











decomposition in hydrogen, but it had no effect on the
distribution of major products.

This study demonstrated that selective formation of HCl
can result from thermal reaction of dichloromethane/1,1,1-
trichloroethane mixture and showed that synergistic effects
of 1,1,1-trichlorocethane decomposition accelerate the rate
of dichloromethane decomposition. A detailed kinetic
reaction mechanism was developed and used to model results
obtained from the experimental reaction system. The
detailed kinetic reaction mechanism was based on
thermochemical principle and transition state theory.

Rate constants obtained for initially important
decomposition of dichloromethane and 1,1,1-trichloroethane

over the temperature range 475 to 810 Oc are:

A (1/s) Ea (Kcal/mol)
CH2C12 ————D> CH2C1 + C1 1.1E16 82.8
CH3CC13 ———— CHZCClZ + HCl 3.8E13 47.9
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I. INTRODUCTION

Controlled, high-temperature incineration has been
identified as a desirable method for disposal of hazardous
organic waste. This approach avoids many cf the problems
associated with storage of hazardous materials in landfills
or impoundments<1>. Theoretically, incineration could
result in the total conversion of hazardous organic
compounds to innocuous thermodynamic end-products, such as
‘carbon dioxide and water, and other simple compounds such as
HCl which are easily scrubbed with existing pollution
control equipment. In practice, total conversion to
innocuous materials cannot be achieved without considerable
expense, and for an incinerator of less than optimum design
or operating conditions, the most thermally stable
components in the waste feed may not be totally decomposed.
Also of concern is the formation of stable toxic combustion
products that are both stable and toxic.

Commercialized incineration at high temperature with
excess oxygen has been made the chosen method<2>, and is
available, as there are a number of hazardous waste
incineratores around the country . For chlorinated
hydrocarbons, this technique may destroy all theinitial
parent species, but reaction products are not all converted
to carbon dioxide, as these combustion facilities are run in

an oxygen-rich environment where is no stable and desirable
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end adduct for chlorine. Chlorine oxide and Cl, are not
acceptable end products for discharge to atmosphere, nor are
they formed in a selective or quantitative manner for
complete collection or neutralization. One preferred
chloride product is hydrogen chloride, which can be
quantitatively neutralized or collected. If an incinerator
with excess oxygen operates'under less than optimum
conditions, the chlorine containing carbon products can
usually be found as effluent which include partially
decomposed and oxidized fragments of the initial
chlorocarbon. These imconplete combustion product can and
often are more stable and more toxic than the parent
compound<3'4>. The O-H bond in water is, however, stronger
than the H-Cl bond, O,-rich conditions therefore limit
hydrogen availability. Another way of looking at the
problem is that oxygen and Cl are both competing for the
available fuel hydrogen and this is one reason that
chlorocarbons serve as flame inhibitors. The C-Cl bond is
the next strongest compared with other possible chlorinated
products such as C1-Cl, N-Cl or 0-Cl bonds. Consequently,
C-Cl may persist in a oxygen rich or hydrogen limited
atmosphere<3>. This is one reason why emission of toxic
chlorine~containing organic products persists through an
oxygen-rich incineration, as carbon species are one of the
more stable sinks for chlorine.

Instead of detoxifying chlorocarbons in an oxidizing



3

atmosphere, one alternative approach to incineration is

detoxication of chlorinated hydrocarbon by reductive
<3>

reactions using hydrogen<3f5'6'7>, water vapor or
methane<8>, Methane reductive reaction process was
developed and patented by S.W. Benson<%>. In this process,

methane is added to chlorine containing compound and the
mixture is heated in the absence of air to about 1600 %c.
That converts all the chlorine into hydrochloric acid which
can then combine with lye to form sodium chloride and
hydrodechlorinated hydrocarbons which are usable fuel gas.
Chlorocarbons can also be detoxicated (destroved) with
a hydrogen reductive reaction. One desired and
thermodynamically favorable product from a chlorocarbon
process 1is HCl, providing there exists sufficient H, to
achieve stoichiometric formation of HCl and other desired
product-C H, . One possible method to obtain guantitative
formation of HCl as one of the desired and thermodynamically
favoable products from chlorocarbon, might be straight
forward thermal conversion of these compounds under a more
reductive atmosphere of hydrogen. Other products expected
are gaseous hydrocarbon and solid carbon. Also, the choice
of pure hydrogen in research work is based on the conviction
that leads to less complex chemical systems compared with
cabnon based on other hydroegen source. It also provides a
fundamental and more readily interpreted series of reactions.

