Nov., 1956 TrERMAL DECOMPOSITION OF SODIUM NITRATE 1487
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The kinetics of the thermal decomposition of sodium nitrate and of the reaction between sodium nitrite and oxygen were
investigated in the presence of argon and oxygen, at atmospheric pressure, over the temperature range of 600 to 780°. The
rate of reaction was followed by observing changes in the volume of the systems as a function of time at constant pressure.
Mass spectrometric analyses revealed that the gases formed during the decomposition of sodium nitrate consisted of nitro-
gen, oxygen and small quantities of nitrogen dioxide. The nitrogen and some of the oxygen were due to the decomposition
of sodium nitrite and sodium superoxide, intermediate products of the decomposition of sodium nitrate. From the investiga-
tion of the reaction between sodium nitrite and oxygen it was found that equilibrium was attained between sodium nitrate,
sodium nitrite and oxygen below 700°, Above 700° the oxidation reaction was followed by the decomposition of sodium
nitrite. Although the reaction velocity increased with temperature, the extent of reaction decreased with increasing tem-
perature. From the temperature dependency of the equilibrium constants, the heat of reaction for the formation of one mole
of sodium nitrate from sodium nitrite and oxygen was calculated to be —24.5 kcal. per mole. The rate process for the
oxidation reaction appears to be surface dependent, as indicated by the effect of varying the area of contact between gaseous
oxygen and the sodium nitrite melt. The kinetics involves a first order reversible reaction with respect to sodium nitrate
and sodium nitrite. The energies of activation were determined for the oxidation and decomposition reactions and a reac-
tion mechanism is proposed. The entropies and free energies of activation and the nitrogen to oxygen bond energy in sodium

nitrate were also determined.

Introduction

Previously, investigations of the thermal de-
composition of sodium nitrate dealt with the identi-
fication of the gaseous and solid products over vari-
ous temperature ranges.®—® Although there is
considerable interest in the high temperature reac-
tions of this compound, especially in the field of
munitions, there is apparently a lack of fundamen-
tal work concerning the kinetics and the mechanism
of the decomposition at normal pressures. In this
investigation the reactions of sodium nitrite’= in
argon and oxygen also were studied in order to clar-
ify the origin of the gaseous products as well as the
kinetics and the mechanism of the decomposition.

Experimental

The sodium nitrate and sodium nitrite were of C.p. grade
and purchased from the Fisher Scientific Company.

The apparatus for this work consisted of a stainless
steel thimble (reaction vessel) within a Vycor tube which is
connected to a dual system consisting of a gas buret and
compensating tube separated by a controlling manometer.
The dual system of gas burets makes possible the continual
observance of the rate process during the collection of the
gaseous decomposition produects.

For measuring changes in volume of the system, while
automatically maintaining a constant pressure,! two plati-
num wires were sealed in the intervening manometer and
connected to an electronic relay,'* used to operate a sole-
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noid valve!® (see Fig. 1). When there is a small increase in
pressure, mercury-wire contact is made on the compensat-
g tube side of the manometer, opening the solenoid valve.
The mercury level in the gas buret falls until the original
pressure of the system is restored, at which point the mer-
cury-wire contact is broken and the solenoid valve closes.
The change in the mercury level is a measure of the in-
crease in volume at the initial pressure of the system. For
reactions involving decreases in volume, the solenoid valve
opens when the mercury-wire contact is broken. The posi-
tion of the mercury leveling bulb is adjusted so that when
the solenoid valve is open the mercury level in the buret will
rise. A layer of mineral oil, one em. thick, is used to coat the
upper surface of the mercury in the gas buret to minimize
reaction with NO,. It was determined experimentally that
losses of NO; are almost completely eliminated, in this
manner, within the limits of the experimental times used
in the decomposition studies. The gases were determined by
mass spectrometric analyses and the solid residues by X-ray
diffraction and chemical methods.

The mass spectrometer was the G.E. Analytical Model
and the instrument was calibrated with O, N, NO,
N:O and NO:. The results were confirmed by compari-
sons with synthetic mixtures of the gases in question.

