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Abstract

N,O emissions exacerbate the greenhouse effect, urgently demanding advances in abate-
ment technologies. Catalytic decomposition of N;O over cobalt-based oxides with alkali
metal promoters remains challenging because these catalysts are used in pelletized form,
limiting their activity to a narrow outer-shell region due to internal diffusion limitations.
However, research efforts continue to focus on enhancing Co-alkali metal contact on unsup-
ported powder samples under inert conditions, even though, under industrial conditions,
catalysts are exposed to inhibitory components of waste gases and N,O, and the powder
form is unsuitable for practical application. This study aims at testing N,O decomposition
over catalysts with a Co304-Cs active phase supported on a ceramic foam. For this purpose,
we characterized these catalysts by Hy temperature-programmed reduction, HyO and NO
temperature-programmed desorption, atomic absorption spectroscopy, and X-ray diffrac-
tion and assessed their catalytic performance under an inert-gas atmosphere and with O,,
water vapor, and NO to simulate industrial conditions. Using a pseudo-homogeneous,
one-dimensional model of an ideal plug flow reactor in an isothermal regime, the simu-
lation calculations for a full-scale catalytic reactor for N,O abatement in waste gas from
HNOj3 production were performed. The Cs,COj3 precursor significantly enhanced catalyst
reducibility and electron transferability, increasing N,O decomposition efficiency in inert
gas, but its high hygroscopicity decreased resistance to water vapor and NO, overriding
its advantages under industrial conditions. Conversely, glycerol-assisted impregnation
enhanced catalyst performance regardless of Cs precursor. These foam-supported catalysts
offered several other advantages, including lower pressure drop and lower active phase
loading with matching catalytic activity. Based on our findings, depositing Cs,CO3 on
ceramic foam through glycerol-assisted impregnation may facilitate catalytic N,O decom-
position at the industrial level and, therefore, promote environmental sustainability by
reducing N>O emissions.

Keywords: N,O decomposition; Co3Oy; Cs promotor; ceramic foam; scale-up; industrial
reactor model

Eng 2026, 7, 86

https://doi.org/10.3390/eng7020086


https://crossmark.crossref.org/dialog?doi=10.3390/eng7020086&domain=pdf&date_stamp=2026-02-13
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/eng
https://www.mdpi.com
https://orcid.org/0000-0003-3032-9264
https://orcid.org/0000-0003-0768-3599
https://orcid.org/0000-0003-4928-3980
https://orcid.org/0000-0002-7361-2425
https://doi.org/10.3390/eng7020086

Eng 2026, 7, 86

20f17

1. Introduction

Exacerbating the greenhouse effect, carbon dioxide (CO;), methane (CH4) and nitrous
oxide (N2O) emissions derive from anthropogenic sources, namely (i) energy, (ii) industrial
processes and product use, (iii) agriculture, (iv) forestry and other land use, (v) waste, and
(vi) other sources, including indirect emissions from atmospheric N deposition [1]. N,O is
a major pollutant because a single N,O has approximately the same greenhouse warming
potential (GHWP) as 300 carbon dioxide molecules and can persist in the upper atmosphere
for over 100 years [2]. Subsequent N,O diffusion into the stratosphere worsens ozone (O3)
depletion as nitric oxide (NO) resulting from N,O photolysis and reactions with oxygen
perpetuates the O3 destruction cycle [3]. In addition to fossil fuel combustion and industrial
production of adipic and nitric acid sources, atmospheric N,O may also derive from natural
(ocean, soil, forest, and grassland emissions) [4]. But the alarming increase in N,O shown
by tropospheric measurements [3] underscores the contribution of anthropogenic sources,
primarily catalytic ammonia oxidation over Pt-Rh gauzes (Ostwald process) during nitric
acid production [5,6]. Reducing these emissions [7] requires improving efficiency, devel-
oping new low-carbon technologies and implementing renewable energy and abatement
strategies [1].

Among such abatement strategies, low-temperature catalytic decomposition of N,O
(up to 450 °C) to nitrogen and oxygen offers an attractive solution for decreasing N,O
emissions in tail gas from nitric acid production plants. A catalytic reactor for NoO decom-
position can be incorporated into existing technologies with a relatively inexpensive and
sufficiently active, selective and stable catalyst, resistant to inhibitory components of waste
gases and NO (usually Oy, NOy and H;O). Even in contact with these gases [8,9], cobalt-
based oxides with alkali metal promoters show high catalytic activity [10-15], including
pelletized cobalt spinel-based catalysts developed for low-temperature N,O decomposition
under pilot plant-scale conditions [16-18]. However, in pelletized catalysts, only active sites
in a narrow outer-shell surface region are accessible due to internal diffusion limitations,
whereas active sites in the core remain unused. Nevertheless, depositing a thin active layer
on a supporting material may decrease the number of costly and potentially harmful active
components, ensure their effective use in catalysis and increase the mechanical strength. For
cobalt oxide catalysts for NoO decomposition (deN,O), various supports have been tested,
namely monoliths [8,16-19], sieves [20,21] and tablets [22,23], albeit mostly with grained
samples in a kinetic regime [24-29]. More recent studies have explored the potential of a
novel structured catalyst—open-cell foam (or sponge) [30-34]; however, there are only a
limited number of studies [9,35] in which supported Co-based catalysts are investigated
and, at the same time, evaluated under quarter- or semi-industrial reactor conditions, or
even directly in industrial-scale reactors.

