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INTRODUCTION

Oxidation by potassium permanganate is intrinsically
very interesting, as well as important in many resctions;
particularly those of quantitative analysis. The equations
which are commonly written to set forth its behavior as an
oxidizing agent are so complicated as to be impossible from
the kinetic point of vieq. Several studies of its rate of
reduction have been made,

Schiloff (5) studied the rate of oxidation of formiec
acid, oxalic acidy and tartaric acid by this reagent in the
presence of sulfuric acide. He found that heptavalent manganese
is not reduced to divalent manganese in one step; but rather
that there are some thipty three transition stages through
which it may pass. He found it possible to represent the ex-
perimental results by means of reaction equations involving
two variable juantities; B, which depends upon the influence
of the reduction products which are present, and f, which de-
pends upon that one of the thirty three possible intermediate
trensition substances which is present. In a particular case he
finds that a small part of the heptavalent element is reduced
to the divalent form, while the rest of it combines with the
acid which is being oxidized. Then, under the influence of
the divalent manganese; the part combined with-the acid breaks
down. This mechanism seems. unnecessarily complicatedj and,-of
course, it has not been possible to isolate these intermediate
reduction products. : mse CEBRSEER L oo n Lol

Launer (3) studied the rate of oxidation of oxalic acid by



potagsgium permangenate in neutral solutions and in the presence
0f sulfuric acid. e found that & variety of reactions may take
place; but that the reaction between trivalent manganese ion and
oxalic acid plays a very important part. An induction period in
which formation of a little divalent manganese ion occurs pre-
cedes the more rapid reaction, Then reduction of heptavalent
manganese by this ion comes about, both ions going to the triva-
lent state with the development of a2 pink color. Ilieanwhile a
complex compound; kn(Cz04)s forms, =s well as & mew ion, COg
which comes from the oxalate ion. The course of the reaction

is followed by the liberation of COg. When oxzlate was present
in excess the rate of the reaction could be expressed by the

equation ( ) ( )-
al P Mn(Co0
COg k _2V4 12

at B {czgf-)

When the solution was deficient iﬁ'oxalate ion it could be

expressed by the equation:

d(?ggﬁ)
at

= 08" )egd)

In view of these results he proposes the following as the
chief reactions which take placej
- -5 4
lin0g + 4 “4eH' & sun 4 4,0
) -
in’*'# 2020 = 1n(C204)7
+H
ln #C03 = ln #COg
44+ o *+ -
lin +Cg04 = lin +C0g$C0OZ - -
- Later work by Launer and Yost showed that the reaetien-

between the permanganate ion and the oxalate ion is very slow,.



while that between tripositive mangsnese ion and oxalate ion
proceeds at a measurable rate. They confirm the increase in rate
whiech occurs when the divalent manganese ion is introduced. The
action of the trivalent manganese ion may be suppressed by add=-
ing fluorides to the solution to form & complex compound with
ity yet in their presence the reaction goes forward readily,
For this reagson they believe that the tetravalent mangeanese ion,
which may also be present in the solutions, may play an import-
ant part., They propose the following &s the chief reactions
which take place:

Mn0, "~ + 4 ¥ 8H'= Sum’ - 47,0 (rapid)

ittt + 020;;-“-“ Mn® 4 002*00; (measurable)

Mn**“# C,01= 2C0, + lin’* (measurable)
in’* "+ 20,0,= 1n(cz0,), (rapid)

2Y4
s - =
nn(czo +f4r_m4 + 2C,0,

4)2
It seemed worth while to study the reduction of potassium
permanganate by other, and perhaps milder, reducing agents.
For this purpose ethylene glycol seemed to promise well. It
is often determined in the quantitative way by this very oxi-
dation, which makes the study more worth while. A search of - -
the literature shows that this particular reaction has received
very little attention. Since a Cenco Photelometer which could
be used in the colorimetric determination of the permanganate
ion was available, the experiments were so planned as to employ
it.
The oxidation of ethylene glycol itself is known to proceed

in steps. Among the possible products of its oxidation are gly=-
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collic aldehyde, glycollic aecid, glyoxal, glyoxylic acid, oxalic
acid and carbon dioxide. Water is, of course, a byproduet in
each of these steps.

Hateher and West (2) state that glycol is not oxidized to
either oxalic acid or glyoxylic acid by potascium permanganate.
It is not stated whether the solution was alkaline or acid.

The oxidation of glycol by alkaline potassium permanganate
was studied by Evans and Adkins (1). The alkali present was
potagsium hydroxide. They believed that the oxidation first
yields either glycollic aldehyde or glycollic acid; or perhaps
that the aldehyde first forms and then is oxidized to the acid,
Glycolliec acid then oxidizes further to carbon dioxide and oxalic
acide The quantity of oxalate formed was found to be a linear
function of the concentration of potassium hydroxide between the
limits 0.5 and 3.0 grams of potassium hydroxide per liter.

Potassium permanganate is, of course, an excellent oxidizing
agent in alkaline solution. Since the course of our investigation
limited us to the study of solutions containing sulfuric acid this
extensive literature is not reviewed.

Potassium dichromate is also used as oxidizing agent in the
quantitative determination of ethylene glycol. In this case the
reaction is carried to complete oxidation with large excess of
the oxidizing agent, giving carbon dioxide and water. Riesenfeld
and Hecht (7) studfed this reaction from the point of view of
photochemistry. Liéht was found to aid this oxidation, as it
does in many other such organic reactions.

