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Abstract: This study was conducted to identify the correlation between the CO chemisorption
(linear interaction and gem dicarbonyl) and the specific size of rhodium particles, and further to
determine the influence of this relationship on the catalytic oxidation reaction of methyl tert-butyl
ether (MTBE). During the synthesis, first, TiO, was developed by the sol-gel method under acidic
conditions. Second, Rh was deposited (1 wt %) by the incipient wetness impregnation method. Later,
with the aim of controlling the particle size, the Rh/TiO, materials were crystallized at different
reduction conditions during 3 h heat treatment. The results obtained by TEM micrographs indicated
that the average particle size varies between 1.0 and 8.1 nm, depending on the conditions of heat
treatment. From the histogram analysis of each TEM micrograph, two correlations were made: (i)
the gem-dicarbonyl interaction was typical of Rh particles < 1.5 nm, and (ii) a linear interaction,
bridged interaction and dentate interaction were observed in particles > 1.6 nm. The gem-dicarbonyl
interaction (particle size < 1.5 nm) was the most active in the oxidation reaction of MTBE.

Keywords: FTIR-CO (Fourier-Transform Infrared Spectroscopy-CO); Rh; TiO,; MTBE; CWAO
(Catalytic Wet Air Oxidation)

1. Introduction

Rhodium is a metal that has been widely used in various catalytic reactions in an active phase [1-3].
It is characterized by its easy dispersion on the surface of metal oxides [4], its metallic stability in
oxidizing atmospheres [5] and the chemical interactions that can occur on its surface [6,7]. However,
there is great interest in determining its interactions with species involved in catalyzed chemical
reactions [8]; for instance, in the oxidation reaction of carbon monoxide [9]. Previous works have
identified the interactions between CO and the surface of metallic thodium supported on TiOp
using probe molecule FTIR spectroscopy [10]. There are three types of CO species adsorbed on
rhodium: gem-dicarbonyl (2CO-Rh"), linearly bound (CO-Rh) and bridged (CO-2Rh) [11]. In the
gem-dicarbonyl interaction, CO species exhibit two types of vibration frequencies, which are symmetric
and antisymmetric at ~2100 and ~2030 cm~1 in the planes (1,1,1) and (1,1,0), respectively, while the
vibration of the linear interaction is at ~2060 cm™! [12,13] in the plane (1,1,0) [14].

In a recent study, Yu et al. [15], synthesized Rh, Rh-Mn and Rh-Mn-Li/SiO; catalysts for the CO
hydrogenation reaction with the aim of analyzing the types of CO chemisorption which occur on the Rh
surface. The conclusion was that the 2CO-Rh* (gem-dicarbonyl) interaction is characteristic of a highly
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dispersed metal phase and is affected by the incorporation of another metal phase. The researchers
suggest that the increase in catalytic performance observed is due to changes in the catalyst’s ability
for CO adsorption, CO insertion, H, dissociation, hydrogenation, etc., which are mainly controlled
by the states of Rh. In addition, Caballero et al. [16], synthesized Rh/y-Al,O3-Nd;Oj3 catalysts for
the hydrogen production reaction from methane. In this study, they mentioned that the 2CO-Rh*
interaction is associated with small, well-dispersed rhodium crystals on the surface of the support.
Therefore, the Rh particle size and dispersion on the support are important factors, affecting the type of
CO chemisorption. Other researchers have also reported that thermal treatments at 500 °C improve Rh
dispersion, favoring the gem-dicarbonyl interaction [16,17]. Additionally, Samolia et al. [18] found that
Rh catalysts, treated at 300 °C, have linear interactions with carbon monoxide. In this context, the aim
of the present work is to correlate the different Rh particle sizes with the types of CO chemisorption
and their influence on the catalytic activity of MTBE oxidation.

2. Materials and Methods

All chemical reagents and solvents were analytical reagent grade and were used as received. All
solutions were prepared with ultrapure water (18 M ) from a Millipore Milli-Q system.

