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Abstract Nano-sized Lag 351 7Cog 7Feq303.5 (LSFC3773) was prepared as a cat-
alyst for nitrous oxide (N,O) decomposition by a sonochemical method. The cat-
alyst provided a complete conversion of N,O at 450 °C, showing the best
performance among most recent industrial catalysts, and offered 99.7-100% con-
version at higher temperatures, e.g., 540-600 °C. A suitable operating temperature
range for the reaction to avoid NO, formation is from 400 to 600 °C. The activation
energy and the pre-exponential factor were 42.96 kJ/mol and 161,135.35 mol/g.,,
h bar. Oxygen inhibition was observed and was more obvious as the sample
approached full surface coverage (6 = 1) at 375 °C using a 100% N,O feed. The
reaction occurred via the Eley—Rideal mechanism. Two possible model mechanisms
were suggested according to the experimental phenomenon and the rate coefficient
order of each elementary steps.
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Introduction

N,O is a powerful greenhouse gas (GHG) with 298-310 times greater global
warming potential (GWP) than that of CO,, it can trap infrared energy from the sun
and destroy the ozone layer in the stratosphere [1, 2]. The N,O molecule is stable at
room temperature and difficult to reduce under common thermodynamic conditions
due to a very long lifetime in the atmosphere of approximately 150 years [3]. Under
the Kyoto Protocol, industrialized countries agreed to reduce the emissions of six
greenhouse gases (CO,, CHy4, N,O, HFCs, PFCs, SF¢) by 20% by 2020 [4, 5]. In
industrial settings, nitrous oxide is an undesirable by-product from many chemical
processes, such as nitric acid, adipic acid, caprolactam and acrylonitrile production
plants [6, 7], which is used in an intermediate primarily to produce nylon and resins.
There are numerous methods for industrial N>O emissions abatement, such as
thermal decomposition, selective adsorption, microwave plasma technology, and
catalytic decomposition [8—10]. Direct thermal N,O decomposition has an
activation energy barrier of approximately 250-270 kJ/mol and is an exothermic
reaction with an 82 kJ/mol heat of reaction [11]. However, this activation energy
can be greatly reduced by using the proper catalyst; for instance, the activation
energy was found to decrease from 250 to 270 kJ/mol in the non-catalytic process,
to 87, 133.7 or 241 kJ/mol, when using CuO/CeO,, Fe-zeolite, or BaFeO;_; as a
catalyst, respectively [12—-14].

Catalysts are critical to reducing the activation energy, resulting in lower
operating temperature and subsequently reduced operating costs. The catalysts used
in the previous works are as follows: (i) noble metals such as metal oxide-supported
Ru, Rh and Pd, (ii) transition metals over zeolite or other supported composites such
as Cu-ZSM-5, Co, Fe-ZSM-5, Cu/Si-C, and (iii) mixed oxides with/without
precious metals, such as Pd/LaFeOs/Al,03;, RuO,/Al,O;, LaMnQOj;, LaCoOs,
LaFeO; and LaCoFeO; [15-27]. Among these types of materials, the mixed oxides
have attracted the most attention recently due to its lower cost compared to noble
metals and higher efficiency compared to transition metals over zeolite.

Perovskite (ABO;) is a type of metal oxide that has drawn significant interest
among other metal oxides in the past decade because they have a relatively high
thermal stability, a high catalytic performance towards N,O decomposition and are
affordable compared to the other catalysts. In general, rare earth, alkaline earth, or
alkali metals are normally chosen for the A site, while transition metals are chosen
for the B site. The properties of the perovskites can be tailored based on purpose by
(i) the selection/substitution of the A and B sites and (ii) the variation of the
stoichiometry (x and y) of the A and B sites. Substitution of the A and B sites
creates extrinsic point defects in the material (having A’ and B’ atoms added to the
ABO3;, causing a change in the oxidation state), which leads to intrinsic defects
(oxygen atom is missing from its position in the crystal, creating an oxygen
vacancy). This phenomenon establishes oxygen mobility, which leads to the ionic
and electronic properties of the material and enhances its potential as a catalyst in
the catalytic decomposition of N,O [28-30].
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The effect of the oxygen mobility and oxygen vacancy on the catalytic N,O
decomposition has been studied extensively [31-33]. Among these works,
Lag 3Sry7Cog 7Fey305_s (LSCF3773) exhibited the highest value of oxygen non-
stoichiometry (Ad = 0.40) compared to the other preferable stoichiometric ratios of
the cations, i.e., LSCF4691 or LSCF4646, with cubic structure and a tolerance
factor of approximately 0.9-1. LSCF3773, therefore, has a high redox capacity
because of its high oxygen vacancies, oxygen storage capacity, and oxygen
mobility. These properties are good for N,O decomposition and other redox reaction
processes.

