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Two recent papers from this Laboratory have
reported the results of hydrogen adsorption
measurements on two finely divided tungsten
powders.? The results of the study were unique
from both an experimental and theoretical view-
point. The present investigation was undertaken
to determine the detailed nature of nitroger. ad-
sorption on tungsten powder under conditions
similar to those employed in the study of hydrogen
adsorption. As tungsten is a fairly active syn-
thetic ammonia catalyst, it is of interest to know
both the nitrogen and hydrogen adsorption char-
acteristics for this metal.

Experimental

Tungsten Powder.—Tungsten powder obtained from
Dr. W. D. Coolidge of the General Electric Co. and marked
Y-9799 was used in the investigation This was identical
with ofie of the powders used by Frankenburg.’ Low
temperature nitrogen adsorption measurements, when
plotted by the BET method,* give a surface area of 2.81
m.2/g. During the reduction and outgassing of the pow-
der, some sintering occurs such that after this pretreatment
the surface corresponds to 2.00 m.?/g., a value which was
reproduced with several powder samples after their pre-
treatment.

Gases.—The purification of the hydrogen used in the
reduction of the tungsten powder has been described in the
earlier paper.? The nitrogen for adsorption purposes was
prepared by the thermal decomposition of sodium azide.
The sodium azide was obtained from A. D. MacKay Co.,
New York, N. Y., and contained 1%, sodium oxide as im-
purity. The nitrogen evolved at 350 ° was passed through
a cold trap at —195° and was collected in an evacuated
bulb. The gas coutained none of the rare gases as iinpur-
ity and was better than 99.9%; pure.

Apparatus.-—The construction and calibration of the
apparatus has been described in the previous paper.? A
palladium tube has been added to the original appzratus

(1) Present address:
Pittsburgly, Pa.

(2) The material for this puper was obtained from the author’s
thesis which was submitted to the faculty of Johns Hopkins Univer-
sity as a partial requirement for the degree of Doctor of Philosophy.

(3) Frankenburg, THIs JOURNAL, 66, 1827 (1944); 66, 1838 (1944).

(4} Brunauer, Emmett and Teller, §bid., 60, 309 (1038).

Mellon Institute of Industrial Research,
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during the present work. TFigure 1 shows the modified
apparatus. By means of stopcocks Z and Q, the palladium
tube H may be evacuated while being heated by the ex-
ternal heater N. Gases from the system proper may be
expanded into the evacuated palladium tube by closing
stopcock Z and opening stopcock U. When the palladium
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Fig. 1.—Adsorption apparatus.
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tube is heated to 400° any hydrogen present in the gases
may be detected because of its diffusion through the tube
and a subsequent decrease of the gas pressure in the system
as read by the McLeod gages. By this method, it was
possible to.detect the presence of hydrogen in a total sam-
ple of gas as small as 0.0002 cc. (S. T. P.) when the pressur:
of the gas in the system is of the order of 10~¢ mm., pro-
vided the hydrogen coutent is greater than 5%,.

Reduction and Outgassing of the Powder.—A weighed
ammonnt of tungsten powder, approximately 15 g. was
placed in the adsorption vessel. The technique of reduc-
ing and outgassing the powder, as described in the previous
paper® was followed. Careful checks were kept on the gas
evolution of the powder during its outgassing until experi-
rnce showed that the powder was in a reproducible state
and had adsorptive propertics identical 1o those of previous
samples.

Adsorption Technique.—The adsorption technique em-
ployed by Frankeuburg® was used. All gas inlets were
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made at 750° except when rate experiments were being
made. With any given amount of gas in the system,
measurements were made at temperatures above those at
which the equilibrium pressure was too small to be meas-
ured and above those at which the time required for
equilibration was excessively long. Experience showed
that 400 ° was the lowest temperature at which equilibrium
measurements could satisfactorily be made.

