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pure and dry hydrogen chloride under identical 
conditions is without effect upon them.6 It 
seems significant in this connection that wet hy
drogen chloride is likewise an active agent in cor
roding these same metals. It therefore seems 
more plausible to consider momentary recombina
tion of ammonia, or water, with hydrogen chloride 
on the metallic surface, where both may possibly 
be absorbed with more readiness, with transient 
formation of the "onium" ion, which must be re
garded as the active agent in causing reaction to 
take place. 

That the reaction between "onium" salts and 
oxides at higher temperatures is considerably 
more complicated is self-evident. Here water is 
one of the products and its formation undoubtedly 

(5) K. A. Hofmann, Hartmann and Nagel, Bet., 58, 808 (1925). 

exerts a marked accelerating effect upon the course 
of the reaction. 

Summary 
1. Using a specially purified pyridinium hy

drochloride it has been shown that this, as a typi
cal "onium" salt, possesses acidic character in 
the fused state, reacting with metlals and metallic 
oxides much as does hydrochloric acid in aqueous 
solution. 

2. It has also been shown that many metallic 
chlorides are soluble in fused pyridinium hydro
chloride and form stable low temperature melts. 
Such melts conduct the electric current with fa
cility and in the case of tin, lead, arsenic, anti
mony, bismuth and mercury permit the electro-
deposition of these metals. 
URBANA, ILLINOIS RECEIVED OCTOBER 9, 1935 
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Introduction 
In the course of an investigation concerned with 

further applications of mercury as a reducing 
agent for certain ions in solutions containing hy
drochloric acid, it was observed that a dilute hy
drochloric acid solution, when shaken with mer
cury in the presence of air, acquires reducing prop
erties as indicated by its reaction with eerie sul
fate. A large amount of calomel is formed dur
ing the shaking of the mixture. 

The reaction at room temperature of mercury, 
oxygen and water to yield oxides of mercury was 
noted by Fourcroy1 and has been mentioned fre
quently in the older textbooks. I t has also long 
been known that a dilute solution of hydrochloric 
acid attacks mercury in the presence of air, calo
mel being formed. 

2HCl + 2Hg + O = Hg2Cl2 + H2O (1) 
Such an equation was postulated by Berthelot2 

and has been assumed by other workers. These 
reactions of mercury and hydrochloric acid in the 
presence of oxygen were observed and discussed 
by McCay and Anderson3 in their work on the 

(1) Fourcroy, "A General System of Chemical Knowledge," 
trans, by Wm. Nicholson, Vol. V, 1804, pp. 431-433. 

(2) Berthelot, Ann. chim., [5] 23, 110 (1881). 
(3) McCay and Anderson, THIS JOTIRNAI., 43, 2372 (1921). 

reduction of ferric chloride by mercury and also 
in a later paper by McCay4 on the reduction of 
quinquivalent antimony. 

Schonbein6 and Voit6 reported the formation of 
"ozon" when mercury is shaken with water and 
dilute acids in the presence of air. It is now 
known that the "ozon" to which these workers so 
frequently refer was in most cases hydrogen per
oxide. 

Dunstan, Jowett and Goulding7 found that 
traces of hydrogen peroxide were formed when 
mercury was placed under a very dilute solution 
of sulfuric acid and oxygen bubbled through the 
liquid for several hours. 

The dry reaction between mercury, hydrogen 
chloride, and oxygen has also been studied, the 
formation of calomel and oxychlorides of mercury 
being reported by Berthelot8 and by Bailey and 
Fowler.9 

It has been found in our work that hydrogen 
peroxide and calomel are formed when samples 

(4) McCay, 2nd. Ens. Chem., Anal. Ed., 5, 1 (1933). 
(5) Schanbein, Ann. fhysik. Chem., 100, 1 (1857). 
(6) Voit, Ann., 104, 341 (1857). 
(7) Dunstan, Jowett and Goulding, / . Chem. Soc, 87, 1548 

(1905). 
(8) Berthelot, Compl. rend., 125, 746 (1897). 
(9) Bailey and Fowler, / . Chem. Soc, 53, 755 (1888). 
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of mercury, hydrochloric acid, and oxygen are 
shaken together. The stoichiometry of the re
action has been studied and possible mechanisms 
have been considered. 

