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0, 15 and 25°, and at pressures (of reactants) rang-
ing from a few hundredths of a millimeter up to 20
millimeters. ‘While the reaction was found to be
strongly catalyzed: by traces of water vapor, espe-

cially in a new tube, fairly consistent and repro-
ducible results have been. obtained in tubes thor-
oughly baked out'and evacuated or in tubes coated
with paraffin. Indication that the reaction under
these conditions is essentially homogenous is found
in the close agreement of measurements taken in
tubes of various shapes and of widely different sur-
face-volume ratios (6:1).

3. The reaction proceeds at a conveniently
followed rate, with a ‘‘half-life”’ of the order of ten
to fifteen minutes at 0°. The temperature de-
pendence is quite normal; a 10° rise in tempera-
ture almost triples the reaction rate. An energy
of activation of the order of 15,700 cal. per mole is
indicated.

4. The rate shows an approximate first-order
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dependence utpon the nitrogen pentoxide concen-
tration. The behavior of the reaction with re-
spect to the concentration of nitric oxide is quite
unusual. At low pressures the rate is almost in-
dependent of the nitric oxide concentration, even
though the nitric oxide is used up in the reaction.
The apparent “‘order’’ with respect to nitric oxide
is approximately 0.1 at low pressures. The rate
equation, —d [N3O4) /df = k#[N,O;], approximately
fits the experimental observations, if k¥ values of
the order of 8 X 10~® and 7 X 10~* are used at
25 and 0°, respectively. Distinct trends in such %
values are noted, but it is believed that available
experimental data are not, sufficiently complete or
accurate to justify the selection of a more elab-
orate rate equation. .

5. The unique behavior of the reaction is dis-
cussed, and the evidences for the complexity of
the reaction are pointed out.

AMHERST, MASS. RECEIVED JANUARY 16, 1947
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A Rate Study of the Oxidation of Nitric Oxide with Nitric Acid Vapor

By J. HaroLp Smrra!

The reaction 3NO; + H,0 « 2HNO; 4 NO
has been the subject of considerable investigation,
primarily because of its importance in the nitric
acid industry. Many investigators?®-7? have stud-
ied the equilibrium involved, but little has been
accomplished with regard to rate determinations
either for the forward or reverse reactions. This
is particularly true of the gas phase reaction, for
which no rate studies have been reported.

This paper presents the results of some pre-
liminary measurements on the rate of the reac-
tion between nitric acid vapor and nitric oxide,
which is the reverse of the above reaction.

Experimental

Apparatus.—Since the nitrogen dioxide produced by the
reaction

2HNO:(g) + NO(g) —> 3NO:(g) + H:0(g)

is the only colored substance involved, the progress of the
reaction is easily followed by the photo-colonmetnc method
and procedure previously described.’

The relatively large amount of nitrogen dioxide pro-
duced by the reaction makes this method particularly ad-
vantageous. Rate measurements were made in two ves-
sels with widely different size and shape. One reaction
vessel was. a cylmdncal tube of capacity approximately
250 ml. (diam. 2.5 cm.; length 56.9 cm.), and the other a
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3,160 ml. sphere. Each vessel was equipped with side
tubes, connected with large bore (4 mmgj stopeocks, to
facilitate the rapid admission of the desired amounts of
the reactants. A good grade of paraffin stopcock grease
was used to prevent leakage into the evacuated system.
Some objectionable reaction of the grease with the cor-
rosive gases was noted, but in general the gas pressures were
low enough and the tim_e of exposure so short that the
amount of reaction was small.

The nitric oxide was generated and purified in the man-
ner described by Johnston and Giauque.!® Nitric acid
(1009%,) was prepared from dried, C. p. potassium nitrate
and concentrated C. p. sulfuric acid as described by For-
sythe and Giauque.” With vacuum distillation of the
nitric acid at low temperatures, decomposition was ef-
fectively avoided and the liquid had only a very light yellow
color. This nitric acid was frozen in a trap which was
attached through a tube and a double stopcock arrange-
ment to the reaction vessel. Maintained at solid carbon
dioxide—acetone temperatures, the nitric acid could be
kept for long periods without appreciable decomposition.

