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Kinetics of heat release during the reaction of n-decane with
nitrogen dioxide in the liquid phase
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The rates of heat release in the nitrogen dioxide-—n-decane system at a molar ratio of
nitrogen oxides to n-decane (B) from 2.4- 1073 to 3.1 and gaseous volumes per mole of
n-decane (V{(g)) equal to 0.05--4.5 were studied in the 55.2—92.8 °C temperature range. The
initial rate of the process is determined by the interaction of NO, with an-decane. The
equilibrium counstants of dissociation of N;Oy4 in n-decane and Henry's constants of NO,
and N,QO, in an n-decane solution were determined by complex analysis of the thermody-
namic equilibrium in the NO;—n-decane system and dependences of the initial rates on ¥g)
and B. The experimentally observed self-acceleration of the process in the region of high 8
and low T values was suggested to be due to the reaction of N0, with intermediate
oxidation products. The rate constants of the reaction of NO, with n-decane were compared
with analogous values determined in its mixtures with HNO; solutions.
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It has been previously shown! that when n-decane
interacts with aqueous solutions of HNOs, in the major
part of the kinetic curve the reaction rate is determined
by the rate of the interaction of n-decane with NO,
molecules, and only the initial rate of the process is
determined by the direct interaction of n-decane with
HNO;. These regularities are important for evaluating
the safety of technological devices using these mixtures.
Therefore, in this work, we studied in more detail the
kinetic regularities of the oxidation of n-decane by
nitrogen dioxide in the liquid phase.

Available data on the kinetics of the reaction of
n-decane with NO, in the liquid phase were obtained in
a narrow range of the molar ratio of nitrogen oxides to
n-decane (§ = 0.01—0.05).2 Previously, kinetic data
have been analyzed using inexact values of solubility
constants of nitrogen oxides in n-decane. The kinetics of
the reaction of NO, with hydrocarbons in the gas phase
at 250450 °C has been studied at the level of elemen-
tary acts.3 It is established that an increase in the
temperature and pressure results in a regular transition
from a slow reaction, which proceeds according to the
law of a simple type reaction, to a cold-flame reaction
and then to a hot-flame reaction with the degenerate-
branched mechanism. In the slow reaction, the reaction
orders with respect to reagents are close to unity, and
the activation energy is ~30 kcal mol™!4

Data on the kinetics of the reaction of NO, with
hydrocarbons in the ligquid phase are necessary for de-
tailed analysis of the kinetics of thermal decomposition
of mixtures of nitro compounds with hydrocarbons,

because NO, is the main primary product of decomposi-
tion of almost all nitro compounds.

Experimental

The rates of heat release in the two~phase NO; solution in
the n-decane—gas system were measured on a differential
automated calorimeterS in glass sealed, compietely thermostatted
ampules in the 55.2-92.2 °C temperature range. Nitrogen
dioxide and n-decane were obtained, purified, and stored
according to a previously published procedure.? The value of
the gas volume per mole of the starting n-decane (¥{(g)) was
varied within 0.05—4.5 L mol™. In the majority of experi-
ments, the molar ratio of nitrogen oxides to n-decane (B) was
varied from 2.4+ 1073 to 0.1, and several experiments were
carried out in the B range from 2.0 to 3.1.

Results and Discussion

The shapes of the curves of the heat release rate
depend on the B values and initial temperatures. Some
kinetic curves of the heat release rates (d Q/df) calculated
per mole of n-decane and normalized to the B value are
presented in Fig. 1. For § < 2.9-1073 at 355 °C,
B < 0.013 at 64.6 °C, and B < 0.02 at 74.2 °C, the
process is described by a kinetic law of the first-order
reaction. When B further increases, a self-acceleration is
observed at the initial period of the reaction, and the
time of achieving the maximum rate increases as
increases. The rate is maximum when the depth of
conversion is ~20%. During the reaction, the rate in-
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Fig. 1. Time dependence dQ/dr at 74.2 °C for B (mol mol™):

0.0039 (1); 0.0073 (2); 0.013 (3); 0.020 (4); and 0.032 (5).

creases by 1.3—1.6 times over the initial value. Before
the 30% depth is achieved, these curves are described by
a first-order equation of the autocatalytic reaction:

dn/dt = k(1 — n) + k(] — n)n.

When the temperatures are 83.5 °C and higher, the
process proceeds according to the first-order kinetic law
at all experimental values of B.

