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1. On the Reaction of Permanganic and Oxalic Acids.

WHEN any substances are brought together under circumstances under which they act
chemically one upon another, a change takes place which consists in the disappearance
of a part of the original substances and the appearance of an equal weight of other sub-
stances in their place. This change continues, if the circumstances remain the same, until
the whole of one of the substances taking part in it has disappeared. Its total amount
is therefore ultimately determined by the amount of that substance which was originally
present in the smallest proportional quantity. The attainment of this limit, as will be
shown, requires theoretically an infinite time, but the velocity of chemical change is so
great that the practical limit of an inappreciable residue is in most cases speedily reached.
Owing perhaps to this fact, chemists have been led to bestow their chief attention upon
the result, and not upon the course of these changes. Occupied in investigating the
relation between the reagents and the ultimate products of a reaction, and studying the
chemical and physical properties of the thousand different substances thus produced, they
are accustomed to regard the various conditions under which every chemical change takes
place, and by which its amount is determined, chiefly as means to an end, as points to be
attended to in a receipt for preparing one substance from another. |

The object of the investigation which the authors have the honour of laying before
the Royal Society in the following pages, has been to estimate quantitatively the relation
of chemical change to some of these conditions. 'With this view they have selected for
examination cases in which the change appeared to be of a simple character, and the
conditions affecting it few in number, and capable of being defined. '

Although unquestionably every chemical reaction is governed by certain general laws
relating to the quantity of the substances partaking in it, their temperature and physical
state, and the time during which they are in contact, yet the number of cases in which
the investigation of these is practicable is extremely limited. In the first place, it must

* The experimental inquiries recorded in this paper were chiefly Mr. Harcourr’s, the mathematioal discus-
sion is Mr. Esson’s.
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194 MESSRS. A. V. HARCOURT AND W. ESSON ON THE LAWS OF CONNEXION

be possible both to start and terminate the reaction abruptly at a given moment. In
the next, either some product or some residue of the action must be a substance for whose
estimation exact and ready methods are known, that so the amount of change may be
quantitatively determined. Lastly,all the conditions of the reaction must be measurable,
or at least definable, and some of them susceptible of modification at will, that thus the
influence of each may be examined.

The first reaction chosen by us for investigation was that of permanganic acid upon
oxalic acid. It is well known that when a solution of potassic permanganate is added
to a solution containing oxalic acid and sulphuric acid, its red colour gradually disap-
pears, owing to the reduction of the permanganic acid. The final result of the change is
thus represented :

K, Mn, O4+3H,S0O,+5H,C,0,=K,80,42MnS O,+10C O,+8H, O.

This reaction occurs at a temperature which is easily kept constant and can be exactly
measured. It occupies, under duly arranged conditions, a convenient interval of time.
The reagents and the products of the reaction are all soluble, and thus the system can
quickly be made and will remain homogeneous. The reagents are readily obtained in a
state of purity, and divided and measured as liquids. The reaction can be stopped
abruptly, and the residual permanganic acid estimated, by adding to the solution potassic
iodide and determining volumetrically the amount of iodine liberated. Lastly, no varia-
tion of light, such as occurred in the course of experimenting*, or of atmospheric pressure,
or of any other condition besides those that have been named, affects the result. But
the action is not chemically simple. The various complications which it exhibits will
be discussed as they are revealed by successive experiments. One of these occasions the
well-known change of colour from red to brown, which the liquid undergoes as the
action proceeds. 'The manganous sulphate which is formed by the reduction of the higher
oxide reacts upon the remaining permanganic acid, producing one or more intermediate
oxides which combine with oxalic acid. And since the formation and reaction of man-
ganous sulphate could not be avoided, it became necessary to include this salt among the
reagents, the effect of whose variation was to be determined.

A. Variation of Sulphuric Acid.

The following experiments were made in order to discover the variation in the amount
of chemical change due to a variation in the amount of sulphuric acid, the other condi-
tions of the reaction being kept constant. In every experiment the solution contained
K, Mn, Oy, ¢. 6., 316-2 parts of permanganate of potassium, §H, C, O,, and 2Mn S O,.
The absolute weight of potassic permanganate used in each experiment was *014 gramme,
the volume of the solution was 330 cub. centims., its temperature 16° C., and the time
allowed to elapse between the mixture of the ingredients and the termination of the
action was four minutes. The action was terminated by the sudden addition of an excess

# Direct sunlight produces a great acceleration.
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~of potassic iodide, by which the remaining permanganate is instantaneously reduced. The
amount of iodine set free, which had previously been proved to furnish an exact measure

of the permanganate, was finally determined by means of a standard solution of sodie
hyposulphite.

Tasre 1.
K, Mn, O;,+5H,C,0,4+2MnSO,+2H,SO,.

Volume of solution 830 cub. centims. Temperature 16°C. Time 4 mins.

. 2. 3. 4.
Molecules of . .
sulphuric ssa,cid. Cub. centims. of hyposulphite o}zli)gil‘z(isxr;mr%:igﬁe. chr;ﬁgg:fa(; ix?;e.
z used. . 100~g.
(1) (2)
2 284 284 782 218
4 2345 2305 640 36-0
6 179 17:55 489 : 511
8 13 185 36°5 635
10 103 ...l 284 71.6
12 825 82 22:6 774
14 64 64 176 82-4
16 525 51 14-3 857
22 28 ... 77 92:3 -

‘When no oxalic acid was taken and the whole amount of permanganate was repre-
sented by its equivalent of iodine, there were used to decolorize the solution 36:3 cub.
centims. of hyposulphite.

The numbers in column 3 are obtained by making this number 100, and reducing
the mean of those in column 2 to the same scale. It will be seen that the amount of
chemical change occurring within the allotted time increases continually with the
quantity of sulphuric acid in the solution, the effect, however, of successive increments
being less and less. This relation is exhibited by the annexed curve (Plate XVIL. fig. 1).
In spite of the apparent simplicity of the conditions of these experiments and of the
progressive variation introduced, no simple relation could be discovered between the
two series of numbers. It will be shown subsequently, by the light of later experi-
ments, that the relation between them is of a very complex character. Two molecules
of manganous sulphate were added to the mixture, that the rate might not be disturbed
by its gradual formation. The part played by this salt appearing particularly worthy
of investigation, was made the subject of the next series of experiments.

B. Variation of Sulphate of Manganese.

All the conditions adopted in the first series were repeated in this, with the exception
that ten molecules of sulphuric acid were used in each experiment, and the amount of
manganous sulphate was varied.

2€2
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TasLe IL
K, Mn, O4+45H,C, 0,+10H, S O,+2Mn S O,.
Volume of solution 330 cub. centims. Temperature 16° C. Time 4 mins.

1 2. 3. 4.
R . Percentage of Percentage of
Molz%uﬁ:n%t;;:?;%be Cub. centims. of hyposulphite oxidizing r%sidue. chemlcalt?:%mnge
Py used. 7. 100—y.
(1) @
0-0 360 ... 99-2 0-8
025 3526 ... 97°2 2-8
05 345 347 953 47
075 3425 33:95 939 6-1
1-0 327 - 327 903 97
1-25 3136 ... 864 13:6
15 2845 ... 784 216
175 185 200 52-3 477
2:0 10-8 10-9 299 701
2:25 7°45 7°5 206 79°4
25 60 63 1741 829
275 585 575 16+0 840
30 56 565 154 846
40 54 54 149 85°1
50 535 535 147 853
10°0 515 50 14-2 858

It appears from these experiments, the results of which are depicted (Plate XVIL
fig. 2), that the effect of increasing the amount of manganous sulphate in the solution
is to accelerate the action to a small extent only when the quantity added is small, but
rapidly when it exceeds one molecule, until at the point where three molecules are
taken, a rate is attained which is hardly increased by any further addition. This maxi-
mum rate is first reached with that quantity of manganous sulphate which is capable of
reacting with the potassic permanganate to form binoxide of manganese,

K, Mn, Og4-3Mn S O,4-2H,0=K,S 0,+2H, S O0,+45Mn O,.