Experimental 

Materials.—Mercury was purified first by the well-
known method of Meyer,10 then by distillation following 
the method of Hulett." After use in each experiment, it 
was washed with distilled water, the method of Meyer 
again being followed. 

Standard solutions of sodium hydroxide and hydrochloric 
acid were prepared in the usual way. Constant boiling 
hydrochloric acid was used as primary standard. 

Ceric sulfate solutions were prepared from purified 
eerie oxide and standardized against Bureau of Standards 
sodium oxalate by potentiometric titration. 

As a qualitative test for hydrogen peroxide, the per-
titanic acid reaction was used in all cases since it seemed 
to fit best the requirements of a sensitive and specific 
test. 

Preliminary Experiments.—A typical experiment in 
which hydrogen peroxide was formed when mercury, hy
drochloric acid and oxygen were shaken together was 
carried out in the following manner. A 50-ml. sample of 
2 N hydrochloric acid was placed in a glass-stoppered 
bottle with 25 ml. of pure mercury, the volume of air 
above the liquid being displaced by oxygen. This mix
ture was shaken for fifteen minutes, and the solution was 
then decanted through a filter to remove the calomel and 
mercury. This solution gave the following tests: 

1. Reduced ceric sulfate solution in the cold, bubbles 
of gas being liberated. 

2. Liberated iodine from potassium iodide solution. 
3. Formed a yellow color with titanic sulfate solution. 
A. Formed a yellow color with sodium molybdate 

solution. 
5. Gave a fleeting blue color with potassium chromate 

solution. 
Three of the above tests are specific for hydrogen per
oxide; the other two are characteristic. 

When dilute hydrochloric acid is shaken with mercury 
in an atmosphere of carbon dioxide, no reaction takes 
place even after it is shaken for hours. However, when 
oxygen is used to fill the space above the solution, the re
action proceeds rapidly, as shown by the formation of 
calomel. Since the oxygen above the liquid must enter 
the reaction, the air above the solutions in all the experi
ments was. displaced by oxygen unless otherwise stated. 

There is some reaction between oxygen, mercury and 
water, for at first a black scum is formed and after a long 
period of shaking a greenish deposit forms on the surface 
of the mercury and mercuric ions may be detected in 
solution. No hydrogen peroxide can be detected. The 
greenish powder is evidently a mixture of mercury oxides. 
The amount of mercury in solution in the mercuric state 
was relatively large, for it gave heavy precipitates, with 
stannous chloride, hydrogen sulfide and ammonium hy
droxide, respectively. 

(10) Meyer, Z. anal. Chem., 2, 241 (1863). 
(11) Hulett, Phys. Rn., »3, 307 (1911). 

This reaction of mercury and air in the presence of 
water has been studied by Stock18 and his collaborators. 

Study of the Reaction.—The apparatus used for a more 
systematic study of the reaction consisted of a 250-mI. 
narrow-mouthed glass bottle connected by means of a 
flexible rubber tube to a Hempel gas buret. Water 
saturated with oxygen was used as confining liquid in the 
buret, the pressure being maintained equal to that of the 
atmosphere by means of a leveling bulb. Since the pres
sure within the system was never very different from that 
of the atmosphere, the use of tight rubber connections 
was found to be quite satisfactory. The buret and bottles 
were filled with oxygen from a cylinder by means of a 
water displacement arrangement, the gas thus entering the 
system being saturated with water vapor. The rate 
of agitation was fairly constant, as the shaking of the 
bottles was done entirely by machine. 

