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ABSTRACT

I. Rate studies of tThe alr oxidation and thermal decomposi-
tion of agueous sodium dithionite, NaESQOM, were conducted,
These experiments were supplemented by studies‘of the electron-
paramagnetic-resonance properties and the electrolytic forma-
tion of dithionite.

In the air-oxidation experiments, the overall rate was
cbserved to have half-order dependence on the dithionite con-
centration and a first-order dependence on molecular oxygen
concentration. This could be explained mechanistically on
the basis of an instantaneous equilibrium reaction between
dithionite and the S0, radical ion.

The results of the EPR studies confirmed the presence
of 802_ and established the existence of eguilibrium between
the free radical and dithionite.

The electrolytic production of dithionite from a bisulfite
solution gave current efficiencies of 75% but did’not show con-
clusively that the reduction was either a one- or two-electron
transfer process.

In the thermal decomposition studies, the overall rate
showed a 3/2-order dependence on dithionite concentration and
a half-order dependence on hydrogen ion concentration. A
mechanism involving SOQ— or a protonated form of the radical

in a reaction with the dimer appeared to fit the observed facts.



II. A preliminary rate study of the catalyzed addition-reaction
between HC1 and vinyl chloride was conductedrin a continuous-
flow stirred reactor. Gas-phase Qhromatography was used in

the analysis of the chemical constituents.

The rate data for the primary reaction appeared to fit,
at least empirically, a second-order rate law with respect
to the forward reaction.

In addition to the primary reaction, fouling of the
catalyst, ZnClg, was also observed, but the decreasing conver-
sion as a function of catalyst-exposure time reached an asymp-
totic value greater than zero. This indicated that the catalyst
fouling was an irreversible dual-site mechanism,.

The fact that 1,1 dichloroethane was formed exclusively
in the primary reaction eliminated the possibiliﬁy of a free-
radical reaction. Because of the relatively low rate of reac-
tion, even in the presence of a ca@alyst, the addition probably

occurred by a four-center-type mechanism.
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SECTION I

STUDIES IN THE CHEMISTRY OF SODIUM DITHIONITE
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GENERAL INTRODUCTION

CHEMISTRY OF SODIUM DITHIONITE

Sodium dithionite, NaQSQOa, is a powerful reducing agent
that has considerable usage 1n vat dyeing, bleaching, and in
the manufacture of various chemicals. The first step in the
process most generally used in the United States for the pro-
duction of dithionite involves the reduction of liguilid sulfur
dioxide with zinc dust slurried in water. A continuous reac-
tor 1s used. The reaction mixture 1s circulated through a
tubular cooler at 35°C and zinec is continually removed. The
filtered liquor is converted to the sodlum salt by addition
of caustic soda at 25°C. Filtration of the slurry removes
the zinc hydroxide. To the filtrate is added sodium sulfide
for removal of heavy metals. The final solution, containing
20% by weight of sodium dithionite, is then salted out with
sodium chloride and alcohol., Partial dehydration of the di-
thionite crystals is accomplished with direct steam at 65°C,
and final drying is done under vacuum at 85°cC.

As early as 1850, dithionite (also called hydrosulfite or
hyposulfite) was prepared by Schonbein (1) from the action of
zinc dust on an aqueous solution of sodium bisulfite. In 1869,
Schutzenberger (2} crystallized sodium dithionite and found its
composition to be Nagngu'

An important contribution to the knowledge of tThe proper-

ties and reactions of dithionite was made by Jellinek (3) in



-

1911. He prepared pure anhYdrous sodlum dithionite by heat-
ing a saturated solution of the impure salt to 60°C and then
salting 1t out with NaCl and a small amount of NaOH. At a
lower temperature, the hydrate, Na28204 . 2H20, was salted
out but was much less stable. Also, he found fthat the solu-
bility of sodium dithionite dihydrate in water at 20°C was
21.8 gm/100 gm of water and that the temperature-solubility
curve between 1°C and 20°C was a straight line. Freezing-
point and conductance measurements gave good evidence in
favor of the doubled formula NaESQOM. From careful measure-
ments of the equivalent conductance of Na282q+solutions,
Jellinek (4) determined the degrees of ionization in a 0.125
molar solution to be 0.697, 0.698 and 0.700 at 0, 18.3 and
25°C, respectively. A comparison with freezing point data
showed that the value of the degree of ionization calculated
from the freezing point was always greater for the sodiunm
salts than that derived from the conductivity data. For the
potassium salts, however, the degree of ionization was the
same whether calculated from freezing-point or conductivity
data. Jellinek explained the peculiarity by concluding that
intermediate ions such as NaSQOu_ were present in the sodium
dithionite solutlons but not in the potassium dithionite
solutions. From conductance data for dithionous acid and the
acid salt, the first and second lonization constants were cal-
culated to give K; = 0.45 and K, = 0.0035 in a 0.1 molar solu-

tion of dithionite.
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PART 1. AIR OXIDATION STUDIES

INTRODUCTION

Probably the earliest air-oxidation study of dithionite
was conducted by Meyer (5) in 1903. He studied the oxidation
of sodium dithionite by observing the oxygen uptake in shaken
flasks containing aqueous dithionite solution. His results
showed that the products of reaction were sulfite and sulfate.

He proposed the primary reaction to be:
HpSp0y + Hy0 + 0y = Hy80, + HoSOy (1)
Also, he found that a competing reaction was

2H,8,0) + 2H,0 + 0, = 4H2803 (2)

From the over-all reactlon rates, he computed first-order rate
constants but found that they drifted over a wide range.
Bassett and Durrant (6) in 1927 studied the reaction be-
tween dithionite and molecular oxygen but without any mean-
ingful results, Thelir explanation of the oxidation mechanism

was based upon arguments which will be summarized in the in-

troduction to Thermal Decomposition Studies.

Nicloux (7) in 1933 was interested in determining the
over-all stoichlometry of the reaction between dithionite and
oxidizing\agents of varying strengths. With a comparatively
weak oxidizing agent such as silver ion, the dithilonite was

oxidized to sulfite. With molecular oxygen, an equimolar
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mixture of sulfite and sulfate was formed. Finally, with
a very strong oxldizing agent, sulfate was the only product.
No experimental details were given.

The results of Lynn (8) suggested that the atmospheric
oxidation of Na28204 oproceeded according to a first-order
mechanism with respect to dithionitekand that the rate in-
creased with temperature. He stated that the over-all stoi-

chiometry was described by the equation:
NapSp0y + Oy + Hy0 = NalSOy + NaHSO, (3)

An examination of his data at 50°C showed that the oxidation
rate increased with an increase in air flow. As a result,
the reaction rate was dependent upon the diffugion rate of
oxygen, which was not carefully controlled. Therefore, his
results are only approximate. In the presence of 0.1 molar
sodium bisulfite, the oxidation rate was extremely high, but
ih the presence of 0.1 molar sodlum hydroxide the rate was

inhibited, and the reaction proceeded smoothly.
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SUMMARY

A study of the alr-oxidation of sodium dithionite was
conducted in agueous solutions which were 0.1 molar in sodium
hydroxide. The concentration of the dithionite was measured
as a function of time at 30, 40, 50 and 60°C. Initial con-
centrations varied from 5 X 1073 to 20 x 1077 molar.

Air was bubbled into the reacting mixture through a glass
frit at a rate of 2500 to 3000 cc/min, and the volume ratio
of alr flow per minute to reactor contents ranged from five
to six. With stirring at a rate of 1100 rpm, the mixture was
homogeneous and sufficiently turbulent to allow good contact
between the ailr and liquid so that diffusion from gas to liquid
and within the liquid was not a rate-determining factor.

Analyses of the end products showed the presence of sul-
fite, sulfate and thiosulfate. The sulfite and sulfate,
usually found in a molar ratio of three to one, were the
principal products and were consildered to be the end products

-

of the primary oxidation. The thiosulfate, however, was
found only in relatively small guantities and was considered
to be a product of a secondary reaction, namely, the thermal
decomposition of dithicnite. This reaction accounted for
about 10% of the overall dithionite decomposition at 30°C,
An analysis of the rate data showed that the oxidation

was one-half order with respect to dlthionite and first order

with respect to molecular oxygen. The specifilc rate constant
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Kc was determined by integrating the rate expression at
constant oxygen concentration for a half-order reaction to

give:

K = g [c 1/2 01/2] (1)

C o)

For each 1nitial concentration, CO, the rate constant was
calculated as a function of time & from the unsmoothed oxi-
dation data. Since 1t was found that kc drifted slightly
with time, 1ts value at zero time was determined by extrapo-
lation. Most of the drift was attributed to fThe effects of
thermal decomposition since analysis showed the presence of
thermai decomposition products, thiosulfate and sulfite, at
the end of the reaction. Experiments involving increases in
lonic strength by factors of three and five showed no effect
on the rate of the reaction.

At each temperature, the average value of kC at Zero
time was divided by the saturation concentration of oxygen
in the solution to give kco. The rate expression 1s gilven
as follows:

1/2

e =
Cobserved = e [8204 ] [02} (5)

kco at 30°C was found to be 0.151 (moles/liter)_l/gsec~l. A
plot of log kCO vs 1/T °K was used to obtain the Arrhenius
activation energy of 9.3 kcal/mole. The freguency factor, A,
was found to be 7 x 10° (moles/liter)"l/gsec"l. The observed

half-order dependence on dithionite concentration and first
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order dependence on molecular oxygen concentration suggested
the following mechanism:

— [N,
50, + 0, <—— products (7)

The equilibrium between the 802_ and sgoa‘ species was assumed
to be the initial step in the mechanism of the oxldation. The
second step was rate-determining, and consisted of an electron

transfer or blimolecular combination reaction between SOE and

molecular oxygen.
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APPARATUS

Reactor and Auxiliary Components

The air oxidation of the sodium dithionite was carried
out in a glass reactor with a volume of approximately 600 cc
(see Figure 1). Air was bubbled at a rate of 2500 to 3000
ce/min into the reaction mixture near the bottom of the reac-
tor through a medium-coarse glass frit which could be in-
serted or removed through a standard-taper opening on the
reactor. During the reaction, the frit was always ilmmersed
in the liquid contents.

Before the ailr entered the frit, it was passed first
through an alundum-stone trap to remove suspended solids and
aerosols; next through a molecular-sieve dryer; and finally
through a temperature-conditioning coil. The air flow was
measured by means of a wet-gas meter placed on the downstreanm
slde of the reactor.

Mixing was accomplished by means of a glass stirrer hav-
ing two impellers. The stirrer was supported and sealed
through a mercury-in-glass bearing. Stirring speeds could be
varied up to 1100 revolutions per minute.

The reactor and temperature-conditioning coil were thermo-
stated in a 28-liter water bath, which maintained the tempera-
ture within + 0.02°C. Heaters in the water bath were energized
by an electronic-relay circuit which in turn received its sig-

nal from a mercury-expansion switch immersed in the water.
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Samples were. taken from the reactor through an opening
in the top. A syringe needle or pipetfte was inserted into
the reacting mixture, and the sample was then removed.

Nitrogen Purification Train

Commercial-grade nitrogen was the source of supply for
the oxygen-Ifree atmosphere required in preparing the sample
of fresh sodium dithionite to be charged to the reactor. The
nltrogen contained approximately 0.01% oxygen by volume. That
amount proved excessive. Hence, most of the oxygen was re-
moved by passing the nitrogen through two scrubbing towers
in series. Each contained 0.2 molar chromous chloride solu-
tion in 1.0 normal hydrochloric acid. Acid and water vapors
were subseqguently removed by passing the nitrogen through a
0.1 molar sodium hydroxide sclution and then through a calcium

chloride dryer.
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- EXPERIMENTAL PROCEDURE

Concentration of Dithionite as a Function of Time

Chemically pure sodium dithionite (Baker Chemical
Company, Batch No. 3712, Lot No. JTB6113) was the starting
point for the source of dithionite ions. In preparing the
dithionite for a typical run, approximately 25 gm of the
powder were placed in an oxygen-free flask into which a
stream of oxygen-free nitrogen had been passed for several
minutes. Then, approximately 100 cc of distilled water, free
of oxygen and carbon dicxide, were Injected into the flask
through a serum-bottle cap. The mixture was heated to 60°C
with constant agitation until a saturated solution was ob-
tained. With great care to avoid contact with oxygen, a
60 cc sample of the saturated solution was withdrawn with a
syringe and injected into a side-armed test-tube already
filled with nitrogen. The tube with its contents was then
cooled to 0°C in an ice bath while maintaining the pressure
of the nitrogen constant at slightly above one atmosphere.
At the lower temperature the liquid became supersaturated
with sodium dithionite; and with sufficient agitation, crys-
tals of Nagsgou > EHEO were formed. Agailn, with great care,
practically all the liquid was removed from the tube leaving
the white crystals settled at the bottom. Approximately 4 cc
of distilled water at 0°C and free of carbon diocxide and

oxygen were injected into the tube to wash the crystals.
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This process was repeated once again to obtain reasonably
pure crystals. The final saturated solution with a volume

of approximately 20 cc was used to supply the reactor with an
initial concentration of dithionite,

Before injection of the dithionite, the reactor was
filled with 505.0 cc of 0.1 molar sodium hydroxide solution.
The reactor was then immersed in the water bath and allowed
to reach steady conditions of temperature, stirring rate, and
alr flow. The time of initial air flow was noted in order to
account for evaporation losses from the reactor. At steady
conditions, 5.00 to 15.00 cc of the saturated dithionite
solution, depending upon the initial concentration desired,
were injected into the reactor. Since the delivery times of
large syringes are of the order of several seconds the time

njected was taken as the

o

at which half of tThe sample was

initial time of the reaction.

Without delay, 1.00 or 2.00 cc samples were removed from
the reactor with a calibrated syringe and injected into 150 cc

=

i

flasks containing a mixture of 50 cc of 0.1 molar pobtassiu

hydroxide and 15 cc of methyl alcohel. Also, the flasks con-

tained a nitrogen atmosphere which was maintained during
titration. The titration flasks were stlrred magnetically.

The time at which half of a sample from the reactor had been

cion flask was recorded as the injection
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The concentration of dithionlite in the tTitration flasks
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was determined by titration with a standardized aqueous solu-
tion of methylene blue having a concentration in the range
of 9.0 x 10"& to 9.3 x lO'k molar.

Usually, the total time reguired to obtain a sample and
5 was 40 sec. At the maximum temperature of 60°C
and at the minimum initial concentration of 5 x 10"3 molar,
the time of reaction was a minimum. Under these conditions,
at least five titrations were accomplished before the end of
the reactlon.

As soon as all the dithionlte had been oxidized, tThe
air-flow was stopped, and the time was noted. The reactor
was removed from the water bath, and the volume of 1its éon—
tents was measured. A material balance coupled with the
knowledge of the alr-flow rate and the assumption that the
exit ailr was saturated with water vapor, made it possible to
calculate the loss of water by evaporation prior to and dur-
ing the reaction.

In the analysis of the dithionite samples, the methylene
blue was reduced quantitatively on an eguimolar basis from an
intense blue color to an almost colorless leuco-form. It was
found, in agreement with Lynn's work (8), that the leuco-form
was relatively insoluble in water at room temperature; and-
unless it was dissolved, 1t apparently absorbed unreacted
methylene blue during the titration. This resulted in a
lowered over-all rate of reaction becauée of the time reguired

for the dithionite to diffuse to the solid surface before
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reaction could occur. The purpose of the addition of the
methyl alcohol in the titration flasks was to dissolve the
solid leuco-compound and hence speed up the titrations. When
titrated quickly, any thiosulfate and sulfite present in a
sample did not interfere in the reaction between dithionite
and methylene blue for the temperature range O - 30°C. The
end-point was sharp and was rapldly attained at room tempera-
ture.

Standardization of the methylene blue was done according
to the method of Welcher (9) and Kolthoff (10). Briefly, the
methylene blue was titrated into a standard water-solutilon
of 0.005 molar vpicrolonic acld which was buffered at a pH
of about 6. Periodic removal of the dark green product,
methylene blue picrolonate, from the water phase was necessary
in order to detect the end-point. This was acoomplished by
extraction of the methylene blue picrolonate with chloroform.
Neither the picrolonic acid nor the methylene blue was
soluble in the chloroform. Near the end-point, only 2 or 3
drops of methylene blue were titrated into the acid between
successive extractions with chloroform. The end-point oc-
curred when a blue color persisted in the water phase after
addition of one drop of methylene blue, but with no color in
the chloroform phase. When carefully applied, this method
gave results accurate to + 0.5% compared with the classical

iodine-precipitation method (11).
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Solubility of Dithionite at 0°C

A solution of sodium dithionite saturated at 0°C was
prepared as described in the previous section. The satura-
tion concentration of the dithionlite, however, far exceeded
the desired value for titrations with reasonable volumes of
methylene blue. Therefore, 5.00 cc of the saturated solu-
tion were injected through a serum-bottle cap into a l-liter
vessel which contained 500.0 cc of 0.1 molar sodium hydroxide
maintained under a nitrogen atmosphere and at a temperature
of 0°C. Several 2.00 cc samples of the resulting solution
were titrated with methylene blue under conditlons similar
to those stated in the previous section. From these results,
the solubility of the dithionite at 0°C was calculated.

End-Products of the Dithionite Oxidation Reaction

A knowledge of the types and quantities of the oxidation
products of dithionite was lmportant in determining a mechan-
ism for the reaction. For the qualitative tests, a decom-
posed sample of dithlonite was prepared by adding 0.20 gm
of the purified powder to 100 cc of 0.1 molar sodium hydroxide
solution through which air was bubbled until a negative test
for dithionite was obtained. A sample of the reactlon mixture
was acidified with hydrochloric acid to a pH of about 2, fol-
lowed by addition of lead acetate. A white precipltate re-
sulted which indicated the absence of sulfide from the mix-
ture, Had sulfide been present in the absence of appreclable

amounts of chloride ilon, i1t would have appeared as the Dblack
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precipitate of lead sulfide. Another sample, when mixed with
potassium triilodide at a pH of about 5, decolorized the
1odine, indicating the presence of thiosulfate and/or sulfite.
Still another sample at that pH was treated with barium
chloride to remove sulfite and sulfate, if present, as barium
sulfite and barium sulfate. The white precipitate was fil-
tered, and the filtrate was titrated with potassium triiodide
to give a positive test for thilosulfate., Treatment of the
precipitate with strong hydrochloric acid resulted in the
evolution of sulfur dioxide to give a positive test for
sulfite. The fact that a portion of the precipitate was
unattacked by an excess of acid showed the presence of sulfate
as barium sulfate.

The procedure for the quantitative analysis was based
upon the results of the gqualitative findings. The principal
ions of Interest were sulfite, sulfate, and thiosulfate. Any
complexes of these lons or the presence of other ions were
considered highly unlikely or in concentrations too low to
be detected.

Samples for quantitative analysis were taken from two
sources, both of which were different from the source used
in the qualitative analysis. The first source was contained
in a flask which originally was charged with 500 cc of 0.1
molar sodium hydroxide at 30°C and with 7 cec of saturated
dithionité solution., Oxygen entered the liquid bulk only by

molecular diffusion through the surface of the liguid. This
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mixture wag checked for completion of dithionite oxidation
before other components were studied. The second source was
contained in the reactor following a usual run at 30°C as
described previously.

In both cases, the method of analysis for end-products
was the same. Four separate analyses were made on four
separate samples from each source. These were as follows:

1. ZIodometric titration to determine the sum of the

concentration of thiosulfate and sulfite.

2. Iodometric titration to determine only the concen-

tration of thiosulfate.

3. Barium chloride tiltration to determine the sum of

the concentration of sulfite and sulfate.

4, Barium chloride titration to determine only the

concentration of sulfate.

In the iodometric analysis for the sum of the sulfite
and thiosulfate, a 10 to 25 cc sample was buffered with a
s olution which was 0.4 molar in sodium acetate and 0.4 molar
in acetic acid. Usually, a volume of the buffer solution
equal to the volume of the sample was added to give a con-
stant pH of about 5. Using a starch end-point, the solution
was titrated with‘a standardized solution of approximately
0.01 normal triiodide. In case of excess additlion of tri-
lodide back-titration was done with a standard thiosulfate
solution which was approximately 0.01 normal in thiosulfate.

In the iodometric analysis for only the thiosulfate ion,
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a 10 to 25 cc sample was buffered to a pH of about 5. To
this was added a volume of 37 wt % formaldehyde in water
equal to about half the volume of the the sample. The
purpose of the formaldehyde was to form a complex with the

bisulfite according to the reaction:

~N
G =0+ HSO Na (8)

H

Na ——> CH,(OH)SO

3 3

The mixture was stirred for fifteen minutes at room tempera-
ture to allow sufficlient time for the complexing to occur.
The unreacted thilosulfate was then determlined with the stand-
ard triiodide solution.

The use of barium chloride in a titration method to
determine sulfate was suggested in the literature by Fritz and
Freeland (12). This method depends upon a color change in
the indicator Alizarin Red-S which acts as an adsorption

P

indicator in the presence of a barium sulfate precipitate.

In solution the alizarin anion was yellow; but on the sur-

face of suspended barium sulfate and in the presence of ex-
cess barium lon, the alizarin complexed with the barium ion

to gilve a red color To the suspended solid. In using the
procedure outlined by Fritz and Freeland, however, the method
was limited To concentrations of sulfate greater than 20 :x,/JLO“3

molar. It was necessary, then, to modify the procedure in

applying 1t to concentrations of sulfate down to 4 x 10'3
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molar. After several tests, it was noted that the limita-
tion in the amount of sulfate detectable was mainly due to
the relative concentration of the precipitate on which the
alizarin could absorb. Too small a gquantity of precipitate,
although colored red with complexed alizarin, could not over-
shadow the yellow color of the alizarin in solution. = There-
Pre, by adding a quantity of semi-colloidal barium sulfate
guspended in methyl alcohol to the titration mixture, it was
possible to detect the end-point with an accuracy of 1 or 2%.
A further improvement in detecting the end-point was to pass
an intense light beam through the suspension during the titra-
tion. This aided in bringing out color changes more sharply.
To determine the sum of the sulfite and sulfate concen-
tration by the above method, 1t was filrst necessary to oxidize
the sulfite to sulfate by means of the triiodide lon. The
amount of triiodide needed was determlned by a starch endé
point; but there was some uncertainty as to the effects of
the starch on the subsequent sulfate tiftration. Therefore,
it was decided to avoild using the starch by first running a
blank to determine the exact triiodide regulirement and then
a dding the same amount in the absence of starch to a fresh
sample buffered at a pH of about 5 as specified above. Fol-
lowing the oxidation of the sulfite, the buffered solution
was acidified to a pH of about 3.5 with 20% acetic acid. The
volume of acetic acid redqulired was about equal to the volume

of the original sample. Then methyl alcohol containing a
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semi-colloldal suspension of barium sulfate was added in an
optimal amount equal to 38% by volume of the final mixture.
With constant stirring, 90% of the estimated 0.1 molar barium
chloride requirement was rapidly added and was followed by
the addition of 3 to 5 drops of 0.020 % alizarium-red solu-
tion., The final titration was performed slowly with an inter-
val of’ 3 to 5 sec between drops of barium chloride solution.

Finally, in determining the concentration of sulfate
alone, the sulfite was complexed by addition of formaldehyde.
The subsequent barium chloride titratlion was not affected
adversely by the presence of the formaldehyde.

A1l the standard solutions used in the foregoing analyses
were prepared and standardized according to the procedures

outlined by Swift (13).
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RESULTS

Kinetic Analysis

Tables 1-4 list the experimental and derived data for
the air-oxidation of dithionite. Graphical presentations of
the data are shown in Figures 2-5, in which concentrations
of dithilonite in moles per liter are plotted against time in
seconds. Initial concentrations of dithionite ranged from
5 x 10‘3 to 20 x 10"3 moles/liter. The rate of change of
concentration was rapid in the initial stages but fell off
continuously and rapidly as fthe concentration decreased. .

In the determination of the order of the reaction with
respect to dithionite, the oxygen concentration was held
constant for a given temperature. Only for those experl-
ments in whilch the order with respect to oxygen was to be
determined was the oxygen concentration varied. Pure oxygen
was used at atmospheric pressure instead of air to give a
fivefold increase in oxygen concentration. If Henry's Law
is assumed to apply, the concentration ratio 1n solution be-
tween oxygen dissolved from pure oxygen and oxygen dissolved
from air would be 4.76. For the equipment used, this method
of varying the oxygen partial pressure in the gas phase at a
constant total pressure of one atmosphere was preferred to
the method in which the total pressure on the system wduld
have been lncreased.

It was found experimentally that the initial rate of the
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reaction was increased by a factor of 5 when pure oxygen was
substituted for air, all other conditions remaining the same.
Hence the reaction was believed to be first order with re-
spect to molecular oxygen. (See Table IIA and Figure IA in Appendix I.)

The first step in analyzing the data was to determine
initial concentrations and the corresponding initial rates.
Several procedures were available for determining the initial
concentrations. Experimentally, solubllity tests were per-
formed on the dithionlite to determine its concentration at
0°C in the saturated solutions which were injected into the
reactor for any given decompositlion run. From a knowledge
of the solubility and the initial quantity of water in the
reactor, the initial concentration could be calculated.

A direct extrapolation of the concentration-vs-time curves
back to zero time was the second method and a fairly reasonaﬁle
one since sampling from the reactor was begun 30 to 50 sec
after the injection. The total time for decomposition varied
from 120 to 530 sec ovér the temperature and initial concen-
tration range studied.

Of the two procedures, the direct extrapolation method
was used. Although the sgolubility of dithionite at 0°C was
fairly well established by the procedure described in the
experimental section, the use of this value in calculating
the initial concentrations in the reactor depended upon exact
reproducibility of injection samples for each run.

The initial rates were determined by plotting slopes of
p
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concentrations ve time curves as a function of time for each

initial concentration. A series of these curves 'is shown

in Figure 6 for runs at 50°C. An extrapolation to zero time

produced the initial rates. These compared satisfactorily
with the values obtained by drawing tangents to the concen-
tration ve time curves at zero time.

From a knowledge of the initial rates and concentrations,
the order n of the reactlon with respect to dithionite was
obtained. The relationship used in this determination and
applied at time zero was the following:

€ = xlc (9)

e

in which C is the concentration of dithionite in moles per
liter; © is the time 1in seconds; and kc 1s the specific
reaction rate constant which includes the constant concentra-

®

& plot of log (%%)_. vs log C, is shown in Fi
runs at 30, 40, 50 and 60°C. The slopes of the best straight
lines through the points at each temperature were calcula
to be 0.50 + 0.04 which was near enough to 0.5 to indlcate
that the reaction was one-halfl order with respec
nite. The purpose of obbtaining n for conditions at zero time
was to eliminate any possible effects of reaction products

£

or side reactions in masking the ftrue order of the reactl

O

n.
wtion of these effects is given in a later discus-

sion on product analysis.
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The integrated form of Equation 9 was used to obtain
values of kC as a function of time, and the unsmoothed data
provided the numerical information to solve for kc. Inte-

gration of Equation 9 gives:

[c 1/2 _ C1/2] (4)

o]

B
il
©fro

It was found that kc calculated from Equation 4 drifted
slightly as a function of time when calculated over 50%
completion of reaction, but the variation was smooth and
linear. A typical plot for data at 30°C is shown in Figure 8.
The curves for kc, when extrapolated to time zero, seemed to
converge to a range of values well within experimental accuracy.
Hence greater credence was placed upon an average value of kc
at time zero than for any other time. The fact that the
values for kc varied smoothly provided a satisfactory argu-
ment in favor of using unsmoothed data in the calculations.

The calculated values of kc as a function of temperature are
shown in Figures 8-11. Since these values included the concen-
tration of oxygen, which is a function of temperature 1tself,
the dependence of kc on oxygen concentration was eliminated

by dividing kc by the saturation concentration of oxygen in
water, and hence in the dilute SOIutions used here, in moles
per liter at that temperature (14). The new k's, independent
of concentration and designated as kco, are also shown in

Figures 8-11.
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The overall activation energy and frequency factor were
obtained from the Arrhenius Equation relating the rate con-
stant to temperature. A form of the Arrhenius Equation was
ugsed in which the dependence of the freguency factor on
temperature was omitted. The range of temperatures studied
was sufficiently narrow to make this simplification justirfied.

The form of the eguation used is:

AR

Kk = fe o (10)

A plot of log kco vs 1/T °K is shown in Figure 12. The slope
of the best straight line through the polints gave a value
for the activation energy, &4E, of 9.3 kcal/mole. The inter-
cept, at 1/T equals zero, gave a value of 7 X 10° (moles/

-1

liter}_l/g sec ~ for the freguency factor A,

Product Analyses

Table 10 lists the experimental results for the end-
product analyses. For the reactions conducted in the flasks,
the molal ratio of sulfite to sulfate was found to be 2.3.

In the case of the analyses of the end products 1in the reactor,
the ratio was more nearly 3.0. Such a large difference be-
tween the two ratios was due primarily to the difference in
reaction time. Whereas the flask-reactlions required approxi-
mately 29 hr for completion, the reactor runs were completed
in about 300 sec. During the relatively long time in the

flasks, the oxidation of sulfite to sulfate was undoubtedly
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significant. In comparison to the rate of dithionite oxida-
tion, and under identical conditions, the sulfite oxidation
without catalysis was shown to be gquite slow (see Figure 15
and Table 9). This was also shown to be true when at the com-
pletion of a dithionite oxidation the air flow was allowed to
continue for 10 to 15 minutes without a significant change

in the sulfite-sulfate ratio. There was no real assﬁrance,
however, that in the presence of dithionite ions or transient
intermediates the sulfite oxidation was not catalyzed. Indeed,
the oxidation of sulfite to sulfate by molecular oxygen has
been shown to be catalyzed by free radicals (15). The presence
of appreciable amounts of sulfate 1in the reaction products
suggests that catalysis was occurring. The observed ratio of
sulfite to sulfate of 3 to 1 sets an upper limit of 25% con-
version of sulfite to sulfate by catalyzed ailr oxidation.

As shown in Table 10, thiosulfate in small but measurable
quantities was also among the products. There seemed to be no
explanation of its formation unless i1t were assumed that a
secondary reaction involving thermal decomposition was occur-
ring simultaneously with the air oxidation. As the product
of a secondary reaction, it accounted for nearly 10% of the
dithionite disappearance for a temperature of 30°C. This is
based upon the stoichiometry of the thermal decomposition in
which the‘two major products are gulfite and thiosulfate.
Probably the secondary reaction was the greatest single fac-

tor contributing to the drift in the rate constant kc.
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The stability of thiosulfate in the basic solution and
in the presence of molecular oxygen was established by the
absence of sulfide and tetrathionate in the end-products,
and also by the fact that the thiosulfate concentration in
the flask reactions remained constant up to 100 hours after
the depletion of the dithionite. Further evidence for the
very slow oxidation of thiosulfate was obtained when a
0.028 molar solution was subjected to the same conditions
of temperature, stirring and air flow in the reactor that
existed for dithionite oxidations. No significant oxidation
was measured for times up to 15 min (see Figure 15 and
Table 9).

Diffusion Effects

As stated in the experimental procedure, the rate of air
or oxygen discharge through the frit infto the reactling mix-
ture was varied from 2500 to 3000 cec/min. Preliminary tests
showed, however, that an air rate of only 1200 cc/min was
‘sufficiently high to oxidize the dithionite independently of
the air rate. Hence, reproducibility of tests was not affected
by variable air rates greater than 1200 cc/min. The rate of
stirring (approximately 1100 rpm) in the reactor was rapid
enough to maintain an isothermal, homogeneous mixture. A
stirring rate of only 800 rpm, coupled with an air rate of
1200 cc/min gave the same results within experimental error
as a stirring rate of 1100 rpm and an ailr rate of 2500 cc/min,

all other conditions being the same (see Figure 13 and Table 7).
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Figure 13 also shows concentrations of dithionite as a func-
tion of time for the same initial concentration at 60°C and

a stirring speed of 800 rpm but with different air rates.

As the air rate was increased up to 1200 cc/min, the curves
moved closer to an asymptotic curve which established the
lower limits of operation. The fact that the curves of
Figure 13 differed indicated that diffusion of oxygen to a
polnt in the system was a controlling factor in the rate of
oxidation for alr rates less than the asymptotic value of
1200 cc/min. In the kinetic experiments, the greatest demand
for oxygen occurred at the highest temperature, which was
60°C, and at the maximum initial concentration of dithionite,
which was approximately 20 x 10’3 molar. The tests repre-
sented by Figure 13 were performed at nearly the extreme de-
mand conditions, as noted above, except that the initial
concentration was only 12 x ZLO"3 molar. The experimental data
for the kinetic runs at concentrations higher than 12 x 10_3
molar were consistent with data obtained for runs below this
concentration. Thus, 1t was assumed that for the air rates
and stirring speeds used throughout the experimental work the
diffusion of oxygen was not a controlling factor.

Tonic Strength Effects

Figure 14 shows that the rate of the reaction did not
change upon increasing the concentration of NaOH, and hence
the ionic strength, by factors of three and five. The result

shown in Figure 14 for an experiment conducted in 0.0l molar
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NaOH appears anomalous. It is almost certain that the dif-
Terent course of reaction resulted from thermal decomposition
when generated hydrogen ion neutralized the added NaOH.

pH and Metal Ion Effects

The pH of the dithionite solutions changed approximately
from 13 to 12.8 for the highest initial concentration of
20 x 10—3 molar. This indicated that hydrogen ion was gener-
ated as one of the products of reaction. No detalled study
of the pH variation was made for the air oxidation of dithio-
nite.

No careful study was made to determine the effects of
metal ions on the oxidation of dithionite. It was observed,
however, in a qualiltative way, that mercury in minute quanti—
ties caused the reaction to become erratic. A reasgonable

suggestion 1s that the mercury reacted to form complexes such
3)2 )
Solublility Studies

as Hg(80

Table 11 lists the experimentally determined solubllity
of sodium dithionite in water at 0°C. The average value of
11 determinations was found to be 13.20 gms/lOO gms of water
with a standard deviation of 1.08 gms/100 gms of water or
about 8%. Yost (16) lists a value of 12.85 gms/100 gms of
water at 1°C, and Rao and Patel (17) list 11.86 gms/100 ml
of solution at 0°C. These authors do not give any error

limits.
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DISCUSSION OF RESULTS

Reaction Mechanisms

A mechanism which satisfied the established order of
reactlion with respect to dithionite and oxygen and in which

the initial step was dissociation of dithionite is as follows:

8,0, === 280" (6)

S0,” + 0, ——> Products (7)
Since the first step is a guickly-established equilibrium, the

second step is rate determining. Thus, the observed reaction

rate is
Yobserved T kE[SOQ ][02] (11)
where
¥ pserved — reaction rate in moles per liter per second.
k2 = rate constant in moles-liters-seconds units.
[SOQ—] = concentration of SOE‘ in moles per liter.
[02] = concentration of O, in moles per liter.

