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Abstract: Carbon dioxide has become an environmental challenge, where the emissions have reached
higher level than can be handled. In this regard, conversion of CO; to value-added chemicals and thus
recycling of CO, appear a viable option. Prior to valorization, CO, must be purified. Among several
opportunities, oxyfuel combustion is a process in rapid development. However, the gases resulting
from this process contain some traces of impurities that can hinder the recovery of CO, such as NO and
CO. This work has, therefore, focused on the study of the NO-CO reaction in an oxidizing medium,
using heterogeneous catalytic materials based on various supported noble metals. These materials
were extensively characterized by a variety of methods including Brunauer-Emmett-Teller (BET)
surface area measurements, hydrogen chemisorption, transmission electron microscopy (TEM) and H;
temperature programmed reduction (H,-TPR). The results obtained show that the catalytic behavior
of M/Al,Oj catalysts in CO oxidation and NO reduction with CO in oxidative conditions depends
mainly on the nature of the metal. The best result for both reactions is obtained with Pt/Al, O3 catalyst.
The Pt nanoparticles in their metallic form (Pt°) as evidenced by TPR could explain the activity.

Keywords: environmental chemistry; oxyfuel combustion; NO-CO reaction; heterogeneous catalysis

1. Introduction

Greenhouse gas (GHG) emissions generated by human activity has led to an increase in the
radiation which is trapped in the atmosphere and induced an increase in the greenhouse effect. This is
mainly due to carbon dioxide (CO;), representing 79% of GHGs [1]. The CO, emitted from anthropic
activities is perceived as a constraint in industrial activity resulting in taxes, stringent environmental
regulations, and an impact on global warming. To limit these CO; emissions, it could be considered
as a gas with industrial advantages and/or as a new source of carbon for the production of minerals
or organic compounds with commercial interest. Reuse of CO, represents a promising alternative,
with important applications in the chemical industry and for power generation.

The processes for the valorization of CO, can be divided into three different categories: [2]

- Direct use without transformation: industrial use (water treatment, supercritical CO; ... );
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- Chemical transformation: organic chemical synthesis, methanation, hydrogenation (methanol),
reforming: dry (CO,) or steam reforming (CO, + H,O);
- Biological transformation: microalgae, biocatalysis.

However, the CO; valorization process requires a gas as pure as possible [2].

Oxyfuel-combustion is, therefore, a promising method to obtain a nearly pure CO, that enables a
CO;, rich stream (80%) to be obtained [3]. In the oxyfuel system, the combustion flow consists of pure
O, obtained by air distillation. By excluding dinitrogen from the oxidizing flow, the production of
NOx is limited as well as the amount of smoke generated. This NOx emission limitation is interesting
as NOx are considered as one of the main pollutants of the atmosphere, since they are responsible for
a lot of environmental problems like photochemical smog, acid rain, and ozone layer depletion [4].
This process emits also water vapor, unburned components (in function of the waste burned) such
as carbon monoxide (generated by incomplete combustion) in addition to nitrogen monoxide [3].
CO is the cheapest and the most available compound from industrial sources and it could be used as
a reductant of NO although it is known to be one of the worst reductants. P. Malfoy ranked several
reducers according the NO half-conversion temperatures achieved using noble metals. The sequence
obtained is as follows: H, > NHj3 > CO > C3Hs [5]. So it seems possible to purify the CO; issued from
oxyfuel-combustion by the NO-CO reaction which consists of the main challenge that our work tried
to address.

In oxyfuel combustion systems, NO, CO, O, are simultaneously present and the following
reactions may occur [6]:

2NO +2CO —> N, +2CO,

2CO + 0, —2CO,

Therefore, as oxygen is present in excess, it competes with NO for oxidizing the reducing agent
(CO) [7]. Due to this effect, many authors studied the competitions between CO-NO and CO-O,
reactions. Shelef et al. demonstrated that the second reaction is predominant over a number of
transition metal oxides and supported Pt [8]. Other authors proved that the NO addition to CO + O,
mixture reduces drastically the rate of CO, formation on Rh catalyst [9] and Pt supported catalyst [10].