Reticulated open-cell foam consists of an assembly of three-dimensionally connected
solid struts, enclosing cells with irregular shapes, which communicate via open windows.
The foam structure can be described by its morphological parameters, namely cell and
window diameter, strut diameter and porosity [36], with various strut morphologies,
namely cylindrical, triangular and triangular concave [37], depending on porosity. Strut
morphology strongly affects the specific surface area and, consequently, the heat and mass
transfer and pressure drop of foam structures. Open-cell (ceramic or metal) foams have
excellent properties, such as a large external surface area and high mechanical strength
and porosity, resulting in a low pressure drop, but applying these structures as catalyst
supports requires knowing their specific surface area and pressure drop. Based on these
properties, various models have been proposed for specific surface area and pressure drop
determination in N,O decomposition [37-42].
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In our previous studies on N,O decomposition over Cs-modified Co3O4-supported
foam catalysts, the systematic study of deposition procedure and active phase compo-
sition [43], foam material composition ((i) Al,O3 + SiO;, (ii) ZrO,, (iii) SiO; + AlLO3 +
C-graphite) [44], foam cell size and washcoat composition ((i) MgO, (ii) MnOy, (iii) SiO,,
(iv) TiOy) [45], and loading [46] was performed. According to the observations in [44],
a-AlyOs-based ceramic foam (chemical composition: Al,O3 + SiO,) was found to be the
best support for the active phase, as it ensures an optimal dispersion level of the individual
components on the support, leading to changes in the Cs/Co molar ratio and subsequent
variations in reducibility, which in turn are associated with the fact that the Cs—Co-based
active phase exhibits the highest activity on this foam. It was also found out that repeated
impregnation improved Cs/CozO4 loading on ceramic foam, but only the last layer was
utilized in the reaction, while the rest of the active phase remained unused [46]. In addi-
tion, Cs/Co30; with the highest Co®" /Co?* molar ratio provided the best activity due to
optimal cobalt oxide aggregation and cesium dispersion, regardless of ceramic foam compo-
sition [44] and washcoat [45]. However, the optimal amount of cesium in Co3O4 deposited
on foam was 2-3 times higher than that in bulk Cs/Co304 as Cs species partly dispersed
over the bare support [43]. Glycerol-assisted impregnation was shown to overcome these
limitations by enhancing the dispersion of Cs and Co species and therefore enhancing the
reducibility of the cobalt spinel phase. This effect originates from the dual role of glycerol,
which acts as a complexing agent for metal cations during impregnation and as a fuel in the
organic-assisted combustion process during calcination. As a result, glycerol suppresses
crystallite growth, promotes the formation of smaller and more uniformly distributed
Co0304 nanocrystals, and induces re-faceting of the spinel phase with preferential exposure
of (100) planes, which are more resistant to NO and H,O poisoning [42]. Consequently,
glycerol-assisted impregnation enhanced both surface coverage by the spinel phase, leaving
less space for cesium dispersion on the support without ineffective contact with cobalt, and
catalytic activity, thanks to spinel nanocrystal re-faceting and to the increased resistance of
(100) planes to gaseous NO/H,O contaminants.

In all of our previous studies, the cesium nitrate precursor was used to promote
Co304 catalytic activity [43—46]. A cesium carbonate precursor has been shown to have a
positive effect on the catalytic activity of CozO4 also by Kotarba group [47], but the tests
were conducted on unsupported powder samples and under inert conditions. However,
under industrial conditions, catalysts used in N,O decomposition come into contact with
inhibiting components in waste gases.

In the present study, it is assessed how using a cesium carbonate precursor and Co3Oy
deposited on ceramic foam by wet or glycerol-assisted impregnation affects reducibility,
which is closely related to catalytic activity, and these catalysts are directly compared with
their counterparts prepared using a cesium nitrate precursor [43]. Unlike most studies
on cobalt-based catalysts for NoO decomposition, which are limited to powder samples
tested under idealized conditions [48,49], this work focuses on structured ceramic-foam-
supported catalysts that are directly relevant for full-scale applications. In addition, the
catalytic activity in inert-gas atmosphere and in contact with inhibitory components (O,,
H,0 and NO) commonly found in waste gases of nitric acid plants to simulate industrial
conditions was analyzed. This systematic evaluation under complex gas mixtures allows us
to assess catalyst stability and resistance to inhibition, which are critical parameters often
overlooked in fundamental studies. Based on results from the catalytic tests and on pressure
drop measurements, a pseudo-homogeneous, one-dimensional model of an ideal plug flow
reactor in an isothermal regime was used to perform simulation calculations for a full-scale
catalytic reactor for N, O abatement in waste gas from HNOj3 production. With this model,
the catalytic activity and usability between the best ceramic-foam-supported cobalt-based
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catalysts evaluated in this study and commercial pellets with the same composition was
compared, in the same catalyst bed volume. The potential differences between laboratory
and realistic operating conditions are discussed only in the context of transport phenomena
and reactor-scale effects captured by the model, as the catalyst sample itself remains
unchanged, with identical foam structure, size, and composition preserved from laboratory
to industrial conditions.