The chlocrocarbon conversion studies in hydrogen
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reductive atmosphere which have be done so far, examined
global kinetic information, such as kinetic parameters,
reaction product distribution and overall mechanism, on pure
chlorocarbon compounds. In this study, we performed the
detailed experimental studies on the dichloromethane and
1,1,1-trichloroethane mixed system and developed a detailed
reaction mechanism to describe the results.
The objectives of this work are ;
examine the high temperature hydrodechlorination and
thermal reactions of a CH,Cl,/CH;CCl; mixture in a
tubular flow system.

. characterize product distributions and synergistic
effects of the mixed chlorocarbon réaction system.

.determine if complete and facile conversion to HClis
achievable.

.enhance understanding of thermal reaction kineticsof
chlorocarbons (C,H,Cl systens).

.formulate a detailed reaction mechanism based on
fundamental thermochemical and kinetic principles for
this system.

In the present study, Activated Complex Quantum RRK
analysis is involved stable compounds and free radical
species under going :

. addition
. beta scission

. recombination
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these type reactions for evaluation of the reacting system
over a wide range temperature and pressure. A detailed
kinetic reaction mechanism was developed and used to model

results obtained from the experimental reaction system.



II. Previous Studies

Remarkably little work has been done in the field on
reaction studies of hydrogen with chlorinated hydrocarbon.

Relevant studies have been done throughly and
systematically in the laboratories of NJIT, under the
guidance of Dr. Bozzelli, since the initial work of Chuang
(1982 )<10>,

Chuang studied the thermal decomposition of chloroform
and 1,1,2~-trichloroethane with hydrogen or water vapor, over
temperature range of 550 to 1100 ©°c. Chang<1l> in his work
on the estimation of homogeneous and wall rate constants
from laminar flow analysis has presented data on the
reaction of hydrogen with 1,1,l1-trichloroethane. The
thermal reaction of chloroform and trichloroethylene with
hydrogen was investigated by Mahmood<12> in 1985. rLee<13>
investigated the thermal decomposition of 1,2-dichloroetane
with hydrogen in 1986. Ritter<14> performed studies on the
thermal decomposition of chlorobenzene in an atmosphere of
hydrogen. More recently, the thermal reaction of hydrogen
with methyl chloride and carbon tetrachloride at high
temperature was examined by Tsao<15> ( 1987 ). The thermal
decomposition of dichlorobenzene with hydrogen by Hung<16>
was performed at atmospheric pressure, using tubular reactor
and a hydrogen atmosphere.

The thermal decomposition of pure single chlorinated

hydrocarbons both neat and in inert atmosphere has also been



studied. A number of reports were found on the thermal
decomposition of pure dichloromethane and 1,1,1-

trichloroethane.

A, DICHLOROMETHANE

Tsao<13%> studied the thermal decomposition of
dichloromethane with hydrogen over the temperature range of
700 to 950 °c, using almost same as our apparatus systenmn.
Activation energies of bulk and wall reaction on hydrogen
reaction with dichloromethane are 50.0 Kcal/mole, 57.8
Kcal/mole A factors of 2.84 * 1019 ana 2.65 * 1019
respectively were reported. The major products of reaction
of dichloromethane in between 700 to 800 °Cc were
methylchloride and methane. The minor products were
ethylene, acethylene and HCl. Trace amounts of ethane,
chloroethylene, 1,2-dichloroethylene, trichloroethylene,
benzene were also observed. No chlorocarbons were found
over 950 °C and one second residence time where the only
products were methane, hydrogen chloride, acethylene, ethane
and benzene.

