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Abstract: This study shows the development of a combustion promoter for the oil-refining process
called fluid catalytic cracking (FCC). The investigation of a catalyst prepared for the combustion
of CO composed of 0.05 wt% Pt supported on SiO;—Al,O3-0.5 wt% W microspheres with high
mechanical resistance, promoted with tungsten oxides (WOx) that can inhibit the sintering of Pt,
is reported. The addition of WOx in SiO,—-Al,O3 inhibited the decrease in the specific area when
calcined from 550 °C to 950 °C. SiOp—-Al,O3 support in the form of calcined microspheres with
average diameters between 70-105 um were produced by spray drying, using two atomization discs
with vanes of different geometry: a straight rectangular blade disc (DAR) and a curved rectangular
vanes disc (DAC). The DAR disk produced whole microspheres, while the DAC had hollow and
broken microspheres. The microspheres were characterized by XRD, SEM, optical microscopy, N;
physisorption (BET area) and fracture resistance tests. The Pt catalysts were evaluated by TPR, H;
chemisorption and CO combustion. The catalyst of 0.05 wt% Pt/SiO;—Al,03-0.5 wt% turned out to
be the most stable. A thermal stabilization effect was observed at contents lower than 1 wt% W that
allowed it to inhibit the sintering of the Pt catalyst.

Keywords: CO combustion promoter; Pt/SiO,—-Al,O3-WOx catalyst; spherical particles; spray
drying; rotary atomizer disks

1. Introduction

Most fluid catalytic cracking (FCC) units in the oil industry have introduced addi-
tives that improve the performance of the cracking catalyst. The main benefits of adding
additives in FCC units are to improve unit performance and reduce the amount of pol-
luting gases emitted by the regenerator into the atmosphere [1-5]. In particular, the CO
combustion promoter additive is added to the inventory of the cracking catalyst or within
the regenerator of the FCC unit to catalyze the oxidation reaction of CO to CO; into the
dense phase of the regenerator, reducing the high residual concentration of CO in the flue
gas released by the regenerator [6—11]. This additive contributes to the regeneration of the
cracking catalyst contaminated with coke through a more efficient and uniform burning,
facilitating fluidization of the cracking catalyst and controlling post-combustion problems
that take place in the diluted phase of the regenerator [12-14].

Commercial CO combustion promoters are made up of attrition-resistant fluidizable
spherical particles, such as alumina (Al,O3), silica—alumina (510, / Al;O3), or mixed oxides,
which are produced by the spray-drying process with specific physical properties, such as
a particle size range between 20 to 180 um and a particle mean size between 75 to 80 um,

Catalysts 2021, 11, 1320. https:/ /doi.org/10.3390/catal11111320

https:/ /www.mdpi.com/journal/catalysts


https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0002-4465-6189
https://doi.org/10.3390/catal11111320
https://doi.org/10.3390/catal11111320
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/catal11111320
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal11111320?type=check_update&version=2

Catalysts 2021, 11, 1320

2 of 34

in which the powder conformed by these particles must have a high density [5,10,11,13,15].
Such physical properties are achieved through an adequate control of the atomization
parameters of the suspension with a chosen material, the operation parameters of the spray
drying, and subsequent sieving of the product to recover the portion of the particles with
the desired sizes.

In addition, the calcination temperatures of the microspheres range from 700 to 1150 °C,
depending on the material they are made of. Calcination causes the microspheres to achieve
greater hardness and the powders to acquire the desired textural properties, such as specific
areas between 85 to 95 m?/g, pore volumes between 0.30 to 0.38 cm® /g, and average pore
diameters between 15 to 35 nm, with the purpose that said particles are compatible with
the reaction and regeneration steps of the FCC units [10,11,15]. Subsequently, the impreg-
nation of the Pt-active metal is carried out on the surface of the calcined microspheres
in concentrations ranging from 300 to 1500 ppm [1,6,7,11,12,14,16] as well as other noble
metals that have been used such as Ir, Os, Pd, Ru, Rh, and Au [3,6].

It is known that spray drying is the most commonly used technology for the man-
ufacture of microspheres [17] in various industries associated with the processing of ce-
ramic [18], food, chemical, mineral, and pharmaceutical products, among others [19]. Spray
drying consists of transforming a feed in a fluid state into a spray of drops, which come
into contact with a stream of hot gas (generally air) to generate a powder with a specific
particulate form. In this process, the atomizer is responsible for continuously producing
the dispersion of millions of drops. The atomizers commonly used in spray drying are
spray nozzles, rotary atomizers, sonic nozzles, and electrohydrodynamic atomizers [20-22].
The choice of atomizer will depend on the design of the dryer, the processing capabilities,
and the required product specifications.

In particular, the rotary atomizer is used in many industries to atomize fluids of
various nature. The rotating atomizer disk is responsible for spraying drops. Atomization
of fluid with a disc occurs when the disk rotates at high rotational speeds, such as 3000
to 50,000 rpm [23], where the liquid is injected into the disk’s center. Subsequently, the
liquid slides at high speed over the disk’s walls, as a thin film, due to centrifugal force,
and it is confined through the ejection channels of the disk, to finally disintegrate the film
into a spray at the edge of the disk [20-22,24-28]. Currently, there are numerous designs
of atomizer disks that fulfill the requirements of capacity and quality of the final product;
however, we will focus on just two: the straight rectangular vanes disk and the curved
rectangular vanes disk.

On the other hand, due to the high thermal stability requirements for the development
of this CO combustion promoter catalyst of Pt/SiO,—Al,O3-WOx, we have made previous
studies with the addition of structural promoters such as tungsten oxides (WOx) [29-31],
where it has been found that at low concentrations of W (<1 wt%), it is possible to stabilize
Al,O3 and Pt particles.

The present study contributes to improving the Pt/ Al,O; catalyst by adding minimal
amounts of Pt and WOx on SiO,—Al,O3, which enhances the combustion of CO. The
Pt/SiOp—-Al,O3-WOx catalysts were prepared in the form of microspheres obtained by
spray drying a S5iO,-Al,O3 suspension, using a straight rectangular vanes atomizer disk
and a curved rectangular vanes atomizer disk. In the experiments, the rotation speed
of the atomizer disks was varied, ranging from 3000 to 14,000 rpm. The effects of the
rotation speed and the vanes geometry of the atomization disks on the morphology of the
microspheres and some physical and textural properties of the synthesized 5iO,—-Al,O3—
WOx powders were studied.

The microspheres with the optimal amount of WOx obtained a high metallic dis-
persion of Pt (500 ppm), and they were also resistant to high-temperature calcination,
stabilizing the porous structure. The combination of the precursors in the gel of the ox-
ides of S5iO,—Al,O3 turned out to be the best procedure for high compression crushing
strength. The best prototype turned out to be a macrosphere with a ratio of 25 wt% SiO,
and 75 wt% Al,Os. This prototype was used to prepare the feed suspension for spray
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drying. Therefore, it was possible to determine which design and disk rotation speed were
the most convenient for the catalyst to promote CO combustion. Finally, it was observed
that although WOx stabilizes the Pt particles at high temperatures, at high concentrations
of WOx, the dispersion of Pt decreases. Therefore, the concentration of W was an essential
factor to the preparation of the best CO combustion promoter.

2. Results and Discussion

This study begins with the results of the mechanical resistance of the SiO,-Al,O3
macrospheres prepared with different concentrations of SiO; and Al,O3 and the results of
the characterization of the oxides of SiO,—Al;,O3 by DRX and N, physisorption.

Results of the preparation of Al,O3 and SiO,-Al,O3 microspheres of a fixed concentra-
tion by spray-drying technology are also presented, studying two-vane disks with different
geometry. These disks were operated at different rotation speeds to find the most suitable at-
omization parameters for obtaining microspheres with diameters ranging from 20-180 pm,
trying to reach an average diameter between 75 and 80 um. The characterization of Pt cata-
lysts promoted with W oxides (WOx) supported on SiO,-Al,O3 microspheres was made
by DRX, temperature-programmed reduction (TPR), and H; chemisorption to evaluate
the dispersion of active Pt presented. Finally, the results of the catalytic combustion of CO
are presented.

2.1. Crushing Strength of the SiO,—AlyO3 Macrospheres

It was observed from the mixtures of gels of silicic acid and boehmite that when
increasing the concentration of SiO,, the crushing strength by compression of the macro-
spheres of 5i0,-Al,O3 (3 mm of diameter) increased gradually (Figure 1). The macrosphere
that was prepared from the mixture 25S5A presented a crushing strength of 138.4 N, above
the crushing strength of the macrosphere that was determined with commercial Al,O3,
which was 116 N.
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Figure 1. Tests of crushing strength of the macrospheres calcinated at 550 °C: (a) commercial Al,O3,
(b) Al,O3 (100A), (c) 5 wt% Si0-95 wt%Al,O3 (5SA), (d) 10 wt% SiO,-90 wt% AL Oz (10SA),
(e) 15 wt% Si0,-85 wt% Al O3 (155A), (f) 20 wt% SiO,—80 wt% Al,O3 (20SA), (g) 25 wt% SiO,—
75 wt% Al,O3 (255A) y (h) SiO; (100S). Resistance to rupture refers to spheres with a diameter of
3 mm. The relative error of the crushing strength was 3-0.5%.
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2.2. Jet-Cup Attrition Tests of the SiO,—Al,O3 Microspheres

For this test, S5iO,—Al,O3 microspheres were prepared by spray drying, which were
calcined at 550 °C. The effect of the concentration of SiO; in Al,O3 with respect to the
formation of fine particles of less than 20 um (Table 1) was investigated, as an attrition test
in a jet-cup type equipment [32]. The 25/75 selected support (5O, /Al,O3) showed less
loss of fine particles (7.1%) than the other supports with lower SiO2 concentrations. The
support with a 20/80 ratio (510, /Al,O3) presented a higher production of fines (8.2%).