2. Materials and Methods
2.1. Catalyst Preparation

A 48 mm x 20 mm (£2 mm) cylinder of x-Al,O3-based ceramic foam (chemical
composition: 85.0 wt.% Al;O3, 14.0 wt.% SiO», 1.0 wt.% MgO, Lanik Ltd., Boskovice, Czech
Republic) with 20 ppi (pores per inch) was used as a support. It was selected based on the
previous research [39]. Cs-Co304 was deposited on ceramic foam by wet impregnation and
organic-assisted impregnation, using a nitrate precursor for cobalt species and a carbonate
precursor for cesium species. Impregnation solution composition and catalyst labeling are
summarized in Table 1.

Table 1. Catalyst labeling and preparation parameters.

Sample Co50, Theoretical Amount of Impregnation Solution
P (Wt.%) Cs in Co304 (Wt.%) preg
e 448 g CO(NO3)2'6HQO +
Co-Cs-carb 6.9 3 12.5 mL H,O + 0.669 g CsCO;3
Co-Cs-carb-glyc 6.4 3 50.4 g Co(NO3),-6H,0 + 12.5 mL H,O +

12.5 mL (~15.74 g) glycerol + 0.752 g CsCO3

Before impregnation, open-cell foams were cleaned with ethanol, weighted and heated
to 105 °C. The foams were dipped in impregnation solution for 20 min. Then, the samples
were dried for 3 h at 105 °C and calcined in air for 4 h at 500 °C.

2.2. Catalyst Characterization

The chemical composition was determined on an Analytik Jena ContrAA 700 (Jena,
Germany) high-resolution continuum source atomic absorption spectrometer (AAS) after
dissolving the samples in aqua regia by heating them to 200 °C in an Ethos UP rotor-based
microwave digestion system (Milestone, Sorisole, Italy).

Hydrogen temperature-programmed reduction (H-TPR) was performed using 0.1 g
sample milled, sieved to <0.165 mm size fraction and outgassed in 50 mL min~! He
flow at 500 °C for 60 min before each measurement on an AutoChem II 2920 automated
catalyst characterization system (Micromeritics, Atlanta, GA, USA) equipped with a thermal
conductivity detector (TCD) at 50 mL min~!, 10 mol.% Hy/Ar flow, with a 20 °C min !
heating rate in the 20-450 °C temperature range and with an isothermal step at 450 °C for
20 min, capturing water vapor formed during H,-TPR in a cold trap.

Nitric oxide temperature-programmed desorption (NO-TPD) was performed using
0.25 g sample (powder fraction < 0.16 mm) purged in 50 mL min~! He at 450 °C for
1 h followed by 1 mol.% NO/He flow through the catalyst bed at 450 °C for 1 h before
cooling down to 50 °C in the same flow for 1 h and switching off NO. Each sample was
then purged from physically adsorbed compounds in 50 mL min~! He flow at 50 °C
for 15 min prior to NO-TPD measurements on an AutoChemlII 2920 automated catalyst
characterization system (Micromeritics, Atlanta, GA, USA) in 50 mL min~! He flow with
a 20 °C min~! heating ramp in the 50-500 °C temperature range and with an isothermal
step set at 450 °C for 15 min. m/z = 32 (Oy), m/z = 28 (N2) and m/z = 30 (NO) signals
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were recorded on an RGA 200 quadrupole mass spectrometer (Stanford Research Systems,
Prevac, Rogéw, Poland).

Water temperature-programmed desorption (H;O-TPD) was performed using 0.2 g of
sample (powder fraction < 0.16 mm) purged in He (50 mL min—') at 450 °C for 1 h, cooling
the sample to 38 °C and dosing water vapor pulses (0.5 mL loop, reflux steam generator
temperature 75 °C, generator 85 °C) into a 50 mL min~! He stream until saturation was
reached. The adsorbed amount (mmol g ') of H,O was determined using the TCD and
pulse calibration method. After adsorption, the sample was cleaned of weakly adsorbed
H>0O molecules at 38 °C for 25 min. Once the baseline was stable, H,O-TPD was measured
on an AutoChemll 2920 automated catalyst characterization system (Micromeritics, Atlanta,
GA, USA) connected on-line with mass spectrometer HPR—20 EGA, Hiden Analytical,
software MASsoft 10 Professional (Warrington, England) in 50 mL min~! He with a 20 °C
min~! heating rate to 500 °C and with an isothermal step at 500 °C for 15 min. Monitoring
of signal m/z = 18 (HpO) was used for detection of desorbed water vapor. Since calibration
was not possible, the number of desorbed water molecules was determined in arbitrary
units (a.u.) as the area under desorption curve.

Catalyst XRD patterns were recorded on a Rigaku SmartLab diffractometer (Rigaku,
Akishima, Tokio, Japan) with a D/teX Ultra 250 silicon strip detector (Rigaku Corporation,
Akishima, Tokio, Japan) and a Co tube (CoKa source, A1 = 0.178892 nm, A, = 0.179278 nm)
(Rigaku Corporation, Akishima, Tokio, Japan) operated at 40 kV and 40 mA. Incident-
and diffracted-beam optics were equipped with 5° Soller slits. The incident slits were
set to irradiate a 10 mm x 10 mm sample area constantly (automatic divergence slits),
and the diffracted-beam slits were set to 8 and 14 mm. Prior to analysis, the samples
were gently ground using an agate mortar, pressed with microscope glass in a rotational
sample holder, and measured in reflection mode (Bragg-Brentano geometry). During each
measurement, the samples were rotated (30 rpm) to eliminate the preferred orientation
effect. XRD patterns were collected in a 26 range of 5-90° with a 0.01° step at 0.5 deg min !
speed, evaluated in PDXL 2 software (version 2.4.2.0) and compared with a PDF-2 database,
release 2015. Mean coherence lengths L. approximately corresponding to the crystallite
size were determined from half the width of the peak S (311) using the Scherrer equation.