The NO-CO reaction has been widely applied and investigated over various catalysts.
For example, three-way catalysts (TWC), composed of noble metals (Rh, Pd and Pt), convert CO, NO,
and hydrocarbons simultaneously [11]. Rh is employed for NO removal because it combines a good
activity and selectivity to form nitrogen [12]. On the other hand, Pt and Pd ensure the oxidation of CO
and hydrocarbons [13]. Kobylinski and Taylor [14] studied NO reduction over supported Pt, Rh, Pd
and Ru. They proved that, when CO is used as reducing agent, the reaction over the Ru catalyst is
accelerated. The activity sequence of the catalysts was: Ru > Rh > Pt > Pd. Ir was also studied for this
reaction in the presence of O, [7,15]. It has been demonstrated that Ir effectively promotes the NO-CO
reaction in the presence of an excess of oxygen.

To summarize, the objective is to reduce NO by CO in an oxidizing environment with a CO, rich
stream in order to purify the latest without the use of a SCR (selective catalytic reduction) system that
would switch to a reductive atmosphere by injecting additives (ammonia or urea) [11]. The important
amount of CO; could be a problem for materials with basic properties due to carbonate species
formation. Alumina was then chosen because of its strong Lewis acid centers which ensure the
stabilization of species in active state and disperses them adequately, as well as its intrinsic catalytic
activity in various reactions [13,16]. This paper will present the results obtained by using different
precious metals (Pt, Pd, Rh, Ru and Ir) as catalysts supported on alumina tested for NO-CO reaction.
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2. Materials and Methods

2.1. Catalysts Preparation

Alumina (Degussa aluminum oxide C) with a specific surface area of 100 m2.g~! was used as
support. After calcination of support for 4 h at 500 °C under air, the catalysts were prepared by wet
impregnation of alumina with corresponding nitrous or acetylacetonate (acac) precursors as indicated
in the following table (Table 1). For all catalysts, the nominal metallic content was of 1.0 wt%.

Table 1. Metal precursors.

Metal Iridium Palladium Platinum Rhodium Ruthenium

precursor used Ir(acac)s Pd(acac), Pt(NO,)>(NO3), Rh(NO3)3 Ru(acac)s

The slurry was shaken at room temperature for 12 h and after drying in a sand bath at 80 °C,
the impregnated alumina was left overnight in an oven at 120 °C. Then, the sample was calcined in dry
air (4 h, 500 °C) and reduced under pure H, flow (2 h, 500 °C).

2.2. Characterization of the Catalysts

Before any impregnation, the support used (Al,O3) was characterized by nitrogen physisorption.
The surface area was determined from N, adsorption/desorption isotherms measured at —196 °C
with a Brunauer-Emmett-Teller (BET) surface analyzer (Micromeritics Model TRISTAR 3000) using
BET and pore size distribution based on Barrett-Joyner-Halenda (BJH) methods. Before the analysis,
the samples were outgassed at 250 °C under vacuum overnight.

The H; chemisorption capacity was determined by a static volumetric vacuum technique at room
temperature, except for Pd catalyst for which the experiment was run at 70 °C in order to avoid
palladium hydride formation. Firstly, the catalyst was cleaned under ultra-high vacuum overnight
to eliminate the adsorbed molecules. Then, the catalyst was reduced under 750 mbar of H, for 1 h
at 300 °C, and purged under vacuum until reaching a low pressure (p < 10~ mbar). Two series of
hydrogen adsorption isotherms were performed with an increasing hydrogen pressure, from 10 to
70 mbar in steps of 10 mbar. Between the two series, the sample was submitted to ultrahigh vacuum
in order to remove weakly bound hydrogen. The adsorbed hydrogen quantity was calculated by
extrapolating the isotherm to p = 0. The first isotherm allows determining the total amount of adsorbed
hydrogen and the second one the amount of physisorbed hydrogen. The chemisorbed hydrogen
amount was calculated by the difference between the two values for Ir/Al,O3 and Pt/Al,O3. Concerning
the Rh/Al,O3 and Pd/Al,O3, only the first isotherm was used to determine the amount of adsorbed
hydrogen due to a very low H, physisorption on these materials. The metal particle size was calculated
considering a stoichiometry of H/M = 1, and assuming that particles correspond to cubes deposited
on the support and exposing 5 faces [17], with an equal distribution between (1 1 1), (1 1 0) and
(100) planes.