Table 1. Fines percentage (<20 um) obtained after jet-cup attrition test (for 1 h) of the SiO,-Al,O3

microspheres.
Sample wt% SiO; wt% Al,O3 After Jet-Cup Test (%)
100A 0 100 11.1
15SA 15.94 84.06 8.7
20SA 19.74 80.26 8.2
255A 25.82 74.18 7.1

Although fine spheres may have a higher specific area and probably a higher catalytic
activity, from our study of attrition losses of the microspheres, it was evidenced that in
the selection of our support of 25/75 (S5iO, / Al,O3), the greatest resistance to attrition is
achieved. This property is fundamental for this type of catalyst since it will be in motion
in a fluidized bed. The resistance to attrition of the microspheres in jet-cup tests increases
with the SiO, content. For these two reasons, we chose to use the solids of the mixture
255A (25 wt% SiOp—75 wt% AlyO3) for the preparation of this catalyst.

In the literature on combustion promoters [10,11,14,15], it has been mentioned as
important property, having a support with the minor loss of fines derived from the collisions
of the microspheres inside the regenerator of the FCC plant. The above means the loss of
noble metal Pt, which implies a high cost and possible plugging problems in the filters in
the output stream of the regenerator emissions.

2.3. Characterization of Oxides SiO,—-AlyO3

The X-ray diffraction patterns of SiO;—Al,O3 oxides calcined at 550 °C exhibited
reflections at 37°, 45°, 67° (Figure 2), which are typical of the y—-Al,O3 phase [33-35].
On the other hand, the characteristic reflection due to SiO, corresponds to a 20 value of
23° [36,37] identified with the JCPDS card 29-0085.
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Figure 2. X-ray diffraction patterns of oxides calcined at 550 °C: (a) 1004, (b) 5SA, (c) 15SA, (d) 255A
y (e) 100S.
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By SEM, it was observed that the sample 100A (Al,O3) showed a more significant
presence of particles or conglomerates of 5 nm (Figure 3a), with the predominance of
particle sizes between 10 and 30 nm. This morphology has also been observed in catalysts
prepared by other authors [38].

The conglomerate’s distribution in the 5SA (5 wt% SiO;) sample shifted from 25 to
50 nm (Figure 3b). When the concentration increased from 5 to 15 wt% SiO; (Figure 3c),
many 25 nm particle sizes were observed. Moreover, when the concentration increased
from 15 to 20 wt% SiO, (Figure 3d), a more significant presence of particle sizes between 25
and 150 nm and a lower presence of particle sizes between 200 and 400 nm were observed.
Again, when the concentration increased from 20 to 25 wt% SiO, (Figure 3e), a bimodal
distribution was observed with two maximum values; namely, a set of particles was
observed between 25 and 50 nm and another group of particles between 100 and 400 nm.
These results indicate that more SiO; addition in Al,O3 favors the presence of particles
larger than 100 nm.

Crystals of 5-12 pm were observed (Figure 3f) when the SiO, concentration was 100%.
Additionally, a crystal of 100 wt% SiO, was observed on the scale of 100 nm (x50,000)
that corresponds to a very compact and continuous structure (not shown), with sharp
vertices and huge particle sizes, very different from what was observed in the mixtures of
Si0,-ALO3.
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Figure 3. Cont.



Catalysts 2021, 11, 1320

6 of 34

ESIQIE

g B
g o

X50000 WD80mm 100nm

ESIQIE SEI 15.0kV X250 WD75mm  100pm

)

150KV X50000 WD 75mm  100nm

Figure 3. SEM images of SiO,-Al,O3 oxides calcined at 550 °C: (a) 100A, (b) 5SA, (c) 15SA, (d) 20SA, (e) 255A, (f) 100S
(resolution 100 um), and (g) 100S (resolution 100 nm).

2.4. Effect of theW Content on the BET Area of the 25SA-WOx Microspheres

The addition of small amounts of W to the microspheres of the order of 0.5% by weight,
called 255A-0.5WOx, reduced or inhibited the loss of the BET-specific area that occured
when the calcination temperature increased from 550 to 950 °C (Figure 4). The samples
without W (0 wt% W) showed a decrease in the area of 7.25% at 550 °C, 26.6% at 650 °C,
41% at 750 °C, and 66% at 950 °C compared to the samples containing W.

The effect of the thermal stabilization provided by W is maintained when the W
concentration increases to 16 wt% W for the samples calcined up to 750 °C (Figure 4a—c), In
comparison, for the samples calcined at 950 °C, this effect is lost at concentrations of more
than 8 wt% W (Figure 4d).

2.5. Spray-Dried 255A Microspheres Obtained with the Straight Rectangular Vanes Disk

The 25SA microspheres produced with the straight rectangular vanes disk (DAR) were
mainly spherical particles of different sizes (Figure 5a—d) with few broken particles. In
the P1-DAR (Figure 5a) and P2-DAR products or powders (Figure 5b), particles with a
diameter up to four times larger than the diameter of the other particles were observed. On
the other hand, in the P3-DAR product, the agglomeration or clusters of spherical particles
were observed (Figure 5c), and in the P4-DAR product, microspheres of more uniform size
were produced (Figure 5d).
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Figure 4. Effect of the W concentration on the BET area of the 25SA-WOx samples calcined at
(a) 550 °C, (b) 650 °C, (c) 750 °C and (d) 950 °C.

(d)

Figure 5. Optical microscopy of the spray-dried 25SA microspheres calcined at 550 °C was obtained
with the straight rectangular vanes disk: (a) P1-DAR, (b) P2-DAR, (c) P3-DAR y (d) P4-DAR.
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2.5.1. Effect of the DAR-Disk Rotation Speeds on the Particle-Size Distributions (PSD) and
the Sauter Mean Diameter (SMD)

When the rotational disk speed (3000 rpm) was decreased, the particle-size distribution
(PSD) of the P1-DAR (Figure 6a) product reached its maximum value at a particle diameter
of 90 um, shifting to the right at a larger particle diameter range of 10-230 um.

60
551 4 —(@
o L -®
45 1 Vi

40
35
30
25 -
20 -
15 -
10

Frequency of particle occurrence percentage, fN(D)

0 10 30 50 70 9 110 130 150 170 190 210 230

Particle diameter (D), pm

Figure 6. Particle diameter distributions of spray-dried 25SA products calcined at 550 °C, obtained
at the following rotational speeds of the straight rectangular vanes disk: (a) 3000 rpm (P1-DAR),
(b) 6000 rpm (P2-DAR), (c) 11,500 rpm (P3-DAR), y (d) 14,000 rpm (P4-DAR).

The PSDs of the P2-DAR (6000 rpm) (Figure 6b) and P3-DAR (11,500 rpm) (Figure 6¢)
products were very similar and slightly skewed to the right, having a maximum value
at a particle diameter of 70 um, with different particle diameter ranges, from 10-230 and
10-150 pm, respectively (Table 2).

Table 2. Physical properties of spray-dried 255A microspheres calcined at 550 °C.

Straight Rectangular Vanes Disk Curved Rectangular Vanes Disk

P1-DAR P2-DAR P3-DAR P4-DAR P1-DAC P2-DAC P3-DAC P4-DAC

Rotation speed of the
disc, rpm

3000 6000 11,500 14,000 3000 6000 11,500 14,000

Particle
diameter range 1 pum
Sauter mean diameter

(SMD), pm
Apparent bulk density of
powder 2, g/cm?

10-230 10-230 10-150 10-130 10-230 10-210 10-170 10-150

125 103 79 63 117 101 81 73

0.61 0.63 0.64 0.67 0.64 0.74 0.77 0.79

The percentage of relative error of the measurement of the particle diameters ! was 4-3.5%; while for the bulk density of powder 2

was 1+4.3%.

On the other hand, when the rotational disk speed was increased (14,000 rpm), the
PSD of the P4-DAR (Figure 6d) product had its maximum value at the particle diameter of
50 um and a particle diameter range of 10-130 um.

The above results indicate that the maximum particle diameter increased as the
rotational speed of the atomizer disk decreased. In the work of Huang and Mujumdar [39],
they also reported that the maximum particle size of SiO; increased when the disk rotation
speed decreased.
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The Sauter mean diameter (SMD) of the P1-DAR, P2-DAR, P3-DAR, and P4-DAR
products or microspheres were 125, 103, 79, and 63 um (Table 2), respectively. It was
observed that increasing the disk rotational speed resulted in a decrease in the particle
SMD of the products. This result has also been verified in the works of Filkova and
Weberschinke [40], Ahmed and Youssef [41,42], and Peng et al. [43], where they also
reported that the particle or droplet SMD decreases when the rotation speed of the atomizer
disk is increased. From the previous results, it was observed that the PI-DAR and P2-DAR
microspheres approach the spherical morphology requirements, as well as the PSD and
SMD of the CO combustion promoter support.

2.5.2. Spray-Dried Microspheres of 100A and 25SA with Different W Concentration

Since complete and non-fragmented microspheres were produced with the DAR
atomizer, microspheres calcined and delivered from the P2-DAR experiment (6000 rpm)
were chosen to preparate the WOx-containing supports. Measurements of the particle
diameter ranges, the SMD, and apparent bulk densities of supports are summarized in
Table 3. It can be observed that the minimum particle diameter was approximately 10 pm
for all supports, but the maximum particle diameters are a little different. All microspheres
approximate the CO combustion promoter support requirements such as PSD, the SMD,
and the apparent bulk density of the powder [11,15].

Table 3. Physical properties of the 255A-WOx microspheres prepared from the microspheres obtained in the P2-DAR

experiment (6000 rpm) and calcined at 550 °C.

100A2 25SA-0.5W  25SA-1W 25SA-2W 255A—4W 25SA-8W 25SA-16W

Particle diameter
range L um
Sauter mean diameter
(SMD), um
Apparent bulk density of
powder 2, g/cm?

