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Kinetics of Formation of Hydrogen Cyanide
from Methane and Ammonia in a Microwave Plasma
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Abstract The reaction of CH4 with NH3 to produce HCN was studied at
T0 and 25 torr pressure in a microwave plasma. Varying the reactant flow
rate from 60 to 1050 cc./min. NTP and the microwave power from 70 to 500
watts produced conversions to HCN from 9 to 78 percent. Appllication of -
the theory of diffusion controlled discharge operation resulted in con-.
stant E/p and average electron energy at a given pressure. Combining
this conclusion with the observation of invarlant specific power and
electron density justified replacing reaction time with speciflc energy
in the rate equations. Mathematical models based on first order kinetics
were consistent with measured reactlon rates for the disappearance of

CHy (k 0.036 liter/W-hn and the formation of HCN (k2 = 0,035
liter hr). ' .
Introduction One useful way to classify discharges for chemical syn-

thesTs Is on the basls of the temperature ratio of the electrons to the
bulk gas, (Spedding, 1969) In thermal discharges, such as a
high curren% arc or a plasma Jet, T /T approaches unity, and the
bulk gas temperature is usually of the orde% of 10,000°K. In non-thermal
discharges, such as high frequency and microwave discharges at pressures
below 0.5 atm., Tg/T, may range from about 10 to nearly 100. The bulk
gas temperature may Be as low as 300°C (Brockmeier, 1966). Thus the
non-thermal discharge provides a means for generating a significant
number of hilgh energy electrons without heating the bulk gas to a great
extent., The purpose of the present study 1s to investigate the pro—
duction of HCN under these conditions.

The microwave discharge has some.definite advantages because it
provides a hlghly reactive environment at relatlvely low temperature.
Products that are thermally unstable can be synthesized. Reactions that
have a favorable free energy change, but which normally requlire a cata-
lyst or high temperature to achleve a reasonable rate, should proceed
in a microwave dlscharge. The absence of metal electrodes aids in pre-
venting contamination and possible undesirable catalytic effects.

Investigators have been studying the effects of microwave radiation
on gases since the first generators became available about 25 years ago,
but in all of these studies, except that of McCarthy (1954), there has
been very little effort to measure the effects of power, flow rate,
temperature, and pressure on the reaction rate in the microwave plasma.
Recently, Cooper, et al. (1968), have reported a more comprehensive
study of the discharge parameters that affect the chemlcal yleld. The
oxidation of §01 to chlorine was correlated as a.function of the quan-
tity (power)l/2/pressure, which was proportional to the proper var-
iable, E/p. ' '

The chemical reaction chosen for the present study was the follow—
ing: CHy + NH3 — HCN + 3 Ho AF298 +60 kcal.

This reactlion 1s not thermodynamically favorable until the temperature 1s
raised above 900°C., The HCN is unstable below 2000°C (Sherwood and

Maak, 1962). The recovery of a significant amount of HCN at the cooler
temperatures (300-800°C) prevailing in a microwave reactor depends

first on generating suitable activated precursors and second on these
precursors combininﬁ along a reaction pathway that leads to HCN con-
centrations "“frozen" at values greater than the equilibrium values.




- 332

This chemical reaction 1is particularly suitable for study in a microwave
reactor. Under most conditions in the operating plasma, large concen-
trations of hydrogen will be present, therefore the operation can be -
analyzed within the framework of the Jdiffusion-controlled theory.
Theoretical A microwave fileld affects only the charged particles.in i
the reactlon tube, and essentially only the electrons, because they are:

so much lighter than the ilons present. The Boltzmann transport equation,
which 1s an equation of continuity, represents the changes in the number

and density of electrons and 1is the starting point for most theories of
microwave discharges in-a gas, These theories have been formulated by’
several investlgators for both the initlal breakdown and the steady state
discharge (Rose and Brown, 1955; Brown, 1959 and 1966; Kontaratos and
Demetriades, 1965). The solution to the Boltzmann equation for a steady
state discharge has been discussed by Brown (1959; 1966), and an exact ‘
solution can be obtained for two limiting cases, low and high electron
density.