2.1. Synthesis of TiO;

TiO, was obtained by the sol-gel method under acidic conditions, as follows: a mixture of titanium
isopropoxide (Aldrich, St. Louis, MI, USA, 97% by weight) and isopropanol (99.5%, Aldrich) was
kept under constant stirring for 30 min; then, the pH of the mixture was adjusted to 3 with nitric acid
(Aldrich, 70% by weight). Afterward, water was added dropwise to the mixture. The amount of water
added was calculated at a molar ratio of 1:6 with respect to the alkoxide. The resulting sol was aged
for 48 h, followed by the removal of the solvent by evaporation in a vacuum and then drying at 120 °C
for 12 h. The xerogel was calcined at 500 °C for 2 h under an air atmosphere with a heating rate of
2°Cmin!.

2.2. Synthesis of R/TiO, Catalysts

The Rh/TiO; catalysts with 1 wt % of Rh were prepared by the impregnation method. The necessary
amount of RhCl; 3H,0 (99.99%, Aldrich) was dissolved in deionized water at room temperature under
magnetic stirring. The solution was transferred to the mixture of TiO,/water and kept under vigorous
stirring for 3 h. The extraction of the solvent was carried out by evaporation under a vacuum at 60 °C
until the solvent was completely evaporated. The obtained powders were dried at 120 °C for 12 hin a
vacuum oven. The powders were heated at a rate of 2 °C min~! from room temperature and kept at
500 °C for 3 h under a flowing air atmosphere (O,/Ny, 2%/98%) for the oxidization of the rhodium.
Subsequently, the catalyst obtained (Rh/TiO,) was divided into four portions, identified as RhTil,
RhTi2, RhTi3 and RhTi4.

The powders were exposed in an atmosphere of H, (3.6 L h™1). Each catalyst received a different
reduction heat treatment as follows:

e  RhTil was reduced at 500 °C for 3 h with a heating rate of 1 °C min~1;
e  RhTi2 was reduced at 500 °C for 3 h with a heating rate of 2 °C min~";
e RhTi3 was reduced at 400 °C for 3 h with a heating rate of 2 °C min™;
e  RhTi4 was reduced at 300 °C for 3 h with a heating rate of 2 °C min~".

Immediately afterwards, the catalysts RhTi3 and RhTi4 were cooled to 25 °C.

2.3. Characterization

To determine the Rh content, inductively coupled plasma optical emission spectrometry (ICP-OES)
data was obtained using a Perking-Elmer 4200DV optical emission spectrometer, as reported by Liu
et al. [19]. The morphology and structure of the particles were investigated using Tecnai G2 F30
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transmission electron microscopy (TEM). An energy dispersive X-ray spectrometer (EDX) coupled
to TEM was used to analyze the elementary composition of the particles. The sizes of Rh/TiO;
nanoparticles were obtained by measuring 200 particles for each catalyst. The crystalline phase
composition of the obtained catalysts was recorded using X-ray diffraction (XRD) (Siemens D-500
instrument) with Cu-Ke radiation (A = 1.5418 A). The reflection intensities were measured in the 20 scan
range of 20-70° with a step size of 0.02° and a scan speed of 4° min~!. The temperature-programmed
reduction under an H, atmosphere was performed in CHEMBET-300 (Co) equipment using 0.2 g of
fresh catalyst by means of the following protocol: the catalyst was heated at 120 °C under nitrogen
flow (10 mL min~') during 60 min. Then, the catalyst was cooled down to room temperature (35 °C),
and a mixed gas flow (5% H/95% Nj) was passed through the cell. The temperature-programmed
reduction (TPR) prolife was registered using a heating program of 10 °C min~! from room temperature
up to 500 °C using a flow rate of the gas mixture of 10 mL min~!. The BET specific surface area was
determined in an automatic Quantachrome Autosorb 3B analyzer. The nitrogen adsorption isotherms
were carried out at —196 °C; prior to the nitrogen adsorption, the catalysts were outgassed overnight at
300 °C. The specific surface area was calculated from the adsorption isotherms by the BET method.
The CO adsorption studies were performed on a Nicolet 170 SX FTIR instrument. The catalysts were
compressed into fine discs with a radius of 0.65 cm. Subsequently, they were placed in a Pyrex glass
cell with CaF, windows coupled to gas inlet and outlet lines. The catalysts were reduced in-situ at
450 °C for 30 min. Then, the reducing gas flow was interrupted by vacuum exchange (1 x 10~ Torr) at
300 °C for 30 min to remove any further traces of gas. After cooling down to room temperature (35 °C),
the CO was introduced into the system for 20 min to reach equilibrium adsorption. Finally, the excess
carbon monoxide was evacuated, and a spectrum was recorded.