Plotnikov (6) found that potassium dichromate, and especial-

ly ammonium dichromate, in neutral golution quickly oxidize



glycol. The solutions turn green, and contain alkali in excess.
After the reaction they contain glycol aldehyde and glyoxal, as
well &s the chromium salts of glycollic acid, glyoxylic acid
and oxalic acid. These investigations give but little which

can aid in connection with our problem,

Uncertainties ss to the nature of the reaction which glycol
undergoes ﬁere. at least in part, eliminated by using it in
large excess in all the experiments,

In view of thelscanty references to such reactions as that
which we had in mind, and of the unsatisfactory nature of the
knowledge concerning them, we thought it advisable to limit the
present research to a preliminary investigation which might,

perhaps, serve as foundation for later and more extensive studies.



REAGENTS AND APPARATUS
Glycol,

The ethylene glycol used in this work was. obtained from
dynamite grade glycol; It was purified by distilling and the
portion coming over between 197°C and 198°C (corrected) was
collecteds The glycol wag then redistilled and the portion
coming over at the constant boiling temperature of 197°C
(corrected) was collecteds The literature gives the boiling
point as 197.29%C, When analyzed, the product showed a purity
of 99.,3%, the impurity probably being water that was taken up
from the air. The glycol waa'stored'tnfggghtly stoppered flasks
which were opened only to take out samples,

Vater,

The water used in making up the stock solutions was ordi-
nary distilled water. '
Potassium Permanganate,

A solution of potassium permangenate was prepared from
the reagent compound. Analysis showed it to be 0,09946 Normal.
Sulfuriec Acid,

Sulfuric acid of C.P. quality was used, It was made up
by diluting concentrated acid with three volumes of water.
Standarization proved it to be 9.3760 Normal.

A solution of potassium iodide was prepared from the

reagent compound. Ilts concentration was 0.1 Normal. The



potassium iodide was stored in tightly stoppered bottles,

The sodium thiosulfate solution was prepared from the
reagent compound. Analysis showed it to be 0,001 Normal.
Potagsium Fluoride _

A solution of 0.1950 molar potassium fluoride was pre-
pared from the reagent compound.

Manganese Sulfate

The manganese sulfate was p:epared from the reagent com-
pound. The concentration was 0.0660 liolar.
Apparatus

Ordinary burettes, pipettes and flasks were used in this
researchs The photelometer was operated from a six volt stor-
age battery, the battery being charged at the same time by a
direct current generator. In order to keep the current steady,
the battery was charged at a slower rate than it was discharged
by the operation of the photelometer. The photelometer was
calibrated by making up solutions of known concentrations of
permanganate, and from the data obtained a graph was drawn
plotting 100 minus the photelometer readings against the con-
centrations This graph was used in interpreting all readings.
It gave directly molar concentrations in terms of 100 minus

the photelometer readings, This graph is shown on page 32.



EXPERIHENTALIPART ‘ .

Experiments were run at 25.0%C, 30.@00. and 55.000 to -
permit us to determine the effect of temperature upon the re-
action rate, Since it was planned to follow the reaction by
means of the photelometer precipitates could not be tolerzted,
Preliminary experiments showed that hydrated manganese oxides
separated from the solutions after a few minutes if sulfuric
acid was present in lower concentrations than about 0,40 molar.
Above molar concentration of acid the reaction was too rapid
to be followed satisfactorily at 35.0 C. This set the limits
in acid concentrations, The upper limit in concentration of
permanganate was set by the amount which could be satisfact-
orily determined by the photelometer. It was found, too, that
within the above limits of acid concentration, when the perman-
ganate was more concentrated than about 1/150 molar the solu-
tions were likely to throw down & precipitate of hydrated mangan-
ese oxides. No solution more concentrated than 0,00099 molar
was used, The upper limit of the concentration of glycol was set
by the velocity of the reaction, since the rates increased rap-
idly with increasing concentration. The maximum concentration
used was 0,024 molar,

The total volume of the solutiom in each reaction was 300
ml. The stock solutions were brought to constant temperature
in the thermostat, and then such quantities of each were taken
as would give the desired concentrations im- the final solution.

These were put into separate clean flasks and ecch of them



was diluted with a known volume of water. They were then
mixedy the glycol solution being added last, the flasks were
stoppered, schaken and then placed in the thermostat. They
were not opened thereafter except to take samples. IFor the
photelometer 15 ml. samples were taken, transferred to tne
photelometer cell and the readings taken. In the cases (to
be mentioned later) in which the analysis wes carried out
iodometrically 5 ml. samples were taken.

In analyzing our data it was found that straight lines
were secured in every case when the logarithm to the base ten
of the concentration was plotted against time, In some cases
it was found that there were breaks in the curves so that two
siraight lines were found. It was noted, too, that at the time
of the breaks the color of the solutions always turned from the
purple of permanganate to pink, this change waa-alse_found by
Launer and Launer and Yost., It seemed probable that, in these
cagesy the photelometer was not giving the true concentration
of the oxidizing agent; and a few runs in which the congentrat-
ion of the oxidizing agent was determined iodometrically show-
ed this to be true. All experiments in which breaks had been
found were repeated using the iodometric method, as were-also
a number of the others. We found that, so long as the color
remained purple the two methods gave identical results, but. -
the results were too low by the photelometric method when the.
eolor changed to pink. The photPmetric resulis are not report=-
ed for those cases where breaks were found, the results being

those found by the iodometric method.
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Our results fall into five groups. In the first, called
Group I, the concentrations of potaéssium permanganate and sul-
furic acid were maintained constant and the concentration of
glycol was varied. The results of the various experiments are
shown in Tables 1 to 14, inclusive. (In all these tables
photelometric results are indicated by "100-Rdg." as the head-
ing of the second columm. Todometric results are indicated by
the heading "cc. Nazszos'.) The results are shown graphically
in Figs. 1y 2 and 3.

