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THE RATE OF OXIDATION OF ARSENIOUS ACID BY
CHROMIC ACID

BY RALPH E. DE LUR\

The following measurements together with those on the
rate of oxidation of iodide by chromic acid' constitute a
necessary preliminary investigation to the study of the rates
of the reactions in solutions containing arsenious acid, iodide
bichromate and sulphuric acid

In all of these experiments the concentration of the
arsenious acid was small and the sulphuric acid and potassium
bichromate concentrations relatively large, so that the results
might be directly comparable with the measurements in which
iodide was present. It was consequently possible to consider
the concentrations of the sulphuric acid and bichromate as
constant in the experiments of each table

Method of Experimenting

A supply of distilled water and dilute solutions of pota
sium bichromate, sulphuric acid and arsenious acid were kept
at 0° C in a thermostat. The bichromate and sulphuric acid
and some of the water were measured into a beaker clamped
down in the bath; the arsenious acid mixed with the rest of
the water necessary to make up the required total volume

was thrown into the beaker from a large test-tube, the re

acting mixture violently stirred and the time noted ['o stop

the reaction a quantity of ammonium bicarbonate solution
more than sufficient to neutralize the acid present was added
to the beaker and the contents were thoroughly stirred. The
residual arsenious acid was then determined by titration
with volumetric iodine and arsenious acid
Solutions Employed
The following stock solutions were prepared
Potassium Bichromate, K Cr,0,, o.1 F, or 0.6 N, prepared

! De Lury : Jour, Phys. Chem,, 7, 239 (1903)
? Ibid., immediately following the present paper,
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by dissolving 58.9 grams of the pure salt in 2 liters of distilled
water

Sulphuric Aad, H,S0, o0.967 N, standardized gravi
metrically with barium

Vrsenious Acid, As, (), o025 I, or o.1 N, prepared by
dissolving 9.90 grams of pure “lump white arsenic’” in hot
water and diluting to 2 liters with distilled water; before usc
the solution was diluted to ten times its volume with boiled
distilled water (to preveat slow oxidation by oxgyen

Todine, approximately o1 N, prepared by dissolving
resublimed iodine in potassium iodide solution and diluting
For titrating, this solution was diluted to ten times its volume
wmd compared frequently with the volumetrie arsenious acid
olution

Lmmonium Bicarbonate, " restrainer,”” prepared by passing
carbon dioxide into a saturated solutipn of commercial ammo
nium carbonate, diluting with its own volume of water and
again saturating with carbon dioxide

Starch Selution, * indicator,”" prepared frequently by dis
olving a gram or two of starch in 500 ¢c of boiling water
cooling and allowing to settle

Explanation of the Tables

\fter Cr and Ac at the head of the tables are given the
amounts, expressed in 1077 gram-formula-weights e., 1n ¢
of 0.01 sgolution) of K.Cr,0). and H SO, I\"~l?(\'ll\ll\_ after
15 the amount of As,0),, the unit being o.25 1077 gram
formula \\<|:|ll~~ i..e., 1 cc of o.o1-N solution ,Allil\l Vol. 1s
given the volume of the reacting mixture in cubic centimeters

I As
The constant k'is defined by the equation, k = .log.,, 1
/ As L,

where x is the amount (expressed in cc of o.o1 N solution)
of arsenious acid oxidized in f minutes. After Avg. at the
end of the tables is given the average of the constants; in
taking the average, bracketed numbers were omitted
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15, 9.9
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n

7:-54 2.40 0,060« | 7.51 43 122
0.53 .41 0.061 ( 3 80 Q
6.04 .00 0.054 ? O $.94 10O
5.20 4.74 056 ' )3 0,01 108
.91 6.03 0.058 { 10
{ 0.058
Tasre 111 TanLe I\
9.94; Cr, 44 le, 484; lol., 500 As, 4.9 Cr, 149; Aec, 484 |
1 1 1 i X 1
6.46 .48 u,[\"* I 4-4 ( ) 04
4-54 5.40 0.170 2 1.0 0081
3 14 1.51 0.0
4 02 1.93 0.054
5 " 3 0.0§
{2g. 0.17g 12g. 0.052
TasLE \ TasLe VI
,9.94; Cr,149: Ac, 968 Vol, 500 As, 9.94; Cr, 149; Ac, 725 Vol.. =00
1s { k 4 1 ' 1
6.01 3.33 0.177) 1 7.58 2.30 (O.118)
5.56 $.38 168 58 6.79 1 ( 1
4.70 5:24 0.163 5.96 3.98 O. 111
3.03 6.01 0,161 2.§ § 454 O, 10t
3.17 6.77 0.166 3 1.83 §.11 0.10
lvg. 0.164 4 .80 6.14 0.104
12¢. o.107
In the measurements of Tables 1-V1 the residual arseniou
acid was not always titrated immediately after adding the

Rate of Oxidation of Arsentous

TasLe 1
).04 O 149; Ae, 184

Vol., 500 As

Is

due to oxidation of

‘restrainer; this introduced an error

arsenious acid in alkaline solution.' In the measurements of

Tables VII-XVI the arsenious acid was titrated with iodinc

! Kessler , 113, 142 (1861). In an average case ( Table XIV

it was found that about 0.05 ¢¢ of 0,01

Pogg. Ann

N arsenious acid solution was oxidized

in one minute after adding the restrainer
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in the ice bath immediately after stopping the reaction; to
make the end-point distinet, a light and reflector and beakers

coated with white

10.00; Cr, 20; Aec, 484;

Vel.,

1 1 1 4

6.82 0.0332
4.53 0.0316
3.71 0.0307

enamel were

used

300 As, 5.00; Cr, 20 le, 484

{ Is 1 t

3.48 1.52
10 2.47 2.53
15 1.77

. 0.0300

The constants of these

tables are more uniform than those of the above six tables
TasLe VII (under CO,) TasrLe VIII
As, 10.00; Cr, 20; Ae, 242; Vol., 300 As, 10.00; Cr, 20; Ae, 242: Vol., 300
| Is 1 1 { 1 { b
5 8.77 1.23 0.0114 5 8.79 .21 0.0112
10 7.67 2.33 0.0115 10 7.6( 34 0.0110
15 0.69 3.31 0.0110 15 ( 3.28 00115
20 5.00 $.10 001158 0 0.01 3.00 00111
{ve. 0.0115 5,20 1.80 0.0114
) A 2.2% (0.0108)
13g. 0.0114
TasLE IX TapLe X
As, 20.00; Cr, 20; Ac, 242 Vol w0 As, 5.00: Cr {¢ } Veol., 300
! 1 t 1 { Is 1 v A
5 17.32 .6 0.0121 5 4.37 0.0117
10 15.27 4.73 0.011 I 3.04 0.0115
5 13.50 6. 5¢ 0.0114 15 32 0.0112
20 11.95 5.0§ 0.0112 (8} 2.07 0.0113
lvg. 0.0116 50 0.0114
0 20 0.0113
0.0114
TasLe XI TasLE XII

Vel., 300

0.0315§
0.0300
0.0301

0.0293

87
0.0287

S————

o




Rate of Oxidation of Arsenious Acid 1
TasLe XIII TasrLe XI\
As, 10.00: O 40 e, 242; 1 0 A 005 Cr, 4o { 42 Vol., 3c0
Is 1 1 / { t
5 777 3 0.0219 .05 ) 018
10 6.07 )3 8] 17 10 ' I 0.0188
100 15 478 5 0.0214 14 15 09
{vg. 0.0217 | 15 . =
A 1.9 08 0208
l 5 1.70 3.24 001581
12 3 0 o ( 0188
10 A1 0,0200
15 G .
I FapLE X\ TasLe XVI (z0° ©)
14 1s. 10,00 Cr, 20 le, 121 ] ( Cr, 20 le, 24 | )
8)
14 ! 1 ) ) ! .
, [0 ¢ 1.0 1€ 2,85 0.0146
8.20 1.80 0043 1 6.10 .00 0.0146
300 22.5 7:99 .01 0.004 2¢ I .8 0.0143
30 7:38 2,02 0.0043 {vp 0.0144
11 14
7 g The oxvgen ol the air, while it affects the oxidation of
e "
4 arsenite in alkaline solution, has no effect on the oxidation of
2 arsenious acid by chromic acid. This is seen by comparing
4 Tables VII and VIII I'he measurements of VII were made
3 using solutions free from air and protecting the reacting
1 X -
mixture with carbon dioxide; those of VIII were made, taking
no precautions to exclude air I'he constants and As-a
readings agree closely
300 1 I further, satisfied myself that arsenic acid of the con
centration formed in the experiments has no effect on the rate
f oxidation of arsenious acid
‘) Discussion of the Results
: Efject of the Arsenious Acid.—The fair constancy of &
4 throughout the tables, more particularly in Tables VII-XVI
) where special precautions were taken, leads to the conclusion

that the rate of oxidation of arsenious acid by chromic acid is
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proportional to the first power of the concentration of the
arsenious acid; conclusive proof of this is furnished by the

fact that k is unaffected by changing the concentration of the

arsenious acid (Tables I and IV; VII, VIII and IX; XI and
XII)