10-241 10-238 10-240 10-239 10-251 10-254 10-259
105 104 106 104 107 109 110
0.63 0.62 0.63 0.62 0.64 0.66 0.69

! The percentage of relative error of the measurement of the particle diameters was +3.5%; while for the apparent bulk density of
powder 2 was 34.3%. 2 This sample of pure Al,O3 was also obtained at 6000 rpm

2.6. Textural Properties of 255A Microspheres
2.6.1. BET Specific Area

The textural properties of the 25SA microspheres calcined at 550 and 750 °C are
summarized in Table 4. It was observed that by increasing the calcination temperature of
the P1-DAR atomizer samples from 550 °C to 750 °C, the BET area decreased from 227 to
119 m? /g, respectively, which is to say that the area decreased by 47.6%.

Table 4. Textural properties of the 25SA microspheres calcined at 550 °C and 750 °C.

Sample TC SSABET, mzlg VP, Cm3/g DP, nm
P1-DAR 27 0.40 7.02
P4-DAR . 230 0.41 7.17
P1-DAC 550 °C 233 0.36 6.12
P4-DAC 240 0.36 6.04
P1-DAR 119 0.37 12.33
P4-DAR 0 oC 125 0.38 12.17
P1-DAC 120 0.37 12.34
P4-DAC 129 0.39 11.98

SSA = specific surface area, Vp = pore volume, Dp = average pore diameter, Tc = calcination temperature.

This decrease in the BET area was also observed in the samples obtained with the P1-
DAC atomizer (/248.5%). This value was due to the fact that in the microspheres calcined
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at 550 °C, an area of 233 m2/ g was obtained and, in the samples calcined at 750 °C, an area
of 120 m? /g was obtained.

Due to these small differences in BET area, between the geometry of the atomizers, it
is likely that there is not a significant effect on the BET area between straight and curved
vanes. Instead, the most notable effect on the BET area of the microspheres was the
calcination temperature.

Regarding the variation of the pore diameter (Dp), it can be observed that by decreas-
ing the BET area in the microspheres calcined at 550 °C, the D, increased to almost twice
the Dy, of the samples calcined at 750 °C, while in the case of pore volume, no significant
differences were observed.

2.6.2. Ny Adsorption-Desorption Isotherms

The N, adsorption—desorption isotherms of the calcined 25SA microspheres at 550 °C
(Figure 7a) and 750 °C (Figure 7b) exhibited a Type IV isotherm with a type of H2 hysteresis
loop, IUPAC classification [44—46], which was characteristic of mesoporous materials [47].
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Figure 7. (a,b) N, adsorption—-desorption isotherms; (c,d) pore diameter distributions of the spray-dried 255A microspheres
calcined at 550 and 750 °C, respectively. The 25SA sample (powder) was the one used for the preparation of the microspheres.

The pore diameter distributions of the 255A microspheres calcined at 550 °C from
the P1-DAR and P4-DAR experiments were mono-modal, with a maximum value in pore
diameter of 4.5 nm (Figure 7c), while the P1-DAC and P4-DAC microspheres, calcined
at 550 °C, presented bi-modal distributions, with maximum values in the pore diameters
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of 3.5 and 4.5 nm, which conserve the maximum values of the distribution of the starting
25SA powder and of the microspheres obtained with the DAR.

In contrast, all the pore diameter distributions of the microspheres obtained with the
DAR and DAC atomizers calcined at 750 °C (Figure 7d) were mono-modal, shifted towards
a maximum value of pore diameter greater than 8 nm.

2.7. SEM and EDS of Pt/Si0O,—Al,03-WOx

In Figure 8a, we observed the presence of Pt and the other Al and oxygen atoms,
characteristics of the Pt100A catalyst, and its concentration in weight percent. On the other
hand, in the Pt25SA-0.5W sample in Figure 8b, we observed the presence of both elements,
Pt and W, as well as the Si, Al, and oxygen signals and their concentrations. Finally, in the
Pt255A—4W sample, (Figure 8c) we observed the presence of all the elements—Pt, W, Si, Al
and oxygen—and their concentrations.
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Figure 8. SEM photomicrographs and EDS analysis of the catalysts: (a) Pt100A, (b) Pt25SA-0.5W,
and (c) Pt25SA—4W. The composition in weight percent was inserted in the upper inset.
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2.8. XRD of the Pt/SiO,-AlyO3-WOx Catalysts

In order to analyze the interaction of Pt and WOx by XRD of our catalysts, we carried
out the analyzes for the samples Pt25SA-1W of low W content and Pt25SA-16W of high
W content (where the concentration of W is slightly above the reported monolayer of
1 atmW /nm? [48].

The analyzes showed in Figure 9a that at low W content, reflections of W compounds
or Pt precursors (PtCly) cannot be observed; however, in the case of the sample with high
tungsten content (255A-16W) calcined without Pt (Figure 9b), we could observe that it
showed a yellowish color (typical color of WO3). When this same sample (255A-16W)
was reduced in H by TPR up to 500 °C (Figure 9c), a blue color was observed, typical of
bronzes (HTB), either rhombic H0.33WQO3 or cubic H0.55 [49].

HTB

(d)

(Black) | POSSA-16W (Reduced)
(c)

258A-16W (Reduced)
(Yellow) (b)

: 25SA-16W (Oxidized)

WOs WO3

- (a)

Pt25SA-1W (Reduced)

15 20 25 30 35 40 45 50 55 60 65 70 75 80

20 (degrees)

Figure 9. XRD of selected Pt-WOx samples: (a) Pt255A-1W reduced gray color, (b) sample calcined 25SA-16W, yellowish
color, (c) sample 255A-16W reduced at 500 °C in Hy blue color, and (d) Pt255A-16W catalyst reduced at 500 °C in Hy,

black color.

On the other hand, when the Pt255A-16W catalyst was reduced in the presence of Pt
(Figure 9d) at 500 °C, a dark color was found, where no reflections of Pt were observed, (due
to the low metal content), but it was possible to observe the change from blue to black that
accounted for the formation of metallic Pt and the same formation of the bronzes (HTB).

2.9. TPR of WOx on SiO—-Al,O3 Microspheres

We observed that the reduction temperatures of WOx oxides in the absence of Pt
are carried out at temperatures greater than 500 °C (Figure 10). It was observed that the
temperatures of the maximum peak decrease when the concentration of W decreases,
while the starting temperatures in the reduction appear higher as the concentration of
W decreases.

These behaviors suggest that the binding energy of O-W increases when there
are low concentrations of WOx below the monolayer in Al,O3 (reported monolayer of
1 atmW /nm? [48]) and is weaker when WOx polylayers are present. During the reduction
of these species of mass W oxides of the WOj5 type, the formation of W bronzes (HTB) of
the rhombic type HO0.333 or of the cubic HO0.53 type has been found [49].
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Figure 10. The TPR of SiO,-Al,O3-WOx microspheres: (a) 25SA-16W, (b) 255A-8W, (c) 255A—-4W,
(d) 25S5A-2W, (e) 255A-1W, and (f) 255A-0.5W.

TPR of the Pt/SiO;-Al,O3-WOx Catalysts

The addition of W oxides in the catalysts (Figure 11b—e) did not modify the maximum
reduction temperature observed in the TPR analysis of the Pt catalyst without W; however,
a decrease in Hy consumption was observed as the W concentration increased (Figure 11b—e).
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W/Pt atomic ratio
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Figure 11. TPR of the Pt/SiO,—-Al,O3-WOx catalysts:(a) Pt100A, (b) Pt25SA-0.5W, (c) Pt255A-1W,
(d) Pt25SA-2W, and (e) Pt25SA—-4W. The graphic of the H, consumption from the TPR (up to 500 °C)
of the catalysts is inserted in the upper inset.

In the Pt/ Al,Oj5 catalyst (Pt100A), three reduction peaks were detected with max-
imums at 115, 270, and 430 °C (Figure 11). These same peaks were observed by other
authors when they used Al,O3; (Ketjen) in the preparation of their Pt catalysts [50]. The
first Hy peak at 115 °C corresponded to the reduction of mass PtO, weakly bound to the
support [51,52].

The second reduction peak with a maximum at 245 °C has been attributed to the
reduction of a platinum oxychlorinated compound of the type [Pt(OH)xCly]s when the
catalyst has been calcined at 300 °C [50,51] or another Pt oxychloro-complex of the type
[PtOxCly]s that appears at 290 °C, provided the sample is calcined at 600 °C [53].

Other authors, such as Yao et al. [51], proposed the existence of two possible oxidized
states of Pt: a particulate phase of PtO, reducible at a low temperature and a dispersed
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phase of Pt oxide firmly bound to the support that is reduced at a temperature close to the
reduction of the previously mentioned Pt oxychloro-complex. According to these authors,
the smaller the concentration of platinum oxides, the stronger the interaction of dispersed
Pt oxide with Al,Os3.

Other authors mention the existence of a reduction complex of the Pt-Al,O3-x type or
the formation of the Ptz Al alloy suggested by Dautzemberg et al. [54]. However, due to
our chlorine analysis studies, the proposal by Lieske et al. [53] is more acceptable.

The third peak appeared at 430 °C, corresponing to a Pt species strongly bound to
the support. This peak has been reported in other studies [50] and could be related to the
formation of another complex of the PtOxClz type; however, a well-defined peak was not
found at this temperature in Al,O3. When H,PtClg is impregnated on SiO;, three peaks are
found due to the chlorinated Pt compounds, with the highest at 452 °C [55]. The reduction
reactions could be:

PtO, + 2 H, — Pt + 2H,O 1

PtOxCly + (x + y/2)Hy — Pt + xH,O + yHCl 2)

It should be noted that Pt compounds containing CI~ are more difficult to reduce
than Pt compounds containing O~ or OH™ groups, and Pt compounds containing low
concentrations of C1~ are more difficult to reduce [55].

The total sum of the Hy consumption by TPR for the Pt/Al,O3 catalyst (Pt100A)
reached a ratio of 2.2 moles of H, /Pt atom (Figure 11). This value corresponds to a platinum
valence of +4, as reported in the literature [51,53].

The cause of the decrease in H, consumption between (25-500 °C), when WOx con-
centration increases, has been reported as a strong interaction of Pt and WOx precursors by
M’Boungou et al. [56]. These authors found that the W species are strongly anchored on
the Al,O3 support in the presence of the precursors of Pt and W at low concentrations of
W (5 wt%). In this case, the W+6 species are not reducible at low temperatures (less than
500 °C), as we have already verified (Figures 10 and 11).