The thermal behavior of cesium nitrate and carbonate precursors was assessed on a
TGA 701 thermogravimetric analyzer (Leco, St. Joseph, MI, USA), heating the sample at
5°C min~! from ambient to 1000 °C in air.

2.3. N,O Catalytic Decomposition

N;O catalytic decomposition was performed in an integral fixed-bed stainless steel
reactor with 50 mm internal diameter in the 300-450 °C temperature range at atmo-
spheric pressure. The catalyst was placed between inert materials (ceramic rings) in the
constant-temperature zone of the furnace under 815-995 mL min~! total flow (293 K,
101,325 Pa), depending on the sample volume to keep volumetric hourly space velocity
(VHSV) = 1500 m3 m3,.g ' h~1. Separate tests confirmed that there was no external dif-
fusion limitation within the investigated range of flow rates. Under inert conditions, the
feed stream consisted of 0.1 mol.% NO in Nj. To simulate real waste gas from nitric acid
plants, 5 mol.% oxygen, 2 mol.% water vapor and 0.02 mol.% NO were added in selected
experimental runs.

N,O concentration was analyzed on a SICK IR analyzer since previous studies have
demonstrated that the only reaction products over non-noble metal oxides are nitrogen and
oxygen [50]. This was also confirmed in our earlier work using a combination of online
IR and chemiluminescence analyzers for the simultaneous detection of N,O, NO, and
NO; [35,51]. Prior to activity measurements, the catalysts were activated at 450 °C for 1 h
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in an inert atmosphere. N,O catalytic decomposition was then monitored at 450 °C for
10 h, after which the temperature was stepwise decreased to 420, 390, 360, 330 and 300 °C,
with a cooling rate of 5 °C min~! and with a holding time of 2 h at each temperature.
N,O conversion was calculated from steady-state N,O concentrations. This procedure was
repeated under all investigated conditions.

2.4. Mathematical Model of Industrial N,O Catalytic Reactor

A pseudo-homogeneous one-dimensional model of an ideal plug flow reactor in
an isothermal regime was used to simulate an industrial reactor under the following
assumptions:

(i) The change in the number of moles during the reaction was disregarded due to the low
concentration of NO, leading to a constant volumetric flow rate through the reactor;

(ii) The kinetic experiments were performed with catalyst particles, so the measured rates
inherently include the internal diffusion effect;

(iii) The absence of external mass transfer limitations was verified experimentally, ensuring
that the observed reaction rates reflect intrinsic kinetics;

(iv) Internal and external heat transfer effects were neglected due to the low N,O concentra-
tion (1000 ppm) and the resulting isothermal conditions within the catalyst particles;

(v) The first-order rate law was applied to the kinetics of N,O decomposition, consistent
with previous studies on Co-based N,O decomposition catalysts [16,52-54].

Polymath 6.10 software was used to solve the following equations of the mathematical
model [55]:
Mass balance of N,O in the differential catalyst bed volume dV:

aA~r~dl:ch )
1%

Assuming a 1st order reaction rate, the kinetic equation is given by
r=kcy (2)

The variation in the kinetic constant k as a function of the temperature is described by
the Arrhenius equation:

—E
k= ko-e ®F (3)

Disregarding the change in total volumetric flow due to N,O decomposition, the
concentration of N,O is expressed by conversion as follows:
ca = (¢ 49— Xa-cao) - 4)
Po
Pressure drop in gas flow through the catalyst bed of tablets is calculated using
Equations (5)—(7) [46]:
dp _ 72-02'CD'p

dz dp ®)
_1—¢ (150-(1— @)
Cp = 7 ( Re +1.75 (6)
Re! — G"'gC'dP'V 7)
S-u

Unlike gas flow in a pelletized catalyst bed, gas flow through foam catalyst beds has
not yet been studied in detail. Nevertheless, several studies have addressed pressure drop
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in foam materials [37,52,56-60]. In this work, the pressure drop was calculated using Equa-
tions (8)—(11) [37,52], as described in Supplementary Information. The results (Figure S1)
show good agreement between calculated and experimental data, confirming that this
approach is suitable for incorporation into the reactor model for a foam catalyst bed.

2 2

Ap 8> a1 =€) mV | BS, soiia(1—e0)pV
3 + 3 (8)
L £ )

Lo (109710~ £0)*° . B ©)
|\ o6164(1—¢9) )7

[ [(1-0971(1—€)" . B
P= [( 0.6164(1 — £9)*3 >(1 80)1 10

[1 —0971(1 — 50)0-5}
dw(l - 50)0.5

So—solid = 4.867 (11)

3. Results and Discussion
3.1. Catalyst Preparation and Characterization

The chemical composition of the active phase for the test and reference samples is
shown in Table 2. The samples prepared by glycerol-assisted impregnation exhibited a
slightly lower Co content, possibly due to unburnt glycerol residues. Nevertheless, the
amount of Cs content ranged from 1.9 to 2.7 across all samples (Table 2). Thus, all samples
contained an optimal amount of Cs, which was determined based on previous research
published in [43], regardless of whether they were prepared by conventional (2-3 wt.%) or
glycerol-assisted (1-3 wt.%) impregnation.

