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LX1I.-Catalysis. Part I V. Teqnperaturc Coeficients 
o f  Catalysed Reactions. 

By NILRATAN DHAR. 

IN the foregoing paper it has been shown that although oxalic 
acid cannot reduce mercuric chloride even when boiled, the addi- 
tion of a few drops of chromic acid and a trace of manganese salt 
is followed by the reduction of the chrcjmic acid, and immediately 
thereafter by the reduction of mercuric chloride. It is the object 
of the present communication to throw light on the mechanism 
of this and other induced reactions, and, further, to study 
the temperature coefficients of reactions influenced by chemical 
catalysts or by light. The effect of change in the concentration of 
the reacting substances on temperature coefficients has also been 
investigated. 

The investigation has covered the kinetics of the oxidation of 
oxalic acid and formic acid by chromic acid, and the oxidation of 
formates and oxalates by iodine, mercuric chloride, and silver 
nitrate. 

E X  P E R I M  E N T A  L. 

Oxalic Acid and Chromic Acid. 

Oxalic acid is slowly oxidised by chromic acid a t  the ordinary 
temperature, but a t  about 2 5 O  the velocity of the reaction is quite 
measurable. 

Ordinary pure chromic acid was repeatedly washed with con- 
centrated nitric acid in order t o  remove potassium salts. The 
washed specimen was dissoIved in the minimum quantity of water 
and precipitated with concentrated nitric acid ; this product was 
freed from nitric acid by heating it electrically in a vacuum 
desiccator over potassium hydroxide. The product was finally 
purified by recrystallisation from (( conductivity water ” and dried 
in a steam oven. 

The ordinary pure oxalic acid was first crystallised from water 
to  which were added a few drops of hydrochloric acid in order to 
decompose any sodium oxalate if present. This product was 
several times recrystallised from water and dried centrifugally. 

Measured volumes of oxalic acid and chromic acid which had 
been previously brought to a constant temperature in a thermostat 
were rapidly mixed, and the time was noted. After definite 
intervals of time, measured quantities were withdrawn by means 
of calibrated pipettes. The unchanged chromic acid remaining 
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708 DHAR: CATALYSIS. PART IV. 

was allowed to act on a mixture of potassium iodide and hydro- 
chloric acid, and the iodine liberated was estimated with standard 
thiosulphate. The thiosulphate solution was prepared in distilled 
water freed from carbon dioxide and was about N / 6 0 .  

The thermostat regulators used were spiral ones filled with 
toluene (Lowry type), and the Gotze thermometers (divided into 
tenths) employed in the thermostats were checked against a normal 
thermometer which had been calibrated by the National Physical 
Laboratory. 

Order of the Reaction.-The velocity of the reaction may be 
represented by an equation of the form -dcl/dt=kclmc2n, where 
c1 and c2 represent concentrations of chromic acid and oxalic acid 
respectively. 

Determination of rn.-In the following series of experiments the 
oxalic acid used was in large excess, and hence the concentration 
may be taken as practically constant during the course of the 
reaction ; thus the velocity equation takes the following form : 
-dc,/dt = ( k c 2 n ) c l ~ = k l c l m ,  where kl= kc2n. The order of the 
reaction under the conditions specified is therefore the same as m. 

Since the free chromic acid in the solution is equivalent to  the 
amount of thiosulphate required, i t  is sufficiwt to give for each 
observation the amount of thiosulphate in C.C. The results 
recorded in the following four Tables were all obtained at  2 5 O .  

TOLE I. 

N / 5-oxalic acid and N / 1 OO-chromic acid. 

Time in 
minutes, 

0 
8 

17 
33 
43.6 
70.5 

C.C. of 

31-3 
21-7 
14.45 
6.95 
4.25 
1.25 

Thiosulphate. Ic, = : l / t  log co/c. 
- 

0-0198 
0.0197 
0-0198 
0.0199 
0.0198 

Mean ......... 0.0198 

TABLE 11. 

3 N /  20-oxalic acid and N f 100-chromic acid. 

0 
20 
38 
50 
67 
89 

31.3 - 
20.5 0.00919 
14.0 0.009 19 
10.9 0.0091 6 
7.65 0*00913 
4.9 0.00905 

Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
17

. D
ow

nl
oa

de
d 

by
 U

m
ea

 U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
12

/1
0/

20
14

 1
0:

43
:0

2.
 

View Article Online

http://dx.doi.org/10.1039/ct9171100707


DHAR: CATALYSIS. PART IV. 709 

TABLE 111. 
N /  10-oxalic acid and N /  100-chromic acid. 

Time in 
minutes. 

0 
23 
52 
91 

127 
167 

C.C. of 
Thiosulphate. k,= l/t log c,/c. 

31-25 - 
25.6 0.00376 
20.4 0.00356 
15.2 0-00344 
11-85 0.00332 
9.1 0.00320 

TABLE IV. 

LV/ 20-oxalic acid and N / 100-chromic acid. 
0 34.6 - 

156 27.8 0.000602 
197 26.45 0.000592 
354 2 1.95 0.000558 
610 15.5 0.000515 

1250 10.25 0.000422 

It appears that, in spite of a slight tendency to fall off, the 
values of k, calculated for 1 n = 1  exhibit such a degree of con- 
stancy that the equation indicating a unimolecular reaction may 
fairly be regarded as the appropriate one. Hence, in the presence 
of a large excess of oxalic acid, the oxidation follows the 
unimolecular law. 

Determinatiot, of n.-The method used was Ostwald’s “ isolation 
method.” As remarked before, the constant k, involves the con- 
centratdon of the oxalic acid in a manner expressed by the equa- 
tion k l=kcn ,  where k is the intrinsic velocity coefficient, c the 
concentration of oxalic acid, and n, the number of oxalic acid 
molecules taking part in the reaction. Supposing that k,’ and k,fl 

are the values of k, obtained in two experiments, in each of which 
the initial concentration of chromic acid is the same, whilst the 
concentrations of oxalic acid are different, say ct2 and c’lq,  the 
following equations are obtained : 

I n  using the measurements recorded in the foregoing Tables for 
the purpose of determining n,, those values of k1 are chosen where 
the amounts of unchanged chromic acid a m  approximately equal 
in the separate series. On coinparing the Tables, the following 
results are obtained : 

Concentration of oxalic acid... ... (1)  N / 5  (2) 3 N/20  (3) N/10 (4) N/20 
Value of k, .... ....................... 0.0198 0.00916 0.00320 0.000422 
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710 DHAR: CATALYSIS. PART IV. 

It is evident that  the values of Ic, decrease rapidly as the con- 
centration of oxalic acid diminishes, which indicates a high value 
for the exponent n. The actual values of 71, calculated are 2'7 
[from (1) and (2)], 2-65 [from (1) and (3)], 2.7 [from (1) and (4)], 
2-65 [from (2) and (3)], 2.85 [from (2) and (4)], and 2.9 [from (3) 
and (4)]. It is seen that n approaches closely to the value 3, and 
the velocity coefficient kl varies, therefore, as the cube of the con- 
centration of oxalic acid. 

To sum up, the oxidation of oxalic acid by chromic acid is 
unimolecular with respect to chromic acid and termolecular with 
respect to oxalic acid, and consequently the whole reaction is 
quadrimolecular. The course of the change may accordingly be 
represented by the equation : 

H2Cr,0, + 3H2C20, = Cr,O, + 4H20 + 6C0,. 

The neutralisation of chromium oxide (Cr203) by oxalic acid is 
probably extremely rapid, and in this case would not affect the 
velocity of the reaction. 

I n  order to study the effect of change in the concentration of 
chromic acid, further experiments were made at  2 5 O ,  the results 
of which may be summarised as follows : 

With N/4-oxalic acid. 

Concentration of chromic acid ...... N/200 N/100 N / 5 0  
Value of Ic, .............................. 0.0331 0.0317 0.0298 

With 3N / 20-oxalic acid 
Concentration of chromic acid ...... N/250 lV/200 N/50  
Valuo of k, .............................. 0-0106 0-0103 0.00837 

It will be seen from the above figures that  the value of the 
vdocity coefficient k, appears to vary with the initial concentra- 
tion of the chromic acid, becoming greater as the latter diminishes. 
This variation of k, cannot be ascribed either to varying ionisation 
or to any of the ordinary disturbing effects arising from the pro- 
ducts of the reaction, since these would in general exert an 
influence during the course of the reaction, whereas the results 
recorded in Tables I to IV show that the value of k, is practically 
constant under these conditions. The coefficient is obviously 
affected by some factor which remains constant during a par- 
ticular series of experiments, but  varies from one series to another. 

Since the velocity coefficients fall off as the concentration of 
chromic acid is increased, it does not appear justifiable to apply 
any of the methods for determining the order of the reaction 
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DHAR: CATALYSIS. PART IV. 711 

which are based on varying ciiiution, since these assume that the 
velocity coefficient is intrinsically independent of concentrat,ion, 
whereas the course of the reaction may be disturbed by secondary 
causes. Thus the well-known formula of Noyes, 

is derived by integration from the differential velocity equation 
- d c / d t = k c m ,  on the assumption that the velocity k is in- 
dependent of the concentration. I n  some subsequent experiments 
i t  will be shown that chromium salts, which are a product of the 
reaction, have practically no effect on the velocity. It has been 
assumed that the action of chromium oxide (Cr203) on oxalic acid 
is practically instantaneous. This would be the case if  the oxalic 
acid were in very large excess; but when the oxalic acid is not in 
very large excess this neutralisation may have a definite velocity, 
which would affect the kinetics of the whole reaction, producing a 
retarding effect on the chemical change. This is probably the 
explanation of the fall in the velocity coefficient with the increase 
in the concentration of chromic acid. 

I n  order to determine the temperature coefficient of the reaction, 
measurements were mado a t  different temperatures. Typical 
examples of the results obtained are recorded in detail in Tables 
V and VI. 

TABLE V. 
AT/ 10-oxalic acid and N,’200-chromic acid. 

At 25O. 
Time in  
minutes. 

0 
43.25 
89 
130.25 
291 
248 

C.C.  of 
Thiosulphat e .  k,* 

16.65 - 
11-25 0-00393 
7.55 0.00 3 86 
5.35 0.00378 
3.3 0.00368 
2-05 0.00367 

Mean ......... 0.00378 

TABLE VI. 
At 35O. 

0 16.6 - 
21.15 11.35 0-00780 
41 8.15 0.00753 
73 4.95 0.00719 
90 3.8 0*00711 

106 3.05 0.00695 

Meall ......... 0.00732 
Hence temperature coefficient for 10’ rise =kt+lo/kt = 1.94. 
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712 DHAR: CATALYSIS. PART IV. 

The results of other measlxrements with oxalic and chromic acids 
a t  different temperatures are summarised below : 

N /  20-oxalic acid and N/200-chromic acid. 

Temperature. Mean k,. kt+l,lkt. 
1.95 25" 0*000650 1 

35" 0.002269 J 

3iV / 20-odic  acid a i d  N l  ZOO-chroniic asid. 
25" 
35" 

0.0103 1 
0.0198 1 1.93 

N /  10-oxalic acid and N /  100-chromic acid. 

25" 0.00346 ) 1.90 
1.80 
1-72 

40" 0.00906 
50" 0.0162 1 
60' 0.0279 { 

N/ZO-oxalic acid and N /  100-chromic acid. 

25" 0.000562) 1.90 
1.83 
1.72 

40" 0.00149 
50" 0.00272 1. 
GO" 0.00472 1. 

Applying the Arrhenius formula, log li, / k, = A (T, - T 2 )  / T1(in2, to 
the results for (a )  N/lO-oxalic acid and N/lOO-chromic acid and 
( 6 )  N/2O-oxalic acid and N/lCO-chromic acid, we obtain the 
following results : 

16) 
A=2613 

( a )  
A = 2600 

A A 
/- 7 ,- \ 

Temperature. k (found). k (calc.) k (found). k (calc.) 
25' (0.00346) (0.00346) (0.000566) (0.000566) 
40" (0.00906) (0.00906) (0.00149) (0.00149) 
50" 0.0163 0.0163 0.00272 0*00270 
60" 0.0280 0.0281 0.00472 0.00476 

The next point investigated was the effect of sulphuric acid on 
this reaction, and measurements were made at  diff ererit tempera- 
tures with different concentrations of sulphuric acid. The follow- 
ing is a summary of the results obtained: 

N/2O-oxalic acid and N /  100-chromic acid. 

Concentration of H,SO, . . . 0 N/50 N/20 N/10 
k1 at 25" ... . . . .. ............. 0.000562 0.000'796 0.00105 0.00128 

Concentration of H,SO N / 5  3 N / 5  8 N / 5  4 1 ~  
k, at 250 ......... ............ 0.00153 0.00149 0*000890 0-000357 
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DHAR: CATALYSIS. PART IV. 71 3 

N / 10-oxalic acid and N / i OO-chromic acid 
Concentration of H,SO, 0 "5 7 iVj2 
kl at 25" .................. 0.00346 0.00G-44 0.00140 

Hence it appears that  sulphuric acid a t  moderate concentrations 
accelerates the reaction, and in large excess retards it. 

I n  order to determine the temperature coefficient of the oxidatioii 
of oxalic acid by chromic acid in the presence of sulphuric acid, 
measurements were made a t  40° and 50°, and the following is a 
summary of the results : 

3 N /  20-oxalic acid, N / 100-chromic acid, and Nj5-sulphuric acid. 

Temperature. Mean k, .  h + l O  lkt . 
25" ::::g} 1-86 
50" 

N /  IO-oxalic acid, N /  100-chromic acid, and AT 15-sulphuric acid. 
25" 
50" 

A7/ 20-oxalic acid, $1 100-chromic acid, and .A7/ 10-sulphuric acid. 

25" 0.00128 
50" 0-00594) 1*85 

N/20-oxalic acid, N j  100-chromic acid, and N/5-sulphuric acid. 
26" 0.00 153 
50" 0.00699) '"' 

The temperature coefficient of the oxidation of oxalic acid by 
chromic acid without sulphuric acid is 1.85. It appears, therefore, 
that  the temperature coefficient remains unaltered in the presence 
of a small amount of sulphuric acid. 

I n  order to determine the temperature coefficient, in the presence 
of an excess of sulphuric acid, measurements were made a t  40°. 
It has already been pointed out that  in large excess, sulphuric acid 
acts as a negative catalyst in the oxidation of oxalic acid by 
chromic acid. The results are summarised as follows: 

N /  10-oxalic acid, N/lOO-chroniic acid, and 7 M  j 2-sulphuric acid. 

Temperature Mean El. kt t l0 ik t .  
0.001 40 \ 2.61 25" 

40" 0.00591 j 

N / 2O-oxalic acid and N / 1 OO-chromic acid. 
Concentration of H,SO, 0 3 NJ5  8 N / 5  4 N  
k, at 40" ............... 0.00149 0.00481 0.00318 0.00156 
Temperature coefficient 1-90 2.18 2-34 2.67 
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714 DHAR: CATALYSIS. PART IV. 