The desired amount of nitric acid vapor was. admitted
to the reaction vessel by proper adjustment of the tem-
perature of the liquid in order to control its vapor pressure.
The vapor pressure-temperature data for nitric acid from
the older literature,'1? have been questioned recently
and redetermined.!31415 The results of the recent de-

' terminations are considerably higher than those given in

the ‘‘Critical Tables,’’ but they are in good agreement,
and were used in the calculation of the nitric acid concen-
trations.

Method.—Due to the rapid rate of the reaction, rather
low pressures (of the order of a few millimeters) of nitric
oxide and nitric acid were used. A known amount of one
of the reactants (usually nitric acid) was admitted to the
reaction vessel, and at the time for the start of a deter-
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mination a measured quantity of the other reactant (4. e.,
nitric oxide) was admitted from a side tube containing the
gas at a relatively high pressure. The progress of the reac-
tion was followed by the rate of appearance of the nitro-
gen dioxide, as detected by the calibrated photo-cell.
The rates at any given time were conveniently determined
from the slopes of the smooth plots of nitrogen dioxide
concentration against time. :

Results

Reversibility of the Reaction.—One of the
first factors to be considered is the reversibility of
the reaction

2HNO4(g) + NO(g) === 3NO.(g) + H:0(g)

Certainly in water solutions equilibrium is estab-
lished far from completion. The reverse reaction
is of fundamental importance in the production of
nitric acid. A number of papers®*® have re-
ported values for the equilibrium constant.

K = PyxoP%xos/P*no:Pr:0

Chambers and Sherwood! report a value of K =
0.017 at 25° in good agreement with 0.019 as re-
ported by Abel, Schmyid and Stein® for pressures
expressed in atmospheres. Calculations using the
average (K = 0.018) show that at initial pressures
of 1 mm. of nitric oxide and 2 mm.-of nitric acid
the reaction between these substances proceeds
95%, of the way toward completion at 25°.

At higher pressures the reaction is less com-
plete, but even at initial pressures of nitric oxide
and nitric acid of 5 and 10 mm., respectively, the
reaction is 920} complete. Since the pressures
used were generally less than this it is safe to as-
sume that the reaction was at least 909, complete.
Forsythe and Giauque” have.critically considered
the experimental determinations and made a
thermodynamic calculation of the equilibrium
constant. They give a value of 0.0105 for K at
25°, This value for the constant would indicate
an even more complete conversion of nitric oxide
and nitric acid to nitrogen dioxide and water than
has been suggested. The equilibrium is affected
only slightly by changing the temperature.

The rate values were determined by taking the
slopes of curves obtained by plotting [NO]
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k = d([NO,l /d#)/{ [NO]-
[HNO,][NOs]} X 1075,
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Temperature, °C.
Fig. 1.—Influence of temnperature on rate measurements

made in & cylindrical tube. Concentrations of reactants

and products constant.
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against time. The slopes were determined near
the start of the reaction in each case. This
cedure was used to mitigate the error introduced
by the reversibility of the reaction for which no
correction was made. In view of the near com-
pleteness of the reaction, under the conditions
used, this error should be relatively small.

Surface Effects.—The rate of the nitric acid—
nitric oxide reaction was found to be greatly
influenced by the nature and extent of the surface
of the reacting vessel. For example, the rate in
the relatively small cylindrical tubes was greater
than in the much larger spherical vessel with a
lower surface-volume ratio (4. e., approximately
1:8). Furthermore, covering the surface of the
sphere with a layer of paraffin decreased the rate
tremendously. This retarding effect, due to the
paraffined surface, was so pronounced that at 25°
the reaction was so slow as to be almost undetect-
able. On the other hand, the presence of finely
divided phosphorus pentoxide powder on the sur-
face of the unparaffined three-liter sphere sharply
increased the rate.

The observed catalytic influence of water vapor
may be a further indication of surface effects.
The accelerating affect of moisture was less pro-
nounced and definite in the paraffined sphere or at
high temperature (where absorption would be less)
than in the containers of relatively large surface,
particularly at low temperatures.

Temperature Behavior.—A pronounced tem-
perature coeficient is found in the range from
0° to approximately 40°, as shown by the plot in
Fig. 1. In the cylindrical tubes at higher temper-
atures the rate slowly increases with temperature,
at least up to 90°. This slight increase at high
temperatures was not observed in the sphere.
A slight decrease in the rate was observed in the
sphere as the temperature was raised from 30 to
90°. A very sharp decrease in rate was noted
hogvever, as the temperature was raised from 0 to
30°.