In this work, LSCF3773 was selected because of it has the highest oxygen
vacancies (V;), which are believed to be the active sites for N;O decomposition.
Nano-sized LSCF 3773 was prepared in-house by a sonochemical method. The N,O
feed composition was varied from 25 to 50, 75 and 100% to compare with other
works [34-39] and to investigate the behavior of the reaction. The optimal operating
temperature of LSCF3773 was found to be 450 °C with 100% complete conversion
when the N>O feed concentration was 50%. This is better than some of the most
recent industrial processes, which provide 99.7-100% conversion at approximately
540-600 °C, respectively [34—-39]. Kinetics parameters were achieved using an
integral reactor model followed by differential analysis. The Eley—Rideal mech-
anism of the reaction was proposed according to the experimental phenomenon.

Experimental
Catalyst preparation

LSCF3773 was prepared using a sonication-assisted precipitation method [38]. A
stoichiometric amount of the metal nitrate precursors; lanthanum (III) nitrate
hexahydrate (La(NO3);-6H,0, Fluka, 99.0%), strontium nitrate (Sr(NOs),, Himedia,
98.0%), cobalt(Il) nitrate hexahydrate (Co(NO3),-6H,0, Ajax, 98.0%), iron(III)
nitrate nonahydrate (Fe(NO;);-9H,0, Ajax, 98.0%), were mixed together according
to the desired proportion. The precursors were dissolved in 70 V% ethanol
(C,HsOH, Merck, 99.0%) under vigorous stirring in order to obtain a homogeneous
solution. A 2 M sodium hydroxide solution (NaOH, Merck, 99.0%) was added
dropwise to the precursor solution using a syringe pump until a pH value of 13-14
was reached, while the mixed solution was sonicated at 90 °C under high ultrasonic
irradiation (Sonics Vibra Cell, titanium sonotrode) at 85% amplitude of 20 kHz,
750 W for 30 min. After the reaction was completed, the settling of the dark brown
precipitate was formed in the solution. The resulting precipitate was then collected
by centrifugation (MPW-223e, MED instrument) at 3500 rpm for 5 min, rinsed with
distilled water repeatedly to remove the excess sodium compounds until the residue
solution displayed a neutral pH value. The obtained material powder was dried
overnight at 120 °C and calcined in air at 800 °C for 8 h to form a perovskite phase
structure. The fine black LSCF powder was pelletized using 10 tons of hydraulic
press (TMC HP 20) then crushed and sieved (Endecotts-7006354, Laboratory Test
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Sieve). The size of the sieved catalyst ranged from 0.18 to 0.212 mm, giving a D to
d, ratio of 19-22 (> 10) to minimize any possible pressure drop and channeling
[40].

Characterizations

The crystallinity of the prepared LSCF3773 was characterized by X-ray diffraction
(XRD, Rigaku TTRAX III using Cu K, radiation, A = 1.5418 Aina range of
30° < 20 < 80° with a scanning step of 0.01°). The crystallite size was estimated
using the Scherrer equation, D = KA/(Bcos 0), where D is the mean size of the
crystallites (nm), K is crystallite shape factor, A is the X-ray wavelength, B is the
full-width at half-maximum in radians of the X-ray diffraction peak, and 0 is the
Bragg angle. The morphology and particle size of the prepared material were
investigated by field emission scanning electron microscopy (FE-SEM, JSM-7001F,
JEOL at 20 kV). The specific surface area was determined using a nitrogen
physisorption technique (BET, Quantachrome Autosorb-1).

Experimental set-up and procedures

All the catalytic N,O decomposition experiments were operated at various
temperatures under isothermal conditions in a tubular packed-bed quartz reactor
(i.d. = 4 mm.) under atmospheric pressure. Before each run, the LSCF3773 was
pretreated at 700 °C in an Ar stream for 1 h to remove any possible adsorbed gases
on the surface of the perovskite. The total volumetric flow rate of the reactant gas
(Fr) was fixed at 100 mly/min (which proved to ensure the rate controlling regime)
using mass flow controllers (Brooks, model 4800). Ar was used for composition and
as a carrier gas. The quartz tube reactor was placed vertically in an electric furnace
with a 10 cm long heating zone. A type K thermocouple was put next to the reactor.
The effluent gas stream was analyzed using an on-line gas chromatograph
(Shimadzu GC-2014, TCD detector). A Molecular Sieve 13X and Porapak Q
capillary column was used.