The equilibrium constant for the first step may be written

[ ’]2

SO

K = _“_2_:— (12)
©Is,047] ‘
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where Kc has the units of moles per liter

A substitution of the concentration of 502" from the equi-~

librium-constant expression into the rate expression gives

_ 1/2 =
Tobserved - Kok [SEO& ] {92] (13)
The experimentally determined rate constant, kco, 1s related

to k2 and Kc by
Kk © =k, k 1/2 (14)

The variation of kco with temperature permitted the cal-
culation 6f the Arrhenius activation energy of 9.3 kcal/mole
and the frequency factor of 7.5 x 10° (moles/liter)_l/gsec—l.
It will be shown later that the rate determining step prob-
ably involves an electron transfer to form 02‘ and 80,. The
observed activation energy of 9.3 kcal/ﬁole seems high for
such an electron transfer. Uri (18) has correlated data
for a number of exothermic electron transfer reactions, and
found typilcal activation energies to lie between O ande
kcal/mole. The observed value of 9.3 kcal/mole, however, in-
cludes a contribution from the equilibrium step. Using ap-
proximate values of frequency factors from Frost and

Pearson (19), order-of-magnitude calculations can be made

for the limiting contributions of the equilibrium and rate-



-31-

determining steps to the observed activation energy. The

calculations are as follows:

k
o _ 1/2 0 :
k, = koK /% where K = =7 (14)
AE 1/2
o] 1
AR _BE, L AT
o RT RT 1
Ac e = Age Yo (15)
~ "RT
A_le
o
1na ° A8 1nA g +41 11 (8 08 y) (16)
c RT ~ ™2 TRT "2 E, "2 RT
o
r A A
O _ nmp | c _ 1 | = L -
AE, RT i_ln 5, 5 1n A”11 =AE, + 5 (AE -AE_7) (17)

Frost and Pearson suggest 106 to 100 (moles/liter)_l/gsec—l

for A,, 1013sec™t ror Ay, and 10° to 106 (moles/liter')_1/25ec"l

for A_;. Substituting 9.3 keal/mole for AE,® and 7 x 107

(moles/liter)“l/gsec~l for ACO gives:

AE, + 3 (AE, - AE_;) = 15 keal/mole (18)

1
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Thus the above order-of-magnitude calculations place mathe-

matical limits on AE, and (AE; - AE_;) as follows:

1
0 SQSEE < 15 keal/mole

(19)
< 30 kecal/mole

If one goes further and assumes a value ofékEE median in the
range O - 5 kcal/mole, namely 3 kecal/mole, the eqguations above

can be used to calculate KC and kg. KC is found to be 8 x lO'll

moles/liter and k, 1s therefore 2 x 104 (moles/li’ce'jf’)”l sec™T,
These values are, at best, order-of-magnitude estimates.

The order of reaction of the air oxidation studles with
respect to dithionite and molecular oxygen determines the
composition of the transition state in the rate-determining
step. That 1s, the activated complex must consist of one
molecule of SOE— and one molecule of 02. Further information
about the geometry of the activated complex or the products
which result from its decomposition cannot be inferred with
certainty from the observed data. Knowledge of the composil-
tion of the transition state and the composition of the end
products does, however, place a reasonable 1limit on the num-
ber of mechanisms which might be proposed for the intermediate

stevs. Two possibilities are suggested immediately for the

rate determining step:
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k

_ 2 k 3
S0, + 0y, ——>  complex A —— 504‘ (20)
3 Ko K3 _
S0," + 0, —> complex B ——> S0, + 0O, (21)

It 1s not inconceivable that both of these mechanisms could
occur. Both free radical intermediates 504— and 02_ have
ample precedent in the literature (18). End product analysis
does, however, exclude the mechanism given in Eguation 20 from
being the only mechanism by which the activated complex 1s
decomposed. Subséquent steps would almost certainly be of the
type

80, + 80, —> soqz + S0, (22)

2
which would lead to a sulfite-to-sulfate ratio of unity iIn
the reaction products. The mechanism given by Eguation 21

leads to a series of free-radical intermediates of hydrogen

l.__.!

peroxide. The following series of reactions may be written as

a suggestion:
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SEOM — 2502
&2 kS _
802 + 02 — comolex B > SOE + 02
- Ky -
i ) [RS... 3 i
SOQ ! C2 == 902 02
k-
0, + Hy0 A HO, ™ + OH~
_ _ kg o
H02 -+ SO3 e SOQ“ + OH {23)
_ B k7 _
H02 + ”02 > 803 + OH

J 19N . .
S0, + OH —Z> 80,” + H

2
1 — - 1{10 1 —
2 an T L =0 Zoan, T

.

Certainly there is nothing unique about this sugges

A ol
]

of reactions. 1t does lead to the observed overall stoichio-~

o
jo B
o
o

metry and by suitable cholce of kinetic constants coul
shown to be kinetically consistent. In common-sense terms,
the peroxide intermediates which are formed on a mole for mole
basis by the decomposgition of dithionite can react either

with sulfite molecules already formed to form sulfate or with
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802 radical lonsg to form more sulfite and regenerate peroxide
intermediates. Since the concentration of sulfite lons 1n
solution greatly exceeds that of SOQ_ lons after the first
second of the reactlon, the preponderance of sulfite rather
than sulfate in the products requires that k7 > > k6 in

the above scheme., A steady state concentration of intermediates

need not be postulated in this hypothetical analysis.
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CONCLUSIONS

The chemistry of reactions of sulfur-oxygen speciles in
agueous solution is sufficiently complex to inject a certain
amount of ambiguity into the interpretation of nearly all
practicable experiments. Such 1s the'case for the work de-
scribed herein. A true and unambiguous understanding would
require considerably more experimentation and methods that are
far more subtle than the ones used in the present experiments.

As shown earlier, only a very specific investigation was
conducted. The study of the effects of other variables such
as the addition of certain lonic species, both anionlc and
cationic, was omitted entirely. Undoubtedly, a study in this
direction would contribute to the understanding of this com-
plex problen.

A brief summary of the major results obtained in the
study of the ailr-oxidation of dithionite 1s given as follows:
1. The reaction was one-half order with respect to

dithionite.

2. The reaction was first order with respect to molecular
oxXygen.

3. The activation energy based on the Arrhenius
Equation for the specific rate-constant of reaction
was 9.3 kecal/mole. The frequency factor A, was
found to be 7 X 107° (moles/liter)~l/gsec—l. The

rate of reaction 1s given by the expression
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e =k °08,0,17210,].

4, The rate of sulfite oxidation to sulfate was low
compared to the oxidation rate of dithionite,.

5. The small pH change from 13 to approximately 12.8
indicated the generation of hydrogen ion in the
reaction. This result agrees with the observed
overall stoilchiometry that there 1s a net increase

in acidic sulfur anions.

The ratio of sulfite to sulfate in the reacted

On

mixture was 3 to 1 on a mole basis.
A mechanism which satisfied the established order with
respect to dithilonite and oxygen and in which the initial step

was dissoclatlon of dithionite is proposed as follows:
= - - £
SEOA po— 2802 (6)
80, + 0, ——> products (7)
Since the first step is an instantaneous equilibrium process,
the second step must be rate determining. Hence the measured
rate must have a direct relationship to the second step. The
kinetic expression becomes:

r = kg[SOZ_}[Og] (11)

From the first step, the equilibrium constant can be
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written as:

_[s0,712

K —
° o [8,0,7]

(12)
A substitution of the concentration of 802- from the equili-
brium expression into the rate expression gives:
_ 1/2 =.1/2
r o= kK 7 [5,0,7177°10,] (13)

Unfortunately, the value of Ko was indeterminate since the
concentration of SOQ" was experimentally inaccessible.

The rate constant kco, which was calculated directly

from the data, is related to k2 by:

K, = kEKcl/E (14)

Thus the derived rate expression, which is equivalent to the

experimental rate expression, is given as follows:
.0 =.1/2
r =%k, [550, 17 °[0,] (24)

The temperature variation of kco is given by

9300

kco =7 x 100 ¢ BT (moles/liter)"l/Qsec_l (25)
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Values of k_° are listed in Figures 8-11.

The observed order of reaction with respect to difthionite
and molecular oxygen and the stoichiometry of the reaction
products suggest that hydrogen-peroxide-type intermediates
are involved in steps subsequent to the rate-determining
step. A hypothetical mechanism can be described to account

for the observed kinetic and stoichiometric facts.
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PART 2. DITHIONITE STRUCTURE STUDIES

INTRODUCTION

Perhaps the earliest attempt to elucidate the structure
of sodium dithionite by purely physical methods was made by
Klemm (20) in 1937. He determined by gross magnetic suscepti-
bility measurements that the anhydrous salt of sodium dithio-
nite is diamagnetic,

1t was of some 1lnterest, therefore, when Van der Heljde
(21) in 1953 found that the exchange rate of S35 between di-
thionite and sulfur dioxide in neﬁtral or acild solution was
almost instantaneous, indicating the ready cleavage of the
S-S dithionite bond. The exchange reactlions were stopped by
the addition of a large excess of formaldehyde, which com-
plexed the dithionite and bisulfite ions according to the

followlng equations:
Na 8,0y + 2CH,0 + Hy0 — CHE(OH)SOENa + CHQ(OH)SOBNa (1)

NaHSO3 + CH,0 — CHQ(OH)SOBNa (2)
No exchange occurred, however, between 802 and trithionate
(8306=) which presumably has a normal S-S bond.

The first crystal structure studies of sodium dithionite
were reported by Dunitz (22) in 1956. He found that the di-
thionite anion, in the crystal structure of sodium dithionite,

consists of two SOQ‘ units, Joined by an unusually long S-S
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bond which is 2.389 A in length. By assuming the usual

3-8 Single~bond’distance of 2,08 55 application of

Pauling's (23) relationship mAR<n) = 0.353 log n between bond
number, n, and the bond-type correction, AR{n)’ relative to

a single bond, predicts 0.36 Ffor the bond strength. In the

crystal, the dithionite anion has an eclipsed configuration
2

one another. From these observations, Dunitz concluded that

with The olanes of opposite S0 groups inclined at 30° to

there should be ready cleavage of the S-S bond in dithionite.
An electron-paramagnetic-resonance (EPR) investigation
by Hodgson, Neaves, and Parker (24) showed that anhydrous

P

crystals of dithionite at tThe temperature of liguid oxygen

zave weak elecliron-spin resonance. They reported a spectro-

gcople splitting factor of 2.01 + 0.01 and a peak width of

b

£

12 + 3 gauss. By treating The crystals with a small amount
of degassed water or ethyl alccohol but not enough to dis-

solve them, the radical-ion content increased. When h

@

Nnoug

(;,

A

water wasg added to dissolve the crystals at room temperature

e mixture was frozen in liguild oxygen, no resonance
could be detected. Upon evaporation of part of the water
to re-form the crystals, a radical-ion slgnal was again ob-
served. The radical-lons disappeared only very slowly when
air was admitted. Hodgson, et al., estimated that aporoxi-

- o7

mately 0.01% of the dithionite ions was dissoclated into @62

radical-ions. They further stated that 1t was not clear
whether the radical-lons re present only in the crystals or

whether they were also present in the agueous solution.
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properties of saturated dithionite sclutions, which were

A study of the electron-paramagnetic-resonance
stabllized at room temperature with sodium hydroxide, showed
the presence of the S50 radical-ion. On the EPR trace, the
sharp rescnance peak of this paramagnetic lon gave a peak
width at half-helght of 1.3 gauss and a spectroscopic split-
actor of 2.0051 at a klystron freguency of 9.453 x 10
sec and a magnetic-field strengtn of 33065 gauss. Ovservations

jous dillutions showed that the

yﬁla

onn dithionite solutions of wvar

SO concentration varied as the sguare roolt of the dithionite

concentration so that the eguilibrium relationship may be

il
|

o

.

paramagnetism. This phenomencn is explicable in terms of
minute amounts of NaSO, radicals occluded in dithionite
powder.,

Sodium formaldehyvde sulfoxylate solublions were likewlse

shown to exhibit paramagnetism when adjusted to pH & or lower.

I~y

The acidified solutions appeared to contalin free radicals

[¢2]

identical with those detected in dithionite solutions.
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APPARATUS AND PROCEDURE

Chemically pure sodium dithionite (Baker Chemical Company,
vateh No, 3712, lot JTB 6113) was further purified by three
fractlonal crystallizations from oxygen-Ifree aqgueous solu-

EN

tions at 0°C. The crystallization procedure was the same as

¢

that described in Alr Oxidation Studies. The purified crystal-~

line product was then used to make a saturated, oxygen-free
alkaline SOiUbiOﬁ at 0°C which was 0.5 molar in sodium hy-
droxide to inhibit thermal decomposition of the dithionite
at room tempe?ature,

Pyrex sample tubes wlth outside diameters of 1 mm and

engths of 76 mm were filled with the solution and sealed at

J)

both ends. Another set of sealed tubes of the same dimen-
sions was prepared by filling with a tenfold and a2 hundredfold

.

dilution of the saturated dithionite. A third set was pre-

pared by filling with a completely oxidized sample of the
saturated dithionite solution. Finally, a fourth set was

(@R

mple o

i
Q‘)

prepared by filling with an acidifil
thiosulfate solution, to provide a source of colloldal sulfur.
EBach of the sealed tubes was analyzed in an EPR apparatus

which had a cavity diamefer slightly greater than 5 mm and a

length of approximately 23 mm. During the EPR measurements,
some difficulty was experienced in obtaining cavity resonance
because of the dipole heating of the water molecules,

A calibration tube wag made up from 0.1 molar manganous
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chloride in order to compare the known values of the split-
ting factor and the gauss separation between resonance peaks
for the free electron of the manganous ion with the resonance
trace of the dithionite samples. In the calibration runs,
The instrument settings for the sweep rate of the magnetic
field were kept the same as those used for the dithionite.

In the experiments with dr aES OQ powder, the purified

material was dried at 100°C in a vacuum over P205 for several

days before sampling. The finely-divided, dry powder was
loaded into a pyrex tube in a desiccator.

Fastman Kodak sodium formaldehyde sulfoxylate
was recrystallized from water-methanol and dried at 50°C in
a vacuum. The dry powder, saturated solutions in pure water,

1 molar NaCH, and 1 mcolar HCLl were examined for paramagnetism.
jo g



The results of the EPR studies are shown in Figures 16
and 17. An arbltrary signal voltage which was a first-

£3 1, 3

erivative function of the phase-sensitive detection system

jor

3

of the EPR apparatus 1s plotted against magnetic field
e

strength in Figure 16a. Since the klystron frequency of the

apparatus was held constant, the magnetic field strength was

varied over the range in which resonance was expected to oc-
cur. The rate of magnetic scanning in relationship to chart
speed on the graphic recorder fixed the time constant from
which the magnetic fleld strength at resonance and the
résonance peak width were calculated. The scale
conversion of instrument readings to corresponding field-
strength values was obtained from a calibration using the
resonance peaks of manganous lons which have a pezk
distance of 98 gauss,

2.,

Only the three samples which contailned oxygen-free
stabllized dithionite of different dilutions showed para-
magnetism. Sharp resonance occurred at 3.365 kilogauss with
a fixed klystron freguency of 9.453 x 109 cycles/sec. The
width of the single resonance peak for each sample was ap-

3

proximately 1.3 gauss at half-peak helght, and

P

the spectro-
scoplce splitting factor g was found to be 2.0051 based upon
a comparison with the free-electron g-value of 2.0023 for

manganous ion In agueous soclutlon.



Figure 17 shows the absorption peaks of the three dithio-
nite concentrations studied. An estimate of the area ratios
of the absorption peaks for the saturated solution, the fLen-
fold dilution and the hundredfold dilution was 10 to 3 to 1
regpectively. This indicated that the SO concentration
varied as the square root of the dithionite concentration, so

that they are related by the expression:

(50,717
KC = - - (3}

No absolute concentration of the 8C, was determined from
Tthese few tests, but the limiting concentration of the para-

magnetic specles which could be detected in the 5 mm cavity

i
[

50 be 2 x 107° molar or 1072 moles.
In agreement with Hodgson et al. (24), dry Na EMQOH powder
was also observed to exhibit paramagnetism. The width of

the single resonance peak, measured at half-peak height

gauss, Ultraviolet irradiation of the dry powder for

(&)

several hours did not increase the paramagnetism in an ex-
periment carried out at room temperature.

Sodium formaldehyde sulfoxylate crystals did not exhibis
paramagnetism. Saturated agueous solutions in pure water
or 1 molar NaOH gave the same result. The acidified solu-

tion, however, either at pH 5-6 or pH 1, gave a sharp reson-

ance peak whose width and g-value are indistinguishable from

+

rom dithionite solutions. Figure 16b shows

=y

that obtalined



the resonance absorption obtained from the acidified sodium

“

formaldehyde sulfoxylate solution and from the solid IaASQOQ

o

be] 3

powder when both samples were placed in the cavity. Two
veaks, superimposed upon one another, can be distingulshed.
The narrower, inner peak corresponds to the ligulid sample and
the outside peak shows the resonance absorption in the solid.
Likewlise, Figure 16c shows the superposition of the same solid

us dithionite rescnance absorpbtion. Within

o}

sample on the a

A
i

ue

¥

the 1imits of experimental detection, the peak wldths and

g-factors of these free radlcals are identical.
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DISCUSSION AND CONCLUSIONS

The observation that the ﬁﬁgw I'ree radical exhibits a
single resonance absorption 1s consonant with the fact that
no nuclear spins are present in the molecule, and therefore
one would expect no hyperfine splitting.

The close proximity of the observed gmvélue to that of a
free electron indicates that spin-orbit interactions are prob-
ably small. Since the EPR studies were conducted at only one
frequency, however, 1t cannct be concluded that there is no
orbital contribution to the paramagnetism.

The narrow peak observed for the agueous SOZ“ indicates
that the rate of combination-dissociation between the dimer
dithionite and the monomer SGQ— ions must be low compared with
the free electron relaxation time of 10“9 seconds. Moreover,

the fact that the absorption peak width changed only slight

ek

v

upon dilution by 100-fold suggests that exchange narrowing is

0]

not a significant process in this instanc

©

hionite powder 1s

[N
(@)

The observed paramagnetism of dry d
gomewhat surprising since agueous solution results require the
interpretation that the undissociated dithionite dimer be

P

diamégnetice Crystal structure studies (22) indicate that
dithionite is not dissociated in the crystal. Although a
completely unambiguous explanation of this phenomenon cannot
be given at this time, 1t seems likely that extremely small

amounts of SOE or Na502 are occluded or travpped in The



crystals. Certainly the similarity of g-value and narrow

fald

on is

[.Ju
A

line width suggests that again an SOQ_ radicsal -
volved. Since extremely small concentrations of 302* would
be regulred to give the observed resonance, i.e., about one
part in 100,000, crystal structure studies would not detect
these occlusions.
The observed paramagnetism of acidic solutions of sodium

formaldehyde sulfoxylate isg also surprising since the un-
protonated complex 1g diamagnetic in neutral and basic soclu-

Tions. Evidently protonation of the ilonized complex causes

cleavage of the carbon-sulfur bond with liberation of the
radical-ion SOg_e Thus s
CH,(0H)S0,” + HY —> 50,7 + 9 (4)
2 2 2 /

That the free radical obtained upon acidification is SO2

has not been definitely established. The only evidence of-

fered in support of the thesis that it is SOQ 1

[ox}

the fact

that sodium formaldehyde sulfoxylate is formed from formalde-

hyde and dithionite in basic solubtlon:

and similarities in the resonance absorptions shown in Fig-

\J1
et

ures 10b and c¢. Heretofore three investigators (6,21,25)

1

ication of the complex liberated The anion
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of sulfoxylic acid and regenerated formaldehyde.

. ot o e
+ H ——> CH,0 + 80, + 2H (

(O

1 71\ ot
cgg(on)sog

The fact that this 1s not the case explains the instability

of pyridine nucleotide complexes (25,26,27,28}, which are

3

gimilar to formaldehyde complexes, with dithionite and sulf-

[

4

oxylate in acidic media. Also explicable is the rapid de-

Hm

composgition of neutral and acidic soclutions of formaldehyde

sulfoxylate complex with metal ilons known to catalyze Iree
R %
radical decompositions (6.
The unambiguous demonstration that appreciable concentra-
tions of 80, ion exlst in equilibrium with $,0, in solutions
of sodium dithionite supports the mechanism proposed for the

(s v

ir oxidation of di

L

)

thionite solutions. SO?' radical-ions
are confirmed tTo bhe real intermediates in the alr oxidation
mechanism. Moreover, the limlt of sgensitivity of the detec-

2

ion apparatus and the results of the dilution experiments

+

¥

L.

enable one to make order-of-magnitude calculations of the
eguilibrium constant, K . The concentrations of dithionite
corresponding to the absorption curves in Figure 17

7.4 0x 107, 7.4 x 10 and 7.4 x 10“3 molar in decreasing

order. Estimating that one more tenfold dilution of dithionite
It -
to 7.4 x 10 7 molar would decrease the 80, concentration to
-6
the 1limit of detection of the apparatus, i.e., 2 x 10 molar,

permits a rough calculation of Kc to be made:
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oy ‘“Q e
K & (2 x 10 “i 2~ 5 x 1077 moles/liter (7)
g 7.4 x 10

This order-of-magnitude calculation is in reasocnable agree-

ment with the order-of-magnitude calculation of ¢ x 10

3

moleg/1liter bs

i)

8ed upon alr oxidation studies.

{
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PART 3. ELECTROLYTIC STUDIES

The electrolytic synthesis and electrochemical proper-

ties of sodium dithionite were first investigated nearly a
hundred years ago by Schutzenberger (2}, one of the ploneers

in dithionite chemistry. Schutzenberger reduced a solubion

&

of sodium bisullite electrolytically and obtained a crystal-
line solid which proved to have powerful reducing properties
He assigned the molecular formula Yaqug to the substance.

Neariy half a century later, Jellinek (2 used electro-
. 3

chemlcal methods to investigate the equilibrium

the electrode reac-

enabled him to calculate the heat of reaction for the equili-
brium process. He reported the following, for eguilibrium

at 21°C:

[WV]
E—

Sgo; + 2H,0 T=2HS0,  + H, 4H = -15,300 cal &
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In a later article (30) Jellinek stated that the electrolytic
| reduction of NaHSO.5 to Na23204 gave decreasing yields of di-
thionite during electrolysis. He concluded that +this decrease
in yield resulted from thermal decomposition of the dithionite
formed according to the equation:

2Na28204 + HZQ wm«%-NagﬁzOB + QNaHSOB (4)

He discounted the possibility that the dithionite itself could
be reduced to thiosulfate in the electrolytic reduction.

The first precise electrochemical work reported in the
literature was by Gossman (31) in 1930. Studying the reduc-—
tion of sulfur dioxide in aqueous solutions at the dropping
mercury electrode, Gossman postulated that H2S204 was fTormed
by reduction of 802 in strongly acidic media. At a cathode
potential of -0.2v vs S.C.E., in 1 molar HC1l, 2 moles of elec~
trons were believed to be transferred to 2 moles of agueous
SOE yielding H23204, which he incorrectly believed to be

stable in sirongly acidic media. Thus:

A ok - _— -
2302 + 2H  + 2 ———> L2M204 (5)

At pH 6, two smaller cathodic waves were observed. He postu~

lated that the dithionite was unstable at pH 6 and decomposed

thus:
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HpS50) =~ H 80, + 80, (

The second cathodic wave he ascribed to the reduction of the
liberated S0,. Above pH 7 no cathodic waves were observed
at potentials less than that reguired to reduce sodium lon

at the mercury electrode.

r (32) in 1941 repeated Gossman's work

i_...}
D

Kolthoff and Mil
and obtained the same experimental data. Their interpretation

al £,

0of the da

e

ta, however, was quite different. They stated that
the reduction of sulfur dioxide in 1 molar HCl is a two elec-
tron transfer process, instead of the one electron transfer

process postulated by Gossman. Thus:

3

Py
~J
oy

30, + PH' + 2 = H,.80,

272
Sulfoxylic acid, not dithionous acid, was stated to be the re-
duction product. They reasoned that the diffusion coefficien
for 802 calculated from the data and the use of Ilkovic's

~] e o, tad

guation for one and two electron transfer reactions agreed
with the previously known diffusion coefficlent of oxygen un-
der similar conditions only in the case of the two electron
transfer. In order to explain the two cathodic waves at pH 6,
they reverted to a one-electron transfer reaction which 1is fol-
lowed by a dimerization reaction and subseguent reduction of

the dimer to thiosulfate. Thus:
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HSO,™ + oHY 4 T SO, + Hy0 (8)
PHSO, ——= Hy8,0, —> 5,0, + 24" (9)
oH" o+ 5,0, + 287 —> 3203;’ + H0 (10)

No analyses of reduction products were reported.

de e

T

o'

In a series of articles published QL9 and 1953

=
w

eel

&

.ons of the feasibility

Lde

1

Patel and Rao (17) described investigat

Yl

of producing sodium dithionite electrolytically on a commercial
basis, The effects of a great number of reaction condlitions
were systematically studied in an atftempt to maximize the

vield of sodium dithionite. The cathodic potential used in

all cases, however, was sufficiently negative to reduce sodium

ion: hence the reducing agent was actually sodium-mercurs
&

O]

amalgam. Using a reactor malntained at 5°C and pH 5 to 5.5

with a HSOB_ concentration of 30% by weight (maintained by

constant SGQ gas feed}, dithionite concentrations of 20% by
weight could be obtained with 91% current efficiency. Under

G
24
fram
@

optimal conditions, a current density of 2.0 - 2.6
amps/sqg cm was maintained between a rapidly stirred mercury
cathode, which contained 0.13% Zn, and a carbon rod anode.

The present investigation of the electrochemical synthesis

and properties of sodium dithionite was designed to seek answers
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to several problems left unsolved by the investigations de-
scribed above. Knowledge of the fact that SO2m radical ions
exist in agueous solution in equilidbrium with undissociated
dithionite suggested that the cathodic waves obtained by
Gossman and Kolthoff and Miller corresponded to reduction of

302 to 802 by a one electron transfer reaction:

SO, + le” — 50, (11)
Identification of the reduction product by its ability to re=
duce methylene blue and the paramagnetism of its solutions
would confirm the suggestion that dithionite is formed. Fur-
thermore, a study of the efficiency of the reduction process
and the stability of the dithionite formed would be of interest.

Since the completion of the work described in the follow-
ing sections, two important studies have been reported in the
literature.

Vunemori (33) reported the coulometric titration of dye-
stuffs with electrolytically generated dithionite. Electroly-
ges of solutions 0.0l molar in bisulfite ion between pH 3
and 5 with cathode potential -=0.63v vs S.C.E. and constant
currents between 3.1 and 5.0 milliamps produced dithionite at
essentially 100% current efficiency.

Cermak (34,35) reported extensive studies of the polaro-
graphic properties of dithionite solutions. His experiments

included the effects of pH, concentration and reaction tempera-—
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ture. His results are in agreement wlth the existence of
SOE— radical-ions in agueous solutions of dithionite. In

order to explain the anodic and cathodic kinetically-controlled

waves obtalned, 1t was necessary to postulate the dissocilation

2/

of the dimer SEO to monomer SO, dons. Two anodic waves
£

corresponding to the oxidation of 30, to SOQ and S¢04 to
8205 were postulated. Two cathodic waves corresponding to
the reduction of S0, o SQQ' and SOQ" to SOEM were alsoc postu-

lated. The heights of the kinetically-controlled waves en-
abled him to calculate the ratioc of the forward rate constant
dissocliation to the sguare root of the eguilibrium

constant for the reaction

k“!
e
8,0, T=— 250, (12)
].'{:"i B
- L
k
] 1
where K = s
-\.“1
; 1
il ; : -3 Y
The value of ——— at 40°C was given as 6 x 10 {(moles/1iter)
B \JK
sec T . Sepal aLe evaluation of the rafte constants or eguillibrium

constant was not possible from this work.
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SUMMARY

Dithionite ion has been established as the reduction
product in the electrolysis of agqueocus bisulfite solutions
of pH 5-5.3 at cathode potentials of =0.60 to ~0,98v vs S.C.E.

That the reduction is a one-electron transfer process by which

s

2
seems likely, although the possibility of two electron trans-—

S0 ions are formed from agueous sulfur dioxide at the cathode

fer has not been excluded.
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APPARATUS AND PROCEDURE

o

A simple electrolysis

e

},.._. 4
;.Ja

a 600 ml Berz

@
ot
ot

consisting o
beaker with a tight-fitting plexiglas 1id was lmmersed in an
ice bath. The cathode consisted of a pcol of clean mercury
7 mm deep and 49 sqg cm in area. The cathode was connected to
a terminal on the plexiglas 1id by a platinum wire shielded

from the electrolyte by glass tubing., The cathodlc pool was

not stirred. The anode consisted of a platinum electrode, with

—

surface area 1 s8g cm, placed in an anode compartment. The

n;

anode compartment consisted of a flne-mesh gas-dispersion frit
mounted on the end of a length of a 1 cm glass tubing fixed

-

o the plexiglas 1id. Fresh electrolyte solution was added

o

Y

to the compartment at intervals in order to maintain a positive

pressure differential between the anode compartment and the

bulk of the electrolyte solution. A Heathkit Model PS-3 power
supply was used to drive the cathode potential negative and

measure the current in milliamperes. A Leeds and Northrup

Model 7664 pH meter measured the potential of the cathode with
respect to a saturated calomel electrode immersed in the electro-

N

d to the plexiglas 1id. The electrolyte

D

lyte solution and fix
solution was stirred rapidly and at constant speed with a glass
paddle-stirrer.

The electrolyte solution was prepared by saturating 250 ml
of distilled water with reagent grade sodlum bisulfite and by

adding reagent grade sodium acebtate and water, as needed,
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d fang

roduce a saturated solution at the desired pH of 5.0-5.3.

two-cc samples were withdrawn from the electrolyte
sultable time Intervals and titrated with

methylene bliue as described 1In Alir Oxidation

three experiments were conducted at constant

currents of 100, 150, and 200 milliamperes. The cathode po-

tential varied between -0.67 and -0.98 v. At the conclus

to proceed for

on

Fle

liampere experiment the electrolysis was allowed

several hours. The electrolysis was then

the solubtlon made alkaline by the addition of 1 molar

stopped,
NaOH solut

white precipite

and pure crystalline NaCl added to salt out &

B

te. This whi
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"RESULTS AND CONCLUSIONS

Pigure 18 and Table 12 present the data obtained from the
three electrolysis experiments. Evidently dithionite can be
generated at constant current efficlency of about 75% under
the condltions sbtudied. The rather low current efficlency
obtained probably results, at least in part, Tfrowm the fact
that the cathode was not stirred,

Eleatrcﬁ paramagneile regonance absorption similar in
all respects to the one shown in Figure 10a was obtained from
the sample of precipitated reductlion product., Thias confirus
the ldentity of S0, , and hence S,0,7, as the reduction product.

The question of whether the reduction 1s a one or two '
electron transfer, however, has not been unambiguously solved,

The two posslibilities are

S0, + le” ——> S0, {(11)
and
S0, + 267 —> S0, (13)

The identificatioof SGQ" as the reduction product is not suf-
ficient to distinguish between these two mechanisms., It is
possible that 50?29 if generated, could react with agueous

S0, to yield SQO@” and hence SOQ", Thug 3



80, + 80, > 5,0, T== 250, (14)

Since it has been demoustrated by EPR that sodium formalde-
hyde sulfoxylate, heretofore beliesved (G,21,25) to be a source
of Sﬂgw ions, liberates S0,  in sclutlon of pH 6 or less, the
reaction written above cannot be tested using sodium formalde-
hyde sulfoxylate as the source of seﬁ“ lons. An experinment
upingz another source has not been atbempted,

The polarographic studies of aqueocus S%Q solutions (31,
32,34,35) as interpreted by Cermak indicate that smgm i8 not
formed by the reduction of EGE“ long untlil a cathode potsntial
of -1.23v ie reached. This seems to be an entirely reasonable

interpretation of the pelareograpnlc waves observed, although

it is net a unique one. 1
Use of the Cermak relation k,/\ Kc = 6 x 107 (mei&s/lit@rgg
%&c”l together with orderv-of-magnitude caleculations of the

equilibrium constant, Kﬁ, from alr oxidation and EPR studles
enables one to obtain order-of-magnitude values for k, and k_q.

The values of KQ estiriated from sir oxidation and EPR studies

11

v - e
are 8 x 10 and 5§ x 10 7 moles/1iter respectively. If one

\ - -10
uges a logarithmic average value, namely © x 10 : moles/liter

and solves for ky and k_y in eguation 12 using the Cermsk rela-

-1 2

tvion, k3, and kwl are found to He 2 z 16"7 see and 3 x 10

1
s regpectively. The bimolecular rate

(moi@g/liﬁar)*l/ésac“
consbant, kul, seems rabther low, although the apprroximate nature
of these calculations docs not Justify any further conclusions

which mlght be dravn.



PART &4, THERMAL DECOMPOSITION STUDIES

INTRODUCTION

1)

The first careful study of the thermal decomposition of
godium dithionite solutlions was reported by Jellinek (36) in
1919, Examining the decomposiition reaction in neutral and
sodivn-bisulfite-containing solutions, he found that dithionilte
decomposed almost quantitatively in accordance with the equa-

tion:

3

In reactions carried out at constant temperature, the raite
constant was found to be pPOpﬂﬁﬁiGﬁal to the square of the
initial bisulfite concentration, The varlation in rate con-
stant with t@ﬂpara*““a, at constant Initlal bisulfite concen-
tration, was Iin & manner predicted by the Arrhenius equation,
Bassett and Durrant (6) in 1527 reviewed all of the litera-
ture pertaining to the interrelatiouships of the sulfur acids
and atrtempted a correlation with the results of extensive ex-
perimental work of thelr own, In order %o explain the com-
plexlvy of products of dithioulte reactlons, they postulated
tnat dithionite exlats in three laoweric forus. Bach lsomer
was believed to decompose in a way such that all of the ob-
served reaction producis could be explalned by one or more of

the mechanisms, Although Bassett and Durrant's work is of



considerable value as o compilation of experimental observa-
tions of dithionite reactions, subsegquent work has invall-
dated thelr interpretation of these reactions,

Lynn {8) carried oubt the wost exitensive invesumbgwl@u
of the thermal decomposition reactlon reported to date, He
found that an aquecus solution of purifled sodium dithionite
at H0°C decomposed slowly at First, and then, after a certain
elapsed time, decomposed very rapidly. This behavior suge
geasted to him a degenerate chaln-branching mechanism, He
assuned the stolchlometry of the resctlion to be that described
by Bguation 1 abouve, He observed that tue hydrogen lon con-
centration increased in a manner which was almost a nirror
image of the decreasing dithionite concentration. AT low pH,
the dithionite decomposed in a few sgconds., In addition, the
pregence of colloidal sulfur sccelerated o a lesser @Xt&ﬂﬁ
the onset of the rapid decomposition reactlon.

Lynn also studied the effects of added salts on the reac-
tion rate. The addition of sodlium hydroxide or sodium sulfite
was observed to inhibit the onset of the rapid decompoaition
reactbion. Addition of sodium chlorlide catalyzed this reac-
tion, presumably by a Bronsted positive-salt effect. Sodium
thiosulfate, likewilse, accelerated the onset of the rapid
decomposition reactlon, Sodium blsullite, however, had a
different elffect. t goncentrations less tnan the lnitial
dithionite concentration iits effect was simllar to that of

sodium thiosulfate, but when greater, 1t changed the course



of the reaction entirvely. The reaction became apparently
first order in both bisulfite and dithlonite concentrations.
Moreover, when thiosulfate was added to this mixture, the
reactlon became apparently first order in thiosulfate as well
ag in bisulfite and dithionite. The third order rate con-
stant, however, was found to be an undetermined functlon of
hydrogen lon and initial dlthionlte concentrations,
Superimposed on this complex reaction system, Lynn found
that the observed rate was periodic with time, i.e. perlodi-
cally increased and decreased as the reaction proceeded. In
order to explain this curious rhenomenon, he postulated the
prasence of an unknown product species having properties simi-
lar to dithionite, In addition, there was a significant lack
of reproducibility in many of the experiments reported. This
was believed to result from the presence of differing amounts
of suspended sulfur particles in the 1nitial dlthionite solu-

tions,
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SUMMARY

A study of the thermal deccwmposition of scodium dithionlte
was conducted in buffered and unbulfered medls in the pH
range 4.0 to 7.0. The concentration of the dithionite was
measured as a function of time at 60, 70, and 80°C., Initial
concentrations varied from 5.5 to 11.5 x 1073 molar. The
pH of the unbuffered systems was measured as a functlon of
time with a Beckman Model ¢ pH meter. The reaction wasgs ob-
served to consist of an induection period in which the decompo-
sition was slow, followed by a decay perioed, in which the
concentration of dithionite rapldly decressed to pero, Ap-
parent pericdic increages and decreases in dithlonite con-
centration during the inductlion period were observed and could
not be explained solely on the basis of experimental ervor.
One possible explanation of this unusual phenomenon is the
formation of unstable intermediate(s) possessing reducing
potentials comparable to dithionite with respect to nethylene
bive, The amplitude of the apparent oseillations in dithio-
nite concentration decreased with increasing temperature,
puggestling that the eonceatration of the hypothetlcal reac-
tive intermediante{s) likewise decreassd with increasing
temperature., Absence of oscillations in solutions of pH
greater than 7 sugpests that the hypothetical intermediate(s)
elther are not formed or are unstable in alkaline solution,

During the induction perlod, the reaction was observed
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2. 2 3 v+

o be 1/? arder with respect Lo H and 3/ order with respect
to dithionlte, giving a rate expresslon of the following form:

i +41/2¢ o =13/2

“induction kc[H 1 eIs50,7]
The variation of k, w th temperature plves a stralight line
on an Arrhenius equation plot. The actlvabtion energy AE was
found to be 12 kealmole and the frequency factor A4 wasg found

2

to he 1.3 % % {moles/1iter)” loec L,

LA

The anions 303”, H.GB S@Q s and Eﬂa had no speclific
effects In buffered reactions, Colleidal sulfur catalyzed the
reaction by decreasing the length of the induction period.