Rate of Adsorption Measurements.—Two methods were
employed. The first consisted of admitting to the ad-
sorption vessel an inlet of gas at somc fixed temperature
and then following the adsorption process as a function of
time. When the adsorption rate becaine exceedingly low,
the temperature was then quickly raised by 100° and the
rate of the adsorption process followed at this higher
temperature.  In the second method a large amount of gas
was admitted to the adsorption vessel and the rate of
adsorption followed as a function of time. The amount of
gas adinitted was of such a size that the total pressure dur-

ing the adsorption process did not change by more

than about 10%;.

Results

Equilibria.—The results of the adsorp-
tion equilibrium measurements are shown
i1 Figs. 2 and 3. Figure 2 shows the adsorp-
tion isotherm for the single temperature
750° showing all of the experimental points

taken with various runs and different sam-
ples of the same powder. Figure 3 shows
the adsorption isotherms obtained at the
various temperatures studied. The adsorp-
tion isotherms are very close to each other
at higher pressures. Hence, the experi-
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Fig. 2.—Adsorption of nitrogen on tungsten powder 9799 at
The nnmeral of the run number refers to the powder
sample, while the letter refers to the particular run on that sample
Runs 4A and 4B were made after the palladium tube

750°.

of powder.
was addid to the apparatus.

mental points of the various isotherms are
very densely crowded in this range. We
omitted for this reason, the experimental
points in Fig. 3. In order to obtain Fig. 3,
the experimental points were entered in a
large scale diagram and the best curves were
drawn through the experimental points. Be-
cause of the wide pressure range covered,
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Vig. 3.--The adsorption isotherms of nitrogen on tungsten powder 9799.
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10~ to 35 mm., it was necessary to plot the equi-
librium pressure values on a logarithmic scale. It
was found advantageous to plot the amounts ad-
sorbed also on a logarithmic scale. Hereafter in
this paper the adsorption isotherms when referred
to will be those plotted on a log-log scate. The
dashed portious of the isotherms in the high pres-
sure regions represent an extrapolation of the data.
The dashed portions in the very low pressure
region represent data which have a inuch lower
accuracy, on account of the large limits of error in
this range. They indicate, however, the correct
order of magnitude of the equilibrium pressures,

Rates.—Table I gives the per cent. of equi-
librium reached in one and thirty minutes at
various teruperatures along with the accompany-
ing pressure changes occurring during the adsorp-
tion process when a sample of gas was admitted to
the freshly outgassed powder. Because of the ex-
ceedingly slow rate of adsorption below 400°, no
adsorption equilibrium mieasurenients were made
below this temperature,

After one of the nitrogen adsorption runs, the
powder was outgassed in the normal manner and
then hydrogen adsorption ineasurements were
made on its sirface.  Values in perfect agreem.ent
with those obtained by Frankenburg® were ob-
tained. This seems to indicate that the powder
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Fig. 4.—The variation of the rate of nitrogen adsorption
when the temperature is changed fromn 100 to 200°.
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Fig. 5—The variation of the rate of nitrogen adsorption
when the temperature is changed from 300 to 400,
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had been thoroughly outgassed of all adsorbed
nitrogen and that it was in an identical condition
to the powder used in the hydrogen adsorption
studies. There exists, however, the possibility
that the hydrogen adsorption might not be in-
fluenced by any adsorbed nitrogen. Effects of
this kind were found by Brunauer and Emmett?
for the case of hydrogen adsorption at 100° on
certain iron synthetic ammonia catalysts which
had been subjected, previously, to a chemisorp-
tion of nitrogen.

The results of the rate of adsorption measure-
ments are plotted in Figs. 4, 5, 6 and 7. Figures 4
and 5 represent the results of the experiments in
which the temperature was suddenly increased by
100° during the adsorption process. Figure 6
represents the amount of adsorbed gas at constant
temperatures plotted as a function of time. The
adsorption data in Fig. 6 are plotted in Fig. 7as a
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. 6.—The variation of the rate of nitrogen adsorption
with temperature.
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Fig. 7.—The variation of the rate of adsorption equilibra-
tion with temperature.