From the foregoing results, i t  appears that  in the presence of 
an excess of sulphuric acid the temperature coefficient is larger 
than that obtained in its absence, and the greater the concentra- 
tion of the acid the greater is the value of the temperature 
coefficient’. 

h’fect of Muizguuese Salts O I L  the OxidatioTL of Oxalic Acid B y  
Chromic Acid. 

It has been observed that manganese salts markedly accelerate 
the oxidation of oxalic acid by chromic acid. A stock solution of 
recrystallised manganese sulphate was prepared and standardised 
by precipitating the manganese as carbonate by ammonium 
carbonate. The precipitate was allowed to remain a t  about 80° 
for two hours, then collected, heated in a porcelain crucible, and 
weighed as Mn,O,. N /  20-oxalic acid and N /  100-chromic acid 
were used in each experiment with different amounts of manganese 
sulphate, and measurements were made a t  2 5 O .  

TABLE VII.  

0.03926 gram of MnSO, in 500 C.C. 

Time in 
minutes. 

0 
14 
43 
75 

106 
138 

C . C .  of 
thio- 

sulphate. k, (unimolecular). 
31.3 - 
28.6 0.00279 
22.1 0.00351 
15-95 0.00390 
10.75 0.00437 
6.2 0~00509 

TABLE VIII .  

0.06544 gram of MnSO, in 500 C.C. 

0 31.3 - 
15 26. fj 0.004 70 
3 0 21.5 0.00544 
60 15.25 0.00624 
65 11.4 0.00675 
85 6.6 0.00795 

TABLE IX. 
0.13088 gram of MnSO, in 500 C.C. 

0 31.3 - 
11 25.35 0.00831 
21 19-42 0.00987 
31 14-1 0.011 17 
41 9.35 0.01280 
52 4.8 0.01666 

k, ( X i t ) .  - 
0.20 
0.21 
0-2 1 
0.20 
0.18 

- 
0.31 
0.32 
0.32 
0.31 
0.29 

- 
0.34 
0.66 
0.56 
0.54 
0.6 1 
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TABLE X. 

0.19632 gram of MnSO, in 500 C.C. 
C . C .  of 

Timein thio- 
minutes. sulphate. k, (unimolecular). Ic, (z/:lt). 

- - 0 31-3 
9 24.75 0.01132 0.73 

17 17.95 0-0 1420 0.78 
25 11.9 0.01680 0.77 
31 8.1 0.01893 0.75 
37 4.8 0.022 0 8 0.72 

Assuming that the velocity is proportional to the concentration 
of manganese sulphate, the course of the reaction may be repre- 
sented by the equation 

- dc, / d t  = kclmCZn . h, 
where c, and ce represent the concentrations of chromic acid and 
oxalic acid respectively and h repres,ents the concentration of 
manganese sulphate. If the concentration of oxalic acid is made 
large compared with that  of chromic acid, the concentration of 
the former does not sensibly alter during the course of the reac- 
tion, and the equation takes the form 

where k , = h .  kc,n; if m = l ,  the reaction would be unimolecular, 
and on integrating we get k,= l / t  log co/cl, and, as a matter of 
fact, in the absence of manganese sulphate the reaction is 
unimolecular, as previously shown. If, on the other hand, m=O, 
the expression becomes -dc , /d t=k ,  or cl / t=lcl ,  that  is, if the 
velocity of the reaction were independent of the concentration of 
chromic acid, we should have c,/  t = const. or x/ t = ko, where 
x =difference in the thiosulphate readings. 

I n  the foregoing Tables, the unimolecular coefficient and this 
new coefficient ( z / t  =const.) are both set out, and it is seen that 
the unimolecular coefficient, far from being constant, increases 
notably with the time, whilst this new coefficient is almost constant. 
Hence it appears that  in the presence of manganese sulphate, the 
velocity of the oxidation is independent of the concentration of 
chromic acid. 

Homogeneous reactions in which the velocity is independent of 
the concentration of one of the reacting substances are of rare 
occurrence. One case is described by Friend (T., 1906, 89, 1096), 
who studied the reaction between hydrogen peroxide and potassium 
persulphate and found that the velocity was independent of the 
concentration of the peroxide provided the latter was present in 
large excess. Another case has been investigated by Steele (T., 
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716 DHAR: CATALYSIS. PART 'IV. 

1907, 91, 1641), who found that in the oxidation of hypophos- 
phorous acid by iodine in the presence of hydrogen ions the 
reaction-velocity is independent of the iodine concentration. 
Such behaviour is usually attributed t o  complications due to the 
occurrence of consecutive reactions, and in the present case it 
appears that  the reaction occurs in two stages, one very much 
faster than the other, and that the chromic acid does not take 
part in the slower or controlling rcaction (compare Skrabal, 
Zeitsch. anorg. Chern., 1904, 42, I ;  Jablczyhki, ibid., 1908, 
60, 38). 

Although from the experiments recorded above it appears that  
the velocity of the oxidation of oxalic acid by chromic acid in 
the presence of manganese sulphate is independent of the con- 
centration of chromic acid, yet, when the concentration of man- 
ganese sulphate is exceedingly small, the reaction appears to be 
unimolecular. The following Tables will indicate the results 
obtained with very small concentrations of manganese sulphate. 

N/20-oxalic acid and N/lOO-chromic acid a t  25O with 

TABLE XI. 

( a )  0.00393 gram of 
MnSO, in 500 c.c 

Time i n  C.C. of k, (iini- 
minutes. thio- molecular). 

0 31-3 - 
75 27-3 0.000790 

138 24.4 0.000783 
188 22.4 0.000773 
245 20.35 0.0007 6 3 

sulphate. 

TABLE XII. 

( b )  0.00262 gram of 
MnSO, in 500 C.C. 

Time in C.C. of k, (uni- 
minutes. thio- molecular). 

sulphate. 
0 31.3 - 

86 27.2 0.000708 
160 24.2 0.000698 
240 21-5 0.000679 
356 18.35 0.000651 

I n  the following experiments, the joint effect of both sulphuric 
acid and manganese sulphate was studied at  25O. 

AT/ 20-oxalic acid, N /  100-chromic acid, and iT( 20-sulphuric acid. 

TABLE XIII. TABLE XIV. I 
With 0.06544 gram o€ 

MnSO, in 500 C.C. 
0 33.G - - 

10 30-2 0.00463 0.34 
30 21.0 0.00650 0.42 
45 14.95 0.00781 0.41 
63 8.95 0.00911 0.40 
55 3.0 0.01234 0.36 

With 0*01309 gram of 
MnSO, in 500 C.C. 

0 33.6 - - 
15 31-35 0.00200 0.15 
37 28.2 0.00206 0.15 
72 23.6 0.00213 0.14 

132 17.0 0.00224 0.13 
- - - - 

Hence, even in the presence of sulphuric acid the reaction 

I n  order t o  determine the temperature coefficient of the oxida- 
velocity is independent of the concentration of chromic acid. 
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tion of oxalic acid by chromic acicl in the presence of manganese 
sulphate, measurements were made a t  various temperatures. 

N/20-0xalic acid and N/lOO-chromic acid were used in each 
experiment with different quantities of manganese sulphate. 

TABLE XV. 

With 0.02617 gram of MnSO, in 500 C.C. 

Time 
in 

minutes. 
0 

20 
50 
78 

115 
144 

Time 
in 

minutes. 
0 

60 
120 
175 
325 
275 

At 25O. 
C.C. k, 

of thio- (unimole- 
sulphate. cular). 

33.3 - 
30.38 0.00206 
25.0 0.00249 
20.66 0.00265 
15.35 0.00292 
10.4 0.00361 

Mean ......... 

Time 
in 

k, (z / t ) .  minutes. 
0 

0.15 8 
0.16 18 
0.16 27 
0.16 35 
0.26 45 

0.16 

- 

- 

At 40°. 
C.C. kl 

of thio- (unimole- 
sulphate. cular). k o ( z / t ) .  

33-3 - - 
27.2'7 0.0108 0.75 
29-95 0.0123 0.74 
14.2 0.0137 0.71 
9-68 0.0153 0.68 
4.9 0.0184 0.64 

Mean ......... 0.70 

Therefore kt+lo/k# = 2.67. 

TABLE XVI. 

Wit.h 0.7050 gram of MnSO, in 500 C.C. 

At, Oo. 
C.C. k ,  

of thio- (unimole- 

33.3 - 
26.9 0.00154 
19-3 0.00195 
14.05 0.00214 
10.9 0.00215 
8-0 0.00225 

sulphate. cular). 

Mean . . . . . .  

At 25O. 
Time C.C. x.1 

in of thio- (unimole- 
ko(z / t ) .  minutes. sulphate. cular). k , ( z / t ) .  

0-107 4 27.5 0.0207 1-45 
0.117 12 12-65 0.0350 1-71 
0.110 16 7.8 0.0394 1.60 
0.100 20 4.8 0.0420 1.41 
0.092 - 

0.105 Mean . . . . . .  1.55 

- - - 0 33.3 

- - - 
- - 

Therefore k,+l,/kt between 0" and 25" =2-93. 

As has been previously observed, in the piesence of manganese 
sulphate the oxidation of oxalic acid by chromic acid is in- 
dependent of the concentration of the latter. Hence the reaction 
becomes of an order lower than that of the reaction in the 
absence of manganese salts. It is well known that reactioiis in 
which one or two molecules take part have larger temperature 
coefficients than those of reactions of higher order (compare 
Halban, Zeitsch. physikal. Chem., 1909, 67, 129). 

The temperature coefficient of the oxidation of oxalic acid by 
chromic acid is 1.94 between 25O and 40°, whilst in the presence 
of manganese salts it is 2.68 between 25O and 40° and 2.95 between 
Oo and 25O, agreeing with other known examples. 
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Effect of Other Catalysts o n  the Oxidcrtiort o f  Oxnlic Acid b y  
Chromic Acid. 

Summary of results obtained with N/lO-oxalic acid and N/100-  
chromic acid and different concentrations of molybdic acid : 
Concentration of molybdic 

k, at 25" . . . . . . . . .  0.00353 0.00173 0.00145 0.00086 
acid . . . . . . . . .  0 0.0063 0.0082 0.01367 

Temperature coefficient ... 1.92 1.99 2.0 2.05 

From the above figures it appears that  the negative catalyst, 
molybdic acid, produces an increase in the value of the tempera- 
ture coefficient. 

Summary of results obtained with ammonium molybdate as  a 
catalyst with N /  10-oxalic acid and A 7 /  100-chromic acid : 
Molar concentration of 

molybdate . . . . . .  0 0*000463 0.000926 0.002315 
k, at 25" . . . . . . . . .  0.00353 0.00245 0.00180 0-000766 
Temperature coefficient ... 1.92 1.99 2.01 2.08 

Summary of results with boric acid as a catalyst with N / l O -  
oxalic acid and N /  100-chromic aoid : 
Concentration of 

boric acid ...... 0 0.01434 0.0358 0.0716 0.216 0.432 
k, at 25' ......... 0.00353 0.00343 0.00317 0.00283 0.00207 0.00138 
Temperature 

coefficient ...... 1.92 1.95 1.99 2.0 2.11 2.24 

Both ammonium molybdate and boric acid are retarders. The 
greater the retardation the greater is the value of the tempera- 
ture coefficient. 

Formic Acid and Chromic Acid. 
Formic acid can also be oxidised by chromic acid; a t  equal 

concentrations the velocity of the oxidation of formic acid is 
decidedly smaller than that  of the oxidation of oxalic acid. Hence, 
in measuring the velocity a t  2 5 O ,  fairly concentrated solutions of 
formic acid have been used. The experimental method is the 
same as in the oxalic acid oxidation; since formic acid is volatile, 
especially at  the higher experimental temperatures, tightly fitting 
stoppered Jena-glass bottles were used as reaction vessels. Kahl- 
baum's pure formic acid was used throughout the measurements. 
From a concentrated stock solution of 15 litres, suitably diluted 
solutJons were prepared. I n  this case, also, the free chroniic acid 
in the reaction mixture was estimated from time t o  time by the 
iodometric method, and the amounts of sodium. thiosulphate 
required are recorded in the tables. From comparative experi- 
ments it was first established that the presence of free formic acid 
or oxalic acid did not interfere with the accuracy of the estima- 
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tion of chromic acid by the iodometric method; as a rule, in the 
estimation of chromic acid by this method, an excess of .hydro- 
chloric acid was used, and the velocity of the oxidation of formic 
or oxalic acid by iodine, especially in the presence of hydrochloric 
acid, is negligible. The velocity of the reaction may be repre- 
sented by the equation -dc,/dt=kclnzc2n, where c1 and c2 denote 
concentrations of chromic and formic acids respectively. 

Determination of m.-In the following series of experiments, 
the formic acid used was in large excess, and hence the conceii- 
tration may be taken as practically constant during the course of 
the reaction; the velocity equation takes the following form: 
- dc,/dt = (kc2,~~)cl~1~ = klcpa, where k ,  = k c i t .  Hence the order of 
the reaction is the same as 112. 

The results recorded in the following Tables were all obtained 
at  2 5 O .  

TABLE I. 
6.166 N-formic acid and 

N / 30-chromic acid. 
C.C. of 

Time in thio- 
minutes. sulphate. k, = 1 / t  log co/c .  

0 52.1 - 
95 26.55 0.00308 

135 19.95 0.00309 
200 12.6 0.00308 
275 7.4 0.00308 
330 5.0 0.00308 

Mean.. .... 0-00308 

TABLE 111. 
2-466 N-formic acid and 

N/30-chromic acid. 
0 56.1 - 

240 49-0 0-000245 
475 42.9 0*000245 

1345 26.6 0.00024 1 
1907 19.0 0-000247 

Mean.. .... 0.000245 

TABLE V. 
5.933 N-formic acid and 

N /30-chromic acid. 
0 56.1 - 

83 33.0 0*00277 
130 24.75 0.00273 
170 19.2 0-00274 
227 13.3 0.00275 

TABLE 11. 
3.083 X-formic acid a i d  

N /  30-chromic acid. 

Time in 
minutes. 

