical resistance of
the tablets. Similar considerations can be made for explaining the effects of boron nitride and

zinc oxide who are also soft layered materials.
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Figure 3. Surface area, SAy, and cumulative pore volume, V), plotted as a function of the
median of the axial compressive strengths exhibited by the manufactured tablets. Nomenclature:
VAIO-G-Additive, where, G = 1 wt.% graphite, Si = SiO>, BN = Boron nitride, Mg =
Magnesium oxide, Sep = Sepiolite, Zn = Zinc oxide. All tablets contained 5.0 wt.% of the
corresponding additives.

In summary, we found that the use of the secondary additives for tableting vanadium-
aluminum mixed oxides has a strong impact on the mechanical resistance of the manufactured
tablets. Specifically, if the additive is a refractory solid such as silica, the produced tablets
increase their mechanical strength. Meanwhile, if the additive is soft; e.g. boron nitride, sepiolite,
zinc oxide, the mechanical strength of the tablets decreases. In general, tableting, as practiced
under the conditions of the present study, does not alter the mesoporous structure of the catalytic
powder. What tableting does make nonetheless is to reduce the number of mesopores of the
catalyst. This translates into losses in surface area and pore volume. In this sense, softer additives
mitigate such losses but at the above-mentioned expense in mechanical strength. This teaches us

that the mechanical resistance of a catalytic tablet cannot be optimized without reaching a

compromise between this property and surface area.
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We are going to discuss now how the secondary additives of the catalyst tablets affected

surface chemistry as measure by XPS.

Surface chemistry. Table 1 shows the surface composition of particles recovered after
crushing the manufactured tablets. The presented composition is representative of the internal
surface of the tablets which may differ from what is present at their external surface.?!> The
internal surface of the tablets is where most of the active sites of the catalyst are located though.
Therefore, its characterization is relevant for understanding catalysis; particularly, at the
laboratory scale, which is the present case, where transport limitations are ruled out.>? The first
thing to comment about these results is that the composition of the tablets made from the
vanadium-aluminum mixed oxide without and with graphite, VAIO and VAIO-G, respectively,
are similar to what we reported in our previous contribution.* Namely, the molar percentage of
vanadium, ~4.0 mol%, and the V/Al molar ratio, ~0.16, of these catalysts are within the range of
values found earlier.’? Besides, the V>*/V# molar ratio of this set of materials was also within

the margins of what has been found earlier for vanadium-aluminum mixed oxides.*®

Table 1 Elemental surface composition of particles recovered after crushing the
manufactured tablets measured by X-Ray photoelectron spectroscopy. Nomenclature: VAIO-G-
Additive, where, G = 1 wt.% graphite, Si = SiO2, BN = Boron nitride, Mg = Magnesium oxide,
Sep = Sepiolite, Zn = Zinc oxide. All tablets contained 5.0 wt.% of the corresponding additives.

Element mole%o

Catalyst code 0 V;
¢ Organic/Inorganic V5+ V4t Al Others

VAIO 14.0 4.7/50.6 a0 25.8 N=03
VAIO-G 19.7 4.2/47.0 gi 25 3 N=0.4
VAIO-G-Si 20.6 3.9/51.7 gg 110 Si=105
2.8 B=125

VAIO-G-BN 21.4 4.7/32.0 o 13.9 B2
VAIO-G-Mg 27.4 5.6/42.8 3.1 16.1 Mg = 5.0

14



4.7

3.6 Si=18
VAIO-G-Sep 245 5.1/46.2 23 17.6 Mg =13
VAIO-G-Zn 26.6 4.4/44.5 22 16.4 Zn=47

We want to discuss now how the concentration of surface carbon increased with the
addition of the secondary additives during tableting. Surface carbon has two sources in the
featured materials; carbon from graphite, that roughly contributes 5.0 mole%, and adventitious
carbon*-! adsorbed from the environment which roughly contributes 14.0 mole% in the case of
VAIO materials, Table 1 and previous works.*> What seems interesting from the current results
is how the concentration of carbon increased for the tablets made with magnesium oxide, 27.4
mole%, sepiolite, 24.5 mole%, and zinc oxide, 26.6 mole%, while it rather remained at the same
level for the tablets made with silica, 20.6 mole%, and boron nitride, 21.4 mole%. These
increments are due to an increase in adventitious carbon since the loading of graphite was the
same in all cases. Considering this fact, a correlation between the concentration of surface carbon
and the acidobasicity of the additives is suggested. We may notice that both silica and boron
nitride, which are rather neutral, did not enhance carbon concentration while basic MgO, slightly
basic sepiolite, and amphoteric ZnO did. Therefore, the concentration of adventitious carbon can
be employed as an indirect marker for the acidobasicity of the materials. One may recall that the
surface of metallic oxides tends to minimize its surface energy by adsorbing organic molecules
with lower surface tension.’? This observation will become handy when analyzing the general
catalytic trends found herein, Section 3.3.

