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ABSTRACT

The conventional Haber—Bosch process for nitrogen fixation is energy-intensive and associated with high greenhouse gas emissions. Plasma-assisted catalysis represents an
alternative approach for nitrogen oxidation under milder conditions. In this study, catalyst-assisted microwave plasma was investigated using alumina-based catalysts and alumina-
supported metal oxides (Mo, W, Co, and Ni). Microwave plasma alone predominantly produced NO, whereas the presence of catalysts promoted additional NO, formation,
indicating the importance of plasma—catalyst interactions. Catalytic performance depended strongly on the physicochemical properties of alumina, with 8-Al,03 exhibiting the
highest activity. Mo- and W-loaded catalysts further enhanced NOy formation, while Ni and Co showed weaker effects. An overall increase of up to ~30% in NOy production was
achieved compared to plasma alone.

1 Introduction

Nitrogen is an essential component of all living organisms and a basic element for synthesizing many chemical products [1-6]. However, N, which is the main constituent of our
atmosphere, is chemically inert and is inaccessible to most organisms in its original form. Therefore, to be utilized, it must be first converted into other more reactive forms like
ammonia or nitrates in a process named “NF.” The natural processes allowing NF are mostly lightning and the activity of some bacteria [7, 8]. Since the industrialization of agriculture
became necessary in view of the demand for food due to global population growth, the utilization of nitrogen-based fertilizers has driven the development of artificial NF processes [9].
Therefore, during the first decade of the 20th century, intensive research efforts led to the development of several industrial NF processes. The three most interesting processes that
have been developed are (i) the direct combination of nitrogen with oxygen in an electric arc (Birkeland-Eyde process, B-E), (ii) the reaction of nitrogen with calcium carbide (Frank-
Carlo process, F-C), at a high temperature to form calcium cyanamide, which is hydrolyzed to ammonia and urea and (iii) the synthesis of NH3 with the catalytic reaction between H;
and N, (Haber-Bosch process, H-B) [10-12]. Because of too high energy-cost, the B—-E and F-C processes have quickly been replaced by the H-B process which is still the dominant
approach [10]. In the H-B process, N; is combined with H, under extremely high pressures (100-250 bar) and moderately elevated temperatures (500°C) in the presence of an active
catalyst (Fe or Ru-based catalysts) to yield a high proportion of ammonia [12]. For a fully optimized and integrated H-B process, an energy efficiency as low as 0.48 M) mol™! of nitrogen
is reported [13, 14]. Nevertheless, despite this reliable performance, this process consumes almost 1%—2% of the world's total energy, emitting more than 300 million tons of carbon
dioxide annually [15]. In addition, a fully operational H-B process demands a large infrastructure that does not allow for decentralization on a small scale which makes the
transportation requirement an additional disadvantage of this method [15]. It is therefore necessary to develop new NF processes that allow for lower energy costs and present a
lower impact on the environment [16-19].

In this context, plasma-based processes, which are electrically driven processes (i.e., green method and fast responding), have gained a great deal of attention from NF. The plasma-
based NOy formation has been studied in many kinds of plasmas starting from the oldest B—E process to the lastly developed gliding arc plasmas [20-27]. Indeed, plasmas are reported
as one of the promising approaches for the activation of the N, bond as it denotes a reactive environment due to the presence of charges, excited species, and radicals [28, 29].
Recently, the importance of reactive species like atomic and molecular excitations of nitrogen and oxygen has been studied and discussed for NO, formation under various plasma
environments [21, 30]. Literature suggests that vibrationally excited N, molecules play a key role in N; fixation processes which can provide better energy efficiency for endothermic
chemical reactions in non-equilibrium conditions [21, 28, 29, 31]. Till now, non-thermal microwave plasma (MWP) with a magnetic field (electron cyclotron resonance) presented the
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oxygen atoms density, particle size, and material's texture are important for the NF reaction mechanism [60]. Highly porous supports such%s y-alumina can ensure good dispersion of
metal oxides and enhanced catalytic activity in gas reforming processes [61]. Moreover, the oxide of transition metals such as Co, Ni, Mo, W, and Ag supported on alumina have
stimulated much research interest due to their activity in several processes, including selective oxidization of the NOy [60, 62, 63].