These authors found by TEM that their low W content catalysts composed of 5wtPt—
5 wt% W/ Al,O3 showed an average particle diameter of 16 A, while the catalysts with
a higher W content (5 wt% Pt-35 wt% W Al,O3) showed average sizes of 60 A. The
authors explained that the increase in particle size could be due to the presence of weak
interactions between Pt and the support, for example, with SiO;. W could act as a poison
or as a moderator blocking the activity of the Pt. In this case, it would be between the
Pt and the support. The dispersion and the surface composition of the catalysts can be
affected by the diffusion of precursors through the surface of the support, as mentioned by
the Ruckenstein-Pulvermacher model of crystallite migration [57].

These same authors, in a second publication by M'Boungou et al. [58] by XPS studies,
concluded that the W species are strongly anchored on the support in Pt-WOy/Al,O3
catalysts at low W concentrations and are not reducible with an oxidation state of +6 and
are not catalytically accessible; W is hampered by small Pt particles. In the case of large
W loads, beyond the monolayer on the support, a fraction of W species could migrate to
the surface and could be reduced. This fraction of the WO species, reduced and large
Pt particles, is accessible on the surface, but another fraction of the W species strongly
anchored on the support remains inaccessible and non-reducible. See Scheme 1 of the
model for low and high WOy concentration.

The strong interaction of Pt chlorocomplexes (PtCl,) with WOx has also been reported
by Regalbuto et al. [49]. These authors studied the Pt/WOx/SiO, system using X-ray
diffraction (XRD), selective CO chemisorption, and X-ray photoelectron spectroscopy (XPS).
It was found that the presence of WOx decreased final Pt crystallite size, in part by reducing
the formation of bulk “Pt-Cl, precursor”. However, CO chemisorption was suppressed;
this indicates strong metal-promoter interactions. Changes in Pt electron binding energy
suggest that charge transfer may also take place. A model of the surface consisting of
Pt crystallites decorated by partially reduced WOXx has been proposed (Scheme 2). This
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morphological model was supported by XRD and XPS results which revealed a surface-
localized phase of partially reduced WOy, (likely WO5). Decoration was also indicated in
the trend of XPS Pt/Si ratios.

Particular Interaction Pt Classical interaction
AN Pt g
B e SRR f/
WOx

— i‘%i : ;
ALO, | P

_____________________________

Model for low WOx concentration

Metal blockage

WOx  WO;-x \A{O;-x
L P g
F;
T
Al,O,

Model for high WOx concentration

Scheme 1. M’Boungou et al. [58] model for low and high WOx concentration in Pt=WOx/ Al,O5 catalysts.

| Well dispersed bronze or WO, 5 ‘

Bulk bronze | Wo
HosWO03 -

-

SiO2

| Regalbuto model of Pt/WOx/Si02

Scheme 2. Schematic representation of the most probable morphological configuration of the various
plases on the Pt/WO,/SiO; catalysts from Regalbuto et al. [49].

Another work where this same phenomenon of inhibition of WOx species has been
observed in the reduction of metal oxide to noble metal is in the Ir/ Al,O3-WOj catalysts,
carried out by Park et al. [59]. These authors prepared several iridium catalysts, keeping
the concentration of Ir (1.2 wt% Ir) constant and varying the concentration of W from 0 to
32 wt% W. They showed how the adsorption of CO in Ir of the reduced catalysts decreases
as the concentration of WOy increases, which is very similar to our results.

2.10. Dispersion of the Pt on the Pt/25SA-WOx Catalysts

The Pt catalyst without W (Pt100A), reduced to 500 °C showed a dispersion of 61%,
(Figure 12a) and after reduction at 800 °C, the Pt dispersion decreased to 43% (see the
arrow in the Figure 12), suggesting that the Pt particles were sintered. The decrease in the
dispersion of the Pt also occurred with the addition of WOx to the catalyst (or the increase
in the atomic ratio W/Pt). This effect has already been reported previously [29,30,60].
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Figure 12. Pt dispersion of the catalysts: (a) Pt100A, (b) Pt25SA-0.5W, (c) Pt25SA-1W, (d) Pt25SA-2W,
(e) Pt25SA—4W, (f) Pt255A-8W, and (g) Pt25SA-16W, reduced to 500 and 800 °C.

In the case of the Pt25SA-0.5W catalyst (Figure 12b) with low W content (W /Pt = 11.6)
and reduced at 800 °C, a dispersion of 56% was observed, and the same catalyst reduced
at 500 °C also showed a similar dispersion of 58%, which contrasts with the dispersion of
43% of the Pt100A catalyst without W reduced at 800 °C. This effect showed the stabilizing
effect of WOx.

For the case of the catalyst Pt25SA-1W (Figure 12c) with a ratio W /Pt = 20 and reduced
at 800 °C, a dispersion of 53% was observed, while the same catalyst reduced at 500 °C
showed a dispersion of 48%, which is still higher than that of the Pt catalyst without WOx.

As the W /Pt ratio increases (W /Pt ratio > 39), the Pt dispersion strongly decreases at
both reduction temperatures, and it was observed that this trend is more pronounced in
samples reduced to 500 °C than in samples reduced to 800 °C.

This behavior suggests that the WOx (or W*® ions) in the presence of PtOxCly could
inhibit the formation of metallic Pt because a higher reduction temperature (1000 °C) would
be required to obtain Pt crystallites.

This behavior could be explained based on the work of Alexeev et al. [61]. They found,
using EXAFS spectroscopy, the presence of metal-metal contributions of Pt and W with
oxygen atoms of the y-Al,O3 support. The authors suggest the presence of Pt “clusters”
that are stabilized in a highly dispersed state by their interactions with the W cations, which
are held in place by interactions with the support through the surface oxygen atoms. In
their work, the authors showed that the Pt clusters chemisorbed CO and H, and showed
activity in the hydrogenation of toluene. They found that the proximity of Pt and W
atoms during their preparation determined whether or not they had the ability to enact
chemisorption of CO and Hj.

The stabilizing effect of WOx on Pt crystals was observed mainly at low W contents
(0.5 and 1 wt% W); however, when the concentration increases to more than 2 wt% W, the
effect is inverse; that is, the dispersion decreases.

2.11. Surface Model

From the results of the BET area as a function of the WOx concentration (Figure 4),
it can be observed that the effect of WOx thermally stabilizes SiO;-Al,O3, as happens in
the case of Al,O3 [62], where it has been reported that WOx retard the crystallographic
transitions experienced by Al,O3; due to heating at high temperatures. This effect is more
evident when the calcination temperature increases from 550 °C to 950 °C.
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In Figure 4, it can be observed that the BET area did not decrease drastically in the
case of the samples that contained low concentrations of W (0.5 to 1 wt%), which shows
the stabilizing effect that WOx contributes to the support of SiOp—-Al,Os.

On the other hand, it is known that increasing the WOx concentration in the surface
acidity of Al,O3 produces a decrease in the population of Lewis sites evaluated by infrared
spectroscopy of chemisorbed pyridine [30].

On the other hand, in the SiO,-Al,O3-WOx surface scenario, the reduction with Hy by
TPR at 500 °C of the Pt (PtOxCly) oxychlorocomplexes produced (Figure 11), we observed
that the presence of WOx has a decrease in the reduction of these (PtOxCly) towards the
formation of Pt° (nanoparticles or clusters). It was observed that at low W contents in the
Pt100A and Pt25SA-0.5W catalysts, H; consumption by TPR was 2.2 to 1.9 mol H, /gatmPt,
respectively. These values are close to the value of 2 found in the stoichiometry reduction
equation (Equation (2)).

As already mentioned, the Pt dispersions in the catalysts reduced to 500 °C (Figure 12)
decreased in the presence of WOx, probably due to the difficulty of reducing the PtOxCly
bound with WOx, except for the Pt100A catalyst without W (W /Pt ratio = 0) that showed
the highest dispersion of 61%.

In TPR experiments of the 16 wt% W /Al,O3 catalyst (Sample 25SA-16W), we found
a peak up to 870 °C (Figure 10a); on the other hand, when the W content was small, as in
the Sample 255A-0.5W (Figure 10f), the maximum reduction temperature rises to 960 °C,
which shows a strong effect of the support on the reducibility of the WOx patches.

When we increased the reduction temperature from 500 °C to 800 °C, we observed a
slightly greater dispersion of Pt in almost the entire range of atomic ratios W/Pt (Figure 12),
with the exception of the Pt catalyst without WOx (ratio W /Pt = 0), where the Pt has sintered
from 61% to 43%.

These results suggest that there is probably a strong interaction between PtOxCly and
WOrx that increases as the concentration of WOx increases.

The fact that a fraction of Pt remains unreduced to metallic Pt could be due to the
fact that WOx oxides could possibly be decorating the Pt oxychlorides or newly formed
Pt particles. The studies of TEM and X-ray diffraction patterns by Regalbuto et al. [63]
indicate that WOx are highly bound to Pt precursors.

The surface model that we propose considers the following aspects: (a) the thermal
stabilization produced by WOx on the S5iO,—Al,O3 support, (b) the stabilization of the
reduced Pt particles up to 800 °C, inhibiting sintering, especially in low W contents,
and (c) the substitution of Lewis sites of the support by WOx species that could possibly
help to decrease the mobility of Pt particles during reduction up to 800 °C.

Other surface models for this Pt—~-WOx catalytic system supported on SiO, or Al;O3
have been proposed. The Yermakov model [64] suggests the formation of conglomerates
or “clusters” of metallic Pt on SiO, which are stabilized by their interaction with low
valence W ions bound to the support. Another superficial model has been proposed by
Regalbuto et al. [65], which consists of the presence of large and small crystallites located
on the support and on the WOx phase.