Efject o] the Bichromate.—Doubling the concentration
of the bichromate nearly doubles the constant, or halves the
time necessary for the oxidation of the same amount of ar
senious acid (Tables T and IT; VII, VIITand XII1: Xand XI\
'I'H‘llhll'\' Cr trebles k or divides by three the time necessary
for the oxidation of a fixed amount of arsenious acid (Tables
I and III The rate of oxidation of arsenious acid is thus
nearly proportional to the first power of the concentration of
the bichromate This deviation from an exact first power
may be attributed to incomplete dissociation of H.,Cr,0)
To account for the fall in the constant it is necessary to assumie
that the dissociation of the chromic acid in mixture VIII is
about 7 percent greater than in XIII.'

Efject of the Sulphuric Acid.—1f the concentration of the
~lll}\l|llllt‘ acid be doubled the constant is nearly trebled, or
the time needed to oxidize the same amount of arsenious acid
is divided by three (Tables I and V, VII, VIII and X1 The
results of Table VI are in accord with this. The rate may
thus be set proportional to the 1.4th or 1.5th power of the
concentration of the sulphuric acid. The deviation from a
sharp second power is probably due to the influence of the
hvdrogenion on the dissociation of the arsenious acid; it i
quite possible that arsenious acid in more than one form

ions or undissociated acid) reacts with chromic acid, and the
rates of these reactions involve different powers of the con
centration of the hydrogenion, the resultant power being the
1.4th in the above experiments

Efject of the Temperature.—For an increase of 10° C in
the temperature the constant is increased from o.0114 to
0.0144 (Tables VIII and XVI); that is, the rate is in

creased only 26 percent, a very low temperature effect indeed.

! See also Jour. Phys, Chem., 7, 248 (1903

mi

30

an

th

P
‘)
P



Rate of Oxidation of Arsenious Acrd 53

The experimental results of this investigation are sum
marized in Table XVII. K is defined by the equation (Vol
300 cc.),

dx - .
K(As — 2).Cr°%. A,
dt
and hence
X 2 30 A { Vol )
Cros, Act4 | 300 )
It will be seen that the value of K is fairly constant

throughout
TasLeE XVII

Table ] (& i I A K 10
I 9.94 149 484 500 0.058 84
I1 9.94 208 134 500 0,110 85
IT1 0.94 147 184 £ 00 0.178 95§
IV .95 149 154 75
V 9.94 149 0635 500 0.104 8q
VI 9.94 149 726 500 0.10 87
VII 10,00 20 242 100 00118
VIII 10.00 20 242 200 0.0114 32
IX 20.00 20 242 200 0.0116 312
X 5.00 20 242 100 0.0114 852
XI 10.00 20 184 00 0.0318 86
XII 5.00 20 484 0.0300 81
XIII 10.00 10 242 300 00217 33
XIV 5.00 40 242 100 0.0200 77
XV 5.00 20 121 300 10044 83
Summary

The rate of oxidation of arsenious acid (dilute solution
by bichromate and sulphuric acid, is proportional to the first
power of the concentration of the arsenious acid, the o.9th
power of the concentration of the bichromate and the 1.4th
power of the concentration of the sulphuric acid, that is,

dx
dt
The effect of temperature on this reaction is unusually

K(As r).Cro9. Ac

small: for an increase of 10° C the rate is increased only 26
percent.

Universily of Toronlo,
May,

1905




THE INDUCTION BY ARSENIOUS ACID OF THE
REACTION BETWEEN CHROMIC AND

HYDRIODIC ACIDS

BY RALPH E. DE LURY

It has long been known that the process of oxidation in
solution can often be hastened by the presence of a small
quantity of some easily oxidizable substance. This phe
nomenon is called induced oxidation : the name acceptor is given
to the substance whose oxidation is accelerated and the
reagent causing the acceleration is called the inductor Fer
rous salts, arsenious acid and nitric oxide act as inductors
and iodide as acceptor for the oxygen of chromic acid

About the middle of the last century many cases of
induced oxidation, occurring chiefly in the development of
methods of analysis, were noted and classified by Schonbein
Kessler and others. By selecting various combinations of
reducing and oxidizing agents the number of similar cases
might be multiplied indefinitely Many of these cases have
been studied l|l|.|hl.lll\\']\ and to a certain degrec quan
titatively, and the attempts to explain the results of these
investigations have led to the development of the peroxid
theory so ably championed by Manchot

The peroxide theory is based on a considerable amount of
qualitative and some quantitative data, and on the fact that
some peroxides are known to be formed in the process of
oxidation, such as hydrogen peroxide and benzoyl hydro
peroxide: these peroxides may be regarded as the primary
products of the oxidation of hydrogen and benzaldehyde
respectively

However, if a non-isolable peroxide, regarded as the cause
of induced oxidation, be formed, its formation can be
ascertained only by a careful study of the rates of all the
reactions involved, since it is as an explanation of these rates

' Lieb. Ann., 325, 95 (1902)
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The Induction by Arsenious Acid. It ge

that the peroxide theory is advanced. This obvious method
of attacking the problem has been neglected, no doubt on
account of the difficulties of analysis which such a method in
general presents; hence the quantitative investigation of such
cases has been chiefly confined to the measurement of the
ratio of the amounts of inductor and acceptor oxidized when
the reaction is complete.’ Such a method will often give the
oxidizing value of the intermediate product but the results
are not reliable or sufficient

The only case of which I am aware to which the method
of studying all the rates involved has been applied as yet,
is the reactions in solutions containing chromic acid, iodid
and ferrous salt? investigated by Miss C. C. Benson, and
curiously enough the results are not in accord with the peroxide
theory

In the present paper I communicate the results of measure
ments of the rates of the reactions in solutions containing
chromic acid, iodide and arsenious acid and am able to show
that the assumption of the formation of a peroxide explain
the induction in this case ['he rates of oxidation of iodide?
and of arsenious acid' by chromic acid have already been
studied by myself

Plan of the Investigation

In solutions containing potassium iodide, arsenious acid,
potassium bichromate and sulphuric acid the following re
actions may occur:

A. Oxidation of the iodide by chromic acid,

oKl + K,Cr,0, 4 7H,S0, Y.V Cr(S0,) ¢ A,S0, 2H,0

! Manchot : loc. cit.; Schilow: Zeit. phys. Chem. 42, 641 (1903
! Jour. Phys, Chem., 7, 356 (1903

' Ibid., 7, 239 (1903

' Ibid., 11, 47 (1907
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1

whose rate at o° C, may be represented' approximately by
the kinetic equation
dl . e oprd
s (o) X 10~ Cr (AN KT 4 0.002(KT) (1)
dt | |

B. Oxidation of arsenious acid by chromic acid,
3A45,0,+2K,Cr,0,+8H,50,~ 34s,0,+2Cr(S0,),+2K,S0,+ 8H.0.

In the absence of potassium iodide the rate of this reaction

]

at 0° €', may be represented by the equation

1As
( Ra 83 % 1o 15.(Cr)°9, (Ac)'+ (2)
( Oxidation of the iodide by arsenic acid formed in
the reaction,
Al ls,0 2,50, 2K/, 15,0, 2K,50, /.0

and the rate of this reaction at o° C, may be represented*

thus

d/,

' (a) Ria g <102 4s. K1 Ac (3)