(5) Brunauer and Emmett, THis JOURNAL, 62, 1733 (1940).
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function of 4/4x where A is the amount of gas
adsorbed during the time ¢ minutes and Ag is the
amount of gas adsorbed after equilibrium has been
reached at the temperature studied.

Discussion of Regults

Table I and Figs. 4 to 7 illustrate the slowness
of the adsorption process and indicate that we
deal with an activated adsorption. This seems to
be in complete disagreement with the results of
Roberts® and Van Cleave,” both of whom meas-
ured the N, adsorption on a tungsten wire by
means of the technique developed by Robertsé for
the determination of the accommodation co-
efficients and hydrogen adsorption on tungsten
wires.

TaBLE I

TimES REQUIRED FOR EQUILIBRATION OF NITROGEN ON
TUNGSTEN AT VARIOUS TEMPERATURES
Pressure change during

Temp., % of equilibrium time of observation,
°C. in 1 min. in 30 min, mm,
100 1 5 0.9 to 0.5
400 45 64 27 to 24
500 66 85 27 to24
750 95 99.9 0.04 to 0.004

They report a rapid nitrogen adsorption at
room temperature and a ‘‘complete saturation”
of the surface at a nitrogen pressure of less than
1 mm. pressure. Our data indicate an extremely
slow adsorption at 100° with less than 5%, of the
surface covered at the end of thirty minutes at a
similar pressure. It is difficult to explain this dis-
crepancy. Robert’s and Van Cleave’s method is,
in our opinion, not sufficiently sensitive to detect
more than the initial uptake of a small amount of
nitrogen. In addition, the surfaces of the ad-
sorbent wires were possibly larger than those cal-
culated from geometric data due to a surface
roughness.® It should also be pointed out that
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Fig. 8.—The adsorption isotherms of nitrogen and hydro-
gen on tungsten powder 9799.

(6) Roberts, Nature, 187, 659 (1936).

(7y Van Cleave, Trans. Faraday Soc., 34, 1174 (1938).
(8) Roberts, Proc. Roy. Soc. (London), 1824, 445 (1935).
(9) See footnotes 26 and 28 of Frankenburg, ref. 3.
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their method is an indirect one based on heat of
adsorption measurements. Finally, it is also con-
ceivable, although not probable, that there is a
distinct difference between the adsorption phe-
nomena occurring at a plane surface of a tungsten
wire and that occurring on the surface of a tung-
sten powder.

Messner and Frankenburg?® have made a few
measurements of the adsorbing capacity of a
tungsten powder for nitrogen. Their results
indicated an activated adsorption. Another fact
to be mentioned here is the slowness of the ad-
sorption of nitrogen on tungsten as indicated by
the work of Joris and Taylor!! who measured the
rate of the nitrogen isotope exchange NJ® + N}t —
2NN on a tungsten powder surface, The ex-
change process was so slow that below 450° it
could not be detected.

The isotherms in Fig. 3 show several interesting
features which we shall now comnsider separately.
Essentially they are of the same type found by
Frankenburg?® for hydrogen on tungsten. Figure
8 shows the nitrogen and corresponding hydrogen
isotherms on the same plot.'? The hydrogen
adsorption values vary over a much larger range
than the nitrogen values. Furthermore, the
change of the isotherm slopes with change in tem-
perature is more pronounced.

Isotherm Intersections.—It should be noted
that the isotherms in Figs. 3 and 8 intersect
each other at a single point if they are extra-
polated in a linear fashion. This point of inter-
section is, within the limits of error of the experi-
nients, identical for both the hydrogen and nitro-
gen adsorption on the same tungsten powder.
For reasons already pointed out,'? it cannot be de-
cided whether or not this point corresponds to the
actual saturation of the surface or whether there
is a “true saturation value”’ which, for the hydro-
gen system, has been estimated as being approx-
imately 1009 higher than s. The apparent satu-
ration value s for the nitrogen systemn corresponds
tolog A = 0.96, log P = 3.3. A calculation of
the surface covering based on this value leads to
the result that, in this state of adsorption, one
nitrogen molecule is adsorbed for every four tung-
sten atoms on the surface of the metal. Ttis very
possible that the ‘true saturation value” for the

(10) Messner and Frankenburg, Z. physik. Chem., Bodenstein
Lestband, 503-607 (1931).