Huang<l7> studied the kinetics of the reaction of
atomic hydrogen with dichloromethane in a flow system at
pressure of 2.1 to 2.7 mm Hg absolute and room temperature.
The major products observed were hydrogen chloride and
methane. The extent conversion of dichloromethane increases

first to a maximum and then decreases with incresing
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concentration of dichloromethane. Through the modeling of
the reaction scheme and comparsion with experimental data,
the rate constants of the initial steps were determined as

follows :

o of
+

CH,Cl, ——=====-oe >  HCl + CH,Cl

kq = 3.63 * 10° cm3/mole sec.

oo}
+

CHZ C12 ---------- > H2 + CHC12

ko 2.08 * 107/ cm3/mole sec.
B. 1,1,1-TRICHLOROETHANE

Chang<18> who investigated the reactor modeling and and
calculation of homogeneous bulk and wall rate constants from
laminar flow reactor analysis on the reaction of hydrogen
with 1,1,1-trichloroethane in the temperature range 555 to
681 °C. The activation energies of bulk and wall reaction
were determined to be 25.3 Kcal/mol and 37.9 Kcal/mole
respectively. The major products from the reaction were
observed to be 1,1-dichloroethylene, chloroform, 1,1-
dichloroethane, trichloroethylene, dichloromethane, 1,1,1,2-
tetrachloroethane and HCl.

Barton and Onyon<5> ( 1950 ) studied 1,1,1-
trichloroethane thermal decomposition in batch reactor in
temperature range 635.7 to 707.0 OK and pressure range 10 to
120 mm Hg to give 1,1-dichloroethylene and HCl. They found

that the decomposition rate in packed reactor was slower



than in empty reactor. They proposed the packed reactcor has
a larger surface to volume ratio so the recombinatiocn of
scme radicals to terminate the chain reactions occured at a
faster rate and slowed the overall process. The initiation

steps suggested by Barton and Onyon as fcllows ¢

CH;CCly  —=w=——-- > CH,CCl, + HC1

CH3CC13 ———————— > CH3CC12 + Cl

Their results showed that the wall inhibited thew
decomposition reaction because the proposed "key? free
radical CH,CCl; was consumed faster at the wall. They
reported that the first order rate constant for homogeneous
unimolecular decomposition can be representea by 10 * EXP(-
54,0006/RT) sec.

Benson and Spokes<1%> ( 1967 ), using the very low
pressure technigue, covered a high temperature range 890 to
1265 ®K ( so that the reactor was operated at gas flow rates &
from 1012 to 1019 molecules/sec. and mast of the collisions
made by reactant molecules were with wall rather than with
other gas molecule ) to estimate the homogenecus rate
constant of the thermal decompositien of 1,1,1-

trichloroethane at high pressgure limit . The corresponding
.3

. N B 17 £ o - N
high pressure rate equation 1is 107" (=51, 700/RT} qop,,

e



ITI. THEORY

The incineration of chlorocarbons is generally
performed in an oxygen rich environment that contains excess
0, and N2<2>, in addition to the C and Cl1 from the
halocarbon, with relatively small amounts of available
hydrogen from the limiting fuel operation. In considering
products from incineration, the H-Cl bond is the strongest
(thermodynamically) and has the lowest Gibbs free energyof
formation per chlorine atom<3”>. HC1 is, therefore, the
thermodynamically favored product for chlorine, providing
there exists sufficient hydrogen for its stoichiometric
formation. It is noted, however, that the 0-H bond in
water, specifically HO-H is stronger than the H-Cl bond, and
the O,-rich conditions 1limit hydrégen availability. The C-
Cl bond is the next strongest compared with other possible
chlorinated products such as Cl-~Cl, N-Cl, or O0-Cl bonds.
Consequently, C-Cl may persist in a oxygen rich atmosphere.
This suggests that the emission of toxic chlorine-containing
organic products may persist through an oxygen-rich
incineration, as it is one of the more stable sinks for the
chlorine.

