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ABSTRACT: Here, the synthesis of Pt/Al2O3 catalysts on a
monolithic foam employing the competitive impregnation method
is presented. NO3

− was used as a competitive adsorbate at different
concentrations in order to delay the adsorption of Pt, minimizing
the formation of Pt concentration gradients throughout the
monolith. The catalysts’ characterization includes the BET, H2-
pulse titration, SEM, XRD and XPS techniques. The catalytic
activity evaluation was performed under partial oxidation and
autothermal reforming of ethanol in a short contact time reactor.
The competitive impregnation method was able to produce better
dispersion of the Pt particles through the Al2O3 foams. XPS analysis indicated the catalytic activity of the samples, by the presence of
metallic Pt and Pt oxides (PtO and PtO2) in the internal regions of the monoliths. Compared to other Pt catalysts reported in the
literature, the catalyst produced by the competitive impregnation method was revealed to be selective toward H2. Overall, the results
showed that the competitive impregnation method employing NO3

− as the co-adsorbate is a promising technique to synthesize well
dispersed Pt catalysts over α-Al2O3 foams.

■ INTRODUCTION
Structured heterogeneous catalysts have been investigated for
H2 generation in embedded systems in short contact time
reactors.1−3 Such catalysts are usually supported on monoliths
with a high surface area per unit volume ratio, promoting process
intensification, while favoring a better flow distribution with
lower pressure loss inside the reactor.4,5 A substantial increase in
the surface area of monoliths is achieved by covering themwith a
washcoat, improving the dispersion of the active phase of the
metal and increasing the metallic area, which provides changes
in both the reaction rate and the selectivity of the reactor.6−9

Catalysts with metallic active phases are often used in
reforming reactions because they have a high capacity to cleave
C−C bonds, an essential step for a high conversion of
hydrocarbons into hydrogen.10,11 Platinum (Pt) has great
potential for use as an active phase in ethanol reforming, as it
has high selectivity for H2, activity at low temperatures and
resistance to deactivation.12−14 However, Pt is a very expensive
metal when compared to other non-noble metals; thus,
strategies to develop monoliths with highly dispersed structure
catalysts are strongly desired.
The synthesis of well distributed metal particles on supports

with complex geometries, e.g., foams, is a challenging task due to
the rapid adsorption of metal complexes on the active sites,
generating agglomerates and minimizing the surface area and
activity, as reported for Pt catalysts15−20 and Fe and Cu
catalysts.21 An alternative to improve the dispersion of Pt on the
surface of Al2O3 foam, minimizing the formation of gradients of
Pt through the monolith, is to use a competitive adsorbate

during impregnation. The principle of this technique is based on
adding a species that competes for the adsorption sites with the
Pt complexes present in the impregnation solution.18,22 This
technique was employed for the synthesis of Pt/Al2O3 catalysts
using organic acids as competitive adsorbates.18 The authors
obtained a decrease in particle size and an increase in the
dispersion of Pt on the support. However, due to the high affinity
of the adsorbates used by the surface of Al2O3, the increase in the
competitor concentration can limit the properties of the
synthesis due to the decrease in the adsorbed amount of active
phase.
In this context, the present work aims at investigating the

competitive impregnation method for the synthesis of Pt/Al2O3
on catalytic monoliths. NO3

− was used as a competitive
adsorbate at different concentrations in order to delay the
adsorption of Pt, allowing a better dispersion throughout the
monolith. The catalysts synthesized by competitive adsorption
had their properties compared to catalysts synthesized through
the conventional methodology of wet impregnation. Scanning
electron microscopy with a field emission gun (SEM-FEG), area
measurement via BET and H2-chemisorption under pulse
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titration, X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS) were conducted to characterize the
structure properties of the catalysts. The most promising
catalysts had their catalytic activity and selectivity for H2
evaluated in partial oxidation reactions and autothermal
reforming of ethanol in a contact time reactor.