In Group II the concentrations of potassium permanganate
and of glycol were maintained comstant and the concentration of
sulfuric acid was varied, The results are given in Tables 15
to 28 inclusive. They are also shown graphically in Figs, 4,

5 and 6.

In Group III the concentrations of sulfuriec acid and glycol
were maintained constant and the concentration of permanganate
was varied,. The results are given in Tables 29 to 40 inclu-
sive. They are also shown graphically in Figs. 7 and 8e _

In Group IV the concentrations of the sulfuric acidy glycol,
and potassium permanganate were held constant, and the concen-
tration of manganese sulfate varied. This was for the purpose
of determining the results of added divalent manganese. The re-
sults are given in Tables 40 to 43 inclusive. They are shown
graphically in Fig. 17. _

In Group V the concentrations of the glycol, potassium per-
manganate, sulfuric and manganese aulfatg are held constant and

the concentration of potassium fluoride varieds The fluoride
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ion was added so as to study its effect upon the reactions in
which manganese sulfate wes added. The fesults are given in
tables 43 to 46 inclusive, They are shown graphically in Fig,.
17.

Heactions which were followed by the iodometric method are
designated by # in table 47. |

Experimental data are reported on the following pagese.



DATA :
1 25.0%

Group I - TABLE

0,00066 mols
0,675 mols
0.0024 mols

Time in Min.

QUM HO

: TABLE
0.,00066 mols
0.675 mols
0.00IBO_mnla

Time in Min,

VOO NHO

Klno; per liter
H_30, per liter
g&ycﬁl per liter

lOO?Bdgu

48,5
3640
26.0
18.5
12.5

8.5

4.7

2 - 25.,0%

_Conc.'

0.,000660
0.000340
0.,000195
0.000120
0.,000070
0.000040
0.000020

Kl!no4 per liter
HESO per liter
g ycﬁl per liter

1G0-Rdg.
48.5

_Conc.

0.000660
0.000430
0.000280
0.000190
0.000135
0.000085
0,000055
0.000030
0.000020
0.000015

12



- TABLE 3

o
© 25,0 C

0.00066 Mols KMnO per liter

0.675 Mols H_S04 per liter
0,01200 lols GFyebl per liter
Time in Min, C.Ce 13328205 _Gom_s.
0 16.50 0.000660
1 13.15 0.000525
2 9430 0.000370
3 675 0.000270
4 5.10 0.000210
5 585 0.000155
6 3.20 0.000130
7 230 0.,000093
8 1.70 0,000070
9 1.20 0.,000050
10 0.80 0.000035
12 0.30 0,000015
)
TABLE 4 25,0 C
0,00066 lols KNBO4 per liter
0.675 Mols H230 per liter
0.0060 lols2Gl¥eol per liter
Time in Min,. CeCe NWa,5,0, Conc.
0 16.50 0.000660
1 14,30 0.000570
2 12.40 0.,000495
4 9.50 0,000480
6 725 0,000290
8 5.70 0.000230
10 4,62 0.000186
12 3.920 0.,000155
14 3420 0,000130"
16 2.70 0.000110
18 2¢35 0.000095
20 2.04 0.000078
22 1.60 0.000065
24 1.30 0.000055

13
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Time

TABLE 5

0 00@66 Mols £Mn0 per llter

0.675  lols
0.00300 lols

in ¥in,. C

T%bLu 6
O ODOGG Mols
0,675 Hels
0'. 02400 .LLOls

in Iin.

Gl RIS D

o
25 .0 C
H_S0% per liter
G¥ yc%l per liter
Ca laa 20 f-??@?f;
16.50 0.000660
15.30 0.000610
14,00 0.000560
12,93 0.00051%
12,00 0.,000480
10,590 0.000420
. 9,65 0.000085
8.75 0,000398
793 0000317
.30 0« 000CESD
- 64,60 0.000265
5,90 0,000235
5.40 0.000815
4, 9~ 0,000198
30.0 C
Kﬂn04 yex-liter
H 307 per liter
GE yc%l per liter
10093dg‘ ) Conc.
48 .5 0 O@Obﬁ
3445 0.000315
21le7 0.000150
12.0 0.000065"
5.5 0.000030
34D

0.000015

14



Time

Time

|

TABLE 7 - 30.0°C

0.00066 Mols KinO, per liter

0.675 llols per ti

0,01800 Mols Glycol per liter

in Min,  100-Rdg.

48,5
38,8
2845
19.5
12.5

8.2

4.5

o NMHO

TABLE & 30.0°C

Cone,

0.00066

0.00040

0.000225
04000130
0.000070
0.000040
0.000020

0.00066 Hols KHnO4 per liter
0.675 liols Hgso per liter
G

0.01200 liols

in Min, 100-Rdg.

48,50
41,50
34,50
26.50
21.20
16430
13,00
9,00
6450
3.50
2,50

COMINMBUNHO

yeal per liter

Conce.