The Vycor vessel, containing a stainless steel reaction
tube, is heated in s resistance furnace which is regulated to
+2° by means of an indicating pyrometric proportioning
controller. The vessel is also provided with an invertible
side arm, located out of the heating zone, which contains
the sample prior to the reaction. hen the furnace has at-
tained the desired temperature and the apparatus is filled
with the appropriate gas the side arm is inverted, allowing
the sodium nitrate or nitrite crystals (approximately 0.5 g.)
to drop into the stainless steel tube where the reaction en-
sues. All the reactions are carried out at approximately
one atmosphere of pressure and in a stainless steel reaction
vessel having an inside diameter, i.d., of 1.60 cm., unless
otherwise stated.

The Chevenard automatic photographic recording thermo-
balance was used to obtain the thermograms for sodium
nitrate and sodium nitrite in air. The sample weight was
approximately 0.5 g. and the reaction was carried out in a
Coors crucible (glazed) No. 000. The temperature of the
furnace was increased at a rate of 15° per minute, and is
noted at the timing marks at 2-minute intervals. The bal-
ance was calibrated with standard 100 and 200 mg. weights
and the furnace cover adjusted so that buoyancy effects
were negligible.

Results and Discussion

Figure 2 is a graph of the change in weight of so-
(13) Automatic Switch Co., Valve #826212.



1488

Fig. 1.—Apparatus: G, water jacket; H, gas buret,
100 ml.; I, controlling manometer (mercury); J, compen-
sating tube; K, platinum leads; L, solenoid valve (stainless
steel); M, controlling relay (thyratron); N, leveling bulb; O,
to reaction vessel; P, to gas buret; Q, sample container;
R, furnace; 8, to vacuum and gases; T, stainless steel
reaction vessel; U, Vycor vessel.

dium nitrate heated in air vs. temperature. Decom-
position, as indicated by losses in weight of the
sample, commenced slowly at 600° and was rapid at
temperatures exceeding 756°, At 910° the reac-
tion was complete and the total weight loss, 0.277
mg., corresponds to the formation of sodium oxide.
The discrepancy between the observed and theo-
tical values is 2.3%.

Figure 3 is a graph of the increase in volume of
the individual gases formed as a function of time,
due to the decomposition of sodium nitrate in ar-
gon, over the temperature range of 650 to 780°.
Mass spectrometric analyses of the decomposition
gases, which were collected periodically, showed the
presence of oxygen, nitrogen and small quantities of
nitrogen dioxide. The analytical data are pre-
sented in Table I. Several of the points for oxy-
gen, not given in Table I, were obtained by taking
the difference between the total volume and the
volume of nitrogen plus nitrogen dioxide. The pres-
ence of nitrogen dioxide may result from the reac-
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Fig. 2.—Thermogram of sodium nitrate in air; weight loss
(mg.) vs. temperature (°C.); timing marks at 2 min. inter-
vals; rate of temperature increase, 15° min. 1
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Fig. 3.—Rate of decomposition of NaNO; in argon at con-
(tar_lt §>ressure (one atm.); volume (ml./g.) 8.T.P. vs, time
min. ).
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tion between oxygen and nitric oxide. During the
initial stages of the reaction oxygen is the principal
gas formed; as the reaction proceeds the proportion
of nitrogen increases. The data indicate that the
primary stage of the decomposition of sodium ni-
trate involves predominantly the formation of so-
dium nitrite and oxygen. X-Ray analyses of the
solid residues corroborate these findings. The use
of a reaction vessel having a smaller inside diame-
ter, 1.30 cm., had little effect on the reaction rate.

Since sodium nitrite is a product of the decompo-
sition of sodium nitrate, its thermal decomposition
was investigated, in argon, over the temperature
range of 650 to 780°. . The results are shown in Fig.
4, a graph of the increase in volume of the gaseous
products vs. time. The decomposition gases were
found to consist of nitrogen and oxygen.!* During
the initial stages of the reaction, nitrogen is the pre-
dominant gas formed; however, as the reaction
progresses the relative quantities of oxygen increase.
Relatively good reproducibility of the data is indi-
cated from duplicate experiments carried out at
700°. These results, in addition to the orange-
brown color of the decomposing liquid, indicate
that the nitrogen formed during the decomposition
of sodium nitrate probably originates from the
breakdown of sodium nitrite to an intermediate su-
peroxide and nitrogen. The increased proportion
of oxygen, as the decomposition of sodium nitrite
proceeds, may be accounted for by the decomposi-
tion of the superoxide to sodium oxide and oxygen.