0 
135 
285 
525 

1416 
1817 

C.C. of 
thio- 

sulphate. 
52.1 
45.15 
38.5 
29.65 
11.55 
7.6 

Mean ...... 

k,. 
- 

0.000460 
0.000460 
0.000466 
0*000462 
0*000460 

0.000462 
-- 

TABLE IV. 
2.966 N-formic acid and 

N /  30-chromic acid 
0 55.4 - 

155 47.8 0.000413 
335 40.25 0.000412 
555 32.8 0.000410 

1360 15.2 0.000413 

Mean.. .... 0.00041 2 

TABLE VI. 
2.3733 N-formic acid and 

N / 30-chromic acid. 
0 56.1 - 

247 49.5 0~000220 
504 43-4 0.000221 

1450 27.0 0.000219 
1990 20.45 0.000220 

Mean.. .... 0.00275 Mean,. . , . . 0.000220 
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From the foregoing results i t  appears that  the values of k, 
calculated for m = l  exhibit such a degree of constancy that the 
equation indicating a unimolecular reaction may fairly be 
regarded as the appropriate one. Hence, in the presence of an 
excess of formic acid, the oxidation is a unimolecular reaction. 

isolation method ’’ is also used in 
this oxidation. Supposing that k,’ and k,If are the values of k, 
(in the equation k,=kcn) obtained in two experiments, in each of 
which the initial concentration of chromic acid is the same, whilst 
the concentrations of formic acid are different, say c i  and c2”,  the 
following equations are obtained : k,’ = k c i n ,  k l f f  = k ~ ~ ~ ‘ ~ ~ ,  whence 

Determination of ?&.-The 

On comparing the Tables I-VI, the following results are 
obtained : 

Concentration of 
(1) ( 2 )  ( 3 )  (4) (5) (6)  

formic acid ... 6.166 3-083 2.466 2.966 5.933 2.373 
k, at 25’ . . . . . . . . . 0.00308 0.000462 0.000245 0-000412 0.00275 0.000220 

It is evident that  the value of k1 decreases rapidly as the con- 
centration of formic acid diminishes, which indicates a high value 
for the exponent n. The actual values of 7~ obtained by coin- 
bining these results are 2.7, 2.8, 2.75, 2-96, 2.8, 2-85, 2.96, 2-75, 
2.84, 2.75, 2.8, 2.75, 2.8, and 2.76. It is seen thatl 12. approaches 
closely to the value 3, and the velocity coefficient k, varies, there- 
fore, as the cube of the concentration of formic acid. 

To sum up, the oxidation of formic acid also is unimolecular 
with regard to  chromic acid and termolecular with respect t o  
formic acid, and consequently the whole reaction is quadri- 
molecular. The course of the change may accordingly be repre- 
sented by the equation 

H,CrzO, + 3H*CO$ = Cr203 + 6H20 + 3C0,. 
The action of chromium oxide (Cr,03) on formic acid may be 
assumed to be extremely rapid and to be without effect on the 
velocity of the reaction. From the kinetic measurements it is seen 
that only one molecule of chromic acid takes part in the reaction, 
and consequently these measurements support the view that  the 
formula of chromic acid is H2Cr,0, and not H2Cr0,; had it been 
H2Cr0,, two molecules of chromic acid should have taken part in 
the reaction (compare Datta and Dhar, J. Amer. Chem. SOC., 1916, 
38, 1303). 

I n  order to study the effect of change in the concentration of 
chromic acid, further experiments were made at  25O, the results 
of which may be summarised as follows: 
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With 3.083 N-formic acid. 
Concentration of chromic acid ... Nj15 N / 3 0  N /so 

With 2.966 N-formic acid. 

k, a t  25" .............................. 0.000461 0.000462 0.000462 

Concentration of chromic acid.. . NjSO N/60 
k, a t  25" .............................. 0.000413 0.000412 

Hence in this reaction, if we use an excess of formic acid and 
vary the concentration of chromic acid, we find that the 
unimolecular coefficient does not change with the chromic acid 
concentration. I n  the presence of an excess of formic acid, there- 
fore, the reaction is strictly unimolecular and there are no dis- 
turbing factors. 

I n  order t o  determine the temperature coefficients of the reac- 
tion, measurements were made at  different temperatures. Typical 
examples of the results obtained are recorded in detail in Tables 
VII, VIII ,  and IX. 

TABLE VII.  
2.966 N-Formic acid and N/30-chromic acid were used ili each 

ex per imen t, : 
At 40°. 

t .  
0 

105 
195 
300 
425 
496 

0 
40 
90 

152 
214 
266 

0 
37 
71 

105 
153 

a - x. k l .  57.1 - 
42.3 0.00124 
32.5 0.00125 
24.5 0.00122 Table i V  gives k ,  at 25"=0~00@412. 
17-25 0.00122 Therefore kt+,o/kt= 2.07. 
14.05 0.00123 

Meaii., .... 0.00123 

TABLE VIII .  
At 50°. 

55.35 - 
43.95 0.00256 
33.05 0.00248 Froni Tables V I i  and V I i I  me get 
22-85 0.0025% kt+,,,/kt between 40" and 50"- 
16-39 0.00250 2.02. 
12.0 0*00350 

M ~ R I ~ .  ..... 0.00250 

TABLE I X .  
At 60°. 

57.0 - 
37.7 0.00485 
25.9 0.00482 From Tables VIII and IX we get 
17-95 0.00477 k d f l O / k t  between 50" and 60"- 
10-7 0.00474 1.9. 

Mean...... 0.00479 
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Applying the Arrhenius formula log k,'/k,'' =L4 . ( T ,  - T,)/ TIT2,  
we get the value of A =3015. 

Teniperfiture. k, (obs.). E ,  (calc.). 
25" (0*0004 12)  (0.00041 2)  
40" 0.00123 0. 000 1 25 
50" (0.00250) (0.00250) 
60" 0.004 7 9 0.004 7 6 

I n  order to study the effect of change in the concentration of 
formic acid on the temperature coefficient, measurements were 
made with different' concentrations of formic acid and N/30- 
chromic acid, and the results obtained are summarised below: 

Temperature 

acid Temperature 

Temperature 

Temperature 

Temperature 

Temperature 

5.933 N-formic interval 25-40' 40-60' 

1. coefficient 2-05 1-92 

interval 25-35' 25-50" 

coefficient 2.09 2.03 

3.083 N-formic 
acid 

2.966 N-formic interval 25-40" 40-50" 50-60' 
acid 

coefficient 2.07 2.02 1.90 

Temperature 

Temperature 
interval - 40-50' 50-60" 

coefficient, - 2.01 1.90 

1.186 N-formic 
acid 

From the above figures it appears that change in the concentra- 
tion of formic acid has no appreciable effect on the temperature 
coefficient. 

Effect of Sulphuric Acid.-The effect of sulphuric acid was 
studied at, various temperatures with different concentrations of 
the acid. Typical examples of the results obtained are recorded 
in Table X. 

TABLE X. 

3.083 
acid. 

t.  
0 

117-5 
219 
350 
462 

N-Formic acid, N /  30-chromic acid, and LV/ 6-suli>huric 

At 2 5 O .  

a--2. k,. 55.9 - 
40.4 0-00120 
30.8 0.00118 
21.6 0.00118 
15.6 0-00120 

Mean.. . . . . 0.001 19 

At 50°. 

t. a - x. h. 
0 55.9 - 

24 40.8 0.00570 
44.3 31.2 0.00572 
60 25.4 0.00571 
90 17.1 0.00571 

Mean.. . . . . 0.00571 

Therefore kt+lo/lct= 1.S7. 
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Summary of results obtained with 3.083 N-formic acid and 

Concentration of H,SO, ...... 0 N / 6  ~ 1 3  2N/3 
k, a t  25" ........................... 0.000463 0.00119 0.00262 0.00603 
Temperature coefficient be- 

From the foregoing results it appears that in the presence of 
sulphuric acid the oxidation of formic acid by chromic acid is 
greatly accelerated and has a lower value for its temperature 
coefficient, and the greater the concentration of sulphuric acid the 
greater is the fall. Experiments were made with other concen- 
trations of formic acid, using sulphuric acid as an accelerator. A 

AT / 30-chromic acid : 

tween 25" and 50" ............ 2.03 1.87 1.86 1.84 

summary of the result,s obtained will be found in 
Tables. I n  each case S/3O-chrOmic acid 

TABLE xr. 
Concentra- 

Concentra- tion of 
tion of sulphuric 

formic acid. acid. 
1.233 N 0 
1.233 N NI6 

1.233 N 3N/5  
0.616 N 0 
0.616 N ATl6 

0.616 N 2N 13 

1.233 N ~ 1 3  

0.616 N ~ 1 3  

Concentra- 
tion of 

formic acid. 
1.186 N 
1.186 N 
1.186 N 
1.186 N 
0,593 N 
0-593 N 
0.593 N 

Concentra- 
tion of 

sulphuric 
acid. 
0 

N/6 
3N/5 
6N/5 

0 

1 9iVl15 
~ 1 3  

Mean k, 
a t  25". 

0.000055 
0*000348 
0.000766 
0.00 16 1 
0.0000092 
0.000144 
0.000320 
0.000748 

TABLE XII. 

Mean k ,  
a t  25". 

0.00005 15 
0-000304 
0.00 122 
0-00373 
0.0000084 
0.000253 
0~00112 

was used. 

Mean k,  
a t  50". 

0.000330 
0.00162 
0.00356 
0.00724 
0.000055 
0.000673 
0.00148 
0.00340 

Mean k, 
at 40". 

0.000154 
0.000802 
0.00317 
0.00948 
0~000026 1 
0*0006 6 2 
0.0029 1 

the following 

kt+,o/kt* 
2.04 
1-85 
1-84 
1-83 
2.04 
1.85 
1.84 
1-83 

kt+lOlkt. 
2.07 
1.91 
1.89 
1.85 
2.07 
1.90 
1.88 

From all these results it is seen that  there is a slight fall in 
the temperature coefficient with the increase in the concentration 
of sulphuric acid. 

The next point investigated was the effect of manganese sulphate 
on the oxidation of formic acid by chromic acid. From qualita- 
tive experiments i t  was observed that manganese salt was a 
retarder in this reaction, whilst i t  had been previously shown that 
it is a great accelerator in the oxidation of oxalic acid by chromic 
acid. 
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TABLE XIII. 
At 50°. 

6.166 #-Formic acid, N/30-chromic acid, and 0.000164 gram of 
MnSO,. Volume of mixture = 150 

t .  a--2. 
0 51.8 

20 28-08 
39 15.8 
77 4.85 
117 3.6 

C.C. 

k, * 
I 

0.0133 
0-0132 
0.0133 
0.0133 

Mean ...... 0.0133 

k, a t  50° without any manganese sulphete=0-0177; hence this 
reaction is very susceptible to the retarding influence of manganese 
sulphate even in very small concentration. The following is the 
summary of results obtained with 6.166 N-formic acid and 
N/SO-chromic acid at, 50° with different concentrations of 
manganese sulphate : 

Gram of MnSO, 0 0.000164 0.01636 0.0654 0.0819 0.3272 
k, at 50" ...... 0.0177 0.0133 0.00763 0.00675 0.00661 0.00627 

From the summary, i t  is seen that the greater the amount of 

The following is the aummary of results obtained with 
manganese sulphate the greater is the retardation. 

3.083 N-formic acid and N/30-chromic acid a t  50° : 
Gram of MnSO, ... 0 0*0000164 0.000164 0.00164 
k, a t  50" ......... 0.00272 0.00264 0.00225 0.00154 

Hence it is seen that the oxidation of formic acid by chromic 
acid is extremely sensitive to  the retarding influence of manganese 
sulphate, sol much so that 0*0000164 gram of manganese sulphate 
in 150 C.C. appreciably affects the velocity coefficients. 

I n  order to determine the temperatnre coefficient of the oxida- 
tion of formic acid by chromic acid in the presence of manganese 
sulphate, experiments were made at  several temperatures. 
Typical results are given in the following Table. 

TABLE XIV. 
3.083 N-Formic acid, N/30-chromic acid, and 0.02617 gram of 

MnSO,. Volume of mixture=150 C.C. 
A t  25O. 

t. a-x. kl * 
0 44.0 - 

3 85 37.15 0.000190 
1366 24.3 0~000189 
1610 21.85 0.000188 
1815 19.95 0.000189 
2870 12.50 0.000189 

Mean ...... 0.000189 

At 35O. 

t .  a- x. I%, . 
0 54.75 - 

190 45.9 0.000403 
380 38.7 0.000396 

1395 15-2 0.000398 
1675 11.8 0.000397 

Mean.. .... 0.000398 
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Therefore kt4.10/kt = 2.10 ; the temperature coefficient without 
any manganese salt is 2-09. Hence in the presence of manganese 
sulphate the temperature coefficient remains unaltered. The 
following is a summary of the results obtained with 6.166 N-formic 
acid and A T /  30-chromic acid with different concentrations of 
manganese sulphate : 

Gram of MnS04 ...... 0 0.0654 0.0819 0.3272 
k ,  at 25" .................. 0.00308 0.00115 0.00112 0.00106 
Temperature coefficient 

between 25" and 50" 2-03 2.03 2.03 2.03 

The following Table summarises the results obtained with 
2.966 N-formic acid and NI30-chromic acid with greater coiiceii- 
trations of manganese sulphate. 

TABLE XV. 
Grams of 
MnSO,. 
0 
1.1750 
1.7625 
2.3500 
3.5250 
5.8750 

11.7500 

Mean k, 
at 25". 

0.0004 13 
O*OOO 14 1 
0*000122 
0*000136 
0*00013 8 
0*000142 
0.0001 72 

Mean k, 
at 50". 

0.00250 
0*00084 1 
0.000734 
0*000809 
0.0008 10 
0.000860 
0.000970 

h+l& 
2-06 
2.04 
2-05 
2-04 
2.03 
2.05 
2.0 

It appears from the foregoing results that  the temperature 
coefficient in the presence of the negative catalyst, manganese 
sulphate, does not change. Also it is seen that i f  the concen- 
tration of manganese sulphate is increased, the velocity coefficient 
falls off to a certain limiting value and then increases with the 
increase in the concentration of the catalyst. 

The joint effect of sulphuric acid and manganese sulphate on 
the oxidation of formic acid by chromic acid was also investigated 
a t  50°. 

TABLE XVI. 

1.233 N-Formic acid and N/30-chromic acid. Volume of 
mixture= 150 C.C. 

( a )  With 0.01309 gram of MnSO,. 

a - x. k, t .  
0 55.6 - 

406 46.9 0.0001 82 
1445 30.5 0~000 180 
1920 25.1 0~000180 
3025 15-85 0*0001&0 
4325 9.1 0-000182 

Meam.. ....... 0.0001 81 

(b) With 0.01309 gram of MnSO, 
and N/S-sulphuric acid. 

0 55.6 - 
41 47.35 0.00170 

121 34.65 0.00170 
265 20.0 0.00 168 
331 15.25 0.00168 
413 11 -2 0.00169 

t. a-2. k,. 

Mean ......... 0.00169 
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726 DHAR: CATALYSIS. PART IV. 

kl without any sulphate = 0'000330, whilst li, with N /  3-sulphuric 
acid but no manganese sulphate = 0.00356. Consequently even 
in the presence of the accelerator, sulphuric acid, manganese 
sulphate has a retarding effect. 

The salt 
was purified by crystallisation from water. The following is a 
summary of the results obtained with manganese chloride as a 
catalyst and 3.083 iV-formic acid and Nj30-chromic acid : 

Next, the effect of mangsnese chloride was studied. 

Concentration of MnC1, 0 0.0015 0.0090 0.0179 0.0359 
k.1 rtt 25" ..................... 0.000462 0.000205. 0.000190 0.000179 0.000169 
Temperature coefficient 

between 25" and 40" ... 2.06 2.10 2.11 2.12 2.15 
Concentration of MnC1, 0-0718 0.1795 0.359 0.718 
k1 at 25" ..................... 0*000164 0*000180 0*000207 0.000300 
Temperature coefficient 

between 25" and 40 "... 2.14 2-16 2.15 "14 

Hence manganese chloride, like manganese sulphate, even iii 
dilute solutions, produces a marked retarding effect on this reac- 
tion. If the concentration of the manganese salt is increased, the 
velocity coefficient falls off to a minimuin and then increases with 
the increase in the concentration of the catalyst. This peculiar 
behaviour of the catalyst in fairly dilute solutions (for example, 
the maximum concentration used is 0.718 ,!V) is seldom encountered 
(compare Tubandt, Annnlen,  1905, 339, 41;  1907, 354, 259; 
1910, 377, 284). 