0.00066

0,000465
0.000315
0.000200
0.000145
0.,000100
0.000067
0.000045
0.0000350
0.,00001.9
0.000015

15



TABLE 9 30.0°¢C

0.00066 lols KinO,6 per liter

0.675 Mols H,_S0% per liter
0.00600 Mols GIyc8l per liter

Time in Min, CeCu 1'4[11.28212?3 Cone.
0 16.50 0.00066
1 13,75 0.00055
2 11.50 0.00046
4 7.50 0.00030
6 5.35 0.000215
8 4,10 0.000165
10 3410 0.000125
12 2.35 0,000095
14 1.70 0.000070
16 1.30 0.000055
18 0.95 0.000040
o
TABLE 10 3040 C

0.00066 liols Xm0, per liter

0.675 lols H, 850, per liter

0.00300 Mols GEfyebl per liter

Time in Min. Cely NS0 k Con&-
MCHE O BE

0 16450 000066 -
1 14,50 0.00058"
2 13,15 0.000525
4 10.50 0.000420
6 9.83 0.000353
8 7.80 0.000312
10 6475 0.000270
12 6.00 0.000240
14 5.25 0.000210
16 4,65 0.000186
18 4.10 0.000165

16
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Time in

Time in

=2

Conga

0.000868

0,000145
0.000075
0,000030
0.000010

W RO

s e o . <
TABLE 1% 8.0 0

0,00088 tols Einﬁi ner liter
04679  Lols Ho30" per liter
GeULE00 Lols (U vcﬁ per liter

Tine 100=~Rigs Cone.

48,5 0, 000860
L1 48 0000460
2845 0.000225
19406 0000125
lﬁya 0. 000075

5B 0000023

~3 O W AR WD

3ol
Zeb ' €.000010
o
TABIE 13 35,0 €

Qﬁﬁeaﬁﬁ Yeols hLﬂ0ﬁ per liter
«E75  Tlele H_S0) wmer liter

3

{,.uaﬁoe Yols &”wc%ﬁ per liter
i, Cole ¥e, 3,0, Cones

16450 0.000880
12450 0.000500
G 00 0.000380
6490 0.000275
5460 0.000225
44 G0 0.000185
3455 0.000155
Zedd 0.000100
04000075

b 05 M £ B b 0D

foud
b
»

0 shs
S
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TABLE 14 = 35.0°C
0,00066 Mols KHn04 per liter
0,675 HMols H_SO, per liter
0.00300 Mols GTycbl per liter
T:I.me in Hino Ccco Nazszoa Concw
0 16.50 0.000660
1 13.75 0.000550
2 11.90 0.000475
3 10.50 0,000420
4 9.50 0.000380
5 8465 0.000345
7 7450 0.000300
9 6.40 0.000255
11 5423 0.000210
(5]
Group II TABLE 15 25.0 C
0.00066 Mols KiMnO_ per liter
0.675 llols H, S0} per liter
0.01200 Mols GIyeel per liter
Time in Min, 100~-Rdg. Conc.
0 48.5 0.000660
1 34,4 0.000310
2 27.0 0.000205
3 20.0 0.000135
4 13.7 0.000080
5 10.0 0000050
6 645 0,000030
25.0°¢C

TABIE 16

0.00066 Mols KilnO per liter

0.858

0.01200 Mols G

Time in Min.

Gk UANMHO

100-Rdg.

0.000660
0000500
0000300
0,000195
0.000138
0.000095
0.,000063
0.000044
0,000030

Mols H?§04 per liter
c6l per liter

Conc.

18



Time

Time

0,00066 Mols XinOg per liter

0.675 HQSO per liter

TABLE 17

Hols

25,0

0.,0120 Mols Glyeel per liter
in Min

WOOLDOIGULLINMHO

b

0.00066 Mols KinOy per liter
Mols H2304 per liter
0.0120 Mols Glyecol per liter

0.558

TABLE 18

in Min.

e
WHOOOMIOUBUNHO

e
OOV

C.Ce K&gSEOz,

135.15
9430
6.75
5.10
3.85
5420
2.30
1.70
1.20
0.80
030

25,09C

100~ Rdg.

4845
44,7
41.2
5840
35.5
32.0
28.5

Conc.

0,000660
0.,000525
0,000370
0.000270
0.000210
0.000155
0,000130
0.000093
0.000070
0.000050
0.000035
0.000015

GO'BGQ

0. 00@660
0.000550
0.,000460
0.000385
0.000330
0.000275
0.,000225
€.000185
0.000150
0.000121
0.000100
0.000085
0.000070
0.000057
0.,000049
0.,000042
0.000040

19



0.00066 lols KBn04 per liter

0.@19 liols Ho80,4 per liter
0.0120 MNols Giycol per liter
Time in Min, CsCe HagSg%

0 16,50

1 15,00

2 13,50

4 11.52

3 9.18

8 72D

10 6.10

12 5.30

14 4,72

16 4,45

18 m4,05

20 3.70

22 3.35

24 3.00

0.00066 Mols KMnO4 per liter
8504 per liter

0,945

TABLE 19

25,0°C

TABLE 20 30,0°C

lols

0.0120 Nols

Time in Min.

ot HO

6%yes

Conc.

0000660
0.000600
0.,000540
0.000440
0.000365
0.,000290
0.000244
0,000212
0.000190
0.,000177
0.000163
0.000150
0.000135
0.000120

ycol per liter

0@309

0.000660
0.000310
0.,000080
0.000040
0.000020
0,000010
0.,000007
0,000005
0.,000003

20



_ TABLE 21  30.0°C
0.00066 liols KiinOs per liter
0.848 lMols Hp30, per liter
0.0120 Mols Glycol per liter

Time in Min, 100-Rdge. Conce.

0 48,5 04000660
1 59,0 0.000405
2 92.2 0.000277
3 24,0 0.,000175
4 15.0 0.000090
5 9.0 0,000045
7 4.5 0.000020
9 245 0.000010

TABLE 22 30,09
0.00066 Mols KinO, per liter
0.675 lMols HpS0, per liter
0.0120 lols Glyecol per liter

Time in Yin, 100=-Rdg. Conce.

