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attempts were made to obtain coérdinate bond formation
between nitrosyl perchlorate and oxygen (to yield nitronium
perchlorate), boron trifluoride and dinitrogen tetroxide, re-
spectively. Nitrosyl perchlorate was thus brought in con-
tact with a rapid stream of gaseous oxygen at room tempera-
ture, heated with nitrosyl fluoborate, and treated with liquid
dinitrogen tetroxide at 0°, all without any indications of
compound formation.
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The Nitronium Ion Catalyzed Decomposition of Caro’s Acid

By LestER P. KUHN
RECEIVED DECEMBER 26, 1956

Caro’s acid in strong sulfuric acid is catalytically decomposed by small amounts of nitronium ion to yield sulfuric acid

and oxygen.

The kinetics of the reaction have been studied and a mechanism is presented which is compatible with the data.

An unusual feature of the reaction is that both the rate and the order depend upon the strength of the sulfuric acid. Below

919, sulfuric acid the reaction is — 1 order in peroxide and above 95% acid, the order in peroxide is +1.

Throughout the

entire range studied, from 85 to 98% acid the reaction is second order in nitric acid.

Aqueous solutions of Caro’s acid, HySOs, are rela-
tively unstable; the kinetics and mechanism of
their decomposition recently has been reported.!
Solutions of Caro’s acid in concentrated sulfuric
acid, on the other hand, are quite stable and may be
stored for days at room temperature without change
of peroxide titer. It has been found that the addi-
tion of a very small amount of nitric acid to such
solutions produces a reaction in which oxygen is
evolved and the Caro’s acid is converted completely
to sulfuric acid. The nitric acid is recovered un-
changed. A study of the kinetics of this reaction

HNO;
H,SOy ————> H.50, + 1/202

250,

and a mechanism which is compatible with the data
are presented in the succeeding paragraphs.

Experimental

The reaction was followed by measuring the rate of gas
evolution. The gas was collected in inverted graduated
cylinders over water which had previously been saturated
with oxygen. The reactions were run in a 125-ml. erlen-
meyer flask containing a sidearm which was connected
through a gas bubbler containing concentrated sulfuric acid
to the inverted cylinders. The mouth of the flask was
closed with a rubber stopper which held a buret that was
calibrated in 0.05 ml. The flask was held in a constant
temperature bath that was constant to £=0.05°, The reac-
tion mixture was stirred with a magnetic stirrer, the motor
of which was below the constant temperature bath. Two
sets of stock solutions were made up, one for reactions in
the more concentrated acid, and the other for the less con-
centrated acid region. The latter was J. T. Baker C.p. con-
centrated sulfuric acid, and the former was made by mixing
75 parts by volume of concentrated acid with 25 parts of
209 fuming sulfuric acid. Nitric acid stock solutions ap-
proximately 0.05 M were made by dissolving 98% nitric
acid or potassium nitrate in each of the sulfuric acid stock
solutions. The stock solutions were saturated with oxygen.
In a typical run a volume of the sulfuric acid stock solution,
such that after the addition of the peroxide and nitric acid
stock solution the total volume would be 50 ml., was put into
the reaction flask and the stirrer started. The appropriate
amount, usually 0.5 to 1 ml. of 909% hydrogen peroxide was
then added and the flask was stoppered and allowed to stand
in the constant temperature bath for 40 minutes to allow for
temperature equilibration. The reaction was started by

(1) D. L. Ball and J. O. Edwards, THIs JOURNAL, T8, 1123 (1956).

the addition of the nitric acid stock solution, 1 to 10 ml.,
from the buret. Readings of gas volumes were taken at 30-
second or longer intervals, depending upon the rate. Im-
mediately after each run two 10-ml. samples were pipetted
from the reaction mixture and, after dilution with distilled
water in 500-ml. volumetric flasks, titrated with standard
base to give the normality of the reaction mixture. Be-
fore each run the glassware which was to come in contact
with the sulfuric acid was washed with distilled water, rinsed
with alcohol and dried at 130° for several hours. Every
effort was made to minimize the exposure of the sulfuric acid
solutions to atmospheric moisture. In those experiments
in which water was required to obtain the desired acid
strength, the appropriate amount of water was added prior
to the peroxide.

Results and Discussion

One of the most interesting features of this reac-
tion is the profound effect that water has on both
the rate and the order of the reaction. In the re-
gion below 919, sulfuric acid the reaction is —1 or-
der in peroxide, above 95.5%, acid, the order in per-
oxide is 41, and in a very narrow region at about
939 acid the reaction is zero order in peroxide. In
the regions of about 91-92.5%, and 93.5~95.59, acid
one observes no integral order. Over the entire
range studied, from 85 to 989, acid the reaction is
second order in nitric acid. The rate constants in
the region below 919, acid will be called %—; and
those for the region above 95.5%, acid will be desig-
nated as £1. These constants were obtained graph-
ically from the relationships

_2.303alog (1 — V¢/Vy)

B At (HNO;)?

b, = A0 = VyVice

N 248t(HNO;)?

