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ABSTRACT

Title of Thesis @ Reactions of Atomic Hydrogen with Chloroform
ivi a Discharge Flow Reactor

Warn—kuer Jo, Master of Scierce in Chemistry, 1985
Thesis Directed by : Dr. Joseph W. Bozzelli,

Frofessor in Department of
Chemical Engineering and Chemistry

The reactionms of atomic hydrogern with chloraform were studied
in a tubular flow reactor both iv a 4 cm i.d. and 2.6 i.d.
discharge flow reactocr at pressure of 2.22 to .82 mmHg amd vaom
temperature using 6C and GC/MS for arnalysis of the reaction. The
hydrogern atom covcentration at the reaction flame was measured Sy
Chemiluminescence titration with nitrogen dioxide. The hydrogen
concentrations are in the 2.48 x 12+14 to 4.83 x 10t14  atoms/co
rarnge at six different hvdrogen flow rates. Eviderice was found
forr the formation of atomic carbon intermediate in the reaction,
but methare was the primary fimal orocduct iv both veactions for
reaction times of W, 084 sec to @.37Z sec.

We praopose a mechanism for the secondary reactions  that
almost  all chloroform  consumed went toward the productionm of
methane . Thermochamical data were caleoulated for this purpose
and energy studies were dome along with analysis of many
references . The Kimetics were computer—simulated by solving
the  simultaneous first-order differential eguations describing
the time depernderce of the concentratiors of the various chemical
species, using both  Runpge-Kutta method Ffor integration and

Rosernbrock method for ootimization of the svstem. Through this



# . I3 -
computer  modellivmg of a reaction scheme and comparison with

experimerntal data the rate cornstants for the primary reactionm of
]
hydragern atom with chloraform at 298 K,

H + CHClz————- YHC1I + CHClgz=,
was determived to be 4.2 x 19714 pe/molecule sec. This value was

larger than that determined in the onmly earlier study urpublished

(23)
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i. INTRODUCTION

Halogen substituted metharnes, such as CHCl3z, have been found
ta be a rather strong flame inhibitor (1-3),  egpecially for
hydrocarborn—axygen flames (4) However, the mechanisms and the
kinetics of this inmhibition have rnot been fully determined.

It is the purpose of this research to study the chemical
kivetics and product formationm of the reaction of atomic hydrogen
with chiloroform. This reaction and its subsequent reactions are
suspected to account  for the flame ivhibition because of the
Pemaval’af H atoms from the flame propapgation step. The removal
of the atomic hydroger, resulting from the reaction of hydrogen
atoms with chlovraform, inhibits the chain branching reaction with
oxygern (eqr.l), a chain reaction with fuel (eqw.é), arnd a chain

reaction of O with Tuel (egn.3).

H + 0z -—————— y O4 + O (1)
H + CHyq —————e > Hz +CH3 ()
O + CHgq ——————— Yy UOH + CH3 (3)
Furthermore, CH= radical would rapidly uandergo aoxidative

react ions, which are impawtaﬁt in fuel-rich flames (9186), It is,
therefore, postulated that small amounts of
inhibitors(halomethanes) compete for hydrogen atoms with  large
amounts of Oz3 the activation ernergy of the inhibition reactions
is low while that of the above chaiv-branching reactiocons is
relatively high (617)

Marny halometharnes are known o suspected to be carcimogenic

and the principal products of inhibition reactions where rno



axygern is present or very low Oz levels exist are methane and an
acid, such as HCI1, ag found in this study. It is possible,
therefore, that irnhibitiorn reactions could lead to a method for
the destructicow (conversion ) of toxic wastes such as  PCR,
chlorirated pesticide, with the simultarnecus production of a fuel
arnd a recycle of HCIl.

There has wnot beernn much work dome in the past several
decades on the study and mechanism of the reaction of atam;c
hydrogen with halometharnes. Gaydon and Wol fhard (8) were the
first to report flame—like emissicon from atomic hydvrogen
reactions with several halocarbons. In additiaon, they
characterized the enitting species as mostly Cz and CH. M.Castés
et.al. (3) have recently used reactions of hydrogen with
halocarbons to produace atomic carbon for studies of the chemistry
of this species. Arvicld, Himbell, and Srelling (1@ have
observed Cz visible and infrared emissions in the reactions of
atomic hydrogen with halomethanes, but rneither hydraogen atom
concentrations, stoichiometry, rnor  stable end products were
monitored. Observirng the various emissions from a fast reaction
cowld vield a wealth of information about various intermediates,
aven 1f they are of very short lifetimes. For instance, 1f a CH
emissicorn is observed in a flame. the CH radical in an excited
state is being formed somewhere in the reaction schemne. Any
representitive model would have tao iﬁcuwpmrate such a step.

The stoichiometric analysis of end products was rnot done in
any of the previous studies, except in  the work by Jornes

et.al.(ll), where he fournd accurate measurement of the hydrogen



atom concentration was a problem. The Kinetics on the reaction of
atomic hydreogen with chloroform have only scarcely been studied .
Futhermore, there is no rate-constant available for the reaction.
Gould et.al. (12) have recerntly studied the reacticn of hydrogen
atoms gererated by photolysis of HBr of HI with CDClgz. Gouwld et.
al. (1&)  obtaired the ratioc of the integral probabilities of Cl
abstraction and of D abstraction , whernn wnormalized to eqgqual
rambers of €1 and D atomsy  but, ot rate conmstant  for the
react ior. Comsidering H + halometharne reactions in  flame
ivhibition, possible conversion of toxic waste into fuels, ard
the stuwdy of atomic hydrogen reactions in general, it was
stwaﬂgiy felt that a thvrough investigation into the kivetics aﬁd
mechanism of the reactions of atomic hydrogen with  chloraform
should be undertaken. Through UV-visible Chemiluminescence fromn
the reaction flame, combirved with gas chromatographic analysis of
the stable end products, interfererces were made. Then a possible
mechanism was postulated and the kinetics simulated onm an Univac
@/ 80-3 computer. It was solved the simultarnecus first-—-order
differential equations describing the time dependernce of the
concentrations of the various chemical species by both Runge-—
Kutta Forth Integration Method (13) and a Roserbrock optimization

Method (14),



I11. THEORY

A . Reaction

The reacticon of hydrogen atoms with  chlorofvon, invalving

abstraction of an Cl atam, and leading to formation of HCL,
constitutes the first step in a large series of elementary
reactions. Therefore, the major factor that complicates the

study of the reactions of atomic hydrogen with halometharnes stems
ot From the primary react ion, but from the multitude of rapid
secondary reactions that follow. The primary reaction, froam
example, with chlovroform:
H + CHCly ——————~ } CHClgz + HC1 (4)

leads to the formation of CHzC1, and extremely reactive molecule
because of its unpaired electror. Consequently, it reacts
almost immediately with atomic hydrogen to form other reactive
species as, for instance, CHC1 (egn.5).

CHClz + H —————— > CHC1 + HC1 (3

H + HCl ————————m ) Hz + Cl (6)

This reaction is also very reactive, and adds to the complexity
by reacting with the primary reactant:

Cl + CHClzy ————— > CClz + HC1 (7)
Thié reaction increases the cmﬁsumptian of chlaraform.

These examples show how the various secondary reactions
render impossible the isclation of the products of the primary

reaction and rnecessitate the studying of the many reactions as a

whole, "Global Reaction System". It is essential, therefore,



that the reactiorn model ivncorporate all the important secondary
reactions in order to be a plausible representation.

The reactions are studied in a 1.@& — 1.1 meter long tubular
flow reactor, with atomic hydrogen introduced at the top of the
tube, ard the halometharne let in through a movable Teflon
irgector  tube. The resulting reaction flame is analysed both

chromatographically and spectroscopically.
BE. Gas Chromatography

Gas—~liquid Chromatography (GLC) accomplishes a separation by
partitioning solutes betweern a mobile gas phase and a stationary
ligquid phase held on a solid support.

The sequernce of a gas chromatographic separation is as
fizllows. A sample containirng the vapors in our system is swept
as a flow of vapor by the carrier gas stream into the column
inlet via a heated inlet line. The sclutes are adsorbed at the
head of the column by the stationary phase and then descrbed by
fresh carrier gas. The sorption—desorption process ooocurs
repeatedly as the sample is moved toward the column outlet by the
carrier (nmobile phase) gas. Each solute will travel at its own
rate through the colummn. Each salute will separate to a‘degree
determirned by the individual partition ratics and the extent of
band spreading. The solutes are eluted sequentially in the
ircreasing order of their partition ratics and enter a detector
attached to the column exit. A recorder is used and the signals
appear or the chart as a plot of time versus the composition of

the carrier pgas stream. The time of emergencies of a peak is
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characteristic for each component: the peak area is proportional
ta the concentration of the component inm the mixture.

A gas chramatograph in this study consists of six  parts:
(1), a supply of carrier gas in & high pressure regulators and
flow meters, and a valve to introduce extra make—up gas to some
detectors, (2) & sample ingectiornm system, (3) the detector, ((5)
an electrometer, strip—chart recorder and integrator, ard (6)
gseparate thermostrated compartments for housing the column  and
the detector so as to regulate their temperature, or to  progran

the column temperature.
(C) Hydrogen Atom Titration

Hydroner atom concentrations are determined in flow
discharge systems by allowing NOz to take the path rnormally taken
by the halometharne, and a reaction flame resulted. The reaction
flame is also in the visible spectral range-—-it could be seen——
and it is whitish in color because of the combined effect of the
various emissions. The radiating species in this case, HNG,
emits primarily in the wavelerngth range of 686.3-698. 3rmm (13),
ThHe intensity of the HNO emissicorn could wow be monitored by

setting the spectrometer at 632.8vm. The varicous reactions

ococuring are

H + NOgp ——————— Y OH + NO {(fast) (8)
H + NO + M ——————— Y OHNO® + M {(slow) (3
HNO* ——— e Yy HNQ + hv (1a)

where ¥ dernctes an excited molecule, and M is either ancther

molecule o the wall, which remove some of HNO*'s excess ernergy,
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g it does not immediately dissociate. There is a fiXEd.aMGUﬂt
of hydrogen atoms present in the reaction, sa if encugh NOz is
supplied to react with all H's, there snould be no more H  left
aver for reaction(8). At this point the emission would be just
elimivmated, there being ro HNO¥ produced. The NOz flow is,
therefore, increased to the point where the flame just disappears
after its peak intermsity, as indicated by a minimum in  the
current to the picoammeter from the FMT. Sirnce NOz and H are in
stoichiometric guantities at this point, the H atom corncentration
may be readily calculated from the NOz flow rate. In practice,
however, the H atom concentration may actually be larger than the
NOz used (18) cwing to the fast reacticns of:

OH + OH ————— Y HzO + Q (11)
and g + OH ————— y Oz + H (132)
This ratio alsao depends on the type of reactor, coating used on
the walls, and reaction times.