The apparent unusual influence of temperature
on the rate may be nothing more than a surface
phenomenon. A greater extent of adsorption at
low than at high temperatures may perhaps ex-
plain the unusual behavior. On the other hand,
some greater significance may possibly be at-
tached to the temperature behavior, particularly

‘in view of the apparent ‘‘third order” characteris-

tics of the reaction, which will be discussed in the
next sections. It is well known that several third
order reactions (all of which involve nitric oxide)
have low or negative temperature coefficients.!®
The Order of the Reaction.-—Attempts to de-
termine the ‘“order’” of the reaction between
nitric acid and nitric oxide confirmed that it is
definitely complex. The rate of production of ni-
trogen dioxide is apparently influenced consider-
ably by the water vapor and nitrogen dioxide

(16) Hinshelwood, ""Kinetics of Chemical Change,” Oxford Uni-
versity Press, England, 1940, Chapter VI,
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present, as well as by the concentrations of nitric
acid and nitric oxide. In. the absence of water
vapor or nitrogen dioxide, a distinct ‘‘time lag”
was observed.. During this initial period nitrogen
dioxide and water vapor were produced only very
slowly at first. The rate gradually increased, ap-
parently because of the auto-catalytic effect due
to the products formed, until a maximum rate was
attained approximately one-fourth to one-third
of the way toward completion of the reaction.
Thereafter the rate decreased slowly as the con-
centrations of reactants diminished. It was ob-
served, however, that the rate did not fall off as
rapidly as might have been expected with the
decrease in the concentration of the reactants,
further indicating an auto-catalytic effect due to
the products of the reaction (s. e., nitrogen diox-
ide and water vapor).

The following results were obtained from meas-
urements on the rate of production of nitrogen
dioxide relatively near the start of the reaction
(but usually after the initial “induction period”).
Insofar as possible, an attempt was made to vary
one at a time the concentrations of the various
substances involved, with other factors constant,
and determine the corresponding rate.

The Nitric Oxide Concentration Effect.—The
initial rate observed as just indicated is directly
proportional to the concentration of nitric oxide
over the entire range studied (<. ¢., from approxi-
mately 1 to 40 mm.). This first order behavior
with respect to nitric oxide was found in both the
cylindrical and the spherical reaction vessels.
Sample data are given for the cylinder in Table I
and the sphere in Table II.

TABLE 1
THE INFLUENCE OF {[NO] oN REACTION RATE

Cylindrical tube, at 25° [HNO;] = 3.3 X 1073
mole/liter.

NO, d[NO:)/dt, d[NO:}/dt/[NO],
(m./1. X 108%) (m./1. X 108, see,” 1) (X 10%)

7.16 0.0086 1.20

15.5 .0192 1.24

31.2 .0383 1.23

TasBLE II

THE INFLUENCE OF [NO] ON REACTION RATE (SPHERICAL
VESSEL, AT APPROXIMATELY 35°; [HNO;] = 21.5 X 1078

M./L.) ‘

}NO}, d[NOsl/dt, d[NO,}/dt/[NO],
(m./1, X 108) (m./1. X 108, sec.™1) (X 10%)
19.5 0.017 0.87
103 .078 .76
205 . 166 .81

The data obtained clearly indicate first order
behavior with respect to nitric oxide.

The Nitric A¢id Concentration Effect.—The
reaction is apparently also first order with respect
to nitric acid, :as indicated by. data such as
that given in Table ITI. Calculations are made on
the assumption that the rate is a first order func-
tion of the concentrations of both nitric acid and
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nitric oxide, at constant nitrogen dioxide and wa-
ter vapor concentratipns. This restriction is nec-
essary sitice it was observed that the amounts of
nitrogen dioxide and water vapor present do
influence the rate.