In order to consolidate the results obtained with hydrogen chemisorption, transmission electron
microscopy (TEM) analysis was performed with a JEOL 2100 electron microscope operating at 200 kV
with a theoretical resolution of 0.19 nm. Catalysts were finely ground, dispersed in ethanol using an
ultrasonic bath and finally deposited on the carbon film of a copper grid. The particle size distribution
was estimated on the basis of TEM pictures analysis using Image] software and the average particle
diameter was determined from the measurement performed on at minimum 100 particles.

H, temperature programmed reductions (TPR) were performed on a Hiden Catlab equipped with
QGA Hiden quadrupole mass spectrometer. The catalysts were first pretreated at 200 °C for 1 h under
argon (20 mL/min Air Liquide 5.0). The sample was then cooled down to 80 °C and exposed to a
mixture of 0.25% H, in an inert atmosphere. The TPR was then carried out using a ramp of 10 °C.min~"
up to 500 °C.
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2.3. Catalytic Tests

Before each test, the catalyst was treated in situ under He flow (40 mL.min™1) at 200 °C for 1.5 h.
Then, CO, purification was carried out at atmospheric pressure in a fixed-bed flow reactor containing
150 mg of catalyst (Figure 1). The catalysts were sieved in order to retain grains with diameters
between 0.315 and 0.500 mm and diluted to a constant volume by SiC (exhibited no activity in CO,
purification from 50 to 500 °C) so that all the experiments were carried out under the same conditions
(GHSV =2.2410*h™1).
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Figure 1. Experimental setup for catalytic purification of CO, from oxyfuel combustion.

The flow of the reactant gases is composed of: 20% CO,, 10% O,, 0.5% CO and 0.02% NO (He as
eluent gas) with a total flow of 200 mL.min™", in the temperature range 50-500 °C. The reaction
products (CO, and Nj) were analyzed on line by a gas chromatograph (GAS analyzer XXL1300),
NO was analyzed with Xentra 4900C IR (infrared) analyzer (Servomex). The measurement of NO, is
done indirectly using a NO, to NO converter BUNOx (Biihler Technologies) by comparison.

The conversion, selectivity and yields of the main products are defined in the following way:

int _out

. nt_—p9 : .
- Conversion: X; (%) = ——z7— + 100 where n;’” and n‘l?“t are number of mole of the corresponding

iy
1

compounds “i” at the inlet and the outlet of the reactor.
- Selectivity: S; (%) = % *100.

- Yield: Yi((yo) = Xl' * Si *100.

In order to compare the different materials, Tsyp and Tgy factors were taken into account.
These factors corresponded, respectively, to the temperature at which 50% or 90% of carbon monoxide
was converted. For NO reduction, the catalysts were compared according to their maximum efficiency
(yield) at total conversion of CO as the first target is to fully convert CO in COs,.

3. Results

The alumina supported catalysts prepared by wet impregnation with precious metal were studied
in the catalytic purification of CO,. In this work, we studied the effect of the nature of the metal in
this reaction.
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3.1. Brunauer—Emmett-Teller (BET) Surface Area

The specific surface area of the alumina and its pore volume were determined by adsorption of
nitrogen. Table 2 summarizes the results obtained by the BET and BJH methods.

Table 2. Specific surface area and porous volume of alumina.