A/, Cr and Ac denote the amounts of potassium iodide, potassium bi-

romate and sulphuric acid respectively, expressed in 10 gram-formula-
weigl e. in ¢c. of .01 F solution): the same unit as employed in the meas-
m the rate of oxidation of iodide by chromic acid (loc. cil.). Asand
{ pectively the ounts of arsenious acid and arsenic acid ex-
p 25 x 10~5 gram-formula-weights (i, e. in ¢. of o.o1r N solution)
this s selected in order to facilitate comparison between the iodine and
arsenious acid readings in the Tables which follow /, denotes the ‘‘free
iodine” in 0.5x 1 ram-formula-weights (i. e. in ¢cc. of o.o1 N solution

letter A denotes rate;

ic denotes the rate of oxidation of iodide by
chromic acid; Aac denotes the rate of oxidation of arsenious acid by chromic
acid, etc In the subscripts /¢, ac, ete. the letters 7, a, ¢, suggest iodide (or tri
1

the letter which goes first denoting the substance oxidized and the second letter

iodide arsenious acid (or arsenic acid), and ¢

omic acid respectively

the substance oxidizing
I'he constants are calculated for a volume of 300 ¢
De Lury: loc. cit
* The paper just preceding the present paper
* Roebuck: Jour. Phys. Chem., 6, 365 (19o2). In concentrated solutions
the indices of the power of A/ and Ac¢ are greater than 1,
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The Induction by Arsenious Acid, Ft
D). Oxidation of the arsenious acid by the triiodide
formed in the reaction,

As,0, + 2K, + 2K,S0, -+ 2H,0 — As0, -+ 6KI + 2H,50,

‘

whose rate at o C, is expressed by

dAs dl, - g ol g
(7) ‘(a) Kai ro—* 4s . ¢) (

dt dt a a / g+ ¢ (A ( $)

E. Oxidation of the iodide due to the influence of the

arsenious acid; the symbol Rip denotes the rate of this rc
action.?

action /
1s to

In order to simplify the study of the rate of 1

the concentrations of the reagents were selected so ¢
reduce the rates of reactions A, C and ) as much a I""“'l’l‘
Of these, reaction ( Ria) gave no trouble at all since the
rate constant is very small and no arsenic acid was present
except that formed in reactions B (Rac) and D Rai I'he
loss of I, by reaction DD could not be prevented by high con
centrations of KI and Ac¢ without unduly increasing Ric, and
in the end it was found necessary to remove the iodine as soon
as it was liberated by the use of thiosulphate (see page 58)
Thus in my experiments Ria and Rai were negligibly

small, and therefore,

dAs
dat
dl

al

Ra Rac W (5)
Ri Ri¢ Rip (6)

and Ric being determined by blank experiments Rip is ob
tained by difference

EXPERIMENTAL PART

It was necessary to determine the quantities of iodide and
arsenious acid oxidized at any stage of the reaction. Three
methods of analysis were tried

First Method.—When a suitable interval had elapsed the

! Roebuck : Loc. cit

* p, for peroxide in anticipation of the theory (see p. 78
M is the modification in Rac due to the iodide (see p. 73
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concentration of the acid was reduced by addition of sodium
bicarbonate, the iodine <|H|\’H\ titrated with sodium thio
sulphate, excess of ammonium bicarbonate added and the
residual arsenious acid titrated with iodine This method was
not successful

Second Method.—After the reaction had proceeded for
some time excess of ammonium bicarbonate was added and
the arsenious acid titrated with iodine. In a duplicate ex
periment after the same interval, a measured quantity of
0.002 N thiosulphate solution, slightly in excess of the iodine
present, was thrown into the reacting mixture, with violent
tirring just before the ammonium bicarbonate which served
as restrainer Starch was then added and the arsenious acid
and residual thiosulphate titrated with iodine, the iodine
added being the sum of the arsenious acid and a junction of
the remaining thiosulphate IFrom these two measurements
the arsenious acid oxidized and the iodine present could be
determined if this function were known. Experiments showed
that it depended on so many variables that no reliable deter
minations could be made, and the method was abandoned

Third Method.—1In the end a modification of Harcourt
and Isson’s compensation method was found to serve, and
was adopted in all the measurements of this paper. The

details of the method are as follows
Method of Making the Measurements

Distilled water and dilute solutions of potassium bi
chromate, sulphuric acid, potassium iodide and arsenious
acid were kept at o° C in a thermostat. The bichromate,
sulphuric acid and water were mixed in a beaker coated on the
outside with white enamel. In a large test-tube the iodide
and arsenious acid were mixed and a little starch solution
added At a suitable time the contents of the test-tube were
thrown into the beaker with violent stirring, and a stop
watch set going by pressure of the foot

Over the beaker was clamped a 10 cc burette from which
0.01 N sodium thiosulphate solution was added drop by drop

as 1
101

and

ma

mte

-

it i AN e st

bic

me

et . bt o s M. s T MR b .



I—

dtamarsans ~

10

The Induction by Arsenious Acid, / 9
as the reaction |ll<n'u'<]ul_ care being taken to ku]! the solu
tion in the beaker as near as possible free from both iodine
and thiosulphate A number of readings of the burette wer
made during each experiment, and finally after a definite
interval the reaction was stopped with excess of ammonium
bicarbonate, and the residual arsenious acid titrated im

' with iodine

mediately
To test the method of analysis the measurements re
corded in Tables I, IT and III were made In these table
vellow’ denotes *slight excess of thiosulphate,” and * green
denotes “slight excess of 10ding that is, just enough to keep
the reacting mixture bluish green with the starch present
“close’’ means ‘‘as near as possible free from both thiosul

]ilLl‘\ and iodine

TaBLE | TaprLe 11
00; Kl,9.8; Cr, 20; Ac, 484 15, 10.00 Kl, 245: Cr
Minute ¢ thiosulphate Minut
o 1"
. | 1.59 yel 9.5 ) Ve
5.1 1.31 close 9.5
5.1 1.09 green 9.6 2.00 areer
TasLe 111
\ 10.,00; KI, 98; Cr Ac, 24
thiosulph
Winu Wir W inu
0.59 3.2 3.5 3.3
1.00 6.0 6 2 P
1.50 9.0 0.1 8
2.00 11.9 12.0 12

In Table I where the concentration of the iodide was low
the amount of thiosulphate needed to neutralize the ioding
liberated in a fixed interval, depends on the method of work
ing. This is due to the absorption of iodine by arseniou
acid, and as the rate of this reaction® is inversely proportional

! To prevent oxidation of the arsenite in the alkaline solution of chro

mate and oxygen

See equation (4)
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to the square ol the concentration of the iodide, the difference
in the thiosulphate readings becomes less when the concentra
tion of the iodide is increased and disappears when the iodide
concentration 1 i'{ll.l‘ to (or greater than) ten times the con
centration of the arsenious acid (Tables 1T and 111 The
fact that in these last two tables, the readings made when the
mixture was " yellow" and " green’ are the same is proof that
the oxidation of thiosulphate by chromic acid' is negligible
In those of my measurements where the concentration of the

iodide was small, T was careful to keep the reacting mixture

slight Iy yell until near the end of the interval desired:

this involved an approximate knowledge of the rate at which
the iodine was being liberated and in some cases necessitated
the duplication of the experiment

\ number of blank experiments carried out for the

purpose, showed that neither the oxygen of the air, nor the

arsenic acid® and tetrathionate® formed in the reaction, affected
the rate

Solutions Employed

In addition to the solutions, K.Cr.,(0,, o.1 FF or 0.6 N:
H ,S0,, approximately o.1 N; As,0,, 0.025 FF or 0.1 N; ammo
nium bicarbonate and starch, employved in the measurements
on the rate of oxidation of arsenious acid by chromic acid, a
solution of potassium iodide 0.098 F (standardized by silver
and approximately o.o1 N solutions of thiosulphate and
iodine (standardized by comparison with the arsenious acid),
were used

