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Abstract

Nitric acid (HNQO:3) is predominantly produced in large production plants using the Ostwald process.
In view of its widespread application as synthetic fertilizer, small scale and local production becomes
of interest. The chemical precursor of nitric acid is NOx gas which can be produced from air at
percentage-level concentration using small-scale electrically powered warm plasma reactors. The
absorption and disproportionation chemistry of concentrated NOx streams under pressure and in
minimal amounts of water, as in the Ostwald process is well documented. However, the chemistry
at lower NOx concentration levels, without pressurization and in presence of excess water, relevant
for nitric acid production with NOx streams from warm plasma has received much less attention. In
this work, the NOx absorption chemistry is investigated at pH values of the scrubber solution in the
range of 1 to 5. The kinetics of NOx absorption are found to be strongly pH dependent, requiring up
to hours of recirculation to reach steady state conditions. Once at steady state conditions, the NOx
removal efficiency turns out to be rather pH independent. The formation of nitrous acid (HNO:)
byproduct reaches a constant value based on a dynamic equilibrium of its formation and
decomposition. Approaches to minimize undesired nitrite and nitrous acid byproduct formation are
discussed.

Keywords: green nitric acid production; warm plasma; plasma NOx; NOx absorption

1. Introduction

Ammonium nitrate fertilizer, an essential element in our global food production system is
currently produced in large chemical plants [1,2]. Ammonia (NHs), being the base chemical, is
produced in the Haber-Bosch process. Ammonia synthesis, using hydrogen gas produced from fossil
methane is responsible for a significant percentage of the global carbon dioxide emissions [3-5]. In
the subsequent Ostwald process, NHs is catalytically oxidized with Oz to form NO2, which upon
reaction with water forms HNOs. The chemistry of this industrial absorption processes is complex.
The process entails about 40 entangled reaction steps with intermediates and by-products such as
HNOz2, N20, N20s and N20s4 [6]. NO oxidation and NO: absorption are performed under pressure of
up to 10 bar and at NOx gas concentrations of around 10%. The commercial HNOs product is typically
a concentrated aqueous solution containing 65 wt.% HNOs [7-9].

Electricity-powered warm plasma technology is an emerging alternative for nitric acid
production and even has the potential to fixate N2 into NOx with a lower net energy consumption
than the combined Haber-Bosch and Ostwald process [10]. In the plasma electrons and gas molecules
are excited such that nitrogen and oxygen gas from atmospheric air react to NO« [10,11]. Like in the
Ostwald process, NOx needs to react with water to form HNOs. However, in a plasma process NOx
is produced at concentrations in the range of a few percentages, which is substantially lower than in
the Ostwald processes (ca. 10%), leading to different absorption conditions [7,8,10].
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Besides serving as a precursor for HNOs, NOx gas is also a known air pollutant emitted at parts-
per-million levels during combustion processes [12,13]. NOx scrubbing is an end-of-pipe solution to
eliminate it from flue gas [14,15]. Under the near ambient temperature and pressure conditions, the
low aqueous solubility of NO and the slow kinetics of its spontaneous oxidation to the better
dissolving NO: often necessitate the use of oxidizing agents like H2O2 and Os [15-19]. The partial
pressure of NOx and the NO; - to - NO ratio significantly influence the absorption performance and
the formation of HNO:2 versus HNOs [12,20,21]. Alkaline scrubbing solutions are often deemed more
effective for NOx removal compared to neutral of acidic solutions due to the acidic character of NOx
[12].

Given the current relatively small size of plasma reactors for NOx production, a scrubber unit
for producing HNOs from plasma-generated NOx should be simple and operated without
pressurization and added chemicals. The operation conditions of such NOx scrubbers are in between
those of the Ostwald process and NOx emission abatement technologies. While NOx absorption is
extensively modelled for example by Patwardhan et al. [22], only limited experimental research has
been performed in NOx to HNOs conversion, specifically under reaction conditions relevant to
plasma-NOx. Notably, much of the experimental research in this area focuses on short-duration tests,
often with recirculation times for the scrubbing solution limited to an hour [20,23].

