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Calorimetric monitoring of the autoclave reaction N,O, +
C,H, at -85 to +10°C under argon pressure 10-30 bar
revealed that the exothermic chemical reaction started at
temperatures above -52 °C at 10 bar, whereas an intensive
exothermicreaction started at -85 °C and pressure of 30 bar.
IR study showed that oligo/polynitroethylene was formed at
30 bar, while carbonyl and hydroxy compound as well as
nitrate R-ONO, formation occurred upon processing at
10 bar.

H,C=CH, + N,04

P 10 bar P 30 bar
T=-52° =-85°C

R-C-OH R-OH Rl—CH—CH R?
R-ONO, R-NO, No2 NOz
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Different types of unsaturated hydrocarbons as well as of
nitrogen oxides can be found as impurities2 in the petrochemical
industry and refinery feeds. The reaction of nitrogen oxides with
unsaturated hydrocarbons can lead to polymeric nitro compounds
(so called ‘nitro-gums’) which deposit on reactor or pipe walls.®
This phenomenon is observed by syngas or hydrogen producers
at the stage of the cryogenic hydrogen purification. The danger
of explosive gum formation due to the reaction of NO, with
conjugated diolefins under cryogenic conditions has been
recognized, while formation of nitro-gum is sometimes
considered only as a secondary factor in the formation of
explosion-hazardous substances when nitro-gums act as solvents
for light molecules or labile nitro compounds with oxygen
balance close to zero or above it.*®

The addition reactions of nitrogen oxides to unsaturated
hydrocarbons have been intensively studied since the beginning
of the last century (see review®). Certain unsaturated compounds
underwent a rapid addition reaction with the mechanism similar
to that of free radical reactions.”® These reactions were sensitive
to heat transfer properties of the reactor environment. For
example, start of the fast reaction can be shifted toward higher
temperatures by increase in heat transfer/heat capacity of the
reactor environment.8 Radical nitration is widely used to produce
nitroalkanes and nitroalkenes, with nitric acid or nitrogen oxides
serving as nitrating agents.

Even though the oxidation chemistry of ethylene has been
studied extensively in the past, reports on the behavior at high
pressure are sparse. In particular, there is little knowledge about
the interaction of ethylene with nitrogen oxides at elevated
pressure.l0 It was noticed! that the reaction rate of nitrogen
oxide with monoolefins, lower dienes and acetylene was very
slow and reactions did not start below 0°C. However,
Mikhaylovskaya'? reported on high reactivity of NO, towards
ethylene at room temperature and elevated pressures of 10.5 bar
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(under atmospheric pressure, no conversion was observed even
after 70 h).

Nitration reactions are characterized by an induction time of
10-20 min, during which the reaction proceeds very slowly. The
induction period can be significantly reduced on heating to
100-350 °C. The mixture with reagents C,H,/NO, ratio of 2.6
spontaneously warms up within 15 min at P;,; = 60 bar and self-
ignites then. The color of the liquid products varies from yellow
to red-brown. The liquid products contain dissolved or attached
nitric oxide that can easily be separated under vacuum. The
elemental analysis has shown that the liquid products contained
a substantial amount of bound oxygen and nitrogen formed at
moderate initial pressures. Under P;,; = 15-40 bar, the liquid
product had average formula C, ,H;sNO,,, molecular weight
was about 150 Da.!2 The composition of the liquid products
formed under P;,; =6 bar was close to (CH,), with a small
amount of nitrogen. Under P;,; = 60 bar the reaction led to liquid
products corresponding to formula C3HsNO with high acidity,
easily soluble in aqueous alkali solutions, ethyl alcohol,
chloroform or tetrachloromethane.