It must be mentiomed that the NOz used here came from a
cylinder that was flushed several times with argon, evacuated to
@, 225 atm, then filled to the extent of @0.357 atm with NOz, and
the presswrized to 2.@865 atm with argon. At a partial pressure
of @.332 atm ( 252 mmHg ), MOz exists inm eguilibrium with NzOs4,
arnd in fact, it is equilibrium compositions that pass through the
rotameter., It must be considered here that as the pressure in
the cylinder decreases, the actuai fraction of NOz and NzO4
changes with the total pressure change. In this study,
gquilibrium constant, Hp, of NOz-NzO4 system (17) ig @.1134 atm

and partial pressure of NOzg and NzlO4 in the cylinder is



calculated as follows at two differenmt total pressure:
{i) first, at total pressuwre, 1553.5 wmmHg (Ar + N0z +NzO4 )

p (NOz + NzO4) = 252 mmhg = @.3316 atm

76@
for the system,
N;_::C}[_} {mmmmmm=) 2Nz
(RONDz) Y E (F{NDz) &
FARE o o oo i i e s s s s o s o s e ZID e e s s oo ten o S S i S0 St St S0mi St e S S T e Ao A PP AR LA RS S S F48% 400 BN S St HAR bt St et Sob
H{NzO4) F(NOz + Nz0O4) — F(NOz)

= . 1134 atm.

Solving above equation for P(NOz), FPINOz) = @.1453 (atwm) = 118.43
(mmhg) and RI{Nz2O4) = P(NOzx + NzOs4) — RP((NOgz) =
@, 3316-A. 1453=2. 1863 (atm)=141.57 (mmHg) .

Therefore, the fraction of P(NOz+Nz04) to the total pressure,
F{NOz+NzO4) = —~————— =@, 1625

and F{Ar) = 1,.8-0.1688 = @.8373

(ii) Next, at total pressure, 145@0.5 mmHg

FONOz) = @. 13398 (atm) = 1@035. 792 (mimHg) and F{NzGO4) = PNOz+Nz04)
- F(NOz) =0, 31023, 1332= 2. 171 {(atm)=123. 358 (mmHg)

Assuming that fracticnm of NOz + NzO4 to that of argon at 1550, 5
mmHg is still same as that at 1450.5 mmHg, the above calculatiorn
is correct. In practice as total pressure decreases the actual
fraction of NOz + NzOi to that of argon  ivcreases somewhat
berause the ratio of NzO4 to NOz becomes larger at  lower total
pressure and more NzO4 is dissociated to NOz resulting in  the

irncrease of the fraction of NOz + Nz@4 to that of argon. This is



explained by the following calculationm:
(a) At total pressure, 1558 mmHg, P ((NOz+Nz04) = 232ZmmHg and

the fraction of NzDOs to that of  NOg,

F(Nz0g4) 141.57
FiNzO4) = e o imn e T e = @.36
F{NzOg4 + NOz) 25

= @A. 438

i3

FAINOz) = 1 — F{Nglg) = 1 - @.505
(i) At total pressure, 1453.5 mmHg, P((NOz+Nz0g4) = 233.73 mmHg

arnd the fractiocn of NzO4 to that of N0z,

P INzOg) 123,36
FiNzDg) = e e v e o e = me————— = @.5851
P {NzD4+NO2) 235.73

and FNOz) = 1-F({NzQO4) = 1-0.531=9. 4488,

Comparing (&) with (b), the differerce of F (Nz04) is:

FiNzOg4) = 0. 3562-2551 + 2.0811 for the charnge of total pressure,
1552.5 mmHg to 14359.3 mmHg.wheve F means fractiowm. Since avery
NzO4 dissociation gives 2hNOz’s, change in F(NzOg4) thus represents
the fraction of volume NOz gained. Sy, ivcrease in NOz is
caloculated as follows:

FONQz+Nz0O4) * Change in F(NgOs4) = 835.75 * @A.011 = 2.53 mmHg, so

FiNzO4) =123, 96 mmHg, PUNOz) = 1@7.9 + 2.53 = 148. 38 mmHg,

o

and FINOz+NzO4) = 235.75 + 2.53 = 238,34 mmHg
Considering the charnge of the fractionm of NOz and NzOs4 to
decfaasiﬂg total pressure therefore, the actual F((NOz + Nz0O4) cav -
be obtained by the computer program at any point needed.

The mixtuwre encournters vacuum in the halometharne marnifold so

nere the N4 is fully converted to NOz amd the NOz pressuwre is

gotten  from the figure 1 which is determived by computer program
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piven in appendix 1, along with some example data.

D. Chemical Kiretics

(1) Thernochemistry

Of dimportarce to the problem of relating structure and
reactivity is the thewmacheﬁistry of the reaction—that is the net

enthalpy and entropy changes that ocour upon the making of rew

honds  and  the breaking of old ones. For the purpose of this
study, thermo—-kinetic data are approximated by Bersan's
additivity rules Tor unknown very reactive reactions. The
calculations are given at appendix & If we consider the

reactiom  im  the following equation a large positive standard
free—-evergy change for the reaction, del G@,
A+ B ~——= C + D (13)
mearns that it will not take place to any appreéiable extent. On
the other hand, if del 69 is larpe and negative, the likelihood
is that it will occour. Del 62 is a function of del H? and del
59, the standard enthalpy and entrapy of reaction, respectively:
del G2 = del H? —(Txdel @) (14)
Del H? is a furction of the heats of formation of the molecules
being formed or destraoyed, and del 8% is a furmctiow of the
entropies of the molecules being formed or destroyed. Thus for
the reaction in eguation (13), del H? = HOF (C) + HZF (D) - H2F
(A) — H?F (B) where H?f (x) is the standard heat of formation of
X. similarly, del 8@ = g@ (C) + 82 (D) - 82 (A) - 59 (®) where
s@ () is the standard entroapy of x.
Experimnental heats of formation are wot available for all

compounds, but by Bensor’s additivity rules del HAF for this
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study in the gas phase carn be calculated.

(ii) Kiretics

Fram & chemical kinetics point of view the reaction was
considered to be & plug flow reactor. Such a reactor is
theoretically a steady-state flow reactor, one  in which the
composition at any point along the reactor is uncharnged with time
whern inlet flows and composition are constant (18), Absolute
plug flow, however, 1s an ideal situation, and is rnever attained
in practice. Most "plug flow" systems try to approximate the
ideal cases as closely as possible, and in fact, carn be assumed
to be plug flow within acceptable error limits. The reactor used
im this study was of such a type.

Assuming plug flow conditions then the equation describing

the compositions is (18) ,
Xa dXa
t = Ca® o e e (15)
2 -Ra
fore the reactionm A + B ~——-) praoducts, where t is the space time

in the reactor at the point of consideration, Ca? is the point of
concentration of reactant A, the halomethane in this case, Xa is
the conversion of reactant A, expressed as:

Xa = 1-Ca/Ca® (ie)
where Ca is the corncentration of A at the point of comsideration,
arnd Ra is the rate of reactiorn with respect to A The rate is
expressed as:

~Ra= dCa/dt (17)
For  the primary reactiom H + CHClz ————) products, which is awn

ideal bimolecular reaction, the rate expression is:
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dCn/dt = -~k * CHq * CoHC13 (18)
The determination of k, the rate constant of the reaction, is
one of the objectives of this study.

An initial model is developed and consists of 22 rate
equations which are rnumerically integrated by runge-Kutta 4th
order  methaod. The model is best fit to the data (cormversion
versus chloroform input concentratian) using a Rosernbrock Hill

Climb Algarithm.

(al Runge—HKutta 4th order method

In the fouwth-order method it is possible to develop Gﬂe;
step procedures  which  involve only  first-order derivative
evaluations, but which also produce results eguilavent iwv
accuracy to the higher—order Taylor formulas. Therefore, for the
solution of  the following system of v simultanecus first—-order

ordinary differential eguations in the deperndent variables Yi,

Y, me——— s Ynis

dyi

—— = FL(K, Y1, Y3, e y Y1)y
dX

dvya

——— = FEAX, Y1, Y&, ~m——— e s Y1),
dX

- - , (19)
dynm

= FEAX, Y1, YE, ———————m s Y1),
dX

with imitial cornditions given at a cammon point (Xp), that is,



Y1(Xa) Yiqia

Yo, @

YZ2(Xa)

Yy {X@) = Y}"H )

the fouwrth-order Runge—-Koatta method is applied for this study

the Algorithm is shown as follows:

{(Rurnpe-HKutta {(ovder fouwr) Algorithm

To approximate the soluticn of the initial-value problem

— = (X, Y) a{ X (b, Y{a) = Wp

at (N +1) equally spaced rumbers in the interval [a,bl:Irput
points a,b @ o integer Nj; initial conditions 2.

Output approximation w to Y at the (N +1) values of X.

Step 1 Set h = (b—-a)/N j
X = a
W= W j

Output (X, W),

Step & For 4 0= 1,8, ————— s N do steps 3-5.
Step 3 Set Kl = hf{X,W)
| K& = hf{X+h/2 , W+KL1/2 ) 3
K3 = hf(X+h/2 , WHKE/Z ) 3
K4 = hf(X+h , W+K3) 3
Step 4 Set W = W + (K1+ZKZ+EK3I+K4) /6 3

x
i

at+ih

14

ancd

end
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Step 3 Output (X, w)
Step & STOP
(b) Rogsenbrock Hill Climb Algovrithm

This method is a seqgquential search technigue which has
praovern effective in Ffinding the maximum oy minuwmam of a
multivariable, rnorl inear function subject to rnolirvear inequality
constraints:

Optimize F({X1, XJ&,————- ,»Xn)
Subject to G ¢ Xk Hiey k=1,28y-—, M
Therefore, this method is applied for this study and the

algovrithm shown in Figure 2.
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Figure &. Constrained Raosenbrock (Hill Algorithm) Logic.



I11 EXPERIMENTAL AFPARATUS AND FPRODECURES

The experimental apparatus used in this study consists aof a
reactarnt gas inlet system, twa flow tube reactors, each with a
mavable loop injectaor. In additian, a microwave—induced plasma
discharge for hydrogen atam produaction, an ultraviclet-visible
spectrometer and photomultiplier tube with a high voltage power
supply and picoammeter with DO ocutput for chemilumirnescent
measurements ware used. A flame ionizaticn detector gas
chromatograph with sampling inlet was utilized for products
analysis. A block diagram of the entire system i1is shown in
Figure 3.

Since the first report of the dissociation of molecular
hydrogen on Rhot tunsten filaments in 1911 (19), many methaods have
beern developed for the gerneration of hydrogen atoms. The
microwave discharge sourée has many attractive characteristics
(Z@-22), principally it is electrodeless, radio—frequerncy (2458
MHZ) ard this microwave discharpge was used for our  study. The
detection of H atoms and determinaticn of their corncerntration has
beern made by both physical and chemical methods. Aceourate
measurements of the hydrogen atom concerntration was a major
prablem, evernn though varicus methods were emplaoyed by previous
researchers. Silver and de Hass(38), in their recent study of
the reactiori of H + CFzBEv, moniitored the H atom Lyman—rédiatiaw,
but their H atom concentration was of the order of 1218 atoms/ce,
compared  to mowe‘thaﬁ 1314 atoms/ce in this study. HKleindienst
avd Fiﬂlayson—pitts(ag) also dealt with low concentrations, and

their method invaolved following the relative concentration of the

17
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hydroxide radical formed through:

H + NOg ———————- > OH + NO
Other studies, such as those of Westerberg and de Hass(S) and of
Ambidge et. al, (3@) used intepgrated electron spin  resonance
spectroscopy.

Inm view of more sophisticated equipment and since the
hydropgen atom  comcentrations were high, a methaod proposed by
MoKenzie et. al. (18)  was used to determine the hydrogernn atom

concentration  in the present study. However, instead of using

E.5. R spectroscopy to monitor the H + NOz reaction, this
research employed visible spectroascopy ( chemilumirnescence of
H + NOz).