■ EXPERIMENTAL SECTION
Catalyst Preparation. Commercial foams of α-Al2O3

(supplied by Goodfellow), with 26 pores/cm, 12.7 mm thick
and 15 mm in diameter, were used as monoliths. Some samples
went through the coating step, where the foams were submerged
for 1 min in a slurry composed by 40 wt % of α-Al2O3
(CT3000SG, supplied by Almatis, below 2.5 μm), 1 wt % of
HNO3 (Dinam̂ica, 65% analytical reagent), 1 wt % of sodium
silicate (Dinam̂ica, analytical reagent) and 58 wt % of distilled
water, prepared according to the methodology described in
detail elsewhere.9 Then, the foams were dried at 110 °C for 90
min, with a heating ramp of 3 °C/min to eliminate solvents and
residues, and then calcined at 600 °C for 2 h at the rate of 6 °C/
min. Both drying and calcination steps were carried out under a
dry air flow with a flow rate of 50 cm3/min. The coated supports
went on to the impregnation stage, both conventional and
competitive. In conventional impregnation, the active phase was
impregnated onto the support using a H2PtCl6·6H2O solution
(supplied by Sigma-Aldrich, 99.9% purity). The foams were
immersed in 4 mL of the precursor solution of 0.0257 molar
concentration for 16 h, in order to obtain 1 wt % of Pt over the
monolith. In the competitive impregnation, nitrate (NO3

−) was
used as a competing ion and added to the precursor solution of
H2PtCl6·6H2O via HNO3. The HNO3 concentration was
calculated in order to obtain [NO3

−]:[H2PtCl6] ratios in the
proportions of 10:1, 15:1 and 20:1. After conventional or
competitive impregnation, the samples were dried for 12 h at
150 °C, with a heating ramp of 3 °C/min, and calcined for 2 h at
600 °C at a rate of 6 °C/min. Both drying and calcination steps
were carried out under a flow of dry air, with a flow rate of 50
cm3/min. A typical result of mass loss after impregnation was
less than 1 wt% of themonolith, which is attributed to a problem
of adhesion quality between the washcoat and monolith. Table 1
lists the main features of the monoliths.

Catalyst Characterization. Fragments (0.15−0.2 g) from
different regions of the foam were analyzed by scanning electron
microscopy with a field emission gun (SEM-FEG) in a high-
resolution microscope (JSM-6701F by JEOL). Prior to the
analysis, the specimen was sputter-coated with gold to avoid
charge accumulations. The Brunauer−Emmett−Teller (BET)
area and the metal surface area were measured in a ChemBET
pulsar TPR/TPD analyzer (by Quantachrome). The H2-pulse

titration (PT) technique was performed to determine the metal
surface area, particle diameter and metal dispersion. Details on
the procedures are presented elsewhere.9

The X-ray diffraction technique (XRD) was used to study the
crystalline structure of the synthesized monoliths, using the
PANalytical Empyrean equipment with a copper target (Cu Kα
radiation 1.5418 Å), 40 kV and 40 mA, angle of 20° < 2θ < 110°
and scan speed of 0.09°/s. The identification of the phases in the
diffractions was carried out with the aid of the HighScore
software by comparison with the database of the International
Center for Diffraction Data (ICDD). In this technique, the
crystallite average sizes (dp) were calculated using the Scherrer
equation:

=d
(0.89)

cos( )p
(1)

where λ is the X-ray wavelength (1.5406 Å for Cu Kα), θ is the
diffraction angle, and β is the full peak width at half-maximum.
X-ray excited photoelectron spectroscopy (XPS) analyzes