Moreover, it will be seen from the foregoing summary that the 
temperature coefficient in the presence of the negative catalyst is 
appreciably higher than that obtained without any manganese 
chloride. 

It is known that molybdic acid is a powerful catalyst in some 
oxidations, and its effect on this reaction was studied, NjSO-chrornic 
acid being used in each experiment. 

Molar coii- 
Concentra- centration 

tion of of molybdic Mean k, Mean k, 

2.966N 0 0.000412 0.00123 2.07 
formic acid. acid. at 25". at 40". kt+,o/h. 

Y9 0.005 0*000416 0*00125 2.05 
Hence molybdic acid acts as a weak positive catalyst on the 

oxidation of formic acid by chromic acid, whilst it' has been shown 
previously that in the oxalic acid oxidation it is a negative 
catalyst. 

Sodium Formate and Zodine. 
Formates are easily oxidised by iodine a t  the ordinary tempera- 

ture, and this reaction has a conveniently measurable velocity. 
The course of the reaction is represented by the equation: 

H*C02Na + 12=NaI + HI + CO,. 
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The hydrogen ions formed as a product of the change greatly 
retard the reaction, and in order to  avoid their formation an 
excess of a salt of a weak acid (for example, sodium acet'ate) was 
always used; in this way the course of the reaction became 
regular. 

Ordinary pure iodine was mixed with a little potassium iodide 
and was allowed to sublime very slowly. This product was again 
sublimed. Schuchardt's pure sodium formate was recrystallised 
from water. A standard solution was prepared by e-raporating a 
measured volume of the solution in a platinum crucible, heating 
the residue with sulphuric acid, and weighing the sodium sulphate 
formed. The potassium iodide used was twice cTystallised from 
water and dissolved in water free from oxygen. The solution of 
the iodide was standardised by weighing the silver iodide obtained 
from a known volume of the solution. 

In  order to avoid loss of iodine by volatilisation, tightly fitting 
stoppered Jena-glass bottles were used as reaction vessels. From 
time to time measured voluines were withdrawn from the reaction 
vessel, which was placed in a thermostat a t  a constant tempera- 
ture, and were allowed to run into ice-cold distilled water to stop 
the reaction, and the free iodine was immediately titrated by 
standard thiosulphate. The velocity of the reaction n a y  be repre- 
sented by the equation -dc,/dt =kcln2cen, where c1 and c2 are the 
concentrations of iodine and formate respectively. Since iodine 
dissolves very sparingly in water, in order to  prepare a moderately 
concentrated solution potassium iodide must be used. I f  is well 
known that in a potassium iodide solution of iodine there is the 
following equilibrium, K13 Z" KI+I,, and the greater part of the 
dissolved iodine exists as K13. Hence, even i f  a large excess of 
sodium formate in comparison with the total iodine is not used, 
owing t o  the presence of potassium iodide, th:! concentration of 
free iodine is much diminished, aiid the concentration of formate 
is actually large in comparison with that of free iodine. Con- 
sequently the velocity equation takes the following form : 
-dc,/dt = (kc2n)clm= klclm, where k, = kcz?a. The order of the 
reaction is therefore the same as m. 

In  the three following Tables 1.27 grams of iodine and 5.4132 
grams of potassium iodide were used with different concentrations 
of sodium formate, and the measvrements were made a t  2 5 O ;  the 
total volume of the mixture was 150 C.C. 

VOL. CXI. 

Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
17

. D
ow

nl
oa

de
d 

by
 U

m
ea

 U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
12

/1
0/

20
14

 1
0:

43
:0

2.
 

View Article Online

http://dx.doi.org/10.1039/ct9171100707


728 DEAR: CATALYSIS. PART IV. 

TABLE I. TABLE 11. 
3'4004 Grams of sodium formate. 1.7002 Grams of sodium formete. 

Time in 
minutes . 

0 
24 
60 
91 

141 
174 

C.C. of k, = l/tIogc,/c. 
thio- 

sulphate. 
76.0 - 
68.0 0~00201 
57-6 0~00201 
49-65 0.00203 
41.0 0~00190 
36-1 0.00186 

Time in 
minutes . 

0 
45 

115 
188 
279 
360 
509 

C.C. of k, = l/tIogc,/c. 
thio- 

mlphate. 
79-0 - 
71.1 0~00101 
60.6 0-00100 
51.95 0.00097 
43.5 0.00093 
37.4 0*00090 
28.7 0.00086 

Mean ......... 0.00196 Mean. ... . . . . . 0.000945 

TABLE 111. 
0.6801 Gram of sodium formate. 

0 79.0 - 
100 72-3 0.000385 
250 63.3 0.000384 
480 51.9 0-000380 

1440 23.15 0.000370 

Mean ...... . .. 0.000380 

I n  all these measurements 4-22 grams of sodium acetate were 
used in each experiment.. In the Tables IV, V, VI, and VIL 
0.635 gram o€ iodine and 2*7006 grams of potassium iodide were 
used i n  each observation a t  25O with different concentrations of 
sodium formate, and the total volume was always 150 C.C. 

TABLE IV. 
6-8008 Crams of sodium formate. 

0 39.5 - 
10 32.7 0.00821 
25 24-75 0.00812 
52 15.85 0.00762 
78 10.65 0.00729 

Mean ......... 0.00781 

TABLE VI. 
1.7002 Grams of sodium formate. 

0 39.5 - 
50 3 1.5 0.00196 

100 25.3 0.001 93 
140 21.5 0.001 88 
201 17-15 0.00180 
285 12.6 0.00174 

Mean ......... 0.00186 

TABLE V. 
3.4004 Grams of sodiuni formate. 

0 39.6 - 
30 29.7 0-00412 
71 21-2 0*00380 

106 16-2 0.00365 
130 €3.6 0.003 56 

Mean ......... 0.00378 

TABLE VII. 
0.6801 Gram of sodium formate. 

0 39.9 - 
100 32.93 0.000790 
200 27.7 0.000770 
390 20-0 0.000758 
520 16.1 0-000750 

Mean.. . . . ... . 0.000767 
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From the foregoing Tables it is seen that, in epite of a slight 
tendency to fall off, the values of k, calcnlated for m = l  exhibit 
such a degree of constancy that  the equation indicating a 
unimolecular reaction may fairly be regarded as the appropriate 
one. 

Determination of n.-Supposing that  L,' and /cl// are the values 
of k, (in the equatjion L,=kc") obtained in two experiments, in 
each of which the initial concentration of iodine is the same, 
whilst the concentrations of sodium formate are different, say c2' 
and c2/ l ,  the following equations are obtained : k l f  = kc2In ; 

k' k," = kcZfln, whence n =log 4 I log%,. On comparing the fore- 
k, c-2 

going Tables, the following summary of results is obt'ained: 

A. 

Ic, at 25" . . .......... 0.00196 0.000945 0.000380 i ium iodide. 

Grams of formate 3.4004 1.7002 
1.27 grams of 

0.6801 iodine and 5.4132 
grams of potass- 

B. 
0.635 gram of 

Grams of formate 6.8008 3.4004 1.7002 0.6801 \ iodine and 2.7066 
grams of potass- 

k, at 2 P  ......... 0.00781 0.00378 0.00186 0.000767 l imn iodide. 

The actual values of TL obtajned in A are 1.05, 1-02, and 0.99, 
and from B the values are 1-04, 1-03, 1.01, 1-02, 0.99, and 0.97. 
It is seen that  n approaches closely to  the value 1, and the velocity 
coefficient k, varies, therefore, directly as the concentration of 
sodium formate. 
To sum up, the oxidation of sodium formate by iodine is 

unimolecular with respect to both iodine and sodium formate, and 
consequently the reaction is binlolecular ; this behaviour is 
expected from the chemical equation representing the change 
H*C02Na + I, = HI + NaI + CO,. 

From the foregoing summary of results, i t  will be seen that 
iodine ions retard ths  reaction, ahd the slight lowering of the 
velocity coefficients as the reaction proceeds is due to the con- 
tinued increase in the concentration of iodine ions, which are 
products of the reaction. 

One peculiar point will be noticed, namely, that  if there is a 
definite concentration of potassium iodide, the velocity coefficient 
does not depend on the concentration of iodine, but if  we start 
with a definite concentration of iodine and increase the concentra- 
tion of potassium iodide, the velocity eoefficient falls off. This 
effect cannot be explained from the mass action equilibrium 

a a 2  
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730 DHAR: CATALYSIS. PART IV. 

KI+12 t KI,. I n  Table I we have 1.27 grams of iodine and 
5.4132 grams of potassium iodide 2nd E ,  a t  25°=0*00196; and in 
Table V we have 0.635 gram of iodine and 2.7066 grams of 
potassium iodide and Ic, a t  2 5 O  = 0.00378. The concentrations of 
sodium formate in  these two cases are equal, and according to the 
mass action equilibrium the velocity coefficient should be the  same, 
since the  ratio of the concentrations of potassium iodide and iodine 
is the  same i n  the two cases. This point has been thoroughly 
studied in  the  oxidation of sodium formate by mercuric chloride 
in the  presence of several chlorides. 

In order to determine the  temperature coefficient of the oxida- 
tion of sodium formate by iodine, measurements were made a t  
different. temperatures. Typical examples of the results obtained 
are recorded in the  following Tables. 

TABLE VIII. 

3.4004 Grams of sodium formate, 1-27 grams of iodine, and 
5.4132 grams of potassium iodide. Volume = 150 C.C. 

At. 50°. 

t .  a - x. kl* 
0 98.7 - 
4 57.3 0.0590 
8 33.4 0.0588 

12 19.5 0.0586 
16 11-4 0.0585 

Mean ......... 0.0587 

Table I gives k, at 25"=0.00196; therefore kr+lo/kt between 25' and 
50"=3*89. 

TABLE IX. 
0.6801 Gram of sodium formate, 1.27 grams of iodine, and 

5.4132 grams of potassium iodide. Volume = 150 C.C. 

At 50°. 

t.  a--2. El. 
0 98.7 - 
5 86-35 0.0116 

10 75.7 0.0115 
18 62.05 0.0112 
25 51.8 0.0112 
35 40.7 0.0110 

Mean ......... 0,0113 

Table I11 gives k, at 25"=0.000390; therefore k t f l o / k t  between 25" and 
50" = 3.88. 
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TABLE X. 
6.8008 Grams of sodium formate, 0.635 gram of iodine, and 

2.7066 grams of potassium iodide. Volume = 150 C.C. 

At 3 5 O .  
t .  a-x. fil. 
0 39.5 - 
4 29.3 0.0325 

10 19.0 0-0318 
15 13.55 0.0310 
20 10.05 0.0298 

Mean ......... 0.0313 
Table IV gives k, a t  25O=0.00781; therefore k,,/lc,,=4.01. 

From the foregoing results, it is seen that the temperature 
coefficient of the oxidation of sodium formate by iodine is 4.01 
between 2 5 O  and 35O and 3-89 between 253 and 50°. 

It has already been observed that potassium iodide, or rather 
iodine ions, act as a negatlive catalyst in this reaction. I n  order 
to determine if there is any change in the temperature coefficient 
when the reaction is greatly retarded by potassium iodide, measure- 
ments were made at  different temperatures with various concen- 
trations of potassium iodide. The results obtained are as follows: 

1.7002 grams of sodium ium iodide ... 1.6952 2.1708 9.9086 
Grams of potass- 

Temperature 

Grams of potass- 

Temperature 
formate and 0.3354 ......... 0.000320 0.000173 
gram of iodine. 

Hence, even in strongly catalysed reactions, the temperature 
coefficients are practically the same as those in the feebly catalysed 
ones. 

A few more experiments were made with different, coucentra- 
tions of iodine and potassium iodide, and the experimental results 
are summarised in the following Tables. 

formate and 0.3354 k, a t  25" ......... 0.00297 0.000647 0-000470 

coeficient ...... 4.01 4.19 4.13 1 gram of iodine. 

1.7002 grams ofsodium ... 15-3843 31.8110 

coefficient ...... 4.1 1 4.02 

1.7002 Grams 
Volume = 150 C.C. 

Potassium 
iodide. 
Grams. 

0.8476 
9.0610 

29.8732 
78.2492 

TABLE XI. 
of sodium formate, G.1677 gram of iodine. 

Mean k, Mean k, 
a t  25". a t  35". kl+,OlkL. 

0.00556 0.0229 4-10 
0.000520 0.00211 4-06 
0-000205 0- 00083 3 4-06 
0~000112 0.000413 3-69 
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TABLE XPI. 
0.6801 Gram of sodium formate, 0.1677 gram of iodine. 

Volume = 150 C.C. 

Potassium 
iodide. Mean k, Mean k, 

0.8476 0.00212 0.0654 3.95 
20.1980 0*000111 0.00342 3.93 
29.8732 0.0000804 0.00242 3.90 
49.2236 0.0000573 0.00 152 3.71 

Grams. at 25". a t  50". kt+,olkt. 

I n  the results last recorded in this, as well as in the foregoing 
Table, the concentration of potassium iodide was very great ; com- 
plexitie; due to changes of viscosity might have arisen and have 
caused the temperature coefficients to  be lower than the other 
values in the same series. I n  this case, we find that the tempera- 
ture coefficient of the reaction does not change in the presence of 
potassium iodide. 

The effect of manganese sulphate was also studied, and the 
following is a summary of the result's obtained : 

Value of k, a t  25" ............... 0.00751 0.00749 0.00735 0.00634 
Grams of manganese sulphate 6.294 12.588 18.882 37.764 

Grams of manganese sulphate . 0 0.0524 0.1048 1.8882 

Value of k, at 25' ............... 0.00478 0.00376 0.00286 0.00151 

of manganese salt is increased. 
Evidently the velocity coefficient falls off as the concentrstion 

Sodium Formate and Hercuric Chloride. 

It is well known that formic acid and formates can be oxidised 
by mercuric chloride. The mechanism of the reduction of 
mercuric chloride by formic acid and formates has been investli- 
gated by Portes and Ruyssen (Compt. rend., 1876, 82, 1504), 
Scala (Gaazetta, 1890, 20, 393), Lieben (Monatsh., 1893, 14, 750), 
etc. 

Recently Findlay and Davies (T., 1913, 103, 1554) and Linhart 
( J .  Amer. Chem. SOC., 1915, 37, 70) have also studied the problem. 
From the ordinary method of chemical dynamics they have found 
that  the velocity coefficients follow the bimoleeular law. 

I n  order t o  determine the temperature coefficient and the effect 
of catalysts on this reaction the following experiments were made. 