In the succeeding experiments at least three molecules of manganous sulphate were
always introduced into the solution, that the gradual formation of this salt as the
reduction of the permanganate proceeds might not complicate the result. As to the
manner in which manganous sulphate acts, the gradual changes which took place in the
appearance of the fluid bore conclusive testimony. Though the final result, whenever
not less than three molecules of this salt were present, was nearly the same, the liquid
passed from a pink to a brown colour more rapidly as the quantity was increased, and
with the largest proportion it became first turbid, and then comparatwely clear again,
before the four minutes had elapsed.

C. Variation of Oxalic Acid.

Two series of experiments were made in order to determine the effect of varying the
proportion of oxalic acid which takes part in'the reaction. In one of these only
_potassic permanganate, manganous sulphate, and oxalic acid were employed; in the
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other there was added also a constant quantity of sulphuric acid. To prevent the
action being inconveniently slow, the volume of the solution was reduced to 100 cubic
centimetres. The numerical results are contained in the following Tables, and are
expressed by the curves in Plate XVII. figs. 3 & 4.

TasLe III.
K, Mn, 0;4-3MnSO,42H,C,0,.
‘Volume of solution 100 cub. centims. Temp. 16°C. Time 3 mins.

1. 2. 3. 4.
Molecules of - Cub. centims. of Percentage of Percentage of
oxalic acid. - hyposulphite. oxidizing residue. chemical change.
. P 100—y.
0 363 100:0 0-0
1 2985 82:2 17°8
2 2595 71°5 28'5
3 235 64-7 353
4 2185 60-2 39-8
5 205 56°5 435
6 210 57°9 421
7 2335 64-3 3567
8 31-85 878 12:2
9 334 920 . 80
10 3355 92'4 - 76
11 338 931 69
15 33-85 933 67
20 336 92:6 74
30 335 923 77
50 3195 880 120
100 29+45 81-8 182

TaBLE IV. _
K, Mn, Og+3Mn S O,+15H, S O,+2H,C,O,.
- Volume of solution 100 cub. centims. Temperature 16°C. Time 3 mins.

L A 3. 4,
Molecules of Cub. centims, of Percentage of Percentage of
oxalic acid. hyposulphite. residue. chemical change.
x. v 100—y.
0 36°1 1000 0-0
1 287 79°5 205
2 20-85 577 42-3
3 134 371 629
4 80 222 77-8
5 455 12:6 87-4
6 30 ‘ 83 917
7 55 152 84-8
8 13-85 384 61:6
.9 2655 736 26°4
10 29-95 83-0 17°0
11 31-25 866 134
12 : 31-85 - 882 11-8
15 32:6 90°3 97
20 3295 913 87
30 - 3285 91-0 90
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It will be seen that in both cases the quantity of permanganate reduced in three
minutes increases with the proportion of oxalic acid up to a certain point; it then
diminishes again until another point is reached ; after which further additions of oxalic
acid produce once more a very gradual acceleration. . The first part of this result is
readily intelligible. The rate at which the reduction proceeds is greater with a larger
amount of the reducing agent. But why does a still larger amount produce an oppo-
site effect? The explanation is to be found no doubt in another circumstance by which
this reaction is complicated. ©'When solutions of manganous sulphate and potassic
permanganate are mixed, a precipitate of hydrated manganic binoxide is produced,
which soon separates from the liquid, leaving it colourless if the manganous salt were
in excess*. The presence of a sufficient quantity of oxalic acid prevents this precipi-
tation; a clear brown liquid is formed whose colour very slowly fades, the reduction in
a cold and dilute solution occupying many hours. This solution, like that of cupric
oxide in potash containing a reducing substance, depends no doubt upon a chemical
combination which precedes the mutual action of oxidation and reduction. Probably
the brown liquid contains oxalate of manganic binoxide. In the experiments with
oxalic acid only, the maximum action in three minutes occurs very near that point at
which the amount of oxalic acid present is five molecules, or the quantity which the
measure of permanganic acid can oxidize. If, as the experiments with manganous
sulphate appear to prove, the first stage of the reaction consists in the formation of
manganic binoxide, this maximum action occurs with one molecule of binoxide and one
of oxalic acid. The subsequent minimum again nearly coincides with that point at
which ten molecules of oxalic acid have been added for one of permanganate, or two
for one of binoxide. It was also observed that whenever a less amount than this was
taken, the liquid became turbid, but with this or any larger amount it remained clear.
According to analogy, oxalate of manganic binoxide should have the formula Mn O,
2C, 05, 0r Mn G, Oq.  For its formation two molecules of oxalic acid are required. The
final action, when not less than two molecules of oxalic acid have been taken, may
therefore be thus represented:

(1) MnO,+2H,C,0,=2H,0+MnC, O,.
(2) Mn C, Oy =MnC,0,+2C0,.

The decomposition of this salt takes place more slowly than does the oxidation of oxalic
acid by free binoxide of manganese; it is accelerated by the presence of sulphuric acid,
or of a great excess of oxalic acid.

In the second series of experiments, in which sulphuric acid was introduced, the
amount of action is at first proportional to the amount of oxalic acid taken, for within
the allotted three minutes the whole is oxidized. Afterwards the total reduction
effected within this time is still increased by the addition of a fourth and fifth and

¥ In this case the precipitate consists of 5Mn O,, Mn O0.—Gorexv, ¢ Ann. de Chim. et de Phys.” 3rd series,
vol. Ixvi. p. 153.
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even of a sixth molecule; but the increase is no longer in direct proportion, but in a
less ratio. The explanation already suggested appears to be in accordance with all the
phenomena both of this and of the first series. = The.rate at which a given amount-of
oxalic acid is oxidized diminishes as the total amount present increases up to that point
at which enough has been added to convert the potassic permanganate and manganous
sulphate into oxalate of manganic binoxide ‘and a potassium salt. With one molecule
the rate at which its oxidation proceeds is very great, but when it is complete, the per-
centage of chemical change cannot exceed twenty. Accordingly it attains this limit in
the second series, and nearly approaches it in the first. With two molecules the rate is
less, and still less with three, but the proportion oxidized in any time is a less propor-
tion of a larger quantity. When five molecules have been added, the total amount of
chemical change possible cannot be increased, since this quantity is sufficient to reduce
the whole of the permanganate. Consequently the amount oxidized in any time is
thenceforward a less proportion of the same quantity.. The annexed diagram, in
which the course of each experiment is represented by a separate curve having for
its asymptote a line parallel to the axis of 2 at a distance representing the total
amount of chemical change possible after the lapse of any length of time, may serve
for illustration.
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The experimental numbers in the two Tables are to be regarded as a series of
measurements of the distance of a point on each curve from the axis of #, along an ordi-
nate whose distance from the axis of y represents an interval of three minutes.

Sulphuric acid appears to accelerate the reaction in two ways. First, it promotes the -
action of manganic binoxide on oxalic acid; and secondly, it retards the formation of
the comparatively stable compound, which in its absence is at once produced on mixing
the three other ingredients. This is shown by the persistency of the red colour of per-
manganic acid in a mixture containing a large proportion of sulphuric acid. To the
former cause principally must be attributed the greater rate of change throughout the
second series, and to the latter the circumstance that in this case the maximum action
occurs with rather more than five molecules, and the subsequent minimum with more
than ten. It seems probable that with a large excess of sulphuric acid the rate at
which the reduction proceeds would be found to vary directly with the quantity of
oxalic acid, according to the law which appears to exist in other similar cases.