were performed using the Scienta-Omicron ESCA model
spectrometer. Survey spectra were obtained between zero and
1200.00 eV with a step of 0.50 eV and 100 ms dwell time per
sweep. High-resolution spectra were measured for the Pt 4f, Al
2p, O 1s and C 1s states produced from the average of 3 sweeps
obtained with a step of 0.05 eV and 200ms dwell time per sweep.
Pass energy, spot size aperture and exit slit were kept at 50.00 eV,
5 and 5 × 11 mm, respectively. Spectra were collected in the
CAEmode. All spectra were obtained with a flood gun. Before or
during the analysis, sputtering with an ion gun was not
performed. The X-rays were produced with the aluminum Kα
line (1486.6 eV). The data were analyzed by the nonlinear least-
squares technique assuming that the spectra can be approxi-
mated with a combination of Gaussian and Lorentzian curves,
with the aid of the XPSPEAK41 program. Due to the
characteristic asymmetry of the platinum peaks, the Pt 4f
spectra were fitted with a 20% Lorentzian contribution. The
spectra of the other elements were adjusted with 100%Gaussian
contribution. The background was removed using Shirley’s
method. Alignment of the spectra was performed with the
procedures described in ref 23 assuming that the surface work
function is defined mainly by platinum, whose value is 5.7 eV.24

The signals from the Pt 4f and Al 2p spectra are superimposed.
Thus, the separation distance and the ratio between the
intensities (I7/2/I5/2) of the Pt 4f7/2 and Pt 4f5/2 peaks in all
detected Pt0, Pt2+ and Pt4+ states were set at 3.3 eV and 0.75,
respectively, to minimize errors in the detection of platinum
states.25 The chemical composition was calculated considering
the following atomic sensitivity factors (ASFs): 0.193 (Al 2p),
0.296 (C 1s), 0.711 (O 1s) and 4.674 (Pt 4f).26

Catalytic Reactions. The experimental apparatus used to
evaluate the catalytic activity of the monoliths was presented in
detail elsewhere.9 For each run, one catalytic monolith was
placed inside a quartz tube between two fresh Al2O3 foams to
homogenize the inlet flow of reactants. The quartz tube was
placed inside a temperature-controlled furnace. Gas sampling
employs a volumetric flask to cool down byproducts before
being sent to the gas chromatograph (GC) (Clarus 580 by
PerkinElmer) equipped with a sampling loop of 2 mL. The GC
was equipped with a thermal conductivity detector, which
detects H2, O2, and N2, and a flame ionization detector, which
detects the organic species. Because of the high uncertainties,
water was not considered in the molar fraction of the products.

Table 1. Information on the Samples Produced, Including
Coating Step, Metal Impregnation Method and Adsorbate
Ratio

Sample Impregnation method [NO3
−]:[H2PtCl6] ratio

Pt/Al2O3 Conventional
Pt/Al2O3 R10 Competitive 10:1
Pt/Al2O3 R15 Competitive 15:1
Pt/Al2O3 R20 Competitive 20:1
Pt/Al2O3-coated Conventional
Pt/Al2O3 R10-coated Competitive 10:1
Pt/Al2O3 R20-coated Competitive 20:1

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06870
ACS Omega 2023, 8, 6507−6514

6508

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06870?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The columns Rt-U-BOND e Elite GC GS-Molesieve, 30 m long
and 0.53 mm of internal diameter (by Restek), were used.
Quantitative calibration was performed using samples from the
species that were to be detected in the tests. Ar (99.999% pure)
was used as the carrier gas.
Autothermal reforming (ATR) and partial oxidation (POX)

of ethanol were carried out under stoichiometric conditions.
Both water and ethanol were added in the reactions by a
saturator maintained at around 70 °C. The saturator employed
N2 (99.9% purity) with a flow of 1 L/min, controlled by an
electronic flow controller (by Alicat) as the carrier gas. The
concentration of ethanol entering the reactor was measured by
GC analysis before each test. The flow rates of the remaining
reagents were adjusted in order to obtain the required ratio to
ethanol for each test.
A typical run consisted of reducing Pt catalyst under a 5%H2/