Since ordinary sodium formate contains a little sodium 
carbonate, a solution of the salt was carefully neutralissd with 
pure formic acid, evaporated and crystallised. As a rule, the salt 
was twice crystallised from water Grid dried centrifugally. A solu- 
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tion was prepared and was atandardised by estimating the formic 
acid with potassium permanganate, and this estimation was 
checked by evaporating a measured volume of the solution in a 
platinum crucible, heating the residue with sulphuric acid, and 
weighing the sodium sulphate formed. Tho other salts used were 
generally recrystallised twice. From time to time measured 
volumes were withdrawn by means of a pipette fitted with a plug 
of cotton wool, t o  keep back mercurous chloride, and run into a 
known volume of potassium iodide; the excess of potassium iodide 
was then titrated against standaxd mercuric chloride. It was seen 
from preliminary work that this method of estimation was quite 
accurate. 

The equation representing the chemical change is the following : 

The hydrogen ions formed in the reaction greatly retard the 
change. I n  order to  avoid this difficulty, 2-11 grams of sodium 
acetate were added to the reacting mixtures. 

The velocity of the reaction may be represented by an equa- 
tion of the form -dcl/dt=kclnzezn, where c1 and c2 represent 
concentrations of mercuric chloride and formate respectively. 

Determihhtion of m.-.J.n the following series of experiments, the 
sodium formate used was in large excess, and hence the concen 
tration may be taken as practically constant during the course of 
the reaction. Hence the velocity equation takes the following 
form : The order of 
the reaction is therefore the same as m. 

2HgC1, + H-CO,Na = 2HgC1+ NaCl + HCI. 

-dc, /dt  = (ICczn)clm= k lcZm,  where k, = lie2n. 

TABLE I. 

18.3426 Grams of sodium formate, M /  15-mercuric chloride. 
Volume= 150 C.C. (where iK = molar). 

At 25O, 

k, (uni- 
t .  a -x .  molecular). 
0 16.65 - 

48 12.7 0.00245 
75 11.1 0-00235 

111 9.5 0.00220 
160 7.8 0.00207 

Mean ....... .. 0.00227 
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TABLE 11. 

14.0362 Grams of sodium format3e, M /  15-mercuric chloride. 
Volume = 150 C.C. 

At 25O. 

t. a--2. 

0 16-65 
70 12.5 

125 10.2 
168 8.8 
216 7.5 

Mean. ..... 

kl. - 
0.00178 
0*00170 
0.00165 
0.00 160 

0.00168 

TABLE 111. 

At 40°. 

t. a-X. kl. 
0 16-65 - 
8.5 12.4 0.0150 

14.0 10.6 0.0140 
20.0 9.15 0.0130 
25.0 8.1 0.0126 

Mean ......... 0.0136 

TABLE IV. 
9.1713 Grams of sodium formate, M /  15-mercuric chloride. 

Volume = 150 C.C. 

At 25O. 

t. a-X. k,. 
0 16-65 - 

105 12.45 0*00120 
165 10.75 0.00115 
250 8-95 0.00 108 
3 10 7.85 0.00 105 

Nean.. ....... 0-00112 

TABLE V. 
At 40°. 

t .  a--2. kP 
0 16.65 - 

12.0 12.75 0.00965 
22.0 10.5 0~00910 
31.3 8.85 0.00877 
37.5 7.9 0-00864 

Mean ......... 0.00904 
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TABLE VI. 
7.0181 Grams of sodium formate, iK/ 15-mercuric chloride. 

Volume = 150 C.C. 

At 25O. 

t .  a-x. kl. 
0 13.34 - 

61 11-8 0.00087 
150 9.9 0.00086 
255 8-15 0-00084 
550 4-9 0-00079 

Mean ......... 0.00084 

TABLE VII. 
A t  40°. 

t .  a- x. 7%. 0 13-34 - 
14 10-5 0.00743 
28 8.6 0.00681 
35 7-8 0.00666 
56 6.0 0.00620 

Mean ......... 0-00677 

From the foregoing Tables it will be seen that, in spite of a 
slight tendency to fall off, the values of k calculated for m = l  
exhibit such a degree of constancy that the equation indicating a 
unimolecular reaction may fairly be regarded as the appropriate 
one. 

Determination of n.-Supposing that  kll and k,” are the values 
of k, (in the equation k,=kcn) obtained in two experiments, in 
each of which the initial concentration of mercuric chloride is the 
same, whilst the concentrations of sodium formate are different, 
say, c21 and cel l ,  the following equations are obtained: kl l=kcdn,  

On comparing the results recorded in the foregoing tables, the 
following summary is obtained : - 

Grams of formate ... 18.3426 14-03 6 2 9.1713 7.0181 
(1). (2). (3). (4). 

k, at 2 5 O .  ............... 0.00227 0.00168 0.00112 0.00084 

By combining these results, the actual values of .n obtained are 
1.12, 1-02, 1.03, 0.95, 1.0, and 1-08. It is seen that a approaches 
very closely to the value 1. Hence the oxidation of sodium 
formate by mercuric chloride is unimolecular with respect to both 
the reacting substances, and consequently the whole reaction is 

VOL. UXI. Q G* 
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736 DHAR: UATALYSIS. PART 31V. 

With 7.0181 grams of sodium 

of HgCl, ...... M / M  M/30  

formate, 
Concentration 

bimolecular. The equation representing the chemical change 
shows it to  be termolecular, and this makes it probable that the 
reactio'n takes place in stages. 

In order to study the effect of change in the oancentration of 
mercuric chloride, further experiments were made at 25O, the 
results of which are summarised as follows: 

With 9.1713 grams of sodium 
formate. 

of HgC1, ...... MI15 MI30 
Concentration 

TABLE VIII. 

3.3805 Grams of sodium formate and M /  30-mercuric chloride. 
Volume= 150 C.C. 

At 40°. At boo. 
t. a-x. kl. 
0 8- 32 - 

42 6.3 0.00288 
90 4.7 0.00276 

139 3.5 0.00270 

Mean ......... 0.000278 

t. a-x. kl. 
0 8.32 - 

10 6.55 0.0104 
25 4-65 0.0101 
39 3.45 0.0098 

Mean ......... 0.0101 

Applying the Arrhenius formula, we get A =5635 from measure- 
meats a t  2 5 O  and 40°, using thk value of A for the measure- 
ments a t  40° and 50° we get k,,e/k,oo =3*61, practically the same 
result as found experimentally. 

The effect of manganese sulphate on the oxidation of sodium 
formate by mercuric chloride was studied, and the results obtained 
are summarised below : 

Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
17

. D
ow

nl
oa

de
d 

by
 U

m
ea

 U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
12

/1
0/

20
14

 1
0:

43
:0

2.
 

View Article Online

http://dx.doi.org/10.1039/ct9171100707


DHAR : UATALYSIS. PART IV. 737 

TABLE IX. 

9.1713 Grams of sodium formate and M /  15-mercuric chloride. 
Volume= 150 C.C. 

Manganese 
sulphate. 
Grams. 

0 
0.0262 
0.0524 
1.13735 
3.147 
4.7205 
6.294 
9.441 

Mean k, 
at 25". 
0~00112 
0.001 11 
0~00110 
0.00098 
0~00089 
0*00085 
0*00081 
0.00070 

Mean k, 
at 40". 
0.00903 
0.00897 
0*00889 
0.00792 
0.00718 
0.00682 
0.00643 
0.00560 

kt+lo/kt- 
4.02 
4.03 
4.03 
4-03 
4-02 
4-01 
4.0 
4.0 

Thus it appears that  the greater the concentration of manganese 
sulphate the greater is the retardation, and the temperature co- 
efficient in the presence of the negative catalyst is practically 
unchanged. 

From the foregoing Tables it. will be seen that, even in the 
presence of sodium acetate, the velocity coefficient falls off as the 
reaction proceeds. It was suspected that it might be due to the 
increase in the concentration of chloride ions. Linhart (Zoc. cit.) 
observed that sodium chloride retards the reaction. I n  order t o  
establish this further, measurements were carried out in the pre- 
se'nce of chlorides of several metals. Two series of measurements 
with zinc chloride at 2 5 O  are recorded in full in the following 
Tables, and these show clearly that in presence of an excess of 
chloride the unimolecular velocity coefficient remains more con- 
stant than that obtained when no chloride is present. 

9.1713 grams of sodium formate and M/l5-mercusic chloride 
were used in each case, and the volume of the mixture was 150 C.C. : 

TABLE X. 
With 1.096N-zinc chloride. 

0 16.65 - 
1465 13.1 0.000071 
2820 10.55 0.000070 
3960 8.8 0.000070 
4945 7.5 0.000070 

t .  a-a. El. 

Mean.. ....... 0.000070 

With 0.73N-zinc chloride. 
t.  a - x. k,. 
0 16.65 - 

860 13.1 0~00012 1 
1340 11.5 0~000120 
2345 8-65 0.000121 
3835 5.5 0~000119 

Mean ......... 0.000120 

Further experiments were made with zinc chloride as catalyst 
a t  2 5 O  and 40° and the results obtained art3 summarised below: 
Concentration of ZnC1, 0 0.364 0.730 1.096 
k, at 25" ..................... 0.00112 0.000276 0.000120 0 000070 
Temperature coefficient. 4.02 4.16 4.32 4.46 

G G" 2 
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It appears from the foregoing sunimary that  zinc chloride produces 
a marked retardation in the reaction, and the greater the con- 
centration of zinc chloride the greater is the retardation and the 
greater the value of the temperature coefficient. 

The effects of calcium, strontium, and sodium chlorides were 
investigated. Instead of detailed results, the following summary 
is given: 

TABLE XI. 

9.1713 Grams of sodium formate and M /  15-mercuric chloride. 
Volume= 150 C.C. : 

Concentration 
of chloride. 

0 
0.4016 N-CaCl, 
0-8032 ,, 
1-205 ,, 
1.6066 ,, 
3.2134 
0.74 N-&C12 
1.48 
0.4914 N-GaCl 
0.7234 ,, 
0.9826 ,, 
1.085 ,, 
1.4466 ,, 

Mean k, 
at  25". 
0-00112 
0.000292 
0.000142 
0~000080 
0.000058 
0~000020 
0.000 164 
0.0000'76 
0.000296 
0*000230 
0*000163 
0-000154 
0.000114 

Mean k, 
at 40". 
0.00904 
0.00246 
0.00 12 3 
0.000732 
0.000552 
O*OOO 195 
0.00141 
0.000698 
0-00246 
0.00 194 
0.00138 
0.00133 
0.00104 

kt+,olkt* 
4-02 
4.13 
4-22 
4-38 
4.49 
4.58 
4.20 
4.39 
4.09 
4.15 
4-16 
4.2 1 
4.36 

Summary of results obtained with manganese chloride : 

Concentration of MnCl, 0 0.1722 0-4306 0.8612 1.7226 

Temperature coefficient. 4.02 4-06 4.20 4-42 4-54 
I c ,  at 25". .................. 0.00112 0.000486 0.000207 0-000081 0.000025 

All these chlorides produce a marked retarding effect; with 
equivalent concentrations the maximum effect is observed with 
zinc and manganese chlorides; both zinc aiid manganese ions have 
been found t o  act as retarders in the oxidation of sodium formate 
by mercuric chloride. The temperature coefficient is always greater 
the greater the retard a t i  on. 

The effect of the change in the concentration of mercuric chloride 
was also investigated. Calcium, strontium, and sodium chlorides 
were used as retarders, and the concentrations of mercuric chloride 
were varied from M / 7 . 5  t o  M / 5 0 .  From the experimental results 
it was seen that  with a given concentration of the chloride the 
velocity coefficient was independent of the concentration of mer- 
curic chloride. If, however, the effect of the chloride be simply 
to forin a complex with melrcuric chloride HgCI, + RCl + RHgCl, 
(compare Le  Blanc and Noyes, Zoc. cit.), the  velocity coefficient 
would naturally depend on the concentrations of mercuric chloride. 
It was also seen that  the greater the concentration of the catalyst, 
the greater the retardation and the greater the value of the tem- 

Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
17

. D
ow

nl
oa

de
d 

by
 U

m
ea

 U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
12

/1
0/

20
14

 1
0:

43
:0

2.
 

View Article Online

http://dx.doi.org/10.1039/ct9171100707


DHAR: CATALYSIS. PART IV. 739 

perature coefficient. The retarding effect of chlorides on this 
reaction is provisionally considered t o  be catalytic. 

It has already been said that hydrogen ions retard the oxida- 
tion of sodium formate by mercuric chloride; hence it seems prob- 
able that only formate ions are active in effecting the reduction. 
I n  order to confirm this point, a few measurements were made with 
pure formic acid. The experimental procedure is exactly the 
same as w i t h  formates; the presence of free formic acid does not 
interfere with the estimation of mercuric chloride by potassium 
iodide. 

TABLE I .  

0.678 F-f ormic acid and &I,/ 30-mercuric chloride. 

t (time in 
minutes). 

0 
4500 

12540 
20890 

t .  
0 

670 
1500 
2980 

A t  25O. 
k, (uni- 

a--2. molecular). 
8.3 - 
7-25 0*000013 1 
6.2 0~0000101 
5.65 0-0000080 

Mean.. ....... 0.0000104 

TABLE 11. 
A t  40°. 

a-X. kl. 
5-3 - 
7.0 0.0001 10 
6.25 0.000082 
5.5 0.000060 

Mean. ........ 0-0000840 
Therefore kt+,o/kt =4.02. 

The unimolecular velocity coefficient falls off owing to  the 
accumulation of hydrogen chloride, which suppresses the ionisation 
of formic acid and a t  the same time forms complexels with mercuric 
chloride. 

I n  order t o  obtain comparable results, readings were taken for 
times of almost equal changes in different experiments (compare 
Le Blanc and Noyes, Zeitsch. physiknl. Chem., 1890, 6, 389). The 
chemical equation for the change is : 

2HgC1, + H*COzH = 2HC1+ COz + 2HgC1. 
The following is a summary of the results with formic acid and 

mercuric chloride : 
Concentration of formic acid ... 0.678 1.356 2.032 4.064 
IC, st 25O ........................... 0.0000104 0.0000155 0.0000167 0.0000199 
Temperature coefficient.. ....... 4.02 4.02 3.99 4.01 
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It will be geep tha t  the velouity of the reduction of mercuric 
chloride by fomio acid is much smaller than the velocity of 
reduction by sodium formate of the same concentration. Moreover, 
the velocity coefficient does not increase proportionally with the 
increase in the concentration of formic acid. The electrical con- 
ductivity and freezing-point measurements of Novhk (Phil. Mag., 
1897, [v], 46, 9) show that, by doubling the concentration of formic 
acid, a small increment of formate ions is produced in the solu- 
tions, and this i s  corroborated by kinetic measurements, which 
show that  by doubling the concentration of formic acid we get 
only a small increment in the value of the velocity coefficient, and 
kinetic measurements also prove that  only formate ions are active 
in the reduction; the undissociated formic acid is inactive 80 far  
as the reduction of mercuric c lhr ide is concerned. Moreover, the 
temperature coefficient of this reaction is 4-02, which is exactly 
the same as that  obtained in the reduction by formates; this shows 
tha t  the processes of reduction of mercuric chloride by sodium 
formate and formic acid are similar in nature. On the other hand, 
it has been proved before that  the oxidation of formic acid by 
chromic acid is a quadrimolecular reaction, that  only undiasociated 
formic acid is active in this reaction, and that  the temperature 
coefficiant has the value 2.07. Evidently, even with the same 
reducing agent, the nature of the chemical change is totally 
different with different oxidising agents. 