Gases used in these experiments were prepurified argonn gas

from MG Industries, prepurified hydrogen and nitrogen gas from
AIRCO Inc.. Arpgon and hydraogen gases were parified again in our
system by pasgsing through a Chemalog R3-11 oxygen removal
catalyst and a molecular sieve tyrap for water removal,
respectively.

fAll materials for the gas harndlivig and flow system were
constructed from Pyrex, stainless steel, tygon cornectors, fu) o
Teflor. All plass stopcocock valves were greased with @ low
volatility Apiezon type M grease. I addition, the discharge
tube and all tubes downstream of it were cocated on the inside,
with phaosphoric acid (HzF04) subject to evacuation and heatiﬂg'
for water removal, to mimimize recombination of hydrogen atoms on
the walls. This was done by shaking anmd flowing agquecous solutionm

of phosphoric acid in each tubes. The argon and the hydrogen
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were then allowed to flow through the tubes for few days under
vacuun (2 mmHg) to puwrge the Hz0 as observed by the phasphorice
acid was crystallized out as a layer on the inside of tubes.

Twa flow tube were used for this study: both were Pyrex
with orne 4.@%cm i.d and 1.9 meter length, and the other 2.6 om i.d
and 1.1 meter lerngth. The vacuum pumping system allowed flow
speeds of up tao 4.18 m/sec iv the 4.2 Cm ID reactor. Twa Veeco
TE-72  vacwam guages were used for pressure monitoringg one at
the hydrogern—argon manifold and the second at inlet of  small
Vacuum  Dump. An absclute Ar pressure manometer (oil @#.8 Sp.gr.)
was positioned midway iv the reactor—-flow tube to wmeasure
pressure of the reaction system. ‘

A ball valve was provided on the main flow tube 3@ om
dowrnstreamn of the spectrometer windows to regulate the flow, by
throttling it, and to increase the reaction pressure in the flow
tube as well as slaowing flaw (reactiorn time). The valve was made
of  BFVYC plastic, as also were the 1" I.D. tubing and elbows
downstream of the reactor. T get a constanmt  flame, naot &
flickering flame, a 35-liter stainless steel ballast was
imstalled at the inlet of the pump to dampen the pulsationms in
flow caused by the pump.

firgon gas was passed first through an act;vated Chemalocg R3-
11 catalyst to remove any traces of axygen in it. The hydraogen
pas was passed through a molecular sieve trap to remove amy water
vapor  impurity, and then sent to a manifold where it was mixed
with argar. The R3-11 catalyst was aétivated by heating to 259

C under dry hydrogen flow. A calibrated differential pressure
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flow meter (24) was used to measure the hydrogen flow, while the
argon  flow was measured by a calibrated rotameter. The dilute
mixture of hydrogen in  argon carrier gas, typically @.74%

hydropgern and 33. 264 argon, thern flowed through a 1" i.d. guartz

]

tube placed in a microwave (E@0-22) at 245@ MHz to  produce

I

hydrogen atoms. The microwave power to the plasma is controlled
arnd varied by adjusting the ivnput wvoltage to a transformer
supplying the full wave rectified magretron power supply using a
ga-12@ wvaolt variac. The discharge power could be varied
approximately between @ and 152 watts cutput power, and was
rormally operated at 5@ watts.

The hydrogern and argon mixture then entered the reaction
tube S50 com above the spectrometer window. Argon was also passed
thyounnh  chloroform  liguid trap and was bubbled in the trap to
become satwated with chlovaform vapor. Halometharnes vaporized
Qith argon  entered the flow tube through a movable teflon
injector. The inlet position could be varied over 5@ cm distarnce
upstream of the spectrometer window. To improve mixing in the
reaction zone, the inlet tube end was blocked off and six pin—
holes pilerced along the circumferernce of the tube at a distance
af 1.5 cm above the tip. This forced the halomethare to flow
ontward first, for mixing, and then downward with the bulk of the
fFlow. Chlovoform flows were determined by measuring the pressure

ircrease in calibrated differential flow Meter (240,
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A. Gas Chromatography

The gas chromatograph was a Varian Rerograph Series 1202
with a flame iomization detector (FID). The flame was pravided
by hydraoger gas at 3@ cco/min flow rate, air anmd mitrogen carrier.
Aiy  from  the laboratory supply compressed air line was passed
first through an activated charcoal trap, to remove any ocrganics,
and thern throupgh a malecular sieve trap which  absorbed any
moisture present at  38@ co/min flow  rate. Both  traps were
routinely activated by passing puwe helium gas through while the
traps were heated to 38@°C in a furnace. Nitvyogen gas was used
without further purification at 38 coc/min flow rate as the sample
and GC carrier gas. '

The column in the gas chromatograph was a € ft. long 1/8"
diameter stainless steel tube, filled with silicone oil SE-S2,
S5.@% on gas—chrom 64780 mesh support. This coluwmm was maintained
at &@“C when the halometharne used was cohloroform. The columrn was
rogtinmely baked-out  averrnight at 13200 (with the carrier gas
flowivigp through it) before a set of runs. The detector was
maintained at 1522C and the output was sent to a 7155 B Chart
recorder  (HEWLETT PACKARD) with its rarnpge set at ©@#.S MV per
centimeter and a chart speed, 1.2 mirute per cerntimeter.

A pas chromatograph was appended to the system to  provide
guantitative and qualitative analysis of the stable reangent and
products  in the reaction of atomic Hydrogen with chloroform.
Kinetic runs utilizing the gas chromagraph were started only
after the reactionm had stabilized, the overns of the chromatocgraph

reached their thermal eguilibrium, and a steady baseline attached
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o the ngas chromagraphbwecurder. In additian, The reaction
system was operated for about anm howr after the reaction flame
had been started and the flame of the flame ionization detector
(FID) 1it for eguilibration before anmy measwements were made.
At this stage, the pressure in the reactor was usually rnear .75
mmHp, and the pressure at the inlet of the sampling system vacuum
pump normally was below 1 millitore. This pressuwre gradient was
essential to drive the sample thyough the sampling loop and the
sampling valve.

Halocarbon analysis is introduced to the GC with  4—~port
Hamiltoniorm injection valve where the reactor, Pyrex 4.@cm I1.D .
ard 1.@ meter lerngth, is used. To see the effects of the reactar
size on the reaction of the hydrogen atom with  chloroform,
arncther reactor which is of Pyrex, 2.6 cm I.D. and 1.1 meter
lerngth was also used with &—port Hamiltonian ingection valve in
secand experiment. A 174" diameter plass tube irnserted 1.8 cm
into the reactor center 2@ cm downstream of the spectrometer
window served as a samoling port. The tubivig led to the gas
chyromatograph  through  4-port and e—port Hamiltonian injgection
valve respectively for each experiment. I samplivwg system, 1/4"
and 178" stainless steel, teflonm and glass tubirng, and stainless
toggle valves were used exclusively.

A schematic diagram of the sampling system is shown in
Figure 4 for the 4-port and Figﬁfa S for 'B—port Hamiltormian
injection valve. As  shown in Figwe 4 and Figure 3 oo f F
valves were installed on the sample inlet line and the vacuum

line. These were positicorned as close to the sampling valve as
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possible to minimize dead volumes within the samplivng system.
Swagelok fittings were used for all intertubing corrections to
prevent any leaks into the vacuum. Furthermore, all stainless
and glass tubivg used in the chromagraphy section were clearned
first with detergent, then with acetovne or methanaol, and then
cver—dried prior to inmstallation into the systen. The wvacuum
punp used in the gas sampling section of the apparatus was a
Welch Scientific Model 14@2a. Fump <il was routinly changed for
proper mairntenance of vacuuan. With ro sample flowirng-—that is,
with the inlet orm—off valve to the sampling valve closed-—-this
pump delivered a vacuum of below 1 millitorr at its inlet. Since
the pressure in the reactor was normally around 2.75  mmHg, tﬁe
pressure gradiernt of (2.73-0.2@81) mmHg was the effectiie driving
forece  pushing the sample through the loop. The sampling loop
itself was a 48 cm laong, 1/8" diameter stainless steel tubing, of
which approximately 18cm length was inm a liguid rnitrogen bath
for sample collection. This correspond to arcund @.22 cm? of the
locp  within  the trap ocut of a total of @.59 cm® in the entire
1o,

Operations of the 4-port and &—port Hamiltormiam  irjection
valve were shown in Figure & and Figure 7, respectively, Foo
collection and  injection of a sample inta the gas chromagraph.
The sampling position, the on—off valve Vi at the sample inlet va
the samplimg valve was closed, arnd thne or—aff valve V& at the
vacuum  end of the sampling valve was operned ta evacuate the loop
urntil  the opressure gauge showed its  lowest value——below i

millitory. Before sampling products, a liguid wmitrogen dewar was
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placed under the loop before opering the valve Vi, and the loop
allowed to cool wAn tao the liguid nitrogen temperature. Exactly
after thirty seconds, the valve Vi, was copened and the sample
allowed to flow through the system for four minutes. as the
sample flowed through the loop, the condewsibles wauld collect
and remain in the loop trap, but pases like hydrogen and argon
would pass thvyough it. To save experimental time, the sampling
time was varied with flow rate of gases passing through the
system at low flow rate, 4 minutes and at high flow rate, 2
mivrates. After the praper sampling time, the valves V1 and V&
were closed simultanecusly, and the liguid rnitrogen dewar was
thern removed. Theri the system was pressurized with nitrogen gés

to inprove the injection of samples collected in the loop to the

column in the gas chromatograph. The pressurization was dorne by
copening and closivg the mitrogen valve for one second. Then,
electric heating tape was slipped around the laoop and heating

started. The voltage heating the loop was fixed at 4@ volts AC,

Heat ing was dome  for exactly 3 minutes. Whernn finished
collection sampling valve was switched to the irngection
positicn immediately. A stop watch was used for experimerntal

time consistency in sample callection.

After the last of the peaks had been ohserved on  the
chromatograph and the peak data appeared on the recorder and
integrator, the sampling valve position, and the valves V1 and VE'
were opened again to evacuate the system for rnext collection.

Liguid mitrogen was used onm both the Argon trap and hydrogen

traps to check up the effects of liguid nitrogen which  would
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reéult ivi removing the impurities that might be contaired in the
Argon/Hydrogern gases on the reaction. This was dorne several
times. Na effects of this improved liguid nitvropen trap for
purification were observed on the reaction, indicating that the
abserved reactionms were results of H atoms and  chloraform  and
nitragern or oaxygen atoms were not present in reactiorn.

To inmswre comsistency in the data abtairned, all experimental
runs  were done with exactly the same time intewrval for each

coperaticn.