Last publications on the reactions between NO, and
unsaturated hydrocarbons relate mainly to NO, selective
catalytic reduction (NO, SCR) as well as to studying impact
of nitrogen oxide impurities on fuel combustion,!3 which is
quite far from the subject of the present article. Typically, the
reactions were studied at ambient or slightly elevated pressure.
Sometimes nitrogen oxides were used as a source of oxygen
atoms for radical processes'*® or as a model oxidizing
agent.’® Another modern trend is a study of ‘NOj radical
reaction with bio- and anthropogenically produced volatile
hydrocarbons under conditions of the troposphere.l” Some
studies have been aimed to reveal the effect of ‘NO, radical on
unsaturated hydrocarbons under ambient air impurities and
climate conditions. Those results were used to optimize
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industrial processes and to develop adequate detailed kinetic
models.18:1°

The purpose of this work was to study impact of pressure
(P =10-30 bar) on the reaction between C,H, and N,O, under
conditions typical for an ambient heating regime of low
temperature gas purification units (from -85 to +10 °C). The
conditions were selected as typical for industrial equipment
operations. Experiments were carried out at a purpose-built
laboratory setup consisting of a 75ml batch reactor unit
(autoclave) equipped with control system fitted with temperature
and pressure sensors (for the setup appearance and flow diagram,
see Online Supplementary Materials, Figure S1). The autoclave
is made from stainless-steel XH65MB equipped with a Teflon
insert to minimize the influence of the wall material on the
reaction. Dichloromethane was used as a solvent for the liquid
and solid products since it is inert enough toward both acids and
alkalis, and most (>9%) of the reaction products are soluble in it.
Dissolved products were analyzed by IR spectroscopy.

Measured time dependences of the temperature inside the
reactor look typical for the ambient heating mode (Figure 1). In
general, ambient heating occurs according to the Newton’s law
of cooling. Despite numerous attempts to develop an alternative
law (see, eg., recent ref. 20), the Newton’s law of cooling
remains the most common way to describe situation when a
body is heating or cooling by heat exchange with environment
(ambient cooling or heating). The heating rate decreases over
time as the driving force for heat transfer decreases (the
temperature in the reactor approaches ambient temperature).

To distinguish heat effects of chemical reactions and physical
transformations from the temperature changes caused by an
ambient heating mode of the operation, the following technique is
used. All the measured time dependences of the temperature can
be fitted by a straight line in axes In(AT)-time. These axes
correspond to the Newton’s law of cooling (see Figure 1). Blank
experiments of the ambient heating of the reactor filled only with
argon were carried out to estimate an impact of possible
unaccounted phenomena on the time dependences of the reactor
temperature (see Online Supplementary Materials, Figure S2). In
the blank experiment some deviations (dashed line in Figure S2)
correspond to either temperature changes in heat transfer
coefficients or changes in the surrounding conditions (for example,
undesirable changes in the convection regime or some water
condensation on the reactor walls). Noteworthy, the general shapes
of time dependences on temperature for different composition
mixtures measured under different pressures are close.

Parameters of the fitting straight lines were found using the
least squares method (in the Newton plot). These parameters
were used to simulate ambient heating baselines (in axes
temperature-time). Found baselines were subtracted from
measured temperature dependences. The correlation coefficients
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Figure 1 An example of the calorimetric raw data and found fit. Inset:
linear approximation in the Newton plot. Mixture of 1.6 mmol N,O,
pressured by 30 bar of argon.
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Figure 2 Temperature variations of N,O, + C,H, + Ar mixtures, Ar curve
is the reference; (1) at 10 bar, (2) at 30 bar. (Plot before Ar curve subtraction
can be found in Figure S4 of Online Supplementary Materials).

are >0.995 for any found linear trendlines. Points corresponding
to temperatures below +5 °C have been taken into account since
above +5 °C apparent deviation from linearity was observed.
The found coefficients were not analyzed here, since they include
many unpredictable parameters affecting experimental data, but
they were only used to find a baseline for the measured
temperature dependences (see Figure 1). Results of the baseline
(fit curve) substruction are presented in Figures S2-S4.
Temperature values of the horizontal axis in all the Figures are
temperature of the baselines.

