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Revealing the nitrogen reaction pathway for the
catalytic oxidative denitrification of fuels†
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Aside from the desulfurisation, the denitrogenation of fuels is of

great importance to minimze the environmental impact of trans-

port emissions. The oxidative reaction pathway of organic nitrogen

in the catalytic oxidative denitrogenation could be successfully

elucidated. This is the first time such a pathway could be traced

in detail in non-microbial systems. It was found that the organic

nitrogen is first oxidized to nitrate, which is subsequently reduced

to molecular nitrogen via nitrous oxide. Hereby, the organic sub-

strate serves as a reducing agent. The discovery of this pathway is

an important milestone for the further development of fuel deni-

trogenation technologies.

The United Nations aim to counteract global warming with Net
Zero Emission (NZE) commitments; however, it is not yet
foreseeable when crude oil-based fuels will become obsolete.
In 2021, more than 50 million barrels per day (mb d�1) were
consumed for the transport sector alone. And if the NZE goes
according to plan, only 3 mb d�1 will be saved for road freight
in 2030. The Stated Policies Scenario (STEPS) sees the develop-
ment somewhat more conservatively; according to its projec-
tion consumption is even 1.5 mb d�1 more in road freight.1

Therefore, it is even more important to make clean fuels
available in order to minimize environmental impact. Above
all, heteroatoms such as sulfur or nitrogen produce SO2 and
NOx during combustion in the engines, which is not only
harmful to the climate but also to health.2–4 Therefore, in
refineries, these heteroatoms are removed by hydrotreating to
produce clean fuels.5 However, this catalytic reaction is inhib-
ited by the basic, nitrogenous reactants (e.g., quinoline) as well
as by NH3. The ion pair of the nitrogen atom forms strong pi-
bonds to the active sites of the hydrotreating catalyst, which

diminishes its activity.5 This effect can already be observed
from a nitrogen concentration of 5 ppm and is further intensi-
fied when the inhibitory reactants occur in combination.6 For
this reason, it is important to limit the nitrogen content of the
product oil to below 10 ppmw.7

There is a variety of research into alternatives to hydrotreat-
ing, including extraction,8–12 selective adsorption,13–17 and
oxidation18–22 approaches. To maximize the desulfurization
and denitrogenation effectiveness in comparison to just extrac-
tion and adsorption, selective oxidation is typically combined
with either extraction or selective adsorption. The selective
oxidation produces more polar compounds that can be
removed from the non-polar oil in a separate step.20,22,23 The
extraction step can also be carried out in parallel to the
oxidation reaction, as a result of in situ separation of
the oxidation products (ECODS; extractive catalytic oxidative
desulfurization). In this process, H8PV5Mo7O40 (HPA-5) is
employed as a homogeneous polyoxometalate (POM) catalyst
in an aqueous phase, whereas the fuel forms a separate organic
liquid phase. The sulfur containing fuel components are oxi-
dized after diffusion from the organic fuel phase into the
aqueous catalyst phase, to form highly polar products such as
H2SO4 and carboxylic acids, which are thereby extracted from
the organic fuel phase and accumulate in the aqueous
phase.24–27 In contrast to the inhibiting properties of the basic
nitrogen compounds in hydrotreating, the oxidative desulfurization
improves with simultaneous denitrification in this system (ECODN;
extractive catalytic oxidative denitrogenation).26 The reaction path-
way of ECODS has already been well studied.25,26,28 In contrast, the
oxidation of nitrogen compounds in ECODN is not yet well under-
stood and requires more detailed investigations.

In principle, the ECODN process can be performed just like
the ECODS process: the substrate is oxidized using HPA-5 and
molecular oxygen in an additional aqueous phase. Thereby, the
carbon of the substrate can be fully oxidized to carbon dioxide
and carboxylic acids like formic or acetic acid as in ECODS.24

This leads to the question, whether the oxidation of nitrogen
atoms leads to nitrate, as sulfur ends up in sulfate ions, or does
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the reaction yield molecular nitrogen (N2).28 In order to answer
this question and to elucidate the nitrogen reaction pathway in
the ECODN process, we have first closed the nitrogen balance
and subsequently investigated the decomposition pathway of
nitrogen containing molecules under ECODN conditions.