0 48,5 0.000660
- | 41.5 0.000465
2 3445 0.000315
3 2645 0,000200
4 21,2 0.000145
5 16.3 0.000100
6 9.0 0.000045
" 6.5 0.000030
8 3.5 0.000019
9 2.5 0.000015
10 1.7 0,000012



o mABIE 23 - 30.0°C

0400066
0.558

Yols Xiln0 K per liter
lols HgSQ4 per liter

10.01200 lols GIychl per Liter

Time in in. c

O3RN KO

Pl

0.00066
PR NRY
0,01200Q

Time in

ot
R B UG- O

0.00086
0.838

TABLE 24

it

TABLE 25

Hols

«Co Ha 8
T

1650
13.00
10.00
7470
6400
44,60
2e770
1.60

0

23

0.95

GConc.

0.060660
0.000520
0. 000400
0.000312
04000840
0.000185
0.000110
0.000065
0.0060040

z0.0°¢

Tipme i

0.01200

LA D=t €

e

CeCa ¥a

o)

K]

it 3
2

U

O3

Molsg KiinQ per liter
Mols H S04 per liter
Hols GEychl per liter

Cone.

0,000660
0.000585
0.000515
0.000450
0.000400
0.000350
0.,000275
0,000225
0.000180
0,000150

Mols KinO per liter
Mols H_S0% per liter

Gﬁycﬁl.per liter

100-Rdg.,

48,5
30,5
16.2

842

L R

o

'*Conc;'

2,0000550
0,000250
0,000100
0.000040

. 0.000015%



Time

Time

Time

| TABLE 26 -
0.00066 4
0.678  Mols H_,80
0.01200 Hols GEyebl per 1i

in iiin, 100«Rdg.

48,5
372
2029
18,5
12,5
B.2
5.8

RS AP O

. I
TABIE 27 35,0 C

0.00066 Hols Kn0, per 1lit
0.553  lols I S0

lols GEycbl per 1i

G

1 ,
2 8.5
3 5,75
4 5475
B 270
8 CBL,00
7 1.3
8 .95
9 0460

TABLE 28

0,00066 Hols Km0, per it

0.419  Iols H,S0, per 1it
0.01200 Mols GTycdi per 1i

in ®Hine. C.C*hgazﬂgﬂﬁ
16.50
13450
11.03
8.90
gt
5,90
5.00
L B0
5460
3.10
ZadB

=
HOD-JO WSRO

35,0°C -

Hols HKnG ;. per liter
per 1it

exr
ter

0.000660
0.0C0385
0.,000200
0,000120
0500070
0.006040
0, 0006ES

Q\)

er

per liter

ter
c@ﬂc.

0.000660
0.000465
0.000350
0.000230
0.000155
0.00011C
04060080
0.000055
0.000040
0.,000025

NSy

55.0°C

er
er
ter

- Conece

0.,000660
0.,000540
0.000440
- 0.000355
. 0.000280
. 0.000237
0.000200
0..000170
0.000145
0,000125
0,000095

o



0
Group III TABLE 29 25.0 C
0.000165 lols KMn04 per liter
0.558 liols H_S80, per liter
0.01200 Mols Gl¥cof per liter
Time in Min. 100-Rdge. Conc.
0 2340 0,000165
1 2043 0.,000137
2 18.0 0.000115
3 15,8 0.000095
4 13.7 0.000080
5 1z.2 0.000087
6 10,5 0,000055
4 9,3 0.,000047
8 8.2 0,000040
9 7e5 0,000035
10 640 0,000027
11 5.0 0.000022
12 4,5 0.000020
TABLE 30

000033 lols KHnO4 per liter

0558

Time in lin.

VO RDHO

10

Mols H_S0
0401200 lols Gfycél

100-3(18.

3545
31.%2
28 .0
25,0
22.5
19.7
17.5
15.3
13,5
11.2
10.0
8.6
746

per liter
per liter

© Conea’
0.000330
0.000262
0.000220
0.000185
0.000157
0.000132
04000110
0.000092
0.000075
0.000060
0.000050
0.000042
0.000035
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"TABLE 31

0.00066 llols KiMnQO per liter
0.558 lols H_350% per liter

0.01200 Mols G¥ychl per liter
Time in Min, 100~Rdga. Conc,
0 48,5 0.000660
1 44,7 0.000550
2 41.2 0.000460
3 38,0 0.000385
4 35.5 0.000330
5 32,0 0.000275
6 28,5 0.000225
7 25,0 0.000185
8 21.7 0,000150
9 17.6 0,000121
10 16.2 0.000100
11 14.5 9.000085
12 12.5 0.000070
13 10.7 0000057
14 9.7 0000049
15 9,0 0,000042
16 8.2 0,000040
¢}
TABLE 32 25,0 C

0.00099 liols KMnO per liter

0.558 lols H_S0%4 per liter

0.01200 liols G¥yehi per liter
Time in Min. 100-Rdg. © Cones’
0 58,5 0.000990
1 5345 0.000832
2 49.5 0.000690
3 45,8 0.000580
4 41.8 0.000475
5 38,7 0.000400
6 35,5 0.000330
7 32,3 0.000280
8 28.8 0.000230
9 26.0 0.000195
10 22.5 0,000160
12 17.5 0.000110
14 13,3 0.000075
16 10,5 0.000055
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Time