N2 flow for 1 h and 500 °C. Subsequently, the furnace was set to
the desired temperature and the reactor was kept under a flow of
5 L/min of N2 for 20 min before feeding the reactants. Reactions
were diluted with 98% of N2 in order to reduce the temperature
gradients while maintaining approximately the same total flow
rate of 5 L/min and consequently the same residence time of 27
ms. After 3 min of reaction, a 2 mL gas sample was sent to the
GC with the aid of a sampling loop. After each test, the catalyst
was regenerated by flowing 100 cm3/min of air at 500 °C for 1 h.
The product selectivity was defined as the ratio of moles of one

product by the total moles of products, excluding the reactants
C2H5OH, O2 and H2O. The activity and selectivities of the
catalysts were evaluated at temperatures of 450 to 650 °C. The
largest errors in the carbon balance (between reactor inlet and
outlet) were approximately 11% for partial oxidation and 16%
for steam reforming reactions, respectively, reported elsewhere
for the same experimental apparatus.9

■ RESULTS AND DISCUSSION
Catalysts’ Characterization. Visual Inspection and SEM

Images. Figure 1 shows images of the samples uncoated and
without impregnation of the active phase (a), Pt/Al2O3-coated
impregnated by the conventional method (b), Pt/Al2O3 R10
(c), Pt/Al2O3 R20 (d) and Pt/Al2O3 R20-coated impregnated
by the competitive impregnation method (e). Visual inspection
indicates a gray color gradient over the Pt/Al2O3-coated sample,
impregnated by the conventional method (Figure 1b). This
result suggests that a Pt concentration gradient was formed
across the monolith.27 These concentration gradients, also
called egg shell, are undesirable for catalytic reactions since they
decrease the surface area and consequently the catalytic
activity.13

Figures 1c, 1d and 1e show the catalytic monoliths prepared
by competitive impregnation with and without coating and for
different competitive adsorbate ratios. In comparison with the
samples made by the conventional method, the catalysts

Figure 1. Images of the samples uncoated andwithout impregnation of the active phase (a), Pt/Al2O3-coated (b), Pt/Al2O3 R10 (c), Pt/Al2O3 R20 (d)
and Pt/Al2O3 R20-coated (e). Sample (b) was prepared with the conventional method. Samples (c), (d) and (e) were prepared with the competitive
adsorption method. Sample details are as described in Table 1.

Figure 2. SEM images of the Pt/Al2O3 sample at: (a) external region with magnification of 10,000×; (b) internal region with magnification of 10,000×
and (c) internal region with magnification of 35,000×, showing the contrast between agglomeration of the active phase externally and particles sparsely
distributed internally in the monolith.

Figure 3. SEM images of the Pt/Al2O3-coated sample at: (a) external region with magnification of 2,000×; (b) external region with magnification of
15,000× and (c) internal region with magnification of 2,000×, evidencing agglomeration of the active phase externally on the monolith.
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prepared by competitive adsorption were more homogeneous
and had a less intense gray tone, with no visible color gradient.
The lower gray intensity is attributed to the effect of the lower Pt
surface concentration,28 suggesting a better dispersion of the Pt
content through the monolith. These results suggest that the
synthesis by competitive impregnation provided a more
homogeneous impregnation of the active phase of the catalyst.
The presence of metal agglomerations over the external

surfaces of the monolith fabricated by the conventional method
is corroborated by the analysis of the SEM images. Figure 2a
presents the SEM image at the external region of the Pt/Al2O3
sample, indicating agglomeration of the active phase. In contrast,
Figures 2b and 2c indicate Pt particles, in the order of 70 to 150
nm, sparsely distributed over the monolith. Figures 3a and 3b
show SEM images of the external regions of the Pt/Al2O3-coated
sample, indicating a more intense agglomeration of the active
phase due to the presence of the coating layer with alumina
particles (between 0.5 and 2.5 μm). Smaller particles are
attributed to the Pt. Figure 3c shows a SEM image of the sample
internal region in the Pt/Al2O3-coated sample, indicating fewer
and sparsely distributed particles.

