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The sorption of NOz~N,O, on rutile differs markedly from the usual physical adsorption isotherms reported in the literature.
An interpretation of these isotherms is given in terms of the deviation of the solid from the stoichiometric composition.
The applicability of adsorption experiments for obtaining information on the chemical properties of solids is discussed.

Introduction

This investigation deals with the system nitrogen
dioxide~tetroxide sorbed on rutile. Special em-
phasis will be placed on the differences between the
adsorption isotherm reported here and those gener-
ally encountered in the literature. The object
of this work is to show, on the basis of these differ-
ences, how information concerning the chemical
properties of some solids may be obtained from a
study of adsorption phenomena.

Experimental

The rutile was taken from the same source material as
was used in earlier experiments on the adsorption of N, O,
and A.? The NOyN:O, was fractionally distilled in an all
glass vacuum line until the condensate appeared snow
white by comparison to a color chart. The first and last
fractions were discarded and the volatile impurities removed
after each fractional distillation by pumping to pressures of
the order of 10~% mm. A sensitive quartz spiral balance
was used to study the uptake of gas as a function of pressure.
The entire vacuyum line was suspended on a rigid steel tower
frame so designed that vibration in a high vacuum was re-
duced to a minimum. The cryostats necessary for precise
temperature control (to be described later) were set on an
independent hase inside the tower frame. The spring and
coaxial reference rods were suspended from a double hook,

“held on a ““vibrationless mount’’ which itself was set on the
steel frame. The spring was thermostated by cireulating
water through a surrounding jacket; this was found to be
espential since the spring extension changed noticeably with
temperature changes.

The sample was maintained at constant temperature by
use of cryostats similar in design to that employed by Scott
and Brickwedde.? Temperature regulation to =0.02°
was achieved by use of a standard thyratron phase shift
circuit. A platinum resistance thermometer, forming one
arm of a Wheatstone bridge, was used as the temperature
detecting element. It controlled the light intensity falling
on the photocell of the phase shift circuit., In case of fail-
ure of this device rough ( £2°) temperature regulation could
be maintained by use of micromax potentiometer connected
to a five junction copper—constantan thermocouple. Pres-
sure regulation of the gas was achieved by cryostating the
condensed phase in a U-tube, using an arrangement similar
to that just described.

The cryostat temperatures were determined by measuring
the e.m.f. developed by a copper—constantan thermocouple.
Readings of the spring position with respect to the reference
rod were taken with a Gaertner travelling telescope to within
=*2 microns.

Procedure and Calgulations.—In order to prevent con-
tamination by pump oil, the samples were heated to the
outgassing temperature before beginning the evacuation.
The entire system was flamed 10-20 times to free the glass
walls from adsorbed gases until the pressure during heating
did not exceed 1075 mm. The spring envelope was black-
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ened with an acetylene torch (burning no oxygen); a bank
of six infrared lamps was trained on the envelope and the
whole assembly was enclosed in an aluminum radiation
shield. After pumping two weeks the vacuum line was
finally isolated from the pumps. The run was started by
shattering the septum separating the N,O; reservoir and the
vacuum line.

Due to the corrosive nature of NOg, none of the conven-
tional pressure measuring devices could be inclitded in the
vacuum line. It was felt that by measuring the tempera-
ture of the condensed phase and then using the Antoine
equation for calculating the vapor pressure, sufficiently ac-
curate values would be obtained. The necessary equations
were specified by Reyerson and Wertz? who fitted the An-
toine equation®? to the data of Giauque and Kemp.! The
calculated vapor pressures are in excellent agreement with
those determined in the last 50 years by several authors?-13
over the range of temperatures from —60° to 4-35°.

Unfortunately this method does not allow corrections to
be made for the changes in pressure which result from the
small amounts of NO, NyO; and NOCI that were observed
to be present at the conclusion of the runs. The adsorp-
tion curves for these runs are, therefore, subject to experi-
mental error in their location along the pressure axis. How-
ever, the conclusions which are drawn in the later sections
were based solely on the over-all appearance of these curves
and are thus not likely to be in error.

Buoyancy corrections were made in order to correct for
the forces acting on the sample, container, fibers and spring.
The corrections for the first three were calculated by the
use of Archimedes’ principle. The buoyancy force acting
on the spring was obtained experimentally by noting the
change in spring extension (spring supporting its full load)
per unit change in air pressure. The computations require
evaluation of the degree of dissociation, @, of N2O4into NO,
at the various temperatures. The quantity « was obtained
from the equilibrium constant of the reaction N,O; = 2NO,
the latter being computed according to values of the quan-
tity A(F® — HJY)/T listed by Giauque and Kemp® at vari-
ous temperatures. Their values were fitted by least squares
calculations to the equation

0 0
—a <f,.T§_o> - %73 ~ 2.496 log T + 49.40

from which K could be readily computed, using HY =
12,870 cal./mole.