The conditions in an operating discharge differ somewhat from the
conditions at-the initial breakdown. The operating discharge has a -
significant concentration of positive ions, somewhat greater than -the '4
electron density because the heavier ions diffuse to the walls more
slowly. The electron density, n, is significantly greater than the .
breakdown value because of the exponential growth law for free electrons.
The interaction between these charged specles generates a space charge
field that enhances the diffusivity of the posltive lons and decreases
the diffusivity of the electrons. The effect of the space charge field,
‘3gs 1s taken into account in solving the Boltzmann transport equation
by superposing Es on the microwave fileld:

E = E, + EpeJ“’t (1)

At microwave frequencies the effective field for energy transfer, Ee,
is substituted for the peak field in equation (1)

Ee2 = Epe- Vme/(Vm2 + 0°) (2)
where vm 1s the collision frequency for momentum transfer and ® is the
radian frequency of the field (w = 1.54 x 1010 sec-1 at 2450 MHz).
The effectiveness of energy transfer changes markedly as the relative
values of vm and w vary with pressure. If equations (1) and (2) are
used to calculate the field, E, the equation of motion for an electron
may be solved to get the specific power, or power input per unit vol-
ume of gas (Cooper, et al., 1968).

B = neE2/(2mvm) : (3)

It has been shown (Brown, 1959; MacDonald, 1966) that three proper
variables are sufficient to describe breakdown conditions 1in electric
discharges: EA, p*, and either E/p or pA. The electron density, n,
must be added to this list to describe the operating discharge.

The diffusion controlled breakdown theory has been solved using
the assumption of constant collision frequency (vm # f [u] ) to obtain
the breakdown field over a pressure range from 0,1 to 100 torr. Fig- - i
ure 1 shows the results of MacDonald and Brown (1949) comparing the
theory with experimental results for hydrogen at 2800 MHz. Also on
the same plot are the curves for steady operating conditions, where
ny is the electron density at the centerline of the tube. Similar
curves have been reported by others using air (Rose and Brown, 1957)
and helium (Reder and Brown, 1954). Figure 1 indicates that E/p=10

-for pressures above 10 torr. Another important observation 1is that
if ng > 109 cm-3, E is practically constant as ng 1s increased. It
can be shown (Cooner, et al., 1968) that the average electron energy,
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u, is determined by E/p, so the value of u is also steady at the above
conditions, Since the rate of formation of excited species 1s deter-
mined by E/p, the distribution of these reactive species_will also be
practically constant at a given pressure if Ng > 109 em-3. The elec-
tron density in the present system 1s estimated as at least 1010 cm-3,

For certaln reactor and wavegulde geometries, 'and especilally
that used in thils work, one effect of increasing the incildent power is
to extend the electric fleld farther outside the waveguide into the
flowing gas., The region in which the electric field is strong enough
to sustaln a discharge 1s the same as the extent of the visible glow,

At constant pressure the length or .volume of the vislible discharge

may be directly proportional to the power absorbed in the microwave
reactor, especlally at low to moderate power levels, In the linear re-
gion, the reclprocal of the slope 1s the specific power, or power ab-
sorbed per unit volume, which 1s a constant.

Equation (3) shows the relationship between the specific power and
electron density. It has been shown above that, at constant pressure
in the high electron density limit, the values of E and vm will be .
steady. Therefore, the electron density will be constant if the spec--
ific power remains constant over this range of conditions. This implies
that over a moderate range of power levels, the result of increasing
the power is simply to lengthen the microwave reactor, without causing
any significant change in the average electron energy, the electron den-
sity, or the kinds of reactions occurring. The longer reaction zone
has the same.environment as at lower powers, and the contact time is
increased proporticnately with the power.

