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Resumen

Titulo: Enfoque de operaciones unitarias guiadas por caracterizacion para la sintesis de
catalizadores de Pt-Fe/SiO> por co-impregnacion para la combustion de metano*

Autor: Carol Bibiana Espinosa Lobo**

Palabras claves: Combustion de metano, catalisis heterogénea, catalizador bimetélico, Pt-
Fe.

Descripcion: EI método de sintesis se disefid desde las operaciones unitarias involucradas
en la impregnacion y tratamiento térmico de los materiales. Se obtuvieron catalizadores Pt -
Fe con dos tamafios de particula de platino. Se determind que la relacion molar de los
catalizadores no tuvo efecto sobre la porosidad y area especifica. Sin embargo, la
incorporacion de los metales al soporte tuvo un efecto neto de reduccion del area
especifica. EI método de sintesis mostrd alta reproducibilidad y control del tamafio de
particula metélica. ElI tamafio de particula de platino determind el comportamiento
catalitico en la combustion de metano. El analisis cinético de los materiales permitid
establecer que la energia de activacion de la combustion de metano fue constante, para los
catalizadores bimetalicos PtFe/SiO2 pero mayor en comparacion con la presentada por los
catalizadores monometélicos Pt/SiO,. Por otro lado, se establecid que la cinética de la
reaccion puede describirse mediante una expresion: rcua = Kapp[CHa] [02] %2, En este caso,
el valor negativo para el orden aparente de reaccion de O» indicé que un aumento del
comburente reduce la eficiencia de los catalizadores. Finalmente, fue posible establecer que
existe un efecto sinérgico entre el platino y el hierro cuando la temperatura de reaccion fue
de 390 °C.

*Trabajo de investigacion de Maestria en Ingenieria Quimica
** Facultad de Ingenierias Fisicoquimicas. Escuela de Ingenieria Quimica. Director: Victor
Gabriel Baldovino Medrano, Dr. Co-director: Edwing Alexander Velasco Rozo, Mg
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Abstract

Title: Characterization guided unit operations approach to the synthesis of Pt-Fe/SiO,
catalysts by co-impregnation for the combustion of methane*
Author: Carol Bibiana Espinosa Lobo**

Keywords: Methane combustion, heterogeneous catalysis, bimetallic catalyst, Pt-Fe.

Description: The synthesis method was designed from the unit operations involved in the
impregnation and heat treatment of the materials. Pt-Fe catalysts with two platinum particle
sizes were obtained. It was determined that the molar ratio of the catalysts had no effect on
porosity and specific area. However, the incorporation of metals to the support had a net
effect of reducing the specific area. The synthesis method showed high reproducibility and
control of the metal particle size. The platinum particle size determined the catalytic
behavior in the combustion of methane. The kinetic analysis of the materials allowed to
establish that the activation energy of the methane combustion was constant, for the
bimetallic PtFe/SiO catalysts, but higher compared to that presented by the monometallic
Pt/SiO, catalysts. On the other hand, it was established that the kinetics of the reaction can
be described by an expression: rcrs = KApp [CH4] [02]7°2. In this case, the negative value
for the apparent order of reaction of O indicated that an increase in the oxidizer reduces the
efficiency of the catalysts. Finally, it was possible to establish that there is a synergistic
effect between platinum and iron when the reaction temperature in the reactor was 390 °C.

* Graduate research work to obtain the degree of Master in Chemical Engineering

** Faculty of Physico-chemical Engineering. Chemical Engineering School. Advisor:
Victor Gabriel Baldovino Medrano, PhD. Co-advisor: Edwing Alexander Velasco Rozo,
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Introduction

In heterogeneous catalysis, it is necessary to obtain the largest possible metallic
surface area since only the metal surface is available to catalyze the reaction. For this
purpose, small metallic (crystals) of approximately 1 to 10 nm are often synthesized and
dispersed over an oxide matrix (support) with high surface area. The method of preparation
of supported catalysts plays a very important role in their activity, selectivity, and
lifespan[1]. Highly active and selective supported metallic catalysts typically share the
following features:1. Narrow metal nanoparticle size distributions, 2. High dispersion
(defined as the fraction of metallic atoms present on the surface) of the metal phase over the

support, and 3. Adequate metal-support interaction[2].

Taking these criteria into account, among the existing preparation methods (wet
impregnation, dry or incipient impregnation, deposition precipitation, colloidal), the
method that uses electrostatic adsorption for the impregnation of metals stands out. In this
method, electrostatic interactions between a given metal precursor and the selected oxide
support are induced by controlling the pH of the impregnation step. Starting from the point
of zero charge (PZC) of the support, i.e., the pH at which the surface hydroxyls of the oxide
support have no net electric charge, when the pH of an aqueous suspension of the support is
below the PZC of the latter its surface hydroxyls tend to be protonated hence the surface of
the suspended solid acquires a net positive charge. Conversely, when the pH of the
suspension is above the PZC the hydroxyls of the support tend to deprotonate hence the
surface of the suspended oxide acquires a net negative charge. The impregnation processes
based on this principle tend to produce metallic supported catalysts whose mean metal
particle sizes with lower standard deviations than those made without consideration of the

above principle [3].

Another point in favor of pH control during the impregnation step is the possible
elimination of the need for a calcination step after impregnation. Calcination can have
several purposes. One of these is to eliminate impurities such as volatile and unstable
anions and cations that are introduced during impregnation and, if the final objective is a
metallic catalyst, it is generally sought that the metal is in its oxidized form before its
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reduction, thereby ensuring the anchoring of the metal to the support [4]. However, thanks
to the strong metal-support interaction provided by the difference in charges, this is often
necessary. The catalysts synthesized under strict pH control seek to produce metal particles
without the intermediation of oxides [5,6]. The hydration sheaths and ligands attached to
the metal core of the precursors are removed via reduction or drying to preserve the highly

dispersed metal particles as show in Figure 1.

Figure 1.
Hydration sheaths and ligands attached to the metal core of the precursors are removed via reduction.
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Adapted from de work of Bahareh et al. (7).

Catalytic combustion is an alternative to conventional gas flaring. The use of
catalysts for the combustion of methane allows reaching conversions and selectivities
towards CO> close to 100% at temperatures between 200 and 600°C [7-9]. Gas flaring is
one of the most challenging energy, environmental, and economic problems facing the
world today [10]. Flaring is used to remove excess natural gas produced in oil and gas
facilities that cannot be treated for technical or economic reasons. Because this is a waste
disposal process, there is no systematic report of flared gas locations and volumes [11].
Most of this gas contains high fractions of methane (84 - 97%) [12,13], hence becoming an
important contributor to global warming. Indeed methane has a potential as a greenhouse
gas that is approximately twenty one times higher than that of carbon dioxide [14]. On the
other hand, methane is a very stable molecule, so its combustion via flaring requires
temperatures above 1000°C to break one of its C-H bonds and initiate combustion [15].
Under such conditions, the formation of harmful compounds from the partial oxidation of

the impurities of the flared gas such as dioxins and nitrogen oxides is favored [16,17].
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Furthermore, flaring mostly produces yellow flames which are an unmistakable sign of

incomplete combustion producing significant amounts of toxic CO and soot [18].

Combustion of methane has been studied by testing different types of supported
noble metal based catalysts; mainly, Pt and Pd, and transition metal oxides of V, Ce, Mn,
Cr, Cu, Co, Fe, Ni and W. Supported Pt-Pd catalysts are currently the benchmark for the
process due to their high activity and selectivity. However, these metals are very scarce and
costly; e.g., platinum is currently traded at an average 1,085 USD/0z,[19], and they can be
deactivated by chlorine and sulfur heteroatoms present in the gas stream [20,21].
Additionally, platinum catalysts have presented stability problems, which is why it has
been replaced or mixed with palladium, increasing its cost [22,23]. The advantage that
palladium offers is the possibility of oxidizing, maintaining its activity and stability over

time [24,25]. However, it is cost is at least three times higher than that of Pt.

A promising candidate to replace palladium in supported Pd-Pt catalysts for
methane combustion is iron. Iron, which is currently priced at 50 USD/oz [26]; i.e. 250
times cheaper than platinum, has been used as a support of noble metals promoting the
formation of single atom [27,28] and helping to improve their stability and resistance to
poisoning [29-31] [17].

In particular, supported PtFe catalysts have shown excellent catalytic results in the
oxidation of CO [32,33] and methanol [34-36] attributed to the strong intermetallic
interaction which is considered an alloy. Chai [34] propose that the electrostatic force
induced during impregnation was the reason for the formation of the PtFe alloy and
concluded that this simple strategy of pH control would allow to achieve higher yields for

supported noble metal catalysts that are selectively loaded over metal oxide supports.