TaBLE III

THE INFLUENCE OF {HNO;] ON REACTION RATE (CYLIN-
DRICAL TUBE, AT 25° FIRST ORDER BEHAVIOR WITH
REespecT TO NITRIC OXIDE IS ASSUMED; [NOs] = 6 X
1078 m./L.; [H:0] = 2 X 1075 m./L.)
d[NOsy/dt, _diNOs/dt
(m./1. X 105, [HNO;] [NO]
(X 1071)

[HNO,], }NO},
(m./1. X 10%) (m./1, X 108%) sec, 1)

2.7 6.8 0.0075 4.1
2.7 6.8 .0089 4.9
2.7 15.5 .0171 4.1
2.7 15.5 .0172 4.1
7.1 15.6 .055 5.0
7.6 15.8 .052 4.3
7.9 8.5 .024 3.6
13.0 16.1 .123 5.9
13.4 16.3 .129 5.9
13.8 7.9 .056 5.1
14.1 15.9 .135 6.0
20.3 16.8 .190 5.6
20.3 16.8 - .200 5.9

Av, 4.96

The good agreement of the results over the wide
range of nitric acid concentration indicates first
order behavior with respect to this reactant even
though a slight trend is noted. No trend is found
when the results are calculated using the vapor
pressure data for nitric acid from the ‘“Interna-
tional Critical Tables.”

The Influence of Nitrogen Dioxide.—The cata-
lytic influence of nitrogen dioxide on the rate has
been mentioned. It was found that when pure
dry nitric acid vapor and nitric oxide were mixed
there was a distinct “‘time lag” with an appreci-
able interval before the maximum rate was
achieved. Typical behavior for the spherical ves-
sel is shown in the lower plots (a, b, ¢ and d) of
Fig. 4. This “time lag” effect indicated that one
or perhaps both of the products (nitrogen dioxide
and water) catalyze the reaction. This was veri-
fied by permitting a portion of the products to re-
main in the reaction vessel from one determina-
tion to the next; such runs showed no ““time lag”
effect.

The immediate problem was then to determine
whether the catalytic effect is due to nitrogen diox-
ide or water vapor (or both). This was answered
by making measurements with various amounts of
either nitrogen dioxide or water vapor present sep-
arately. ‘A third side tube was connected to the
three-liter sphere in order to facilitate the admis-
sion of nitrogen dioxide or water vapor. In a se-
ries of determinations the initial concentrations of
nitric acid and nitric oxide were kept constant and
only the nitrogen dioxide pressures were varied.
Nitrogen dioxide present at the start in this way
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was found to have a decided influence upon the
initial rate. The effect of the presence of various
amounts of nitrogen dioxide is clearly shown in the
plots of Fig. 2, If the initial rates, as determined

40
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[NOgl (m./1. X 10%).
8
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0 100 200
Time, seconds.

Fig. 2.—Influence of nitrogen divxide on the rate in a
3-liter sphere at 30°. Initial concentrations of reactants
constant: [HNO;] = 31.6 X 10~ m./l,, [NO] = 21.3 X
10-% m./l. Initial nitrogen dioxide concentrations as
indicated on the ordinate.

from the slopes of the plots in Fig. 2 at zero time
are plotted against the nitrogen dioxide concen-
trations, Fig. 3 is obtained. A rough proportion-
ality between the initial rates and the nitrogen
dioxide concentration is noted. Extension of the
data to nitrogen dioxide pressures higher than 25-
30 X 10~*m./l is difficult with the colorimetric
technique, since the relatively small amounts of
nitrogen dioxide produced by the reaction must
be determined by difference and the errors are
very large.
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Fig. 3.—Plot showing approximate proportionality
between rate and conecentration of nitrogen dioxide.
Initial rates were determined from the slopes of the plots in
Fig. 2 at zero time.
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The data indicate that the following rate equa-
tion might approximstely describe the behavior
not

d[NO,} /dt = E[NO][HNO;] [NO:]
A check on the applicability of this rate equation is
given in Tables IV and V. Values for the constant
are calculated at several points in the course of
single determinations, on the assumption that
the equation applies. Data for a typical runin a
spherical vessel are given in Table'IV and similar
data for a single run in a cylindrical tube in Table
V.
TABLE IV

APPLICABILITY OF THE RATE EQuaTioN d[NOsl/di =
EINOJIHNO;][NO.] To DATA OBTAINED IN A THREE-
LITER SPHERICAL VESSEL (AT 26.5°)