Explanation of the Tables

\fter K7, Cr and Ac at the head of the tables are given the
amounts, expressed in 107° gram-formula-weights /7. e., in ¢
of o.o1 F solution) of KI, K,Cr,0, and H,S0, respectively

wur. Phys, Chem., 7, 61 (19

See eq

1" ihove, et seq
I'he concentration of the tetrathionate is not large enough to cause any
error due to decomposition in the alkaline solution during the short interval

between adding the bicarbonate and the completion of the titration
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The Induction ’1 lrsenion I d, It O1

the same unit as employed in the measurements of the

oxidation of iodide); after As, the amount of As,00,, the unit

being 0.25 X 10 gram-formula-weights (¢, e., 1 ¢c 0o.o1 N

solution), this unit is selected so as to facilitate comparison
between the iodine and arsenious acid readings
Under ¢ are entered the durations of the reaction in
minutes. Under h are given the amounts of thiosulphate
hypo’'), added from the small burette during the reaction
expressed in cc of o.0o1 N solution.  Under As-x" are entered

the amounts of arsenious acid remaining unoxidized after ¢

minutes, expressed in cc of o.o1 N solution; 1" thus represent
the amount of arsenious acid oxidized: thi vimbol is used
only when iodide is present in the reacting mixture '
swvmbol ¥ denotes the amount of arsenious acid oxidized n
the absence of 1odide

Under ic in Table XXI are given the amounts of 1odine
in cc of o.o1 N solution) liberated by the oxidation of iodide
in the absence of arsenious acid ['he experiments were
carried out just like those in which arsenite was present
(page 58), and the ic readings were obtained from the reading
of the small thiosulphate burette The numbers under ¢ in
Tables IV-X and XII-XX were obtained from these by
lllll‘l]lnl.klluli In Table XI where the reaction wa lowed
to proceed until the arsenious acid was completely oxidized, the

numbers under ic (calc) were calculated from the equation
! 20 0O o.5(h !

iwc(cale) = 0.60 L thus allowing for the

decrease in the concentration of the bichromate

In all of the experiments the initial volume was as near as
h
possible 300 cc, so that the average volume during the

reaction was 300 cc. The temperature was ulways o7 (
except in Table XX and in one series of Table XXI where the
temperature was 10° C

The difference between the amounts of iodine liberated

in the presence and absence of arsenious acid is entered under
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h—ic. The constant, k', is defined by the equation, £
i o When no iodide is present k° becomes
k of the tables on the oxidation of arsenious acid by
chromic acid, and at the same time " becomes v of those
tables (1. e., k and x are the limiting values of k' and 1’ when
KI = o)

In Tables V-1X, Ra and Rip (sce page 56) represent the
rates of oxidation of arsenious acid, and of iodide in the
presence of arsenious acid after correcting for the direct action
of chromic acid Since the concentrations of the bichromate
ind sulphurie acid are so large that they mav be regarded a

]

onstant, the rate, R may be calculated by the equation
Ra h'.As
11¢ ) ,/\' ! W !“ n /\ /

rough approximation to the rate, Rip, is given by the

Na he Timi

4||IHIHHI‘ - cin this expression however, the decrease in

the concentration of the arsenious acid during the reaction is
neglected. In the experiments of Tables V-1X this decreasc
is at most 25 percent, and hence the average amount of arsenite
present during the interval is closely represented by As—o.5x/
On page 74 I show that the rate is proportional to the con
centration of the arsenious acid, and have therefore employed
the following expression for calculating the values of Rip

V/ 7 As
/\"/‘ o ’
{ 1s 5
TABLE IV
As, 9.94; K7, n.9.8; Cr, 20; Ac, 121; ¢, 22.5
" A i 1 1 ’
¥
20 1.60 Q.25 0.69 0.18 1.42 2.00 0.0014
40 1.75 9.30 0.04 0.31 1.44 2.25§ 0.0013
50 1.03 9.26 0.68 0.52 1.41 2,07 0.0013
6o 2.03 0.33 0.01 0.70 .33 2.18 0.0012
70 2.2%8 Q.20 0.00 0.90 1.35 2.04 00,0013

R0 2.40 0.27 0.67 I1.10 1.30 1.04 0.0013
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TABLE V
1s, 9.94; K7, n.9.8; Cr, 20; Ac, 242; ¢, 10
h
" h Is { 1] ’ A Nip Na Rip
1
o O.000 2012 ( O
1 7.97 001 0.21 0.0000 ‘.444. 0.221 0.26
2 8.32 0.02 0.42 O 0.178 0.251
| 4 8.79 0.04 1.12 0. 0.122 0.250
6 8.81 0.06 1.30 0.00§2 0.156 0,120 0.276
8 8.86 0.08 1.41 0.0050 0.160 0.116 ( 76
| 10 Q.00 0.10 1.75 0.0043 0.172 0.099 0 1
10 9.16 0.10 2.41 0.0036 0.195 0.083 0.2°8
12 1.80 9.07 0.14 1.91 0.0040 0.173 0.002 0, 2(
15 1.83 0.12 019 2.00 0.003 0.170 0,085 0.2
20 1.88 0.00 0,20 1.71 0.0043 0.169 0.009 (
0 2.00 9.18 0.43 2.07 - ) 1€ 0,081 14
30 2.17 9.12  0.43 2.12 0.0037 0.182 0.085 2(
40 2.24 Q.25 0.63 2.13 0.0031 0.16 0.071 ( by
50 2.58 0.29 0.95 2.51) 0.0029 168 0.06% o
6o 2.70 Q.18 1.1§ 2.04 0.0035 0.160 0,081 ( $1
7 3.02 0.25 1.45 2.27 0.0031 0,162 0,071
{ 30 13.20 0.20 1.75 .26 00031 0.150 0.071 0.211
i
{
|
]
B
i
|
.!
{
20 40 60 80
Fig. 1 (Cf. Tables V and VI
{ NOTI In Figs. 1-4, the unit in which A"/ is represented .8 1
| gram-formula-weights




Ralph E. De Lury

TasLE VI
9.94; K/, n.9.8; Cr, 20; Ac, 242; 1, 1§

h
Rip Ra Rip+ Ra

0.000 0,263 0.203
0.0100 047 0.230 0.277
0.0082 060 0,189 0.258
0.0057 134 0.131 0.265§
0.0047 169 0.108 0.277
0.0051 160 0,117 0.277
0.0043 W17 0,009 0.260
.004 1 .17 0.094 0.273
0.0041 N i 0,004
1.08 0.0040 g 0.092

2.06 0.0037 L 0.085
1.91 0.00139 ., 1606 0.000
1.93 0.0038 . 166 0.088

2. 14 0.00313 166 0.076
TaBLE VII
K/, n.9.8; Cr, 20; Ac, 242;

/

Rip

.000 0.530
0.0053 0.2906 0.243
Al.(b{}“l)
0.0049
0.0048
18.03 o 0.0043 0.198
18.07 . 0.004 2 0.194
18.12 .2 0.0041 0.188
18.26 0.0037
18.27 2.12 0.0037

18.31 . 2. 0.0036

06— o SRR

+ Ra

20 40
Fig. 2 (Cf. Table VII)
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TasrLe VIII
, 9.94: KI, n.9.8: Cr, 40; Ac

2

=4 40
Cf. Table VIII

TasLE IX

5.54
6.00

\,I»"‘

40 7.50 85 2. 0.0103 (

10 7.44 7.50 2.74 .03 0.0122 )
60 .68 8.18 .80 2,83 0.0085 0.531 0,196

60 0.13 7:77 80 1.83 0.0107 0.484 0.247 0.

Note.—Thiosulphate solution 0.04 N was used in the me:

ments of this table to avoid a too great change in volume
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Rlp +Ra
Rip
L__Ro
Kl
20 40 60
Fig. 4 (Cf, Table IX)
TasLe X
4 0.5
As 10.00 20.00 10.00 10.00
K/ 245 245 490 245
Cr 20 20 o 40
Ac 242 242 242 242
h 2.00 3.60 2.60 2.60
As v’ Q.15 18.30 9.18 8.50
g 0.85 1.70 0.82 1.50
¢ 0.35 0.35 0.88 0.68
h — ic 1.65 3.25 1.72 92
h i
? - 1.94 .91 2.10 1.05
1
&' 0.0040 0.0040 0.0037 0.0074
*k 0.0114 0.0116 0.0114 0.0217
k—Rk
y 1.9 1.9 2.1 2.0
,(.
TAnI
As, 5.00; KI, 196; Cr, 20; Ac, 484
14 h ic(cale.) h—ic(cal ! h ic(cale.)
3 1.20 0.85 55 13.02 5.85
5 1.92 1.34 60 14.04 6.38
5] 3.36 2.32 65 15.28 6.90
10 3.80 2.65 70 15.96 7:40
15 5.40 3.68 75 16,56 7.90
20 6.72 2 4-44 80 17.2 8.40
25 - 8.00 2 5.18 85  17.92 8.90
10 Q.20 3 5.98 95  19.16 9.90
15 10.32 .81 6.51 100 19.76 10.40
40 11.28 4.30 6.98 105 21.16 10.88
45 12.32 4.82 7:50 140  23.68 14.20
50 13.16 5.34 7.82 160 | 25.28 15.80

Note.—In making the iodine titrations 0.04 thiosulphate was

used to avoid a too great change in volume.