We now focus on the concentration of oxygen. We discriminated the total concentration of
this element into organic and inorganic simply by subtracting the oxygen associated to the C 1s

peak from the concentration of oxygen calculated with the O 1s peak (see Table S3 and Figure
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S3 for details). Such a distinction is important because only inorganic oxygen will play a role in
catalysis since organic carbon is weakly bonded to the surface hence being eliminated during the
drying stage of the catalytic tests. Assuming the stoichiometries of the additives, we may further
aim distinguishing the oxygen that should belong to the vanadium-aluminum mixed oxide from
the oxygen that belongs to the additives. For this, we will assume that the added oxides obey their
nominal stoichiometries, accepting that this is a rough approximation. Therefore, silica will be
Si02, magnesium oxide will be MgO, zinc oxide will be ZnO, and sepiolite will follow the
empirical formula accepted in mineralogy: MgsSisO15*6(H20).>* For sepiolite, it can be noticed
that the Si/Mg measured by XPS, 1.8/1.3 ~ 1.4 is approximately the same as the one of the mineral,
6/4 = 1.5. According to simple arithmetic, we then have that the mole percentages of oxygen
associated to the vanadium-aluminum oxide decrease in the order: VAIO, 50.6 mole% > VAIO-
G, 47.0 mole% > VAIO-G-Sep, 39.9 mole% ~ VAIO-G-Zn, 39.8 mole% ~ VAIO-G-Mg, 37.8
mole% > VAIO-G-BN, 32.0 mole% ~ VAIO-G-Si, 30.7 mole% . Two facts can be highlighted
from such a comparison: (i) both graphite and the secondary additives reduced the concentration
of surface oxygen linked to the catalytic phase. Where, the secondary additives further decreased
the concentration of such oxygen. (ii) The additives with neutral acidobasicity, boron nitride and
silica, showed the lowest concentration of oxygen linked to the vanadium-aluminum mixed oxide
whereas those with acidobasic qualities, sepiolite, magnesium oxide, and zinc oxide, led to similar
concentrations of this kind of oxygen. These trends do not correspond to the formation of new
bonds between the catalytic phase and the additives since each substance kept their chemical
identity after tableting, see Supplementary Information and Figure S3 and Table S3, featuring the
analysis of the chemical species of the materials made by XPS. This result is a corroboration on

the fact that conventional tableting does not modify the chemical nature of mixed oxides.*!-*?
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3.2 Catalytic behavior

We first address how the temperature, at a fixed O»/C3Hg molar ratio = 2/3, modified the
catalytic behavior of the formulated tablets and then we will analyze how the O»/C3Hg molar ratio,
at a fixed temperature = 723 K, changed the catalytic performance. We will also separate the
presentation of the results discussing first the tendencies found for the conversions of propane and
oxygen and then the distribution of products. Our analysis will not include rigorous kinetic
considerations since the experiments were done under conditions where thermodynamic
equilibrium effects cannot be completely ruled out.>* Such a limitation is justified at this stage of
the research since the goal was to identify the main effects that the selected secondary additives

have on the overall catalytic behavior.

Effect of temperature on conversion. Table 2 shows the steady state average conversions
of propane and oxygen as a function of temperature for the formulated catalysts. Excepting the
catalyst formulated with sepiolite, VAIO-G-Sep, all catalysts started approaching full oxygen
conversion at 748 K. Oxygen was the limiting reactant and this set the limit for the conversion of
propane. We will limit our comparison of the catalytic performances at the results found at 723 K
since an analysis under a full conversion regime would be mostly controlled by thermodynamics.
We will also limit our comparisons to the conversion of propane since, under the current
conditions, the conversion of oxygen was roughly twice the conversion of the hydrocarbon in all
instances. This suggests that, regardless of the nature of additive, the reactions of oxidation of
propane were prevalent during the tests. Keeping these considerations in mind, the reactivity of
the formulated catalysts decreased in the following order: VAIO-G-Sep (Xc:H, = 0.40) > VAIO-G-
BN (XcsHs = 0.37) > VAIO (XcaHs = 0.32) > VAIO-G-Zn (XcaHs = 0.27) > VAIO-G-Si (XcaHs = 0.26)

> VAIO-G-Mg (XcaHs = 0.23) > VAIO-G (XcH, = 0.19). Two facts can be highlighted from this
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trend: (i) all secondary additives increased the reactivity of the catalytic formulations as compared
to the reference made with graphite, VAIO-G. (ii) The acido-basicity of the secondary additives
did not seem to play a crucial role on defining the reactivity of the catalysts as a function of
temperature. Indeed, the formulations made with sepiolite, weakly basic, and boron nitride,
neutral, were more reactive than the vanadium-aluminum mixed oxide material itself, while the
formulations made with more basic MgO, neutral or slightly acidic SiO», and Lewis acidic ZnO
showed a rather similar reactivity. Beyond such a consideration, as additives, sepiolite and boron

nitride promoted the reactivity of the VAIO catalyst.

Concerning the effect of sepiolite on the catalytic behavior, around the mid-90s, Corma et
al.>>>8 published a series of studies analyzing the catalytic behavior of vanadium oxides supported
on sepiolite and magnesium oxide and concluded that magnesium from these oxides can interact
strongly with vanadium if they roasted the magnesium silicate at 923 K before impregnating the
vanadium oxide precursor and then roasted again at 823 K. This strong interaction leads to the
formation of different vanadium-magnesium mixed oxide phases; MgV20s, Mg3V20g, a- and -
Mg2V207, that are reactive in propane oxidation. From our current results, we do not have evidence
for proving the existence of these interactions. Neither can we compare directly our results to those
of Corma et al.>>8 because they impregnated the vanadium phase over sepiolite while we made a
physical mixture between a vanadium-aluminum mixed oxide and the sepiolite additive and then
50 K below the temperature used by Corma et al.’>>® Therefore, although we are certain that
adding sepiolite during the tableting of the vanadium-aluminum mixed oxide catalyst promotes its

reactivity, we cannot know still the reasons behinds such a promotion effect.