E. Titration of Hydrogen atoms

The spectrometer used to monitor chemilumivescernce for
titration of hydrogen atoms was a MoKee Federsen ©@.47 meter
spectrometer fitted with a Jarrell Ash grating blézed at 358 rim,
and containing 1302 lirnes per millimeter. This spectrometer was
coupled with a side-—on type photomultiplier tube (PMT), a Model
R3z8 by Hammamatsu. The signals from the PMT were input to a
high wvoltage power supply ( Model 228 by Facific Photometric
Instruments) and thern to a Keithley 488 hign—-speed FPicoammeter
which showed the current intensity iwn digital‘ cutput. The

spectrometer was capable of @.21 rm  resolutiorn, and allowed

scaning rates of 2 to 1@ rnm per minutes. The spectrometer was
calibrated using mevcuwry and sodium vapor lamps on the standard
lines of &853.7 rm,366.3 rim, and S83.6 wvm for sodium (23),

Besides the inlet of spectrometer window at the flow reactor, a
black cloth was wound arcund the ertire flow reactor to prevent
it from reflecting by light. The FMT used in this study, a

Hammamatsu R38:3, had a spectral ravnge of ZQ02-B80@3wvn. The slit at
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the spectrometer was controlled to a desired value——usually less

than S229 microrns. Higher slit widths gave higher PMT current
but lower resclutiomn. Often a compromise had to be struck
between these two parmeters when deciding upowr a slitwidth,

Care was taken, however, to prevent opening tne slitwidth to such
arn externt that the PFMT current was greater tham 1 microcampere, at
wihich level the PMT could be damaged. For especially strong
flames the bias to the BEMT, ricrmally at 1KV, could be reduced to
decrease the RMT current. With this knowledge the slit was
adjusted to the least opening, 4808 micrans in this study that
gave proper intensity of picoammeter in the whole range desired.
Flowing acroass the titration rarmpe was then repeated at a desiréd
flow rate to obtain an idea of the magnitude of the emission
intensities. Sirice the intensity of coutput is directly related
to the current in the picoammeter, this current was read directly
off the pilcoammeter, choosing the reguired ampere range. This
allowed for meaningfual ocompariscon of all intensities on one
scale.

The hydrogen atom concentration in the reactor flame was
measured by chemiluminescence titration with rnitrogen dioxide.
The NOz—-Argon mixture ( 16% of NOz and B4% of argon) was made up
in a 35 liter stainless cylinder to a pressure of 38 PSIA. The
MOz—~Argorn mixtwre entered the halomethare system manifold after
its flow was monitored on a calibrated rotameter. The flow was
controlled by a rneedle valve installed on the line between the
rotameter and the manifold. The mixture was inlet through

imjection tube, same as chlorafrom, which was riow closed off.
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The micraowave discharge was turned on, making sure that the
discharge coclant fan was runming, the housing (cavity) around
the flow tube in the discharge was rot overheated by the
microwave system. The flame in the flow tube was purple at each
runming of the microwave. The Variac supplying the voltage to
the microwave was first set at 184 volts to start the plasma and
after 3@ seconds at 2@ vaolts for all experiments. The atamié
hydrogern produced by the discanrge was allowed to react with the
impurities abscrbed on the walls of the reactor, and thus clean
the reactor. Then a dilute mixture of NOgz in argon (about 16%
NOz by volume) was allowed to take the path mormally taken by the
halomethane to keep same experimental conditions, and tHe
resulting HNG*¥ flame at the tip of the irgector tube in the flow
reactor was studied.

The flame caused by the reaction of hydrogen atoms with NOg
was scarmed iwn the range 3@0-8@0@rim. As woted earlier, a large
band was found in the region of GB6.5-698.5 rm  (13), and the
largest sigral iv this range determined our titration wavelerngth.
The NOz—-Argor mixture was then varied for observationm of the
irtensities of HNO¥ at various flow of NOz-Argon mixture. The
effect of this parameter on the intersity of emissicon of HNDO* at

Z92. 8 nm was monitored. The titration itself was performed by

1

observing the digital sigrnal resulting from the picoammeter
currernt, as a function of the NOz FlﬁQ (co/sec. ).

Before any readings were taken, the system was conditiorned
by rurming for about one hour to get corsistent results in the

spectroscapic analysis of the reaction. To focus the light from
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the reaction flame into the spectrometer, alumirnum foil was

wrapped around reaction tube at the level spectrometer window.



IV. RESBULTS AND DISCUSSION

A. Experimental Results

For gualitative and guantitative analysis a gas
chromatograph was attached to the system inm this study. Although
there were species present in the reactor that were "active! and
emitting radiation, it must be roted that all such species are
"comsumed” o "die” within a short distance into the GC sampling
tube, presumably by wall lass. Thus the gas chromatograph
analyzes only the stable énd products.

The GC peaks were gualitatively identified by injecting the
pure compounds separately through a septum and observing the peak
response time for each compounds. After identifirng the GC peaks
gualitatively by preliminary experiment , experimerts wanted were
done. Data were first acbtaired for eight different chloraoform
concentyation at a constant hydrogen flow and the whole

experiment repeated five times for five differernt hydrogen flows

at each other chloroform flows. The experimernts were also
performed for two different reaction time at  eight chlaoroform
flows in a seperate kiretic experiments. The results of all

experiments are given later.

A1l experiments were run in the following marmer: the CHClz
flow was set at a value that gave a bright flame. This was easy

to do because the flame became brighter as the flow was increased

to a point, beyond which it became less bright.

34
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lLiguid mnitrogen was placed around the argon/hydrogen  traps
to check on the effects of remaving oxygen, nitrogern and other
impurities that might be contairned in the argon/hydrogen gas
cylinder. Na effects of the ligquid nitrogen trap for purification
were observed on the reaction or emissiorn flame with trapping for
several hours.

The flow rate of CHClz was measuwred by the capillary flow
meter arnd the flame resulting from the reaction of hydrogen atom
with chloroform allowed to stabilize for a 3@ minutes before the
run was started. ~The sample was collected and injected following
the procedure detailed in Chapter II11. The runs were repeated
with and without the microwave discharge for determining of the

conversion of chlorvraform, through the relation:

Area under CHCl3z peak in sample with reaction

Area under CHClz peak in sample without reaction.

This techrnique was considered more accurate thanm the ocrne that
involved the measwrement of ﬁhe area of CHClz as a fractionm of
the total area under the various peaks in the reacticr sample.
It was fTelt, however, that there was scape for error ;ﬂ the
callection efficiency of the trap as regards all products,
specifically methare. After completing the tw: runs—-—with and
without reaction——at a givern halometbhane Flow rate, the flow of
the chloroform was measwred again to check for errors before the
next Tlow rate was tried. The above procedure was then repeated.
The results of the experiments are shown in Figure 8 and Figuwre

= The discussion of these results is shown in the computer
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modelling and discussion section. A reaction mechanism is
compiled first to find the unkrnowrn rate conmstant of H-CHCl3

reaction by comparing experimerntal results with a computer model.

E. Hydrogen Atom Covncentrations.

The determiviation of reaction kiretics requires the
tricwledge of the exact concentrations of reagents enterirng the
reaction zone. In this experiment, though the Hz flow rate into

the system is krnown, as yet there had been ro estimate of the H
atom concentrations. This was determived by titration of
hydronen atoms against nitrogen dioxide. The principle on which
this method is based has been detailed earlier in Chapter Il.

In the hydrogen atom titration experiments, NOz (16.325%)
mixed with argon gas (83.73%) were introduced intao the
halomethane manifold to flow into the reactor through the Teflon
irngector under idemticai experimerntal conditicons as  that of
chloroform in the reaction process. This way the NOz encountered
the same hydrogen atom concentration and flow tube conditions as
did the chloraoform. As the NOz flow was varied the internsity of
the HNO¥* emission produced was monitored at a wavelergth of  the
most intense sigrnal in the present work, Makee Pederson 1/2 meter
morsehromator with slit width 48483 um. The six different
resulting curves were shown in Figuwes 1@, 11, anmd 12 for the six
different flow rates of hydrogen.

As the }igures indicate, the intensity of the HNO¥* emissiown
goes through a maximum before decreasing rapidly. A tarngent was
drawrn at the paint of the maximum regative slope and extrapolated

to the X axis to determine the NOz flow rate that corvesponded
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tos the end point of the titration. A 1:1 stoichiometry of
nitrogen dioxide and hydrogen atoms leads to the following

reactions:

H + NOg —=————— Y OH + NO (fast) (=21)
H+ NO ——————e——— > HNO¥* (22)

When NOp corncentraticon is equal to that of hydrogen atoms  there
will be no hydrogern atoms left to react with NO to form HNO*.
The wall effect was carefully comsidered in terms of two factors
al. (16e)

im this study. Ore of them is, by Mckenzie et. s that

the corcentration of NOz reguired precisely to consume an
hydragen concentration, [HI, can vary from about 1.10HI to 1.350H]
depending on the activity of the wall, due to the following

subsequent two reactions:

OH + OH + wall -———————— Y HzeO + O + Wall (23)
amnd
0 + 0OH + Wall ———————- Y Oz + H + Wall (24)

where the O0OH’s produced by the reaction (21) react with eacn
ather and subsequertly, with the oxygern atom produced by the
titration reaction (23). The other is that as the inlet flow of
Hz i1s increased there is only a very slight increase in  the
hydragen atom concewntration, dependirng on the efficierncy of the
molecular hydrogen dissociatiarn, and the molecular hydrogen
concentration  increases more rapidly. The following reactions

are possibly the reasorns for the rapid irncrease in the Hgz

concentration:

H + H + Wall ———=) Hz + Wall (26),
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which hydrogen atoms produced recaombine. For these two factors,
the wall of reactor was coated well with phospheric acid and so,
the wall effect is minimized and ingsignificarnt as demonstrated by
results of hydrogern atom concerntrations at top arnd bottom of the
flow tube. The calculations of the hydrogen atom corncerntration

from the experimental data are shown in Appendix 4.

C. Reaction Mechanism

It is kriown that the primary reactions are reactionm 27 awnd
reaction 28 by the occcurrvence of halogern—atom  abstraction and
hydrogen—atom abstraction , respectively.

H + CHClz ~—————-— > HC1 + CHClz (=7)

H + CHCl1z ——————— > Hz + CClz (28)
Results of Gould et. al. show that the probabilities of Cl
abstraction is 7.2 times larger than that of H abstraction.

The reacticn 29,

H + HCl ————————— Y Hz + C1 (23)
(o e e
has been studied for rearly a century. Despite the internse
effort to understand this elementary system, there were several
different rate constants for this reaction(S6-3@) until most

recently, Miller and Gordon (31) studied the reaction and found
the rate constants for this forward and reverse reaction and
compared then with other’s in the literature. Therefore, Miller
and Gordon’s rate constants for reaction 23 are used in this
study. Watson (28) and CLYNE, et. al. (£9132) have shown the
cocurrence of the reaction:

Cl + CHClz——————— y CClz + HC1 (3@)
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where an increase in the HC1 coricentration would then have

decreased the CHClz corsumed. The CClz formed in veaction 3@ has

three possible reactions open to it (33),
CCly + Hp——————- Y CClzH + H (31)
CClz + H-—————— YCC1zH® ———>HC1 + CClz (3&)
arnd
CClz + CCiz + M————— YCzClg + M (33)

of these, the first reaction is endothermic to 14 Keal/mole, and,
therefore, insignificant at 298CK. In additicw, the abserce of
chlorocethares 1in  the products precludes the possibility of
reaction 33 occourring in our system, leaving reaction 32 as the
predominant reactiorn. The same pattern is conjectured to follow

in the further reactions of CClgz:

H + CClg—————m— Y CC1 + HC1 (34)
and
H + CCl-—————— y C + HC1 (35)
The CHClz molecule that is formed by reaction 27 is  again
subjected to chlorine abstracticnm by the hydrogen atoms (33) 4
H + CHClz—————— YCHC1 + HC1 (326)
arid
H+ CHCl-—————— YCH + HC1 (37)