When the (g} vaiue is constant and relatively small
(~0.05 L mol™!), the ratio of the initial heat release rate
to the overall thermal effect of the reaction

(dQ/dn) ¢/ [ (dQ/dD) - dr = (dn/d1)=g
0

up to a certain P value is independent of § and decreases
with further increase in B. When B is constant, the
(dn/df) =g value decreases as M(g) increases. The heats
of the processes and rate constants of particular stages
under some experimental conditions are presented in
Table 1.

The reaction of aliphatic hydrocarbons with an equi-
librium mixture of NO,; and N,0, is a complicated
process consisting of consequent-parallel stages of nitra-
tion and oxidation. The interaction between hydrocar-
bon and NO, plays the main role for reactions in gas
and liquid phases. Under experimental conditions, not
more than 3% n-decane exists in the gas phase. The

Table 1. Rate constants and thermal effects of the reaction of n-decane with NO,

in the liquid phase

T B Hg) Ono, ky K
/°C  /mol mot™l /L mol™!'  /kcal mol™! 5!

55.2 0.0025 32 3.5-1073

53.2 0.0032 33 3.5-1075

55.2 0.0077 0.056 34 2.5-1073 1.2-1074
552 0.0093 0.049 34 2.1-1078 1.2-1074
55.2 0.011 0.033 33 1.9-1075 481073
55.2 0.055 0.067 47 98-1076 48-107%
55.2 0.061 0.090 48 8.7-107% 721073
55.2 0.074 0.061 52 8.1-107% $9-1075
55.2 0.11 0.057 49 66-10"8 52-107%
35.2 0.17 0.10 47 6.9-107¢ 55-1075
64.6 0.0025 9.8-10~3

64.6 0.005 1.0-1074

64.6 0.0085 22 9.4-1075

64.6 0.01 0.0073 22 89-1073

64.6 0.013 0.069 32 741075

64.6 0.024 0.048 30 5.1-1073 1.5-1074
64.6 0.061 0.041 40 3.4-1073 12107
64.6 0.072 0.084 38 3.3-10™3 1.3-107¢
64.6 0.10 0.058 40 2.5-1073 1.4-10™
74.2 0.0039 0.051 20 2.6-1074

74.2 0.0059 0.076 28 2.7-107%

74.2 0.0073 0.064 28 271074

74.2 0.012 0.091 32 26-107%

74.2 0.012 0.053 32 26-107¢

742 0.013 0.064 39 2.5-1074 3-1074
74.2 0.016 0.070 42 2.3-10™* 3-10~4
74.2 0.020 0.087 42 201074 8- 1074
74.2 0.023 0.077 43 1.8-107* 61074
74.2 0.028 0.0148 52 16-107% 44-10"*
74.2 0.032 0.044 58 1.5-10™ 3.4-10*
74.2 0.039 0.119 60 1.3-107¢ 3.2-107¢
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ratio of concentrations of NO, in the liquid and gas
determined from the ideal gas law and Henry’'s law is
about ten. When the reaction rate constants in the liquid
and gas are close,? the contribution of the gas-phase
reaction to the overall rate is not greater than 0.3%. The
fact that (dn/df)q decreases as V{(g) increases testifies
that the liquid-phase reaction makes the main contribu-
tion to the overall heat release rate, which is limited by
the bimolecular interaction of NO, with the hydrocar-
bon. The initial rate of heat release is determined by the
expression

(dQ/dD =g = & *¥No, " Cno,(lia) - Onoy/B,

where k£°/L mol™! s7! is the rate constant of the reac-
tion of #-decane with NO, in the liquid phase; CNOQ(liq)
is the concentration of NO, in the liquid phase; yno, 18
the stoichiometric coefficient of NO, in the reaction
equation; and Qyo, is the thermal effect of the interac-
tion per mole of NO;. After transformation we obtain

(dQ/dt) =g = k- Qno, " ino,liQ)/B. M

where k/s™' = yno, k" C4(liq) is the effective con-
stant; Cy(lig) is the concentration of n-decane in the
liquid phase; and 7yo,(liq) is the number of moles of
NO, in the solution per mole of n-decane.

The nyno,(liq) value can be calculated taking into
account the equilibrium of dissociation of N,Oy in both
phases, equilibrium distribution of nitrogen oxides be-
tween the phases, and mass balance with respect to the
number of moles of nitrogen oxides per mole of
n-decane: i

N,0,(8) 2 NO,(®)
KH(MN0,) j[ Jr Ky N0y
Ky (lig)
N,O,(liq) 2 NO,(liq)

(where K(g) (atm) and Ky(lig) are the dissociation
constants of N,Oy in the gas phase and in a solution of
n-decane; Ky(NO,) and Ky(N,04) are Henry's con-
stants for solutions of NO, and N,O, in n-decane, atm),

NND4(8) + 2mn,0,(8) + no,(lia) + 2ny,0,(iq) = B,(D)

where nNoz(g), nN204(g), nno-(lig), and nN204(1iq) are
the numbers of moles of NGO, and N,0, in the gas
phase and in a solution of n-decane calculated per mole
of n-decane in the system. The numbers of moles of
NO, and N,O, in solution are referred to one mole of
n-decane, and the sum of moles in the solution is the
following:

n=1+ I‘l_\;oz(liq) + nsz(liq).