In this work the absorption reaction network of NO«-containing gas, simulating the gas mixture
produced from ambient air in a warm plasma reactor is experimentally investigate for long term
recirculation. Insight is gained on the influence of scrubbing pH on NOx absorption kinetics,
capacities and on the formation of undesired nitrous acid side product without the addition of
oxidizing agents.

2. Results

2.1. NOx Scrubbing Experiments

NOx scrubbing experiments were performed in a column with an empty bed volume (EBV) of
780 mL with 400mL recirculation solution of which the pH was kept fixed at values of 1,2, 3,4 and 5
by dosing KOH (Figure 1). A gas mixture consisting of 1% NO, 20% Oz and 79% Nzenters the column
in counter current with the solution at a flowrate of 3 L/min. In order to ensure sufficient contact area
the column is filled with an inert packing material. In- and outgoing NOx gasses are analyzed in-line
using a UV detector. The HNOs, NOz and HNO:2 content of the scrubber solution was analyzed on
regularly taken samples, therefore HNO:was deprotonated to NOz by adding buffer solution of pH
7 to enable quantification with ion chromatography. The combination of NO2 and HNO: will later
on be referred to as total nitrate concentration. For more information see section Methods.
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Figure 1. NOx scrubber experimental setup. a) pH and temperature monitoring; b) pH controller; ¢) KOH
solution pump; d) recirculation pump; e) scrubber solution sample valve; f) cryostat; g) NOx gas analyzer; h)
absorption column filled with packing material; i) round bottom flask with probe inlets; j) bypass valve —)

direction of gas flow —) direction of liquid flow.

2.2. Scrubber Liquid Analysis

The nitrate, nitrite and total nitrite concentration, standing for the sum of NOz and HNOz in the
scrubber solution were determined at 1 h time intervals (Figure 2). The experiments at pH 4 and 5
were run over two days. No liquid samples were taken during the night. The nitrate concentration
steadily increased throughout the five experiments at different pH values. After 6 h scrubbing, the
nitrate concentration in the scrubber solution reached values of 12.6 mM at pH 1; 14.0 mM at pH 2;
10.4 mM at pH 2; 472 mM at pH 3, and 2.97 mM at pH 5 (Figure 2). The nitrate accumulation
decreased with increasing pH value.

The total nitrite concentration displayed increasing concentrations at higher pH value. At pH 1,
2 and 3, the total nitrite concentration reached a plateau after 2 to 4 hours (Figure 2) at ca. 3.37 mM,
3.86 mM and 5.41 mM for pH 1, 2 and 3, respectively (Table 1). At pH 4 and 5 the total nitrite
concentration in the circulating solution did not reach a plateau, even when the scrubbing was
prolongated to 30 hours. The total nitrite concentrations rose to 21.6 and 38.4 mM, respectively at pH
4 and 5. At pH 5 nitrite is the main NOx-derived compound in the scrubber liquid.
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Figure 2. Nitrate, total nitrite and nitrous acid concentration in the scrubber solution during NOx scrubbing
experiment at pH 1, 2, 3, 4 and 5. For experiments at pH 4 and 5 the scrubber solution was not sampled during
the night in the period from 9to 20 h.

After the total nitrite concentration plateau was reached at pH 1, 2 and 3, the calculated HNO:
concentrations reached very similar concentrations of 3.35, 3.63 and 3.32 mM, respectively (Table 1).
At pH 4, the HNO: concentration reached 2.95 mM at the end of the 30 h testing period and did not
fully reach a plateau yet, suggesting it could still increase to reach a value similar to that reached in
the experiments at lower pH. At pH 5 the final HNO: concentration reached only 0.599 mM, which
is substantially below the plateau value reached at lower pH. Under this condition, it may take a very
long time to reach the plateau.

Table 1. Total nitrite , actual NO2> and HNO:2 concentrations in the scrubber solution at the end of the
experiments of Figure 2 at different pH.

pH Time (h) Total NOz (mM) NOz (mM) HNO: (mM)
1 6 3.37 0.0211 3.35
2 6 3.86 0.229 3.63
3 6 5.41 2.09 3.32
4 30 21.6 18.6 2.95
5 30 38.4 37.8 0.599

2.3. Gas Phase Analysis

The NOx concentration in the gas exiting the scrubber under the different pH conditions is
presented in Figure 3a and b. In experiments at pH 1, 2 and 3, NOx outlet concentrations initially
were around 800 ppm, and increased during the experiment until a plateau value of ca. 1,800 ppm
was reached. The corresponding NOx removal efficiency decreased from ca. 95% initially, to 82.5%,
83.9% and 83.0 % at pH 1, 2 and 3, respectively (Figure 3c).