Comncentration is in moles per liter, time is in sec-
onds, Cy is the initial concentration of peroxide, Vi
is the volume of gas given off at time ¢ and Vi is
the total volume of gas given off. Typical curves
from which the £’s were calculated are shown in Fig.
1. Straight lines were generally obtained for at
least 609, of the reaction. Values of £’s from runs
using different initial concentrations of peroxide
and nitric acid are shown in Table I. As will be
shown shortly, the values of the k’s are extremely

ky
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Fig. 1.—Curve 1, first-order reaction, log (1 — V¢/ V)
vs. time, run no. 23; curve 2, —1 order reaction, (1 —
Vs/V)? vs. time, run no. 11, Experimental counditions
given in Table I. Curve 1 displaced along time axis.

sensitive to the amount of water present. For this
reason, in order to obtain constant values for the
E’s, it is necessary to compare runs in which the
acid strength is as constant as possible. Since du-
plicate runs are not always of the same acidity be-
cause of the hygroscopic nature of sulfuric acid, and
since varying the initial concentration of peroxide
at the same time varies the acidity, it was necessary
to make a great number of runs in order to get
enough comparable curves to yield the data shown
in Table I.

The rate of the reaction is very sensitive to the
strength of the sulfuric acid, it being at a maximum
at 93 to 949, acid. In Fig. 2 are plotted %, and b,
as a function of the acid strength. The addition of
water increases k, and decreases k—,. The effect of
the addition of potassium or ammonium bisulfate is
qualitatively the same as that of water.

Some miscellaneous experiments were performed
which have a bearing on the reaction mechanism.
Substitution of potassium nitrite for potassium ni-
trate as the catalyst, or substitution of potassium
persulfate for hydrogen peroxide as the source of
Caro’s acid produces no change in the course of the
reaction or its kinetics. To determine whether
free radicals are intermediates in the reaction, a run
was made in the presence of m-dinitrobenzene (ni-
trobenzene was nitrated under our reaction condi-
tions, and thus could not be used). No change in
the yield of oxygen or the kinetics was observed.
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TaBLE ]
RaTE CONSTANTS, k) AND k-,, FOR THE DECOMPOSITION OF

CARO’S AcCID AT VARIOUS Acip STRENGTHS; ' = 303.0°K.
No. Acild, ¥ (N)e (P)b k1
4 36.50 0.01 0.21 30.8
12 36.47 .01 .42 32.4
14 36.48 .005 .42 31.5
10 36.40 .01 .42 36.0
13 36.36 .01 .21 38.1
23 35.93 .005 .42 156.8
24 35.91 .005 .21 165.6
ko1
5 32.75 0.0015 0.420 17.9
11 32.76 .0030 .435 17.7
6 32.70 .0045 437 16.5
8 32.90 .0030 372 20.6
9 32.86 .0030 .704 19.3
16 32.90 .0030 1.070 20.7

@ Initial concentration of nitric acid in moles/1. ? Initial

concentration of peroxide in moles/1.

-

-y

=30

87 89 91 93 95 97
% HyS0,.
Fig. 2—(1) log ki; (2) log k-1; (3) 4 log (HSO.7)/
(H:S0,); (4) 2+ 2log (H.S0,) /(HSO, ™) ; eachuvs. 9 H280,.

In another run the reaction mixture was irradiated
with ultraviolet light from a mercury vapor lamp.
Again no effect was observed, indicating that {ree
radicals are probably not involved. To determine
whether the reaction of hydrogen peroxide or potas-
sium persulfate with the solvent to yield Caro’s
acid is kinetically important, several runs were
made in which solutions of either of these were al-
lowed to stand 18 hours before the addition of the
nitric acid. The results were identical with those
in which the nitric acid was added after 30 minutes.

The following reasonable mechanism is compati-
ble with the experimental data. The following re-
versible equilibria are rapidly established
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K,
H.0. + 2H,S0, == H;0O* + HSO,~ 4 H.SO;
K,y
H,SOs + HSO,~ > HSO;~ + H,S0,
K
HSO;~ + N02+ < HSO;NO,
K,y
HSO;NOs + HSO,~ = SO;NO,™ + H,SO;
K
HQSO4 + HzSOs < I'Izo + HzSzOg
K
HNO; + 2H,S0, = NO,* + H;0OF + 2HSO,~
Ky

H,0 + H;S0, === H;0* + HSO,~

The first equilibrium represents the formation of
Caro’s acid from the reaction between hydrogen
peroxide and sulfuric acid.? The fact that identical
kinetics are observed when either hydrogen per-
oxide or potassium persulfate are used gives further
support to this equilibrium. The product of the
third equilibrium is the mixed anhydride of nitric
and Caro’s acids. Although this anhydride has
never been reported its existence is not unreason-
able. Peracids have a strong tendency to form
mixed anhydrides with ordinary acids, e.g., acetyl
peroxide, benzoyl peroxide and peroxydisulfuric
acid, HyS3:05. The other ecquilibria require no
commernt.