It was verified that neglect of gas imperfections did not
introduce any appreciable error.

Experimental Results

Adsorption data for NOs-N3O, on rutile were ob-
tained in the range from —16 to 29°. A presenta-
tion of all the isotherm data does not seem to be
justified because the various curves differ from
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each other only very slightly. Therefore, only a
typical isotherm obtained at —16° is shown here
(see Fig. 1, curves A and B); the remaining data
can be found elsewhere!* in full detail. Although
the BET theory!® is not applicable to these data
the BET plots are still linear in the usual range of
surface coverage. Note that the points in Fig. 1
were obtained in three separate runs.
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Fig. 1.—Adsorption of NO:-N;O, on rutile at —16°:
A, B, original adsorption-desorption cycle; C, D, second
adsorption-desorption cycle (full circles).

The abscissa values, .e., the “‘relative pressures’
x = p/p, were computed by dividing the vapor
pressure corresponding to the temperature of the
reservoir cryostat by the vapor pressure corres-
ponding to the temperature of the sample cryostat.
This procedure has no real theoretical justification
because in these experiments we deal with adsorp-
tion from a mixture of gases. The procedure
merely offers a convenient method for reducing all
pressture values to the same scale in all runs.

Discussion of Results

The adsorption of NOs~N:O4 on rutile presents
several features of interest.

1. The runs required between three weeks and
two months each for completion. In passing from
one point of the isotherm to the next there oc-
curred a very rapid initial uptake for 5-10 minutes,
followed by a slow adsorption process lasting from
two hours to several weeks, depending on the sample
temperature and the region of the isotherm.

2. The isotherms taken at different tempera-
tures differ only very slightly in the appearance of
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their initial portions, contrary to what is normally
encountered in physical adsorption. There is no
shifting of the isotherms to smaller ordinate values
with increasing sample temperature.

3. The weight changes are only partially rever-
sible, in that all desorption curves such as curve B,
Fig. 1, lie well above the adsorption curves such as
curve A, Fig. 1. This is not the usual “hysteresis
phenomenon” often encountered in the literature,
since the discrepancy between the adsorption and
desorption isotherms is accentuated at low surface
coverage.

4. Upon completion of the desorption cycle in
each experiment, the adsorbate-adsorbent system
suspended from the spring showed a net weight
increase of 16 mg. per gram of sample. To get
back to the original sample weight it was found
necessary to heat the sample to 400° while keeping
the NOs—N,O4 condensed phase at Dry Ice tem-
perature.

5. Most of the initial weight increase of the
adsorbent-adsorbate system occurred in the re-
markably low pressure range of 40-500 microns.
Evidently a strong interaction between adsorbate
and adsorbent must have taken place to account
for the large weight changes at such low pressures.

6. The adsorption and desorption isotherms

obtained with a rutile sample which had not been
heated during outgassing remained consistently
below the corresponding curves obtained with the
outgassed samples. In other respects the two
types of isotherms are closely similar; observa-
tions 1-5 as well as 8§ are equally applicable to iso-
therms obtained with the unheated rutile sample.
7. TUpon repeating an adsorption run using the
same rutile sample as in the original run the second
curves were found to lie considerably above the
original isotherm (compare curves C, D to A, B
in Fig. 1). A similar experiment was carried out on
the sample which had already been used in ob-
taining the 16° isotherms. This sample was again
outgassed; using a freshly prepared quantity of
NO;-N,O; an isotherm was then run at —7.6°.
This isotherm lay much higher than all others;
evidently, the rutile surfaces were markedly
altered in the course of the first adsorption—desorp-
tion cycle.

8. After beginning the runs there was evidence
of N;O; formation as indicated by the presence of a
blue ring in the cryostat. The condensed phase
obtained in the N3O, reservoir after chilling the
latter to —78° at the conclusion of the run showed a
distinct bluish-green tinge, as contrasted to the
snow white appearance of the condensate prior to
adsorption. In ‘“‘dry runs’ during which purified
NO;N:O; was allowed to circulate through the all-
glass system in the absence of the sample, no con-
tamination of the gas was observed.