=

|

30.0°C

TABLE 33
0.000165 lols Km0, per liter
0.558 liols HgSO per liter
0.01200 Mols G¥yc8l per liter
in Hi Ne IOO*RdE. Cone .
0 23,0 0.000165
1 19.0 0.000125
2 15.8 0.000095
3 13,2 0.000075
4 11.2 04000060
5 8.5 0.000042
6 7.5 0.000035
9 5o 04000025
8 4,5 04000020
9 3.5 0,000015
0 24 0.000010
TABLE 34  30.0C
0,00033 Mols Kin0O,6 per liter
0.558  Mols H,507 per liter
0.01200 Mols G¥fycol per liter
in Min. 100~Rdge ‘Cone.
0 35,5 0.000330
1 31.4 0.000265
2 2645 0.000200
3 22,1 0,000155
4 18.5 0.000120
5 15.2 0,000092
6 13.2 0.000075
7 10.8 0.000057
8 9.0 0.000045
9 7.0 0.000033
0 547 0.000025
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TABLE 35

30.0°C

0,00066 Mols XMnO, per liter

0558

0.01200 liols
Time in Mine

SOOI HO

-

TABLE 36

Mols

P

CeCe Na, 3203

per liter
1 per liter

2

16,50
13400
10400
7«70
6400
4,60
5470
~«70
1.60
0.95

30.0°C

0.,00099 lols KMnO per liter

0,558

0.01200 lols GEyebl
Time in Min.

o2V HO

llols H_SO

4

per liter
perlliter

100<Rdg.

98,5
52845
46,3
42,0
375
5540
2840
2340
2062
1749
14,7
12.2
10.0

Conce.

0.,000660
0.000520
0,000400
0.000312
0.000240
0.000185
0.,000142
0.,000110
0.000065
0.000040

Conc.

0000990
0.000794
04000595
0.000480

0.,000870
04000290

0.000220
0.,000170
0.0001355
0.,000110
0.000086
0.000067
0.000050
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Time

Time

il
TABLE 37 35.0 C

0.000165 Mols EHh04 per liter
0.558 Mols H_S0 per liter
0.01200 iols GEychl per liter

in Min, 100-Rdge. : Conce

0 23,0 0.000165
1840 04000115
2 13.8 0000080
3 1043 0000053
4 8.2 0.000040
5 5.8 0,000025
6 4,3 0.,000018

TABLE 38 35.0° ¢

0.00033 Mols KMn0, per liter
0.558 1Mols H SO per liter
0.01200 Mols GEychl per liter

in ¥in, 100=-Rdg. Concgc.

0 35,5 0.000330
1 29.2 04000235
2 2246 0.000160
3 17.0 0,000105
4 15.8 0.000080
5 10.5 0.000055
6 8.0 0.,000038
7 6a4 0.000029
8 4,5 04000020

0
TABLE 39 35,0 C

0.00066 Mols Kl!no4 per liter
0,558 Mels H_S0, per liter
0.01200 Mols GZyebl per liter

in Mine C.C.'Ha.gszo5 Conce

0 16450 0.000660
11.65 0.000465
2 8475 0.,000350
3 5,75 0.000230
4 3.75 0.000155
5 2.70 0.,000110
[ 2.00 0.000080
7 1.30 0.,000055
L’ 0460 0.000025



TABLE 40  35.0°C
0.00099 lMols XMnOg4 per liter
0.558 lols HpS0, per liter
0.0120 Mols Glycol per litexr

Time in Min, 100-Rdg. Conce

0 58,5 04000990
1 49.6 0.000692
2 45.6 0.000575
3 3746 0.000375
4 28.9 0.000230
5 R1.7 0.000150
6 17.5 0,000110
¥ 13,5 0.000076
8 10.5 0.000055

Group IV TABLE 41 25.09C

0,00066 liols KilnOy per liter
0.675 lMols HpS504 per liter
0.0060 1liels Glyecol per liter
0,0033 Hols lnS04 per liter

Time in lin CeC. MapSpoy Cong.
0 16.50 0000660
1 15,00 0,000599
2 13.45 0.,000537
3 12,12 0,000484
4 11.50 0,000459
5 10,90 04000435
6 10.52 0.000412
7 9475 0.000389
8 .20 04000367

TABLE 42 - 25.0%C

0.00066 Mols Kﬂh04 per liter
0.575 lMols 80, per liter
0.00600 Mols GYyed1 per liter
0.00660 Mols Hh304 per liter

m T4 o

Time in Min, c.c._ﬂa2b203 Conc.
0 16,50 0.000660
1 15,50 0.000619
2 14,40 0.000575
3 13.75 0,000549
4 13,15 0.000525
5 12,50 0,000500
6 11,95 0.000478



42 Continued

11.53 0.000460

7
8 11.00 0.000400
TABLE 43 25.0°C

0,00066 Mols KiinO4 per liter
0.675 llols Hp304 per liter
0.,0060 Mols Glyeol per liter
0.000165 Mols MnS04 per liter

Time in Min. C.C. HapSg04 Conc.
0 16.50 0.000660
1 15.40 0.000575
o h 12.87 0.000513
3 11.30 0.000450
4 10.10 0.,000403
5 .25 04000367
6 8447 0.000338
7 7.82 0,000312
8 7«14 0,000285
Group V TABLE 44 25,09C

0.,00066 Mols KMnO4 per liter
0,675 Wols HgS04 per liter
0.0060 liols Glycol per liter
0.0033 Mols MnSO4 per liter
0.0065 lols KF per liter

Time in llin, C.Ce NapsSs0y Conc.
0 16.50 0.000660
1 14,75 0,000588
2 13,60 0,000522
3 11.57 0,000462
4 10,20 0.000407
5 9.53 C.000580
6 8475 04000350
7 8,00 0,000320
8 740 0,000295
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TABLE 45

25,0%

0,00066 Hols KlMnQO4 per liter
Mols HoS04 per liter
Mols Glycol per lLiter
Mols MnSO4 per liter
liols KF per liter

0.675

0.0060
0.0033
0.0230

Time in Min.