Under the majority of experimental conditions, nyq,(1iq),
;zN704(liq) <« 1; therefore, ¥n = 1 and the molar frac-
tions of NO, and N,O; in solution are numerically

equal to their number of moles. In this case, the nyp,(g),
MNy0,(8), and nn,o,(liq) values are expressed through
nno,(lig) as follows:

nx,0,(i@) = [KnUQ]™ - [nno, ()],
Noy(8) = Ku(NO2) - Mg)(RD) ™! nyo,(lia),
niN,04(8) = Kn(N204) - YR RTKy ()] ™! - o, (lia)]2. (3)

The solution of Egs. (1—3) gives the following ex-
pression for the heat release rate:

(dQ/dBmg = 2kQno,/{I(K(NO) - Ig)/RT + 1)* +
+ 8(Ky(N,O4) - Y(@)/RTKN(lig) + 1/Kn(lig)) - p/2 +
+ Ky(NQOy) - Mg)/RT + 1} =
= 2kQOno,/ {I{nx0,(8)/ nno,(lig) + 1? +
+ 8(nn,0,(8)/(nxo,liQ)? +
+ ny,0,(10)/ (nno,(1i@)?) - B2 +
+ (nno(8)/nno,(lia) + 1) 4)

Depending on external experimental conditions (¥{g),
B, and T values), the expression for the rate (Eq. (4)) is
simplified in three limiting cases.

1) At relatively high temperatures and great values of
¥(g), the majority of nitrogen oxides exists in the form
of NO, in the gas phase. The second term under the
square root can be neglected, and for the initial heat
release rate we obtain

(dQ/dD =y = kOnoy/TKp(NOy) - W(g)/RT + 1],
and for the inverse value of the initial rate
1/(dn/dfmg = Ono,/(dQ/d8 o = 17k + Ky(NO,) - V(g)/kRT.

The experimental dependences of Qug,/(dQ/df)—q
on V(g) at different temperatures are presented in Fig. 2.
The k& and Kyi(NO,) values were determined from the

QNoz/G(d Q/dd=p/h

0 [ 2 3 4 5 .
¥(g)/L mol™!
Fig. 2. Dependence of Qno,/(dQ/d)—~¢ on ¥(g) at different
temperatures (°C): 74.2 (1); 83.5 (2); and 92.8 (3).
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tangent slope and a segment cut on the Y axis. The
temperature dependence of K(NO,) is determined by
the equation

Ky(NO,) = 1.1 - 10%xp(—1300/T) atm.

2) At relatively low temperatures and small ¥{g), the
fraction of nitrogen oxides in the gas phase is low. In the
first term under the square root, the nye,(2)/nno,(liQ)
value can be neglected compared to unity, and in the
second term, we neglect the ny,o,(2)/((nno,(lig))? value
compared to nNzOd(liq}/((nN%(Jiq))z. In this case, the
initial rate is determined by the expression

(dQ/dN =y = 2kOno./I1 + B/KN(i'? + 1.

When f are substantially smaller than K\(lig), the
{B/’KN(liq)]W term can be neglected compared to unity,
and finally, the initial rate becomes independent of (3:

(dQ/dD=y = kOxoy

3) As B increases, the equilibrium of the NO, dimer-
ization is shifted to N,O4, and the relative fraction of
NO, in a solution of n-decane decreases. The
{B/Kxn(lig)]'/? term affects the vajue of the rate, and
beginning from certain § values, we can neglect unity
campared to [B/Kn(lig))'/%:

(dQ/dD o = 2kQno,Knilia)/Bl' .