2.4. Catalytic Activity

The degradation of methyl tert-butyl ether (MTBE) in aqueous solution was examined in a
batch-reactor with a capacity of 300 mL (Parr Instrument Co. Ltd., Moline, IL, USA). The reactor
was equipped with a diverter tube for catalyst collection, a temperature control unit and a turbine
propellant for agitation. The catalyst concentration (1 g L), initial concentration of MTBE (300 mgL 1),
temperature (80 °C), oxygen flow and stirring speed (1000 rpm) were kept constant in each test.
Previous test reactions showed that, under such conditions, the reaction was not controlled by the
diffusion of oxygen into the liquid phase. All catalysts were filtered with a membrane filter (0.45 pm)
to remove particle suspensions prior to analysis. The analyte concentration was determined by gas
chromatography (Varian Star 3400Cx) equipped with a Flame Ionization Detector (FID). The separation
was achieved with an Agilent HP-INNOWax GC column (30 m, 0.25 mm, 0.5 mm, Agilent Technologies,
Santa Clara, CA, USA). Mineralization was evaluated by measuring the total organic carbon (TOC)
by the direct injection of the catalysts into a 5000 Shimadzu TOC-VCSH analyzer, (Shimadzu Corp.,
Tokyo, Japan). The initial rate (—r;) was calculated from the MTBE conversion as a function of time
curves, using Equation (1):

( AC%;/(%) )(60 [pollutant]i)

-1 = = 1)

where ((AConv(%))At) is the initial slope of the conversion curve, [pollutant]; is the initial concentration
of the pollutant (mol L™') and m is the mass of the catalyst per liter (g L™!). The analysis of total
organic carbon (TOC (g L™!)) was done using Equation (2), where TOC? and TOC® at t = 0 min
and t = 60 min, respectively.

TOC - TOC®
— 0 @

X =
TOC ( TOC?



J. Compos. Sci. 2019, 3, 81 40f 11

3. Results and Discussion

3.1. Catalysts Characterization

The results obtained by ICP-OES show that the Rh content is ~0.98% in all four catalysts. In each
reaction test, chemical analysis was performed to corroborate that the metal was not lixiviated.

The reduction of the rhodium takes place at around 300 °C, according to the reduction profile at
the control temperature; see Figure 1. There is no consumption of hydrogen at higher temperatures;
therefore, the thermal treatments proposed guaranteed the total reduction of the metal. The peak of
TPR at low temperature belongs to well dispersed Rh,O3, which is easily formed, while the peak of
TPR at high temperature belongs to the reduction of crystalline Rh,O3 or larger particles of Rh,O3 [20].
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Figure 1. Hp-temperature programmed reduction (H-TPR) profile of the fresh catalyst.