XRD results of foam-deposited cobalt-based catalysts are shown in Figure 1A and
Table 2, highlighting intensive diffraction lines of ceramic foam phases (corundum and
mullite). Co3O4 mixed oxide with a spinel structure (ICDD, PDF 00-043-1003) was formed,
as confirmed by the characteristic lines in XRD patterns of all catalysts, albeit with low
intensity. No significant differences were found in the lattice parameter (1), which was
0.8084 -+ 0.0003 nm, implying that the shape and size of the Co3O4 unit cell are the same.
However, the crystallite sizes (L.) of samples prepared by conventional impregnation were
three to six times larger than those of glycerol-assisted samples. In the latter, the presence
of glycerol during preparation led to the release of intensive gaseous products during
calcination, which disrupted agglomeration of the forming oxide crystallites and effectively
limited crystal growth [61]. This decrease in L. upon glycerol-assisted impregnation
corroborates previous findings [62] and may decrease diffusion in the active layer, thereby
yielding a higher number of accessible active sites. According to previous research, the
active sites can be defined as the real spatial contact between Cs species and the surface of
Co304 spinel nanocrystals.

The cesium carbonate precursor did not affect the phase composition of the ac-
tive phase, likely because it represented only a small fraction of the total sample mass
(2-3 wt.% Cs). Indeed, due to the low Cs content and/or its amorphous character, no
Cs-containing phases were detected by XRD.

The decomposition temperatures of both Cs precursors are higher than the calcination
temperature. The water loss and decomposition of hygroscopic white powder CsHCO3
into CspCOj3 occur at 180 °C [63], and thermal decomposition of Cs,COj starts at 800 °C,
while thermal decomposition of CsNOj starts at 580 °C and ends at 900 °C [64]. To identify
the Cs species in the catalysts, TGA of CsNO3 and CspCO3 was performed, and the results

https://doi.org/10.3390/eng7020086


https://doi.org/10.3390/eng7020086

Eng 2026, 7, 86

8of 17

(Figure 1B) were in line with the literature [60]. Accordingly, the catalysts contained
either CsNOj3 or Cs,CO3, withCsHCOj3 present at low temperatures, depending on the
precursor used.

Table 2. Chemical composition, XRD, HyO-TPD and Hy-TPR results of test and reference samples
show that cobalt-based catalysts deposited on foam contain an optimal amount of Cs and the same
content of reducible components regardless of impregnation method or Cs precursor used, while
glycerol-assisted impregnation and CsNOj3 yields smaller crystallite sizes (L.) than conventional
impregnation, decreasing agglomeration during calcination and increasing the number of accessible
active sites. Cs;COj3 led to higher water vapor adsorption, while glycerol-assisted impregnation led
to higher water vapor desorption.

AAS XRD H,O-TPD H,-TPR
Sample
CO * ok CS *k LC Hzoads ook ok Hzodes Eak ok Tmux H2 Eak ot
(wt.%) (wt. %) (nm) (mmol g—1) (a.u.) (@) (mmol g—1)
Co-Cs-carb 58 2.6 131 0.018 165 351 17.7
Co-Cs-carb-glyc 47 2.4 41 0.019 269 303, 347 18.3
Co-Cs-nit * 58 2.7 133 0.013 194 327,381 17.2
Co-Cs-nit-glyc * 49 1.9 20 0.009 207 312,373 17.4

Le: Crystallite size; Tmax: Maximum temperature; * Reference samples [43]; ** Co or Cs content in Co304-Cs active
phase; *** Adsorbed or desorbed H,O; **** H, consumption (mmol gco304*1), measurement error: 4%.

The reducibility of the catalysts was assessed by Hp-TPR, as this parameter governs
the performance of oxide catalysts in redox reactions. N,O catalytic decomposition starts
with electron transfer from the catalyst surface to the N;O molecule during the initial
dissociation step (Equation (12)). In the second step, adsorbed oxygen recombination
(Equation (13)) weakens the metal-oxygen bond with the decrease in the oxidation state
of the transition metal [65]. These changes in catalyst reducibility are shown in Figure 1C
and Table 2.

N2O (g) +e — N2 (g) + Osurf-_ (12)

2 Ogyrf.~ = O2 (g) +2e~ (13)

In all samples, the Hp-TPR profiles exhibit two temperature maxima, which correspond
to Co®* — Co?* and Co?* — Co' reduction in CozOy spinel [66,67], except for Co-Cs-carb,
where this reduction proceeds in a single step. This separation of the two steps observed in
reduction profiles is related to differences in grain size (Table 2) and shape effects [68]. In
samples prepared using Cs;CO3, the entire H,-TPR profile is shifted to lower temperatures
than in samples prepared using CsNOs. In samples prepared using the same precursor, the
first temperature maximum is more pronounced and shifted to a lower temperature than the
second maximum, whereas in samples prepared by glycerol-assisted impregnation, the two
maxima are more similar. Since the total H, consumption was comparable across all samples
(Table 2), this shift indicates that Cs;CO3 enhances the reducibility of all cobalt active sites,
regardless of the preparation method (conventional and glycerol-assisted impregnation)
(Figure 1C). Furthermore, glycerol-assisted impregnation reduces agglomeration during
calcination, as discussed in detail in our previous study [41].
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Figure 1. Combined (A) XRD (where numbers correspond to phases as follows: 1- corundum, 2- mul-
lite, 3- spinel), (B) thermogravimetry, (C) H,-TPR, (D) H,O- and (E) NO-temperature programmed
desorption analysis, (F) correlation between reducibility and catalytic activity. The results show
that (A,B) all cobalt-based catalysts deposited on ceramic foam contain cesium in the form of un-
decomposed precursor, either CsNOj3 or CspCOj3 in line with [64] albeit with no effect on the phase
composition of the catalyst. (C) CspCO3 enhances the reducibility of all cobalt active sites, regardless
of preparation method. Nevertheless, glycerol-assisted impregnation enhances catalyst reducibility,
as described in detail in our previous study [43]. (D) For all catalysts, water vapor stays adsorbed
even at 500 °C, as evidenced by H,O-TPD profiles monitored by mass spectrometry (m/z = 18),
and (E) both the glycerol method and Cs,COj3 increased NO adsorption, thus worsening resistance
to NO. (F) shows the variation in N,O conversion at 300 °C as a function of catalyst reducibility.
Lower reduction temperatures correspond to more reducible catalysts, whereas higher reduction
temperatures indicate lower reducibility.