Concentrations (m./l. X 108) d[NO;&/dl k
{NO] [HNOs] [NOi]  [H3Ol X 108 X 10~
19.5 26.5 5 1.7 0.0467 1.80
17.9 23.2 10 3.3 .0728 1.75
14.5 16.5 20 6.7 .0813 1.70
11.2 9.8 30 10 .0298 0.97

TABLE V

APPLICABILITY OF THE RATE EguaTioN d[NO.]/d¢ =
k{NO]J[HNQ,;][NOs] T0 DATA OBTAINED IN A 250-ML.
CyLiNDRICAL TUBE (AT 25°)

[Ncc?ncentrations (m./1. X 10%) d{NO:%)/‘dt ko
1 {HNOij] [NO:] - {H2:0] X 108) (X 1075
7.7 13.8 5 1.7 0.0246 4.6
6.7 11.8 8 2.7 .0223 3.5
5,7 9.8 11 3.7 .0159 2.6
4.7 7.8 14 4.7 .0128 2.5

A trend toward lower-k values is observed as
the reaction proceeds toward completion. In
view of some uncertainties involved, particularly
regarding the exact values for the various concen-
trations and also because of the catalytic effects
due to surface and moisture, however, it is believed
that the agreement is reasenably good. For a
process as complex as this obviously is, particu-
larly because of surface and catalytic influence,
the rate equation may have little fundamental
significance. The third order rate equation given
above at least approximates the behavior of the
reaction, however, which is a further indication of
near first order behavior with respect to nitrogen
dioxide.

The Influence of Water Vapor.,—The effect of
the presence of water vapor on the rate was
similarly investigated. Curves showing the
influence of various concentrations of water vapor
on the rate of production of nitrogen dioxide in the
three-liter sphere are plotted in Fig. 4. Exami-
nation of Fig. 4 reveals a rather erratic accelerat-
ing influence due to water vapor, and the rate ap-
peatrs to be roughly proportional to the [HsO].
The “‘time lag” is not eliminated, however, even
though the rate is increased considerably.

There are reasons to believe that the accelerat-
ing influence of water vapor is largely catalytic and
primarily a surface phenomenon. In the first
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place, the influence of water vapor addition gener-
ally diminishéd with increasing temperature. A
much more pronounced effect due tq added water
vapor was observed at 0°, than at higher tempera-
tures. At the highest temperatures used (80—
90°) the addition of water vapor was almost with-
out effect on the rate. Furthermore, in a paraf-
fined three-liter sphere even at 0° the presence of
water vapor appeared to have very little accelerat-
ing influence. These observations indicate a
definite connection between the surface and mois-
ture effects. : 4

It would be interesting to know the rate of the
reaction in the absence of .moisture. It seemed
possible that the presence of a very powerful de-
hydrating agent might remove water vapor as it
is produced, and thus keep the rate at a very low
value, corresponding to that observed near the
start of the reaction where the water vapor pres-
sure is very low. In an attempt to accomplish
this, finely powdered phosphorus pentoxide was
spread in a rather thin film over most of the sur-
face of the three-liter spherical flask, and rate
measurements were attempted. A very rapid
rate and generally erratic behavior were observed
at both 0 and 30°. Apparently catalytic effects
due to the extensive surface of the powder (or
possibly intermediate reaction with it) complicate
such measurements.

In view of the influence which water vapor has
on the reaction rate, a question arises regarding
the inclusion of a [H;O] factor in the rate equation.
There is some indication of an approximate first
order effect due to water vapor. It is obvious
from a consideration of the data given in Tables
1V and V, however, that a first order effect due to
water vapor cannot be superimposed on the third
order expression given. This would greatly in-
crease the trend which was noted. Certainly one
should not expect the order of the equation to be
higher than third, and the third order equation
seems to be reasonably satisfactory. It is rea-
lized, however, that substituting [H,O] for the
[NO;] in the rate equation would simply multiply
all of the constants by a factor of three and not
change their relative values or the apparent fair
agreement of the third order equation with the
observed data. For reasons previously indicated,
however, it appears the influence of water vapor

may be largely a catalytic surface phenomenon

and thus the [NO;] is included in the rate ex-
pression in preference to the [H,0O]."

