Kinetics and Catalysis, Vol. 42, No. 6, 2001, pp. 736-742. Translated from Kinetika i Kataliz, Vol. 42, No. 6, 2001, pp. 812-819.

Original Russian Text Copyright © 2001 by Rubtsov.

Nitrogen Trichloride Decomposition in the Presence
of Molecular Hydrogen: |. Promotion of Nitrogen Trichloride
Decomposition by Molecular Hydrogen Additives
Near the Lower Self-Ignition Limit

N. M. Rubtsov

Ingtitute of Sructural Macrokinetics, Russian Academy of Sciences, Chernogolovka, Moscow oblast, 142432 Russia
Received December 13, 2000

Abstract—The promotion of the branched-chain decomposition of nitrogen trichloride by molecular hydrogen
additives at room temperature and 20 torr manifestsitself in a decrease in the induction period and the accel er-
ation of reactant consumption with an increase in the hydrogen concentration in the NC1; + H, + He mixtures.

The emission spectrum of the H, + NCl, flame contains the intense bands of NCI** (b'Z* - X*~, v =1 -0,
v=0-1, and v =0-0, where v is the vibrational quantum number) and the bands of a hydrogen-free com-
pound. The latter bands can be assigned to electronically excited NCl, radicals formed in the H + NCI, reac-

tion. The calculations restrict the number of elementary reactions favoring promotion. The promotion effect in
the system studied should be due to the side reaction of linear branching. The occurrence of the H + NCl; reac-

tion viatwo pathways (NHCI™ + 2Cl and NCl, + HCI) ensures the qualitative agreement between the experi-

mental data and calculation.

INTRODUCTION

The promotion of gas-phase chain reactions is
important for the development of methods of combus-
tion intensification. However, this phenomenon has
been described for few systems. The oxidation of COin
the presence of hydrogen-containing compounds was
studied in detail in [1]. The promotion by these com-
pounds is due to the involvement of the main elemen-
tary reactions of H, combustion into the mechanism of
the above process. In contrast to the ignition of rather
hydrogen-rich H, + O, mixtures involving only
branched chains, the chains of this reaction are less
branched. Taking this into account, promotion is per-
fectly interpreted based on the linear kinetic scheme of
H, combustion. Earlier [2], we studied the promotion of
the gas-phase process involving nonlinear branching
reactions for hydrogen oxidation in the presence of
SiH, and CS, additives. Promotion was related to an
increase in the contribution of nonlinear branching H +

HO, — 20H resulting in the formation of the active

OH "radical instead of theinert HO, radical; that is, the

phenomenon is also interpreted on the basis of the
mechanism of hydrogen combustion.

The thermal decomposition of NCl; is a branched-
chain process involving nonlinear chain branching [3-5]
and resulting in nonthermal flame propagation and

chemical oscillations [6]. The CL(°M2,) molecules

formed in the reaction of the NCl, radicals with each
other participate in chain branching (energetic branch-
ing). The rapid reaction of quadratic chain termination
Cl + CL(’My,) — Cl + ClL(°%,) plays an important
role in this branched-chain process. The calculations
performed in [5, 7] alowed the interpretation of the
main kinetic regularities of NCl; decomposition,
including nonthermal flame propagation [4], aswell as
the kinetics and chemical oscillations[6] on the basis of
the nonlinear reactions of chain branching and termina-
tion. The introduction of hydrogen atoms into the reac-

tion with NCI, favors the formation of the NCI ™" radi-

cals (including the electronically excited ones) via the
reactions [8]

H+ NCl;— NCI, + HCl
and
H+ NCIl, — NCI"" + HCI.

Taking into account the process energetics and the lib-
eration of ~78 kcal/mol in the former reaction, it can
occur via some other pathways, for example,

H+ NCl; — NCI™" + Cl + HCI + 46 kcal/mol  (I)
or

H + NCl; — NHCI" + Cl, + 74 kcal/mol [10]. (II)
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NITROGEN TRICHLORIDE DECOMPOSITION. 1.