Regarding the promotional effect of boron nitride, three years after the publication of our

results concerning this effect in 2013, the group of Hermans at the University of Wisconsin®®°
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developed research proving that by itself boron nitride is catalytically reactive in alkane oxidations
while yielding interesting amounts of olefins. In the specific case of hexagonal boron nitride, this
group reported that this material favors parallel alkane cracking reactions instead of their
combustion. They further postulated that boron nitride oxidizes to form B(OH)xO3-x moieties that

constitute its catalytically active sites.5!

One clue towards understanding the effects of sepiolite and boron nitride in our research is
to analyze the chemistry measured by XPS, Tables 1 and S3. From these results, we may ask first:
did the relative concentration of surface vanadium increased for the formulations made with
sepiolite and boron nitride as compared to the base vanadium-aluminum mixed oxide? No, it did
not. Therefore, we cannot explain the increase in reactivity by an increase in surface vanadium.
This was a general trend, meaning that we did not find a clear correlation between the
concentration of surface vanadium and the catalytic performance for any of the materials under
any of the studied reaction conditions, Figure S4. Second, is the promotion of the reactivity of the
catalysts by sepiolite and boron nitride due to a modification on the V°*/V** ratio of surface
vanadium? It might be, but... The V°*/V** ratio decreased from 2.8 for the vanadium-aluminum
mixed oxide to 2.3 and 2.1 in the formulations where sepiolite and boron nitride were added,
respectively. However, the VAIO-G formulation showed the same V°*/V** ratio as VAIO-G-BN
and was less reactive. Therefore, we cannot conclude that the promotion of the reactivity of the
catalysts is due to a change in the V®*/V** ratio for these two formulations. Finally, is the promotion
related to the quantity of surface inorganic oxygen linked to vanadium? As in the case of the second
question, this does not seem to be the case since the relative amount of surface oxygen was mostly
at the same level for all catalysts, Table 1, but for VAIO-G-BN. Indeed, the catalyst formulated

with boron nitride showed the lowest quantity of surface oxygen among the materials, 32.0 mole%.
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This suggests that the reactivity of the formulated catalysts is more a matter of the quality and
dynamic behavior of the surface oxygen than on its quantity. We further corroborated the lack of
correlation between these properties by making boxplots where the catalytic performance is

presented as a function of the surface concentration of oxygen linked to vanadium, Figure S5.

In general, the negative answers for the three questions asked above show that if we want
to understand the chemistry behind the catalytic behavior of multicomponent technical catalysts,
we need to consider what would be the individual contribution of each component and how would
these components interact among each other and with the reactive surface species. Explaining the
behavior of multicomponent catalysts is still an unresolved issue in catalysis science since most
investigations are made for understanding model systems. In the past, however, the extensive
works of the late Prof. Delmon et al.52%% aimed explaining such effects by postulating the so-called
remote control theory in which one catalytic phase would be responsible for activating oxygen
molecules (or hydrogen) and then spilling it over another catalytic phase. Where, the rate of
spillover would determine the reactivity of the system and the dynamics of the reaction. This theory
was useful for modelling the kinetic behavior of multicomponent catalysts and reactors.®*%® More
recently, Vuong et al.%” used an alternative approach for modelling the synergistic effects of
mechanical mixtures of catalysts for car exhaust depollution. The approach consisted on making
combinatorial kinetics from a library of kinetic models for the individual catalysts that would be
physically mixed inside a catalytic reactor. Their work emphasized the role that concentration
gradients have on the synergy displayed by mechanical mixtures of catalytic powders. The scope
of our present contribution does not comprise an assessment of the above aspects to explain our

observations. However, from our results, it seems that they should be considered in future
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investigations since the conventional analysis of the surface chemistry of the formulations VAIO-

G-BN and VAIO-G-Sep failed to provide explanations.

Finally, we want to highlight an index, the reactivity index, that is of interest for technical
catalysts used in fixed-bed reactors, Table 2. The reactivity index is calculated as the mass of
reactant converted per volume of catalyst per hour [kge/(m3.caxh)]. This index is, of course,
analogous to the definition of the so-called Space-Time Yield (kge/(kg-catxh) used by other
authors.®® Considering that we made our catalytic tests at the laboratory scale and over particles
recovered after crushing and sifting catalytic tablets, the values of the reactivity index can be
considered as maxima of this index. Results show that formulating the catalyst with graphite
decreases the reactivity which means that an industrial unit using the VAIO-G formulation will
require either a larger volume of catalyst or a higher operation temperature to reach the same level
of converted hydrocarbon per volume of catalyst as compared to the tablets made with only the
vanadium-aluminum mixed oxide. Conversely, the formulations made with sepiolite and boron
nitride would be less catalyst consuming for a process based on these technical catalysts. As
already mentioned, besides reactivity, technical catalysts are also assessed in terms of their
mechanical strength.29102228-30 Recalling our results on this property, Figures 1 and 3 and Table
S1, the eventual use of tablets formulated with sepiolite and boron nitride in a fixed-bed unit would
be a good trade-off between reactivity and mechanical resistance because the latter was higher as
compared to the mechanical resistance of the tablets made with the powder of the vanadium-
aluminum mixed oxide. Furthermore, as we reported earlier** the continuous production of VAIO
tablets was impracticable hence the use of graphite or of another type of lubricant is mandatory.136°
Another aspect that makes attractive the use of sepiolite and boron nitride as secondary additives

for the production of technical catalysts based on the VAIO phase is that they reduce the loss in
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porosity of the base catalyst, Figure 3 and Table S1. Based on these qualities, both sepiolite and
boron nitride are a priori interesting forming additives for technical catalysts used in oxidation
processes. In this regard, one must analyze how the secondary additives impact the distribution of
products from the oxidation reaction. It is important to keep in mind that, in the case of selective
oxidations, a higher reactivity is accompanied by the thermodynamic prevalence of combustion

reactions which are, of course, undesirable.