In order to obtain quantitative formation of HC1l from
chlorocarbons, it might help to convert these chlorocarbons
under a more reductive atmosphere of hydrogen. The
chlorocarbon plus hydrogen system contains only carbon,

hydrogen, and chlorine elements and is expected to lead to

10
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formation of light hydrocarbons, carbon(s), and hydrogen
chloride at the high temperatures where complete reaction
occurs<3:7>, It also does not have wet HCl in the effluent
and is, therefore, not nearly as corrosive as the system

with water vapor present.

A. Trasition-State and Collision Theory

1. Transiton-State Theory

For many reactions and particularly elementary
reactions the rate expression can be written as a product of
a temperature dependent term and a composition term.

A more detailed explanation for the transformation of
reactants into products is given by the trasition-state
theory. The reactants combining to form unstable
intermediates called activated complexes which then
decompose spontaneously into products. It assumes
that an equilibrium exists between the concentration of
reactants and activated complex at all times and that the
rate of decomposition of complex is the same for all
reactions which is given by kT/h where k is the Boltzmann
constant and h is the Planck constant. Thus for the forward

elementary reacticn of a reversible reaction,

A + B <====fo==> AB (1)
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we have the following conceptual elementary scheme:

k k
1 2
A + B <====om===> AB* -------- > AB (2 )
Koy
*
* Ky [AB"]
K = e eca———— = eecmcceece—-
k.4 [A][B]
kT
k I e m——————
2 h

The observed rate of the forward reaction is then

r = (conc. of X (rate of decomposition
AB,f d N .
orwar activated complex) activated complex)
kT *
= ——e- [AB™]
kT *
= ————- K" Ccy C (3)
A “B
h

By expressing the equilibrium constant of activated complex

in terms of the standard free energy,

/\G* = /\H* - T/\S* = -RT 1nk* (4)

K* = EXP(-/\G*/RT) = EXP(-/\H*/RT + /\s*/R)

the rate becomes
kT . .
YAB, foward = “;”‘ EXP(/\S"/R) EXP(-/\H"/RT) Cp Cp (5)
Theoretically both /\S* and LAH* vary very slowly with

temperature. Hence, of the three terms that make up the rate
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constant in Eqg. 5, the middle one, EXP(LLS*/R), is so much
less temperature-senstive than the other two terms that we
may take it to be constant. So for the forward reaction, and

similarly for the reverse reaction of Egq. 1, we have

approximately

kg oc T EXP(-/\Hg"/RT) (6)
ke oc T EXP(-/\H,."/RT)

2. Collision Theory

The collision rate of molecules in a gas can be found
from the kinetic theory of gases. For the bimolecular

collisions of like molecules A we have

2
Zan = dAz nA2 . -f-%?- = dA2 -§_g . -f-ﬁ?- 'CAZ
Mp 10 Mp
where d = diameter of molecule, cm
M = mass of molecule, gm
N = Avogadro's number

Cp = concentration of A, mol/liter

n, = number of molecules of A/cm3

k Boltzmann constant

For bimolecular collisions of unlike molecules in mixture of

A and B kinetic theory gives

2 2
dA +—§§ ) p 8 kT ( ! + . })-Cp- C
6 A VB
2 10 MA MB
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If every colliion between reactant molecules results in the
conversion of reactants into product, these expressions give
the rate of bimolecular reaction. The actual rate is
usually much lower than that predicted, and this indicates
that only a small fraction of all collisions result in
reaction. This suggests that only more energetic and
violent collisions, or more specifically, only those
collisions that involve energies in excess of a given
minimum energy E lead to reaction. From the Maxwell
distribution law of molecular energies the fraction of all
bimolecular collisions that involve energies in excess of
this minimum energy is given approximately by e('E/RT), when
E >> RT. Since we are only considering energetic

collisions, this assumption is reasonable. Thus the rate

of reaction is given by

collision fraction of collisions invol-

-rp = k Cy Cg = ( rate yx(ving energies in excess of E)
3
10
- -E/RT
= ZAB ————— e( / )
N
dpy +dg 2 N 1 1
= (==Te-e- o J— 8 kT(--- + ---) e("E/RT) ¢, cg
2 103 My Mg