The rapld increase in the rate of dithionlte decomposi-
tlon durling the decay perlod followed an exponential relatlon-
ship with time. Thils fact together with the catalysis by

colloldel gulfur susgests that an autocatalytle or a degener-

ate branching chain mechanism 18 occurring.



APPARATUS

Iin general, the apparatusg for the thermal decomposition

atudies wag the same as thst deseribed in Alr Oxidation Studies.

The only change was to eliminate the presence of oxygen from
the reaction system. This was accomplished by partially di-
verting the oxygen-free nltrogen from the scerubbing system
rreviously deseribed into the reactor, It is important to
note that the nitrogen was not allowed to pass through the
reactor in a steady stream, The preassure of the nitrogen
above the reaction nixture was maintained slightly above at-
moapherlic and was controlled manually by occasionally adlust-
ing a by-rass valve upstream from the reactor. A water~filled
manometer which was connected directly to the exit line indi-

cated the pressure,



EXPERIMENTAL PROCEDURE

The preparation of the recrystallized dithionite was
accomplished in the same manner as described in the experi-

mental procedure of the Air Oxldation Studies. Also, by the

gsame procedure, the saturated solution of dithienite was sub-
gsequently prepared from the crystals and used to supply the
initial concentration to the reactor,

The volume of the lliguid mixture in the reactor was ap-
proximately 500 cc. The composition of the solution before
addition of the saturated dithionite varied according to the
desired hydrogen-ion concentration. The maj@riﬁy of tests
weve performed in water that had been ﬁrip1§;ﬁﬁ$%illﬁﬁ. Other
tests were performed In buffered sclutions wherein the pH was
varied from 4.0 to T.0. The buffering agents were mixbtures
of KHQPQQ and NaOH or KH&BH%@@ and NaOH in proportions com-
mensurate with the desired pH, In Appendix I, the compositions
of the buffer soclutions are deseribed in detall.

Experiments at 50, 70 and 80°C were conducted with the
unbuffered systems in order to determine the effect of tempers-
ture on the rate of decomposition. The buffered systems were
atudied only at €0°C since, in this case, the effect of a
controlled pH was of primavy importance. AU each Lemperature
and for both the buffered and unbuffered systems, the initial
congentration of dithionite was varied from 5.5 to 11.5 x 10"3

molar,
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dn the unbuffered sygtems, no products of reaction such
as ﬁﬁﬁs“, SEGBm, S@Eﬁ 8, and HY were added to the system in
order to determine thelr specifilc catalytlic effects. This
work had been done previously by Lynn (8)., To the buffered
reactions, however, H593“3 SQOEms sa&”, and Sﬁgm were added in
congentrations ranging from one-half to three halves of the
stolchiometric quantities according to the reactlon:

o=

25,0)  + Hg =mm> 5233 + gﬁmg {2}

These anlon additions were always made wiile the decomposi-
tion experiments were in progress. The purpose of their
addition was to determine thelr catalytic eflfects in the
presence of controlled H ion.

By conducting successive btests in the reactor without
removing the contents of the previous runs, the catalytic
aeffects of Cthe product species $gﬁ3“ and sulfur were detegr~
mined, Usually, three dithlionite solutions were decomposed
in each experiment, and in a2ll cases the systems wevre buffered
at a pi of 5,00, After the first decomposition which was be-
gun with fresh solutlion, and alter each successive decomposi-
clon, encugh buffer solubtion was added %o restore the volume
of the reactor contents to 500 ece. Also, the initial dithio-
nite concentrations which varied from 5.5 to 6.0 x 1@”3 nolar,
originated from the same saturated sclution. A pH measure-

mant was taken at the beglinning and end of each decomposition
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in order to insure that sufficient bulfer was present.

Great care was taken to prevent oxypen conbtamination,
When trangferring samples from the reactor to the titration
flasks, for example, the sampling syringe was flushed with
nitrogen several times prior to removing a sample from the
wactor. As a further precaution to prevent contamination, the
syringe was ringed several times with oxygen-{ree distilled

water after taking esch sample,

Reactant and Product Analysis

2
The ooncentration of SEOQ wag estvimated by titration with
methylene blue as desoribed in the experliuental procedure of

the My Oxidation Studies. The sample flasks which received

a meagured volume of the reactlion mizture were initially filled
with 50 ce¢ of 0.1 molar KOH and 30 ece of @ﬁaﬁﬁ, Titration of
the samples with methylene blue was done lrmediately in order
to minlmize the errors due to sli
further thermal decomposition. Occasionally, titrations were
performed at approximately 5°C to check for any significant
%ff@¢ts of temperature upon the results. No efiect was noted,
80 Chat titrations at room temperature were done with confi-
dence,

In order to determine the relative concentrations of the
emﬁwpr@duc%s, an unbuffered reaction at 30°C was carriasd out
i 2 sealed vessel with an initial dithionite concentration

of 7.32 % 1@"3 molar, The completion of reaction was determined
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by titration of a 10 cc sample with methylene blue. The
concentration of the product SEQBm was estimated by lodometric
titrations of samples from the sealed vessel., The sampling
flasks were initlally filled with 10 ece of formaldehyde, 30 ee
of distilled water, and 20 cc of acebtate buffer with a pH of
about 5. The purpose of the formaldehyde was to complex the

Hﬁeg" by the reachion,
CHLO + Naﬁsos R GHE(OH)S%E»?& {3)

This reaction was allowed 20 minutes for completion, In the
complexed form, the HSGS“ was unaffected by 13” so Ghat the
acncentration of sgogw slone could be devermined,

The HSQB“ fon was analyzed by an lodometric oxidation in
which the excess lodine was titrated with a standardized 0.01
wrmal ggogm solution. The sampling flasks were initially
filled with 50 ce of standardized 0.01 normal iodine sclution
and 25 ce of acetate buffer with a pH of about 5, The result-
ing sum of the concentrabtlons of Saﬁgm and HSGB“ allowed the
goncentration of HSOB" to be calculated by difference,

Hydrogen Ion Concentration

The pH of the reacting mixtures was measured with a stand-
ard Beckman Model ¢ pH meter, which was connected to electrodes
inserted into the reactor through standard-taper glass ittings.
pH readings were taken approximately every 100 seconds, In

this way, dependinz upon the duration of reactlon, between
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twenby and forty messurements of pH were obtained for eaech
UL .

With the bulfered systems, the pH was measured only be-
fore and after reactlion Lo inpure that the hydrogen ion con-

senbration had been held constant,
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RESULTS

Unbuffered Reactlons--feneral

The experimental data on the concentration of dithionite
ag a function of time for the unbulfered systems are presented
in Tables 13-1% and Pigures 19-21. The general trend of the
curves as shown in the figures is in substantlial agreenment
with Lynn's results, The decomposition began with an induc~
tion period in which the dithionlte concentration decreased
slowly., In most cases, this was followed by an abrupt and
raplid decreage in the concentratlion.

In Table 13 and Figures 1%a, b, ¢, whieh present experi-
mental results of the decomposition at 60°C, it is noted that
the total time of reaction was a funetion of initial dithio-
nite concentration., Also, independently of the initial con-
centration, the curves show marked oscillations whiceh have
amplitude variatlions as high as + 15%, with the average belng
closer to + 5%.

The data at T0°C, which sre plotted in Pigure 20 and
listed in Table 14, show a similar dependence of tobtal time
of reaction on initial concentration. The amplitude of the
oscillations, however, is considerably less than at 60°C and
varies as high as + &% with an average variatién of + .

In Plgure 21 and Table 15, the amplitude of the oseil-
lations at 80°C is practically negligidle., The maximun
variation is only + 1.5% with an average variation of less

than + 0.5%.
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Variation of pH in Unbuffered Reactions

As stated under Apparatus and Procedure, the pH of un-
buffered decompositions was measured continually during many
of the tests. Typlcal plots of at concentration ve time for
60 and 70°C are shown in Pigures 22 and 23. The data for
the plots are listed in Table 17. Por comparison, the dithlo-
nité concentrations as a function of time are also plotted
in the pame figures. The curves show that the #* concentra-
tion varies almost ag the mirror image of the dithionite con-
centration., Particularly interesting i1s the fact that the u*
curves oscillate, There appears, however, to be no simple |
relationship in frequency or amplitude between the osclillations
of the dithionite curves and the H' curves.

Buffered Reactions--General

The experimental data on the concentratlon of dithionite
as a function of time for the bulffered systems are presented
in Table 16 and Figures 28a,b, With the exception of the
results at a pH of 7.00, the curves for concentration vs time
are practically the same as those obtained for the unbuffered
syatems, Again there is an induction period followed by a
rapid decrease in dithionite concentration giving rise to
curves which are convex. Also, the characteristic oscilla-
tions which were préaent in the unbuffered systems were found
to exist for the buffered reactions. At s pH of 7.00, the
concentration of dithionite decreased so slowly that the rapid
decomposition period was not reached during the time in which
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the reaction was studied. Significant ogelllations were gtill
present,

Effect of pH on Buffered Reactions

It was found experimentally that the induection time and
likewise the total time of reaction decressed with increasing
i concentration. As presented in Table 19 and Pigure 24 for
the pH range of 4.80 to 6.00 and at an initial dithionite con-
centration of 11.0 x 10°3 molar, the time of the induction
pericd was inversely proportional to the first power of the

H* concentration, i.e,
1 )

where 9; is the time of the induction period and €, is the con-
centration of 4% 4n the buffered solution, At a pH lower than
4.5, the decomposition was very rapid and could not be studied
with the analytical methods used,

Effect of Additives on the Buffered Reactions

The addition of 3303”, 3203w, Sﬁa” and 303” had no measgur-
able effeat on the rate of dithionite decomposition. This
is presented in Table 20 and Pigures 27a,b in which the con-
centration of dithionite is plotted ve time at a pH of 7.00.
On the plots are shown the concentrations of the additives
and the time of their injection into the reactor,

The addition of air to the decomposition reaction at pH

of 7.00 also had no measurable effect on the rate, This is



gshown on Figure 27a,

In Table 21 and Pigures 28a,b are presented the results
of two identical experimentas. Az stated under Experiﬁantal
Procedure, for each experiment three successive decomposition
reactions were conducted wherein the reactor contents con-
gisted of the products of the previous tests. The figures
show the dithlionite concentration as a functlon of time., The
rate of reaction showed a marked increase in each successlve
test, and this indicated that a product, probably sulfur,
catalyzed the decomposltion. It is interesting to note that
the curves for the two experiments are almost ldentlcal even
with respect to the oseillations.

Product Analysis

The end-products of the thermal decomposition reaction
were found to consist mainly of thicsulfate and bisulfite in
an approximate molar ratlo of 1 to 2, respectively. A typleal
analysis is listed in Table 22 for an experiment at 30°C,

From a knowledge of the initial dithionlts concentration, a
sulfur materlal balance indlcated that other products such as
free sulfur were present but In low concentrations., The
analysis listed in Table 22 does not represent the only product
distribution to be expected ln every dithilonite decomposlition
experiment., The relative amount of sulfur in the products
apparently depends on conditions of acidity, temperature and

catalysis,



Appearance of Sulfur in Buffered and Unbuffered Reactions

The formation of sulfur as one of the products of di~
thionite decompogition was not measured quantitatively in
this ilnvestigation., Its formation, however, wag definltely
established by visunl inspection, As the remction procesded
woward completion it was found that the reactor contents
acquired 2 slight milky appearance which somstimes disappeared
and reformed several times before the end of the induction
preriod. At Che onset of the rapld decrsase in dithionite
concentration, the milky appearance reached a maximum opacity.
This phenomenon was consldered to be the formation of solid
particles of sulfur which either coalesced to form colorless
macromolecules or reacted with other species in the solution.
The appearance of sulfur was found 1in both unhuffered and
buffered reactions at 2 pH less than or equal to 7.0, At a
pH greater than 7.0, no sulfur was found by visual iaspeection,

Order of Reaction with Regnect to the Concentration of Di~

thionite for the Induetion Pericd

The dependence of the rate durling the induction period
upon the concentration of dithionite was obtained from the
results of the unbulfered asystems, For each temperature, the
initial rates were plotted ve the initial concentrations on
logarithmic paper and the slope of the best lins through the
points gave the order of the reaction with respect to dithio-

nite. This calculation was based on the rate expression,
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a{8,0,71 _.n
- —gp 2 = k507, (5)

and the results are presented in Table 23 and Pigure 29, A
value of n = 1,5 + 0.2 was obtalned for the order of reaction
with respect to dithionite, The use of BEquation 5 assumes
that the initlal rate is a funetion only of the initial con-
centration of dithionite. This would be correct if all other
independent variasbles such a8 temperature and the concenira-
tiong of other reactants were held constant. All of the experi-
ments were performed under conditions of constant temperature.
Most of the experiments were psriormed in unbuffered systems
in which the H' was not controlled, Measursments of the H'
concentration were taken, however, and since 1{ was found
that the initial ﬁ+ concentration did not vary by more than

a factor of 2, the ervor introduced by using Eguation 5 was
net significant. This conclusion was in agreement with Che
results of tests in buffered solutions, which were designed
primnarily to determine the order of reaction with respect %o
HY. Thus at a pH of 5,00 and at a tempecature of &60°C, de-
composition experiments were conducted for several initial
concentrations of dithionite. The order of reaction with
resgpect to dithionite was obtained in the same way as nobed
above and was Found to be 1.5. These rasults are presented

in Table 24 and Figure 30,
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Order of Resetion with Respeet to the Concentration of u*

for the Inducstion Period

The dependence of the rate during the induction period
upon the concentration of ut wag obbtained from the buffered
reactions. The initial rate was determined at each value of
pH for the same initial concentration of dithionite {11.0 x
1073 molar),

The rate of dithionite decomposition was found to inerease
in proportion to the sguare root of the u* concentration,
Thease results are presented in Table 19 and Figure 31, The
faet that the rate of reaction varied as the square root of
the H+ concentration explains why the initisl rate of dithio-
nite decomposition in unbuffered sysbtems was reasonsbly in-
seusitive to a twofold variation in H' concentration.

Rabe Expression for the Induction Period

The 3/2 order dependence of rate upon the concentration
of dithlonite and the 1/2 order dependence upon the concentra-
tion of HY were combined to gilve a rate expression for the
imuction period. The relationship is given az follows:

- =43/ F11/2
Pinduetion keisaoa ] 0 ()
for which the values of ka ag a funetion of temperature are
given in Table 25. The temperature depsndence of ke is given
by the Arrhenius equation, k = AeﬁlE/RT in which the value of

4F and &4 were obtained from a plot of log k, vs 1/T given
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in Figure 32, Therefore, the eguation for kc ig:

12§aao

k, = 1.3 x 108 @w (m@les/&iteﬂ)“laea”l {7)
It 1s important to note here that since the thermal de-~

co@gmgition of dithionite was complicated by the oscillatory

nature of the reactlon, there was considerable uncertalinty

both in the initial concentration of dithionite and in the

initial reaction veloeity. Since the order of reaction is

contingent upon these pavameters the entablished order of

reaction with reapect to both the 8" and Sgﬁgw is an approxi-

mation which 1s good to only + 15%.

Rate Expression for the Decay Period

The convex nature of the concentration-time relationship
for dithionite and the apparent catalytic effect of sulfur
suggested that elther an autocatalytic or degenerate branching
chain process might be cceurring., Both of these processes
can be deseribed by an exponential relationship between rate
and time (37). A brief discussion of the application of
these theories to the present data is given under DISCUSSICHN
OF RESULTS AND CONCLUSIONS.

From the exponential law that

- 55 = 2™ (8)

the algebralc relationship between the concentration of di-
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thionite C and time @ is found by integration to be
A B8 A
Co ~C =% {e™" -1) (9)

For degenerate, branching-chain reactions the term (@BG -1) can

BO since this term becomes very large after

be approximated by e
branching begins., Hence, with the above simplification, the

logarithm of Equation 9 gives
A B
lag(@a - C) = log B + TI03 e . (92}

By plotting (CQ « C) v8 © on a semi-logarithmic scale, series
of straight lines for the decay period were obtained for the
data at 60, 70 and 80°C. The plots are presented in Table 26
and Figures 33-35; and as shown, the curves were non-linear
for the induction period as would be expected. Also, the non-
iinearity near the end of reaction was not surprising slnce in
this reglon the accuracy of analysis was a limiting factor. The
fact that the lines at a glven temperature are not parallel and
do not have a common intercept, by extrapolation, indicates
that beth constants A and B are a function of initlal dithionite
concentration., The observed increase in slope wilth increase in
temperature shows that B is also a function of temperature, In-
ppection of the curves indicates that these functional relation-

ships are complex.
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DISCUSSION OF RESULTS AND CONCLUSIONS

Oscillations in Dithionite Concentration va Time Curves

Lynn {8) was unable to explain the oseillations which oc-
curred during the decomposition of dithionite., The present
experimental investigation of the thermal decomposition was
undertaken primerily to determine the validity of these
oseillations., HNHo amount of eare in removing soureces of error
or contamination succeeded in eliminating them. It may be
pointed ocut that reproducibillty of the oscillations was not
in geneval obtained in the unbuffered systems (See Figures
19a,b). Oscillation reproducibility was, however, found to
be more prevalent among the buffered systems than in the un-
buffered systems. An example of this reproducibility ig pre-
sented in Table 21 and Flgures 28a,b rfor & pH of 5,00.

The amplitude of the oscillations was in wany experiments

too large to be explained solely on the basie

AW &ssas i

[

L

&

xperimental
error. The magnitude of these errors is discussed briefly as
follows s

1. The calibrated syringe which was used to remove

gawples from the reactor had a capacity of 2 e znd

was found to give reproduclibility with a precision

of + 0.2%.

2. Further reaction of the sample after injection

into a sample flask at 25°C was considered negligible

since the {lask contained 0.1 molar NaOH under a2
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nitrogen atwmosphere., Furthermore, the sample experi-
enced a TO to 1 dilution. Titrations at 5°C did not
affect the oscillations, Simultanecus samples which
were titrated at different times, one immediately and
one approximetely 10 min lster, did not show any
measurable differences., Therefore, errors introduced
by further reaction in the sample {lasks were considered
to be less than the titration error.

3., The concentrations of methylene blue solutions were
selected to give differences in burette readings up to
40 ec for each dithionite sample titrated. The color
of methylene blue is so intense that a drop of 0.0001
molar solubtlon glves a clearly discernible blue color
in 150 ml of water. For all the titrations in the
present investigation, however, methylene blue with a
concentration of about 0.001 molar was used. Rapld
titrations could be carried out to + 0.05 cc or an
average error of + C,5%.

&, The ultimate products of the decomposiition, EaHSQ3,
R%QEOé,amd varying amounts of sulfur did not reduce
methylene blue under the condlitions described in the
experimental procedure., In fact, concentrations of
8303”, Sﬁam and 8" in gquantities greater than one hundred
times the concentration of S50,  did not interfere,
Lynn (8) stated that a very accurate but time-consuming
chromate test for Sgﬂa& gave results that compared

closely with the methylene blue approach.
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%, Perhaps the most unpredictable scurge of ervor

was contamination by oxygen. In spite of the many
precautions,this possibility cannot be ruled out, and

1% would he expected to cause errors in a completaly
random way. A8 described previocusly, however, there

was some degree of reproducibility in the oseillations
mder certain conditions. Hence if the oscillatlions
were caused entlirely by oxygen contamination, 1t would
We difficult %o explain thelr senl-reproducibiliter.,

Also as stated previously, small amounts of alr appsared
Lo have no measurable affacts on the systens bullered

at & pH of 7.00. ¥Yet these gystems dlsplayed oscilla
tiong In the curves of dithionite conecentration va time.
Another argument opposed Lo oxygen conianination ag the
3ole cause of the oscillatiocons iz the fact that the

arplitude of the eoscillations decreased with in

o
u‘
‘35
o
w2
L

xjk.v
in temperature, as ghown in Flgures 19-21, This result
is the counverse of what would be expected on the basis

of oxygern effects.

Therefore, sxeluding the small random ervor of oxygen sontaml-

Y o~ 4
nation, the overall erver in the analysis fov SQDQ was + 1%,

This value 18 on the average much lower than the per cent changes

in concentration of ugﬁﬁ ag a result of the ogeillations

Several other {faotors related to the oscillation problem

should be mentloned here. Significantly, thers were no oseil-

lations in the alr-oxidation experimen Yet the same mebhod



e f S

of analysis for dithionlte was uzed with both syvsbens,
Secondly, the H* congentratlions of unbuffered gystems not shown
here, but similar in all respects to the ut concentration
shown 1In Piguve 22, were aralyzed by use of pH electrodes

2,

without disturbing the system thyrough removal of samples.
S5t11l, osclillations were present in the u* goncentration as a
funetion of time.

The above arguments would rule oul syperimental errors
and oxygen contanination as the only cause of .
The fact that osellliatlons were peml-reproducible under cay-
telin condltions suggesits that a series of reacbtions fnvolving
unatable Intarmediates of reduclingz pobtentlial somparable Lo

n

dithionite was responsible for this unusual phenomenon,

Sr

Effect of Owymen on the Thermal Decompositlon of Dithloanlte

Faal

In the unbuffered decomposibtion of dithionite, the addition

of small volumes of alr (2 - 5 ce) during the resciion caused

{ﬁ

erratic changes in the councentraition of dithionite. 3sverval
guch additions of air usually shortensd the inductlon period

of the decomposition. This effect of the oxXygen was apparently
related bo the effect of hydrogen lon concentratlon beecause in
the valfered decompogition of dithionite at a pH of 7.00,
cerratlic echanges in concenbration by addition of acld did not

reacted

o

appear, It is likely that in both cases the owxyper
with species in solution such 28 3@2” or HS0, by a chaln

i
mechanlsm to form anlous of greater ascidity. The increase of

s o veans . & o el e e g, . o e B, R <
hydrogern lon had an impercentlible elf



syabem, bul in the unbulfered systew Ilncreassed the gt COL~
centration, Indeed, the marked decrease in pH is 1llustrated
by Pigure 24, in whieh the concentration of Y va time is
ghown for the decomposition of dithionite after several addi-
tiong of alr, That small smounts of oxypen cauged relatively
large changes in the 8" fon concentrations gugrests a chain or
cabtalytle reaction whieh i Inhibited In solutions of pH 7

or greater, Others (15,37,38) have found, for example, that

o

HSQB Jon, which 18 pregent 1o the producis of dithlonlte
decomponition, reacts with 03 by & c¢haln mechanisgm in which
oxyeen 1s one of the chalin initiators.

Cavalytic Effects of Additives

g T

The results of the present investization show that the
anlons 363“”, 50, , HSO 5"y and 52:}3“ pave no catalytic effeet
on the thermal decomposition of dithionite under condliions
of controlled pH, These results are in disagreement with
Lyants work., He found that both Huﬁg and 8263& catalyzed
the decomposition, butbt bhis investigalions were conducted with-
out eaveful control of the BT concentratlion.

In agresment with Lynn, it was found that sulfur does
catalyze the decomposition by shortening the inductlion peried
in elther buffered or unbuffTered solubtionms, A discussion
of the mechanisn of the catalysals iz pressnted below under

The Decay Perlod.
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Senplitivity of Reactlion to ﬁ%

The thermal dscomposition of dithionite was found to be
very sensitive to changes in #Y concentration. At a rH greater
than 7 the rate of decomposition was very low. In highly
alialine solutions from which alr was rigorously excluded,
reaction times were observed to be of the order of several
hundred hours, At a pB lower than 4.8 the rate of decomposi-
tion was extremely rapid and could not be giudled by the
methods used in this work. In fact, at a pH of 1,0 the
aclidity was high enough {for debectable concentrations of H@S
Lo be observed in the gas phase above the reacted mixture.

EQS formation would be expected from the acld decomposition

of' thiosulfate, which is a product of the dithionite decompo-
gsition reaction. The fact that #* also has a large effect

on the decomposition of thiosulfate has been carefully studled
by La Mer {80). & mechanism given by Davis (81) explains

the experimental results of La Mer, His proposed mechanism
conslste of a’seriaa of nuelecphllic aubstitution reactions
between protonated anions, Briefly, this mechanisn is as
follows:

L

e apk e 3
S50~ + H' === HSj0,

{ete., until molecule contains 9 sulfur atoms)

H3g0y™ === Sg + HSO,
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With increasing acidlity, the products of the individual reac-
tiong in the above mechanism can produce sulfur having less
than elght atoms per melegeule, l.e,

H+
Hsgas“ TN Sp + HSO5T {11)

This could possibly explain the various forms of sulfur that
probably exist during the decomposition of dithionite,

Similarity of 5,0, and 8 G Decomposition
2v ﬁA ﬂ

It 18 interesting to note that the rate of Sg formation
during the Initial decomposition of thiosulfate was found by

IaMer (40) to follow the rate expression:

48q
& k¥ﬁ+]l/@f% 0 }3/? (12}

This expression is the same type found for the initial rate
of dithionite disappearance with the sxcepbtion that 293“

is replaced by SEO, « The Pact that addition of thicsulfate
has been shown to have no effect on dithionite decomposition
in buffered systems excludes the possibility, on mass action
principles, that ﬁpﬁa 18 in equilibrium with Sgﬁgm, whose de-
composition 1s the rate controlling factor as deseribed by

the eguation above, NMareover, a dithlonite decomposition
mechanism parallel to the thiosulfate decompositlion mechanlsm

propoged by Davis seems unlikely since no sulfate is found in
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the reactlon products. One must conclude, therefore, on the
rasils of information gathered to date, that the similarity
in rate expressions ig fortulitous.

Machanlism of the Induction Period

In the past, dithionite has been postulated to dissoclate
into 392""’ + 50, (6), 80 + so; (42), and SO + sag‘” {39) by
various investipgators attempting to explain the thermal de-
composition and solution reactions of dithionlte. There has
been no experimental confirmation of any of these dissociation
reactions, or of the pressnce of these Intermedlatss in di-
thionite solutions, reported to date. MHMoreover, unsymmebri-
eal dissociatlon reactlons of the types suggested do not lead
in a stralghtforward way to the observed 3/2 order of the reac-
tion with reapect to dithionlte, '

The reality of the symmet$rical dissociation of dithionite
into 302” radical-iong has been confirmed by alr oxildation
itinetics, EPR spectra, and polarographic studles. The ob-
served sensitivity of the thermal decompositlion reactlion to
changes in hydrogen-ion concentration suggests that protonated
forms of the ions S0, or 320%@ are involved in the rate-
determining step. Two alternative mechaniswms are suggested

for the rate-determining step:
HSQG& -+ SOQ R HSGB "§" Sgaa

and (13)
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Either mechanism would be followed by the fasbter reactlons:

HSO; + HSOp =~ HSO0™ + 50, + at (1)

S0, + Hy0 ——> USO3™ + u* {15)

If one makes the assumptlon that HSO0, is 2 much weaker acid
2

3%

than ﬁsgﬁéwé Por which Jellinek (#) established an ifonization

s

4
[

constant of 3.85 3 lwwg at 25°C by conductance measurenents,

$3E

]
ot
&

then wost o experimental facts about the decomponition
reaction can be explained in terms of eilther or both the above
machanlisme. The observed rate of reactlon would ve 3/2 orvder
with respect to dithlonite concentratlion, In fthe pH interval
5 to 0.5 the reachlon would appear 1/2 cvder with respoct to
hydrogen lon, Pelow pH 4.5 the rete of reaction would be
exbremaly high, indieating greater than 1/2-order dependence.
In neuteal or alkaline scolubtlons the rate of deeomposition
would be extremely low and would appear insensitive to changes
in hydrogen lon concentration, The only products of the pri-
mary decomposition reaction would be sulfite and thi@ﬂmlfa%@,
and in the observed stolchlometrle ratio, Pinally, the acidity
of the reaction medium would increase durinz the reaction be-
cauge of the lonlzatlion of the sulfurcus acld formed.

It is imposaible, oun the basis of established experimental

faets, to distinguish bebtween the alternative mechanisms suz-
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gested., Unfortunately the positive salt effect reported by
Lyan iz not sufficliently well documented by facts, and this
evidence cannot be used in favor of the first mechanism sug-
gested, Both mechanisms are incomplete To the extent that
periodic increases in dithionite concentration with time can-
not be explained, Therefoé&, these mechanisms are offered
merely as suggestions.

The Deegay Perlod

The concentratlion vs time curves shown in Figures 19-21
for the unbuffered gystems and in Pigures 25a,b for the buf-
fered syatems suggest that chaln reactlons are involved and,
in particular, the degenerate branching type. According %o
sheory {37), during the induction perlced, only a primavy chaln
exists, As the chaln progressges, 1t generates g stable inter-
mediate which later reacts to form new actlve centers, Thesse
genters cause branching of the primary chain; or if 19 has
already disappeared as 18 often the case, the actlive genters
form new primary chains with branching, It is often diffi-
cult to distinguish between degenerate branching chain reac-
tlons and autocatelyzed reactlions in which the catalyst is
formed during the progress of reaction. Although in the case
of the degenerate chaln reactions the induction pericd always
exists, there may or may not be an induction periced 1o auto-
catalysis, In both cases, following the induction pericd,
there 18 usually a rapid decrease in the coneentration of

the primary reactant resulting in a convex curveture of the
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goneentration v time function, Attemnis to resclve the
problem as to which type of reactlon, if elither, ococurred
during the dithionite decompositlon were not too successful,
Some discussion of the experimental results from the point
of view of these theoriles is presented here.

Sulfur, either as a polymer Sg or as a collold {Sg)x
was the only species under conditions of controlled pH,
temperature, and initial dlthionite concentratlon, that caused
a decrease in the time of the Induction perioed and hence the
time of $he overall reaction. This effect might be explained
by several posslible mechanisma:

1. Polymeric sulfur which is formed as a produet may

combine with one of 1ts predecessor lons to form a

reactive cowmplex. After 3 series of decomposition

steps, the svlifur 1s regenerated., An example of this
type of ahaim~branghing»intermﬁéiate is gx'ﬂﬁSW or

Sy*Sp03" s

2., Colloidal or polymeric sulfur may act avtoeatalyti-

cally as an adsorption catalyet which acecelerates the

rate~-deftermining step of the thermal decomposlition
reaction,

3. The several forms of sulfur that might axist in

the solution could sach have a sgpeeific effect on the

reactlon rate, Thus Iin the form of a monomer, the

sulfur could suppress the equilibrium step in which
4

1t is formed, 1.e. HS 0, o N HSO,". Evensually,
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the monomer may polymerize to S@ and then to colloidal
sulfur, These hizgher aggregates can adsorb the monomer
sulfur and thus accelerate the overall decomposition
autocatalytically.

Conclusions

The thermal decomposition of sodium dithionite solutlions
in buffered and unbuffered media in the pH range of 4.0 to
T.0 was observed Lo consist of an induction period in which
the decomposition was slow, followed by & decay perlod, in
which the concentration of dithionite rapidly decreased to
zero, Apparent periodic increages and decreases 1in dithio-
nlfe concentration during the lIlnductlion period were observed
and could not be explained solely on the basis of experimentsl
error. One possible explanation of this unusual phenomenon
is the formation of unstable intermediate(s) possessing re-
ducing potentials comparable to dithionite with respect Lo
methylene blue, The amplitude of the apparent osclllations
in dithionite concentration decreased with increasing tempera-
ture, suggesting that the concentration of the hypothetical
reactive interwediate(s) likewlse decreased with increasing
temperature, Absence of osclllations in solutions of oH
greaber than 7 suggests that the hypothetical intermediate(s)
either are not formed or are unsgtable in alkaline solution.

During the inductlon period, the reaction was observed
to be L/2 order witﬁ respect to H' and 3/2 order with respect

to dithiconite, giving a rate expression of the following form:



Tinduetion ™ kc{H+]1/@{S§GQQEB/E (6)
The variation of kc with temperatuvre gives a stralight line

on an Arrhenlus eguation plot, The activation energy AE was
found to be 12 keal/mole and the frequency factor & was

found to he 1.3 x 103 (m@l&&/ﬁiter}“l&@a"i.

The anions Sﬁ3w, HS 3“, S&gw, and Sgézm had no speeific
effects in the buffered systems., Colinidal sulfur catalyzed
the reaction by decreasing the length of the inductlion period,

The rapid increase in the rate of dithionite decomposi-
tion during the decay periocd followed zn exponential relsbion-~
ghip with time. This fact btogether with the cetalyvsis by
colloidal pulfur sugrests that an avtocatalytic or a2 degenerate

branching chain mechanism is occourring,
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Figure 17--Dithionlte Structure Studles. EPR Absorption Peaks
for Diluted Dithionite Solutions
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d RUN TB 606G
O- RUN TB 60D

O RUN TBGOE,F
_ O RUN TB 606

n=-405%

A

2 4 6 8

10

INDUCTION TIME 8, SECONDS x 102

20 25

Figure 26--Thermal Decomposition Studies. Log of Induction

Time vs Log of ut Concentration
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60
O RUNST60A-E,n=1.55
40 l—-o .
0 O RUNSTTOA-D,n= 1,52 7
O RUNST80A-D,n= 157
. / o
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INSTIAL CONC., MOLES PER LITER x 103

Figure 29--Thermal Decomposition Studies. Determination of n.
Log (dc/dae), vs log C, at 60, 70, and 80°C
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© RUN TB 60 E,F
O RUN TB 60 H
O RUN TB 60 J

{/
/
7
£
/
/
/

INITIAL CONC., MOLES PER LITER x 103

Figure 30-~Thermal Decomposition Studies., Determination

of n. Log (dC/'d@)0 vs log C, at 60°C and pH 5.
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ke (MOLES PER LITER) 'seconps™!

AE =12.0 KCAL/MOLE
A =13 x108(MOLES/LITER)'SECONDS™!

2.80 2.85 2.90 295 - 3,00 3.05
1/T °Kx 163

Figure 32--Thermal Decomposition Studies. Arrhenius Plot.
Log k, ve 1/T °K
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Figure 33--Thermal Decomposition Studies,
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O RUN

O RUN
© RUN

C RUN
d RUN

T60 A
T&e0B
T60C
TeOD
TEOE

10
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30

TIME ©, SECONDS x 10*2

Time at 60°C

Log (C

40 50

o ~ C) vs




Co- C,MOLES PER LITER x 104
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Time at 70°%C

O RUN T70A
% 5/ /G{/ o RUN T708B
O RUN T70C —
// // & RUN T70D
4 8 12 16 20
TIME 6, SECONDS x 10*2
Figure 34--Thermal Decomposition Studies. Log (CO - C) vs



60
40

W 20

bl

@x

uJ

—

3

x

L

o

n

|

o

=

- 8

(&

t

S

<
6
4
2

Figure 35--Thermael Decomposition Studies. Log (C

~141-

>~
~

NS A 1/( 0 RUN T80A

/ , / O RUN T8OD

// O RUN TB8OB .