The XRD diffractograms of Rh/TiO, catalysts (Figure 2a) show the main reflections, characteristics
of the anatase-type structure (26: 25.3,37.1, 48.2, 55.1, 62.20°), traces of the brookite phase (20: 30.8,
36.1,37.2,46.03, 48.3, 55.60°) and the rutile phase (20: 27.4, 36, 41.2, 54.30°). This mixture of phases is
characteristic of catalysts synthesized from titanium terisopropoxide [21].
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Figure 2. X-ray diffraction patterns of (a) TiO, and catalyst before to reduction, (b) RhTil, RhTi2 and
RhTi3 and RhTi4 catalysts.
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Before the reduction process, the metal was in the RhyO3 phase. It was possible to identify it
by observing a diffraction in angle 26: 34° [22] (see Figure 2a). The presence of rhodium oxide was
corroborated by temperature-programmed reduction analysis. With respect to metallic thodium, the
typical diffractions of this metal were observed. Reflection peaks (26: 41.06, 47.7, 69.80°) attributed to
Rh doping were observed only in the RhTi3 catalyst (see Figure 2b).

From Figure 3, the catalysts—i.e., N, isotherms—can be classified as type IV, which is related to
powders with a mesoporous structure. According to the International Union of Pure and Applied
Chemistry (IUPAC) classification, the hysteresis loops are type H2, which is usually assigned to the
powders with a non-uniform pore size or shape [23].
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Figure 3. N; isotherms of TiO, and RhTi catalysts at =196 °C.

The adsorption volume decreased for the RhTi3 and RhTi4 catalysts, and the pore diameter is
reduced by the presence of metallic particles on the surface (see Figure 3). The surface area of the RhTil
and RhTi2 catalysts is 2—4% less than that of TiO,, whereas it is 8-11% lower for RhTi3 and RhTi4
catalysts compared to TiO,, RhTil and RhTi2 (see Table 1).

Table 1. Net percentage, surface area, dispersion and metal particle size for each catalyst.

Catalyst  As(BET) (m?g™1) Rh (%) S (m?g 12 D (%)  d(nm)

TiO, 54
RhTil 53 0.985 435 98 11
RhTi2 51 0.986 370 83 1.3
RhTi3 50 0.987 120 27 41
RhTi4 49 0.983 60 13 8.1

As(BET) = BET specific area,  Metallic surface available, D = dispersion.

Figure 4 shows the TEM images of RhTil, RhTi2, RhTi3 and RhTi4 catalysts. The average crystallite
size (d) was calculated using the equation d =} nidi3 /Y nidiz.

Rh particles on TiO, supports can be seen clearly in Figure 4. Based on a measurement of 200
particles per catalyst, the mean particle sizes are estimated to be 1.09, 1.30, 4.1 and 8.10 nm for RhTil,
RhTi2, RhTi3 and RhTi4, respectively. The TEM images of catalysts RhTil and RhTi2 show that the
rhodium particles are homogeneously dispersed on TiO,. The calculated particle sizes are characteristic
of catalysts with a highly dispersed metallic phase and consequently a large metallic surface area.
Rhodium particles in the RhTi3 catalyst have a larger diameter compared to the RhTil and RhTi2
catalysts, as shown in Figure 4. The micrograph of the RhTi4 catalyst shows large and heterogeneous
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particle sizes, which causes a low dispersion of the rhodium particles and low metallic surface area
(see Table 1). The decrease of the heating rate from 2 to 1 °C min~! decreased the particle size of Rh.
It has been reported that the rhodium particles generated in a thermal reduction process at 500 °C
are stable and maintain their size. On the contrary, in treatments of 300 °C, small particles can be
obtained but tend to agglomerate in the cooling process [24]. However, when the maximum heating
temperature was lowered from 500 °C to 300 °C, the particle size increased. Therefore, the differences
observed in Rh particles are due to the thermal treatment performed on each catalyst. The analysis of
the interplanar distances shows that rhodium particles smaller than 2 nm exhibit the planes (1,0,0) and
(1,1,1), while when particles are larger than 3 nm, the plane (1,1,0) predominates, as shown in Figure 4.