A similar expression can be found for the bimolecular
collisions between like molecules. For both, in fact for all
bimolecular reaction, above equation shows that the

temperature dependency of the rate constant is given by

k oo T1/2 o(-E/RT)
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3. Comparison of Two Theories

It is interesting to note the difference in approach
between the transition-state and collision theories.
Consider A abd B colliding and forming an unstable

intrmediate which then decomposes into product, or
A + B ——————- > N S > AB

collision theory views the rate to be governed by the number
of energetic collisions between reactants. What happens to
the unstable intermediate is of no concern. The theory
simply assumes that this intermediate breaks down rapidly
enough into products so as not to influence the rate of the
overall procesSl Transition-state theory, on the other hand,
views the reaction rate to be governed by the rate of
decomposition of intermediate. The rate of formation of
intermediate is assumed to be governed by collisions plus
thermodynamics and it is present on equilibrium
concentrations at all times. Thus collision theory views the
first step to be slow and rate-controlling, whereas
transition-state theory views the second step combined with
the determination of complex concentration to be the rate

controlling factors.
B. Tubular Flow Reactor Theory

The ideal tubular flow reactor is one in which there is

no mixing in the direction of flow and complete mixing
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perpendicular to the direction of flow (i.e. in the radial
direction)<2o'21>. In other words, all fluid elements of
the fluid have the same reidence time in the reactor and
there is no radial concentration gradient.

In our tubular flow reactor, radial mixing is due to
molecular diffusion and axial mixing is due to fluid
velocity gradients. Concentrations will vary along the
length (axial) coordinate and to a smaller extent over the
radial coordinate. These complication concerns the flow
pattern which effects our kinetic interpretations. In
turbulent flow, vortices and eddies produce mixing in the
longitudinal direction. In the laminar flow, the parabolic
velocity profile is formed across the tube. At iow
temperature and high pressure condition, the molecﬁlar
diffusion process is relatively slow, so the annular
elements of fluid flow through the reactor are only slightly
mixed in the radial direction also. The fluid near the wall
will have a longer residence time in the reactor than for
ideal tubular flow performance, while the fluid near the
center will have a short residence time. Our higher
temperature conditions give a much higher diffusion rate and
therefore a well mixed axial system.

To estimate the deviation of a tubular flow reactor
with axial diffusion from the plug flow assumption,
Reman<22” has used Danckwerts solution of a differential

equation which describes a plug flow reactor following
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first-order kinetics. He found that D/vl < 0.1 the reactor
follows the plug flow assumption, and for D/vl > 2.0 the

<23> Here D is

reactor behaves like a well-mixed one
diffusion coefficient, v is mean velocity, 1 is reactor
length. For our reactor, D/vl is always below 0.1 ( 1.1 *
1074 - 4.4 % 1073 ). This would be sufficient for plug
flow assumption to hold true if the Reynolds number were in
the upper range of laminar flow when molecular diffusion
effects in dispersion are negligible compared to the effect
of the velocity<24>. This is, however, not true for our
experiments ( Ngg =5 - 600 ).

A more rigorous analysis that is applicable to our
system is the paper by Poirier and carr<235>, They solved
the continuity equations for a tubular flow reactor with
radial diffusion first-order kinetics. They propose that
if D/kR2 (where R is the radius of reactor, k is homogeneous
rate constant) is equal to or greater than 0.5, the plug
flow approximation is satisfied. Our system has a D/kR2
values from 10 to 170, so the plug flow model is a good
approximation for our present reactor.

