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ABSTRACT

I. The kinetics of the air oxidation of zodium dithionite
in alkaline soclution suggest the transfer of an electvon from
S0,” radical-ions, which are in equilibrium with S,0,” ions,
to molecular oxygen in the rate determining step.

RElectiron paramagnetic resonance experiments confirm the
prééémaa of 80, radical-ions in equilibrium with sgaam ions
in golution,

Electrolytic reduction of sulfurous acid golutions at
congtant potential in the range -0.7v to -~0.9v produces di-
thionite at constant current efficlency.
| Thermal decomposition of dithionite solutions ocours
slowly at first, apparently by a free radical mechanism, and
then rapidly, indicating a degenerate chain-branching wmechan-

lsm,

IX. The results of a pH gtudy of the a-chymotrypain vatalysed
hydrolysis of methyl hippurate 8% three different added Ealﬁ
aanaenﬁrﬁtimﬂa are consistent with the postulation of loniz-
ing groups at the active site of the enzyme with pKa values
6.9 + 0.1 and 8.6 + 0,1, Important intevactions of added
281t and hydropen ion concentrations arve not indicated.
Hippurie aecid and L-tryptophan are shown to be competi
tive inhibitors. |
The development of a negative charge at or near the ae-

tive site of the enzyme above pH 8 is confirmed,
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SECTION I

8TUDIES IN THE CHEMISTRY OF SODIUM DITHIONITE
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GENERAL INTRODUCTION

CHEMISTRY OF SODIUM DITHIONITE

Scodium dithionilte, K&asﬁﬁu, is a powerful reducing agent
that has considerable usage in 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 liguid sulfur
dioxide with zine dust slurried in water, A contlnucus reac-
tor is used, The reactlion mixture 18 circulated through a
tubular cooler at 35°C and zine is continually removed, The
flltered liquor is converted to the sodium salt by addltion
of caustiec soda at 25°¢, Piltration of the slurry removes
the zinc hydroxlde. To the filtrate 1s added sodlium sulfide
for removal of heavy metals, The {inal solution, containing
20% by weight of sodlum dithionite, is then salted out with
sodium chloride and aleohol, Partlal dehydration of the di-
thionite crystals is accomplished with direct steam at 65°C,
and final drying is dons under vacuum at 85°C,

As early as 1850, dithionite {also called hydrosulfite or
hyposulfite) was prepared by Schonbein (1) from the action of
zlne dust on an agueous solution of sodlum bisulfite, In 1869,
Schutzenberger (2) erystallized sodium dithionite and Ffound its
compogition to be ﬁagsaaq.

An important contribution to the knowledge of the proper-
ties and reactions of dithionite wae made by Jellinek (3) in
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1911. He prepared pure anhydrous sodium dithionite by heat-
ing & saturated solubion of the lmpure salt to 60°C and then
salting 1t out with HaCl and a small amount of NaOH. At a
lower temperature, ths hydrate, Maasgoa . 2320, wag salted
out but was much less stable. Also, he found that the solue
bility of sodium dithlonite dihydrate in water at 20°C was
21,8 gm/10C gm of water and that the temperature-solublility
curve between 1°C and 20°C was a straight line. Preezing~
point and conductance measurementis gave good evidence in
favor of the doubled formula Na,S,0,. From careful measure-
menta of the equivalent condugtance of ﬁaaﬁgqaaelutionsg
Jallinelk {4) determined the degrees of lonization in a 0,125
molar solublon to be 0.507, 0.608 and 0.700 at 0, 18.3 and
25°C, respectively. A cowmparison wilth freeszing polnt data
showed that the value of the degree of lonization calculated
from the {reezing point was always greater for the sodiunm
salts than that derived from the conductivity data, For the
petassium salts, however, the degree of ionlzatlon was the
game whether caleulated from freezing-point or conductivity
data, Jellinelk explained the peculiarity by concluding that
intermediate ions such as Nasgaa" were present in the sodlum
dithionite solubtions but not in the potassium dithlonite
golutions, From conductance data for dithlonous acid and the
acid salt, the first and second lonizatlion constants were cal-
culated to glve K, = 0.45 and K, = 0,0035 in a 0.1 molar solu-
tion of dithionite.



-3

PART 1. AIR OXIDATION STUDIES

INTRODUCTION

Probably the sarliest alr-oxidation study of dithionite
was conducted by Meyer (5) in 1903. He studled the oxidation
of sodium dithionite by obgerving the oxygen upbake in shaken
flasks containing agueous dithlionite solution., His results
sghowed that the products of reaction were sulfite and sulfate.

E@'pvmpmsaﬁ the primary reactlon to be:

Also, he found that a compebting reaction was
Eﬁgsgaa + 2&2@ + GQ e &52803 {2)

From the over-all reactlon rates, he computed first-order rate
constants but found that they drifted over & wide range,

Bassett and Durrant (6) in 1927 atudied the reaction be-
tween dithionite and molecular oxygen but without any mean-
ingful results. Their explanation of the oxidation mechaniem
wags based upon arguments which will be summarized in the in-
troduction to Thermal Decomposition Studles,

Nicloux (7) in 1933 was interested in determining the
over-all stolchiometry of the resetion between dithionite and
oxidizing agents of varying strengths., With a comparatively
weak oxldlzing agent such as silver lon, the dithionite was
oxidized to sulflte, With molecular oxygen, an equimolar
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mizture of sulflte and sulfate was formed, Flnally, with
a very strong oxldizing apgent, sulfate was the only product,
No experimental details were given,

T™he resulta of Lymn (8) suggested that the atmospheric
oxidation of Kﬁssaah proceeded according to a {first-order
nechanisnm with respect to dithionite and that the rate in-
oreased with temperature. He stated fhet the over-all stol-

chicmetry was desoribed by the eguation:
HagSn0y + Op + Hy0 = NaHSO, + NaHSO, {(3)

An examination of his data at 50°C showed that the oxidation
rate incressed with an increases in alr flow, As a result,
the resction rate was dependent upon the diffusion rate of
oxygen, which was not carefully controlled, Therefore, his
regsults are only approximate., In the presence of 0,1 molar
sodlum bisulfite, the oxlidation rate was extremely high, but
in the presence of 0,1 molar sodlum hydroxide the rate was

inhibited, and the reactlion proceeded smoothly.
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SUMMARY

A study of the air-oxidation of sodlum dithlonite was
conducted in agueocus solutions which were 0,1 molar in sodium
hydroxide, The concentration of the dithionite was measured
ag a function of time at 30, 40, 50 and 60°C, Initial con-
centrations varied from 5 x 1073 to 20 x 1073 molar.

Adlr was bubbled into the reactling mixture through a glass
frit at a rate of 2500 to 3000 ece/min, and the volume ratio
of air flow per minute to reactor contents ranged from {live
to six. With stirring at a rate of 1100 rpm, the mixture was
homogeneous and sufficlently turbulent to allow good contact
between the alr and liguid so that diffusion from gas to liquid
and within the liquld was not a rate-determlning factor.

Analyses of the end products showed the presence of sul.
fite, sulfate and thiosulfate. The sulfite and sulfate,
usually found in r molar ratio of three {o ohe, were the
prineipal products and were congldered to be the end products
of the primary oxidation. The thiosulfate, however, was
found only in relatively emall quantitles and was considered
to be a product of a segondary reaction, namely, the thermal
decomposition of diﬁhioniﬁa; This reaction agcounted for
about 10% of the overall dithionite decomposition at 30°C.

An analysis of the rate data showed that the oxidation
was one-halfl order with respect to dithionite and first order

with respect to molecular oxygen. The specific rate constant
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ka wap determined by integrating the rate expression at
constant oxygzen concentration for a half-order resction to

glive:

ky = & [¢,/2 - cV/?) (5)

For each inltial concentration, €_, the rate constant was

o
calculated as a function of time & from the unsmoothed oxi-
dation data, 8ince it was found that L drifted slightly
with time, its value at zero time was determined by extrapo-
lation., Most of the drift was attributed to the effects of
thermal decomposition since analysis showed the presence of
thermal decomposltion products, thiosulfate and sulfite, at
the end of the reaction., Experiments involving inecreases in
fonie 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 zerc
time was divided by the saturatlon concentration of oxygen
in the solution to glve RQQ. The rate expresslon is given

as followst
1/2
[+ o
Tobserved = Xe 15g0 (0,] (5)

kc° at 30°C wae found to be 0,151 (moias/iiﬁer)“l/gs&a"l. A
plot of log k,° vs 1/ °K was used to obtain the Arrhenius

activation energy of 9.3 keal/mole., The frequency factor, A,
was found to be 7 x 10° (mclea/iitér)“l/%ﬁae”l. The observed

half-order dependence on dlthionite ceoncentration and first
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order dependence on molecular oxygen coneshiration suggested

the following mechanism?

850,  —— 2504 | (6)
303“ + 0y = products (7)

The equilibrium between the S0,  and Seﬂau specles was assumed
to be the initlal step in the mechanism of the oxidation, The
second step was rate~determining, and consisted of an electron
transfer or bimolecular comblnation reaction between SGE" and

molecular oxygen.
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APPARATUS

Reactor and Auxiliary Components

The alr oxidation of the sodium dithionite was carried
out 4in 8 glass reactor with 2 volume of approximstely 600 cc
{see Figure 1). Alr was bubbled at a rate of 2500 to 3000
ee/min into the reaction mixture near the bottom of the reac-
tor through a medium-coarse glass frit which could be ine
serted or removed through a atandard-taper opening on the
renctor, During the reaction, the frit was always lmmersed
in the liquid contents,

Before the alr entered the frit, 1t was passed firat
through an alundum-gtone trap to remove suspended solids and
aerosola; next through a molecular-sieve dryer; and finally
through & temperature-conditioning coil, The air flow was
measured by means of a wet-gas mebter placed on the downstream
side of the reactor.

Mixing wa2 accomplished by means of a glass stirrer hav-
ing two impellers. The stirrer was supported and sealed
through a meroury-in-glass bearing. Stirring speeds could be
varied up to 1100 revolutlons per minute.

The reactor and temperature-conditioning coll were thermo-
gtated in a 28-liter water bath, which maintalned the tempera-
ture within + 0.02°C. Heaters in the water bath were energiszed
by an electronic-relay cireuit which In turn received its sig-

nal from a mercury-expansion switeh immersed in the water,
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Samples were taken frow the reactor through an opening
in the top. A syringe needle or pipette was ingserted into
the reaoting mixture, and the sample was fthen removed.
Nitrogen Purification Train

Commerecial-grade nitrogen was the source of supply for
the oxygen-free atmosphere required in preparing the sample
of fresh sodium dithionite to be charged to the reactor. The
nitrogen contalned approximately 0.01% oxygen by volume., That
amount proved excessive, Hence, moat of the oxygen was re-
moved by passing the nitrogen through two scrubbing towers
in series., ZERach contained 0.2 molar chromous chloride solu-
tion in 1,0 normal hydrochloric acid., Acld and water vapors
were subseqguently removed by passing the nitrogen through a
0,1 molar godium hydroxide solution and then through a calcium
chloride dryer,
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EXPERIMENTAL PROCEDURE

Concentration of Dithionite as g Funetion of Time
Chemically pure sodium dithionite (Baker Chemical
Company, Bateh No. 3712, Lot No, JTB6113) was the starting

painﬁ for the source of dithionite ions. In preparing the
dithianite for a typleal run, approximately 25 gm of the
yawﬁér were placed in an oxygen~free [lask 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 ocarbon dioxlde, were injected into the flask
through & serum-bottle cap. The mixbure was heated to 50°C
with constant agitation until a saturated solution was ob-
tained., With great care o avold conbact with oxygen, &

60 ¢c sample of the saturated solutlon was withdrawn with a
syringe and injJected into a side-armed test-tube already
f11led 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 atwmosphere,

At the lower temperature the liquld besame supersaturated
with sodium dithionite; and with sufflecient agltation, erys-
tals of ﬁaaﬂgca » 2325 were formed. Agalin, with great care,
practically all the liguid was removed from the tube leaving
the white crystals settled at the bobttom, Approximately 4 ce
of distilled water at O°C and free of carbon dloxlde and

oxyzen were injected into the tube to wesh the crystals,
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This process was repeated once agalin to obtain reasonably
rure crystals, The final saturated zolubion with a volume

of approximately 20 cc was used to supply the reactor with an
Initisl concentration of dithionite.

Before Injection of the dithlonite, the reastor was
filled with 505.0 ce of 0.1 molar sodium hydroxide solution,
The reactor was then immersed in the wabter bath and allowed
to reach steady conditlions of temperature, stirring rate, and
alr flow. Thevtime of initlal alr flow was noted in order to
account for evaporation losses Irom the reactor. At steady
eonditions, 5,00 to 15.00 c¢ of the saturated dithionite
solution, depending upon the initial concentration desired,
were injected into the reactor, Since the delivery timesof
large syringes are of the order of several seconds the time
at which half of the sample was Injected was taken as the
initial time of the reaction,

Without delay, 1.00 or 2,00 c¢c¢ samples were removed from
the reactor with a calibrated syringe and injeeted into 150 co
flasks containling a mixture of 50 cc of 0,1 molar potassium
hydroxide and 15 cc of methyl aleohol, Also, the flasks con-
tained a nitropgen atmosphere which was malntained during
titration. The titration flasks were stirred maghetically.
The time at which halfl of & sample from the reactor had been
injJected into a titration flask was recorded as the injection
time,

The concentration of dithionite in the titration flasks
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wag determined by titration with a standardized agueocus solu-
tion of methylene blue having a concentration in the range
of 9,0 x 10°% to 9.3 x 1074 molar,

Ugually, the total time required to obtaln a sample and
titrate 1t was 40 sec. At the maximum temperature of 60°C
and at the minimum initial concentration of 5 x 107> molar,
the time of resction was a minimum, Under these conditions,
at least five titrations were accomplished before the end of
the reactlion,

As soon ag all the dithionite had been oxidized, the
alr-flow wag stopped, and the time was noted, The reactor
was removed from the water bath, and the volume of its cone
tents was measured, A material balance coupled with the
knowledge of the alr-flow rate and the assumption that the
exit air was saturated with water vapor, made 1t 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 gquantitatively on an equimoclar basis from an
intense blue color To an almoat colorless leuco-form, It was
found, in agreement with Lynnts work (8), that the leuco-form
was relatively insoluble in water at room temperature; and
unless 1t was dissolved, it apparently absorbed unreacted
methylene blue during the titration, This resulted in a
lowered over-all rate of reaction because of the time required

for the dithionlte to diffuse Lo the solid surface bhefore
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regactblion could cccur. The purpoede of the addition of the
methyl aleohol in the titration flasks was o dissclve the
801id leouco-compound and hence speed up the titrations. Vhen
titrated gulckly, any thiosulfate and sulfite pregent in a
ﬁample did not interfere in the reaction belween dithionite
and mebthylene blue for the temperature range 0 - 30°C. The
end-point was sharp and was rapldly attained at room tempera-
bure,

Standardization ol the wethylene blue was done according
to the method of Welcher (9) and Kolthoff (10)., Briefly, the
methylene blue was btitrated Into a standard walter-solution
of 0,005 molay picrolonic acld which was bulfered at a pH
of about O, Periodic removal of the dark green product,
mebhylene blue plerolonale, from the water phase was necessary
in order to detect the end-point. This wes accomplished by
extraction of the mebhylene blue plerolonate with ehloroforn.
Nelther the picrolonic acid nor the methylene blue was
goluble in the chloroform., Near the end-point, only 2 or 3
drops of methylene blue were btltrated into the acld between
guccensive extraciiouns with chloroform. The end-polint oe-
curred when a blue color persisted in the water phase alter
addition of one drop of methylene blue, but wilth no ecolor in
the chloroform phase., When carefully applled, this method
gave resullts accurate to + 0.5% compared with the classiecal

iodine-precipitation method {(11).



Solubility of Dithionite at 0°C
A solution of sodlum dithionite saturated at 0°C was

prepared as described in the previous sectlion. The satura-
tion concentration of the dithionite, however, far exceasded
the desired value f{or titrations wlth reasonable volumes of
mathylene blue, Therefore, 5.00 cc of the saturated solu-
tiwn‘war@ injected through a serum-bottle cap into a l-liter
veaéal which contained 500.0 c¢c of 0,1 molar sodium hydroxlde
maintained under a niltrogen atmosphere and at 2 temperature
of 0°C., Several 2,00 oc samples of the resultlng solution
were titrated with methylene blue under conditlions similar
t0 those stated in the previous section. From these results,
the solubllity of the dithionite at 0°C was caloulated,

End-Products of the Dithionite Oxidatlion Reaction

A knowledge of the types and quantities of the oxlidation
products of dithionite was important in determining a mechan-
ism for the reaction, For the qualltative tests, a decom-
posed sample of dithionlte was prepared by adding 0.20 gm
of the purified powder to 100 cc of 0.1 molar sodium hydroxide
solution through which alr was bubbled until a negative teat
for dithionite was obtained, A sample of the reactlion mixture
was acldified wilth hydrochloric acid to a pH of about 2, fol-
lowed by addition of lead acgtate, A white presipitate re-~
sulted which indicated the absence of sulfide from the mix-
ture, Had sulfide been present in the absence of appreciable

amounts of chloride lon, 1t would have appeared as the black
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precipitate of lead sulfide,. Ancther sample, when mixed with
potassium trilodide at a pH of about 5, decolorized the
1odine, indicating the presence of thiosulfate and/or sulfite,
St111l another sample at that pH was treated with barium
ghloride to remove sulfite and sulfate, if present, as bariun
sulfite and barlum sulfate, The white precipitate was f1l-
tered, and the fllirate wap titrated with potassium trilodide
to give a positive test for thiogulfate, Treatment of the
precipitate with atrong hydrochlorice acid resulted in the
evolution of sulfur dloxide to glve a positive test for
sulfite, The fact that a portion of the precipitate was
unattacked by an excess of acld showed the presence of sulfate
a8 barium gulfate.

The procedure for the quantiﬁaﬁiva analysis was baged
upon the results of the gualitative findings, The principal
iong of interest were sulfite, suifate, and thiogulfate. Any
complexes of thess ions or the presence of other ions were
considered highly unlikely or in concentrations too low %o
be detected.

Samples for guantitative analysis were taken from {wo
sources, both of which were different from the source used
in the qualitative analysis, The first source was contailned
in a flask which originally was charged with 500 c¢ of 0,1
molar sodium hydroxide st 30°C and with 7 cc of saturated
dithlonite solution, Oxypen entered the liquid bulk only by
molecular diffusion through the surface of the liguid., This
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mizxture was checked for completion of dithionite oxidation
vefore 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 aayfclla&a:

1. ZXodometrie titration to determine the sum of the

concentration of thiosulfate and sullite.

2. Iodometric titration to determine only the concen-~

tration of thiosulfate,

3. Barium chloride titration to determine the sum of

the concentrabtion of sulfite and sulfate.

4, Barium chioride titratlion to determine only the

concentration of sulfate.

In the lodometric analysis for the sum of the sulflte
and thiosulfate, & 10 to 25 cc sample was buffered with a
solution which was 0.4 molar in sodium acetate and C.4 molar
in acetlc acid. Usually, & volume of the buffer solution
equal to the volume of the sample was added to give a con-
stant pH of about &, Using & starch end-point, the solution
was titrated with a standardiged solution of approximately
0.01 normal triifodide, In case of excess additlion of tri-
iodide back-titration was done with a standard thicsulfate
solution which was approximately 0.0l normal in thilosulfate.

In the icdometric analysis for only the thiosulfate ilon,
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a 10 to 25 ce sample was dbuffered 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 a3 complex with the
bisulflite according to the resctlion:

H_ N
H/G = 0 + H303Na B GHE(@H)ﬁﬁaﬁa (8)

The mixture was stirred for {ifteen minutes at room tempera-
ture to allow sufficlent time for the complexing to ocour,
The unreacted thiosulfate was then determined with the stand-
ard triiodide solution,

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

In solution the allzarin anion was yellow; but on the sur-
face of puspended barium sulfate and in the presence of ex-
cess barlum ion, the alizarin complexed with the barium lon

to give a red color to the suspended solid. In using the
procedure outlined by Frite and Preeland, however, the method
was limited to concentrations of sulfate greater than 20 x 1073
molar, It was necessary, then, to modify the procedure in

applying it to concentrations of sulfate down to & x 1075
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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 whilch the
alizarin could absorb., Too small a guantity of precipitate,
although colored red with complexed alizarin, could not over-
shadow the yellow color of the alizarin in solution, There-
Bre, by adding a guantity of semi-colloldal barlum sulfate
suspended in methyl alcohol to the tiltration mixture, it was
possible to detect the end-point with an accuracy of 1 or 2%,
4 Turther improvement in detecting the end-point was to pass
an intense light beam through the suspension durdng the titra-
tion. This eided in bringing out color changes more sharply.
To determine the sum of the sulfite and sulfate concen-
tration by the above method, 1t was first necessary to oxidize
the sulfite to sulfate by means of the trilodide lon., The
amount of trilodide needed was determined by & starch end-
point; but there was some uncertainty as to the effects of
the starch on the subsequent sulfate titration, Therefore,
it wap declded to aveid using the starch by first running a
blank to determine the exact triledide requirement and then
adding the same amount in the absence of starch to a fresh
gsample buffered at a pH of about 5 as specified above., Fol-
lowing the oxidation of the sulfite, the dbuffered solution
vas acldirflied to a pH of about 3,5 with 20% acetic acid, The
volume of acetlc acld required was about equal te the volume

of the original sample. Then methyl aleohol containing a
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gsenl-colloidal suspension of bharium sulfate was added in an
optimal amount equal to 388 by volume of the final mixture.
With constant stirring, 904 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 Bolu~
tion, The final titration was performed slowly with an inter-
val of 3 to 5 see between drops of barium chloride solubion.

Pinally, in determining the concentration of sulfate
alone, the sulfite was complexed by addition of formaldehyde.
The subseguent barium chloride titratlon was not affected
adversely by the presence of the formaldehyde.

All the standard sclutions used in the foregoing analyses
were prepared and standardized according to the procedures

cutlined by Swift {(13).



RESULTS

Kinetic Analysis

Tables 1-4 1ist the experimentsl and derived data fovr
the air-oxidation of dithionite. @raphical presentations of
the data are shown in Figures 2-5, in which concentrations
of dithionlite in moles per liter are plotted against time in
seconds. Initial concentrations of dlthionlte ranged from
5 x 1075 to 20 x 1075 moles/liter, The rate of change of
concentration was rapid in the initial stages but fell off
continuously and rapidly asg the concentration decreased,

In the determination of the order of the reaction with
regpect to dithionite, the oxygen concentration was held
congstant for a given temperature. Only for those experi-
ments in which the order with respesct to oxygen was to be
determined was the oxygen concentration varied., Pure oxygen
was used at atmospherie pressure inatead of alilr toe give a
fivelold inerease in oxygen concentration, If Henrytas Law
is assumed to apply, the concentration ratio in solution be-~
tween oxygen dissolved from pure oxygen and oxygen dipsolved
from air would be 4,76, Por the equipment used, this method
of varying the oxygen partial pressure in the gas phage at a
constant total pressure of one atmosphere was preferred to
the method in which the total pressure on the system would
have been Iinereased,

It was found experimentally that the initial rate of the
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reaction was increased by s factor of 5 whenh pure oxygen was
substltuted for air, all other conditions remaining the same,
Hence the reactlion was belleved to ba#firs% order with re-
spect 0 molecular oxygen,

The first step in analyzing the data was to determine
initial concentrations and the corresponding initial rates.
Reveral procedures were avallable for determining the initial
concentrations, Experimentally, solubility tests were per-
formed on the dithionlite to determine 1ts concentration at
0°C in the saturated solutions which were injected into the
reactor for any given decompositlion run, From a knowledge
of the sclubllity and the initial quantity of water in the
reactor, the initial concentration could be caleulated,

£ direct extrapolation of the concentration-vs-~time curves
back to zero time was the second method and a fairly reasonable
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 over the temperature and initial concen-
tration range studled,

0f the two procedures, the direct extrapolation method
was used. Although the sclubllity of dithionite at 0%°C was
falrly well established by the procedure described in the
experimental section, the use of this value in caleulating
the initlal eoncentrations in the reactor depended upon exact
reproducibllity of injection samples for each run,

The Inltial rates were determined by plotting slopes of
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concentrations ve time curves as a function of time for each
initial concentration., A serles of these curves 1s sghown

in Plgure & for runs at 850°%°C,., An extrapolaiion to zero time
produced the iniitial rates. These compared satisfactorily
with the values obtained by drawing tangents to the consen-
tration ve time curves at sero time.

From a knowledgs of the initial rates and concentrations,

the order n of the reaction with resgpect to dithionite was
obtained., The relationship used in this deberumination and

applied at time zero was the following:
- % = xc)” (9)

in which € is the concentration of dithionite in moles per
litery € is the time in seconds; and ke is the specifilc
reaction rate constant which includes the constant concentra-
tion of oxygen,

A plot of log {%%}@ vs log C, is shown in Pigure 7 for
runs ab 30, 40, 50 and 60°C. The slopes of the best straight
lines through the pointe at each temperature were calculated
te be 0.50 + 0,04 which was near enough to 0,5 to indlcate
that the reaction was one-half order with respect to dithio-
nite. The purpose of obtalining n for conditions at zero time
was to eliminate any posslible effects of reactilon products
or side reactions in masking the true order of the reactlion.
More explanation of these effects is gilven in a later discus-

gion on preduct analysis,
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The integrated form of Eguation 9 was used to obtain
values of ke as & function of time, and the unsmoothed data
provided the numerlcal information to solve for ke. Inte-

gration of Bquation 9 gives:

k, = 2 w@z/z . cl/? (2)
It was found that k, calculated from Equation 4 drifted
slightly as a function of time when calculated over 50%
completion of reaction, but the variatlon was smooth and
iinear., 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 valug of ka
at time zero than for an& octher time, The fact that the
values for kc varied smoothly provided g satisfactory argu-
ment in favor of using unsmoothed data in the calculstions.
The calculated values of kc as a function of temperature are
shown in Pigures 8-11, Since these values included the concen-
tration of oxygen, which is a function of temperature itselfl,
the dependence of kc on oxygen concentration was eliminated
by dividing kg by the saturation concentration of oxygen in
water; and hence in the dilute solutions used here, in moles
per liter at that temperature (14). The new k's, independent
of concentration and deslignated as kco, are alsoc shown in

Pigures 8-11.,
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The coverall activation energy and frequency factor were
obtained from the Arrhenius Equation relating the rate con-
stant to temperature, A form of the Arrhenius Eguation was
used in which the dependence of the frequency factor on
temperature was omitted, The range of temperatures studied
was sufficiently narrow to make this simplification justified,
The form of the equation used ig:
. AE
k = Ae NT (10)
A plot of log kc° vs 1/T °K is shown in Plgure 12, The slope
of the best straight line through the points gave a value
for the asetivation energy, 4F, of 9.3 keal/mole. The inter-
ecept, at 1/T equals zero, gave a value of 7 x 105 {moles/
1iter)”1/2 sea“l for the freguency factor A,

Product Analyses

Table 10 lists the experimental results for the end-
product analysea. For the reasctions 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 in the reactor,
the ratlo ﬁés more nearly 3,0. Such a large difference be-
tween the two ratlos was due primarlly to the difference in
reaction time. Whereas the flask-reactions required approxi-
mately 29 hr for completion, the reactor runs were completed
in about 300 sec. During the relatively leng time in the
flasks, the oxldation of sulfite to sulfate wag undoubtedly
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significant, In comparison to the rate of dithionite osxida-
tion, and under identical conditions, the sulfifte oxidation
without eatalysis wae shown o be quite slow {see Figure 15
and Table 9). This was also shown to be %rue when st the com-
pietion of 8 dithionite oxidation the alr flow wasg allowed to
continue for 10 to 1% winutes without 3 significant change

in the sulfite-sulfate ratio., There wasg 1o real assurance,
however, that in the presence of dithionite iong or transient
intermedistes the gulfite oxidation was not catalyzed, Indeed,
the oxidation of sulfite to sulfate by melegular oxygen has

been shown o be catalyzed by free radieals (15)., The presence

o o

P
w

of appreciable amoun of sulfate in the reagtion products
guggests that catalysis was occeurring. The cobserved ratio of
sulflite to suifate of 3 Lo 1 sets an uwper limit of 25% cone
veralion of sulflte to sulfate by catalyzed air oxldation,

Ag shown in Table 10, thiocsulfate in small but measurablie
guantities was also awmong bthe products. There seemed Lo be no
explangtion of its formation unless 1t were assumed that a
secondary reaction involving thermel decomposibtion wasg ocour-
ring simultanecusly with the air oxidation., As the product
of a secondary reaction, it accounted for nesrly 10% of the
dithionite disappesrance for a Semperature of 30°C., This is
haged upon the giolehliomebtry of the therwal decowmpositlon in
whiech Ghe two malor products are sulfite and thiosulfate.
Probably the secondary reactlon was the greatest single fac-

tor contributing o the drift in the rate constant ka'
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The stabllity of thlosulfats in the basic soclution and
in the presence of molecular oxygen was esgtablished by the
abgence of sulfide and tetrathionate in the end-products,
and also by the fact that the thiosulfate concentration in
the flask reactions remained consiant up to 100 hours alter
the depletion of the dithlonite., Further evidence for the
vary s8low 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 Tor dithienite oxidations, No gignificant oxidation

was measured for times up to 15 min (see Pigure 15 and

As stated In the experimental procedure, the rate of air
or oxygen discharge through the frift into the reacting mix-
ture was varied from 2500 to 3000 ce/min., Preliminary tests
showed, however, that an alr rate ol only 1200 cc/min was
gulficiently higﬁ to oxidlze the dithionite independently of
the air rate, Hence, reproduclbllity of tesis was not alfected
by variable air rates greater than 1200 cc/min., The rate of
stirring (approximately 1100 rpm) in the reacbtor was rapid
enough to maintain an isothermal, homogeneous mixture. A
stirring rate of only 800 rpm, coupled with an air rate of
1200 ce/min gave the same results within experimental error
as a stirring rate of 1100 rpm and an air 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 dithtonite ap a func-
tlon of time for the seme Initial concentration at 50°C and

n stirring speed of 800 rpm but with Aifferent aly rates.