Table 2. Molar fraction conversion of propane and oxygen as a function of temperature, 723, 748,
and 773 K, over particles recovered from tablets of the catalytic formulations. Reaction conditions:
U-shaped quartz fixed bed reactor, p = atmospheric pressure (Louvain-la-Neuve ~ 1.03 bar),
catalyst weight ~ 0.1 g, average diameters of the catalyst particles 315 — 200 um, catalytic bed
volume ~ 1.0 cm? (catalyst plus ca. 0.4 g of quartz spheres of diameter < 200 um), gas flows, F;
[cm®/min]: Fou, = 4; Fo, = 6; Fn, = 30. Nomenclature: VAIO = vanadium-aluminum mixed oxide;
G = 1.0 wt.% graphite; Mg = magnesium oxide; Si = silica; BN = boron nitride; Zn = zinc oxide;
Sep = sepiolite. *Reactivity Index (RI) [=] kgreactant/(M3carxh). -cat = catalyst. For calculating the
Vcat in RI, it was assumed that the density of the materials corresponds to the density of the
vanadium-aluminum mixed oxide,* p = 2800 kg/m?.

Catalyst code T [K] XCsHs Xo, Xoa/ XCaHs Rlcs: * Rlo.*
723 0.32 0.66 2.04 3983.6 8688.8
VAIO 748 0.48 1.00 2.06 5963.1 13178.9
773 0.50 1.00 2.01 6148.6 13231.9
723 0.19 0.32 1.67 2350.6 4211.9
VAIO-G 748 0.34 0.65 1.93 4156.8 8582.8
773 0.50 1.00 2.00 6148.6 13192.1
723 0.23 0.39 1.72 2808.3 5165.6
VAIO-G-Mg 748 0.40 0.78 1.95 4948.6 10317.9
773 0.51 1.00 1.94 6359.0 13231.9
723 0.26 0.57 2.18 3229.0 7523.2
VAIO-G-Si 748 0.41 0.87 2.14 5022.8 11523.3
773 0.50 1.00 2.02 6136.3 13245.1
723 0.37 0.74 2.01 4565.1 9814.6
VAIO-G-BN 748 0.49 1.00 2.04 6049.7 13192.1
773 0.50 1.00 2.02 6123.9 13231.9
VAIO-G-71 723 0.27 0.50 1.85 3352.7 6622.6
748 0.46 0.94 2.06 5641.4 12450.4
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773 0.50 1.00 2.00 6198.1 13245.1

723 0.40 0.84 2.09 4948.6 11059.7
VAIO-G-Sep 748 0.50 1.00 1.99 6210.5 13245.1
773 0.51 1.00 1.97 6272.4 13245.1

Effect of temperature on the distribution of products. Scheme 1 presents a reaction
pathway for propane oxidation over the catalytic formulations studied in this work. The scheme
was made from the products detected by on-line gas chromatography during the catalytic tests.
Accordingly, besides the main reaction products; propene, carbon monoxide and carbon dioxide,
five oxygenated hydrocarbons were also produced: 2-methyloxirane, 2-propanone, propanal, 2-
propenal, and 1,3,3-triethoxy-1-propene.

Scheme 1. Reaction scheme representing the products found during the catalytic tests. Reaction
conditions: U-shaped quartz fixed bed reactor, T = 723 — 773 K, p = atmospheric pressure
(Louvain-la-Neuve ~ 1.03 bar), catalyst weight ~ 0.1 g, average diameters of the catalyst particles

315 — 200 pm, catalytic bed volume ~ 1.0 cm? (catalyst plus ca. 0.4 g of quartz spheres of diameter
<200 pm), gas flows, F; [cm*/min]: Fcu, = 4; Fo, = 6; Fn, = 30.
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The simultaneous presence of the oxidative dehydrogenation product: propene, combustion
products: CO and CO,, and oxygenates suggests that diverse reaction mechanisms may be
operating simultaneously under our conditions. It has been established that, at temperatures below
773 K, propane oxidation may proceed over mixed oxides via a redox mechanism or a surface
radical mechanism.®®’® The redox mechanism comprises the activation of propane into an allylic
intermediate over reduced metallic moieties, e.g. V' centers, and the coordination of such kind of
reactions with the addition of lattice oxygen to the surface activated complex while gaseous
oxygen is activated and thereupon being incorporated to the lattice of the oxide. The unfolding of
this type of mechanism in propane oxidation leads to the production of propene if the allylic surface
intermediate is rapidly stabilized and desorbed into the gas phase and to the production of CO and
CO> which are the more stable reaction products. It is interesting to recall that the production of
CO has been related to lattice oxygen while the production of CO is related to a high consumption
of oxygen by the catalyst, Table 2 and previous literature reports.””’! On the other hand, the
surface radical mechanism has been associated to the production of propyl radicals either by Lewis
acid centers or by a homolytic scission of a C-H bond of the molecule that leads to propyl and
hydrogen radicals. The propyl radical is further oxidized to produce selective oxidation products

such as the ones featured in Scheme 1.