(11) Joris aud Taylor, J. Chem. Phys., T, 893 (1330).

(12) Tt should be noted that, as before, the dotted portions of the
isotherms represent extrapolated portions of the isotherms. The
isotherms in the high pressure region were extrapolated linearly.
The point of intersection of the isotherms corresponds only to an
apparent saturation value and not to the “true saturation value’”
which is discussed in the second paper of Frankenburg.? Any at-
tempts at trying to find the "true saturation value” by amnalysis
of the experimental values of the nitrogen isotherms are necessarily
futile because of the extremely slight slope of the isotherms in the
case of nitrogen adsorption. Hence, in this paper, the term “‘satura-
tion value’ implies the point of intersection of the extrapolated iso-
therms and will be represented in all equations by *‘s” to differentiate

it from the “true saturation value’” 8" which has been estimated for
hydrogen adsorption in the previous papers.3
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nitrogen system is the same as that of the hydro-
gen system in which case the surface covering was
estimated to correspond to one nitrogen molecule
for every two atoms on the surface. The very
flat nature of the nitrogen isotherms permit, how-
ever, no safe conclusion on this point.

Isotherm Shape.—All of the isotherms in Fig.
3 are, in very good approximation over this en-
tire length, either single straight lines (below
600°) or straight lines in the high and medium
pressure regions curving toward the pressure
axis in the low pressure regions (above 600°).
The curved portions of the isotherms, as previ-
ously mentioned, are less well defined for reasons
to be discussed later. Frankenburg® has shown
that the straight line portions of the isotherms
may be represented by the equation

log P, = —alog (s/4) + log Py (1)

where P, is the pressure at equilibrium when the
amount 4 is adsorbed, Ps is the pressure when the
saturation amount S is adsorbed, and « is d log
P/d log A which we shall define as the slope!® of
the isotherm. In the previous paper® it was
shown that as the slopes of these isotherms are
greater than 2, the isotherms cannot correspond
to the simplified Langmuir equation for either
molecular or atomic adsorption.

Curved Portion of Isotherms.—In the ex-
tremely low pressure region it was observed that
the isotherms for 600° and higher temperatures
tend to depart from a straight line and slope to-
ward the pressure axis. The reason for the in-
exactness of the data in this region is as follows:

In performing the adsorption measurements, it
was noticed early in the investigation that when 4
was small several strange effects appeared.
First, the equilibrium pressure in this region was
higher by several orders of magnitude than could
be expected if the straight line portions of the
isotherms were extrapolated to values of log 4
lower than 0.40. It should be recalled that the
hydrogen isothermis were all straight lines to log
A4 = 0.50-2. It was further discovered that if
the system was allowed to stand a number of hours
at the higher temperatures (650° or above), there
was a gradual increase in the pressure, as much as
by one order of magnitude. At first these dis-
crepancies were attributed to the slow but steady
gas evolution nnd also possible slight inaccuracies
in the McLeod gage in the low pressure region.
It was suggested, however, that the inercase in
pressure might be caused by the evolutior of
traces of adsorbed hydrogen left on the surface of
the tungsten from the reduction which was being
desorbed because of the high heat of the nitrogen
adsorption. To check this, the palladium tube
was added to the system. By its use it was found
that the irregular pressure increase was actually
due to hydrogen evolution. By the constant
diffusion of this evolved hydrogen through the