G- RUN T80C —

]
i/
/

2 4 6 8
TIME 6, SECONDS x 10*2

o = C) vs
Time at 80°C



1.

2.

9.

10,

11,

12,

13.

14,

15,

16,

~142-
LIST OF TABLES

Alr Oxidatlion Studleg. Dithionite Concentration vs
Tim@ at 30°C * * . L ) o L] » » - L] - L 2 » L 3 L ] L ] k] *

Air Oxidation Studies, Dithionite Concentration vs
Tim@ a t ao‘c | L [ 2 L2 L ] ® @ » @ - L] [ ] - & ® » - » L

Alr Oxidatlon Studies. Dithionite Concentration vs
Tim at SOOG » » L] ® o L] @ [ ] L 3 L ) » & L [ ] L ] L] L 2 L 3 *

Adr Oxidation 3tudies. Dithionite Concentration vas
Tim@ 2‘1 t 66”0 a L L ] L 2 - ® L ] * L L ® @ -4 * ? - L 2 - L ]

Alr Oxidation S8Studies. Determination of Order of
Reaction, n, (dc/ae), vs €, at 30, 40, 50, and 60°¢

Alr Oxidation Studles. k, vs Tme at 30, 40, 50
amd 6660 -« * L} - [ L 4 E ] L] L ] L ] ® » - & & ° L] L ] o 4 ¢

Air Oxidation Studles. Effeects of 8tirring and
Air Plow Rate. Dithionite Concentration vs Time at

60%C
L] L L L] L ® *® L] L] & 1 L L] * L] L3 L] » L) L4 L 4 L] ]

Alr Oxidation Studies. Ionie Strength Effects.
Dithionite Concentration ve Time . o +v o o o + o o

Air Oxidation Studies., Sulfite and Thiosulfate
Concentration vs Time at 30° and 60°C and Constant
Alf R&te & L -] L 2 L ] L} [ ] & ® E 2 * ) * *® L » w - » L 2

Alr Oxldation Studies. End Product Analysis , . .

Adlr Ozidation Studies, Solubility of Sedium Di~
ﬁhior&itea‘b@“ﬁ.o.'....a..‘..-.-g
{

Dithionite Strueture Studles. Electrolytic
Generation of Dithionite . . « ¢ + « o ¢ o 2 o o »

Thermal Decomposition Studles, Dithionite Con-
centration ve Time a2t 50% v ¢ o ¢ o « o s o 5 o

Thermal Decomposition Studies. Dithionite Con-
centration ve Time a8t 70%C & o o & o o 5 o o o &

Thermal Decomposition Studies. Dithionite Con-
centration ve Time at B0%C . v ¢ o ¢ ¢ 6 ¢ & s o

Thermal Decomposition Studles, Dithlonite Con-
centration ve Time in Buffered Systems at 60°C ., .

1b4

145

146

147

148

149

153

158
159
161
162

163



17.

18‘.

19.

0.

21.

22,

3.

~143-

Thermal Decomposition Studles. H+ Concentration vs
Tma at 60 aﬁd ?Oﬂc @ ® L £ 4 @ * @ € - [ ] L) L] - L3 L L]

Thermal Decomposition Studies, Effects of 62 on H'

in Unbuffered System at 60%C .+ &+ ¢ o « o « 5 « o @

Thermal Decomposition Studies. Effects of H' on
Induction Period Time, and {de¢/d8)_ vs HY* at 60°C

and C, = 11,0 x 103 Moles/Liter . O e e e e e e

Thermal Decomposition Studles. Effects of Addi-
tives., Dithionite Concentration vs Time at 60°C
in System Buffered at pH T o ¢ ¢ ¢ ¢ ¢ « s s o » &

Thermal Decomposition Studles., Effects of End
Progduets, Dithionite Concentration va Time at
60°C in System Puffered at pH 5 & v v ¢ « 2 o o o o

Thermal Decomposiftion 8tudies., End Product Analy-
848 OFf 30°C RUR v o ¢ o o ¢ o o 2 o o o o o s o o »

Thermal Decomposition Studies. Determination of
Order of Reaction, n, in Unbuffered Systenms,
(dc/ae), vs C, at 60, TO, and BO®C & 4 4 o s 4 e s

Thermal Deconmposition Studies., Determination of
Order of Reactlion, ns in System Buffered at pH 5.
(dC/da)Q va GO at 60 c s & B & & 8 ¢ ° o & ® ¥ ¢ &

Thermal Decomposition Studles. k, vs C, at 60, 70,
ﬁmd 8O°C » o ° € L] L3 * L] L @ & @ L ] L] *® » L 3 L] - & [ ]

Thermal Decomposition Studies. f§0~6} ve Time at
60, 7O, and 80%°C + ¢ ¢« v & & o 5 o o

L * é L] v L e

167

169

170

171

172

173



AIR OXIDATION STUDIES
DITHIONITE CONCENTRATION VS TIME AT 30%C

Run 30A Run 30B
6, Sec 8,0, x 207 6, See 8,0~ x 107
Violes/Ld bep Moles/Liter
) 17.67 %3 15.00
100 15,42 Eu 13.20
i85 12.75 :& 11.24
215 2.98 .64
27& U7 &31 %.03
120 2.54 208 6.5
502 1.26 %7 4,319
545 0. 56 14 2.40
600 0.04 %ﬁ% 1,80
RED @.3@
562 0.08
Run 30C Fun 30D
g, Sec 8,0, x 103 8, Sec 8,0, x 103
Moleg/liter o Moles/Liter
ik 12.55 52 6.0
6% 12,00 e & 7
130 10.67 150 3. pL:!
3?9 ' 8 &0 1{5 1.23
243 6,53 242 1.00
301 4,62 202 .1
31“’5 EB% BEQ g}cﬁ
392 2,20
32 1.46
gg‘?.% G-é& ¢
522 0.05
Bun 30E
Moles/liter
56 7.60
78 5.15
165 4, 3¢
132 3.05
235 2.04
255 1«%3
312 O.u5
335 .10



TABLE 2

AIR OXIDATION STUDIES
DITHIONITE COUCENTRATION VS TIME AT 40°¢

Run 404 Run 40B
9, Sec 8,0, % 107 6, Sec 8,0, = 107
Moles/ld ter Mples/Ld ter
3 5.00 23 §.58
%% 4,86 77 6.72
115 5‘§Z 130 b.73
150 1.9 159 2.42
203 0.91 238 1.53
207 0.15 27 0.95
280 0.03 31k 0.29
352 0.0
Run 40C Run 40D
¢, Sec 8,0, % 10° 9, Sec 8,0, % 107
Yoleg/liter oleg/id Cer
b 1%.%2 52 16.42
100 8,06 122 12.00
175 4,20 172 g.81
220 2.44 az5 ©.02
265 1.28 300 3.63
Bﬁ‘ﬁ @°£}3 3-% a#}-g
350 6.03 395 3.16
37 0,07
Rury 40
6, Sec 8,0, x 103
Moles/liter
43 18,18
91 15.50
130 12,33
%gg Gw “
4 .64
313 3.77
32 2,25
0.81
{as .05
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TABLE 3

ATR OXIDATION STUDIES
DITHIONITE CONCENTRATION V8 TIME &7 50%¢

Run 504
8, Sec 8,0," x 105 9, Sec
Moles/1d ter
13 14.82 27
=) 11.48 67
g k.65 142
280 1.27 175
o0l &;lz 235
336 G,0 272
120
Bun 50C
9, Sec 8,0, x 103 8, Sec
. ¥oles/Liter _
9 .61 43
%% @.10 llf
1 3.34 150
l T .2 193
7 0.0 230
Run 50
&, Sec sgﬁam x 109
Yoleg/Liter
3 4.98
:a.g@ %’332
158 G.22
198 0,04

Run 508

&eh ﬁ%w K 163
Moleg/Liter

15.15
lg.ﬂ%
5
0.42
Qﬂglg

Run 50D

8, = 3
toleg/Idter
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TABLE 4

AIR OXIDATION STUDIES
DITHIONITE CONCENTRATION V& TIME AT 60°¢

Fun 604 Run 508
9, Sec 5,0, % 103 ¢, Sec 5,0, % 107
Yoles /Titer Moles/lditer
60 11w%@ 3 16.59
102 6.54 168 8.50
137 5,10 185 2.76
182 E. X7 233 0.68
218 0.0 37 272 0.0k
Run 90¢ Bun ©0D
¢, Sec 8,0, x 103 8, See 8,0, = 103
o fioleg/liter - Yolen/Liter
4 :_ggﬁ@ﬁ LR 5, 35
5k 6,95 @5 2.5h
108 3.57 24 1,80
181 0.19 1 0,23
156 GO 192 0.05
Bun O0E Fun GOF
o, Sec 8,0, x 107 9, Sec 8,0, x 107
Molep/ld tep ¥oles/liter
9 . G 3.52
g2 325 77 1.70
19 0.18 120 g.21
160 0.0k 156 0,02
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TABLE 5

AIR OXIDATION STUDIES
DETERMINATION OF ORDER OF REACTION, n,
(d@/’d@)0 V3 €, AT 30, 40, 50, and 60°C

=

Run Temperaturs (dG/ﬂ@)e x 10° e, x 165
— °C Moles/Liter, Sec Moles/Liter, Sec
30A 30 506 20.20
30B 30 h,72 17.50
300 30 4,43 15,88
30D 30 3,49 o, 40
IO 30 3.2% 7.72
h4oa 40 3.63 7.22
L0B 40 g.@l G.73
40C 40 5,42 13,37
40D Lo .11 18,37
4OE 40 6,40 20,97
S0A 50 §¢§% 15,25
50B 50 .84 17.55
50C 50 7.29 12.40
50D 50 5. 70 10,10
508 50 5.30 7 .30
S0A &0 11.40 18,50
60B 60 12,07 20.77
500 50 10,50 15.50
60D &0 7.70 9.00
60 60 7.21 7.41
6OF 60 6,20 5,80
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TARLE ©

ATR CEIDATION STUDLES
: , p @
I:z‘iﬁ Ve & AT 3070

304 Run 508
B, Bec k z 10" 1 #, Sea k, ® L0 3
(4@1@@/&&3@@}@5@@ -1 (Molesg/Liter Edec” -1

30 3.61 30 .27
50 3.60 S 29
“{Q 5, fi.ﬁ; T )

130 3.70 110
5 130
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150 3.79 150 Th
170 5.62 170 .80
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&
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’ : to 1
{io Loaisf dter ) f8ec -1 {Mole ﬁf&uﬁmi’ 128

é,
&, Sec k, = ii;@g’

F ]
&

‘ﬂa
L&
@
j o
1]
£

-1

s
3

%
o
>
.
=
s
o,
& men
SR 2 EN

3

,‘; 3 K

o
!
o i8] 3,9
50 %0 3,55
110 110 L, 08
e § I3

&
s’
1

K
150
17¢
150

®

ZL:O
170
150

L 2
> i3 §us
g dr &

P ng g2

L3

3
{“k_}le@/mi‘;f r 8%

&
™
£
S
]
3&?
Sl
%
fmed
o

1




w150
PARLE & (CONTINGED)
v Ve & AT 4%

¢
Run 404 Fun 40R
@, Sec :%:Q X 1@3&1 8, S=e b@a X m"’*i
 {(moles/Liter)dsec”t (Moles/id ter ) Bsec ™t
3 4,53 30 4,47
oo 50z 20 ik
60 4,57 70 4,55
80 .58 90 4,55
f’%ﬁ:} ‘Q’I{”E’} 11@ 1&’0&1
120 4,85 130 4,67
160 5.07 150 L,69
170 4,6l
190 4,93
Run 40C Run 40D
&, Sec zf;@ X 1@@1 8; Sec k@ x mﬂ‘i
_ {moles/Liter)Bsec”t (Moles/liter )Bsec ™t
30 b.21 4.35
50 I35 50 4,56
70 4,33 7O 4,55
o0 4, 90 4,62
110 I, 50 110 Pt
130 4. 5h 130 4,569
150 4.5 150 k.75
170 4,70 170 4,81
180 4,78 180 4,80
Run 408
&, Sec ,’%{Q b4 1@%
(?@mlaw‘mfﬁar}?&%@@“l
30 4.33
50 4, 3
?“@ Ag.i.:ﬁi
50 4,60
110 4,52
130 4,69
150 4,77
170 i, 84
180 4,90
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TABLE & (CONTINUED)
k, VS ¢ AT 50%¢

Ran 504 Run 502
@ oy o . E_a - 1@‘3’5 g 3 - . 3-%2’3
W«‘ 3 E:J*‘:?v 19 33 % 1 P e h& }g ; 3.

-1

{Yoles/liter )88ec” {(Moles/Liter ) B%a

LR

30 6.51 50 6.67

5 0.53 .

70O $.93 70 &, ,:91

G0 705 90 700
1310 T7.23 11¢ 7.16
130 7.35 130 7.29
150 7.52 150 784
170 .07 170 7.50
190 *7.81 160 770
210 7ol 210 7.79

RBun B50C Bun 50D

1
5, sec i, x 307
K

{Mplen/Liter | BSen

&
£
m
@
Lw)
g

}r
5, X 1™

i
(ﬁml&sﬁ&mﬁe Y BSes -1

N o H [e98
50 £.03 o0 035
0 .00 T f e 40
O Ly ) Tof
994 7,05 567 oz

g
LS R

o udle s’ @ Bow ot

130 35
6}"
170 7.57
i
§

P

.

oy o
1 L B

o e oo o
& &

&

It

e,
* £ 3

B9 150 y

A

LT



Fun 604

A4

B, Sao . % 10
’ e ﬂ?l‘. o
(Moles/Liter ) Z8ag™"

Bun G0B

4
7N
%, X 10

fud

4

ﬁ‘;"""l

PR 3

13

30 N
50 8,85
7 G,01
a0 9.311
110 3,25
130 D, 805

Run 60C
; L3
K, & 407
N (] = a‘-g
{Mles/liter 880 ™

(Moles/liter)?

8. 50
8.60
8.85
9.03

Run 60D
. 4
%a@ x 1D 1

{Moles/Li %ﬁ?)ﬁﬁ\@@”&

e 8.76
70 9.57
f‘ﬁ-} ;’ ° 25‘;}
130 G.70

4
& 1 1
&, Sec «“1@’ x 107y 1
(Mples/Liter)PScc”

8.80
525
9.58

G,04

Run 60F

5 4
xaxml

{Molen/liter )ﬁs@@ =1

0 8,80
%0 .0l
i 9,15
o0 .45

& o



I T
Ry

]
"

e

TABLE 7

AIR OXIDATION STUDIES
EFPECT OF STIRRING RATE AND AIR FILOW RATE,

DITHIONITE CONCEWIRATI

Run 006
k-
Air Flow Rate = 295cc/min
tirring Rate = 000 ypm
¥oleg/lder

@, Sec

10,90
Ve 30
3"?-
2,18
1.45

34
138
230
255
K00
472

505 0.87
28 3.33
635 0,08

Run 60J

ir Flow Rate = 720ce/min
Stirring Rate = 400 rom

ey

W54

V8 TIME AT 60°¢

Run ©OH
Air Flow Rate = 405es/min
Stirving Rabte = 800 rpa
@, Sec 8,0,” % 107
Moles/liter

NS

1i3 CL05
2‘;}{:‘5 ﬁagﬁi
260 1.81
310 0.85
355 Q.34
o1 G.02

Run GOK

Alr Flow Rate = 960cc/min
Stirring Rate = L00 ronm

¢, See 8,0,7 x 103 9, Sec 5,0, x 107
- Moles/ld ter Mples/ld ver
45 8.78 27 3,90
132 i he 102 b2
170 1.83 162 1,03
2: 0.08 208 G.57
at 0.0b 252 0.02

Run 60L
&ir Flow Rate

= 1800ce/min
Stirring Rate = 600 rom

¢, Sec 850," x 103

Yoleg/liter

Run GO¥

Air Flow Rate = 2500cc/min
Stirring Habte = 1100 yom
&, See 850, x 103

Moles/liter

e

01
.25
.28

e
02

39

99
160
214

e
o
1
O
255 0
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TABLE &
AIR OYIDATION STUDIES
IONIC STRENGTH EFFECTS. DITHIONITE
CONCENTRATION VS TINE

Run GO Run GOP
M = Q.E}é:j A= @n%
8, Sec 550, x 103 %, Sec 840, x 107
Holes/id ter Moles/Liter
3 .42 B2 7.95
127 3.00 135 1.5%
200 5.2 157 0.35
265 0.0 o2k 0.5
Run 600 Run GOR
S 0.3@ p = @.@1 H
e, Sec 8,0, % 103 8, Seo 8,0, x 109
— Moles/Idber Moles/Id ter
- a 2 8.06
107 L 5,20
150 2, lﬁ@ 0.05
203 0.97
24D .06
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LXR OXIDATION STUDIES
SULFITE AND THICSULFATE CONCENTRATION VS TIME
AT ﬁ AND GOVC AND CONSTANT AIR RATE

Run 304-4 at 3% Run 304-B at 30°¢C

&, Sec 3§3w x 1@3 g, lec a&g x iﬂd
Moles/Liter | olen/Liter

47 is.2
& ld.qg

W”‘fﬁ Vo Sl

XY .QQ

20,50
19 ‘5’3;,
15 eh}g‘@l

13

L AT
jinii RNl €3 U

TS B e
PRI

*3 a»\ &3 i
578 13,85
ey 13.03

Run 608-4 at Go°C Run 60A-B at co¥c

= 3 p .
&, Sec 80, X 10° ¥, Sec 804" x 10
e o Molen,/Liter o Molog/ldtep

- . . 1, ¢ g
56 20,15 b 20. 51
-

P (\‘, P o~ ey
‘5';‘*:} 1o.90 o e

o Ly s, V ®
158 17.94 163 13,77

248 .36 237 17.44
26,33‘,{«, 3".&"::!“" 2%? .E.J 22

g # 1%0@3
27 14,02

Run 608-C at &0%c

&; Sec 8 @3w x 107
Moleg/Liter

i:)‘é;} ?Ta?“i‘
156 .»:31 .35
297 20.07
436 2C. 37
057 20.20
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TARLE 10
AIR OXIDATION STUDIES
END PRODUCT ANALYSES
Run EP - A Diffusion controlled oxidation

Initial (850,71 = 10,30 x 107> moles/1iter

Reaction time = 20 hrs

Average analyses:
[363”] = 13,14 x 1073 moles/liter
[50,™] = 5.72 x 1073 moles/liter

[8,0,7] = 1.60 x 1073 moles/liter
273

%5 1 e

ISGa“]

Ruh EP -« B Alyr oxidation

Initial [5,0,™) = 9.50 x 1077 moles/liter

Analysis (corrected for 8.8% thermal decomposition):
L 1803”] = 13.16 x 1073 moles/liter
[80,"1 = 4.16 x 1073 moles/iiter
[500,"] = 0.42 x 107 moles/1iter

50,71
—3 - = 3,16
[80,7]
Run EP - C Alr oxidation

Initial [S,0,™] = 10.10 x 1073 moles/liter
Analysis (corrected for 21% thermal decomposition):

(303”} = 11,90 x 1073 moles/iiter
[80,"] = 4,26 x 1073 moles/1iter
[550,] = 1.00x 1073 moles/liter




AZR CXIDATION STUDIES
SOLUBILITY OF SODTUM DITIIONITE AT 0°¢

Run Mo. Selubility in ;;m 106 md
Z‘,:,u at oYC

e

Sl 14,39
S""(«: 3.2‘3’ @ .%
Sed 3.3.@

S-F 12.51
St 11.0 !j
Beil 11.68
S~1 15.1%
S“'J 13¢ ﬁg
S& 12.00

Average = 13.80 o = 1.00 op &% of 13.20
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TeBLE 12
DITHIONITE STRUCTURE STUDIES., ELECTIROLITIC
GENERATION OF DITHIONITE

Run 1004 pH = 5.3 Temperaturs = 2.2°C  Current = 100 ma

Time Cathode Total Moles of 5 Moles of i
Bas Potential 5gﬁa formed x 107 Eleclrons passed x 10

120 -0.67 0.35 1.25h4
420 -0 ,68 1,53 i,.351
1020 -0 ,68 4,03 10.57
2100 «0.71 6.20 21.77
2700 0,71 10.51 26,00
3300 -0,72 11.74 gg,am
ggea 0,73 15,12 43
500 «0.73 7.3 46,64

Average Curpent Efficlency = 75.0%

Run 1504 pH = 5,0 Temperatuve = 2.8°C  Curvent = 150 ma

w0 0.73 1.2% 4,66
m “Q.'? : QQQAQ 6'53
900 -0 .74 5.33 13.g%
120@ Q.75 9.16 23. 32
2260 "3'3? 139 2
0,75 . 35.83

2400 ~0.75 144 57,30
380 -0.75 19.51 k.%o
%0 .18 20 .57 52.20
0. 75 24 -9 55,30

&3&@ “0.75 : 67.18

Average Curvent Efficiency = T78.5%
Run 2004 pH = 5.1 Temperature = 2.6% Current = 200 na

g@@ -0 .56 1.69 6.822
6@ ""G 97 5&0@ 1306’?’3‘
1080 un 8.5 &80 22.30
1620 0. 97 12 a7 zg.g@
2040 ~@.@@ T 2,30
o0 0,56 21.46 55,92

Average Current Efficiency = T77.2%
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TABLE 13

THERMAL DECOMPOSITION STUDIEE. DITHIONITE
CONCENTRATION V& TIME AT 60YC

T GOA T G0B T 60C
9, Sec 8,0, x 1099 ¢, Sec 5,0, x 10° 8, Bee 8,0, x 10°
Moles/Liter Moles/Ld ter Moles/Ld ter
105 10.75 68 10.14 89 9.23
255 10,33 145 9,52 22» 8,80
3?5 1@.'3 265 8.7 qu 9.20
573 0,89 Egg 9,54 @3 .85
703 545 .45 .13
3?3 ﬁ»ﬁ” 582 9.4 56? T.92
1 9.&? The 9.27 : g.o&
1218 9. g 870 9.23 ?5? .gg
79 8.9 1@? ¢.20 8.€
129. 8.51 1104 3.60 8 5,20
1k 774 1368 7.11 100# 8,20
204 4, 1515 .61 1@'f ) 8.0
2005 0.0% 1716 6.73 1244 776
1&%%2 5.32 m‘“ 7.93
20 1053 f‘“ @c%g
2050 0.03 gg 6.3
14 ?.gg
1551 T o8
QA0 G2l
1669 2.61
1727 24 50
1915 5.32
1971 7.02
a1§@ ©,29
22& 6.50
2h3h 5.71
U7 5,27
2624 5,90
2756 593
3019 3.76
3233 2.18
3340 0,03
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1688¢

1576
2111
2178
2250

2041

8;08
f%

5
ag7t

31&%

260

TARLE 13 (CONTINUED)

8,04~ % 10°
Moles/Liter

* & & & ¥ =8
%

*

- L J < & L 3 L4

&€ ® &
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*

= IO f0te &y o B i B OVGVOWT O OAn Ol = Oyefemd o ond o ond o] wd GO3 00 OO

R

&, Sec

Ry on por e

m
o

E0E
. = 3
Szﬁ& x 10
Moles/ld ter

ﬁ.9ﬁ
5. &@

YV
At

. *

® *

* - » L -

6 % &

BREEoS YR BESY

o
(T

~o
=E
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TABLE 14

THERMAL DECOMPOSITION STUDIES. DITHIONITE
CONCENTRATION V8 TIME AT 70%¢C

T TOA T 70B
9, Sec 8,0, % 103 6, Sec 850, x 103
“ Molea/Liter ¥oles/ILiter
55 11.23 5 .40
176 10.92 190 5. 54
B e 5 .
éig @Zg@ &15 §:53
785 B8.54 750 8.41
950 7 .60 500 7.64
1057 .10 1040 7.21
1175 1,40 1170 6.16
12k - 1255 4.h2
13 1,45
T 700 T 70D
¢, Sec 8,0,~ * 103 0, Sec 8,0, = 103
Moles/Liber Moleg/Liter
75 6.06 60 5.71
200 5,52 175 5.66
3&2 5,56 216 5.31
690 5,22 61 %.ug
795 5. 00 T50 4.8
955 E-G3 5 .78
1085 .73 1030 54,70
1225 4,83 1155 &.28
1350 4,36 1§gg 4,41
1575 1,07 1 .25
1620 3.22 1525 3.83
1 5 g'gﬁ %7§é %’gg
1936 1292 1812 2,96
2125 - 1802 1.33
1993 0.35

AN
g =
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TADIE

ot

Wi

N

WAL DECOMPOSITION STUDINS., DITHIONITE
CONCENIRATION Vs TIdE af SoY¢

Buan T S04 | Bun T 60B

8, See 8,0, % 107 ¢, Seo 5,0, x 107
o Moles/ldber e Mples/idger
0 10.%7 G 9,05

237 9.79 1&9 8. “@
35 3,05 O é%va}
65 8.56 ; 8.17
735 7.09 7.55
570 5,17 ﬁ@ﬁ 1.3
130 1.8 &% 3 71
ahd - 740 6.05
@%ﬁ 5,45
935 3 39
1505
Run T 80C Run T 80D

&, Ssc sgﬁ@“ % 109 @, Sec Eaﬂ&w x 10
Molos/ldter Molem/Idter

f:} 3 70 6.42

£

%

<
R

230 ' f};;f 156 5:' ‘C?*E;
RYEE z. {4 240 .00
152 5 L Loz 5.85
% L’”;:E QG? i%{ﬁ f} &EU
730 e 570 -31
batates fj‘a.;’,m TR0

75 2,07 300 a ‘f
1120 045 75 L, 34

m [ ¥4

1155 - 970 |
7 i 55
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AT

AL DECOWPOSITICH STUDIES. DITHIONITE CONCENTRATION
VS TINE I BUFFERED SUSTEMS AT 60°C

Run TB &0C pH = 6.00 Run T8 &0D pH = 5.50

oy " i~

“, Seo 540,7 = 107 S, Sec 5.0, = 207

Voles/iLitey Mnleg/later
85 11,35 70 10,96
215 1155 165k 11034
555 11.00 50 10.60
1108 10.86 552 10.52
2055 T 32 TE5 10.53%
27ho 0.09 1074 9,53
1230 3,39
1330 5,08
1450 3.03%

Fun T8 60E pH = 5.00 Run T8 60F pH = 5,00

8, Sec 840, x 103 8, Sec 8,0, x 107
foles/Idter | Moles/Idter

% 3‘@ . 9% ) % 10 v ;?@
1 10,54 11 10.52
202 10.20 187 10.59
255 957 31 8.7
306 7270 575 .76
K1y 0.08 500 0.08

Run TB 606G pH = 4.80 Bun T8 O0H pH = 5.00

8, Sec 8,0, = 103 o, Sec 8,0, x 103
Yolen/Id ter Molew/Id bey

%) 10.81 6B
g 10,91 14
1h5 10.70 215
2{?5? 8.86 4
3 ‘;’ Q u{}é’é .

o
L ]

e
T} weeg

- - L] *
o CIAG =340 B2

O O3 OO
B 1o i

L

1
493
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TADLE 17
THERMAL DECOHPOSITION S”%DI&U.

 CONCENTRATION

vs TIME AT 60° mi 70

25,80
27.80

930
1140
1255
W35
1540
1665
1755
1855
19
2140
2210
23096

Run T 700




T AR AT AR TR SRR
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TARLE 185

THERMAL DECOMPOSITICN STUDIES. SFFECT OF O,
¢ BT 1IN UNBUFFERED SYSTEM AT 60°¢

- ") ) g fap
Run T COF € = 9,20 % 1077 lMeles/liter

©

{G@ﬁﬁiﬁﬂ@é)

o, Sec it w107
ivles/Liter Fﬂmeﬁ/ Lier

R 3200 5,75
4,00 3200 1«53» Th
&4.90 3300 air imgagted {10¢
5015 3320 21, 39

5013 3330 31.60
5.15 ~ 57 .22
5.25 %3 5
5e 31 42,55
5637 Jf 22

D25 2@

Do 31 oh, %
A i}v:?i‘ 21 9,}
air injected {2¢co) 20,90
399? 20.50
o O 21.95
}.1@ 7 .22

T 40 &, 80
Af{ab §?-2f3

5y 1
b

{r

‘")WQ Q @ i){\:;

3?3 air indected (10ece)
‘-E% T q;;,) i}l j@
%@{3 las. . 2 4200
3050 é@ 4250
3400 1 o 10 4300
3150 14,45 5350

]

£
£
sl

13
g

®

W ey

LA =305 =1 1O &h
L
£33
A\
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L S e i T
TADLE 19
wdi
H

SETITITY A A g RPN AT TR T T A TR
THERNMAL DECOMPURITION BTULITRE. EFPE

ON IWNDUCTION PERI0p TIE, ALD

eI
60°% aNp € = 11.0 x 107 HOLES/LITER

# % 107 Time of Induc- {§§} « 107 Molea .. -1
fioles/Liter tion Period, Sec o Liter

A i Mot measured 2.2

3 EOC 10 2000 6.6

oD 31.0 800 g.1
0E & F 100 275 26.9
6@&' 1% ° 2 E,é‘jﬁ{ﬁ 2‘:} @ 3;
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AT o
TAALE 20

THERNAL DECOMPOSITION STUDIEG. EFPECTS OF ADDITIVES.
DITHIONITE CONCENTRATION VS TIHE AT
60%¢ IN SYSTIM BUFFERED AT p 7

Run TB 604 Run TB 60B
¢, Sec 5.0~ x 103 &, Sec 8,0, x 103
Moles/Liter — Moleg/Liter
112 11.10 gl 10.35
241 10.40 299 10.00
599 10.29 946 9.54
1084 10.64 1621 3. 50
1604 9.50 2129 10.21
2781 9.85 2345 10.41
4231 10.32 L6 5.89

6176 9.52 6li3h 9.56
11297 &.41 7073 9.45
13754 G.24 8603 G.40
14965 §.21 9878 9,29

13162 8,38



R
BFFECPS OF BND PROTUCTSH,
DITHIONITE CONDENTRATION V8 TiMe a7

609C 1M SYSTEM BUFPERED AT pE 5

RBun 75 S0Je Fun T8 &0db

= I - o . 2
N Molen/ldter I Moleg/Idter

b2 5,16 39 5,45
o7 5.30 115 4, g;g
155 4.86 210 a.
209 5,64 2453 -
273 4,95

337 L.7G

'J«"V}Q 2 . 25y

59 5.0

505 578

o
84
3
H

Run TB &QJo Fun TB O0Ka

8, Sec S0, x 107 ¢, Sec 5,0, = 103
Moles/ld ter Moles/ldter

g
345
&
&
£
LR
fond

,," Pyl
5 5,489 ; ;
1'7? 3&?53 140

a0l - 202

* s mﬂe '
S BREBY

L
s

s &
wm

&
WK 57 B B £ P S

bt =7
RO RO

3
Py
s

3 e

Bun T2 o0 Fan T8 60Xe
8, See 8,0, % 103 5, Sec 8,0, = 103
YMples/1d bey Moles/liter
30 5.7 Lo &
69 3.¢€ 89
147 § § 145
193 h,el 197
262 53 256 -
335

TG
Co

N

» ® E L]
%mkﬁ
Tt fud
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T"la« R S ¢
&b 5~w~f_x ﬁu?

TEMRERNAT, TECLHPOETTION mf?ﬁ?:ﬁif TN END

WO

FRODUCT ANALYSIS OF j} ¢ RUN

Initial Dithlonite Concentration = 7.32 x 10”3 Moles/ldter

Pinal 805" Concentration = 7.32 % 1077 Moles/Idter
Pinal 8,0." Concentration = 3.32 x 1073 Moles/Ldter

& v LIy o=
Ratio of ﬁbag /33@3 = 2.8
Sulfur Balance:
Sulfur in = 14.65 x 1077 loles/liter

Sultur out = 7.32 X :g
13.96 x

b

# 5’*‘3

AQ‘E Moles,/liter
Sulfur unaccounted for = 0,08 Moles/liter
Thevefors, % of dithionite forming other products

. QX073 100 - 468
7.3 x 1073




THERMAL DECONPOSITION STUDIES,
i

Py
§o4

TABLE 23

DETERMINATION OF

ORDER OF REACTION, n, IV UNBUFFERED SYSTEMS,
(de/ae), Vs ¢ AT 60, 70, aWD 80°¢

Temperature
N

QO b4 1@3
Malea/liter

(de/ao), = 200
Moles/Liter, Sec™™

B fet B30
o B
e & © &
b SR
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TABLE 24
THERMAL DECOMPOSITION STUDIES. DRETERMINATION OF
ORDER OF REACTION, n , IN SYSTEM DUPFERED
AT pH 5, (de/as), Vs ¢, AT 60°%¢

Run ¢, x 103 (de/ae), x 207
o Holes/ldter {(oles/Liter)(Sec™d)
TMOOE&P 11.05 2%.9

T8 GOH 9.95 25.2

B 60d 5,40 9.1
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3 53 3 #3 o3

+3 +3 =3 »3

=3 +3 &3 3

Ak
Z¥
[oe e
&0
&8

1

& 8

s A
34@

TOA
08
700
o0

¢

P

3
Lt B
£

!