The Pt on the tungsten phase decreased the difficulties in reducing WOx, leading to the
formation of partially reduced compounds called “W bronzes” (hydrogen tungsten bronzes
HTB) and suboxides of W. WOx affected the size of Pt crystallite, in part by decreasing the
quantity and size of PtCl, crystallites in bulk that formed after calcination. Suboxides such
as WO, form a separate phase from W bronzes, which decorate the surface of Pt particles
and thus decrease CO chemisorption. In his model, three well-characterized surface phases
were reported: Pt particles, WO, decorating the Pt particles, and the bronzes (HTB) in
a bulk phase.

In another model proposed by M’Bongou et al. [56], the authors proposed the existence
of two classes of surface structure: a structure with a low content of W (W < 5wt%)
characterized by small particles of Pt, where the activity and selectivity of the catalyst
are due to a particular interaction between Pt and WOx instead of the known classical
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interaction of Pt and Al,O3 with small Pt particles interacting with the support (which was
called classical interaction) and the interaction between Pt° and W°*/Al,O3, which was
called particular interaction and another surface part of Wo* separately. The other structure,
with high content of W (where the concentration of W >18 wt%), consisted of metallic Pt
and tungsten with various oxidation states from +6 to 0. Wo* could be a tungstate strongly
anchored to the support, and a part of Pt could have W with low oxidation states produced
by the reduction of a fraction of WOx that migrates in the upper part of the Pt particles.

Our model (Figure 13) has been built with the results of our characterizations and has
taken into account the aforementioned models in both SiO; and Al,O3. The Pt catalyst
without WOx (Pt100A) is shown in Figure 13a, wherein the absence of WOx produces Pt
sintering when we reduce the temperature from 500 °C to 800 °C. When a small amount of
W is added to the Pt25SA—-0.5W catalyst (Figure 13b) a phenomenon of stabilization of Pt
particles is observed; the sintering is inhibited due to the obstruction of WOx, with which
an increase in the dispersion of Pt with respect to the previous case could be presented. By
further increasing W in the Pt25SA-1W catalyst, the stabilization and reduction of the Pt
oxychlorocomplexes to Pt particles was also observed (Figure 13¢c,d). In the catalysts with
a higher concentration of W (4 to 16wt%W), the reduction of PtOxCly was complicated to
carry out.

TPR =500°C TPR = 800°C

s @ 0 000

Si02-A1203
W/Pt=0

| Pt stabilizationW\
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8102-A1203 |:> Si02-A1203
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Figure 13. Surface model of the Pt/SiO—-Al,O3-WOx catalysts: (a) Pt100A without WOx, (b) Pt25SA—
0.5W, (c) Pt25SA-1W, and (d) Pt25SA—4W.

2.12. CO Combustion

The conversion of CO followed a typical light-off process during combustion on the
active sites of Pt (Figure 14). As is known to occur at a low temperature, the reaction
was self-inhibited due to the high coverage of the active sites with CO [66,67], and as
a consequence, the conversion iwas low.
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Figure 14. CO conversion of Pt25SA-WOx catalysts reduced to 800 °C: (a) Pt100A-(reduced to
500 °C), (b) Pt25SA-0.5W, (c) Pt25SA-1W, (d) Pt100A catalyst (reduced at 800 °C), (e) Pt25SA-2W,
(f) Pt25SA—-4W (g), Pt25SA-8W, and (h) the 25SA support.

On the contrary, at higher temperatures, the conversion of CO was high, while the
surface covered with CO was relatively low. It was identified that in this region, the
reaction rate was limited by the transport of reactants to the catalytic surface. In the
intermediate region of the light-off, the reaction rate increased due to the heat of reaction
and the availability of CO, while at a higher temperature the availability of CO was lower.
The conversion results of the catalysts against CO combustion temperature (Figure 14 and
Table 5) starting at 140 °C are similar to some reported in the literature [38,68].

Table 5. CO combustion temperatures at conversions of 50% (T5p) and 90% (Tqg) for catalysts
prepared: Monometalic Pt reduced at 500 °C (Pt100A-(500)) and 800 °C (Pt100A-(800)), bimetallic
Pt-W (Pt25SA-0.5W to Pt255A-8W), and the support 255A.

Catalyst T50 (°C) T90 (°C)
Pt100A-(500) 168 180
Pt255A-0.5W 172 190
Pt100A-(800) 179 203

Pt25SA-1W 191 220
Pt25SA-2W 230 250
Pt25SA—-4W 262 290
Pt25SA-8W 290 325
25SA (support) 315 350

In order to compare the catalytic activity of these catalysts, we adopted the temperature
at which 50% and/or 90% conversion were reached (Tsy and/or Tqg). From Figure 14a, it
can be observed that the Pt100A catalyst (reduced to 500 °C) was the most active catalyst,
with a T50 of 168 °C. This value corresponds to a Pt dispersion of 61%.

The following catalyst Pt25SA-0.5W reduced to 800 °C (Figure 14b) showed a Ts5¢ of
172 °C, corresponding to a dispersion of 56%. Then the catalyst Pt25SA-1W (Figure 14c)
showed a T5p = 179 °C with a dispersion of 53%.

Then the Pt catalyst, the Pt100A catalyst (Figure 14d) reduced at 800 °C, showed a T
of 191 °C, corresponding to a dispersion of 43%.

In general, the following catalysts kept the following order: the catalyst Pt25SA-2W
(Figure 14e) showed a Ts5q = 230 °C with a dispersion of 30%. Then the catalyst Pt25SA-4W
(Figure 14f) showed a Ts5q = 262 °C with a dispersion of 11%. Then the catalyst Pt25SA-8W
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(Figure 14g) showed a T5p = 290 °C with a dispersion of 5% and finally, the support 255A
showed a Tsp = 315 °C (Figure 14h). These values of catalytic activity relative to Tsy were
consistent with the metal dispersion of Pt.

The conversion of CO in the 25SA support was not significant up to 350 °C, as reported
in other works [38].

The conversion of CO (Figure 14) is related to the CO and O, adsorption stages.
Regarding the thermodesorption of CO in Pt nanoparticles, Gu et al. [68] clearly showed
two bands or desorption peaks, which indicated heterogeneity at the adsorption sites,
linked to different activation energies in the desorption process. These energies are related
to the surface coverage of CO on the surface of Pt where the particle size distribution of Pt
has large participation [69]. Given the results of thermodesorption of CO, it was mentioned
that the first peak at a low temperature (100-260 °C) is associated with the linear desorption
of CO on small particles [68], and the adsorption of CO at a high temperature (300400 °C)
may be due to bridge-bonded CO species [70].

The most marked effect on the combustion of CO is related to the metallic phase of Pt
obtained after the reduction at 800 °C; that is to say, the dispersion of Pt showed a strong
effect on the conversion, derived from the presence of W oxides at a low concentration (0.5
and 1 wt% W).

We did not find significant differences in the conversions of the catalysts prepared
with the microspheres obtained by the two (Pt-DAC and Pt-DAR) atomizers during the CO
conversion. On the other hand, it has been reported that catalysts calcined at temperatures
below 800 °C were active [38] and also that the noble metal existed in two states of
aggregation: clusters (1-3 nm) and larger aggregates (20-100 nm). Additionally, it has been
found that the Pt supported without WOx does not present strong interaction with the
support at a high calcination temperature, resulting in three-dimensional Pt nanoparticles.

2.13. Comparison with Other Studies

Studies of the catalytic combustion of CO using Pt show (Table 6) that the catalytic
activity depends on several factors, such as the concentration of Pt, the amount of catalyst,
and the presence or absence of reducing agents such as Hj.

Table 6. Comparison of CO combustion studies with catalysts containing Pt.

Catalysts

Pt (%)

Calcination Feed Conc. Pt Dispersion

©0), (h) GHSV (h-1) (vol.%) (%) Tso (°C) Top (°C) Reference

Pt/AlL,O3

C0-02
550, 450 120,000 1 1\%—-335 - 169 176 Ivanova et al. [38]

He-balance

Pt/Ce-Zr-SO4%~
Ce/Zr =4:1

CO-0.1
0,-10
500, 3 24,000 NO-0.05 58 175 184 Gu et al. [68]
C3H4-0.05
Nj-balance

Pt/ALO;
Sol-gel

CO-1.0
0,-1.35
H,-60
CO,-25
H,0O-10
He-balance

Manasilp and

500, 13 34,286 Gulari [71]

8.9 100 135

Pt/AlL,O3

CO-0.5
0,-10
NO-0.02 .
3
500, 4 80,000 CO,-20 40 164 176 Akil et al. [72]
H,O-10
He-balance

Pt/AlL,O5

0.03

CO-6.94
500, 2 2,760,000 2 0,-12.97 36 460 475 de Carvalho et al. [6]
He-80.09

Pt/SiO,-Al,O3-WOx

0.05

CO-7
24,000 0,-13.5 61 168 179 This study
He-79.5

550, 6
800,23

! Estimated value. 2 The value of the promoter weight was taken. 3 Reduction conditions.
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The effect of the concentration of Pt in the catalyst can be observed in the work of
Manasilp and Gulari [71], where they used 2wt% of Pt, and the conversion temperatures
of 50% and 90% were the lowest of Tsg = 100 °C and Tgg = 135 °C, respectively. However,
this evaluation started from a gas mixture of Hy, O,, and HyO. The authors found that the
presence of H,O vapor dramatically increases the oxidation reaction of CO, especially at
low temperatures. The conversion increased up to 10 times when 10 vol.% H,O was added.

In our case, we used a concentration of 0.05wt% of Pt, which is much lower than the
concentration of Pt used by Manasilp and Gulari [71]; however, it seems clear that the
dispersion of Pt is the relevant parameter. The temperature at which we obtained 50%
conversion was 168 °C, compared to the temperature of 100 °C of the previous work. The
difference of 68 °C is not too high considering the low concentration of Pt.

The study by Ivanova et al. [38] is similar to ours in respect to the CO combustion
results, and in that, an Al,O3 prepared in the laboratory was used. The authors report a Tsg
of 169 °C against a T5p of 168 °C in this work. The authors made a very good study of the
effect of the calcination temperature of the support and the catalyst. In Pt/ Al,O3 catalysts
calcined at relatively low temperatures of 550 °C (for Al;O3) and 450 °C (for Pt/ Al,O3), Pt
was present in the form of metal clusters.