The volume of hydrochloric acid taken for each run 
was accurately known and immediately after a reaction 
was stopped the solution was decanted onto a dry filter. 
The concentration of the acid was not changed in any way 
other than by the reaction itself, since the first portion of 
the filtrate was rejected. Samples of the filtered solution 
were pipetted for analysis. One was titrated with stand
ard sodium hydroxide in order to determine the change in 
acidity; the other with ceric sulfate (using o-phenanthro-
line as indicator) to determine the amount of hydrogen 
peroxide formed. The titration of hydrogen peroxide 
with ceric sulfate using o-phenanthroline-ferrous complex 
as indicator has been studied and found satisfactory by 
Willard and Young.13 

The following equation was assumed for the 
reaction 

2Hg + 2HCl + O2 = Hg2CU + H2O2 (2) 

It became evident immediately that the yield of 
hydrogen peroxide was less than one mole per 
one mole of oxygen used. This was probably 
caused by a reaction between the mercury, hy
drochloric acid and hydrogen peroxide. 

2Hg + 2HCl + H2O8 = Hg2Cl2 + 2H2O (3) 
That this reaction is feasible we have proved by 
shaking mercury with a dilute solution of hydro
chloric acid and hydrogen peroxide in an atmos
phere of carbon dioxide. As has been stated pre
viously, mercury and hydrochloric acid do not 
react when oxygen is excluded, and therefore the 
hydrogen peroxide must take part in the observed 
formation of calomel. 

I t is evident from equation (2) that for each 
mole of oxygen used up, a mole of hydrogen per
oxide should be formed. The difference between 
the number of moles of oxygen used and the num
ber of moles of hydrogen peroxide found at the 
end of the reaction will give the moles of hydro
gen peroxide which have reacted according to 

(12) Stock, Cucuel, Gerstner, Kohle and Lux, Z. anarg. ellgem. 
Chem., 217, 241 (1934). 

(13) WiUerd and Yeuog, THIS JOURNAL, M, 3290 (1933). 
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equation (3). Both reactions (2) and (3) in
volve a consumption of hydrochloric acid. The 
following relation may then be established 

2[02]u*d + (2[OiW - 2[H8OiWnC1) « [ H C I W (4) 
(The terms in brackets refer to the number of moles of 

the substance.) 

The data in Table I illustrate the results ob
tained. The theoretical value for the amount of 
hydrochloric acid used was calculated by substi
tuting in equation (4) the values found experi
mentally for oxygen used and hydrogen peroxide 
formed. The experimental value for the acid 
used is that found by titration of the hydrochloric 
acid with standard sodium hydroxide before and 
after carrying out the reaction. The values show 
good agreement in the case where 1 N hydro
chloric acid was used, and fair agreement in the 
case of 0.1 N acid. The errors in the study with 
0.1 N acid are largely experimental, since the 
apparatus and method used was accurate only to 
2-3% for the small changes observed when this 
diltite acid was used. The values for the oxygen 
consumed have been corrected for a slight rise in 
temperature caused by frictional heating during 
the shaking of the bottles and their contents. 
The volume change due to this heating was de
termined experimentally by blank runs with mer
cury and water under an atmosphere of purified 
nitrogen. It was also calculated from the tem
perature differential. The calculated and ex
perimental values were in substantial agreement. 

TABLE I 

EXPERIMENTAL RESULTS ON THE STOICHIOMETRY OF THE 

REACTION 

Normality (1) 
of Time, Os 

HCl Hours used 

-Millimoles-
(2) 

HsOz 
found 

Dlff., (3) (4) 
HCl HCl 
used baled. (3) -" (4) 

1.044 3.50 5.136 4.056 12.54 12.43 +0.6 
1.011 4.00 6.434 4.758 16.20 16.22 - 0 . 1 
1.011 4.75 8.308 4.943 23.77 23.35 +1 .8 
1.011 2.00 2.870 2.435 6.526 6.61 - 1 . 2 
0.09798 2.00 1.59 1.50 3.53 3.36 +6 

.09798 2.50 1.77 1.57 4.22 3.94 + 7 

.09798 1.00 0.92 0.96 2.00 1.84 + 8 

.09798 2.00 1.69 1.63 3.85 3.50 + 5 
Total volume of hydrochloric acid taken in each case 

was 100 ml. Volume of mercury used in each case was 25 
ml. Capacity of bottle used was 250 ml. 