(1,1,0) Rh

Figure 4. TEM images of RhTil, RhTi2, RhTi3 and RhTi4 catalysts.

It has been established that primarily three different types of Rh sites exist on supports, depending
upon the oxidation state and degree of dispersion of the rhodium (see Figure 5).

Figure 5. Scheme of three different primary types of Rh sites.

A geminal dicarbonyl species (species I) exhibits two sharp infrared bands near 2030 and 2100 cm ™!
which correspond to the symmetric and asymmetric modes of Rh(CO), respectively, possibly forming
on the edge atoms of supported Rh “rafts” containing 7 Rh atoms [25]. Other types of site are linear
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monocarbonyl species (species II), with CO occupying a single surface site, which exhibits infrared of
bands 2040 and 2075 cm~! [26]; bridged carbonyl species (species III) CO between two adjacent metal
atoms in the surface, which exhibit broad infrared band of 1840 and 1920 cm™! [27]; and sometimes,
the interaction of three molecules of CO with two particles of Rh (specie IV), which exhibits a broad
infrared band between 1900-1920 cm™! [28].

The infrared spectrum of the RhTil catalyst showed the presence of species I (see Figure 6a).
Species I, I and III can be observed from the infrared spectrum of the RhTi2 catalyst (see Figure 6b).
The RhTi3 catalyst (Figure 6¢) also presented the species I, I and III; however, with a higher absorption
band compared to RhTi2. Finally, the RhTi4 catalyst showed all four types of species in its infrared
spectrum (see Figure 6d). Table 2 gives the relevant infrared data.
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Figure 6. Infrared spectra of CO adsorption (a-d) for RhTil, RhTi2, RhTi3 and RhTi4. Particle size
distribution (e-h) for RhTil, RhTi2, RhTi3 and RhTi4. Diagram of the interaction of CO with rhodium
particles (i-1) for RhTil, RhTi2, RhTi3 and RhTi4.
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Table 2. Infrared absorption frequencies of CO over supported rhodium catalysts.

Frequency at 35 °C

Catalyst
Typel Type II Type III Type IV
RhTil 2099, 2024 - - -
RhTi2 2096, 2022 2070 1863 -
RhTi3 2094, 2026 2072 2025, 1855 -
RhTi4 2096, 2022 2070 1863 1925

The analysis of Rh particle size and the type of specie was attributed to the distribution of the
nanoparticles on the support (Figure 6). According to the histogram of the catalyst RhTil (Figure 6e),
most of the particles have an average size of 1.1 nm; the rest were distributed in particle sizes of 1.2, 1.3,
1.4 and 0.6 nm. In the infrared spectrum of this catalyst, only an absorption band associated to specie I
was observed. Therefore, this indicates that this interaction is characteristic of particles with diameters
<1.5 nm, as illustrated in Figure 6i. For the RhTi2 catalyst, the highest percentage of metal particles
was grouped around 1.1 nm, with 0.6 nm being the least common. In addition, 4% of particles in this
catalyst were observed to have sizes >2 nm (Figure 6f). If specie II occurs in large particles (>2 nm),
these are not abundant in the RhTi2 catalyst, and so a weak infrared signal should be expected.

The 22% of the rhodium particles have a diameter in the range of 1.9-5.7 nm, while 88% have
diameters of 2-6 nm for RhTi3 (Figure 6g). Species II and III are observed on metal particles with sizes
>2 nm, as illustrated in Figure 6k. In the RhTi4 catalyst, 88% of the rhodium particles have a diameter
in the range of 1.9-5.7 nm, while 12% have diameters of 7-15 nm (Figure 6h). According to the infrared
spectrum of this catalyst, species II predominates, as illustrated in Figure 61.

In short, specie L is present for particles with a size <1.5 nm, whereas particle sizes >2 nm promote
specie II; when there is no contact between rhodium particles, a bridged or toothed interaction with
carbon monoxide is formed.