At pH 4 and 5, the outgoing NOx gas concentrations were significantly lower after 7 hours, and
still increasing (Figure 3b). When prolonging the scrubbing to 30 hours at pH 4, a plateau value of
ca. 84.2% removal efficiency was reached (Figure 3c), which is in the range of values obtained at pH
1,2 and 3. At pH 5 even after 30 hours the removal efficiency kept on decreasing slowly. Very long
times would have been needed to verify the reaching of a plateau. Gaps in data are due to a set-up
malfunction leading to an artefact in the data, irrelevant for further interpretation.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. a) NOx outlet concentrations (ppm) for experiments over a time span of 7 hours at pH 1, 2 and 3; b)
over a time span of 30 hours at pH 4 and 5;. c) NOx removal efficiencies at all pH values over a time span of 7
hours; d) Removal efficiency in scrubbing experiment at pH 4 and 5 over a time span of 30 hours. For
representation, the moving average over 20 points of each curve is taken. Standard deviations of the curves of
pH 1, 2, 3,4 and 5 were 16, 68, 100, 38 and 28 ppm, respectively.

3. Discussion

The reaction network of NOx gas absorption in aqueous media is complex and involves
dissolution as well as chemical reactions involving reaction intermediates and reversible and

irreversible reactions in gas as well as liquid phase. The reactions considered most important in the
gas phase are presented in Eqns. 1-4 [6,23-25].

2NO+0:— 2NO: (1)
NO+NO: = N2Os @)
NO +NO:z + H:0 = 2 HNO: 3)
2NO: = N:Os )

According to Eqns. 1-3, NO gas is converted into NOz, N20s, and HNOx, respectively, which are
more water-soluble. NO: also dimerizes to form N204 (Eqn.4).

The main reactions in the liquid phase are given in Eqns. 5-8. Dissolved N20s, and N20s are
converted into either HNO:2 or a combination of HNO2 and HNOs [22,25,26]. The reactions of Eqns.
5-8 are often assumed irreversible since the rate of the back reactions, being bimolecular, is considered
negligible in the present diluted, aqueous solutions [23,27-29].

2NO2 +H0 — HNO:+HNO:s 5)

N20s +H0— 2 HNO: (6)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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N20s +H20— HNO: +HNOs (7)
3HNO: — H0+2NO+HNOs (8)

In liquid phase nitrous acid is prone to dismutation leading to HNOs;, NO and HO formation
according to Eqn. 8[22,26,30,31]. The poorly soluble NO molecules desorb from the solution and
return to the gas phase, where they re-enter the reaction network [32]. The HNO2 decomposition
reaction mechanism is often assumed as described by Schwartz et al. to be 4t order in HNO, but
accurate rate equations remain matter of discussion [26,28,29].

The observation of a total nitrite (NO2 and HNO:) concentration plateau in the scrubber liquid
at fixed pH values of 1, 2 and 3 (Figure 2) can be explained as follows. Nitrous acid decomposition is
a dismutation reaction involving several HNO: molecules and a reaction order higher than 1 (Eqn. 8)
[28,29]. With increasing HNO:z concentration, the HNO: dismutation reaction rate will increase until
it equals the rate of HNO: formation (Eqns. 5-7), leading to a steady state HNO: concentration. At a
constant pH, this also means a steady state NOz concentration.

This is in agreement with what is seen in the analysis of the gas phase. The decrease of the NOx
removal efficiency with time at constant pH (Figure 3) could be attributed to this formation of NO
by HNO: dismutation (Eqn. 8). Here as well it is remarkable that once the system reaches its steady
state, NOx removal efficiencies are very similar for pH 1, 2, 3 and 4. The similar limitation of the NOx
removal efficiency is also likely to be a consequence of the similar HNO2 concentration (Table 1) and
the equal rate of the HNO: decomposition reaction (Eqn. 9).