The data in this table show that the reaction 
between mercury, hydrochloric acid and oxygen 
takes place in accord with equations (2) and (3), 
the actual mechanism of these reactions being 
neglected for the moment. Any radically differ
ent reaction should cause the molar ratios to 

differ by whole number factors; and the data show 
maximum deviation factors of 0.05̂ -O1QT. If 
both reactions (2) and (3) Went to completion; 
the stoichiometric relations would then be as 
given in equation (1), as will readily be seen if 
the sum of equations (2) and (3) be divided by 
tWO; 

In many of the experiments, readings of the 
oxygen buret were taken at intervals of fifteen 
minutes in order to get some idea of the rate Gf 
the reaction. The data in Table II are typical 
readings. The increase in rate during the early 
part of the reaction was found to be due to the 
state of division of the mercury. In all our work 
fresh samples of pure dry mercury were taken for 
each experiment, The data in columns four and 
five of Table II were taken on the same sample of 
mercury: immediately after the last reading in 
column four was taken, the solution was decanted 
from the mercury, which was then washed by de-
cantation until it was free from hydrbgen per
oxide. A fresh sample of acid was introduced and 
the data shown in column five taken. At the 
time of change of solution, the mercury was 
found to be completely broken into tiny droplets 
which were coated with a layer of calomeL This 
fine state of division is evidently necessary for 
the fast reaction rate. The slow decline in rate 
during the latter part of the reaction is to be at
tributed to the increasing effect of reaction (3); 

Time, 
miii. 

15 
30 
45 
60 
75 
90 

105 
120 
135 
150 
165 
180 

DATA ON 

(D 
4.20 
9.10 

15,10 
20.85 
27.95 
35.35 
42.00 
49.65 
57.50 
69.50 
88.20 

102.30 

TABLE! II 

THBi RAfE OF fitB R E A C T I G N 
Total ml. 

(2) 
3.20 
7.20 

12.40 
17.60 
23.95 
31.00 
37.20 
44.76 
64:10 
69.80 
85.60 
97.80 

. of Gj used (uncbrr:) 
(3) (4) 

4.20 
7.90 

11.80 
15.70 

39.40 
33.90 
38:60 
43.00 

5.00 
10.30 
16.30 
24.00 
30.30 
38.30 
48.80 
64.40 
83.30 

to) 
14.60 
33.20 
53.90 
72.20 

195 120.60 114.40 
210 137.70 130.80 
225 153.56 146.20 
240 168.30 161.80 
255 181.90 
270 iee.30 
285 209.45 

Nos; (1), (2), (4) arid (5) wer'e ruri with 1.011 JV HCl. 
No. (3) was ruri with 0.09798 JV StCl. Nos. (4) aiid (5) 
were run with the same sample of mercury. 
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A time interval between the beginning of shak
ing and the first appearance of calomel was ob
served frequently during the foregoing experi
ments. Mention of this fact has been made by 
McCay.4 Further study of this led to the con
clusion that a maximum time lag between the be
ginning of shaking and the first appearance of 
calomel occurs at a concentration of hydrochloric 
acid of about 3 JV, the actual time elapsed being 
of the order of five minutes. In the cases of di
lute (0.01-0.1 JV) and concentrated (10-12 JV) 
hydrochloric acid, the time interval is only a few 
seconds. By using air rather than oxygen in the 
bottles above the solution, the first appearance 
of calomel is further delayed. 

Mixtures of mercury, 3 JV hydrochloric acid, and 
air were shaken for four minutes (at which time no 
calomel was visible) and subsequently analyzed. 
The solutions were found to contain equimolecu-
lar quantities of hydrogen peroxide and mercuric 
chloride.13* The amount present approximated 
0.03 millimole of each. 