The ubiquity of nitrogen makes the detection of molecular
nitrogen as a reaction product, and thereby closing the nitrogen
balance of the reaction, particularly challenging. All investiga-
tions must be carried out in the absence of air. Therefore, all
solvents used were degassed with argon. After the initial aqu-
eous phase was added to the reactor, the gas phase was flushed
three times with 30 bar oxygen while stirring vigorously with a
gas entrainment impeller. Subsequently, the reactor was heated
several times with repeated exchanges of the gas phase.
Thereby the nitrogen content in the reactor was decreased to
0.07 mol% of the gaseous phase, which corresponds to an
absolute amount of 0.16 mmol.

The reaction was started by adding the reactant (quinaldine
in iso-octane (0.21 mol L�1)) in portions up to a total amount of
4.6 mmol quinaldine. After 73 h the reaction was terminated by
cooling down to room temperature. At this point, complete
conversion of quinaldine was achieved as indicated by gas
chromatography-mass spectrometry (GC-MS). Aside from the
two liquid phases and the gaseous phase, the reactor contained
some solid residue, which was analyzed by CHNSO elemental
analysis (details are provided in ESI†) and determined to 5,8-
quinaldinedione (Table S1, ESI†). The aqueous phase was
analyzed by High Performance Liquid Chromatography (HPLC)
and contains 10% acetic acid, 9% acetone and 7% formic acid,
respectively, adding to the carbon balance (percentages are
based on amount of carbon in initial substrate). The gas phase
was analyzed by micro gas chromatography (Micro-GC) and
shows 63% CO2, as well as 2% CO. Another 11% of the carbon
is found in the insoluble precipitate. Overall, 93% (2.2 mmol) of
the nitrogen atoms form molecular nitrogen, the rest can be
found in the oxidized solid residue (Fig. 1). Since both carbon
and nitrogen mass balance can be closed, it can be concluded
that all nitrogen from the substrate would turn into N2 by
oxidation.

However, this does not exclude also nitrate formation as an
intermediate. In microbial processes, a reaction pathway is
described in which bacteria form nitrate from nitrogen containing
compounds under oxidative conditions, which is then reduced to N2

via N2O.29–32 In classic chemistry, too, reducing NOx to N2 under
oxidative conditions is possible.33 Here, organic molecules such as
methane or propene serve as reducing agent.33,34 When converting
quinaldine, the molecule itself could be a reduction agent for nitrate
and its intermediates.

We assume that organic nitrogen like quinaldine is first
oxidized to nitrate and then reduced to N2 via N2O (Fig. 2).

In order to clarify whether the reaction pathway proceeds
directly to N2 (Fig. 2, ‘‘direct’’) or whether other NOx intermedi-
ates are formed (Fig. 2, ‘‘indirect’’), we conducted further
investigations using nitrate as a substrate. Hence, 100 mmol
(42 671 mg L�1) sodium nitrate in iso-octane as a reactant were
added to our reaction system together with the aqueous HPA-5

catalyst solution. This mixture was processed under typical
ECODN conditions (120 1C, 20 bar O2). The experiment showed
no conversion of nitrate. The loss of o2% nitrate was due to the
fact that a prior separation of the catalyst was required for the
measurement by ion chromatography (IC) (see Table 1). This
was done by nanofiltration through a membrane system. It was
found that no nitrate was converted during the reaction. This

Fig. 1 Product composition of a long-term experiment for the conver-
sion of quinaldine to detect the nitrogen reaction product. Reaction
conditions: 4.6 mmol quinaldine in 20 mL iso-octane, 0.2 mmol of HPA
5 in 200 mL water, 120 1C, 20 bar O2, 1000 rpm for 73 h.

Fig. 2 Reaction pathway from nitrogen with the ‘‘direct’’ route to N2 and
the ‘‘indirect’’ route via nitrate and nitrous oxide to N2.

Table 1 IC measurement of the aqueous phase (nitrate) and GC-MS
measurement of the organic phase (thiophene) after reaction under typical
ECODN conditions

Experiments

Measurement (mg L�1) Conversion (%)

Thiophene Nitrate Thiophene Nitrate

NaNO3 + O2 — 14 860 — 1.9a

NaNO3 + N2 + thiophene 1 38 560 42 159 0.0 1.2a

NaNO3 + O2 + thiophene 648 29 144 95.3 31.7

a This minimal apparent conversion can be attributed to experimental
error.
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was quite expected since the reducing agent for the reduction of
nitrate under these strong oxidation conditions was absent.