Sample Sper M2g™1)  Vporous (em®g~1)  Average Pore Size (nm)
Alumina 100 0.74 31

From these results, the alumina used as support for our catalysts is a mesoporous solid with a
large specific surface area.

3.2. Transmission Electron Microscopy (TEM) and Hy Chemisorption

In order to compare the catalytic activity for our catalysts, we tried to synthesize size-controlled
uniform material. We can see in Figure 2 that the synthesized catalytic materials have a quite
homogeneous distribution of particle size.

PA/ALO,
d=29nm
(291 particles)

Number of particles

Diameter (nm)

PY/ALO,
d=22nm
(1016 particles)

Number of Particles

T T T T T T
3 4 5 6 7 8 9 10

Diameter (nm)

35 Rh/AI,O,
d=2.8nm
(102 particles)

Number of particles

Diameter (nm)

Figure 2. Cont.
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Figure 2. Transmission electron microscope (TEM) pictures and size distribution of the Al,O3 supported
Pd, Pt, Rh and Ru catalysts.

The results obtained by H; chemisorption reported in Table 3 evidenced that, Ir, Pd, Pt and Rh on
AlyOg3 catalysts presented a similar and small particle size in a narrow window around 2.3 nm. In the
case of Ru/Al; O3, the particles were larger than those on the other catalyst samples. These results were
in accordance with those obtained by TEM.

Table 3. Properties of catalysts: particles size and metallic accessibility.

Catalysts Coding Metallic Accessibility (%) <d>? (nm) <d>" (nm)
1% Ir/Al,O3 Ir 42 22 -
1% Pd/Al,O3 Pd 40 24 2.9
1% Pt/AL, O, Pt 40 2.3 2.2
1% Rh/Al,O3 Rh 41 22 2.8
1% Ru/Al,O3 Ru 28 3.8 3.8

2 Obtained by H, chemisorption analysis. ® Estimated by TEM pictures.

3.3. Temperature Programmed Reduction (TPR) by H,

The H-TPR measurements were performed to determine the reduction behaviors and oxidation
state of various catalysts as depicted in Figure 3. Since the Al,O3 support is irreducible from room
temperature to 500 °C, the peaks of reduction in this temperature range should correspond to the
reduction of the different kinds of metallic active phase species.

T~

T T T T T T T T T T T T T T T T T T 1
50 100 150 200 250 300 350 400 450 500
temperature

Figure 3. Hp-TPR (temperature programmed reduction) patterns of the different catalysts (°C).
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The TPR profile of Pd supported is characterized by one broad pic centered at around 180 °C.
According to Ferrer and al. [18] this peak is associated with the reduction of PdOx species that strongly
interacts with the support. However, no negative peak was observed at 80 °C corresponding to the
desorption of hydrogen from PdHx which could be formed at low temperature [16,19].

The profile of Ru shows a peak with a maximum at about 194 °C, which is assigned to Ru oxide
reduction already demonstrated by Koopman et al. [20].

The Rh profile is composed of a broad reduction peak from ambient to 250 °C which is related to
the reduction of surface RhOx species, according to the literature [21,22].

The Ir catalyst exhibits a broad reduction peak between 100-400 °C, which can be attributed
to the reduction of IrO, phase [23,24]. However, usually the reduction IrO, phase occurred at
higher temperature.

No reduction peak was observed for Pt meaning that Pt nanoparticles should mainly exist in the
metallic form (Pt°) not accessible for further reduction [23].

As all catalysts were reduced at the end of the preparation and stored under air, some metals
can be re-oxidized at room temperature either only in the first layers of the particles surface or until
to core oxidation, according to their oxidation resistance and their particles size. Checking metals
oxidation state before NO/CO reaction using TPR technique is therefore of great interest. As expected,
Pd was deeply re-oxidized as the hydrogen consumption evidenced whereas Rh and Ru were more
lightly re-oxidized during the storage. For Ir, the peak temperature observed is lower than usual
suggesting that an unstable oxide is formed probably on the first layers of metallic particles. As it
concerns platinum, the lack of reduction peak means that the reduction step went to completion during
synthesis and that no re-oxidation occurred under air at room temperature or so weakly that the Ar
treatment before TPR can remove the oxygen [23].