Silver Nitrate and Sodizlm Formate. 

It is well known that  silver for very accurate work is usually 
prepared by the reduction of silver nitrate by formates, and this 
reaction is largely utilised in analytical chemistry. It seemed 
desirable to investigate the kinetics of the reaction. When silver 
nitrate is added to a moderately mnuentrated solution of sodium 
formate a t  about 26O,  there is produced a t  first a very slight 
opalescence due to the formation of silver formate; then after a 
few seconds the silver formate begins to decompose with the separa- 
tion of a black voluminous mass of metallic ailver. Then, in con- 
sequence of the presence of electrolytes, the volume of the reduced 
silver becomes less and less, and finally a small quantity of more 
compact grey metallic silver is obtained. 

The reduction, slow as it is, a t  25O is quite measurable, even a t  
tha t  temperature. 

Standard solutions of purified silver nitrate and sodium formate 
were prepared. The experimental procedure is similar to that  in 
thO oxidation of formates by mercuric chloride. After given in- 
tervals of time, measured volumes of the mixture were removed 
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by means of a pipette fitted with a small filtering plug and run 
into an excess ,of a standard solution of sodium chloride. The 
excess of chloride was then titrated by means of a standard silver 
nitrate solution, using potassium chromate or  potassium arsenate 
as an indicator. I n  order t o  diminish the concentration of 
hydrogen ions, 2-11 grams of sodium acetate were used in each 
observation. 

The reaction velocity may be, represented by an equation of the 
form where c1 and c2 represent the concentra- 
tions of silver nitrate and sodium formate respectively, and m and 
n the number of these molecules taking part in the reaction. 

Determination of m.-In the following series of experiments, 
the concentration of sodium formate was much gre'ater than that 
of silver nitrate, and as this does not appreciably alter during the 
course of the reaction, the1 velocity equation takes the following 
form : 

where k2=kc21z. 

nitrate are recorded : 

- dc,/dt = kclmc2n 

- dc,/dt = ( kcZn)c17n = k2cl~f i ,  
The order of the reaction is ths  same as m. 

In  the following Tables the amounts in C.C. of unchanged silver 

TABLE I. 
3.4205 Grams 

Volumei = 150 C.C. 

Time in 
minutes. 

0 
162 
449 
800 

1355 

9.1713 Grams 
Volume(= 150 C.C. 

of sodium formate and N / 15-silver nitrate. 

A t  2 5 O .  

k2 7% 
Unchanged (bimolecular (unimolecular 
silver nitrate. m=2). 1?L= 1). 

- - 13.3 
11.2 0.0000869 0.000461 
8.75 0.0009870 0-000405 
6-9 0.0000871 0.000356 
5.2 0.0000866 0.00030 1 

Moan.... ..... 0.0000869 

TABLE 11. 
of sodium formate and N I15-silver nitrate. 

A t  25O. 
k2 

t .  a --2. (bimolecular) 
0 13.3 - 

179 8.9 0.000208 
365 6.6 0.000209 
766 4-25 0.000208 

1436 2-65 0-000210 

Mean. ... ... .. 0.000209 
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t.  
0 

70 
182 
303 
528 

t. 
0 

19 
38 
64 

177 

TABLE 111. 

At 40°. 
a-x. 
13.3 
7.15 
4.15 
2-85 
1-8 

k,* - 
0.0009 16 
0*000911 
0~000910 
0~000910 

Mean ......... 

TABLE IV. 

A t  50°. 

a-x. 
13.3 
8.5 
6-2 
4.55 
2-1 

0.000912 

k2. 
- 

0.00224 
0.00227 
0.00226 
0.00327 

Mean.. . . . . . . . 

TABLE V. 

16.508 Grams of sodium formate 
Volume= 150 C.C. 

A t  25O. 

t. a-x. 
0 13-3 

172 7.2 
327 5.1 
517 3.75 

1484 1.6 

0.00226 

and N 15-silver nitrate. 

1 

0-000370 
0*000370 
0.000370 
0.000370 

Mean ......... 

TABLE VI. 

A t  40°. 

t.  U - - z .  

0 13.3 
32 7-9 
82 4.8 

129 3.55 

0*000370 

k2. - 
0.001 6 1 
0.00162 
0.001 6 1 

Mean. ........ 0*00161 
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TABLE VII. 

A t  50°. 

t. a--2. k,. 
0 13.3 - 

10.5 8-5 0.00404 
18.5 6.65 0*00406 
60-5 3-1 0-00409 

743 

Mean ......... 0.00406 

The values of k, calculated for m = 2 show such a degree of con- 
stancy that the equation indicating a bimolecular reaction may 
fairly be regarded as thO appropriate one. The oxidation is evi- 
dently bimolecular with respect t o  silver nitrate. 

Determination of n.-Supposing that kI1 and k2 f  are the values 
of A, obtained in two experiments, in each of which the initial 
concentration of silver nitrate is the same, whilst the concentrations 
of sodium formate are different, say CJ and c,ll, the following 
equations are obtained : ?&I = kc2/n, 1%2N = Izc,’fn, whence 

On comparing the foregoing measurements recorded a t  2 5 O ,  the 
fol1,owing summary is obtained : 

(1). (2). (3). 
Grams of formate.. .... 16.508 9.1713 3.4205 
k, tat 25 O.................. 0.000370 0.000209 0*0000868 

By combining these results, the values of n actually obtained 
are 1-09, 0.96, and 0.90. It is seen n approaches closely to the 
value 1, and consequently 1 molecule of sodium formate takes part 
in the reaction. The whole reaction is, therefore, termolecular, 
bimolecular with respect to silver nitrate, and unimolecular with 
regard t o  sodium formate (compare Noyes and Cottlei, Zeitsch. 
physikal. Chem., 1898, 27, 579). 

In order to  study the change in the concentration of silver 
nitrate on the velocity coefficient of this reaction, further measure- 
ments were made a t  25O, and the results obtained are summarked 
below : 

With 9.1713 grams of sodium formate: 

Concentration of AgNO, ... N/15 N/30 N/60 
k, at 25’........................ 0.000209 0-000212 0*0002 10 
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With 16.505 grams of sodium formate: 

Concentration of AgNO, ... N/15 N/30 
k, at 25" ........................ 0.000370 0.000372 

With 3.4205 grams of sodium formate: 

Concentration of AgNO, ... N/15 N/30 
k, at  25" .......................... 0.0000869 0.0000870 

Evidently change in the concentration of silver nitrate has prac- 
tically no influence on the velocity coelfficients, hence there is no 
disturbing factor, and the, relaction is truly termolecular. 

The chemical equation for  this reaction is: 

2AgN0, +- H*CO,Na = HNO, + NaNO, + CO, + 2Ag. 

Hence the reaction is simple and does not take place in stages. 
Temperature Coeficient.-From Tables 11, 111, and IV we get 

k, a t  25°=0~000209, k, a t  40°=0~000912, and k, a t  50°=0*00226. 
Hence by applying van't Hoff's formula we get kt+lo/kt between 
2 5 O  and 40°=2*67, and between 40° and 50°=2*48. 

I f  the Arrhenius formula is used, the following results are 
obtained : 

t .  k, (oba.). k, (calc.). 
25" 0.000209 (0.000209) 
40" 0.000912 (0.000912) 
50" 0.00226 0.00226 

A = 3977. 

It has been previously shown that  the temperature coefficient of 
the oxidation of sodium formate by iodine and mercuric chloride 
has the value 4-02 between 25O and 40°, and both these reactions are 
bimolecular. Although the oxidation of sodium formate by silver 
nitrate is a much slower reaction than the othelr two, the temper- 
ature coefficient is much lower than those in the other cases. 
Evidently there seems to be a connexion between the order of a 
reaction and its temperature coefficient. From this investigation 
it will be, clear that  under similar conditions iodine is a better 
oxidising agent than mercuric chloride, and the latter is a much 
better oxidising agent than silver nitrate. Evidently from kinetic 
measurements, under exactly similar conditions, we can compare 
thO relative oxidising o r  reducing property of substances quite 
accurately. 

The effect of a manganese salt was studied. 
The results obtained with manganese sulphate as catalyst are 

summarised below : 
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9.1713 Grams of 
Volume =150 C.C. 

Manganese 
sulp hat e . 
Grams. 
0 
0.0524 
1.5735 
3.147 
6.294 

12.588 

sodium forma,& and 

Mean k, 
at 25". 

0.000209 
0.000207 
0.000 187 
0.000170 
0.000142 
o*ooo 109 

Mean k, 
at 40". 

0-000912 
0*000905 
0.00081 1 
0.000740 
0.00062 1 
0.000475 

IV. 745 

Nl15-silver nitrate. 

Temperature 
coefficient. 

2.67 
2-67 
2.66 
2.66 
2.67 
2.66 

From the ab,ove figures it appears that  manganem sulphate is a 
negative catalyst in the oxidation of sodium formate by silver 
nitrate. The' greater the concentration of the catalyst, tlie greater 
is the retardation. This reaction, like the oxidation of sodium 
forrnate by rnelrcuric chloride, is not so sensitive to the influence 
of traces of manganme sulphate as the oxidation of formic acid 
by chromic acid previously studied. Moreover, the temperature 
coefficient is tho same as that obtained without any manganese 
sulphate. 

Mechanism of Chemical Change and Temperature-Coefficient. 

It is well known that  temperature has a marked influence on 
the velocity of reactions, the average value of the temperature- 
coefficient being about 2.5 for  a rise of loo in the case of non- 
actinic chemical changes. This exponential increase of velocity 
with temperature cannot be explained from the mere increase in 
kinetic movement, for this should mean an increase of only about 
2 per cent. in the velocity of the reaction for the same change of 
temperature. It is clear, therefore, that  the temperature effect 
must be due to some influence connected with the internal struc- 
ture of the molecules taking part in the reaction. 

The phenomena of ordinary positive catalysis as well as photo- 
chemical catalysis in homogeneous medium have made us familiar 
with the acceleration of reactions a t  constant temperature, and 
this must similarly be due to some effect connected with the 
structure of the molecules. 

It seems, therefore, probable that the effects of increase of tem- 
perature, of light, and of chemical catalysts in a relaction are 
intimately connected and are possibly identical in nature. 

As was first euggested by Arrhenius (Zeitsch. physikal. Chem., 
1889, 4, 226), the effect of temperature has been ascribed to the 
existence of an equilibrium between so-called " active " and (' in- 
active " moleculw, such equilibrium being sensitive to changes of 
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746 DHBR : CATALYSIS. PART IV. 

temperature; and hence a rise of temperature by bringing into 
existence more “ active ” molecules causes a reaction velocity very 
much in excess of what one would expect on a merely kinetic 
view. 

Arrhenius has even deduced an expression d log k ] d T  = A  / 1”2, 
showing the effect of tempeIrature in terms of a quantity A ,  which 
on this view is takeln to be half the energy change involved in the 
transformation of one molecule of (‘ inactive ” to ‘‘ active.” 

If such “ active ” and ‘‘ inactive ” molecules exist, it appears 
reasonable to  expect that  a catalyst o r  light simply acts in shifting 
this equilibrium. Plainly if  sufficient catalyst were added t o  
change a relatively large amount of ‘‘ inactive ” t o  ‘‘ active ” mole- 
cules o r  vice uersd, it would follow that, when the catalyst is present 
in large quantities, the temperature coefficient should be smaller 
(in the case of positive catalysis) and greater (in the case of nega- 
tive catalysis) than that  oblserved when the reaction is not cata- 
lysed or only feebly so. For when much catalyst is present, the 
transformation from ‘( inactive ” to ‘( active ” in the case of positive 
catalysis would have alrelady taken place, and therefore temperature 
Eiiould have less additional accelerating effect ; the reverse would 
be the case in negative catalysis. This hypothesis can be tested by 
the experiments with chemical catalysts already recorded in  this 
P”PW* 

I n  order to apply t h s  hypothesis to  photochelmical catalysis, the 
following investigations were carried out. Goldberg (Zei tsch.  
physikd.  Chem., 1902, 41, I; Zeitsch. wiss. Photochem., 1906, 4, 
61), who studied the oxidatJon of quinine sulphatel by chromic acid 
in light, found the temperature coefficient of the reaction t o  be 
1-04 for a l o o  rise in temperature. The temperature coefficient of 
this reaction in the dark has been determined by the author as 
described below. 

I n  order to exclude light, “resistance” glass bottles were 
thoroughly covered with a thick coating of ‘‘ club black enamel.” 
This enamel can withstand hot water fairly well, and light is com- 
pletely excluded by a thick coating. The chromic acid, which 
remained unchanged, was estimated by iodometric measurement 
with standard thiosulphak. 
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Quinirie a d  Chromic Acid. 
TABLE I 

1.322 Grams of quinine sulpliate, N/85-chromic acid, and 
30N / 17-sulphuric acid. Volume = 85 C.C. 

At 2 5 O .  
k, (uni- 

t. a-x. molecular). 
0 8.15 - 

450 7-0 0.0001 50 
1420 4.95 0-000152 
3210 2-6 0.000154 

Mean ...... 0.000152 

TABLE Ir. 
At 60°. 

t. a-x. 4. 
0 8-12 - 

101 5.9 0.00137 
187 4.5 0.00 137 
290 3.2 0.00139 

Mean.. .... 0.00 138 
Therefore temperature coefficient between 25" and 60' =ICt+,&= 1.88. 

TABLE 111. 
1.322 Grams of quinine sulphate, N /  85-chromic acid, and 

GON/ 17-sulphuric acid. Volume = 85 C.C. 

At 25O.  

t.  ( -2-X.  kl. 
0 8.15 - 

258 6.9 0.000281 
540 5.75 0.000280 

1590 2.9 0.0002 82 

Mean.. .... 0.000281 

TABLE IV. 
At 60°. 

t. a - 2. k, . 
0 8-18 - 

43.5 6.3 0.00254 
67 5.5 0.00252 

100 4.5 0.00255 
150 3.37 0.00254 

Mean.. .... 0.00254 
Therefore kt+,,/kt between 25' and 60"= 1.87. 
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748 DHAR: UATALYSIS. PART IV. 

Sulphuric acid only accelerates the reaction and was used by 
Goldberg in his work. The reaction, carried on in the dark, has 
a higher value (1.87) for its temperature coefficient than that  in 
the light (1.04) under similar conditions. Thus the acceleration 
caused by the positive catalyst (light) produces a marked lowering 
of the temperature coefficient'. 

Iodine and Potassium Oxalate. 
I n  a former paper (Dhar, Proc. K .  Akad.  Weteizsch. Amsterdam, 

1916, 18, 1097) it was found that thel oxidation of oxalatm by iodine 
was very sensitive to  light; light acted here as a strong positive 
catalyst. This reaction was investigated in diffused daylight and 
in the dark. The reaction in the cam of potassium oxalate may 
be represented by the equation 

K,C,O, + I, --+ 2KI + 2C0,. 
As in the case of the formate oxidation, sublimed iodine was used 
and the potassium oxalate was purified by several recrystallisations 
and carefully dried centrifugally. The solution of oxalate was 
standardised by precipitating a known volume as calcium oxalate, 
igniting in a platinum crucible, and weighing as lime. 