With the formaticon of the carbon atoms produced by the
reaction 33 as observed in Chari's studies and on tip of the
movable ingection tube in this study, a serie; of recombivnations
are reguired to produce methane, which was observed o the
chraomatocgram. The most likely reactions for formation of methane

ther are the trimolecular reactions (34) 3

H+C+ M - y CH + M Del H = —-8& Hcal/mole (38)

H +CH + M ———— Y Chag + M Del H = —1@1 Kcal/maole (33)
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H + CHz + M ————— Y CHz + M Del H = —113 Keal/male {4@)
H + CHz + M ————— ) CHg + M Del H = —123 HKeal/mole (41)
wheve M is likely to be argaon, the species most abundant in cur

system. Other paossibilities for the consumption of CH and QCHz

are:
H + CH ——————— >} Hz +C Del H = —-23 HKecal/mole {(4&)
H + CHz ——————— ¥y Hg + CH Del H = -3 Kcal/mole (43)
H + CHy —————m—— Y CHz + Hz Del H = +3 Kecal/mole (44)

The reaction 42 as well as reaction 45 is exocthermic, but Del H
inm reaction 39 is 4.4 times mooe excothermic than that of reaction
42 and the rate constant for reacticon 39 is 2.41%1@ —14
co/moalecule-sec <35), compared to Z.67%1@ =17 ce/molecule-sec for
reaction 42. The rate constant for reaction 4@ is not available,
But the tremd may lead ovne to the conclusion that the rate
DDﬂStaﬂt. for  reaction 4@ is much higher than that for reaction
43, The reaction 44 is srndothermic and is not prefable for this
study. Therefore, it is the trimolecular reactions 38-41 that
are likely to ocour, even though intuition seems to sugpest
otherwise ——-— for these reactions reguire tne presence of a third
body at the ecollision site on time. Since the veactimws‘ 38-41

are very similar, the rate constants for all these reactions have

beer taken as Z.41%10 —14 co/molecule-sec, which the value of

()

K33 (39,

{4

Once the methane is formed, it may react with any of the
chlorivne atoms still present by the reaction:
Cl + CH4——————~ yCHz + HC1

which is well-studied (83), and whose rate constant is known to
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be 1.85 x 1@ —13 cm3/mol sec at room  temperatuwre. Furthermore,

its reverse reaction,

CH3z + HCl——————— YC1 + CHy {45)
is shown in Weissman and Berson’s study (368) and rate conmstant
for this reaction is calculated, using their thermochemical data.
Owivg to the very low concentration of the chlorirne atoms due to
reverse uf reaction 29 in excess Hg, and the reverse of reaction
45, this reaction is highly unlikely, but has still been included

all reactions as possible. The othey possible reactions

se-50 (36)

Cl1 + CHz ———————= ¥y CHzC1 {(46)
Cl + CHzCl—————— Y HC1 + CHzC1 (47)
CHz + CHz——————— > CaHeg (48)
CHz + CHapCl————- > CHzCHzC1 (43)
CHaCl + CHzCl———3>ClCHaCHEzCL (Sa)

are alsa irncluded in the computer model and their rate constants
are calculated using Bernson’s thermochemical data even though the
extert of the reactions is small due to low C1 concewmtration from
the reaction 29 because excess Hz shifts eguilibrium.

The omly other reaction we considered of importance is the H
atom recombirnation reaction:

H + H + M——————— YhHz + M (S1)
with a value of 1.54 x 1@~-15 cm3/sec (39), K151 is small encugh rot
to seriously affect the reaction scﬁeme, but has been accounted
fory iv the computer model sivce changes in H atom  concentrations
are influential in deciding the extent of marny of reactions

considering here.
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The apperndix 3 lists all the reactions conmsidered in the

averall reacticom mecharnism and the rate corstants at Z980K.

D. Canputer Modelling and Discussion

THe Hirnetics of the reaction system were simulated on  the
UNIVAC 398/82-3 system for the reaction of hydrogen atom with
chioraform. Using the modelling techrnigue described in  Theory

secticor, a computer model incorporating the various reactions in

the reaction mechanism was formulated. Apperndix 4 shows the
procedure of calculation of hydraogern atom and chioroform
concentrat ion. Appendix 9 contains a compilation and results

of  the program written for the reaction of hydrogen atom  with
chlaoraform. The anly rate constanmts not availbale at this stage
were: 1), for the primary reaction, as described by reaction 27,
and 1ii1), for the reactions 36 and 37. For the reacticons 36 and
37, there was no data évailable, but the rate camstants were

assumed ta be of the order of 1.0x12711 cnd/mol sec. because both

the reactants in each of these reactions were reactive radicals,

as reactions 32, 34 and 35. With this assumption it, the rate
constant for the primary reactions was obtained by computer
madelling is to abtain the rate constanmt for the primary reaction

27, which best fits the experimental results.

The CFU time, when the Rurnpe-HKutta fouwrth method only was
used for salvirmg the 22 consecutive differential equations, wWas
5S¢ to 1289 seconds. When the results from Runge-Kutta Method was
compared with those from simple Euler integraticon method, there
was no difference between them, demonstrating consistency in the

computer program. A Rosernbrock Optimization was added in  the
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pragram to obtain the rate comstant unkrnown, The Rurpe-Kutta
Fourth Method with the Rosernbrock Optimatization Method for this
study gave the CPU time, S0@-33@ seconds which were three to four
times longer than those when Rurnge-Kutta Forth Method only  was
used. In applying the Rosernbrock Optimizatiorn Method for
.CQmputew Modelling, much care was reeded in choosing an iwnitial
value of k&7 because it would give over flows o under flows  in
the computer caleculatiory due to the improper initial value.

The results from computer modelling are shown in Figures 13
to 139, separately. As  shown inm figures 13 to 19 in  the
pomversicon  curve  forr changing the flow rate of chloroform the
extent of conversion increases first to a point and théh
decreases. This indicates that though the conversion of
chloroform is increased at low CHClz concentration as the flow
rate of chloraform is increased, while at higher CHCl3 values it
is limited by the hydrogen atom concentraticnm . The initial [HI]
is unchanged through one whole experimental series of CHCI3
flows. Therefore, the hydrogen atom concentration becomes the
limitivmg Ffactor for the conversion of chloroform at higher CHClZ
concerntrations.

As  shown Figures 13 through 17, the cornversion curves are
almost same at five different hydrogen flow rates which have only
slightly different hydrogen atom concentrations, and all other
experimental. condition were constant. There was strong flame
cduring hydrogen atom titvation. For these results, the rate
constants which were obtained by computer modelling ware

compared with each other . It carn be seemed that the rate
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constant for  the H-CCl3z reactiaon, is  (2.1920.31) x 12—13
ce/malecule—-sec with 14% error in these experiments. This rate
comstant, however, is higher by a factor of 102 than recorded by
Chari (&3) 4,5x12"19 pe/molecule-sec. The initial concentraticom
of chloraform used in Chari’s study (E€3) was ten times more than
that of this study. Sivce move cohloraform  concentration was
present in Chari’s study. This CHClz efficiently quenched the
reaction flame and maintained a lower ( rear raom ) reaction
temperature . It canm be thought that the reacticon of hydrogen
atom with chloraform, at lower chloroform concentrations, was
accelerated by the flame (higher reaction temperature ) due tao
less quernching and therefore ,the rate corstant is higher th%ﬂ
that of Chari?s(23),

Ta further elucidate an accouwrate room temperature reaction
rate comstant, two more experiments were done using the reactor
which had smaller diameter and &—port Hamiltoniarn ingection valve
irstead of 4-port Hamiltonian ingectionm  valve. As shown  in
Figures 16 and 17, more desirable results were obtairned between
computer model arnd experimental results  for the high flow
velocity. It is alsco thought that more efficienmt sampling and
injection system resulted ivm using 6&-port Hamiltoniam injgection
valve instead of 4—-port wvalve. In the Fiwst experiment, the
comversion curve from computer model well approached the
experimental value and it gave k7, 8.1x12a-14 co/mal  sec.
Comparirng this wvalue with earlier kE7 obtairned from larger-—
diameter reactor showed K37 was rnow about 42 times smaller  than

previous results. This mears that the reaction was slower than
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that previcusly measured. This result can be explained from the
points of flow velocity. Ir the smaller—diameter reactor, the
flow velocity was approximately three times faster thanm that iwn
large reactor. Since faster flow presents more efficient mixing ,
diluticon and more guenching of excited radicals occcured before
reacticon, the temperature in the reactor is, therefore, lower for
the reactirng species ( room temperature ) .

This study was performed at a reaction time of @.028 sec.
and the conversiorn prafile of this experiment is shown in Figure
18. T test the model at arncther longer reaction time, the
halometharne ingector tube was adjusted up so that  the reaction
time was .5 times greater o @, 072 sec. The computer program wés
modified to take the rmew reaction time @.@72 seconds into
accournt. The conversion profile of this experiment is shown along
with the data of the computer model in Figure 13 and it gave the
value of 3.8 % 1@ —15 co/molecule~sec for KE7 as rate constant of
primary reaction . As shown inm Figure 18 and Figuwe 13, the
experimental data at @.028 sec reaction time approached to the
computer model only slightly better than that at @.@72 sece
reaction time. The deviatiorns of computer model from experimerntal
curve were 9% arnd 18% for 4,028 and @.@72 sec, respectively. The
rate canstant of primary reaction was 8.1 % 12-14 ce/malecule-sec
for @, 928 second veaction time with 9% deviation and was 3.8 %
12-13 pe/molecule-sec  for @078 second with  18%  deviation .
Since the conversion curves of the model and the experiment match
to a reasornably high degree with 94 and 1&8% deviation in  both

reaction times, respectively, we average these experimental values
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and the rate constant is 4.2 % 18-14 co/molecule-sec ( an average
value of 8.1 * 10-14 cc/molecule-sec and 3.8 * 10-15 co/molecule-
sec). It is felt that the value of 4.2 % 12~14 cco/molecule-sec
for RZ7 is within experimental errors of 25%. The value of 4.2 *
12-14 co/molecule-sec is slightly larger tham that determived for

the same reaction in the only previous study umpublished (£3)



V. CONCLUSIONS

The study of mechanisms and kinetics of the reactions of
atomic hydrogen with chloroform were studied in a tubular  flow
reactor at  pressure of 2022 to 2.8& mmHg and  room temperatuwre
using a spectrometer and a gas chromatograph. Hydropern atoms
were gererated by a microwave discharge, and their corcentrations
measured by titration with mitrogen dioxide.

The reacticon flame observed is due to the strong Czg and CH

emission (8s1@), Jarson (37) has claimed that the Cz swan bards
observed by Gaydern and Wolfhand ¢8) in CClg - H atom, CHClz - H
aton, and CHBErz - H atom flames were due to oxygen atoms

origirating from water vapor present in the hydroger. In Arnold
et. al.’s experiments the hydrogenm — helium mixture was passed
through  three liguid nitrogen traps prior to passing through the
microwave discharge. Contrary to Janson’!s observations in &
similar experiment, Cz emission was observed in all three
systems. It was not observed however, whers the hydrogen atoms
were replaced by oxygen atomns. Additionally, iv our experiment
the hydrogern—argon mixture was passed through oxygern, water vapor
arnd organic purification iraps , using liguid riddtragen o The
traps did not affect o decrease the reaction flame internsity,
ir agreemernt with Arnold?’s experimernts.

Comparing the experimental dafa with those fram comnputer
model, a mechanism is suggested in the present study and is shown

to he reasornable.