According to the aforementioned research topics, in this study, the main objective is to obtain an in-depth understanding of catalyst-assisted NF process in the post-discharge of a low
pressure (266 Pa) microwave plasma (MWP) fed with N, and O, gases. Within this study, alumina alone and supported metal oxide catalysts were prepared, characterized and their
performances for NF were examined. To this end, Fourier Transform Infrared (FTIR) spectrometry was applied to measure products concentration. The effects of different parameters,
namely calcination temperature (7.y) and catalyst composition, were evaluated to reach optimal conditions within each parameter. The influences of catalyst properties on the
chemical pathway of NF, as well as yield and efficiency, were observed and optimized.

2 Materials and Methods
2.1 Catalyst Preparation

Supported metal oxide catalysts were prepared by the conventional wet impregnation method reported on ref. [60]. Aqueous solutions of each metal oxide precursor were prepared
separately by dissolving the corresponding precursor salts (ammonium heptamolybdate tetrahydrate, cobalt(ll) nitrate hexahydrate, nickel nitrate hexahydrate-Merck 99.0%, and
ammonium metatungstate hydrate-Alfa Aeser 99.0%) in distilled water in addition to 3:1 molar ratio of oxalic acid (Merck 99.5%) to ensure full dissolution of the precursor. Then,
cylindrical pellets of highly porous y-Al,03 (Alfa Aeser, SA: 220 to 280 m? g~') were added to the aqueous solutions and left for a few hours to ensure impregnation of y-alumina. Finally,
the solvent was mostly evaporated in a drying oven at 40°C first, at atmospheric pressure and later at reduced pressure. The dried solids were further heated at 110°C for 4 h and
calcined under ambient atmosphere at 600°C for 4 h in a furnace. In this article, supported metal oxide catalysts are referred to as Al-M X, whereas Al refers to Al,03, M indicating
metal nature, and X shows metal loading relative to the weight of the catalyst.

2.2 Catalyst Characterization

Surface areas of the samples were measured via a Micromeritics ASAP 2020 system at 77 K, using the N, adsorption/desorption isotherms multipoint Brunauer-Emmett-Teller (BET)
analysis method. The metal loading was controlled by the inductively coupled plasma optical emission spectroscopy (ICP-OES) using a VISTA-MAX VARIAN CCD Simultaneously ICP-OES
spectrometer. The characterization of the crystalline structure of the catalyst after crushing into powder was obtained by XRD in a Bruker D8 Advanced X-ray diffractometer (40 kv, 40
mA) using a Cu-Ka (0.154 nm) radiation at a scanning rate of 0.2° s™' from 10° to 100°. The nano-scale morphology of the catalyst samples was obtained by transmission electron
microscopy (TEM-Philips CM 200). Further, selected area electron diffraction (SAED) was used to investigate the crystalline structure of the catalyst.

2.3 Experimental Setup

Figure 1 gives a schematic representation of the experimental setup utilized in this study. The microwave (2.45 GHz) generator is connected to the reactor via a surfaguide, and plasma
is maintained in a quartz tube with a 14 mm inner diameter and 31 cm long. A pulse generator was used to operate the microwave in a pulse mode (pulse frequency = 0.5 kHz with 50%
duty cycle). The base pressure of the setup, defined as the pressure reached under full operational capacity of the vacuum system in the absence of any gas inlet, was approximately
80 Pa. During the experiments, the working pressure, determined by the applied gas flow rate of 0.8 SLM, was about 266 Pa. Table 1 gives the specific experimental conditions
investigated in this work. The discharge ignition takes place at the center of the quartz tube, where the waveguide is launched. A cylindrical vessel (with a volume of =6.2 cm3)
containing the catalysts (=4 g) is in the post-discharge region, roughly 20 cm away from the discharge center. More information about this reactor and its specifications can be found
elsewhere [64, 65].
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Schematic of the experimental setup.

Table 1. Specific conditions for MWP setup.

MW parameter Value
Mean power 0.7 (kW)
Pulse frequency 0.5 (kHz)
Duty cycle 50%
Base pressure 80 (Pa)
Working pressure 266 (Pa)
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constant operating conditions over a period of 100 min. After an initial transient, no significant variation in NOx concentrations was observ&d, confirming that steady-state conditions
were reached and maintained. Minor fluctuations in NOx levels were attributed to the progressive removal of adsorbed water molecules, which frees surface vacancies and slightly
favors NO: formation. All catalytic performances discussed in this work were evaluated under these steady-state conditions. The statistical error of NO, concentration measurements is
estimated to be about 5%—10% by repeating the measurements in the same experimental conditions.