X-Ray analyses revealed the presence of sodium
nitrate in the solid decomposition products of so-
dium nitrite. The intensitities of the reflections for
sodium nitrate and nitrite were weak due to exten-
sive decomposition, but a pattern was not observed
for the oxides. The oxides, therefore, appear toex-
ist in the amorphous state. The formation of so-
dium nitrate is not attributed directly to the decom-
position of sodium nitrite since sodium nitrate is un-
stable at the experimental temperatures. A rea-
sonable explanation is, however, that when the
mass cools, sodium superoxide oxidizes sodium
nitrite to the nitrate and itself is reduced to a per-
oxide or oxide.

Since nitrogen dioxide was not observed during
the decomposition of sodium nitrite, in stainless
steel, the formation of nitric oxide and/or nitrogen
dioxide resulted principally from the decomposition
 of sodium nitrate. This reaction takes place to a
small extent upon heating sodium nitrate as indi-
cated in Table I and Fig. 3.

A graph of the change in weight of sodium ni-
trite, heated in air, vs. temperature is shown in Fig,
5. At approximately 620° the oxidation of so-
dium nitrite by oxygen becomes apparent as indi-
cated by increases in sample weight. The maxi-
mum weight is attained at 740°. Further increases
in temperature resulted in weight losses due to de-
composition, which are relatively rapid above 780°,
At 920° the decomposition was complete. The to-
tal weight loss, 0.327 mg., corresponds to the forma-

(14) When the reaction was carried out at 600° in a platinum cru-
cible, in nitrogen, traces of NO and/or NO: were also observed. This
is in qualitative agreement with the results reported by Oza and Wala-
walker.10P
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Fig. 4.—Rate of decomposition of NaNQ, in argon at
constant pressure (one atm.); volume (ml./g.) 8.T.P. vs,
time (min.).

Toeér‘m., Teor(ré?.,

Gas Gas
4 650 02 A 750 O,
¢ 650 N. A 750 N,
® 700 02 ® 780 0.
o 700 N, O 780 N,
NaNOs, 0.4929 g.
R R R N S
A °
+ 100 mg.
« 200 mg.

Fig. 5,—Thermogram of sodium nitrite in air; weight loss
(mg.) vs. temperature (°C.); timing marks at 2 min, inter-
vals; rate of temperature increase, 15° min, 1,

tion of sodium oxide. The difference between the
observed and theoretical values is 2.2%,.

The effect of oxygen on the high temperature be-
havior of sodium nitrite over the temperature range
of 600 to 780 ° is shown in Fig. 6. Rather than
decomposition, as occurs in argon, a decrease in vol-
ume is observed due to the formation of sodium ni-
trate. At 780 and 750° a secondary reaction in-
volving the decomposition of sodium nitrite is indi-
cated. This is evident from the initial decrease in
the volume of the system, followed by an increase
In volume resulting from the evolution of nitrogen
and some oxygen. The amount of sodium nitrate
present when the rate of change in volume is zero,
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Fig. 6.—Rate of reaction between NaNQ; and O; at constant pressure (one atm.); volume (ml./g.) 8.T.P. vs. time (min.);
temp., °C.: R, 600; ®, 650; ¢, 650; O, 700; A, 750; O, 780.

and the time for the attainment of this condition,
both increase as the temperature is decreased. Al-
though the rate of oxidation increases with tem-
perature, the extent of reaction decreases with in-
creasing temperature. At 600, 650 and 700°, after
a period of time which increases with decreasing
temperature, the volume of the system remained
constant, indicating that equilibrium had been at-
tained between sodium nitrate, sodium nitrite and
oxygen., This was confirmed by X-ray analyses of
the residues which indicated only the presence of so-
dium nitrate and sodium nitrite. Duplicate experi-
ments, at 6560°, showed good reproducibility of the
data.