Experimental - The apparatus used for this study is shown schematlcally
in Figure 2. The microwave power was supplied by an Eimac PPS-2.5A
Power Pack at a fixed frequency of 2450 MHz using a continuous wave
magnetron with an output adjustable between 200 and 2500 watts. A
crescent-shaped varlable attenuator was installed in the waveguide to
permit operation below 200 watts. An impedance meter consisting of a
movable probe in a slotted wavegulde was used to measure the voltage
standing wave ratio (VSWR). The power incident on the reactor was de-
tected with a loop-type directional coupler and read on a microwave
power meter. The power actually absorbed in the discharge region was
calculated from the incident power reading and the VSWR. A tapered
wavegulde section with a slot for the reactor coupled the power into
the plasma (Fehsenfeld, et al., 1965),

The microwave reactor was a 13 mm. OD quartz tube. A Liebig con-
denser was mounted around it to permit cooling the tube with a high-
velocity air stream. A fitting in the exhaust -end of the tube was used
to install a chromel-alumel thermocouple iIn a thin-walled quartz shield-
for those runs in which temperatures were measured,

Research grade methane and ammonia were used as feed gases without
further purification. Each feed rate was measured at atmospheric pres-
sure with a Matheson No. 600 series rotameter. An evacuated glass bulb
was used to obtaln a sample for gas.chromatography using a hydrogen
flame detector. In addition, a condensed sample was obtained by oper-
ating the three toggle valves to direct the product stream through a
zlass trap cooled with liquid nitrogen. The condensed products were
dissolved in water and tiltrated for cyanide and ammonia.

Results Experimental results were obtalned over the following ranges
of operating conditions: gas pressures from 10 to 25 torr, absorbed
powers from 70 to 500 watts, and gas feed rates from 60 to 1050 cc./min.
measured at NTP, that is, 21°C and atmospheric pressure., For most of the
runs, the feed ratio of methane to ammonia was 1:2. The use of this

feed ratio rendered methane the limiting component for the formation of
HCN in all of the experiments. The major products from the reactor were
HCN, hydrogen, and nitrogen. In addition, there was a minor amount of




334

acetylene, and very small quantities of ethane, ethylene, and other
hydrocarbons. _

In many studies of reaction kinetics in electric discharges, the
specific energy, U/V, has been used rather than reaction.time, t, to
correlate the results (Va511'ev, et al., 1937; Borisova and Eremin,
1967). This has also been done here, for reasons explained in the theory
section and because calculation of specific energy from the measured
power and feed rates was more accurate than calculation of space time,

The results of chemical analyses are shown in the following figures,
The disappearance of methane followed an apparent first-order kinetlc
expression at 10 torré Figure 3. The rate constant for: methane decomp-
osition was 3.6 x 107¢ liters/W-hr. At 25 torr, the measured rate con-
stant equalled that at 10 torr.

Figure 4 depicts the production of HCN as a function of specific
energy at 10 torr. At low U/V (< 18 W-hr/1) this figure exhibits a
linear relationship with an initlal slopé practically the same as the
slope of the line in Figure 3 for methane decomposition. At higher U/V
the line curves, approaching asymptotically a value of approximately
80 percent conversion of methane to HCN for a U/V greater than 80 W- hr/l
Experiments at 10 and 25 torr pressure ylelded essentially the same
results, just as 1n the case of the methane decomposition.

At higher specific energies (> 40 W-hr/l), very small amounts of
an as yet unidentified dark brown solid were produced.

In a separate series of experiments, the axial temperature profiles
were measured just below and part-way into the exhaust end of the oper-
ating discharge. At 10 torr, the absolute temperature increased about
10 percent as the power was Increased nearly fourfold. The conclusion
is that large varilations in power cause only minor changes in the temp-
erature profiles in the discharge. For each profile, the temperature
near the center of the glowing plasma was 1000°C. The higher the gas
rate, the higher the temperature 1s at the edge of the glow: as the flow.
rate was increased from 60 to 180 to 900 cc. /min., the respective temp-
eratures were 250, 350, and about 500°C,

The energy requiremerit per gram of HGN was calculated at different
values of specific energy. The minlmum energy requirement was 70
W-hr/gm. of HCN at a specific energy of 4.6 W-hr/l, corresponding to
a 17 percent conversion to HCN.