Table 2. Specific parameters for FTIR spectrometer.

FTIR parameter Specification

IR source Mid—IR silicon carbide
Beam splitter KBr (8000-350 [cm~'])
Detector MCT Mid band (ZnSe)
IR beam diameter 5-40 (mm)
Resolution 0.08 (cm™)
Evaluating Absorption
Optical path length 110 (cm)

3 Results and Discussion
3.1 Reaction Channels in the N,-O, Catalyst-Assisted MWP

As mentioned before, MWP is highly effective in inducing vibrational excitation, making it a promising method for the NF process. Combining MWP with a catalyst either through an in-
plasma catalyst (IPC) or a post-plasma catalyst (PPC) system, can significantly enhance the overall process. The IPC approach enables short-lived reactive species such as radicals, ions,
photons, and electronically or vibrationally excited species to directly interact with the catalyst, offering additional pathways for targeted chemical conversions. However, in warm
plasmas like microwave or gliding arc discharges, which typically operate at several thousand degrees Celsius, directly inserting the catalyst into the plasma zone is technically
challenging. In such cases, the PPC configuration is more suitable, as it relies on long-lived reactive species (e.g., atomic and metastable species) that can escape the plasma and
subsequently interact with the catalyst. Moreover, placing the catalyst in the post-discharge region allows for the separate evaluation of plasma and catalytic effects, due to the minimal
direct interaction between the plasma and the catalyst. In Figure 2, the FTIR absorption spectra of MWP alone and with y-Al,O5 catalyst are depicted. The absorption bands of NO;, and
NO were recorded in spectral intervals of 1580-1650 cm™" and 1770-1960 cm~" and can be assigned to the fundamental vibrational transitions in the ground electronic states of NO;
and NO, respectively [66-68]. The absorption bands corresponding to the NOy molecules are given in Table 3. Indeed, MWP with a N»:0; (1:1) gas mixture ratio was selected based on
preliminary optimization experiments, induce only a double branch NO infrared transitions of X?M(v= 1) < X?M(v = 0) with a band head at 1876.2 cm™" [66, 67]. These transitions are
also in good agreement with the HITRAN database [69]. Introducing y-Al,Os into the system results in NO, molecule synthesis, which has fundamental infrared transitions of X2A;(v=
001) « X2A;(v=000) with the band head at 1616.9 cm™" [68].
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FTIR spectra with y-axis offset of microwave plasma (MWP) in black, and MWP with y-Al,O3 catalyst (Al-1) in blue.

Table 3. Assignments of the absorption bands monitored by FTIR.
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position. As far as we know, the synthesis mechanism of NO, in the post-discharge zone in the presence of a catalyst has not been studied%et, although several articles have explained
the formation of NO; in the IPC system [46]. Hence, to expand our knowledge about existing emission lines of reactive species OES was used. A typical broad emission spectrum from
the discharge active zone for N,-O, gas mixtures is shown in Figure 3. Table 4 provides a list of the most radiative species generated in the MW plasma zone which are involved in the
NOy synthesis process. Generally, due to the highly endothermic nature of N dissociation, elevated temperature is necessary [72]. In thermal processes, the direct dissociation of both
N3 and O, molecules is essential, but this requires approximately 15 eV to overcome their activation energy barriers. In contrast, in NTPs, NO formation from N,-O, mixture is initiated
through electron impacts [29]. In this way, energetic electrons driven by plasma introduce various vibrational excitations of N, and O, resulting in the dissociation and generation of N

and O atoms.
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Axial emission spectrum in the pulsed MW discharge for N»:0 (1:1) gas mixtures at an average applied power of 0.7 kW and a gas pressure of 266 Pa.

Table 4. Assignments of the emission bands monitored by OES.