As the alr rate wag inereased up to 1200 ec/nin, the curves
moved closer to an asympbtotle curve which established the
l&wew limits of operation. The fact that the curves of
F&gmv@ 13 differed indicated that diffusion of oxygen to a
point in the system was a3 controlling Pactor in the rate of
oxldation for ailr rates less than the asympiotic value of
1200 ee/min. In the kinetle experiments, the greatest demand
for oxypen oceurred at the highest temperature, which was
6C°C, ard at the maximum initial concentration of dithionite,
which wag approximately 20 x 107~ molar. The tests repre-
sented by Figure 13 were performed at nearly the exbreme de-
mand condltions, as noted above, except that the initial
concentration was only 12 x 10“3 molar. The experinental data
for the kinetie runs at concentrations higher than 12 x 1073
molar were consistent with date obteined for runs helow this
concentration, Thus, 1t was assumed that for the alr rates
and stirring speeds used throughout the experimental work the
giffusion of oxygen was not & controlling factor.,

Ionlc Strength Effects

Figure 14 shows that the rate of the resctlon did not
change upon increasing the concentratlion of NalH, and hence
the lonle strength, by factors of three and five. The result

ghown in Flgure 184 for an experiment conducted in 0,01 molar
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NaQOH appears anomalous. It is almost certain that the dif-
ferent course of reaction resulted from thermal decomposlition
when generated hydrogen lon 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 107> molar. This indicated that hydrogen ion was gener-
ated as one of the products of reaction, Neo detalled study
of the pH variation was made for the alr oxldation of dithio-
nite,

No careful study was made to determlne the effects of
metal ions on the oxidation of dithionite, It was observed,
however, in a gualitative way, that mercury in minute guanti-
tiea caused the reaction to become erratic, A reasonable
suggestion is that the mercury reacted to form complexes such
as Kg(SOB)Q“.

Solubllity Studies

Table 11 lists the experimentally determined solubllity
of sodium dithionite in water at 0°C. The average value of
11 determinations wae found to be 13,20 gms/100 gms of water
with a standard deviation of 1.08 gms/100 gms of wabter 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 QF RESULTS

Reaction Mechanlsms

A mechanism which satisfled the established order of
reaction with reapect to dithlonlite and oxygen and in whieh

the initial step was dissociation of dithionite is as Tollows:

850, == 280,° (6)

302" + 0, ———> Products (7)

Since the first ster 1s a quickiy-established equilibrium, the
gsecond step is rate debtermining. Thus, the observed reaction

rabte is

“observed ~ ! (11)
where

] 4 iy 4 . i _
Pobserved = veaction rate in moles per liter per second,

xa = rate gonstant in moles-liters-seconds units.,
[802“} = gonecentration of soa‘ in moles per liter,
{82} = qonoentration of @Q in moles per liter.

The equlilibrium constant for the first step may be written

_.2
[50,7]

o

(12)
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where Ee hag the units of moles per liter

A substitution of the concentration of soa“ from the equl-

livrium-constant expression into the rate expression glves

_1/2
Pobserved %anl/a{sgg& 1 eyl (13)

The experimentally determined rate constant, kco, is related

L0 k, and K by

k0 = ky K /2 (14)
The variation of &,° with temperature permitted the cal-
culation of the Avrhenius activation enerzy of 9.3 keal/mole
and the freguency factor of 7.5 x 10° (molwa/ﬁiﬁer)"l/Qaea"l.
It will be shown later that the rate determining sbtep prob-
ably involves an electron transfer to form O, and SO,. The
cbserved activation energy of 9.3 keal/mole seems high for
such an electron transfer, Uri {18) has correlated data
for a number of exothermic elestron transfer reactions, and
found typlcal activation enerzies to 1lie between O and &
keal/mole, The observed value of 9.3 keal/mole, however, in-
cludes a contribution from the equilibrium step. Using ap~
proximate valuee of frequency factors from Frost and
Pearson {(19), order-of-magnitude calculations can be made

for the limiting contributions of the eguilibrium and rate-



determining steps to the observed activation energy., The

caleunlations are as follows:

k

Q l/ﬁ l y
k, = kK, where K, = gy {14}
o AEy 1/2
o o Yy 1
A e RT
-3
o

»l/ﬁgﬁgwi

for Ay, and 107 to 10° {males/liter)“lfgaee“i

Progt and Pearson suggest 10° to 107 {moles/llter)
for by, 1073gge™t
for A ,. Substituting 9.3 keal/mole for AEQQ and 7 x 10°

{mwlﬁs/ii%er)"l/zsec“l for AGG gives:

o,

AEg +‘% tﬁEl “‘AE-l) = 15 keal/mole {18)
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Thus the above order-of-magnitude caleulations place mathew

matical 1imlts on AE, and (AE, - AE_y) as follows:

15 keal/mole

3
IN
>
o]

v}
A

(19)
0 éAEl ~ AB 4 < 30 keal/mole

IT one goes further and aggsumes a value of AE, median in the

range 0 - 5 keal/mole, mamely 3 keal/fmole, the equations above

can be used Yo caleulate K, and k,, K, is found to be & x 107t

! L A
moles/liter and ity is therefore 2 x 10" {(moles/1iter) L osect,
These values are, at besgt, order-ol-magnlitude estimates.

The order of reactlion of the air oxidation sbudies with

[w}

regpect to dithionite and wmolecular oxygen determines the
composition of the transition state in the rate-determining
gtep, That is, the activated complex must consist of one
molecule of 80, and one molecule of O,. Further information
about the geometry of the asctivated complex or the products
which result from its decowmposition cannot be inferred with
cortainty from the observed data, Enowledge of the composi-
tlon of the transition state and the composition of the end
products does, however, place a reagonable limit on the num-
ber of mechanisms which might be proposed for the intermediate
ateps., Two possibilities are suggested immediately for the

rate debtermining step:



302" + Op =———>  complex A . Sca” (20)

80, + 0y ——> complex B K S0, + 0, (21)

It 1s not lneonceivable that both of these mechanisms could
occur, Both free radlecal intermediates S0,  and O, have
ample precedent in the literature {(18). End product analysis
does, however, exclude the mechaniem gilven in Eguation 20 from
belng the only mechanism by which the activated complex is
decompoged., Subsequent steps would almost certainly be of the

type
(22)

which would lead to a sulfite-to-sulfate ratic of unity in
the reaction products, The mechanlsm given by Bquation 21
leads to & series of free-rvadlcal intermediates of hydrogen
peroxide, The following series of reactions may be written as

& suggestlon:



~3h-

-

K, k v
802" + Og —2, complex B —n 5G2 + Gﬂ"

- - kﬂ =

k
o - -
0p" + Hy® 2> HO,™ + OH

- - %5 0. ® -
HOp™ + S0;" —2» 50, + OH (23)

- o~ : e
HO,™ + 80, i% 80,7 + oH

}{!
- %g -
OH + SOg e 802 + OH

I
SO, + OH™ - 507 + wt

o

1so," +} o0, 1% 1so,

Certalinly there 1s nothing unigque about this suggested series
of reactions, It dces lead %o the observed overall stoichio-
metry and by auitahla_ehaiea of kinetie congtants could be
shown to be kinetically consistent. In common-gense terms,
the peroxide intermedisates which are formed on a mole for mole
basis by the decomposition of dithionite can react either
with sulfite molecules already formed to form sulfate or with
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saa“ radical ions to form more sulfite and regenerate peroxide
intermediates., Since the concentration of sulfite ions in
solution greatly exceeds that of 332” ions after the first
second of the reactlion, the preponderance of sulfite rather
than sulfate in the producta requires that k7 >> Rﬁ in

the above gcheme, A steady state concentration of intermedlates

nead not be postulated in this hypothetieal analysis.
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COHCLUSIONS

The chemistry of reactlons of sulfur-oxypen species in
aqueous solution is sufficlently complex to inject a certain
amount of ambiguity into the ant@rpretatibn of nearly all
practicable experiments. Such i8 the case for the work de-
scribed herein, & true and unasbiguous undersitanding would
raqﬁire congiderably more experimentation and methods that are
far more subfle 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 varlables such
as the addition of certain ionic species, both anioniec and
ecationic, was omitted entirely. Undoubtedly, a study in this
directlion would contribute to the underatanding of this com-
plex problem.

A brief summary of the mgjor results obtained in the
atudy of the air-oxidation of dithionite is given as follows:
1. The reaction was one-half order with respect to

dithionite, ‘

2. The reaction was {irst order with respect to molecular

OXygEen,
3. The activation enargy based on the Arvhenius
Bguation for the apecific rate-constant of reaction

was 9.3 keal/mole. The frequency factor A, was

rate of reaction ig given by the exprvession



e = 1,°05,0,1Y/20,].

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

5. The amall pH change from 13 to approximately 12.8
indicated the generation of hydrogen ion in the
reaction, Thiz result agrees with the observed
overall stoichiometry that there is a net increase
in acidie sulfur anions,

6. The ratlio of sulfite to sulfate in the reacted
mixture was 3 to 1 on a mole basls,

A mechaniem which satisfied the established order with

respect to dithionlte and oxygen and in which the initial step

was dissociatlion of dithionite is proposed as follows:
S50y = 280,° (6)
80," + Oy -——> products (1)
Since the first step is an instantaneous equilibrium process,
the second step must be rate determining., Hence the measured

rate must have a direect relationshiy to the second step. The

kinetic expression becomes:
r o= ka[sog']{cgj (11)

FProm the first step, the equllibrium constant can be
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written as:

N C S
¢ [53‘%’,&3

(12)

A substitution of the concentration of 303“ from the equili-

brium expression into the rate expression glves:
e = kX /2 [5,0,"1%/%(0,) (13)

Unfortunately, the value of Kﬁ wag indeterminate since the
econcentration of 302“ was experimentally inaccessible.

The rate constant k,®, which was calculated directly
from the data, is related to k2 by:

kO = kamﬁl/z (14)

Thus the derived rate expression, which la equivalent to the

experimental rate expression, is glven as follows:
r o=k © [8,0,°1%0,] (24)
e 2vy 2

The temperature variation of kco is given by

ﬁggg

¥« % a7 x 10° e- (malaa/iiter)”l/gsee"z (25)

c
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Values of kca are listed in PFlgures 8-11,

The observed order of reactlon with respect to dithionite
and molecular oxygen and the stolchlometry of the reaction
products suggest that hydrogen-~peroxlde~type intermediates
are involved in steps subseguent to the rate-determining
step. A hypothetieal mechanism can be deseribed to account

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

INTRODUCTION

Perhaps the earlliest attempt to elucidate the sﬁructure
of sodium dithionite by purely physical methods was made by
Klemm (20) in 1937. He determined by gross magnetlc suscepti-
blliity measurements that the anhydrous salt of sodium dithio-
nite is diamagnetioc,

I¢ was of some Interest, therefore, when Ven der Heljde
{21) in 1953 found that the exchange rate of 53° vetween di-
thionite and sulfur dioxide in neutral or acld solution was
almost instantaneocus, indicating the ready cleavage of the
8-8 dithionite bond., The exshange reactions were gstopped by
the addition of a large excess of formaldehyde, which com-
plexed the dithlonite and bisulfite ions according to the
following equations:

NanSA0 + ECHQQ + HpQ o CHQ(OH)SOENa + CHQ(OH)ﬁﬁgNa (1)
E&HSOB + CHQG o CEE(OH)Sﬂgﬁa {2)

Mo exchange occurred, however, betwesn-sog and trithionate
(85057) which presumably has a normal S-S bond.

The first ecrystal struecture studles of sodium dithlonite
were reported by Dunitz (22) in 1956, He found that the di-
thionite anion, in the crystal siructure of sodium dithlonite,
conaists of two 502” units, Joined by an unusually long S-8
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bond which 1s 2.389 K in length. By assuming the usual
8-8 single-bond distance of 2.08 3. application of
Pauling's (23) relationship *ﬁR(n) = C,353 log n between bond
number, n, and the bond-type correciion, &R(n)’ relative to
a slngle bond, predicts 0.36 for the bond strength. In the
crystal, the dithionite anlion has an eclipsed configuration
with the planesz of opposite sﬁe” groups inclined at 30% to
one another, From these observations, Dunltz concluded that
there should be ready cleavage of the S-8 bond in dithionlte.
An electron-paramagnetic-resonance (EPR) investigatlon
by Hodgson, Neaves, and Parker {(24) showed that anhydrous
erystals of dlthionite at the temperature of liguild oxygen
gave weak electron-spin resonance. They reported a spectro-
scopic splitting factor of 2,01 + 0,01 and a peak width of
12 + 3 gauss. By treating the crystals with a small amount
of degassed wabter or ethyl aleochol but not enough to dis-
solve them, the radical-ion content inereased. When enocugh
water was added Yo dissolve the crystals at room temperature
and the mixture was {frozen in liquid oxygen, no resonance
could be detected. Upon evaporation of part of the water
to re-form the crystals,; a8 radical-ion signal was again ob-
served., The radical-ions disappeared only very slowly when
a2 ir was admitted, Hodgson, et al., eastimated that approxi-
mately 0.01% of the dithionite ions was dissoclated into SOQ”
radlical~lons. They further gtated that 1t was not cleer
whether the radical-ions were present only in the erystalp ov

whether they were also present in the agueous solutlion,
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SUMMARY

A study of the electron-paramagnetic-reaonance (EPR)
properties of sabturated dithionlte solutions, which were
stabilized at room temperature with sodium hydroxide, showed
the presence of the 802“ radical-ion, On the EPR trace, the
ﬁﬁarp regonance peak of this paramagnetic lon gave a peak
width at half-height of 1.3 gauss and a spectroscopic split-
ting factor of 2.,0051 at a klystron freguency of 9.453 x 109/
gec and a magnetic-fleld strength of 3365 gauss, Observations
on dithionite solutions of various dilutions showed that the
SQE“ concentration varied ag the square root of the dithionite
conecentration 8o that the eguilibriuvm relationship may be

wrltten as:

-el

{s0,7]
Kﬁu. 2”
{320& i

(3)

Dry sodium dlthlionite powder was also observed to exhibit
paramagnetism. This phenomenon is expiieablé in terms of
minute amounts of %asea radicals oceluded in dithionite
powdar,

Sodium formaldehyde sulfoxylate solutlions were likewlse
shown to exhibit paramagnetism when adjusted to pH 6 or lower.
The acidified solutions appeared to contaln free radicals

identical with those detected in dithionite solutions,
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APPARATUS AKD PROCEDURE

Chemically pure scdium dithionite (Baker Chemical Company,
vatch No, 3712, lot JTB 6113) was further purified by three
fractional erystallizations from oxygen-Iree agueous 8o0lu-
tions at 0°C. The crystallization procedure was the same as

that deseribed in Alr Oxldation Studies, The purified crystal-

line product was then used to make a saturated, oxygen-free
alkaline solutlion at 0%C which was 0.5 molar in sodium hy-
droxide to inhlbit thermal decomposition of the dithionite
at room temperature,

Pyrex sample tubes wlth ouiside diam%téra of 1 ma and
kagths of 76 mm were filled with the solution and sealed at
both ends. Another set of sealed tubes of the same dimen-
sions was prepared by filling with a tenfold and a hundredfold
dilution of the saturated dithionite. A third set was pre-
saturated dithionite solution, Finally, a fourth sebl was
prepared by £1lling with an agidifled sample of a saturated
thicsulfate solublon, Lo provide a scurae of colloidal sulfur,

Each of the sealed {tubes was analyzed in an EPR apparatus
- which had a cavity dlameber slightly greater than 5 mm and a
length of approximately 23 mm, During the EPR measurenents,
some difficulty was experienced in obialning cavity resunance
because of the dipole heating of the water molecules,

A calibration tube was made up from 0.1 molar manganous
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ghloride in order Lo compare the known values of the split-
ting factor and the pauss 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 magnetle
Pield were kept the same as those used for the dithionite.

| In the experiments with dry Nagszﬂa powder, the purified
material was dried at 100%°C 4in a vacuum nvar‘P20§ for several
dayse before sampling. The finely-divided, dry powder was
loaded into & pyrex tube in a deslceator,

Eastman Kodak sodium formsldehyde sulfoxylate, w.p. 65°C,

was reecrystallized from water-methanol and dried at 50°C in
8 vacuum. The dry powder, saturated solutions in pure water,

1 molayr NaOH, and 1 molar HCl were examined for paramagnetisnm,



The results of the EPR studies are shown in Figures 16
and 17. An arbitrary signal voltage whieh was a first-
derivative funetion of the phase-sensitive detection system
of the EFR apparatus 1s plotted against magnetic field
strength in Figure 16a, Since the klystron frequency of the
apparatus was held eonstant, the magnetic fleld atrength was
varied over the range in which resonance was expected to oc-
cuwr. The rate of magnetic scanning 4in relationship to chart
speed on the graphie recorder fixed the btime constant from
which the magnetic field strength at resonance and the
resonance peak width were caleulated. The scale factor for
convergion of instrument readings to corresponding field-
strength values was obtained from a callbration using the
resonance peaks of manganous ions which have a peak to peak
distance of 98 gauss,

Only the three samples which contained oxygen-~free
stabllized dithionite of different dilutions showed para-
magnetism, Sharp resonance occurred at 3,365 kilogause with
a8 fixed klystron frequency of 9.453 x 109 eyeles/sec, The
width of the slngle resonance peak for each sample was ap-
proximately 1.3 gauss at half-peak helght, and the spectro-
scople 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 aqueous aolution,
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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 seolution, the ten-
fold dilution and the hundredfold dilution was 10 to 3 to 1,
respectively, This indicated that the SO, concentration
varied as the square root of the dithionlte concentration, so
that they are related by the expressiont

(50,717

K = - (3)
© o 150,7]

No absolute concentration of the 3025 was determined from
these few tests, but the limiting concentration of the para-
magnetic specles whieh could be detected in the 5 mm cavity
was estimated to be 2 x 1070 molar or 1072 moles.

In agreement with Hodgson et al, (24), dry Na S0, powder
was also observed to exhibit paramagnetism, The width of
the single resonance peak, measured at half.peak height, was
5 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 exhibit
paramagnetism, Saturated sgueous solutions in pure water
or 1 molar NaOH gave the same result. The meidified 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
that obtained from dithionlte solutions. Figure 16b shows
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the resgonance abgorpiion obtained from the acldilfled sodium
formaldehyde sulforylate solution and from the molid Ea@SQQ&
powdar when bhoth samples were placed in the cavibty, Twe
vaals, superimpogsed upon one another, can be distinguished.
The narrower, inner peak corresponds to the llguid sample and
the outside peak shows the resonance abgcrption in the solid.

Likewlse, Figure 16¢ shows the superposition of the same selid

&

ample on the agqueous dilthilonite resonance absorption. Within

the limlts of experimental detection, the peal widths and

g-facbors of thege ree radicals are identleal.



DISCUSSION AND CONCLUSIONS

The observation that the S0, free radical exhibits a
gingle resonance abgorption is consonant with the fact that
ne nuclear sping ave pregent in the molecule, amé therefore
one would expect no hyperfine splitting.

he elose proximity of the observed g-value to that of a
free electron indicates that spin-orbit interactions are probe
ably small, Since the FPR studlies were conducted at only one
freguenecy, however, 1t cannot be concluded that there is no
orbital contribution to the paramagnetlism.

The narrow peak observed for the sgusousg S@Q" indicates
that the rate of combination-dissoclation between the dimer
dithionite and the monomer 3@2“ iong must be low compared with
the free electron relaxation time of 16"9 seconds. Moreover,

the fact that the absorption peak width changed only slightly

i

upon dilubtion by 100-fold sugegests that exchange navrowing

3

not a significant process in this instance,

The observed paramagnetlism of dry dithionite powder is
somewhat surprising since agueous solution results require the
interprebtation that the undissoclated dithionite dimer be
dlamagnetic. Crystal structure studles (22) indicate that
dithionite is not dissociated in the crystal. Although a
conpletely unambiguous explenation of this phenomenon cannot
be given atv this time, it seoms likely that extremely small

amounts of SOQ" or ﬁaSO@ are occluded or trapped in the
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crystals, Certainly the similarity of g-value and narrow
line width suggests that again an S@Q" radical ifon is in-
volved., Since extremely small concentrations of 30@” would
be reguired to give the observed resonance, i.2,, abhout one
part in 100,000, erystal structure studies would not detect
these occlusions.

The observed paramagnetism of acidie solutions af sodium
formaldehyde sulfoxylate is also surprising sinee the un-
protonated complex is diamagnetic in neutral and basiec solu-
tlons,., Evidently protonation of the lonized complex causes
eleavage of the carbon-sulfur bond with liberation of the

radical-ion 50E“o Thue
CH,(0H)S0,” + ; — 80,7 + ? (%)

That the free radlcal obtainsed upon scidification is SOQ”
has not been definitely established. The only evidence of-
fered in support of the thesis that it is 50Q" is the faect
that sodium formaldehyde sulfoxyliate is formed from formalde-
hyde and dithionite in basic solution:

8,0, + CHQO + Hy0 —> CHL(0H)S0,” + 50,7 + H' (5)

2 3

and similarities in the resonance absorpitions shown in Fig-
ures 16b and e¢. Heretofore three investigators (G,21,25)

believed that acidificatlion of the complex liberated the anion
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of sulfoxylic aclid and regenerated formaldehyde.
. 3 o C .
CH,(OH)30," + H ——> CH,O + 80, + 2H (6)

The fact that thls is not the case explains the instablility
of pyridine nucleotide complexes (25,26,27,28), which are
similar to formaldehyde complexes, with dithionite and sul-
foxylate in acidic media. Also explicable is the rapid de-
composition of neutral and acldic solutions of formaldehyde
sulfoxylate complex with metal ions known %o catalyze free
radlical decompositions (6).

The unambiguous demonatration that appreciable concentra-~
tions of 802' ion exist in egquilibrium with Saﬁaa in solutions
of sodium dithionite supports the mechanism proposed for the
air oxidation of dithionite solutions. S0, radical-ions
are confirmed to be real intermediates in the alr oxidation
mechanism. Moreover, the limit of gensitivity of the detec-
tion apparatus and the results of the dilution experiments
enable one to make order-of-magnitude calculations of the

eguilibrium constant, K The concentrations of dithionite

cﬂ
corresponding to the adsorption ecurves in Figure 17 are

T4 x 10”1, 7.4 % 1072 and 7.4 x 1073 molar in decreasing

order. Estimating that one more tenfold dilution of dithionite
to 7.4 x 10"4 molar would decrease the SQQ' concentration to

6

the limit of detection of the apparatus, i.e., 2 x 10" molar,

permits a rough calculation of Ke to be made:
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-6, 2
K, ~ i@.inlgmu% ~ 5 x 1072 moles/liter (7)

7‘4 X 10“

Thls order-of-magnitude calculation is in reasonable agree-

ment with the order-of?magnitude'calaulatian of 8 x 10'11

moles/liter based upon air oxidition studies,
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PART 3. ELECTROLYTIC STUDIES

INTRODUCTION

The electrolytic synthesis and electrochemical proper-
ties of sodium dithionite were first investigated nearly a
hundrad years ago by Schutzenberger (2), one of the pioneers
in dithionite chemistry. Schutzenberger reduced a solution
of sodium bisulfite electrolytically and obtainad a crystal-
line solid which proved to have powerful reducing properties.
He assigned the molecular formula NaHSO, to the substance.

Nearly half a century later, Jellinek (29) used electro-
chemlical methods to investigate the equilibrium

HE + 2H803 ;::izﬁgﬁa + EHQO (1)

Determination of the emf{ corresponding to the electrode reac-

tion
S50, + 2HZ0 o= 2&303 + 2H + 2e (2)

enabled him to calculate the heat of reaction for the equili-
brium process. He reported the following, for equilibrium
at 21°C:

.sgo,;’ + 2H,0 ﬁZHSOB' + Hy 8H = -15,300 cal (3)



In o later article {30) Jellineir sctated that the electrolyiic

e
S

reductlion of Na ﬁhut $o ﬁagﬁgﬁg zave decressing yieldn of di-
thionite during electrolysis, He conecluded that this deovesse
in yield regulited fron thermal decomposition of the dithionite
Formed according to the egquation:

o

2HR,. 800, + HAl sz Ha 5 0. 4 ”?JW&VQ
VP4 o8 S

oy
£
St

He discounted the possibility that the dithionite itself could
be reduced to thiomulfete in the eleectrolytic reduction,
The first precise electrochemical work reported in the

literature was by Gossmen (31) in 1950, Studying the reduce

,ﬁh

tion of sulfur dioxide in acusous solutions at the dropping
mercury electrode, Gossman postulated that FE&A§4 wes formed
by reduction of 8 5 in strongly escidic nedia, At a cathode
potential of «0.2v vs 8.0,8, in L molar HCL, 2 noles of eleg=
trons were believed to be transferred to 2 woles of aqueous
Sﬁg vielding Hzﬁﬂﬁﬁ, which he incorrvectly believed to be

gtable in strongly acidic media, Thus:
F) ?"2" R
2§{}2‘€’f£} 'ﬁ‘?@ WHW‘,EQ’ {ﬁj
At pH 6, twe emaller cathodic waves were observed. He postue

lated that the dithilonite was unstable at pH € and decomposed

thuss
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HyS,0) == H,S0, + SO, {6)

The second cathodic wave he ascribed to the reduction of the
liberated 502. Above pH 7 no cathodlic waves were cbserved
at potentials less than that required to reduce scdium ion
at the mercury electrode.

' Kolthoff and Miller (32) in 1941 repeated Gossman's work
and obtalned the saume experimental data. Their interpretation
of the data, however, was qguite different, They stated that
the reduction of sulfur dioxlde in 1 molar HCl 13 a two elee-
tron transfer process, instead of the one electron transfer

process posbtulated by Gossmen., Thus:
+ -
SO, + BH + 2e” —— H,80, (7)

Sulfoxylic acid, not dithionous acid, was stated to be the re-
d uctlon product. They reasoned that the diffusion coeffieclient
for 30, ocalculated from the data and the use of Ilkovic's
aquation for one and two electron transfer reactions agreed
with the previously known diffusion coefficlent of oxygen un-
der similar conditions only in the cagse of the two electron
transfer. In ordervta explain the two cathodic waves at pH 6,
ey reverted to a one-electron transfer reacticn which is fol-
lowed by a dimerlization reactlon and subsequent reduction of

the dimer to thiosulfate, Thus:
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HS0,™ + oHY + &7 HSO,, + H,0 (8)
‘ = +
'47 -~ . o =]

BH™ + 550, + 267~ 8,05 + H0 (10)

No analyses of reductlion products were reported.

In a series of articles published between 1949 and 1953
Patel and Rao (17) deseribed investigations of the feasibility
of producing sodium dithlonite o2lectirolytically on a commercial
bagsis. The effects of a great number of reaction conditions
were systematlcally studied in an attewpt to maximize the
yvield of sodium dithionite. The cathodic potential used in
all cages, however, was sufficlently negative to reduce sodium
ion; hence the reducing agent was actually sodium-mercury
amalgam., Using a reactor maintailned at 5°C and pH 5 to 5.5
with a HSOB' concentration of 304 by weight (maintained by
constant 50, gas feed), dithionite concentrations of 20% by
weight could be obtained with 01% current efficlency. Under
optimal conditions, a current density of 2,0 ~ 2.6 x 1072
amps/éq cm was maintalned 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 inveatigetions de-
seribed above. Enowledge of the Tact that SQE“ radical ions
exiat in agueous solution in equilibrium with undissoclated
dithionite sugpested thet the cothodic waves obtained by
Gosomen ond Folthoff and Miller corresponded to reduction of

50, to %QQW by 2 one electron transfer reachion:
50, + le~ == 50, (11)

Identification of the reduction product by its sbility to re-
duce methrlens blue end the paromspnetiswe of ite solubions
would confivm the suggestion that dlthionite is formed. Pure
thernore, & study of the efficiency of the reduction process
and thse stability of the dithionite formed would be of interest.

Ginee the completion of the work described in the followe
ing sections, two imporiont studies have been reported in the
literature.

Munenori (33} reported 4the coulometric titration of dye-
gtuffs with electrolytically generated dithionite. Bledtroly-
ses of solutions 0,01 moler in bisulfite ion between pH 3
and 5 with cathode potential -0.63v ve 5.0.5. and constant
currents begtween 3.1 and 5.0 millianps produced dithionite at
sessentially 100% current efficiency.