0.0119
0.0318

ic (calc.)

8.07
8.26
8.38
8.56
8.66
8.84
9.02
0.206
9.36
9.28
9.48
0.48




10
10
IS5
20

30

10
I5
15
20

i 3 o

+

W NN -

wn

Fig.
with the values of x from Table XII of my paper on the oxida
tion of arsenious acid, and the values of 1’ from Table XVIII
of the present paper

N nO
n O N W+

.08

88
78
74
66

.40

The Induction by Arsentous

lcid, Ete

is plotted from the results of Table XI together

Fig. 5 (Cf. Table XI)

As, 9.94; KI, 98; Cr,

1.94

1.80




{ /:

10 2.00

10 2.17

15 3.15

15 3.11

0 4.00

30 5.67

jo 7.20
Note.

VIII of

calculated as described in the foot-note

3

10

h
1.15
1.62
10
2.6

1.84

3.46
$.87
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TapLe XIV
s, 9.94; KI, 294; Cr, 20

h
t ( ’ , k
X
Q.15 0.43 2.07 0.00335
Q.12  0.43 2.12 0.0037
8.6 0.64 1.98 0.0040
5.74 0.64 2.08 0.0037
8.42 0.85 2.07 0.0036
74 1 b 2.00 0.00116
12 1.70 1.97 0.00138

The values of x of this table

the paper on the oxidation of ars

TasLe X\
s, 5.00; KI, 196; (Cr,

Is 1 1 /
$.57 0.43 0.2 0.88
140 0.00 0.40 1.22
}.19 0.81 0.54 1.56
.04 0.96 0.6 1.1
3.85 1.15 081 ) 3
TanrLe XVI

Is v A /

1.09 0.31 0.86
124 0.70  « 1.54
3.85 1.15 2,11
3.58 1.42 0.96 2.67
3.05 1.95 1.44 3,65

TasLre XVII
s, 9.94; K7, 196; Cr, 40;

As %/ x/ i h
9.14 0.80 0.25 1.50
8.44 1.50 0.50 .06
7.79 2.15 0.75 $.12

on p

1T¢
nic

18 ¢

42
v (ca h ic 4
2.50 2.56
3.75 3.78
3.75 3.67
$.70 4.07
6.68 6.50
8.86 8.18
taken from ‘Table
us acid ; a{eale.
42
2.05 0.0039
2.03 0.0037
1.03 0.0038
1.99 0.003
1.94 0.0038
1.99 A 0.00138

1.94
1.88
1.87

1.93

Avg. 0.0072

0.0056)

0.0076

0.0073

0.0072
/

12, 0.0073

k!
0.0073
0.0071

0.0071

p:



T he

s

\
/ Is 1
9 § 1.90 }.30
10 3.59 3.80
15 5.16 3.37
20 6,48 2.95

h i X

y 31.05 S3.61
10 5.0 y
15 8.03 0.04

. 15, 9.94; K/
/ p A 1
10 2.5% 8.90
15 3.53 8.20
20 4.560 7-54
25 5.55 7.33

K1,

Induction by

TasrLr XVIII
5.00; K7, 196; Cr, 20; Ac, 484
h
x ’
\
0.70 0.60 1.30 1.86
1.20 1.20 2.30 1.99
1.03 1.80 .36 .06
2.0% 2.40 }.08 1.99
log. 1.98
TasLg XIX
04 K/ 106: Or | 184
1
$.212 60 2.4 1.84
1 ) }-4 1.59
3. 30 1.80 ( 1.8
| 1.87
TasLe XX
196: | 242 (Ten ral
1 / ’
1.04 0.35 ) |
1.68 0.52 .01 1.8
2.10 0.70 .86 1.8
2.01 0.87 .68 I

196; C

Irseniouns

TasLE XXI

r, 20; Ac,




0.24 4.2 0.87 1
0.30 5.0 1.00 1

0.58 10.0 1
0.80|13.2 1

K17 196: Cr, 10

0.44

0.57

0.78

1.03

1.75

1.98

2.40
Table l'able
XII X111

’

4.5 0.31 9.5 1.33 0.40
7.0 0.50 14.0 1.68 0.80
21 20.2 0.67 19.0 2.00 1.10
20 20.7 1.02 28,5 2.04 1.45

Ralph E. De Lury

242. K17, 686; Cr, 20; Ac, 242

4 4 i {
5 0.60 5 0.29 6
5 1.20 10 0.52 13
10 1.82 15 0.66 17
15 .43 0.76 19.5
0 3.00 5 0.95 25,5
3 3.00 31 1.19 12
10 4.20 35 1.42 10
50

TasLe XXII

I'able Table I'able I'able Table Table
XIV XV XVI XVII XVIII XIX

? ’ ’ ’ ’
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TapLe XXIII

Table v Vv Vi VIl Vil IX
s 10 10 10 20 10 10
K/ 300 1504 150 100 150 150
Cr 20 20 20 20 10 20
1e 121 242 242 242 242 484
k 0.0044 0.0114 00114 0.0116 00,0217 0.0318
k' 0.0013 0.0037 0.001318 0.0037 0.0076 00112

kb

r+1 ¥ 3.4 3.1 3.0 3.1 2.9 2.9

k—k'
4 ¥ 2.4 I 2.0 2.1 1.9 1.9

Table XII XIII XIV X\ XVI XVII XVIII XIX
s 10 10 10 5 5 10 5 10
/\'/ 08 196 204 1906 1906 196 196 196
Cr 20 20 20 20 40 40 20 20
1¢ 242 | 242 | 242 | 242 | 242 | 242 | 484 484
k 0.0114 0.0114 0.0114 0.0114 0.0200 0.0217 0.0300 0.0318
4 0.0041 0.0041 0.0037 0.0038 0.0073 0.0072 0.0116 0.0118

b

7 1 » 2.8 2.8 3.1 3.0 3.0 3.0 2.6

k—F
? 1.8 1.8 2. 1 0 2.0 2.0 1.6

»

Vole.—See also Table X
Discussion of the Experimental Data

The measurements recorded above together with thos
of my previous papers on the action of chromic acid on iodide’
and arsenious acid® constitute all the experimental data on
which the theory developed in the following pages is based
In order to collect all the facts together the generalizations
deduced in the last-mentioned papers are quoted in the follow
ing paragraphs along with the general conclusions drawn
from the tables of the present paper.

Effect of the Concentration of the lIodide

Tables IV-IX (in each of which ¢ is constant) show that
increasing the concentration of the iodide causes a gradual
! See equation (1)
¥ See equation (2).
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increase in the value of & ic (the iodine liberated due to the
presence of the arsenious acid), and a gradual decrease in the
value of 1’ (the arsenious acid oxidized in the presence of
iodide), a maximum value of A ic and a minimum value of
v' being reached when the concentration of the iodide is about
fifteen times that of the arsenious acid, that is, when
K/ -15As. Further increase in the concentration of the
iodide does not appreciably affect these limiting values of
/i and 1

When the iodide is in excess the value of the ratio, - -

]

is 2.00 within the limit of the experimental error, no matter
what the concentrations of the other reagents are Thus in
[ables XII-XX the average values of this ratio are, 1.80,
1.80, 2.04, 1.99, 1.93, 1.05, 1.98, 1.87and 1.9 (at 10° C'); in Table
IV the values are, 2.06, 2.25, 2.07, 2.18, 2.04 and 1 94, and in
l'able X, 1.94, 1.91, 2.10, 1.95 and 2.00 \dditional evi
dence is afforded by the measurements of Tables V-1X (Figs
1—4) and the curves of Fig. 5. The slight deviations in both
directions, from the number 2.00 must be aseribed to ex
perimental error, for the ratio in question is the quotient of
two small numbers, each of which is the difference between
two small readings of the burette, and owing to the nature
of the method of analysis it usually happens that when one
of these numbers (say h— ic) is too small the other (x") is too

larg

Tables V-IX and the curves of Figs. 1-4, show that
addition of potassium iodide lessens the rate of oxidation of
arsenious acid by chromic acid, the retardation increasing
with the concentration of the iodide up to a certain point from
which on (Ra, when A"/ o, being equal to Aac),

/
Ra, (K7 excess) v'/\,xl' (7)

Additional evidence of relation (7) is afforded by Table XXIII
in which k& is seen to closely u|ll;|| 3 k!