An important fact is that Pt-Fe catalysts synthesized under pH control have not been
tested for the combustion of methane. Considering the above, this work focused on the
following: 1. Developing an impregnation method to produce silica supported Pt-Fe
catalysts as based on an analysis of the unit operations involved in the impregnation
process. 2. To analyze the functionalities of the Pt-Fe active phase for the combustion of

methane.
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1. Experimental

1.1 Materials

Na-SiO2 microspheres (commercial grade, Brazilian origin) were used for obtaining
the SiO; support of the catalysts. Iron (I1l) nitrate nonahydrate (Fe (NO3)3-9H20, Merk,
99.95%) and tetraammineplatinum (I1) nitrate ([Pt(NH3)4](NOs)., Aldrich, 99.995%) were
used as metallic precursors. Other materials used for the synthesis and characterization of
the catalysts and for the methane combustion tests were: nitric acid (HNOs, 65%), Sodium
chloride (NaCl, Aldrich, 99.5%), Hydrochloric acid (HCI, 37%), Sodium hydroxide
(NaOH, 50%), sodium nitrate (NaNO3, Aldrich, 99.995%), sulfuric acid (H2SO4, Merck,
95-97%), hydrofluoric acid (HF, Merck, 40%), air (Linde, dry grade), nitrogen (N2, grade
4.8, Cryogas S.A.), argon (Ar, Cryogas S.A, grade 5.0), oxygen (O2, Cryogas, grade 5.0),
methane (CHs4, Cryogas, Grade 4.0), carbon monoxide (CO, Cryogas, Grade 4.0), and
hydrogen (H., Linde, Grade 5.0).

1.2 Pretreatment of the SiO2 support

To eliminate sodium from the Na-SiO. microspheres, this solid was washed in a
beaker with a 1M HNO3 solution for 4 h at 70 °C and under 100 rpm magnetic stirring. The
suspension was filtered using a filtration assembly provided with a vacuum pump while
washing with deionized water until the filtered solution had a pH equal to 7. The slurry
recovered by filtration was dried for 24 h at 120 °C and then roasted at 450 °C in a static
oven for 4 h. The removal of Na from the SiO> support was verified by collecting X-ray

photoelectron spectroscopy spectra before and after the procedure, see Figure S1.

1.3 Synthesis of the catalysts

The characterization route followed allows to know the conditions that promote the
electrostatic interaction between the precursors and the surface of the support. Pt-Fe/SiO>
co-impregnation was carried out at 70 °C, 200 rpm and pH equal to ~11 to avoid the
precipitation of unwanted iron compounds, metal load was kept constant at 90 mmaol/g and

5 Pt/Fe ratios were tested. The impregnation was kept under stirring until the solution
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evaporated around 50% of its total. After impregnating the supports, the solids were filtered
and dried at 100 °C in a static oven for 12 h. The synthesis for each catalyst was tripled.
The catalysts were named from the following nomenclature: Pt(X)-Fe(1-X)/SiO2-Y; Where,

X is the platinum metal molar fraction and Y is the replication number.

1.4 Materials characterization
The properties of the SiO> support that are key for the impregnation of the metals

are its point of zero charge (PZC), its distribution of surface hydroxyls, and its surface area.

The PZC of the SiO> support was measured by adapting the procedure proposed by
Mahmood et al.[37] For PZC assessment, 180 mL of a 0.01 M NaCl solution were prepared
and distributed in six (6) beakers. Then, the pH of the NaCl solutions was adjusted in a
range between 1 and 11 using either HCI or NaOH solutions. pH was measured with a
research grade pH-meter from HANNA instruments. Subsequently, 90 mg of SiO> were
added to each beaker. The obtained suspensions were left under stirring at room
temperature during 24 h. Afterwards, their pH was measured. Two replicas of this

measurement were made.

The distribution and quantification of the surface hydroxyls of the SiO, support
were assessed by potentiometric titration. Experiments were made at room temperature
(~30.0 °C) with a LiteSizer 500 instrument from Anton Paar coupled to a Metrohm
automatic titrator with an 856 conductivity module, 867 pH module, and an 846 dosing
interface. An automatic titration routine was programmed via the Kalliope™ software of
the instrument. The pH range for the measurements was between 3 and 11. For the
experiments, ~1.0000 g of SiO2 were suspended and equilibrated with 50 ml of a 0.05 M
NaNOs solution. Then, 0.05 mL of NaOH solution were added to the suspension and left to

stabilize for 15s.

The porosity and surface area of the materials were estimated from adsorption-
desorption isotherms of N> measured at 77K. Data were recorded in the relative pressure
range (P/Po) between 0.0025 and ~0.9900 using an equilibration time of 10 s. Isotherms
were measured with a 3FLEX® instrument (Micromeritics). Before the analyses,

approximately 0.2900 g of sample were degassed under vacuum at 120 °C for 1 h and then
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at 300 °C for 12 h. The duration of the outgassing procedure was defined after finding that
the vacuum in the cells reached ca. 0.05 mbar. The weight of the outgassed samples was
recorded and used as input data for recording the adsorption-desorption isotherms. The
surface area was calculated by the Brunaeur-Emmett-Teller (BET) method[38]; The pore
volume (Vp) and the pore diameter (Dp) were calculated with the Barrett-Joyner-Halenda
(BJH) method assuming that the pores had a cylindrical geometry using the MicroActive®
software provided with the instrument. The values of the BET area of the catalysts reported
were estimated by selecting those point of the isotherms that optimized the BET C constant
according to the method proposed by Rouquerol[39,40] which is provided by the software

of the instrument.

The loadings of platinum and iron of the catalysts were measured by atomic
absorption. For the measurements, samples from the materials were dried for 1 h at 120°C
in a 100 mL/min flow of air before the analyses. The digestion of the samples was done
following the protocol proposed by Westerman et al. For this purpose, ca. 0.5000 g of the
samples were transferred into a polytetrafluoroethylene beaker where they were put in
contact with a mixture of 2 to 5 mL of sulfuric acid and 5 mL of hydrofluoric acid under
heating at 70°C. The procedure was stopped when sulfur trioxide fumes appeared since this
indicates that silica has been completely dissolved and that the excess hydrofluoric acid has
been evaporated. The cooled digests were diluted to 100 mL with deionized water and

stored in polythene jars for performing the atomic absorption tests.

The thermogravimetric profiles of the materials were recorded with a TGA 2050
thermogravimetric balance (TA Instruments) whose precision is + 0.1 wt.%. For the tests,
samples were placed in a platinum sample holder and heated from 25 °C to 1000 °C,
heating ramp: 10 °C/min, under a static N> atmosphere. An analysis of the compounds
desorbed during this procedure was made by performing an analogous heating routine in a
CATLAB system coupled to a QGA® mass spectrometer -MS- (Hiden Analytical). The
QGA-MS was equipped with both an internal dual electron multiplier detector, SEM, and a
Faraday detector, and with a precision quartz inlet heated capillary sampling interface. In
this case, ~0.4000 g of sample was placed in the quartz reactor (0.7 cm i.d.) and heated
under a 50 mL/min gas flow from 40 °C to 800 °C, heating ramp: 5 °C/min. The CATLAB
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instrument was also used for recording the compounds desorbed from the fresh catalyst

under flows of Ar.

The hydrogen temperature—programmed reduction (TPR) profiles of the catalysts
were recorded with the same CATLAB instrument mentioned above. For the
measurements, samples of ~0.1500 g were used. TPR profiles were recorded between 40°C
and 800°C, heating rate: 5 °C/min, under a 50 mL/min flow of a 5 vol% mixture of Hz in
Ar. Before the analysis, samples were dried under a flow of 50 mL/min of Ar at 120°C for
1h and then at 300°C for another 3h. The reduction process was followed by monitoring the
MS signals for Hz, H20, Ar, CH4, CO and CO.. The consumption of hydrogen during the
experiments was below the detection limits of the MS (RSF=0.48[42]). Therefore, the
analyzes were made following the water production signal. A deconvolution of the peaks

from the TPR profiles was made with Fityk® software using the Gaussian function[43].

The dispersion of the metallic phases of the catalysts was estimated by independent
CO and Oz chemisorption tests using the CATLAB instrument previously described. Prior
to the measurements, the samples were heated at 100 °C under vacuum, cooled to room
temperature and pretreated with an Hz stream at 200 °C for 1 h. Chemisorption tests made
over samples of the monometallic catalysts showed Pt/SiO2 chemisorbed CO and not O,
while Fe/SiO2 chemisorbed O but not CO, Figure S10. Therefore, it was assumed that
independent CO and O chemisorption experiments were suitable for determining the
concentration of exposed platinum and iron sites, respectively, in the bimetallic catalysts.
For platinum, a stoichiometry of one mole of platinum per mole of CO was assumed [44],
while a stoichiometry of two moles of iron per mole of O, was assumed [45]. Metallic
particle sizes were estimated using the standard assumption that particles are hemispheres
[46]. The instrument was calibrated with pulses of 15uL of the CO/Ar and O2/Ar mixture
for quantification purposes. Chemisorption measurement were replicated thrice by taking

independent samples of the catalysts.

1.5 Catalytic tests
Catalysts were tested in the combustion of methane. Tests were carried out in a

quartz fixed bed reactor (1.1 cm i.d.) at atmospheric pressure (1.0 atm). Samples of ca.
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0.2000 g of each catalyst were used. The reactor was filled by introducing the catalyst

sample in the middle of two glass wool beds and two quartz tubes, as shown below:

Figure 2.

Reactor packing system for catalytic tests

I Quartz tube

L Glass wool

“ > Catalyst

Glass wool

—i— Quartz tube

Before starting the catalytic tests, the samples were dried under a 3.568 mmol/min
flow of N2 at 120°C for 1h and then at 300°C for 3h. Afterwards, the catalysts were reduced

with a 0.1784 mmol/min flow of H> at 200 °C for 1 h. The reaction conditions were set
after ruling out mass transport limitations. Methods and results of these tests are described
in the Supplementary Information, Section D.