The total amount of nitric acid present in all
forms will be designated by /V and the total amount
of peroxide will be designated by P.

(N) = (HNQj;) + (NO,*) + (NO:HSO;) + (Nozso,z,-()l)
P) = (H:S0;) + (HSO;™) + (NOHSO;) +
(NO:SO:™) + (H:S:08) (2)

Since the measurements were made under condi-
tions such that (P)/(N) is in the range of 25 to 500

(NO:HSO;) + (NO,S0;™) << (Hs80;) 4+ (HSOs™) +
(H:8.0s}
and eq. 2 can be replaced by
(P) = (HeS0s) + (HSO:™) + (HuS:08)  (3)
From the above equilibria and eq. 1 and 3 the fol-
lowing relationships can be derived
(NO:*) =
KKiZ(N) -
KeK:Z + K:(H;OMX2Z + KKK X H;0)(P)1 + K X)
(4)

(NO.SO;™) =
KKK Ko X (H:0 M) (N)(P)
KiK1Z 4+ Ki(H:OMX2Z + K KK X2 (H;04)(P)(1 4+ K X)
()
Where X = (HSO[‘)/(HgSOO and Z = I(gX(HzO)
+ (H:0) 4+ K;(HSO0ys).
The reaction proceeds in two steps

slow
NO; + NO;SQ;~ ——> NO?t 4+ NO,* + 80,

fast
NO+ + HSO;™ ——> NO;* 4+ HSO,~

The rate of the reaction is given by the equation

-+ Oy

(2) N. V. Sidgwick, *"'The Chemical Elements and thecir Com-
pounds,’* Oxford Press, New York, N. Y., 1950, p. 939.
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Tig. 3.~~Temperature dependence of %y aud -, Thie acid
concentrations were 95.89 acid for %, and 88.99, for k-1.

r = E(NOyT)(NO:SO; ™) =
EK KK K2 X357 (H;0+) PN o
[KoK:Z + K:ZX2(H07) + KK Keo(P)X2(H;07) (1 + Ko X))
(6)
Since peroxy acids are weaker than the correspond-
ing non-peroxidic acids, K, and K, must be smaller
than one. We shall assume then that K, X << 1
and that K5<stO4) >> (HzO) + KzX(HzO) ThC
first assumption means that (NOSO;~) <<
(NO,SO;sH) and the second assumption means that
the peroxide is predominantly in the form of He-
S:0s in the acid range we have used. Therefore
Z = K5<H2504)
Since addition of water increases X and decreases
Z at acid strength greater than 959, the first term in
the denominator of eq. 6 is much larger than the
second and third terms and the equation reduces to

r = kKKK X3(H;0*) PN/ K K72(HSO,)
Since (H;O¥) is approximately equal to (HSO;™)
this may be written as
v = kK, K3K,PN*X*/K;K¢* )
At acid strength below 919 acid the last term in the
denominator of eq. 6 becomes large compared to the
first two terms and the equation reduces to
r = kK NZ/KKs(P)X (H;0%) = kK, K;N2/K,K;PX?
8
According to eq. 7 the reaction in strong acid is
second order in nitric acid and first order in perox-
ide whereas in more dilute acid eq. 8 requires that
the reaction be second order in nitric acid and —1
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order in peroxide in agreement with the experi-
mental data. The experimentally determined rate
constants %, and %_, are related to the constants
given in eq. 7 and 8 by the equations
k= kKKK XY/ K KPP ®
ko1 = kK. K;/ KR X? (10)
which show that log % should be proportional to 4
log X and that k_; should be proportional to 2 log
1/X. The value of (HSO,~)/(H,S0,), which we
designate by X, has been related to the Hammett
acidity function, Hy, by the equation?
Hy = —8.36 + log (HSO,™)/(11,80,)

Values of 4 log X and 2 log 1/X as a function of 9
sulfuric acid were calculated from Brand’s data and
are shown in Fig. 2. The slopes of these lines are
—0.58 and -+0.23 while the slopes of the log &, vs. 9
sulfuric acid and log k-1 ws. 9, sulfuric acid are
—0.59 and +0.24.