' The curve, / ipproaches the line, .\ 10 s, asymptotically,

and simultaneously the curve, ¥/, approaches the live, .\ g = A,
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Tables V-IX and Figs. 1—4 further show that the rate
at which iodine is liberated in solutions containing arseniou
and chromic acids, after correcting for the direct oxidation
of 1odide by chromic acid, increases with the concentration
of the iodide up to a certain point from which on,

Rip, (K1 excess) 2Ra, (K7 excess) 8

j- Rac.

The last columns of Tables V-IX and the upper curves of
Figs. 1—-4, show that the sum, Ra+ Rip, that is, the rate of

reduction of chromic acid' after correcting for

action of the chromic acid on the iodide, is the same for all

concentrations of iodide from zero up, or
Ra R Ri Ra 9
that is,
Ra /\'.‘/‘ Ra 10

Thus M of equation (5) 18

In the absence of arsenious acid the rate of oxidation of
jodide by chromic acid is connected with the concentration

of the iodide by a quadratic relation (see equation i

' On comparing the above Tables of results with those on t oxidation
I g

of arsenious acid in the absence of iodide, it will be noticed

any fixed interval of time the total oxidation is greater in the presence than in

the absence of the iodide, that is, 4 1 v’ is greater th

I'his is due to the fact that in the former case the concentration of the arseni
ous acid (on which the 4 ic reading depends) does not fall off so rapidly
in the latter case. If the average concentration of the arsenious acid

nts in which iodide was present

mained the same as it in the experin

would have for the value of 1

As.t v’ dit
v(ca v
1s.4 1
and as shown by Table XIV, x(calc) is equal to the experiment letermined
value, & — i v/. For the method of computation, see Jour. Phys. Chen

10, 423 (1906
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Effect of the Concentration of the Arsenious Acid

In the absence of iodide the rate of oxidation of arsenious
acid by chromic acid is proportional to the first power of the
concentration of the arsenmious acid. This suggested com
puting the constant of the “first order’ in the tables of the
present paper. The constancy of k' in each of the Tables
XI1I-XX, and more particularly the fact that changing the
concentration of the arsenious acid in these tables as well as
in Tables V, VI and VII, does not effect the value of k', shows
that in the presence as well as in the absence of iodide the rate
of oxidation of arsenious acid by chromic acid is proportional
to the first power of the concentration of the arsenious acid.

Since in the presence of excess of iodide, h — ic = 2x’
(see page 72), the rate Rip is twice the rate Ra, (Klexcess),
and is therefore, like the latter, proportional to the concen
tration of the arsenious acid. The fact that Rip + Ra = Rac
for all concentrations of iodide from zero up, is also proof that
Rip is proportional to the first power of the concentration of
the arsenious acid

Effect of the Concentration of the Bichromate

Comparison of Tables V and VIII, XV and XVI, XIII
and XVII, shows that doubling the concentration of the
bichromate almost doubles the value of k’, that is, almost
doubles the rate of oxidation of arsenious acid, Ra, when
iodide is present; or the rate Ra is proportional to about the
0.9th power of the concentration of the bichromate.

In the absence of iodide the same relation was found to
hold; that is, Rac is proportional to the o.9th power of the
concentration of the bichromate

Since in the presence of excess of iodide h—ic=2x’, the
rate Rip is twice the rate Ra, (KI excess), and is therefore
like the latter proportional to the same (0.9th) power of the
concentration of the bichromate; and the fact that Rip
Ra - Rac is also proof that the rate Rip is proportional to the

0.9th power of the concentration »f the bichromate.
In the absence of arsenious acid the rate of oxidation of




The Induction by Arsenious Acid, Fle.

iodide (Ric) was found to be proportional to a power of the
bichromate slightly less than the first (except when very
dilute solutions of bichromate were emploved, when the
power was the first exactly). In the above tables ic is scarcely
doubled for a fixed interval by doubling the concentration
of the bichromate

Thus the rates Rac Ra, Rip and Ric are each propor
tional to a power of the concentration of the bichromate
slightly less than the first

Effect of the Concentration of the Sulphuric Acid

Doubling the concentration of the sulphuric acid nearl
trebles the rates Ra and Rip in Tables V and IX, and the
constants &’ in Tables XV and XVIII, XIII and XIX. Thu
the rates Ra and Rip are proportional to the 1.4th power of
the concentration of the sulphuric acid

The rate of oxidation of arsenious acid in the absence of
iodide is also proportional to the 1.4th power of the concentration
of the sulphuric acid. This unusual fractional power is thu
common to the kinetic formulae for the rates Rac, Ra and
Rip, while the rate of oxidation of iodide in the absence of
arsenious acid (Ric) is proportional to the square of the con
centration of the sulphuric acid

Effect of the Temperature

Changing the temperature from o° C to 10" C causes :
change in the constant k' of 29 percent (0.0041 to 0.0053,
Tables XIII and XX). Since in these tables h— ic = 21", the
rate Rip is also increased by the same amount

Changing the temperature has practically the same effect
on the rate of oxidation of arsenious acid in the absence of
the

temperature from o° C to 10° C causes a change of 26 per

iodide (Rac); the experiments showed that changing
cent in the constant k (0.0114 to 0.0144)

Thus the rates Rac, Ra and Rip have the same unusually
low temperature coefficient, viz., less than 1.3

The temperature coefficient of the rate of oxidation of

iodide by chromic acid is also very low, vz, 1.4.




I'he following are the general results of the experiments
Rac is (O 1 (rn)
Ka 1s (O 1¢ (12)
K K.(m K/ n(K7)). Cr.(Ac)
Compare equation (1)
R Ric Rip 15.(Cr { (13)
ind R Ra A
I'he constants k nd &’ depend on the amount of 10did
present : as the concentration of the iodide inerease k" de
creases from &k, for KI - o, to , for A1, ea ind simulta
neously k'’ increases from o to 2k" ot
When the 1odide is in exce the ratio 1 \4|!l‘>] to 2
I'he rates Rae, Ra, (AT exce and Rip, (K1 excess) have
the same unusually low temperature coeflicient, 21z., less than
1.3 (from 0° C to 10° ( the temperature coeflicient for the
rate Ric is about 1
THEORETICAL PART
I'he above results show that
a) The rate of reduction of chromic acid in solutions

contaming
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Induction

1T

(¢) The ratio Ra:Rip is independent of the concentration
of the bichromate and sulphuric acid for all concentration
of 1odide

(d) In the absence of arsenious acid the rate of oxidation
of iodide is proportional to powers of the concentrations of
the reagents somewhat different from those of rate
and (i) of (b

These facts sug
primary oxide when chromic acid acts on arsenious acid, and
the succeeding paragraphs will show that the above experi

mental results may be satisfactorily accounted for by the

theory of the formation of a

following assumption
Assumptions

hron 1l

a) That arsenious acid acting on chromic acid for
slowly a primary oxide

b) That this oxide is completely and instaintancously
reduced by either arsenious acid or iodide

¢) That the fractions of the primary oxide reduced b
arsenious acid and 1odide Ic }\\i{‘.w] m olutiorn Cot
taining both, depend on their relative concentration v
the iodide 1s in large exce the amount of the primary oxide
reduced by the arsenious acid is negligil:l

The primary oxide may be one of the follo

vt

1 \ peroxide of arsenic represented by the rmu

15,0, or one of ils hydrates, e. g., H AsO,, the reactions bein
as follows

i) Slow formation of the peroxide

As Oy 2K,Cr,0 y 1,850, As, 0 Cr,(80,), K,S0, 1.0
or,
AsO,+ Cr,0 [ 150 0, H,0 14
i1) Rapid reduction by arsenious acid or iodide
As0y -+ 245,04 2 A0, or, AsO, A0, 2 AsO, 15
and
For methods of determining the degree of | f ¢ primar

oxide, see p. 83
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SHT 15,0, + ¢4, + ¢ H,0; or
AsO,+ g1+ ¢ H — AsO,+ 2l,+ 2H,0. (16)
An intermediate oxide' of chromium of the formula
Cr,0,, or one of its hydrales, e. g., H,Cr,0, the reactions being

as follows
Slow formation of the intermediate oxide (peroxide),

Asy0, -+ 2K,Cr,0 As,0 2K,0r,0,; 1. e
1‘:":& } 4CrO, .\\2(" + 2( ’;.‘,l"._;