The reactions were carried maintaining the stoichiometric ratio CH4/Oz in 1:2, the
particle diameter used was between 180-300 mm and a weight of feed per hour per unit
weight of catalyst loaded in the reactor (WHSV) of 35 Lgth™. The CH4, Oz and N fluxes
were constant with values of 0.4460, 0.8920 and 3.5680 mmol/min, respectively.

First series of catalytic tests were done with the aim of analyzing the thermal
stability of the catalysts. These tests were made by rising the temperature from 300 to
500°C and then back to 300°C with randomly selected temperature steps. A second series
of stability tests were made within the temperature range from 350 to 390 ° C, the same
conditions of the preliminary temperature tests were implemented.

The reproducibility of the catalytic tests was checked by carrying out two and three

replicates of them with randomly selected catalysts (Table S6), average values are reported.
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An additional set of experiments were done for the catalyst Pt(0.25)Fe(0.75)/SiO-1
keeping the temperature fixed at 350°C for the catalyst. For these tests, the reactor was
operated in a differential mode with conversion of CH4 always below 10%. Therefore,
reaction rates were calculated assuming the model of a continuous stirred tank reactor
(CSTR) [47,48]. Under these conditions, an additional On the other hand, apparent reaction
orders and apparent activation energies were estimated. Assuming that the plug flow
reactor is operating at a low enough conversion that the velocity through the catalyst bed is
invariant and therefore can be approximated as a CSTR, the kinetic analysis was limited to
the study of the reaction order in terms of the reactants, the possible inhibition by H.O, CO
and CO2 was not taken into account as they did not exceed the limit for which it is
considered (> 3-5 kPa)[49].

The analysis of the reactor effluent was made on-line with a GC-2014
chromatograph (Shimadzu) equipped with 80/100 Hayesep Q (300cm) and 60/80 Mol—
Sieve 5A (300cm) packed columns, and a thermal conductivity detector (TCD) coupled to a
methanizer and to a flame ionization detector (FID). The methanizer consists of a Ni
catalyst bed that transforms CO and CO; into CHs (COx + (2+x)H2 — CHs + xH20) at
375°C for their indirect detection in the FID. For the analyses, the temperature of the
columns of the instrument was kept at 100°C using argon as carrier (20mL.min™).
Meanwhile, the TCD and FID detectors were operated at 160 and 200 °C, respectively. All
gases were fed to the reactor via mass flow controllers (Alicat) whose accuracy was +0.1%
of their full scale. The operating pressure was set at the reactor outlet using a back—pressure
regulator (Alicat) with an accuracy of £0.3% of its full scale. The temperature of the system
was monitored in the catalytic bed and close to the external wall of the reactor with K
thermocouples enclosed within stainless—steel 316 sheets (3.175 mm o.d.). The temperature
of the oven was set and controlled with a programmable logic controller (Rockwell) whose
accuracy was + 1°C. The difference between the recorded temperatures in the bed and the
external wall of the reactor was kept lower than 5°C. For all tests, N> was used as diluent of
the gas mixtures fed to the reactor. The products detected during the reaction tests were
CO., CO, CHa, O2 and H20. The calibration of these compounds was made by injecting gas
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mixtures of known composition to the GC and results are show in Supplementary

information Section D. The following equations were used for quantification:

Aircp Equation 1
Fl = bl . A— . FISZ
N,,TCD
poo b A g Equation 2
J A N,
aj An,rcp

Where, Fiorjis the estimated molar flow; FO\; is the inlet N2 molar flow; Aiorjis the
chromatographic peak area of the corresponding analyte either in the TCD or FID; biorjis
the response factor for each analyte; and q; is a proportionality factor between the FID and
TCD peak areas. The method implemented for quantifying the effluents from the reactor is
presented in detail elsewhere[50,51]. On all occasions, it was confirmed that the mass
balance for carbon would close with a value of 1 (Table S6). Finally, the composition of the
gas mixture fed to the reactor was quantified with the mixture at room temperature at the

end of the corresponding reaction tests.

1.6 Expression of the catalytic results

Conversion and selectivity were calculated from the following equations:

Fé’,}14_ FCO;;: Equation 3
Hers = rg
4
Sp, = mol p; Equation 4
LT Simolp,

Where, FC"’;,4 is the inlet molar flow rate of CH4 [mol CHa/s], Fgtis the methane
molar flow in the product stream [mol CH./s] and pi is CO- or CO.
When the reactor was operated in the differential mode, apparent reaction rate

(rcHa,app) Were estimated according to the following equation:

_ P Xena pq o1 Equation 5
rCH4,App - N [_] S q
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Where, N is the number of moles of Pt in the catalyst [mol Pt], and Xcra is methane
conversion. In this expression, it was assumed that platinum was the catalytic active phase
because under the studied reaction conditions, monometallic iron catalysts were not

catalytically active.

From such rates, apparent reaction orders and apparent activation energies were
estimated. The possible inhibition by H>O, CO and CO2 was not taken into account as they
did not exceed the limit for which it is considered (> 3-5 kPa)[49], so a power law

expression is defined for the rate of:

TcHyApp = keff[PCH4]a[Poz]b Equation 6

When kesf is the effective rate constant, [Pchs] Y [Po.] are the partial pressures of

reagents and a and b are the reactions orders.

1.7 Statistic analysis

Non-linear regression analysis of experimental data was used to fit the titration
curve using Microsoft EXCEL [52]. The coefficient of determination (R? value) calculated
gave an estimate of goodness of fit of the function to the data. The error bars for the
replicated experiments were calculated with confidence intervals of the Student's t test with
a significance level of 5% and n-1 degrees of freedom. Catalyst deactivation at low
temperature was analyzed using the paired samples t-test. Methane conversion was
compared assuming that the difference between light off conversion and light out
conversion was cero as null hypothesis with significance level of 5% and n-1 degrees of
freedom [53]. Analysis of variance (ANOVA) was used to verify the existence of
significant differences in the means for CO; selectivity. For this, two factors (temperature
and sample) and a significance level of 5% were considered. Calculations were made with a
single sample the two-ways ANOVA tool from MS EXCEL.
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2. Results and discussion

2.1 Characterization guided co-impregnated of the Pt-Fe/SiO: catalysts

Figure 3.

Schematic methodology for the synthesis of the bimetallic catalysts Pt(x)-Fe(1-x) /SiOx.
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A schematic diagram with the step by step carried out for the impregnation of the
catalysts is presented in Figure 3. The process was divided into two main stages and five
unit operations. First, a purification stage of the support had to be carried out because the
sample was contaminated with traces of sodium, after washing the recovered solids were
dried and roasted, this was the starting point for the determination of the impregnation
conditions and subsequent determination of the conditions of the thermal treatment for the

catalysts after the impregnation.

2.1.1 Determination of impregnation conditions.

Once the total elimination of sodium from the support was confirmed, it was
characterized. The results of the physicochemical characterization of SiO» support are
shown in Table 1. The support showed a type of isotherm (Figure S2) with unrestricted
adsorption at the limit P/Po ~ 1.0 and a wide hysteresis loop that closed near P/Po ~ 0.6.
This type of isotherm is not part of the IUPAC classification [40], and could be classified as
a mixture of types H2 (b) and H3. An important characteristic of this silica is its low
surface area; media = 19.3 + 0.2 m?/g. Its PZC was approximately at pH 3.5 + 0.1 (Figure
S3) and, according to the diagram for the distribution of surface hydroxyls species, Figure
S6, its surface hydroxyls become partly protonated at pH below 1.4 and completely
deprotonated at pH above 8.0. The estimated density of silanol groups was 5.7 OH/nm?;
which was close to the 5.0 OH/nm? theoretical value for silicas [54]. According to the
above data, there were 5.50-10%° OH available for forming a metallic monolayer over the
SiO2 support. Considering such monolayer capacity, the metallic loadings of the catalysts
was fixed taking half of a theoretical metallic monolayer over the SiO» support. This
translated into catalysts whose total number of moles of metal, either platinum or iron, was
constant and equal to 4.6x10™* mol (the calculations leading to these values are presented in

the supporting information Section B).

Considering the surface charge profile for the SiO, support (Figure S6), it was

decided that for making the co-impregnation of the metals under a regime controlled by
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electrostatic interactions, the pH of the solution of the metallic precursors should be above
8.

Table 1.

Summary of the parameters and typical results from SiO2 microspheres.