59
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From the experimental results, high conversion, up to 9@% of
chloraform at low pressure and room temperature, means that the
chlorofrom is a good flame inhibitorg it reduces the burning
velocities of hydrocarbon/air flames. In addition, since  many
halomethanes are krnowrn or suspected to be carcirnogenic, and since
the principal products of owr observed H + Halocarbon reactions
are methame and an acid, HC1l, the reaction over all mechanism can
be applied for the destructiconm of toxice haleocarbons, with
simultanecus production of fuel (CHg).

The nearly exclusive production of methane suggests that
secondary reactions  are fast and that all chloroform consuméd
poes toward the formation of metharne with the primary reaction .
The kiretic rate constant for the primary reaction of atomic
hydrogen with  chloraform was 4.8 % 12714 co/mol sec at  &989K.

There i1s scope for improvement in the metharne collection
efficiercy of the samplirng loop. The amcunt of metharne trapped
can be increased by modifications of the loop and flow  through
measurement. Detection of halocarbons can be improved via use of
a more sensitive ECD detector. It is also stronmgly suggested for
further reactions that a very small thermocouple be placed in the
reactor tube to see the effects of flame guenching due to  the
variation of the chlovyaform corncewtration. The mixiwmg in  tube
reactionm Xl 1) has beerr improved substantially by the
modifications made inm the halometharne ivngectior system during the
H-CHC13 systemn. The apparatus can then be used for various

other halocarbons, and rate constants determived for reactions
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which have rnot yet beer studied kirnetically.

Since the study of the reactions of halomethares with
hydvagewnn atom can provide much reeded kirvetic parameters and
reaction product information which are inportant to understamding
of the chemistry of these species in irncineration and in  the
atmosphere, it is hoped that the present study will make future
studies on similar reactions simpler and yet more fruaitful, inm
particular, considering the effects of flame quenching due tao the

variation of the chloraform concentratior.



ARPFENDIX 1. Fraction of NOZ and N204

U T2 3636 B 0 I 6 I I I I6 I I I I I I I I I I NN
1. THIS PROGRAM IS TO FIGURE OUT THE CHANGE OF NO2 AND

NEO4 FRACTION AS THE TOTAL PRESSURE DFCRERASES.

T

ET TR TS ESLLLE S SL L ES AL S L L R AR RS bR R b ikt t st kb ot

L

4. NOMENCLATURE ;
BFT I8 TOTAL FRESSURE. FNOT IS FRESSURE OF NOS+NZ04.
FNO IS FRESSURE OF NO2. PNOX IS PRESSURE OF NzO4.
FRANOZ IS THE FRACTION OF NO2. FRANOX IS8 THE

FRACTION OF N204. FRPAR I8 THE FRACTION OF AR.

5. CPT=2.06

6. FNOT=@. 3316

7. DHFE=@. 1134

8. FRANQE=

3. WRITE(Z, 1@@)

1@, 1w FRANO L =FRAND2

11. ENO= (SORT ( (DKF%%32) +4. Q% DKF*ENDT) ~DKF) /2. @
L&, FNOX=FNOT-FPNO

13. FRANOZ=FNG/FPNOT

14. FRANOX=1. @-FRANOZ

15. FRANOT=FNOT/FT

16. FRAAR=1. A~FRANOT

17. WRITE (2, 20@) FT, ENOT, DKF, FNO, PNOX, FRANOE, FRANOX,
18. +FRANOT, FRAAR

19. 10@  FORMAT O 71X, 'BTY, 5X, 'ENOTY, 3X, 'DKE, 4X, “FNO*,

. +4X, "PNOX?, 3X, "FRANO2? , 1 X, 'FRANOX?, 1 X, "FRANOT?,

62



+1X, ‘FRAAR?)
FORMAT (7 7 ,9F7.4)
FNOT=(FT—2. 1316) *PFNOT/FT
PT=(PT-@. 1316)
IF(RPT. GT. 1.84) GOTO 1@
COMP= (FRANDE~FRAND1 ) *FNOT
BT=pT+COMP
FNOT=FNOT+COMP
IF(FT. GT. 2. 395) GOTO 1@
STOF

END



APFENDIX 2.

EXAMPLE

ki
CHz + CHzCl —————
FE—
ki
DEL~Hz9n = H{(CH3C
DEL~5z9n = S5(CHzC
= &6
DEL-Gzag = DEL-Hz
= -3
Lvi(Kp) = — DEL-G/
=~
Therefore,
Ko = 2.61 % 1@a53
Armd k1 = ko * Ex
=8, 35 *
ki =

3.2 # 1

ESTIMATION OF RATE

METHOD

1) — H(CHz) = H{CHzC

31.1

38.1

6.7

H=C1l) - S{CH3) - S(C

.1 —46.4 - -3

gr — T * DEL-Szg98

2900 - 298 * (-39.9)
RT

~81023. 8/ (1.387 * &
p(—Ex/RT)

1214 ce/molecule-sec

2-73 peo/malecule-sec

6l

CONSTANT UNKNOWN BY BENSON?

1)
-3Z. 3 Keal/mal
H=C1)

3.9 cal/mol

-81023.8 cal/mol

38 ))

Ki/Kp = 8.35 % 1a-14/2.61 % 1299



Apperndix 3. Reactiorns

Reaction

H+CHCl ~——— YHCL+CHC12
H+HC1 ————— YHE+C1

( _____
CL+CHC13-—=-->CC13+4HC1

H+CC13-~-) CC13%¥~——)HCL1+CC12

H+CC1&—————m » CCL+HC 1
H+CC1———m——— Y C+HC1
H+CHC12—=——~ Y CHC1+HC1
H+CHC L ~———m— » CH+HC 1
H+C A+ M= > CH+M
H CH A+ = e = » CHE+M
HA+-CHE + M oo ) CH3+M
H+DHE+M—= =~ Y CH4+M
C1l+CH4—————— Y CH3+HC1
(e
Cl+CHE—————~ yCH3CL

Cl1+CH3ECl~———)HC1+CH2C1

T E—
CH3+CH3———~~ Y CEHE
CHE+CH2C1——) CHECH2C1
CHC1+CH2C1l ~——=) C1CHECHZC1

Ht He = = e e > HE+M
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Rate Cormistant

ki

Kk
k

4

-~

k3

i

kK4 =

k1@

kil

i
i

klz

k13
k(=1

kl4

1S
(-1

kl&

k17

k13

k13
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i o i Gl
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S

pxi@g—1a
= 1.6%10—14

1. 24%1@-13

1.2%1@a—-11
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1, a%x1p—11

1.@ax1@a"11

1. @%x1p—11

Z.41%12-13

) =

)

2. 41%10—13
2. 41%1@—13
Z.41x1p—13

1.85%1@—13
1

1. 7&%1@12

z.8%x10-13

= 2, 51%12—13

4,18%1p—14
351214
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APFENDIX 4. Calculation of hydragen atom and chloroform

concentrations

(1). Fy = Fpw + FHg + FOHC13

= 18,87 + @3.16 + (very small) = 13.803 cc/sec

15 % @.389 / 1.36

i
0

(). Pressure of Reactor

Z2 mmHg

|
r

13.a3 * 768 / 2.22

(Z). Total flow at 2.22 mmHp

&e514.77 co/sec

Molecules of taotal flow

E514. 77% (2. 22/7610) *6* 1223/ (82, 26E%238)

4,67 * 1229 polecules/sec

and

# molecules/co = 4,.67%1a80/6514,. 77

7.17 * 1al® palecules/co

{4). Fraction of [H]
= NOZ flow (extrapolated)/total flow

= @.43 % (Q. Q73 + 2 * @.08) /7 13.@3

# Hydrogen atoms

= 5.3 % 10~3 % 7.17 % i@lé

= 3.8 # 1214 molecules/cc
{(5). Fraction of hydrogen

= Fuz / Fi

m

i

.16 / 13.a3

. 22841
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(€). % dissaciation

= # of H / # of H

o )

S
= 3.8 % 1214 %192 / ((6.23 % 12al4) x2)

i

= 31.5 %
(7). Reacticn time at 325 cm distarnce
= Distarnce / Flow Velaocity

S /7 ( E514.77 / B5.31)

i
(=

= @. 328 sec.



ARFENDIX S5. Computer model

EX TSI LSS LS LLL LSS L L AR LR R R R R bbb bl t X b3 kb XS]

1.
2. MOSTLY FOSSIBLE MECHANISM WAS FOSTURATED AND THE
3. KINETICS SIMULATED ON AN UNIVAC 30/82-3 COMEUTER
4., BY SOLVING THE SIMULTANEOUS FIRST-ORDER DIFFERENTIAL
S EGUATIONS DESCRIERING THE TIME DEFENDENCE OF THE
€. CONCENTRATION OF THE VARIOUS CHEMICAL SFECIES,
7. USING EOTH RUNGE-KUTTA FORTH INTEGRATION METHOD
8. AND ROSENBROCK OFTIMIZATION METHOD
3. **********************’Z“;« " T E T T TR ESTETE LTS EL LS L L S8 L 2 8 X & 2 %3
1. NOMENCLATURE
ALL K'S ARE RATE CONSTANTS.
RTM IS5 REACTION TIME.
T IS TIME INTERVAL FOR EACH ITERATION.
EACH UNIT OF H,C,Cl,HC1,CC13H, CClaH, CC1H, CH, CHZ, CH3,
CH4, H2 1S MOLECULES/CC OR ATOMS/CC.
H@, H20, AND CC13H@ ARE CONCENTRATION AT ZERO TIME.
11. MAIN LINE FROGRAM FOR ROSENBROCK HILLCLIME
LiBr e e e e e e e e e e e
13. DIMENSION X(8), E(8), V(8,8), SA(8), D(B), H(8), AL(8),
14, FH(8), A(B,8), E(B,8), EX(8), DA(8), VV(8,8), EINT(8),
15, VI (8)
16. DIMENSION Y(8,22), B(8,28), ELM(8,23), Z(8,1)
17. DOUBLE FRECISION Y, G, X, DKZ, RDKE, DK3, DK4, DKS, DKE, DK7
18. DOUBLE FRECISION DK8,DK3, DK1d®, DK11, DK1&, DK13, RDK13
13. DOUBLE FRECISION DK14,DK1S, RDK1S, DK16, DK17,DK18, DK19
£, DOUBLE FRECISION DK&@, HD, T, TMAX, ELM, Z
21. INTEGER RUNGE
22, COMMON KOUNT
23, INTEGER F
24, INTEBGER FR
25, INTEGER R
26, INTEBER C
27. REAL LC
=a. DaTA M, &, L, LOOEY, BR, ND, NDATA, NSTER/-1, 1,1, 18,1, @, @, &/
29, X(1)=4.5D-14
2. E(1)=1.2E~15
31. WRITE (6, 13)
2. 13 FORMAT (/, 1@X, ' ROSENEROCK HILLCLIME FROCEDURE!)
33. IF(ND—1) 3@,2@, 3
Z4., = - DO 300 KA=1, NDATA
35. READ (NI, &) DA(KA)
36. z FORMAT (1E1@. 4)
37. 300 CONT INUE
8. 3@ LAR=FR-1
39, LOOF=@
43, I1SW=0@
41, INIT=@
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42,
43.
44,
43.
46.
47.
48.
43,
=18
S1.
5.
53
54,

55.

S6.
57
58.
59.
6.
&1.
&,
&3.
E4.
3.
&6.
&7.
8.
&93.
7a.
71
7.
73
74,
73.
TG,
77.
78.
73.
8@

81.
8.
83.
84.
a5,
a6.
87.
88.
83.
4.
91.
Iz.
93.
34.
95.