Table 3 shows the molar yields and the productivity of propene for the catalytic
formulations as a function of temperature. Specific values of the molar yields of the oxygenated
hydrocarbons are given in Table S4, Supplementary Information. We may notice the following:
(1) although the productivity of propene over the catalytic formulation made with magnesium oxide
was the highest, the yields to propene were very similar among all catalysts and tended to decrease

with increasing the temperature. (ii) The production of oxygenates was more important for the
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formulations made with graphite, magnesium oxide, silica, and sepiolite. For the two first
formulations, the increase of temperature did not reduce such a production in contrast to what
happened to the latter. (iii) All catalytic formulations tended to produce more CO than CO,. This
tendency was favored by the increase of temperature. As we have already commented, all the
catalytic formulations started reaching full conversion of oxygen at 748 K hence limiting the
conversion of propane stoichiometrically. Therefore, a kinetic discussion of the tendencies
enumerated above is aimless because the reaction is strongly influenced by thermodynamics.
However, the behavior of the catalysts in the reactions is not solely determined by thermodynamics
but also in part by kinetic effects linked to the chemistry of the catalytic phases that are present in
each formulation.

Table 3. Molar yields (y;j) from propane oxidation as a function of temperature, 723, 748, and 773
K, over particles recovered from tablets of the catalytic formulations. Reaction conditions: U-
shaped quartz fixed bed reactor, p = atmospheric pressure (Louvain-la-Neuve ~ 1.03 bar), catalyst
weight ~ 0.1 g, average diameters of the catalyst particles 315 — 200 um, catalytic bed volume ~
1.0 cm? (catalyst plus ca. 0.4 g of quartz spheres of diameter < 200 pm), gas flows, F; [cm?/min]:
Fcny, = 4; Fo, = 6; Fn, = 30. Nomenclature: VAIO = vanadium-aluminum mixed oxide; G = 1.0
wt.% graphite; Mg = magnesium oxide; Si = silica; BN = boron nitride; Zn = zinc oxide; Sep =
sepiolite. *yoxy : yield to oxygenated hydrocarbons = sum of the yields of 2-methyloxirane,
propanal, 2-propanone, 2-propenal, 1,3,3-triethoxy-1-propene. **Propene and Oxygenates
Productivity Index (P1) [=] kge or Kgow/(mS.carxh). -cat = catalyst. For calculating the Veat in P,
it was assumed that the density of the materials corresponds to the density of the vanadium-
aluminum mixed oxide,® p = 2800 kg/m?®.

Catalyst code T [K] yco, yco ycolyco.  ycp, Yoxy™ PlcaHs Ploxy
723 0.11 0.13 1.18 0.08 2.34E-04 978.0 3.8
VAIO 748 0.14 0.26 1.86 0.08 4.85E-04 952.9 7.9
773 0.14 0.29 2.08 0.07 5.70E-04 854.0 9.2
723 0.06 0.05 0.85 0.07 2.11E-03 856.2 38.1
VAIO-G 748 0.11 0.14 1.19 0.08 3.29E-03 953.2 63.0
773 0.17 0.26 1.52 0.07 3.05E-03 783.1 63.2
723 0.09 0.05 0.55 0.09 8.27E-04 1082.1 17.9
VAIO-G-Mg 748 0.17 0.13 0.74 0.10 1.98E-03 1212.0 37.6
773 0.18 0.24 1.34 0.09 1.83E-03 1010.9 41.4
VAIO-G-Si 723 0.13 0.07 0.51 0.06 2.90E-04 665.9 10.6
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748 0.17 0.17 1.03 0.07 1.29E-03 777.5 30.0
773 0.16 0.28 1.78 0.06 1.23E-03 706.9 33.3
723 0.11 0.19 1.66 0.07 3.58E-04 806.5 5.8
VAIO-G-BN 748 0.14 0.29 2.10 0.06 5.28E-04 713.9 8.6
773 0.13 0.31 2.37 0.06 2.69E-04 678.6 4.4
723 0.09 0.10 1.08 0.08 3.54E-04 943.4 5.7
VAIO-G-Zn 748 0.15 0.23 1.50 0.07 3.82E-04 860.2 6.2
773 0.17 0.27 1.64 0.06 1.39E-04 711.4 2.3
723 0.15 0.16 1.07 0.08 1.06E-03 944.9 30.4
VAIO-G-Sep 748 0.15 0.28 1.82 0.07 1.03E-03 831.4 35.8
773 0.14 0.30 2.12 0.07 3.71E-04 819.7 8.4

Effect of the O2/C3Hs molar ratio on conversion. Given the catalytic trends discussed
in the previous section, these experiments were done at 723 K. Table 4 shows the behavior of
the catalytic formulations in the oxidation of propane as a function of the O»/C3Hg molar ratio on
the conversion of both propane and oxygen. For the vanadium-aluminum mixed oxide, we found
that increasing the O»/C3Hg molar ratio increased the conversion of propane from 0.30, O»/CsHsg
=0.7, to 0.38, O2/C3Hg = 2.0, while the conversion of oxygen decreased at a point where it was
no longer the limiting reactant. This trend is reflected on the fact that the ratio of the conversions
of the reactants, Xo./Xc:H,, decreased from 3.4 to ~ 2.0; where the latter has been often reported
for catalysts based on vanadium oxides.*>®"1"73 In contrast, the catalytic formulation done with
graphite showed a constant conversion of propane, ca. 0.22, regardless of the O2/C3Hs fed to the
reactor. Consequently, in this case, oxygen was not a limiting reactant either. This trend confirms
that graphite modifies the reactivity of the vanadium-aluminum mixed oxide.’*** After
establishing the above facts about the catalysts that serve as comparison bases for assessing the
effects of the secondary shaping additives.