BET area [m?/g] 19.3+0.2
Pore volume [cm?/g] 0.09
Pore diameter[nm] 25
OH/nm? 5.697
PzC 3.50+0.1
pK1 1.37
pK2 5.63

On the other hand, the metal coordination complexes formed from the precursors
have charge +2 ([Fe(NH3)s]*2 and [Pt((NHs)4]™). For this reason, 2 surface SiO" sites are
required for the adsorption of each complex. The reactions were adapted as follows [55—
58]:

Fe(NO3); + 3NH3 + 3H,0 -» 3NH,NO; + Fe(OH),
Equation 7
Fe(OH)3; + 6NH; —» [Fe(NH3)g]™® + 30H

Pt(NH3),(NO3), + 2NH; + 2H,0 — 2NH,NO5; + [Pt(NH3)4]*? + 20H Equation 8

2.1.2 Determination of thermal treatment.

Drying and calcination stage. Figure 4 is a composite plot done from the
correlation between the TGA and temperature programmed desorption analyses made for
the dried solids from the previous synthesis stage. These results were characteristics for all
catalysts. The total weight loss from the materials was around 3 wt.%, due to the low

porosity of the material. Three regions of weight loss regions were identified in the TGA
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profile; namely, one between 50-130°C, another between 150-175°C, and the las one
between 275-325 °C. According to the TPD profile, the first region of weight loss
corresponded to the desorption of COz and physiosorbed H20, the second to the desorption
of NHz, and the third to the desorption of CO, CO>, and chemisorbed H>O. H>O, CO, and
CO2 are mainly adsorbed by the catalyst during storage while NHs is a product of the

decomposition of metallic precursors [59].

Figure 4.

TGA-MS curves for the selected catalyst Pt(0.75) -Fe(0.25)/SiO5.-2.
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Other authors have recommended the calcination of this type of materials at 300 ° C
in N2 or Ar atmospheres to obtain better catalytic results, since for the systems studied, the
increases in temperature generated the rearrangement of the metallic particles and therefore
their agglomeration, which resulted in a decrease in dispersion or metallic surface [60-63].
In conclusion, temperatures above 300 ° C will not contribute to the elimination of
contaminants or to the decomposition of the metallic precursors, so this will be the selected
calcination temperature. Regarding the exposure time at the temperature of 300 ° C, it was
set at 4 h.
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Reduction stage:

Figure 5.

H, TPR profiles quantified by water production and peak deconvolution
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Figure 5 shows the H>O mass response for the H, Temperature-programmed
reduction profiles for the catalysts. Two water production peaks are observed, the first
appears in all the catalysts except Pt(0.0)-Fe(1.0)/SiO,-2 with its maximum at ~179 °C, the
second widest and largest peak appears on all catalysts in the region of 450 -550 °C. An
important point is that for SiO2 no reduction peaks were observed. The peak at low
temperatures represents the reduction of Pt*? to Pt° following Equation 9 [61] and second
peak supposed the reduction of iron (Equation 10) in the range of 450-550 ° C, but the
presence of this peak in the catalyst with (0.0) Fe led to a deeper analysis. Furthermore, in

all catalysts, CO> production was evidenced in the same temperature range.

PtO, + 2H, » 2H,0 + Pt Equation 9
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Fe,0; + 3H, - 3H,0 + 2Fe Equation 10

The results for Pt(1.0)-Fe(0.0)/SiO2-2 are summarized in Figure 6. In first place, the
production of methane at low temperatures and its subsequent consumption to produce CO;
and H2O is observed, the compiled for the other catalysts is presented in Figure S7. As a
hypothesis, chemisorbed CO- is being hydrogenated (methanated) during the test, which,
favored by the high temperature, would react with the surface oxygen of the catalyst, from

the following reaction route [64—66]:

CH, + 05YF - C0, + H,0 Equation 11

Figure 6.

H-TPR for Pt(1.0)-Fe(0.0)/SiO2-2. MS response for H,O, CO, and CH,4 are shown.
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The point of interest is found in the first peak observed in Ho-TPR, which was
deconvolved. The lowest temperature peak corresponds to the reduction of oxidized
platinum particles and the second peak shifted to the right is attributed to the partial
reduction of oxidized iron species that are bound to Pt particles, due to a possible Pt-O-Fe
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interaction[67,68] (Figure 5). However, it is not possible to quantify the water production,
for this reason it was implemented a calculation strategy for the comparison of the
reduction profiles between the catalysts. The ratio between the areas for water production
was calculated and compared in relation to the monometallic Pt catalyst by the following
equation:

Area., Equation 12
pLl =100 a

Relative percentage area of Pt =
Fe(0.0)

a
P1,Pt(1.0)— Si0,

Where, Areay,,; is the area of the first deconvolved peak for each catalyst and

Area Fe(0.0) IS the area of Pt deconvolved for Pt(1.0)-Fe(0.0)/SiO.-2 . The results of the

P1,Pt(1.0)—-
2

relative percentages of Pt in the catalysts are shown in Table 2. Assuming that in all cases
all the impregnated platinum was reduced, an approximate error of 15% with respect to the
theoretical relationships between the metals would be estimated by this comparison

method. On the other hand, as expected, the A1/A2 ratio decreases when Fe load increases.

Table 2.

H,0O production at low reduction temperature for deconvolved peaks. Quantification of areas and calculation
of Au/A; ratio.

Summit  Summit
peak 1 peak 2

%Relative Pt

Sample T[°C] T[°C] Areapeaki  Areapeak2 reduction Al/A2
Pt(1.0)-Fe(0.0)/SiO2 1975 - 4.35E-09 - 100% -
Pt(0.75)-Fe(0.25)/SiO: 188.1 213.2 2.61E-09 1.74E-09 60% 1.50
Pt(0.50)-Fe(0.50)/SiO: 158.0 220.1 1.83E-09 2.52E-09 42% 0.72
Pt(0.25)-Fe(0.75)/SiO: 190.0 213.2 8.35E-10 3.51E-09 19% 0.24

Pt(0.0)-Fe(1.0)/SiO2 - - - - - .
Note: Tests were done for replica 2 synthesis.

These results indicate that the reduction temperature necessary for the bimetallic
system is 200 ° C, since at this temperature the total reduction of the metal particles of Pt is

achieved. As for the reduction time, a reduction test at constant temperature (200°C)
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allowed to determine that no more than 1 h is needed to complete the reduction (See Figure

S 8).

The changes in the porosity of the synthesized materials were studied before heat
treatment (fresh), after their calcination and reduced. From Figure 7, it can be concluded
that there is no significant effect of the Pt/Fe ratio or of the heat treatment on the porosity of
the catalysts, since all the data recorded are within the 95% confidence interval for silica. In
addition, no type of trend is observed between the data. The decrease in the surface area of
the catalysts with respect to the support could be explained considering that the metallic

particles fill available spaces in the silica. However, this decrease is not significant (Section

c for details).

Figure 7.

Comparative plot for the porosity of fresh, calcined, and reduced catalysts
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Once the conditions for the synthesis of the catalysts were fixed, an analysis of their
properties was made. This analysis is presented next. In what follows, we will catalyst only
to those materials produced after the reduction stage. Therefore, the properties described

below belong to the state of the catalysts just before starting the catalytic tests.
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2.2 Physicochemical properties of the synthesized catalysts

Metallic contents. Table 4 presents the theoretical and real metal content values
obtained by atomic absorption and chemisorption. In the first place, an impregnation
efficiency of around 70% in the bulk was observed, while at surface levels the impregnated
metallic quantity was below 40%. An important note is that the theoretical relationship
between the metals was not preserved in bulk but did maintain its proportion on the surface.
This is an indication that the impregnation of each precursor was done equally and without

competition for the OH sites.

Table 3.

Metal contents for PtFe catalysts

Theoretical Bulks Surface
content content” content™
[mmol/g] [mmol/g] [mmol/g]

Bulk Theoretical Surface
Sample Pt Fe Pt Fe Pt Fe ratio . .
Pt/Fe ratio Pt/Fe ratio Pt/Fe
Pt(0.0)-Fe(1.0)/Si0, 0.0 895 0.0 69.2 0.0 290 O 0 0
Pt(0.25)-
Fe(0.75)/Si05 224 671 191 541 152 175 0.868 0.334 0.353
Pt(0.50)-
Fe(0.50)/SiO5 449 448 323 293 143 15.8 0.909 1.000 1.102
Pt(0.75)-
Fe(0.25)/Si0, 67.3 224 50.0 13.1 139 15.7 0.888 3.008 3.816

Pt(1.0)-Fe(0.0)/Si0, 89.7 0.0 523 00 250 00 - - -

Note: *Metal contents obtained by atomic absorption. The analyzed data correspond to replica 3.
**Metal contents obtained by O2 / CO chemisorption

Metallic dispersion and particle sizes. Regarding the dispersion of metals, an
interesting observation is the inverse relationship found between the metallic fraction and
the dispersion. This contradicts previous works, which showed how the increase in the
number of metals particles (Metal fraction in the catalyst) produces an increase in
dispersion[69] (Figure 8). However, the impregnated catalysts under pH control the seeks
the selective impregnation of metal complexes on the OH groups available in the support,
for this reason, one of the variables with the greatest influence on the impregnation
performance is the available surface area. The error bars demonstrate the homogeneity of

the catalysts because for the synthesized catalyst replicates there is no significant difference
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between the results (Table S5). For catalysts with low platinum loads (0.25 and 0.75 mole
fraction), values of Pt dispersion in both cases are much higher than other samples with
similar composition and supports with a larger surface area reported in the literature
[70,71].

Figure 8.

Comparison plot for the dispersion of Pt and Fe individually. Before analysis catalyst were calcined at 300°C
for 3h in Ar atmosphere and reduced in H at 200° C.
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Similarly, the increase in the individual metal fraction generated an increase in the
particle size (Table 3). In this case we suppose that the high percentages of individual
metallic charge produced agglomeration and the formation of larger particles, this

influenced by the low porosity of the support.