Since the reactor was sealed before ambient heating
procedure, it is possible to calculate a total amount of gaseous
components using ideal gas law [equation (1)] taking the actual
pressure and temperature inside the reactor as the input.

AN = Ny — PVRIT, o)

where AN is variation of the amount of the reactor gas phase, N,
is initial amount calculated for conditions just after reactor being
pressurized with argon before ambient heating started, T is
temperature in the reactor, P is pressure in the reactor, V is free
volume of the reactor; R is the gas constant (8.314 J K-1 mol1).

Variations of the amount of substance in the reactor gas phase
found by equation (1) are presented in Figures 3, S5 and S6.
Figure 4 shows the results of subtraction of the deviation of the

AN/mmol
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Figure 3 Differential variations of the gas phase substance amount
N,O, + C,H, + Ar, C,H, + Ar is the reference; (1) at 10 bar, (2) at 30 bar.
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Figure 4 IR spectra of the dichloromethane extract of products from the
reaction C,H, + N,O,. Reaction pressure: (1) 10 bar, (2) 30 bar.
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amount of the substance found for the mixture of C,H, + Ar
from the deviation of the amount of the substance found for the
mixture of C,H, + N,O, +Ar. This lets us clearly show the
impact of N,O, on the variation of the amount of the substance
in the reactor gas phase.

Temperature variations found for N,O, + Ar mixtures in
general follow dependence found for Ar only (see Figure S2).
The main differences are sharp negative peaks in —15 to -2 °C
region. Maximum amplitudes of the negative peaks are
dT=-2°C for 10 bar and dT =-3.5°C for 30 bar. Negative
temperature deviation corresponds to an endothermic process.
The observed sharp negative peaks can be attributed to N,O,
melting (melting point of N,O, is —11.5 °C?). Dependences of
temperature variation of the mixtures C,H,+Ar demonstrated
the presence of an endothermic process in the very beginning of
the heating (at —85 °C and above, see Figure S2). Remarkably
that at 30 bar the endothermic effect is much more pronounced
than at 10 bar. Negative deviation from the blank Ar curve can be
found up to the —60 °C temperature. Mentioned endothermic
processes can be rationally attributed to the evaporation of
partially condensed ethylene. Positive deviations from the blank
curve can be found in the region —60 to —30 °C with maxima
locating at —56 °C (10 bar) and —44 °C (30 bar). The origin of
these exothermic processes is not clear at the moment (Figure S3).

Temperature deviation curves obtained for mixture N,O,,
C,H,4, and Ar at pressures 10 and 30 bar differ seriously. An
intensive (dT =-4.5°C) negative peak at -85 to —60 °C was
found for ambient heating at 10 bar (see Figures 3 and S3). It
would be logical to attribute the found negative endothermic
peak to the evaporation of partially condensed ethylene, but the
corresponding peak found in the experiment without N,O, is
much less pronounced (dT =-2 °C in comparison with Ar, see
Figure S3). As a result, endothermic reaction at 10 bar in the -85
to—60 °C region can be suspected. On the contrary, very intensive
(dT > +5 °C) and wide exothermic area was found at 30 bar in
the region —85 to —32 °C. It should be outlined that the reaction
starts even at lower temperatures. A much less intensive
endothermic peak with minimum around -7 °C was found
(dT =-0.7 °C, see Figure 2). It can be concluded that increase in
pressure from 10 up to 30 bar leads to principal changes in the
reaction progress, viz, at 10 bar an endothermic process is
followed by an exothermic one while at 30 bar an exothermic
process is followed by an endothermic one. Remarkably,
pronounced peaks corresponding to N,O, melting are not found
if C,H, is present in the mixtures. This fact can be an evidence
that N,O, reacts almost completely at temperatures below
-15°C.