The conversion of propane over VAIO-G-Mg was roughly constant and like the one

observed for VAIO-G; 0.22+0.02, regardless of the O2/C3Hg molar ratio fed to the reactor.
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Therefore, the addition of basic magnesium oxide to the formulation did not change the catalytic
reactivity towards the alkane. On the other hand, oxygen was not fully converted under any
0,/C3Hg molar ratio and this trend was what made the catalytic behavior of VAIO-G-Mg differ
from the behavior of both the VAIO catalytic phase and the VAIO-G formulation. Coming back
to the results found for the formulation made with magnesium oxide as a function of
temperature, the reader may recall that this was the formulation with the lowest consumption of
oxygen overall.

Table 4. Molar fraction conversion of propane and oxygen as a function of the O»/CsHg molar
ratio over particles recovered from tablets of the catalytic formulations. Reaction conditions: U-
shaped quartz fixed bed reactor, T = 723 K, p = atmospheric pressure (Louvain-la-Neuve ~ 1.03
bar), catalyst weight ~ 0.1 g, average diameters of the catalyst particles 315 — 200 um, catalytic
bed volume ~ 1.0 cm?® (catalyst plus ca. 0.4 g of quartz spheres of diameter < 200 um), Total gas
flow, Fror [cm®/min] = 40. Nomenclature: VAIO = vanadium-aluminum mixed oxide; G = 1.0

wt.% graphite; Mg = magnesium oxide; Si = silica; BN = boron nitride; Zn = zinc oxide; Sep =
sepiolite.

Catalyst code 02/C3Hs XCaHs Xo, X0 XcaHs
0.7 0.30 1.00 3.4
VAIO 1.0 0.34 0.95 2.8
1.5 0.34 0.72 2.1
2.0 0.38 0.87 2.3
0.7 0.22 0.94 4.2
VAIO-G 1.0 0.22 0.88 4.0
) 1.5 0.22 0.41 1.9
2.0 0.22 0.32 1.4
0.7 0.20 0.74 3.7
VAIO-G-Mg 1.0 0.21 0.64 3.1
1.5 0.24 0.65 2.8
2.0 0.23 0.51 2.2
0.7 0.27 0.98 3.7
VAIO-G-Si 1.0 0.28 0.93 3.3
1.5 0.30 0.75 2.5
2.0 0.35 0.76 2.2
VAIO-G-BN 0.7 0.28 1.00 35
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1.0 0.36 1.00 2.8

15 0.39 0.85 2.2
2.0 0.46 0.81 1.7
0.7 0.29 1.00 3.4
1.0 0.30 0.89 3.0
VAIO-G-Zn 15 0.32 0.90 28
2.0 0.42 0.94 2.2
0.7 0.30 1.00 3.4
1.0 0.37 0.99 2.7
VAIO-G-Sep 15 0.51 1.00 2.0
2.0 0.58 1.00 1.7

In the case of the other formulations, the conversion of propane increased with increasing
the O2/C3Hsg molar ratio. Besides, these formulations tended to consume all the oxygen supplied
to the reaction hence remarking the central role played by surface activated oxygen species on
their reactivity towards the alkane. However, as more oxygen was supplied to the reactor, the
formulations made with all additives were not able to fully convert it, except for sepiolite. It is
interesting to take a closer look at the behavior of the formulation made with sepiolite since, as
observed in Table 4, it always consumed all the supplied oxygen while steadily increasing the
conversion of propane from 0.30, at O2/C3Hg molar ratio = 0.7, to 0.60, at O2/C3Hg molar ratio =
2.0. This is peculiar because for the other formulations the conversion of oxygen decreased by
increasing the O2/C3Hg molar ratio. Sepiolite is a clay with a chainlike structure that make
mesoporous needlelike particles.’”’*7 The hydration or dehydration of sepiolite makes its
crystals to fold or unfold by the rotation of its Si-O-Si bonds.” Such processes indicate that this
clay has an important capacity to restructure under reactive atmospheres that contain water
vapor. Water vapor is known to modify the catalytic reactivity of vanadium oxide in propane
oxidation.>*’® However, defining the possible effect of water vapor on the catalytic performance

falls out of the scope of the present investigation.
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Effect of the O2/C3Hs molar ratio on the distribution of products. Table 5 shows the

yield to the reaction products as a function of the O»/C3Hg molar ratio for the different catalytic

formulations. In general, the increase of the O2/C3Hg molar ratio favored the total combustion of

propane for all formulations except for the one made solely with graphite, VAIO-G. Indeed, only

VAIO-G showed a slight increase in the production of propene with the increase of the O>/C3Hsg

molar ratio. From these results and the ones presented in Table 4, one may conclude that the

increase in the supply of the oxygen to the reactor led to the production of surface oxygen species

that mostly combusted the activated surface hydrocarbons.

Table 5. Molar yields (yj) from propane oxidation as a function of the O2/C3Hg molar ratio over

particles recovered from tablets of the catalytic formulations. Reaction conditions: U-shaped
quartz fixed bed reactor, T = 723 K, p = atmospheric pressure (Louvain-la-Neuve ~ 1.03 bar),
catalyst weight ~ 0.1 g, average diameters of the catalyst particles 315 — 200 pum, catalytic bed
volume ~ 1.0 cm?® (catalyst plus ca. 0.4 g of quartz spheres of diameter < 200 um), Total gas
flow, Fro: [cm®/min] = 40. Nomenclature: VAIO = vanadium-aluminum mixed oxide; G = 1.0
wt.% graphite; Mg = magnesium oxide; Si = silica; BN = boron nitride; Zn = zinc oxide; Sep =
sepiolite. *yoxy : yield to oxygenated hydrocarbons = sum of the yields of 2-methyloxirane,

propanal, 2-propanone, 2-propenal, 1,3,3-triethoxy-1-propene.