While at steady state the pH does not seem to influence the removal efficiency, in the transient
period the pH does matter as observed in earlier studies [12,21,23,33]. The time after which the steady
state condition is reached, is pH dependent. For tests at pH 1, 2 and 3 the HNO: concentrations
reaches steady state after approximately four, five and six hours, respectively. At pH 4 and 5, the
accumulation of HNO:z in the scrubber solution progresses much slower (Figure 2). This can be
attributed to the acid dissociation reaction. The higher the pH, the more HNO: directly dissociates
into NO2 and the longer it takes for HNO: to accumulate enough for the dissociation reaction (Eqn.
8) to balance the formation rate. Per pH unit, ten times more HNO:2 is converted to NOz, which is
reflected in Table 1. The test at pH 4 nearly reached its steady state after 30 hours, but the test at pH
5 did not reach this level within the tested timespan. An important conclusion to draw is that running
experiments for shorter timespans than necessary to reach steady state, could wrongly lead to the
assumption that increasing the pH of the scrubbing solution also increases the removal efficiency on
the long term.

Nitrate, being a strong acid and assumed always in its dissociated form, accumulates over time
in the scrubber solution (Figure 2). In the transient period the concentration increases more than
proportional with time. This can also be attributed to the increasing rate of the HNO: decomposition
reaction (Eqn. 8) which also forms HNOs. Given the steady state NOz and HNO: concentrations and
the ongoing NOs  accumulation there is no point in expressing a nitrate selectivity in these tests as it
is strongly time dependent. What can be expressed is the steady state NO2 amount that remains
present. In practical applications of nitrate fertilizer production, nitrite and nitrous acid are undesired
side products. Even though maximal allowed nitrite concentration in nitrogen fertilizer is in many
countries not explicitly regulated, effects of nitrite toxicity are reported at concentrations starting
from 0.11 mM [34]. It is however known that nitrite is in soil processes rapidly transformed in nitrate
[35]. This study hints at a few options expected to lower the steady state HNO: concentration without
sacrificing the NOxremoval efficiency.

A first approach to consider, is to increase the liquid volume. For a constant EBRT but larger
liquid volume, a slower increase in HNO: concentration is expected for the same absolute amount of
NOx absorbed. This means that also the dismutation reaction is slowed down, resulting in a lower
steady state HNO: concentration and NO formation. For experiments at pH 1 with a liquid volume
of 250 mL and 400 mL, similar removal efficiencies of 83.6% and 82.5% were reached, respectively.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Total nitrite concentrations stagnated after 6 hours at 4.07 and 3.37 mM for 250 mL circulation volume
and 400 mL. Respectively, 4.04 mM and 3.35 mM of this were in the form of HNOxz. Increasing the
volume of the scrubbing liquid 1.6 times, reduced the nitrite content with around 17%. Increasing the
liquid volume as well as slowing down the dismutation reaction, also decreases the rate of NOs
formation. After 6 hours a nitrate concentrations of 19.6 mM and 12.6 mM were obtained for 250mL
and 400mL scrubbing solution. However, this can be remedied by increasing the time over which the
experiment in ran.

As shown in other experimental contexts an important factor influencing the nitrite content is
the NOx oxidation ratio [12,20]. By oxidizing NO to NO2 and forming N20x instead of N20s, reactions
of Eqns. 4, 5 and 7 are favored over reactions of Eqns. 3 and 6, lowering in this way the HNO:
formation and dismutation rate. The NOx oxidation ratio is dependent on the composition of the
plasma produced NOx gasses but also by the oxidation reaction of NO (Eqn. 1), which is second order
dependent on NO partial pressure and first order dependent on O: partial pressure [22,36]. As often
done, pressurizing the air in or at the outlet of the plasma process will improve the NO: content of
the NOx and the nitrate selectivity in the scrubber as showcased by Tsonev et al. reaching an OR of
94% [37]. Another solution is to prolong the residence time of the gas in the scrubber.

A final option to further lower the nitrite content would be to store the scrubbing solution in a
storage tank, after the desired nitrate concentration is reached. The dismutation reaction of HNO:
proceeds spontaneously but is slow. Favored by a low pH, undesired nitrite and nitrous acid are
expected to be eliminated over time, producing nitric acid and NO gas. The gas phase enriched with
NO could be recovered from the storage tank and again injected in the scrubber to ensure no NOx in
released to the environment.