The hydrogen atoms may be generated by the reac-
tion Cl + H, — H + HCI in the course of the NCl, +
H, process. Taking into account that Cl, is the product
of NCl; decomposition, this reaction in the presence of
H, involves two chain processes: branched-chain NCl,
decomposition and the H, + Cl,, reaction. In this case, it
isapriori unclear whether or not these chain processes
will accelerate each other, that is, whether or not the
mutual promotion will take place.

The investigation of the reaction between NCI; and
H, isaso important for practice, namely, for the prepa-
ration of optically active media [8, 11] and for the
explosion safety in the chlorine industry [12, 13].

Theaim of thiswork wasto study the regul arities of
the promotion of the branched-chain decomposition of
NCl; by H, additives and to interpret them using com-
puter simulation.

EXPERIMENTAL

Experiments were performed in static and jet parts
of a vacuum setup described in [14, 15]. The reaction
under static conditions was conducted in a spherical
vessel (diameter, 10 cm) equipped with optical win-
dows, including two antipodal ones. The emission of a
probing source or the reaction chemiluminescence was
focused at an inlet dlit of an OSA-500 optic spectrum
analyzer (200800 nm; resolution, 0.144 nm) or a
DMR-4 monochromator. In the second case, the emis-
sion was registered with aphotomultiplier tube, the sig-
nal from which was transmitted to an S8-2 electron-
beam memory oscilloscope. The emission in the UV
region was induced with a DVS-25 mercury—helium
lamp, and its intensity was measured with an FEU-39
photomultiplier (sensitivity, 200600 nm). The emis-
sion in the visible region was registered with an FEU-
62 photomultiplier (sensitivity, 5001200 nm), the sig-
nal from which was a so transmitted to an S8-2 oscillo-
scope through alight guide. The reaction under jet con-
ditions was conducted in a cylindrical quartz reactor
(length, 0.5 m; diameter, 0.9 cm), whose surface was
treated with hydrofluoric acid or potassium tetraborate
to retard the heterogeneous recombination of hydrogen
[16] and chlorine[17] atoms. The reactor was equipped
with a discharger (13.6 MHZz) to produce chlorine and
hydrogen atoms and with inlets located under the dis-
charge zone to supply the reactants in the molecular
form to the reaction zone. The reactor was placed into
the resonator of an EPR-20 IKhF spectrophotometer.
The self-ignition limit was determined with an experi-
mental error of £2% by averaging two pressures, at
which the mixture does (the higher value) and does not
self-ignite (the lower value). In adifferent experimental
series, NCl; wasliberated into He (reagent grade) or the
He (reagent grade) + H, (reagent grade) (D, (reagent
grade)) mixture. The NCl; concentration was varied
from 3 to 25 vol % at 0.5-20 torr and 293-400 K. The
procedures of NCl, synthesis and the preparation of its
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Fig. 1. Timevariationsin the NCl 3 concentration on its self-
ignition (1) without additives and in the mixtures with H, at
the concentration of the latter with respect to [NCl3]q (2) 5
and (3) 10 vol %, [NCl3]g = 25%, and P = 1.5 torr.
(a) Experimental curves and (b) calculation results.

mixture with gases were described in [18]. The absorp-
tion of emission from NCl; was registered at a wave-
length of 220 nm (an extinction coefficient of
1760 | mol~! cm™' [19]). The method allowed the deter-
mination of the NCl; concentration above 103 cm™.

RESULTS AND DISCUSSION

In the first series of experiments, we studied the
effect of H, additives (at concentrations higher than that
of the initial NCl, by more than 5%) on NCl, decompo-
sition at pressures that were nearly three times higher
than the lower self-ignition limit. The reaction rate was
registered as a function of the duration of UV-light
absorption by the NCI; molecules at a wavelength of
220 nm (Fig. 1a). Even 5% H, additive causes both a
decreasein the induction period and the accel eration of
NCl; decomposition under the conditions of developed
ignition. This suggests that the addition of molecular
hydrogen promotes NCl, decomposition. Figure 2 pre-
sents the emission spectra of the NCl, flame in He with
the H, additives. Along with the emission bands of

Cl% (Mg, - '5) [9], the spectrum contains the NCI ™
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Fig. 2. Stationary flame spectra: (1) 20% NCl3 in He, P =
2.0 torr; (2) 20% NClz in He (1.5 torr) + H, (0.5 torr); and
(3) 20% NCl3in He (1.0 torr) + H, (1.0 torr).

lines[8] (b'Z* - X< andv=1-0,0-0,and 0—1tran-
sitions, where v is the vibrational quantum number)
with an intensity that markedly increases with an
increase in the H, concentration in the mixture. Note

that the NCI™" lines (b'Z, a'A) were observed in the
reaction of hydrogen atoms with NCl; [8].