O3RN MHO

16.50
14,40
12,55
11.12
9.75
8,45
757
6.90
6.30

TABLE 46

C.Ce FapSp03

25,0°C

0.,00066 lols Kin0O4 per liter
lols HpS04 per liter

0.675

0.0060
0,00353
0.0260

Time in Hin,

[

owhaoaUudUANMHO

lols G

col per liter

llols InS04 per liter

liols KF per liter

164,50
14,60
11.95
10.21
8.70
630
5.35
4,55
4,05
Se62

CaCs Na.23205

Cone.

0.000660
0.000575
0.000501
0.000444
0.000389
0.000338
0.000302
G4.000275
0.000251

Conce.

0,000660
0.000562
0.000478
0.000407
0.000346
0.000295
04000251
0.000214

. 0.000182

0.,000162
0.000146

31
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TABLE 47 .
Group I 25,0 C
No. KMnO4 H2804 Glycol Rate 1 Rate & Break
1 0.00066 0,675 0.0240 «00970 none none
2 " " 0.0180 « 00670 none none
#3 " " 0.0120 .00468 none none
#4 » » 0.0060 «00237 L00150 6 min.
#5 " el 00,0030 _ « 00138 ,L,00076 5 min.
30,0°C
6 0,60066 0.675 0.0240 «013550 none none
7 - - 0.0120 +00930 none none
8 " " 0.0120 «00650 none none
ﬁg . . 0.0080 «00337 L00210 S min.
#10 . . 0.0030 ~ «00194 ,00106 4 min,
35,0°C
11 0.,00066 0.675 0.0180 «01350 none none
12 » " 0.0120 «00930 none none
#13 " . 0,0060 ,00486 ,00280 min.
#14 " " 0.0030 ,00270 ,00148 ming
)
Group II 25,0 C
15 0,00066 0.945 0.0120 «00890 none none
16 " 0.837 00,0120 +00680 none none
17 " 0.675 . « 00468 none none
18 " 0,558 " « 00307 none none
#19 " 0,419 P «00173 L00096 94 min.
; 30.0’0_
20 0,00066 0,945 0.0120 « 01250 none none
21 " 0.838 " «00946 none none
22 w 0.675 " « 00650 none none
o3 2 0.558 . .00422 none none
o4 " 0.419 " »00241 ,00135 7 min.
35.5‘0_
25 0.,00066 0,838 0.0120 «01380 none none
26 » 0.675 0.0120 « 00830 none none
A ' 0.558 " «00595 none none

51



No. th04 H SO4 Glycol Rate l Rate 2 Break
< Group III 25.0°C

29 0,000165 0.558 0,0120 ,00290 none none
30 0,000330 . L «00300 none none
31 0,0006860 » . « 00307 none none
32 0.,000990 " » « 00288 none none
30.0°C
33 0,000165 0,558 0,0120 ,L00435 none none
34 0,000330 ® . « 00420 none none
35 0,000660 L " « 00422 none none
96 0,000990 " " +00399 none none
3540°C
37 0,000165 0,558 0.0120 400610 none none
38 0.,000330 " ” « 00614 none none
39 0,000660 o » «00614 none none
40 0.000820 " b «00615 none none

Mn50 _KF
Group IV  25,0°C

#4l 0.00066 0,675 040060 <00176 ,000968 3 min. 0033 0
#42 » " " 00116 ,00081 2 min, .0066 O

#43 " " " 00206 .00144 4 min., .00165 O
Group V. 25.0°C '

#44 0,00065 0,675 0.0060 00200 00140 4 min. 0033 .0065
#45 " " " .00224 ,00152 gz min. " L0150
#46 " " s «00272 00190 min, » 0260




TABLE. 48

ENERGY OF ACTIVATION
This is shown on graph 19a page 58

Reaction No. Energy of Activation
(2) 1 and 6 11810 calories
(b) 25 7 and 11 12120 "
(e) 3, 7 and 12 12480 "
(e) 45 9 and 13 13050 "
g) 55 10 and 14 12200 o
() 25.2nd 20 12860 "
(e) 16, 21 and 25 - 12480 .
(d) 17 22 and 26 12030 .
(f) 18, 23 and 27 12550 o
(d) 19, 24 and 28 13520 v
(@) 29, 33 and 37 13020 "
(d) 30, 34 and 38 12630 "
(d) 31, 35 and 39 13790 .
(a) 32, 36 and 40 13790 »

Average 12795 "



DISCUSSION AND CGNCLUSIONS.
In studies of kinetics rﬁac?ions of the first order are

i |
found to be common, reaction31of)%he second order numerous,

reactions of the third order rar;%and reactions of higher
orders are not found. Most reant s do not follow any of the
simple formulas, and are not simple\ ﬁgst or second or third
order reactions. Frequently & reacﬁimﬁ{?i;l follow one order
of reaction at first and then will ggadua change to a re-
action of another order. Among tﬁﬁfWQgLPFs\complications are
counter reactions, side reaction34and chaecutive reactions.