Cermak (34,%5) reporfed extensive studies of the polarce
graphie properties of dithliouite solutions. His experinents

included the effects of pH, concentration and reaction teupera-
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ture, His resulis are in agreement with the exlistence of

SOQ’ padical-lons in aqueous solutions of dithionite. In

order to explain the anodic and cathodic kinetiecally-controlled
waves obtained, 1t was necessavy to postulate the dissociation
of Ghe dimer Sgﬁgw t0 monomer 302“ iona, Two anodic waves
corresponding to the oxldatlon of 80,7 to 80, and S0, to
3p0§”
the reduction of 80, to 50,7 and 80, to SQQ“ were 8180 postu-

were postulated. Two cathodlc waves corresponding to

lated, The helights of the kinetically-controlled waves en-
abled him to caleulabte the ratio of the forward rate constant
of the SEO@m dissoclation to the square root of the equilibrium

consbant for the reaction

y
50,7 == 250 (12)
e |
k,
where K, = Efz
1
ky - : -3 Y-
The value of at 40°C was given as & x 107~ (moles/liter)
VK

e c 9 o
seo l. Separate evaluation of the rate constants or equilibrium

congbtant was not possible from thig work,



SUMBARY

Dithionite ion has been established as the reduction
product in the electrolysis of aguecus bisulfite solutions
of gl 5«5.5 at cathode potentials of =0.60 t0 «0.98v va S.0.E,
That the reduction ie a one-electron transfer procesa by which
aag” ions are formed from agueous sulfur dioxzide at the cathode
paons likely, slthough the possibility of two electron trang-

for has not been excluded.
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APPARATUS ARND PROCEDURE

A simple electrolysis cell consisting of a 600 ml
Berzelius beaker with a tight-fitting Plexiglas 1id wag im-
mersed in an 1lce bath., The cathode consisted of a pool of
clean mercury 7 mm deep and 49 sg cm in area. The eathode
was connected to a terminal on the Plexiglas 1id by a platinum
wlre shielded from the electrolyte by glass tubing. The
cathodiec pool was not stirred. The anode consisted of a plati-
num electrode, with surface area 1 sg ecm, placed in an anode
compartment. The anode compartment consisted of a fine-mesh
gas-dispersion frit mounted on the end of a length of 1 em
glass tubing fixed to the Plexiglas 1id. Presh electrolyte
solution was added 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

Heathitit M

P35-3 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 8 saturated calomel electrode
lmmersed in the electrolyte solution and fixed to the Plexi-
glas 1id. The electrolyte solution was stirred at a rapld
and constant speed with a glass paddle-stirrer.

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

adding reagent grade sodium acetate and water, as needed, to
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produce & maturated solution at the desired pH of 5,0-5,.3,
One-or two-cc samples weare withdrawn from the electrolyte

by a pipette at sultable time intervals and titrated with

standardized methylene blue as described in Air Oxidation

Studiesn.

A total of three experiments were conducted at constant
eurrents of 100, 150, and 200 milliamperes. The cathode po-~
tential varied between -0,.67 and -0.98 v, At the conclusion
of the 200 milliampere experiment the electrolysis was allowed
to proceed for several hours., The electrolysis was then
stopped, the solution made alkaline by the addition of 1 molar
NaOH solution, and pure orystalline NaCl added to salt out a
white precipitate. This whlte precipitate was collected by
centrifugation and quickly loaded, as a wet paste, into a

pyrex tube for examination by EPR,
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RESULTS AND CONCLUSIONS

Figure 18 and Table 12 present the data obtained from the
three electrolysls experiments. Evidently dithionite can be
generated at constant current efficiency of about 75% under
the condltions studied, The rather low current efficlency
obtained probably resulte, at least in part, from the [act
that the cathode was not stirred,

Electron paramagnetiec resonance absorption similar in
all reapect8 to the one shown in Figure 16a was obtained from
the sample of precipitated reduction product, This confirms
the identity of Sﬁg“, and hence 520%@’ as the reduction product.

The question of whether the reduction is a one or two
electron transfer, however, has not been unambiguously solved.

The two posslibilities are

50, + ) R —" sog"' {11)
andg
80, + 2e ——> 502& (13)

The identificatioof 892" as the reduction produet is not suf-
ficient to distinguish between these two mechanisms, It is
possible that SOQ”, if generated, could react with agqueous

SOQ to yield SQDQ” and hence SOQ". Thus:



509” + 50, ——> sgeg” == 280, {14)

Since 1% has been demonsbtrated by EPR That sodlum formalde-
hyde sulfoxylate, heretofore belleved (6,21,25) to be a source
of 80, fions, liberates S0,  in solution of pH 6 or less, the
reaction written above cannot be teated using sodium (formalde-
hyvde sulfoxylate as the sourge of %ﬁgﬁ ions, An experinent
upsing another source hag not been attempbed.

The polarographic studies of agueous SGQ solutions (31,
32,34,35) as interpreted by Cermak indleate that SO, is not
formed by the reduction of 302“ lons until a cathode potential
of «1.23v is reached, This seems to be an entirely reasonable
interpretation of the polarographic waves observed, although
it is not a unigue one.

Use of the Cermak relation kl/\fxc =6 x 109 {moles/1iter

ol

)
S@e“l together with order-of-magnitude calculations of the
equilibrium constant, K@’ from alr oxidation and EPR atudlies
enables one to obbtaln order-of-magnitude values for kz and kﬂli

The values of Kc estimated from sir oxidation and EPR studies

11

. . i
are 8 x 10 and 5 x 1077 moles/liter vespectively. If one

uses a logarithnic average value, namely & x 10710 moles/liter

and aoclves for kl and knl in eguation 12 using the Cermalt rela-

tion, ky, and k_, are found to be 2 x 107 see™t 2

-1

and 3 x 10
(mml%@/&ik@r)*l sec , respectively. The bimolecular rate
conntant, kul, seems rather low, although the approximate nature
of these calculations doss not jJustify any further conclugions

wiaich mlight be drawn.



PART &4, THERMAL DECOMPOSITION STUDIES

INTRODUCTION

The first careful study of the thermal decomposition of
sodium dithlonite solutlons was reported by Jellinek (36) in
1919, Examining the decomposition reaction in neutral and
sodium-bisulfite~-containing seolutions, he found that dithionite
@@&wmpaﬁed almost guantitatively in accordance with the equa-~

tion:
m‘s&aﬁggc&é + HEO s o ﬁ‘@&ﬁggg ’*’ NagSQOS (1)

oS
3
e

3

e

reactlions carried out at congtant temperature, the rate
conshbant was found to be proportional to the sqguare of the
initial bisulfite concentration., The varlation in rate con-
stant wlih Ctemperatbure, at constant inltial bisulfite concen-
tration, was In a manner predicted by the Arrhenius eguation,
Bagsett and Durrant (&) in 1927 rveviewed all of the litera-

ture pertaining to the interrelsilionships of the sulfur scids
and attempted a correlation with the results of extensive ex-
verimental work of thelr ocwn, Iun order to explain the com-
plexlity of products of dithionlte reactlons, they positulated
tnat dithlionite exlsts in three lsomeric forms. Each isomer
wag belleved to decompose in a way such that all of the ob-
served reaction products could be explained by one or more of

the mechanisms, Although Bassett and Durrant's work is of
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conslderable value as a compllation of experimental observa-
tions of dithionite reactions, subsequent work has invali-
dated thelr interpretation of these reactions,

Lynn {8) carried out the most extensive lnvestigation
of the thermal decompogltlion reactlon reported to date. He
found that an aqueous solution of purified sodium dithionite
at H0°C decomposed slowly at first, and then, after a certain
elapsed time, decomposed very rapidly. This behavior sug-
gested to him a degenerate chain-branching mechanism, He
assumed the stolchlometry of the reaction to be that described
by Equatlion 1 above. He observed thot the hydrogen ion con-
centration increased in a manner which was almost a mirror
image of the decreasling dithionite goncentration. At low pH,
the dithionite decomposed in a few seconds, In addition, the
presence of colloldal sulfur sccelerated o a lesser extent
the onsget of the rapid decomposition reaction,

Lynn also studied the effects of added salte on the reac-
tion rate. The addition of sodlum hydroxide or sodium sulfite
was observed to inhibit the onset of the rapid deecomposition
reaction. Addition of sodium chloride catalyzed this reac-
tion, presumably by a Bronsted positive-salt effect. Sodium
thlosulfate, likewise, accelerated the onset of the rapid
decomposition reactlion. Sodium bisulfite, however, had a
different effect. A%t concentrations less than the initial
dithionite concentration 1ts effect was similar to that of

sodium thiosulfate, but when greater, 1t changed the course
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of the reaction entirely. The reaction became apparently
first order in both bisulfite and dithlonlte concentrations,
Moreover, when thiosulfate was added to this mixture, the
reaction became apparently flrst order in thiosulfate as well
ag in bisulfite and dithionite., The third order rate con-
stant, however, was found to be an undetermined function of
nydrogen ion and initial dithionite concentrations,

' Superimposed on this complex reaction system, Lynn found
that the observed rate was periodic with time, l.e., periodi-
cally Increased and decreased as the reaction proceeded. In
order to explain this curious phenomenon, he postulated the
presence of an unknown product species having properties simi-
lar to dithionlite. In additlon, there was a sipgnificant 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 initlal dithionite solu-

tions.,



SUMMARY

A study of the thermal decomposition of sodium dithionite
was conducted in buffered and unbuffered media in the pH
range 4.0 to 7.0. The concentration of the dithionite was
measured as a function of time at 69, 70, and 80°C, Initial
concentrations varied from 5.5 to 11.5 x 107 molar. The
pH of the unbuffered systems was measured ag a function of
time with 2 Beckman Model ¢ pH meter. The reaction was ob-
served to consist of an induction period in which the decompo-
gition was slow, followed by a decay period, in which the
goncentration of dithionite rapidly decressed to zero. Ap-
parent pericdle increases and deereases in dithilonite con-
centration during the induction period were observed and ecould
not be explained solely on the basis of experimental error.
One posslible explanation of this unusual phenomenon is the
formation of unstable intermediate(s) possessing reducing
potentials comparable to dithicnite with respect to methylene
blue, The amplitude of the apparent oscillations in dithio-
nite conceniration decreased with inereasing temperature,
suggeating that the concentration of the hypothetical reac-
tive intermediate(s) likewise decreased with increasing
temperature, Absence of oscillations in solutiona of pH
greater than 7 suggests that the hypothetical intermediate(s)
either are not formed or are unstable in alkaline solution.

During the induction perlod, the reaction was observed
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to be 1/2 order with respect o H and 3/2 order with respect

o dithionite, glving a rate expression of the fellowling forms

Yinduetion kQ[H ] [330& ]

The wvariation of ke with temperalture glves a straight line
on an Arrhenius equabtion plot., The activation encregy AFE was
found to be 12 kealmole and the frequency factor A was Pound

to be 1,3 x 107 (mol@ﬁ/ﬁit@r)”isee"l

L]

w

The anions %m s “ms z:z% s and 3203“ had no specific
afTects In buffered reactic Colleoidal sulfur catalyzed the
reactlon by decreasing the length of the induction period,

The rapld inervease in the rate of
tion during the decay perlod Tollowed an exponential relation-
ship with time., Thls facl btogebther with the catalysls by

colloldal sulifur sugzests that an aubocatalytic or a depener-

ate branching chain mechanism is occurring.



APPARATUS

In general, the spparatus for the thermal decomposition

studles was the same as that described 1n 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 nitrogen from the serubbing system
previcusly described into the reactor, It is important to
note that the nitrogen was not allowed to pass through the
reactor in a steady stream, The pressure of the nitrogen
above the reaction mixture was maintained slightly above at-
mospheric and was controlled manually by occasionally adjust-
ing a by-pags valve upstream from thé reactor. A wster-filled
manometer which was connected directly to the exit line indi-

cated the pressure.
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EXPERIMENTAL PROCEDURE

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

mental procedure of the Alr Oxidation Studies, Alsoc, by the

same procedure, the saturated solution of dithionlte was sub-
sequently prepared from the crystals and used to supply the
initlal concentration to the reactor,

The volume of the ligulid mixture in the resctor was ap-
proximately 500 ce., The composition of the solution before
addition of the saturated dithionite varied according to the
desired hydrogen-ion concentration. The majority of tests
were performed in water that had been triply distilled. Other
tests were performed in buffered solutions wherein the pH was
varied from 4.0 to 7.0. The buffering agents were mixtures
of KBQP04 and NaOH or xacaaaon and NaOH in proportions com-
mensurate with the desired pH, In Appendix I, the compositions
of the buffer solutions are described in detail,

Experiments at 60, 70 and 80°C were conducted with the
unbuffered systems in order to determine the effect of tempera-
ture on the rate of decomposition. The bulfered systems were
studied only at 60°C since, in this case, the effect of a
controlled pH was of primary importance. At each temperature
and for both the buffered and unbuffered systems, the initial
concentration of dithionite was varied from 5.5 to 11,5 x 1073

molar,



In the unbuffered systems, no products of reaction such
as HS0;™, Sg0,7, 80,7, S, and H' were added to the system in
order to determine thelr speclfic catalytic effects, This
work had been done previously by Lynn (B). To the buffered
reactions, however, HSOB”, Szcsw, S0y, and 563“ were added in
concentrations ranging from one-half to three halves of the
stolchiometric quantities according to the reaction:

28,0, + Hy0 ——> 5,03 + 2H50,” | (2)
These anion additions were always made while the decomposi-
tion experiments were in progress. The purpose of thelr
addition was to determine thelr catalytic effects in the
presence of controlled H' 1on,

By conducting suocessive tests in the reactor without
removing the contents of the previous runs, the catalytie
effects of the product species SQGBw and sulfur were deter-
mined. VUsually, three dithlonite solutions were decomposed
in each experiment, and in all cases the systems were buffered
at a pH of 5,00, After the first decomposition which was be-
gun with fresh solution, and after each successive decomposi-
tion, enough buffer sclution was added to restore the volume
of the reactor contents to 500 cc. Also, the initial dithio-
nite econcentrations which varied from 5.5 to 6.0 x 1073 molar,
originated from the same gaturated sclution. A pH measure-

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

Great care was taken to prevent oxygen contamination,
When transferring 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 precsution to prevent contamination, the
gyringe was rinsed several times with oxygen-free distilled

water after taking each sample,

Reactant and Product Analysis

The concentration of $,0, was estimated by titration with
2Y4
methylene blue as described in the experimental procedure of

the Alr Oxidation Studies. The sample flasks which recelved

a measured volume of the reaction mixture were initially filled
with 50 e¢e¢ of 0.1 molar KOH and 30 cc of CH3OH. Titration of
the samples with methylene blue was done immediately in order
to minimize the errors due to elight «
further thermal decomposition, Ogcasionally, titrations were
performed at approximately 5°C tc check for any significant
effects of temperature upon the results. No effeet was noted,
80 that titrations at room temperature were done with confi-
dence.

In order to determine the relative concentrations of the
end-products, an unbuffered reaction at 30°C was carried out

in a sealed vessel with an inltial dithionite concentration

of 7.32 % 10"3 molar, The completion of reaction was determined
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by titration of a 10 co sample with methylene blue. The
concentration of the product 8203” was estimated by iodometric
titrations of samples from the sealed vessel, The sampling
flasks were initially filled with 10 cec of formaldehyde, 30 ce
of distilled water, and 20 ce of acetate buffer with a pH of
about 5., The purpose of the formaldshyde was to complex the
Hso3“ by the reaction,

CHy0 + NaHSOy ——> cug(ox)so3ﬁa - {3)

This reaction was allowed 20 minutes for completion. In the
complexed form, the 3303" was unaffeected by I3" 80 that the
eoncentration of sgegm alone could be determined.

Th@.HSO3" ion was analyzed by an lodometrie oxidation in
which the excess iodine was titrated with a standardized 0.01
rormal SEQB“ solution, The sampling flasks were initially
filled with 50 ¢c of standardized 0.0l normal iodine solution
and 25 ce of acetate buffer with a pH of about 5, The result-
ing sum of the concentrations of 3203“ and 3863' aliowed the
concentration of KSOS“ to be calculated by difference.

Hydrogen Ion Concentration

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

this way, dependingz upon the duration of reactlon, between
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twenty and forty measurements of pH were oblained for each
run.,

With the buffered systems, the pH was measured only be-
fore and after reaction to insure that the hydrogen ion con-

centration had been held constant.
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RESULTS

Unbuffered Reactions-~General

The experimental data on the concentration of dithionite
as a function of time for the unbuffered syatems are presented
in Tables 13-15 and Figures 19-21. The general trend of the
curves as shown in the figures is in substantial agreement
with Lynn's results. The decomposition began with an induc~
tion period in which the dithionite concentration decreased
slowly., In most cases, this was followed by an abrupt and
rapid decrease in the concentration.

In Table 13 and Figareg 19a, b, e, which present experi-
mental results of the decomposition at 60°C, 1t is noted that
the total time of reaction was a function of initisl dithio-
nite concentration. Also, independently of the initial con-
centration, the curves show marked oscillations which have
amplitude variations as high as + 15%, with the average being
closer to + 5%.

The data at TO0°C, which are plotted in Pigure 20 and
listed in Table 14, show a similar dependence of total time
of reaction on initial concentration. The amplitude of the
oscillations, however, is considerably less than at 60°C and
varies as high as + 6% with an average variation of + 2%.

In Plgure 21 and Table 15, the amplitude of the oseil-~
latlions at 80°C is practically negligible. The maximum
variation is only + 1.5¢ with an average variation of lesa

than + 0.5%.
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Yariation of pH in Unbuffered Reactions

- As stated under Apparatus and Procedure, the pH of un-
wuffered decompositions was measured continually durling many
of the tests, Typlcal plota of H' concentration vs 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 dithio-
uitQ'eanaantraticna as a function of time are also plotted
inyﬁhe same figures. The curves show that the H' concentra-
tion varies almost as the mirror image of the dithionite con-
centration. Particularly interesting is the fact that the gt
curves oscillate, There appears, however, to be no simple
relationship in frequency or amplitude between the osclillations
of the dithionite eurves and the H' curves.

Buffered Reactions--(eneral
The experimental data on the concentration of dithionite

an a function of time for the buffered systems are presented
in Table 16 and FPigures 2%5a,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
gystems, Again there is an induction perlod followed by a
rapld decrease in dithionite concentration giving rise to
curves which are convex. Also, the characteristic oscilla-
tions which were present in the unbuffered systems were found
to exist for the buffered reasctions. At a pH of 7.00, the
eongentration of dithionite decreased so slowly that the rapid
decomposition period was not reached during the time in which



~T6~

the reaction was studied. BSignificant osecillations were ptill
present,
Effect of pH on Buffered Reactions

It was found experinmentally that the Induction time and

likewiase the total time of reaction decreased with inereasing
H' concentration. As presented in Table 19 and Figure 24 for
the pH range of 4.80 to 6,00 and at an initial dithionite con-
centration of 11,0 x 1073 molar, the time of the induction
period was inversely proportional to the firat power of the
B* concentration, 1.e,

9 @ %g‘ (8)

where 9 is the time of the induction perled and C, is the con-
centration of H' in the buffered solution., At a pH lower than
4,5, the decomposition was very rapid and could not be studied
with the analytieal methods used,
Effect of Additives on the Buffered Reactions

The addition of HSO3", S;04", SO,~ and 804~ had no measur-
able effect on the rate of dithionlite decomposition, This
is presented in Table 20 and Pigures 27a,d in which the con-
cantration 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 thelir injection into the reactor,

The addition of air to the decompositlion reaction at pH
of 7.00 also had no measurable effect on the rate, This is



shown on Figure 27a,.

In Tadble 21 and Figures 28a,b are presented the results
of two identical experiments., As stated under Bxper&&ental
Procedure, for eseh experiment three successive decomposition
reactions were conducted whereln the reactor contents con-
sisted of the products of the previous testa. The figures
show the dithionite concentration as a function of time. The
rate of reaction showed a marked increase in each successive
test, and thles indicated that a product, probably sulfur,
catalyzed the decomposition, It is interesting to note that
the curves for the two experimentes are almost identical even
with respect to the oscillations,

Product Analysis

The end-products of the thermasl decomposition reaction
were found to consist mainly of thiosulfate and bianlfiﬁé in
an appreximate molar ratio 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 dlthionite coneentration, a
sulfur material balance indicated 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
distributlion to be expected in every dithionite decomposition
experiment. The relative amount of sulfur in the products
apparently depends on conditions of acidity, temperature and

catalysis,
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Appearance of Sulfur in Buffered and Unbuffered Reactions

The formation of sulfur as one of the products of di-
thionite decomposition was not measured quantitatively in
this investigation, Its formation, however, was definltely
established by visual inspection, As the reaction proceaded
toward completion 1t was found that the reactor contents
gequired & slight mllky appearance which sometimes disappeared
énd,rerarmad several times before the end of the induction
perlod., At the onset of the rapid decrease in dithionite
concentration, the milky appearance reached a maximum opacity.
Thls phenomenon waa consldered to be the formation of solid
particles of sulfur which elither coalesced to form colorless
macromolecules or reacted with other species in the soclution.
The appearance of sulfur was found in both unbuffered and
buffered reactions at 2 pH less than or equal to'?.c. At a
pH greater than 7.0, no sulfur was found by visual iaspection,
Order of Reaction with Respect to the Conecentration of Di-

thionite for the Induction Pericd

The dependence of the rate during the induetion perlod
upon the concentration of dithionite was obtalned from the
results of the unbuflfered systeme, PFor each temperature, the
initisal rates were plotted vas the initial concentrations on
logarithmle paper and the glope of the best line through the
points gave the order of the resction with respect to dithio-

nite, This caleulation was based on the rate expression,
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d(8,0,"] _.n |
- —g 2 = k(3,07 (5)

and the results are presented in Table 23 and Pigure 20, A
value of n = 1.5 + 0.2 was obtained for the order of reaction
with respect to dithionite, The use of BEguation 5 assumes
that the initial rate is a function only of the initial con-
gentration of dithionite, This would be correct if all other
independent variables such as temperature and the concentra-
tions of other reactants were held constant, All of the experi-
ments were performed under conditions of constant temperature.
Most of the experiments were performed in unbuffered systems
in which the H' was not controlled. Measurements of the H'
concentration were taken, however, and since 1t was found
that the initial HY concentration did not vary by more than

8 factor of 2, the error introduced by using Equatlion 5 was
not significant, This conclusion was in agreement with the
results of tests in buffered solutions, which were designed
primarily to determine the order of reaction with respect to
H'. Thus at a pH of 5,00 and at a temperature of 60°C, de-
composition experiments were conducted for several initial
concentrations of dithionite. The order of reaction with
respect to dithionite was obtained in the same way as noted
above and was found to be 1.6. These results are presented

in Table 24 and Figure 30,
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Order of Reaction with Respect to the Concentratlon of H+

for the Industion Peried

The dependence of the rate during the induction period
upon the concentration of H+ waa obtained 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 increase
in proportion to the sguare root of the ut concentration,
Theae results are presented 1n Table 19 and Figure 31. The
fact that the rate of reaction varied as the square root of
the H® concentration explains why the initial rate of dithio-
nite decomposition in unbuffered systems was reasonably in-

sensitive to a8 twoflfold variation in H* eoncentration,

Rate Expression for the Induction Period

| The 3/2 order dependence of rate upon the concentration
“of dithionite and the 1/2 order dependence upon the concentra-
tion of H* were combined to glve a rate expression for the
Imduction pericd., The relationship is given as follows:

- =43/2;,+11/2 .
Tinduction kctsaoﬁ ] (H"] (6)

for which the values of ke asg a function of temperabture are
given in Table 25, The temperature dependence of RQ is given

-4 E/RT

by the Arrhenius equation, kK = Ae in which the value of

4FE and A were obtained from a plot of log k, v8 1/T given
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in Pigure 32, Therefore,; the equation for k¢ ia:

. 125006
3 x 1@8 e (malea/liter)“laee"l (7)

ka w ]

It is lmportant to note here that since the thermal de-
composition of dithionite was complicated by the oseillatory
nature of the reactlon, there was considerable uncertainty
both in the initial concentration of dithionite and in the
initial reactlon veloelty, Since the order of reaction is
contingent upon these parameters the established order of
peaction with respect to both the H' and 3304” 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 eatalytic effect of sulfur
suggested that elther an autocatalytlic or degenerate branching
ehain process might b¢ occurring, 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 glven under DISCUSSION
OF RESULTS AND CONCLUSIONS.

From the exponential law that

- %g = Ae"® (8)

the algebraic relationship between the concentration of di-~
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thionite C and time @ is8 found by integration %o be
¢, -0 =3 (B0 1) (9)

For degenerate, branching-chain reactions the term (&BQ -1) ean

BO since this term becomes very large after

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

logarithm of Eguation 9 gives

lag(ﬁa - ) = log %»+ QT%U? e . {9a)

By plotting (co - C) va @ 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 Pigures 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 since in
this reglon the accuracy of analysis was a limiting factor. The
fact that the 11
do not have a common intercept, by extrapolation, Iindicates

that bath constants A and B are a function of initial dithlonite
concentration., The observed increase in slope with increase in
temperature shows that B is also a function of temperature, In-

apection of the curves indicates that these functional relation-

ships are complex,
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DISCUSSION OF REBULTS AND CONCLUSIONS

Oseillations in Dithlionite Concentration vs Time Curves

Lynn (8) was unabls to explain the oscillations which oe-
curred during the decomposition of dithionilte. The present
experimental investigation of the thermal decomposition was
undertaken primarily to determine the validity of these
oseillations. Ko amount of eare Iin removing sources of error
or contamination succeeded in eliminating them. It may be
pointed out that reproducibility of the oscillations was not
in general obtained in the unbuffered systems (See Flgures
19a,b). Oselllation reproducibility was, however, found to
be more prevalent among the buffered systems than in the un-
buffered systems, An example of this reproducibility is pre-
sented in Table 21 and Figures 28a,b for a pH of 5.00,

The amplitude of the osecillations was in many experiments
too large to be explained solely on the basis of experimental
error., The magnitude of these errors 1is discussed briefly as
follows:

1. The calibrated syringe which was used to remove

samples from the reactor had a capacity of 2 ce and

was found to gilve reproducibility with a preecision

of + 0.2%.

2. Further reaction of the sanple after injection

into a sample flask at 25°C was considered negligible

since the flask contained 0,1 molar NaOH under a
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nitrogen atmosphere. Furthermore, the sample experl-
enced a 7O to 1 dilution., Titrations at 5°C did not
affect the oseillations, Simultaneous samples which
were titrated at different times, one immediately and
one approximately 10 min later, did not show any
measurable differences, Therefore, errors introduced
by further reaction in the sample flasks were considered
to be less than the tliration error.

3. The concentrations of methylene blue solutions were
selected to give differences in burette readings up to
40 ce for each dithionite sample titrated. The color
of methylene blue 18 so intense that a drop of 0.C001
molar solutlion gives a clearly discernible blue color
in 150 ml of water. For all the titrations in the
present investigaetion, 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 + 0,54.

4, The ultimate products of the decomposition, NaHS0,,
R%FQOB,anﬂ varying amounts of sulfur did not reduce
methylene blue under the condiﬁicns desceribed in the
experimental procedure. In fact, concentrations of
3303", 303” and 8 in quantities greater than one hundred
times the concentration of 5,0, did not interfere.
Lynn (8) stated that a very accurate but time-consuming
chromate test for S50, gave results that compared

c¢losely with the methylene blue approach.



”85"‘

5. Perhaps the most unpredictable source of error
was contamination by oxygen. In spite of the many
precautions, this possibilisty cannot be ruled out, and
it would be expected to cause errors in a qcmplaﬁaly
random way. As described previously, however, there
was some degree of reproducibility in the oseillations
under certain conditlons, Hence Af the oscillations
were caused entirely by oxyzen contamination, it woumld
be difficult to explain their semi-reproducibility,
Alsc as stated previously, small amounts of air appeaared
&0 have no measurable effects on the systems buffered
at a pH of 7.00. Yet thase systems displayed oscilla-
tlons 1n the curves of dithionite soncentration vs time,
Another argument opposed to oxygen contamination ag the
sole cauge of the oscillations is the fact that the
amplitude of the oscillations decreased with increase
in temperature, as shown in Pigures 19-21. This result
is the converse of what would be gxpected on the basis
of oxygen effects.
Therefore, excluding the small random erroy of oxyzen conbtami-
nation, the overall error in the analysis for Sp0," was + 18,
This value 18 on the average much lower than the per cent changes
in concentration of S,0," as a result of the oscillations.
Several other factors related to the osclllation problem
should be mentiloned here, Significantly, there were no osgil-

lations in the air-oxidation experiments, Yet the same method
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of anslysis for dithionlte was used with both systems,
Segondly, the HY concentrationsof unbuffered systems not shown
here, but sinilar in all respects to the ﬁ+ congentration
shown in Figure 22, were arnalyzed by use of pH slecitrodes
without disturbing the gystem Through removal of samples,
30311, osellliations vwere present in the 8" concentration as a
funetion of time.

The above arguments would rule oub oxperimenial errors
and oxygen conbamination as the only cause of the oseillations,
The fact that osclllatlons were semi-reproduclible under cer-
tain condibions suggests that a seriss of reactlons invelving
unsbable Intermediates of reducing pobentlal comparable bto

iZthionite was responsible Tor this unusual phenomenon,

Effect of Oxymen on the Thersal Decomposlitlon of Dithionite

In the unbufferéd decomposition of dithionite, the addition
of small volumes of alr (2 - 5 ce) during the reaction caused

erracle ghanges in the concentration of dithlonite. Jeveral

20
%

such additions of air usually shortened the inducition period

of the decomposiiion, This effect of the oxygen was apparently
ralated S0 the effect of hydrogen jon concentration because in
the bulfered decompogition of dithionite at a pH of 7.00,
erratic changes in concentration by additlon of acid did not
appear., It is likely that in both cases the ocuygen reacted
with species in solution such as 562" or ﬁﬁoa” by a chain
mechanlisp to form anlons of greater aclidlity., The increase of

hydrogen ion had an Impercertlible effect on the buffered
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gyatem, but in the unbuffered systew lnereased the ®* con-
centration., Indeed; the marked decrease in pH 1ls illustrated
by Figure 24, in which the concentratlon of #* vs time 1a
shown for the decomposition of dithlonite after several addi-
tiong of air. That small amounts of oxygen caused relatively
large changes in the H* ion concentrations suggests a chain or
catalytic reaction which 18 Inhibited in solutions of pH 7

or greater, Others (15,37,38) have found, for example, that
HSQB“ ion, which 18 present in the products of dithienite
decomposition, reacts with 02 by & chaln mechanism in which
pxygen 1s one of the chain initlators.