804
808

s

{avg

{avz)

R
"8 {avg

THRIE 25

THERMAL DECOMPQSITICH 8IVDIES

o AT 60, T0, AND a0

¢

[

Temporaturs @a ® 1@9
% Holes/Liter
o0 1085
o ISP
&0 Yesh
&0 Bo &7
&0 6o 00

=l

Mples

' (3 Eéit@?

el
See

1e70
170
Je60
170
1a62

ol ; ry
= B,368 = 10 Moles/Liler k v @ 1a67
) = =L 4 olavg)
0 11638 %ol
0 GeTH De b6
F0 a2 2675
70 La'l2 <l

= 6008 % 107 Moles/Liter

& 10658
80 9ed7
80 Ee T
8O bel

) = 6e20 x 1™ Moleg/Liter

Ee{avg)

2 oy £

La&7
be ff?
éeéﬁ
3e86

& @wsg

]
fgles

Iiter
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TIUERKAL DECOPOBITION STUDIES. (C a-(i";) s
TIVE AT &0, TO, AN %ﬁa

Fuis T 604 C 1085 x 10 ™ moles/liter Fun T 60B € #1000 x 10™ moles/1itor

Bee C =C C See G, =G ¢

%0 10° %0 .
e e 10.85 0 o 1000
ing (el 10678 100 Oeldl ‘}gu,
200 Doke 10e63 200 Us 21 Ge'?Y
300 Ue33 10e 52 304 030 Do
&L Cadds 1042 400 Gebl Culi

500 D658 3030 500 O 50 Tl
00 Oef57 10618 00 Oe &0 PIYAL
T .80 1008 700 (’}a’?iﬂ e 5L}
800 e ‘J ":909.?; 00 e f..si} Q}@}.{?
900G 107 G708 aad 100 .00
1000 Jedia o3 1000 1.16 Sl
1100 137 Gkl 1160 1.35 Bab5
1200 155 Fe 30 1200 158 el
1300 1a72 Gald 1300 1e84 Ge16
:&-&% 1»93 8@9@. L{vm 291&5’& 7 ci‘?f*
1500 2019 8ob6 1560 205 T 50
1600 Roo 52 £33 1600 2o, 706
100 2591 794 1700 Sedf 6o 52
Eﬁﬁﬁ Eeés& ?.&f;"% 23{2@ ﬁ»w 5;; 8@
1900 4605 £e 50 1500 5el5 475
2000 290 5095 20060 Telh Ze88
2100 £1630 b 55 EALY 4 1000 G0

200 1G85 CeDl



Sao

£
Yot

LYt
20

A0
A0
800
3008y
1200
1400
1606
1H00
2000
2200
2400
200
i8-8
3000
3200
3400

el
T80
Te 55

a2
W e

f.e 55

&

£e11
et
4oS0
3495
2o B

Lo CO

LAl 4o
TASLE

&
200
L5560
600
800

2000
1200
1400
16

1800
2000
2200
2400
2688
28003
3008
220G
3400

0

GedS
Ge33
Be B3

Ca75

100
1o27
1ol
140
ded0
2640
o'l
3ol
FeH

S

58 e
Beslb
T 50
8o 50

x 100 w10’

fm St

3

8o 50
Ee35
8617
Te7
775
Fe 50
(Y=
608
f’m T
g?m &ﬁj"
£e10
Ge78
5638
Lo
Lol

R Y vid
Pel-24

1,00
3600

200
400
600
800
1000
1200
1400
2800
2000
ey

2400
20
3400
3600
3800
AO00
4200
4400
4600
4800

Fun T 60B

© ”BC
x 10

o

Dol
D2l
Des
(438
Cads
G 563
(e 58
Do b5
Ce'fe
De 80
G
1e0D
1ell
1sa2
1e35
1649
1643
183
21l
2okl
2036
303G
FeH0
L 30
4o 87

iy
o

% 1@3

fell
Be G}
S B
De 7l
Celid
Be 58
5o 0
Gl
5e35
S8
Gell
5ed0
5600
HeD
PPN 13
PANY
4e 51
4oV
Ll
a2
38
3eld
270

E Y
ane st

170
1613
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TABLE 26 {(COUTINUED)
(C -0) ¥ T A7 60, 70, A% 80%
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SECTION I

APPENDIX I
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TARBLE 1A

COMPOSITION OF THE BUFFER SOLUTIONS
TOTAL VOLUME OF WATER SOLUTION = 1000 cec

Acld Salt Welght of Acid- Weight of
Salt Na Ol
gramns grams

KHQPOQ 6,300 1.180

KHEPQQ €.800 0,228

KHCgHQOQ 10.220 1.506

KHCSHQOQ 10,220 C.954

KHCoH,), Oy 10,220 0.708

KHCgH, 0y, 10,220 0.160
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AIR OXIDATION STUDIES

EFFECT OF PURE OXYCEN O RATE.
DITAIONITE CONCENTRATION VS TIME AT 30°C
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SECTION II

& PRELIMINARY STUDY OF THE CATALYZED ADDITION OF HYDROGEN
CHLORIDE TO VINYL CHLORIDE IN A STIRRED REACTOR
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INTRODUCTION

Review of the Chemlical and Kinetic Studies in Reactions be-
tween Hydrogen Halides and Vinyl Halides

Probably the first systematic study of the general be-
havior and conditions for the addition of hydrogen halides to
vinyl halides was conducted in 1930 by Wibaut, et al (1,2,3).
8ince his work was rather extensive, only that portion per-
taining to the addition reaction between hydrogen chloride
{HC1) and vinyl chloride (CHACHC1) or acetylene (cgna) is dis-
cussed here. His experiments consisted of passing a gaseous
mixture of hydrogen chloride and sither vinyl chloride or
acetylene through a tube reactor filled with solid catalyst.
The depth of the catalyat layer was maintained nearly constant
at 55 em in the reactor which consisted of a glass tube 80 em
long and 25 mm inside diameter, giving a reactor volume of
0.39 liter,

In all cages, at temperatures ranging from 25 to 200°C,
the addition reaction was found to be very slow when the tube
packing consisted of catalyst carriers such as silica gel,
charcoal, glass wool and asbestos fiber. To improve the rate
of addition of the HCl to acetylene, the silica gel carrier
was impregnated with HgCl,. (For all the experiments, the
same amount of catalyst was used, namely 220 gm, containing
0.1 gm mole of an anhydrous metallic chloeride per 100 gm of
carrier.) The formation of vinyl chloride, which was the main
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product of reaction, ocourred rapidly at 25°C and higher,

Only a emall amount of 1,1 dichloroethane (GHSCBGIQ) was
formed as a by-product even when the HCl wes added to the feed
stream in large excess, A brief tabulation of the results

of this experiment is presented below:

Rate of Plow of Acetylene = 1,5 liters/hr.
Rate of Flow of HCl = 2.2 liters/hr,

Temperature Volume CpH, % Yield af* % Yield af**
°c Liters Vinyl Chloride 1,1 Dichloroethane
e5 5.1 a3 3
80 7.2 93 3
110 .7 90 2
195 6.5 98 1

* Based on the molar conversion of acetylene.

e Based on the molsr conversion of vinyl chloride,

In order to determine the relative ylelds of the two separate
reactions, namely,

(1) caﬁa + HOL1 oomom CHQ t CHCl and

(2) caa $ CHC1 + HCl —> CHBCHCIE,
Wibaut performed experiments under identical conditions of

temperature, rate of gas flow, and type of catalyst, These

results are briefly listed as follows:
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Temperature = 100°C
Rate of Flow of Acetylene or Vinyl Chloride = 1.5 liters/hr.
Rate of Flow of HCl = 2,2 liters/hr.

Catalyst on % Yield of Vinyl Chloride % Yield of 1,1 Dichloro-

Silica QGel from Acebtylene and HC1 ethane from Vinyl Chlor-
ide and HC1
HegCl, 95 11
31613 ' 18 18
E@Clg 3.7 13
ZuCly 15 66

From this experiment, Wibaut concluded that Hgala was a good
catalyst for the addition of HCl to acetylene but had only a
slight influence on the rate of addition to HC1 to vinyl
chloride. On the other hand, 2nCl, was a good catalyst for
the second reaction whereas the flrst reactlion proceeded at a
low rate in its presence. Ferrlc chloride catalyzed both reac-
tione but favored the addition of HC1 to vinyl chloride.
According to Wibaut's conclusions, the FaGlB had a much lower
setivity in comparison to the chl2 angd chla. This conelu-
sion, however, is questionable in light of the present work
because Wibaut did not correct for loss of activity due to
fouling. PFinally, in the presence of Bicls, the yields of
both reactions were practically the same,

Wibaut's final experiment was to determine the effeet of
temperature on the relative yields of the two resctions in the

presence of different catalysts. The followlng is a convenient
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summary of the experimental results he obtained.

Rate of Flow of Acetylene or Vinyl Chloride = 1,5 liters/hr,
Rate of Plow of HCl = 2,2 liters/hr,

Catalyst Tempera- % Yield of Vinyl @ Yield of 1,1
ture Chloride from Dichlorcethane
*C Acetylene and HC1 from Vinyl Chlor-

ide and HC1

HgCl, - Charcoal 155 8y 16.5

Hgﬁlg - 8ilica Gel 165 100 o

Biﬁlg ~ 81lice Gel 165 42 -

Bicls -~ 8ilica Gel 148 - 9

FeCla ~ 8ilica Gel 200 4,5

This experiment showed that HgCly and 21613 gave excellent
Vields at various temperatures in the reaction between HEl and
acetylene, For the reaction between HCl and vinyl chloride,
the catalyste Feel3 and Biela gave low yields, whicech ecould
probably be attributed to their loss of activity within a short
period of time.

The fact that addition of HCl to vinyl chloride occurred
with some difficulty even in the presence of catalysts, while
HBr and vinyl bromide {not discussed above) reacted rapidly on
the surface of asbestos or glasa wool, was convincing evidence
to Wibaut that in general HCl reacts more slowly with alkenes
than HBr, Perhaps more significant was the fact that inde-

pendent of the temperature and of the nature of the catalyst,
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the only product of the reaction between HCl and vinyl chloride
was 1,1 dichloroethane. This suggested to him that the course
of the addition reaction was governed by directed adsorption

at the catalyst surface.

Between 1928 and 1940, Kharasch, et al (4,5,6,7,8,9,10,11)
conducted a long series of comparative experiments pertaining
to the mechanism of the additlion reactlions of HC1l, HBr and HI
to vinyl chloride, The important results of this work are
briefly discussed here,

1. The Peroxide Effect

The peroxide content of a vinyl chloride-hydrogen bromlde
mixture was the most important single factor governing the
dirvection and veloclity of the resultant addition reaction. In
the absence of a solvent or a good antioxidant, the addition
of HBr to vinyl chloride resulted in a rapid, nearly quanti-
tative, formation of the abnormal product, l-bromo-2-chloro~
sthane (CH,BrCH,Clj. On the other hand, the addition of HC1
or HI to vinyl chloride under similer conditions was not af-
fected in direction or velocity by the peroxide content., The
normal produets, 1,1 dichloroethane and l-iodo-l-chloroethane
(cﬁsexxcz) were formed; but the hydrogen chloride added very
slowly at room temperature whereas the addition of hydrogen
iedide occurred rapidly.

2, The Antioxidant Effeat,

When an antloxidant was added to the reacting mixture of

HBr and vinyl chloride, the normal product l-bromo-l-chloro-
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ethane was predominantly formed. S3Some of the most effective
antioxidsnts were p-thioeresol, diphenylamine, a mixture of
t-butylearbylamine and diphenylamine, and & mixture of t-butyl-
carbylamine and p~thioerescol. It was interesting ©o note that
the veloeity of the reaction in the presence of t-butylearbyl-
amine was lnecreased by four- or five-fold. Antloxidants had
practically no effect on the addition reactions of HC1l or HI
with vinyl chloride,

3« The Catalyst Effect.

In the presence of & aabalyat,.ﬁuch ag Feel3; the peroxide
effect was destroyed, and nearly guantitative ylelds of l-bromo-
l-chloroethane resgulted from the mixture of HBr and vianyl
chloride. Ferric c¢hloride increased tremendously the rate of
HC1 addition, but the 1,1 produet was still formed, Hence,
the results of the catalyzed reactions were in gubstantial
agreement with the results that Wibaut obtained.

A tabulated summary of Knarasch's experiments is pre-
gented in Table 1A of Appendix I.

Kharaseh arrived at several generalizations from his ex-
periments. Pirst of all, the additions of HCl and EI to double
bonds, although different in rate, occur by similar mechanisms
which do not involve chain reactions. On the other hand, the
addition of HBr involves chains in which Br is the chain car-
rier, Secondly, the effect of the peroxlides and metallic
halides on the direction and/or rate of addition could be ex-
plained, Particularly, the addition of HC1l with or without
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Znslﬁ or Fecla, and the addition of HBr with Facls to vinyl
chloride were mechanistically eguivalent to the normal un-
catalyzed addition of HBr to vinyl chloride, 1.e., l-bromo-
l-ghloroethane. Hence, the addition of HCl to any ethylene
derivative with or without scatalysis would give only the normal
addltion produet. It appeared evident to Kharassh that in
these addition reactions, especially with HBr, antioxidants
and metallic halides are negative and positive catalysts, re-
spectively, Thelir concordant influence upen the direction of
addition could be adequately explained by the thesis that the
antlioxidant retarded or suppressed the abnormal addition reac-
tion, whereas the metalllic halides accelerated the normal
reagtion,

Lonza (12) in 1944, reported a patented process for manu-
facturing 1,2 dlehloroethane from the addition reaction between
HC1 and vinyl chloride, This was zccomplished by charging a
tube-reactor containing Raschig rings with Aicis and aluninum-
bronze suspended in liguid 1,2 dichloroethane on the surface
of the rings. Gasecus vinyl chloride and HCl were passed
through the eolumn in a continuous stream., After separation
of the product, the reactants were recycled. Apparently, the
only impurity in the product was tri~¢h1ﬁr0butan§ with no
detectable traces of 1,1 dichloroethane., It is interesting to
note, here, that Lonza's results were in direct opposition to
| the results predleted from the generaligations of Kharasch and
Wibaut,
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Extensive experiments on the rate of thermal decomposition
of 1,1 and 1,2 diehlorcethane in a tube flow-reactor were con-
ducted by Barton (13) in 1949, In a series of reactions in-
volving the addition of small amounts of 02 or 613 to the feed,
he observed that the rate of pyrolysis of the 1,2 diehloro-
ethane was greatly increased whereas that of the 1,1 dichloro-
ethane wag unaffected., He concluded that in the case of the
former compound, the mechanism of the pyrolysis was of the
radical-chain type. Both reactions gave the same products,
namely, vinyl chloride and HCl, Barton found that the 1,1
dichloroethane decomposed in the temperature range of 356-453°C
by a homogeneous, first-order reaction. 1In the pressure range
of 20-200 mm Hg, the rate constant varied with temperature
according to the equation k = 1.2 x 1012 e““ﬁﬁ%gg sec™t,
8ignificantly, the frequency factor was clcse to the value 1013
usually expected for unimolecular decompositions, The com-
plete absence of any inhibiting effect by propylene in the
pyrolysis of 1,1 dichloroethane, together with the absence
of an induction period and the excellent adherence to first-
order kinetics well beyond the 50% decomposition point, proved
conclusively to him that the mechanism of the 1,1 diechloro-
ethane decomposition was quite different from that of 1,2
dichloroethane, namely, that it is not a radical-chain reaction.

In 1952, Howlett (14,1%5) studied the homogeneous decompo-
sition of 1,1 dichloroethane and like Barton concluded that the

reaction was unimolecular. He performed the pyrolysis experli-
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ments in a batch reactor at 412, B33 and 449°C, At preséures
above 4 mm of Hg, the first-order rate constant varied with
temperature according to the equation, k = 1012+65 o - §§§%QQ
:
sec”t. Below a pressure of 4 mm of Hg, the order with respect
to 1,1 dichloroethane incressed and became 1,5 &t a pressure
of 1 mm of Hg. The reaction was found to be insensitive to-
ward Qa, 812 and propene, These observations along with the
faect that there was no inductlon perlod were strong evidence

in favor of a unimolecular reaction,

Previous Reactor 8Systems

All the experiments described above were conducted in
elther bateh reactors or contlnuous-flow tube reactors. Prior
to the experiments described in the present work, no studies
of the addition regctions between vinyl halides and hydrogen
halides had been made in a continuous-flow stirred reactor,

The use of the stirred reactor in general kinetic studies, how-
ever, is not a new concept. Denbighis pioneering work {i5,17,
18,19) veginning in 1944, showed that the instantaneous rate

of a chemical reaction could be measured by balancing the
reactlon rate agalnst a rate of flow of fluid in 2 steady-
state, stirred reactor. By simple algebra, he equated the

rate of reaction r, whether it be the formation of any reactant,
any intermediate, or any product, to the guantity % (conc)
where u 18 the conatant flow rate of entering reactants into
the stirred reactor of constant volume V., € ig the concen-

tration of the substance in the steady state system, and 00
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its concentration in the entering fluid. Denbigh extended
the generality of this simple analysis by showing that its
validity for any subatance was not impalired by the presence

of competing or consecutive reactions.

Previous Methods of Product Analysis for the Vinyl Halide-
Hydrogen Hallde Reactions

Wibaut (3) determined guantitatively the proportions of
the reactlion products by fractional distillation followed by
purity checks on the separated fractions by means of bolling
pointe or refractive indices.

Eharasch (9) eliminated the fractional distillation
step, His first step was to remove the unsaturated products
by chemical means followed by a determination of the boiling
point or refractive index of the alkyl-halide mixture, The
results of these latter measurements were compared with cali-
brated samples,

The uses of spectroscoplc methods for the analysis of
mixtures of vinyl halides, hydrogen halides and their addition
products have not been reported in the literature, The infra-
red spectra of the individual components, however, are well
documented {20,21).

The present experimental work was greatly facilitated by
the use of gas-phase chromatography which provides a relatively
aceurate and rapid method of quantitative analysis. A number
of publications have described types of columns and conditions

of operation for the chromatographic analysis of systems which
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contain individually or c¢ollectively the vinyl halides, hydro-
gen halides and/or the alkyl halides, A published report by
Beckman Instruments, Ine. (22) is of particular value in this
respect.

Pregsent Work

The purpose of the present work was to extend the knowl-
edge of resctlions between vinyl halides and hydrogen halides
by studylng the addition of HC1 to vinyl chloride from a
kinetics standpoint, With this objective, the catalyzed reac-
tion was studled in a stirred reactor, and the products were

analyzed chromatographlically.
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SUMMARY

The catalyzed additlon reactlion between gaseous HCOl and
vinyl chloride wags studied in a continuous-flow gtirred reac-
tor atAléa, 215 and 209°F, Preliminary investigation showed
that in the temperature range of 150 to 400°F the homogeneous
rate, even in the presence of ?6313 vapor, wag immeasurably
low for retention btimes up to 12 hours., The catalyst used was
ZnCl, supported on 1/9 in. Celite pellets in the ratio of
C,2 gm anIQ/i.O gm Celite, This choice was based upon tests
rerformed in bateh systems in which a varlety of ecarriers and
metallic halldes were examined. Among the metallic halides
tesgbed, FeGlB ghowed a greater activity than chlg but was
deactivated, by fouling, much more rapidly than the latter,

The tﬁﬁsl flow rates through the atirred-reasctor were
varied from 2.0 x 1073 to 274 x 1073 ib/hr, corresponding to
retention times of 11.2 to 0.7 hr, respectively. The ratie
of vinyl chloride to HCL on a weight basls was varied {rom
2,15 to 2,46,

Starting with 120 gm of freshly prepared catalyst, the
saquence of temperabures investigated was 215, 164 and 209°F,
in that order. As pradicted from the batch experiments, foul-
ing of the ocatalyst by decomposition of the vinyl ehloride was
observed. The decreasing conversion at 215°F reached an asymp-
totic value greater than zeve, which ruled out the pmsaibility
of irreversible single-site fouling. Further changes In the

catalyst activity were not observed at 164°F but asdditional
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fouling was observed at 299°P., The fact that one of the fouling
products was slementary carbon or a carban&eaaué residue suge
gested that an lrreversible duval-site mechanism was in opera-
tion.

An emplrical it of the observed rate data was obtained

by the egquation,

P1,1
1,1 7 a(pﬂﬁl Py.e. ~ K? ) {10a)

wherein ry 4 Was obtalned from the eguation,
2

1, = (ng)0) (8

Published values (30) of the thermodynamie equilibrium
congbtant K, zsauming unit activiity coefficients, eould not be
used in Eruation 10a to solve for €, beeause the @xyerimenﬁally?
observed conversions exceeded the predicted egullibriuwm values
by & faector of nearly 20 in the initial runs, PFrom data Tor
the non-fouling period at 215°F, K, was determined empirically
by a least-sguares analysis. The resulting value of 17.2 atm“l
was used in the Van't Hoff equation to determine Ky's at 164
md 209°F. The values obtained were 86,2 and 2,0 atm”l, re~
spectively.
| Values of € were computed Cor both the fouling and non-
fouling perlods at each temperature., In terms of concentration
units, the C's were ploitted against catalyst-exposure time to
cb%ain a fouling factor. Suffiecient data werse not available

to compute the temperaturse dependence of the foulling factor.
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Henece, its determination was limsifed to the results at 216°F
An equation which ineludes the effects of fouling and whieh
ecan he used to predict the approximate coaversion of 1,1 di-

chloroethane at 215°F was obtained as follows:

“ r(s,) ‘
5y gygﬁ 589 + 13 341 e ) (Pyey P o o - fg&l) x 102
3 ; (RT) /‘Ml 1 et o 1?"2 l
{13}
whare
£(s,) = (2.303)(0.001378 6, - 2.87278 x 1070 ¢ 2
{12}

B R
by )

/

s L2623 7 1070 ﬁgg - 1.814 z 10

The average values of Ga for the non-fouling periods at
215 and 164°F and for the initial fouling period at 200°F

5

corroliated with teaperature by a atralght-line £1i¢ on an

:2':'
24
@

T

Arrhenius plot. This linearity indicates that the second-

order rate law given by Equation 10a desmeribes, at least em-
pirically, the behavior of the reacting systen,

Baged upon the hypothesis that CQ for the non-foulling
periods obey an Arrhenlus-type eguation, 2 sitralight line was
then drawn through the values of C, at 215 and 26G°F on an
drrhenius plot and extrapolated to 164°F, At that bemperature,
the extrapolation value of CB 18 156.5 {1b moles 1,1 dichloro-
othane) (£53)2/(hr) (1b catalyst)(1b mgzes)z,

From these results, the tewmpsrature dependence of G@ in

given by the equation,
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C, = 4.07 x 10° e i (14)

Eeuation 14 can be combined with Eguations 10a and § to give

an expression for predicting

0%
<t
b
(]

eonverslion during the non-

foulling perlod.

-
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A LW ((A.aw % zad e ) (p - b
}ogl ? i (RT) ,/341 1 E‘icl TV.Ce K
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Equation 15 1s applicable under varying conditions of regi-

Jence time for the temperature range of 104 to 20C0°F, for mass
ratios of vinyl ehlorlde to HC1 in the range of 2.15 to 2,40,

and for catalyst-exposure btimes up to 1800 hr. &Hwmall changes
in total pressure would not be expecied to nobloenbly affect

the inal, steady-state fouling,

a

An emplrical test of the assumed second-order mechanism

A & o e £ % o LS P £ T F e, v A g0 '3
acbion indicated that exponents of 1 for

©

By vhne 1orwara re

Puey and Dy o, 32VE 2 mindman dedlt in C.  Thls vesult, in
LR

T

addition to the faet that &c was practically linear on an
Arrhenlus plot, suggested that the reaction was second order,
% is probable thalt because of the relatively low rate of

reactlon, aven 1un the pressnce o

s

a cabtalyst, the addition

ocourred by a four-center~Ltype m

5

chanism, In thisg case, the
catalyst ?nClg increaged ths probabllity of reaction by orient-

ing the reseting molecules,
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AFPARATUS

General

A slmplified flow diagram of the experimental eguipment
is shown in Figure 1. This should be helpful to the reader in
following the detailed discussion of the individual parts of
the gystem.

The front view of the steel framework which contained
the reactor and suxi 1 lary equipment is shown in Figure 2A,
A8 noted in the figure, this {ramework consisted of 3 compart-
ments each of which served a specific purpose, One of the
compartments contained the stirred reactor, s drive motor for
the stirrer, an oll bath surrocunding the reactor;, and a samp-
ling system on the exit line of the reactor. For salety
reasong, the reactor compariment was egulipped with steel doors,

During operation, the doors were bolted shut and thus provided

The second compartment contained the purification and
conditloning system for the feed streams and included alsc a
vacuun manifold whiech could be connected to any portion of
the entire apparatus,

Pinally, the third compartment contained the thermcsbtated
cll-bath from which silicone oil was pumped %o the reactor
oll-bath through insulated pipe. The funetieons of the equip-
ment in each compartment asre discussed in greater detail in

the paragraphs to follow,
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An instrument bench shown in Figure 2B contained equip-~
ment for controlling and measuring temperatures,

RBeactor and Accessories

The complete assembly of the glass reactor is shown in
Figure 3. This six-liter vessel consisted of two parts,
namely, a lawér ghell and a 11d containing four entrance ports,
one centrally located and the remaining three spaced 120°
apart in a peripheral pattern., All four ports were 20/42
standard~taper fittings, A ground-glass flange on both the
1id and shell provided a means of Jjolning them to form a
Bealed vessel., To glve a better seal and to allow for stress
rellef when the two parts were clawped together, z teflon
gasket was 1inserted between the matched faces of the flanges.

As shown in the figure, the entire assembly was suspended
from the heavy steel 1lid of the oil bath by means of an ad-
Justeble ring-clamp which was held in position by set screws,
This arrangement provided a rigid support for the reactor and
made it posslble to transport the glassware to and from the
oil bath without any mishaps.

Through the ecentral port of the reactor 1id passed the
shaft of the glass stirrer. The stirrer consisted of a 3/16
in, glass rod with four impeller blades at each of three posi-
tions along ita length. The blades were 2 in. in length and
were mounted on a 30° piteh. Outside of the reactor and above
the central port of the reactor 1lid, the stirrer shaft was

clamped in a steel-Jjacketed, teflon bearing. To prevent over-
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heating, the bearing housing was Jacketed with copper tub-

ing through which cooling water was circulated. Although the
teflon required no lubrication and st the same time provided
g good seal, its expansion due to a 50 degree rlge in tempera-
ture was sufficient to cause undue frictlonal drag on the
rotating shaft of the stirrer, - Hence, the cooling colle were
a necessity.

One of the problems in assembling the reactor was to
eonnect the stirrer bearing to the glass 11§ with a gas-tight
seal which was also free of siresses, This was accomplished
by using the combinatlon of a standard-taper fitting and
flange fabricated from teflon as a single unit, The taper
was inserted in the central port of the reactor 1id and the
flange was clamped against a matched teflon surface in the
bearing.

At the upper end of the bearing shown in Figure 3, the
stirrer shaft was Jolined to a stainless-steel drive pulley by
means of neoprens gaskets which gripped the &h&ft on their
inner surfaces and gripped the internal wall of the pulley-
housing with their outer surfaces. A screwdown follower
which compressed the gaskets was adjusted until no slippage
between the pulley and stirrer shaft occurred. The pulley
was belt driven because this appeared to be the simplest
method of transmitting power from the drive motor, Also,
there was no danger of breaking the stirrer shaft in case it

froze in position,
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The two feed lines consisting of T-mm pyrex tubing
entered by means of ring seals through two of the standard
taper ports on the lld and extended to the bottom of the
reactor. It was found that sealing the tapers with stopcoeck
grease of which several varleties were tested proved to be un-
satisfactory. A satisfactory seal was obtained by using a
‘teflon sleeve 1/1000 in, thick between the matching faces of
each faper. The maximum temperature of operation, namely
LOO®F, appeared to have no damaging effect on the teflon geals,
Also, the seals were chemically inert toward the reactants and
products,

Through the one remaining port passed the product line
and thermocouple probe for which the method of sealing was
identical to that of the feed lines, The thermocouple probe
onsisted of a 7-mm pyrex tube with five side-arms, 1/2 in. in
length, extending 45° from the tube axis and spaced evenly
along 1ts length. Each of the side arme contained a copper-
constantan thermocouple junetion (No. 40 wire) and was sealed
on the end by a thin glass wall., The leads from the five
Junetions pasaed c¢ollectively through the maln tube to the
outslde and terminated in a Cannon plug which is shown in
Figure 3. All external connections to the feed lines and
product line were made by means of standard ball-and-socket
Joints,

in order to disperse a fixed catalyst bed inside the

reactor, a glass-trgy system was used. As shown in Figure 3
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the trays were arrangad in the form of a spiral to provide
for good circulation of the gas stream throughout the entire
volume of the reactor. Another feature of this arrangement
wag the fact that a group of stirrer blades was positioned
between each set of four trays. Hence, there was very little
chance for stagnation to develop within the rather complex
configuration,

For the purpose of malntaining the temperature of the
reactor constant, an oil bath was used. Plgure 4A shows the
uppar portion of the reactor oil-bath which was nothing more
than an adiabatic container having a capacity of about 10 gal,
Dow Corning No. 580 sillicone oll was pumped into the bottom
of the bath from a controlled thermostat which is dlscussed
in the next subsection, The oll returned to the thermostat
by gravity from an overflow pipe at the top of the bath, The
depth of o0ll was adjusted to the maximum overflow capacity by
means of a valve installed in the feed line or by means of a
by-pass valve on the pump., At this capacity, the reactor was
completely submerged with at least 2 in. of o¢il above the 1lid,

Three thermocouples enclosed in pyrex tubes were ingerted
in the oll bath at various depths, namely, near the top and
bottom and in the middle. A3 a sefety precaution, in case the
pumping rate exceeded the overflow rate, a float was used to
indicate the level of oil during operation. It was provided
with electrical contacts which were connected to asignal lights

on the csontrol panel. Whenever the oil level was either above
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or below the desired value, a signal was given., Figure 3
shows the float attached to the oil-bath 1i4.
Thermoatat for Bupplying Constant-Temperature 01l

hAg stated previously, the silicene o0ll which was pumped
into the reactor oil-bath was first brought to & contrelled
temperature in a thermostat., A good view of the thermostat
is shown in the foreground of Flgure 2A, It consisted of two
econcentrie, cylindrical containers which were made of steel.
The inner container was provided with a eylindrical baffle and
a high-speed, belt-driven impeller; and it contained the sili-
cone, The ocuter container was insulated and was separated from
the inner container by an air gap of at least 2 in, Four,
500-watt heaters were wound evenly on the outer surface of
the inner container to provide the energy necessary to heat
the 011 within a few degrees of operating conditions. An
additional four heaters, two of which were controlled by
variacs, were wound on the insulated outer container and sup-
plied energy to compensate for convection and conduction
losses from the inner container.

Two econtrol elements for the thermostat were located near
the top of the inner container. One element was a colled
heater which received energy by electrical nmeans from a
thyratron unit having a two-derivative control circuit. The
fiyratron unit wag installed in the instrument bench shown in
Pigure 2B. The second element was a colled-iron resistance-

thermometer which was balanced against a resistance bridge
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installed in the instrument bench., Any out-of-balance in the
resistance bridge was detected by & ballistic galvanometer
which caused & reflscted beam of light to ahine on a photocell
connected to the thyratron., During an experiment, the resist-
gnce bridge was adjusted to a predetermined value, equivalent
to the resistance of the iron-coil thermometer at the operating
tenperature. Deviations from balance because of changes in the
thermometer resistance were detected by the ballistlce galvano-
meter which, in turn, reflected a carefully focused beam of
light to the window of the photoelectric cell, Variations in
the amount of light received by the cell created similar vari-
ations in the electrical signal from the cell to the thyratron
unit. Thus, the thyratron unlt, having been signaled that

the bridge and thermometer were not in balance, supplied a
first- and second-derivative surge of energy to the heater

0oll in the thermostat., As a result, the temperature was
automatically controlled to + 0,02°F.

The absolute value of the thermostat temperature was
measured by means of a platinum resistance thermometer im-
mersed in the silicone and connected to 2 Mueller bridge on
the instrument bench, Care was taken to insure that the
thermometer was well immersed in the circulating oil and that
the connections between the platinum leads and the standard
eable leading to the instrument bench were cooled with eirou-
lating water., Although the temperature measured by the

platinum thermometer in the thermostat was not the same as
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that measured in the reactor oil-bath, because of slight heat
losses, the thermometer was useful in getting the system up

to a control point. In calibrating the thermocouplas, howesver,
the platinum thermometer was extremely useful as a standard
8ince the ealibdbrations were conducted In the thermostat. More
discuasion of the calibrations willl be given under EXPERIMENTAL
PROCEDURE,

The thermostated silicone was circulated through heavily
insulated pipe to the reactor oll-bath by means of a centrifugal
pump, Ineluding the connecting pipe, the volume of the circu-
lating system was approximately 21 gal. All the electrical
energy to the pumps, drive motors, and heaters for the entire
apparatus was controlled from a power panel mounted on the
thermogtat compartment,

Conditioning System for the Peed 8treﬁms

The chemicals to be fed to the resmctor, namely, hydrogen
cnloride and vinyl chioride were supplied by the manufacturer
as compressed gases in steel cylinders. A means of removing
jmpurities, drying the gases, and measuring their flow rates
in a2 continuous process was essenbtlal,

The gases were transported through 1/8 in. pipe from the
ecylinders to the conditioning compartment shown in Pigure 5,
On the front panel of this compartment, the metal feed lines
were terminated at needle valves made of atainless ateel,
These, in addition to the pressure-regulating valves on the
steel cylinders, provided a means of controlling the flow of
the feed streams,
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Proceeding from & needle valve through glass tubing, the
hydrogen chloride was first passed upward through a 5-l1liter
- glass tower containing approximately 3 liters of erystal oil,
In order to obtain good dispersion of the gas and to minimize
pulsing in the system, the hydrogen chloride entered the
bubble tower through & medium glags-frit, The vinyl chleride
was handled similarly except that the bubble tower was con-
structed of steel and contained approximately 3 liters of
an agueous solution containing 208 by weight of sodium hydrox-
ide. Dispersion of the gas was accomplished by means of a
porous gteel thimble located on the inlet line.

Impurities removed from the hydrogen chloride by absorp-
don in the crystal oll were primerily organic in nature. The
only impurities efrcmnsequenee in the vinyl chloride were
phenol, which was added as an inhibitor, plus small amounts
of hydrogen chloride. The two bubble towers are shown in
Pigurs 5.

From the bubble towersa, the gases flowed into pre-dryers
filled with anhydrous calelum chloride. To insure complete
drying, the gas streams were then direected into large drying
tubes whiech, &8 shown in Flgure 5, were located to the right
of the pre-dryers. These, too, were filled with caleium
ehloride. |

The dried gases next flowed to a set of separate glass
coiles immersed in an isothermal water bath which was controlled

at 25°C. Each coil, although compact in a spiral arrangement,
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contained an equivalent of 12 feet of 7-mm glass tubing. This
provided sufficient surface area for the gas streams to reach
a steady temperature clese to that of the bath. Immediately
downstream from the eonditioning colils, each feed line was
interrupted first by & side arm leading to a manometer, sec-
ondly by & thermocouple Junction inserted directly in the path
of flow and finally by a Tri-flat rotameter which could easily
be ingtalled or removed {rom the feed line by means of standard
taper fittings. The water bath and rotameters were housed in
an aluminum-covered cabinet located to the left of the bubble
columns as shown in Pigure 5. This eliminated large tempera-
ture fluctuations which resulted from convectlion currents in
the room.

A knowledge of the pressure, temperature, and scale read-
ing on the rotameter was sulficient to determine the mass rate
of flow for each component. More discussion of this calcu-
lation is given under EXPERIMENTAL PROCEDURE. 8ince the pres~
sure of each gas beyond the c¢onditioning colls was only
slightly above atmospheric, 1t was necessary to fill the
manometers with a low-denslty fluid such as dibutyl phthalate.
The difference between liguild levels in the manometer legs was
measured with a cathetometer, '

The emf's of the feed-line thermocouples in addition to
all other thermocouples were measured by means of a K-type
potentiometer installed in the instrument bench., Connections

between the thermocouple leads and the potentiometer were
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ac¢complished with Jumpers on a plug board.
Product-Stream and Feed-Stream Sampling

Beyond the rotameters, the feed-lines led directly to
the reactor. The product stream leaving the reactor was
directed through a manifold as shown in Figure 4B, from which
samples could be removed, The remaining waste mixture was
then passed through a wash-bottle containing strong alkald.

Just before the manifold, the product line was interrupted
by a manometer which was used to measure sample pressures and
to indicate pressure fluctuations in the upstream system. The
sample ports on the manifold were conveniently fitted with
ball-and-gocket joints, thus making 1t possible to install or
remove samplers with great facllity. Also, the sampling
manifold was connected by a separate line to a vacuum manifold
shown in Pigure 6., This provided means of evacuating samplers
and filling them without removal from the sampling manifold.

The purlty of the feed streams was determined by sampling
the gases prior to their flow into the conditioning coils,
Here, also, a sampling manifold was used and in like manner
was connected to the vacuum system,

Gas Chromatography Equipment

The determination of the feed-stream purity and the com-
position of the reactor products was accomplished by means of
gas~phase chromatography, The chromatograph unit which is
shown in Figure 7 was designed and constructed as a general-

purpose analytical tool, with sufficient capacity to contailn



-8207~

at least twelve solumna. The cabinet was constructed from
1/16 in, sheet steel, and its overall volumetric dimensicns
were 8 x 3 x 3 ft.

On each of two Bides, the unit was provided with two mets
of deors, One set measured 6-1/2 ft in height, and the other
set, above the first, measured only 1 ft in height. The
larger doors were used only when & column wag to be ingtalled
or removed from the eabinet, whereas the smaller doors were
used durlng operation when & sample was to be injected into
& column from & portable sampler., By using the small doors,
the temperature control within the cabinet was not dlsrupted
to any large degree.