Results and discussion
Characterization

XRD pattern of the prepared LSCF3773 showed its high-purity perovskite
crystalline phase indexed to cubic structure with no minor phase. A set of seven
diffraction peaks was seen with 20 peaks at 22.76, 32.44, 39.94, 46.54, 57.76, 67.82,
and 77.42, as shown in Fig. 1. The pattern resembles the characteristic pattern of
successfully synthesized LSCF3773 reported by other research [32]. The crystallite
size of LSCF3773 was 20 nm, which was estimated from the highest peak of the
XRD pattern using the Scherrer equation.

Fig. 2 indicates the morphological cylindrical-shaped polycrystalline structure of
the synthesized LSCF3773 perovskite. From the result, agglomeration of the
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Fig. 1 X-ray diffraction patterns of LSCF3773 treated at 800 °C
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Fig. 2 SEM photographs of LSCF3773 perovskite (magnitude = 100,000)

particles was observed. The specific surface area of the material was measured by
physical adsorption of gaseous N, on the material’s surface where the volume of N,
as a function of the relative pressure was determined. From the BET plot of the
LSFC perovskite, the obtained results showed an estimated specific surface area of
the material of 15 m*/g.
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Effect of temperature and effect of N,O concentration in the feed stream

The influence of the N,O concentration in the feed stream was studied, aiming to (1)
understand the behavior of the reaction and (2) benchmark the process with the most
recently available commercial processes of N,O abatement technology for adipic
acid manufacturing. The N,O concentration in the tail gas of adipic acid
manufacturing ranges from 23 to 57% [26, 34—41]. The low concentration of
N0 (0.1%) in the inlet gas stream was also studied, and this was designed for N,O
abatement for nitric acid plants rather than for adipic acid plants. Only DuPont used
100% N,O in the inlet gas stream. In this research, 100 mg of the LSCF3773 was
used as a catalyst in the decomposition of N,O (Wy/Fn,00 of 0.7467 g.,.h/mol).
The concentration of N,O was varied from 25, 50 and 100% using Ar as a
complementary gas, compared to commercial processes designed by BASF, Grande
Paroisse and DuPont. The operating temperature was varied from 300 to 800 °C
[26, 33—-41].

The conversion of N,O for all cases was initially detectable at 325 °C. LSCF3773
has a high sensitivity to change in the N,O concentration in the temperature range
from 300 to 500 °C. The primary observation was made for the effect of
temperature on the conversion for all feed concentrations. The conversion was
found to increase with increasing temperature because the reaction was more
kinetically favored at higher temperatures, according to the Arrhenius temperature
dependency equation. The conversion of N,O was reported, as shown in Fig. 3,
where generally a higher N,O feed concentration caused greater conversion of N,>O.
This was simply because a higher amount of the reactant was fed. However, the
conversion order was 25% N,O < 100% N,O < 50% N,O at temperatures of
375 °C and higher, which was likely influenced by oxygen inhibition in which the
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Fig. 3 N,O conversion versus temperature curves at three different concentrations with 25, 50 and 100%
N,O/Ar (Total flow rate = 100 mly/min with WSHV = 0.7467 g.,. h/mol)
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produced oxygen was being adsorbed back on the active sites and was competing
with N,O.

Oxygen inhibition occurred as the sample approached full surface coverage
(0 = 1). The increase in conversion started to slow down (for the 100% N,O feed
compared to 50% N,O feed), which implied that O, competed with N,O during the
adsorption step, meaning that N,O and O, are competitively adsorbed on the
decomposition site (where N,O adsorption and N,O decomposition might occur on
different active sites, e.g., adsorption-only sites and decomposition sites [25]). The
N,O adsorption then became the rate limiting step. The reaction occurred via the
Eley—Rideal mechanism because the reaction was still going on after 375 °C despite
the fact that the surface coverage was full. O, competed with N,O during the
adsorption step if the bonding dissociation energy of the gaseous O, molecule was
weaker than that of the gaseous N,O molecule. This was not always true because the
bond dissociation energy of O, was 498 kJ/mol and that of N,O was 222 and
590 kJ/mol for N-O and N=O, respectively [42-49]. Therefore, two model
mechanisms were proposed here as follows:

Model 1
* k *
N2O(g) +(s) —Na(g) + Ofyay) (1.1)
.k ¥
N2O(g) + Ofaas) —Na(g) + Oa(g) H(s) (1.2)
Oa(g) + 2{5) =200y, (1.3)
Model 2
* k4 *
N2O(g) +(5) —Na(g) + Ofaqy) (1.4)
* k5 *
NzO(g) + O(ads) —>N2(g> + OZ(ads) (15)
% k6 * *
O3 (aas) —O2() T(s) (1.6)
* * k *
O3 ads) sy —20aay) (1.7)

From Fig. 3, the conversion was still increasing when the temperature increased but
was less sensitive to the change in temperature. This means that the oxygen pro-
duction step (reaction 2 in model 1 or reaction 6 in model 2) occurred at a higher
rate than the oxygen re-adsorption step or oxygen inhibition step (reaction 3 in
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model 1 and reaction 7 in model 2). Because the N,O adsorption rate was inhibited
by the O, adsorption rate (also evidenced by the drop in the N,O conversion
increase rate in the 100% N,O feed), meaning that O, re-adsorption (reaction 3 in
model 1 and reaction 7 in model 2) occurred faster than N,O adsorption (reaction 1
for models 1 and reaction 4 for model 2). This leads to the following order of the
rate coefficients for all the elementary steps: (i) for model 1, k, > k3 > k; and (ii)
for model 2, ks and kg > k7 > k4. Reaction 1 in model 1 and reaction 4 in model
2 was presumably suggested to be the rate limiting step for both models (reaction 1
is the same reaction as reaction 4, thus, k; = ky).

In addition, complete conversion of N,O could be achieved at as low as 450 °C
when the feed concentration was 50%. This could be beneficial for adipic acid
manufacturing, which has a high concentration of N,O (~ 57%), and other
manufacturing that has the same amount of the N,O in the waste gas. From Fig. 3,
this process using LSCF3773 showed better performance compared to the
commercial process designed by Grande Paroisse, which offers the highest
conversion of N,O (99.7%) at 540 °C using Mordenite/NH4/Fe as a catalyst. For
a 25% feed concentration, complete conversion was achieved at a higher
temperature (550 °C) compared to that of the 50% N,O feed. The 25% feed
concentration can be useful for adipic acid plants who have a medium concentration
of N,O (~ 23%) in their tail gases and for other manufacturers that have the same
amount of N>O. This result is comparable to the result from BSCF’s N,O abatement
plants. Our process presumably offers 100% conversion, while BASF provides
99-99.9% conversion at temperatures ranging from 480 to 550 °C when using
various types of mixed metal oxide catalysts. Fig. 3 shows the results from GC-2014
for the N,O decomposition and the detectability at temperatures ranging from 300 to
500 °C. The results from temperatures from 600 to 800 °C were not included here
as they were similar to the results at 500 °C. N,O was not detectable at a reaction
temperature from 400 °C and up, indicating that N,O was 100% unless the N,O
level was less than the N,O sensitivity of the GC. For the pure N,O feed
concentration (100%), DuPont technology reported achieving 98.5% conversion at
402 °C using CoO and NiO/ZrO, as a catalyst, while LSCF3773 gave the same
conversion (98.5%) at a higher temperature, 700 °C. LSCF3773 is good for the 50%
N,O concentration feed and more suitable for treating the tail gas from adipic acid
manufacturing which has a high concentration of N,O in the tail gas.

Non-catalytic and catalytic N,O decomposition using LSCF3773

The homogeneous non-catalytic (direct thermal decomposition) and heterogeneous
catalytic N,O decomposition using LSCF3773 was carried out for comparison
purposes and is shown in Fig. 3. The conversion of both the catalytic and non-
catalytic reaction were relatively very small at temperatures lower than 350 °C. At
temperatures higher than 350 °C, LSCF3773 was found to significantly increase the
activity of the reaction, compared to the non-catalytic reaction at the same
temperature, which confirms that the activation energy of the reaction was reduced
by the use of a catalyst. LSCF3773 was found to maximize the increase in the
conversion from ~ 1 (non-catalytic) to 100% (catalytic) at 450 °C. A trace of
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yellowish gaseous NOy, as a by-product of N,O decomposition, was found in the
condenser at 800 °C and higher temperatures with or without catalyst use. The NO,
level was found to increase at higher temperatures. A lower operating temperature
ranging from 400 to 600 °C is suggested for LSCF3773 to avoid NO, production.