XPS Analysis. Figure 4 shows the spectrum of the Pt 4f orbital
of the Pt/Al2O3-coated sample, which has the same behavior as

the spectra of the Pt/Al2O3 R10-coated and Pt/Al2O3 R20-
coated samples (see Supporting Information). The strongest
signal is related to the presence of the Al−O bond of alumina
located at 73.4 ± 0.1 eV. The other signals refer to the Pt2+
(PtO) and Pt4+ (PtO2) states located at 72.3± 0.1 eV and 74.4±
0.1 eV, respectively.25 The estimated percentages of Pt in the Pt/
Al2O3-coated, Pt/Al2O3 R10-coated and Pt/Al2O3 R20-coated
samples, considering the signals of levels Pt 4f, Al 2p, O 1s and C
1s, are around 1.1, 1.8 and 0.9%, respectively. These values are
approximations, considering the complexity of the overlapping
of the Pt 4f and Al 2p spectra, which makes it difficult to
determine the exact intensity of the platinum signals, and the
lack of precision of the ASFs for the equipment used. The
correct position of the peaks is also imprecise due to the lack of
the real value of the work function of the surfaces. The three
samples show no sign of metallic Pt.
Figure 5 shows the spectrum of the Pt 4f orbital of Pt/Al2O3

R10 sample, which has a similar behavior to the spectrum of the
Pt/Al2O3 R20 sample. The strongest signal is related to the
presence of the Al−O bond of alumina located at 73.2 ± 0.2 eV.
The other signals refer to the Pt0 (Pt), Pt2+ (PtO) and Pt4+

(PtO2) states located at 70.8 ± 0.5 eV, 72.3 eV and 73.8 ± 0.2
eV, respectively.25 The estimated percentages of Pt in samples
Pt/Al2O3 R10 and Pt/Al2O3 R20 are around 0.6 and 2.8%,
respectively. As mentioned before, their values have to be taken
carefully due to the imprecision in the position of the peaks.
Samples Pt/Al2O3 R10 and Pt/Al2O3 R20 show metallic
platinum signal. The spectrum of the Pt 4f level of the Pt/
Al2O3 R20 sample is shown in the Supporting Information. The
results show an unknown peak at 75.5 eV that may be related to
the formation of aluminum hydroxide or sub-oxide.29,30

XRD Diffraction Patterns. Figure 6 presents the diffracto-
grams for the catalysts made by both conventional and

competitive impregnation. Pt crystal peaks are observed in Pt/
Al2O3 and Pt/Al2O3-coated samples, prepared by conventional
impregnation, at 2θ = 39.8°, 46.3° and 80° in good agreement
with the (111), (200) and (311) Pt crystal planes reported by
refs 31−33. On the other hand, in the samples produced by
competitive impregnation, a small Pt crystal peak was observed
at 46.3°, presenting spectra similar to the spectrum of the Al2O3
support. The absence of Pt signals in the samples produced by
the competitive methodology also suggests better particle
dispersion, leading to lower particle size. Similar XRD results
were observed for Pt/Al2O3 catalysts,34 for Pt/Al2O3-CeO2
catalysts35 and for Co/Al2O3 catalysts promoted by Pt.36

Figure 4. XPS spectrum corresponding to the Pt 4f and Al 2p levels of
the Pt/Al2O3-coated sample.

Figure 5. XPS spectrum corresponding to the Pt 4f and Al 2p levels of
the Pt/Al2O3 R10 sample.

Figure 6.Diffractograms of α-Al2O3 and the different Pt/Al2O3 catalyst
samples. Sample details are as described in Table 1.
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Aluminum oxide (ICDD 00-011-0661) with rhombohedral
crystal structure and R3̅c space group was identified for both
catalysts, being attributed to Al2O3.

BET and H2-Pulse Titration Analysis. Table 2 presents the
results of metallic area (SM), particle diameter (dp) and

dispersion (D) for catalysts prepared by conventional and
competitive impregnation. Particle sizes measured by XRD in
the conventional method (Pt/Al2O3 and Pt/Al2O3-coated
samples) were in the order of 50 to 60 nm. SEM results
identified particles a little bigger, as observed in Figure 2. The
competitive impregnation method produced smaller particle
sizes than the conventional method, indicated by the measure-
ments from the H2-pulse titration, corroborating the hypothesis
of greater metallic dispersion provided by the method. Despite
the difference in the technique used for particle size measure-
ment, the comparison remains valid, since in general, the XRD
analysis applying the Scherrer equation (eq 1) indicates smaller
particle diameters than applying the H2-pulse titration analysis
for the same catalyst.37 The increase in the concentration of
competitive adsorbate (R10 to R20) has caused a small
reduction in the particle diameter, associated with the effect of
competition for adsorption between Pt and NO3