Another work similar to ours is that of Akil et al. [72], where they evaluated a catalyst
with 1 wt% Pt and a gas mixture containing CO, O, NO, CO,, and HO. They reported a
Tso of 164 °C, which is close to ours (Tsy of 168 °C).

For their work, Gu et al. [68] prepared a 1 wt% Pt catalyst supported in CeO,-ZrO;-
SO42~, where a Ts; of 175 °C was observed, which is close to ours (Tsp of 168 °C). The
authors found that the presence of sulfates (504 7) improves the combustion conversion of
CO significantly due to the formation of Pt® *-(SO*=)%~ species, which were very active
for the combustion of CO and more resistant to the presence of SO,.

Finally, the study by de Carvalho et al. [6] was working with a 0.03 wt% Pt in Al,O3
catalyst mixed with a stabilized cracking catalysts. The evaluation was carried out on a
solid mixture of 0.005 g of this catalyst with 1.2 g of a used commercial catalyst and balanced
from catalytic cracking. The Tsy temperature was 460 °C, a much higher value than the one
we reported (Tsp of 168 °C); however, the evaluation is closer to the real conditions of the
combustion promoter of the FCC plant and the Pt dispersion they reported was 36%.

3. Materials and Methods
3.1. Preparation of Macro-Spheres of SiO—Al,O3

In this study, macrospheres were prepared from mixtures of SiO,—Al,O3 (3 mm) and
microspheres (10-230 pm) of SiO,—-Al,O3 with a fixed composition; the former was used to
study mechanical resistance, and the latter made up the main study.

Initially, we started with the synthesis of metasilicic acid (H,SiO3), which was obtained
in a stirred tank reactor (SAISA, Mexico City, Mexico) from an aqueous solution of 34.45 kg
of sodium silicate Na;SiO3 (Silicatos Especiales, Ecatepec de Morelos, México), with a pH
of 9.5, by precipitation with 5.24 L of HCI at 32 wt% (£0.2 wt%) (Acimex, Mexico City,
Mexico), using phenolphthalein as an indicator. The gel derived from the polymerization
reaction was continuously stirred at 25 °C until it obtained a pH of 2.5 (£0.1) with a pH
meter (Conductronic, Puebla, Mexico). The gel was left to rest for 48 h at 25 °C for the
formation of the crystals and their aging. Subsequently, the gel was washed in a centrifuge
with demineralized water until a pH of 4.5 was obtained, and it was left to rest for 48 h.

The boehmite gel [AIO(OH)] was obtained from a solution of 37 kg of Al,(SO4)3
(Alquimia, Mexico City, Mexico) in 20 L of H,O de-ionized by precipitation with 25 L of a
38 wt% (£0.5 wt%) NH4OH solution (Acimex, Mexico) at 60 °C in an intermittent stainless
steel reactor (SAISA, Mexico). The gel derived from the reaction was continuosly stirred
until a pH of 8.5 (£0.1) was obtained. The precipitate was allowed to stand at 25 °C for 72 h
for crystal growth and gel aging. The filtered gel was washed 5 times in a centrifuge with
demineralized water until a pH of 7.2 (+0.1) was obtained, and it was left to rest for 48 h.
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The H,5i03 and AIO(OH) gels were mixed in calculated amounts to obtain the SiO,—
Al,Oj5 solids and shaken on an orbital shaker (Thermo Scientific, Max, Waltham, MA, USA)
for 1 h at 120 rpm. The SiO,—Al,O3 macrospheres were dried in a rotary drum dryer
to obtain a diameter between 3-5 mm in such a way that 3 mm spheres were obtained
by calcination.

The macrospheres had the composition shown in Table 7: 100wt%Al,O3 (100A), Swt%
Si0,-95%wtAl,O3 (5SA), 10wt%SiO,—-90wt%Al,O3 (10SA), 15wt%SiOr—85wt%Al,O5 (155A),
20wt%Si0,—-80wt% Al O3 (20SA), 25wt%Si0r-75wt%Al, O3 (255A), and 100wt%SiO, (100S). The
samples named 100A and 100S corresponded to the pure AIO(OH) and H,SiO;3 gels, respectively.

Table 7. Composition of the SiO,—Al,O3 macrospheres calcined at 550 °C.

Sample wt%Si0, 1 wt%Al,0;3 2 pH=£0.1
Al,O3 com. 0 100 8.2
100A 0 100 8.5
55A 57 94.3 8.1
10SA 11.8 88.2 7.6
155A 15.9 84.1 7.2
20SA 17.6 82.4 6.8
255A 25.5 74.5 6.4
100S 100 0 45

12 Absolute errors of the SiO, and Al,O5 content in the mixtures were + 1.3wt% SiO; and + 1.1wt% Al Os,

For comparison, alumina macrospheres (Al;O3 com.) with a diameter of 3 mm were
also prepared. For this purpose, a mixture of 1 kg of commercial hydrated alumina powders
(QR Minerals, Querétaro, Mexico), 30 g of polyvinyl alcohol (Merck, Naucalpan de Juarez,
Mexico), and 200 mL of demineralized water were used, later forming the spheres in a
rotary drum dryer. Finally, all the spheres were dried at 120 °C for 48 h and then calcined
from 25 °C to 550 °C (heating rate of 2 °C/min), keeping the macrospheres at 550 °C
for 6 h.

Subsequently, the calcined spheres were subjected to tests under axial compres-
sion to evaluate their resistance to rupture, utilizing a universal mechanical testing ma-
chine (United, Model SSTM-1) with a load cell of 10 kN and a controlled-load speed of
0.05 cm/min (relative error of £0.1%). Each evaluation was carried out in triplicate.

3.2. Formation of Fines by Attrition Using the Jet-Cup Technique

The weight percentage of fines (<20 pm) contained in some of the microspheres
showed in Table 1 was measured by weight difference before and after the jet-cup attrition
tests. The jet-cup test system was based on a design proposed by ASTM [32] consisting
of an air inlet tube connected to the sample cup at the bottom, a sedimentation chamber,
and a fine-capture filter at the top. The details and geometric dimensions of the equipment
have been described [32]. A sample of 5 g was loaded into the sample cup and then
attached to the settling chamber for all jet-cup tests. Afterward, an airflow of 20 L/min was
introduced, which was introduced tangentially and before passes through a humidifier.
The temperature and relative humidity of the air were 20 °C and 53%, respectively, with an
attrition time of 1 h. At the end of each test, the fines were recovered in the upper filter,
and the coarse particles in the sample cup would later be mixed with them to measure the
percentage of fines generated.

3.3. Preparation and Rheology of the 255A Suspension for Spray Drying

For the formation of microspheres by spray drying (Appendices A and B), a feed sus-
pension was prepared, composed of 43 & 0.5 wt% of the 255A powder sample (25wt%SiO,—
75wt% AlyO3), 55.5 £ 0.5 wt% demineralized water, 1.3 & 0.01 wt% of polyvinyl alcohol
(Merck, Mexico), as a binder, and 0.2 & 0.01 wt% of ethylene glycol (Merck, Mexico), as
plasticizer [73-76]. The density of the suspension was 1.47 4 0.06 g/cm?>. This suspension
was used in the spray drying experiments, using two atomization discs with vanes of dif-
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ferent geometry to meet the PSD requirements and the particle SMD of the CO combustion
promoter support used in the FCC units [11,13,15].

Additionally, alumina microspheres (100A) were prepared by spray drying using
the same procedure as above that was used with the 255A powder. The suspension
was atomized with the straight rectangular blade disc (DAR) with a rotation speed of
6000 =+ 121 rpm.

The rheological parameters of the 255A suspension were determined with a com-
mercial rheometer (Anton Paar, MCR 502) equipped with a sample temperature control
system and an EC-motor in combination with the low-friction air bearing. A parallel plate
geometry with a diameter of 25 mm was used, fitting a sample thickness of 1 mm between
the parallel plate and the sample holder. The temperature of the sample in the determina-
tion was 20 & 1 °C. The cutting speed was controlled in the range of 0.1 to 100 s~!. The
measurement was carried out three times to verify the reproducibility of the results.

3.4. Impregnation of WOx and Pt in the Microspheres

Derived from the study of mechanical resistance of the SiO,—Al,O3 macrospheres
(Figure 1), the mixture 255A (25wt%Si0,-75%Al,03) was chosen as the one with the highest
mechanical resistance to rupture, preserving the presence of the Lewis acid sites of the
AlyO3 and an appropriate BET area to deposit both WOx and Pt. The microspheres selected
for the impregnation of Pt and W were those obtained from the P2-DAR experiment
(6000 rpm), and they were calcined at 550 °C. The Sauter diameter (SMD) was 103 um.

To exchange the W oxides in the 255A microspheres, a solution of (NH4)12W12049-5H,O
(Aldrich, Saint Louis, MO, USA) with a concentration of 7.68 x 10~2 M (as W) was used
to carry out an impregnation on the microspheres of SiO,-Al,O3. A change in pH was
observed from 6.5 until it equilibrated at 8.7 after 20 min. The change in pH was due to
an exchange of tungstate ions with the hydroxide groups of Al,O3 and is supported by
micro-electrophoresis and potentiometric titration studies by Karakonstantis et al. [77].
Microspheres with different contents of W promoter were dried at 110 °C for 24 h, then
calcined at 550 °C for 4 h to finish forming the structural promoter of WOx [30] (Table 8).

Table 8. Composition of the 25SA-WOx microspheres calcined at 550 °C.

Sample wt% SiO; wt% Al, O3 wt% W1
255A-0.5W 25.69 73.81 0.501
25SA-1W 25.56 73.443 0.997
255A-2W 25.30 72.692 2.008
255A—4W 24.783 71.219 3.998
25SA-8W 23.745 68.246 8.009
255A-16W 21.697 62.312 15.991

! The absolute error of the W content in the microspheres was 4= 0.005wt%. The W content in the microspheres
was estimated by atomic absorption spectroscopy.