Table 4.

Particle size for PtFe catalysts

Pt particle Fe particle size
Sample .

size [nm] [nm]
Pt(0.0)-Fe(1.0)/SiO; - 5.03+0.46
Pt(0.25)-Fe(0.75) /SiO> 1.27+0.07 1.94+0.06
Pt(0.50)-Fe(0.50) /SiO, 1.68+0.17 1.32+0.08
Pt(0.75)-Fe(0.25) /SiO> 532+051 1.10+0.04
Pt(1.0)-Fe(0.0) /SiO; 762+049 -
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In general, Table 4 allows a comparison of the metal contents in the catalysts, from
these results it is proposed that the impregnation mechanism followed two possible routes,
the first influenced by the difference in charges between the precursor solution and the
support. However, when the OH groups avaible were found to be occupied, the metal
particles were deposited in the available pores in a disorderly manner (Figure 7). This can
be explained because Chemisorption[72] is used to quantitatively measure the number of
surface-active sites which are used to promote a specified catalytic reaction, while

techniques such as TPR and AA allow volumetric quantification of the components of the

Impregnation by
o — > electrostatic
adsorption on OH
groups

Impregnation by
—» deposition in the
cavities of the
support

sample.

Figure 9.

Graphical representation of the impregnation model

The impregnation hypothesis raised can be supported by calculating the surface area

normalized (NageT).
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ABET catalysts Equation 13

Aggr support (1 - (th + xFe))

Nyper =

In this equation, AgeTcatalysts, 1S the surface area of the catalysts, Ager support, the area
of the support and (Xet + Xre) is the fraction of the metals. The values of Nager close to 1
suggest that the metallic phase is well dispersed in the support and therefore it does not
cause pore clogging. The opposite is suggested when Naget is well below 1. The values
reported in Table 5 from Nager were not very close to 1.0 (0.77-0.86), which suggests pore

clogging occurred after incorporation of the metallic particles on the support.

Table 5.

Surface area normalized (Naget). Before analysis catalyst were calcined at 300°C for 3h in Ar atmosphere and
reduced in H2 at 200° C.

Catalyst Ager (xps + Xpe) Nager
SiO2 19.3 0 1.000
Pt(0.0)-Fe(1.0)/SiOz 15.3 0.0050 0.797
Pt(0.25)-Fe(0.75)/Si0;  14.8 0.0082 0.773
Pt(0.50)-Fe(0.50)/Si0;  16.4 0.0113 0.859
Pt(0.75)-Fe(0.25)/Si0;  14.8 0.0144 0.778
Pt(1.0)-Fe(0.0)/SiO: 14.6 0.0175 0.770

Note: The Ager values correspond to the average for each catalyst

2.3 Catalytic performance in methane combustion

2.3.1 Characterization of the ignition and extinction behavior.

The catalysts exhibit the typical behavior expected for the combustion of
hydrocarbons. At around 300 ° C, the oxidation of methane started (Xch: ~ 1.0%) for all
catalysts except for the catalyst with a null platinum fraction, the oxygen conversion
followed the same behavior described below (Table S6). At the beginning, the temperature
over the catalyst is low and thus the reaction rate is limited by the intrinsic kinetics (zone
A). The increase in temperature leads to an exponential increase in speed (zone B) to the
point where the heat generated by combustion is much greater than the heat supplied. Upon

reaching zone C, the intrinsic reaction rate rapidly increases but gradually the mass transfer
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rate cannot keep up with[16]. At high temperatures the reaction behaves like a strong and
spontaneous explosion. For this reason, the kinetics of catalytic combustion is only relevant
for zone A (temperatures of 300-400 °C). For the evaluated temperatures, it is observed that
the catalysts with low platinum fractions did not reach zone C. Also, Figure 10 shows the
hysteresis effects during ignition (light-off) and extinction (light-out) exothermic CHa
oxidation reactions for Pt-Fe catalysts. Two behaviors were seen, firstly normal hysteresis
is appreciated for catalysts with low platinum fraction (0.25 and 0.50), it is attributed to the
blocking of active sites by formed intermediaries that remain adsorbed on the surface,
decreasing the light-off activity[73] or morphological changes due to sintering of Pt
particles. On the other hand, the catalysts containing high platinum fractions (0.75 and 1.0)
showed inverse hysteresis at high temperatures. The higher activity of the catalyst during
extinction can be attributed mainly to the exothermicity of the reaction and thermal inertia
of the catalyst [74-76].

On the other hand, when reaching the temperature of 500 °C, the catalysts presented
a strong deactivation produced by the temperature control of the system (Figure S17),

demonstrated in the error bar.
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Figure 10.

Light off and light out curves from 300 to 500°C.
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To avoid the limitations possibly produced by high temperature (sintering,

overheating of catalyst surfaces, thermal inertia of the catalyst, among others) second set of

reactions will be restricted to region between 350 to 390 ° C. Table 6 shows the new results

at low temperature. To rule out catalysts deactivation, the significance level was compared

to p-value in the paired t-test. For all the catalysts in the temperature range studied, the p-

value remained above 0.05, except for Pt (1.0)-Fe (0.0)/SiO2 showing a slight difference in

methane conversions during ignition and extinction. These results imply that the interaction

between the metals favors the stability of the catalysts.
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Table 6.

Catalytic results for low temperature methane combustion and paired t-test data.

Sample
Pt(0.25)-Fe(0.75)/Si0O2 Pt(0.5)-Fe(0.5)/SiO2 Pt(0.75)-Fe(0.25)/SiO> Pt(1.0)-Fe(0.0)/SiO2
Temperature
[°C] 350 370 350 370 350 370 350 370
MeanLight out 0.0154 0.0217 0.0185 0.0278 0.0249 0.0379 0.0321  0.0449
Standard

0.0011 0.0007  0.0012  0.0011 0.0010  0.0015  0.0004 0.0013

deviationLight out

Number of

dataLign ou 8 9 8 9 8 9 8 9
MeanLight off 0.0160 0.0213 0.0184 0.0286 0.0241 0.0367 0.0133 0.0288
Standard

0.0006 0.0009 0.0015 0.0005 0.0012 0.0017 0.0001 0.0007

deviationLight off

Number of

datavight off 8 9 8 o 8 ’ 8 °
32‘;;?]””‘3‘* -0.0006 0.0004  0.0001  -0.0008 0.0008 0.0011  0.0189 0.0162
Standard

deviation of the 0.0010 0.0008 0.0014 0.0013 0.0012 0.0021 0.0004 0.0014

difference

t- student -1.5940 1.4851 0.2823 -1.8576  1.7553 1.5739 139.78 35.28
p-value 0.1550 0.1758 0.7859 0.1003 0.1226 0.1542 0.0000 0.0000

. No No No No No No . .
Conclusion Difference Difference

difference  difference  difference  difference  difference  difference

Figure 11 shows the direct relationship between methane conversion and selectivity
towards COs; is clarified, since as the temperature increases, the conversion towards CH4
will increase and therefore the selectivity towards CO2 will be greater. ANOVA test allows
a more in-depth analysis of the results, so it is possible to conclude that there is no
significant difference in the CO selectivity for the catalysts, while at 350 ° C a
significantly different behavior than those of 370 and 390 ° C (Supplementary information
section f). Although the selectivities towards CO> are high, the presence of CO shows that

the direct oxidation route is not followed.
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Figure 11.

CO; selectivities for the reaction test vs temperature.
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Note: For each selectivity data the corresponding methane conversion is attached. The results of the Pt (0.0)-Fe(1.0)/SiO.-
1 catalyst are not shown due to no activity. Results correspond to replica 1.

Compared with other platinum-based catalysts, those synthesized in this work
presented higher conversions than others with higher compositions, for this reason, they
were promoted with palladium[77]. However, in terms of selectivity, other catalysts have
managed to guarantee full selectivity towards CO2[78]. The main advantage is the
possibility of achieving performance close to or better than catalysts whose metallic

percentages are much higher.

2.3.2 Kinetic analysis.

The corresponding Arrhenius plot is shown in Figure 12. The apparent activation
energy is significantly the same for the bimetallic catalysts (approximate estimation error of
5%) while for the platinum monometallic catalyst the value is reduced, see Table S7.
According to the literature, catalytic combustion reduces the activation energy values from
100-200 kJ mol™ (conventional combustion) to 40-80 kJ mol™ 1[9]. However, compared to
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other platinum catalysts for the combustion of methane, the catalysts developed in this

work achieved lower Ea values [25].

Figure 12.

Arrhenius plot for CH4 oxidation
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Note: One more data was added to the adjustment for the catalyst Pt (1.0)-Fe (0.0)/SiO2. The results for the
catalyst Pt (0.0)-Fe(1.0)/ SiO, are not shown as it does not present activity. Particle diameter used was
between 180-300 mm, WHSV= 35 L g h'. The CH4, O, and N, molar fluxes were constant with values of
0.4460, 0.8920 and 3.5680 mmol/min, respectively. The activation energy was calculated as: -slope * R[J

mol! K. Results correspond to replica 1.