On the basis of the amount of oxygen at equilib-
rium, as determined from the above experiments,
equilibrium constants were calculated. For this
purpose the standard states of the salts were taken
as pure molten sodium nitrate and sodium nitrite
at the same temperature and pressure. The melt
is assumed to approach ideality and the activity of
each component was taken as equal to its mole

fraction. The assumption of ideality is made
since the nitrate and nitrite ions are both univa-
Tasre I
TreErMAL DzrcomposiTioN oF NaNO; 1IN ArcoN (ONE
ATMOSPHERE)
Temp.; Time; Volume (ml./g.} 8.T.P.
°C. min, Oxygen Nitrogen  NOz(N:04)
650 160 ©10.0 0.8 0.1
700 12 23.5 0.5 0.1
700 102 31.5 4.3 0.1
750 15 50.4 0.1 2.1
750 168 69.0 8.3 2.4
780 i3 59.3 5.1 6.1
780 123 98.3 30.5 8.7
780 142 100.1 36.9 8.7

lent, occupying approximately the same space due to
rotation at high temperatures and the cation is
commmon to both salts. Furthermore, in general,

Taewe II

TuerRMODYNAMIC FUNCTIONS AND RATE CONSTANTS
1. Net reaction: NaNO,(1) 4 1/20:(g) = NaNOs(1)

Change in free energy Equilibrium congtant

Temp., °C. AF, keal. mole™! Ko, NNaN03/ NNaNO2
600 ~3.54 5.88
650 -1.77 2.61
700 —0.668 1.41

2. Reaction: NaNOx(1) + O:(g) = NaNOy(1) + O(g)

Free energy of activation Rate constant

Temp., °C. AF#, keal, mole—t k' X 104, gec, ™!
600 67.7 2.55
650 70.4 4.52
700 73.0 8.42

3. Reaction: NaNO;(l) — NaNOy(1) + O(g)

Free energy of activation Rate constant

Temp., ° C. AF:t, keal. mole ™1 ks’ X 108, sec, —!
600 70.8 4.35
650 72.3 17.3
700 73.8 59.7

systems approach ideal behavior at elevated tem-
peratures.’® The standard state of oxygen is taken
as one atmosphere fugacity since the oxygen pres-
sure was constant, one atmosphere, throughout the
reaction. Consequently, the equilibrium constant,
K., is equal to the ratio of the mole fractions, &, of
sodium nitrite and sodium nitrate for the reaction
between one mole of sodium nitrite and oxygen to
form one mole of sodium nitrate.
N NaNO3
Ke h N NaNOg (1)

(15) 8. Glasstone, '‘Textbook of Physical Chemistry,”” D. Van
Nostrand Company, Inc., New York, N. Y., 1948, p. 713.
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The values of the equilibrium constant vary in-
versely with temperature and are given in Table II.

From a graph of the logarithm of the equilibrium
constants vs. the reciprocal of the absolute tempera-
ture, Fig. 7, the heat of reaction for the formation of
one mole of sodium nitrate from the reaction be-
tween sodium nitrite and oxygen was calculated to
be —24.5 kcal. per mole. This is in good agreement
with the calculated value, —25.6 kecal. per mole,
based upon the heats of formation of sodium ni-
trate (solid), —111.5 keal. mole—?, and sodium ni-
trite (solid), —85.9 keal. per mole.’® Other investi-
gators have found that equilibrium exists between
lithium nitrate, lithium nitrite and oxygen just
above the melting point of lithium nitrate and cal-
culated the heat of reaction for the formation of one
mole of lithium nitrate from lithium nitrite and
oxygen to be 25.1 keal. per mole. The change in
free energy for the reaction between sodium nitrite
and oxygen to form sodium nitrate varies from
—3.54 keal. mole—! at 600° to —0.67 kecal. mole—!
at 700° (see Table IT).

By carrying out the oxidation in a vessel having
a smaller inside diameter (1.30 em.), the rate of reac-
tion was decreased by 409, which 1s approximately
proportional to the decrease in the contact area be-
tween the melt and the gaseous phase. This indi-
cates that the reaction is heterogeneous occurring,
principally, on the surface of the melt between oxy-
gen (gas) and sodium nitrite (liquid).

For the deviation of a rate expression the follow-
ing relationship is considered.

k1
NaNOQ; + /2 0, == NaNQ; (2)

kg
k; and k2 = rate constants

The rate of the forward reaction v is
v = k1 R0,/ RNanos (3)
Qo, = fugacity of oxygen

Q@rano, = surface activity of sodium nitrite, moles NaNO,/
cm.?