All instrumentation for the unit was placed on the out-
slde unless a econtrolled temperasture for a particular instru-
ment was necessary ln 1ts operation. Hence, the detector
cells and flowmeters for the exit streams were placed on the
inside since these instruments required isothermal surround-
ings.

The inner space of the cabinet was divided in hslf by a
vertical steel panel, With an opening at the top and bottom
of the panel, 1t was possible to clrculate the ailr between
the two sections of the cablnet in & continuocus path., This
was accomplished with a 3-bladed fan operating at 170C rpm.
It was located in the bottom opening of the partition panel,
A 500-watt heater and a refrigeration coil were placed directly

in front of the fan., Details of the construction are shown
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in Pigures 8 and 9. In order to reduce the heat transfer be-
tween the c¢abinet and surroundings, the inner walls of the
eabinet were covered with Pilberglas insulation, 1 in., thick.

A mercury~filled sensing element, located in the top
opening of the partition panel was used as a thermostatle con-
trol-switeh by detecting variations in the cabinet temperature.
To improve its sensitivity, the element was constructed, in
the form shown in Figure 10, from a 10 £t length of 3/16 in,
stainleas steel tubing, which provided a relatively large
surface area and & large heat transfer coefficlent, The
sensing element could detect a temperature fluctuation of
+ 0,01°C. In principle, the expansion or contraction of the
mercury due $o temperature variations opened or closed an
electronic-relay eircuit located on top of the c¢hromatograph
unit., This, in turn, electrically opened or closed a power
relay which energlzed the cabinet heater. A variac in the
heater clircult was used to control the amount of power up to
500 watts, PFigure 10 shows the detalled circult diagram
for the control relay and Figure 11 shows the detaills of the
heater clreult,

Also, a8 ahowﬁ in Pigure 11, & safety feature in the
heater cirecuit was the installation of a Fenwal, bhimetallic
ther mo-switch. Its purpose was to take over control of the
cabinet in the event the mercury-filled sensing element became
electrically shorted. The PFenwal, however, was only capable

of detecting variations of + 0,5%, but this was sufficlent
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to prevent groes changes in the cablnet temperature.

The temperature of the chromatograph cabinet was nmeas-
ured by means of copper-constantan thermocouples {(No, 30 wire)
which were located on eich slde of the partition panel. Under
ideal conditions, the temperature difference between the two
pections of the cabinet amounted to only 0.05°C corresponding
to an emf{ difference of approximately 2 mlerovoelts,

The detalls of the column which was used in the gas
analysis are shown in FPigure 12, It conslsted of three c¢on-
centric pyrex tubes, The central column contained the packilng
and consisted of a 4-ft length of 7-mm tubing, with 10/30
standard taper fittings on each end., The middle concentrie
tube, 1 in. in diameter, was wrapped in a spira; pattern over
1ts entire length with & 200-watt heater, Finally, the out-
side tube, 1-1/2 in. in diameter, served as a shield to buf-
fer any sudden changes in the air temperature surrounding the
column, The entire assemwbly was mounted vertleally in the
chromatograph cabinet,

The column heater was controlled by a variasc mounted ex-
ternally on the cabinet, 8ince the electriecal power to the
entire unit was supplied through a voltage regulator, the
voltage output of the column-heater variac was relatively
consbtant, This, coupled with good control of the cabinet
temperature, provided & satisfactory means of controlling the
column temperature, Thermocouples, mounted at the top and

bottom of the column, were used to measure 1its bLemperature.
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The packing in the center column consisted of £0-80 mesh
Dicalite which had been acid wasghed and coated with a parti-
tion liquid. Its chemical composition, mceording to the

Johna-Manville Co,, is as Pollows:

830, - 83.13% (weight bpasis)
HyO - 5.30%
Ca0 - 2.50%
Nag0 - 1,60%
Mgﬂ - 0:6&%
Tiﬁz el O¢ 18%

The purpose of the acid washing was to reduce the Fe content
to & minlmum. It was not at all improbable that its presence
in large enough concentrations could catalyze undesirable de-
compogition reactions in at least two of the sample components,
namely, vinyl c¢hloride and 1,1 dichloroethane.

The two major criteria which determined the optimal mesh
slze of the packing were a large surface area per unit welght
and a low pressure drop through the column. Since these
eriteria were in direct opposition with respect to mesh size,

a compromise was reached by choosing 60-80 mesh. |

Of the many types of packing available, 1t was desirable
to use one which had relatively large pore diameters, Although,
with Increasing pore size, there was a decrease of surlace

area per unit weight, the undesirable hold-up inherent in smell
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pores wag reduced. Dicalite has relatively large pore dia-
meters averaglng approximately 22,000 g a8 compared to the
ralatively small pore diameters of 15-200 E in ordinary sililca
gel. The average specifllc surface area of Dicalite is approxi-

6 cm?/gm, wherein the unit diatom of a particle

mately 6 x 10
48 oylindrical in shape and approximately 3 mierons in length,

A number of eriterlia determined, within a range of com-
pounds, the type of partition liquid to use, The most import-
ant of these was its ability to separate the components of a
sample with little or no overlapping, but with a minimum time
of retention,

Another eriterion, namely, chemical properties, was im-
portant in two resgpects. PFirst the compound must be thermally
stable, and second its chemical reactions with the sample com-
ponents must be easily reversible at the temperature of opera-
tion. In the present work, however, the use of weak chemleal
bonding as a means of separation was not used. Thus, it was
desirable to choose a liguid which was chemically inert toward
the sample componentsa,

Of no less lmportance were the physical properties of
the partltion liguid such as viscosity, specifie graviity, and
vapor pressure, Since the tranaport at the interfacial sur-
faces between the mobile and stetionary phase waa primarily
molecular, a liquid of low viscoslity was required. Furthermore,
ginee the column was to be used for a large number of samples

and with minimum contemination of the separated components,
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the partition liquld was requlred to have a low vapor pres-
sure 8t the temperature of operation. A rule of thumb in this
regard is that its boiling point should be at least 150°C
higher than either the column temperature or the bolling polnt
of the least volatile component in the sample, whichever is
higher, '

The partition liguid chosen for the desired separation
wags didecylphthalate, which has the followlng characteris-

tics (23):

Molecular Welght 46,65
Bpecific Gravity at 20°C/20°C 0.966
Bolling Point at 5 mm of Hg 261°¢C
Viscosity at 20°C 11.9 cps
Vapor Pressure, mm of Hg at 200°C 0.3
Solublility of Water in 1t at 20°C,

% by weight 0.3

In preliminary experiments, didegyliphthalate was found
o give a good separation of carbon dioxlde, vinyl chloride
and 1,1 dichlorocethane when used as a partlition liguid. An
illustrative example of the peak separations is shown 1n
Pigure 13, Here, it 1s noteworthy to give an explanation for
the presence of carbon dioxide in the samples., 8ince the
samples {rom the reactor contained hydrogen chloride, there was
reason o bellieve that 1f allowed to pass through the column

packing, it either would react irreversibly with the partition
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liguid or, in the presence of minute guantities of Fe in the
Dicalite, would react further with one of the other components
in the sample, namely vinyl chloride. Its corrosive effect

on the detection system was also an undesirable feature. There-
fore, a 6 in, column of 100 mesh NchOB was placed on the up-
stream side of the partition column, The HCl reacted quanti-
tatively with the bicarbonate to form an equimclar amount of
GGE, along with Hzc and NaCl, A discussion of the eflects of
water upon the component separations is gilven under Results.

The maximum column temperature was never greater than
90%°¢, and the boiling point of the least volatile component,
namely 1,1 dichloroethane, is 57°C., In comparison to the
boiling point of didecylphthalate both of these temperatures
were well below the allowable maximum of approximately (260~
150)°¢ or 110°C. The viscosity of didecylphthalate was some-
what high and for this reason was probably responsible for
part of the tailing in the peaks, This disadvantage, however,
was not intolerable,

The amount of didecylphthalate which was used in coating
the Dicalite with a thin film wae 35% by weight., Here, the
ratio between the packing and stationary phase was not a rigid
specification except when 1t was desirable to have identlecal
charactariética in two different columns, Experilence had
shown that a8 welght per cent in the range 30-40% was optimal,
Too large a quantity of partition liquid greatly increased the

resistance to the flow of the mobile phase, which in all cases
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was helium, For the welght per cent of liquid used in the
k £t column, a pressure drop of 25 psi was required for a
helium flow rate of 28 e¢c/min, corrected to 7O®F and 1 atm
pressure.

The flow rate of helium was measured on the down-stream
end of the solumn by means of a Tri-flat rotameter which was
located inaide the cabinet. The helium rate was also meas-
ured on the upstream or high-pressure aide,_but this measure-
ment was used only as & means of cheecking for leaks., The
high-pressure rotameter was mounted on the outside of the
cabinet as shown in PFigure 7. Prior to entering the partition
eclumn, the helium passed through & & £t length of 1/4 in,
copper tubing, the purpose of which was to condition the gas
to the temperature of the cablnet,

The methed chosen for detecting and measuring the quantity
of eluted components was the measurement of the differences
in thermal conductivity between the components and the carrier
gas, For this purpose, a thermal-conductlivity cell was con-
structed as shown in Pigure 14, It consisted of a colled
éungaten filament mounted near the central axis of & 1/4 in.,
stainless-steel tube, The tube was approximately & in. in
length and was fitted on one end with a 10/30 standard taper
Joint by means of & glass-to-metal seal. With the tapered
Joint, the cell could be easily attached to the column exit.

Since the thermal-conductivity cell was inside the chroma-

tograph, its wall temperature became that of the cabinet, A
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concentric metal Jjacket, as shown in Pigure 14, was placed
on the 1/4-in, steel tubing in order to serve as a buffer
against sudden changes in the cabinet temperature, In this
manner, the temperature of the cell was held constant to at
least within the limits of the cabinet temperature, nanmely
+ 0,05°¢,

Electrical power to the tungsten sensgling element was sup-
plied by four Willard 20-2 storage cells each having a 2-volt
output, The batteries were connected to give s steady 4-volt
glgnal to the element, and their capaciiy was high enough such
that recharging wag necessary only once a month,

During an asnalyegis, the changes in resiatance of the
senging element ag a result of éhangea in composition of the
effluent gas were measured on the bridge cirecult shown in
Pigure 15, Detection of the out-of-balance of the bridge was
accomplished by means of a Variae G-10 graphle recorder., The
full-geale sensitivity of the recorder was 10 miilivolts, but
‘this could be attenuated to a less sensitive scale by means
of a Helipot resistor connected as shown in Figure 15. In
order to reduce the nolse level resulting from puiaating mag-
netic fields, the detector bridge was housed in a metal box,
and all electrical leads to and from the circult were nade
from shielded cable, In Filgure 7 it iz shown mounted on the
outside of the chromatograph cabinet,

Samples were introduced into the column by means of a

portable apparatus which is shown in Figure 16, The mampler
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wage provided with a ball-and-socket fitting on each end so
that it could be installed or removed rapidly and without
appreciable disturbance to the cabinet temperature. In this
regard, only the small cabinet doors were opened momentarily.
As shown in the figure, there were two collecting arms on the
sampler. Elther could be used to colleot a known volume
{approximately 2 ce) of sample; but for each analysis, only
one arm wag filled with sample whereas the empty arm was used
as a by-pass for purging the air out of the end-sections, By
proper menipulation of the three-way stepeocks, a sample could
be collected and analyzed with negligible contamination by alr,
In order to praevent a pressure surge on the column during
analysis, the sample was always pressurlized to the column
pressure immediately following the ailr-purging operation but
prior to its entrance into the column, This procedure pro-
vided a satisfactory means of analyzing the producta with

reasonable accuracy and within a short period of time,
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EXPERIMENTAL PROCEDURE

Calibration of Equipment

All th@rm&ceuplea used in the stirred-reactor equipment
were calibrated in the thermostat which was deacribed under
APPARATUS. PFor each point of calibration, the thermostat was
firset allowed to reach a steady temperature with a variation
not exceedlng + 0.05°F, At steady aonditians, the emfi's of
the thermocouples and the resistance of the platinum thermo-
meter were measured repeatedly over a period of several hours,
The seme procedure was used at 10 different temperatures over
the range 1590 to 300°P, An alrv-saturated ice bath was used
to maintain the reference Jjunctions of the thermocouples at
0.02 + 0,01°C, Using the platinum resistance thermometer
{Ser, No. 1170781) as & standard, the temperatures correspond-
ing %o the thermocouple emf's were calculated, A tabulation
of these resulis is presented in Table 28 of Appendix I.

The Tri-flat rotameters which were used to meter the
feed streams to the reactor were calibrated in place by a
volumebtrie procedure, Pigure 17 shows a schematic &iagram
of the equipment used. The collecting vessel was a 44-liter
carboy which was immersed in water in a 50-gal drum, A capil-
lary, pyrex tube connected the interior of the bottle to a
mercury-filled manometer. Ancther pyrex tube, used as a feed
line, eennactéd the carboy to the product manifold of the

reactor. At the mouth of the carboy, the feed line was
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terminated in a three-way stopeock which could be used to by-
pags the gas stream before and after a calidbration run, A
third tube was connected directly to the vacuum manifold.
Both the manometer line and the vacuum line could be closed
off from the system by stopcocks located at the mouth of the
carboy, Prior to & calibration run, the carboy was evacuated
to an arbitrary low pressure, Also, the gas gtream was al-
lowed to flow in series through the rotameter, the reactor,
the produst-line manifeld, and finally through the by-pass
line of the carboy until steady conditions with respect to
temperature, pressure and the metering rate were obtained at
the rotameter, It is noteworthy to mention here that the
rotameters were callibrated under conditions identical to those
used in all other experiments., At ateady conditions, the by-
pass line was closed and the gas stream was directed into the
carboy. A careful control of the flow into the carboy was
maintained by a continuous adjustment of the stopcock on the
feed llne., The amount of adjustment was determined by the
difference in llquid levels appearing in the manometer con-
nected to the reactor product line. This procedure was neces-
sary because of the large capacity of the carboy with respect
to the rest of the system., Some buffering, however, was
afforded by the reactor,

The time of & run was recorded to the nearest 0,1 sec,
Other measurements included the initial and final pressure in

the carboy to the nearest 0.05 mm of Hg, the temperature in
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the carboy to the nearest 0,1°C, the temperature of the gas at
the rotameter to the nearest 0.1“6, the pressure of the gas at
the rotameter to the nearest 0,001 mm Hg and finally the flow
rate of gas through the gsystem to the nearest 0.1 division on
the rotameter aealé‘ Ordinarily, a callbration run was con-
dueted over a perlod of 1 to 2 hours, Such 2 long period pro-
vided a truer average of the flow rate than 1f the runs had
been conducted in much shorter periods of time. The calibra-
tion results for both the hydrogen chloride and vinyl chioride
are presented in Figures 1A and 28 and Table 3A in Appendix I,

The volume of the reactor, with and without the qataly&t
support and tray system, was meaéured to the nearest 3 cc by
filling it with a known volume of water. The amount of
catalyst support was the same as that used in the kinetic ex-
periments, namely 100 gm. Without the catalyst support and
tray system, the volume was 6020 + 3 cc at 25°C; and with them,
it was 5870 + 3 cc. These quantities were required in the de-
termination of retention times for the various feed rates.

The volume of the sampler was determined at 25°C to the
neareat 0.05 cc by welghing it empty and filled with mareury.
Its volume was 1.84 + 0,05 cc. The weighings were accurate to
the nearest 0.5 milligranm.

Callbration Samples for the Chromatograph Column

Within experimental error, the conditions of operation in
the chromatograph were 1dentical for all samples. The only ex-

ception was the slze of sample to be analyzed. The following
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list of vonditions was compiled from the recorded data for

nearly 200 samples,

Helium pressure at 25°C

Helium flow rate (upatream) at 25°C
and 25 psig

Hellum flow rate {downstream)at TO®F
and 1 atm

Current in sensing element

‘Full scale gensitivity for €0, and vinyl
chloride peaks )

Full seale gensitivity for 1,1 dichloro-
ethane peaks

Colunn jacket-heater

Column temperature, top
CQIamn’temperatura, bottom

Cablnet temperature

Thermal conductivity cell temperature
Chart speed on recorder

Fenwal setting for safety control

Cabinet control-heater setting

88.71

25,0 4 0,5 psig

4

10,6 + 0.5 ¢e/min

4

28.0
260

0.1 ee/min

b

1 ma

1+

66.7

0.1 mv

1+

10.0
42,0
184
194
88.71

0.1 mv
0.5V

i+

14

o°F
op
0.05°F

i+

-+

0.05°F

b 4n,/min
5.1

1o-60V

i

Calibration mixtures of the reaction products, namely HQ1,

vinyl echlorlide and 1,1 dichloroethane, were prepared by first

obtaining a known mixture of HCl and vinyl chloride, .Thia was

accomplished by collecting the two geses, either individually

from the feed lines or &8s & mixture from the reactor, in a

500 c¢ sample~bulb, The 1,1 dichloroethane was added as either

a gag or liquid, When added as a liquid, it was injJected into



-221 -

the bulb through a serum-bottle cap. When added éa a gas,

the liguld was first heated t¢ lncrease its vapor pressure,

and then a small porticn of the vapor was admitted to the bulb.
In both camses, the 1,1 dichlorcethane had previously been
s0lidified, followed by evacuation to remove dissolved ai?}

All mixtures were prepared on the feed-line sampling sys-
tem which was connected to the vaouum manifold., A mercury-
£illed manometer indlcated the pressure in the bulb as each
component was added. By assuming that the mixtures were ideal
gsolutions and using compressibility factors (24) at 25°C of
1.00, 0,92 and 0.87 for HCl, vinyl chloride and 1,1 dichloro-
ethane, respectively, the molal concentration of each component
was computed.

For each calibration sample, a distinct chromatographlc
separation was obtalned, and the areas under the elution peaks
representing each component were measured with a planimeter
to a precision of + 0.5%, In this regard, the relatively high
chart speed of 4 in./min was advantageous in that spreading
out the elution peaks greatly improved the accuracy and pre-
clsion of area measurement,

By considering the areas to be a function of the mole
fraction or welight fraction of the components, a comparison
of the composition caleulated from the peak-areas with the
known composition provided a series of correctlion factors, It
was found that thé composlition represented by the uncorrected

areas more closely repregented the weight Iractions than the
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mnole fractions of the components, Hence, the correction fae-
tors were based upon welght fractions,

The assumption of ldeal solubtlions in the calibration mix-
bures was checked by eluting the pure components in quantities
equivalent to the amounts present in the mixtures. Satis~
factory agresment was obtained. The sample calibration results
are listed in Table 44 of Appendix I. Included alsc are the
average values of the correction factors. All subsequent
chromatograms, including those obtained for the products of
the kinetic experiments, were corrected by these factors,

In sanmpling the reactor products, the gases were allowed
to flow through the sampler, which was attached to the product
manifold ay means of & ball-and-socket Jolnt, Over a period
of time, usually 30 min, the alr in the sampler wasg sufli-
giently purged, and there remained a representative sample of
the reactor product. This method was preferred to the one In
which the sampler would have been evacuated, because there was
legs manipulation feguif@é and there was less disturbance to
the system.

tudies of the Homogeneous Reaction

In the abgence of a catalyst, the reaction was studled
over a temperature range of 150 to 400°F and at a pressure of
1 atm. The stirring rate was [ixed at 300 rpm, and the flow
rates of the feed streams were varied from 3 x 1073 to

20 x 1073 lvs/hr, corresponding to retention times from
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7 to 1/2 hr, respectively.

Homogeneous catalysls wa&latmdi@d under similar condi-
tlons., In this case, however, F@Cla wag added as a8 vapor to
the HC1 feed stream. The amount added was delermined by the

relationshlp (25):

+ 13.7he
i T°K

whers P is the vapor pressure., Hence, at a tempervature of
206,6°F (475.7°K) this corvesponded to a mole fractilon of ap-
proximately 0,002 in the HC1l stream. Figure LA shows the
apparatus which contained the anhydrous salt) and as noted, the
vaporlzer was heabted to the degired temperature wilth a 200-watt
heating~tepe, Good conbtact between the HCL and FeGlB was ob-
aaimﬁ& by passing the HC1 directly through the heated solid

in the vaporizer. A rough approximation as to the anount of
F%GlB zdded was éatﬁrmimﬂé by withdrawing a 20.cc sample of

the HCY with a syringe and injecting 1t into a few milliliters
Qf standard patéssium ferrocyanide. Accurate coutrol of the
F@GIB concentration wasg impossible by the above method, butb
this was of no consequence since the experiment was devised
oenly to be quallitvative,

Preliminary Studies of Heterogeneoug Catalysis in Bateh Systems

4 series of experiments were performed to determine the
relative effectiveness of various metalllce halides and car-

riers in catalyzing the addition reaction between HCL1 and
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vinyl chloride. These reactions were conducted in glass
ampules each having a volume of 155 ce. The ampules were
assembled 1n two parts by means of a standard-taper jaint and
were equipped with a sampling line which could be opened or
¢losed by means of a stopeock.

In g1l the experiments, the ampules and thelr contents
were placed In an oven which was maintained at a temperature
of 100.0 + 0.5°C. The time of reaction was varied from 2 to 12
hr.

In the ({illing procedure, a weilghed portion of catalyst was
placed in the lower half of an ampuleQ Next, the two parts of
the ampule were Jjoined and clamped, and then it was attached
to the product menifold which 1s shown in Figure 48, Here,
i1t was evacuated and illed to a pressure slightly above at-
mospheric with a known mixture from the stirred reactor. In
all cases, the ratio of HC1l %o vinyl chloride was 1.2 on a
mole basis,

The sampler shown in Flgure 1£ was used to transfer
samples from the ampules to the chromatographic column. By
placing the sampler and the ampule 1n series on the vacuum
manifold an alr-free sample was obtained., Since the samples
were only 2 ¢c, several could be removed from a given ampule
when checking for reproducibility.

Whenever 1t was desirable to re-use the catalyst of a
previous experiment, the ampule was heated to 100°C and evacu-

ated for several hours, This removed essentially all the
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adsorbed, volatile materials which could interfere with sub-
sequent analyses,

A variety of catalysts and catalyst supports were studied.
In fact, the purpose of the experimentis was to determine the
optimal combination of catalyst and carrier which could be
uged in subsequent kinetic studies. It was of interest also
to repeat in part the experiments of Wibaut {3) and Kharasch
(6,9).

The catalysts which were studied Included Eggclg, CoCly,
?5013, Znala, Hiclg, Mncle, Cd612 and 91313, whereas the ear-
riers included asbeatas ‘ghort and long fiber, 10~2@ mesh -
silica gel, 60-80 mesh Dicalite, 6-12 mesh or 1/8 in, pellets
of Celite, and 1/4 in. spheres or 1/8 in. pellets of alumina.

The types of combinatlons placed in the ampules included:

1, 1,00 gm, or 1.2 millimoles of the pure metallie
halide. \

2. 1,00 gm of the unimpregnated carrier.,

3. 1.00 or 0.05 gm of catalyst plus carrier, wherein the
amount of catalyst was 1.5 millimoles/gm of carrier.

Since ‘there was a posslibllity that slde reactlons could
pecur in the presence of a catalyst, a gqualitative analysis
of the reaction preoducts, in addition to the guantitative
analysis, was desirable, Hencs, samples from an ampule con-
taining Znala supported on Cellte were analyzed by infrared
spectroscopy. The analyses were conducted in a gas cell hav-

ing a 10 em 1light path, For a comparison and for the purpose
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of calibration, samples of natural gas contalning methane,
ethane and propane were analyzed, It appeared that these com~
ponente ap well as acetylene, ethylene and hydrogen would be
the most likely products of a side reaction. A Perkin-Elmer
automatle infrared spectromeber was used in the analysis, and
ﬁh@ instrument settings are listed in the legend of Pigure 18,
Studies of Heterogeneous Catalysis in the Stirred Reactor

7 The catalyst chosen for the kinetic studles was based
upon the results cbtained in the ampule experiments. It was
found conclusively, as discussed under RESULTS, that Celite
pellets impregnated with zn012 perfarmed the most satisfac-
torily as a catalyst, Hence, a catalyst was prepared by im-
pregnating 1/8 in. Celite pellets with ZnCl, in the ratio of
0.200 gm ZnCl, per 1.000 gm of carrier, The extruded cylindri-
sal pellets were designated by the Johns-Manville Co., Inc.

as Geliﬁé #408 having the following properties:

Chemical cem?eﬁitian - Diatomaceous silica

510, - 90,26 (weight basis)
T10, - 0.2%

1,0, - 4,9%
Po05 - 0.4%
Ca0 - 0,88
Mg -  0.6%
Na 0 - 0.6%
K0 - 0.7%



-227-

Average dimensions of pellet - 0.175 in, dia x 0,156 in,

long
Avarage pore size - 22,000 g
Packed density - 36 lbs/ft>
Reaction in water - 8lightly acld to neutral

Surface area (measured by Union 01l Co. of California)

based on nitrogen adsorption - 10,6 m?/g

In preparing the catalyst, a welighed portion of anhydrous
znﬂia waa dissolved in reasgent-grade acetone, This gelution
was then mixed with a welghed amount of Celite pellets which
had previously been dried under vacuum at 115°C for at least
12 hrs., The mixing was done in a weighed, airwtight container
whiech was slowly evacuated to remove the acetone. By cereful
control of the evaporation rate, there was no difficulty in
coating the Cellite with reasonable uniformity.

When nearly all the acetone was removed, with only a
small amount adsorbed on the pellets, the contalner was
heated to 115°C and maintained at that temperature under a
vacuum for several hours. By this treatment, essentially all
the acetone was removed., The exact amount of 2n€13 adsorbed
was determined by difference afier weighing thes emply contalner
along with any unadsorbed residue on 1ts walls, Samples of
the dry, impregnated Celite were viewed under a 20~-power
binocular microscope and were found to contain no uneven

aggregates of %012 crystals,
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Preliminary experiments in the ampules and in the reactor
had shawn that a relatively large amount of catalyst per unit
volume of reaetaf, namely 3 gm/llter, was required to give
measurable rates of 100%°C and for retention times less than
12 hr. Upon this basis, 120,000 + 0,001 gm of the impregnated
Celite were placed in the reactor and distributed evenly
among the elght trays. Filgure 3 shows the catalyst loaded in
the reactor; and Table BA of Appendix I lists the weight in
each tray.

After the loaded reactor had been checked for vacuunm
tightness, 1t was placed in the oll bath and brought to a
temperature of 215°F., Following a pericd of evacuation at
this temperature, 1t was filled with HCl through the feed
lines to a pressure of 1 atm. Finally, the vinyl chloride
was admitted to the raaetér, and this was considered as the
initial time of reaction., Sampling from the reactor was be-
gun immediately in order to follow the transient build-up Lo
steady state with respect to feed compoaition,

The range of conditions studied were as follows:

Stirring rate {(fixed) - 300 rpm
Temperature - 165 to 300°F
Preagure - near atmospheric

Plow rates of HC1

H

0.60 to 8.58 x 10°> 1b /hr

Flow rates of Vinyl -3
Chloride - 1.38 to 18.82 x 107° 1v far

Welght ratio of Vinyl
Chloride to HC1

2.16 to 2,46
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THEORY

General

The most important single factor determining the mathe-
wmatiecal treatment of stirred reactor systems ls the degree
of mixing, In the ideal case, complete mixing occurs, and
this results in & uniform composition, temperature and pres-
sure throughout the reactor., Under these conditions, the
material and energy balance equations are conslderably simpli-
fied and in the case of steady state, can be reduced %o simple
algebraic equations., For the case of incomplete mixing, the
gquations descrlibing the system become extremely complex, and
usually cannot be solved by rigorous, analytical methods. ’In
the equationsg that follow, it is aspumed that complete mixing
occurg and that diffusion at the entrance section can be
neglected,

Materinl Balance

The general statement of material balance in a reaeting

gygtem for product A is given as {follows: .

iﬁata of product
addition in the
L feed strean

‘“l 1
Fﬁate of proﬁuct| {R&ﬁe of product ]
- | removal in the + | formation in the|

! | |
j | exit atream_j | roactor |
. (1)
Rate of greducti
ceumulation in!

B
f L
e

the reactor |

|
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The application of Eguation 1 to a stirred reactor con-
talning a solld catalyst which undergoes fouling can be

written in mathematical form as,

ac

, 9a |
Fipg = Follpo * Py, ¥ = Vo g (2)

wheres
Fi and Fﬁ = mans rate of feed stream and exli stream
respectively, 1b/hr,

Ny and o = the econcentration of product A in the
feed and exit stream respectlvely,

ib A/1b of %otal material flow,

¥
w

r.. = net instantanecus rate of product formation,
1ib A/(hr) (1b of eatalyst)
W = weight of the catalyst, lb.

Vr = volume of the reacting systen, ftg‘

Fal o i s onn o, e e B & o
Cp = mags concentration of A in the reac

<

ib A/Tﬁ3 of reacting volume.
@ = time, hr.

Por a gaseous system which obeys the ideal gas law, the
term CA can bhe related to ny by the following relationship,
in which the concentration of product A in the exit stream

ig identieal to that in the reacting system because of complete

n, m

A PV
Gy = =2 = =T N (3)
A v RT av
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wheret
m = total mass of reascting system excluding the
catalyst, 1b.
M = average molecular weight of the reacting system,

av.
1b/1b mole

A comblnation of Equations 2 and 3 for condltions of

consbant temperature, pressure, and resctor volume results in,

PVT d(mﬁv nAO)

Fan, - Fn, +p W= (4)
Ay oA, T "Wy gy ae
An overall material balance relates Fi and FG DY,

where:
F,. = the mass rate of accumulation in the reacting

E

system, 1b/hr,

In the present work, Fp repregsents only the accumulation of
material deposited on the surface of the catalyst due to a
fouling reaction, since no consideration is given to transient
conditions resulting from atart-up.

The substitution of Equation 5 into Equation 4 gives the

final form as follows:

PV d(gav.nh )
F.n, - (F, - P)n, + v, W = —= 2 (6)
i Ai i r AO Wy RT a0
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In the case of no fouling and steady state, the right-
hand member of Bguatlon 6 is zero, and also F, equals By
The resulting equation becomes:

Fyln, -m, ) +r ¥W=0 ' (7)

i o A
For the case in which the feed contains no product, Equation 7

further simplifies to,

Finﬁg = rwﬁw (8)
A knmowledge of the total feed rate, the welight fraation of
component A in the produet stream, and the welght of catalyst
is necessary and sufficlent to compute the instantaneous rate
of reaction with respect to A by Equation 8. In comparing a
saries of tests and in determining the mechanism or specific
rate of reaction, a Knowledge of the Ieed compesition and the

total product composition is also necessary,
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RESULTS

Chromatographic Analyeis of Products

A partition column containing didecylphthalate coated on
Dicalite was used in the chromatography unit for the purpose
of analysis, The operating conditions are described under
EX?ERIME%TAL PROCEDURE., At these conditions, the retention
times of CQE, vinyl chloride, 1,1 dichloreoethane, 1,2 dichloro-
ethane, water and air were complied from data for nearly 200
samples and are listed in Teble 1. Although the reactor pro-
duet eontained only HCl, vinyl chloride and 1,1 dichloroethane,
the other materials listed above were indirectly a part of
vhe analysis. As stated under APPARATUS, the HC1 was not al-
lowed to pass through the elution column but instead was '
passed through NaHCO; to form €O, and Hy0, which were subse-~
guently eluted. A knowledge of the 1,2 dichloroethane reten-
tion time was desirable in case an unexpected peak were to
appear in its vielnity.

The separation of components was primarily a function of
their relative absorptivities in the partition ligquid, The
fact that the peake shown in Figure 13 were not symmetrical,
however, suggested that the absorption isotherms were non-
linear.

Each elutlon peak also showed talling. This was partially
attributed to three effects, namely, longitudinal diffusion,

diffusional resistance in the partition liguid and adsorption
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on the column packing. Throughout the experimental work,

ém effort was made to minimlze sach of these effects without
destroying the separation of peaks.

By an increase of the column temperature, the viscosity
of the partition liquid wag decreased, thereby reducing its
resistance to diffusion, The inerease in temperature also
reduced the adsorptivity of the packing, and thus improved
the reproducibility of the analysis. On the other hand, the
increage in temperature reduced the absorptivity of the parti-
tion liquid and increased 1lts vapor pressure, The latter ef-
fects placed an upper limit on the optimum column temperature.

Since the separation of the sample was a continuous pro-
cess throughout the column length, a positive temperature
gradient in the direction of flow improved the separation be-
tween the components. As stated under EXPERIMENTAL PROCEDURE,
the gradient used was approximately 2,5°F/ft. '

The undesirable effects of longitudinal ‘diffusion were
nore noticeable at higher temperatures but were reduced to
some extent by increasing the flow of the carrier gas, hellum.
Here¢ apgain, a limitation was involved since an increase in flow
rate usually decreased the time for equilibration between the
pample and partition liguid. A reasonabls compromise beltween
kthaaevappaaing phenomena was reached by using a heliuvm flow
rate of 28,0 ee/min corrected to 70°F and 1 atm,

Although good separation was obtained among the primary

reactor products, overlapping occurred between alr and QOQ and
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between 1,1 diehloroethane and H,0. Since air and water were
contaminants, it was desirable to keep the samples free of
them. By carefully following a figid gampling technique, con-
tamination from alr was eliminated, The water, however, was

a more difficult problem, since 1t was a product of the reac-
%ign hetwaen HC1 and NaHQQB in the column, Use of a drying
ag@ﬁt in series with the bicarbonate column was not prac-
tie&bl&, because the irreversible adsorption of the sample
components on the dryer waa a posgsibilivy.

It was apparent from the chromatograms that the water
peaks were not reproduclble and that considerable taillng oe-
curred, This was atiributed to irreversible adsorpiion of
water on the column packing because 1ts solubllity lan the par-
tition licuid was negligible,

In order to correct for the overlap between the. water
and 1,1 dichlorcethane, several technigues were tested. One
method was to ex%vayaiaﬁe the 1,1 dichloroetvhane peaks to the
gero-baseliine. Ancther was o extend a vertlcal line from the
minimum portlon of the overlap-curve te the zero-baseline.
Here, an overlap curve is defined as two peaks partially super-
imposed on each other, A third method was to draw a new base-
line which was tangent to the 1,1 dichloroethane peal at its
origin on the zero baseline and to the minimum portion of
the overlap curve, Finally, & fourth method was to compare
the 1,1 dichloroethane ?eaks having water contaminatlon with
peaks of pure 1,1 dichloroethane. The validity of the 1ahtér
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method was dependent upon the fact that the maximum point in
-tha dichloroethane peak appeared before the origin of the
overiap curve,

As shown in Table 1, the beglnning of the waiter peak
and hence the overlap curve was 905 pec, whereas the maximunm
in the 1,1 dichiorcethane peak appeared at 825 sec. From
this, 1t was reasonable %o expect that the initial portion of
the 1,1 diehleroethane peak, up to the peak maximum, was
identiecal to the initial portion of a comparable peak for a
pure sample, Here, the area included in the initial portion
of the peak, for the purpose of {urther diacuaaion, is called
the symmetyry area,

The ratio between the total area of the pure sample and
twico its symmelry aresa provided an asymmetry factor which waa.
uged to correct the peaks of the contaminated samples., A plot
of the asymmetry factor v the symmetry areas of pure samples
is shown in Figure 19 and the data are listed in Table 2, A
sample caleulation for correcting the contaminated peak 1is
also shown in Table 2,

A conmparison of the four correction methods outlined above
showed thet extrapolation of the elution curve and correction
by an asymmebtry factor agreed to within + 3%, A couparizon of
thegse two with the vertical-line method showed agresment to
within + 64, whereas the tangentlal-baseline method agreed only
to within + 10%. Because of 1ts more logical basis, the cor-

rection by an asymmetry factor was used whenever necessary.