The reaction order dependence on CH4 and O, was determined at 350°C for the
catalyst Pt(0.25)-Fe(0.75)/SiO- , because, the parallelism evidenced in the Arrhenius graph
allows us to select any of the bimetallic catalysts for analysis. The results are shown in
Figure 13. Under these conditions, the catalytic combustion of methane on Pt-Fe catalysts
is close to first order in CH4 (1.06) and negative zero order in Oz (-0.33). The results agree
with what has been reported in the literature, the reaction is ~zero negative order in oxygen
and first order in methane[16]. In this case, the negative coefficient for O indicates the

inhibition of the reaction due to the presence in excess of this reagent, that the adsorption of
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hydrocarbons on the active sites turns out to be energetically competitive with Oz under the
conditions studied[79]. Also, the reaction order shows that the methane conversion on the

PtFe catalyst does not depend on the methane concentration in the reactor feed[80].

Figure 13.

Natural log of the CH4 oxidation rate at 350°C for Pt(0.25)-Fe(0.75)/SiO..
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One possibility is that the metallic particles are oxidizing during the reaction which
would produce a decrease in the catalytic activity and possible inhibition, to rule out this,
the H>-TPR test was repeated on the catalysts spent by reaction at 500 ° C and 350 ° C. As
can be seen in Figure S18, in both cases no peaks were observed that indicate the reduction
of Pt or Fe species, so that during the reaction the bimetallic catalysts remained reduced.

An important part of this study is to understand the synergy between Pt and Fe in
the performance of methane combustion. Synergy is defined as a non-linear (non-additive)
effect of increasing activity or selectivity upon changing concentrations of the components
of the catalytic systems[81]. As shown in Figure 15, at temperatures of 350 and 370, the
catalysts remain very close to the expected behavior line, however, a possible synergistic
effect is presented for bimetallic catalysts at 390 °C. This can be explained considering that

bimetallic catalysts reached the highest platinum dispersions and additionally, from the
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hysteresis curves, we found that catalysts with high platinum fractions show a delay in their

catalytic activity.

Figure 14.
Synergy graph.
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Note: The zone of synergy and inhibition are represented. a) Test at 350 ° C; b) Test at 370 ° C; c) Test at 390
° C. Particle diameter used was between 180-300 mm, WHSV= 35 L g-1 h-1. The CH4, O, and N, molar

fluxes were constant with values of 0.446, 0.892 and 3.568 mmol/min, respectively.
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3. Conclusions

PtFe catalysts were synthesized following a synthesis route guided by the
characterization results, the key point was to guarantee a metal-support interaction that
promoted high metal dispersion and avoided calcination of the material. In the first place,
the impregnation mechanism followed two possible routes, the first influenced by the
difference in charges between the precursor solution and the support, however, when the
enabled OH groups were found occupied, the metallic particles were deposited in the
available pores. disorderly, this due to the low surface area of the support. The reduction
profiles show the possible Pt-O-Fe interaction and although it was not possible to quantify
the hydrogen consumed, the relationship between deconvolved peaks shows that the
relationship between metals was maintained during impregnation. The decrease in the
surface area of the catalysts with respect to the support could be explained considering that
the metallic particles fill available spaces in the silica, nevertheless, there is no significant
effect of the Pt/Fe ratio or of the heat treatment on the porosity of the catalysts. One of the
variables with the greatest influence on impregnation performance is the available surface.
Because the catalysts impregnated under pH control seek the selective impregnation of
metal complexes on the OH groups available in the support, this was evidenced in the
increase in dispersion as the individual metal fraction increased. Finally, the homogeneity

of the synthesized catalysts was demonstrated.

The catalysts showed the typical behavior expected for the combustion of
hydrocarbons. The oxidation of methane started at temperatures close to 300 ° C and the
apparent deactivation at high temperatures is associated to the temperature control of the
reactor. The catalysts were shown to have a high selectivity towards CO2 (> 98%) and
stability at low temperatures. Kinetic analysis was limited to the range of 350 -390 ° C
finding that, the apparent activation energy is not significantly different for bimetallic
catalysts, and for the Pt monometallic catalyst it is slightly less and the catalytic
combustion of methane in Pt-Fe catalysts is close to the first order for methane and
negative zero order for oxygen. Finally, the synergy of the bimetallic systems seemed to be

dominated by the platinum dispersion.
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This work allowed to develop an impregnation method following a route guided by
the characterization of the materials and a unit line of processes through which it was
possible to produce Pt-Fe catalysts supported on silica, the results achieved evidenced the
possibility of obtaining favorable catalytic results in the combustion of methane with low
platinum loads, which would reduce its cost and favor the stability of the catalysts in

reaction.
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Appendix

Appendix A. Support characterization

The binding energy of approximately 1070.0[82,83] indicates the presence of

sodium as a contaminant in the SiO» support (Figure Sla), while after washing the signal

for Nals was not observed, guaranteeing the total removal of sodium (Figure S1b).

Figure S1.

XPS spectra of Na-SiO,. a) Before removing sodium b) After washing with HNO3
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Figure S2 shows the characteristics adsorption-desorption isotherm of N for the

support (SiOy).

Figure S2.

N2 adsorption-desorption isotherm
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For the analysis of the porosity of the support 6 replicas of the test were carried out,

the data is presented in Table S1.

Table S1.

Results of the BET Area and the constant Cger for the support

Sample BET area [m?/g] Ceer
SiOz-1 19.30 139.82
Si0,-2 19.27 136.42
Si0,-3 18.99 139.76
SiOz-4 18.97 137.92
SiO2-5 18.97 137.92
SiO2-6 20.31 142.78
Average 19.30

Standard deviation 0.515

The value of PZC was estimated from the intercepts of the curve with the x axis, for

this support the expected value of PZC is around 3 [84,85], doubling the experiment

allowed to find a deviation of 0.1 in the reported value (Figure S3).

Figure S3.

Point of Zero Charge for SiO2. The experiment is shown in

duplicate
1U
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In Figure S4 two changes are observed in the function derived from weight with
respect to temperature, the first corresponds to the H,O molecules that are physisorbed in
the material, while the second change, of less intensity, corresponds to the molecules of
water that are formed after the following reaction[86]:

H
—_— i 7 T = Siw
H — Si

Therefore, it could be considered that each water molecule formed comes from two
silanol groups present on the support.

Figure S 4.

TGA and DTGA for SiO,. under a static N> atmosphere.
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The change in the derivative occurred from 410.87 to 554.04 with a mass loss of

0.1613%. Table S1 summarizes the data required for the calculation of the OH density.
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Table S2.

Data required for the calculation of the OH density

Initial mass TGA [g] 18.33
Temperature range [°C] 410.87 - 554.04
Mass loss [%0] 0.1643%
Support area (SiO) [nm?/g] 1.93E+19
Avogadro's number 6.022E+23
MW Pt [g/mol] 195.08

MW Fe [g/mol] 55.845

MW H,O[g/mol] 18.015

The mathematical procedure proposed by DeFarias and Airoldi[86] is shown below:

18.33g * 0'11674;% = 0.03012 g mass of H20 lost during heating

0.03012 g ,3 molecules H,0 1
— g * 6.022-10 = 1.007 - 10“* molecules of H,0
18.015—~ mol

OH molecules
H,0 molecules

1.007 - 102! H,0 molecules * 2

OH
_ = 5.697 —
1.93- 1019% «18.33 g nm

The density of silanol groups is 5.697 OH/nm?. The calculations made will be used
to calculate the maximum percentage of metal that will be impregnated to obtain a

monolayer in 5g of support.

nm?

OH
5.697 *1.93 - 101°

— 59 =5.50-10% OH

2.75 - 10%° Pt molecules

023 molecules
mol

= 0.00046 mol Pt

6.022 -1
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0.00046 mol Pt * 195.08 % — 0.0890 g Pt

gowpt = —20890 1 oseepe
oWt = 00890 +5 /07

2.75+10%° Fe molecules

023 molecules
mol

= 0.00046 mol Fe

6.022 -1

0.00046 mol Fe * 55.845 % = 0.0255 g Fe

YowFe = —2025° 0 ciop
oWre = 0.0255 +5 0 re

With these values, the weight percentages for the catalysts to be prepared (Table S2)

were calculated, maintaining a load of 460 mmol of metals for 5g of support.

Table S3. Weight percent for the catalysts

Mole fraction of Pt 1 0.75 05 0.25 0
Pt 1.75% 131% 088% 0.44% 0.00%
Fe 0.00% 0.13% 0.25% 0.38% 0.50%

On the other hand, variations in pH in silica promote the following reactions:

Si—OHf - Si—OH+H? Si—OH - Si—0~+ H*

[SiOH][H*] [Si0O~][H™]

= K = ————
1™ [SiOHS] 2 [SiOH]
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So, it would be expected to have two equivalent points, one between (Si-OH;" and
Si-OH) and the second between (Si-OH and Si-O"). To find the inflection point that would
mark the equivalence point, the criterion of the second derivative is used in the titration
curve (Figure S5).

Figure S5.

Titration curve for SiO.. A polynomial degree 5 was fitted, obtaining a value of R? of 0.998.