The dependence of fogl(d Q/df) —o/ Ono,) On logB at
different temperatures and Mg) =~ S 107 L mol™! is
presented in Fig. 3. As B increases, the horizontal re-
gions of the curves are regularly alternated with regions
in which the logarithm of the rate decreases and the
tangent slope is equal to ~ —0.5. The abscissa of the
intersection point of the horizontal and sloped regions

log(d Q/d8) =0/ Onios
1

-3 -2 -1 logB

Fig. 3. Dependence of log(dQ/dn ~¢/Oyo, on logB at differ-
ent temperatures (°C): 55.4 (1); 64.6 (2); 74.2 (9); and 85.5 (4).

of the curves is determined by the Ky(lig) value and is
equal to 4Ky(lig). The temperature dependence of
Kx(liq) is described by the 8.2« 10%exp(—6757/T) ex-
pression and is close to the dependence determined by
the direct method.®

The k values determined from different dependences
within the experimental scatter of data are expressed by
the temperature dependence established for the oxida-
tion of n-decane by NO, in solutions of HNO;
(k = 3.5-108exp(~17.6+10°/T).! The values of the
Kn(liq) and Kp(NO,) constants established in this work,
in combination with the value of the dissociation rate
constant of N,O, in the gas phase, allow one to deter-
mine Kyg(N,0,) = 4.5- 10%exp(—2400/7) from the ther-
modynamic cycle. The Kg(NO,) and K(N,Oy) values
for the two-phase system at 90 °C established in the
present work are by 7 and 30 times lower than the
previously determined values.® The error of thermo-
statting in the determination of partia] pressures of NO,
and N,04 mentioned in Ref. 6 should result in underes-
timating, in the limiting case, by several times, the
Ky(NO,) and Kiu(N,0Q,) values compared to the data of
this work. It can be assumed that one reason for overes-
timating the values of Ky(NO,) and Ky(N,0O,) in Ref. 6
is the underestimation of the concentration of nitrogen
oxides in the liquid, which is due to the great indetermi-
nacy in determination (from the absorption at the same
waveleagth) of comparable and small concentrations of
N,O4 and an admixture in the form of HNO,. The
reaction of n-decane with NO,. which occurs to a cer-
tain extent during the thermodynamic experiment, can
make a certain contribution to the decrease in the con-
centration of nitrogen oxides in the liquid. The number
of moles of NO; and N,O, in the liquid phase decreases
during the reaction. For example, at 60 °C the reaction
occurs by 10% during ~40 min, which is comparable
with the time of the thermodynamic experiment. Ac-
cording to the data in Ref. 6, Kzg(NO,)¥g) > RT, and
under these conditions, a proportional dependence of
Ono,/(dQ/dt) g on Hg) should take place, which was
not observed in our experiments.

To determine the yng, values, we compared the
published values of the heats of the reaction of #-decane
with HNO; ! and those of the interaction of n-decane
with NO, obtajned in this work. The extent of the
oxidation of n-decane and the corresponding thermal
effect of the reaction increase as 3 increases,

The observed thermal effect of ~20 kecal mol~! NO,
can be explained by the fact that the oxidation of
n-decane to dimethyl-substituted octodecane occurs ac-
cording to the overall equation

2 CigHga + 2 NOy = CpgHap + 2 HNO,,
AH = —20.8 keal (mol NO,)~L

The heat of formation of z#-eicosane was used to calcu-
late the heat of this reaction.” By analogy to other
hydrocarbons, the heat of formation of a branched iso-
mer should be by 1—3 kcal mol™! lower.
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The oxidation to CagHy, can occur at low values of
B, when the iso-decyl radical formed in the primary act
of the oxidation

C10H22 + N02 - Cer]C‘HCHa + HNOZ‘

has comparable probabilities of recombining with a similar
radical and entering the secondary reaction of the oxida-
tion by nitrogen dioxide.

Heat effects lower than 38.5 kcal (mol NO,)™! can
be explained by the nitration reactions with the reduc-
tion of NO, to NO

CroHag + 1.5 NOy = CygHaiNQ, + 0.5 NO + 0.5 H,0,
AH = ~30.8 kcal (mot NO,)~!

and oxidation to alcohol, aldehyde, acid, and finally, to
CO5; NO; is reduced to NO

3 CygHyps + 0.3 NO,; = 30 CO, + 0.3 NO + 33 H,0,
AH = =385 kcal (mol NO,)~L

When NO, is reduced to NO, the heats of the
nitration and oxidation to different products differ by
only 8 kcal mol™L

The heat effects of >38.5 keal {(mol NO,)™! can be
explained only by the reduction of NO, to N, during the
nitration

8 CygHyp + 10 NOp = Ny + 8 CygH,NO, + 4 H,0,
AH = —44 keal (mol NOy)7},

or during the oxidation of n-decane to alcohol, alde-
hyvde, acid, and up to CO:

4 CygHgg + 2 NO, = 4 CgHgiOH + No,
AH = —93.4 kcal (mol NOz)"‘;

4 CyoHpy + 6 NO, = 4 CgHgCOOH + 3 Ny + 4 H,0,
AH = —114.4 kcal (mol NO,)7h,

12 CyoHpp + 186 NO, = 120 CO, + 98 Ny + 131 H,0.
AH = —112.2 keal {mol NOy)™L.

It has been previously shown? that no deep oxidation
with evolution of CO or CO, occurs during the reaction
of NO; with n-decane at small §. Nitro dervatives,
alcohol, NO, H,O, and partially N, were the main
products of the reaction.