Catalytic Elffects of Addltives

The results of the present investigation show that the
anions scs“’, S0y, HSO,™, and 8405 have no catalybic effect
on the thermal decomposition of dithionite under conditions
of econtrolled pH, These results are in disagreement with
Lyan's work. He found that both HSO, and 8203” catalyzed
the decomposition, but hils investigatlions were conducted with-
out careful control of the H' concentration,

In agreement with Lynn, 1t was found tihet sulfur does
catalrze the decomposition by shortening the induction period
in elither buffered or unbuffered solutions, A discussion
of the mechanlsm of the catalysls is presented velow under

The Decay Period.
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Sensitivity of Reaction to H'

The thermal decomposition of dithionlte was found to be
very sensitive to changes in y¥ concentration, At a pH greater
than 7 the rate of decomposition was very 1low, In highly
alkaline solutlons from which alr was rigorously execluded,
reaction times were observed to be of the order of several
hundred hours. At a pH lower than 4.8 the rate of decomposi-
tion was extremely rapld and could not be studled by the
methods used in thils work, In fact, at a pH of 4,0 the
acldity was high enough for detectable concentrations of Has
£o be observed In the gas phase above the reacted mixture,

HQS forﬁatien would be expected from the acld decomposition
of thiosulfate, whlch 1s 2 product of the dithionite decompo-
sition reaction. The fact that H' also has a larze effect

on the decomposition of thiosulfate has been carefully astudlied
by La Mer {40). A mechanism given by Davis (41) explains

the experimental results of La Mer, His proposed mechanism
consists of a series of nucleophilic substitution reactions
between protonated anions. Briefly, thié mechanisn 1s as

follows:
8.0, + H+ > HS8,0.
23 ' D 273

33303“ + 3203 = 33303’ + 393 (10)

{ete. until molecule contains 9 sulfur atoms)

35903 === 8g + HSOB
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With increasing acidity, the products of the individual reac~
tlons in the above mechanism can produce sulfur having less

than eight atoms per molecule, 1i,.e.
HSBOB Sm—— sa + Hso3 (11)

This could poesibly explain the various forms of sulfur that
probably exist during the decomposlition of dithionite.
Similarity of 8203m and Saaaa Decomposition

It is 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:

S ,
ﬁﬁg - x[ﬁ*jl/?{sgaswls/? (12)

This expression is the same type found for the initial rate
of dithionite disappearance with the exception that 3303“

is replaced by 8204“. The fact that addition of thiocsulfate
has bheen shown to have no effect on dithionite decomposition
in buffered aystems excludes the possibillity, on mass action
principles, that S,0,” 13 in equilibrium with 3203“, whose de-
compoesition 18 the rate controlling factor as described by

the equatlion above. Moreover, a dithionite decomposition
mechanlam parallel to the thiosulfate decomposition mechanism

proposed by Davis seems unlikely since ne sulfate is found in



the reactlon produects., One must conclude, therefore, on the
basis of information gathered to date, that the similarity
in rate expressions 1a fortuitous,

Mechanlasm of the Induction Perilod

In the past, dithionite has been postulated to dissoclate
into 392’“ + 80, (6), 50 + 303“"” (42), and SO~ + 805~ (39) by
varlous investigators attempiing to explain the thermal de-
composlition and solution reactions of dithionite., There has
been no experimental confirmation of any of these dissoeciation
reactions, or of the presence of these intermediates in dl~
thionite solutlions, reported to date. Morsover, unsymmetri-
cal dissoclatlon reactions of the types suggested do not lead
in a stralightforward way to the observed 3/2 order of the reac-
tion with respeot to dithionite.

The reality of the symmetrical dissociation of dithionite
into S0, radical-ions has been confirmed by air oxidation
kineties, EPFR spectra, and polarographlc studies. The ob-
served sensltivity of the thermal decomposition reaetion to
changes in hydrogen-ion concentration suggests that protonated
forms of the lons 50,  or 3,0, are involved in the rate-
determining step. Two alternative mechanisms are suggested

for the rate-determining step:

e - =
RSQO& + 802 uuub»HSOB + 8363

and (13)
-] =
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Either mechanlsm would be followed by the faster reactions:

HSOy + HSO, ——> HS03™ + 50, + at (14)

. - +
S0, + HpO =—> HSO™ + H (15)

If one makes the assumption that H&OE is a2 much weaker acid
than HSQOQ", for whiech Jellinek (&) established an fonization
gonstant of 3.25 x 1073 at 25°C by condustance measuremsnts,
then most of the experimental facts about the decomposition
reactlon can be explalned in terms of elther or both the above
mechanisms, The observed rate of reactlon would be 3/2 order
with respect to dithionite concentration, In the pH interval
5 to 6,5 the reaction would appear 1/2 eorder with respect %o
hydrogen lon, Below pH 4.5 the rate of reaction would be
extremely rapid, indiecating greater than 1/2-crder dependence.
In neutral or alkaline solutlons the rate of deecomposition
would be extremely 1low and would appear insensitive to changes
in hydrogen lon concentration. The only products of the pri-
mary decomposition reaction would be sulfite and thiosulfate,
anpd in the observed stolchlometiric ratio., Finally, the acidity
of the reaction medlum would increase during the reaction be-
caugse of the lonisation of the sulfurous acld formed.

It is impossible, on the basis of established experimental

facts, to distingulsh between the alternative mechanisns sug-
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gested, Unfortunately the positive salt effect reported by
Iynn is not sufficiently well documented by facts, and this
evidence cannot be used in favor of the first mechanism sug-
gested, Both mechanisms are lncomplete to the extent that
periodic increases in dithionite concentraﬁioa with time can-
not ve explained. Therefore, these mechanisms are offered
merely as suggestions.

The Decay Period

The congentrabion ve time curves shown in Flgures 19-21
for the unbuffered systems and in Pigures 25a,b for the buf-
fered pystems suggest that chain reactlions are involved and,
in particular, the degenerate branching type. According %o
theory (37), during th@_induc%icn pericd, only a primary chain
exists, As the chain progresses, it generates a stable inter-
mediate which later reacits to form new actlve centers, These
centers cause branching of the primary chain; or if it has
already dlsappeared as is often the case, the active centers
form new primary chains with branching. It is often 4irfi-
cult to distinguish between deg@neéata branching chain reac-
tiong and autocatalyzed reactions in which the catalyst is
formed during the progress of resactlon. Although in the case
of the degenerate chaln reactions the induction period always
exists, there may or may not be an induction period in auto-
catalysis., In both cases, following the induection period,
there is usually a rapid decrease in the concentration of

the primary reactant regulting in a convex curvature of the
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concentration vs time functlon, Attempts to resclve the
problem as te which type of reaction, if either, cccurred
during the dithionite decomposition were not too successful,
Some discussion of the experimental results from the point
of view of these theories is presented here,

Sulfur, either as a polymer Sg or as a colloid (538)x
was the only species under conditions of controlled pH,
temperature, and initial dithionite concentration, that caused
a decrease in the time of the induection pericd and hence the
time of the overall reaction., This effect might be explalined
by several possible mechaniems:

1. Polymeric sulfur which is formed as a product may

comblne with one of 1t8 predecessor ions to form a

reactive complex. After a series of decomposition

steps, the sulfur ls regenerated, An example of this
type of chain-branching intermedlate is SK'SGB” or

. o o

S¢S0z s

2., Colloidal or polymeric sulfur may act autoeatalyti-

cally as an adsorption catalyst which sccelerateg the

- rate~determining step of ths thermal decomposition
reaction,

3. The several forms of sulfur that might exist in

the solution could each have a specific effect on the

reaction rate. Thus in the form of a mononmer, the

sulfur could suppress the egullibrium step in which

+
i1t is formed, i.e. 53203”;§§:i 3+ HSOB". Eventually,
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the monomer may polymerize to Sg and then to colloidal
sulfur, These higher aggregates can adsorb the monomer
sulfur and thus sccelerate the overall decomposition
autocatalytically.

Goneluslions

The thermal decomposlition of sodium dithionite solutions
la buffered and unbuffered media in the pH range of 4.0 to
" 7.0 was observed to consist of an induction period in which
the decomposition was slow, followed by a decay period, in
which the concentration of dithionite rapldly decreased to
zero. Apparent periodic increases and decreases in dithio-
- nite concentration during the induction period were observed
and could not be explained solely on the basis of experimental
error. One possible explanation of this unusual phenomanon
is the formation of unstable intermedlate(s) possessing re-
ducing potentials comparable to dithionite with respect to
methylene blue. The amplitude of the apparent oscillations
in dithionite concentration decreased with increasing tempera-
ture, suggesting that the concentration of the hypothetical
reactive intermediate(s) likewise decreased with increasing
temperature, Absence of osclllations in solutions of pH
greater than 7 suggests that the hypothetical intermediste(s)
either are not{ formed or are unstable in alkaline solution.

During the induction period, the reaction wag observed
50 be 1/2 order with reapect to H' and 3/2 order with respect
to dithionite, giving a rate expression of the following form:
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a1l P o A =13/2
= ke [HT 1 205,0,7]

o
Lo
e

1"‘1
induction

The variation of kc wilth tewmperatuvre gives a straight 1iﬁé
on an Arrhenius equation plot, The activation energy AE was
found te be 12 keal/mole and the frequency factor & was
found to bhe 1.3 x 1@8 (mwiea/&itwr)“lsﬁe"}.

The anions 303"”, B0, 80,~, and 8,0~ had no specifie
effects in the bulfered systems. Colloidal sulfur catalyzed
the reaction by deereasing the length of the induction period.

The rapid increase in the rate of dithionite decomposi-
tion during the decay period followed an exponential relation-
ghip with time., This fact together with the eatalvsis by

ceolloidal gulfur suggests that an avtocatalytic or 2 depenerate

branehing chalin wechanlem is ocourring.
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Figure 14--Air Oxidation Studles. Effects of Ioniec

Strength.

Dithionlite Concentration vs Time
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Figure 15--Air Oxidation Studles. Sulfite and Thiosulfate
Concentration vs Time ,
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Figure 17--Dithionite Structure Studies. EPR Absorption Peaks
for Diluted Dithionite Solutions
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40
30
4 RUN TB 606G
\ O RUN TB 60D
20 ‘ © RUN TBGOE,F
o RUN TB 606G
"oo n=-405%
= 10
»
o
s N
}.—
3 A
= 6 A
o \
wn
Y
o 4 N
s
= N
o AN
(5]
T
2
. | Ne
| 2 4 6 8 10 20 25

INDUCTION TIME ©,SECONDS x 102

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 . . .
© O- RUNST70A-D,n=152 /
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Figure 29--Thermal Decomposition Studies. Determinatlon of n.
Log (ac/de), vs log C  at 60, 70, and 80°C
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© RUN TB 60 E,F /|
© RUN TB 60 H
o RUN TB 60 J

S ¥
>
e 20
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«w 10
4 4
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3 /
=2 6
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INITIAL CONC,, MOLES PER LITER x 103

Figure 30-~Thermal Decomposition Studies. Determination

of n. Log (dC/'dQ)O 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™!

2.80 285 290 295 . 2,00 3.05
1/T °Kx 103

Figure 32--Thermal Decomposition Studies. Arrhenius Plot.
Log k, vs 1/T °K
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Figure 33--Thermal Decomposition Studies. Log (Co - C) vs
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Time at 70°C

-© RUN T70A
74 % /}/ C RUN T708B
O RUN T70C E—
// // O- RUN T70D
4 8 12 16 20
TIME 6, SECONDS x 10°2 A
| Figure 34--Thermal Decomp031tion Studies. Log (CO - C) vs
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iy
77

4
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Figure 35--Thermal Decomposition Studies. Log (C0 - C) vs
Time at 80°C
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TABLE I

ATR OXIDATION STUDLES
DITHIONITE CONCENTRATION VS TIME a7 30%C

Run 304 Bun 30B
8, Sec 8,0, x 103 S, See 8,0~ x 103
Moles/liter Moles/Liter
&5 17.67 53 15,00
100 15.42 13,20
1585 1z, ?5 145 11.24
215 ‘ 202 8,64
g?é .97 251 S.%g
120 .94 298 6.
508 1.26 gﬁ? 4,19
545 0.46 _ 14 2,40
600 0.04 ﬁgg iﬁgg
HeX O.
562 0.04
Run 30C Run 30D
@, Sec 33@%“ x 107 &, Sec geéﬁ” x 109
Moles/liter Yoles/Liter
i 12.58 , 52 6.0
& 12,00 a8 i 7
130 lgeé? 150 3,14
179 8,60 3%5 1.23
243 6,53 242 1.00
301 4,62 202 0.15
345 2,58 326 G, 0%
393 2,28
32 1.46
&5 0,44
sa2 0.05
Run 30
6, Sec 8,0, x 207
Moles/ldter
% 03
165 g:g%
132 3.05
235 Q.O£
255 1.%3
312 Q.05
335 .30
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TABLE 2

AIR OXIDATION STUDIES
DITHIONITE CONCENTRATION V8 TIME a7 4oU¢

Run 404 | Run 40B
e, Sec 8,05~ x 103 ¢, Sec 8,0, x 103
Moleg/Id ter Moles/Ldter
%@ 5.08 23 §.58
o 4,86 ' 6,72
112 3o 130 4.73
159 1. 199 2.42
203 0.91 25 1.53
ol 0.15 27 0.95
280 0.03 31 0.25
352 0.0k
Run 40C Run 40D
o, Sec 8,0~ x 103 8, Sec 8,0, = 103
Moleg/ld ter Molesg/1d ter
bl 11.0 52 16,42
100 8.0 122 12.00
175 5,20 172 .81
220 2.44 225 .02
265 1.28 300 3.63
310 0.43 350 - 2,12
350 .03 35 1.16
57 0.07
Run 408
%, Sec 8,0, x 103
Moles/Iiter
83 18.18
= i
& 5.64
313 3.77
52 2.25
K 0.81
s 0.05
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TABLE 3

ATIR OXIDATION STUDIES
DITHIONITE CONCENTRATION VA TIME AT 50°¢

Run 504 Fun 508
e, Sec 8,0, x 107 9, Sec 8,0, x 103
Moles/Id ter Mples/Liter
43 ih .62 27 15,15
1 11.48 5’7 18,47
182 .65 142 652
2ok 0.17 235 1,29
330 0.04 272 o.42
320 0.04
Run 50C Run 50D
9, Sec 850, = 103 8, Sec 8,0, x 107
Moles/Liter lples/Idter
30 9,61 43 T30
§§ 5.10 117 3.11
1 3.34 180 1.68
1 LQE 193 0.68
2h7 0.0 230 0.0h
Run 50E
9, Sec 8,0, x 103
YMoleg/Liter
Bg .98
159 %’33%
158 0.22
198 0.04



8, Sec

o2
i

181
218

g, Sec

!!

izz
181
196

TABLE 4

3T

AIR OXIDATION STUDIES
DITHIONITE COWCENTRATION VS TIME AT 60%¢

Run GOA
= L amD
Holeg/ld ey

11,9&
f.fn

*5%:

g

BN
LN

0.07
0.02

Run 60C
S50, = 103
Moleg/Liter
10,62
698

3.97
9.1?

Run 60
& = y 3
529&. x 10
Mplen/ldter
8
0.18
0,04

w, Sec

33
272

@, Sec

e

mﬁ

""{3

1@&

®, Sec

3
T
156

Run 6CB
8 oy, = 3
Moles/Liter

Run 60D
- .
Moles/Liter

€

&ﬁif@%\}iﬁ
SBBEs

8,0, = 107

Moles/Liter
3,52
1.70
G.21
0.02




Run

30A
308

30D
308

LOA
40B
40C
40D
4oE

504
508

50D
50E

©0A
HOB

60D
GOE
EOF
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TABLE 5

AIR OXIDATION STUDIES
DETERMINATION OF ORDER OF REACTION, n,
(dc/aa)o V8 ¢, AT 30, 40, 50, and 60°C

Tomperature (dc/ﬁ@)o X 10° C, % 10°
°C Moles/Liter, Sec Moles/Liter, Sec
30 h.72 17.50
30 4,43 15,85
3¢ 3,49 9,40
30 3.25 T.72
40 3.63 7.22
&‘O - le : 90?3
4o 5,42 13,37
4o £.11 16.37
40 6,40 20.97
50 g.@% 19,25
50 .84 17.55
50 Te29 12,40
50 6.70 10.10
50 5.30 7.30
60 11.40 18.50
60 12.07 20.77
60 10.80 15.80
60 7.70 9.00
60 7.21 7,41

60 6.20 5.80
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. ' G
xq vg G AT 3@ o
w

Run 30A
w 12
Kﬁlﬂ o 1 )
{Moles/Liter)28ec

&, 2ec

Run 308

a b
EL % 16,

3

ade
(soles/Later)Bgec™?

'

3

1&ﬁ

£} L]
U

T
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110

%
LR RN

s
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2 K4

Lol iotota oty
L ]

130 15 130
150 19 150
170 82 170
190 SO 196
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3.0
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7o

4 &
%, Seec R@ b:o lﬁgl @, Sec kﬁ b4 lﬁgi
(oies/iiter ) Bsec ™ i%@i@gﬁi&@&f}ﬁﬁa@"l
K GO 30 | 73
§g oy 50 .ﬁﬁ
‘ 55 §Q

L3
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Fe
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b
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&5 110
£ g gy
&3@ 0 4 A
150 55 150
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TAOLE 6 {CONTINUED)
k, VS ¢ AT uo®e

Run 404 Fun 40B
€, Sec ke x 1&“1 8, Beo kc x l@al
_ {Mmoles/Liter)Bsec”t (¥oles/Id ter)Tsec ™t
L, 4,47
2 ;i*-?% % Pt
60 b 57 70 455
@G i&‘n%’ ;9@ "‘%’.f}g
90 4.69 110 L,61
120 4,85 130 4,67
160 5,07 150 %.gg
170 i,
100 4,93
Run 40C Run 40D
9, Sec k, x mz@’l 8, Sec i, X 1@’*1
(Holes/Liter ) Ssec ™t {(Moles/Iiter ) B8ec ™t
50 4,2] : 4,39
2 P 2 530
70 4,38 70 5,59
90 4,44 90 4,62
11 4,50 110 LoTT
130 4.5 130 4,69
150 4,63 150 4,75
170 4,76 170 h,831
190 £,78 190 4,86
Run 40%
8, Sec k@ X lﬁgl
(M@lestit@r}ﬁsﬁe"l
30 4,33
50 4,433
70 L.58
90 4,60
110 4,62
150 4,77
170 4,84
190 B,90
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TABLYE & (CONTINUED)
k, V8 & AT 50°¢

Run 504 Run 50B
&, Sec - kg b 4 1$%1 ¥, Bec kc x 10%1
_ (#1es/iter)Fsec”? (Moles/liter)Bgec™>
6.81 30 6,67
é% 6.33 50 6.77
70 6.93 To ©,91
G0 7.085 90 7.00
130 T.23 130 7.16
130 7.35 130 7.2
150 ?.22 150 7.4
TO T.67 170 7.56
190 * 7.81 190 7.70
210 7.4 210 7.79
Run 50C Run 50D
g, fec kﬁ x 1GQ1 8, Sec ka X l@%l
(Moles/ld ter)38ee ™t (Moles/Liter ) Bses
f 6"‘1 710@
%S 6.83 23 T.16
70 .99 70 740
90 7.10 90 754
110 7.5 130 7
130 {35 130 7.58
150 T 45 150 75
170 7,57 170 T
190 7.69 190 T.70
210 T.87 :
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TABLE & {CONTINUED)

Kk, VS @ AT 60°C

Run 604
L
@e x 10 1
{(Voles/liter)Es

30 8.72
50 8,68
70 9.01
X D41
130 Q.25
130 9,83
Bun 60C
8, Sec kc X zaﬁl
{¥Mples/liter )28
0 8.76
50 8.50
70 Q.07
a0 %.4@
130 Q.70
150 9.90
150 10,20
Bun OOF
&, Se ke, = l@
(Ebl@ﬁflat@r)ﬁgea
85.80
% 504
TO 9,18
g0 9.45

Fun GOB
4

kﬁ %x 10 1

{(Moles/Iiter iSec

-1

8.3
2.
8.85
2.03

9.
-2
2.05
Run 60D
4
ke x 10 1

(Maleailit@@JESeg”a

8.80
§.25
9.
9.

w

3

BEE

Y

Run 60F
4

k x 10 3
(wnla“/m&tar}§£e@

3.;2

9.15
S.51
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Tapis 7

AIR OXIDATION STUDIES
EFPECT OF STIRRING RATE AND AIR FLOW RATE.

DITHIOWITE CONCENTRATION V8 TIME AT 60°C

Run 608

*ar Flow Rate = 205cc/min
Stirring Rate = 800 rpm

Run ©OH

Air Flow Rate = 405ee/min
Stirving Rate = 800 rpa

6, Sec 8,0, % 109 9, Sec 850, x 103
- Molep/Idter Moleg/ldter
31 10.90 36 9.67
135 7% %;% 35
OS5 3.71 260 1.81
472 1.45 355 0.3h
505 087 401 O.08

522 0.33
005 U.02
Run 60J Fun GOK
Air Flow Rate = 780cs/min Alr Flow Rate = ec/min
Stirring Rate = 500 rpm Stirring Rate = 300 rpm

o, Sec 8,0," % 103 9, sec 8,0, = 109
Moles/id ter Yoles/iiter
a5 8,75 27 5,98
112 52 102 -
170 1.83 162 1.63
B o. 208 0.57
256 | 0.0k 252 6.02
Run 60L Run GOM

Air Flow Rate = 1200cc/min

Air Flow Rate = 2500cec/min

Stirring Rate = 800 rpm Btirring Rate = 1100 rpun
6, Sec S5.0,° = 103 9, Sec 8,0, x 107
bles/Iiter Yoles/liter
33 T.65 39 7.01
130 3.4 ) 3,25
160 1.41 100 1.22
210 G.20 214 0.09
250 0.03 255 0.02
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TABLE &
ATR OXIDATION STUDIES

IOWIC STRENGTH EFFECTS, DITHIONWITE
CONCENTRATION VS TIME

Run 60N Run GOP
A =3 0.50 o= 0,30
6, Sec 850, x 103 e, Sec 850, x 103
Holeg/id ter Molen/Liter
36 9. 42 42 7.9
127 3,00 135 1.92
200 3.2 187 0.3
2@?; Q-O 4 2?2 6« :
Bun 600 Run GOR
po = 0,10 o o= 0,01 N
8, Sec 8,0,” x 103 9, Sec 8,0,~ x 103
olea/liter : Moles/ldter
55 70 42 - 8.06
o7 4,55 zﬁ 5,20
150 2.3 ke B.05
203 .9
o42 0.06
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TABLE ¢

AIR OXIDATION STUDIES
SULFITE AND THIOSULPATE CONCENTRATION VS TIME
AT 30° aNp G0%C AND CONSTANT AIR RATE

Run 30A-A at 30%C Run 30A-B at 30°C
9, Sec S04 x 103 9, Sec 50, x 109
— oleg/Liter Moles/Liter
AT i5.27 33 3. 50
276 12.55 153 19.54
463 5,55 255 17.54
637 6.02 ) 17.13
7 19.05
576 135.8]
643 13.03
Run 60A-A at 60°C Run 60A-B at 60°C
¢, Sec 3{,’;; x 103 | ¥, Sec Sf@; x 109
) Moleg/Liter —_ Molop/ldter
|28 20.15 43 0. 31
138 8,75 g3 19,5
158 17.9% 151 18,77
248 16,36 237 1754
236 15.02 gmé 16.22
E? 15.03
27 14,02

Run 604-C at 60°¢C

&, Sec 82@3:% X 1@3
Moles/Liter

156 27.85
297 2&(:;,& 07

637 26,29
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TABLE 10
AIR OXIDATION STUDIES
END PRODUCT ANALYSES
Run EP -~ A Diffusion controlled oxidatlion

Initial [8,0,7] = 10.30 x 107 moles/1iter

Reactlion time = 20 hrs

Average analyses:
{&03”} = 13,14 x 1073 moles/liter
[30,"] = 5.72 x 1073 moles/1iter

[8,0,7] = 1.60 x 1073 moles/1iter

[580,"]

=2 = 2.3

{SG&‘]

Run EP - B Alr oxidatlon

Initial [5,0,7] = 9.50 x 1073 moles/1iter
Analysis (corrected for 8,3%¢ thermal decomposition):

[50,"] = 13.16 x 1073 moles/1iter
{SO&”] = 4,16 x 1073 moles/liter
[5,0,7] = o.42x 1073 moles/1liter
[50,7]
---—3—..- = 3‘16

E=-1

Run EP - C Aly oxidation

Initial [8,0,7] = 10.10 x 1073 moles/iiter
Analysis (corrected for 21% thermal decomposition):

[S0,} = 11.90 x 1073 moles/liter

[80,"1 = 4,26 x 1073 moles/liter

[8,0,"] = 1,00 x 10”3 moles/liter
273
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TADLE 11

AIR OXIDATION STUDIES
SOLUBILITY OF SODIUM DITHIONITE AT 0%

Run Ne. Solubllity in gns/100 ml
Ha@ 8t o°c
Sed | 14.39
Bl 14,38
S"’G 1“3‘& €§
s""m 130 Jﬁ
S-F i2.51
[0 11,63
S“’H 11 gﬁ'ﬁ»
S~1 13,15
Bwd 13.52
S=k 12.00

Aversge = 13.20 o = 1.08 or 8% of 13.20
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TABLE 12
DITHIONITE STRUCTURE STUDIES. ELECTROLYTIC
GENERATION 0P DITHMIONITE

Run 1002 pH = 5.3 Temperature = 2.2% Current = 100 ma

Time Cathode Total Moles of 4 Moles of n
sec Potentiel EQQ&“ formed x 10 Electrona pessed x 10

120 -0 .67 0.35 1.2484
1020 «3,68 4,03 10.57
2100 «0.T1 , 6,20 21.77
G700 =0.71 10.51 28,00
3300 =0.72 11.74 Eg.aﬁ

SO0 0,73 15,12 A1

500 (3,73 17.36 6,64

Average Current Efficiency = 75.0%
Bun 150A pH = 5,0 Temperature = 2.8% Current = 150 ma

<
0.7 1.85 4,66
ggg w@.?g 2.kg 6.5
900 L 5.33 13.
1020 -0.75 6.32 15.85
1 ~0.75 35.18 23.32
1620 ~0.75 10.00 25,18
2400 =0.75 14 .04 g?-gg
3180  -0.75 19.51 9.
300 -0 75 20 .47 22.@9
200 -0.75 24, 5.30
AW "'@.75 %01 6?.18

Average Current Efficiency = 78.5%
Run 2004 pH = 5.1"Tam§er&tur@ = 2.6% Current = 200 na

gae 0. 08 1.69 6.22
60 ~0.97 5.00 13.68
1080 -0.95 8.40 22.38
1620 -0.97 12.87 33.58
2040 -3, 96 16. 44 2,30
2700 0,96 21.46 55,92

Average Cuvrrent Efficlsnecy = 77.2%



~159-
TABLE 13

THERMAL DECOMPOSITION STUDIEE. DITHIONITE
COHCENTRATION VS TIME AT 609

T _60A T _60B P _60¢C
8, Sec 850, x 10° ¢, Sec 8.0, % 10° 0, Sec 8,0, x 103
Moles/Liter Moles/ld ter Moles/Idter

105 10.75 68 10,14 89 .23
258 10.33 145 9,52 200 g.@@
313 19.63 265 9.7k 2;%% 220
X . : e P a4 gl okl
708 9,49 Egg G.45 ; 9.18
983 5.45 582 g.45 822{ T.92
1065 9. 77 Th2 9,27 4 g.og
1218 5,82 70 9.23 157 .gg

1479 .9 10° uﬁgﬁ 823 8.
139 8.51 1104 3,62 832 8,20
185 Z,Y& 1368 7.11 1005 8.20
20 W37 1515 6.61 1@25 i 8.Q§
2225 0.05 1716 6.73 1244 T T8
186 5.32 1317 g.‘z}s
20 1.53 1375 57
2050 0.03 1'88 6.3
14 7.27
125& 7 .80
1610 6.20
1669 giél
17z 5,50
1915 8.3
1971 7.02
e 5:71
2” 7 Sue‘?
B in
, ‘§3
2 il

3 :
332@ 0,03
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TABLE 13 (CORTINUED)

T 60D T _60E
9, Sec. 8,0, % 103 8, Sec S,0," % 103
Mples/Liter Moles/Idter

3.38 58 5,0

8.32 250 5.835

7,78 ggé 5,76

8.43 51 5,58

T.93 23’4 §5.67

?'g% i 5,41

® 807 5.28

Y 000 5,32

7.02 1%20 5,35

7.10 1365 228

737 1512 g7

2.08 1700 5,05

L2 1683 Be17

6,62 2572 i.ﬁa

g‘m 65 i&.gg

643% 207&‘

5.80 b.96

©.32 &.2‘2

6.23 3% 4,2

6¢ : 5 z‘oﬁ?