Discussion

The reaction between nitric oxide and nitric
acid is obviously complex in many ways. It is
complicated by-the pronounced and definite auto-
catalytic influence which nitrogen dioxide has on
the rate, Catalytic effects due to surface and

(17) The experimental work was necessarily terminated at this
point, and consequently no claim is made that this and several other
points were exhaustively investigated, particularly in view of the
complexity of the reaction.
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[NO,] (m./1. X 108).

—

Time, seconds.
Fig. 4.—Influence of water vapor on the rate of produc-

tion of nitrogen dioxide in a 3-liter sphere at 28.8°, Initial
concentrations of reactants constant: [HNO;] == 31 X
1075 m./1, [NO] = 21.3 X 10~% m./l. Initial water
vapor concentrations as follows: a = O;bandc = 3.3 X
107%m./l.; dandf = 6.6 X 10~*m./l,,eand g = 10.0 X
10~* m./L, k.= 13.3 X 10~* m./1.

moisture are very prominent. Furthermore, the
influence of temperature on the rate is very un-
usual. All these factors combined cast some
doubt on the fundamental significance of the re-
sults obtained and make any conclusions based
upon them quite uncertain. It is possible, for
example, that the temperature behavior, the mois-
ture effects and the unusual order of the reaction
may be due largely to surface phenomena.
Nevertheless, some characteristics of the reaction
are of interest even though suggestions regarding
their significance are necessarily somewhat tenta-
tive,

The influence of nitrogen dioxide on the rate is
interesting and perhaps significant. Somewhat
similar effects due to nitrogen dioxide have pre-
viously been reported. It is known that “color-
less nitric acid has either very little or no oxidizing
effect on sulfur, metals, etc. If, however, a very
little nitrogen dioxide is introduced, oxidation im-
mediately occurs. The nitric acid is thereby re-
duced, still more nitrogen dioxide is formed, and
the rate of oxidation increased with the rising con-
centration.”!® Mellor" indicates that the decom-
position of nitric acid is catalyzed by the presence
of nitrogen dioxide. ‘‘With the pure acid in dark-
ness, there is an induction period occupying about
a month, the reaction then proceeds slowly, and
after many months, reaches a state of equi-
librium.”

For a similar reaction

HNO; + SO; —» HOSO,ONO

(18) Ephraim, ‘'Inorganic Chemistry,” 3rd English ed., by Thorne
and Ward, Nordeman Publishing Co., Inc., New York, N. Y, 1939, p.
684.

(19) Mellot, A Comprehensive Treatise of Inorganic and Theo-
retical Chemistry,’’ Longmans, Green & Co., New York, N. Y., 1922~
1937, p. 583.
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“nitrogen dioxide appears to be necessary to cata-
lyze this reaction. In the absence of nitrogen di-
oxide fumes, the reaction may be delayed and
then proceed so rapidly as to be of explosive vio-
lence.” %

Lewis and Edgar? early observed in studying
the HNOjg + NO reaction in aqueous solution that
“it is remarkable that the reaction does not reach
its maximum rate until after a lapse of several
hours. It is hardly likely that this can be due to
slowness of saturation of the liquid with nitric
oxide. It seems more probable that the reaction
is in some way auto-catalytic.”

It is evident from the references just cited and
from the results of this investigation that the pres-
ence of nitrogen dioxide has a real influence on the
rates of several reactions involving nitric acid.
Why these reactions are so strongly influenced by
nitrogen dioxide is not clear at this point. An
explanation to account for this effect for the HNO;
+ NO reaction may perhaps be found in a con-
sideration of intermediates (such as N,O;, HNO;
+ NO;, HNO;, etc.), but the data at hand are in-
sufficient to justify the selection of any particular

mechanism. This is especially true in view of the -

pronounced catalytic effects due to surface and
moisture and obvious complexity of the process.

In spite of the complexity of the reaction,
several characteristics suggest that it is a third
order process. The reasonably good agreement
found between the rates observed and those calcu-
lated on the basis of the rate equation, d[NO,]/
dt = B[NOJ[HNO;] [NOy], has been discussed.
First order behavior with respect to each reactant
is clearly indicated. Furthermore, an approxi-
mate first order effect due to eithec nitrogen di-
oxide or water vapor is observed. This is assigned
to nitrogen dioxide, since water vapor does not
eliminate the ‘‘time lag’’ behavior as does nitrogen
dioxide, and the influence due to water vapor is
apparently directly connected with catalytic sur-
face effects.