D. Variation of Time.

One of the conditions which has been kept constant hitherto, is the time during
which the reaction has been allowed to proceed. But in order to discover the exact
effect of each chemical or physical variation, it is necessary to be acquainted with the
whole course of the reaction, and not merely with the amount of change accomplished
under each set of circumstances during one interval of time. Now, by performing a
number of experiments only differing one from another in the period which is allowed
to elapse between starting and stopping the reaction, we may trace its course with any
required degree of minuteness. And if we can discover the relation of the series of
numbers representing the duration of the several experiments to those representing the
corresponding amounts of chemical change, an expression may be thence deduced for the
rate at which the reaction is proceeding at a given time, or with a given quantity of
substance, and a comparison made between the rates derived from different series of
experiments. |

If it were possible for all the conditions of a chemical change to remain constant, if,
for example, the substances reacting could be added in proportion as they disappeared,
and those formed either were without influence or could be removed, the effect of a
variation of time might be confidently predicted. In such a case the total amount of
chemical change would be directly proportional to the duration of the action. But
where one or more of the substances diminishes in quantity as the change proceeds, the
relation is no longer of this simple character. ,

The following series of experiments, in which only the duration of the reaction was
varied, had for its object the discovery of this relation. The various substances were
employed in the proportions in which they react with one another, except the sulphuric
acid, of which a double portion was taken. After the other solutions had been mixed
and brought to the right volume and temperature, the measure of potassic perman-
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ganate, 0:014 grm. in 10 cub. centims. of water, was added and rapidly mixed with
the rest. The moment of its addition was noted, and when the proper interval had
elapsed an excess of potassic iodide was thrown in. The amount of iodine liberated was
then determined. '

TaBLE V.

K, Mn, O4+3Mn S O,+6H, S 0,45 H, C, O,.

Volume of solution 330 cub. centims. Temp. 16°C. Time & mins.

1. 2. 3.
Duration of experi- Percentage of Percentage of
ment, in minutes. oxidizing residue. chemical change.
@, Y. 100—y.
1 956 ’ 44
2 832 168
3 668 332
4 552 - 44-8
5 445 555
6 363 637
7 316 684
8 272 72'8
9 250 750
10 225 77°5
15 135 865
17 11-8 882

This series of determinations may be regarded as exhibiting the course of a single
experiment in which the reaction is allowed to proceed during seventeen minutes. Of
a hundred parts of the oxidizing and reducing substances (or transferable oxygen, or
chemical energy) originally present, there remain after one minute 956 parts, after
two minutes 832 parts, and so on. Throughout the middle part of the course of this
experiment, from the end of the fourth to the end at any rate of the tenth minute of its
Pprogress, a relation exists between the corresponding numbers in the first and second
columns which strikes the eye at once. Their product is a constant quantity. The
divergence of the results for the fifteenth and seventeenth minutes is probably due to an
experimental error, committed either in determining the rather small amount of residue,
or in the measurement of the proportional quantities of the two principal reagents; such
an error would affect chiefly the later stages of the experiment, the ratio of the two
substances which should be constant changing slowly at first and afterwards more rapidly.
But the divergence of the result in the earlier part of the experiment is much more
considerable, and shows unmistakeably that, until the reaction has advanced a certain
distance, it does not follow the hyperbola which correctly represents the remainder of its
course. The same fact, it will be seen, reappears in every similar series of experiments.
Its cause was for a long time obscure, and the authors were driven to discard this rela-
tion, which appeared only to hold good for part of their results, and to be inconsistent
with others of equal authority. Later experiments, however, have established the reality
of this relation, and led to the discovery of the cause of divergence.

MDCCCLXVI. 2¥F
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The reaction under consideration has' already been shown to occur in two stages, in
the first of which manganic binoxide is produced by the reaction of permanganic acid
on manganous sulphate, and in the second of which it is reduced by oxalic acid, after
previous combination, when that acid is present in excess. |

(1) K, Mn, Og+3 Mn 8 0,4+2H, 0=K,S 0,42H,S 0,4+5Mn O,.
(2) Mn 0,+11,80,+H,C,0,=MnS 0,+2H,0+2CO0,.

Unfortunately both these reactions belong to the class, comparatively rare in inorganic
chemistry, of slow actions. If either of them occurred very rapidly as compared with
the other, the curve representing the reaction of proportional quantities would doubtless
be a hyperbola from its starting-point. Asit is, the first action takes place more rapidly
than the second, their relative rates varying, however, according to the conditions of each
experiment. In the present case the first action has nearly attained its limit at the end
of four minutes, and thenceforward the only change taking place is that which the
second equation expresses. After this time the simple law already enunciated holds
good, and the residues become inversely proportional to the duration of the action.
In this case the actual moment of starting the experiment happens, through the com-
plication of the double action, to be the true epoch from which to reckon its duration.
But in other cases it is not so: the zero of the series of numbers representing the time
should correspond to an infinite amount of the active substances, and not to 100
parts. The full discussion of the significance of this relation, and of the course of the
reaction when the two changes are occurring simultaneously, is reserved until the entire
series of experiments has been brought forward ; but it may be shown that the inverse
proportionality of the residue to the time depends upon a law the generality of which
we hope hereafter to establish, namely, that the total amount of chemical change varies
directly with that of each of the substances partaking in it.

Let = the duration of the action dated from a point such that when =0, y= oo;
and let y= the number of molecules of the oxidizing and reducing substances present

in the solution at the time #. Then d% is the amount of change in a unit of time,

and this is proportional to %2 since both substances are changing, and the amount of
change varies directly with the quantity of each of them. Hence we have the equation

di 1

v d—?;“ _922—7;'?23
which gives

_ 1

xy==Fk, orycc ot
The following Table contains the results of three similar series of experiments,

differing from the last and from one another only in respect of the quantity of sulphuric
acid used in each.
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Tasie VL
K, Mn, Og+3Mn S O,+5H, C, O,+nH, S O,.
Volume of solution 330 cub. centims. Temperature 16°C. Time & mins.

Duration Percentage of oxidizing residue.
of experiment,

in minutes. n=12, n=18, n=24.
1 945 933
2 76:2 732
3 52:0 396 308
4 37°8 243 ‘ 17°9
5 285 186 131
6 233 14:5 104
7 197 12:0 7:6
8 167 9:6
9 14+5 76

These numbers present a less obvious relation than those of the first series, but it may
be observed in all, after the fourth minute, that if the numbers representing the time,
minus about one minute, be multiplied into the corresponding amounts of residue, the
product is approximately a constant quantity, (#—a,)y=~#k. But in fact each successive
series is less and less conformable to this relation. Probably the increase in the amount
of sulphuric acid produces this effect by diminishing the disproportion between the two
rates before mentioned, for its action is to retard the formation of manganic binoxide,
and to hasten its reduction by oxalic acid.

With a smaller quantity of sulphuric acid and a larger quantity of manganous sul-
phate more satisfactory results were obtained, but it was not found possible, when only
a proportional quantity of oxalic acid was employed, to hinder the solution from becoming
turbid through separation of manganic binoxide. The use ofa large volume of water pre-
vents the occurrence of this turbidity, but impairs too far the accuracy of the subsequent
determinations. The series of experiments recorded in the following Table traces the
course of the reaction with an excess of manganous sulphate, and proportional quantities
of each of the other substances, through its entire length.

TasLe VIIL
K, Mn, Og+156Mn S O,+3H, S O,4-56H, C, O,.
“Volume of solution 100 cub. centims. Temperature 16°C. Time 2 mins.

1. 2. 3. . 4.
Duration of experi- Percentage of Values of g, - Percentage of
ment, in minutes. oxidizing residue. caleulated from chemical change.

o Y. (24-1)y=167. 100—y.

0-25 91-0 | . ! 9-0

05 810 | ... 19°0

1 658 | ... i 34°2

2 5119 | . 481

3 424 | .. 576

4 354 I . 64+6

5 298 | 70°2

6 257 257 74'3

7 22:2 22°1 778

8 194 19+4 80-6

9 17-3 17-3 827

10 155 155 84-5

15 10-4 104 89-6

20 78 7'8 92+2

30 55 52 945

40 44 39 956

2r2
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It will be seen that after six minutes the residues still unreduced are inversely propor-
tional to the time during which the action has continued. In the earlier stages of the
reaction its rate follows a less simple law, probably for the reason already stated—the
gradual though relatively rapid action of permanganic acid on the excess of manganous
salt. The actual modification thus introduced will be considered subsequently, and it
will be shown that, from an equation in which account is taken of this action, the earlier
numbers may be calculated as well as the later. A curve representing this series will
be found in Plate XVIL. fig. 6. The duration of the reaction is measured along the axis
of z, and the remaining chemical energy along the axis of y. The former is an asymptote
of the curve: the absolute disappearance of the oxidizing and reducing substances
requires theoretically an infinite time. The other asymptote falls just beyond the axis
of y: no amount of binoxide can be taken so great, as that with it this reaction should
proceed for six minutes and six seconds, and still leave a residue of 25'7 parts. The
best equation for the lower part of this curve is (240-1)y=157.