Catalyst code 02/C3Hs yco, yco ycolyco, YCiHe Yoxy™
0.7 0.08  0.09 1.12 0.10  3.22E-03
VAIO 1.0 0.07 0.7 0.95 0.07 3.88E-03
1.5 0.11  0.07 0.59 0.06 2.34E-04
2.0 028  0.03 0.10 0.03 0.00
0.7 0.12  0.03 0.28 0.05  5.79E-04
1.0 0.13  0.02 0.13 001  4.50E-04
VAIO-G 1.5 0.08  0.02 0.19 0.05  6.60E-03
2.0 009 0.2 0.20 0.05  5.60E-03
0.7 0.09  0.02 0.23 0.07 7.11E-04
1.0 0.10 0.01 0.10 0.03 7.87E-04
VAIO-G-Mg 15 017 001 0.05 0.01 0.00
2.0 0.17 001 0.04 0.00 0.00
0.7 0.08  0.08 0.98 0.07 2.70E-03
. 1.0 012  0.03 0.30 0.04  6.51E-04
VAIO-G-Si 1.5 0.12  0.05 0.37 0.04 3.54E-03
2.0 0.17  0.03 0.17 0.04  4.86E-03
VAIO-G-BN 0.7 008 0.1 1.35 0.08 3.23E-03
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1.0 0.08 0.11 1.49 0.05 2.86E-03

15 013  0.11 0.88 005  2.77E-03
2.0 017 0.3 0.76 0.04 0.00
07 009 008 0.93 0.09 0.00
1.0 009 006 0.67 0.06 0.00
VAIO-G-Zn 15 023 002 0.09 0.03 0.00
2.0 031 002 0.07 0.02 0.00
07 008 012 1.48 009  2.99E-03
1.0 008  0.11 1.41 0.06  4.24E-03
VAIO-G-Sep 15 010 024 228 005  2.54E-03
2.0 012 032 258 0.04 0.00

Considering the ensemble of the catalytic results presented above, we will make a
succinct comparison of the performance of the formulations made with boron nitride and
sepiolite with the vanadium-aluminum mixed oxide catalytic phase. The comparison will be
made in terms of the evolution of the yields to propene, and the CO/COx yield ratio as a function
of the conversion of propane, Figure 4. For this purpose, we will only consider the results
obtained at 723 K. The plots evidence how both boron nitride and sepiolite keep the production
of propene at a slightly higher level than the vanadium-aluminum mixed oxide catalytic phase at
higher conversions of propane. In addition, while over the VAIO phase the CO/CO; yield ratio
steeply drops as the conversion of propane increases, over the catalytic formulation made with
boron nitride this ratio did decrease so sharply, and, conversely, over the catalytic formulation
made with sepiolite the CO/CO; yield ratio increased at higher conversions. These trends further
demonstrate that both boron nitride and sepiolite contribute individually to the catalytic reactivity
of the formulated tablets. The evidence suggests that they may act by modulating the reactivity

of the activated surface species and by contributing with their own active sites.
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Figure 4. Molar yield to propene (yc:ns) -a)- and yco/yco, ratio -b)- from propane oxidation as a
function of the conversion of propane (yc.n;) over particles recovered from tablets of the catalytic
formulations: VAIO, VAIO-G-BN, and VAIO-G-Sep. Reaction conditions: U-shaped quartz
fixed bed reactor, T = 723 K, p = atmospheric pressure (Louvain-la-Neuve ~ 1.03 bar), catalyst
weight ~ 0.1 g, average diameters of the catalyst particles 315 — 200 um, catalytic bed volume ~
1.0 cm? (catalyst plus ca. 0.4 g of quartz spheres of diameter < 200 pm), Total gas flow, Fru
[cm?/min] = 40. Nomenclature: VAIO = vanadium-aluminum mixed oxide; G = 1.0 wt.%
graphite; BN = boron nitride; Sep = sepiolite.
3.3 General considerations

Figure 5 shows boxplots correlating the fractional conversion of propane and the molar
yield to CO with the concentration of surface carbon as measured by XPS. In the case of the
conversion of propane, the obtained correlation is an apparent volcano plot. The top of the
volcano is occupied by the formulation VAIO-G-Sep; i.e. the most reactive catalytic formulation.
As we mentioned before, surface carbon measured by XPS may be used as a marker for the
acidobasicity of catalytic oxides because metallic oxides minimize their surface energy by
adsorbing adventitious carbon.>? Therefore, the higher the surface free energy of the oxide, the
higher its tendency to adsorb hydrocarbons on their lattice. During a catalytic test, the surface

free energy of the catalyst is modified by reaction conditions owing to surface restructuring

phenomena.®
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Figure 5. Boxplots correlating the fractional conversion of propane -a)- and the molar yield to
CO -b)- with the concentration of surface carbon as measured by XPS. Reaction conditions: U-
shaped quartz fixed bed reactor, T = 723, 748, and 773 K, O2/C3Hg molar ratios = 0.7, 1.0, 1.5,
and 2.0, p = atmospheric pressure (Louvain-la-Neuve ~ 1.03 bar), catalyst weight ~ 0.1 g,
average diameters of the catalyst particles 315 — 200 um, catalytic bed volume ~ 1.0 cm?®
(catalyst plus ca. 0.4 g of quartz spheres of diameter < 200 um), Total gas flow, Fr,; [cm*/min] =
40. Nomenclature: VAIO = vanadium-aluminum mixed oxide; G = 1.0 wt.% graphite; Mg =
magnesium oxide; Si = silica; BN = boron nitride; Zn = zinc oxide; Sep = sepiolite.