T T T T T T T T

S5,
28 30 32 .34 36
1000/T.
Fig. 5.—Plot of log, % against reciprocal of absolute
temperature, The values for the plot were taken from
the curve on Fig. 1.

(20) Booth, ef al., '‘Inorganic Syntheses,” McGraw-Hill Book Co,,
Inc,, New York, N. Y., 1939, Vol. I, p. 55.
(21) Lewis and Edgar, THIS JoURNAL, 88, 202 (1911).
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A “time lag” effect would of course be expected
if the above rate equation is applicable. The
rate should be slow near the start of the react:on,
when the mtrogen dioxide concentration is low,
but should increase as nitrogen dioxide is pro-
duced. The rate should obviously reach a maxi-
mum and then gradually decrease as the reactants
are consumed. The point of maximum rate can
easily be found by differentiating the rate equation
and evaluating the concentrations when the first
derivative is equated to zero. In this way it can
be shown that the maximum rate should be at-
tained when the reaction is just one-third of the
way toward completion, provided the initial
[HNOj] is double the initial [NO]. These de-
ductions from the rate equation are at least in
qualitative agreement with the observed data.

The apparent third order nature of the reaction
is of interest, not only because termolecular gas .
phase reactions are rare, but particularly becaiise
of the first order behavior with respect to nitric
oxide. While many of the known termolecular
reactions involve this oxide, they are second order
with respect to it. -

In view of the third order characteristics of the
reaction, the influence of temperature is of par-
ticular interest. Abnormal temperature behavior
is not uncommon for the familiar termolecular gas
phase reactions, and, at least for the reaction be-
tween nitric oxide and oxygen, a negative tempera-
ture coefficient is observed.?? Examination of
Fig. 1 reveals that the temperature coefficient
which is sharply negative at low temperatures be-
comes sh%htly positive (in the cylindrical tube)
above 40°. If these data are plotted as a log-
arithm function of the rate against the reciprocal
of the absolute temperature the curve shown in
Fig. 5 is obtained.

It is interesting that this curve (Fig. 5) has the
same general shape as a plot of collision frequency
for an imperfect gas against the reciprocal of tem-
perature, as calculated from theoretical con-
siderations.?* On the assumption that a termo-
lecular reaction is involved, and that reaction
occurs at a constant fraction of the triple collisions,
the temperature behavior may constitute an ex-
perimental confirmation of the theory. In terms
of the intermediate compound theory of termo-
lecular reactions, in which the double molecule
(NO); has been particularly prominent, inter-
mediates such as HNO; + NO, HNO; 4+ NO,,
NO + NO; (or N,O;) may be involved. In any
event, a termolecular reaction which is not second
order with respect to nitric oxide, and which there-
fore does not require triple collisions in which two
molecules of nitric oxide are involved, is of in-
terest. The present results may indicate that the
double molecule intermediates, or at least colli-

(22) Bodenstein, et al., Z. Elekirochem., 24,.183 (1918); Z. physik.
Chem., 100, 87 (1922).

(23) Kassel, "*Kinetics of Homogeneous Gas Reactions,’”” The

Chemical Catalog Co., Inc. (Reinhold Publ. Corp.), New York,
N. Y., 1932, Chap. IV.
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sions of some duration, may not be unique with
nitric oxide. If the reaction proceeds by some
mechanism involving such an intermediate as
N,O; (or N;O,)’ the negative temperature co-
efficient may be understandable due to the thermal
instability of these compounds. Certainly little
or no N3Oy exists in the gas phase at low pressures
and high temperatures, but lowering the tempera-
ture would at least fawor its formation.

If intermediate compound formation is involved
in the reaction mechanism, low. temperature would
favor the formation of intermediates, and a very
rapid rate may be expected, Certainly several of
the gases (particularly HNO;, H;O and NO,) are
easily condensed even at relatively low pressures
at 0°. Intermolecular attractions to form inter-
mediates involving these gases are also high at
this temperature. A pronounced negative tem-
perature coefficient might then be expected for
this reaction, on the assumption that it is a termo-
lecular process. The negative temperature co-
efficient is incredibly sharp below 20°, however,
and it seems likely that other factors are involved.