4. Materials and Methods

The experimental set-up for NOx absorption experiments is depicted in Figure 1, see section
Results. A mixture of NO, Oz and N: gases delivered from gas cylinders was fed to the absorption
column. Absorption liquid was circulated in such a way that gas and liquid are running in counter
current. Large contact area was assured between liquid and gas by filling the column with packing
material consisting of 6 mm glass Raschig rings. The column was kept at constant temperature of
293K by a cryostat. The liquid outlet of the column is connected to a round flask with openings for
the gas inlet, base solution inlet, pH probe (Mettler Toledo, SevenCompact) and pH control system
(Hannah instruments, HI510 and HI1006-1850).

The inlet gas mixture was composed of 1% NO, 20% Oz and 79% Nz, and fed from gas cylinders
using mass flow controllers (Bronkhorst, EL-FLOW). The flow rate was 3 L/min. NO and NO2
concentrations in the gas mixture were measured with an UV-analyzer (ABB AO2020 Limas11HW).
Before starting the absorption, the feed gas was run during 30 minutes in bypass mode and sent
directly to the analyzer without passing through the column to allow the gas composition to stabilize
and to be verified. The NO and NO: removal efficiency (RE) was estimated as the difference between
the in- and outlet concentration divided by the inlet concentration (Eqn. 9):

tend
ftend—Smin (CNOX out)

RE (NO)% =1 — «100 9)

tend
ftend—Smin (CNOX bypass)

In the bypass phase of each experiment some NO oxidation already occurred in the gas lines,
resulting in a mixture of NO and NO: to reach the scrubber column. The oxidation ratio (OR) defined
as the ratio of the concentration of NO: over total NOx is determined according to Eqn. 10. Oxidation
ratios were very similar “ r all tests with OR values of 0.56 + 0.008.

CNOZ in

OR (10)

CNOZ in + CNOin

The pH of the scrubbing solution was kept constant as follows. The round flask was filled with
acidified aqueous solution of H2504 (Acros Organics, 96 wt%) or HsPOs (Acros Organics, 85 wt%) at

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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the intended pH, in the range from pH 1 to pH 5. During operation of the absorption column, the pH
was monitored and kept constant by dosing 0.2 M KOH (Sigma-Aldrich, >85%). Liquid samples were
taken every hour. Liquid samples taken from the round flask were diluted 100 times and buffered at
pH 7 using an equimolar mixture of 0.005 M NaH2POs (Merck, > 99%) and Na:HPOs (Merck, 98-
100%). Nitrous acid is a weak acid being only partially deprotonated under acidic conditions.
Protonation-deprotonation equilibrium of nitrous acid was considered to be established in the
scrubber solution under all conditions. Estimates of the actual concentration of nitrous acid based on
total nitrite analysis were made assuming a nitrous acid pKa value of 3.20 (Eqn. 11) [38].

_[NOz] 107PH

[HNO,] = — o (11)

At this pH value nitrous acid is deprotonated which is needed for quantification using anion
chromatography. The nitrate and nitrite content of the liquid samples were analyzed using ion
chromatography (Metrohm Eco IC, A Supp 5 column, 850 IC conductivity detector).

5. Conclusions

This study provides experimental data on the NOx absorption chemistry in aqueous solution
under conditions relevant for small scale fossil carbon-free nitric acid production based on thermal
plasma technology producing NOx gas at concentrations of around 1%. An aqueous solution with
constant pH in the range 1 to 5 was recirculated over a packed scrubber column ensuring large contact
area.

The NO« removal efficiency is observed to be higher for increased pH at the onset of the
experiment, yet decreases over the course of the experiment to a plateau value of 83%, independent
of pH. The explanation lies in a corresponding increase in the HNO2 concentration until a plateau is
reached, and a negative correlation between HNO: concentration and removal efficiency. The steady
state HNO: concentration and, therefore, the HNO: decomposition rate are observed to be very
similar for all pH values. It is thus concluded that pH does not influence the removal efficiency when
running experiments sufficiently long for steady state to be reached. However, pH does remain an
important parameter concerning the NOz concentration as it is the determining factor in the NOz <
HNO: equilibrium.