−. This is in a
good agreement with the results reported by Zhang et al.18 for
the synthesis of Pt/Al2O3 catalysts employing lactic, maleic and
oxalic acids as competitive adsorbates. The addition of these
adsorbates increased the dispersion of Pt on the support, with a
consequent reduction in the particle diameter. However, the
strong interaction of these acids with Al2O3 reduced the amount
of Pt adsorbed, a fact that impeded the synthesis of catalysts with
the desired metal content.18 Due to its weaker interaction with
the support, NO3

− improves the characteristics of the metallic
phase and does not make difficult the adsorption of the desired
amount of Pt, due to the greater affinity of Pt complexes for the
support. However, longer impregnation times and higher
competitive adsorbate ratios are required.28,38 BET analyses of
the monolith were performed before and after the coating step,
revealing an increase in surface area about 7.8 times after
coating. The surface area of the uncoatedmonolith was 0.16m2/
g, and after coating (Pt/Al2O3-coated sample) a surface area of
1.25 m2/g was achieved. The greater number of active sites for
adsorption of platinum complexes evidenced the phenomenon
of concentration gradients.39

Activity for Partial Oxidation and Autothermal
Reforming of Ethanol. Blank experiments employing the α-
Al2O3 sample revealed ethanol conversions in the POX reaction
below 3% at 440 °C and below 17% at 540 °C.9 Product
selectivity were mostly toward C2H4O and H2, suggesting that
part of the dehydrogenating reaction takes place over the α-
Al2O3 support. On the other hand, selectivity toward C1

products, e.g., CO and CH4, was lower than 5% at 540 °C,
revealing no ability of the support to break the ethanol C−C
bond. Figure 7 shows the ethanol conversions for the POX and

ATR reactions over the Pt/Al2O3 R20 and Pt/Al2O3 R20-coated
catalysts. In general, and as expected, conversions increase with
temperature in all Pt catalysts and reactions. Additionally, the
conversions are higher in both reactions on the Pt/Al2O3 R20-
coated sample. The highest ethanol conversions were obtained
for ATR reaction aided by the presence of O2 and H2O,
simultaneously, over a catalyst with a higher active area. Overall,
the low levels of ethanol conversion on both reactions are related
to the very low residence time, in order of 27ms, and low catalyst
concentrations.
Product selectivities in the POX and ATR reactions over Pt/

Al2O3 R20 and Pt/Al2O3 R20-coated catalysts are shown in the
Supporting Information. Overall, the main product in both POX
and ATR reactions over Pt/Al2O3 R20 is C2H4O, followed byH2
and CO2, suggesting that the presence of O2 favors the oxidation
of CO, CH4 and H2. On the other hand, the effectiveness of the
C2H4O decomposition reaction increases in the Pt/Al2O3 R20-
coated catalyst, decreasing the C2H4O while increasing the
selectivity toward H2 and CO2. The formation of C2H4O in the
ethanol reactions under short spatial time was already
reported,40 suggesting that high spatial velocities make difficult
the rupture of the C−C bonds of the ethanol.

Hydrogen Selectivity. Table 3 compares the selectivity
toward H2 measured in the present work with values reported in
the literature for several catalytic systems.12,41−43 The POX
reaction presented lower H2 selectivity, probably due to the H2
oxidation to H2O. The presence of H2O in the reactants of the
ATR reaction increased H2 selectivity. Despite the differences in
the definition of selectivity in the literature, the Pt/Al2O3
catalysts employed in this study obtained promising results,
especially after the coating, e.g., 35% and 48% in the POX and
ATR reactions, respectively.