5.0
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R2=0,9975
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F(x) = 0.0011x° — 0.0427x% + 0.6565x3 — 4.9997x2 + 18.683x — 25.332
f(x) = 0.014x3 — 0.3264x% + 2.7126x — 7.4254 f"(x) =0
0 = 0.014x3 — 0.3264x% + 2.7126x — 7.4254
x=5.63

Thus, pkz = 5.63 y Kz= 2.34-10°. At PZC, the surface density of positive charges is
equal to the density of negative charges, for which it is possible to deduce the following

equations:

K, x K, = [H*]? PZC =pH = —-log (K, * Ky)
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1
3.5= —log (K *234:107°)

Ki= 0.0436 pki= 1.37

Knowing the equilibrium points between the species it is possible to make the

diagram of the molar fraction with respect to the pH (Figure S6), finding similar results in

the literature[87].

Figure S6 shows that due to the acidic characteristics of silica, the surface will never
be fully positively charged, on the other hand, a pH greater than 8 will provide a surface

full of negative groups.

Figure S6.

Species distribution diagram with respect to pH

Si-O"

Molar fraction

10 12 14

Appendix B. Thermal treatment
Figure S7 shows MS response obtained for H,O and CO: during the Ho-TPR tests

for the prepared catalysts. In all cases, the elimination of water and carbon dioxide was

observed in the range of 400 -600 °C.
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Figure S7.

MS response for H,O and CO; during Hz-TPR. Before analysis catalyst were calcined at 300°C for 3h in Ar
atmosphere.
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=
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™
e ——
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N— CO,
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Temperature [°C]

Figure S8 shows the reduction profiles for the catalysts during 90 min, additionally,
the peak deconvolution was performed, the analysis for this situation is the same as that

presented in the main text.
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Figure S8.

Time trial for complete reduction at low temperature.

MS response [a.u]
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Note: Temperature was kept constant at 200 ° C. Before analysis catalyst were calcined at 300°C for 3h in Ar
atmosphere. Catalysts were randomly selected for testing.

Appendix C. Characterization

N2 physisorption.Figure S9 shows the adsorption-desorption isotherms of N> for
the catalysts and the support, their shape did not change despite impregnation and

subsequent heat treatment. Individual results are shown in Table S4.
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Figure S9.

Adsorption- desorption N2 isotherms. a) Fresh catalysts; b) Calcined catalysts. ¢) Reduced catalysts. Catalysts

were randomly selected for testing.
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Table S4.

Results for BET area of the catalysts, for the test the replicas were randomly selected.

Replica
1 2 3 Average g;?/ri]adt?g(rj]
Pt(0.0)-Fe(1.0)/SiO; 14.9 - 15.2 15.1 0.21
Pt(0.25)-Fe(0.75)/SiO, 15.9 16.9 - 16.4 0.71
Fresh Pt(0.50)-Fe(0.50)/SiO, - 15.8 17.9 16.9 1.48
Pt(0.75)-Fe(0.25)/SiO; 14.9 - 15.4 151 0.37
Pt(1.0)-Fe(0.0)/SiO; - 14.9 15.3 15.1 0.28
Pt(0.0)-Fe(1.0)/SiO, 15.2 15.0 15.0 151 0.12
Pt(0.25)-Fe(0.75)/SiO; 14.9 - 15.0 15.0 0.07
Calcined Pt(0.50)-Fe(0.50)/SiO> 15.8 16.3 - 16.1 0.35
Pt(0.75)-Fe(0.25)/SiO; - 14.9 14.7 14.8 0.14
Pt(1.0)-Fe(0.0)/SiO- 14.3 - 14.8 14.6 0.35
Pt(0.0)-Fe(1.0)/SiO- 15.2 15.4 - 15.3 0.14
Pt(0.25)-Fe(0.75)/SiO, 14.8 - 14.8 14.8 0.00
Reduced Pt(0.50)-Fe(0.50)/SiO; 16.1 - 16.6 16.4 0.35
Pt(0.75)-Fe(0.25)/SiO; 141 14.9 15.3 14.8 0.60
Pt(1.0)-Fe(0.0)/SiO, - 14.3 14.9 14.6 0.42
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CO and O2 chemisorption. The first step is the determination of the possible

consumption of CO by iron particles and O by Pt particles (Figure S10).

Figure S10.
Chemisorption of CO and O,

P1(0.0)-Fe(1.0)/SiO, Pt(1.0)-Fe(0.0)/SI0,

MS response [a.u]

("8
o
W s
H 2
AANM A Aoy A A A A A AT A SIS AN e NS H,0
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Time [s]
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Time [s]

Note: Chemisorption of CO for the iron monometallic catalyst Pt(0.0)-Fe(1.0)/SiO.. O, chemisorption for the
platinum monometallic catalyst Pt(1.0)-Fe(0.0)/ SiO.. Before analysis catalyst were calcined at 300°C for 3h
in Ar atmosphere and reduced in H2 at 200° C.

The individual results for the three replicates are shown in Table S5.

Table S5.

PtFe catalyst dispersions.

CO Chemisorption - Pt dispersion results

Sample 1 2 3 Average Star)dgrd Standard error*
eviation
Pt(0.0)-Fe(1.0)/SiO, - - - - - -
Pt(0.25)-Fe(0.75)/Si0, ~ 74.27 823 80.4 79.0 4.197 2.423
Pt(0.50)-Fe(0.50)/Si0; 542 66.0 59.9 60.0 5.901 3.407
Pt(0.75)-Fe(0.25)/Si0;  20.96 17.3 1845 189 1.872 1.081
Pt(1.0)-Fe(0.0)/SiO, 13.99 132 123 132 0.846 0.488
O, Chemisorption - Fe dispersion results

Sample 1 2 3 Average Standard error*
Pt(0.0)-Fe(1.0)/SiO; 221 1945 184 20.0 1.907 1.101
Pt(0.25)-Fe(0.75)/Si0,  53.15 51.2 50.2 515 1.500 0.866
Pt(0.50)-Fe(0.50)/Si0,  80.79 752 715 758 4,677 2.700
Pt(0.75)-Fe(0.25)/Si0, 9417 90.4 875 90.7 3.344 1.931

Pt(1.0)-Fe(0.0)/SiO;
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Note: The standard error corresponds to the standard deviation divided by the root of the amount of data. Before analysis

catalyst were calcined at 300°C for 3h in Ar atmosphere and reduced in H> at 200° C.

The response of the mass spectrometer for the CO pulses showed a consumption in
the catalysts in the first peaks accompanied by the production of Hz (Figure S11) which has
been attributed to the interaction of CO and OH groups that remained on the material, by

the following reaction[88]:

1 -
CoaCls/g + OHsypport = CO2 + P H, Equation S 1

While for O> chemisorption a slight production of water is observed due to

oxidation (Figure S12).

Figure S11.

MS response for CO pulses and H2 production in chemisorption.

Pt(1.0)-Fe(0.0)/SiO, Pt(0.75)-Fe(0.25)/SiO,
ST f
< H, H,
3
=
o
o
8
w
=
T T T T T T T T T T T T T = -
0 1000 2000 3000 4000 5000 6000 7000 1000 2000 3000 4000 5000 6000 7000
Time [s] Time [s]
Pt(0.50)-Fe(0.50)/SiO. .
2 Pt(0.25)-Fe(0.75)/SiO,
=5 ( (
©
8 H, H,
o
o
o
8
(%2}
=
0 1000 2000 3000 4000 5000 6000 7000 g 1000 2000 3000 4000 5000 6000 7000
Time [s] Time [s]

MS response [a.u]

MS response [a.u]



62

SYNTHESIS OF Pt-Fe/SiO; BY CO-IMPREGNATION FOR METHANE COMBUSTION

Figure S12.

MS response for O pulses and H2O production in chemisorption
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Appendix D. Catalytic test

System calibration. In all cases 4 known gas compositions were measured through the gas

chromatograph. Below are the calibration curves for the gases involved in methane

combustion.

Figure S13.

Calibration curves for each of the gases involved in methane combustion.
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Note: a) Methane in TCD detector; b) Carbon monoxide in TCD detector; ¢) Oxygen in TCD detector; d)
Carbon dioxide in TCD2 detector; e) Nitrogen in TCD2 detector; f) Methane in FID detector; g) Carbon
monoxide in FID detector.
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Preliminary tests for ruling out transport limitations

The conditions necessary to guarantee the absence of mass transport limitations
were determined by applying the methodology proposed by Kiakalaieh et al[89]. The
catalyst selected for these reactions will be the one with the highest porosity, that is, the
smallest average pore size, in this case there is no significant difference in the area of the
catalysts, so the experiments were carried out with the monometallic catalyst Pt(1.0)-
Fe(0.0)/SiO2-1. The reactions were carried maintaining the stoichiometric ratio CH4/O- in
1:2 at a temperature of 400 °C for 2 h. For ruling out intraparticle transport limitations, the
particle diameter (Dp) of the catalysts was modified in ranges of <100mm, 180-300mm,
100-600 mm and >800mm while the weight of the catalyst and the partial pressure of CHa
were constant in 40 mg and 3.9 kPa, respectively. For rule out transport limitations
between particles, the weight of the catalyst was changed with values of 20, 25, 35, 40 and
50 mg while both the diameter of the particles and the partial pressure of CHs were kept
constant at 180-300 mm and 3.9 kPa, respectively. Figure S14 shows the linear trend of
methane conversion from 20 to 50 mg of catalyst. On the other hand, the change in the
diameter of the particles did not affect the conversion of methane. Then, it is possible to
affirm that under these conditions the system is free from internal and external mass
diffusion limitations[89,90].