The activity of sodium nitrite is dependent on the
amount of sodium nitrite at the surface of the melt
and is proportional to its mole fraction. The fu-
gacity of oxygen is independent of the activity of so-
dium nitrite and remains essentially constant during
the reaction. Therefore, the rate equation takes
the form

v = biNxavo, = ki (1 —~ z/a)

k1 = a new rate constant
z = moles sodium nitrate in the melt
@ = moles sodium nitrate plus moles sodium nitrite
z/a = mole fraction of sodium nitrate in the melt
(1 — z/a) = mole fraction of sodium nitrite in the melt

(4)

The rate of decomposition of sodium nitrate is
given in equation 5.

v2 = k2 Qwano; = k:Nnawos = ks z/a (5)

The activity of sodium nitrate is taken as equal to
its mole fraction, N xano;, since the melt is assumed

(18) National Bureau of Standards: Circular 500, Selected Values
of Chemical Thermodynamie Properties, by F. D. Rossini, D. D,
Wagman, W. H. Evans, 8. Levine and I. Jaffe, February, 1952,

(17) M. Centnerzwer and M. Blaumenthal, Bull. inter. acad. polon.
8ci.; &ci. math. nat., No. 8-9, 470 (1936).
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Fig, 7—Temperature dependency of equilibriung constant;
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to be ideal.
trate is

The rate of formation of sodium ni-

d(z/a)/dt = k{ (1 — z/a) — k, z/a (6)
At equilibrium v; = v;. From these relationships
the following rate expression is obtained for the
case where initially only sodium nitrite is present
(x/a = 0att=0)
ky = (zo/at) In xo/(xe — z) 7

z. = amount of sodium nitrate at equilibrium. If
one starts with pure sodium nitrate, an identical ex-
pression for k; is obtained, z. and x being replaced
by ye and y, which refer to moles of sodium nitrite.
Figure 8 shows the results of substituting the experi-
mental data in equation 7 and plotting (2e/a) In z./
(ze — x) as a function of time. The points fall
along a series of straight lines showing good agree-
ment between the theoretical and observed results.

From a graph of the logarithm of the rate con-
stants, ki, vs. T-1, Fig. 9, the activation energy was

-

(6]
(0] ) L L 4 L " . s .
20 40 60 80 100 120 140 160 180
Time, min,

Fig. 8.—Kinetics of reaction between sodium nitrite and oxy-
gen (ze/a) In zo/(xe — z) X 10! ps. time, min.

calculated to be 20.7 kcal. mole—i. The rate con-
stants, k3, for the decomposition of sodium nitrate
to sodium nitrite and oxygen were calculated from
the relationship between the equilibrium constant,
K., and the rate constants (see Table IT).

Ke = ki/k; (8

The graph, log &, vs. T, for the decomposition of
sodium nitrate is plotted in Fig. 9. The activation
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Fig. 9.—Temperature dependency of the rate constants:
O, left codrdinate, log ke ws. 1/7 X 108, °K.-1; A, right
cobrdinate log &,/ vs. 1/7 X 108, °K. 1,

energy was calculated from the slope of the line to
be 44.7 keal. mole—1.

The dissociation energy®® of oxygen, 118.2 keal.
mole~!, is considerably greater than the activation
_energy for the formation of sodium nitrate from
sodium nitrite and oxygen, 20.7 kcal. mole—.
From this it is clear that a reaction mechanism in-
volving the oxidation of nitrite by atomic oxygen,
formed from the dissociation of molecular oxygen,
is not probable. Consequently, the energetics and
reaction kinetics favor the following mechanism for
the oxidation and decomposition reactions.

Oxidation:
NaNOQO; + O, ——kL NaNO; + O 9
O + NaNO, —E; NaNO; (10)
Decomposition:
NaNO; £> NaNO; 4+ O (11)
O 4 NaNO; —k3> NaNO; 4 O (12)

%, k5, k5, = rate constants. The reaction, 20
— O, is of minor importance due to the negligibly
small concentration of atomic oxygen with respect
to the concentration of nitrate and nitrite. The
above sequence of reactions is in agreement with
the observed kinetics in two respects: reactions
(9) and (11) should be slow compared to (10) and
(12), respectively; and from general kinetic con-
siderations.