Mechanism of the Competitive Adsorption between
Pt and NO3

− over Al2O3. The Pt coverage gradient over the
monolith (see Figure 1) is due to the rapid adsorption of Pt
complexes on the Al2O3 surface. According to Bel’skaya and

Table 2. Metallic Area (SM), Particle Diameter (dp) and
Dispersion (D) for different Pt/Al2O3 Catalyst Samples.

Sample SM (m2/g) dp (nm) D (%)

Pt/Al2O3 58.91a

Pt/Al2O3-coated 49.13a

Pt/Al2O3 R10 0.09 7.54b 3.75
Pt/Al2O3 R15 0.10 7.16b 3.96
Pt/Al2O3 R20 0.11 6.31b 4.49
Pt/Al2O3 R10-coated 0.10 6.72b 4.21
Pt/Al2O3 R20-coated 0.14 5.07b 5.58

aFrom DRX analysis. bFrom H2-pulse titration analysis.

Figure 7. Conversion of ethanol over the Pt/Al2O3 R20 and Pt/Al2O3
R20-coated catalysts, with a space time of 27 ms.
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Duplyakin,38 there are two distinct mechanisms for the
adsorption of Pt complexes over Al2O3. The first mechanism
is by electrostatic attraction between the surface and the
complex, while the second deals with chemical adsorption
reactions, with exchange of ligands between the complexes and
the active sites of the support. The nature of the Pt complexes
present in the impregnation solution can be altered by aquation
and hydrolysis reactions between PtCl62− species and H2O.
Since hydrolysis of platinum chloride complexes is strongly
accelerated by temperatures higher than 80 °C,38 thus
temperature may affect the mechanism of Pt adsorption and
potentially the efficiency of the process. However, under
conditions where the impregnation is carried out without
contact with light and ambient temperature, the occurrence of
hydrolysis and aquation reactions can be attenuated. In this
work, the pH of the impregnation solutions performed was
below 2.5. Thus, the predominant mechanism for the adsorption
of the Pt complexes is electrostatic attraction.38 In conventional
impregnation, this phenomenon of electrostatic attraction
causes the active phase to be primarily retained on the external
pores of the catalyst, without time for the complexes to diffuse
through the pores, finding the internal sites.16,22 The reactions
R.01 to R.09 in Table 4 represent the adsorption mechanism of
Pt complexes on Al2O3, under the conditions of the study. The
reactions R.10 to R.13 are those involved whenNO3

− is added to
the impregnation step (S stands for the support surface atoms,
Al3+).

28,38

The OH radicals bind to the surface by the decomposition of
water and are subsequently protonated via R.01, forming the
active sites for adsorption. R.02 and R.04 are the reactions of the
electrostatic mechanism. The R.03 reaction takes place on a
smaller scale under the experimental conditions used, but it can
be accelerated in contact with light or by increasing the
temperature of the precursor solution.38 The reactions R.06 to
R.09 belong to the ligand exchange mechanism, and they occur
more effectively with increasing pH.44 Due to the physical
nature of themechanism, decreasing the pH of the impregnation
solution increases the interaction between the complexes and
the surface.
The addition of NO3

− causes the S−OH2
+ sites to be disputed

by the competitive adsorption with Pt. Shyr and Ernst28

performed impregnation experiments with addition of NO3
− in

the ratio of 1.77, varying the impregnation time in 1 and 22 h.
The results suggested that the reactions R.02 and R.04 happened
faster and that the interaction between the Pt complexes and
Al2O3 is stronger, with the egg shell concentration profile
obtained in the catalysts after 1 h. After 22 h of impregnation, the
concentration profile in the catalysts had a slight change, with an
improvement in the concentration gradient, suggesting that
NO3

− can participate in ion exchange reactions with the already
adsorbed Pt complexes, causing the complex to return to liquid
phase and diffuse to the internal pores of the support (reactions
R.11 and R.12).