Figure S14.

Results in terms of methane conversion for transport limitations.
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Monitoring of methane combustion reactions
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For replica 1, the methane conversion at high temperatures values are presented as a

function of time and temperature (Figure S15) and Table S6 shows the averages for the

conversion of methane and oxygen and the carbon balance during the light off tests.

Figure S15.

Methane conversion at high temperature as a function of time and temperature.
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Note: For each catalyst, the results for the first synthesis replica are presented. The reactions were carried
maintaining the stoichiometric ratio CH4/O; in 1:2, the particle diameter used was between 180-300 mm and
WHSV of 35 Lgth?. The CH4, O, and N fluxes were constant with values of 0.4460, 0.8920 and 3.5680

mmol/min, respectively.

Figure S15 shows the decrease in methane conversion as the platinum fraction in the
catalysts decreases, until there is no activity for the monometallic iron catalyst for the
temperatures studied. In the same way, an apparent stability at low temperatures is evident.
This is confirmed in Figure S16 which shows the conversion of methane at low

temperatures as a function of time and temperature.
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Table S6.

Methane conversion, oxygen conversion and carbon balance for testing catalysts in

methane combustion. The values presented correspond to the Light off stage. Replica

corresponds to the synthesis group of the catalyst.
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Replica 1 Replica 2 Replica 3
Carbon Carbon Carbon
Sample T Xcus Xo2 balance Xera  Xo2 balance Xcra  Xoz balance
300 0.000 0.000 - 0.000 0.000 - - - -
350 0.000 0.000 - 0.000 0.000 - - - -
s 390 0.000 0.000 - 0.000 0.000 - - - -
2 420 0.000 0.000 - 0.000 0.000 - - - -
& 4g0 0.000 0.000 - 0.000 0.000 - - - -
)
S 50p 0.000 0.000 - 0.000 0.000 - - - -
300 0.003 0.008 0.99 0.004 0.009 1.01 - - -
9 350 0011 0.011 1.00 0.013 0.014 1.00 - - -
E\ 390 0.031 0.028 1.00 0.028 0.025 0.99 - - -
‘E" 420 0.054 0.048 1.00 0.048 0.045 1.00 - - -
Q_\ 460 0.086 0.080 1.01 0.082 0.08 1.00 - - -
?2’ 500 0.133 0.123 1.01 0.145 0.135 1.01 - - -
. 300 0.003 0.006 1.01 0.002 0.004 1.00 0.003 0.005 1.00
-% 350 0.015 0.017 1.00 0.021 0.023 1.00 0.014 0.015 1.00
§ 390 0.039 0.040 0.99 0.042 0.043 1.00 0.036 0.037 1.01
E?E 420 0.078 0.077 1.00 0.083 0.082 0.99 0.079 0.077 1.00
§ 460 0.105 0.104 1.00 0.120 0.131 1.00 0.110 0.111 0.99
;% 500 0.170 0.181 0.99 0.176 0.190 1.00 0.175 0.183 1.00
300 0.010 0.010 1.00 - - - 0.010 0.012 1.00
-% 350 0.034 0.031 1.00 - - - 0.033 0.031 1.00
E 390 0.080 0.075 1.00 - - - 0.091 0.087 1.00
% 420 0.148 0.142 1.00 - - - 0.144 0.139 1.00
E 460 0.205 0.197 1.00 - - - 0.211 0.199 1.00
E% 500 0.787 0.766 0.99 - - - 0.811 0.801 0.99
300 0.010 0.011 1.00 0.010 0.010 1.00 - - -
350 0.036 0.034 0.99 0.038 0.035 1.00 - - -
S 390 0.078 0.075 1.00 0.081 0.079 1.00 - - -
[%2]
S 420 0124 0119 099 0.132 0.122 0.99 - - -
£ 460 0193 0190 1.01 0212 0.221 1.00 - - -
S oo 0774 0.742 1.00 0.791 0.769 1.00 - - -
[a

Note: The catalyst without platinum fraction showed no activity. The values shown correspond to the averages recorded

during the reaction time (3h for each temperature).
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Figure S16.

Methane conversion at low temperature as a function of time and temperature.
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Note: For each catalyst, the results for the first synthesis replica are presented. The reactions were carried

maintaining the stoichiometric ratio CH4/O; in 1:2, the particle diameter used was between 180-300 mm and
WHSV of 35 Lg'h?®. The CH4, O, and N, fluxes were constant with values of 0.4460, 0.8920 and 3.5680

mmol/min, respectively.

Temperature control behavior

As shown in Figure S 17, the exothermicity of the reaction for catalysts with a high

platinum fraction generated a decrease in temperature in the control system, whose setpoint
was 500 ° C, while Pt (0.25)Fe(0.75)/SiO, and Pt(0.50)Fe(0.50)/SiO> did not show these

temperature jumps during the reaction. This behavior would explain the apparent

deactivation of the catalysts.
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Figure S17.

Comparison between the catalytic bed temperature and the temperature ramp set for the

reaction
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Activation energies analysis

The Arrhenius graph points to the equality in the apparent activation energy for the
bimetallic catalysts. To corroborate this hypothesis, the calculation of the relative error was
carried out considering that the division of a pair of parallel lines must be equal to 1. The

results are shown in Table S7. The maximum error found is 5%.
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Table S 7.

Eaapp Values and parallelism calculation

Sample Eaapp [k mol']"  Eai/Ea, %Error™
Pt(0.0)-Fe(1.0)/SiO, - - -
Pt(0.25)-Fe(0.75)/SiO;, 70.94 1.04 4.05
Pt(0.50)-Fe(0.50)/SiO; 68.16 1.02 1.74
Pt(0.75)-Fe(0.25)/SiO, 67.01 1.05 5.02
Pt(1.0)-Fe(0.0)/SiO; 57.87 - -

*Eaapp Was calculated multiplying the slope of the Arrhenius plot by the gas constant (8.314 J/ molK)
**The error was calculated considering that the division of a pair of parallel lines must be equal to 1.

Characterization after reaction

Figure S18.

H>-TPR in terms of water production to catalysts after reaction at 350 and 500 ° C
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Appendix E. Statistics

Differences between selectivities- ANOVA

Two factors were studied, 1) Temperature; 2) Sample - metal fraction in catalysts.

For the analysis the results for the Pt(0.0)-Fe(1.0)/SiO- catalyst were not considered.
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Table S8.

Contingency table, CO; selectivity results.

Sample
Temperature Pt(0.0)- Pt(0.25)- Pt(0.50)- Pt(0.75)- Pt(1.0)-
[°C] Fe(1.0)/SiO; Fe(0.75)/SiO2 Fe(0.50)/SiO> Fe(0.25)/Si02  Fe(0.0)/SiO2
350 0 0.982 0.989 0.994 0.995
370 0 0.994 0.996 0.998 0.998
390 0 0.997 0.998 0.999 0.999

Before ANOVA, it was verified that the residuals followed a normal distribution of

the data. Since the data fit with 99.18% to a linear regression (Figure S18), these assume a
normal distribution.

Figure S19.

Residual normality test
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The interaction graphs (Figure S19) allow us to find possible effects produced
by the relationship between the factors. In this case the lines appear to be parallel and
there are no cuts between them. This interaction effect indicates that there is no

relationship between the temperature and the catalyst, so it is possible to analyze the
individual effects for each factor.
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Figure S20.

Interaction graphics. a) With respect to temperature; b) Regarding the catalyst
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Table S8 shows the results of the ANOVA test. The -p value is compared with
the level of significance, finding that there is an effect of temperature on CO:
selectivity, so that for at least one of the temperatures the results presented differences,
while for the type of catalyst it is considered that there is no difference in the results.
Table S9.

ANOVA table of CO> selectivity.

Source of sS Df MS F p-value  Fcrit
Temperature  0.0001425 2 7.13E-05 9.112 0.015 5.143
Sample 0.0000863 3 2.88E-05 3.679 0.082 4.757
Error 0.0000469 6 7.82E-06
Total 0.0002758 11

Note: SS: Sum of squares; Df: degrees of freedom; MS: mean of squares; F: F-statistic; p-value: is the probability of
obtaining test results at least as extreme as the results observed; F crit: It is the F value associated with the level of

significance of 0.05.

The means comparison tests that are applied after a significant ANOVA are
based on the calculation of confidence limits for said means. One of the most used is

the Tukey test. This test will allow us to know which of the groups within a factor is
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significantly different from the others. Its application in this case provides the following

ranges.

Table S10.

Results of the Tukey test applied after analysis of variance.

Groups to

compare N Difference T -student Lower limit  Upper limit
350-370 5 0.0062 2.18 0.0023 0.0100
370-390* 5 0.0018 2.18 -0.0020 0.0056
350-390 5 0.0081 2.18 0.0042 0.0119

Note: Means significantly different from each other (a= 0.05).

The intervals containing O correspond to group means (treatments) that are not
significantly different from each other. In this case, it was found that the higher

temperatures are equal while the difference occurs at 350 ° C.