Species Wavelengths covered (nm) Transitions System Reference
NO 205-275 AZs* X200 y system
N2 275-500 Ny — B3, 2nd positive
N2 520-780 B3Mg — A%sg 1st positive [70, 71]
0 777.3 O(3p°P — 35°5) —
o 844.6 0(3p°P — 3535) —

Initially, the vibrational excitation mechanism of N, reduces the bond strength of the molecule and allows for vibrational dissociation of N, for NO generation in non-thermal
conditions through reactions with atomic oxygen (R.1). In this reaction, O(3P) denotes ground-state atomic oxygen, whose effective lifetime in the low-pressure reactor is governed
nrimarilv hv heterasenentis wall recamhination and is tunicallv on the arder of 1072-1071 < Additinnal NO seneration can also he achieved hv a secandary exathermic nrocess throiish
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0,, N»-N and N»-O collisions. The influence of these V-T channels becomes progressively smaller with the increase of (R. 1) reaction rate, wiich is the predominant mechanism for the
formation of NO and N [30]. The formation of NO at different states such as NO(X) and NO(A) from the NO y-system (where X and A stand for the ground and excited states,
respectively) was investigated by Loureiro et al. [31] via modeling in the pressure range of 13-1330 Pa. They showed that NO(X) state formation mainly takes place via the reaction (R.1),
and destruction of NO(X) occurs via reverse Zeldovich mechanisms (R.2). Oppositely, NO(A) is predominantly produced by collisions of metastable N;(A) with ground state NO(X)
molecules. This NO(A) is lost by quenching with N5, O, and NO [74]. Apart from NO formation through N, vibrational states (R.1), NO can be formed as well through other pathways
likely through electronically excited N, namely NZ(BSI'Ig), upon reaction with O atoms or/and due to the reaction of N atoms with O (R.2). On the other hand, a significant NO loss
process results from the recombination of NO with O atoms leading to NO, formation through reaction (R.3). In general, we conclude that the N, vibrational pathway is important for
NO formation, in the conditions under study. Typically, in the MW plasmas, the gas discharge temperature is in the range of 1000°C to 4000°C [29]. In such elevated temperatures, NO
molecules are more stable than NO, molecules whereas NO, can be dissociated into the reactants in the reverse reactions (R.3 and R.4). Bahnamiri et al. studied the influence of gas
temperature on NO and NO; formation in the MWP system [71]. According to the authors, NO also is the final product as NO; cannot be detected due to its instability inside the
reactive zone of plasma. In presence of catalyst in the post-discharge zone, the formation of NO; is initiated over the catalyst where the temperature drops to about 300°C. In this
condition, the reactive species, whether generated by plasma or regenerated due to recombination reactions, can partially reach the catalyst surface to form NO, species. Formation of
NO; is more probable on alumina catalyst through stepwise reactions (R.5 and R.6) of adsorbed atomic oxygen with gaseous NO molecule to give away NO, molecule (Eley-Rideal
Model [56]).

(R.5)
(R.6)

This reaction pathway has been reported to dominate NO. formation in DBD plasma—catalytic systems operating in an IPC configuration [46]. In such systems, plasma-generated
species, including atomic oxygen O(P), can reach the catalyst surface with limited transport losses and may therefore contribute significantly to surface reactions.

In contrast, in the present PPC configuration, the direct involvement of short-lived electronically excited oxygen species originating from the plasma phase is unlikely. The relatively
long distance between the plasma active zone and the catalyst (approximately 20 cm, corresponding to a gas residence time of about 2 ms at a gas velocity of 100 m s™') strongly limits
the survival of such excited species due to collisional quenching and relaxation processes. Consequently, we assume that NO: formation over the catalyst is primarily driven by long-
lived species, in particular ground-state atomic oxygen O(3P), as well as by species generated through recombination reactions and NO decomposition (R1) occurring in the vicinity of
the catalyst surface.

3.2 Catalytic Activity of Al,O3 Prepared With Various Ty

The y-Al;03 derived from the boehmite precursor is the most important alumina for industrial catalytic applications. However, other alumina phases exhibit several metastable phases,
so-called “transition alumina phases”, such as g, 6, n, k, and thermodynamically stable a phase also playing a critical role in catalytic applications. Being highly relevant in catalytic
applications, in the past, the research on transition alumina was motivated by the interest in understanding the nature of surface properties, and their adsorptive and catalytic
behavior. Different structures of alumina can provide a diversity of surface-active sites for catalytic activity. In this work, to investigate the impact of different structures of alumina, y-
Al,03 was calcined at different temperatures and was then studied regarding NOy production (Figure 4). From this figure, we can observe that the T, does not significantly impact the
NO production, supporting the fact that, in our experimental conditions, the NO production is not significantly depending on the catalytic activity of alumina which is consistent with a
NO production dominated by plasma phase reactions. On the other hand, it appears that the T,y significantly impacts the NO, formation since we observe a dependence of the NO,
density as a function of the T,. Among the samples, Al,O3 calcined at 800°C shows a slightly better performance than the others. To correlate their properties to NOy formation
behavior, more detailed studies about the alumina structures and properties were performed.
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NO, formation depending upon the different T, of alumina used as catalyst in NF by MWP. The specific surface area of catalysts (Sggy) is represented by the green line.