This paper indicates the importance of HNO: as a key compound in the systems transient period
as well as in the reaction steps which contribute to ultimately reaching a steady state removal
efficiency.

Supplementary Materials: Not applicable

Author Contributions: Conceptualization, L.H. and J.M.; methodology, A.V. and R.D.W.; software, L.H., A.V.
and R.DW.; validation, A.V. and R.D.W; formal analysis, A.V and R.D.W.; investigation, A.V. and RD.W.;
resources, ].M.; data curation, A.V. and R.D.W.; writing—original draft preparation, A.V.,, RD.W. and L.H,;
writing—review and editing, ].M..; visualization, A.V.; supervision, ].M.; project administration, L.H and A.V;

funding acquisition, L.H. and J.M. All authors have read and agreed to the published version of the manuscript.

Funding: The authors gratefully acknowledge the support of the European Union, Next generationEU and the
Research Foundation Flanders (FWO) for funding the PNAC project (Grant number G0G2322N), the Flemish
government (department EWI) in the STAP project (ref. AH.2022.000690) and H.L. also acknowledges Flanders
Innovation & Entrepreneur-ship for an innovation mandate (Number HBC.2023.0674).

Institutional Review Board Statement: Not applicable
Informed Consent Statement: Not applicable
Data Availability Statement: Dataset available on request.

Acknowledgments: The authors acknowledge the assistance of Stef Usé for construction and maintenance of the

test set up.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2432.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2025 d0i:10.20944/preprints202506.2432.v1

9 of 11

Conflicts of Interest: The authors declare no conflicts of interest

Abbreviations

The following abbreviations are used in this manuscript:

OR Oxidation Ratio
EBV Empty Bed Volume
RE Removal Efficiency
References

1. Hannah Ritchie How Many People Does Synthetic Fertilizer Feed? Available online:
https://ourworldindata.org/how-many-people-does-synthetic-fertilizer-feed (accessed on 2 August 2024).

2. DG Agriculture and Rural Development, U.A. and outlook Fertilisers in the EU Prices, Trade and Use; 2019;
Vol. 15;.

3.  Kyriakou, V.; Garagounis, I.; Vourros, A.; Vasileiou, E.; Stoukides, M. An Electrochemical Haber-Bosch
Process. Joule 2020, 4, 142-158, doi:10.1016/j.joule.2019.10.006.

4.  Bird, F,; Clarke, A.; Davies, P.; Surkovic, E. Ammonia: Zero-Carbon Fertiliser, Fuel and Energy Store; Royal
Society: London, 2020;

5. Mayer, P.; Ramirez, A.; Pezzella, G.; Winter, B.; Sarathy, S.M.; Gascon, J.; Bardow, A. Blue and Green
Ammonia Production: A Techno-Economic and Life Cycle Assessment Perspective. iScience 2023, 26,
107389, doi:10.1016/j.isci.2023.107389.

6. JOSHI, ].B.; MAHAJANI, V.V.; JUVEKAR, V.A. INVITED REVIEW ABSORPTION OF NOX GASES. Chem
Eng Commun 1985, 33, 1-92, doi:10.1080/00986448508911161.

7.  Grande, C.A.; Andreassen, K.A.; Cavka, ].H.; Waller, D.; Lorentsen, O.-A.; Qien, H.; Zander, H.-J.; Poulston,
S.; Garcia, S.; Modeshia, D. Process Intensification in Nitric Acid Plants by Catalytic Oxidation of Nitric
Oxide. Ind Eng Chem Res 2018, 57, 10180-10186, doi:10.1021/acs.iecr.8b01483.

8.  Salman, A. ul R.; Enger, B.C,; Auvray, X,; Ladeng, R.; Menon, M.; Waller, D.; Renning, M. Catalytic
Oxidation of NO to NO2 for Nitric Acid Production over a Pt/A1203 Catalyst. Appl Catal A Gen 2018, 564,
142-146, doi:10.1016/j.apcata.2018.07.019.

9.  Thiemann, M.; Scheibler, E.; Wiegand, K.W. Nitric Acid, Nitrous Acid, and Nitrogen Oxides. In Ullmann’s
Encyclopedia of Industrial Chemistry; Wiley, 2000; Vol. 24, pp. 177-223.