The nominal impregnation of 500 ppm of Pt or 0.05wt% Pt in the microspheres 100A
and 255A-WOx was carried out by the incipient wetness impregnation method using
a beaker stirred at 60 °C. Measurements of 5 g of microspheres and 6.6 cm? of an H,PtClg
solution (Aldrich, USA) were impregnated for 2 h with a concentration of 0.38 mgPt/cm?
until reaching a pH of 6 and evaporating the moisture. Afterward, the samples were dried
in an oven at 120 °C for 48 h and finally calcined in a muffle at 550 °C for 6 h. These
catalysts were reduced in the presence of 30 cm3/min H; gas flow at 500 °C and 800 °C for
2 h, respectively. Catalysts reduced up to 800 °C were evaluated in the combustion of CO.

The microspheres 100A, 255A—0.5W, 2556A-1W, 255A-2W, 255A—4W, 255A-8W, and
255A-16W with deposited Pt were named: Pt100A, Pt255A—-0.5W, Pt25SA-1W, Pt255A-2W,
Pt25SA—-4W, Pt255A-8W, and Pt255A-16W, respectively (Table 9).
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Table 9. Composition (wt%) of the Pt25SA-WOQx catalysts calcined at 550 °C.
W/Pt
) : ) 0, ) 1
Sample wt% SiO, wt% Al,O3 wt% W wt% Pt (Atom/Atom)
Pt100A 0 99.946 0 0.0538 0
Pt25SA-0.5W 25.680 73.760 0.504 0.0554 11.60
Pt25SA-1W 25.553 73.409 0.982 0.0561 20.066
Pt255A-2W 25.287 72.646 2.012 0.0549 39.02
Pt25SA4W 24.789 71.218 3.950 0.0426 98.34
Pt255A-8W 23.760 68.165 8.030 0.0445 191.38
Pt25SA-16W 21.835 62.550 15.57 0.0467 353.6
Pt-DAR 25.857 74.100 0 0.0430 0
Pt-DAC 25.747 74.210 0 0.0439 0

1 The absolute error of the Pt content in the microspheres was £ 0.0064 wt% Pt. The Pt content in the microspheres
was estimated by atomic absorption spectroscopy.

In order to observe the effect of the geometry of the vanes of the atomization discs on
the combustion of CO, the Pt-DAR and Pt-DAC catalysts were prepared. The first was
prepared using the microspheres from the P2-DAR experiment (6000 rpm), and the second
was prepared using the microspheres from the P2-DAC experiment (6000 rpm).

The quantitative analysis of Pt and W in the catalysts was carried out in atomic absorp-
tion equipment (Perkin Elmer, Waltham, MA, USA, Aanalyst 400), using the calibration
standards for Pt (LabKings, AG Hilversum, The Netherlands) and for W (Perkin Elmer,
N9303809).

3.5. Characterization of SiO,—Al,O3 Oxides and Catalysts
3.5.1. X-ray Diffraction (XRD)

XRD diffractograms of SiO;-Al,O3 oxides calcined at 550 °C were obtained with
a Rigaku diffractometer (Phillips Xpert) equipped with a Cu anode tube (30 kV, 20 mA),
using CuKa radiation. The scan was performed in the range of 20 ~ 10-100°, with a
counting time of 2° /min. The different crystalline phases of 5iO; and Al,O3; were identified
using the corresponding diffraction data cards JCPDS 10-0425 for Al,O3 and JCPDS 29-0085
for SiO;.

3.5.2. Scanning Electron Microscopy (SEM)

The SiO,—-Al,O3 oxides microstructure images were taken by scanning electron mi-
croscopy (SEM) with field emission and high resolution in a Joel microscope (model
JEM-6701-F, Japan) using secondary electrons.

3.5.3. Optical Microscopy and Textural Analysis of Spray-Dried 25SA Microspheres

The optical microscopy images of the 25SA microspheres spray dried and calcined
at 550 °C were obtained through an optical microscope (Biomédica-Lab, Orange City,
FL, USA, L1100), using a 10X objective and a 10X ocular. The images were captured
with a digital camera (LG-L, Bello) with a resolution of 8 MP, and the particle diameters
were measured using a micrometric scale printed on the processed images, which was
elaborated from the calibration of the optical microscope, which consisted of superimposing
a micrometric ocular (Euromex, Arnhem, Holland) with a 19 mm printed ruler divided into
100 units on a micrometric slide (Euromex, Holland) with a 2 mm printed ruler divided
into 200 units.

The N, adsorption—desorption isotherms of the 25SA microspheres were determined
in a micromeritics epuipment (ASAP-2460, USA) utilizing the physisorption of N, at
—196 °C. Before adsorption, the samples received a degassing pretreatment at 300 °C for
5 h under vacuum of 1 x 10~* torr. These results determined the BET specific area, pore
volume, and pore diameter distribution by applying the standard BET model [78]. To
quantify the pore volume (V) of the samples, the T-plot method [79] was used. The pore
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diameter distributions were obtained from the BJH model [80], using isotherm desorption
and assuming the cylindrical pore geometry.

3.5.4. Temperature Programmed Reduction (TPR)

The TPR profiles of the calcined catalysts were obtained under H, flow (10 vol.%
H,/Ar) by a commercial ISRI thermodesorption instrument (multipulse RIG model)
equipped with a thermal conductivity detector (TCD). Samples of 500 mg and a gas
flow of 25 cm3/min were used in the experiments. The TPR profiles were registered by
heating the sample from 25 to 600 °C at a heat rate of 10 °C/min, and a TCD monitored
the H, consumption rate. The amount of Hy consumed was obtained by the deconvolu-
tion and integration of the TPR peaks using the Peak Fit program. The calibration was
done by measuring the change in weight due to a reduction in H; of 2 mg of CuO using
an electrobalance Cahn-RG. The TPR signal of CuO was made and correlated with the
stoichiometric H, consumption.

3.5.5. Hy Chemisorption

Chemisorption measurements of Hy were performed using a conventional volumetric
glass apparatus (base pressure 1 x 107° Torr). The amount of chemisorbed H, was
determined from adsorption isotherms measured at 25 °C. In a typical experiment, 1 g
of catalyst was reduced in Hj at 550 °C for 1 h, then evacuated at the same temperature
for 2 h and cooled down under vacuum to 25 °C. After that, the first adsorption isotherm
was measured, and the catalyst was then evacuated to 1 x 102 Torr for 30 min at 25 °C to
remove the Hy physisorbed. The second isotherm of H, was carried out until equilibrium.
The linear parts of the isotherms were extrapolated to zero pressure. The subtraction of
the two isotherms gave the amount of Hj strongly chemisorbed on metal particles. These
values were used to calculate the Pt dispersion (H/Pt ratio or % of active Pt). For the Pt
dispersion calculation, the stoichiometry H/Pt was 1, as reported in the literature [81].
In preliminary experiments, it was found that chemisorptions of hydrogen on the 255A
support were negligible at 25 °C. The uncertainty of the reported uptakes was +0.45 pmol
Hy/ Scat-

Pt dispersion [%] = (Pt active atoms/Total Pt atoms) x 100 3)

Pt active atoms were related with the H, chemisorption.

3.6. CO Combu tion

The conversion during combustion of CO with the catalysts Pt100A, Pt25SA-0.5W,
Pt25SA-1W, Pt25SA—4W, Pt255A-8W, and Pt255A—-16W in the form of microspheres (Hy
reduced at 800 °C) was determined in a fixed-bed continuous reactor packed with 0.5 g
catalyst. The reagents and products were analyzed online with a Gow Mac 580 gas
chromatograph equipped with a thermal conductivity detector (TCD) heated to 200 °C. A
13X molecular sieve packed column (1/8 in x 8 ft) was used, with an oven and injector
port temperature of 50 and 150 °C, respectively, injecting a sample volume of 10 uL. CO,
O3, and CO; were analyzed using a flow of 30 cm®/min of He. Before starting the reaction
with the mixture containing CO, the catalyst was heated in a stream of Hy /Ny (10%) of
20 cm?/min from 25 °C to 300 °C (10 °C/min) and waskept at this temperature for 2 h and
then cooled to 100 °C to start the reaction.

In the catalytic evaluation, a reaction mixture composed of 7 vol.% CO, 13.5 vol.% O,
in 79.5 vol.% He was used with a volumetric flow of 200 cm®/min. No internal and external
diffusion limitations were observed using this flow and the size of the microspheres. The
composition of CO and O, was previously verified in each experiment. Under these
conditions, the CO/O, molar ratio was 1.93, in an attempt to have a slightly oxidizing
condition. Mass flow controllers controlled the gas flows (AALBORG, repeatability: +0.25%
of full scale). The reaction temperature changed between 120 and 260 °C, with 20 °C
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increments. The reaction time was 25 min at each temperature, including chromatographic
analysis. The conversion was calculated on the moles of CO fed according to:

X [%] =[Nco® — Ncol/Nco® x 100 4)

where X is the conversion of CO, Nco° are the moles of CO fed, and N¢o are the moles of
unconverted CO.

4. Conclusions

A catalyst of 0.05% by weight of Pt supported on SiO,—Al,O3 microspheres stabilized
with 0.5 wt% W was developed for the combustion of CO which showed a conversion of
50% at 172 °C and a conversion of 90% at 190 °C.

It was found that the addition of small concentrations of W (<1wt% W) to the SiO,—
AlyO3 support produces a stabilized surface when the catalyst is subjected to reduction or
calcination at a high temperature (800 °C)

It was found that a ratio of 25wt% of SiO;, and 75wt% of Al,O3 can produce spheres
with high mechanical resistance to crushing. A straight rectangular vanes atomization
disk (DAR) was studied to obtain SiO;—Al;O3—WOx microspheres of a specific diameter
(20-180 um). DAR produced complete spherical particles. The geometry of the vanes in
the disk affected the morphology of the particles obtained. The increase in the speed of
rotation of the disks decreased the maximum particle size and the Sauter average diam-
eter in the Si0,—Al,O3 microspheres. Using the DAR with a rotation speed of 6000 rpm
is reccomended.