3.2. Catalytic Activity

Results of oxidation experiments (Table 3) indicated that MTBE mineralization is greater in the
RhTil catalyst, following the order of efficiency between the catalysts of RhTil > RhTi2 > RhTi3 >
RhTi4 > TiO,. With respect to the reaction rate, the RhTil catalyst was 1.5 times more active than RhTi2,
1.7 times more than RhTi3 and 1.8 times more active than RhTi4.

Table 3. Conversion, mineralization percentages and rate constants of methyl tert-butyl ether (MTBE)
catalyzed by RhTil, RhTi2, RhTi3 and RhTi4.

Catalyst XmtBE (%) 2 Xtoc (%) 2 —1; (mmol m~2h-1)
RhTil 58 34 6.8
RhTi2 31 29 4.3
RhTi3 30 28 4.0
RhTi4 25 23 3.6
TiO, 19 16 -

@ Calculated at 60 min of conversion.

The identified products were methyl alcohol, tertbutyl alcohol, isopropyl alcohol and acetone. The
catalysts with greater dispersion did not produce isopropyl alcohol (see Figure 5), and this suggests
that the reaction route changed to one of greater efficiency, as supported by the analysis of total
organic carbon.

Based on the selectivity (see Figure 7), the proposed reaction route for the catalyst with low
dispersion is MTBE > tert-butanol > isopropyl alcohol > acetone > methanol. For the highly dispersed
catalyst, the route is MTBE > terbutanol > acetone > methanol. In summary, rhodium particles with a
smaller size provide more active sites, improving the activity and efficiency of the reaction.
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Figure 7. Selectivity of the products identified in the MTBE oxidation reaction. Highly dispersed
catalyst (A), low dispersed catalyst (B).

Catalytic results indicated that catalysts with particles larger than 2 nm show less activity. To
corroborate this phenomenon, the activity was evaluated in the presence of 300 ppm MTBE and 50 ppm
of a by-product. The catalysts selected were RhTil and RhTi2. Table 4 shows the reaction rates with
respect to the contaminant (MTBE).

Table 4. Catalytic activity based on by-products.

—1; (mmol m~2 h-1)

Catalyst
Methanol Acetone Isopropyl Alcohol Tert-Butanol
RhTil 6.6 6.5 6.3 6.1
RhTi4 2.8 2.7 2.6 24

The presence of a by-product decreases the activity of the RhTil catalyst; this effect is much
greater in the case of the RhTi4 catalyst. Regarding the activity correlated with the FTIR-CO analysis,
the rhodium particles <1.5 nm exhibit two active sites for the degradation of the contaminant and
by-products. In contrast, for particles that only expose an active site (>1.5 nm), the contaminant and
by-products compete for the same site, consequently decreasing the reaction rate with respect to MTBE.
Hence, the reaction rate correlates to the number of active sites present, which is fundamental for the
oxidation of MTBE.

4. Conclusions

Specie I was found to be attributed to particle diameters <1.5 nm, while particles with diameters
between 1.5-6 nm are associated to linear specie II, except when the rhodium particle is obstructed
by another particle, resulting in bridged and dentate interactions. Therefore, the interaction type is
a function of the diameter of Rh metal particles on TiO;. Also, it was seen that the absorption band
of specie I decreases as the dispersion of the Rh particles decreases. However, when the metallic
dispersion increases, specie I predominates, and consequently, the oxidation efficiency of MTBE
increases, the preferred planes where CO is absorbed are key in catalytic activity. Hence, it can be
stated that the improved efficiency obtained with the RhTil catalyst is ascribed to the changes in the
surface properties of Rh particles on TiO, caused by the modification of thermal treatment. We found
that the best conditions for these purposes are Rh/TiO; reduced under hydrogen flow at 500 °C for 3 h

with a heating rate of 1 °C min™.
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