v = k} Ananos Ros + ¥ @xavos Ro — k3 Qxano, Ro — k3
G@nano, (13)

v1 = velocity of over-all oxidation reaction. The
concentration of atomic oxygen, an unstable inter-
mediate, is assumed to be essentially constant dur-
ing most of the reaction (stationary state approxi-
mation). On this basis the activity of oxygen is
incorporated into the rate constant. The fugacity
of molecular oxygen is also constant at one atmos-

(18) L. Pauling, ‘*Nature of the Chemical Bond,” Cornell Univer-
ity Press, Ithaca, N. Y., 1648, p. 61.
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phere of pressure.  Therefore, the rate of forma-
tion of sodium nitrate is

v = K}Qnanos + K} Qnavo, — K3 Gxanos — k3 Qnaxoy =

(Kt + K?)Guanoy = (K3 + k3) Qrano, (14)
where (K} + Kj}) and (K3 + %;) correspond to k&
and k3 in equation 6.

The entropies and free energies of activation were
determined from equations 15 and 16 assuming
that AH* is approximately equal to the energy of
activation AE*,

ki or ks — kT/h eAS*/Re~aHY/RT (15)
h = Planck’s constant
AH$ = heat of activation
k = Boltzmann’s constant
R = gas constant
AST = entropy of activation
AFt = AHY — TASt (16)

AFY = free energy of activation, keal. mole~!

The entropies of activation at 650° were calculated
to be —53.8 and —29.8 e.u,, for the forward and re-
verse reactions, respectively. The corresponding
values for the free energies of activation vary from
67.7 to 73.0 keal. mole—! and 70.8 to 73.8 kcal.
mole—!, Table II. -

A study of the decomposition of sodium nitrate
at 700° in an oxygen atmosphere appears to con-
firm the above treatment and interpretation. Af-
ter a period of 40 minutes equilibrium was at-
tained and the equilibrium constant, K&, Nnano,/
Nnano,, was found to equal 0.342. Figure 10
shows the linear relationship obtained by plotting
(yo/a) Inye/(y. — y) vs. time. Therate constant for
the decomposition was determined from the slope
of the line to be 5.60 X 10~* sec.~! and is in good
agreement with the value obtained from the study

10 T T T

0 I 1 1 1 1
5 10 15 20 25°
Time, min.
Fig. 10.—Kinetics of the decomposition of sodium nitrate in
oxygen; (ye/a) In yeo/(ye — y) X 10! vs, time, min.

of the oxidation of sodium nitrite, 5.97 X 10—*
sec.~L. 'The rate constant for the oxidation reac-
tion is 1.64 X 108 sec.™}, approximately two times
greater than that found by studying the reaction
between sodium nitrite and oxygen, 8.42 X 10—¢
sec.~!, This is attributed to a catalytic effect of
traces of nitric oxide which was formed during the
early stages of the decomposition. Nitric oxide
reacts with oxygen to form nitrogen dioxide which
reacts with sodium nitrite to form sodium nitrate
and nitric oxide. 'The reactions may be repre-
sented as

NaNO; + NO; = NaNO; 4+ NO (1n
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NO + 1,0, = NO; (18)
NaNQ; = NaNOQ; + O (19)
0+ NO = NO; (20)

.The value for the energy of the nitrogen to oxy-
gen bond in sodium nitrate may be calculated from
the dissociation energy of oxygen,’® 118.2 keal.
mole~?, and the energies of activation by the fol-
lowing considerations

Ex...0...00 — Eo, = 20.7 keal. mole~*  (21)
Ew...o...00 = 20.7 4+ 1182 = 138.9 keal. mole—t (22)
Ex...0...00 Bnoo = 44.7 keal. mole™*  (23)

Ew-0) = 138.9 — 44.7 = 04.2 kcal. mole=! (24)

(N...O...0) = bonds in transition state. The
assumption is made that the temperature depend-
ency of the rate constants for reactions (10) and
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(12) are small compared to reactions (9) and (11)
due to the unstable nature of atomic oxygen. The
value for the nitrogen to oxygen bond in sodium
nitrate determined from the heat of dissociation of
oxygen and heats of formation of sodium nitrate
and nitrite (solid)® is 84.7 keal. mole~!, This dis-
crepancy can be attributed to the assumptions
used in the above calculations.
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Polarographic studies of the reduction of lead ions in thiocyanate—perchlorate mixtures of constant ionic strength have

shown the existence of the species PbSCN *, Pb(SCN); and Pb(SCN),~ in these solutions.