(13) dlog P/dlog A isactually the reciprocal of the "“mathematical
slope” d log 4/d loy; P.
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palladium tube, constant pressure could be
maintained in the system.!* The equilibrium
pressures obtained by this method still did not fall
in line with the extrapolated straight line portions
of the isotherms. It is thus necessary to assume
that the isotherms curve toward the pressure axis
at some point. From a study of the heat of ad-
sorption of the process it seems necessary that at
some value of the amount adsorbed, the isotherms
should tend to curve toward the pressure axis
and become parallel to each other. The experi-
mental data indicate that this occurs at about log
A = 0.35. Even the isotherms at 400 and 500°
niay curve toward the pressure axis at values of
log A lower than this value, but such an effect
could not be detected experimentally due to the
impossibility of measuring pressures below 10-°
min. with our apparatus. A similar curvature was
found in the tungsten-hydrogen system but it
occurred at much lower log 4 values. The slope
of the isotherms in the very low pressure range is
approximately 2 which, as Frankenburg has
pointed out, is indicative of atomic adsorption.
This further confirms the postulate presented in
the previous papers that in the low pressure, low
covering region, the gas is adsorbed as atoms, and
in the higher pressure region as ‘loosened”
molecules.

Thermodynamics of the Nitrogen-Tungsten Sys-
tem

Heat of Adsorption.—From any two isotherms
made at different temperatures, the heat of ad-
sorption may be calculated by the integrated
Clausius-Clapeyron equation

log Py — log Py = Q(Ty — T1)/2.803RTSTY  (2)

where P, and P; are equilibrium pressures for the
amount 4 adsorbed at the temperatures 7T, and
T,, and Q is the differential heat of adsorption
when the amount 4 is adsorbed. From the
equation (2) it is seen that on a log P vs. log 4
isotherm plot, the linear distance along the log P
axis between the two isotherms at constant “4”
is directly proportional to the heat of adsorption.
Thus, at the point of intersection of the iso-
therms, the heat of adsorption is zero. In the low
covering range where the isotherms are in all
probability parallel to each other, the heat of
adsorption is a constant. For the straight line
portions of the isotherms between low coverings
and saturation, the heat of adsorption decreases
as a function of the amount adsorbed. The rela-
tionship between the straight line portions of the
isotherms and the heat of adsorption can be de-
rived mathematically and shown to be

Q = ¢log (s/4) where ¢ = 2.303 RT\ Ty — a2}/ (T2 ?3)]"1)

and « is the slope of the isotherm as already de-

(14) The amount of hydrogen adsorbed is so small that it occupies
only a very small fraction of the surface, possibly 1/10,000 part or
less and the gas evolution is so small that it cannot be detected at
pressures above 1073 mm.
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fined. Thus Q, the differential heat of adsorp-
tion, decreases as a logarithmic function of the
fraction s/A. In Table I are listed the values of
the isotherm slopes a and also the calculated ¢
values for the various temperature intervals.

TABLE 11

Score (1 Loc P/d Log A) or THE ADSORPTION ISOTHERMS
AT VARIOUS TEMPERATURES AND THE CALCULATED VALUES

OF ¢
Temp., °C, Slope a ¢, kcal./mole
750 9.28 137.0
700 10.79 138.9
650 12.48 1,‘9"7
800 14.37 e
o - 119.5
530 18.25 105.0
470 22.55 :

It seems best to neglect the values of ¢ calcu-
lated for the temperature intervals lower than
600° as it is possible that the isotherms at these
lower temperatures do not represent complete
equilibria because of the extremely long times
required for equilibration. The value of ¢ is rela-
tively constant over the temperature range 600 to
750° and between the limits log 4 0.35 and 0.96.
It should be pointed out again that the slopes of
the isotherms are very slight; « is vety large,
and a very small change in the slopes will make a
large change in the value of ¢ calculated above.
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Ttig. 9.—The variation of the differential heat of adsorption
of nitrogen on tungsten powder 9799 as a function of 4 /s.