Solutions of 3 JV hydrochloric acid containing 
small amounts of mercuric chloride were shaken 
with mercury and air, and the time elapsed before 
the first appearance of calomel was measured. 
The amount of mercuric chloride in these solu
tions was varied from a mere trace up to 0.03 
millimole per 50 ml. of solution. It was found 
that the time interval before the appearance of 
calomel was dependent on the amount of mercuric 
chloride in the solution at the start, the larger 
the original content of mercuric chloride, the 
shorter the time interval. This fact leads im
mediately to the conclusion that in 3 JV hydro
chloric acid a certain minimum concentration of 
mercuric chloride is necessary before calomel ap
pears by the reaction 

HgCl2 + Hg - Hg2Cl2 (5) 

Discussion of the Mechanism of the Reaction. 
—This reaction falls in the category of a group of 
important studies in the field of "autoxidation." 
A short review of the many mechanisms proposed 
for such reactions is to be found in a recent paper 
by Raikow.14 These involve the oxidation of 
water by active oxygen, the formation of electro-
meric forms of hydrogen peroxide, etc. None of 
them has proved completely satisfactory in the 
past, nor does any of them fit all the facts of this 

(13a) The mechanism by which mercuric ions are formed in the 
solution will be considered under the discussion of the reaction 
mechanism. 

(14) Raikow, Z. anorg. attgem. Chem., 181, 36 (1930). 

interaction of mercury, oxygen and hydrochloric 
acid. 

The data at hand do not allow one to fix the 
mechanism of the reaction, but we do wish to 
postulate a probable sequence of reactions which 
involve the intermediate formation of the HO2 

molecule in solution, evidence for which has been 
given in the studies of Haber and Weiss16 and 
Weiss.16 The first step in such a mechanism 
could be either of the reactions 

Hg + H + = Hg+ - H (on surface) (a) 
Hg + O2 = Hg+ - O2- (on surface) (b) 

or both might occur at neighboring points on the 
surface. Either of these initial steps could be 
followed by the probable reactions 

Hg+ - H + O2 = Hg+ + HO2 (c) 
Hg+ - O2" + H+ = Hg+ + HO2 (d) 

The formation of hydrogen peroxide would then 
take place by either 

2HO2 = H2O2 + O2 (e) 
or 

HO2 + Hg+ - H = Hg+ + H2O2 (f) 
Such a mechanism assumes the reduction of 
either hydrogen ion or oxygen on the surface of 
the mercury as indicated in (a) and (b). 

This mechanism is substantiated by the work 
of Traube17 and Fischer and Priess18 in which 
hydrogen peroxide was produced by bubbling 
oxygen around an electrode which was serving as 
cathode in an acid electrolysis. The latter inves
tigators found an amalgamated gold cathode to 
give the best yields, the mercury coating in this 
instance serving to prevent the recombination of 
the hydrogen atoms liberated. Since concen
trated hydriodic acid attacks mercury with a 
brisk evolution of hydrogen, it may be said by 
analogy that hydrochloric acid should be able to 
form a potential layer of hydrogen on the surface 
of the mercury even though it is not liberated in 
the form of hydrogen gas. 

Smith19 made a study of the conditions under 
which mercury causes the evolution of hydrogen 
from acids and was experimentally able to obtain 
hydrogen gas from mercury and hydrochloric acid. 
However, the method used seems to have inherent 
in it the possibility of creating internal potential 
differences which would result in an electrolysis 
rather than a direct displacement. 

(15) Haber and Weiss, Proc. Roy. Soc. (London), A147, 332 
(1934). 

(16) Weiss, Trans. Faraday Soc, 31, 668 (1935). 
(17) Traube, Bir., IS, 2434 (1882). 
(18) Fischer and Priess, ibid., 46, 698 (1913). 
(19) Smith, Phil. Mag., [6] 17, 833 (1909). 
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It is possible that the vigorous agitation used 
in our experiments might cause an electrification 
of the mercury in some way. 

The more active metals, such as zinc, which are 
capable of liberating hydrogen from water, react 
readily with water and oxygen to form hydrogen 
peroxide. Amalgams also react with oxygen in 
the presence of acids to yield large quantities of 
hydrogen peroxide. For example, Miiller and 
Barchmann20 obtained a 3.77% solution of hydro
gen peroxide using cadmium amalgam. 