In addition to N,O, waste gases from nitric acid production contain H,O, O, and
NO, which compete with N,O for adsorption on the same active sites or influence them
from neighboring positions, triggering an inhibitory effect on Co30y activity in N,O
decomposition the following order: NO > H,O > O, [69]. When mixing these gases,
their individual contributions to inhibitory effects do not combine additively, indicating
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competition for adsorption on active sites. The inhibition is reversible, so catalytic activity
can be quickly restored after removing these inhibitors from the reaction mixture [70].

To evaluate the impact of H,O and NO, TPD tests were conducted. In our previous
study, it was found that glycerol-assisted impregnation enhanced the resistance of the
catalysts to HyO, O, and NO by inducing re-faceting of the spinel nanocrystals, with
preferential exposure of the (100) planes [43]. In this study, the effect of the precursor was
assessed by comparing Cs,CO3 with CsNO3.

Water exerts an even stronger inhibitory effect than O,, making water adsorption
a key factor governing the activity of CozOy4-based catalysts [69]. Cs,COj is a strong
hygroscopic substance and can affect HyO adsorption on the catalyst surface. H,O-TPD
results confirm that samples prepared with a Cs,COj3 precursor adsorbed a larger amount
of water, regardless of the impregnation method used (Table 2), indicating that samples
prepared with cesium carbonate have worse water resistance. Simultaneously, the amount
of desorbed water vapor is higher from the glycerol-assisted-impregnation carbonate
sample. For all catalysts, water vapor stays adsorbed even at 500 °C (Figure 1D). However,
a higher amount remains adsorbed on the surface of carbonate samples Co-Cs-carb and
Co-Cs-carb-glyc. Based on these results, Cs,COj3 precursor may reduce the resistance of
the catalyst to water inhibition.

NO adsorption/desorption is higher in the samples prepared by glycerol-assisted
impregnation because this method increases the surface area of the active phase [43] and,
hence, the number of active sites. NO adsorption/desorption is also higher in the samples
prepared with Cs;COj than in the samples prepared with CsNOj. In the former, NO
desorption ends at higher temperatures, which indicates stronger NO adsorption on the
catalyst surface (NO species adsorbed on the catalyst surface can be detected above 300 °C).
Consequently, glycerol-assisted impregnation and Cs,COj3 increased the surface affinity to
NO from the waste gas, as shown by NO-TPD in Figure 1E.

Physicochemical analysis of the test and reference samples showed that all cobalt-
based catalysts contained Cs within an optimal range: 1-3 wt.% for conventional and
2-3 wt.% for glycerol-assisted impregnation, respectively [47], corresponding to an optimal
real Cs-Co surface contact, which was determined based on previous research published
in [43]. Regardless of the impregnation method, the Cs,COj3 precursor enhanced catalyst
reducibility, i.e., decreased oxygen—cobalt bond strength and accelerated oxygen desorption
from the catalyst surface, which is decisive for the catalytic activity under inert conditions.
Consequently, the samples prepared with Cs,CO3 are expected to exhibit higher activity
under the same conditions than those prepared with CsNOs3.

In contrast to inert gas, Op, HO and NO should shift the N,O conversion curves of all
samples to higher temperatures due to their adsorption on the catalyst surface at reaction
temperatures of up to 450 °C, as shown in HyO- (Figure 1D) and NO-TPD (Figure 1E)
profiles. CspCOj3 increased water vapor adsorption, and both the glycerol method and
CsyCOj3 increased NO adsorption. Conversely, the glycerol-assisted method simultaneously
improved reducibility (Figure 2C), which is, according to the results from [41], caused by
higher Co dispersion, leading to enhanced Co—Cs interfacial contact, as evidenced by cat-
alytic trends, most likely changing the activity order accordingly. The final conversion may
result from contradictory effects of the glycerol method on reducibility and NO adsorption.
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Figure 2. N,O conversion (%) as a function of temperature over ceramic-foam-supported cobalt-based
catalysts at VHSV (20 °C, 101,325 Pa) = 1500 m3h1me 3 under inert conditions with 0.1 mol.% N,O
in N (A). Variation in N»O conversion under simulated waste-gas conditions, either (B) 0.1 mol.%
N,O, 2 mol.% H,O and 5 mol.% O, in N, or (C) 0.1 mol.% N,O, 2 mol.% H,O, 5 mol.% O, and
2000 ppm NO in Nj. The results show that (A) Cs,COj3 has a positive effect on N,O conversion,
regardless of preparation method; (B) H,O + O, and (C) NO inhibit N,O decomposition.

