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Pyrolysis of eicosane in supercritical water
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Pyrolysis of eicosane and redox reactions of the pyrolysis products in supercritical water
(SCW) were studied in a batch reactor at 30 MPa, in the temperature range from 450 to
750 °C and with reaction times ranging from 75 to 600 s. The rate constants for eicosane
pyrolysis (k° = 1016:5%0.5¢xp[—(32000+2000)/7] s~!) and for the formation of H,
(k” = 102510-8exp[—(64000+4000)/T] s~ !) were determined. The time and temperature
dependences of the heat of reaction were elucidated. Water accelerates pyrolysis and partici-
pates in the subsequent transformations of the pyrolysis products. The yield of H, sharply

increases for 7> 700 °C.
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Supercritical water (SCW) at T > 374 °C and
P > 22.1 MPa is a suitable medium for the conversion
of organic compounds to give valuable products, or to
produce heat upon oxidation (combustion) of low-grade
fuels, or to destroy toxic substances.! The high solubility
of organic compounds and oxygen in SCW 2 ensures the
homogeneity of the reaction medium and, as a conse-
quence, high rates of reactions.

In this work, we studied the pyrolysis of n-eicosane
in SCW and transformations of the products of pyrolysis
to give hydrocarbons, H,, and carbon oxides.

Experimental

The studies were carried out in a constant-volume reactor3
(V =10 cm? at a constant pressure of 30 MPa in the

450—750 °C temperature range. The residence time () in the
reactor (reaction time), which was measured starting from the
instant the reactor was filled with the compound, was varied
from 75 to 600 s. Supercritical water was fed into the reactor,
preliminary evacuated and heated to the working temperature,
from a pre-reactor at 450 °C and ~30 MPa. The pre-reactor
volume was 30 times as large as the reactor volume (thus the
pre-reactor damped the pressure increase in the reactor during
the process). The specified reaction temperature was estab-
lished over a period of <12 s. The required amount of n-
eicosane was fed with the SCW flow entering the reactor. The
reactor, pre-reactor, and other components of the setup were
made of the 12X18HI10T stainless-steel. The reaction products
were analyzed using a MS-7303 quadrupole mass spectrom-
eter. The products traveled to the mass analyzer via the follow-
ing route: reactor — cryogenic sorption separator — re-
ceiver — vacuum chamber — the ion source of the mass
spectrometer. The gases to be analyzed flew out of the heated
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receiver (~120 °C) to a high-vacuum chamber in a continuous
mode. A molecular beam was formed from the axial part of the
stream by diaphragms and crossed the ion source of the mass
spectrometer. The current of the beam molecules ionized by
the electron impact was measured by the MS-7303 mass spec-
trometer. After corrections for the ionization cross-sections and
fragmentation, the quantitative composition of the reaction
products was calculated from the mass spectrum.3-4

Results and Discussion

The dependences of the proportions (N) of CHy
(curves 1), CO, (2), CO (3), H, (4), and n-eicosane (5)
in the products of n-eicosane conversion on tempera-
ture for reaction times of 300 and 600 s and on reaction
time for a temperature of 500—750 °C measured at
30 MPa and an H,0 : CyyHy, mass ratio of 1 : 0.5 are
shown in Figs. 1 and 2. The data on the density of water
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Fig. 1. Proportions (N) of CHy (1), CO, (2), CO (3), H, (4),
and C,yHy, (5) in the products of n-eicosane conversion in
SCW (a, b) and heat of the reaction at 300 (6) and 600 s (7) (¢)
vs. temperature at different reaction times. Time of conver-
sion/s: a, 300; b, 600.
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Fig. 2. Proportions (N) of CHy4 (1), CO, (2), CO (3), and
H, (4) in the products of n-eicosane conversion in SCW vs.
reaction time for different temperatures. Conversion tempera-
ture/°C: (a) 500; (b) 600; (c) 660; (d) 710; (e) 750.