From the studies of TPR, Pt dispersion, and BET specific area, a surface model has
been suggested where it is proposed that at low W contents (0.5 and 1wt%) and a reduc-
tion of 800 °C, it is possible to have Pt particles thermally stabilized by the presence of
surface WOx.
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Appendix A. 25SA Suspension Rheology

The rheological behavior of the suspension that was fed to the atomizer of the spray
dryer was of particular importance since it characterizes the flowability of the suspension
and can also be related to the transport capacity of the fluid due to the pump. It can also
provide insight into the repeatability of microsphere formation and is helpful for atomizer
design purposes.

The Herschel-Bulkley regression model (Equation (A1)) was fitted to the experimental
values in the flow curve of the 255A suspension (Figure Ala) [82,83]. The model relates the
parameters of the shear stress (7) with the strain rate (y) by the equation:

T="1,+ky" (A1)
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where T, is the yield shear stress, k is the consistency factor, and 7 is the flow behavior
index. The values of the model parameters estimated by the rheometer software were
T, = 0.6 Pa, k = 24.8 Pa" y n = 0.263. For n < 1, the Herschel-Bulkley fluid is considered
shear-thinning.

The viscosity curve of the 25SA suspension (Figure A1b) follows a non-linear behavior,
highly thinning with the increase of the shear rate and characteristic of a non-Newtonian
pseudoplastic fluid. The decrease in the viscosity of the suspension is associated with the
existence of an intraparticula network at rest, which undergoes a gradual rupture with the
increase of the applied shear rate [84,85], which makes the particles randomly oriented at
rest align with the used shear.
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Figure A1. (a) Flow curve; (b) viscosity curve of the 25SA suspension. The relative error percentages for the shear stress
and viscosity values were £1.9% and £1.5%, respectively.

Appendix B
Appendix B.1. Description of the Spray Dryer and Its Operating Parameters

The experiments were carried out in a parallel flow pilot scale spray dryer (Figure A2),
using a pneumatically driven rotary disk atomizer. The 255A suspension at 20 °C was fed
utilizing a peristaltic pump (ProMinet, beta/4), with a flow rate of 0.4 cm?/s to the atomizer.

As a heat source for the dryer, a hot combustion gas from a direct combustion LPG gas
burner (Riello 40 GS) was used. The combustion gas entered the drying chamber through
a volute-type gas disperser located on the lid of the drying chamber with a volumetric
flow of 0.14 m>/s. In all experiments, the inlet and outlet drying gas temperatures were
225 4+ 10 °C and 160 & 4 °C, respectively.

The dryer used an extractor to aspirate the generated microspheres and spent gas from
the drying chamber, and then transport them to the dust separators. The microspheres
were collected in a cyclone-type particle separator and in a filter bag.

Appendix B.2. Experiments to Obtain Microspheres with Two Disk Atomizers

Two atomization disks with vanes of different geometry were manufactured from
316 stainless steel. The designs consisted of a straight radial rectangular vanes (DAR)
disk (Figure A3a) and a curved rectangular vanes (DAC) disk (Figure A3b). The structure
of the discs incorporates a hollow circular chamber (1), a central part in the form of an
inverted plate (2), and a threaded connection (3) that holds the disc to the impeller of the
atomizer. At the periphery of the disks, 16 liquid ejection channels were located (4). The
upper plate (5) covers the vanes and a large part of the disk.

The geometric dimensions of the liquid ejection channels of the DAR and DAC are
shown in Figure A3c,d, respectively. The cross-sectional area and volume of the RAD
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channel were 17.2 4 0.85 mm? and 163 + 9.8 mm?, respectively. On the other hand,
the cross-sectional area and the volume of the DAC channel were 18.2 + 0.89 mm? and
164.2 £ 9.8 mm?, respectively. The diameter and thickness of the disks were 50 & 0.1 and
10 = 0.1 mm (Figure A3e,f), respectively.

Figure A2. Schematic representation of the spray dryer used to produce the SiO,—Al,O3 microspheres.
(a) Feed tank, (b) peristaltic pump, (c) direct combustion burner, (d) combustion chamber, (e) gas
disperser, (f) rotary atomizer, (g) drying chamber, (h) thermocouples, (i) control panel, (j) cyclone
dust separator, (k) extractor, (m) bag filter, (n) spent gas outlet, and (0) air compressor.

Four experiments were performed for each atomization disc design, varying the
rotational speed of the discs in the range of 3000 to 14,000 rpm (Table A1).

The rotational speeds of the discs were measured using a digital laser rpm counter
tachometer (Tach Tester, TD-2234C+) before the experiments and feeding the suspension
into the discs. All rotational speeds of the disk were measured in triplicate.

Measurement of physical properties and characterization analyzes were carried out
on microspheres collected from the cyclone separator, which were then calcined in an oven
(Thermo Scientific, FB1415M) at 550 °C for 6 h with a heating rate of 3 °C/min. Also, four
selected products were calcined at 750 °C for 6 h to perform textural properties analysis.
The purpose of calcination was to eliminate organic materials and obtain a porous and
rigid structure of the particles.

The apparent density of the products calcined at 550 °C was determined by the ratio of
the weight of a sample measured on an analytical balance (Sartorius, Gottingen, Germany,
BL210S) and its volume occupied in a 10 cm? glass graduated cylinder (Pyrex, Mexico). All
densities were measured in duplicate.

The elaboration of the particle-size distribution (PSD) and the calculation of the Sauter
mean diameter (SMD) was carried out with the use of the Image ] processing program
of the optical microscopy images, following the methodology described in Masters [20].
The PSD curves were made from the frequency of particle appearance fy(D) against a
representative particle diameter (D). The subscript N indicates the number of particles
counted. SMD had the same surface-to-volume ratio of powder sample and was calculated
as [20,86]:

SMD =Y 'N,D;>/Y N:D/? (A2)

where i denotes the size range considered, Ni is the number of particles in size range 7, and
Di is the middle diameter of size range i.
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Table Al. Atomization parameters established in the experiments with a flow rate of 0.4 cm3/s.

Straight Rectangular Vanes Disc Curved Rectangular Vanes Disc
P1-DAR P2-DAR P3-DAR P4-DAR PI1-DAC P2-DAC  P3-DAC  P4-DAC
Disc rotation speed !, (rpm) 3000 6000 11,500 14,000 3000 6000 11,500 14,000

The absolute error of the rotational speed of disk ! was £85 rpm.

4mm  3.2mm

(b) (d) ®

Figure A3. Shape and dimensions (absolute error of = 0.1 mm) of the atomization discs (a,b) form and structure;
(c,d) interior view; (e,f) side view of the straight rectangular vanes disk and the curved rectangular vanes disk, respectively.

Appendix B.3. Spray-Dried 25SA Microspheres Obtained with the Curved Rectangular Vanes Disk

With the curved rectangular vanes disk (DAC), microspheres of various sizes and
fragmented hollow particles (eggshell type) were produced (Figure A4a—d). In the products
of the experiments P1-DAC (Figure A4a), P2-DAC (Figure A4b), and P3-DAC (Figure A4c),
the presence of laminar particles with irregular edges can also be observed, which were
due to the deposition of material on the walls of the drying chamber. These particles were
then detached and exited together with the other particles of the dryer. It is notable that
the geometry of the curved vanes on the atomization disk led to the increased production
of fragmented particles.



Catalysts 2021, 11, 1320

30 of 34

Figure A4. Optical microscopy of the spray-dried 25SA microspheres and calcined at 550 °C was
obtained with the curved rectangular vanes disk: (a) P1-DAC; (b) P2-DAC; (c) P3-DAC; (d) P4-DAC.

Appendix B.4. Effect of the DAC-Disk Rotation Speeds on the Particle-Size Distributions (PSD)
and the Sauter Mean Diameter (SMD)

Similarly to what happened with the DAR atomizer, when the rotational disk speed
was decreased in the experiment P1-DAC (3000 rpm) (Figure A5a), the PSD extended to
the right to a greater range of diameter of particle size of 10-230 um, with a maximum
value in the particle diameter of 70 um.

On the other hand, the PSDs of the P2-DAC (6000 rpm) (Figure A5b) and P3-DAC
(11,500 rpm) (Figure A5c) products were very similar and slightly skewed to the right, with
a maximum value at a particle diameter of 50 um, with particle diameter ranges of 10-210
and 10-170 um, respectively (Table 2). When the speed of rotational disk was increased,
the PSD of the P4-DAC product (14,000 rpm) (Figure A5d) was equally skewed to the right,
presenting its maximum value at the particle diameter of 30 pm, whose particle diameter
range was 10-150 um.

The previous results again indicated that the maximum particle diameter increased
when the rotation speed of the curved blades disk decreased.

It is important to note that larger maximum particle diameters were achieved with
the DAC, which is attributed to a more significant amount of air occluded inside the disk
and consequently in the atomized suspension when the disk rotates at high speed, which
makes the particles inflate or break during the drying period [25,87-90]. However, the
minimum particle diameter was 10 pum for all 255A products or powders.
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On the other hand, the Sauter mean diameter (SMD) of the microspheres obtained
with the DAC atomizer was slightly more significant than the microspheres obtained with
the DAR atomizer (Table 1). The SMD of the P1-DAC, P2-DAC, P3-DAC, and P4-DAC
products were 117, 101, 81, and 73 pm, respectively, again observing that with the increase
in the disk rotation speed, the SMD of the particle of the products decreased.

50

45

40

35

30

25

20

15

10

Frequency of particle occurrence percentage, fN(D)

0 10 30 50 70 90 110 130 150 170 190 210 230
Particle diameter (D), pm

Figure A5. Particle diameter distributions of spray-dried 25SA products calcined at 550 °C, obtained
at the following rotational speeds of the curved rectangular vanes disk: (a) 3000 rpm (P1-DAC),
(b) 6000 rpm (P2-DAC), (c) 11,500 rpm (P3-DAC), and (d) 14,000 rpm (P4-DAC).
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