3.2. N, O Catalytic Decomposition

The activity of ceramic-foam-supported cobalt-based catalysts in N,O decomposition
was tested under inert (Figure 2A) and simulated industrial conditions (Figure 2B,C). Under
inert conditions, both samples prepared with Cs,CO3 (in black and dark blue) reached
approximately 100% conversion over the entire temperature range. The sample prepared by
glycerol-assisted impregnation with CsNOj (in gray) reached a slightly lower conversion,
and the least-active sample was prepared by conventional impregnation with CsNOs (light
blue). The difference between samples was larger in the temperature region below 360 °C,
in line with the H,-TPR results. Figure 1F shows a direct correlation between catalytic
activity and reducibility. These results confirm that Cs,COj3 has a positive effect on the
catalytic activity in inert gas (Figure 2A).

To simulate industrial conditions, the samples were subjected to N,O, H,O and
O, (Figure 2B) and to N»O, H,O, O; and NO (Figure 2C). In contact with H,O and O,,
the N,O conversions were markedly higher over samples prepared by glycerol-assisted
impregnation (in black and gray) than over those prepared by conventional impregnation
(dark and light blue). Conversely, samples prepared with the Cs,COj3 precursor (black and
dark blue) only slightly outperformed samples prepared with the CsNOj precursor (gray
and light blue), so under these simulated industrial conditions (H,O and O;), Cs,CO3
no longer offers an advantage over CsNOj, in contrast to under inert conditions. This
finding confirms that Cs,CO3 weakens resistance to H,O, as observed in H,O-TPD analysis
(Figure 1D). Water is expected to preferentially adsorb on the active sites next to Cs in the
Cs,CO3 form, blocking them, affecting Co-Cs contact, and decreasing activity [43,53].

In contact with H,O, O, and NO (Figure 2C), the N, O conversions followed a similar
trend to that observed in contact with HyO and O, alone (Figure 2B), albeit requiring a
much higher temperature to reach the same level, indicating that NO has a strong inhibitory
effect on catalytic activity. As in the previous conditions, samples prepared by glycerol-
assisted impregnation outperformed samples prepared using the conventional method.
However, the addition of NO diminished the differences in conversions between samples
prepared with CspCO3 and CsNOj, regardless of the impregnation method. This result also
demonstrates that the cobalt-based catalyst prepared with Cs,COs is less resistant to NO
inhibition than its counterpart prepared with CsNOj3, as evidenced by NO-TPD (Figure 1E).

Considering the above and the previous results [43—46], the activity of ceramic-foam-
supported cobalt-based catalysts is determined by a combination of the following factors:
(i) number of active sites, defined here as surface Co sites electronically modified by
neighboring Cs species, and their accessibility (catalyst surface); (ii) electron transferability
(catalyst reducibility); and (iii) resistance to inhibiting components in waste gas (H,O, O,
and NO). Under inert conditions, Cs,CO3 improves reducibility, achieving excellent results.
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In contrast, under simulated industrial conditions, these advantages are lost due to poor
resistance to inhibiting components (H,O, O, and NO).

4. Mathematical Model of a Full-Scale Catalytic Reactor for N,O
Abatement in Waste Gas from HNOj3 Production

N;O conversion under industrial conditions was assessed by mathematically modeling
a full-scale catalytic reactor for N,O abatement in waste gas from a HNO; production plant.
For the reactor simulation, an ideal plug flow reactor in an isothermal regime (Equations
(1)-(11)) was used, assuming that the reactor was placed downstream of the SCR NOy unit
to ensure a low NOx content in the inlet gas to the reactor for N;O decomposition. Under
these conditions, the reactor was simulated with a limited NO, concentration in the waste
gas (200 ppm NO).

In this system, the ceramic-foam-supported cobalt-based catalyst with the highest
activity (Co-Cs-carb-glyc) was compared with the unsupported commercial pellets with
optimal chemical composition of the active phase (Co3O4 with 1 wt.% Cs), as reported in
a previous study [9]. Kinetic parameters were calculated from experimental data of N,O
decomposition over shaped catalysts (Tables S1 and S2 in the Supplementary Materials)
using the integral method. The inlet and calculated parameters are shown in Table 3.

Table 3. The inlet and calculated parameters for N,O abatement in waste gas from HNOj3 production
show that commercial Cs/Co30;, pellets and the ceramic-foam-supported cobalt-based catalyst
provided similar conversions at 450 °C in the same catalyst bed volume, under the same conditions.
However, the pellets contain 40 times more cobalt and lead to a 7-8 times higher pressure drop than
ceramic-foam-supported catalysts.