■ CONCLUSIONS
The synthesis of well dispersed Pt/Al2O3 catalytic monoliths
was investigated employing the competitive impregnation
method. NO3

− was used as a competitive adsorbate at different
concentrations in order to delay the adsorption of Pt. The
addition of NO3

− in the precursor solution minimized the
formation of Pt coverage gradients on the support and,
consequently, provided a better dispersion of the active phase,
reducing regions of Pt agglomerations. XPS analysis indicates
the catalytic activity of the coated and uncoated samples
prepared by the competitive impregnation method, by the
presence of metallic Pt and Pt oxides (PtO and PtO2) in the
internal regions of the monoliths. Also, the results indicate the
percentage of Pt over the support in the order of 1 to 2% of the
surface, indicating the dispersion of the metallic phase through
the entire monolith. The catalytic evaluation of the Pt/Al2O3
R20 and Pt/Al2O3 R20-coated catalysts revealed the presence of
C2H4O, CO2 and H2, due to the very short contact time
employed, around 27 ms. Compared to other Pt catalysts
reported in the literature, the Pt/Al2O3 R20-coated catalyst was
revealed to be selective toward H2 under the ATR reaction. The
fabrication of catalytic monoliths based on not only Pt, but other
metals as well, can be positively affected by the results reported
here. Overall, the results showed that the competitive
impregnation method employing NO3

− is a promising
technique to synthesize well dispersed Pt catalysts over α-
Al2O3 monoliths.

Table 3. Selectivity towardH2 for Different Pt/Al2O3 Catalyst
Samples in Comparison with Values Found in the Literature
for Thanol Reforming Reactions

Catalyst Reaction T (°C) SH2 (%) Reference

5% Pt/Al2O3 POX 900 50a 41
1% Pt/Al2O3 SR 850 80b 42
0.2% Pt/Al2O3 SR 600 55a 12
0.2% Rh/Al2O3 SR 500 63a 12
1.6% Rh/Al2O3 ATR 600 94c 43
1.5% Pt/Al2O3 ATR 600 29c 43
1% Pt/Al2O3 R20 POX 650 18a This work
1% Pt/Al2O3 R20 ATR 650 28a This work
1% Pt/Al2O3 R20-coated POX 650 35a This work
1% Pt/Al2O3 R20-coated ATR 650 48a This work
aCalculated as the ratio between moles of H2 over the total moles of
products, excluding any C2H5OH, H2O and O2.

bCalculated as the
ratio between moles of H2 over the moles of C2H5OH consumed in
the reaction. cCalculated as the ratio between moles of H2 in the
specific product over the total moles over H2 in the products.

Table 4. Mechanism of the Competitive Adsorption between
Pt and NO3− over Al2O3

a

Reaction steps

S−OH + H+ ⇌ S−OH2
+ R.01

[PtCl6]2− + 2S−OH2
+ ⇌ [2S−OH2]2+[PtCl6]2− R.02

[PtCl6]2− + H2O ⇌ [PtCl5(H2O)]− + Cl− R.03
[PtCl5(H2O)]− + S−OH2

+ ⇌ [S−OH2]+[PtCl5(H2O)]− R.04
S−OH2

+ + Cl− ⇌ [SOH2]+Cl− R.05
S−OH + [PtCl6]2−⇌ S−[(OH)PtCl5]− + Cl− R.06
S−OH + [PtCl5(H2O)]− ⇌ S−[(OH)PtCl4(H2O)]0 + Cl− R.07
S−OH + [PtCl6]2− + H+ ⇌ S−[(Cl)PtCl5]− + H2O R.08
S−OH + [PtCl5(H2O)]− + H+ ⇌ S−[(Cl)PtCl4(H2O)]0 + H2O R.09
S−OH2

+ + NO3
− ⇌ [S−OH2]+NO3

− R.10
[2S−OH2]2+[PtCl6]2− + 2NO3

− ⇌ [2S−OH2]2+[2NO3]2− +
[PtCl6]2−

R.11

[S−OH2]+[PtCl5(H2O)]− + NO3
− ⇌ [S−OH2]+NO3

− +
[PtCl5(H2O)]−

R.12

[S−OH2]+Cl− + NO3
− ⇌ [S−OH2]+NO3

− + Cl− R.13
aS stands for the support surface atoms, Al3+.
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