To elucidate the effect of minor H, additives on the
lower self-ignition limit of NCl, (P,), the P, value was
determined at a certain NCl; concentration. Then, a
small part of NCl; was replaced by He (with the overall
pressure remaining unchanged) so that the mixture was
beyond the salf-ignition region (Fig. 3a, curve 2). Curve 1
in Fig. 3a describes the integral chemiluminescence
intensity during NCl; decomposition at the same pres-
sure, which is dlightly higher than the P, value. In the
next run (Fig. 3a, curve 3), the He additive was replaced
by anidentical H, additive. The addition of H, inacon-
centration of 40% of that of NCIl; causes a decrease in
the P, value because NCl,; decomposition in the pres-
ence of H, occurs moreintensively, resulting in the pro-
motion of the process. The H, additivesin 20% concen-
trations with respect to initial NCl; cause a decrease in
the P, value. Therefore, the reactions involving H, and
resulting in promotion strongly affect NCl1, decomposi-
tion at P > P,. However, the influence of the H, addi-
tives on this process is less pronounced near the P,
limit.

For the NCl; + He + H, mixture, the flame emission
is observed at 380-390 nm and its intensity passes
through a maximum as the H, concentration increases
(Fig. 4). We failed to assign this emission to any com-
pound based on the available data. To elucidate whether
or not the emitting compound contained hydrogen
atoms, we replaced molecular hydrogen with deute-
rium. In this case, the emission bands did not shift.
Therefore, the emitting intermediate lacks hydrogen
atoms (accurate to the resolution of the OSA-500 spec-
trum analyzer). This emission may be attributed to the
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Fig. 3. Integral chemiluminescence intensity during NCl;
decomposition: (1) NCl3 + He (1.47 torr); (2) NCl3 + He
(1.35 torr) + He (0.12 torr); (3) NCl3 + He (1.35 torr) + Hy
(0.12 torr). [NCl3]g = 5.6%. (8) Experimental oscillograms
and (b) calculated kinetic curves.

electronically excited NCI3 radicals generated in the
virtually thermally neutral reaction H + NCI;, —~

NCI; +HCI.

Within several minutes after theignition of the NCl,

¢ H, mixture, the inner reactor surface is coated with a
white crystalline substance which is readily soluble in
water and sublimated on heating. From its agueous
solution, awhite curdled sediment of AgCI precipitates
upon the addition of silver nitrate. This indicates that
NH,CI is formed as a final product on the walls of the
reaction vessel. Therefore, the reaction between NCl,
KINETICS AND CATALYSIS  Vol. 42
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and H, results in the formation of N—H bonds. Com-
pounds with these bonds may be generated via the
abstraction of the chlorine atoms from the nitrogen
atoms

H+NCl, —= NCI"™ + NCl,

H+NClI'" —= N+ HCI
or recombination

N+H+M—NH" +M,

where M isthe third body; etc.

A similar situation is observed in the reaction of
hydrogen atoms with NFCl, [20]. In this case, nitrogen
atoms are formed in the following reaction series

NF ‘(@A) + H — HF + N(?D)
with spin conservation,

NCD) +NF = —= NyB) +F;

N,(B¥,) —= Ny(A’S)) + hv.
However, in contrast to the results of Exton et al. [20],
the N,(B'r,) —= N,(A’Z, ) transition (560-660 nm) is
observed in the emission spectrum neither in the H +

NCl; system [8] nor under our experimental conditions.
Indeed, the reaction of the hydrogen atoms with

NF (@A) is more exothermic than that with
NCI '(@'A) by ~30 kcal/mol and its rate constant is

2.5 x 1013 cmP/s. Therefore, the H + NCI " '(alA) reac-
tion should still be slower. This suggeststhat N—H bond
formation in the fluorine-free system is due to some
other process. Let us consider the above exothermic
reaction (I1) as such a process. Note that the energy
evolved in this reaction is sufficient for the chlorine
molecule to dissociate into two chlorine atoms if this
energy is appropriately distributed over the degrees of
freedom in the transition state.