as functions of 7 and P were taken from the literature.5
The number of moles of each substance was normalized
to the initial number of n-eicosane moles corresponding
to the reaction temperature. The dependences shown by
curves 5 were derived from measurements of the amount
of unreacted n-eicosane in the products of pyrolysis.
The amount of unreacted n-eicosane in the pyrolysis
without water ("dry" pyrolysis) was measured for com-
parison. By analogy with the published study,® the
kinetics of "dry" pyrolysis of heavy hydrocarbons was
described using a first-order equation: dL/dt = —kL,
where L is the amount of the compound studied, & is
the rate constant of the reaction described by the
Arrhenius dependence k(T) = Aexp(—E/RT). The values
obtained for the "dry" pyrolysis of n-eicosane were
E = 241412 kJ mol™! and 4 = 10!4:5%0:5 s=1+ these are
consistent with published data® (see also the references
in the study cited). Since the amount of water in the
reactor virtually does not change during n-eicosane
pyrolysis in SCW, the kinetics of this process was also
described using the first-order equation. This gave
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E’ =266%16 k] mol~! and A" = 10165205 s=1 j e the
rate of pyrolysis is higher in SCW. For example, at
500 °C, the effective rate constant for "dry" pyrolysis is
k=1.8-10"2s~! while that for the pyrolysis in SCW is
k’ = 3.8:1072 s~!. FEicosane pyrolysis goes to comple-
tion at 7 < 500 °C (see Fig. 1) giving rise to a complex
mixture of lighter hydrocarbons.

Mass-spectrometric measurements of the quantita-
tive composition of the reaction products in SCW pro-
vided the possibility of calculating the heat of the
reaction (Q). The variation of Q vs. T is shown in Fig. 1
for + = 300 and 600 s (curves 6 and 7). It can be seen
that the energy consumption (heat) of the reaction
increases with an increase in 7 to ~550 °C. The increase
in the energy consumption is due to the destruction of
n-eicosane molecules and decrease in the molecular
masses of the fragments (see Fig. 1, curves /—J5). The
pattern of the Q(7) dependence changes in kind at
T > 550 °C. This is caused by energy evolution during
oxidation and hydrogenation of hydrocarbons by H,O
molecules (see. Fig. 1, curves /—23). For example, the O
values for the exothermal reaction

CH,+¥ - ypo=12

4

ingO2+4i;JCH4+Q

with n-eicosane, naphthalene, benzene, and ethane at
T = 0 K are equal to 246.2, 238.7, 159.7, and
24 kJ mol™1, respectively.

The destruction of the main bulk of saturated and
unsaturated C,; hydrocarbons becomes almost com-
plete at 7'= 700 °C. This can be seen from comparison
of the number of carbon atoms in the initial compound
and in the final products. As a consequence, hydrogena-
tion is retarded, which affects the pattern of the Q(T)
dependence. The retardation of hydrogenation at higher
temperatures results in a higher content of H, in the
reaction products (see Fig. 1, curves 4). The formation
of a CO, molecule is accompanied by liberation of four
hydrogen atoms from water. It was found that the
experimental time and temperature dependences of the
number of H, molecules in the reaction obey first-order
kinetics with the given rate constant k and the concen-
tration of H, at 7 = o as variable parameters. With the
assumption of applicability of the Arrhenius k(7)) depen-
dence, this gave E” = 53030 kJ mol~!, 4”7 = 1025108 =1,

The dependences shown in Figs. 1 and 2 make it
possible to distinguish three characteristic temperature
ranges for n-eicosane conversion in SCW. Below 500 °C,
n-eicosane pyrolysis predominates. At 7 > 500 °C, the
concentrations of lighter hydrocarbons and methane
increase continuously with an increase in 7. Methana-
tion of the reaction products does not result from the
dissociation of water molecules alone. This conclusion
follows from the fact that at 7' < 660 °C, the content of

CO, virtually does not depend on the temperature or
reaction time, while the amount of CHy increases with
an increase in 7 and t. For T > 660 °C, the concentra-
tion of CHy4 does not virtually depend on ¢, while CO,
and H, are accumulated as the temperature increases.
Analysis of the mass spectra of the hydrocarbon-type
reaction products showed that an increase in the tem-
perature in the 500 < 7'< 660 °C range entails aromati-
zation of the products and a decrease in their molecular
weights, while at T = 660 °C, dearomatization starts.

During the conversion of n-cicosane in SCW, the
rate of decomposition of water molecules to give CO,
CO,, and H, at 7' < 660 °C is relatively low (see Figs. 1
and 2). The CO : CO, ratio is << 1 over the whole
temperature range studied. This means that the rates of
formation of CO and CO, are close. A general equation
for CO oxidation in SCW has been derived.” This
equation implies that the observed CO : CO, ratio (see
Fig. 1) is established, for example, at 7> 710 °C over
the period 7 = 60 s.

Thus, it can be concluded that water chemically
participates in the conversion of hydrocarbons. The
major products of a redox process in SCW include
hydrogenated hydrocarbons, H,, CO,, and CO. The
formation of CO,, CO, and H, is sharply accelerated at
T > 660 °C. As this takes place, the proportion of CO
remains relatively low, and the H, : CO, ratio increases.
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