10. Rouwenhorst, KH.R.; Jardali, F.; Bogaerts, A.; Lefferts, L. From the Birkeland—-Eyde Process towards
Energy-Efficient Plasma-Based NO x Synthesis: A Techno-Economic Analysis. Energy Environ Sci 2021, 14,
2520-2534, doi:10.1039/DOEE03763].

11. Jardali, F.; Van Alphen, S.; Creel, J.; Ahmadi Eshtehardi, H.; Axelsson, M.; Ingels, R.; Snyders, R.; Bogaerts,
A. NOx Production in a Rotating Gliding Arc Plasma: Potential Avenue for Sustainable Nitrogen Fixation.
Green Chemistry 2021, 23, 1748-1757, doi:10.1039/DOGC03521A.

12.  Thomas, D.; Vanderschuren, J. Nitrogen Oxides Scrubbing with Alkaline Solutions. Chem Eng Technol 2000,
23, 449455, doi:10.1002/(SICI)1521-4125(200005)23:5<449:: AID-CEAT449>3.0.CO;2-L.

13.  Sun, Y.; Zwolinska, E.; Chmielewski, A.G. Abatement Technologies for High Concentrations of NO x and
SO 2 Removal from Exhaust Gases: A Review. Crit Rev Environ Sci Technol 2016, 46, 119-142,
doi:10.1080/10643389.2015.1063334.

14. Liu, B,; Peng, D.; Chiang, P.-C.; Chu, C. Performance Evaluation of NOx Absorption by Different
Denitration Absorbents in Wet Flue Gas Denitration. | Taiwan Inst Chem Eng 2023, 145, 104840,
doi:10.1016/j.jtice.2023.104840.

15.  Zhu, Z.; Xu, B. Purification Technologies for NOx Removal from Flue Gas: A Review. Separations 2022, 9,
307, doi:10.3390/separations9100307.

16. Skalska, K.; Miller, J.S.; Ledakowicz, S. Intensification of NOx Absorption Process by Means of Ozone
Injection into Exhaust Gas Stream. Chemical Engineering and Processing: Process Intensification 2012, 61, 69—
74, doi:10.1016/j.cep.2012.06.007.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2432.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2025 d0i:10.20944/preprints202506.2432.v1

10 of 11

17. Thomas, D.; Vanderschuren, J. The Absorption-Oxidation of NOx with Hydrogen Peroxide for the
Treatment of Tail Gases. Chem Eng Sci 1996, 51, 26492654, doi:10.1016/0009-2509(96)00131-5.

18. Myers, E.B.; Overcamp, T.J. Hydrogen Peroxide Scrubber for the Control of Nitrogen Oxides. Environ Eng
Sci 2002, 19, 321-327, d0i:10.1089/10928750260418953.

19. Si, M,; Shen, B.; Adwek, G.; Xiong, L.; Liu, L.; Yuan, P.; Gao, H.; Liang, C.; Guo, Q. Review on the NO
Removal from Flue Gas by Oxidation Methods. Journal of Environmental Sciences 2021, 101, 49-71,
doi:10.1016/j.jes.2020.08.004.

20. Talviste, R.;Jogi, I.; Raud, S.; Noori, H.; Raud, J. Nitrite and Nitrate Production by NO and NO2 Dissolution
in Water Utilizing Plasma Jet Resembling Gas Flow Pattern. Plasma Chemistry and Plasma Processing 2022,
42,1101-1114, doi:10.1007/s11090-022-10270-2.

21. Noori, H.;Raud, J.; Talviste, R.; Jogi, I. Water Dissolution of Nitrogen Oxides Produced by Ozone Oxidation
of Nitric Oxide. Ozone Sci Eng 2021, 43, 284-294, d0i:10.1080/01919512.2020.1839379.

22. Patwardhan, J.A.; Joshi, J.B. Unified Model for NOX Absorption in Aqueous Alkaline and Dilute Acidic
Solutions. AICKE Journal 2003, 49, 2728-2748, doi:10.1002/aic.690491106.

23.  Ghriss, O.; Ben Amor, H.; Jeday, M.-R.; Thomas, D. Nitrogen Oxides Absorption into Aqueous Nitric Acid
Solutions Containing Hydrogen Peroxide Tested Using a Cables-Bundle Contactor. Atmos Pollut Res 2019,
10, 180-186, doi:10.1016/j.apr.2018.07.007.