In NCl; and H, mixtures (1 : 1 + 50% He) under jet
conditions at 2-10 torr, a stationary flame arises that
consists of the dark red and blue luminescence zones
along the steam. The second zone disappears when H,
is replaced by He. Heating, measured with a thermo-
couple (d =30 um) placed in the flame zone, islessthan
100°C. Wefailed to register any atomsor radicalsusing
the ESR method under these conditions at a magnetic
field intensity up to 8000 Oe. However, Azatyan et al.
[14] registered the chlorine atoms (sensitivity,
~10"2 cm™3) when H, isreplaced by HeintheNCl; + He
flame. The ESR spectrum of the chlorine atoms disap-
peared upon the addition of molecular hydrogen or
hydrogen atoms (the pressure in a stream changed
within 10%). On the contrary, the ESR spectrum of
hydrogen atoms was not observed upon the addition of
NCl, to the hydrogen atom flow (sensitivity, =10'3 cm).
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Fig. 4. Emission spectrum assigned to the NCIé radicals
during theignition of the NCl3 + He mixturewith (1) hydro-
gen and (2) deuterium additives [Hy] = [Dy] ~ 15%,
[NCl3]g ~ 20%, and P = 4.0 torr.

Taking this into account, we can estimate the lower
limit of the rate constant for the H + NCl, overall reac-
tion. For typical experimental conditions ([NCl;] =
10%, [H,] ~ [H] ~ 1%, P = 1 torr; flow rate, 5 m/s; reac-
tion zonelength, 2 cm), the estimate shows that the rate
constant for the overall reactionis 1.5 x 1013 cm®/s. We
note the specific feature of the phenomenon observed
comprising a decrease rather than an increase in the
chain carrier concentrations under promotion condi-
tions.

Using the avail able rate constants for most elemen-
tary reactions of the branched-chain decomposition of
NCl; and H, + Cl, in calculations, one can easily elimi-
nate those elementary reactions that certainly do not
cause promotion and, thus, determine which processes
are responsible for the observed phenomenon. The
kinetic mechanism of NCI; decomposition in the pres-
ence of H, at low pressures (ignoring the reactions of
termolecular chain termination) may be represented as
follows:

(0) NCl;—= NCl,+Cl, k, = 10°s"[15];

k, = 1.6x 10 % cm®/s [15];

6]

k, = 3.4 x 10 e cm¥s

(D

[21, 22] (3250 = E (cal/mol) /R(1.98 cal mol-! °C ). E
is the activation energy, R is the gas constant, and T is
the temperature.

The rate constants for chain termination consistent
with the data of [14, 19, 23] were chosen so that the cal-
culated P, values in hydrogen-free mixtures coincide
with their experimental values[7].
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NCI; + NCl;, — N, + Cl,(°n%,) + 2Cl,
ks = 6x10 2 cm’/s  [5];

3)  clLnl) —-2Cl, k,=10"s"[23];

2)

Cl,(°N%,) + NCl; —~ NCI, + Cl + Cl,,
ks = 3% 102 cm®/s [5];

4

Cl,(*Mgy) + Cl — Cly('E) + Cl,

) 10 3
ke = 1.6x10 " cm’/s [21];

6) NCI;,—+ termination, k, = 10s™"[19, 23];

(7) Cl L, termination, kg = 1s* [14].

Note that reactions (0)—(9) and their rate constants are
identical to those used in the calculations of [7].

Cl(Mg) + M — Cl('%;) + M,
ke = 10°-10"% ecm®s [5, 17];
Cl +NCl;, —= NCI"" +Cl,,
ky, = 0.67 x 10 e ™7 [23];
H+Cl, — Cl +HCl,
cm®/s [24];

®)
€))

(10)
ky = 0.92x 107%™

H + Cl,(°n?,) —= Cl +HCl,
Ky = Kqg;
Cl+H, — H +HCI,
ky, = 0.4x 10D cm¥/s[25].