Parameters/Catalyst Cs/Co304 Co-Cs-carb-glyc
Volume flow (m3/h) (NTP) 30,000
Inlet pressure (Pa) 600,000
Reactor volume (m3) 4
Reactor height (m) 2
Reactor radius (m) 0.8
tablets foam
Shape of catalyst (5 x 5 mm) (20 ppi)
Porosity of catalyst bed (-) 0.46 0.80
Pressure drop (Pa) 32,600 4200
Co content in catalyst bed (kg) 3377 84
Cs content in catalyst bed (kg) 54 3.3

1000 ppm N2O + 5 mol. % Oy +

Industrial conditions 2 mol. % H,0 + 200 ppm NO in N,

Temperature (°C) 450
Kinetic constant (s 1) 5.7 3.6
Conversion of N,O (%) 99.9 98.5
Temperature (°C) 420
Kinetic constant (s~ 1) 3.6 1.6
Conversion of N>O (%) 98.5 85

The results reveal that commercial pellets and the ceramic-foam-supported cobalt-
based catalyst provided similar conversions at 450 °C in the same catalyst bed volume.
However, the production and application of the commercial pellets entailed several disad-
vantages, including (i) problems associated with shaping grains into larger pellets (5 mm)
and the inability to prepare shapes with higher geometric surface areas than full pellets,
(ii) low mechanical strength (unsuitable for industrial applications), (iii) high pressure
drop (7-8 times higher in the full-scale reactor with commercial pellets than in the reactor
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with the ceramic-foam-supported catalyst in the same catalyst bed volume), and (iv) high
Co and Cs content, which increase the catalyst price and remain unused in the catalytic
reaction due to internal diffusion limitations. Cs/Co30j pellets contain a 40-times-higher
cobalt content than the catalyst deposited on ceramic foam in the same catalyst bed volume.
Comparing the tested catalyst with systems reported in the literature is informative,
but such comparisons are often challenging due to differences in experimental conditions,
including reaction temperature, gas composition, flow rates, catalyst form, and stabilization
periods. Nevertheless, two studies were identified for comparison. Inger et al. [71] reported
70% conversion over K/Zn-Coz0y catalysts at 420 °C, 6000 h—!, and pressures above 5 bar
in the presence of NOx and H,O, while the Cs—Co-carb—glyc catalyst on ceramic foam
studied in this paper achieved 85% conversion under the same temperature, but at 7500 h—*
and 0.6 bar (Table 3). Grzybek et al. [16] reported rate constants of 0.15-0.55 s ! at 350 °C
for a cobalt-zinc spinel on cordierite monoliths, with 96% conversion at 450 °C, whereas
the Cs—Co—carb—glyc catalyst on ceramic foam showed a rate constant of 1.6 s ! at 420 °C
and 98.5% conversion at 450 °C in the presence of H,O, O;, and NOy (Table 3). Despite the
differing conditions, these results indicate that the foam-supported catalysts studied here
exhibit comparable, and possibly superior, activity. In conclusion, ceramic-foam-supported
catalysts offer advantages, such as (a) high mechanical strength and good adhesion of the
active phase to the support, (b) the avoidance of demanding catalyst preparation steps
(for example, co-precipitation and pelletization), and (c) the use of an inexpensive and
readily available material as a support, thereby facilitating catalyst production and reducing
costs. Considering these advantages, the ceramic-foam-deposited cobalt-based catalyst
demonstrates high potential as a cost-effective option for industrial applications.

5. Conclusions

Cs,CO;3 provides Cs-doped cobalt-based catalysts with a higher reducibility than
CsNOj3, which is a key parameter in redox reactions such as N,O decomposition, accelerat-
ing oxygen desorption from the catalyst surface. However, Cs,COj is highly hygroscopic,
so this precursor renders cobalt-based catalysts less resistant to the inhibitory effects of
water vapor and NO found in waste gas, as in real industrial conditions, thereby negating
the advantages of using a carbonate precursor of a cesium promoter. Nevertheless, the
advantage of glycerol-assisted impregnation persists, regardless of precursor. As a result,
ceramic-foam-supported cobalt-based catalysts yield a net profit associated with a lower
pressure drop and a considerably (40x) lower active-phase loading required for the same
catalytic activity over Cs/Co3O;4 pellets.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/eng7020086/s1, Figure S1: Variation of pressure drop determined
using calculated (line) and experimentally (points) data as a function of flow velocity (21 °C and
101,325 Pa) in a foam catalyst bed with a 20 ppi pore density; calculate and experimental data virtually
overlap, demonstrating that the calculation method can be used to develop mathematical model of a
reactor with a foam catalyst bed.; Table S1: Experimental data of N, O catalytic decomposition over
Cs/Co30y pellets.; Table S2: Experimental data of N, O catalytic decomposition over Co-Cs-carb-glyc
open-cell foam catalyst.
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Abbreviations

cA concentration of component A (N,O) (mol.m~3)

CAQ initial concentration of component A (N,O) (mol.m—3)
D coefficient of resistance (-)

dp catalyst particle diameter (m)

dw window (face) diameter (m)

Ea activation energy (J mol 1)

Sec sphericity of catalyst particle (-)

k kinetic constant, first-order rate law (m?> sflkgfl)

ko pre-exponential factor (s~1)

length of the catalytic bed (m)
pressure in the reactor (Pa)

Po pressure at inlet of catalytic reactor (Pa)

r reaction rate per unit weight of catalyst (mol kg~! h=1)
R universal gas constant (J K1 mol~1)

Re Reynolds number (-)

Svsolid  Specific surface area per unit solid volume (m~1)

T thermodynamic temperature (K)

\% volume of the catalyst bed (m3)

1% total volumetric flow (m3s—1)

Xa conversion of component A (N,O) (-)

ap stoichiometric coefficient of component A (N,O) (-)
B coefficient for inertial term (-)

£ porosity of catalyst particle (-)

@ porosity of catalyst bed (-)

7 internal effectiveness factor (-)

U dynamic viscosity of the gas (kg m!s)

0Oc bulk density of the catalyst (kg m~3)

Q overall effectiveness factor (-)
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