4,18 3950 3.43

5,55 4059 3,80

5.22 455 2.74

2570 Egﬁ 4587 2,17

i @b L= 5‘@% 3“13
27 4,62
2854 4.06
ng?’i’ géﬁ%
%% gwaﬁ
324 1.45
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TABLE 14

THERMAL DECOMPOSITION STUDIES, DITHIONITE
CONCENTRATION VS TIME AT 70°%C

T 704 T 708
0, Sec 8,0, x 103 ¢, Sec 850, x 103
’ Yoles/Iiter ‘ Moles/ldter
56 11.23 75 9.40

176 10,92 g 9.54
310 0.5 i 3.3
@gg 10,18 155 g.w

8.9 610 £3

785 8.54 THO 8,41

QB0 g.&} 900 7.64
1057 <10 104G 7.21
1175 1.40 | 1170 6,16
8 - 1285 s

13205 i
T J0c T 70D
9, Sec 8,05~ x 103 ¢, Sec 550, = 103
Moles/iliter ‘ Moles/liter
75 6.06 60 5.71

200 5,52 175 5.06

352 5,56 21 5,31

570 5.52 T5 236
éQO 5.228 618 ‘83
795 5,08 50 4,

955 2.03 75 4.78
1085 .71 1030 4,70
1225 4,81 1155 #,2%
1350 4,36 1% 4,02
1475 4,07 1: i,25
1620 3.22 1525 3.83
i 1 e i%
1920 1:92 1812 2.26
2125 - 1302 1.33

1993 0.35

8
&
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TAELE 15

THERMAL DECOMPOSITION STUDIES. DITHIONITE
CONCENTRATION ¥8 TIMS 4T 80°C

Run T 804 Run T E0B
3, Seo Sﬁi}&’“ % 109 ¢, Sec %{}a"‘“ x 109
Holes/ldter Moles/ldber
70 10,37 5 9.05
23, 9.7t 120 5.82
35 9.05 265 8.48
65 .50 ?;2“5 8,17
585 7.09 165 7.55
&570 5,17 &40 T.37
ﬁgg 1.20 860 6.71
& - 740 6.05
82t 5 .45
935 3.39
1505 -
Run T 80C Run T 80D
9, Sec 8,0, x 103 o, Sec 8,0, x 107
Moles/Idter | YMoles/ldter
65 6.35 70 20&3
. S <
3% 278 250 8108
B2 5 Lid 12 5.89
50 .07 480 5,43
- {;;* 3"»;»3 & "
975 2.07 8O0 ﬂ,l'
1120 0.49 875 4,1
1155 - 970 3.35
1100 1.
1175 0.89
1240 -
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TABLE 16

THERMAL DECOMPOSITICH STUDIES. DITUIONITE CONCENTRATION
VS TINE IN DUFFERED SYSTENS AT 60°%

Run T8 80C pH = 6.00 Run T8 60D pH = 5,50
9, Sec 8,0, x 10° 9, Sec 5,0," = 20°
Moles/liter Moles/liter
85 11,35 e 10,96
mg 1:*.13% :%4;;«% 13..§
551; 11.&”&3 350 10.60
ll% 10, afm 532 l@ ;z‘?i
3’7 0109 1074 ?* 3
1230 ﬁgjﬁ
1338 5,52
15836 0.0%
Run T8 60F pH = 5.00
8, Sec 8,0, x 10°
Mole ter
12 10,88 2.3.'? 0.62
208 10.20 lué 10.59
250 9,37 34 B.70
E% 7.70 275 5,76
17 0,08 5% 0.0k
Run T8 60G pH = 4,80 Run TB 60H pH = 5.00
¢, Sec 8,0," % 107 0, Sec 8,0, x 103
Molep/Id tex — Moles/liter
431 10.81 Ga G. 47
91 10.93 b2 ?,55}
145 még 218 2.75
= i 2 i1
2 Go{}& . 3-
493 0.09
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TABLE 17

THERMAL DECONPOSITION swanxzs. u¥ concenTRATION
¢S TIME AT 60° aup 70%C

Run T OG04 Run T T0C
v, Sec v ox 10! v, Sec #x 207
Yolep/ldter Molos/Liter
170 7.95 K 7,55
290 705 1480 8,73
: 775 220 5.73
’M} 775 30 5.32
285 11,20 400 7.57
2&9 11.50 €10 0.58
10 12.00 130 5.58
070 11.7% 850 6.
z 11.00 350 @,g@
%g 11.?0 1140 5.07
o 37.12 1295 5.87
910 18.60 1410 5,74
9% 19.10 1 5,62
990 17.75 1685 2.733,
mw 1‘{03§ l ’)ﬁ '{3{)
1120 15.50 1855 G.30
1188 14,10 18 6.90
1210 13.50 214 10.50
1275 12.00 2210 12.90
1330 11.75 2305 12.50
W30 11,50
1435 11.20
1570 11.00
154 30,70
1660 10.00
1750 10.00
1820 10.00
1900 10,70
19; 11.80
198 11.50
2000 13.80
2130 22,50
2210 23.80
2251 80
2320 2’?.“&
é.? 7 25,80

2475 27.80
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TABLE 13

THERMAL DECOMPOSITION STUDIES, EFFECT OF O,
oN HY IN UNEUFFERED SYSTEM AT 60°C

Run T 60F C_ = 9.26 x 1073 Molee/ldter

{Continued)
6, Seo v ox 10t 9, sec  H =z 107
foles/ld ter Molea/ldter
150 A K.80 3200 14,75
30 “4.% 3290 14.75
550 &,90 3300 air injected (10cc)
Tao 545 3320 21.45
950 5.15 3350 31 60
1100 5.1% 3X _ .22
1300 5.25 HG0 3 50
1;@3?3 5 37 3450 42, %
W TR - ‘

205 5.25 300 2650
2150 5.37 Jos0 24,65
2550 5.37 3700 21.95
2560 gir injected (2cc) gggﬁ 20,90
2000 5,87 20.50
2050 £.90 3%%,3@ 21.55
2750 7.10 5.2
2150 T A0 ﬁg%@ 3,50
2500 760 57,25
2500 7.60 ‘ 4050 56,20
2070 air injected (10ze) 4100 72.25
29490 Te55 4150 TT 50
3000 11.20 4200 83.25
3050 13,&5 haso 87.30
23100 14,310 1300 B89.35
3150 14,45 4350 93.70
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TABLE 19

. . - o o , S
THERMAL DECOMPCRITION BTUDIES., EFFECTR QF B

-

N INDUCTION PERIOD TINE, AND (%?uj vs HT AT
L9

<&

60°c AND C, = 11,0 x 107 HOLES/LITER

Run oz 107 Dime of Induc- {a } « 107 Holes __ -1
o foleg/liter tion Period, Sec 0 or

= 604 1 Mot measured 2.2

T8 60C 10 2200 6.8

T8 60D 31.6 800 9.1

T GOF & F 100 275 20.9
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TABLE 20

THERMAL DECOMPOSITION STUDIES, EFFECTS (P ADDITIVES,
DITHIONITE CONCENTIRATION VS TIME AT

Go®¢ IN SYSTEM BUFFERED AT pH 7
Run TB 604 Pun T8 60B
8, Sec 8.0, = 103 9, Sec 8,0, x 103
Moles/liter , Moles/Iiter
112 11.10 o4 10.35
aha 10,50 39 10.00
599 16.29 46 9.94
1044 10.64 1621 9,90
1694 9.90 2129 16.21
2781 9,85 2845 10.41
4281 10.32 {76 .89
6176 g.52 Gli3h 9.56
11297 8.41 7073 9.45
13754 .24 8863 9.86
14665 8.21 9578 9,29

13162 8.35
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TARLE 21
THERMAL DECOMPOSITION STUDIES, EFFECTS OF END PRODUCTS.
DITHIONITE CONCEWTRATION VB TIME AT
60%c IN SYSTEM BUFFERED AT pH 5

Run T8 &0Ja Bun T8 &0Jb
9, Sec 8,0, = 103 8, Sec 8,0~ = 107
. Moles/liter - foles/ldter
Sﬁ 5'%% 1%% g‘gﬁ
7 3 .9
155 3.&5&? 210 a,gg
271 b,95
%g i, 10
a2 ) B
159 B
505 372
G -
Run TB &0Jdc Run TB &0Ka
" 9, See 5,0, = 10° ¢, Sec 5,0, x 203
Moles/ld ter Molea/liter
4o 5,60 ly 5,51
2 3.49 1 250
167 3.75 145 i,
220 - 202 4.58
256 4.%0
302 &.&g
& 42
93 3372
01 3.1
671 -

9, Sec 8,0~ % 103 0, Sec 8,0, x 103
| Moles/Ld ber Moles/Liter
ﬁ 5.71 gg ;;5.%?

» ) 3 & e
147 3.%1 145 ﬁ.ﬁl
123 hooh 197 2.06
2 1.53 256 -
334 -
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TERRIAL DECONPCSITION STUDIES. END
PRODUCT ANATYSIS OF 30°%¢ Ruy

Initial Dithionite Concentration = 7.32 x 1075 Moles/Liter

Final 3893“ Concentration = 7,32 x 1073 Moles/liter
Final 8,0, Concentration = 3.32 x 1072 Moles/Ld ter

Ratic of ﬁS@B /33@3 w 2,8
Sulfur Balance:
Sulfur in = 14.64 x 1079 Moles/ldter
Sulfur out = .32 x 10732
.38 %

13.96 x 103 Moles/Iiter
Sulfur unaccounted for = 0,08 Moles/Iiter
Therefors, % of dithionite forming other products

L 0.31x 1073 . 150 - b.6%
7.3 & 1073



TABLE 23
THERMAL DECOMPOSITION STUDIES, DPETERMINATION QF

ORDER OF REACTION, n, IN UNBUFFERED SYSTEMS.
(dc/ae), Vs ¢, AT 60, 70, AND 80°C

Run Temperature C, % 103 {ﬁc/d@}g % 107
L O¢ Moles/Liter  lMoles/Liter, Sec™>
T 604 60 10,85 10.32

T GOB 60 9.90 8.90

T 60C 60 9,25 8.25

T 60D 60 &.67 735

T GOR 60 6.00 h,05

T 704 O 11.38 26,2

T 708 70 g.?a 17.3

T 70C 70 02 8.96

T 70D 70 5,78 8.58

T 80A ; 10.58 31.5

T 30B £0 2.17 2%

T 80C 80 .5 15,1

T 80D 80 6.42 12.3
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TABLE 24
THERMAL DECOMPOSITION STUDIES, DRETERMINATION OF

ORDER OF REACTION, n , IN SYSTEM BUFFERED
AT pH 5. (de/db), VS C_ AT 60%¢

Run ¢, x 103 (de/a0), x 107
. Moles/liter (Moles/liter) (Sec™t)
B 60H 9.95 25,2

T8 60J 5,40 9.1
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TABIE 2%

THERNAL DECOMPOSITION SIUDIES
k, V8 € AT 60, 70, AND ao®

Temperature C, = 10” i |loles -1 eg™L
O Moles/Liter ¢ Liter
&0 10485 ' 170
&0 G0 170
&0 9e25 160
&0 Be &7 1.70
60 &e00 a6
= 5,38 x 107 Moles/Liter
70 1le38 309
70 De78 2656
it £ 002 2875
70 Be72 Zefh
= 6098 x 107 Moles/Liter k puy Melog ™t g
7 elavg) 7 liter
80 10,48 bolS7
&0 917 Lol
80 6e 50 Leb5
850 el 385

2 (avg) = 420 = 207 Moloo/Liter Ko(avg) = 478 HREE  sec



Run T 604 60m10.8§ w 10

1400

1700
a0
1800
2000
2100
2200

i
.
e

TABLE 26

TUERMAL DECOPOSITICN STIDIES. (¢ o ) vs

GG -
x10°

]

020
Delld
Ce33
Oodd,
055
DaH7
0«80
0e92
1,07
Lol
137
1.55
172
193
219
2o B
2e91
3e40
4a05
LeB0
030
1085

TIME AT &0, 70, a0 8ot

S
i

¢

x40,

1085
10675
1063
10.62
10e42
10630
10.18
1004
Y92
978
Ge 63
Gkl
e 30
Geld3
8a92
8a06
8033
T84,
Tol5
{!}a%
£e95
he B8

Dol

1000

2100

7 moles/liter Pun T 60B C 710900 % 10

C =G

0ol
Osd
Ce30
GehD
G50
e &0
Ce'10
Culd
1.00
1016
1235
158
a8
Zell
2650
Ze94
30k
bl
S5sR5
Telb
10:00

=3 wolos/liter



Sse

é
200
400
GO0
800

1000
1200
1500
1600
1800
2000
FALS,
2400
DALY
2800
3000
300
3400

Fun T &%

£ e
o

(0,0} Vs THE AT 60,

e

W g

&
Ced%
Godﬁ
0w 54,
DaF2
De92
1616
1640
165
1.95
Lollt
2665
3405
Eaﬁﬁ
t’»&e«"

5625

Be b
Dol

)‘ﬁg
901
885
Hefh
8048
Be28
Ee (i
T80
Te55
Tedh
FoGR
£1055
6@11

 Beb0

490
2495
2452
0500

I R

i T
Goog T

TABLE 26 {\. Qﬁ&ﬁ?ﬁfﬂ})

Sac

g
200
400
600
800

1000
1200
1400
1600
1800
2000
2200
2LO0
2600
200
30
2200
3400

Run T &0

C =G
e
% A0

0

Geld
033
Ue53
0e75
100
127
1652
1.50
2010
240
2T
3ed2
360
b5
Bel5
Te 50
8o 50

70, Al 80%

C
x 200

o 50
£e35
8el7
TeS7
775
Te 50
o3
£eSl
6070
he bl
£e10
8e78
Ba38
£eS0
£elS
3e25
1,00
Ge 00

See

Run T &0B

&
<

- G

—_— 20 310

g
FAL Y

1000
1200
1400
1600
1800
2000
2200}
2400
2600
RE00
3000
3200
3400
3600
3800
ADDG
4200
LEDG
LE0K
L8000

0

Oell
0620
0elQ
0o 38
Ded?
Qe 53
Do 58
Def5
Oe e
Do B0
090
100
110
16272
le38
1649
163
183
2sll
ﬂnlp&:‘:’r

2086

3630
Za B0
£ 36
4o 87

G500
5090
Se 80
5e 71
Batd
e 58
Se 50
Sedi
fe35
Gedl
Gecl
Geldll
5000
4eD0
4o'T8
FARY
he51
bo37
Lol
3t
3e 5
Jeld
20
2eald
170
1lel3



(C=¢) VS TRME AT 60, 70, AMD 80

See 60 »‘L
O g
i00 Oel8
2060 0e 55
300 Q.85
400 1.37
500 149
600 186
FO0 2ol
200 Zali
850 2e 88
900 3623
950 3080
1000 4e35
1050 5623
il@ﬂ 6»38
1150 Boi8

Run T 70 Gﬁﬂﬁoﬁz ® 10
Sec ¢ «C
Q
¥ O
2663 Gel0
A5 0039
&G0 061
200 0.82
1000 1e10
1200 1e23
1200 1.9
1300 1a 5%
1400 174
1500 1.9%
1550 Rell
15800 2024,
1650 Zadld
1700 2057
1750 Y
1800 3002
1850 Je32

TABLE 26 {CONTINUED)

=3

~175~

i

11638
11.10
1083
10653
1024
Ge8S
9a 52
Qeld
8e76
850
Bad5
Tob8
T3
6els
5600
JaldG

moleg/liter
G

21

6202
Se8
G 63
Bedl
3¢2@
£aS7
£ T
bat3
Lal?
LaR8
4503
391
3478
366l
K PYA
3628
3,00
2e70

Spo
SO

e
100
200
200
400
500
600
700
800
900

1000
1100
1150
1200
1250
1300
1350

- G

a1

o

018
0e36
0053
Oe72
390
Le(9
1:31
1.58
1.94
236
2488
JedQ
3e86
Lath
5768
778

Run T 708 C_=11e38 x 107 noles/liter Fun T 70H G_=9478 x 107

noles/liter

¥
5 10

Ge'iE
Ge bl
Sl
e INeE
G506
588
368
8ad7T
Ra20
Tl
Tadid
6e G0
6edS
592
5el2
4o 00
5,00

Rum T 70D G 5072 x 10”2 noles/liter

Sen

¥

w G

2300

0

0el5
Ue33
0e 53
0?5
1,02
1416
de32
148
165
1,88
202
318
2037
2e 56

Lol

JelZ
3.50
3495
bobd,

¢
£ 10

5072
5e 57
4el9
5619
4e97
4470
ha 56
4ol
dold,
4o 07
3e84
370
354
3e35
3016
2490
2660
Lold
177
1498
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TABIE 26 (CONTINUED)

(c@--s:) Vs TIME AT 60, 70, 20%

Run 7 €0A C_=1058 x 10" noles/liter Run T G0B C, %917 = 16™? moles/1iter

8 ﬁe - C ¢ 1~ C w G
See  x 10° mole s/ x 10° moles/ Ses = lGB m@l@aj x 10° mala e}j'

O 0 1058 L8] 0 Qel7
56 Qelb 10652 5G 014 9«03
A0 D31 1027 100 OeRbs 8.91
150 Cu 50 3008 180 0,38 8670
200 Gef8 SOl 200 0o 53 Bebd
250 Ce 882 Ge70 250 GelB 8049
300 Ta08 Ge 50 200 Oe 8 8e332
350 1a32 Ge2b 350 0699 8.18
400 1«61 897 400 1.18 7699
456G 1.98 880 450 137 T80
800 2ad3 S 800 ie %) 758
5‘5@ a:iuc}? ?o % q’ﬁﬁ lné%ﬁ '7032
600 3478 680 600 2013 7204
650 £+88 570 650 Lehd 673
700 He 60 3298 700 2077 6ol
725 Bl Re 37 750 3917 6000
40 1058 4 800 3067 5650
850 he 26 491
SO0 5005 Lald
950 6l 2:99
975 Tel 2eif

1000 Bad 0a75
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TABLE «:&3 (CONTINUED)
(C,-C) Vs THME AT 60, 70, 80"

-
Run T 800 C %6050 x 10 noles/liter Run T 80D C_s6042 ¥ 10™ moles/liter

oo C =0 ¢ See C =0 ¢
o o T,
S G VL
G (4] 6o 50 () G Gebd
80 Cel5 6635 50 0e 04 6e38
100 Cul’ Gel25 100 Dol 6630
150 a3 fel5 150 Gol8 Hra Rl
200 Oad5 6:05 200 (4797 6018
250 De 83 %97 250 0632 610
300 Do 56836 300 Cadl 6:01
350 0e76 Be'74, 350 050 5692
L00 089 Se 6L 506 UebD SalR
450 1201 iryA &50 0.70 5o TR
500 1215 5035 500 De82 5660
550 130 520 550 0694 Sadi
&0 Y Be 02 &0 1010 5632
&5 le67 LeB3 650 1.26 5elb
700 189 Latl T00 le45 497
F50 2sll 4e39 750 1.67 Lo TS
060 20&0 Lol 800 1.92 4o 50
850 2071 379 850 2922 020
Q00 3»07 3643 900 2o 54 5088
250 350 300 G50 ~e9f 3048
1000 £e00 2e 50 1000 Sedi 3600
1050 PN 198 1050 Lo O, 238
1100 Be b2 0e98 1166 Le82 1e8D
1150 Sel57 D75

1350 Gadd e
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SECTION I

APPENDIX I



Acld 8alt

KH,POy,
KH,PO,,
KHCgH,, 0y
KHCgH,, 0y,
KHCgH) 0;,

KHCgH, 0y,

8alt
crans

~17CGw-

TABLE 1A

Welght of Aeid-

6,800

€.800

10,220

10,220

10,220

10.220

COMPOSITICON OF THE BUFFER SOLUTIONS
TOTAL VOLUME OF WATER SOLUTION = 1000 ce¢

Welght of
NaOH

grams

1.1%0
0.228
1.506
0.954
0.708

0.160

6.0

5.5

5.0

4,8

4,0
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SECTION IX

A pH BTUDY OF THE a-CHYMOIRYPSIN CATALYSED IVDROLYSIS
OF METHYL HIPPURATE
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INTRODUCTION

The effects of pH changes on the velocity of enzyme
catalysed reactions have been the object of a great nmany
investigations., Sinece geversl authors {1,2) have recently
reviewed the subject in detail, no effort will be made here
to aupliaéﬁe thelr efforts. A very byief summary of the
theoretical papers pertinent to the study reported here, as
well as a more detalled description of experimental investie
grtions closely relaeted to this study will, however, be
helpful,

The fact that reactions catalysed by enzymes sre sensitive
%0 changes in pH has been recognlzed since enzyme systens
were first investigated., ZExtremes of scidity or basicity
cause ﬁenaturaﬁioﬁ of the protein substance in the enzymes,
hence catelytic activity is irrveversibly reduced under these
conditions., However, within a rather broad vand of pH values,
frequently asround neutrality, a large number of enzymes |
undergo apparently reversiltle changes that cause the observed
rate of the ensyme cotalysed reaction 4o pasgs through a
maxinun a8 pH is changed in one direction, This is the basis
for the ao=-called "pi-optimur” of an enzyme catalysed reac-
tion, nawely that pH at which the rate of reaction is a
maxiovm,

4s esrly as 1911 Davidson aznd Michaelis (3) postulated
that the presence of an acidic and a basic functional group
on the enzyme both of which must be in a certain state of
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protonation for the enzyme to be catalytically active would
explain the observed pHeoptimum of certein reactions., Sinee
its first proposal this basic theory has been modified only
slightly in principle, although important extensions and
interpretations ¢f the theory and its r@aulta‘hava been made.
Important to mentlon here are the modifications that acidie
and basic groups on the enzyme-substrate complex (4) instead
of on the engyme, or on both the enzyme and the enzymes-
substrate complex (5), would also explain the observed facis.
Moreover, ionizetions of the substrate itself (6) or competi-
tive intersction of the substrate with hydronium ions for the
functional group on the enzyme (7) Purther complicate any
simple concluaions which one might draw from pH-optimum curves
for an enzyme-cubstrate system., Since 1953 a number of
important papers (2,6,8,9) have outlined the requirements
for unambiguous interpretation of the effects of pH on
enzyme-catalysed veactions, Application of the principles
described by these authors will be made in this study of one
esterase reaction of the enzyme a~chymobrypsin, |
Although o large number of substrates have been reported
for cechymotrypsin (2,10,11}, very litile information is
aveilable concerning the effects of pH ohanges on the
hydrolyses of these substrates., In some studies (12,13,14)
a pH-optimam curve has bveen determined at one substrate and
one enzyme concentration, This information is of limited

value since one has no means of detecting whether or not the
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substrate is intersmoting competitively with hydronium ions.
A series of pH-optimum curves determined over a range of
substrate concentrations large with respect to the Michaelis

eaﬁ&ﬁant, K., would be most informative, although such

8
information is rarely reported. An alternative method of
evaluating the effects of pH changes is to deternine the
kinetic constants X@, the Michaelis constant under conditions
such that the froe snzymes and the free substrate are essen-
$ially ot equilibrium with the enzyme-substrate tomplex, and
kj, the velocity constant, which iz equal %o the maximum rate
at high substrate concentration divided by the enzyme concen-
tration, as a funetion of pH. To date,; only four studies of
bydroliysis reactions catalysed by e-chymotrypain as a
function of pH have been reported in sufficient detmil fo
ﬂﬂéﬁlﬁ conclusiona 1o be drawm wiﬁh\&ny‘degwaa qf certainty.
In 1955 Hemmond and CGutfreund (15) studied the
awchymotrypein catalysed hydrolysis of acetyl l-phenylalanine
ethyl ester as a function of pH. Values of Kﬁ and k? were
obtained in the pH range 6.5 to 9.0, Bulfer systems of
phaayhaﬁe,‘éiaﬁhylamin@, glycine, and ethylenediamine tetrae
getic acid were used 4o hold the pH consiant. ALl reaction

systems were 0.1 M with respect to added sodium chloride.

Ky wag observed to he independent of pli in the rangs 6.5 to
8.0, but then increased in the interval 8.0 %o 9.0. The
conotant k3 inereased from 6.5 1o 7.0, and was indapenﬁeﬁt of

PH in the interval 7.0 to 9.0. Hammond and Guitfreund concluded
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that the free enzyme and the ensyme-subsirate complex both
contain & functional group which has a pKa 6.85.

In the same year Jennings (L6) studied the a-chymotrypsin
catalysed hydrolyeis of acetyl l-tyrosine hydroxsmide and
I-tyrosine hydroxamide as a function of pH. Furither, he
studied the effects of pi on the inhibition canstants of the
competitive inhibitors l-tyrosinamide snd acetyl A=-tyrosine
using the aforementioned cowpounds ss substrates. The
wlfers trishydroxymethylanino-methane, imidazole, ang
cacodylic acid « NaeCl were used to maintein constant pi
during a given reaction. Although several of Jenning's
reaults agree with those of other investigators described
heve, this study was complicated by a nunber of factors such
as diffioult experimental conditions, iomization of the
substrate, and peculiar effects assoclated with the use of
tyrosine~derived substrates (17), =nd hence much of this work
should be repeated before mny firm conclusions are justified.

In 1956 Cunningham and Brown (18) reporited the study of
the a-chymotrypsin catalysed hydrolysis of acetyl l-tryptophan
ethyl ecter and acetyl l-iyrosine ethyl ester as = funchtiou
of pils Buffers similar to those used by Jennings were
enployed to maintain constant pH. 411 reaction systoms were
adjusted to C.1 M ionie strength with added caleium ion.,
(This was a parbicularly unhappy choice of metal ion with
which to mainiain constant lonic strength sinee calcium ion

has subsequently been demonsirated {19} to have a specific



effect on resctions catalysed by aw-chymotrypsin.) K, wes
observed to be independent of pH in the interval 6.0 to 9.0,
whereas kﬁ rises to a maximum at about pH 7.0 and remains
gonstant above this value. These authors canel&ﬁ@a that the
ensyme must have a weakly acidic group at the active site with
pE, 6,71, and that enzyme which i protonated at this acidie
group is inactive, Purthermors, they found that Ki for the
competitive inhibitor scetyl il-tyrosine increases with pH in
the range 7 to 8,5, Sinmilar increases in KI values in this
region for competitive anionie inhibitors had been obiained
by Neurath and Schwert (10), and Foster and Niemann (20), and
for acetyl 3,5 dibromotyrosine by Doherty and Vaslow (21).
The consensus of these authors is that the inoreage in KZ’
and hence decrease in the fraction of enzyme inhibited by the
anionic inhibitor, resulis from repulsion of the anionic group
on the inhibitor from o negative charge which develops at or
neay the active site in this pH region.

laidler and Bernard (22) in 1956 reported a study of the
g=chymotryesin catalysed hydrolysis of methyl hydrocinnamate
a3z s function of pH., The reaction syotems studied were
maintained 20% by volume in methanol, and of ionic strength
0.1 M with respect to univelent ions. Phosphate anhd borate
buffers were uzed, K% was determined over the range pH 7.0
to pﬁ/&.&, and was found %o be invariant, k3 was determined
over the range pH 5.75 to pH 8,7, and was reported to pass
through a maximum at about pH 7.5. These suthors concluded
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that both the free enzyme and the enzyme~subsirate-conmplex
possess ionizing groups of ?Ka Te2 and 8.0, Since K% was
invarient with pH, the form of the velocity vs pH curve was
independent of substrate concentration. Hence, competitive
interaction of substrate with hydronium ions for functional
groups at the active site was excluded,

It was evident on the basis of the incomplete, and in
some cases inconsistent, nature of the work reported above
that & caraful study ac a function of gH of one or move
hydfolytic reactions catalysed by aw-chymotryvsin would be of
value. Since the simple hydrolysias reaction is evidently
complicated by ionization of the substrate, added RONMAGWSOUS
solvents, and specific effects of added buffer systems, the
aliminﬁﬁi@n of these complicating factors was desirable.
Bince the discovery (23%) that methyl hippurate, or benzoyl
glycine methyl ester, is a substrate for awdhymotrypﬁin, this
compound has been used extensively in these laborateries as a
typical "uncomplicated™ substrate. Methyl hippurate is a
neutral compound, sufficiently soluble in water, and its rate
of hydrolysis when catalysed by enzyme concentrations of
approximately 10™% molar is in a range convenlent to study.
Since methyl hippurate is a bifunctional substrate, in the
sense that the two hydrogen atoms bonded $o the carbon atom
alpha té the ester carbonyl carbon atom are unsubstituted, no
gpecific steric interactions with the enzyme in the enzyme-
substrate~complex have been anticipated., Martin and Nienmann
(24) showed that the addition of added sodium chloride
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produced a profound effect on the unbuffered hydrolysis
reaction catalysed by e-chymotrypsin at pH 7.90. A detailed
discussion of their results will be pressnted in the RESULES
AND QI&&G&SIQ& section, It was evident on the baslis of this
work that the results of the study af the anﬁyméuaatalyﬁeﬁ
hydrolyesis of methyl hippurate es o function of pH mizht de
influenced by ionie strongith effects. A pH study oveyr a
ronge of asdded sodium chloride concentretions, therefore, was
indicated. In a later paper (25), Martin and Niemann reported
the effects of other added salts on the e-chymotrypsin cataw
lyeed hyﬁrﬁlysia of methyl hippurate in unbuffered systems.
4 fTurther extension of ocur knowledge of this particular
eaterase reaction was the investigation by Applewhite, Martin,
and Niemann (26) of the effects of added nonw-agueous solvents,
and tHe presence of the competitive inhibitor indole, Clearly,
therefore, the wealth of informstion alresdy accumulated
mbout the enzywme catalysed hydrolysis of methyl hippurate,
togethor with its simplicity and ready evailability, recom-
uended it for the pH study reported here,
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SUMMARY

The base-catalysed and the a-chymotrypsin-catalysed
hydrolysis of methyl hippurate were studied as a funétzan of
pH and added sodium chlorlde. 8ix values of pH in the range
7.5 to 8,6 and six values of added salt concentration in the
v&ﬁg@ 0.02 to 1.00 melar were investigated in the base-
gatalysed case, én average of fourteen pH values in the
vange 6,10 to 9.40 and the three added salt concentrations
0.02, 0.20, and 1.00 molar were investigated in the enzyme-
oatalysed reaction, |

The kinatie ?@ﬁa@t@lgf the enzyme-catalysed reactlon
are consisbent with the postulation of lonilzing groups at
the active site of the enzyme with pX values 6.9 + 0.1 and
8.6 + 0.1. The group corresponding to the former value
appears in both the free enzyme and the complex, and is
involved in the breakdown of the complex to products. The
pK value 8.6 + 0.1 corresponds to & group involved in the
subgtration of the enzyme,

Hippuric acld and L-tryptophan were observed to be
competitive inhibltors. Thelr inhibition constante were
determined over the pH range 6.5 to 8.7. Rapld increase
in the inhlbition constants above pH 8 is consistent with the
postulation of the develeopment of a negative charpe at the

active site of the enzyme in this pH region,
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APPARATUS AND PROCEDURE

All kinetic determinations reported here were mede with
e pH-stat, This apparatus has been descoribed in detail in
the literature (27,28), and hence only s brief deseription of
. its operational principles will be presented here., A4¢ uged in
this study, in which the rate of an aqueous chemical reaction
at conptant pH was desired, the pH was operated as follows:
Since the ester hydrolysis reaction liberated hydrogen ione
as the reaction proceeded, the yﬁést&t added guifficient stand-
ard base solution 0 maintalin constant pH, and at the same
time recorded the amount of base required as a function of
timﬁ. The standard base was added through a microsyringe
which was driven by a variable speed motor. BHlectrodes
imperased in the reaction ayaﬁém sensed a decrease in pH, and,
through a series of relays, trensmitied this information to
the syringe drive motor, Although base was added in dimcretes,
discontinuous amounts, each addition was sufficlently small
that the pH of the wigorously stirred reaction systen did not
vary by more than 0,02 gﬂ unit under normel operating con~
ditions, The recorder trace of the base addition appeared

a8 & spooth curve or strasight line, composed of minute steps.