If the reaction is of the rirbt oﬁder the graph obtained
when the log,y of the concentration~13’pl$t ed against time is
a straight line. It was found thﬁttmheﬁ ldglo of the concen-
tration was plotted against time §¢r theae reactions that they
were all of the first order. Thiﬂ may be saen to be trua\from A
Figs. 9, 10, 11, 12, 1l2a, 14, 15 aud 16. Howewen, % will e
noticed that in some of the reactians there is a break»in ﬂ?e 2
straight line. This break indicﬂtes that ‘there is a change in:
the reaction rate. These breaks“were found to occur in feactiona
where the concentrations of the glyeol and acid were lowest, %he
concentration of the glycol beiné 0.003 mdlar and 0.006 molar, -
respectively, and 0.4188 molar in:the case of the acid. This
break may possibly be due to the fact that glycol has undergone
one stage in oxidation and that a new oxidation stage 15\;gtting
in. It was noticed that in the neighborhood of thése bre&;s there

was a color change from purple to pink. It will b@frecalléﬂ that
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Launer and Yost obtained & change in color such as this when
they oxidized oxalic acid with potassium permanganate in the
presence of sulfuric acid.

Referring to Table 47, it is seen that, in group I, which
has to do with the variation of glycol while the concentrations
of acid and permanganate were held constant, the rate of the
reaction doubled when the temperature was increased from 25°
to 35°, It was multiplied by 1.4 when the temperature was
increased from 25° to 30°. The rate was also doubled when
the concentration of the glycol was doubled.

In group II the concentration of the potassium permanganate
and glycol was held constant and the concentration of sulfuric
acid varied. Vhen the concentration of the acid was doubled
the reaction rate was quadrupled. When the temperature was
increased from 25° to 30° C, the rate was multiplied by 1.4,
and when the temperature was increased from 25° to 35° the rate
was multiplied by 2.

Group III shows the results obtained when the concentrations
of potassium permanganate were varied and the concentrations of
the glycol and acid were held constant, It was found that the
reaction rate was not influenced by the change in concentration
of the permanganate. However, it was found that the temper-
ature coefficient was the same as found in the sases where the
concentrations of acid and of glycol, respectively, were varied.

These results seem to indicate that the reaction rate may

be expressed by the eguation:



de 2
— = E(Glycol) (3239‘)
dt
The oxidizing agent, whatever it may be, is apparently present
at all times in constant amount; for the rate is independent
of its concentration,

Heaction rates may be found, if the reaction is of the first
ordery by plotting ‘l'slec ageinst time, taking the glope and
multiplying by Z2¢303¢ They may also be found by substituting
in the eguation

243503 a
Ea leg .. (1)
%t BmX

Both methods were used and the wvalues agreed very closelys

Agcording to present theoriess it is necessary for mole-
cules to become activated before they can react, If all mole-
cules were equally active, it would be difficult to account for
slow reactions. Heacting molecules must sbsorb definite quanti-
ties of energy to become #etim The energy of setivation is,
then, the quantity of energy that must be absorbed before reac-
tion can toke places The energles of activation were calcuw~
lated from the reaction rates with the aid of squation

- k, B (T-Ty)

10 (2)

i

kl 2.303 *R !’2 fl
where k8 and kl are the reaction rates at the temperatures
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Té and Ti. E the energy of activations, and R the gas constant.-

Figure 1%a shows the straight line plots of the same slope
when 1og;, K, the reaction rate, was plotted against 1/T where
T is the absolu;e temperatures. The slopes of these curves when
multiplied by 2,303 also give the energy of activation. The
average value by both methods is 12795calories. This seems to
show that all reactions studied ﬁars of the same essential
nature.

Figure 19b shows essentially the same thing as does Figure
19%a. In Figure 19b the slopes of the lines are the same as in
Figure 1%a. This shows that the energy of activation of the
reaction going forward after the occurrence of the break is the
same as before the break, Calculation by equation 2 also shows
this to be true,

Set IV ghows the effect of adding unso4 te the reaction
mixture., When this was done, the reasction rate decreased when
compared to eogresponding reactions when the Hh304 was absent,
This seems to show that the trivalent lin ion is not active in
this particular reaction, for addition of 1n*" should promote its
formation, When a solution of KF was added te a mixture con-
taining glycol, permanganate, acid, and EnSGi gorresponding to the
above reaction, the rate was increased thuugh still not to that
which was found in the absence of both salts. The addition of XF
to the reaction seems to undo to some extent the effect of added

Hh304. Further experiments are necessary before these data can



A

be interpreted. These effecis are shown graphically in Figures

oy

17 znd 138 ag well as in the itsbulated results.
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SULLIARY -

o]

it has been found thet the veaction betlween glycol and.

&

potegsium permenganate in the presewvcee of sulfuriec zcld is &

|26

irst order veaction. The reaction rates were calculated and

[

it wae found that when the concentration of the glycol is
doubled, the rezclion rate is doubled, When the concentration
of the acid is doubled, the rate is quadrupled. The raie is
independent of the councentration of potassium permangansie.
This seems to indicate that the rate of the reuction is ex-
pressible by the diffsrential equation

de .2
- E(6lycol) (ﬁgsoz,)

dat
. : . ‘ O = »
It was found thaet vhen there is & 10 € rise in tewpera-

tureythe rale is doubled., ITo some of the znactiong where the
concentration of the glycol or mcid was the lowest, the reagpion
went forward at oune rate but changed to a slower rate ouly 0.6
times as fast.' The energy of &c?ivation waﬁvcalculated &nd
found to be 12,795 £452 calories. - This seems to indicate that
cssentially the same reaction occurs in.all the cases gtudied.
Addition of MnSOA decreanes the rate of oxiduti@m,-cqntraryr%e»
+++ .
whet would be expected 1¥ Iin is the oxidizing agenta - Addition
of EF iu the presence of ﬁnSOé causes on incrasge in- the. rats
of r@&ctiong though it ig still slower than in the abaence of- -

these zalts. Our experiments are too few to permit. the drewdng

of any conclusicns as to the actual mechanism of the Treaciliou.

[}
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