The appearance of mercuric ions in solution 
during the early stages of the reaction is readily 
accounted for in the light of the work of Richards 
and Archibald,21 who found that hydrochloric 
acid will dissolve a small amount of calomel. The 
calomel undergoes a type of auto-oxidation-reduc
tion 

Hg2Cl2 + 2Cl- = Hg + HgCU" (6) 

We have repeated these observations of Richards 
and Archibald in a qualitative manner and found 
that the solution obtained by dissolving calomel 
in 3 JV hydrochloric acid gives the same reactions 
as the solution obtained when mercury, 3 JV hy
drochloric acid, and air are shaken together for 
three minutes. Both solutions give characteris
tic tests for the mercuric ion with both stannous 
chloride and hydrogen sulfide. 

I t is to be concluded then that the appearance 
of mercuric ion during the early stages of our re
action is caused by the interaction of the first-
formed calomel with hydrochloric acid according 
to equation (6) and not to a direct oxidation of 
the mercury in the reaction which yields hydrogen 
peroxide. 

The fact that mercury when shaken with pure 
water and oxygen gives no peroxide, but does 
give oxides of mercury and a soluble mercuric com
pound, points to the necessity of hydrogen ions 
and perhaps to active hydrogen as essential to the 
mechanism of forming hydrogen peroxide. 

Conclusions 
It is at once evident that this reaction has 

a wide-spread and diversified importance. 
Throughout chemical literature scattered refer
ences are to be found in which workers encoun
tered unexplained difficulties when mercury and 
acid solutions were employed in the presence of 
air, the usual changes in procedure in such cases 

(20) Mfiller and Barchmann, Z. Eltktrochem., 40, 188 (1934). 
(21) Richards and Archibald, Z. pkysik. Chtm., 40, 385 (1902). 

being to use a vacuum or inert atmosphere tech
nique. Some of these troubles may well have 
been due to the formation of varying amounts of 
hydrogen peroxide.22 

It is obvious that hydrogen peroxide formation 
is possible in many electrode equilibria unless air 
and oxygen have been rigorously excluded. 

This reaction is of great importance in connec
tion with methods involving the use of mercury 
with acid solutions as reducing agent in analytical 
processes. Preliminary experiments along this 
line have already been carried out and further 
study is in progress. 

The reaction is not limited to mercury, for most 
noble metals and amalgamated active metals 
undergo a similar reaction with formation of hy
drogen peroxide. This may account for a few 
of the difficulties which have arisen in the use of 
the silver reductor. This point is also being 
followed up in conjunction with the studies on the 
mercury reductor. 

Summary 

1. It has been shown that mercury, dilute hy
drochloric acid and oxygen interact to form hy
drogen peroxide and calomel. The stoichiometry 
of the formation and decomposition may be repre
sented by 

2Hg + 2HCl + O1 = Hg2Cl2 + H2O, 
2Hg + 2HCl + H2O2 = Hg2Cl2 + 2H2O 

2. The consumption of oxygen is approxi
mately constant in any given unit of time after a 
sufficient dispersion of the mercury has been pro
duced by shaking, provided a sufficient concen
tration of acid is maintained. 

3. In the initial stages of the reaction, hydro
gen peroxide and mercuric salt appear in the solu
tion in equivalent quantities. 

4. We regard an active layer of hydrogen at 
the mercury surface and the formation of the sub
stance HO2 as probable intermediates in the proc
ess. Many other mechanisms may be adduced to 
explain the stoichiometry. 
PRINCETON, NEW JERSEY RECEIVED MAY 27, 1935 

(22) Since this paper was first submitted to the Editor, a publica
tion by Weiss [Trans. Faraday Soc, 31, 1547 (1935)] has appeared 
on the catalytic decomposition of hydrogen peroxide on metal sur
faces. The present paper should have a direct bearing on this work 
of Weiss, especially in relation to his conclusion that the hydrogen 
peroxide observed in the autoxidation of metals is a stationary state 
concentration due to the formation and decomposition reactions. 
He finds that mercury does not catalytically decompose hydrogen 
peroxide in acid solution. 