The substrate studied, methyl hippurate, was preparsd by
a methed desoribed in the literature (26), employing hippuric
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acid, methyl aleohol, and thionyl ehloride, Recrvetallization
of the impure product from isopropyl sther and m&thanél

vielded crystals with mp 81,5-82.5°C. Stock solubions containe
ing spproximately 10 mg per ml of Gﬁgwfre& distilled water
were prepared in volumetric flasks on the day in which the
kinetic deﬁarmiﬁaﬁiona werg made, The pH of these solutions
was always below pH T.0. It will be shown later in the
REGULTS AND DISCU3BION section that the base-catalysed
hydrolysis of m@%hyl hippurate in stock solutlions under these
conditions was negligible,

The a~chymotrypsin used was bovine, salt-free chymotrypsin,
Armour Lot No. 283. Repeated micro-Keldahl determinations
indicated thet the dry erystalline material contalned
14,60 & 0.05% nitrogen. Prior to use, the enzyme was stored
in a desicecator at 0°C. 4 stock solution of enzyme containing
almﬂéﬁ exactly 10,0 mg per nml of GQE»frﬁ@ distilled water was
prepared in a volumetric flask immediately before use. Enzyme
gtoek solution bad a pH of 3.4, and did not appear to lose any
aotivity when held at this pH, concentration, and st roon
tenperature, for periods of one hal? day.

Hippuric acld was used in inkibition studies reported
haré. Fatheson reagent grade acid was recrystallized from
water to give erysials melting at 188-189°C,

I-2ryptophan was also used ag an inhibiter. A Sclwarsz
Labvoratories preparation was used without fﬁrthar;pqrifi~

cation.
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All other solutione, such as sodiun chleride stock
solution and stendardized sodium hydroxide solubtion, were
prepared by conventional procedures with utmost regard for
purity.

The operstional procedure used in determining the rate
of an ensyme eatalysed reaction with a pHwstat hes been
described in detail in the literature (26)., Briefly, 9.0 ml
of the total 10,0 ml reaction mizture wers prepared by
pipetting appropriate volumes of subﬁtrate @taek solution

(and inhibitor stock solution in the case of inhibition
studies), sodium chloride stock solution, and €O, ~free dis-
tilled water into a2 emall reaction besker, This beaker was
positioned in the pHestat, with electrodes, stirrer, and
syringe needle tip immersed in the solution. The contents of
the besker were quickly equilidbrated to 25° + 0.2°C, the
tenperature at which all the kinetic determinations were

made, by a cireulating thermo-regulated water bath. A stream
of ﬁ&zwfr@a nitrogen was passed over the solution, and
standard base was added to bring the svlution t¢ the desired
pH of the reaction. Simultaneously, a 1 ml portion of the
ensyme stock solution was brought to the same pH by the
aeddition of strong sodium hydrozide solution, using a separate
pH meter and syringe. When both the diluted subsirate snd the
enzyme solubtion were at the desired pH, exactly 1.00 ml of the
enzyme solution was added by syringe to the substraste solution
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in the pHwstat. Alwest lmmediantely, the pHestat begen
titrating the acid liberated by the hydrolysis reaction,

An average of ten kinetic determinations were nmode at
gach yﬁ and each added salt concentration studied. In esch
gase, the initial corcentration of methyl hippurate in the
resction mixture was varied over the range 3 x 107 to
30 x 1077 molar,

In order to eliminate undesired effects such as retards
ation in rate by inhibition of engyme by hydroliysis products,
changes in methyl hippurate conceniration as the reaction
proceeds, and changes in the volume and lonic strength of the
madiun resuliing from the necessary addition of sodium
hydroxide solution, the initial rate of the hydrolysis
reacstion, v;, was Gesired, Under most conditions studied,
the recorded wolume of standard base added as a function of
time was linear for at lesast five minutes fron tine zero.
Under these comdition, simply the slope of the straight line
was used to determine the initial rete, In some cases,
 however, particularly those at low substrate concentrations,
mariked ourvature sppeared in the indicated reaction velocity,
In order to determine the initial velocity by an objective
provedure, the method of Booman and Niemann (2@) wag used,

In this nethod, a least squares it of the experimental date

to an orthogonal polynomial, and subsequent differenitiastion of
the polynomial, followed by evalumtion of the differential et

time zero, provided an objectively determined velue of the
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initial veloeity.

The observed initisl reaction velocity, vg

not only of the velocity of the enzyme-~catalysed hydrolysis

¢ Consisted

of methyl hippurate but also of the base-catalysed hydrolysis
of methyl hippurate and the so~celled enzyme blank (30).
Since the basewcatalysed hydrolysis of methyl hippurate at
higher pH walues becomes very apprecizble with respect to the
{otal observed hydrolysis rate, and the enzyme blank could
not, a priori, be neglected, careful invesiigation of these
hydrolysis resctions as a function of pH and added sali con--
centration wes undertaken., Ixperimentsl procedure was exactly
a8 described above, except that in the former case, no enzyne
was added to the 10.0 ml reaction system, and in the latter
case, nNo smﬁa%rate wap present. It will be shown in the
RESULTS AND DISCUSSION section that the eazyme blank could be
neglected in the studies reported here. The initisl substrate
vlank, however, svaluated at each set of experimental cone
ditiona, was subtracted from the observed initial reaction
valocity, v;, of the enzyume-catalysed hydrolysis reaction.
Enowledge of the initisl substrate concentration, %O,
the initial enzyme concentration, EQ, and the corrected
initial reaction velocity, v;, permitted caleoulation of the
kinetic ﬁaramst@rs Kg and k3 under each set of experimental
conditions, Conventional linear plots of @Q/V6 vs 3, were
used. The intercept of this plot is Ké/kﬁﬁa and the slope is

1/k330. A least squares it of the experimental date to the
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straight line determining the kinetic constents was programmed
on the Datatron digital computer for speed and accuracy of
galoulation,



RESULTS AND DISCUISION

As imdiczted in the praviau& section, it was essential
t0 know the initial velocity of the base-catalysed hydrolysis
of methyl hippurate under those conditions of vl and ndded
sodiun ohloride conceniration that were used for the enmymew
catalysed hydrolysis of this substrete, Although the basnee
eatalysed hydreolysis rate could heve been evaluated
gxperimentally under each set of conditions, this method would
have been exitremely tedious. Por this reason, a systematic
atudy was mede of the effecte of pH and added salt on the
velocity of the base~patalysed hy&relyﬁia reaction, and a
general relationship relating this velocity to substrate
concentration, pHy and added salt concentryation was derived.
Thereafter, this @enéral relationship was used to calculate
the base-catalysed hydrolysis of methyl hippurate under the
desired conditions.

Although the rate of hydrolysis of organic esters, such
a8 methyl hippurate, is a@muméé to be first order in egter
concentration and salso first order in hydroxide ion concenw
tration, the evaluation of the exponents & and b in the general

gquation

rate of hydrolysis = k{aaﬁ@r]afﬂﬂ“]b (1)
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and the determination of the depsndence of the rate constant
k upon added sodium chloride concentration were undertaken,
fhﬁ method used was the familiar one of varying one parameter
while holding the others constant., The sster cosncentration
was veried over the range 5 x 10™5 to 25 & 10™7 molar, the
pH varied over the range pH 7.5 to pH 8.60, and the sodiuns
chloride concentration varied over the range 0,02 to 1.00
molar, fTable 1 liste the experimental data,

Pigure 1 shows that ﬁha»haaﬁwmaﬁalyaaé hydrolysis reag-
tion is, indeed, first order in ester concentration. The
slépa of the log~log plot of ester concentration as s function
of initial rate of hydrolysis is unity, and furthermore is
independent of added sodium chloride concentration.

Figure 2 indicataa; on the b&si@-af the same oriterion
of un;ty alope on a log-log plot, that the base-catalysed
hyéraiysia reaction is also firet order in hydroxide ion con-
centration. FPurthermore, the unity exponent of the hydroxide
ion concentration in sguation 1 is apparently also independent
of added sodium shloride concentration.

Figure 3 shows one of the plots used to determine the
rate constant, k, at conatant pH and different added salt
concentrations, %The slopes of the lines on thsse'va(g) ve Sg
plots, as determined by lesst squarss fit of the experimental
data, were divided by the hydroxide ion concentration to deter
mine k at each added salt concentration. The faet that the
lines pass through the origin confirms the purity of the methyl
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hippurate sample used. The values of Xk determined as a
function of added salt are as follows: k = 198 + 8, 211 + 9,
225 + 7, 261 + 11, and 279 + 12 (moles/liter) ™ min™l at 0,02,
0.05, 0.10, 0.50, and 1.00 molar sodium chloride, respectively.
Figure 4 indicates that, within the linite of experimental
error,; k is & linear function of the logarithn of the added
sodivm chloride concentration. This result is unchanged when
mean ion activities of the sodium chloride are used instead

of molarities. The logarithmic yelationship bestween the rate
congtant, k, and the added salt concentration can be des

cribed by the eguation
k= 279 + 49 log M (2)

where M is the molarity of the added modium chloride,

The general relationship, therefore, describing the
bage-catalysed hydrolysis of methyl hipparate as & funciion
of ester concentration, pH, and added sodium chloride is

rate of hydrolysie = (279 + 49 log M)[ester][OH ] (3)

The accuracy of this relationship is within + 5% in the
range investigated. Its use in the caleulation of initial
rates of the base-catalysed hydrolysis reaction for subiraction
28 substrate blanks was restricted to the range in which the

relationship was derived, with the exception that base
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concentrations as high ss that corresponding to pH 9.4 were
uﬂeﬁ.; Since the hydrolysis reac¢tion is almost certainly
firet order in hydroxide ion in this range as well, most
likely no additional error was incurred,

Ihe Enzyme Blank

¥hen crystalline a-chymotrypsin is dissolved in Oﬁszree
distilled vater to prepare a solution which is approximately
1074 molar, the pH of the resulting solution is 3.4. This
liberation of acid corresponds to &yprexim&tély ten moles of
hydrogen ion liberated per mole of enzyme., When this acidic
solution is adjusted to pH 7.5 or higher, and then diluted
ten~fold, the resulting solution releases hydrogen ion as a
function of time at constant pH. This release of acid at
constant pH is called the enzyme blank, Incressing the pH at
which the solution is maintained couses an increase in the
rete of liberation of acid. Inoressing concentrations of
sodium chloride, however, cause s decrease in the acid
liberated as a function of time. In sall cases, the rate of
liveration of acid decreases with time, thus producing a plot
of marked curvature, |

Martin and Niemann (30) have suggested that this relesse
of acid might be asscciated with the enzyme-catalysed hye
drolysis of an unknown substrate contained in the enzyme
preparation. The fact that a competitive inhibitor such as
indole decreases the enzyme blank suggested to these suthors
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that only free enzyme, i.e. enzyme not complexed at the active
gite by either added substrate or added inhibditor, is capable
of catalysing the hydrolysis of the contained osubsirate.

These authors suggested a procedure for subiracting the blank
resulting from free enzyme catalysed hydrolysis of the con-
tained substrate when one knows the enzyme blank veloclty
determined experimentally for the total enzyme concentration,
EQ, and the Eé and‘k3 values of the added substrate.

Although not reported here in detail, enzyme blank
velocities were astimated throughout the pH range 6.10 to 9.40
from the curved @xyerimental valocities obtained in the absence
of added substrate or inhibitor. At the highest pH and lowest
added salt concentration investigated, blank veloecities were
of the order of 10% of the corresponding velocity of the
enzyme~catalysed hydrolysis of methyl hippurate., In an
experiment designed to check the appliecability of the Martin
and Niemann treatment to the system investigated here, the
enzyne blenk was determined in the presence of hippuric acid,
which will be shown later to be an inhibitor éompeti%ive with
wethyl hippurate., When hippuric acid was used in ﬂuffiai&nt
congentration to reduce the concentration of free ensyme to
one tenth its original velue, the observed enzyme blank was
also reduced by almost exaotly this fraction., This result,
therefore, is in excellent agreement with the Martin and
 Hiemann hypothesis. Furthermore, this diminution in the

enzyme blank in the presence of competitive inhibitor, and
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hence subsirate, concentrations large with recpect to KZ ar

.
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¥ in the oago of o substrate, reduces the valocity of the
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enzyine bhlank to such a wvaluwe that it becowes Insignif

[

ieunt
with respeet to the wveloclty of the swriyme-catalysed
hydrolysis of methyl nipnurate,

Recent work (31) in these laboratories suggest that the
enzyme blank may, in fact, be zero in the presence of added
substrate, In any evert, the substrate blank may be

neglected in the work reported here,

Enayne-~Catalysed Velocity of Methyl Hippurate

As mentioned in the INTRODUCTION, Martin and
Hiemann (24) reported that the concentration of added sodium
chloride present in the enzyme-natalysed hydrolysis of
methyl hippurste exerts = yrofound influence upon the kinetic

parsneters Kﬁ and k3 at o 7.90, ¥, was observed to decrcose

)
sharply from an arbitrarily high value as very small concen-
trations of sali were added. At added sodiux chloride
congentratlions equal to or grester than 0.50 molay, Kﬁ
remained constent at 2.7 x 1077 moles per liter. One infer-
ence that mizht be drawn from this result is that salt is
necessary to stebilize the enzyme-~-substrate-couplez, On the
other hand, k3 ineressed very rapidly from an arbitrarily low
value as salt was introducsed, and continued to increase therge
after at o slower rate throughout the added salt concentration

range inveastipoted. OCne might conclude that the presence of

galt 1o necessary in the promotion of the enzayme-substrate-
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gomplex to products. Incresasing &it concentration apparently
freilitates this reaction,

In order to deternine any irt®rﬁctian of added sallt
effects, as described above, with elfects of changing pl, Ks
and‘kg for methyl hippurate were determined over g range of
pH values at threo different added salt concentraticns. The
added salt councentrations were selected to inveotigate the
different regions desceribed by the Martin and Hiemaonn work
f1.0., & low salt concentration of (.02 molar, & t?tﬂnﬂtLUﬂ
region concentration of 0.20 molar, and a high concentration
of 1,00 molar sodium chloride, The pH ranges investisated
were 6,00 4o 9,40 at 0,02 molar salt, €.,10 4o 9.40 at G.20
molar salt, and 6,20 to 2.40 at 1.00 molar salt, In Tsble 2
are listed the inditial velocifdes and the initial subsirate
gconcentrations at @&ch‘vaiue of pd snd added szlt concentro-
tion., In all ¢ J%%@bﬁ, the enzyme concentration was 0,146 mg
of protein-nitrogen g@r ml 0of reaction mixture.

Pigure 5 illustrates the plot of & /v vs 5, that was
used to determine the kinetic parameters K and L? at one pi
and one added salt concentration., In this instance, thirteen
gets of Sa and Vo data were obtained at pH 7.00 and 1,00 molar
sodiunm chloride, The error limits indicated by the standard
deviation of the derived kinetic parameters, i.o., K, = 2.76

£ 0.25 x 1077 and ky = 2,62 $ 0,05 x 1077, are typicsl of
those obtained throughout. Table 3 lists 21l the values of
Ka and k§ obtained for methyl hippurste a3 a function of pH

and added sodiun chloride.
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Figures 6 and 7 show the familisr ph-optimus curves for
the lowest and hirhest added sslt concentrations and an
arbitrarily selected substrate concentration of 10 x 1077
molar. The 0,20 wolay salt concentration data is very

gsimilar, particularly to the 1.00 molar data, ond nced not

be considered sepaurately. The velocities plotied s

ers
obtzined by calculation from the equation

kB S

£ 0

This equation can be derived from the postulates of the
Michaglis-Menton theory assuming that the enzyme-gsubstrate
conplex is in ecullibrium with free enzsyme and free subotrate
in solution, The facet that bell-shaped pHeoptimum curves ore
abtained agrees with previous work described in the
INTRODUCTION for aystems of s~chymotrypsin snd ester~tipe
gsubstrates. The generalized pootulate of two ionizings groups
on the enzyme, and on the snzyme-substratee-complex, at the
active site sgnin seems reasonable, Thms,l%ﬁe following set

of eouilibria can be described:
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No asttenpt has been made to describe the net charge of
anzymawcbmtaining species in this descrliption, Furthafmore,
ionizetions of the substrate have not been included since
none occur in the work reported here.

In order to account for the decrease in rate of reaction
at high and low pH, one asssumes in this treatment that only
the complex EHS can decompose to products, i.e., k; W kg

"
and kﬁ. docordingly, the rate of expression, equation 4,

beoomes
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The experimentally deternined kinetice parameters k3 and Eé
are found 4o be related 1o the nev parameters ké and Eé by

the following relationships:
]

Ky = > (7)
3 = -
1+ ﬁﬂﬁﬁ + (&)
{H?} Kb&s
A
1o+ KZ? + ()
Ky = KQ o) Kﬁﬁ“ (8)
L, Kage | (ED)
1+ . 4
(H) Ko

Another derdived r&l&tiﬂn&hﬂp which will be shown to be useful
is

- S o
Kﬁ E@ 1+ Eéﬁ_ + (H+)
(5) Ko

Bauations 7, 8, and 9 indicate that the observed kinetic
parameters kﬁ and KEa should be sensitive to changes in hydrogen
ion congentration, and hence pH, if the lonlzing groups repre-

sented by Kae’ K%e' Ka@s’ and K@QQ possess pK values within
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or near the pH range investigsted. The marked changes in kB
and Kﬁ ag a function of pH shown in Table 3 suggest that
this 4s, in fact, the case, Inspection of equation T suggests
that a plot of log kg vs pH should consist of straight line
segments of slope +1,0, or -1, The points of interseciion of
the styaight line segments define the pK values of the ionizing
groups, Jince only K&Qg and Kbea are found in this equation,
this plot will reveal irformation about ionization at the
active site of the enzyme-substrate-complex only. Purthermore,
the experimenial data should define a smooth curve which is
0.30 log units below points of intersection at the determined
pXK values., A similar analysis of eguation U reveals that
this eguation, when plotted as log k3/K§ ve pH should also
consist of straight line seguents, and that the points of
intersection of these segments define pkK values of lonizing
groups at the active site of the free enzyme. The analysis
of a plot of log K, v8 pil, as suggested by equation 8, is
somewhat more complex in that points of intersection of the
straight line segments correspond to pK vzlues either in the
free enzyme or in the enzyme-substrate-gomplex, One useful
conclusion that can be drawn from this plot is that any
change in K$ with pH indicates competitive interaction of the
gubstrate with hydrogoen iong with respect to an ionizing
grouy at the agtive site of the enzyme.

Figure 8 shows a plot of log k3 ve pH for the data at

0.02 moler sodiunm chloride. Bvidently the experimontal data
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define straight line segments with unity and zero slopes.
The point of intersection of the straight line segments is
6.9 + 0.l This value corresponds to pxbﬂ&, the pK welue of
an ionizing sroup at the active site of the enzyme in the
enzyme-~substrete~complex, Apparently, protonation of this
ionizing group in the complex prﬁvants_ﬁhﬁ hydrolyais reaction
from occcurring. One mey conclude, therefore, that the func-
tional group at the active site of the enzyme with pk
6.9 + 0.1 is involved in the promotion of the enzyme-
substrate~complex to products.

Figare 9 indicates that K is relatively insensitive to
pl changes throughout the lower pH ronge, but appears 4o
incrensge rather sharply at the highest pil values investigated,
This increase defines rather poorly & pX value {which must be
associated with an ionizing group in the free enzyme since k3
iz constant in this region) at about 8.7. The secatter of
experimental date on this plot, and on others involving Kg
values; Indicates the magnitude of the uncertainties involved
in these constants., There is no doubt that the standard
deviation wvalues of 10%,_Qn the average, do not adequately
describe this una@rtainty.

Figure 10 shows a plot of log kg/ﬁé vs pil for the same
0.02 molar sodium chloride data. The points of iﬁtérseetion
of the straight line segments define pX values of lonizing
groups at the active site of the free enzyme. Again, we see

a point of intersection at pil 6.9 + 0.1, suggesting that Ko

"6
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is 6.9 + C.1, Thus, both the froe enzyme and the enzyne-
substrate~complex have an lonizing group with the same »kK
value at the active site., One may conclude that this ionizing
group, vwhioh has been shown before to be involved in the
breakdown of ensyme-~substrate~complex to producis, is not 4
involved in the Tormation of the conplex. If substration of
the enzyme occurred at or very near this ionizing group, the
yKbe value would slmost certainly be displaced or reduced to
zero. Pigure 10 further sugpgests that the free enzyme does,
in fact, posscos an loxdzing group at the active site with
pﬁ&g of aboutv 2.9, This ionizing group does not appear in
the enzyme-substrate-complex, and hence 1s presumably involved
in the substration of the enzyme at ite active site. Ioss of
& probton from this iondzing group prevents the fcrmatiaﬂ of
the complex (or renders the eompléx unstable with respeect to
the reactants). In this sense there is s competitive, or in
this case concerted, interaction of hydrogen ione and
substrate with respeot to this ionizing group.

Figures 11, 12, and 13, for the data at 0.20 molar salt,
and Pigures 14, 15, and 16 for the data at 1.00 molar salt,
are a8imllar to Pigures 8, 9, and 10 discussed above., Jince
experimental conditions were more favor&hle'iﬁ the case of
the higher added salt concentrations, i.0., grea%@rvaleatrode
gtability and insensitivity of rate to spall changes in ionic
strength, the data obtained and plotted on these figures show

less randon eryor. pre and pr%S remain remarkably constant
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et 6.9 + 0.1 ae added salt concentration is increased from
0.02 molay to 1,00 molar. ?gae’ however, which corvresponds
4o the ionizing group involved in substration of the enzynme,
apparently deareases sonmewhat as added salt iz incressed, and
becones rather well defined at 8.6 + 0.1 in 1.00 molar salt.
This small shift in pk value presumably results from an lonile
gtrength effect. Evidently gross intersotion of added sodium
chloride yi%h.pﬁ effects is absent in the experiments reported

here.

Snhibition by Hipourie Aeid

The provounced decresse in rate of the enzyme-catalysed

hydrolysis of methyl hippurate observed under conditions of
extended periocds of reaction suggested that competitive
inbibition of the enzyme by one of the hydrolysis products,
namely, hippuric acid, might be occouwrring. The phenomenon
of competitive inhibition of a-chymotrypsin by acylated
og=amine ascids liberated from their esters is well known (32).
Purthermore, Applowhite, Martin, avnd Hilemann {26) reported
prelininary expeviments which indicated thet hippuric acid
is, indeed, a aﬁmpaﬁiﬁiv& inhibitor with K1~’16 x 1077 molar
at 0.02 molar sodium chloride and pH 7.90. In order to
confirm this reported resulit, & series of experiments were
condueted with the systen methyl hippurste~hippuric agide
a~ghymotrypsin at pi 7.00 and two added salt concentrations,

0.02 and 1,00 meoler. Table 4 lists the experinmental recults.
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In the prssence of an added competitive inhibitor the
Michaelis-Menton rate law described above in eguation 4

bacones nodified in the followlng way

kK B i

v, = Ewﬁfg - {10)
Kﬁ?’l} + gi-} + 3,

where IQ ig the concentration of added inhibitor and Ki is

the equilibrium constant defined by Ky = {(EX(1)/(21).

Bquatien 10 indicates that o plot of ﬁe/vb vs 8, for different
concentrations of added inhibitor should preduce o family of
parallesl lines with ldenticsl slopes and different intercepts.
The different intervepts correspond to different inhibitor
concentrations used., These intercepts define Ké values,
apparent Michaelis constants, which are related %o Eé by the
relationship X, = K (1 + I_/K;). Pigures 17 and 18 have

been plotted from the expervimental data listed in Table 4.
These figures do not show all the date since crowding would
obscurs the results, They are typieal, however, and indicate
that hippuric acid fulfills the requirements for coupetitive
inhibition implicit in equation 10, The values of Ky
caleulated fron expeviments st three different concentrations
of added hippuric aecid and at 0,02 molsr sodium ehloride were
13,0 x 1077, 13.0 x 1077, and 13.6 x 1077 molar. At 1,00
molar asodlum ¢hloride four different concenirations ef'hippurie

acid were used, and the values of Ky obtained were 5.8 % 10“3,



«200=

5.9 % 1077, 5.9 x 10™°, and 6.2 x 107 molar. The acouracy
of these Ky values ic no better then spproximately + 20%
since srrore in Kﬁ are necesssyrily alse included in Ki'
Apparently KI for hippuric scid decrsases with incressing salt
at coustant pH in o mauner similar to the decrease in Kﬁ for
mathyl hipourate under the same conditions,

Sines hippuric acid bad been confirmed as a competitive
inkibitor for the systen methyl hippuratees-chymotrypsin, the
method of Foster and Niemann (33) could be used to evaluate
the produet inbibition constant, KP’ as a function of pi from
the seme data used to evaluate K, and hg. Foster and Klemann

showed that for o systenm deseribed by the following equations

Eﬁ"g B:'?l:
E+ 822058 % B 4+0P | (1)
k,
I
5

and where K& io defined by K. = (BY{E)/(8P) (and hence is
identical with KI discunged aaov&} the course 0? reaction is

described by the integrated equation

Kﬁ So 80
1»% 330»1‘3 +K$1+Z§m'§~a%§isi?;e't {(13)

Rearrangevent of equation 13 in the following way
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'givaa an expression which may be used ito caleulate K%, kg, and
E@ from o knowledge of %e and the substirate concentration as
a function of time, In the case thad KE has been previously
gvaluated by other means, which is the case here, K? may be
gvaluated from the slope of a plot of iﬁ@ - 33/% vs
(ln‘ﬁﬁ/ﬁi/t. Phis plot gives a straight line for each value
of §, with slope equal o «K@((gﬁ + ﬁg)/(ﬁy -‘KS}).

It is dmportant to note that the system d@ﬁeribﬁﬁ'hy
equations 11 and 12 is not unigue in its ability o describe
the experimental data. Alberty and mm~wawk&rs‘{3£,3§} have

proposed the Tollowing systen

A n 3
E 4 8 =< .E’:l ‘EE\ seve~—25n + F (153
ks . kg

where there may be, formally, an indefinite numhar’of inter-
pediates in equilibriuﬁ,with the free enzyme, substrate, and
product{s). Terhaps the most significant feature of this
proposal is that the ensyme~substrate-complex 18 in equilibriusm
with the libersted product{s). The steady state rete equation

for this system, under the condition that 3 ) 3, is

() {é P 2)
T P o T

v 16
dt i+ M + {2} {15)
) o
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where K, is defined by K= (kg + Eﬁ)/kl’ and Eé ig defined

by K? & (kg + kﬁ)/k . I k3 is much larger than k,, equation
16 sinmplifies to ecuation 4 vhen used to describe the initial
reaction velocity in the absence of added inhibitor. MNoreover,
integration of equation 16, subject to the condition 5..;3» k 0t
gives an equation ldentical with equation 13, sznd hence
dsseribes the experimental data with respect to product
inhibition.