Therefore, the experiment was repeated using a modified
method. Hereby, 3 mmol thiophene (13 856 mg L�1) was used
as a reducing agent, and oxygen was replaced by nitrogen.
Thiophene was chosen as a reducing agent because a nitrogen
containing compound might bias the measurement results.
Generally, the use of a hydrocarbon as reducing agent was
inspired by J. N. Armor et al.33–35 Again, no conversion of nitrate
(IC) nor thiophene (GC-MS) was observed (see Table 1). The fact
that thiophene was not converted indicates that nitrate cannot
substitute O2 as an oxidant. Moreover, it can be assumed that
oxygen is required to start the reduction of nitrate, as it is
necessary for the reduction of NOx. This fact also fits the results
of previous research by J. N. Armor et al.33–35

Finally, the reaction of nitrate with thiophene was studied
under oxidative conditions (O2 atmosphere). This lead to a
conversion of 32% of nitrate, while 95% of thiophen was also
oxidized to classical ECODS products like sulfuric acid, formic
acid and acetic acid (see Table 1). In addition, N2O could also
be detected qualitatively with the Micro-GC, which corresponds
to the microbial degradation path. This indicates that the
indirect reaction pathway via the formation of nitrate is possi-
ble in this reaction system, whereby a heteroaromatic substrate
is needed as a reducing agent, whereas the main fuel does
not react.

In previous experiments, nitrate or nitrous oxide could never
be detected, so it can be assumed that these molecules are
converted very fast and do not accumulate in the reaction
mixture. In order to check whether they are formed at all
during the conversion of quinaldine and further converted to
N2 via the indirect reaction pathway, the reactor setup had to be
adjusted. Therefore, online gas phase sampling was set up in a
way that samples could be taken every 5 min from the bypass
stream and analyzed by Micro-GC. This is to prove if the
reaction produces nitrous oxide. However, since it can be
assumed that the nitrous oxide is a very reactive intermediate
and only occurs in very low concentrations that cannot be
detected with the Micro-GC, an additional cold trap was
installed in the exhaust gas flow of the bypass after the
Micro-GC. The cold trap was cooled to approx. �130 1C with
a cold mixture of n-pentane and liquid nitrogen.36 Therefore,
the melting point of nitrous oxide (m. p. �91 1C)37 was
significantly undershot in order to freeze it without enriching
oxygen (b. p. �183 1C).38 After the reaction, the cold trap was
thawed and the gas phase was measured by GC-MS. In addition,
part of the aqueous phase was removed after six hours to
prevent further reaction of the nitrate formed. The HPA-5
catalyst was removed by membrane separation39 and the
permeate was measured by IC.

The test for detecting nitrate or nitrous oxide was carried out
using 4 mmol of quinaldine. In the aqueous phase, 0.42 mg L�1

nitrate could be detected by IC. However, the Micro-GC in this
setup was not sensitive enough for the clear evidence of N2O.
Therefore, further investigations became necessary. To verify the
detection of nitrate, the experiment was repeated with 4 mmol of

quinoline as a substrate. Samples were taken from the aqueous
phase after five, six and seven hours, respectively. The sample
mixture was separated in the membrane system and then analyzed
for nitrate and nitrite by IC. 2.77 mg L�1 nitrate were detected, but
no nitrite. This proved that the oxidative conversion of nitrogen
compounds in this system takes place via the indirect reaction
pathway.

The fact that NO3
� is not accumulated in the aqueous phase

in significant amounts indicates, that the decomposition of
NO3

� to N2O proceeds faster than the initial oxidation of the
organic substrate to NO3

�. We furthermore conclude that the
reaction of N2O to N2 is also very fast, as no accumulation of
N2O was observed at all.

In summary, we were able to prove without doubt that N2 is
the final product of oxidative denitrogenation of nitrogen-
containing model gasoline. Additionally, it was shown that
the degradation pathway can proceed via two different ways,
with the indirect route being clearly demonstrated by a series of
experiments. This is the first time this degradation pathway of
organic nitrogen compounds via nitrate has been proven in
non-microbial systems under oxidative conditions.
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