Discussion The correlation of results by means. of a straight line
in Figure 3 indicates that the decomposition of methane in a microwave
plasma can be described by a first-order reaction rate expression at
10 torr: In (1 - Xp) = -k, (U/V)

Because of the first order expression, no volumetric expansion factor
is requlred.

The decomposition of methane 1ln the presence of ammonia in a
microwave plasma leads to the formation of HCN by a series of at least
two elementary reactions. 1In a series mechanism, the formation rate
for the product 1s controlled by the rate of the slowest reaction in the
series, The HCN will also be decomposed by exposure to the discharge.
The series of reactions forming HCN will be summarized by A — R and
the decomposition of HCN will be abbreviated to a single reaction
R = S, so that

k k .
: A —2R _,3S _ (5)
The form of equation (5) implies that only first-order reactions are
considered in this mechanism. The corresponding integrated rate ex-
pression becomes

Np = X [1 - - (k,y - k U/v] (-k U/V) (6)
k2 2 k3 exp [ ( 2 3) ] exp | 3
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where U/V has replaced time, and Nyo is the molar feed rate of methane.
Equation (6) 1s the mathemati¢8l model that .was used to generate the
curve shown in Filgure 4., This model gives a nearly strailght-line corre-
lation at low U/V, which begins to curve significantly at about 30
W-hr/1l as the HCN begins to react to a large extent. However, the HCN.-
1s quite stable, since 80 percent conversion to HCN can be achleved,
indicating that. k3 is small. If k3 << ko, equation (6) may be simpli-l.

fied to- Ng/Ny, = h - exp (- k2U/V)] exp(- R3U/V) (7)

The values of k2 and k3 at 10 torr were calculated by determining the
best fit to the experimental data 1in Figure 4. The: same procedure was
used for data at 25 torr. The results are shown 1n Table I.

Table I ,
_ ‘Rate Constants Talculated from Equation (6)
Pressure, torr ko, 1./W-hr 1,/M-hr
© 10 ' 3.5 x 10:22 3 65 x 10 33
25 " 3.5 x 10 .+ 3,65 x 10

Since k3 is an.order of magnitude smaller than k,, equation (7) 1s an
accuraté approximation to the kinetic model. No e that for low values
of U/V, the exponential containin 3 is practically unity wherefore
equation (7) reduces to equation %4), which describes the methane de-
composition. In the limit of zero conversion, at zero U/V, the rate of
formation of HCN is identical to the methane decomposition rate. The
value for kj calculated from Figure 3 agrees with the initilal slope of
Figure 4 (ko) to within 5 percent. Therefore, the decomposition of methane
appears to be the rate-controlling step in the formation of HCN, with -
the result that ko equals kj;. Thls model 1s conslstent with the exper-
imental results up to about U/V = 60 W-hr/l at both 10 and 25 torr.
At specific energiles greater than 60 W-hr/l, no model has been found

to describe the results. The products from the HCN decomposition (s) .
probably tend to reform some HCN.
Nomenclature

= ane
E = electric field strength, volts/cm

Eg = effective field strength, volts/cm.
Ep = amplitude of electric field, volts/cm.
Eg = space charge electric field, volts/cm.

e = electronic charge, coulomb,.

rate constant for decomposition of methane, 1/w-hr,

rate constant for formation of hydrogen cyanide, l/w-hr,

rate constant for the decomposition of hydrogen cyanide, l/w hr.
electron mass, gram,
moles of chemlical comgound moles
electron denslty, cc
= centerline electron density, cc
specific power, watts/cc.
pressure, torr,

hydrogen cyanide

decomposition products of hydrogen cyanide
= electron temperature, °K
= gas temperature, °K

reaction time, min.

absorbed power, Watts

average electron energy, electron volts
feed rate, cc/min at 21°C and 760 mm Hg.
R = voltage standing wave ratio-

= fractional conversion of methane
= characteristic diffuslon length, cm.
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A = free space wavelength, cm. -1
vin = collision frequency for momentum transfer, sec . .
w = radlan frequency of field, sec~+. :
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