The sysfen described by Foster and Niemann contains the
implicit assumption that k2X>kﬁ. The system deseribed by
Alh@rty:anﬂ comworkers, on the other hand, regquires, in the
present case, that k3§>k2. Both systems lead to the same
eguations which apparently describe adeguately the obssrved
experimental facts, The decision as to which of these two
systens is preferred awaits the independent evalustion of
the relative magnitudes of 32 and kg.

In spite of the existence of the theoretical difficulty
mentioned above in the interpretation of the relstiounship of
the enzyme~product-complex to the enzyme-substrate-conplex,
knowledge of K? a8 a function of pH is e%ill of considerable
value, FPrior to the calculation of K? under all conditions
of pH and added salt for which experimental data were avail-
able, inspection of the rsaction conditions Qaa undertaken,
in acoordance with a suggestion of Herr (36), to deternine
what extents of hydrolysis would be required for product

inhibition to be clearly discernible. The method suggested
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by Kerr was based upon earlier work of Jennings and
Niemernn {37) and Ionds and Fiemann {38). The method involves

caloulation of the ratio % E/te 88 & function of percent

ofp
bydrolysis, The meaning of this ratio, in common sense terus,
is the time required Tfor the yeasction to reach & certain
porcent hydrolysis with product inhibition vecurring divided
by the time required to raash'%h@ game percent hydrolysis in
the absence of product imhibition. If one antiecipates a %
percent random error in the experimental daota, &&@arly the
above ratic must be greater than 1.0% in order $o obtain

meaningful results. The paraneters ¢ y and ta can bhe

ealoulated when one knows {or assumes) wvaluss of X, B,e and

K?. In this particular case all three were previcusly hknown
at one pH and fwo different zdded salt concentrations from
the competitive inhibitor studies. Table 5 lists the values
of Kg, SQ, and X, which were used in the calculation, together
with the equations used, and the resuliing walues of the ratio
a5 o funetion of percent hydrolysis. Pigure 19 shows th
caleulated ratio and porcent hydrolysis in graphical form fop
the 1,00 molay sodiun chloride data. Bvidently the shenomenon
of product inhibition becoumes cleayly discernible only at

50 percent hydrolysis and greater if one sssumes & rondon
error of 5 percont in the experimental deta, At 0.02 molar
sodiun chloride, however, the reaction must remch 45 percent
completion, es shown in ?ig&r& 20, before product &nhibitiaﬁ

becones clearly discerunible. In order do evalunte Ky a8 o
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function of pH fron f$he integrated rate equation at 0,02
molay salt, reactions would hove 4o be carried well bevond
50 percent completion. This result is unfortunsts since
Hartin and Niemsnn (24) showed that =mall changes in ilonie
strength ceuse significant changes in;Ks and k3 in solutions
of such low ionic strength as 0,02 molar. Addition «f the
reguisite amount of sodium hydroxide to meintain constant pil
would couse appreciable changes in ionic strength, and hence
would rander meaningless the results obtzined, This unfor
tunate sltuation, together with the fact that the 0,20 molar
data ig extrenely sinmllar Yo the 1,00 molar data, restricted
the cmiﬁmiatiﬁﬁ of K? as & function of pH to the data at 1,00
molay added sodiuvm chloride.

The use of the integrated rate equation to calowniate KP
for the aystam represented by equations 11 and 12 implicitly

neglecte the substrabte dblank reactlon, I we add the reaction

‘kﬁ
 omenize P {17)

to the systenm described by eguations 1l and 12, integration
of the resulting rate eguation leads to an expression of great
complezity. Although k@ at any pH is Inown sccourately in the
case of wethyl hippurate, the complex intepgrated rote equation
8till cannot be used in a siralghtforward manner to deternine
K? from a kunowledge of the kinetic constants and the substrate
concentrations as a function of time. Fortunately the use of

the gomplex integrated eguation iz not necessary in the case
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of methyl hipparate in the pH ranges investigated., Inspsction

ef the ocomplete rste equation yrior to integration

8 - (u‘;} 4 j
[;w.(a.). —&r—j———]dﬁw[ Ky +ﬁ§kesg¢k6(1»§§)(,s)_]¢t {(18)

reveals that addition of equation 17 affects only the right
side of equation 18 and by the simple addition of three %ermé
raanﬁainimg ké; It is fortunate that these three terus are
negligivle with respect to kgﬁa throughout the pH range in
which Kﬁ was evaluated. HNeglecting these three terms reduces
equation 18 %0 an expression which, when integrated, is
identical with equation 13,

Table & lists the 19 different kinetic determinations
whose values of substrate concentration ss a function of time
were used to determine E@zva&uﬁa over the pH range 6.20 %o
8,70. Also listed in Table & are the caleulated values of
(s n»}/t and {log 8 /S)/t which were plotted to determine
the slopes ~ Keiiﬁg + S@)/(Kg - K%)), from which %the Kp
valunes were calculated. Pigure 21 shows such a plot for two
initial substrate concentrations at pH 7.50, Table 8 lists
the values of KP obtained., 4 plot of K@ as & function of pH
is shown in Figure 22, '

The observed rapld increase in K? ag the pH of the
reaction medium is incressed above pH 8 suggests that the

enzyme~inhibitor complex either does not form or is unstable
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at higher pH wvaluss., It is important to note thal the
inecresse in K§ is mueh grezter than the inorease in ﬁa in
this pH range. Bvidently a2 repulsion of the anionie inhibitor
ig Qéaurring which is superimposed upon the decrease in con-
centration of complexed enzyme resulting from the ilonization
of the anﬁyﬁﬁ at the functional group with gﬁb@ 8.6, Thus

the data r@g&iﬁ&& here provide guantitetive support for the
proposal of other investigatore (10,20,21,39) that

a-ghymotrypain develope a negative charge at its aotlive site
in this pB region.

The demonpiration that hippuric acid is 2 competitive
inhibitor whose ﬁ% value inersases rapidly when the functional
group on the ensyme with pxﬁ@ 8.6 becomes appreciably ilonized

stimulated intewest in the absence of 2 significant change in
K@ whean the pH of the reaction mediuxs was deoreased below 6,9,
Ag discussed earlier, this pH corresponds to the pkK value of
‘the second lonizing group at the active site of the enzynme.
Apperently there is 1little or no interaction between the
inhibitor kippuric acid and this ionizing zroup. This result
38 not surprising since thers are no other charges on the
hippuric acid molecule except the negetively charged carboxyl
groups which is presumably anchored at the group on the enzyme
with pxéa 8.6, In an attempt $0 investigate the proximity of
the functional groups on the enzyme corresponding 1o pﬁéa and

pﬁga. & study as a function of pH was mede of the doubly
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charged inhibitor i~tryptophan. I-Tryptophan is a free amino
geld and hence has a carboxyl group which should be repelled
by the enzyne ebove pH 8. Purthermore, it has 2 free amino
group which is completely protonated below pH 8,5 and which
eould, under favorable circumstances, be repelled by the
enayne below pH 7. BRepulsion of the protonated amino group
by the ionjzing group on the enzyme would be contingent upon
the following circumstances. The spatiel geometry of the
engyme~inhibitor-complex would have to be such that this repule
gion would @éaur. In addition, the zroup on the enzyme with
pﬁgg 6.9 wouild have to be positively charged below pH 6.9.

0f course, absence of a rapid increase in Ky above pH 8
would indicate that the ensyme~inhibitor-gomplex of
s=chymotrypsin with I-~tryptophan is dissimilar to that with
bippurie acid.

I=-Tryptophan wag seleeted for this study since all other
free a-amino acids are either insufficisntly soluble in water
or are poor inhibitors. Among those acids sufficiently s¢luble
giyeine, Lephenylelsnine, and I~tryptophen were sublected to
yrelimiﬁary investigation. Glyeine possesses no debectable
inhibltory power. Its KI value is greater than 4000 x 16”3
nolar at pH 7,00, I~Phegylalanine is an inhibitor, although
& weak one, with K~ 100 x 1077 molar at pH 7.00. L-Tryptophan
was found to be a2 surprisingly good inhibitor which is cone
petitive with the substrate mathgl hippurate and hes X
14.5 x 10”7 molar at pH 7.00,

Im



Table 7 lists the values of By Ige and P used in the
experinents with I-tryptophan. The resulting initial velocw
ities are also listed in this tabls. Plots of Se/vﬂ ve I,
which define straight lines with slopes equal %o E%/Kikgﬁo,
were used to obiain the value of Kﬁ at emeoh pH., Figure 23
showeg the data at pH 7.00 plotted in this wmanmer. The values
of Ki obtainsd over the pH renge 6.20 0 8,60 are listed in
Table 8, Pigure 24 shows the resulte in graphical form,

The similarity of Pigure 24, showing Ki as & function of
pH for I~tryptophan, to Piguve 22, showing KI for hippurie
acid ss & function of pi, suggests that these two inhibitors
form siructually sipilar enzyme~inhibitor-complexes. The
absence of & shayrp increase in KI for I-tryptophan below pH 7
suggests the following possibilities. Either the enzyme does
not acquire a poeitive charge at its active site as the pH is
decreoased below pH 7, or, in the event that it does, the
spatial geometry of the enzyme-inhibltor-complex is such that
repulaion of like positive charges does not ocour., These
suggastions by no means exheust the possibilities, They do
indicate, however, the usefulness of the negative result
obtained in this experiment.
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CONCLUSIONS

A detalled study of the a-chiymotrypsin catalysed
hydrolysis of methyl hippurate as a function of pH indicates
that the kinetie paraneters Kﬁ and kg are affected by changes
in pH in & namnner consistent with the hypothesis that the
active site of the ensyme possesses two ionlzing Tunetional
groups. One of the two lonizing groups, which has o pK wvalue
of 6.9 + 0.1, also appears to be present in the enzyme~
substrate-complex. Frotonation of this grauplan the enzyme-
substrate~complex inhibits the hydrolysis resetion. For this
resson this ionizing group is believed to be involved in the
breskdown of the complex to produocts, Singe the pX wvalue of
$hig ionizing group on the free ensgyme is unchanged in the
@nﬁymawﬁubatrate»aﬁmylsx, ong may copnclude that this group is
not bound to the substrate in the enzyme-substrate-complex.

The second jionizing group st the active sile of
a~chymotrypain hac a pK value of 8.6 ¢+ 0.1, Decreassing salt
apparently inereases this pK velue slightly, whereas the
ionizing gwau@ with pK 6.9 + 0.1 is unaffected by changes in
added sodium ehlori&e‘cﬂnn@ntratian. The ionizing group with
pK 8.6 is involved in the formation of the enzyme~pubstrate-
complex since this lonizing group is absent in the eamplex.'

HBippuric acid is an inhibitor competitive with methyl
hippurate, The inhibition constant of hippuric scid increases
rapidly as the pB of the reaction medium is inereased above

pH 8, thus supporting the suggestion that a negative charge
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develops at the active site of the enzyme in this pi range.
I-Tryptophen is also an inhibitor competitive with methyl
hippurate. The pH behavior of the inhibition constent of
I=tryptophan ls identical with that of hippuric acid, thus
suggesting that the two inhlbitors form structurally similar
enzyme-inhibitor-conplexes. The absence of an increase in
K: for I-trypbtophan below pH 7 indicates no interaction between
the positive charge on the protonated geamino group of the
inhibitor and the ionizing group with pE €.9 on the enzywe,



2.

3

b,

10,

1,
12,
;13.
14,
15,

i6.

17,

18,

- von Buler, H,, Josephson, K
physiel, Chem., 134, 39 |

187 (1955).

-220-

REFERENCES

Alberty, R, A,, J, Cell, and Comp. Physiol., 47, 245
(1956).° ’ mp. Thyeiod.. I

Laldler, K, J., "The Chemical Kinetics of Enzyme Action,"

- Oxford Clarendon Press, 1058,

%%g?gﬁliﬁ, L., and Davidson, H., Blochem, Z,, 35, 386

Michaells, L., and Rothstein, M., Biochem, Z., 110,
217 (1920).

vy Bnd Myrbdeh, XK,, Z,.
192h),

I}Mn, ﬂ-, ﬁiﬁﬁm. Ji) ﬁﬁ; 161 (1953)@
Laildler, K. J., Pr, Faradsy Soc., 31, 528 (1935).
Waley, 5. 6., Bloehim. Blophys. Acta, 10, 27 (1953).

Botts, J., and Morales, M., Tr, Feraday Soe., 11
615 (5953’ . ¥ 2 2 E -2

Neurath, H,, and Schwert, G. W., Chem, Revs., 46,
69 (1950)

Pogter, R. J., and Niemann, C., J. Am, Chen, Soc.. \
1886 {igﬁﬁ). ¥ » » Ly 2 ZZ;

Ruang, H, T., and Niemann, C., J., Am, Chem, Soec., 73,
1561 {1951), |

Huang, H. 7., MacAllister, R, V,, Thomas, D. W,, and
Niemann, C., J. Am, Chem. Soc., 73, 3231 (1951).

Iutwack, R,, Mower, H, F,, and Niemann, C,, J. Am,
Chem, Sos., 79, 2179 (1957).

Hammond, B, R., and Qutfreund, H., Blochem. J., 61,

L

Janningéylﬁg B., Ph,D. Thesis, California Institute of
%ﬂhﬂﬂlﬁgy 1955,

Kurtz, A, N., uopublished investigations.
221, 2b7 (i958). "’ ’ ' = ’




19,

20,

21,

22,

23.

24,

25,

2@#‘

30,

31,

32,
33.
34.

35.

80, 51h6 6119

~R2L~

Jennings, R, B., Kerr, R. J,, and Niemann, C., Biochem.
Biophys, Acta, 28, && {1958 3

Poster, R, J., and Niemann, C., J, Am, Chem, Sce., 77,
3365 (1955)

Doherty, D. G,, and Vaslow, F., J. Am, Chem, Soc., T4,
931 (1952).

Laidler, K., J,, and Bernard, ¥, L., Tr, Fara&@y 800.,
82, 497 (1956).

Emn ﬁ Tu; &n& Ni&%m&, gu, Jq Am; Ch@tﬂ. 3@34, ﬁé;

@63& {1052).

Martin, R, B., and Hiemaav €.y J, &m, Chem, 3oc,
431k (3957}‘ ¥ ~§ $ » ﬁp

Mprtin, R, B., and Nismann, C., J. Am, Chem, Soc., 80,
1481 (1958).

Applewhite, T, H., ﬁa.tin, R, B., and Nlemann, C.,
J. Am, Chem, Soc., 80, 1857 (1958) -

Jacobsen, C, F,, and Leonis, L,, Compt. rend, trav.
iab, Carlsberg, Ser, Chim., 27, 3 L),

Nielands, J, B., and Cannon, M. D., Anal. Chem., 27,
29 (1955,

Bgoman, K. A., and Niemann, €., J. Am, Chem, Soe., 78,
3642 (1956)

Hartin, R. B., and Nilemann, C., Biochim, Biophys, Acta
26, 63h (i957}. ’

Wolff, J. P, III, Ph.D. Theuis, California Institute of
Technology 1959,

Fogter, R, J., and Niemann, C., J, Aw., Chem. Soc., 77,
3370 (1955).

Foster, R, J., and Nliemann, C., Pro¢, Nat. Acad. Sci.,
39, 999 (1953},

Alberty, R, and Koerber, B, M., J. Am, Chem, Soc.,
79, 6379 (0573,

Hiller

éé)and Alberty, R, A., J. Am, Chem, Soc.,



36,
37,

38.

-282-

Kerr, R, J., Ph.D. Thesis, California Institute of
Technology i?ﬁ?.

Jennings, R R., and Niemann, c., J, Am, Chem, Soc., 75,

HE8T (1953).

Landﬂilw. E. M., and Nlemann, C., J, Am, Chem, Soc., 77,

4508 {1955).

Canaday, W, J., and Laldler, X. J., Can, J. Chenm.,
1289 (1958).

36,



7.

8

‘f.

10,

11,

12,

s 2 e

Methyl Hppurate Blank, Jlog

Methyl Hippurate
Blayni, EQ
1,00 molar Halll & « o o« 5 o

Hethyl Hippurate

Methyl Hippurste Blank, k vs
Inzyme-lotalysed Hydrolysis,
7.00 and 1,00 molar Hall . .
Enzyme~Catalysed Hydrolyeis,

OF FIGURES

o et IO % N
By VE log WQ{SD

B Vo(n) at 0,02 and
n £ 3 8 b ] L 3 L 3 & L] #
Hall conecentration

ﬁg/vg wve &, at pl

O

& ® [ & L] [ 4 L4 » L]

v, v pi at 5, =

10 xz 10™° molar and 0,02 molar Hatl . o+ o + »

Inzyme~Catalysed Hydrolysis,

vV, Ve pil at 5 =

10 z 10™° molar and 1.00 molar NaCl + o o o o

Enzym@~catalyaaﬁ Hydrolysis,
0,02 molar Hall . o 4+ o s o &
Enzyne~latalysed Hydrolysis.
0.02 molar HaCl . + + ¢« « & &
Enzyme-Cotalysed Hydrolysis,.
0,02 molay HaCl . . « + &« o« &
Anzyme-Catolysed Hydrolysis,
0,20 moley Hall o o ¢ o ¢ o o
Enzyne-Catalysed Uydrolysis,
0,20 molar Fall o o ¢ o o o o
Lnzyre-tatalysed Hydyolysis,
0,20 molar HaCl o « o o & ¢ W
Enzyme~Catalysed Hydrolysis,

1.00 wolar Hall & ¢« o o o o «

Log k3 Ka ve pi at
s s e s 4 b e s e
Log k? va pH at

s e v b e e e e
log Ké vs pH at

o 2 5 s o 8 & 4
Log k3/K% va pH ot
e o 8 0 s s s e
Log k, wva pH ot

s s b b s s s e

-

Blank. Log [CH"] ve log voiqy »

bt
o B
Py
L1

A
By
(43}

228

229

53
(e
£

a33



i5.

16.

17.

19.

20,

Engyme~latalysed Hydrolysis. Log Kﬁ ve pH at
1,00 molar BoCl o o o o ¢ o s o 5 2 o o o o « o
Engyme-Catalysed Hydrolysis. lLog k§/K$ ve pH
at L.00 molar HaCl o+ 4 4 o o o « o « o 5 o

Inhibition by Hippuric Acid. Sa/vb va

Inhibition by Hippuric Acid. ﬁa/vb ve

percent hydrolysis at 1.00 molar ¥all . . . .
Inhibition by Hippuric Acid. %a(p)/ta s
percent hydrolysis at 0,02 molar WaCl . . . . .

- 83/t ve (log

Inhibition by Hippuric Acid. {SO

Sg/ﬁ)/% at pH 7.50 and 1.00 moler NaCl

Inhdibition by Hippurie Acid. X@ ve pH at 1.00

[ 3

o ad Io
0 and 9.870 z 10™ molar and 1,00 molar NeCl .
pux o at Io
0 and 5,250 x 107 molar and 0.02 molar NaCl

Inhibition by Hippurie Acid, te(p}/to ve

L3

L]

& ® E L 4 [ 4

mﬁlﬁ?gﬂﬁ}.ots~onncto¢w-oseoaoﬁ

Inhibition by I~Tryptophan. Sg/v§ vs I, at pH

T.00 and 1,00 molar BaCl o ¢ & o » .

Inhibition by I~-Tryptophan. Kz v pH at 1,00

modar Nall o« ¢ ¢ o 6 o v o o o o » o

* ¥ ] L L 3 L4

@

L]

L4

»

&

Page

234

234

235

236

237

241



-225~

40 —

30

So, MOLES PER LITER x 103

0 //°
) / S
6
O 0.02 MOLAR
@ .00 MOLAR
4
| 2 4

Vos, MOLES PER LITER PER MIN x 106

Figure l1--Methyl Hippurate Blank. Log So vs
log Vo(s)



-226-

4

/

V4

/

O 0.02 MOLAR
Q@ 1,00 MOLAR

Vos, MOLES PER LITER PER MIN x 108
H

4
.

4 6 8

10

15

20

30 40 50 60

HYDROXIDE ION CONC., MOLES PER LITER x 107

Figure 2--Methyl Hippurate Blank.

log VO(S)

Log [OH") vs



4.8
4.0

w

o

»

z

=

= 32

wd

Q.

(1 g

ul

=

- 24

[

wJ

o

[¥2]

wl

2 e

SE?

§
OIB
0

-227-

/ Q
%
A/// o
.
O 0.02 MOLAR
// LA
/ @ 1.00 MOLAR
4 8 12 16 20 24

So, MOLES PER LITER x 103
!

Figure 3--Methyl Hippurate Blank. So Vs Vo(s) at 0.02

and 1,00 molar NaCl



-228-

1,00

/// i
0.80
0.60 /

0.40

0.20 /

0.10 7
0.08 /
0.06 ‘

0.04 )

NACL CONC., MOLES PER LITER

002|_/a \
190 210 230 250 270 290

k ,{MOLES PER LITER)"I MIN!

Figure 4--Methyl Hippurate Blank. k vs NaCl concentration



_ TOBN 4BIOW QO0°T
@Qmoo.wmapm om m> o?\om .mﬂmmﬁopvhmﬁmmhﬂmumonmEhNQMnnmmpswﬂm

¢Ol x 43117 ¥43d SIONW ‘°S
2 82 ve 02 Sl 2! 8 12 0

\o\m\oN
\o\

= e

08

- 220~

[-(IN/N=d OW) |- NI “°A /7°8

00I




-230-

30
<t
© o
= 25
= o /o \\E
a
w
W .
7 \,
o 20
(O]
p= A
o
!l
Q.
z 1.5
s \
a
w
o
]
= 4O
-
104
ul
(2%
9
w05
o
2 ‘/
-
>

0

6 7 8 9 10
pH

Figure 6--Enzyme-Catalysed Hydrolysis. v, Vs
PH at 8_ = 10 x 107> molar and 0,02
molar NaCl



..231...

6.0
<
Q
J ‘ .
= ()
x O
i
a
z N
o 4.0
©
=
@
W
a
z 3.0 ()—
=
o
]
o
e
L 20 4
—
3
o
W
a
O 10
2
o
E /
>°,

0

6 7 8 S 10

pH

Figure 7--Enzyme-Catalysed Hydrolysis. v, V8

pH at 8, = 10 x 1073 molar and 1.00
molar NaCl



_.'232..

)

. A3
83%;/
~l

t

6 7 8 S 10
pH
 PFigure 8--Enzyme-Catalysed Hydrolysis. Log k3 vs pH at
0.02 molar NaCl ’

|

-LOG Kq
AV
=

PO

6 7 8 9 10
pH
Flgure 9--Enzyme-Catalysed Hydrolysis. Log K8 ve oH at
0.02 molar NaCl

+

w
N4
~
"M
> o]
8 o<>o A
3 Q © OOO CN\
O
-1
6 7 8 9 10
pH

Figure 10--Enzyme-Catalysed Hydrolysis. Log kS/Ks vs pH
at 0,02 molar NaCl



-233~

0 09
&£ /4;4>
83/'
-

6 7 8 9 10
pH
Figure 1ll--Enzyme-Catalysed Hydrolysls. Log k3 vs pH at

0.20 molar NaCl

N

n
O
Q

6 7 8 9 i0
pH
Figure 12--Enzyme-Catalysed Hydrolysis. Log Ks vs pH at

0.20 molar NaCl

|

N

6 7 8 9 10
pH

Figure 13--Enzyme-Catalysed Hydrolysis. Log k3/Ks va pH
at 0.20 molar NaCl

LOG k3/K5
o
(o)
o]
d
O
O
O/




-234~

i _O—OCDO—KL-O—O——
o

o /ﬁ
s 3 /C(/
o |
]

4

6 7 8 9 i0
pH

Figure l4--Enzyme-Catalysed Hydrolysis. Log kg vs pH at
1.00 molar NaCl

1

- LOG Ks

6 7 8 9 10
. o
Figure 15--Enzyme-Catalysed Hydrolysis. Log Ks vs pH at
1.00 molar NaCl

*1

O 0lg5 o \_

LOG kg/Ks
o
N
O

6 7 8 S 10
pH
Figure 16--Enzyme-Catalysed Hydrolysis. Log k3/Ks vs pH
at 1,00 molar NaCl



-235.

pue 0 = °1 28 %5 sa %2/

€
[4 82 ¥é

TOBN JBTOW O0°T Pue JBlou m|OH X 0lg°6

Of X ¥3117 ¥3d SITOW ‘' °S

02 9l al 8

e

N g0IX028%6:°T O
0:=°L O

\

\

02

ov

09

08

00l

1-(TW/N-d OIN) |-NIN “°A/°S

*PTOY oTanddiH £q UOT3TATYUI--LT SanIT4



o o [OBN JETOW 20°0 PU® JIBTOW ¢_QT X omm.m
pue 0 = I 3® § 8A A/°S °PTOY OTanddiH £q UOTRTATUUI--QT d4nITH

g0t x M3 ¥3d S3ITOW‘°S

2 82 ve 02 91 21 8 v 0
o]l
\ 0¢
N ¢.01X0€2G = °I O
- O S
o =°1 O oM
¥ 0G °
£
} 2
\O A
& . z
' QL '
\ v
b-d
~
=
L
06 £
\\ Okt

O¢li



-237~

'lzo
116
L2
K
~
&
Xz
.08 /
1.04 //////
© e
1.OO
- 0 20 40 60 80 100
PERCENT HYDROLYSIS .
Figure 19--Inhibition by Hippurilc Acid. ¢ t,. V8 percen
& ? hydrolysis a 1.80 molar Na¢1 o(p)’o
116 ‘
112
S 108
~
B
I
1.04 /
.00k ‘
0 20 40 60 80 100

PERCENT HYDROLYSIS
Flgure 20~-Inhibition by Hippuriec Acid.

te( )to vs percent
hydrolysis at 0,02 molar NaCl p



-238-

il

80l

70l

06°L md 3e 3/(s/°s 801) sa 3/(s - %)

*PTOY oTanddtH £q UCTITATUUI-~1g 9Jn3T4d

201 X |-NIW“4/(s/°s 907)

00l

96

26

TOBN 4EBTOW Q0T Pbue

88

¥8

08

e

AN

Ny

W ¢.0l x09g =S O
W ¢-0IX00I'? =5 ©

RN

Q

¥e

9¢

8¢

103

(4%

13

GOl X NIW ¥3d 83117 834 S3ITON “i/()s -°9)



-239-

48 é
40
D 32
1
w
Lo
3
x 24
w
a
n
wl
)
= 16
& o ©
8 @] /B/
O
0 Q
6 7 8 9 10
pH

Figure 22--Inhibition by Hippuric Acid. Kp vs pH at 1.00
molar NaCl



-240~

10BN aetowt 00°T pue 00°L HA 38 °1 sa °a/%g -ueydoydfag-7 £9 UOTITATUUI--£2 SanSTd
¢OI X Y3117 ¥3d SITON * I
oL 8¢ e 0Z¢ 9i i 8 14 0

9¢

I-(IN/N-d ON) |-NIN® °A/°S

v




-241-

48

40
a2 ]
e 3
»
o
w.
-
=
@ 24
ud
m /°
(72
wlt
|
S 6 /////;y

o) o)

o ’/’jL//f)
x O

8

0

6 7 8 9 10

pH

Figure 24--Inhibition by L-Tryptophan. Ky vs pH at 1,00
molar NaCl '



2

LIST OF TABLES

Page
Methyl Hippurate Blank, 3& and Vola) #° 2
Punction of pH end Fall Concentration .+ « ¢« « o o 243
Enzyme~Catalysed Hydrolysis. SQ and vV, a3 &
Punction of pH and Nall Concentration .+ . « « & & 245
Enzyns-Catalysed Hgﬁralgﬁia; gﬁ and k3 28 &
Function of pH and NaCl Concentration . . . ., . . 259
Inhibition by Hippurie Acid. 5o IO, and ¥, at
pH 7.00 and 0,02 and 1,00 molar BaCl . v & « & 4 & 261
Inhibition by Hippuric Acid. %, (p )"% as a
FPanetion of Percent Hydrolysis. Equations and
Caloulnted Values . o s o o 6 « o ¢ & s o « o o s 263
Inhibition by Hippurie Acid, (Se - 3)/% as a
Punetion of (log &aﬂ/m/t at 1.00 molar NeCl and
Different pH Values . o v « 4 ¢ o s ¢ ¢ o o 2 o o 264
Inhibition by I-Tryptophan, By 10, and v, as a
Punction of ol at 1.00 molar NaCl .+ ¢ ¢ v o & o 264
Summary of KX Values of Hippuric Acid and
I-Tryptophan as a Punotion of pH and Added Nell

Comeentration . o o o ¢ o & = 5 ¢ 2 5 & s v o o » 271



METHYL HIPPURATE BLANK

-2l

Table 1

&@ and vb(a) 88 8 funetigﬂ of pH and NHaCl concentration

Nadl pH 3‘3 Vﬁis)
molea/liter moles/liter x 103 moles/liter/min x 10°

© 0.02 7.90 10,54 1.674
17.2T 2,753

12.61 2,075

15.77 2.429

5.95 1.085

0,00 0.000

0.05 7.90 10.54 1.859
3,7.27 2.890

12,61 2,205

12.7? 2,579

,gﬁ 1.170

%c 5 3'538

0.00 0.000

0,10 7.90 10.54 1.845
17.57 3,132

12.61 2,265

18,77 2.820

.95 1.288

0.00 ©.000

0.50 7.90 10,54 2,380
17.57 3.£5a

1a:77 5183

ani%g 3:320

2&"- f&"985

8.12 1.776

0.00 0.000

'1.00 7.90 10. 2,37h
17.57 4,002

12.61 2,903

15.77 3.390
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Table 1 {Continued)