The good agreement is further evidence for the
proposed mechanism. The nitrosonium ion, NOT,

(3) J. C. D. Brand, J. Chem. Soc., 1002 (1950).
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which is formed in the rate-determining step, is rap-
idly oxidized to NO.* by a persulfate ion. Since
potassium nitrite yields the nitrosonium ion in sul-
furic acid, it is just as effective a catalyst as potas-
sium nitrate or nitric acid.

The temperature dependence of % and k-, is
shown in Fig. 3, the former being determined in
95.89, sulfuric acid and the latter in 88.99, acid.
I'rom the slopes of these lines the activation energy
of ky is 13.3 kcal. per mole, and of k- 15.3. Since
K3 and X have negative temperature coefficients
and since these appear in the numecrator in the
equation for %; and in the denominator for k—,, the
temperature dependence and hence the activation
energy of k1 would be expected to be lower than that
of k_.l.

The rate-determining step shown above is prob-
ably a sequence of steps which may be formulated as

NO;* + SO;NO; ™ —> 03 N--0-0-S0,-ONO,
0, N-0-0-S0,-ONQy —> NOz+ + SO~ ™ + NOy™*
NO;* —> NO* 4 O,
ABERDEEXN PrRoOVING GROUND, MD.
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The Ionization of Sulfuric Acid!

By Mirtox KERKER
RECEIVED OCTOBER 8, 1956

The method of Sherrill and Noyes, based on conductance and transference number, has been used to calculate tlhe ioniza-

tion of sulfuric acid at 18 and 50° from data in the literature and to extend the results at 25° to higher concentrations.
results have been compared with those obtained by other methods.

The
The effect of the nature of the counterion on the equiva-

lent conductance of sulfate and hydrogen ion has been examined. The equivalent conductance of bisulfate ion has been

calculated at 18, 25 and 50°.

The ionization of sulfuric acid has been studied
by electromotive force,? colorimetry,®* kinetics,®
Raman spectra®~® and a combination of con-
ductance and transference number.® Sherrill and
Noyes employed transference number as well as
conductance data because of the unavailability of
the equivalent conductance of the bisulfate ion.
Assuming the first hydrogen is completely ionized,
they developed the equations

a=(A+ AT — Au)/(An + Asol) (1)
Ansos = (A — AT — adso0)/(1 — «) (2)
where
@ fraction of HSO,™ dissociated
A equivalent conductance of H.SO,

Au  equivalent conductance of H* in the 11,80,
Agso, equivalent conductance of SO~ in the H,S0,
Auso, equivalent conductance of HSOs™ in the H.S80,
T stoichiometric transference nuniber

(1} This work has been supported by the Atomic Energy Commis-
sion, Contract No. AT (30-1)-1801.

(2) (a) W. J. Hamer, TuIs Journar, 58, 860 (1931); (h) C. W.
Davies, H. W. Jones and C. B. Monk, Trans. Faraday Soc., 48, 921
(1952).

(3) I. M. Klotz, Thesis. University of Clicago, 1940

(4) C. R. Singleterry, Thesis, University of Chicago, 1910

(5) W.C Brayand H. A. Liebhafsky. Tats Journar, §7, 51 (1935).

(G) N. R. Rao, Indian J. Phys., 14, 143 (1940},

(7) H. M. Smith, Thesis, University of Chicago, 1949.

(R) I.. F. Maranville, Thesis, University of Chicago, 1949,

() M. S. Sherrilland A. A. Noyes THIS JorrnatL, 48, 1851 (162n0).

In solving the above equation, Sherrill and Noyes
used values of Ag and Aso, obtained from the con-
ductance and transference number of hydrochloric
acid and potassium sulfate at the ionic strength
prevailing in the sulfuric acid solution under con-
sideration. However, they did recognize that this
“ionic strength principle’”’ could not be justified
theoretically. Since the ionic strength in the sul-
furic acid is given by m(l + 2 @), eq. 1 had to be
solved by a series of successive approximations.

The results of Sherrill and Noyes are confined to
25° because of the limited data for T available at
that time.® In this paper we extend their calcula-
tions to 18 and 50° using data which have since ap-
peared in the literature. We have also carried the
25° calculations to higher concentrations.

The stoichiometric transference number, T,
which appears in the above equations is related to
the individual ionic transference number, ! ¢, by

T = Iy — lusos (3)

where
fn = cnAn/cA (4
feny = Cnsoduso,/cA )

and ¢n, cuso, and ¢ are the normalities of H*,
HSO,~ and HySOs, respectively. In the Hittorf

(10) O. F Tower, ibid,, 26, 1039 (1901).
(11) M. Spiro, J. Chem [FEdwuc., 83, 464 (1956).