From time to  time the unchange'd iodine was estimated by means 
of standard sodium thiosulphate. 

The velocity of the reaction may be represented by an equation 
of the form - dc l /d t  = kclmcZn, where c1 andc, represent concen- 
trations of iodine and oxalate1 respectively. 

Determination of m.-In the following series of experiments 
the oxalate used was in large excess, and hence1 the concentration 
might be supposed to be practically constant during the course 
of the reaction ; hence the velocity elquation takes the following 
form : 

where kl=kczn. 
- dc, / dt  = (kcp.)  c,m = klClm, 

The order of the1 reaction is the same as m. 

Measurements in the Dark at 50°. 

TABLE V. 
18.7080 Grams of potasstiurn oxalate, 0.1677 gram of iodine, and 

0.8476 gram of potassium iodide. Volume=150 C.C. 

k, (uni- 
t .  a-z. molecular). 

90 9.24 0-00213 
155 6.6 0.002 18 
220 4.7 0*00220 
2 80 3.4 0.00223 

0 14-37 

Mean.. . . . . 0.002 18 
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TABLE VI. 

9.354 Grams of potassium oxalate, 0.1677 gram of iodine, and 
0.8476 gram of potassium iodide. Volume= 150 C.C. 

t .  a-x. k,. 
14.37 - 0 

100 11.5 0.000967 
260 8.0 0.000978 
485 4.8 0.000981 

Mean.. .... 0.000975 

TABLE VII. 

4.6770 Grams of potassium oxalate, 0.1677 gram of iodine, and 
0.8476 gram of potassium iodide. Volume= 150 C.C. 

t .  a--2. k,. 
0 14-37 - 

245 11.2 0.000442 
500 8.5 0*000456 
725 6.6 0.000466 

Mean.. .... 0.000455 

From the foreging Tables, it will be seen that the values of k 
calculated for  m = l  exhibit such a degree of constancy that the 
equation indicating a unimolecular reaction may fairly be regarded 
as the appropriate one. 

are the values 
of k ,  (in the equation k,==kcn) obtained in two expehments, in 
each of which the initial concentration of iodine’ is the same, whilst 
the concent,rations of potassium oxalate are different, say c i  and 
c2‘/, the following equations are obtained : 

Determination of n.--Supposing that k’, and 

k,‘ c ’ 
kl c2 

k,’ = JCc2ln, Icl” = kci’?a ; whence n = log /, I log -I,,. 

From the measurements recorded in the foregoing Tables, the 
following summary of results is obtained : 

0.1677 gram of 
iodine and 0.8476 

Grams of oxelate 18.7080 9.354 4.6:;’ { gram of potassium 
Value of k at 59” 0.00217 0.000975 0.000455 iodide. 

Combining these results, the values of rt actually obtained are 
1.1, 1.1, and 1.09. 

It is seen that  n approaches very closely to the value 1. These 
results show that the oxidation of potassium oxalate by iodine is 
unimolecular with respect to  both iodine and potassium oxalate, 
and consequently the whole reaction is bimolecular; this is quite 

(1). (2) * 
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in accordance with the equation representing the chemical 
change. 

I n  order to  determine the temperature coefficient of the reaction 
in the dark, measurements were made a t  different temperatures. 

TABLE VIII. 
18.7080 Grams of potassium oxalate, 0.1677 gram of iodine, and 

0.8476 gram of potassium iodide. Volume = 150 C.C. 

A t  25O. 

t.  a-x. k,. 
0 14.37 

7,015 10.8 0.0000177 
12,835 8.4 O*OOOO 18 1 
24,000 4.95 0.0000193 

Mean.. .... 0.0000184 

TABLE IX. 
A t  40°. 

t .  a - x. k,. 
0 14-37 - 

265 11-65 0.000343 
520 9.35 0.000358 

1270 4.9 0*000367 

Mean.. .... 0-000356 

18.708 grams of 
potassium oxalate, 
0-1677 gram of 
iodine, and 0.8476 
gram of potassium 
iodide 

TABLE X. 
At  60°. 

t. a-x. kl. 
0 14.37 - 

14 10.0 0.0113 
31 6-25 0.0119 
47 3.9 0.0121 

Mean.. .... 0.0118 

Summary of Results. 

Temperature 25" 40" 50" 60" 
*k1 ............ 0.0000184 0.000356 0.00218 0.0118 

Hence kt+lo/kt between 2 5 O  and 40°=7'2, between 40° and 50°= 
6.1, and betwefen 50° and 60°=5-4. It is seten that the tempera- 
ture coefficient of the oxidation of oxalates by iodine in the 
dark is quite large and is 7-24 between 2 5 O  and 40°, and falls off 
with increase of temperature. 

Applying the Arrhenius formula log k, / k, = A (TI - T2)  / T, TZ9 the 
following results are obtained ; A = 7989 : 

Tempera- 
ture. k (found). k (cttlc.). 

25" 0.0000 184 (0.0000 1 S4) 
40' 0.000358 (0-000356) 
5.00 0.00218 0.00219 
60" 0.0118 0.012 1 
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Tha same reaction was studied in diffwed daylight. 
velocity was gmater in diffused daylight than in the dark. 

The reaction 

In. Diffused Daylight at  50°. 

TABLE XIII. 

18.7080 Grams of potassium oxalate, 0.254 gram of iodine, and 
1.0826 grams of potassium iodide. Volume=150 C.C. 

k, (uni- 
t.  a- x. molecular). 

0 19.7 
65 13-8 0.00238 

170 7.75 0.002 3 8 
315 3-4 0-00242 

Mean.. .... 0.00239 

TABLE XIV. 

9.354 Grams of potassium oxalate, 0.254 gram of iodine, and 
1.0826 grams of potassium iodide. Volume.=150 C.C. 

k, (uni- 
t .  a - x. molecular). 
0 19-7 - 

90 15.8 0.00 106 
210 11-85 0.00105 
34 1 8.85 0~00102 
480 6.4 0-00 102 

Mean.. .... 0.00104 

TABLE XV. 

4.677 Grams of potassium oxalate, 0.254 gram of iodine, and 

t. a - x. kl. 

1.0826 grams of potassium iodide. Volume = 150 C.C. 

0 19.7 - 
120 16.9 0-000555 
240 14.6 0.000542 
360 12-7 0.000530 
480 11.0 0.000527 

Mean.. .... 0.000539 

Summary of Results. 

(1). (2). (3). 
0.254 gram of iodine and Grams of potass- 

1.0826 grams of potaas- ium oxalate 18.708 9.354 4.677 
ium iodide i k, at 50' ......... 0.00239 0.00104 0.000539 
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Comblining these results, the values of .n actually obtained are 
1.2, 1.07, and 0.90. Hence it is seen that  n approaches unity. 
Consequently the reaction is unimolecular with respect to both 
iodine and oxalate, and the order of the reaction is not altered in 
diffused light. 

In order to determine the temporature coefficient in diffused 
daylight, measurements were made a t  25O. 

TABLE XVI. 
18.708 grams of potassium 

oxalate, 0.254 gram of iodine, 
and 1.0826 grams of potassium 
iodide. Volume= 150 C.C. 

t .  a - x. k,. 
0 19.7 - 

360 17.9 0~000114 
1440 13.65 0.000113 
2880 9.5 0.000 1 10 

Mean ... ... . .. 0-000112 

TABLE XVII .  
4.677 grams of potassium 

oxalatel, 0-2295 gram of iodine, 
and 0.6492 gram ,of potassium 
iodide. Volume = 150 

t.  a - x. 
0 19-66 

480 18.9 
1440 17.45 

11000 8-0 

Mean ... .. 

Summary  of Resul ts .  
18.7080 grams of potassium oxalate, 
0.254 gram of iodine, and 1.0826 Temperature 

4.677 grams of potassium oxalate, 

A. 
25' 

Vadue of k, 0.000112 

B. 
25' 

1 grams of potassium iodide 

0.2295 gram of iodine, and 0.6492 
Value of k, 0.0000357 gram of potassium iodide 

C.C. 

kl. 

0.0000356 
0.0000359 
0.0000355 

0*0000357 

50" 
0.00239 

50" 
0.00074 1 

From A :  

and from B :  
Temperature coefficient between 25O and 50° = 3-40. 

lct $10 kt between 25O and 50° = 3.36. 
The temperature coefficient between 25O and 50° of the oxida- 

tion of potassium oxalate by iodine in the dark has the value1 6-73; 
whilst in diffused light it is 3.4. 

Evidently the acceleration of the oxidation of potassium oxalate 
by iodine in diffused daylight produces a lowering in the value 
of the temperature coefficient. 

Mercuric Chloride and Potassium Oxalate. 

It is well known t h a t . a  mixture of an oxalate and mercuric 
chloride has been utilised as an actinometer. Eder (Sitzungsber. 
R. Akad. wiss. Wien, October, 1879) has made a thorough study 
of this actinometer and has measured the amount of mercurous 
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chloride obtained a t  various temperatures in the presence of light. 
His result,s show that the temperature coefficient for a loo rise 
between Oo and 80° is 1-19. 

I n  the present investigation the velocity of this reaction a t  
different temperatures in the dark was studied. The reaction 
being slow, measurements were made a t  79'6O and 99-69 with 
glycerol as the thermostat liquid. 

Since preliminary experiments showed that carbon dioxide, which 
is a product, of the chemical reaction, markedly accelerates the 
change. Both the reacting substances wetre saturated with carbon 
dioxide before mixing. As in the case of the oxidation of formates 
by mercuric chloride, definite volumes of the mixture were with- 
drawn from time to time by means of a pipette fitted with a plug 
of cotton-wool, and added to an excess of potassium iodidel. The 
excess of potassium iodide was tihated against a standard solution 
of mercuric chloride. 

I n  t h e  Dark. 

TABLE I. 

A t  9 9 . 6 O .  

31.430 Grams of potassium oxalate and M /  15-mercuric chloride. 
Volume = 150 C.C. 

t. a-x. Ic, (unimolecular). 
0 13.3 - 

58 9.4 0.00260 
140 5.75 0.00260 
270 2.6 0.00262 

Mean ... ... 0.00261 

TABLE 11. 

A t  99'6O. 

15.715 Grams of potassium oxalate and M /  15-mercuric chloride. 
Volume = 150 C.C. 

u-x. k r  
0 13.3 - 

142 8.7 0.00130 
280 5-75 0.00 130 
418 3.7 0-00133 

Mean ... ... 0.00131 
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TABLE 111. 

At 99.6O. 

7.8575 Grams of pota,mium oxalate and M /  15-mercuric chloride. 
Volume = 150 C.C. 

t .  a-x. k,. 
0 13.3 - 

343 8.0 0.000643 
535 6.0 0*000646 

1060 2.7 0-000653 

Mean ... ... 0.000647 

TABLE IV. 

At 79'6O. 

31.430 Grams of potassium oxalate and MI 15-mercuric chloride. 
Volume = 150 C.C. 

t .  a-z. kl.  
0 13.3 - 

415 8.1 0*0@052 
610 6.5 0-00051 
925 4.3 0*00053 

Mean ... ... 0.00052 

TABLE V. 
At  79'6O. 

15.765 Grams of potassium oxalate and M /  15-mercuric chloride. 
Volume = 150 C.C. 

t .  U-Z. Je,. 
0 13.3 - 

570 2.45 0*00026 
1380 5.65 0-00027 
1680 4.5 0.00028 

Mean ... ... 0.00027 

TABLE VI. 
At 79-6O. 

7.8575 Grams of potassium oxalate and M /  15-mercuric chloride. 
Volume = 150 C.C. 

t .  ff--a. k,. 
0 13.3 - 

1124 9.5 0.000 13 
1555 8.35 0.00013 
2630 5.7 0.00014 

Mean ... ... 0.000133 
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From the foregoing Tables it will be seen that, in spite of a slight 
tendency to rise, the values of k calculated for  nz=1 exhibit such 
a degree of constancy that the equation indicating a unimolecular 
reaction may fairly be regarded as the appropriate one. 

Determination of m.-Supposing that ht,’ and kill are the values 
of k, (in the equation kl=kcn) obtained in two experiments, in 
each of which the initial concentration of mercuric chloride is the 
same, whilst the concentrations of potassium oxalate are different, 
say c2’ and c2/I, the following equations are obtained: 

The measurements recorded in the foregoing Tables may, therefore, 
be employed in determining the value of n. 

On comparing, the following summary of results is obtained: 

A t  99.6O. 

(3). 
7-8575 

(2). 
15.715 

(1) .  
Grams of oxalate ......... 30.430 
Value of k, .................. 0.00261 0.001 3 1 0*000647 

Combining these results, the values of n actually obtained are 1, 
1.06, 1.02. It is seen that  n approachm very closely t o  the value 1. 
Consequently the oxidation of potassium oxalate by mercuric 
chloride is unimolecular with respect to both the reacting sub- 
stances, that  is, the whole reaction is bimolecular, although the 
chemical equation shows it to be termolecular : 

2HgC1, + K2C20,= 2HgCl+ 2KC1+ 2C0,. 
The reaction probably takes place’ in stages. 

From Table I we get k, a t  99.6°=0*00261 and from Table IV 
E ,  a t  79*6°=0*00052; therefore by van’t Hoffs equation we get 
kt+lo/kt =2*24. Similarly from Tables I1 and V, also from I11 
and VI, the temperature coefficients obtained are 2-20 and 2-21. 
Hence i t  is seen that the temperature coefficient of the oxidation 
of potassium oxalate by mercuric chloride in the dark is 2.2, whilst 
in  light it is 1.19. Light acting as an accelerator produces a con- 
comitant reduction in the temperature coefficient. 

There are a few cases on record where reactions have been 
investigated both in the light and in the dark. 

Brunner and Dluska (Bull. Acad. Sci. Crucow, 1907, 707) have 
studied the bromination .of toluene and found the temperature 
coefficient in light to be equal to 1.8, whilst in the dark it is 4.5. 

Plotnikov (Zeitsch. physikal. Chem., 1907, 68, 64, 214; 1911, 
75, 385) also investigated two reactions and found the following 
values : 
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Oxidation of Hydrogem Iodide b y  Oxygen .  

In  the light. In the dark. 
Temperature coefficient for 10" rise 1.4 2-86 

Act ion  of Oxygen om Iodoform dissolved in Benzene or Alcohol. 
In  the light. In  the dark. 

Temperature coefficient for 10" rise 1.42 2.61 

I n  all these cases light acts as a positive catalyst and markedly 
accelerates the reactions. Evidently when there is acceleration 
produced by light we have a concomitant lowering of the tempera- 
ture coefficient, and the greate.r the acceleration the greater will 
be the lowering of the tempelrature coefficient of the light reaction. 