M. Haneda et al. [25] have shown that NO reduction by CO occurs on stable iridium metal sites.
We can therefore assume that the more metallic the species is, the better the activity will be for the
reaction studied. Thus, a good platinum activity is expected.

3.4. Catalytic Reaction

The catalytic performances of different materials were studied and determined for the catalytic
total CO oxidation and NO reduction with CO in oxidizing atmosphere (10% O;) and CO; rich stream
under identical conditions.

Light-off curve of support (Al;O3) and NO reduction or oxidation yield were determined and are
reported in Figure 4.

100 LI E———— S L L B SR L .
—&— CO oxidation
—e— NO reduction
80 | —&— NO oxidation i

60+

Yield (%)

40

20

50 100 150 200 250 300 350 400 450 500

0- e T

Temperature (°C)

Figure 4. Light-off curves for Al,O3 support and NO reduction or oxidation yield.
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It can thus be seen in Figure 4 that on the alumina it is possible to have a complete oxidation of
the CO. For the conversion of NO, there is a slight oxidation of NO at very high temperature but no
reduction. No activity was observed with an empty reactor.

Figure 5 shows the activities of the catalysts for CO oxidation. They exhibit the activity for
this reaction at the temperatures higher than 100 °C and the conversion increases with the reaction
temperature. For all tests, catalytic performances were compared by considering Tsy and Tgg for CO
oxidation (Table 4), which respectively corresponded to the temperatures at which 50% and 90% of CO
were converted. The results obtained are illustrated in Figure 5. The conversion of CO to CO, reached
100% for all studied catalysts. Ir and Rh have similar activity values with Tsg at 236 °C. The general
order of catalytic activity, based on the temperature required for 50% conversion (Tsp), is the following:
Pt>Pd > Ir ~Rh > Ru.

100

90
80

70

60
50
40 4

30 1

CO conversion (%)

20

10 +

T T T T T 7
300 350 400 450 500

Temperature (°C)

—
50 100 150 200 250

Figure 5. Light-off curves of CO conversion for the different materials. Feedstream composition: 0.02%
NO, 0.5% CO, 10% O, and 20% CO,, and balance He. Space velocity: 2.24 10* h~

Table 4. T5p and Ty of catalysts’ catalytic CO oxidation.

Catalysts Ts9 (°C)  Tgg (°C)

Ir 236 260
Pd 194 212
Pt 164 176
Rh 236 280
Ru 268 280

Considering Tgg, Pt shows the better performance (176 °C), Rh and Ru present similar activity
values with 280 °C. The ranking for catalysts does not much change to that obtained at Tsy: Pt > Pd >
Ir > Rh ~ Ru. The oxidation of CO was investigated on noble metal catalysts supported on TiO, by V.P.
Santos et al. [26] and they pointed out on metallic particles between 2—4 nm the same activity order:
Pt>Pd > Ir > Rh.

The oxidation of CO, reduction of NO and oxidation of NO over the impregnated Al,O3 with Ir,
Pd, Pt, Rh, Ru were evaluated, and the results obtained are reported in Figure 6.
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Figure 6. Catalytic activity for the (a) Ir, (b) Pd, (c) Pt, (d) Rh, (e) Ru, catalysts supported on alumina.
Feedstream composition: 0.02% NO, 0.5% CO, 10% O, and 20% CO,, and balance He. Space velocity:

224104 h~1

CO is completely oxidized at 260 °C with a 13% of NO reduction on Ir/Al,O3 (Figure 6a).
The oxidation of NO reached 72.3% at 340 °C.

Pd activity in CO and NO reactions (Figure 6b) showed that the oxidation of CO is carried out at
220 °C. NO reduction reached a maximum with 11% at 200 °C.