The over-all formation constants

at 25° and an ionic strength of 2.00 M are K| = 8.5, K; = 7.5 and K = 7. 'The ion Pb(SCN),~ appears to have a forma-

tion constant of the order of 0.1 under the same conditions.

Similar studies on thallous ion in nitrate-thiocyanate mixtures

show evidence only for un-ionized thallous thiocyanate with a formation constant of about 2.6,

Lead and particularly thallium show relatively
little tendency to form complexes with thiocyanate
ion in solution, as evidenced by the close corre-
spondence of the half-wave potentials in dilute
thiocyanate solutions with those in “non-complex-
ing” electrolytes.*? For this reason, polarogra-
phers have in general assumed the non-existence
of complex formation between these metals and
thiocyanate, even in relatively concentrated solu-
tions. The conductivity data of Boéttger,® how-
ever, suggest the existence of the PbSCN+ with a
stability comparable to that of the PbCl+* ion, and
the solubility measurements by Bell and George*
lead to a formation constant of 6.3 for the species
TISCN at 25°. In order to see if the polarographic
method could shed further light on this problem,
we have studied the dependence of the half-wave
potentials of lead and thallium as a function of
thiocyanate ion activity in solutions of constant
ionic strength.

Experimental

Apparatus and Materials.—Measurements were made
either with a Sargent Model XII recording polarograph
without damping and equipped with a wave spreader®
to expand the voltage scale, or a manual apparatus similar
to that of Lingane and Kolthoff.® The dropping electrodes
were fabricated of commercial marine barometer tubing and

(1) I, M. Kolthoff and J. J. Lingane, ‘‘Polarography,’’ Interscience
Pyblishers, Ine., New York, N. Y., 1052,

(2) J. O. Hibbets and 8. 8. Cooper, 4dnal. Chem., 26, 1119 (1954),

(3) W. Bottger, Z. phystk. Chem., 46, 521 (1903).

(4) R, P. Bell and J. H. B. George, Trans. Faraday Soc., 49, 619
(1953).

(5) T. W. Gilbert and D. N, Hume, Anal. Chem., 24, 431 (1952),

(6) J.J. Lingane, J, Am. Chem. Soc., 61, 825 (1939).

the conventional H-type cell with a sintered glass bridge
was used. In the lead studies, the reference electrode was &
calomel cell 1.9 M in sodium perchlorate, 0.1 M in sodium
chloride and 0.001 M in perchloric acid, and the salt bridge a
2 M sodium perchlorate solution 0.001 M in perchloric acid.
For the thallium studies, a calomel electrode saturated with
potassium chloride at 25° was employed, together with a
sodium nitrate bridge. A temperature of 25.0 == 0.1°
was maintained by means of a thermostated water-bath.
All chemicals were reagent quality and distilled water was
used throughout. Oxygen was purged from the samples
with pre-purified nitrogen.

Technique.—The general method of operation was similar
to that described in previous papers.”~® The half-wave
potentials were estimated from plots of log [(4a — %)/7]
versus E, in which duplicate samples checked to within
1 mv. All values were corrected for 2R drop in the cell.
Good straight lines with slopes in close agreement with the
theoretical values were obtained in the above plots, and it
was concluded that both systems showed satisfactory
reversibility.

Results and Discussion

Lead Thiocyanate,—The half-wave potential
an](li diffusion current of lead were measured in the
ce

NaClO, 1.9 M
NaCl 0.1 M

NaClO,
20 M

NaClO,
NaSCN =z M .
HCIO, 0.001 |HCIO, |[HCIO; 0.001 M |m

M 10.001 M|Pb(ClO:);5 X 10— |e

for values of 2 from 0 to 2.00 M in steps of 0.1 M.
Gelatin (0.01%,) was used asa maximum suppressor.
The negative shifts in half-wave potential observed

(7) D. N. Hume, D. D. DeFord and G. C. B, Cave, ibid., 73, 5323
(1951).

(8) H. M. Hershenson, M. E. 8Smith and D. N, Hume, ibid., 78, 507
(1953).
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