In the foregoing series of experiments the principal reagents have been employed in
the proportions in which they act one upon another, that so their ratio might remain con-
stant throughout. The same result may be approximately attained by taking very large
quantities of all the reagents except one, or at least such quantities that the alteration
which they undergo in the course of the experiment can produce no appreciable effect
upon the rate at which the chemical change is proceeding. It is most convenient to
select the substance of which the residue can be determined as that of which a relatively
small quantity is to be employed. The conditions of the reaction under these circum-
stances are indeed simpler than in the former case; for then each of the substances
acting on one another is diminished, and thus two or more variations are made simul-
taneously, while in this case a single substance gradually disappears, all around it
remaining unchanged. ‘ ’

Accordingly solutions were prepared of the different reagents, of such a strength as
that one measure of each should contain a large excess, as compared with the amount
contained in one measure of the standard solution of potassic permanganate.

The actual quantities used in each experiment were the following :—

Potassic Manganous . .. | Sulphuric acid
permanganate. sulphate. Oxalic acid. (olzxe unit). Water.
Weight in grammes ... 0:015 01 0648 0:352 2000
Molecules ............... 1-0 139 1084 758
Proportional parts ...... 10 46 217 253

By proportional parts are meant those quantities which react according to the equa-
tions before written.
The method of performing these experiments underwent various modifications during
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their course. That which was finally adopted for this and the concluding set may be
here briefly described. Different series of experiments differed from one another only in
the proportion of sulphuric acid employed, and the several experiments of the same
series differed only in the time during which the reaction was allowed to proceed. One
description therefore will serve for all; and to render this description more precise, let
it refer particularly to the eighth series of the present set. In the first place, a mixture
was made to serve for all the experiments of the series by bringing together in a large
flask 200 cub. centims. of the standard solutions of oxalic acid and manganous sulphate,
each of these solutions containing in 10 cub. centims. the amount required for one expe-
riment, 400 cub. centims. of standard sulphuric acid containing in 10 cub. centims. four
units, and 3000 cub. centims. of water. This mixture was exactly divided by means of
a narrow-necked flask marked to hold 190 cub. centims., among twenty flasks ‘each of
about 300 cub. centims. capacity. One of these was taken and its contents brought
to a temperature of 16°C. It was then placed in an arrangement for keeping the
temperature constant, consisting of an inner and outer casing, supported over a lamp,
the interval between which was filled with water at a temperature of 16°. The inte-
rior of the inner casing was lined with cotton-wool, and it was provided with a lid
similarly lined, which could be slipt over the neck of the flask. A delicate thermo-
meter passed into the fluid through a disk of cardboard, by which the flask’s mouth
was closed. The standard solution of potassic permanganate was contained in a bottle
encased in the same manner, and was maintained at the same temperature. A clock
beating seconds served to measure the duration of the experiments. When the ther-
mometer stood constantly at 16° a 10 cub. centims. pipette was charged with the
permanganate solution, the flask was removed for a moment from its receptacle, and the
liquid in the pipette allowed to run into it, starting by beat of the clock at the beginning
of a minute. By shaking round the flask as the liquid entered, the whole was perfectly
mixed at the end of about ten seconds. If the temperature had suffered any disturbance,
it was raised or lowered by the application of the hand or of a damp cloth. The flask
was then replaced, and required but little attention until the time for stopping the
reaction approached.
~ For determining the residue, we have made use of a standard solution of sodic hypo-
sulphite. This reagent, according to our experience, is liable to a gradual alteration by
which its reducing power is slightly diminished, a few particles of sulphur being at the
same time separated from it. The addition of a minute quantity of caustic soda
prevents the occurrence of this change, and renders the value of the solution absolutely
constant. Just before the allotted time had elapsed a measure of potassic iodide solu-
tion, containing rather more than enough to reduce the permanganate originally taken,
was poured into a test-tube; the flask was then removed from its casing, and at the proper
moment the contents of the test-tube were discharged into it. By a single rapid shake
the iodide is diffused through the liquid, and all the molecules of peroxide which have
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escaped the slow action of oxalic acid are instantaneously reduced, leaving in their stead
so many molecules of iodine, which are without action on any ingredient of the solu-
tion and can therefore be estimated at leisure. By using a very dilute solution of
hyposulphite, and a freshly prepared and filtered solution of starch, the subsequent deter-
mination may be performed with a high degree of accuracy. Some of the measured
quantities of the mixed solution were always reserved for a repetition of previous experi-
ments; in several instances the whole series was performed twice. In these latter sets
the readings of the burette, after two similar experiments, seldom differed by more than
0-15 cub. centim. From time to time the value of the measure of permanganate was
taken in terms of the solution of hyposulphite, and the numbers given in the Tables as
the percentage of residue are obtained by multiplying the actual readings on the burette
by 100, and dividing by this number. ;

The following Table contains the results of fifteen series of experiments thus con-
ducted. Their object was twofold, to establish by a sufficient induction the true course
of the reaction, and to discover by a comparison of the different series the relation
between the rate of change and the quantity of sulphuric acid employed. The curves
representing this series of experiments will be found on Plate XVIII. fig. 1.

Tasre VIIIL
K, Mn, Og+14Mn S O,+108H, C, O,+x(76 H, S O,).
Volume of solution 200 cub. centims. Temperature 16°C. Time & mins.

Duration of Percentage of oxidizing residue.

experiment,

in minutes. n=l. n=2. n=3. n=4. n=5. n=86. n="T.

T EOUR IR 92:9 9.4 | ... 887
1 94+4 91-9 89:2 86-8 831 81:2 791
1 | e ] e L 816 76+9 734 696
2 90-4 863 811 768 706 664 616
2 O O O oS OO vOR N R 54-9
3 867 80-0 735 67-2 59-8 547 490
B | e L e L e L e e L e, 439
4 823 746 667 59°1 515 453 395
5 788 | ... 60-9 526 44+4 - 879 324
6 755 652 553 470 385 319 26-9
7 718 | ... 506 418 334 277 22:2
8 684 58°1 463 373 297 233
9 | el e 425 | ... 26+4 19-8
10 621
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TaBLe VIIL (continued).

Duration of Percentage of oxidizing residue.

experiment,

in minutes. n=8. n=9. n=10. n=11. n=12. n=18. n=16.

Tl e 845

1 745 733 70:4 67+4 641 616 572
1% 645 | ... 585 548 514 473 41-4
2 563 530 487 44-9 40-8 373 307
2% 49-2 437 41-0 369 325 29-2 231
3 43-2 388 342 305 268 233 175
31 381 338 29°2 254 216 187 139
4 336 29:3 252 216 17-8 155 11-2
4 | | e 217 181 151 12-9 92
5 27°2 22:6 186 155 130 | ... 75
6 216 | ... 145 | ... 97 8+0 55
8 | e | B T Iy 44
9 123 | e | s b 59