KNOUNT=@
TERM=0.
DELY=1.0E~-Z
Fi=@.@
NFAR=NDATA
N=i.

DO 4@ K=1,L

413 AL (K) =(CH (X, DA, N, NFAR, K) ~CG (X, DA, N, NFAR, K) ) *@. a0@1

DO 6@ I=1,P
DO 6@ J=1,F
VL, J)=a. @
IF (I-J) &B,61,6@
61 V(I, ) =1.@
= CONT INUE
DO &5 KK=1,F
EINT (KK) =E (KK)
£S5 CONT INUE
1gd@ DO 7@ J=1,F
IF (NSTER.EG.@) E(J)=EINT (J)
SA(T) =2. @
7@ D(J)=0.@
FEEST=F1
8@ I=1
IF(INIT. EQ. @) GOTO 122
3 DO 110 K=1,F
11@ X (K) =X (K)+E (1) %V (T, K)
DO 5@ K=1, L
5@ H(K) =F@
1ea Fl=F (X, N)
Fl=M#*F1
IF (ISW. EG. @) Fo=F1
1SW=1
IF (AES(FEEST-F1)-DELY) 122,188, 185
1es TERM+1. @

GOTO 45@
125 CONT INUE

J=1
130 XC=CX (X, DA, N, NFAR, J)

LC=CG (X, DA, N, NFAR, J)
UC=CH (X, DA, N, NFAR, J)
IF(XC.LE.LC) GOTO 4&@
IF (XC. GE. UC) GOTO 420
IF(F1.LT.F2) GOTOD 4&Q@
IF(XC.LT.LC+AL(J)) GOTO 142
IF (XC. GT. UC~-AL (J)) GOTO 142
H(J)=F@
GOTO 212

14 CONT INUE
BW=AL (J)
IF (XC. LE. LC. OR. UC. LE. XC) GOTO 15@
IF(LC.LT. XC. AND. XCu LT. LC+BW) GOTO 16@
IF (UC—EW. LT. XC. AND. XC. LT. UC) GOTO 17@
FH(J)=1.@
GOTO 210
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36.

37.

38.

399.

i@,
121.
122,
143,
1@4.
125.
1a€&.
1@7.
148,
123,
1i@.
1i1.
112,
113.
114.
115.
116.
117.
118.
113,

[ors

Pt P et b et et e b ek pr b i bt b ek
Cof Cod Cod Lod 0o 0o TO PO TO PO T P TO T FO Mo

3
S..ﬁ-f-\(.dl'!."l—“&UJU:!\ICT!U!-PUJN

-

136.
137.
138.
133.
14@&.
i41.
142,
143.
144,
145.
i46.
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15a PH(J)=0.2
80T 13@
164 Fi= (LC+BW-XC) /EBW
GOTO 18@
17@ Fi= (XC-UC+EW) /BW
18a FH(T) =1, @~ (3. 0%FPW) + (4. QxPW*PW) — (2. OxPW*PWERW)
13a Fi=H(I)+ (F1-H{J) ) *FH (J)
21a CONTINUE
=2l INIT=1

IF(Fi.LT.F@) GOTO 426
D(IV=D(I)+E(D)
E(I)=3.2%E (1)

Fa=F1
IF(SRA(I).GE. 1.5) SA(I)=1.12
23 DO 248 JJI=1,F
IF(SA(II . GE. 8. 9) GOTO 44Q
248 CONT INUE
LOOP=L00FP+1
LAP=_AF+1
IF(LAP.EQ.FR) GOTO 459
GOTO 1@@a
421D IF(INIT.EQG. @) GAOTO 454
DO 43@ IX=1,F
430 X{IX)=X(IX)-E(I)*V (I, IX)

E(I)=—0.5%E (1)
IF(SA(I).LT.1.5) SA(I)=@.a
GOTO 230
44 CONT INUE
FO0TO 8@
450 WRITE (6, 3)
3 FORMAT (//, 2X, SHSTAGE, 8X, 8HFUNCTION)
WRITE(E, 4) LOOP,F@
4 FORMAT (1H, 15, E2@. 8)
WRITE (&, 14) KOUNT
14 FORMAT (/, 2X, "NUMEER OF FUNCTION EVALUATIONS= 7, 18)
WRITE (&, 5)
FORMAT (/, 2X, 2SHVALUES OF X AT THIS STAGE)
WRITE(E,6) (JIM, X (IM), IM=1, )
g FORMAT (/, 82X, HX (, 12, 4H) = , 1PE14.6)
LAE=2
IF(INIT.EQ. @) GOTO 47@
IF (TERM. EQ. 1. @) GOTO 482
IF (LOOF. BE. LOORY) GOTO 48@

h

GOTO 12wa
472 WRITE (&, 7) : ,
7 FORMAT(///, 22X, " THE START PFOINT MUST NOT VIOLATE')
481 CONTINUE
WRITE(&, 11
i1 FORMAT(/ /7, 2X, 1IEHFINAL STER SIZES)

WRITE (6, 18) (J,E(J),J=1,F)
1z FORMAT (/, &X, EHS(, 11, 4H) = ,F1@d.8)



3362 2 K B 2 I I I IE T IE NI I I I NI TN I I I I I NI N
THIS IS A COMPRUTER MODEL FOR KINETICS OF H-CHCL3
REACTION, COMBINING RUNGE-HKUTTA (FORTH) METHOD FOR
DIFFERENTIATION OF THE RATE EQUATIONS WITH ROSENEBROCK
METHOD FOR OFTIMIZATION OF THE SYSTEM.

e A U I TN T K T I I I I A6 I I T KKK I I I K I I 26K I I

147. Ti=0. @

148. HD=2. 2D-4%

149, TMAX 1=@. 28831

1 5@, TMRAXEZ=a. Bz843

151, DO 1523 MM=1,8

13z, T=@. &

153, DO 2@vd L=1, 2@

164. Y (M, L) =@. 2

165. IF(L.EG. 1) Y (MM, 1)=3.8D14

166, IF(L.EG.S) Y (MM, 5)=6.03D14

1&67. G (MM, L) =@, @

168. Zadd CONT INUE

163. DO Zaoa I=1,a2

17@. ELM (MM, 1)=2.@

171. eyrinlra CONTINUE

172. Y{1,2)=3.339D1&

173. Y(&,2)=8.3aD1&

174. Y{(3,2)=2.12D13

175. Y{4,2)=4,26D13

176. ¥Y{(5,2)=8.14D13

177. Y (&, &)=1.932D14

178. YA{7,2)=2.38D14

179. Y(B,E =3, 35D14

1aa. DO &5o@ J=1,8

181. Z(Jli)—Y(MM,h)

18z. 2509 CONT INUE

183. WRITE (&, 444) T1

184. WRITE‘.(bq =2E)

185. WRITE (&, 7@7) Y (MM, 1), Y (MM, 2), Y (MM, 3), Y (MM, S5)

i8&. WRITE (&, 333)

187. WRITE(G, 7@7) Y (MM, 7)), Y (MM, 3), Y (MM, 1@),Y (M, 15)
188. S20 N1=RUNGE (MM, 2@, Y, G, T, HD)

185. Nz=RATE (MM, ELM, X, Y)

134. IF(NL.NE. 1) GOTO 549

191. G(MM, 1) =—ELM (MM, 1) -ELM (MM, 2) +ELM (MM, 3) ~ELM (MM, 5) ~
132, ELMOMM, &) —ELM{MM, 7)) ~ELM (MM, 8) —ELM (MM, 3) —ELM (MM, 13)
133, —ELM MM, 1 1) —ELM (MM, 12) -ELM (MM, 13) —

134. ELM (MM, 22) %2, 3—ELM (MM, 23)

135. G (MM, @) =—ELM (MM, 1) -ELM (MM, 4) ~ELM (MM, 23)

196. G (MM, 3) =ELM (MM, 1) —ELM (MM, &) +ELM (MM, 3) +ELM (MM, 4) +
137. ELM (MM, 5) +ELM (MM, &) +ELM (MM, 7) +ELM (MM, 8) +ELM (MMM, 3)
198. +ELM (MM, 14) ~ELM (MM, 15) +ELM (MM, 17) -ELM (MM, 18)

193, B (MM, 4) =ELM (MM, 1) —ELM (MM, 8)

dvilvi G (MM, S) =ELM (MM, 2) —ELM (MM, 3) +ELM (MM, 22) +ELM (MM, 23)
cat. G (MM, &) =ELM (MM, &) —ELM (MM, 3) -ELM MM, 4) —ELM (MM, 14) +

S EliM (MM, 15) —ELM (MM, 17) +ELM (MM, 18) —ELM (MM, 16)
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G (MM, 7) =ELM (MM, 4) ~ELM (MM, 5) +ELM (MM, 23)
G (MM, 8) =ELM (MM, 5) —~ELM (MM, €)
G (MM, 9) =ELM (MM, &) —ELM (MM, 7)
G (MM, 1@) =ELM (MM, 7) —ELM (MM, 12)
G (MM, 11)=ELM (MM, 8) —ELM (MM, 3)
G (MM, 12) =ELM (MM, 1@) ~ELM (MM, 11)
G (MM, 13) =ELM (MM, 11) —ELM (MM, 12)
G (MM, 14)=ELM (MM, 13) ~ELM (MM, 13) +ELM (MM, 14) —ELM (MM, 15) ~
ELM (MM, 16) —2. O%ELM (MM, 19) —ELM (MM, &@)
G (MM, 15) =ELM (MM, 13) —ELM (MM, 14) +ELM (MM, 15)
G (MM, 16) =ELM (MM, 16) —ELM (MM, 17) +ELM (MM, 18)
G (MM, 17) =ELM (MM, 17) ~ELM (MM, 18) ~ELM (MM, 22)
—Z. Q*ELM (MM, 21)
B (MM, 18) =ELM (MM, 19)
G (MM, 19) =ELM (MM, 22)
G (MM, 2@) =ELM (MM, 21)
GOTO S0
540 IF(T. GE. TMAX1. AND. T. LE. TMAXZ) 50TO 31
BOTO S&
J=tviM
CONV=1. @Y (MM, 2) /Z(J, 1)
WRITE(E, 606) T
WRITE (6, 228)
WRITE (6, 7@7) Y (MM, 1), Y (MM, 2), Y (MM, 3), Y (MM, 5)
WRITE (6, 333)
WRITE(E, 787) Y (MM, 7). Y (MM, 3), Y (MM, 13, Y (MM, 15)
WRITE (6, 555) CONV
20 CONTINUE

s}
[y

15
zeg FORMAT (7 7, 3X,'H', 17X, "CCL3H", 13X, " HCLY, 15X, 'H2')
333 FORMAT (7 7, 2X,7CL", 16X, "CCL3Y, 14X, 'CAY, 16X, ' CH4?)
555 FORMAT (* °,2X, 'CONVERSION=', 7X,E13. 7)
444 FORMAT (/, 3X, ' INITIAL TIME=',4X,F7.5)
606 FORMAT (* 7, &X, "FINAL TIME=',&X,F7.5)
707 FORMAT (* *, 8X,E13.7, 3(5X,E13.7))

STOF

END

THIS FUNCTION, F(X,N), 18 MINIMIZED RBY ROSENBROCK
HILLCLIME OPTIMIZATION METHOD.
THIS IS5 ORJECTIVE FUNCTION.