A comparison of the kinetic values found by plug flow
analysis with values obtained by applying both the numerical
and analytical solution of continuity equation for first
order kinetics with laminar flow done by Chang and

Bozzelli<18>, The comparison turns out to be favourable to

the plug flow assumption for our experimental systen.
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C. Decoupling of the wall and Bulk Reaction Rate Constants

The decomposition of chlorinated hydrocarbons is not
only a function of temperature and residence time but also
of the radius of reactor. This means that, the reaction at
wall in addition to the bulk reaction needs to be evaluated.

In order to simplify the formulation of governing
equations for a reactor system in which both bulk and wall
reactions are present, it is usually assumed that the two
reactions are parallel and independent<21>. Hence, for the

first order reaction of species A one can write:

A —=mee- > Products
d[A] !
Rate = - S = ky * [A] + k, * [A] * [A_]
= (kp + ky * [A,] ) * [A)] (1)
Kexp = ¥p + ky * [Ay] (2)

Asuming a rapid radical diffusion, Aw can be written as<26>;

A, = (5/V) (3)
where:
A, = wall concentration
S/V = surface to volume ratio

= 2/R for a cylindrical reactor
From (2) and (3) one obtains:

Keyp = Kp + Ky * (2/R) (4)
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In this equation k is the first order reaction rate
constant for the bulk or homogeneous reaction and ky is the
rate constant for the wall or heterogeneous reaction. If
one uses several reactors of different radius this equation
allows kb and kw to be evaluated. The Arrhenius behavior of

each rate constant can then be determined.

D. Prediction of Rate Constants for Radical Addition and

Recombination Reactions by Bimolecular QRRK Theory

The decomposition of a radical or molecule has a
unimolecular, pressure-independent rate constant in the
limit of high pressure, but as pressure is reduced the rate
constant eventually falls off or decreases with pressure.
In the low-pressure limit, it becomes directly proportional
to the pressure. Rationalizing and qualifying these effects,
first accomplished in the 1920's, again has become an active
area in kinetics research.

Radical combination or radical-molecule addition to on
unsaturated would seem to be simply the reverse of
decompositon, having the same falloff behavior by
microscopic reversibility. This is true for the specific
reaction channel that leads to formation of the
collisionally stabilized adduct. The reason is that the
adduct species has an energy distribution in thermal
equilibrium with surrounding gas molecules, just as for a

species that is thermally decomposing.
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However, it 1is very important, but not so well
recognized that additional products can be formed from
combination and addition reactions by this chemical
activated pathway. The initially formed adduct has a
chemical energy distribution, different from a thermal
energy distribution because the thermal energies of the
reactants are augmented by the chemical energy released by
making the new bond. This chemical energy is initially the
same as the energy barrier for redissociation of the
collisionally stabilized adduct to the original adducts. If
the energy in the chemical activation energy distribution
extends above the barrier for a new dissociatiocn ( or
isomerization reaction pathway ) of the adduct, then that
reaction pathway can also occur.

Calculation of the bimolecular rate constant involves
the concept that the fate of the chemically activated adduct
is determined by competition among the possible pathways;
stabilization by collision, redissociation to reactants, or
formation of new products dy dissociation or isomerization.

References are the Dean's paper<27>.

1. Unimolecular QRRK Equation

Dean<27> ( 1985 ) has presented equations for
bimolecular rate constants based on the Quantum-RRK or QRRK
unimolecular reaction theory of Kassel ( 1928 ), which

treats the storage of excess energy ( relative to the ground
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state ) as quantized vibrational energy.

In the simplest form of the theory, the assumption is
made that the vibrations of the decomposing molecule can be
represented by a single frequency v, usually a geometric
mean <v> of the molecule's frequencies. Next, energy E
initially activated of the complex and each barrier to
reaction path relative to the ground state of the
stabilized molecule 1is divided into E/h<v> vibrational
guanta. For the total energy variable E, the symbol n is
used; and for number of quanta to the energy barrier to
reaction Eo, the guantized energy is m quanta; guantum level

and the rate processes are illustrated in Figure 1l-a. A

very general scheme for unimolecular reaction is as follows:

A + M K==mom=mm=mm= D "A + M

AT emee—ce——— > Products

Here M stands for the third body and only serves to raise
the reacting molecule to its energized state ¥ by
collisional activation.