AsO;+ Cr,0 150, Cr0, (14a)

)
i1) Rapid reduction by arsenious acid or iodide,
A 5,04 Cr,0.
Cr,0,
and
Cr,0 tH1 Cr0, '/ "//:,l’, or,
Cr,0, gl + 4H = Cr,0,+ 21,4+ 2H,0 (16a)
\ mixed peroxide of arsenic and chromium of the same

oxidation as (1) and (2

Development of the Theory

degree of

It has been found convenient to introduce the symbol

Rp, for the rate of formation of the hypothetical oxide, ac

> 3

cording to equations (14) or (14a), the unit being 0.25 X 10
formula-weights if the oxide As,0, be assumed, or 0.5X 10
formula-weights if the oxide Cr,0, be assumed, and the symbol
Rap for the rate of oxidation of arsenious acid by peroxide,
according to equations (15) and (15a¢). Rip has already been
introduced (page 57): it may now be defined as the rate of
oxidation of iodide by peroxide, as in equations (16) and
(16a).

If the solution contains chromic and arsenious acids only,

then for every unit of arsenious acid oxidized in the first stag

Although the formula (7,0, contains less oxygen than the formula

Cr0Oy 1 shall speak of it as a peroxide of chromium,
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formation of peroxide, equations (14) and (14a)) two more

are oxidized in the second stage (reduction of peroxide,

equations (15) and (15a)), the final result being the formation
of three units of arsenic acid. As, by hypothesis, the second
stage takes place instantaneously, the time required for the
formation of this amount of arsenic acid is practically that
involved in the formation of a unit of peroxide, or,

Rp =" - Rac.

3
If. however, the solution contains iodide as well as ar
senious acid, both will be oxidized on the reduction of the
peroxide, the total quantity of iodine and arsenic acid formed
in the second stage amounting to two units in all \s before
for one unit of peroxide formed and reduced three units of
arsenic acid and iodine taken together are generated, and

1
Rp (Ra Rip) 18)

Whether iodide be present or not, however, for every
unit of peroxide formed one unit of arsenious acid must I
oxidized to arsenic acid;' any additional arsenic acid formed
is due to the oxidation of arsenious acid by the peroxide
Thus,

Ra /\'/v Rap 19)

It has been pointed out in the paragraph preceding
equation (18), that two units of iodine and arsenic acid counted
together are formed by the reduction of one unit of peroxide
the share of these two units, however, that falls to each,
depends upon the relative concentrations of the iodide and
arsenious acid. As the concentration of the iodide is in
creased, the reaction represented by equation (15) or (15a),
falls more and more into the background until in the presence
of large excess of iodide,

[\,d/‘, (KI excess 0 0

' If the peroxide be (7,0, this unit of arsenic acid is formed in the first

stage, equation (14a); if As,0,, from the peroxide on reduction, equations (15
and (16)




whence by equation (1
Ra
and by equation
KI exce 2 Rp

Comparison of the Theory with Results of the Experiments

By climinating the hypothetical Rp from equations
17 22) the relations deduced from the assumptions of
page 77, may be compared with the experimental results

The elimination gives:

IF'rom equations (17) and (18
Ra vl Ra

ame as equation (10); from equation

K1 exq

which is the same as equation (7); also from equations

ind (22

2Ra, ( K1 excess) J.'/\IAI.

which is the same as equation (8

That is to say, the main quantitative relations between
the rates of oxidation of acceptor and inductor are in accord
ance with the postulates of the theory set forth on page 77
I'hese relations are clearly shown in Fig. 6, which is in obvious
agreement with Figs. 1 to 5, where the curves were plotted

from the experimental data
Further Development of the Theory

\ Lll.lll]ll!‘ representation of the theoretical relations is
given in Fig. 6, where the dotted line shows the general form
of the Rip curve for increasing concentration of iodide

Conclusions as to the relative efjects of the reagents on the
rates, Rap and Rip might be drawn from the form of the Rap




and K p curves before they become horizontal ; unfortunately
the experimental errors incident to the method of analvsi
are greatest when the concentration of the iodide is small
ind this renders any detailed study of the curves usele

Ra
Rip + Ro 10

Fig. ¢
However, from Tables VV and VI it appears that in solution
contamning As 10, Cr 20 lc 242, the ratc Rit

/ ind  Rat

are equal when K7 is about 253 If Rip were proportional

to the first power of the concentration of the iodide then for
Rip R
KI =150, ,,°, would be 6; and if to the second power of the
/\"’,"
iodide, 36. The first is certainly far too low to e
ment with the results while the second is not
Again, comparison of Tables VI and VII shows that when
the concentrations of both the arsenic and iodide are doubled
Rip s
the ratio \'4,/.‘\ increased ; or in other words the arsenious acid
has less effect on the rate Rap than the iodide has on the rate
/\')/', if /\'I/' be set IHU‘HII‘HD”.]I to the second power ol the
concentration of the iodide (in accordance with the con
clusion reached in last paragraph), then Rap must be set
proportional to some lower power of the concentration of the

arsenious acid— perhaps the first
Nature of the Primary Oxide
As has been shown on page 77 the experimental result
of the present paper accord equally well with cither of the
following assumptions
I \ I)\Hl\l'!l of arsenic
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) A peroxide of chromium
1)

\ complex peroxide of chromium and arsenic

If one 1s to choose between thesc assuimptions, additional

evidence is necessary Such evidence may possibly be ob

tained in the following wavs

a) By comparison of the powers of the reagents corre

sponding to the varvious hypotheses, with those obtained by ex

periment—as suggested by Van't Hofl

ILquations (14) and (14a), corresponding to the assump

tions of a peroxide of arsenic and one of chromium respectively
both agree with the fact that the rate of oxidation of arsenious

acid by chromic acid is proportional to the first power of the

of the arsenious acid and to the o.g9th power

concentration
regarding the chromic

of the concentration of the bichromate

acid as not lu]ll\ (ulll[»l\lnl\ dissociated ind H]ll.lllnll 14

together with the view that an ion' of
atisfactorily accounts for the effect of the

arsenious acid reacts

with chromic acid
sulphurie acid concentration,
explanation of the effect of the concentration of the acid

while equation (14a) offers no

We thus have an argument in favor of assumption (1) or (3
and against a sumption (2
by By systematic variation of the three reagents,” as

and Schilow

suggested by [.uther
experiments were made substituting

Many qualitative
for chromic acid other oxidizing agents, such as, H,0,, K.S,0,

KBrO,, K'C10,, KCIO,, using starch as indicator for the iodine
liberated, and keeping the concentrations of the iodide and

sulphuric acid sufficiently large to prevent the arsenious acid
no case was the

acting on the liberated iodine In
the addition

from
oxidation of iodide found to be accelerated by

of arsenious acid. Thus we have evidence that the primary

oxide is a compound of chromium (assumptions (2) and (3
\lso when certain reducing agents are substituted for
See the paper on the rate of oxidation of arsenious ac id by chromic

weid
Zeit. phys. Chem. 46, 816 (1903)
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The Induction by Arsenious Acid, It
arsenious acid the rate of oxidation of iodide by chromic acid
is accelerated; this is noticeable in the case of some organic
acids as tartaric and oxalic acids' and in the case of ferrou
salts® in this last case, however, the acceleration cannot I
ascribed to the formation of a peroxide, as Miss Benson ha
shown. So too, i any given case, to account for the accelera
tion, different types of intermediate compounds may I
assumed in the absence of definite knowledge of the kineti
of the reactions, and it 1s in this particular that the method
suggested by Luther and Schilow fails

Summing up the evidence brought forward by the up

b), we find

plication of the above two methods, (a) and
arguments for and against the assumptions that the primary

and ! but

oxide is one of arsenic or one of chromium,
none contrary to the view that the primary product is a com
plex peroxide of arsenic and chromium (3
Determination of the Degree of Oxidation of a Hypothetical
Primary Oxide