Kinetics
Rates

N,O decomposition over perovskite is sensitive to the oxygen mobility at medium
temperatures (300-600 °C) [41, 42]. The kinetics of the N,O decomposition over
LSCF3773 were examined at temperatures from 450 to 600 °C. Feed gas containing
50% N,O in Ar was introduced to the top of the reactor. The catalyst weight was
varied from 14.5 to 28.0, 42.5, and 56.0 mg to give different W, /Fn,0,0 values of
0.1083, 0.2091, 0.3173 and 0.4181 g.,sh/mol. The rates of reaction, order of the
reaction, activation energy and pre-exponential factor were achieved.

Apparent rate constant (k,,,(T)) and order of the reaction (n)

Figure 4 represented rates of the reaction at each temperature. Both k,,,(T) and n
were calculated and obtained by the graphical method shown in Fig. 5. The order of
the reactions was slightly less than 1, varying from 0.7 to 0.8, for all temperatures.
This indicates that oxygen inhibition was involved in the multi-step N,O
decomposition [26].

100 4
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Fig. 4 N,O conversion versus space time at various temperatures
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Activation energy (E,) and frequency factor or pre-exponential factor (k)

E, and ky, were estimated. Fig. 6 shows the graph obtained by plotting In
Kapp(T) against 1000/RT.

From Fig. 6, the apparent activation energy and pre-exponential factors
according to the Arrhenius plot for the temperature range of 450-600 °C were
estimated to be 42.96 kJ/mol and 161,135.35 mol/g., h bar, respectively. E, was
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Fig. 6 Arrhenius plots of In ku,,(T) versus 1000/RT for the decomposition of N,O in a temperature
range of 450-600 °C
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found to be lower than that of other catalysts invented by other works [12—14],
indicating the good performance of LSCF3773 towards the N,O decomposition.

Conclusion

Nano-sized LSCF3773 was successfully prepared using a sonication-assisted
precipitation method and is a promising catalyst for N,O decomposition. LSCF3773
showed better performance compared to other catalysts used in some of the most
recent industrial processes, which provide 99.7-100% conversion at approximately
540-600 °C. LSCF3773 could be useful for adipic acid manufacturing, which often
produces a high concentration of N,O (40-57%). N,O conversion values, rates and
apparent rate constants increased with increasing operating temperatures according
to the Arrhenius temperature dependency. Complete N,O conversion (100%) was
achieved at 450 °C when the N,O composition in the feed was 50% and Wy /Fn,0,0
was 0.7467 g...h/mol. LSCF3773 maximizes the increase in conversion from a
value of ~ 1% without the use of a catalyst use to 100% conversion in the presence
of LSCF3773 at 450 °C. An operating temperature lower than 800 °C was
recommended as NO, was detected at higher temperatures. The activation energy
and pre-exponential factor of the N,O decomposition over LSCF3773 were
42.96 kJ/mol and 161,135.35 mol/g.,h bar, respectively. The activation energy was
one of the lowest values compared to other previous works. This is possibly due to
the large radius of La and Sr atoms, which are believed to cause an increase in the
electron density of Co and Fe leading to a facilitated desorption of oxygen and an
increase in oxygen mobility. Reaction order of the N,O decomposition was slightly
less than 1 due to the inhibition of the produced oxygen in the multi-step N,O
decomposition. Oxygen inhibition occurred when full surface coverage was
presumably reached. This leads to the conclusion that the surface coverage
approached 1 (8 = 1) at 375 °C where the conversion of 100% N,O started to be
lower than that of the 50% N,O feed, indicating that the disappearance of N,O was
limited by insufficient active sites. The conversions were still increasing during
375-400 °C despite the fact that the surface was fully covered. This confirms that
the reaction occurs via the Eley—Rideal mechanism. In addition, the oxygen
inhibition was believed to be the cause of Co use rather than La, Sr and Fe because
of its oxygen binding energy, and therefore, substitution of the B site in LSCF3773
could be studied further to minimize the oxygen inhibition effect and enhance the
catalytic activity of N,O decomposition. Two model mechanisms were proposed
according to the experimental phenomenon. The order of the rate coefficients was
presumably k, > k; > k; for model 1 and ks and k¢ > k; > k, for model 2. The
N,O adsorption was suggested as the rate limiting step for both models. The detailed
mechanism of N,O decomposition could be achieved using a N,O pulse injection
decomposition technique. Temperature programmed desorption of oxygen could be
carried out in order to prove that the Langmuir-Hinshelwood mechanism was not
involved.
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