The apparent kK, it

1 d [Products]

Kypi = —===—= =————————m—m——— (1)
then is evaluated by a sum over all energies, assuming
pseudo-steady state for each energy level c¢f A* and

collisional excitation or deexcitation with rate constants

Kexc @nd Kgeexc!
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Figure 1. Energy diagrams for pressure-dependent reac-

ticns.

a. Unimolecular reaction
b. Bimolecular reaction with chemically activated pathway
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1
kuni = === ern(E) [A*(E) ]
[(A] ’
kgeexc[M] K(E,T)
= ern(E) ———————————————————— (2)

Kgeexc[M] + Kpyn(E)

where K(E,T) is the thermal-energy distribution function
( kexe/Xdeexc )+ Kassel assumed that if a molecule were
excited to an energy E, then kyryn(E) would be proportional

to the probability that one of the s oscillators could have

energy Eo or greater (sufficient energy to cause reaction);

that is, m or more of the n total guanta. The

proportionality constant was shown to be A , the Arrhenius

preexponential factor for dissociation of A in the high

presure limit, so the energy-dependent rate constant is:

n! (n-m+s-1)!
Kpgn(E) = A ======-----mee (3)

Likewise, he derived the quantized thermal energy

distribution K(E,T) to be:

K(E,T) = a" (1-a)% -—---omem- (4)

where a = e('h<v>/kT).

In the present development, a collisional efficiency
Beta has been applied to modify the traditional but
incorrect strong-collision assumption that kggoeyxc = Z [M],

where Z 1is the collision frequency rate constant. The
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strong-collision assumption implies that any collision
between A* and M would have to remove all the excess enrqgy
from A*. Note that any species included as M would have to
accommodate this energy content, regardless of its capacity
for accepting the energy. Analyzing collisional energy
transfer for master-equation methods, Troe ( 1977 ) fit most

of the temperature dependence of Beta with the equation:

1(eta) /2 FE) KT )

where < E_ 571> is the average amount of energy transferred
per collision and F(E) is a factor, weakly dependent on
energy,that is related to thejnumber of excited states. Over
the temperature range of 300-2500 ®K for a series of
reactions ( Troe, 1977 ); F(E) = 1.15 was observed as a
median value. The value of Beta depends on the specific

third-body molecule M through the value of </\E.,j1>.

2. Bimolecular QRRK Equations
The bimolecular QRRK equations follow ( Dean, 1985 )
from unimolecular QRRK and the defintion of the chemical
activation distribution function. Consider recombination or

addition to occur via the segquence:
k, £(E,T)

R + R! < >
X_q (E)

Beta kg[M]

y<.."..§
|
1
!
!
|
|
|
|
|
v
e’
+
d
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Here R is a radical, R' is a radical ( recombination ) or
unsaturated molecule ( addition ), A* is the energized
complex which can either disoociate or be collisionally
stabilized, Beta is the collisional deactivation efficiency,
and ks is the collisional rate constant for stabilization.
ky is the high-pressure-limit rate constant for forming
adduct and f(E,T) is the energy distribution for chemical
activation:

k_1(E) K(E,T)
£f(E,T) = =—===Smmmm——meemee (6)

X_1 (E) K(E,T)
where K(E,T) is the QRRK thermal distribution from Eq. 4.
Rate constants k_,(E) and k,(E) are calculated from the QRRK
equation for k,,,(E) (Eg.3) using m_q(E_,/h<v>) and
m,(E,/h<v>),respectively. A typical energy diagram for these
reactions is shown in Figure 1-b.