FUNCTION F (X, N) _
DOUBLE FRECISION Y, B, X. DKE, RDKZ, DK3, DK4, DKS, DKE, DK7
DOUBLE PRECISION DK8,DKI9, DK1@, DK11, DK12, DK13, RDK13
DOUBLE FRECISION DK14,DK15, RDK1S, DK16, DK17,DK18,DK19
DOUBLE FRECISION DKE&@, HD, T, TMAX, ELM, Z, VAL

COMMON KOUNT

INTEGER RUNGE

DIMENSION Y(8,22),G(8, 2@), ELM (MM, 22), Z(8, 1), X(8),
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VAL (8, 1)
Ti=0. 02493.

HD=&. @D—4

TMAX1=0. 82831

TMAXZ=0. 82849

DATA (VAL (NN, 1), NN=1, 8) /8.5D11,5.83D11, 1. 63D1a,
5, 84D12, 2. 35D13, 1. 18D14, 1. 34D14, 8. S3D14/
SUM=@, @

X1=X (1)

DO 1022 MM=1,8

T=@. @

DD 2@2d L=1,20

Y (MM, L) =@, @

IF(L.EG. 1) Y(MM, 1)=3.8D14

IF (L. EG.5) Y (MM, 5)=6.@3D14

G (MM, L) =@, @

grdnlril CONTINUE

DO Zaud I=1,22
ELM (MM, 1) =2.@

gty CONTINUE

Y(1,2)=3,39D13
Y (2, 2)=8.36D12
Y (3,8)=8. 18D13
Y (4, @) =4, Z6ED13
Y(5,2)=8.14D13
Y(6&,2)=1.932D14
Y(7,8)=2. 98D14
Y(8,2)=3.35D14
DO =S@@ J=1,8
Z (T, 1) =Y (MM, &)
@  CONTINUE
N1=RUNGE (MM, 2@, Y, B, T, HD)
NE&=RATE (MM, ELM, X, ¥)
IF(N1.NE. 1) GOTO S4@
B (MM, 1) =—ELM (MM, 1) —ELM (MM, 2) +ELM (MM, 3) —ELM (MM, 5) -
ELM (MM, 6) —ELM (MM, 7) —=ELM (MM, 8) —ELM (MM, 3) ~ELM (MM, 12)
~ELM (MM, 11) ~ELM (MM, 12) ~ELM (MM, 13) -
ELM (MM, 22) *2. @—ELM (MM, 23)
G (MM, &) =—ELM (MM, 1) -ELM (MM, 4) ~ELM (MM, 23)
G (MM, 3) =ELM (MM, 1) —ELM (MM, 2) +ELM (MM, 3) +ELM (MM, 4) +
ELM (MM, 5) +ELM (MM, 6) +ELM (MM, 7) +ELM (MM, 8) +ELM (MM, 9)
FELM (MM, 14) ~ELM (MM, 15) +ELM (MM, 17) —ELM (MM, 18)
G (MM, 4) =ELM (MM, 1) —ELM (MM, 8)
G (MM, 5) =ELM (MM, 2) —ELM (MM, 3) +ELM (MM, 22) +ELM (MM, 23)
G (MM, 6) =ELM (MM, &) —ELM (MM, 3) ~ELM (MM, 4) —ELM (MM, 14) +
ELM (MM, 15) ~ELM (MM, 17) +ELM (MM, 18) ~ELM (MM, 16)
G (MM, 7) =ELM (MM, 4) —ELM (MM, 5) +ELM (MM, 23)
G (MM, 8) =ELM (MM, 5) —ELM (MM, &)
G (MM, 3) =ELM (MM, 6) —ELM (MM, 7)
G (MM, 1@) =ELM (MM, 7) —ELM (MM, 10)
G (MM, 11) =ELM (MM, 8) —ELM (MM, 9)
G (MM, 12) =ELM (MM, 12) ~ELM (MM, 11)
GOMM, 13) =ELM (MM, 11) —ELM (MM, 13)
G (MM, 14) =ELM (MM, 12) ~ELM (MM, 13) +ELM (MM, 14) —ELM (MM, 15) -
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ELM (MM, 16) —2. @*ELM (MM, 19) ~ELM (MM, 22)
G (MM, 15) =ELM (MM, 13) —ELM (MM, 14) +ELM (MM, 15)
G (MM, 16) =ELM (MM, 16) ~ELM (MM, 17) +ELM (MM, 18)
G (MM, 17) =ELM (MM, 17) ~ELM (MM, 18) ~ELM (MM, 2@) -
—2. QELM (MM, 21)
G (MM, 18) =ELM (MM, 19)
G (MM, 19) =ELM (MM, Z2)
B (MM, 22) =ELM (MM, 21)
GOTO S0
54 IF (T.GE. TMAX1. AND. T. LE. TMAXZ) GOTO 31
GOTD Sz
31 EXF=VAL (MM, 1)
CAL=Y (MM, 2)
IF(EXP—CAL) 377,377,477
377 DIFF=1.@-EXF/CAL
GOTO 577
477 DIFF=1.@-CAL/EXP
577 CONT INUE
SUM=SUM+DIFF
F=SUM
WRITE(&, 125) F,DIFF
WRITE (6, 135) Xi

125 FORMAT (/, X, 'F= ',E13.6,5X, 'ERR= ', E13.6)
135 FORMAT (/, EX,* X1= " ,E13.6)
129908  CONTINUE
HKOUNT+KOUNT+ 1
RETURN
END
THE FUNCTIONS, RUNGE AND RATE, EMPLOY THE FOURTH-
DRDER RUNGE-KUTTA METHOD WITH KUTTA'S COEFFICIENTS
TO INTEGRATE A SYSTEM UF N SIMULTANEOUS FIRST ORDER
ORDINARY DIFFERENTIAL EQUATIONS G=DX{*Y*Y?.
FUNCTION RUNGE (MM, N, Y, G, T, H)
INTEGER RUNGE
DOUBLE FRECISION VY, G, T,H
DIMENSION FHI (5@, 10@) , SAVEY (5@, 12@) ,Y (8, N), B (8, N)
DATA IM/@/
IM=IM+1
GOTO (1,2, 3, 4,5), IM
1 RUNGE=1
RETURN

DO && J=1,N
SAVEY (MM, J) =Y (MM, J)
FHI (MM, J)=PHT (MM, J) +2. 2%G (MM, J)

Y (MM, J) =SAVEY (MM, J) +@3. 5%G (MM, J)
TaT+@, S*H
RUNGE=1

T

(X
T



]

0
13}

thon
n

RETURN
DO 33 J=i,N
FHI (MM, J) +2. Q%6 (MM, J)
Y (MM, J) =SAVEY (MM, J) +@. S*H*G (MM, J)
RUNGE=1
RETURN
DO 44 J=1,N
FHI (MM, J) =FHI (MM, J) +2. 3%6 (MM, J)
Y (MM, J) =SAVEY (MM, J) +H*G (MM, J)
T=T+@. S%H
RUNGE=1
RETURN
DO 55 J=1,N
Y (MM, J) =SAVEY (MM, J) + (FHI (MM, J) +G (MM, J) ) *H/6. @
IM=2
RUNGE=0
RETURN
END
FUNCTION RATE (M, ELM, X, Y)
DOUBLE FRECISION Y, X, DKE, RDK2, DK3, DK4, DKS, DKE, DK7
DOUBLE FRECISION DK&, DKI, DK1@, DK11,DK12, DK13, RDK13
DOUBLE PRECISION DK14,DK1S, RDK1S, DK16, DK17,DK18, DK19
DOUBLE FRECISION DKE®Q, ELM
DIMENSION ELM(8,23),Y(8,20),X(8)
DATA DKE, RDKE, DK3, DK4, DKS, DKE, DK7, DKB8, DK, DK1@, DK11,
DK12, DK13, RDK13, DK14/5. @D—-14, 1. 6@D-14, 3. @D-11, 1. @D-11
{.@D-11,1.@D~11, 1.@D-11, 1.@D~11, &. 41D-13, 2. 41D-13,
2.41D-13,2.41D-13, 1. &#5D~13, 1. 18D-13, 1. 7&D-1&/
DATA DK15, RDK1S, DK16, DK18, DK13, DKEa/2. 8D~13,
2.51D~13, 4. 18D—14, 8, 35D-14, 1. 87D~14, 1. 54D-15/
X1=X (1)
RATE=a@. @
ELM(M, 1)=X1%Y (M, 1) %Y (M, &)
ELM (M, &) =DKE*Y (M, 1) %Y (M, 3)
ELM (M, 3) =RDKE*Y (M, 5) %Y (M, &)
ELM (M, 4) =DK3%Y (M, &) *Y (M, 2)
ELM (M, 5) =DHAXY (M, 1) ®Y (M, 7)
ELM (M, §) =DKS#*Y (M, 1) %Y (M, 8)
ELM (M, 7) =DKE*Y (M, 1) *Y (M, 3)
ELM (M, 8) =DK7%Y (M, 1) %Y (M, 4)
ELM (M, ) =DKE*Y (M, 1) %Y (M, 11)
ELM (M, 1@) =DK3%Y (M, 1) %Y (M, 1@)
ELM (M, 11)=DK1@*Y (M, 1) *Y (M, 1)
ELM (M, 1) =DK11%Y (M, 1) %Y (M, 13)
ELM(M, 13)=DK1Z%Y (M, 1) *Y (M, 14)
ELM (M, 14) =DK13%Y (M, &) *Y (M, 15)
ELM (M, 15) =RDK13%Y (M, 3) %Y (M, 14)
ELM (M, 16) =DK14%Y (M, &) ®Y (M, 14)
ELM(M, 17) =DK1S%Y (M, &) ¥Y (M, 16)
ELM (M, 18) =RDK1S5%Y (M, 3) *Y (M, 17)
ELM(M, 19)=DK1E*Y (M, 14) %Y (M, 14)
ELM (M, 20) =DK18%Y (M, 14) %Y (M, 17)
ELM(M, 1) =DK19%Y (M, 17) %Y (M, 17)
ELM (M, 22) =DKS@*Y (M, 1) *Y (M, 1)



421. ELM(M, 23)=(1.@/7.2)xX1#Y (M, 1) %Y (M, 2)
4. RETURN
423, END

4914, FUNCTION CX (X, DA, N, MFAR, )
4145, DOUBLE FRECISION X

406, DIMENSION X(8),DR((8)

447 . CX=X(K)

4128. RETURN

403, END
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41@. FUNCTION CB (X, DA, N, NFAR, K)
411. DOUEBLE FRECISION X

412, DIMENSION X (8),DA(8)

413, CB=1.0E-14

414, RETURN

415. END

416. FUNCTIOM CH({X, DA, N, NFAR, K)
417. DIMENSION X(8),DA(8)

418. DOUBLE FRECISION X

419. i CH=3. 8E-14

4. 4 RETURN

41 END



ARFENDIX S ( contirnued )

Experimental results and computer model's

(Example)

CHC13 Flow rate Conversion (%) | Conversion (4A)
(co/sec) {experiment) {(computer model)
N ES 74.33 74,05

2. 48%10™3 32. 96 a1.33

5.63%12"3 2. 34 a7.12

1.13%10—2 86. 31 86. 64

2. 16%1@2 : 71.12 77.28

5. 29%10E 38.57 5Q. 47

7.90%1@2"2 34. 82 36. 84

3.58

)

a.89x1@—& 24, 45
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