Amounts of the gas phase substances were found using ideal
gas law on the basis of the temperature and pressure inside the
reactor measured directly without any transformations.
Comparison of the data in Figures S5 and S6 reveals the similar
behavior of the curves corresponding to the mixture of N,O, and
argon obtained for the experiments at pressures 10 and 30 bar,
whereas for mixtures containing C,H, the picture is principally
different. Indeed, if the reactor temperature grows at 10 bar, then
the temperature rise from —85 to —60 °C leads to an increase in
the amount of a gas phase (Figure S5). Hence, the C,H,
evaporation process can be suspected. Another evidence of the
ethylene evaporation can be a negative temperature variation
obtained for the mixture of N,O,, C,H,, and argon (see Figure 2).
These results bring about some contradictions obtained for the
mixture of C,H, and argon since no apparent negative temperature
variation was found at 10 bar. This contradiction is not clear
now. On the contrary, a jump in the gas phase amount happening
somewhere below -85 °C was found. The gas phase amount
jump is followed by a smooth decrease during a temperature

increase from -85 to —60 °C under 30 bar (Figure S6), the
corresponding temperature effect is apparently exothermic (see
Figure 2). Notably, the process at 30 bar gets endothermic regime
at temperatures higher —25 °C.

More obvious information on the processes taking place can
be found in Figure 3 presenting a differential variation of the
amount of the gas phase if the curve corresponding to the mixture
of C,H, and argon is used as the reference. It is clear that the
injection of N,O, leads to a sharp increase in the gas phase
amount at temperatures below —85 °C at 30 bar, whereas there is
no change in the gas phase amount at temperatures up to —70 °C
at 10 bar. Small maximum of amount variation was found around
—62 °C. Remarkably, at temperatures above —37 °C differential
curves found for both 10 and 30 bar are almost identical and get
negative values which is an evidence of reduction of the
substance amount in the gas phase in comparison with the initial
state of the system. Hence, polymerization or condensation
processes can be suspected.

All the products including nitrogen-containing ones were
liquid and/or soft wax, no light gas products were found
condensed in the cooled trap (—40 °C). IR spectra (see Figure 4)
of the liquid products have shown the presence of several
functional groups in the reaction products being as follows.??
(1) Oxidation products: wide absorption band of OH groups at
3600-3300 cm~t and carbonyl groups at 1720 cm™, (2) products
of polymerization/oligomerization: asymmetric  stretching
vibrations of CH, and CHj; groups at 3000-2850 cm™, and
(3) nitrates R-O-NO,: 1670, 1280, 835 cm™, nitro compounds
R-NO,: 1560 cm~. Analysis of the most intensive adsorption
bands allows one to conclude that an increase in pressure
suppresses the formation of oxygen-containing compounds, and
the most favorable products are organic nitrates.

Thus, proposed analysis of calorimetric data consisting in
subtraction of the ambient heating temperature baseline and in
combination with analysis of the changes in the amount of
gaseous substances and IR spectroscopy allows us to reveal an
impact of the pressure on the reaction outcome betwenn N,O,
and C,H, at low temperatures. At 30 bar, the reaction starts
below -85 °C and is accompanied by a heat evolution, whereas
at 10 bar ethylene evaporation is observed and a chemical
exothermic reaction can be suspected above -52 °C. As a result,
an increase in the pressure lowers the temperature of the reaction
start for more than 30 °C (from -52 to below -85 °C). Analysis
of IR spectra of the formed products allows one to conclude that
lower pressure is favorable for the formation of oxygenates
(alcohols, aldehydes, ketones, organic acids) and nitrates
(R-O-NO,), whereas the formation of nitro compounds
(R-NO,) prevails at elevated pressures (30 bar and above). As a
result, the reaction scheme can be proposed (Scheme 1). The
obtained results provide new information on the mechanism of
reaction between nitrogen oxides and olefins and they can be
useful for safer designing the low-temperature gas purification
systems of petrochemical and waste incineration plants.

H,C=CH, + N,O4

P 10 atm P 30 atm
=-52° =-85°C

R— c OH R-OH RM CH—CH R2
R-ONO, R-NO, No2 NOZ
Scheme 1
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