It will be seen that by varying the quantity of sulphuric acid from 25 to 400 pro-
portional parts, the reaction is caused to take place with very different velocities. Under
the conditions of the last set of experiments more work is done in one minute than is done
in ten minutes under the conditions of the first set. Inhow orderly a manner the amount
of residue diminishes as the reaction proceeds, and the rate of change increases with the
proportion of sulphuric acid, is shown by the series of curves on Plate XVIIL fig. 1,
corresponding to this Table. Guidéd by the empirical relation which we had observed
in the case of the reaction of proportional quantities, we endeavoured to apply the hyper-
bola to these curves also. It soon became evident, especially from those experiments in
which the reaction proceeded rapidly and was traced through a greater length, that the
rectangular hyperbola was not applicable. A hyperbola with an oblique asymptote
corresponded much more nearly to our experimental lines, and a number of equations
of the form y2?-+axy—by=c were obtained, which gave values of y nearly agreeing with
those which had been found. But after calculating the constants of this equation for
each series of experiments, we observed, 1st, that the earlier and later numbers never
agreed quite so well as the rest, the disagreement with the best possible equation at the
two extremes generally rather exceeding the probable error of experiment; 2ndly,
that when a curve was produced upwards, as could be done by repeating the series
with a larger quantity of permanganate, the divergence became much greater; and
3rdly, that instead of the actual numbers falling in an irregular manner above and
below those calculated from the equations,—as was to be expected if experimental
error alone were the cause of difference,—a regular rise and fall was perceptible, the
calculated numbers being in every case lower than the first observation or two, then
higher than the two or three following, then lower again for four or five consecutively,
and finally rising once more above them. Consequently these equations could not be
accepted as expressing truly the course of the reaction, and it was therefore vain to
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inquire how their constants were related to the number of units of sulphuric acid
employed. Some other expression for the course of the reaction had to be sought, and
a consideration of the circumstances under which the reaction now takes place furnished
the needful clue. )

If any quantity of a substance be placed under conditions under which it gradually-
undergoes a change, and if both the conditions and the quantity of the substance be by
a due system of compensation kept constant, the rate of change will be uniform; that
is to say, the amount of substance which disappears in a unit of time will be always
the same. This amount therefore, for any particular unit of time, is a certain fixed
proportion of the total quantity undergoing change. If, now, the system of com-
pensation be so far disturbed as that while other conditions remain the same the quan-
tity of substance be allowed to diminish, it seems probable that the total amount of
change occurring at any moment will be proportional to the quantity of substance then
remaining.

Adopting this hypothesis, the law of connexion between the quantity of substance
remaining at any time, and the time during which the change has proceeded, may be
found in the following way :—

Let y represent the amount of substance remaining after the change has proceeded
for a time &, and let dy be the diminution of the substance during an infinitesimal time

dy
dx, then 7 7, fepresents the amount of substance which disappears in a unit of time; and

this amount is by the hypothesis proportional to the quantity of substance remaining; so
that we have the equation p

_3£= —ay,
which gives

y:ae‘“’,
where @ is the quantity of substance at the commencement of the change.

This equation expresses the fact that the quantities of substance remaining after a

series of intervals of time increasing in arithmetical progression, form a series in geome-
trical progression. After the intervals 0, 1, 2, 3, ... minutes, the quantities of substance

remaining are _ _ _
a, ae™", ae”*, ae™*, ...,

a geometric series of which the ratio is ¢e™* The curve which expresses this relation
between & and y is a loganthmlc curve,

As the actual determinations of the oxidizing residue had been made at equal inter-
vals of time, it was an easy matter to test the applicability of this hypothesis. It
appeared that although these numbers were in most cases nearly in geometrical pro-
gression through a considerable range, they were not so throughout, and the values of
y calculated on this hypothesis differed more from the experimental values than those
before obtained from the equation of an oblique hyperbola. A single experiment,
however, made at the close of this series, in which no sulphuric acid was taken, showed
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that the relation indicated by theory did, under some circumstances, actually hold good.
The numerical results of this experiment are compared below with the values of y calcu-

lated from the equation y=94-8(974)*, and are represented by a curve on Plate XVII.
fig. 5.

TasLe IX.
K, Mn, Og+14Mn S 0,+108H,C,O,.

Volume of solution 200 cub. centims, Temperature 16° C. Time # mins.

Duration Oxidizing residue. Duration Oxidizing residue.
of experiment, of experiment,
in minutes. Found. . Calculated. in minutes. Found, Calculated.
2 948 948 31 440 44°0
5 879 876 35 39°1 39:6
8 813 809 44 316 31-2
11 749 747 47 28+3 288
14 687 69-0 53 242 246
17 640 63-7 61 20°2 199
27 49'3 489 68 17:0 165

Generally the reaction appeared to proceed more slowly in its later as compared with.
its earlier stages than on this hypothesis it ought. It seemed possible that this might
arise from the excess of the various reagents employed not having been sufficient to
prevent the action producing a sensible alteration in the nature of the solution, and
thus affecting the rate; for unless the amount of each of the other substances be so
great as compared with that whose rate of diminution is measured that the quantity
subtracted from or added to them is relatively insignificant, the simplicity of the case
under examination is no longer ensured. Accordingly a second set of experiments was
made, in which, the amount of permanganate employed being the same, a still larger
proportion was used of the other reagents; and by making two preliminary series of
experiments, in one of which the same quantity was taken at the beginning of the
reaction as had been present in the other at the end, namely, 99 proportional parts
of sulphuric acid and oxalic acid, instead of 100 of each, and 11 parts of manganous
sulphate, instead of 10, it was proved absolutely that these changes did not affect the
rate, for the numbers of the two series were nearly identical.

The numerical results of this set are contained in the followmo' Table, and are
expressed by the curves (Plate XVIII. fig. 2).

MDCCCLXVI. 2a
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TasLe X.
K, Mn, O;+30Mn S O,+4-500 H, C, O,+2(300 H, S O,).

Volume of solution 200 cub. centims. Temp. 17°C. Time & mins.

Duration of Percentage of oxidizing residue.
experiment,
in minutes. n=1. n=3. n=4, n=>. n=_8. n=10.
I O, 879 82-8 774 60-0 482
12 1 e e e e 459
2 92:9 7773 | .. 597 359 239
2 1 . B O 28+0
3 | 677 562 457 22+6 ’ 135
3 | [ Ceeenee L deee ) 18:3
4 84-5 585 | ... 360 154 83
4L | L s s e 127
5 1 L 514 386 | ... 10°5 51
3 U OV 91
6 765 | e | o227
7 | .. 39+4 26-8 179
8 689 | ... 14-7
9 | 30°1 187
10 619 | ... 92
1T 228 131
12 549 1 ... 55
13 ceees 17:2 92
14 489 | . ] 4:4
15 | 13-4 67
: 17 | 10-3 41
18 37°8
19 L 77
| 22 300
23 | 43
[ 26 244
‘ 30 178
34 14:0
40 10-4
46 68

Of these experiments three series, those with 300, 400, and 500 proportional parts of
sulphuric acid, give numbers which conform approximately to the relation y=ae~*, but
the more rapid action which occurs with 800 and with 1000 parts of acid cannot be
expressed by an equation of this form. The excess of the other reagents over that which
suffers reduction is as great, and that of the sulphuric acid greater, in these than in the
first experiments. Some other cause than a change in the medium in which the gradual
action takes place must therefore produce this departure from the theoretical result.
Comparing the former set of determinations with these, it appears also that the 'diver-
gence in both is of the same kind, and therefore presumably due to the same cause.
In both the ratio of the descending series gradually diminishes. The true reason is
probably to be found in the fact that more than one gradual change takes place under
the circumstances of our experiments, and that we have only been able to measure the
total result. Our attempts to separate these actions and investigate them singly have
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been unsuccessful, and we have been compelled in consequence to leave the examina-
tion of this reaction, and seek for a simpler case of chemical change. We may, how-
ever, in concluding this part of our work, show, first, from independent experiments,
that we have probably been dealing with more than one reaction; and secondly, that
numbers agreeing with those of all the experimental series may be calculated from
equations expressing the hypothesis that three simultaneous changes take place.