These visual observations were confirmed by an
infrared analysis of the adsorbate. At the con-
clusion of a run at 29° the reservoir was sealed off
from the adsorption line and connected to a fluorite
absorption cell which had been evacuated. The
infrared spectral region in the range from 1200
to 3500 cm.~! was scanned several times while
raising the reservoir temperature from —78 to 0°.
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Careful comparisons of the infrared spectrum
with the spectra cited in the literature were made;
the presence of NO, NO,;, N;O; N;O; and NOCI
in the gas phase was established on the basis of
these comparisons.

9. Prior to degassing, the rutile sample was
white. During the heating the sample darkened
considerably, but at the conclusion of each run the
solid once again had reverted to its original appear-
ance.

Interpretation of Results

The evidence presented in the two preceding
sections shows that the adsorption of NOyN;O,
on rutile is an exceedingly complicated process.

Observations 1-9 of the previous section are con-
sistent with the concept that we are not dealing
with a simple physical adsorption process but that a
chemical interaction between rutile and nitrogen
dioxide—tetroxide has occurred. The slow rate of
approach to equilibrium infers the presence of an
activated process. The very steep rise of the
adsorption isotherm at low pressures and the
alteration of the surface upon adsorption discussed
in observations 5 and 7 are also indicative of strong
adsorbate—adsorbent interaction. For this reason
the usual theories concerning physical adsorption
on inert surfaces are obviously not applicable.
On the other hand, the existence of an initially
rapid adsorption rate and of partial reversibility
in desorption indicates that physical adsorption
also occurs to some extent. The effect of raising
the sample temperature is to enhance chemisorp-
tion and to diminish physical adsorption; these
two opposing effects are undoubtedly responsible
for observation 2.

In order to account for the chemical reaction
that appears to take place between NO;—N,O,
and rutile we propose the following working hypo-
thesis: The rutile samples which were supplied for
this investigation were deficient in oxygen, this
oxygen deficiency being further accentuated by
subjecting the sample to an outgassing tempera-
ture of 400° for two weeks at pressures below 105
mm, Upon adsorption of NO;~N;O,, the oxygen
deficient sites were reoxidized, resulting in a partial
reduction of the adsorbate.

The plausibility of this hypothesis will now be
examined in the light of its consistency with the
above observations. Further evidence in favor of
this hypothesis will be presented in the succeeding
paper. In the first place, the formation of NO
and of N;O; is explained by this mechanism. The
hypothesis is also substantiated in part by observa-
tion 9: it is known!¢—18 that oxygen deficient rutile
is dark in appearance. Observations 3-6 can also
be interpreted on this basis. It is evident that
during reoxidation the sample weight increased.
The “‘isotherms” such as presented in Fig. 1,
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therefore, include a contribution arising from the
weight increase of the sample, In the absence of
further information it is difficult to correct for this
contribution and such a correction will not be
attempted here. It is clear, however, that the
large weight increase at low relative pressure (see
observation 5), as well as the behavior of the
system in the desorption cycle (see observation 3
and 4), is due in large measure to the progressive
increase of the sample weight during reoxidation.
The slow oxidation rate and the long time intervals
required for oxygen diffusion from exterior points
to oxygen deficient sites inside the lattice were in all
probability respomnsible for the slow rate at which
the system reached equilibrium,

Finally, in order to account for the formation of
NOCI it must be noted that the rutile samples used
here were prepared commercially by hydrolysis of
TiCl,. Some of the TiCly undoubtedly coprecipi-
tated during hydrolysis. It is known!® that a
vigorous reaction between NO; and TiCl, occurs at
room temperature, resulting in the formation of
NOCL

Conclusion

If the above working hypothesis is correct then
the adsorption of NOsN;O, can be used to obtain
information on the physical properties of rutile,
For example, an analysis for NO formed during
adsorption would give an estimate on the number
of surface defect sites in the lattice, and this value
can then be compared to information obtained by
such studies as conductivity, dielectric loss, or
magnetic susceptibility measurements.

The present experiments indicate that the
Ti:O ratio may vary over a wide range in rutile and
that oxygen is easily removed from the lattice even
under mild heating in a non-oxidizing atmosphere.
Conversely, one finds that NO, may be used as a
suitable oxidizing agent to replace oxygen lost from
the lattice.

Finally, it is evident that the difficulties en-
countered in assays for titanium in rutile or anatase
may be traced in part to the fact that these crys-
tals readily form a lattice having a defective
structure. Thus the sorption of NO; on rutile is a
complicated chemical and physical process.
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