The relationship for the heats of adsorption
mentioned above holds only for the straight line
portions of the isotherms. Using the approx-
imate curves for the curved portions of the iso-
therms a value of Q = 70.0 to 80.0 kcal./mole
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seems to be best. This is a constant heat of ad-
sorption apparently independent of temperature
and surface coverings lower than log 4 = 0.35.
This heat represents an upper limiting value of
the heat of adsorption. Indeed, some limit is to
Le expected for, if the isotherms continued as
straight lines, it would indicate the absurd value
of infinity for the heat of adsorption for an in-
finitely small surface covering.

The variation of the heat of adsorption with the
fraction of surface covering is plotted in Fig. 9.
The dotted portions represent the values calcu-
lated froin the extrapolated portions of the iso-
therms.

Activation Energy.—From the rate of adsorp-
tion experiments it is possible to calculate the
energy of activation of the adsorption process.
If the rate of adsorption is assuined to follow the
equation

dd4/dt = ke ¥/ET (4)

then for two different temperatures 7, and T,
where the rates are (d4/dt), and (d4 -dt),

_ 230377,
(T — T1)

Or it may also be used in the forin

= 23 g (/1 ®
where £, and £, are the times required for 4 moles
of gas to be adsorbed at the respective tempera-
tures. These equations should be applied only
for equal fractions of the surface being covered, as
the activation energy may well vary with the
surface covering., In Table IIL are listed in
column 6 the various values of £ calculated by
means of equation 5, together with the rate data
taken from Figs. 4, 5 and 6. Obviously, the
activation energy is a function of the fraction of
the surface covered.

It is of interest at this point to see how well the
equations which have been developed by Eyring,'®
for the rates of adsorption will fit the experimental
data. Rate equations for four different types of
adsorption have been proposed, namely: I,
immobile adsorbed layer, adsorption on single
sites

Rlog |(dA/dtyy/ (d4/dt,]  (5)

& e~ E/RT
o1 Srl (P MRT) e

2, immobile adsorbed layer, adsorption on dual
sites

d4/dt = %scgcsu — 9

dA/dt = C,Co(1 — 6) (")

¢ IemE/RT o
e (omy g R ALY
3, mobile monolayer
Pe—E/RT

2 @E.MRT)‘/Z )
4, immobile adsorbed layer, adsorption with dis-
sociation resulting from the jump of one or both

(15) Glasstoue, Laidler and Eyring, “The Theory of Rate Proc-

esses,” McGraw-Hill Book Co.. Inc., New York, N. Y., 1941, pp.
350, 351 and 358.

d4/dt = (1 —



Aug., 1946 ADSORPTION OF NITROGEN ON TUNGSTEN POWDER 1401
TapLE IIT
ACTIVATION ENERGY OF ADSORPTION AS A FUNCTION OF SURFACE COVERING
A in 107% dA/dt Energy of activation in keal./mole