In determining the amount of free iodine at the end of each experiment, some diffi-
culty was experienced from the rapid return of the blue colour after its removal by the
last drop of hyposulphite, and it was found necessary to allow as short a time as possible
to elapse between the addition of potassic iodide and the determination. The con-
ditions of this gradual oxidation of hydriodic acid were afterwards examined, and it was
found that the action was due neither to the oxalic acid nor the manganous sulphate,
nor any other of the reagents employed, but occurred only in the fluid in which the
gradual oxidation of oxalic acid had taken place, and that moreover the rate of its
occurrence depended upon the quantity of oxalic acid thus oxidized. Some experi-
ments were made in which this secondary oxidation was allowed to reach its limit. The
action of the air, which in presence of manganous salt, when the solution is let stand
for many hours, is apt to be considerable, was rendered as small as possible by boiling
out the water used and keeping the liquid under carbonic acid; a correction for it was
also obtained from a comparative experiment. It appeared that the secondary oxida-
tion did not exceed one-sixth of the primary, and bore to it often a still smaller pro-
portion, while at the same time its amount was always sufficient to leave no doubt as
to the reality of the phenomenon. The available oxygen of the permanganate is thus
finally distributed in two ways, part of it remaining in a form in which it acts gradually
‘on hydriodic acid, and another larger part having no such action. What oxidizing
substance the colourless solution still contains, whether a less reducible salt of manga-
nese, or some compound produced, as is most likely, by the gradual oxidation of oxalic
acid, we do not know; but the fact that some substance is formed besides a manganous
salt, carbonic acid, and water, is certain. If, however, two products, or any number of
different products, are formed by the action, according to different equations, of one
oxidizing substance—binoxide of manganese, for example,—the quantities of this sub-
stance remaining after equal intervals of time should still be in geometric progression ;
for the amounts of each of the products which is formed at any given time is propor-
‘tional to the whole amount of binoxide present in solution at that time, and in conse-
quence the amount of binoxide which disappears owing to the formation of each of the
products is also proportional to the whole amount of binoxide present.

Let dyy, dyy, . . . d,y be the amounts of binoxide which disappear during an infinitesimal

L CL . . . . dywy d, dy
time dz, owing to the formation of n different products, then ﬁy, E%’ E;y are the

amounts of binoxide which disappear in a unit of time owing to their formation, and
each of these is proportional to the whole amount y of binoxide present at a time a';
262
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hence

dyy d, dy
j‘;:_“ly’ B%:-—uzy, e R—;:-—-any;

but if dy is the whole amount of binoxide which disappears in the time dz, we have

dy=dy+dy+...+d.y,
and therefore

d

Y — (it tat - )y,

oY
fl/= ae~ (aytogtes .+an):c,

a logarithmic curve of the same type as that obtained in the case in which only one
product is formed. ‘

But since the proportions of the reagents and all other conditions of the reaction have
been kept rigorously constant, we may presume that between any two reagents only one
reaction occurs. If, therefore, oxalic acid yields both the normal products of its oxida-
dation, carbonic acid and water, and also the substance, whatever it may be, which acts
slowly on hydriodic acid, it is probable that it is oxidized by more than one reagent.
The following experiments supply some further evidence that oxalic acid may hold dis-
solved two distinct manganic oxides, and be attacked by them at different rates; or—
if, as we have supposed, solution here is due to combination—that two manganic oxalates
may be formed whose rates of decomposition are different.

A solution was prepared of manganous-manganic sulphate by dissolving a quantity of
manganous sulphate in dilute sulphuric acid, and saturating the liquid with hydrated
manganic binoxide. The brown precipitate dissolves slowly and sparingly, forming a
deep-red solution, which is completely decomposed by the addition of a sufficient quan-
tity of water. A second solution was made of potassic permanganate of equal oxidizing
power when measured by hydriodic acid. The rate at which each was reduced by oxalic
acid in presence of equal quantities of manganous sulphate and sulphuric acid was deter-
mined, and the two rates found to be verynearly the same. A third series of determinations
was made under the same conditions, excepting that no manganous sulphate was taken,
with hydrated binoxide of manganese suspended in so much water as made a measure
of it equivalent to a measure of the former solutions. For half a minute, until the
binoxide was dissolved, the action took place rapidly; but when the liquid became clear,
it proceeded more slowly for an equal amount of oxidizing residue than in the other
solutions. This solution, therefore, differs from the former, which so far resemble one
another, both in appearance and in rate of decomposition, as to render it likely that the
chief agent is in both cases the same.

The direct action of permanganic acid on oxalic acid at a temperature of 16°or 17° is
very gradual ; perhaps if every trace of lower oxides of manganese and of other reducing
agents than oxalic acid could be excluded, no action whatever would take place. But
whether this be so or not, it may certainly be disregarded in comparison with the almost
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instantaneous reaction between permanganic acid and manganous salt ; for when the two
solutions are mixed, the deep-red colour of the former is at once destroyed and the liquid
becomes dark brown. The action of these two substances under constant conditions takes
place presumably according to but one equation, and gives rise to but one oxidized
product. From the results of our experiments on the ‘Variation of Manganous
Sulphate,” p. 195, and the reaction of the two substances when oxalic acid is not present,
this product appears to be manganic binoxide. But in the experiment just related with
the three equivalent solutions, the liquid produced by acting on permanganate with a
great excess of manganous sulphate nearly identified itself by its rate of decomposition
with that containing the salt of the proto-sesquioxide, while it differed in this respect
from that into which binoxide had been introduced.

The account of the changes occurring under the circumstances of the two sets of expe-
riments, Tables IX. and X., to which these observations appear to lead, is the following.

By the reaction of permanganic acid on a great excess of manganous sulphate there
is formed at once manganic binoxide; we may therefore consider this oxide to be con-
tained in the liquid at the moment of starting the reaction. It finds itself in presence
of two substances, both of which act gradually,upon it, oxalic acid and manganous
sulphate, the latter producing an intermediate oxide, probably the proto-sesquioxide,
which is also reducible by oxalic acid. It is possible that other oxides besides these
may be formed, but it is almost certain from our experimental results that the action is
not more simple than this. At the end of each experiment both these oxides are alike
instantaneously reduced by hydriodic acid, and thus measured conjointly.

A mathematical discussion of various theoretical points that have been raised in the
course of our experiments is appended to this account of them. It is there shown that
the equation embodying the above hypothesis is '

Y= agi—y B a—y)e e,

where @ is the amount of binoxide present in the solution at the commencement of the
action, o the fraction of it which disappears in a unit of time by the action of the
oxalic acid, 3 the fraction of it converted into the other oxide, and ¢ the fraction of this
lower oxide which disappears in a unit of time.

In the following Tables some of the numbers obtained in the preceding experiments
(pp- 206 & 210) are compared with those calculated from equations of this form. It will
be seen that in general the three fractions upon which the whole rate of action depends
increase as the sulphuric acid is increased, and that « increases more rapidly than ¢ ;
« being first less than v, then equal to it, and finally greater.

The number and exactness of our experimental results are not, however, sufficient to
make the calculation of the three constants in these equations more than approximate,
and thus no such comparison can be made of the rates of change with different amounts
of sulphuric acid as might serve to reveal how these quantities are related. In the first
of the following Tables the residues of the two oxidizing substances at the time of each
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determination are given separately for two series; in the second Table several other
series are compared with numbers similarly calculated according to the equations written
over them. '

Tasre XT.
Residues of oxidizing substance calculated from the equations

ap
a+pB—y

where # and v are the residues of the primary and secondary oxide, and y is the total

w=ae~ P, p= {7 —e= Pt y=uy-tu,

residue.

1. Case y=« (Second set (p. 215) n=1). 2. Case a>y (Second set (p. 215) n=8).

&. . o 7. . u. . 9
0 374 0 374 1 1146 110 22:6
2 210 138 348 13 58 11-2 17-0
4 11-8 199 317 2 29 104 13-3
6 67 22:0 287 2% 15 9:0 10-5
8 37 220 257 3 07 78 85

10 21 208 229 3% 0-4 65 69

12 1-2 19-1 203 4 0-2 56 58

14 0-7 174 18-1 4L 0-1 46 47

18 0-4 13-8 14-2 5 0-0 39 39

22 0-2 11-0 11-2 5% 0-0 33 33

26 0-1 87 88

30 01 67 68

34 0-0 54 54

40 0-0 37 37

46 0-0 2+6 26

TaBre XII.—Comparison of found and calculated results.
(The calculated numbers are derived from equations of the form y=a,e=*" +a,e*).