In view of the complexity of the reaction, par-
ticularly the great effect of surface on the rate, the
likelihood of alternative explanations of the tem-
perature behavior cannot be ignored. If, as seems
likely, the reaction as observed is largely a surface
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phenomenon, the faster rate at low temperatures
may perhaps be attributed simply to increased
absorption. The extremely rapid, quite erratic,
rate in the neighborhood of 0° indicates this.
Certainly surface effects are involved in, and per-
haps they are largely responsible for, the unusually
large negative temperature coefficient in this
region. ‘

Summary

1. A preliminary study of the oxidation of
nitric oxide with nitric acid vapor in the gas phase
at low pressures is reported. Rate measurements
show that the kinetics of the reaction are complex
and that surface effects are very prominent.

2. The rate is influenced by the reaction prod-
ucts, and some termolecular characteristics are
noted. The rate equation d[NO,;]/dt = k [NO]-
[HNO;] [NO,] approximately fits the data. The
high order reaction is further complicated by
strong catalytic effects due to water vapor and
surface.

3. A pronounced negative temperature co-
efficient in the range from 0 to 30° further suggests
termolecular characteristics, although adsorption
and surface effects may provide an alternative ex-
planation.
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Preparation and Properties of Serum and Plasma Proteins.

XII. The Refractive

Properties of the Proteins of Human Plasma and Certain Purified Fractions’?
By S. H. ARMSTRONG, Jr.,®* M. J. E. Bupka, K. C. MORRISON AND M. Hasson

The refractive properties of proteins in solution
are widely employed both in methods for rapid
estimation of protein concentrations* and in the
optical systems introduced by the Scandinavian
workers for analysis of concentration gradients at
boundaries formed in solutions both of pure pro-
teins and of mixtures separable by various types of
force.s .

The general assumption of identity of specific

(1) This work has been earried out in part under contract, recom.
mended by the Committee on Medical Research, between the Office
of Scientific Research and Development and Harvard University.

(2) This is Number 59 in the series ‘‘Studies on Plasma Proteins’
from Harvard Medical School, Boston, Massachusetts, on products
developed by the Department of Physical Chemistry from blood
coliected by the American Red Cross,

(3) Welch Fellow in Internal Medicine of the National Research
Council.

(4) Earlier literature on rapid protein determinations by refracto-
metric methods, together with the presentation of new measurements
on a variety of normal and pathological plasmas of varying protein
coritent, has been recently summarized by F. W. Sunderman (J.
Biol. Chem., 188, 139 (1944)). - .

(5) O. Lamm, Nova Acts. Regiae Soc. Sci. Upsaliensis, IV, 10, 8
(1987); A. Tiselius, Trans. Faraday Soc., 88, 524 (1937); T. Svedberg
and K. O. Pedersen, "' The Ultracentrifuge,” Oxford University Press,
London, 1940.

refractive increments has been generally recog-
nized as a first approximation,® particularly in
instances wherein components are associated with
appreciable quantities of non-protein materials.’
The early literature yielded considerable dis-
crepancies of the actual values of specific refrac-
tive increments for human plasma proteins (for
example, 1.66 X 10— to 2.00 X 10~*, in terms of
grams per liter, for albumin).?

This study presents serial determinations of re-

fractive index increments on pools of normal

(8) L. G. Longsworth, Chem. Rev., 30, 323 (1942); V. P. Dole, J.
Clin. Investigation, 28, 705 (1944).

(7) L. G. Longswoith, T. Shedlovsky and D. A. Maclnnes, J,
Expt. Med., 70, 399 (1939); L. G. Longsworth and D. A. Maclnnes,
thid., T4, 77 (1940); L. G. Longsworth, R. M. Curtis and R. H.
Pembroke, Jr., J. Clin. Investigation, 34, 46 (1945).

(8) The values of the earlier literature have been well summarized,
together with consideration of the possible bases for the discrepancies,
in the papers of Adair and Robinson (G. S. Adair and M, E. Robin-
son, Biochem. J., 34, 993 (1930)) and Putzeys (M. P. Putzeys and
Mlle. J. Brosteaux, Bull. Soc. chem. biol., 18, 1681 (1936)). The
values of these workers, together with the careful measurements of
McFarlane (A. S. McFarlane, Biochem. J., 29, 407 (1935)), would
appear to constitute the most reliable data on animal plasma pro-
teins.