-237 -

Following the cavreetioﬁ for overlap, the calibration fac-
tors, which were discussed under EXPERIMENTAL PROCEDURE and are
- 1isted in Table 48 of Appendix I, were then used to convert the
areas of each peak to a welght basis, Finally, the composi-
tion was determined by dlviding each area by the sum of the
areas, )

The sensitivity of the thermal conductivity cell in de-
tecting each component was estimated experimentally. In these
experiments, measured guantities of a particular component
were injected into the column from which a series of elution
peaks was obtained., A plot of the guantity injected ve 1ts
peak area was extrapolated to zero area, and the intercept
represented roughly the minimum detectable guantity. Without
amplification, the sensitivity for each 6f the components
corresponded to a 1.84 ce sample at a pressure of approxi-
mately 1 mm of Hg. For a sample containing only 0.3 mole®
1,1 dichloroethane, the error in detection was approximately
+ 5% when the peak was amplified by a factor of 6,67. By
comparing the areas for several known samples, the precision
of detection was betbter than + 2%,

It 18 well to mentlion here that another source of error
in detection was the cell responge time. The magnitude of
this quantity was not measursed, but since the elutions were
performed at relatively low flow rates, its effect was con-
sidered to be negligible,

The areas of the peaks were measured to an accuracy of



-238-

4 3% with a polar planimeter, but in this case accuracy was
not important since only the relative areas were required,
The precision of these measurements was better than + 0,.5%
for the 602 and vinyl chloride peaks and never exceeded + 1%
even for the smaller 1,1 dichlorcethane peaks,

Prom a knowledge of the retention times, the retention

volumes were computed from the following definitlont:
V. = (B )(t,) (7)

wheret

Vr = gorrected retention volume, ec at 70°C and 1 atm

tc = gorrected retention time, chtained by taking the
difference between the measured retention time
and the retention time of alr, min,
F, = flow rate of carrier gas, ce/min eorrected to TO°F
and 1 atm,
The caleulated values of Vr for each component are listed in
Table 1,

Studlies of the Homogeneous Reaction

In the absence of a solid eatalyst, no measurable reac-
tion to form 1,1 dichloroethane occurred within the tempera-
ture 1imits of 200 to 400°F for retention times up to 12 hr.
At 400°F, however, some cracking of the vinyl chloride was
observed as indlcated by a slight carbon deposit on the glass

surfaces. Whether or net this was catalyzed by the glass was
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iﬂvestigated further.

Likewisa, in the presence of F@cl3 vapor no reaction was
cbserved, It is possible, in this case, that insufficlent
FeCl3 was present or that the vapor molecules were unable o
decrease the activation energy of the reactlon. PFurther work
will be necessary to confirm these results,

Preliminary Studies of Heterogeneous Catalysis in Batch Systems

The results of the ampule tests were important in select-
ing the most favorable combination of catalyst and carrier
to be used in subsequent studies,

Effect of Carriers.~-With the exception of silica gel,

all the carriers listed under EXPERIMENTAL PROCEDURE were
found to be completely inert toward HC1I and vinyl chloride.
Tha;aurfac@ of the silica gel became dlscolored, which
ﬁuggested that it was catalyzing the decomposition of mono-
meric or polymerle vinyl chloride., After prolonged contact,
the discoloration increased until the surface was totally black.
Normal silica gel has a very large surface area, 800 me/gm,
and also posgesses an affinity for many organic and inorganic
molecules, It is not unlikely, therefore, that physical ad-
sorption or even chemisorption was occcurring, both of whiech are
normally exothermle processes. The resultant energy release
may have been sufficlent to induce the endothermic, cracking
reaction,
An alternative explanation 1s the possibility that silica

gel contains reactive sites capable of catalyzing the chemleal
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decomposlition of vinyl echloride., BRegardless of 1ts mechanism,
however, the decomposition was an undesirable reactlon in
the presence of a eatalyst or a catalyst support,

Like the other catalyst supports, slliea gel 4id not
catalyze the addition of HCI %o vinyl chloride., Its advantage
over: the other supports wag a large surface area, but this was
offset by its effect in decomposing reactants and by itz small
pore diameters, Celite possessed neither of these disadvanbtages
and for this reason was uped as the support in subsequent rate
gxperiments. |

Effect of Metalliec Halides Withoubt Carriers,--Among the

pure mebtallic halides tested, only ZmClg and F@Gls catalyzed

the reaction between HCY1 and vinyl chloride to lform 1,1 dichloro-

ethane. A comparison between the catalytlic activities of these

two 2alts was obtained by varving the time of contact. The

raesults of Lthese tests are listed in Table 3 under Tests A and B.
For short periods of time, usually 2 hr, the ratio of con-

version in the presence of Feﬁlg to that of ZnClg was approxi-

mately 2, under identical conditioneg of initial composition

and temperature. With increasing contact time, however, the

difference in conversion for the two catalysts becanme smaller,

and after & hr, the ratio was less than 1. Por periods up to

12 hr, the ratio of conversion reached a value of 0.5 in favor

of ZmCla.

These facts were explained on the basis that initially

FeClB was the more asctive catalyst of the two. The gradual
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decrease in the ratio of conversions asuggested that either
equilibrium had been establishad in the presence of Feclg
or 1ts activity was decreasing. The {former alternative was
ruled out since the ratio of conversions alfter & hr beﬁame less
than 1. A repeated experiment with the pame catalyats éreved
ccnelu&ively.that FeClB had lost 1fs activity since no conver-
sion wéﬂ obtalned,. ZnCl2 also showed some dacrease in activity
but mot to the extent experlenced by FeCls. |

The loss of aebviviity was explaluned when experiments showed
that both zn012 and Feﬁla ag well as BiClB catalyzed the de-
@@mpoﬂiti@ﬂ of vinyl chloride. The net result was the gradual
formation of a thin c¢arbon film on the surfaces bf‘%h@s& salte,
Algo, the rate of decowposition of viayl chlopvide, and henece
the rate of carbon fermatlon, was much greabter in the presence
of BiCl, and FeCly than in the presence of ZnCl,. A subse-
guent analysis of the carbon-coated FaClB ghowed that it had
. peen reduced to FeCln, which was known to be inactive as a
catalyst. Thus the rapid loss of activiity in F@Cl3 wag attribu~
- table to the occupation of actlve sites by dacomposition pro-

duects and to the reduction of the Fettt

to a lower valence
state during the decomposition reaction., In the case of chle,
the slower loss of actlvity was due only to the cccupation of
active sites.

Effect of Metalllec Halices Supported on Carriers,--Results

similar to the above were obtalned for the catalyst supports

impregnated with metallic halidea. The most signifiecant dir-
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ference was tne increased conversion per unit welght of salt.
This was expected since, in couwparison o the pure salis,
greater exposure of 8n612 and F@Cls was ovtalned on the large
surfaces of the supporis.

A series of tests at 100°C with ZQCIQ gupporited on Celite
were conducted as a funetion ol contact time which was varlied
from 2 to 12 hr. The resultant couversions listed in Table 3
under Test C were conveniently based oan 100 gn woles of ini-
tial nmixture, and in each case the laivial compositiocns in the
ampules were practically the same at 1.2 moles of HC1 per mole
of vinyl chloride. Several significaal concluslons can be
drawn {rom these tests., Up to 1 hr, 1% wag appareni that
chemiocal eguilibrium had ool been atitalined because sacn succeed-
ing éest gave higher converslona,  For 1€ hr aud boeyond, a
plol of perceatl vinyl chilorlde coaversion vs sonbace tiume, which
is presenited in Figure 20 and Table 4, shows only a slight
tendency to reach a plateau., It ig probably sale to say,
therefore, that equilibrium had not been atialned even for 12 hr
of contact time,

The funeciional relationahip between the wmoles of uncon-
verted vianyl chloride and contact time ls presented in Figure 21
and Table 5, The curve shows thal the rate of vinyl c¢hloride
disappearance decreased with time, which would be expected on
the baslis of a decresase in concentration and a decrease of
catalyat activity. As shown under Tests E and F in Table 3, &

comparison between the converslou oblained in the presence of
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ZnCl, on 60-80 mesh Dicalite with that obtained in the presence
of ZnCla on 10-20 mesh silica gel indicated that a higher con-
version was obtained in the presence of silica gel.

In an effort to determine the nature of the catalytiec de-
composition of vinyl chloride, samples of the product gas over
a 2nCl, catalyst were andlyzed as stated under EXPERIMENTAL PRO-
CEDURE in an infrared Bpéctrometer, The results of a typical
spectrum are shown in Pigure 18A, It was not unreasonable'to
suapect, based on the structure and chemical compositions of
vinyl chloride, that HC), methane, acetylene, hydrogen,
ethylene or even sthane were among the gaseous products of de~
composition, By comparing the spectrum of natural gas shown
in Pigure 18B with the spectrum shown in Pigure 184, the pres-
ence of methane or ethane in the product gas wag eliminated.

A gimlilar comparison of the characteristic absorption bands
for acetylene and ethylane, which are listed in the legend of
Figure 18, eliminated these substances. The negetive results
were also an indicatlion that the feed streams were free of the
hydrocarbons mentioned above,

There s8till remained HCl, hydrogen and solid carbon as
the possible products of decomposition. ¥ these were the pro-~
ducta of decomposition, the fouling way have begun by the split-
ting off of HCl from monomeric vinyl chloride. Then acetylene,
an intermedliate product, by a series of catalyzed decomposition
steps finally yielded hydrogen and carbon,

The alternative possibility is that induced polymerization

of the vinyl chloride occurred in the presence of the metallic
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chlorides, and the resulitant polymer decomposed Yo acetylenie
residues on the surface of the catalyst.

A definite mechanism for the fouling réaction cannot bg
obtained on the basis of evidence collected to date. It can
only be said that the absence of certaln species and the posi-
tive identification of carbon limit to some extent the number
of possibilities.

Rate Studies of Heterogeneous Catalysis in the Stirred Reactor

The results of the stirred-reactor experiments in which the
amount of catalyst was 20 gm of ZnCla supported on 100 gm of
Celite pellets are listed in Tebles 6a, Gb, Bec, and 6d.

Temperature Control.--For runs 1 through 2% inclusive,

the average temperature was 215.0 + 0.%5F, and the average dif-
- ference in temperature betwesen the top and bottom of the reac-
tor was 0.22 + 0.06°F. For runs 26 through 28, th@ correspond-
ing values were 1563.9 + 0.1°F and 0.15 + 0,01°F, and for runs

29 through 39, 299.0 + 0.1°F and 0.25 + 0.03°F. Tests showed
that, for feed rates corresponding %o a retention time of 45
min, a significant temperature gradient, on the order of 1°F/r¢,
developed within 3 or 4 min when the stirrer was atopp@d; The-
small temperature gradients, therefore, were an indication that
the stirring rate was sufficiently high to obtain good mixing
in the reactor. The temperature of the oill-bath in which the
reactor was immersed differed from the average values in the
reactor by only + 0.2°F, which indicated that no large gradients

existed in the radial direoction,
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Pressure Control,--An approximate indication of the pres-

gure drop across the reactor was cbtalned from the rotameter
manometer which measured the upstream pressure of both the
reactor and the rotameters. As shown in Table 6a, the pres-
aure drop varied slightly according to the flow rate through
the system. For the maximum total feed rate of 27.4 x 1073
1b/lir, the pressure drop was 0,0076 psi; and for the minimum
rate of 1,98 x 167> 1b/hr, 1t was 0.0040 psi., Hence, for all
practieal purposes the presaure in the reactor was uniform and

equal to the absolute pressure of the surroundings,

Product Sampling.--In runs 1 and 2, corresponding to the

first 30 hrs of operation, a small gquantity 5? viscous ligquid
appeared on the cool aurféce of the produet line. This was
attributed to slight polymerization of the vinyl ehlsriée.

Its appearance ag a polymer in the product line “ndlecated that
it wag a low-molecular-welght material with z relatively high
vapor pressure in comparison to the usual organlc polymers.
After approximately 6 hr, the rate of polymerization seemed to
’deeraaae sharply and by the end of 30 hr had essentlally reachéd
Zero.,

Since the conversion during the first 55 hr operation, whiech
included runs 1 through 3, was relatively high, the method of
sampling was modified during the experiments because of the pos-
8ibility of 1,1 dichlorosthane condensation in the product line.
According to Radulescu (28), the vapor pressure of 1,1 dichloro-

e thane 18 related to temperaturs by the followlng equation:
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108y Pop = 641560 - iészi (8)
(7-36)
where
p = vapor pressure in cm Hg

T = temperature in °K

At 25°C, the egquation predicts a vapor pressure of 22.6 om
which, by assuming ideal gases, represents a mole fraction

of 0.30 in the gas phase, Thus, to prevenit condensation, the
product stream in passing{through the sampler, was maintained
at the reactaf temperature. In Table 6a, the tabulated mole
fractions of 1,1 dichloroethane for runs 1 through 3 are
greater than the satwration value at 25°C, indicating the
neeeﬂ?ity of maintalning a high sampling temperaturg. After
55 hr, the conversion had decreased because of fouling so that
heating the sampler was no longer necessary.

Feed Bates.-~The feed rates of HC1l and vinyl chloride

wera recorded at haif~houf intervals during each ruﬁ, which
usually lasted from 15 to 18 hr. Between runs, the flow rates
were reduced to very low values, but nevertheless the weight
ratio of vinyl chloride to HCl was kept within the range of
2.16 to 2.46 at a consbant temperature. In most cases, the
rotameter readings varlied over a range of + 3% even with the
temperature controlled at 25°C, For this reason, the net flow
rates for each run were determined by graphical integration,

The célibraticn charts in Pigures 1A and 28 of Appendix I were
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used to converti from rotameter-scale readings to mamss rates.
The mass rates of each reactant, the total mass rate; the
welght ratlio of vinyl chloride to HC1l, and the weight ratio
of total mass rate to catalyst weight are listed in Tables
Ga and Ob,

Product Composition,--FProm the aowrected areas of the

chromatograms, the composition of the product stream was com-
puted on & welght basis and converted to mole fractions, By
agsuming that the product stream conld be adequately deseribed
by Dalton's law (29), the partial pressure of each component
was computed from the product of iis mole fraction and the
total pressure. The composition in welight and mole fractions
and the partial pressures Iin atmospheres are listed 4n Tables.
6b and 6e. .

Retention Times.~-The capacily of the reactor, expressed

in moles of ldeal gas, is listed in Table 6¢ and was dbased

upon the temperature and pressure of operation. From this

value and the molar flow rates, the retention timea ware cal-
culated. It 1s interesting to note that even for the highest
molar flow, namely 53.5 x 1072 1 moles/hr, the retention time
of 45 min was probably sufficlent for diffusion %o ocour between
the gas phase and the catalyst surface, without limiting the
rate of reaction,

Material Balance.--A useful method of determining the

validity of the rroduct analysis was 0 carry out a material

balance. Thls was accomplished by assuming that each mole of



1,1 dichloroethane was formed from a mole each of HC1 and
vinyl chloride. Thus, a computation of the initial feed ratio
reguired to give the products was compared with the experimental
feed ratio., The calculated ratic and the percentage difference
of the compared ratlos are listed in Table.ﬁd. During the
Pirst 350 hr of operation at 215°P the deviation averaged
~-15.6%, and similarly during the inltial 200 hr at 299°F it
averaged -%.0%, In both cages, the fact that the compuied
values of the vinyl chlorlde-ECl ratic were lower than the
eperimental values was evidence that a side reactlon was con-
gsuming vinyl chlorlde, Prom %h&'rasultﬁ of the vatch experi-
ments 1t was reasonable to assume that the side ?eaction was
foulling of the catalyst,

After 350 hr at 215°PF, the percentage deviatiag in the
material balance decreased sharply and attained an average of

+ 3.6%. Likewise, aflter 200 hr at 299°F, it became + 3.8%,

o

veraged + 2.6% for the entire periocd of

5
0

wheress at 164
65 hr,

Catalyst Fouling.--The effect of fouling produced on a

catalyst 18 best shown by plotting the conversion against the
catalyst exposure-time for fixed conditions of temperature,
pressure, feed ratlo and space veloelty. Significantly, the
rate of catalyst fouling at any time 1s given by the slope of
the curve. The catalyst exposure time ls defined as the Letal
time 1n which the catalyst has been exposed to the rescting

mixture,



In Figure 22, the conversion at 215°F is plotted agalnst
séﬁalyst exposure-tine for parameters of feed ratilo and PV,
The general trend of the curve shows that, because of foullng,
the conversion continually decreased for approxinately %50 hr,
A%t the end of that time, 1t leveled off and remained reason-
ably constant for the remsining 550 hr., These results Bug-
pested that steady conditlons with respeet to fouling had been
attained, dbut even more sipgnificant was the fact that the c0h~'
version had not decreased to zero. This was {ﬁ ortant evidence
indicating that the fouling mechanism Involved reversible foul-
1ng or irreversible, mmlti-gite fouling but net irreversible
gingle-site fouling. If the latter mechanism werce the case,
the conversion would have decreased Lo zero,

Ir rung 26 through 28 at 164°F, which followed the runs
at 215°F, neo Pouling was obgerved. This was not too surprising
gince in going from a higher to a lower temperature the foullng
rate, which reached nearly zero at 215°F, would be expected
te decrense,

In rure 20 through 30 at 200°F, which followed the runs
at 164°F, a fouling period followed by a non-fouling period was
againAabﬁerved. A plot aimilar %o Plgure 23 is pregented in
Pigure 28, It shows that in comparison to the fouling at
215°P, the additicnal fouling at 200°PF was much less, Under
DISCUSSION OF RESULTR, a eritical evaluation of the type of
fouling at the three experimentel temperatures 18 presented in

detaill,
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Rate of Reaction.--For the rigorous determination of the

rate of the primary reaction during the fouvling perlod, Egqua-

tion & under THEORY is applicable.

er, d(l&av ‘ mﬁa)
RT ae

- In the present work, nﬁi equals zero, The relatlve order
of magnitude of Ff was determined approximately by the ratio
of the total mass of fouling material, 1.e. the carbonaceous
deposit on the catalyst, to the total exposure time of the
eatalyst, The quantity was found fo be 0.5% of the feed rate
a8t early exposure times and thus ecan be neglected, The time
derivative in Equation € was determined by measuring the alope
of the curve in Plgure 22 at zero exposure time, This method
was valid in the present work, since the feed ratio of vinyl
chloride to HCY was malntalined relatively constant throughout
the experimental program., The value of the slope at zero time,
multiplied by its coefficlent in Equation ©, was compared
to the term Finﬁo and found to be only 2% of that quantity.

Baged upon the above arguments, Equation & can be approximated

by,
= W, ‘ (63)

which is equivalent to Equation 8 for the case of no foulling

and steady state,
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The rate was not computed for the firet 6 hr of operation
because of the transient conditions resulting from start-up.

A plot of conversion vs W/F at 215°F for an average feed
ratio of 2,30 + 0.04 ie shown in Figure 24, The values in the
plot were obtained from data for the non~fouling period whiech
included runs 14 through 25. If the conversion in these
experiments were near enuilibrium, the curve would show an
asymptotic slope, but its nearly linear trend indicates that
the conversions were relatively low compared to equilibrium.
The slope at any point on the curve is the instantanecus rate
of reaction which is nearly constant for velues of W/F up to
23 (1b ocatalyst/lb feed)(hr).

Order of the Primery Addition Reaction.--4 procedure for

determining empirically the order of reaction was based upon

the following equation,

o~
"]
N

! a ol T
T1,0 = “Prcr Pre. 7L,

The exponents, a and b, were assigned values of 0.5, 1.0, 1.5,
and 2.0 in all possible combinations and were applisd to none
fouling data at large space velocities, Under these conditions,
the term gl’lfxé could be neglected., It was found that the
drift in the celoulated values of C waz a npinimum when the

exponents of Pro1 and j were equal to 1. In further

Qel
analyses of the data, therefore, the primary addition reaction
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was assumed to be second order. This asscumptlon was verified
by the subsequent correlation of the data.

Interpretation of the Reaction Rate, r, . .--An attemnt to
Y 1.1

determine the most plausible mechanism for the bimolecular
reaction between HCL and vinyl chlovide was bhased upon the
assuwption that one chenical step was rafe-~controlling. Upon
this assumption, 10 different mechenisms seemed possible,
Diffusion in the gas phese was not considered controlling under
he conditions of complete nmixing. The possible mechanisms,
together with their corresponding rate eguations, expressed in
convenient form for comparison, are listed in Table 8A of
adppendix I, wherein the nomenclsture of Smith (37) and
Bumett (43) im used, The mechanisms, which were chosen, in no
way exhausted the possibilities bul appeared o b; the most
logical ones for describing the catalyzed rsaction between
HCL and vinyl chloride.

fh@ general form of the rate enuatiors in Table BA of

Appendix I, ocan be written as,

o . o= O o e PR (10)
1,1 T Y Prael %y, )

where: K = thermodynanic eguilibriun constant,
a; = activity of component i,
C* = a function of X, Ki’ and By depending on the
rate~determining step.
Ki = adgorpbtion eguilibrium conastant for component i.

The lack of activity data requires the use of concepne
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trations or partial pressures or the assumption of unit
values for activity coefficients., In terms of nartial

pressure, Hguation 10 becomes,
ry . =G - Elad) (10)
1,1 Pl Pr.e. @

In téeting gach of the models separately, data for the
non-fouling period at 215°F were used in a ieamtmﬁquarea
analysis, according $0 2 method outlined by Hougen and
Wateon {26). 4 criterion used in establishing the rate~
controlling mechanisn requires thet constants obtained from
the least-squores analysis hawve positive or zero values,.

Hone of the mechanisms tested gave all positive or gzero
velues for the coefficients. This was an indication that
gither the corrsct nmechanisn had not been tested or that the
caloulations were too sensitive to small varistions in the
&at&. It is probable that the letter explanation was largeiy
responsaible for the apparent leck of corvelation. If, for
example, the adsorpiion constants had large differences in
nagnitude, a higher degree of precision would be required iﬁ
the least*aqua?aﬁ analysis,

A close aﬁaminatioh of the negetive coefficients obtained
in the least-squares computation indicated that Equation 1-84,

i.e.
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Py
ey KoKy (PyPy = X,
T =
LI s K Py + Kby + chc)g

{1-84)

gave values closer to zZero compared %o the other mechanisus.
As stated in Table BA, the above equation applies to the
mechanism in which the surface reactlon between two adsorbed
molecules is controlling., On a comparative basis, therefore,
Equation 1-88 appears to fit the experimental observations
most favorébly.

Anogher method of analyzing the data at 215°F in terms of
the possible mechanisms, was by a simultaneocus solution of each
equation listed in Table 8A of Appendix I. In this case, the
value for K, was taken as 17.2 atm™*. Since data from 12 runs
(14 to 2%, inclusive) were available, the simultaneous solu-
tions ta determine the four unknowns in each equation were
ebtainéa for all possible combinations of 12 rung, Only
Equation 1-8A, for certain combinations of the 12 runs, gave
all positive values of the computed coefficients, The results
of these calculations; inecluvding the combinations of runs, are
listed in Table 8A of Appendix I, The average values obtained
are only relative orders of magnitude and could not be used
with confidence in a general rate equation,

Empirical Calculations for the Equllibrium and Rate

Congtants.-~8ince the attempt to determine the mechanism of the
reaction by caleculating the eguillbrium coefflcients and rate
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constant was unsuccesaful, an empirical correlation of the
rate datae was obtsined by assuming that the factor ¢ in
Equation l0a varies only with temperature and catalyst activity,

Published values {30) of the thermodynanic e@uiliﬁrium
gonstant, X, which had been obiained indirectly from heats of
Gombuaﬁian could not be uaed‘in Eguation 10z for the calou-
lation of C, In fact, the conversions obtained experimentally .
exeae&éd those predicted from the published X by a factor of
nearly 20, This unusually large difference could not be
explained on the basis of experimental error. The internal
consistency of the data plus the relatively good material
balance in the non-fouling periods suggested that further
gxperimentation is required to confirm the discrepancy.

An alternative snalysis was chosen in which ﬁy was
computed empiricelly from the rate data. Por this caloulation,
Bguation 10a was solved for K? and C simultaneously by & leaste
squares procedure. Data from runs 14 through 25 at 215°F were
used, because the fouling rete during those runs had decreased
to nearly zero., A complete tabulation of the numericel values
substituted into the least-asguares equations is presented in
Table 64 of Appendix I. The value obbained for K? wag 17.2
atm™ whereas the published, thermodymamic K is 0.172 atuw™* at
215°F, Also, e solution of Eguation 10a for ¢ and K@ was
cbtained from runs 24 and 25, vwhich were the final runs in the
nop~fouling period at 215°F, The value of 18,7 atu™, couputed

for K?, agreed reasonsbly well with the least-squares value.
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At 25°C, the standard free energy change corrgspanding to the
above values of K is 4.67 keal/gm mole for the computed X
{17.2 a%m”l) and 1.94 keal/sm mole for the published XK.

Kp at 164 and 299°F was calculated from the Van't Hoff
eqgquation using published heats of formation and hest capacities
(31,32,3%,34,35,36). The values obtained ave 86.2 énd 2.0
atn™t

Table TA of Appendix I,

¥ resp@cﬁively. The calewlations are shown in detail in'

With the computed valuﬁa‘cf K@, Bquation 10 was used to
deternine ¢ for both the fouling and non-fouling periods at
sach temperature, HMultiplication of € by (RT)E/ﬁl,l converted
it ﬁ@kﬁc which has conventional concentratlion units, Both C's
are ligted in Table 6d. |

Effect of Catalyst Exposure Time on Cj.=-4 plot of C, vs

catalyst-exposure time at 215°F is shown in Figure 26. The
“yalues for runs 4, 5, and 9 aremitted from the plot because
6f experimental insccuracies in the data, The curve shovws a
gteady decline for the first 450 hr to an asymptotic velue
greater than gero, 4 similar plot for Gc;at 299°P is shown in
Figure 27. Since no fouling cccurred at 164°F, Qc at that
temperature did not drift as a function of catalyst exposure
time.

Fouling Factor iu ths Rate Expression.~-It is evident that

the conplete rate equation for a catalyst which undergoes

fouling nust include a fouling factor to account for the effect

of catalyst exposure~time. According to other investi-
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gators {26,37), there are not sufficient data available on any
one systen to establisb with certainty the best procedure for
introducing such a f&cf@r into a fundamentasl rate equation.
Several alternatives are presently in uwse. Among the possi-
bilities, a term may be introduced as & multiplying factor in
the numerator of the rate eguation, with the idea thet fouling
reduces the total anumber of active centers on the catalyst
surface, The method used in the present work wos based on
this hyy@%ha&is. Poy this purpose, an equation relating C

to catalyst exyﬁsuremtime at 215°F was obtained for the curve
shown ip Figure 26, The resultant equation which iz only zn
approximation ig given as follows:

£%,)

G = (0,589 + 10,341 & © )z 10° (11)

where f(te), determined by leastesquares, bas the form

£(ty) = (2.303)(0,001378 %, = 2.87278 x 107 ¢ °

+ 4.2625 1078 § 7 - 1,814 x 207 ¢ %) O (12)

The experimental dats were insufficient 4o obtzin a
functional relationship between temperature and the fouling
factor. In general, fouling experiments at each tampefatﬁre,
beginning with fresh catalyst, are required before & teuperae
ture function can be derived with confidence.
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The final empirical equation whiech can be used to predict

3

the amount of 1,1 dichloroethene formation, with s mass feed
ratio of vinyl chloride to HC1 in the range of 2.16 to 2.46,

is given for 215°F as,

£(t)
o= K| 0,589 % 10,341 e
1,1 % ¥

o RDEm

| Py o1y
<pHGl Py o,” 15?!.2>‘“'}L 10

Lo

¥ith additional knowledge of the temperature dependence of
fouling, Equation 13 could be modified to apply over the
temperature range investigated.

Tenperature Dependence of Ge based upon the Non=Fouling

Activity Level at 215°F,-~The average value of C_ at 164 and

c
215°F for the non-fouling periods, vhich corresponded to
identical catalyst activity levels, were computed to be 8,75
and 60.19 (1b moles 1,1 dich&araeth&ne)(ftg)z/(hr}(lb catoe
lyst){1lb molea)gg respectively. Since additional fouling at
299°F had decreased the catalyst activity, the value of GO at
that temperaturse corresponding to the same activity level wae
approximated by using ite value obtained in the imitial stage
- of the fouling period. This guantity was found to be T722.3
{1b moles 1,1 diehlaroethﬁne)(f%ﬁ)g/(hr)(lb catalyst)
{1b mqlea)g.

The fact that Pouation 10s is similar in form %o &
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homogeneous rete equation suggested an Arrhenius-type
temperature dependence of Co» A plot of log C, vs 1/T is
shown in Figure 25 which gives a straight line. This linearity
in@icatas that the second~order rate lav given by Equation 10a
desoribes, at least empirically, the behavior of the reacting
systen,

Temperature Dependence of Ce for Non=Fouling Activity

;ﬁ§§§§.-ﬁt 215 and 299°F, the gverage values of €, Tor the
non~fouling period were 60.19 and 33%9.8 {1b moles 1,1 dichloro-
ethana){ftB)g/(hr){lb catalyst)(1db mole%}z, respectively.
vince the fouling is assumed to be irrevsrsiile, the average
Cg for runs 26 to 28 at 164°F does not represent the actusl
activity level of the catalyst for the non~fouling period at
that temperature. This is true because the previocus rms 1 to
25 were méﬁe at 215°P, at which the degree of fouling was
greater than that obtainable at 164°F.

Based upon the hypothesis that Ge for the non-fouling
periods obeys an Arvhenius-type cquation, a straight line is
then drawn through the values of C, 2t 215 and 299°F on en
Arrhenius plot in Pigure 25 and extrapolated to 164°F., At
that temperature, the extrapolation value of @c is 16.5
{(1b moles 1,1 &ichloraathane)(fﬁg)zf(hr)ilb catalyst)

(1t moles)?,
Pron thesa results, the temperature dependence of Cc is

given by the equation,



C, = 4.07 x 10° @ (14)

Bouation 14 cen be combined with Bquations 10a and 8 to give
an expression for predicting the conversion during the none-

fouling period,

21,100 -
4,07 x 108 ¢ BT Dyy |
NV (Pac1 ®v.c. ~ %o ) (15)
T

i

h,® F

Boustion 1% is applicable under varying conditions of residence
tine for the tenperature range of 164 to 299°F, for mass ratios
of vinyl chloride to HOL in the vange of 2.16 to 2,46, and for

catalyat-exposure times up to 1800 hr. Smell changes in total

pressure wonld not be expected to noticeably &@fect the final,

steady=atate fouling.

The equilibriunm constant KP iz related to temperature by,

1n Ky = 7,689 + 7-hgy 2422 - 4.0 1n 1

+ 0,0054 T - lﬁ.lg} {(7-74)

ﬁquatian T=T74 is derived in detail in Table TA of Appendix I.
Bacause of the sssunmptions involved, Bguation 15 is,

at best, an empirical £it to the experimental data. Its

general form, however, has some theoretical basis which is

discussed in &@%gi& under DIBCUSSIOH OF RBSUIAS.
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DISCUSSION OF RESULTS

Rgaction Mechanism for the Addition of HCl to Vinyl Chloride

In the arguments of Kharasch (6,9,10,11) and Wibaut (3),
which are pregented under INTRODUCTION, it was stat@é that
mechanistically the addition of HCl to mono-olefins in the
pregence or absence of a catalyst 1s the same as the addition
af'ﬁﬁr to vinyl chloride in the pressence of F&ClB. The 1,1
product, in all cases, is formed. Kharasch referred to these
reactions ags 'normal” additlion reactions which proceed accord-
ing to Markownikoff's rule {(38).

Eharasch further stated that the "abnormal! addition of
HBr to olefins, especially in the presence of peroxides, was
avchaln reaction invelving Br. The product, in this case, 1s
always the 1,2 alkyl halide. His arguments were correct except
that the free radical Br+ 1is the chain carrier ra%he?Athan Br,

In the present work, the fact that only the 1,1 product
of the HC1 addition to vinyl chloride was formed elimiuateﬁ
the posslbllity that the reaction was propagated by free radi-

cals., A free radical reaction would occur as follows (39,40):

Mechanism A: Re + HCY ——> RH + (1. {a)
H c1 " H c1
AN / ! /S
/cmc\ +01---->,H~g~g\ {B)

H H Cl H
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The resulﬁanﬁ free radical would react further Lo form the

product 1,2 dichloroethane by the reactlon,

oo H H
i

H-C-¢( + HOl—> H-C-C-=-H+Cl (c)
c1 H c1 C1

The major barrier preventing the occurrence of the above réac-
ton 1is the difficulty inm forming Cl* from HCl in which the
hydrogen-chlorine bond is quite strong, i.e., 102,7 keal/sm
‘mole (41). Raley, et al {42), report, however, that the reac-
tion can be accomplished in this manner,

From the above arguments, it is clear that the catalyzed
or non-catalyzed addition of HCl to winyl chloride must occur,
under ordinary conditions, by a mechanism other than free-
radical, One such mechanism would involve a bridged-carbonium
ion (39) éa a transition preduct and can be represented by the

following steps:s

Meehanism B:
- N H\
H ¢l H RN ¢1
\ \ o \ // \\ wn
C = c// + H($\~ Cl<>«-»> ¢ — C// + C1 (D)
S AN g a™\
H H B H

Reactlon D requires that the molecule attacking the olefin be
polar in nature, HC1l has 2 dipole moment of 1.03 x 16"18 esu,

The resultant bridged-carbonium ion gcguires a net
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positive charge on the o carhon relative to the B carbon, when
it is attacked on the back-side by a €1~ ifion., This i= because

of the stabllizing effect of the Cl group on the a carbon.

Thus:
/D ar H ; c//CI (E)
P N RN
i H H B

The olassical earbonium ion of Eguation B reacts with €17 to

give 1,1 dichlorcethane by the following reaction,

H c1 H C1
i S - i |

Hw{?m{i\ + 1 mﬁ_q~§~ﬁ (F)
H H H ¢l

In the presence of an lon-solvating medium, Mechanism B can
oceur with relative ease because of the presence of H+ and cl‘.,
In the gas phase or on a non-solvating catalyst, Mechanism B
becomes less probable, The scolvating effect of anhydrous Zn¢12
on adsorbed HC1 is not known so that the contribution of
Mechanlam B in the catalyzed addition reaction is uncertain,
The second type of non-chain mechanism for addition reac-
tions 1s frequently called a "four-center' reaction {39,40).
In this case, the atoms in the reactants change their configu-
ration to that of the product without the formation or destruc-
tion of ions. In the transition state resulting from the

collision of an HCl molecule with a vinyl chloride molecule,
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four atoms are each simultaneously forming a new bond and
breaking an old one, It is especilally important to note here
that this type of reaction requires a high degree of molecular
orientation before reaction occurs, A catalyst such as Znelé
probably orlents the molecules on the active sites and thus
increases the probability of reaction., Thils reaction can be

represented 1n the following manner:

Mechanism C:
H o1 o o1
e oo’ 4 HEL e H - Gt - H (6)
20T U Ty :
H H /R &1
1o r oo ;
H-C==C-H —— H-C-C-H (")
H------- 1 E ¢l

Mechanism Cs in comparison to Mechanisms 2 and B, would be ex-
pected to glve the lowest rate of reaction because of its small
steric factor,

The very low rates encountered 1in the stirred reactor even
with catalysls strongly suggest that Mechanism C 1s primarily
regponsible 1ln forming the product. Moreover, the empirical rLt
of the rate data to a second-order, bimolecular reaction is a
good indlcation that the activated complex whebher formed by
Mechanism B or C consists of a combination of a single HC1l and

vinyl chloride molecule,



Type of Fouling ,

| It has been pointed out under RESULTS that the formetion
of a carbonaceous deposlt on the catalyst surface was helieveﬁ
to be from the decomposition of vinyl chloride, The degree

of reversibility of this reaction and the probable site charac-~
teristios of the catalyst surface are important phenomena
which can be used to explaln the decreasing conversion, in

the primary reaction, to an asymptotic value, In the following
discussion, several models of fouling are established and are
uged in a subsequent explanation of the experimental observa-
tianﬁ.