T, °K. P, mm, mole/g. (1 — A/s) mals/sec, sq. cm. Eq. 5 Eq. 7 Eq. 8 Eq. 9

373 0.6 0.572 0.942 (.855 X 109 12.22 12.68 14,03
10.00

473 0.6 0.572 .942 14.7 X 109 12.33 13.35 15.03

573 1.0 3.45 .655 1.6 X 10? 17.45 18.93 20.93
23.10

673 1.0 3.45 .655 30.3 X 109 16.05 17.40 20.41

673 25.0 5.00 .500 4.94 X 109 22.40 23.90 26.80
25.00

773 25.0 5.00 . 500 5.0 X 100 21.80 23.40 27.10

773 24.0 5.64 434 £.06 X 10¢ 24.90 26.60 30.10

of the atoms constituting the molecule from one
site to another.
o BT o¥e (1= 0)(f)e=F/rr
* b ot [8rU{2rMRT)¥/kT|Yx
Using the dA/d¢ values determined from the
curves in Figs. 4, 5 and 6, and assuming that ¢ = 2
and ¢r = 1, and C; = 1.2 X 10, the number of
tungsten atoms on the surface, these values to-
gether with the other constants can be substituted
1n the above equations and the energy of activa-
tion necessary to satisfy the equation is calculated.
These calculated values are listed in Table III.
The calculated values using equations 7, 8 and 9
are all close to one another and agree rather well
with those calculated by equation 5 over a tem-
perature range. The values calculated using
equation 10 are about 20 kcal. too high. Since
they are completely out of line they are not
tabulated. It is not possible to come to any con-
clusion as to which equation best fits the experi-
mental data because of the slight variation in the
calculated values. However, the variation of E
with surface covering as calculated by equations 3,

(16) The nomenslature used in the above equation is

dA/dt = G/t (10)1¢

Cq = concentration of gas molecules/cm.3

Cy = concentration of adsorption sites on bare surface/cm.?
(See note below)

8 = fraction of surface covered A/s

o = symunetry factor for gas molecule = 2

ot = symme:ry factor for adsorbed molecule = 1

K = number of adjacent sites = 6

I = moment of inertia of gas molecule = 13.7 X 1074 g,
cm.?

M = molecular weight of gas molecule

k = Boltzmann number .

R = gas law constant calories/deg.

2 = Planck coustant

T = absolute temperature

E = energy of activation

dA/d: = rate of adsorption in molecules adsorbed/sec. cm.?

P = Pressure of gas in mm. Hg.

Note: 'y = 12 X 1014/sq. cm. (average number of tungsten

atoms/sq. cm.) was used in the above calculations. If, as tlie ad-
sorption data indicate, there is only 1 N2 molecule adsorbed for every
4 W atoms on the surface then Cg/4 should be used. However,
Frankenburg? caump to the conclusion that there is 1 H: molecule
adsorbed for every 2 W atoms on the surface, in which case Cg/2
should be used. In any case the calculated emergy of activation
would be increased by a factor 2.303RT log 4 or 2.303RT log 2
which, for the maximum temperature studied, amounts to approxi-
mately 1,000 or 2.000 cal./mole or a maximum uncertainty of less
than 8%, which, rousidering the uncertainties involved in other terms,
may be ignored.

7, 8 and 9 is plotted in Fig. 10. It will be noticed
that E varies in a different manner when calcu-
lated by equation 5 than when calculated by
equations 7, 8and 9. It is also of interest that the
differences in E as calculated by equation 5 and
by those calculated by equations 7, 8 and 9 will
make a difference in the adsorption rate of less
than a factor of 10.
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Fig. 10.—The variation of the energy of activation of the
adsorption of nitrogen on tungsten powder 9799 as a funce-
tion of A/s.

Energy of Desorption.—Since both the heat of
adsorption and the activation energy of ad-
sorption are known, the heat of desorption for
the adsorbed nitrogen from the tungsten surface
can be derived by means of the equation Eq = Q +
E.. This energy value can then be used in the
equation
0k Te—Ea/RT

h

where the nomenclature is the same as used in the
rate equations. Using this equation and the
calculated desorption energy for the desorption
of the last 259 of the surface covered, the rate ic
insufficient to account for the experimental fact
that after pumping for approximately fifty hours
at 750° reproducible adsorption values are
obtained with powders which had had one or more
sets of nitrogen measurements made on their
surface. Moreover, as has already been men-