Nacl oH s ‘ Vo(s)

o
moles/liter noleg/liter x 103 moles/liter/min x 108
1.00 7.90 6.95 1.555
%.gﬁ 1@.5'720

: 0,00 0.000
¢.02 T.70 10.480 - 0.80

T.90 10.40 1,67

8&% 1@.% 3‘

8,40 10.40 g.l

8.60 - 10.40 5
1.00 g.gg ig.gg é’ ?%

8.20 10.40 %.606

8.40 10.40 ?.gﬁ

8.60 10.40 12.
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Table 2

ENZYVE~CATALYSED HYDROLYBIS

5, and v, as & function of pH and NaCl concentzation

pH NaCl 8 v

O <
moles/liter moles/liter x 103 moles/liter/min/mg
| P-N/ml x 1%
6.00 0.02 3.230 g.a& ?
§:oa§ 0.358
12,04 0.39
5558 0:3102
14,08  o.B222
18.77 0.4095
3.530 0.2595
6.20 0.02 4,710 0.49
S =
13.55 6:2@5
710 0.hous
15.92 0.5789
11.54 e.gﬁgg
7.961 0.575
8,265 0.5192
%5% g.géﬁgg
3.0 0.5061
6.30 0.02 3.4 0.4527
7.231 0.6473
10.8 0.6869
14, 0.7115
5,487 0.5799
8.230 0.6643
10.97 0.7307
1 ‘1&8 0'7 9&

$od
-

&
Pufl
2
&
B
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Table 2 {Contimied)

pH NaCl - 8 v

© o
moles/iiter moles/liter x 103 moles/1iter/nin/mg
P-N/ul x 10%
€.50 0.02 4,961 ' 0.8204%
a.ggz 0.8513
T o4l 1.014
10.6 1,101
15, 1.188
23¢§2 1.282
1?!',', 1«&1
11.62 L.07
9,017 1.020
| 13.53 1.185
670 0.02 4.20 1.1
%*?; 3 1,513
?.0&3 l.gﬂﬁ
020 1,120
17.64 1.2@3
14,13 1.074
11,05 1.02¢
17.81 1.27%
13,40 1.070
T.00 0.02 4,727 1.368
T.317 1.555
19,70 2.205
2h,58 a,gz:a
12.217 %.7 2
[ 5
11.136 1.780
10.82 1.770
5.042 l.zl&
5.176 1.42
15.45 1.97

7.30 0.02 9.146 2.372
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Table 2 {Continued)

pH NaCl EX v,
moles/liter moles/liter x 105 moles/liter/min/mg

P-li/md x 10°

7.30 0.02 1,555 1.692

. 555 1.698
11.32 2.5
11.09 2.476
22,63 3,00
1{3“9? 3‘7 y
23.0 3.093
24,7 3,127
18,56 2.890
13.72 2.601

T.50 0.02 3.501 1.57%
3,561 l.ﬁgé
g.??& 1.*3@

437 2. 244

8.605 2,397
12,74 &.gﬁ%
14,68 2.867
12.90 2,911
7.355 2.259
11.37 2,584
15.45 2.776
20,12 3.013
23.69 3,003

7.70 0.02 6,607 2.53¢
g‘e:}% 2‘ * ¢
0. TT5 2,288
€.869 2,187
7.805 2,152

14,586 2,668
11.57 2.69
17.36 3,15

. 23.15 3.400
3.9.%_%3: 3.3 X
13.55 <945
13.59 2,923
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Table 2 {Continmed)

peii] Nall 8 v

© ©
molesg/liter moles/liter % 103 moles/liter/min/ig
PeN/ml = 10"
T50 0.02 13.7 2 .909
1%33 2,547
7&90 0»0& ’ &wﬁm lo%‘?
4,000 1.459
12,00 a.ggfj
4,00 1.4
12.00 2.5
16.00 2.6
20,42 2,982
21.49 3.021
8.2 0.02 1973 3.3#%
g.ggg .27
NG & W gum
10.05 2.617
7,057 3.908
13.40 3.025
i7.21 3,531
ig2.80 2,508
1,705 1.8¢
20.13 3.371
15,10 3.01
8:‘ 2 3.@1
11.0 2.788
2.328 2.010
705 1.809
8.40 0.02 5.502 1.801
B,106 2.753
4,053 3.,;% it
4,655 1.893
9.369 2.673
153 5321
6.079 2.35&
T.042 2.201



Table 2 {Continued)

ol Nall ﬁg v,
moles/liter moles/liter x 103 moles/1iter/min/mg

P-ti/ml x 10°

8.40 0,02 , 8.253

2,468
gﬁém 2.738
13,43 3.255
16,17 3!
16,17 3,419
8.60 0.02 g%gg ;5.?3.&%
2 e liD & %
6,378 3.3??
1}@».9@? g.,%g%
: !‘;f ‘Q 3
1&.?g 3;895
i2.7 2.7
%3.%% :?2.6%%
0.15 2,589
11,93 2,865
5&9 2 ln%é
6.765 2,22
9. 317 2,580
£.629 2,508
9.00 0.02 353”3? g%
2. 333
16.37 2.?§§
.79 2,978
15.03 2,956
23.75 3.182
25,10 3. 224
9,20 0.02 7.580 1,758
11.83 2, 144
11.83 2,144
15.77 2.502
19,71 2,688
19,71 2.763
23,65 2,889
27.59 2,980
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Teble 2 (Contimued)

pH NaCl g v

o ‘o
moles/liter moles/liter x 103 woles/liter/min/mg
Pl/ml x 10&
9.4@ G.,028 4,060 O, v
81220 3202
12,18 1.598
12,18 2.007
2,56 2649
25,42 2.751
6,10 0.20 4,935 0.4111
2.970 0.4980
14.97 0.5352
14.97 O.5412
19.95 0,5508
%2.95 0.5580
.93 0.5602
24,93 Q.5772
29,91 0.5722
29391 {}'57
6!% 0,%’ 96@7@ @»99&'2
1 'g;ﬁ o572
14,57 G:%ﬁa
16,95 1.030
o
oli, 53 1.080
£29.91 1.1248
29.91 1.123
6.70 0.20 5,013 1. 8%
10.02 1.611
15,08 1,713
15. 1.693



-257 -

Table 2 (Continued)

pH HaCl 8, v,
moles/liter moles/liter x 105 woles/1liter/min/mg
P-/ml x 107
6,70  0.20 20,05 1.6833
20,05 3»«% QO
25*{3? Lo ?
, Bg.gg %.8 g
| 30.08 1.841
7.00 0.20 5,013 1.684
10,08 2,218
10.02 2,252
15,04 2.479
15.04 2,560
20.05 2,700
20.05 9.62@
52107 3708
bt Con g
ok o b0
30,08 2.815
?i‘ Oﬂm I"'QQ Qti‘g’
¥ %éﬁ aogg
1 .g?@ 33'21'?
14.81 31&2{3
19,74 3,649
24,68 3.762
24,68 3,704
@c% 3696{}
29.60 3.

7.60 0.20 4,932 2,773
o 82% 5.5h3
1;%?2% 3'533
14,81 RS
19.74 4,143
i9.74 4,888
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Table 2 {Contimied)

HaCl
molea,/liter

mples/liter x 109  moles/liter/uin/ng

P-N/nl x 107

7.60

338
%98

Q.20

%gagﬁkn&

YT

ﬂ"‘#&'bﬂ

gggﬂ..ﬁ‘ﬂ.hﬁ.ﬁ.&&.

0.20

7.90

g IREANEReE

.......

33 n«wﬁwﬁ.b».&wh%ﬁ:ﬁ.ﬁ'

SRS e anas ok

2 & & = 8 B % T B W B

134 o Wy st
MAIRITTE

0.80

8.20

m..er\.a
3@#?)1 o

. B % l

nﬂgg.ﬁ..&,.&.hﬁ&,

BEFaouns

a@éﬁmwg%&

0.20

8.50
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Table 2 {Continued)

moles/1ibernih /g

moles/liter x 103

pH

HaCl
moles/liter

Puki/uml x 20°

0.20

8.50

5Pt

b 08 (el S0 Y QF Ot OV

RO =P YO0
Ciie O €3 +A 03 o1 OF VDI Mo OO Q«ﬂ.&w%&
ﬁmhim»@.mwi &...U%r %w%@.x%ﬁ*mm i i o
OV ot A S a2 Y o O OF QI Q1 OO

G.20

8.80

55’9700
< ArDEE Sn N

0,20

9.80

o P P

s} () ; el st S \O
SaRFSBITITE
ettty % R I QI

JRRYHRIOYRE
ANGRRERROTE

0,20

9.40
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Table 2 (Continued)

pH NaCl ﬂa Vo
moles/liter moles/liter x 10 moles/1iter/min/mg
P-N/ml x 10"
9,40 0.20 23.1 2,847
13. _ 2,312
6.20 1.00 3.673 0.6260
3,673 0.5900
7.3‘4@ 0. 8850
3.836 0,5570
7.672 0.6525
11.03 0.6975
11.58 ~ 0.,7080
14,70 0.7280
18.37 0.7455
25.27 0.7510
21.0 0.7072
12.6 0.6800
6,50 1.00 . 380 0.9650
2.760 1.160
1233 1,887
20.29 12&3@
6.70 1.00 3.525 1.5
7.050 1.8%2
3.870 14844
7.780 1,714
11.62 1.832
1&.%2 1.8
15, 2.031
1k,12 1.893
19.36 2,09
23,22 2,0
2,69 2,062
7.00 1,00 3.223 2,014
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Table 2 (Continued)

pH NaCl SQ v,
moles/liter moles/liter x 107 moleg/liter/min/mg
Pul/il % 207
7.00 1.00 9.670 2,942
12.890 3.831
13 3560
« 35 B
* 2‘ @
12.60 3.041
16,80 3.164
21.00 3.%%0
25.20 3,402
T.30 1,00 4,050 2.975
8.100 3.?15
12.15 041
16,20 4.2
g?.%j ﬁ. 243
"i‘c .
4,287 2.930
8.57 3.631
iz2.87 8939
17.15 «155
21,43 h,230
25,72 4,270
T.50 1.00 6,720 4,121
4,100 2.218'
8.200 245
4,100 « 370
24,60 .32‘9
33.50 Q‘u 23
16,40 4,633
12.30 4,617
10,08 4,572
12.&4 4,760
1 cgl &0858
20.18 4,996
34360 3.183
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Table 2 {Continued)

oY Hell 3

v
o o

moles/liter moles/liter x 107 moles/1lter/nin/mng

Pel/ml x 107
T.590 1.G0 34700 A1
7.0 3850
3.960 3.457
7.920 5,570
11.10 5,280
14,80 5,660
18.5 2~73@
22,20 L0909
11.88 5,101
15.84 5,436
i8.21 5.610
23.75 5,735
8.20 1.00 3987 3.830
3-233 3,011
?‘.wﬁ g.oaﬁ
2,880 124
7.894 4.799
10, 33 4,799
%%.gg 2.112
X 133

11.85 ﬁ*EEE
15.80 5,501
19.75 2:939
23.70 L, 004
8.50 1.00 3.875 §‘§22
i'f.gr» 4‘%&%3
39 L4 l""")
71080 Bk
11.63 5.253
15.50 5.705
19. 36 5.700
23.25 5.958
10,63 5.139
14,17 5495
T.70 5.039



o
“2&?“

Table 2 {Conbtinued)

»i NaCi a8 o Ve

moles/liter moles/liter x 10° noles/1lter/min/mg
. ¢
Pat/ml x 107

8.60  1.00 3,545 2,98
3,99 6l
iz S
5.579 4,502
81558 30065
5,00 5,604
o sl

38 %2?3?
# e o IS
21.27 5,860
%E"i’ g,ggg
’?00“ - ]
19.77 5,476
1647 51325
3.17 5.0l
?:gﬂ% 5 hon
7 .500 b, 575
11.48 5,184
11,70 ﬁ.;é&%
1?3,% 5,55
15: 5:‘ 3
1%#%% gﬁgﬁﬁ
ég:?? g:giﬁ
ag* 3 §¢*?2

8.80 1.00 4,141 2,90;
5,082 h, 264
3. GU0 2,964
%7.580 §.381
12,43 4,974
2. 85 ;’%Iv@u
11.83 .992
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Table 2 {Continued)

PpH HaCl .‘c‘%@ , vy
moles/1iter moles/liter x 103 mo les,/1i ter/min/ng

Pel/ml x 107

8.80 1.00 5.77

15,70 ?5%
b 2 !i o I "»
2:}:&5 5# 82
9.00 1,00 3,775 2,634
T550 Btgl?
3.605 2.@%@
Y e
1052 3160
e 'K f} 3
14,42 ﬁ.&ag
18.86 5,522
18.03 5,160
22.66 5,576
21.63 5. 306
2,20 1,00 Zl 2.068
{.342 5‘123
7.342 3,163
13 £23)
e B
i 0.3 +O
22.03 4,843
.40 1.00 3. £1 %.5Zf
51*5?2 2,68
14,68 3,780
14,68 E.Tﬂ?
18,37 LOA2




Table 3

ENZYME-CATALYSED HYDROLYSIS

K§~and KB as & function of pli and NaCl concentration

3

moles/liter x 10° moles/liter/min/ng

k

HaCl
moles/liter

pH

P-l/ml x 103
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Table 5 {Coatinued)

K
o
o8
of
S
&
i
2
4
%, a&g

b

moles/liter x 107

NaCl
moles/iiter

pil

P-lifml x 107
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Table 4

IRHIBITION BY HIPPURIC ACID
Sa, 19. and Yo at pH 7«00 and 0402 and 1+00 moler HaCl

HaCl g I

, » v
, © o o
moles/liter moles/liter x 10° meles/liter x 10° noles/liter/min/ng
Pedifml x Tond
0s02 84040 05000 14780
30488 1e625
54230 1.600
6978 1490
12,06 0000 2:03%
36488 1.916
5e 430 le852
6,978 1.730
1608 04000 24018
3.488 2000
5230 l.808
6978 1.816
2010 0.000 20212
LoThé 2130
32488 20100
50230 ' 2070
2412 0,000 20198
le7hd: 20148
3.488 24105
28,14 0000 20279
L7484 20195
100 Lo 585 G 000 P YAy
30290 1,840
60 580 1.654
G870 1e421
13.16 o323
54170 34200 2608
60 580 2:160

9+ 870 1.921



Table 4 {Continued)

RaCl Sa | ) o Yy
moles/liter moles/liter x 10° moles/liter x 10° molss/liter/min/mg
Pefi/ml x 30%
100 3170 1316 1,761
13,75 0000 20724
30290 2.631
6s 580 2:355
G870 P ¥ A
13.16 2e117
38-34 0«000 3&%5
3290 24840
60 B8O 25580
G870 ZedlB
R2493 0s 000 3041
6e 58 2e850
2750 0000 3,017

3350 24890
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Table 5

INHIBITION BY HIPPURIC ACID

t ol ?«)’ftﬂ a8 & function of percent hydrolysis
Equations and ealoulated values

1400 molar Nell 0s02 molar Nelil

K, = 25% 10" moles/1iter XK, = 50x 107 moles/liter
8, = 50 x 10™> moles/liter 8, = 50x 10”7 moles/1iter
K, = 60 10" noles/liter K, = 130z 10 neles/Liter

B Bydrolysls &, Yy Bo(p ZM*’ ¢ B i

0
0 385 +974 12012 978 972 1007
. 4] 563 «934 1.032 945 «927 1020
30 o341 4897 1.049 «914 «885 1.046
40 #9158 +858 14070 «&® «840 Le 047
0 « 886 «331 1.003 »8 «79) 1060
£0 850 « 755 1127 « 791 o733 1.070
70 t%ﬁ 35 1&162 0734 t%‘? 1»3.@3
80 « 748 »617 1.213 «664 « 588 129
gg + 1
ot where P 2 ] in e
e oSy Sy
. Al ﬁa
[‘%f’@l}[ «-ﬁa} fﬁaﬁg
£ & = %
o{p) K K7 o(p)
) il - . B s
by S@ + K}J[l ﬁq] + 1 fb{p} ry
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Table ©

INHIBITION BY HIPPURIC ACID
- 8)/t as & function of (log 8,/8)/t at 1.00.

molar NaCl and different pH values

pH SQ 30 - St in s@/st
moles/liter x 103 ¢ t
moles/liter/min x 10° min~t x 102
6.20 3.673 6,240 1.735
6.155 1.721
5. 1,532
5» 59 1. 695
5.670 1.67
5,810 1.620
5.740 1 6
5.700 7
6.50 6.760 11.12 1.685
11.39 1,671
11.31 1.690
11.30 1.737
11.24 1,782
11.20 1.741
311.10 1.748
11.% ofﬁg
7.00 3,223 20.0 6,483
19,6§ 6.510
87 6'2@3
1@215 6.6
:ﬁ’%g 27 0
. 0.7
16.97 .8£0
T.00 4,200 24,42 6,020
23.17 6.020
22, 2.990
000

boa21,



pH Sb ’ SQ - Sg In Sa/st
moles/liter x 103 t t

moles/liter/min x 10°  min™t x 10%

7.00 4,200 21.25 6.0%
20.75 e odo
20.23 6.090
7.30 4,050 ag.&g 7.560
29,0 7.750
23,25 7.810
27 .45 7.910
26.70 8.010
25.95 8,080
25,11 8.123
2 950 8;%%
T30 4,287 gg.iﬁ 6.110
: .?0 7.250
28.06 7 465
28.08 7.595
27.35 7.670
%'?3 7*805
8,13 7950
25,45 8,055
7'5@ 3‘%0 321,’%3 104‘\‘}8
30,80 10.12
eﬁ.g@ 10.51
27.80 10.68
26.78 10.86
22.?1 10,97
24,70 11.09
T.50 4,100 32,58 8,350
32.03 a.gﬁﬁ
21,13 8.620
.25 8;?2#
2%13)% 8\18'1
2 2% 9.032
ga 901 g
26.87 9.295
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Table & {Continued)

in 89/7:5t
£

moles/liter x 10°

pH

min~t x 10°

moles/liter/min x 10°

[ ]
» -

91780
10.07
£
nf@
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10.6
10.7

O3 O M0 Ny
ERREEEIM

5 » » »
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min™t x 10%

moles/liter/min x 107

Table 6 {Continued)

moles/liter x 10

» ! e ey Q Wy
Fa8%e Haacgaa K38yme AORURASE HENIARRE
Q%?@@ Hmmmmnn ?%Qmmm OO N 0060 VR GA
i it m@%m@m GRERES B88HA8ZE JRRESR

® * & % = * ® B & » o

42085 AUARLER BA324AR weRIdadd W%&m..%%%a

P W 0 &) 0
3 ) ) A
a * L4 hd »
G ) ) ) )

8.20
8.50
8.50
8.60
8.60
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Table & {(Continued)

pH s, S, = S in 8,/8,
moles/liter x 10 % &

moles/liter/min x 10° min™+ x 10°

8,70 3.825 32.56

8.895
2. 1 Q‘Qﬁﬁ
310 9" 5@
0. 5 §‘59§
&8@ 3{34‘33
3900 32.5 8.780
33..52 8.5 Z@
31. %
30.25 , Q 295
%g.?, 9.470
D 0.620
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Table 7

INHIBITION BY I~TRYPTOPHAN
Sg I,e and v, a8 & function of pH at 1400 molar NeCl

pH S, I,

k')
k4]
moles/liter x 10°  moles/liter x 10°  meles/liter/nin/ng
 peli/ml x 20%

6420 #4250 0800 0e633
50650 O 560

1129 D4 526

16495 00497

22460 Oeldb7

28423 0ali26

650 80250 04000 10169
54650 o082

12.29 14004

16,95 OuS44

22460 0. 87,

28423 De823

6070 Be250 04000 10579
5650 14495

11429 1456

16695 14360

22060 1.286

28623 - 16184

T+00 7:850 Ga000 2771
50450 2473

10,90 20300

16435 2,009

2180 J.9%4

27625 1797

750 84250 0000 3808
50650 3,525

11.29 30323

16495 3,130

2260 2948

28423 24226

790 Be250 0,000 hell2
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Tabhle 7 (Continued)

pﬁ s@ Lt v@ '
moles/liter x 10°  moles/liter x 10°  moles/liter/nin/ng
' Peli/ml x 3.94
TS0 Be 250 5e 650 4e 042
1129 3762
16695 3e 583
22460 3429
28«23 362943
8,20 o250 0000 4e 531
5650 La 2R}
11e29 44119
16,95 306064,
?.';.60 3:6%
8460 8250 0000 hLallf)
) )cé% 3;393
1129 30821
16695 3533
Z1e81 32487
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Table &

Suomsry of Kz values of Hippuric Acid and L-Tryptophan
ag a function of pH and

added NalCl concentration

PH NaCl Hippuric Acid i=Tryplophan
moles/liter moles/liter x 10° moles/liter x 10°

6,20 1.00 0.6 12.4
.50 1.00 4.2 14,6
6.70 1,00 o 12.6
7.00 1.00 §.0 4.5
.5.5
5,
5‘9
22
2
7.00 0.02 13.0
13.0
13,6
730 1.00 g.g
7.50 1.00 2.2 15.5
7.90 1.00 8.1 20.8
8.6
9.3
8,80 1.00 13.2 23,1
| 13,@
8.50 1.00 1k.1
19.3
8¢60 1100 aﬁﬁﬁ ﬁ:g
8.70 00 %'6
a7 19 . »
46.2
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PROPOSITIONS

Westheimer (1) has proposed a hypothesis for the mechanism
of the enzymic action of chymotrypsin. Among the observed
facts which this hypothesis 18 reported to explain is the
pH dependence of chymotrypsin activity. The data of
Gutfreund et al, {2,3) 18 cited as evidence, Gutfreund’s
data, however, is not consistent with Westheimer's hypo-
thesis, The hypothesis describes an acylated imidazole
ring in the enzyme-gubstrate-complex, whereas utfruend's
data indicates that the pK, of the imidazole is unchanged

upon conversion of the free engyme to the complex.

A, An extension of the method of Pritsz aﬁd'Freeland’(&)
permlits the rapld volumetrie determination of sulfite,
thiosullfate, and sulfate ions in a mixture of the three.
Two tltrations samples are requlred. PTitration with
standard icdine determines the sum of the sulfite and
thicsulfate congentrations., The second sample is
adjusted to pH 4-5 with acetlic acld, formaldehyde is
added to eomplex the sulfite, and the thlosulfate alone
is then tltrated with standard lodine, At the end point,
methanol is added to the solution, as are a few drops of
Alizarin adsorption indieator. The yellow solution is
then titrated with standard barium chloride to a pink
end point, whieh ogcurs when the indleator is adsorbad

oh the positively charged precipitate. Using thie method,
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a mizture may be analiyzed in two or three minubtes time
with an accuracy of a few tenths of a percent under
idenl conditions.

Be A further extenzion of the method of Pritz and
Freeland, in which a fine suspension of precipitated
barium sulfate in methanol is added to the titration

flasl, permita a greater than ten~fold lncrease in the

aensltivity of this method for the volumetrie determi-

nation of sulfate,

The eleotron microscope hasg been used extensively in
recent years to investigate the iber structure of soaps
and soap-base lubricating greases. In some cases {5,6)
the gross physlcal properties of a lubrieating grease
gan be correlated with mierostructural features of its
goap fibers, as revealed by thé glectron nmicrogscope,
Another area of investigation in which the electron
microscope has proved valuable is in the examination of
surface friction of metals. An extension of the oxide
£1lm technigue (7), in which a thin film of aluminag 1s
used o support the sample, suggests that a study of
friction of aluminum gurfaces with and without lubricants
present would be feasible., A thin ilm of lubricant
would be spread over the polished aluminum surface prior
to a given friction experiment. After the experiment,
the surface could be oxidized electrolytically, shadowed

with evaporated chromium to reveal the presence of organle
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matter if any remained, and examined under the electron

ma@r@gﬂﬁm .

The apparent ancmaly in KI values for several anionig
inhibitors of chymotrypsin determined in 0.02 W THAM
and 0.1 ¥ phosphate buffers, as dliscussed by Foaster and
Niemann (8), may be explained on the basis of an added

‘sodlum lon effect, As shown in this thesis, inereasing

added salt concenbtrallon causes a Jdecrease in the value
of K. Since the added salt aanmaﬂtratidn in the case
of the THAM buffer experiments waa-~ C,02 M, and Iin the
case of the phosphate ﬁﬁf?&r experiments ~0,1 ¥, the
observed change in Kﬁ values determined in the different

media 18 not unexpeched,

The demonstration that L-tryptophan 18 a competitive in-

hibitor of chymotrypsin suggests the following experi-

ments: :

A. The use of 0'°-labeled L-tryptophan to determine
whether 0&8
The result would almost certalnly be positive.

exchange occurs In the presence of enzyme.

B. Repetition of part A with enzyme which has been in-
activated by diisopropyl {luorophosphate,

If L-tryptophan exchanges Qle in the presence of ingctl-

vated enzyme, one may eonclude that the inactlve enzyme

ie 86411 cazpable of forming en enzyme-subsirate-coumplex.

This information concerning the nature of the 1naativ&§

tion process would be of value,
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6. The problem of whether reduction of sulfurcus acid at
gongtant potential Involves the ts&naf@r of one or two
electrons could be molved by quantitative measurenment
of the current passed in the reductlon of a known amount

of sulfurous acld,

7. A, Cymerman and Willis (9) reported the infra-red spectra
ef di@hanyz disulfone and an extended series of disulfides
éﬁﬁ thicgulfonates., All of those compounds investigated,
with the exception éf diphenyl disulfone, showed an
adsorption ¢orresponding to the S$-5 stretehling frequency
in the range 430-490 cu™t. These authors tentatively
attributed the anomslous spectrum of diphenyl disulfone
to the symmetrical character of the molscule. An alterna-
tive explanation, I belleve, is the sxistence of an elong-
ated 5-3 bond, by analogy with the inorganic salt godium
dithionite,. Preparation and infra-red investigation of
an ungymmetrical diphéayl disulfone is sugpested,

B, Increasing substitution of the aromatic nuclei in
diphenyl dlsulfone with eleatren»with@rawiag groups should
waaken the 8-8 bond and Ilncrease the free radical character
of thﬂ‘campa&nd.' one {or more) compounds in such a series,

which has not been prepared, emulé be a stable Ifree radical.

8, The use of the pH-stat in these laboratories has been
confined %o the measurement of the hydrolysls rates of

subsbitubed g-amine scid derivabtives and related ecompounds.
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I propose the following additional uses of the pH-stat:

A, Schuller and Niemann (10) examined the a~chymo-
trypein catalysed synthesis of the phenylhydrazides of
certain scylated ao-amine acids, The pH-optima for the
synthesis reactions were observed to be sensitive to the
buffer systems used, I propose that the rates of these
synthesils resctions could be measured as before, while
using the pH-stat to maintain eonstant pH and hence
eliminate undesired buffer effects,

B. Purthermore, the pH-stat could be used Lo measure

direectly the rates of o-chymotrypsin catalyaad’aynthaais

- reactions of acylated a-amino esters from their corre-

De

sponding aecids and aleohols,

C. Sorum &t al., {11) have shown that & number of
inorganic reactions such as iodate-iodide, lodate-thio-
sulfate, bromate~thiosulfate, bromate-sulfite, lodate~
sulfite, and permanganate-sulflite proceed at measurable
rabtes and take up or releape hydrogen ions as the reac-
tion proceeds. I propose that the pH-stat could be usged
to study the kineticg of these remctions,

The metal alkyls of boron and aluminum are highly reac-

tive chemically and are used at the present time in jJet

fuels, These compounds are strong Lewis ac¢lds and form

addlition compounds, whiech are stable at room temperature
but dissoclate at high temperatures, with Lewis bases

such as ammonia and the amines, I propose that such



‘addition compounds prepared from the metal slkyls and

polyanides or polyamines would be of interest as solid

propelliantes for wmisslile propulsion systens,

10,Brown {(12) has observed that the trialkoxyborehydrides
are extrevely powerful reducing agents, He has posiu-
lated that the higher reactivity of the triaikozvboro-
hydrides compared to unsubsiituted bovoliydrides can be
attributed to the greater esse in removing a hydeide ion
fron &6 weak Lewls acld, alkyl borate, than from a
stronger Lewle sold, borsne. 1&?&#%1@&@1@%; of the
reducing propertles of the adduet of sodium hydride and
the sxbtremely wealk L@wiﬁ\aaid,‘trsaﬁhaagzamiﬁ@ vorate (13),
is suggested to test this postulate.

11.The Gourmet Cookbook {13} deseribes the preparation of
Cogullle St. Jaequaes in the Following way: PFresh secallopg,
whilch have boen @@ﬁkﬂ& in wine, are added to mushrooms
and onions in a white sauce enriohed with ege yollks and
heavy cvean. The mixture is placed in individual larze
ayrster shells and brouned in the broliler before serving.
I propose that the addition of shrimp and King erab
maat to the seallops, and the sprinkling with freshly
grated cheege before browning producez a shellfish
delicacy of exceptional quallty,
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