To obtain the bimolecular rate constant for a
particular product channel, a pseudosteady-state analysis is
made as before. The rate constant for forming the
addition/stabilization product [RR'] from R + R! is:

d[RR']/dt k, f£(E,T)

k = —-mm—————— = Beta K [M] --—-=-r=mmmocemee e (7)
stab [R][R'] ® Beta kg [M] + k_1(E) + ky(E)

and, for forming the addition/decomposition product P + P':

d[Prod]/dt k, £(E,T)
kdec = mmmmsmmmees = k2 (E) __________________________ (8)
[R][R'] Beta kg[M] + k_p(E) + ky(E)
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If more decomposition channels are available, the Kyrxn (E)
for each channel is added in the denominator of Egs.7 and 8,
and an egquation in the form of Eg.8 is written for each
additional channel, substituting the respective Kyyn(E) for

'k2(E) as the multiplier term.
3. Low- and High-Pressure Limits

The low-pressure and high-pressure limits for these
channels may be derived from Egs. 7 and 8. As pressure
changes, the rate constants change because of the relative
magnitutes of terms in the denominator, Bkg[M] vs. k_,(E)
and k, (E).

The low-pressure limit for addition/stabilization (or

recombination) is derived from Eq.7 to be

lﬁm_>k§tab = [M] Beta ksk:;zg;-;_i;;g;-- (9)
sometimes written as [M]*ko (as a termolecular reaction ),
and the high-pressure limit reduces properly to kq . At a
given temperature, the falloff curve for stabilization can
be plotted as log(kstab) vs. log(P) or log(M).

Note the presence of k,(E) in Eq.9. If chemically
activated conversion of [RR']* is more rapid than
decomposition to reactants [ k,(E) >> k_;(E) ], then Eq.9
shows that kogi,p, will be divided by k,(E) rather than by k_

1(E). thus, ignoring the chemically activated pathway could
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give incorrect rate constants for "simple" addition.
Similar analysis of Eq.8 implies that chemically

activated decomposition has a falloff curve that is the

opposite of addition/stabilization, with a rate constant

that is pressure-independent at low pressure and inversely

proportional to pressure at high pressure. From Eqg.8, the

low-pressure limit for the chemically activated pathway to P

and P' will be

. k,(E) £(E,T)
1im_kgec = X1 T Taw T (10)

and the high-pressure limit will be

1im_kgeq = ==7 -m===-=- k3 (E) £(E,T) (11)
with an inverse pressure dependence. While this result goes
against past tuiotion about low- and high- pressure limits,
it is a natural consegquence of physics when chemically
activated reaction are recognized as possibilities. One
consequence is that a reaction of the form A + B --->C + D

with a rate constant measured to be pressure-independent may

be proceeding via addition



IV. EXPERIMENTAL METHOD

A diagram of the experimental system is shown in Figure
2. A high temperature tubular flow reactor, operated
isothermally and atmospheric pressure was used for this
study. The tubular flow reactor was made of quartz, which
was maintained at a constant temperature by a three - zone
oven, each zone controlled separately.

Hydrogen gas, which acted both as reagent and carrier,
was passed through separate parallel sets of two saturation
bubblers to pick up dichloromethane and 1,1,1-
trichloroethane, both kept at 0 ©C using an ice bath. Before
entering the reactor, the hydrogen, dichloromethane and
1,1,1-trichloroethane were preheated to limit cooling at the
reactor entrance. Quartz reactor tubes of 4 mm, 10.5 mm and
16 mm were housed within a three zone Lindberg electric tube
furnance. The reactor effluent was monitored using an on -
line gas chromatograph ( GC ) equipped with Flame Ionization
Detector. The lines between reactor exit and GC analysis
were heated to 65 ©C to 1limit condensation.

Whenthe inlet switching valves were properly selected,
the mixture ( CH,Cl, and CH3CCly ) vapor would be transferrd
directly from the bubbler to GC sample inlet via a reactor
by-pass line. This was necessary to determine the GC peak
area which corresponded to the input concentration of

mixture. The reactor effluent gas passed through heated

28
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Figure 2. EXPERIMENTAL SET UP
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