The experimentally observed thermal effects of the
reaction of n-decane with NO, (at great B) and with
solutions of HNOj; calculated per both mole of
n-decane and mole of NO, can be explained only by the
fact that the oxidation te CO; and reduction of NO,
to N, occur to a certain extent. For the oxidation
reactions without decomposition of the carbon chain,
the heat per mole of n-decane is lower than the experi-
mental heat.

The total heats of oxidation of n-decane by solutions
of HNO; and NO; calculated per mole of n-decane

[Q(HNO;) and Q(NO,), kcal mol™! of n-decane] are
related to the heats of oxidation of n-decane calculated
per mole of HNO; and NO; (Quno,.
kcal (mol HNO;)™! and Qng., kKeal (mol NOy)7L) by
the correlations Q(HNO3) = vyno,” Quno; 2nd
0.(NO3) = yno, " Ono,- The difference in the heats
Q(HNO;) — @{NO;) n the case of the same reaction
products in the oxidation by solutions of HNO; and
NO, is equal to vyno, - &}, where AH) is the heat of
the process:

2 HNOg + NO = 3 NO, + H,0,
AH; = 8.2 kecal (mol HNO;)™! 3

or yuno; * AHy, where AH) is the heat of the process:

8 HNOz + Ny
AHp_

= 10 NO, + 4 H,0.
17 kcal (mol HNO;) 7L 6)

i

According to Egs. (3, 6), the stoichiometric coeffi-
cients of HNOj; and NO; are related by the correlations
YHNoO; = 0.66 vno, OF Yno; = 0.8 yno,, respectively.
The thermal effect of the oxidation of n-décane per mole
of NO, at B values equal to 2 and higher. which are
close to the number of moles of NO, formed in the
oxidation of n-decane by solutions of HNO;,! is equal
to ~70 kcal {(mol NO,)~'. This thermal effect can be
the result of the oxidation and nitration reactions with
the partial reduction of NO, to N5. According to known
data,? N, and NO in the oxidation products are corre-
lated as 1 : 2, hence:

0.8vn0,* 17+ 0.34 + 0.661x0," 8.2 0.66 — yng, " 70 = —575.!
The value of 9.3 was obtained for yno,. While vyno, =
6.6. The temperature dependence of the rate constant of
the reaction of NO, with n-decane in the two-phase
system can be presented in the form £° = 8§.0- 1016
exp(—17.6-103/T), L mol™! s™!. The pre-exponential
of the rate constant in the three-phase system is |.4-fold
higher, which can be explained by the change in the
dielectric and solvating properties of the medium with
partial dissolution of HNO; in n-decane.

Since the conditions under which the acceleration
appears correspond to the conditions of the maximum
formation of N,O, in soiution (high content of
NGO, + N,0,, low temperatures), it can be assumed
that the interaction of N,O,4 with the products of the
n-decane oxidation containing C—O—H or C=0 is the
reason for the acceleration during the process. In this
case, the rate of the catalytic stage is determined by the
expression

ket Caec®® = k3" " Cny0,”™® " CroH "

where &,  is the rate constant of the reaction of N,O,
with alcohol; Cgop °® is the concentration of the
alcohol formed in the oxidation of n-decane; and
Cn,0,°® is the concentration of N0y in n-decane. The
effective rate constant of the catalytic stage slightly
changes as the concentration of N;O, in the system
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increases, which can be explained by a single decrease in
the concentration of the alcohol due to a deeper oxida-
tion with the increase in the total content of nitrogen
oxides per mole of n-decane. Using the values of &, and
Cron "8 for p ~ 0.012—0.016 and Cy°® and Cy,0,°®
calculated from the dissociation constant Kx°™ for B =
0.012, we obtained the value of 120 L mot™! s} (with
the same order of magnitude as that directly measured
previousty8) for k,° at 74.4 °C. This confirms the as-
sumption that the acceleration is related to the reactions
of N,O,.

This work was supported by the Internationat Scien-
tific Technical Center (Project No. 124).
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