Note that the consideration of the reaction reversible to
reaction (12) does not virtualy influence the calcula-
tion results.

(1r)

(1)

H + NCl; — NCI, + HCl,
kis = 4x 10 em®/s[8];

(12)

H+NCI, — NCI™* + HCl,
ky = 107° cm®/s[8].

Note that the k;; value obtained in [8] agrees with the
above estimate (=1.5 x 10-'3 cm%/s). When simulating

thekineticsof NCI™ " chemiluminescence (b'Z+) formed
in reaction (14), we took into account the lifetime of
these excited radicals, the reciprocal of which is
1580 s7! [8].

We assumed that heat is mainly released in reac-
tion (11) because NCl, decomposition at |ow pressures

(13)
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is virtually isothermic: the energy is consumed for the
formation of atoms, radicals, and excited species [3,
14]. The heat balance equation is [26]

dT/dt = QW(T)/(C,p) —aL(T—298)/(C,p), (1)

where Q is the heat effect of reaction (11) equal to
~55 kcal/mol [24], C, is the heat capacity of the mix-
ture(0.05ca g! °01§ for He[27], a isthe heat transfer
coefficient, L isthe surface/volumeratio (cm™), p isthe
gas density, and w(T) is the reaction rate. In the calcu-
lation scheme, T is expressed in °C. The a value was
estimated by the following equation [26]:

a = LdAelr?,

wherer isthe reactor radius (cm); e isthe base of natu-
ral logarithms; disthecritical parameter (3.32); Aisthe
coefficient of the mixture thermal conductivity, which
we assumed in calculations to be equa to that of
He[27].

The dimensionless time t was determined ast =
kINCl;], T (Wwhere T istime, s), and the dimensionless
concentrations were caculated as Y, = A/[NCl,],
(where A; are the current component concentrations).
We obtained the following kinetic equations:

dvi/dt = =5 kY\Y,
. v)

222
Theinitial conditionswereY; = 0, the dimensionless
concentrations of NCl; and hydrogen were Y; = 1 and
Y, = 0.1-1.0, respectively; and the initial temperature
was 298 K. The system of Egs. (1) and (2) was inte-
grated using the fourth-order Runge—K utta method.

As follows from the calculations, the consideration
of reactions (0)—(14) failsto explain theincrease in the
rate of NCl, consumption, the decrease in the induction
period, both of which were observed experimentally
(Fig. 1a), and even adecrease in the lower self-ignition
limit P, (Fig. 24) in the presence of H, additives. This
suggests that the reactions of quadratic chain termina-
tion (reactions (6) and (9) in our case) do not changethe
P, value.

As noted above,

H + NCl,
(14)
M5, NCI™ + Cl + HCI + 46 kcal/mol [9]

is a branching reaction. However, the consideration of
thisreaction at k;s = k;; does not cause promotion with-
out any additional assumptions on the reactions of the

resulting NCI'~ radicals, which are hypothetical
because of the lack of literature data. For example,
KINETICS AND CATALYSIS Vol. 42
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branching may be ensured by involving the exothermic
reaction

NCI™" + NCl,
K6, N,Cl, + 2Cl + ~ 110 kcal/mol .

(15)

into the scheme. Indeed, the introduction of this reac-
tion results in promotion at k;¢/k; > 10. In agreement
with the available experimental data[7, 15, 22], itsrole
should beinsignificant because of slow step (10) during
NCIl; decomposition in He in the absence of H, at
298 K.