Model for Reversible Pouling.--For reversible fouling, an

aquilibrium expression can be wrltten in terms of the acti-
diles of the components in the fouling reaction, This reac-
tion may be presumed to occur as follows:

o,

ﬂﬁi<—;nﬁ&-¢_;_ma 4+ 1m Ga
1
Cq

Ay
it
N

- =3

m

wheres

Ai and Aa = the primary fouling reactant in the zas
phase and adsorbed phase, respectively.
Ba = g fouling product which is irreversibly
adsorbed.
¢, and C, = a fouling product in the gas phase and ad-

sorbed phase, respectively.
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Repregenting the activities by the above definitions angd the

equilibrium constants by K, the followlng expressions can be

wriltten:
(c,)® B,
B e (18)
{(a;)
A B (c_ )" ¢
Ky = & , K, =22 and o (19a,b,& ¢)
1 ?ii F ] 2 (Aa)ﬂ 2 K3 c;; shy

Combining Equations 18 and 19a,b & ¢, the expression for Ka

begonmes,
n 173
K& =Y Kl Ke K3 (20)

According to the evidence obtained in the bateh experiments,
the fouling reaction was probably endothermic so that KE would
have a positive temperature coefficlent, If, in this hypotheti-
cal mechanism, the net contributions of the positive tempera-
ture coefficlents of KE and K3 were greater than the negative
coeificient of Kl' the coefficient of Ka would be posglitive,
Attalnment of equilibrium in the fouling reaction would
occur only 1f all the products and reasctants were present in
the system at near eguilibrium concentrations. In the stirred
reactor, however, a reversibly adsorbed fmuling product, dif-
fering in composition from the primary reactants, would con-

tinually he purged from the reactor, go that squilibrium would
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naver be attained, I, on the other hand; the reversinly

a

adsorbed product were identleal Lo one of the resetants such

~pained for small changes in

e

b

as HOl, equilibrium could be a
reactant concentraltions,

An alternative assumpbtion for reversible fouling wou
cousider only the Tormation of an irveversibly adsorbed foulling

product. The overall equilibriunm constant would be given by,

i ™
o
fod

R

= i
E =K, K,
L &

g

whoret
Ay Eﬁa
K, =~ and K, = —— (228 & b)
1 A 2 ( A )ﬁ,
i “a

ABE, Ka would have a positive tempereture

coeificient 1if the coefficlient of Kg for the endothernmic dow

Ag 4in {he previoug

{’a

composition were greater than the negative coeffliclient of Kl.

Model for Irreverglvle Poullng.--For irrveverasible, dual-
o

site fouling the catalytic surface is apsumed to contala two
claasses of active sites, namely, those which catalyze the
primary reaction and those which cabtalyze elther the primary
reaction or a foullng reactlion or both, This case ig the
gimplest to treat theoretically bhecause cnee lfouling has
aceurred, changes in btemperabture and cowmposition of the gas
phase have no effect in changing the activity of the catalyst.

The fouling curve for the irreversidble dunl-silite model would
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look similar to the curve for the reversible case wherein the
: ﬁﬁn?@rsian decreases to an asymptotic value different from
z&ré. In Figure 22, which was discussed under RESULTS, such
a curve resulted for the fouling data at 215°F.

Discussion of Experimental Observations with Respect to

the Fouling Models,--With regard to the above discussion, the

effects on bthe fouled catalyst of changing the temperature
above and below 215°F are discussed briefly heve.

Ir the fouling at 164°F were reversible, its equilibrium
condition for Ka having a positive temperature coefficient
would result in a lower conversion than that predicted by
considering only the increase in reaction temperature relative
to 215°F, The shift in equilibrium would show a steady de-
crease in conversion as a function of cetalyst-exposure tinme.
As shown in Flgure 23, such a2 condition was observed., Thus,
the ﬁygckh@@ia of reversible fouling, for which the equilibrium
constant, Ky, has a positive temperature coefficient and in
which'thﬁ‘praﬂucts and reactants are not removed from the
reactor, would fit the observed facts at 200°F, The priméry
weakness in this hypothesis, however, is that re-Tforming the
reactants from the carbonaceous deposit would be rather un-
likely in the temperature range investigated,

The decreasing conversion at 299°F can also be explained
on the basis of irreversible, dual-site fouling. As shown
in Figure 22, the rate at 215°F had decressed %o a very low
value because of the diminishing concentration of foulable

sites. It 1s possible that, with an increase in temperature,
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the resulting lncrease ln specilfic rate would be sufficlent

to glve a measurable rate of additional foulilng. The fact that
the fouling curve again reached an asymptotic value was in
agreement with the dual-site hypothesis, In this case, also,
the formation of a carbonaceous deposlt on the catalyst is
morg likely the product of an irreversible reaction than a
reversible one, Until further investigation is conducted over
a wider temperature range, the lrreversible dual-site mechan-
ism appears to fit the observed facts most favorably.

Relatlonship between Primary Reactlon and Dual-Site Pouling

Model.-~Referring to the previous discussion that the primary
reaction is probably a four-center-type mechanism, the dusl
gites on the catalyst may have different abilitias in orienting
tha.moleeules. 1t 1ls appavent, from @xperimantal ébservation
that both sitea probably catalyze the primary reaction, but

not necessarlly at the same rate, and that only one site aatﬁ~
lyzes the fouling reaction, Otherwise, elther total deactiva-
tion or none at all would be obaerved with respect to the
primary reaectlion.

Polvmerization of Vinyl Chlorilde in the Initial Stages of the

Reaction

As noted under RESULTS, slight polymerization of vinyl
chloride was observed in the inltial 30 hr of the stirred-
reactor experiment. Its polymerization can be catalyzed by
dther acids, bases or free radicals (40). In the presence of

Priedel-Craft catalysts such as AlBrs or SmClg, the presence



of small amounts of c¢eritaln promobers, especlally waber, is
wally reqguired Lo polymerize viuyl chloride. The functilon
of the water may be bto solvate lons or furnish protons to the
mononer. It ls possible, therefore, that the vinyl chloride
pﬂlymerizaﬁion’waa initiated in ihe presence of both Zﬁﬁlg and
minubte guantitlies of molsture. After several hours, the water

was probably purged by the dry zases Plowlng through the reac-

tor. This may explain the rapid decline in polymerization

f«&

after & hr of opervation,

LR
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The catalyzed addition of HCl to vinyl chloride was found
to occur by a non-free-radical mechanism to give exelusively
1,31 dichioroethane., It 18 probable thal because of the rels-

tively low rate of reaction, even in the presence of a satalysi,

Fode

ﬁh@ addition oeccuprred by a four-cenbter-type mechanism., In this
case, the catalyst chlg inereased the probability of reaction
by orienting the rezcting moleculesn,

A Touling reaction was also observed when Zmﬂlg, supported
on Qelite, was used as g catalyst, Stariing with fresh catalyst,
the sequence of temperatures investigated was 215, 164 and
299°F, 4n that order. The decreasing conversion at 215°F
reached an agympitotic value greaber than zevre, which ruled outb
the possibility of irreversgible single-site fouling. Further
chanzes in the catalyst activity were not observed at 104°F
bt additional fouling was observed at 200°F., The fact that

one of the fouling products was elementary carbon or g carbong-

ceous residue, suggested that an irreversible dual-zite mech-

2

nlsm was In operation,

Attempbs to determine the reaction mechanism by computing
the abgorpbtlon eguilibriun constants as well as the rate
constant for a serles of agsumed models were unsuccesssiul, An
gmplrical fit of the chserved rate data, howsver, was obtalned

by the equation,
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ry,1 = C logey PyLe, - =) (10a)

wherein vy 4 was ovtained from the eguatlon,
il 5
R R e

Published values (30) of the thermodynamic equilibrium
constant K, assuming unit activity coelfficlents, could not be
used in Equation 10a to solve for C, because the experimentally
observed converslions exceeded the predicted equilibrium values
by a factor of nearly 20 in the inltial runs., Prom data for
the non-fouling perlod at 215°F, K, was determined empirically.
by a least-squares analysis. The resulting value of 17.2 atm™*
was used in the Van't Hoff equation to determine K, 's at 164
and 209°F, The values obtained were 86.2 and 2.0 atm™t, re-
@ectively.

Values of ¢ were computed for both the fouling and non-
fouling periods at each temperature, In terms of concentration
units, the C'a were plotted against catalystuexpasure time to
obtain a fouling factor. Sufficient data were not availsble
to eompute the temperature dependence of the fouling factor,
Hence, its determination was limlted to the results at 215°P,
An equation which includes the effects of fouling and which

can be used to predlcet the approximate conversion of 1,1 di-

chloroethane at 215°F was obtained as follows:



-7
£t ) 1
"1,1% F ‘ (Dypy Do o~ —=2=) X 10
1,1
(13)
whav@

£(tg) = (2.303)(0,001378 ¢, - 2,87278 x 1077 ¢

+ 42623 x 1070 g3 - 1814 x 107 s Yy (12)

The average values of Ga for the non-fouling perlods atb
215 and 1687P and for the initial fouling period at 200°F were
correlated with temperaturs by a stralght«~line it on an
Avrhenius plot. This linearity indicates that the second-
order rate law given by Equation 10a describes, at least em~-
pirically, the behavior of the rescting ayaéﬂm,

Based upon the hypothesis that 03 for th& non-fouling
pevibdﬁ obey an Arrhenius-type equation, a stralght line was
then drawn through the values of C, at 215 and 209°F on an
Arrhenius plot and extrapolated to 164°F. At that temperature,
the extrapolation value of C, 1s 15.5 (1b meles 1,1 diehloro-
_ethane)(ft3)2/(hr)(1b catalyst){ib m@l@a)QG

From these results, the temperature dependence of cc is

. glven by the equation,
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_ 21,100
¢, =horx108e T (14)

 Equation 14 can be combined with Equations 10z and 8 to give

an éxpvaaaion for predicting the conversion during the non-

fouling peried,

21,100
8 - *W-
| (4,07 % 10° e ) Py 3

kﬁﬁuaﬁian 15 48 applicable under varving conditions of reslidence
~:timarfar the temperature range of 164 to 299°F, for mass ratios
éf vinyl ehloride to HG1I in the range of 2.1€ to 2.46, and

for catalyst-exposure times up to 1800 hr. Small changes in

total pressure would not be sXpected %o noticeably affect the

final, steady-state fouling.,
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RECOMMENDATIONS

The preliminavy rate studles discussed in the present work
¢an be used as a starting point in future experiments. In
the following list, several experiments are suggested,

1, An experiment should be conducted to determine the
composition at chemical gquilibrium for the system 1,1 di-
éhléﬁﬁ@thane, vinyl chloride and HCl, These tests can be per-
formed over ZnCl, in a bateh reactor which 1s thermostated at
the temperatures used in the present work. A test for equlli-
brium can be obtalined by using inltially in one gystem, a mix-
ture of HCl and vinyl chloride and, in another system, a sample
of 1,1 dichloroethane.

2. An extensive series of experiments should be conducted
te determing the effects of catalyst fouling as a function of
both temperature and pressure, starting with fresh catalyst
at each temperature investigated.

3. Data should be obtained in the stirred reactor over a
wide range of conditions, at several different temparatures,
in order to determine the rate-controlling wechanism by the
method of least-squares {(26).

4, An analysis of the carbonaceous deposit on the catalyst
surface should be obtained by means of mags gpectroscopy or by

the usual methods of microorganic analysis.
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- 5. Experiments should be conducted to deftermine the rate
of HC1 addition to vinyl bromide. A comparison of the re-
sults of these tests with the results of the HCl-vinyl chloride
gystem would be useful in studying the contributions of steric

effects,
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NOMENCLATURE

empirical, bimolecular rate constant, {ib 1,1
dichlorgethane)/{hr)(1b catalyat}(atme).

empirical, bhimolecular rate constant, (1b woles 1,1
alchloroethane ) {£t3)2/(hr)(1b catalyst)(lb moles)Z.
concentration of component J {excluding the letters
¢ and p) in reaction mixture, lb/ft3.

heat eapacity at constant pressure, cal/{gm mole)
{°K}.

feed stream, 1ib/hv,

component J flow, 1b/hr,

feed stream, 1lb moles/hwr,

component j flow, 1b moles/hr,

exit stream, lb/he,

Fouling deposition on oatalyst, lb/hr,

enthalpy of formation, kecal/om mole.

enthalpy of vaporlzation, kcal/gm wole,

eguillibrium constant for reaction beitween HC1

and vinyl chloride, atm™t,
adsorption equlilibrium constant for comuonent J.
bimolecular rate constant used in eguations of
Table SA,

total mees in reactlon mixture, 1b,

moleoular weight, 1b/1b mole,

molal capacity of reactor, 1b moles,
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Values of
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weight fractlien o ccnponent J.

mole fractlon of component J.

welght fractlon of compenent J in feed strean,
welght fraction of component J in exit stream.
prasgure, atm,

partial pressuwre of component j, atm,

gas constant, (atm)(ft3)/(lb mola)(°R).

rate of Tormation of component J, 1b j/{(hr)(ib
ecatalyst),

temperature (scale aceording to use),
retentlion time in the reactor, hr.

catalyst exposure time,; hr.

volume of reaction ﬁixture, fta.

welght of catalyst, 1b,

time, hr.

Subgeript Ji

arpitrary produce A,
hyvdrogen chloride
vinyl ciiloride

1,1 dichlorocethane
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LEGEND FOR FIGURE 1
Cylinders of compressed gas
Bubble towers

Expansion chambers
Dryersa

- Temperature-conditioning colls

Mansmetera for feed streams
Thermoaouples for feed streams
Rotaneters

Liquid-nitrogen sampling traps for feed streams

"8tirred vreactor

Liguid-nitrogen waste traps for product stream
Liquid-nitrogen sampling traps for product streanm
Mercury mancmeber on vacuum line

Meleod gage

Yaouum pump
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B. Temperature Bench

Flgure 2~-Compartments for Stirred-Reactor Equipment and
Measuring Equipment
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Figure 3--Complete Assembly of Stirred Reactor
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A, 0il Bath

B. Product-Line Manifold

Figure U4--Reactor 0il Bath, Stirrer Motor, and Product-Line
Manifold Ports



B. Lower Sectlion

Figure 5--Feed-Conditlioning Compartment
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Figure 6--Vacuum-Manifold System




D

B. Lower Section

Figure T7--Exterior of Chromatography Unit
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C

Flgure 9--Diagram of Chromatograph Interior

Carrier-gas Distribution Valves and Manifold,
Carrier-gas Rotameter.

Balancling Bridge.

Battery Cablnet and Recorder Mounting Shelf.
Fenwal Thermostat.

Variac.

Alr Heater and Circulating Fan.

Column Mounting Yokes.
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<~——— PYREX 7 MM

STAINLESS
STEEL TUBING

<«—BRASS JACKET

LEADS TO
¥ TUNGSTEN ELEMENT

Pigure 14--Details of Thermal Conductivity Cell in Chromato-
graphy Unit



41U Aydexfojewoay) UT 3TNOAT) 83pTI JI030933(0--GT oandTg

=290

SWHO 1-0
SWHO 62-0

SWHO 000%

INENERER®
IONISNISY
NILSONNL =S

—0 0

43040039
NYIHVA

AN

SWHO 0O1-0
1Vv1S0yV1D
8G9 S3IiY3S

EFEN

104d1M3H NMNL-0! “X00!I

}

]

O

l3§<<<<r|q

SWHO 08

00€g-0

SWHO 000V



-300-

Figure 16--Portable Sampler Used with Chromatography Unit.
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LEGEND FOR FIGURE 17

Temperature-conditioning celle
Rotameter manometers

Peed stream thermocouples
Rotameters

Reactor and oil bath

Exit ptream manoumeter

Exit stream manifold

Carboy and water bath

Carboy manometer
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A, Sample of Reaction Mixture 1n Presence of
ZnCl2 Catalyst

B. Natural Gas

Figure 18--Infrared Spectra of Natural Gas and Sample of
Reaction Mixture from Batch Reactor.
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LEGEND FOR FIQURE 18

Absorption Bands in the Infrared Region {20,21)
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SEE TABLE 3

2 4 6 8 10 12
TIME 6, HOURS

Figure 20--Percentage Vinyl Chloride Reacted vs Time in the

Presence of ZnCla Catalyst Supported on Celite,
Test C in Batch Systems at 100°C
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SEE TABLE 3

2 4 6 8 10 12
TIME 6,HOURS

Figure 21--Moles of Vinyl Chloride Reacted vs Time in the

Presence of ZnCl, Catalyst Supported on Celite,
Test C in Batch gystems at 100°C
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100
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SEE TABLE 7
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\
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1.2 1.3 |4 1.5 1.6 17
t/T,°R x 103

FPigure 25--~Arrhenius Plot of Rate Constants for a Non-Fouling

Activity Level at 215°F
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SEE TABLE 7
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Figure 25a--Arrhenius Plot of Rate Constants for Non-Fouling
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TABLE 1

RETENTION TIMES AND VOLUMES OF REACTANTS, FRODUCTS
AND CONTAMINANTS IN THE CHROMATOGRAPHIC
ELUTION COLUMH

Ratention Eime% Retention Volum@%
Component A Sec ee
Al 66 30.,8"
‘692 - 81 T.0
Vinyl Chloride 168 47.6
1,1 Dichloroethane ; 731 310.3
Ezﬁ 905 391.5
1,2 Dichloroethane 127G 561.9

"Based on & carrvier-gas flow rate of 28 ce/min corrected %o
~ TOPF and L atm.

#%
Based on ocorrected retention times by subtracting the

retention time of alr, OCorrected to TO°F and 1 etn.

EHR
Dead space in colunn,
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TABLE 2

ASYMMBTRY FACTORS FOR CORRECTION OF 1,1 DICHLOROETHANE
ELUTION PEAKS

Asymmetry Area

(Arbitrary Planimeter Units) Asymmetry Factor
48 1.040
63 1,050
82 1.040
30 1.040
152 | 1,060
251 1.080

258 1,090
366 1.110
548 1,143
735 | 1,166
1130 1,224
1414 1.250
1486 1.268

1735 1,290
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Table 2 (continued)

cample calewlation using the zsymmetry factor:
For run 223
nyminetry avea of eluition peak for 1,1 dichloroethaone =
165 {orbitrary planimeter units)
Prom Pigure 19, the asymmetry foctor = 1,07
Arep of 1,1 dichloroethane corrected for contanination =
165 x 2 x 1.07 = 353.1

Detorminatlion of Composition on o Weight Basils:

Amplifie Calibraoe Corrected Weight
Peak Avres cation Fagtor tiloun Poctor Arens Fraotion
Cﬁgiﬁﬁl} 219,2 1,00 1.018 23344 0.282%
Vinyl Chlge
ride 518,.2 1.00 0.996 516.1 0.65351
1,1 Diehloro=-
athane 353,1 6.67 0.964 51.0 0.0645

e o b 7{‘}002 009999
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TABLE 4

PERCENTAGE VINYL CHLORIDE REACTED V3 TIME IN THE PRESENCE
or Zn0l2 CATALYST SUPPORTED ON CELITB., TEST C IN BATCH

o

SYSTEMS AT 100°C

% V.C. Reacted Time, hr

12.5 | 2.15
17.8 4.17
233 6.17

3509 12000




TABLE 5

MOLES OF VINYL CHLORIDE REACTED VS TIME IN THE PRESENCE
OF ZnCl, CATALYST SUPPORTED ON CELITE. TEST C IN
. BATCH SYSTEMS AT 100°C

Moles V.0,

(100 Moles Basis) Time, hr
46.7 ‘ . o
41.5 2.15
38,7 4.17
35'8 6.1?

25,5 12,00
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TADLE 7

AVERAGE VALUES OF Cc A8 A PUNCTION OF TEWMPERATURE

4

G ' m U=l
¢ Yp 1/7 §3 (€.)ay
x 10
215.0 1.482 50.19
299.0 1.318 722.3

*Unite of C, are (1b moles, 1,1 dichloraeﬁh&n@)(ft3)?/(hr)
(16 catalyst)(ib moles)Z,
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SECTION IX

APPENDIX I
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TABLE 3A

ROTAMETER CALIBRATION DATA

Rotameter Scale Mass Rate HC1 Mass Rate Vinyl Chloride

Reading 1bs/hr x 10° lbs/hr x 10°

2.0 0.3450 0.8106
2.5 0.5730 1.338

3.0 0.9414 2.196

3.5 1.378 3.231

4.0 2,044 4,812

5.0 3.463 8.160

6.0 5.259 12,33

7.0 7.854 17.41

8.0 10.92 23.13

*Por T = 25°C and P = 1 atm.
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TABLE 5a

WEIGHT COF CATALYGT IH REACTOR TRATS

fray Nomber Catalyst Weight, gm
14,9954
15,0211
15,0169
15.0031
14.9779
15,0154
14.9774
14,9928

0 Wl by e

g =3 O w0

¥eight of Catalyst after 1734 hr = 130.45%02 gn
Weight of Fouling Deposit = 10,4502 gn

*Trays vwere nunbered in descending order from the top of the

reactor to the bottonm.
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TABLE 6A

IBAST-SQUARES ANALYSIS OF RUNS 14 %0 25
' POR DETERMINING K,

o
1,1 2

Run % ;52 *%p& Py Pg £%§E Ea§gk

14 0.5250 0,4207 0.5300 0.0162 42,4706666  17.86740044
15 0.5230 0,3768 0.5559 0.0351 40,0503097  15.09095669
16 0.4700 0.,3621 0.5545 0.0514 42.7200957  15,46894665
17 0.5130 0.3850 0,5249 0.0611 39,3930799 15.16633576
18 0.5002 0.3856 0.5260 0.0594 40,5489004  15.63565599
19 0.5160 0,3507 0,5%84 0,0599 37.9517209  13.30966852
20 0,6130 0.4178 0.5457 0.0075 37.1930603 15.53926059;
21 0.5033 0.3888 0.5725 0.0097 44.2257103 17,19495616
22 0.4840 0,3995 0.5398 0.,0337 44.5558057  17.80004458
23 0,4650 0.3446 0.5732 0.0561 42.4784344  14.63806849
24 0.5370 . 0.4190 0,5360 0.0L70 41.8219739  17.52340706
25 0.,4780 0,3607 0.5599 0,0535 42,2501945 15.23964516
2. 6.1275 4.6113 6.5768 0.4606 495.6599523 190.47435489

“Unite are given under NOMENCLATURE,

.n. e .
aSuhscripta gy by and ¢ on p represent HCL, vinyl chloride,

and 1,1 diehlorcethane, respectively,
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PABLE 64 (continued)

Panﬁ nggpg fg
Ru.n'r T >

PaPe
r

3299
r

4
15

16

17
18
19
20
21
22
23
24
25
>0

22,50943330
22.26396716
23.68829307
20.67742764
21,32872161
21.19224095
20,29625301
25.51921915
24.,05122392
24.,34863860
2241657501
23 ,65588390

0.688024799 3.0857142
1,405768870C 6,7112810
2.195812919 10,9361702
2.406917182 11.9103313
2.408604684 11.8752499
2.273308082 11.608527L
0.278947952 1.2234910
0.428989390 1.9272799
1.501530652 6.9628099
2.383040170 12.0645161
0.710973556  3.1657355
2,260385406 11..1924686

1.208159964
2,526810681
3.959987229
4585477551
4.579096361
4.071110454
0.511174540
0.749326425
2781642555
4.157452248
1.326443175
4037125424

1.635428526
3. 730802108
6.064106376
6.251732899
6.246381447 -
6.482201533
0.667659039
1.103367743
3. 750524784
€.915380629
1.6968%4228
6, 266663169

27174790032

18.942300662 92.6635747 34.585704607 50.819081481

) BEg) M)
NS )
Heeg) Hee) n

(1-64)

(2wb4)

(3-64)
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TAELE TA

DETERHERISATION OF KP A A PURDTIOR OF TEEPERATURE

Tre Ven't Hoff equation ia given by,

alim x)  am
g
ar BT
where: CT
,{Sﬁf = 53253 '*?J .{‘mﬂ?d’?
' 25
Pablished Date:
%ﬁmmmﬁmmmdc
Component GQuentity Value
Hel Mo nop 22,063 keal/ge mole
He1 ¢ 6,70 ¢ 0,000847 oal/gn
: P mole X
Vinyl Chloride Be seop +7,500 keal/sn mole
Vinyl Chloride . ¢ Y55 4 0,02447 exl/em
. P ‘ ncle ®K
1,1 Dichloroethane afly scaq ~36.4 keal/grn mole
1,1 Dichloroethame &M, oo 4o *7.3 koal/ge mele
1,1 Dichloroethene ° € Te3 + 0.0%597 cal/gm
P aole 9K

Calenleted Baltas
My oson = =364 + T35 = =20.1 koslf/sm mole for
goseous 1,1 dichloroethans, asssuming that

18 negligible between 57.4°C and 28°C,

¥
Definition of symbols given under BOMENCLATURE.
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DERLE 7L {continued )

zsﬁp = w9 + 0,0807 T eal/im mole °X
f\’f " T
fiod
j & = = 4.9 1o SATL (5-74)
298,17 298,17

@ G91 = 4,0 T + 0,0054 T°

Moo = = 29,1 = (~22.05% + 7.5) = 14,54 keal/gs mole.
o

G, m wl4,540 ¢ 8L - 4,9 T ¢ 0.0054 T

= wl3,550 = 4.3 T ¢ 0.0054 T° {4mT8)

ain k) =2 (ﬁ'ﬁfﬁ» & 4 p,0054) av (570
‘ * 7

B N
10K, = 20 Kyo + % (34022 = 4.9 30 2 + 0,0054 7 - 19,15) (6~78)

Using K, = 17,2 ato™ st 215°F and solving for n Ko from Squation 6-75,

the wvalue is 7.889,

ARG

Lo K = 7,889 + 7hrr (426222 - 4.9 10 T + 0.0054 T ~ 19.35) (772

From Squation 774, K. = 86,2 ata - at 163.9%F aud

£, = 2.0 atw > st 299,0°F
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RATE~CONTROLLING MECHANISMS FOR A BIMOLECUILAR
REACTICN IN HETEROGENEOUS CATALYSIS

Case I

Assune activity coefficlents are unity.

Assume HC1, vinyl chloride and 1,1 dichloroethane are
adsorbed én‘ﬁhe surface of the catelyst and that reaction
ogcurs hﬁtweén adsorbed molecules,

Assume only one kind of active zite available,

¥,
A. Surface reaction controlling.

B,
K Eylpgpy = Ei)

= - =T
> i
(1 + K p, + Koy, + K.p,)

¥

B, Adsorption of HC1l controlling.

C. Adsorption of vinyl chloride controlling.

»
5 (py = Kf.pﬁ)
o= (?h /é (3-84)
, 14 K&pa + ) —§>+ gﬁPs

\%2/\Pa,
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TABLE 84 (continued)

D. Desorption of 1,1 dichlorocethane controlling.

Pe
ke, Xp (PP, - Tﬁ."‘) t
T=T5E D +‘E$ph +"§fﬁép =Pb (4-84)

E. HCl very weakly adsorbed.

b
ks Ky, PPy = 1)
T o= ;"-3,_5 (5*8.:9«)
1 * Epy + Kbpg) '

¥, Vinyl chloride very weakly adsorbed,

E Ky (PaPy “’§§)

(2 + Kp, + Kapéyg

T o= {6=84)

Case II:
Aspune activity coefficients are unity.
Assume reaction occurs belween o gas molecule and an
adsorbed molecule
Apsume only one kind of active site available.
4., HCL and vinyl chloride both adsorbed,
Reaction between adsorbed vinyl chloride and

gaseous HCl.
‘ B
k'?K‘b@ayb - ﬁ)

ro=ry ﬁ%pa + ﬁ%pb + Eépc (7-84)




TABLE 84 (continued)

B, HG1l and vinyl chloride both adsorbed.
Reaction between adsorbed HC1 and geseous vinyl

chlioride,
‘ ‘ o
kﬁga(?&pb - é) ( )
T Eg@a * Kbyb + ﬁeyc

C. Vinyl chloride adsorbed but HCL not adsorbed.

Reaction between adsorbed vinyl echloride and gaseoua

HC1.
Iy
k?Kb(P&pb “'ggl
oY ¥ Kby, + Fobg (9-84)
Cage IIls

Agssume activity coefficients are unity.
Assume HCl, vinyl ehloride and 1,1 dichlorgethane are
adsorbed on the surface of the catalyst snd thet reasction
ocours retween adsorbed molecules,
Assume two kinds of sctive sites available.
A. EBurface reactign controlling.
ﬂ | / P
Ky oK aBp (24P ”'Eg)
FeE ﬁap& + ?;pg)(l ¥R Dy *'ﬁbgc)

{10=84)



; KA e
TABLE 84 {continued)

Results of Simultanecus Solution of Bquation 1~84 for runs

14 through 25 at 215°PF,

Runs Combined . X B X

- [b] (4] kl
19, 16, 15, 14 1.83  0.216  3.05 0,223
22, 19, 15, 14 6,09  G.830 12,7 0,083
25, 19, 15, 14 1,55 0,144 1,92 0.342
23, 19, 15, 14 2,26 0.277  4.00 0,176

Omitting the combination (22,19,15,14), the average values of

‘Ki and kl are
Ka = L.81 ¢ Kb = 0,212 3 Rc = 2,99 3 kl = 0,247

¥ ’ - v
Definitions of symbols are given under NOMENCLATURE,



~340
PROPOSITIONS

1. a, Two of the many constliuents found in the polluted
air of Los Angeles County are NOU and Nﬁg. The trace analy-
sis (1) of these components by the APCD is based upon a color
change in the reaction between NOE and Saltzman reagent. In
analyzing for NQ, the alr is first passed through an oczone
chamber or an aqueous solution of potassium permanganate which
presunably oxidizes the NO to Moza Some difficulty is en-~
countered in this process because of over-oxldation of the NO,
to higher oxldes., Hence, the analysis for NO is highly un-
reliable., It is proposed that oxidation of NO by 3265, pre-
ceded by freezing out other oxidizable materials, would improve
the analysis considerably.

b. The analysis for NO and NQB is performed on a con-
tinuous 24-hour basis., Assuming that these concentrations
could be obtained accurately, their simultaneous values at
fixed times would be useful in studyling the mechanisms of the
reacticnavwhich form smog. The continuocus analyzer used by
the APCD often does not obtain simultaneous concentrations be-
cause of differences in retention times of the two gas streams,
A method for automatically checking and adjusting the retention

times is proposed.

2. Upon determining the temperature and pressure character-
istice of violent weather disturbances, such as tornadoes, dif-

ficulty is encountered in placing the measuring instruments in
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the dlsturbance. This problen is practically elimlnated if a
weather balloon can be illed after it is placed in the dis-
turbance. For example, 1t may be dropped from an alrplane
flying above the disturbance. A portable reactor which is
uged bo £ill the balloon with relatively dry hydrogen is pro-

posed,

B In the Chemical Englneering Labvoratory at Caltech, the
wmaterial and energy transport from steady-state liguid drops
has been studled {2). A somewhat similar experiment for de-
termining the overall heat transfer coefficlents of steady-

state bubhles 1s proposed,

4, The results obtained from sguecus thermal decomposition
studles of sodium dithionite could be explained by $wo alterna-
tive mechanisms for the rate-determinling step. Thess are:

o

Initial Step: Sp0y === 250,

Alternative Rate-~
Determining Steps:

ar HSQO};@ + 802’ Anes S SQGB oo ESOB

An experiment which is based upon the Brénsted effect and whiech
would have some value 1n determining the prevailing mechanism

is proposed,
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S The Stokes solution for viscous flow around a sphere 1ls
woll known. A more difficult problem, however, 1is the case

in which the appreaching liguid has s uniform veloclity gradient.
It would be of interest to measure the forees on & s8phere sus.
pended in this type of a flow system. Such a meagurement

would be of value in estimating the transport of sediment from

gtrean beds.

6, 8. The addition reaction between HC1 and viayl chloride
in the presence of ZnClg could be convenlently studied in a
@ifferenﬁial reactor which 18 in series with a chromatograph
column, At steady {low of the reactanbts, periodic sampling
through the chromatograph column would give directly the 4if-
ferentlal rate of reaction, The change in conversion as a
function of ecatalyst fouling could alsgo be obtained.

b. The addition of a strong Lewis acid such as BFB to
the reactants would be of interest in determining the pos-

8ibility of forming 1,2 dichloroethane,

7. a. The ozone content of polluted air in Los Angeles
County 1is determined guantitatively by three independent tests
{1), 1.e.,
A) Rate of cracking produced in a standard sample of
natural rubber,
B) Ultraviolet spectrophotometry,
C) Oxidation of KI to give Ip.

It has bheen observed by the writer that within the limits of
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wd

accuracy, these tesis do not aluways give consistent values
for the ﬁ? concentration. For example, on days having a low
inversion layer and bright sunshine, the ozone content ob-

f

o

served by rubber cracking is slightly lower than either
the other two methods. On days heving hazy sunshine, the
ozone content cobserved by the UV specirophotomebtrie analysis
is lower than the values observed by rubber cracking or KI

oxidation. t is proposed that an explanation for this lncon-

sistency may be cobtained by analyzing the alr for organic
peroxides.

b. Unusually sirong eye irritation is often observed
on days in which the ozZone concentration is normal but in

which the terrain is blanketed with a foz-like hagze, County

28 attribute the irritating effect to sullur
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trioxide in the presence of the ulitrafine droplets of moisture,
It 1s proposed that seroscl samples of the air be analyzed
carefully for constituents dissclived in the droplets., The
rresence of the cxides of both nltrogen and sulfur mer indi-
cate that initlally N@Q and ;ﬂ@, witlieh are well known contami-
nanty, dissolve in the droplets and then reaet accordings to

the equation,

%62 + S@E e NG <+ S0,

>3
wiiieh oceurs in the ligquid phese. Also, the presence of

1

organic peroxides would add to the iryitating eflfect.
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S £ 1s well kunown thal In condensatlion processes, drop-
wise condensation is more efficlent than film condensation {(3).
The critieal film thickness for transition from dropwise to

%,

film condensation and vice-versa depends upon the gurlface
tension of the condensed vapor and the wetabllity of the con-
densation surface. An experiment 18 proposed to dehernine
the minimum film thickness of a liquid on a metal surlace,

which 1s reguired for the transition,

Ye ‘aﬁ In the thermal decompozition of aquecus sodlum di-
thionite, the net rate of reaction showed half-order dependence
on the H' concentration in %he pH range of 4.8 to 7.0. There
is reason to belleve that outside of this raunze the order may
change signiflcantly. Hence, & careful study of the B effect
over a wide range oi pH would help to esbablish the relation-
ship of ﬂ+ to the mechanism of decomposition.

L. Similarly, the effect of H" on the formation of
the sulfoxylate ilon “@2 in dithionite solutions should be
studied, Here, an addliticnal problem of analyzing for SGEW
in the presence of 3&2” and SQ@Q pregents difficuliles rew

gulring further investigation.

1C., The existence of a free-radical chain reaction in the
thernal decomposition of sodium dithicnite may rossibly be
determined by two experiments, namely,

A) Measurement of the guantum vield in the photochemical

decomposition,
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The measurenent of the effects of adding a free-

radical btrap such as phenol or hydrogulnone,
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