3.3 Evaluation of Catalyst Features

The results of the surface area, pore size and volume for Al,0s after calcination at different temperatures are shown in Figure 5. Despite a drop in surface area from 240 to 10 m2 g™
(25°C-1200°C), NO production remains nearly unchanged (Figure 4), indicating it is not surface area-dependent. NO, formation correlates with the Sger of the catalysts, with the
alumina calcined at 800°C showing the highest NO. output among all T, variants. At first look, it seems counterintuitive, as it has a reduced BET surface area and pore volume
compared to the others. The observed phenomenon can be rationalized by the minimal alteration in surface texture detected during thermal treatment, as evidenced by the absence
of significant changes in catalyst pore size (refer to Figure 5). The reduction in the BET surface area is likely attributable to the process of particle sintering and agglomeration during
thermal treatment of catalysts. Hence, in this scenario, the predominant NO production cannot be ascribed to the porosity characteristics, despite their recognized impact on
influencing catalyst activities. As proven in literature, alumina at different temperatures provides different structures that could explain dissimilar catalytic behaviors.
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Effect of different T, of alumina on the porosity characteristics of the catalyst.

3.4 Study of Catalyst Phase Structure
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X-ray diffractogram of the alumina at different Ty (from 25°C at the bottom increasing to 1200°C on the top) showing phase change of alumina and beside the crystal structures of each phase were indicated (red dot: O atoms;

blue dot: Al atoms; blue and yellow polygons: octahedral and tetrahedral structures, respectively).

In XRD patterns, the -Al,03 formation is often recognized by gradual shifting, splitting of diffraction peaks, as well as by broadening of characteristic shoulders (see black blocks and
zoomed area in Figure 6). The diffraction features can be very subtle and readily masked by y-Al,03, which may be one of the reasons why it has sometimes been neglected in the
analysis. Nevertheless, during the phase transformation of y-Al,O3, the & phase shows better results in NO, production, which may be due to the reformation of the alumina
microstructure into the & phase. It is conventionally explained in terms of the gradual reordering from y to 8-alumina starting at 800°C and ending at 900°C. At 800°C, the phase
transformation is in its early stages and the & phase is not fully completed. However, & alumina at 800°C does not show any distinguishable characteristic peaks in the XRD pattern,
which contains a proportion of both tetrahedral and octahedral structure (= 0.6). In general, it is believed that during this transformation, different distortions and defects than y-Al,03
are introduced into the crystal structure to form new surface sites, which may be the main reason for NO, enhancement [78]. In addition, this transition phase has different oxygen
sub-lattices in a face-centered cubic crystal (fcc) structure. In transition phases, with the fcc crystal arrangement, oxygen anions and aluminum cations appear in many proportions with
octahedral and tetrahedral structures [79]. But, correlating NO; increment with this transition phase is a challenging task due to the coexistence of distinct phases with similar
structures and distorted crystal lattices. Phase transformation sequence from metastable alumina structures toward the stable a phase during heating is presented by H. Dexert et. al.
[77] The structural change from the & phase into 6 (with the 50% ratio of both octahedral and tetrahedral Al) and a (100% of octahedral Al) phases with its close-packed crystal (hcp)
structure agrees with a sharp decrease of Sger as observed in Figure 5 that also corresponds to low activity of catalysts regarding NO, production.
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TEM micrographs and SAED patterns (inset graphs) of the alumina at different T ,;; (@) 25°C, (b) 25°C, (c) 600°C, (d) 800°C, (e) 1000°C, and f) 1200°C.