What is interesting from the tendency found in Figure 5 is that it suggests that there is a

link between the catalytic reactivity of an oxide in a hydrocarbon oxidation reaction and its
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affinity towards the adsorption of environmental carbon. The correlation between the production
of CO and the concentration of adventitious carbon also showed a volcano shape type trend.
However, the relative positions of the different formulations in the plot shifted. Namely, the
formulations VAIO, VAIO-G, VAIO-G-Si, VAIO-G-Zn, and VAIO-G-Mg were roughly at the
same level in the plot, while VAIO-G-Sep remained at the top closely followed by VAIO-G-BN.
The adsorption of adventitious hydrocarbon over a surface makes it hydrophobic.””"® As we
discussed earlier, under reaction conditions, water vapor may play a role on the catalytic
behavior of the formulated materials. Considering these arguments and the correlations found in
Figure 5, we suggest that the hydrophobicity developed by surface of the formulations VAIO-G-
Sep and VAIO-G-BN after reacting with propane may increase the rate of desorption of surface
water or modify the reactivity of in-situ formed surface hydroxyls hence slowing the oxidation of
CO to CO:q. It is important to say that the above commented correlations were not found for the

yields to propene and CO., Figure S6.

Finally, we correlated the catalytic performance with the VV**/V** molar ratio measured
by XPS, Figure 6. Once again, the formulations made with sepiolite and boron nitride made a
difference as compared to the other formulations. Particularly, they exhibited the highest propane
conversion and CO yield while having the lowest V°*/V#* molar ratios. According to the
literature,%737 the V>*/V** molar ratio of vanadium oxide based catalysts determines their
reactivity and selectivity in hydrocarbon oxidation reactions; where, V4 moieties are thought to
favor the production of propene. We could not verify this relationship for the case of the catalytic
formulations studied herein since the yield to propene, as well as the yield to CO2, showed a

constant correlation with the V®*/VV** molar ratio of the materials, Figure S7. These results
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further support our previous hypothesis that the present multicomponent catalytic materials react

by two simultaneous mechanisms in the oxidation of propane.

Figure 6. Boxplots correlating the fractional conversion of propane -a)- and the molar yield to
CO -b)- with the concentration of surface carbon as measured by XPS. Reaction conditions: U-
shaped quartz fixed bed reactor, T = 723, 748, and 773 K, O»/C3Hg molar ratios = 0.7, 1.0, 1.5,
and 2.0, p = atmospheric pressure (Louvain-la-Neuve ~ 1.03 bar), catalyst weight ~ 0.1 g,
average diameters of the catalyst particles 315 — 200 pm, catalytic bed volume ~ 1.0 cm?
(catalyst plus ca. 0.4 g of quartz spheres of diameter < 200 um), Total gas flow, Fr,; [cm*/min] =
40. Nomenclature: VAIO = vanadium-aluminum mixed oxide; G = 1.0 wt.% graphite; Mg =
magnesium oxide; Si = silica; BN = boron nitride; Zn = zinc oxide; Sep = sepiolite.
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Building on our previous investigations concerning the effects of shaping on the
properties of catalysts for oxidation reactions, we investigated how secondary additives for
tableting vanadium-aluminum mixed-oxides affect the mechanical resistance, surface chemistry,
and catalytic performance in propane oxidation. For this purpose, we formulated tablets using 1.0
wt.% graphite as a shaping agent and further added 5.0 wt.% magnesium oxide, silica, boron
nitride, sepiolite, and zinc oxide. Our results showed the following: (i) all the tablets formulated
with the cited additives had a higher mechanical resistance to axial compression as compared to

the tablets made with the vanadium-aluminum mixed oxide powder. However, only those
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formulated with silica had a stronger mechanical resistance than the ones formulated solely with
graphite. In this sense, we found that the changes in mechanical strength were directly related to
the softness and ductility of the secondary additive. (ii) All the formulated tablets retained the
mesoporous structure of the vanadium-aluminum catalytic phase. However, the formulated
tablets had lower surface areas and total pore volumes as compared to the former. These losses
depended on the nature of the additives in a similar manner as the mechanical strength did.
Therefore, we suggest that there is strong correlation between the softness and ductility of the
secondary additives and the modifications in the mechanical strength and the porosity of the
catalysts shaped by tableting. (iii) The used secondary additive did not modify the surface
chemistry of the vanadium-aluminum mixed oxide but simply mixed mechanically with it during
the tableting operation. For this reason, there was no correlation between the measured surface
chemistry of vanadium for the different catalytic formulation and their performance in propane
oxidation. (iv) Though the additives did not modify the surface chemistry of the catalytic
vanadium-aluminum mixed oxide phase, the evidence suggested that they may act as co-catalysts
during propane oxidation. Particularly, boron nitride and sepiolite showed the stronger
modifications of the catalytic behavior since the formulations made with them were more
reactive than the vanadium-aluminum mixed oxide while exhibiting a better productivity of
propene. An analysis of the distribution of products obtained with the different catalytic
formulations led to suggest that such alterations of the catalytic behavior can be explained by the
combination of a redox mechanism over the vanadium-aluminum mixed phase and a surface
radical mechanism occurring over the active moieties of the secondary additives.
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The Supporting Information is available free of charge. It includes: Data on mechanical
resistance, surface chemistry by XPS, N» physisorption characterization and surface area and

porosity calculations, and catalytic data.
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