1. First set.

n=10. n=11. n=12.
y=285(-82)%4-27(*98)". y=29(-785)"4-3-1(-97)*. 9=294(76)*+43:5(*96)".
7. 7. Y-

x| N N N 2 A ~ e | A

Found. Calculated. Found. Calculated. Found. Calculated.
1 2585 259 1 208 20-8 1 200 20-1
1 2155 214 11 16-9 16-9 11 16-05 159
1% 17-9 17-8 2 13-85 138 2 12:75 12:6
2 149 149 2% 11-4 11-3 2% 10-15 10°2
2L 12-55 12:5 3 94 9-4 3 8:35 8:3
3 1045 10:4 3L 7:85 78 3L 675 68
3L 895 9:0 4 6:65 67 4 555 56
4 77 78 41 56 56 4% 47 47
41 665 66 5 47 4.8 5 4:05 41
5 57 58 5% 35 35 |
6 445 45 6 30 30 !

: 9 " 185 149 - i
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TasLE XII. (continued).
2. Second set.

n=1. n=3. n=4.
y=42"7(-94)*—5-3(*75)". y=379(873)". y=32:6(-842)"+53(676)".
X, s A ™ x. r A N . Ve A N
Found. Calculated. Found. Calculated. Found. Calculated.
2 3475 34-8 1 329 331 1 310 31-0
4 3175 317 2 2895 - 289 3 21-05 210
6 286 287 3 254 252 5 14-45 144
8 2575 257 4 2149 220 7 10-05 100
10 231 229 5 19:3 19-2 9 70 71
12 20-55 20-3 7 14-85 14+7 11 4+9 50
14 18-3 181 9 11-35 11-2 13 345 34
18 1415 142 11 8:55 86 15 25 24
22 11-2 11-2 13 645 66 17 1-55 17
26 8:95 88 15 50 49
30 67 68 17 3:85 38
34 525 54 19 2:9 29
40 39 37 23 1-6 17
46 255 2:6
n=>b. n=8. | n=10.
y=33"T("794)"+44-2(-501)". y=252("689)*+20-8(-251)*. y=31-4(-417)*+6-4(75)".
Y. Y- Y.
& s A A Z. s A N & r
Found. Calculated. Found. Calculated. Found. Calculated.
1 29-05 289 1 22°5 22:6 1 1805 179
2 22:4 22°3 1} 171 17+0 2 8:95 90
3 1741 17+4 2 134 13-3 3 51 50
4 135 136 2% 105 105 4 31 30
6 85 86 3 85 85 5 19 1-9
7 67 67 31 69 69
8 55 53 4 58 58
10 34 34 41 4-8 4:7
12 2-1 2-1 5 39 39
14 16 13 i 51 34 33

The actual readings of the burette are given above instead of the amounts per cent.,
in order to show more clearly what is the practical limit of error in this mode of expe-
rimenting. The earlier series of numbers in the first set (Table VIIL.) are omitted,
because they are not sufficiently prolonged to be characteristic. Of the second set
that corresponding to three proportions of sulphuric acid is perfectly geometric, while
those on either side of it, corresponding respectively to one and to four proportions of
acid, arenot. It will be shown that this curious circumstance depends upon the existence
of a particular relation between two of the three rates. l
. The foregoing experiments prove that the reaction here examined is of a complex
character, and thus unsuited to the purpose with which we entered upon this investiga-
tion. The law that the amount of chemical change in a unit of time is proportional
to that of each of the substances reacting, rather serves to explain these results than is
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established by them. Its truth, however, appears to be demonstrated in another and
simpler case of chemical change which we have since examined, and therefore it may
now be fairly applied to the elucidation of results which when first obtained were unin-
terpretable.

On this simpler case—the reaction occurring between hydriodic acid and peroxide of
hydrogen—we have made numerous series of experiments, varying in succession each
condition of the reaction. The results of this investigation, which is now nearly com-
pleted, may, we hope, form the subject of a second communication.

APPENDIX,

containing @ Theoretical Discussion of some cases of Chemical Change.
By WiLLiam Esson, M. A., Fellow of Merton College, Oxford.

Tur most simple case of chemical change occurs in a system in which a single sub-
stance is undergoing change in presence of a constant quantity of other substances, and
at a constant temperature. A practical constancy of the other substances is obtained
by having them present in large excess; for any change produced in their amount by
reason of the change of the single substance is infinitesimal in comparison with their
original amount, and its effect on the system may therefore be neglected.

By a “system” is meant a unit of volume in which given quantities of substances
are present; these quantities are called ¢ elements of the system;” “a system in which
a single substance is undergoing change,” is a system in which the variation of the
other substances does not affect the change of the single substance.

It has been ascertained by experiment that the residue y of the substance under-
going change in a system of this kind, is connected with the time & during which the
change has been proceeding, by the following equation,

y=ae™, . . . . . . . . . . .. (1

a being the quantity of the substance in the system at the commencement of the change,
and « a constant, the meaning of which may be thus determined; differentiating (1) and
eliminating «, we have p
' i

Zx*: —oy. e e e e e e e e e e ( 2)

Now —-fl—% is the amount of substance which disappears in a unit of time at the time 2,

when y is the quantity of substance present in the system, and the equation (2) expresses
the law that “the amount of change in a unit of time is directly proportional to the
quantity of substance;” following the analogy of the motion of a material particle, we
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may call the rate or velocity of chemical change, and the law may be thus stated :—

“The Veloclty of chemical change is directly proportional to the quantity of substance
undergoing change.”

The constant « expresses the hactlon of the substance which is changed in a unit of
time; this fraction depends upon the other elements of the system, and upon its physical
conditions, such as temperature, density, &c. By varying each of these conditions in
succession, it is possible to determine « as a function of them, and to predict the pro-
gress of the chemical change of a single substance, from its commencement to its com-
pletion, under any assignable conditions. :

This simple case of chemical change is of comparatively rare occurrence. Two
instances of it are recorded in the preceding pages (pp. 209 & 210,2=3). 1t is necessary
therefore to investigate the modifications which the general law undergoes in the case
of complex reactions.

Let us first take the case in which the chemlcal change consists of the reaction of two
substances, neither of which is present in the system in great excess. In the discussion
of this case we shall assume the general truth of the law of variation of the rate of
chemical action, which has been derived from experiments in which the constancy of
all the elements but one has been secured by taking them in excess. In fact we shall
assume that the truth of the law depends only upon the constancy of the elements, and
not upon their excess. Since, then, the velocity of change of each substance is propor-
tional to its quantity when the quantity of the other is constant, it follows that the
velocity of change is proportional to the product of the quantities when both vary.
Let @, b be the number of equivalents of the substances present in the system at the
commencement of the reaction, z the number of equivalents of each which has disap-
peared during a time 2, then ¢—z, b—2z are the number of equivalents remaining at the
end of that time; hence

=n(e—2z)(b—2), . . . . . . . . . . . . (3
log(1-Z>—log<1—§>:n(a-—b)x, )

an equation for determining the amount of chemical change, in this case, after the lapse
of a given time.

When the substances are originally present in equivalent quantities, a=>5, and (3)
becomes

the solution of which is

i v
dZ nla—2zp . . . . . . . . 0 . o (9)
the solution of which is ,
P (9]

naz+1

The equation connecting the residue y with the time is in this case

”,(7)

y= nar+1
MDCCCLXVI. 2H
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and if at the commencement of the reaction the substances had been present in infi-
nitely large quantities, 1
e T &)

nx

The curve (6), which expresses the reaction of two substances originally present in
equivalent quantities, 1s a rectangular hyperbola, and when the original quantities are
infinite, the residue varies inversely as the time. This result has been already referred
to at pages 202 & 203, where experimental evidence of the relation has been adduced.
That evidence is, however, somewhat impaired by the fact that the numbers which
express the percentage of chemical change during the first four or five minutes fail to
satisfy this relation; but it may be shown that this failure is probably due to the
gradual formation of one of the substances which take part in the reaction.