3.6 Effect of Catalyst Composition

In the context of the N; activation in catalyst-assisted plasma, a common strategy involves enhancing the back donation of p-electrons from transition metal oxides into the
antibonding orbital of N, [80, 81]. In literature, among the few studies on the topic, the best results were achieved with MoO3 deposited on the inner wall of a RF plasma reactor [37,
57]. And yet, alumina is widely used as a catalyst support due to its high surface area, porosity, and thermal and mechanical stability, among other support materials reported in the
literature [82-84]. Therefore, we aimed to enhance the NF process in the post-discharge zone of MWP by applying Mo oxide impregnated on distinct phases of the Al,O3 as a support
catalyst. Figure 8 shows the normalized NOy concentration measured for the MWP discharge alone and alumina supported with a 5 wt% Mo oxide loaded at different 7. For all
catalysts, we observed a slight enhancement of NO and NO; signals’ intensity compared to the plasma process (MWP) alone and a slight positive effect on NOy production due to the
presence of Mo, particularly for calcination at 600°C and 800°C (y and & phases). Literature suggests many chemical reaction pathways for NO, formation in NTPs through catalytic
routes (e.g., with ionized species or atomic nitrogen, etc.). Nevertheless, Gicquel et al. [57] proposed the following reaction mechanism for NOy synthesis on MoOs catalysts:

(R7)
(R8)
(R9)
(R10)
(R.11)

(R.12)
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NOy formation depending upon the different ¢y of alumina with 5wt% Mo oxide loading used in MWP.

The above-mentioned reactions were predominant in an IPC system, in which MoO3 was deposited on the inner wall of a RF plasma reactor. In this context, N-* denotes vibrationally
excited nitrogen molecules, Nx(X, v > 0), and possibly metastable N2(A3%y*), rather than short-lived electronically excited states. Based on the reactive species identified in the MWP
system by OES (Table 4), a similar NOx formation pathway (R. 7-R. 12) is likely operative in the present experiments. It should be noted that OES detects only radiative excited states
and therefore does not directly represent ground-state or metastable species. Nevertheless, consistent with observations of the catalytic activity of alumina at the PPC position, the
limited performance of Mo-based catalysts in the PPC configuration is more plausibly attributed to catalyst-specific surface phenomena-such as adsorption efficiency and surface
reaction pathways-rather than to the intrinsic lifetimes of plasma-generated species. Comparable behavior has been reported for air plasma jet systems coupled with heterogeneous
catalysis [85].

To understand the performance of catalysts regarding NOy formation and to clarify their structure, XRD data were collected (Figure 9). For samples with T4 below 600°C the expected
XRD lines of y-Al,03 were observed. The small boost in NOy with y phase catalysts seems to be due to the gradual formation of MoO3 monolayer systems, as often referred to in
literature. Spreading of MoOs species over the support surface can introduce new active sites [86-88]. In this way, a layer of MoOs on the support can modify the surface free energy of
the system with less impact on the bulk structure, as there is no evidence of Mo crystallite peaks or other peaks deformation on the XRD pattern of the sample calcined at 600°C. Mo-
related peaks only appear in Mo-loaded samples with T, above 800°C with peaks at 26 of 15.6, 20.9°, 22.2°, 23.2°, and 23.5° corresponding to Al;(MoO,); structure [89]. In literature, it
is mentioned that apart from the preparation method, due to the high dispersion ability of Mo on the alumina support at higher thermal treatment temperature (> 600°C), Al,(M0oO4)3
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catalyst (Al-Mo 5 or Al-W 5), a 30% enhancement in NO, production is observed. Of this enhancement, 25% can be attributed to the contridttion of y-Al,03, accounting for
approximately 10% of NO and 15% of NO; formation.
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XRD patterns of Mo oxide loading (5 wt%) on different Al,05 phases (red block indicates peaks of Al,(MoO,4); formation).
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Effect of different metal oxides loading (5 wt%) on y-Al,03 in NOy production.

4 Conclusions

Nitrogen fixation via catalyst-assisted, low-pressure pulsed microwave plasma was investigated using alumina-based heterogeneous catalysts. The catalysts were placed in the post-
discharge zone of an MWP fed with an N.-O- gas mixture, and their performance toward NOx formation was evaluated by FTIR spectroscopy. In contrast to plasma operation without a
catalyst, the presence of alumina enabled the formation of NO., demonstrating that alumina provides an additional reaction pathway at the gas—solid interface and acts as an active
catalyst for nitrogen fixation.

Thermal treatment of alumina revealed a limited influence of calcination temperature on NO formation ( ~ 10%), whereas a clear correlation with NO- production (~ 15%) was
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compared to plasma alone was achieved, with about 25% attributed to y-Al.Os. The highest NOx yield (~4.5%) was obtained with the lowest®nergy cost (~15 MJ mol-"), corresponding to
a maximum energy efficiency of ~0.6% for the Al-Mo 5 catalyst.
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