—dN/dt = C, (1
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TasLE IV

EquiLieriuM PRESSURES OF HYDROGEN-TUNGSTEN AND NITROGEN-TUNGSTEN SYSTEMS AT EQUAL TEMPERATURES AND
HEATS OF ADSORPTION

Amount Ads.® Equilibrium pressures at Equilibrium pressures at 600°
10-¢ Mole/g. 600° 650° 500°
kcal./mole H. N, H;, mm. N, mm, Hp, mm. N; mm. H;, mm. Ns, mm, kcal./mole Hy, mm., Ng, mm.b
50.0 0.1 4.00 0.06 0.02 0.20 0.09 0.002 0.0008 50.0 0.06 0.07
40.0 0.25 4.70 0.60 0.20 20 0.6 0.03 0.02 40.0 0.6 0.7
30.0 0.63 5.580 6.0 1.0 11.0 5.0 0.60 0.3 30.0 6.0 7.0
25.0 1.00 6.00 17.8 7.0 31.0 16.0 3.0 2.0 25.0 18.0 25.0
20.0 1.58 6.60 50.0 28.0 80.0 50.0 12.0 9.0 20.0 50.0 100.0

¢ For nitrogen s = 9.2 X 107® mole/g.; for hydrogen s = 10.0 X 10~¢ mole/g. ? Calculated on the basis of s =
10.0 X 1078 mole/g. for nitrogen.

tioned, the hydrogen adsorptions measured after obtained for both systems at coverings with
a nitrogen run were identical with those obtained identical heats of adsorption.
by Frankenburg for the same powder. Franken- Acknowledgment.—Thanks are due to the
burg and Messner,” and Van Cleave’ have both  General Aniline and Film Corporation, New
reported that they were able to pump off the ad~  York, N. Y., which provided part of the funds
sorbed nitrogen at 750° in reasonable lengths of for this work. The author wishes to express
time. . his thanks to Dr. G. Schwarz who helped in the
. The reasons why the desorption rate calcula- injtia] stages of the work. The author is greatly
tions do not fit into the experimental picture are indebted to Dr. Paul H. Emmett and Dr. Walter
most likely connected with certain entropy G, Frankenburg, formerly of the Department of
changes which occur and have not been taken into  Chemical Engineering at Johns Hopkins Uni-

account. It is hoped that in a later paper these vyersity, for their continued interest and assistance
factors can be presented and also those involved {n the work.
in the adsorption process.

It seems well to point out some of the similari- Summary
ties which exist between the hydrogen-tungsten 1. The adsorption of nitrogen on a tungsten
and nitrogen—-tungsten systems. powder has been measured over the pressure

1. The experimentally determined isotherms range 107% to 35 mm. pressure and at tempera-
have the same shape in both cases. tures between 400 and 750°.

2. An extrapolation of the experimentally de- 2. The adsorption isotherms on a log—log plot

termined isotherms results in their intersection at consist of a curved portion in the low covering

a point which is approximately the same, both in  region and of straight lines in the high covering

pressure and adsorption magnitude for both sys- range.

tems. 3. At saturation there is one molecule of
3. The decrease in the heat of adsorption is a nitrogen adsorbed for every four tungsten atoms

similar function of the covering of the tungsten on thesurface. :

surface in both systems. 4, The heat of adsorption is constant at about
4, -Within the limits of experimental errors the 75.0 kcal./mole in the low covering range and de-

slopes of the nitrogen isotherms are related to the creases according to the relation Q = 139.0 log

slopes of the hydrogen isotherms by the relation s/4 kcal./mole in the higher covering range.

axn, = 5.9ay, at the same temperature. 5. The activation energy involved in the ad-

5. At equivalent heats of adsorption the equi- sorption is approximately 10.0 to 25.0 kcal./mole
librium pressures which exist at the same tem- and varies with the surface covering.
peratures for the two systems are nearly equal. 6. Application of the Eyring rate equations
There are some discrepancies but they are small for adsorption gives results in agreement with the
considering the wide range of equilibrium pres- experimentally determined activation energies.

sures covered. The various values obtained for 7. The usual calculation of the rate of desorp-
the two systems at identical heats of adsorption tionisnotinagreement with the experimental facts.
and temperature are given in Table IV. The last 8. There is a close relationship between the

column of this Table shows that slight changes in  hydrogen—-tungsten and the nitrogen-tungsten
the accepted saturation value s can lead to a very systems.
good agreement for the equilibrium pressures RECEIVED MaRrcH 27, 1946