The problem of determining the degree of oxidation of an
assumed primary oxide is of general interest, and some method
of doing so will now be given, using the present case in
illustration

(@) From the ratio of the quantities of acceptor and n
ductor oxidized in any interval (imduction jactor chen th
concentration of the acceptor is so great that this ratio has becomi
constant (as employed by Manchot, Luther and Schilow and
others)

Let the composition of the peroxide be represented by the
general formula, As, 0, ,. Then the reaction between the
peroxide and arsenious acid must be written

As O : rAs,0 (2 1) As,0
and that between the peroxide and the iodide,

As04 | 2+ qrHI = 2r], 15,0, -+ 2r H 0. 4

1 | have made some measurements on this subject, and these I hope soon

to complete and publish
Manchot: loc. ¢it.; Miss C. C. Benson: loc, cit




When the 1odide 15 1

hence for every equiy

1 CXCe reaction (23) is negligible, and

alent of arsenic acid formed » equivalents

of iodine are liberated, or

where & e and
acid oxidized in the
pre sed 1 cc ol 0.01

\s shown on p

If a primary o

ment 1 imilar Reg

ind final oxides 1n

eneral formula of the peroxide b

\" solution

1

" are the amounts of iodide and of arsenious

same time  (both quantities being ex

ee page o1

g 2 ) , and hence the peroxide i

ide of chromium be assumed the treat

irding (v, and Cr,), as the nitial

the reduction of chromic acid, let the

Cr(0) I'hen for the

formation of this oxide we have

for the oxidation ol

ind for the reaction

Cr(

When the iodide 1s 1in excess, reaction

\s shown on page
the iodide 1s in exces

peroxide is Cr,0)

15,00 Cr,0 15,0 6

arsenious acid by peroxide,

between peroxide and iodide,

H] Cr, 04 / (28

is negligible, hence

(KT excess) . ; 0)

the value of the ratio (h ( v', when

is 2, hence s and the formula of the

b) From the ratio of the rates of oxidation of the inductor

in the absence of the
the acceptor
If the peroxide
Irom equations 23
Rac

RNa, (K1 exce

acceptor to that in the presence of excess o,

be one of arsenic, As,O , we have
and (24

Rac Ra, (K] excess)
Ra, (KT ¢xcess)

r I, Or1
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Henee from the definitions of k and &” given on page 62

! 1,08 ) 1
Or if a peroxide of chromium, Cr () be assumed, we have
from equations (26) and (2
R a 3 : Ra Ra, (K1 ex
Ra, (K1 exc 3—s ' Ra, (KI exce
i!\lln‘n .|]~n,
or

In Tables V-IX it is seen that the value of the ratio

Rac: Ra, (K1 exc is very close to 3: hence from equation
30), r 2, and from equation (32 . In the summary
I'able XXIII, the value of the ratio, k: k" is seen to b
hence again » and have the value 2 (equation 31) and
33 IMus the formula of the peroxide must be written
15,0, or Cr,0)

c) From the amounts of the acceptor oxidized in k )
intervals, assuning that the law of the oxidation of the inductor

f acceptor is known
It is generally very difficult to determine the amount

of each of two reducing agents in the presence of an oxidizing

in the absenc

agent, and quite often impossible to find accurately  the
induction factor (when the reaction 1s over); in such case
if it is possible to make near the beginning of the reaction a
few measurements of the amount of acceptor oxidized when
this reagent is in excess, the degree of oxidation of the primary
product may be calculated by the following method

The rate of oxidation of arsenious acid by chromic acid 1s
IHH[N)I[\HH.!] to the first power ol the concentration of the
arsenious acid; thus using the symbols defined on page 62

we have

and when the acceptor is present in excess,
1 15

A ; log i . (35)
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When the acceptor is in excess, we have, assuming the formula

of the peroxide to be As.0)

K1 ex )
\
whenee, writing @ for h ¢ 1o economize space
a
Y
)
and we have,
1 1 \
[ : (
1 1 |
) )
where t,, a,; L, a,; L, a,; et ire experimentally determined

values of f and a

t simply by

['his equation may be solved for », 1

testing in turn, the numbers, 1, 2, et

If the rate of oxidation of the inductor il been propor
tional to any other power of its concentration than the first
in equation somewhat similar to (36 could be written, to b
olved for »

) If it be assumed that the value of & in couation (34

be known. » can be found from the following equation (which
is obtained from (31) and
) \ \
A [ 37
) { .
\

If the fraction i be very small we have as a first ap
r.

proximation,

(39
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and sinee
‘ 0.4343 ' of Table X XII. !

Using this approximation the valuesof »” given in Table XX11
were calculated. It will be noticed that the value of »” diminishe
as a (1. e., h 1 increases, because the ne LL]\(!!V‘ terms ol
equation (38) become larger and larger Henee a cl

approximation is to be desired

and hence,

a | (a | 5.A 0k 1. A 1 ! 1

of Table XXII

I'he values of »”” in Table XXII were calculated by mear
of formula (42

I'hese values do not fall off so noticeably on increasing the
value of @ (i.e., h—1ic) as do the values of r” in the same table
Both »” and »"" point to the number 2 as the value of » \
slight error in k or @ will cause a considerable error in the valu
of »'”; this is noticeable in initial values of some of the table

t11) The value of » may be found also in the following
manner

We have

and since a =r.2’, it follows that

da
1t

di

a==3, ;u’.'\u.ul\ a).dt

and therefore,

2,30k (r.A a) 13)

whence,

>~
2




Now the tues of a.dt can be found ecasilv and accurately

from the plotted curve, a, £, and hence the values of £ and of
r.As can be found by means of equation (44) for any two

pairs of values of a and /

I'hus, we have
!
1 . ‘ y
If in addition tl Jue of k of equation (34) be known, the
due of r can be determined from the above caleulated value
0 A 1 1t 1 |
SUMMARY
\ method of analysi which may be of use in the study
of other complic wed cases of induced oxidation, 1s described

\ddition of potassium iodide lessens the rate of oxidation
of arsenious acid by chromic acid, the retardation increasing
h the concentration ol the 1odide up to a certam point from
ch on the rate of oxidation of arsenious acid is equal to
one-third the rate when no iodide is present; or symbolically
I 4
Na (il ex ) Nad
I'he rate at which iodine is liberated in solutions con
taining arsenious acid, iodide and chromic acid, after correct

ine for the direct oxidation of iodide by chromic acid, in

As an exa method following table calculated from the

data of Table XI, by methods deser in Jour. Ph Chem., 10, 423 (1906
given

3) 2 10 from (1) and (3

4 5 83 10.4, from (2) and (4

5 | .19 10.4, from and (5)
In this table a h a of Table XI. The value of .15 is 5.00 and hence
’ 2 very closely

|
|
l

|
:
!
|
]



1 i
|
) i
¢
(
y
|
n
1
0
!
l 1
t
n :
1€ .
s
:
|
)
{

il o ot 18 o 5

creases with the concentration of the iodide up to a certan

point from which on the rate of liberation of 1oding LWiCe
the rate of oxidation of arsenious acid (expressing both iod
and arsenious acid in equivalent o1

IN) Ra, (K1 ex

The rate of reduction of chromice acid ter correctin
for the direet action of the iodide) 1s the une for all con

centrations of iodide from zero up, or

Ra / / /
Lixpressing each of the three ra ! te of « i

of arsenious acid by chromic acid in the absence of
KRa (rate of oxidation of arseniou cid in the pro ' p
jodide) and Rip (rate of liberation of 1 {
for the direct action of the chromic acid on iod n
of the concentrations of the reagent ¢ Ve

Ra 15.(Cr) {

/ Is.(Cr

I 15.(C '

where A

and k' depend on the concentration of the iodide

When the iodide 1s i excee

The effect of the temperature on the rates Rac, R
KI excess) and Rip, (KI excess) is the same, the cocflicient
Il (somewhat less than 1.3

being unusually sni

The results may be accounted for by assumin

a) That arsenious acid acting on chromic acud jorn
slowly a primary oxide

b) That this oxide is completely and instantancously r
duced by either arsenious acid or 1odide

¢) That the jractions of the primary oxide reduced b)
arsentous acid and iodide respectively, in solutions containin

both, depend on their relative concentrations: when the iodide

is in large excess the amount of the primary oxide reduced by

the arsenious acid is negligible

—————m e
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