However, there is one more reaction of additional
linear branching (which is obviously anecessary condi-
tion for experimentally observed promotion) that does

not require any assumptions on the NCI"" reactions.
Thisis the exothermic process
a6 H + NCl; 4% NHCI" + 2Cl + 17 kcal/mol,

Kz = Kys.
The coincidence of the rate constantsis assumed in cal-
culations. Note that the occurrence of steps (13) and

(14) was explained in [8] by the existence of a maxi-
mum on the experimental curve describing time varia-

tions in the NCI™~ concentration (b'=*) and the linear

(IID)

dependence of the NCl " signal on theinitial NCI, con-
centration, as follows from the consideration of the
kinetics of consecutive reactions (13) and (14). By
solving the set of Egs. (1)—(2) with due regard to
steps (0)—<(15) and (17) under conditions of [8] ([H] ~
10" cm3 > [NCl,],), we obtained the time dependence

of the NCI™* concentration with characteristic times of
a decrease and an increase close to the experimental
ones shown in Fig. 3 of [8] and the linear dependence

of the NCI™" concentration on the initial NCI,; concen-
tration. This verifies the agreement between the cal cu-
lation results and the experimental data of [8]. Figure
1b presents the calculated kinetic curves for the reac-
tion between NCl; and H, under the same conditions as
the experimental datagivenin Fig. 1a. As can be seen,
the 5% H, additive (Fig. 1b, curve 2) favors promotion
in agreement with the experiment. However, the calcu-
lated decrease in the induction period in the presence of
5% H, compared to that observed during NCl, decom-
position in pure He is ~5 ms, which is less than the
experimental one, as can be seen from Fig. 1b (cur-
ves / and 2) when passing to the dimensional time. The
calculated heating (~60 °C) (see Fig. 5d) isclose to the
experimental one (100 °C). Moreover, Fig. Sbisconsis-
tent with the presence of two luminescence zonesin the

flame caused by Cl,(°M,,) and NCI(!Z*) emissions.

Note that, if al the energy of the H + NCl; reaction is
evolved as heat, the calcul ated heating would be higher
KINETICS AND CATALYSIS Vol. 42
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Fig. 5. Caculated kinetic curves of (a) self-heating and
(b) relative concentrations of (1) Cl,*Moy, (2) NCI's*,
(3) NCl3, (4) H atoms, (5) Cl atoms, and (6) NCl, radicals.

The calculation conditions: 25% of NCl3 in He, 25% H,,
and P =1.5torr.

than 1000°C, which contradicts the experimental
results. Figure 5b also shows that the chlorine atom
concentration (which is ~30% of theinitial NCl; in the
absence of H, [7, 14]) decreases with anincreasein the
H, concentration, and the hydrogen atom concentration
islow compared to those of other intermediates. These
calculation results agree with the fact that hydrogen and
chlorine atoms were not registered in the H, + NCl,
flame (at the reactant ratio 1: 1 + 50% He) under jet
conditions. Nevertheless, anearly threefold decreasein
the chlorine atom concentration in the presence of H, is
not strong enough to prevent the ESR registration of
chlorine atoms (see above). Therefore, only the qualita-
tive agreement between the experimental results and
the calculation data were obtained.

Figure 3b presents the calculation results for the
kinetics of the H, + NCl; reaction under the conditions
corresponding to Fig. 3a. Comparison of these figures
suggests that the calculation gives a perfect qualitative
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description of the promotion of NCl, decomposition by
molecular hydrogen near P;.

Note that the product of the H + NCI, reaction (the

NCI, radical) should be in an electronically excited
state (because of the significant exothermicity of this
reaction (~78 kcal/mol, see above), thus ensuring the
emitting transition of NCI3 to the ground state. As
noted above, a band system is observed in the emission
spectrum of the H, + NClI, reaction at 381-387 nm
(Fig. 4) that was not assigned to any species and that
does not shift on replacing molecular hydrogen with
deuterium. Thisindicatesthat the emitting intermediate
lacksthe hydrogen atoms and that the assignment of the

spectrum to the NCl3 speciesis correct.

CONCLUSION

The promotion of the branched-chain decomposi-
tion of NCI; by molecular hydrogen is observed both
near the lower self-ignition limit P, and in developed
ignition under non-steady-state conditions, which man-
ifests itself in a decrease in the induction periods and
the acceleration of NCl; decomposition with an
increase in the H, concentration. The emission spec-
trum of this reaction contains the bands of electroni-
caly excited NCI* radicals (b'Z* — X*%") along with the

Clz(sﬂ;u) bands. The occurrence of exothermic reac-

tions (1) and (I11) results in promaotion. On the other
hand, promotion cannot be explained exclusively by the
change in the rates of quadratic reactions.
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