When using Pt catalyst, CO was totally oxidized at 180 °C (Figure 6¢). NO reduction began from
the start of CO oxidation. Pt/Al,O3 reduced the NO from 140 °C to 300 °C with a maximum reduction
(14.9%) at 220 °C, and the oxidation phase was also bell-shaped with an optimum (66.2%) at 340 °C.

CO oxidation on supported Rh catalyst (Figure 6d) occurred at higher temperature than with Pt or
Pd ones, and the total conversion of CO was only obtained at 300 °C. This was in full agreement with
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the literature on three-way catalysts that use Rh to convert NOx [12]. With regard to NO conversion,
the reduction of NO was 14.4% at 240 °C. On the other hand, at 340 °C, NO was oxidized at 64.2%.

Similarly to Rh, the total conversion of CO on Ru/Al,O; catalysts (Figure 6e) was obtained at 300 °C
and the NO conversion reached 85% including 80% for its oxidation and only 5% for its reduction.

In order to compare and highlight the influence of noble metals on the NO reduction with CO in
oxidative conditions, Figure 7 displays the maxima of NO reduction at total oxidation of CO over all
catalysts. The Pt/Al,O3 and Ir/Al,O3 catalysts exhibited the best performances for NO reduction by
CO in the presence of an excess of oxygen and a CO, rich stream. Pd, Rh and Ru led to lower activity
than Pt and Ir. The yield for NO reduction was similar on these catalysts but at different temperatures:
220 °C for Pd, 320 °C for Rh and 380 °C for Ru.

20'_ NO reduction

220°C

Ir Pd Pt Rh Ru 5Ni

Catalyst

Figure 7. NO reduction at total oxidation of CO. Feedstream composition: 0.02% NO, 0.5% CO, 10% O,
and 20% CO,, and balance He. Space velocity: 2.24 104 h~ L

In our results, the low activity of the Pd compared to Ir catalyst could be explained by an oxygen
poisoning of the Pd. Almusaiteer and Chuang [27] proved that the presence of O, in NO-CO reaction
flow plays a role of poison on Pd/Al,O; catalyst. The adsorbed oxygen inhibits N-O dissociation thus
causing an accumulation of Pd-N=0 and diminution of conversion of NO. On the other hand, Ir has
a superior ability over other precious metals to convert NO under oxidizing environment due to its
ability to adsorb NO dissociatively in the presence of an excess of O [15]. Tauster and Murell [7]
confirmed this result and they proved that Ir is the only catalyst favoring the NO-CO reaction over
CO-0Os,. The results reported in Figure 7 evidenced that Ir/Al,Oj activity is certainly interesting but
Pt/Al,O3 exhibits the higher activity for reducing NO by CO in an oxidizing environment. Moreover,
this interesting performance occurs at a lower temperature than those of the other catalysts. The better
performances of Pt and to a lesser extent Ir could be correlated with the TPR results where Pt and Ir
were shown to be less oxidized than the other catalysts. As expected, the more metallic the species is
and remains, the better the activity for NO reduction is despite these oxidizing operating conditions.

4. Conclusions

This work deals with the identification of the best metal catalysts for CO, purification in oxidative
conditions. In this work, we focus on the NO reduction on alumina supported precious metals using
carbon monoxide as reducing agent in oxidizing conditions. First of all, it is possible to achieve the
reduction of the NO in an oxidizing medium with a catalytic material by using CO, one of the worst
reducers, but nevertheless always present in the industrial process outputs. The better performances
for NO reduction were obtained for Pt/Al,O3 catalyst for which the metallic state of particles was
evidenced in TPR. The results clearly demonstrated that the more metallic the species is and remains,
the better the activity for NO reduction despite these oxidizing operating conditions. The work is still
in progress but it has already proven that the NO/CO reaction can be achieved without injection of
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additional reducers such as ammonia, which can facilitate the implementation of the process and lower
the operating cost.
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