Let us suppose that at the commencement of the reaction there are present ¢ equiva-
lents of a substance A, which during the course of the reaction is gradually changed
into an equivalent quantity of a substance B, and that B reacts with a substance C of
which @ equivalents are originally present; also let  be the number of equivalents of A
which remain after an interval x, and » the number of equivalents of B which remain
after the same interval ; then, since the velocity of diminution of u is proportional to its
quantity, and the velocity of diminution of v proportional to the product of its quantity
into the quantity of ¢, and the velocity of increase of v equal to the velocity of dimi-
nution of », we have the following equations,

d

E=—Bu, . (9)

dv :

=@t +pu. . .. ..o (10)
The solution of (9) is v

w=ae™®; . . . . . . . . . . . .. (11)

so that if the residue of % could be measured separately from that of v, the rate of
change of w into v could be determined, but in the actual experiments % and v are
determined together, and the relation between the total residue y(=u--v) and the
duration of the reaction  is consequently very complex.

Adding (9) and (10), we have,

d;

Ptay=0; . . . . . . .. . ... (12
substituting for de from (9), and for v its value y—wu, we obtain the equation

dy & a

M+@-—ﬁ—u__0,. O ¢ )

the solution of which is

o

ﬁe%u{c—logu.+%u—-1—.12—2<%u)2+...}g:1. N e Y

If we replace for » its value ae~*, we obtain an equation connecting the residue y with
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the time . In the experiments to which this hypothesis is applicable (p. 204), the
value of » becomes inappreciable after the action has gone on for about six mmutes, SO
that after that time the course of the action satisfies the relation,

g—(c—-loga+[3x)y=1, T 1))

or .
(@Hay=s. . .« . . (16)

An equation of the form (16) is satisfied by all the numbers recorded in page 203
after =6, the values of ¢ ando—lz being 0-1 and 167. Assuming for 8 the value ‘69, we

obtain for ¢ the value 4:68. Substituting these values in (14), we obtain the following
series of numbers for the values of 4 between 2 and 6. The earlier numbers are
omitted because the experimental values of y exhibit an irregularity, which is probably
due to errors of experiment which occur in short intervals of time less than one minute.
The numbers after #=6, obtained from the equation (24-1)y=157, are given at p. 203.

Y.
I A =

@ Found. Calculated.

2 61-9 516

3 49-4 429

4 354 354

5 29:8 297

Considering the experimental evidence, and the fair agreement of the numbers in the
preceding Table, there seems to be sufficient ground for believing that in this case the
chemical change consists of the gradual formation of a substance which at the same
time slowly disappears by reason of its reaction with a proportional quantity of another
substance.

The rate of formation of the substance, and the fraction 3 which is formed in a unit
of time, depend upon the conditions of the system, just in the same way as its rate of
decomposition depends upon these conditions. It would, however, be a hopeless task to
attempt to discover the relation between «, 3and the conditions of the system, when we
have to deal with a series of complex equations like (14). This complexity explains the
failure to discover any simple relation in the case of the variation of sulphuric acid
referred to at p. 199.

The next case to be considered is that of a system in which there are two substances
undergoing change in presence of a large excess of the other elements of the system.
If both substances are present in the system from the commencement of the change
and are independent of each other, the velocity of diminution of each is proportional
to its quantity, and their residues accord with the simple law’y=ae~*; and if both
these residues are measured together, the equation of the reaction is

y=aetae . . . . . . . .. (17)
212
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@, @, being the quantities of the substances originally introduced into the system, and
w,, o, the fractions of them which disappear in a unit of time. '

If, however, the substances are not independent, but are such that one of them is
gradually formed from the other, we have a different system of equations to represent
‘the reaction. ~ _

Let u, v be the residues of the substances after an interval z, y(=wu-v) being the
total residue actually measured at that time. ILet the initial values of w and v be u=a,
»=0; let aw be the rate of diminution of u due to its reaction with one of the other
elements of the system, and (u its rate of diminution due to its reaction with another
of the elements of the system, by means of which v is formed, and let yv be the rate of
diminution of v, then

di
D (o ) ¢ &)
j—;:ﬁu-—yv, e (19)
whence
w=ae P . L L L L o 0 oo oo oo (20)
v=“+f_7{6“7’——e‘("‘+ﬁ”’}, N 1)
= opa By L (22)

There are several particular cases of these equations which require to be considered

separately.
(1) B=0. Fraction of v formed=0.
In this case the system of equations reduce to

U=aqe"*,
v=0,
y=ae""*.

The experimental case corresponding to this is that recorded on page 209.

(2) y>e«. Fraction of v decomposed in a unit of time, greater than the fraction of
% decomposed in a unit of time.

In this case the last equation of the system is of the form

Y=, 6™ — ™",

The experimental case corresponding to thisis that recorded on pages 210, 215, n=1.

(3) y=«. The fraction of v decomposed in a unit of time equal to the fraction of
% decomposed in a unit of time.

In this case the last equation of the system reduces to the form

Yy=ae~".

The experimental case corresponding to this is recorded on pages 210, 215, n=3.
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(4) y<ea. The fraction of v decomposed in a unit of time greater than the fraction
of u decomposed in a unit of time.

In this case the last equation of the system is of the form

=a,6" "+ a7,

The experimental cases corresponding to this are recorded on pages 210, 215, n=4, 6,
8, 10.

It is thus possible to have all these four cases in succession in a set of experiments
in which only one condition is progressively varied, provided that the variation of
v and « is such that ¢ is at first greater than «, but increases in a less ratio than .
Several attempts have been made to calculate equations of the form y=a,e~*+a,e~"
which should give the experimental numbers within the errors of experiment, and at the
same time yield values of the fractions «, 8, ¢ from which the law of their variation with
a variable quantity of sulphuric acid could be discovered. Some of these equations are
recorded on page 214. The number and exactness of the experimental results are, how-
ever, not sufficient to enable us to extract from the complicated equation

Y=g gy B (a—y)e =)
trustworthy values of «, 3, ¢, and this inexactness precludes the possibility of investi-
gating the law of their variation when the conditions of the experiment are varied.
- What we can state with certainty is, that the numbers are all satisfied by equations of
the forms

Y=a,6" " —a,e”",

y=ae"",

Yy=a,e""* a0,
and that successive sets of numbers, obtained by varying one condition progressively, are
satisfied by these successive forms of equations. These forms, and the order of their
succession, are accounted for by a hypothesis for which there is considerable experi-
mental evidence, and it is thus highly probable that the results arrived at in the above
discussion give a true account of the progress of the reaction.

The law of variation of «, 8, ¥ with the conditions of the system will probably be
detected when the case in which (3, ¥ both vanish for all conditions of the system, has
been fully discussed.

A complete investigation of this case is reserved for a future communication.



Pl Trars MDCCCLAVI. Flate Xvil.

NS
59 8 &80
2 o 3 \§
¥ Fig. 1. % Fig. 2.
Yy 3
D
< §
L
Yl — B Zo —
\\‘ \‘N..; M
‘sulpharie aped: \\. X, molecyiles of may LGerLons silphate.
70127496 A8 22 i $_ 4 5 6.7 4§ 9 1
N 2 /
N N1
Y& <
Yy g
N § 1y N4
B % Fig. 3 §b Fig. 4.
8 .
§ ¥ 40
A
§
20- §20 \ ______
Lmoleciiles of oxqlec actd) \/ L molecuiles ot ovalic acrdy
) 7 a5 20 2 20 3 o 15 20 % 30
9. \\\
\&n \\\ ol
, g b.
Q%z. g
70 o < -
2, |
==
%%
Z%g,)
2
50 \5 =4 .
. ~ 3 UCeé
(7‘“6’."
Q“yzv
@e(:.
4.0 \'%‘)' N
SN g7
N | \\
§ Fig. 6.
;;/;,.Qg,.;..
%
s
%@ézgé
N
\"‘“\——\_
&, duvraieons of chemical action:
70 _ 20 3o 20 |




Phl. Trans. MDCCCLXVI. Plazte XVIL.

Fig. 7.

~
T~ o

\\\

'\\
~
"

S
Y
R
it

L

/

-
g
RN
S

\
BN

“3