In  reactions in which the velocit'y is greatly accelerated by light 
we expect the value of the temperature coefficient to be about 1-04 
to 1-39; but when light acts as a negative catalyst we should 
expect an increase in the value of its temperature coefficient. 
As a matter of fact, Trautz (Physikal. Zeitsch., 1906, 7, 899) 

has shown that the oxidation of sodium sulphide and of pyrogallol 
by oxygen are retarded by violet light, and he has found the 
temperature coefficients t o  be 3.6 in the case of sodium sulphide 
and 2.4 in the case of pyrogallol. These temperature coefficients 
are much larger than those for photochemical reactions, in which 
light is an accelerator. 

Slator (Zeitsch. physikal. Chem., 1903, 45, 513) investigated the 
chlorination of benzene in the presence of several chemical 
catalysts and of ligh€. The reaction velocity in absence of any 
catalyst is very small. Of the three positive catalysts used in this 
reaction, iodine chloride, stannic chloride, and ferric chloride, the 
first was found t o  be the most effective, then stannic chloride, and 
lastly ferric chloride. The tempera,ture coefficiefits in the presence 
of these cat,alysts are as follows: 

Catalyst 1 c1 SnC1, FeCl, 
Temperature coefficient 

=kt+lo/kc ............ 1.05 1.5 2.5 

Light also accelerates the reaction, and the temperature 
coefficient in  the presence of light is 1.5. It is clear that the 
greater the acceleration produced by a given catalyst, the smaller 
is the value of the temperature coefficient; the temperature 
coefficient of the reaction with the strong positive catalyst, iodifie 
chloride, in  the dark is much smaller than that  of the reaction 
carried on in the light without any chemical catalyst. A strongly 
catalysed reaction in the dark may nave a very small temperature 
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coefficient, just like a photochemical reaction. This is in harmony 
with the hypothesis. 

Recent work of Padoa (At t i  R. Accad. Lincei, 1916, [v], 25, ii, 
168, 215) has brought further evidence in favour of the hypothesis 
in question. H e  has studied the temperature coefficients of the 
action of monochromatic light on chlorine-hydrogen mixtures, on 
a photographic plate, and on some phototropic transformations. 
With the chlorine-hydrogen mixture the following temperature 
co&cients were obtained : 

White light, 1-29 ; green (A= 550-530 ,up), 1.50 ; blue 
(A = 490-470 ,up), 1.31 ; violet (A =460-440), 1-21 ; ultra-violet 

Thus the value of the temperature Coefficient increases with the 
wavelength of light. The chemical activity of these rays increases 
with the decrease of the wave-length. 

Exactly similar results have been obtained with the photographic 
plate and the phototropic transformatiom ; the greater the intensity 
(and hence the acceleration), the smaller is the temperature 
coefficient. 

From a consideration of the experimental verification of this 
hypothesis in  the case of chemical catalysts, it is found that 
sulphuric acid markedly accelerates the oxidation of formic acid 
by chromic acid, and in this case the accelerating effect increases 
more rapidly than the accelerator, and i f  the concentrations of 
sulphuric acid are plotted as abscissz, and the corresponding 
velocity coefficients as ordinates, an exponential curve is obtained 
(compare Rosanoff, J. Amer. Chem. SOC., 1913, 35, 173). Accord- 
ing to this hypothesis, the temperature coefficient in the presence 
of sulphuric acid &ould be less than that  in the absence of the 
catalyst. As a matter of fact, all the experimental work with 
sulphuric acid recorded in the foregoing pages supports this deduc- 
tion. 

(h=400-350), 1.17. 

Here only one typical case is cited: 

Concentration of H,S04 0 N/6 N/3  2N/3 
kt+,,,/kt between 25O 
[ and 50° ............... 2.03 1.87 1-86 1.84 

3.0833 N-formic acid and 
NI3O-chromic acid 

Eence we find that  the greater the concentration of sulphuric 
acid, the greater is the fall in the temperature coefhient. 

On the other hand, manganese chloride is a negative catalyst in 
the oxidation of formic acid by chromic acid, and it has been 
proved that in t.he presence of this salt the temperature coefilcient 
is appreciably higher than that  in the absence of the catalyst. 

The oxidation of oxdic acid by chromic acid is retarded in the 
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presence of an excess of sulphuric acid, and 
are obtained for the temperature coefficient : 

IV . 
the following results 

0 3N/5 8N/5 4lN N120-oxalic acid and Concentration of H,S04 
N/lOO-chromic acid Ict+l0lkt between 25" 

and 40" ............... 1-96 2.18 2-32 2.66 

Thus sulphuric acid, acting as a negative catalyst, produces an 
increase in the temperature coefficient. Similarly in this oxida- 
tion boric acid, molybdic acid, and ammonium molybdate are 
retarders, and in their presence the temperature coefficient is higher 
than in their absence. 

I n  the oxidation of sodium formate by mercuric chloride, it has 
been found that chlorides are retarders, and in their presence the 
temperature coefficient is appreciably increased. By considering 
the case of manganese chloride: 

Concentration of MnC1, ... 0 0-1722 0.4306 0.8613 1.7726 

Temperature coefficient.. . 4.02 4.06 4.2 4-42 4.54 

one finds the retarding effect increasing more rapidly than the 
retarder. Exactly similar results are obtained with zinc chloride. 

I n  the oxidation of sodium formate by silver nitrate, zinc and 
calcium nitrates have been found to be great retarders, and in 
their presence the temperature coefficient is higher than that  
determined in their absence. 

I n  the oxidation of sodium formate by iodine, potassium iodide 
is a retarder; the temperature coefficient does not practically 
change in the presence of potassium iodide. This is due, prob- 
ably, to the following reason. From the work of Taylor (I'roc. 
Roy. SOC. Edin., 1905, 25, 231; 1908, 28, 461) on the viscosity 
of aqueous solution? the following results are obtained : 

Ic at 25" ..................... 0.00112 0.000486 0.000207 O.OOOb81 0.000025 

Viscosity of 
N-potassium Viscosity of 

Temperature. iodide. water. 
0" 0-854 1.000 

15" 0.583 0.640 
25" 0.467 0.501 

The ratio of the viscosity of water a t  25O and 15O=0.793, whilst 
that  of N-potassium iodide is 0.801. It is well known that  
the greater the viscosity, the smaller is the velocity coefficient 
of a reaction. Evidentdy in the presence of potassium iodide the 
ratio of the velocity coefficients a t  2 5 O  and 15O, that  is, the 
temperature coefficient, would be smaller than that obtained in 
water. This effect is more pronounced with more concentrated 
potassium iodide solutions. I n  the presence of a large excess of 
potassium iodide, the experimental results show that  the tempera- 
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ture coefficient, instead of being higher, is actually lower than the 
value obtained with very dilute solutions. In  these cases the 
changes in viscosity more than counterbalance the effect due t o  
the change of “ active ” molecules into the ‘‘ inactive ” state. 

Lewis (T., 1914, 105, 2330; 1915, 107, 233; 1916, 109, 796) 
has studied the hydrolysis of methyl acetate and sucrose in the 
presence of different concentrations of hydrochloric acid a t  
different temperatures, but  in  both these cases the difference 
obtained in the temperature coefficients of a feebly and a strongly 
catalysed reaction is very small. His results may be explained in 
the light of the viscosity changes already indicated. 

On the other hand, the work of Clark (J. physical C’hem., 1907, 
11, 353), who has studied the accelerating effect of chromic acid 
on the interaction of bromic and hydriodic acids, and of Miiller 
(BUZZ. SOC. Chirn., 1911, [iv], 9, 185) on the accelerating effect of 
hydrochloric acid on the action of iodine on sodium dithionate, 
shows that the temperature coefficient falls off with the increase in 
the concentration of the catalysts. 

Moreover, Holmberg (Zeitscho physikal. C‘hem., 1912, 79, 146) 
has studied the action of hydroxides of the alkali and alkaline 
earth metals on the hydrolysis of dibromosuccinic acid, and has 
found that the greater the acceleration the smaller is the tsmpera- 
ture coefficient. The work of de Bruyn and Sluiter (Proc. K .  
Akad. Wetensch. Amsterdam, 1904, 6,  773) on the transformation 
of acetophenoneoxime into acetanilide is also in favour of the 
hypo thesis. 

This is practically all the literature that is available a t  present 
to test this hypothesis. In spite of the fact that  numerous 
catalytic reactions have been investigated, an examination of the 
literature has shown that in very few cases have catalyst and 
temperature been varied simultaneously. 

I n  studying the kinetics of the reactions described in this paper 
the “isolation method” of Ostwald was always used. I n  the 
invest’igatior, of multimolecular reactions this method has several 
advantages. By increasing the concentration or“ on0 of the react- 
ing substances we can increase the speed so as to bring the reaction 
within the range of convenient experimental conditions. The 
oxidation of formic acid by chromic acid is a case in point. The 
study of the kinetics of the reaction is only possible by having an 
excess of formic acid; otherwise the reaction is too slow to measure 
its velocity. 

Moreover, by having an excess of one of the reacting substances, 
the concentration of that  reactant’ does not enter into the question 
of the velocity, and hence the kinetics become much simpler. 

VOL. CXI. H H  
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Although the action of chromic acid on iormic acid is a quadri- 
molecular reaction, in the presence of an excess of the latter acid 
the reaction follows the unimolecular formula and becomes quite 
easy to investigate. 

I n  order t o  study the effect of dilution o c  temperature- 
coefficients, the concentrations of the reacting substances have 
been widely varied. I n  the formic acid oxidation, temperature 
coefficients have been determined using cliff erent concentrations of 
formic acid with a definite concentration of chromic acid. 
Although, by the change in the concentration of formic .acid, the 
velocity coefficients have widely different values, the temperature 
coefficients remained practically the same in all cases. Exactly 
similar results were obtained in the other reactions investigated in 
this paper. Evidently dilution has no appreciable effect on the 
equilibrium between “ active ” and (‘ inactive ” molecules. I n  an 
important paper Halban (Zeitsch. physikal. Chem., 1909, 67, 176) 
has shown that  unimolecular reactions have larger temperature 
coefficients than those of multimolecular ones. I n  addition to the 
cases enumerated by him, the following are a few more examples 
in favour of this view. The temperature coefficient of the intra- 
molecular change of acetobromoamide has the value 5.37 between 
16O and 25O (van Dam, Rec. trav. chim., 1900, 19, 318), and 
Kremann (Monatsh., 1910, 31, 245, 1051) has shown that  the 
temperature coefficient of the velocity of decomposition of ethyl 
hydrogen sulphate in water has the value 4.5 between 55O and 
65O. Also Rivett (Zeitsch. physikal. Chem., 1913, 82, 201) has 
obtained 3-27 for the temperature coefficient of the change of 
acetochloroanilide to pchloroacetanilide. Halban’s view that reac- 
tions which are really multimolecular, but owing to  the presence 
of one of the ingredients in excess appear $0 be unimolecular, have 
higher temperature coefficients seems doubtful. 

I n  this investigation it has been shown that the oxidations of 
formic and oxalic acids by chromic acid follow the unimolecdar 
formula when an excess of formic or oxalic acid is present. 
Although the reactions are unimolecular, the temperature 
coefficients are not high, the values being 2.03 for formic acid and 
1.94 for oxalic acid between the temperature interval of 25O and 
40°. It has already been stated that change in the concentration 
of formic acid, for example, has no effect on the temperature 
coefficient. By increasing the concentration of one of the 
reactants, a bimolecular reaction can be made t o  appear as a 
unimolecular one; according to Halban’s view, the same reaction 
will have a temperature coefficient in the unimolecular condition 
different from that  in the bimolecular state. This is not 
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corroborated by experiments. As a matter of fact, the oxidation 
of potassium oxalate by iodine in the dark is a bimolecular reac- 
tion, and has the temperature coefficient 7.2 between 2 5 O  and 40’. 
Similarly, the biinolecular reactions-the oxidation of sodium 
formate by iodine and by mercuric chloride-have a temperature 
coefficient of 4.02. It appears, therefore, that  the temperature 
coefficients of both bi- and uni-molecular reactions can be higher 
than those of multimolecular reactions. 

I n  a similar way Hirniak’s work (Chem. Zeittr., 1914, i, 3) on 
the temperature coefficients of the reaction between dimethyl- 
aniline and ethyl iodide can be easily explained. I n  this investiga- 
tion i t  has been shown that under exactly similar conditions the 
oxidation of oxalic acid by chromic acid has a greater velocity 
and smaller temperature coefficient than those of the oxidation of 
formic acid by chromic acid. Similar results have been obtained 
by Kremann (Zoc. cit.) and Rirniak (Zoc. c i t . ) .  From their work 
i t  can be seen that, when the order of the reactions considered is 
the same, those with greater velocities have smaller temperature 
coefficients. All these facts, and the deduction of Skrabal 
Monutsh., 1914, 35, 1157; 1916, 37, 191) that immeasurably rapid 
reactions have a temperature coefficient of unity, can be easily 
understood on the basis of the hypothesis of (‘active’’ and 
“ inactive” molecules, since an in2measurably rapid reaction is 
possible when the number of (‘ active” molecules are very large, 
and this being the case, t<emperature will have very little effect 
on this reaction. 

Recently a purely physical concept of active molecules has been 
introduced by Marcelin (Compt. rend., 1914, 158, 161) and Rice 
(Brit. Assoc. Report, 1915, 397). By treating the probiem of 
reaction velocity from the point of view of statistical -mechanics, 
they have correlated the reaction velocity with the t-emperature 
on the assumption that only those molecules react which reach a 
“critical” condition, in which they acquire a certain energy con- 
siderably in excess of the average energy per molecule of the 
system. 

Rice’s equation is 

where V m  is the mean potential energy of the molecular group in 
question, so that  V c  - Vm is the “ critical’’ increment of energy 
necessary for the reaction. 

The forces involved are supposed to be electromagnetic, and 
therefore subject t o  modification due to  change of radiation 
density produced by a catalyst. This leads to the conclusion that 

H H 2  
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a positive catalyst, by reducing Vc  - Vm, iiicreases k, but decreases 
dlog k/dT, and vice versii f o r  a negative catalyst. These deduc- 
tions are in agreement with the experimental results brought for- 
ward in this paper. 

Furthermore, in a recent experimental paper on the photo- 
chemical changes occurring in aqueous solutions of chloroplatinic 
acids, Boll (Ann. Physique, 1914, [ix], 2, 5, 226) has concluded 
from his work that  there existi intermediate active phases of the 
reacting molecules. Goldschmidt (Physikal. Zeitsch., 1909, 10, 
206, 421), from theoretical considerations, also draws a similar 
conclusion. Moreover, the recent work by Baly and his pupils 
(T., 1908, 93, 2108; 1912, 181, 1469, 1475) on the absorption 
spectra of compounds has experimentally proved the existence of 
those very active phases of molecules as intermediate stages in 
chemical reactions such as advocated in this paper. 

In conclusion, I offer my hearty thanks to Professor J. C. Philip 
for his kind help, and to the Research Fund Committee of the 
Chemical Society for a grant which met part of the expenses 
incurred in this research. 

IMPERIAL COLLECIE OF SCIENCE AND TEUHNOLOUY, 
LONDON, S.W. [Receiucd, Juno 3 lst, 19 17.1 
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