24. LLY,LIU, Y.;ZHANG, L, SU, Q.; JIN, G. Absorption of NOx into Nitric Acid Solution in Rotating Packed
Bed. Chin | Chem Eng 2010, 18, 244-248, doi:10.1016/51004-9541(08)60349-3.

25. Hiipen, B.; Kenig, E.Y. Rigorous Modelling OfNOx Absorption in Tray and Packed Columns. Chem Eng Sci
2005, 60, 6462-6471, doi:10.1016/j.ces.2005.04.060.

26. Schwartz, S.E.; White, W.H. Kinetics of Reactive Dissolution of Nitrogen Oxides into Aqueous Solution.
Advances in Environmental Science and Technology 1983, 12, 1-116.

27.  Suchak, N.J.; Jethani, K.R.; Joshi, J.B. Modeling and Simulation of NO x Absorption in Pilot-scale Packed
Columns. AIChE Journal 1991, 37, 323-339, doi:10.1002/aic.690370303.

28. Ingale, N.D.; Chatterjee, L.B.; Joshi, J.B. Role of Nitrous Acid Decomposition in Absorber and Bleacher in
Nitric Acid Plant. Chemical Engineering Journal 2009, 155, 851-858, d0i:10.1016/j.cej.2009.09.017.

29. Rayson, M.S.; Mackie, ].C.; Kennedy, E.M.; Dlugogorski, B.Z. Accurate Rate Constants for Decomposition
of Aqueous Nitrous Acid. Inorg Chem 2012, 51, 2178-2185, doi:10.1021/ic202081z.

30. Abel, E.; Schmid, H. Kinetik Der Salpetrigen Saure. Zeitschrift fiir Physikalische Chemie 1928, 132U, 5577,
doi:10.1515/zpch-1928-13205.

31. Thomas, D.; Vanderschuren, J]. Modeling of NO » Absorption into Nitric Acid Solutions Containing
Hydrogen Peroxide. Ind Eng Chem Res 1997, 36, 3315-3322, d0i:10.1021/ie960436g.

32. Sander, R. Compilation of Henry’s Law Constants (Version 5.0.0) for Water as Solvent. Atmos Chem Phys
2023, 23, 10901-12440, doi:10.5194/acp-23-10901-2023.

33. AOKI, M.; TANAKA, H.; KOMIYAMA, H.; INOUE, H. Simultaneous Absorption of NO and NO2 into
Alkaline Solutions. JOURNAL OF CHEMICAL ENGINEERING OF JAPAN 1982, 15, 362-367,
doi:10.1252/jcej.15.362.

34. Lee, E.; Rout, P.R.; Bae, J. The Applicability of Anaerobically Treated Domestic Wastewater as a Nutrient
Medium in Hydroponic Lettuce Cultivation: Nitrogen Toxicity and Health Risk Assessment. Science of The
Total Environment 2021, 780, 146482, doi:10.1016/j.scitotenv.2021.146482.

35. Shen, Q.R,; Ran, W.; Cao, Z.H. Mechanisms of Nitrite Accumulation Occurring in Soil Nitrification.
Chemosphere 2003, 50, 747-753, doi:10.1016/S0045-6535(02)00215-1.

36. Tsukahara, H.; Ishida, T.; Mayumi, M. Gas-Phase Oxidation of Nitric Oxide: Chemical Kinetics and Rate
Constant. Nitric Oxide 1999, 3, 191-198, d0i:10.1006/ni0x.1999.0232.

37. Tsonev, I, O'Modhrain, C.; Bogaerts, A.; Gorbanev, Y. Nitrogen Fixation by an Arc Plasma at Elevated
Pressure to Increase the Energy Efficiency and Production Rate of NO ». ACS Sustain Chem Eng 2023, 11,
1888-1897, doi:10.1021/acssuschemeng.2c06357.

38. Lange, N.Adolph.; Speight, J.G.. Lange’s Handbook of Chemistry; 16th ed.; McGraw-Hill Education:
Wyoming, 2005; ISBN 0071432205.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2432.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2025 d0i:10.20944/preprints202506.2432.v1

11 of 11

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2432.v1
http://creativecommons.org/licenses/by/4.0/

