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Adsorptive properties of chromia supported on alumina have been studied with an 
electrobalance for NO as an adsorbate. Isotherms are presented in the range from 
-78” to 150°C for both an oxidized and a reduced surface. The isotherms are of the 
Freundlich type at pressures between 0.1 and 300 torr. Maximum coverage corre- 
sponds to approximately one molecule of NO per atom of chromium in the surface. 
The adsorption of NO can therefore be used to assess the actual chromia surface in 
the presence of a support material. Changes in pressure and temperature influence 
the coverage on an oxidized surface more strongly than on a reduced surface. 

Kinetic measurements at constant temperature and pressure show a significant 
difference between an oxidized and a reduced chromia surface. In the first. case a 
uniform decrease of the adsorption rate with time is observed, while in the second 
case a fast initial adsorption is followed by a much slower process, indicated by a 
sharp break in the corresponding Elovich curves. The kinetic parameters as well are 
influenced by temperature more strongly for the oxidized than for the reduced state. 

An attempt is made to relate these chemisorption results to the catalytic behavior 
of supported chromia for the reduction of NO. 

Studies of the chemisorption of the “odd” 
molecule NO on metal and metal oxide 
surfaces by several different methods have 
been recently reported: by ESR on ZnO (1) 
and MgO (2) ; by infrared spectroscopy on 
transition metals (3)) their salts or oxides 
(4, 5), and noble metals (6) ; by field 
emission on W (7) ; by magnetic measure- 
ments and gravimetrically on Pd (8)) sup- 
ported chromia (9)) A&O, (10, 11), and 
SiO, (12). There exists also a body of older 
data obtained by volumetric and gravi- 
metric methods (13). Although consider- 
able insight has been gained into the mode 
of interaction of the NO molecule with the 
solid surface, no study directly concerned 
with the relation of NO chemisorption to 
its behavior in catalytic reactions has been 
reported. 

In a recent study (14) it has been shown 
that chromium oxide supported on alumi- 

num oxide is an effective catalyst for the 
reduction of the air pollutant NO by CO, 
provided that overall reducing conditions 
prevail. This catalytic reduction of nitric 
oxide is suppressed in the presence of ex- 
cess oxygen. In this context it was of in- 
terest to characterize oxidized and reduced 
chromia surfaces and to assess differences 
between the two states. 

Chemisorption is, frequently dependent, 
on the method of preparation or on the 
previous treatment of the adsorbent. Large 
fluctuations of the adsorbed quantities may 
be due to a number of undesired side effects, 
such as poisoning of the surface, partici- 
pation of the bulk matter in some chemical 
reaction, or uncontrollable shrinkage of the 
catalyst. Chromia surfaces,, in general, are 
found to behave well in these respects. 
Changes of the oxidation state of chromium 
can be confined to the surface, the partici- 
pation of the bulk in the oxidation- 
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reduction process being excluded under 
proper experimental conditions. Surface 
shrinkage occurs to a certain extent, but it 
is possible to account for it sat’isfactorily. 
The amount of oxygen transferred during 
an oxidation-reduction step can be reliably 
measured by several methods. Result,s ob- 
tained using a microbalance are in good 
ngrcement with results obtained for the 
identical sample under somewhat diff ercnt 
conditions, as measured by a mass spec- 
trometer and by iodometric titration (14). 

The adsorption measurements of NO on 
the chromia-alumina surfaces studied here 
were reproducible, and the data obtained 
are consistent with related results reported 
in t,he literature. It is therefore assumed 
t,hat. the conclusions which are drawn from 
t.hese data are not limit,cd t’o the particular 
catalyst examined here, but are meaningful 
for chromia surfaces in general. 

Adsorbents. The sample was part of the 
same catalyst which had been used in 
earlier experiments (14) (Sample desig- 
nat#ion A). The support consisted of 95% 
AAlZO3 and 5% SiO, (supplied by the Ameri- 
can Cyanamid Co.). Spectrographic analy- 
sis has shown the presence of 175 ppm Fe, 
2F, ppm Cu, and 2.5 ppm Mn in the support. 
This carrier was impregnated with a so- 
lution of chromic nitrate. The catalyst w.as 
dried and calcined for 8 hr at 600°C. The 
chromium content was 10%. An X-rap 
diffraction pattern showed t’he lines be- 
longing to a-Cre03. The bare support, 
which was used for comparison, was sub- 
jected t.o the same heat treatment, after it 
had been washed thoroughly with distilled 
water. The BET area of the catalyst was 
measured gravimetricallp by adsorption of 
.4r at t)he temperature of liquid nitrogen. 
The surface occupied by an Ar atom was 
taken as 16.9 A” (15). 

Gases. Oxygen and carbon monoxide 
which were used for oxidation and reduc- 
tion of the chromia contained impurities 
amounting to less than 150 ppm (Matheson, 
rei;earch grade). A check by mass spcctrom- 
cter showed that the gases did not pick 
up significant, amount’s of contaminwutx 

after t,hey had been kept in the vacuum 
system for several weeks, 

Nitric oxide containing more than 1% 
of impurities was further purified. The gas 
was first frozen at -196°C and pumped 
on. Less volatile components were removed 
by warming to Dry Ice temperature and 
rejecting the residue. This fractionation 
was repeated 5-6 times. The final product 
was of a blue color in the liquid state, con- 
trary t’o the straw-green coloration reported 
by Nightingale et1 al. (Ifi). The frozen 
solid displayed a slightly grayish tint. 
Mass spectrometer analysis indicated a 
purity of 99.8%. The major impurity was 
nitrogen. The mass spectrum did not show 
the presence of NO, or N,O,. 

Apparatus. Weight changes of the ad- 
sorbent were measured by a Cahn RG 
electrobalance and recorded continuously. 
Changes of 1 pg could be observed. The 
microbalance was connected to a standard 
vacuum system which permitt.ed dynamic 
pumpdown to <5 X 10d6 torr. A U tube 
containing gold bits and kept in a Dry Ice- 
acetone bath was used between the pump 
and the balance in order to eliminate mer- 
cury vapor. 

A small quartz glass bucket filled with 
about, 1 g of catalyst pellets was suspended 
by a quartz glass fiber from the balance 
arm and was counterbalanced by a similar 
bucket with glass beads. The sample was 
suspended in a quartz glass tube 60 cm long 
and 3.5 cm in diameter. The calculated 
static bouyancy was negligible because of 
the counterbalancing. Effects caused by 
convection of t,he gas in the sample cham- 
ber had to be considered more carefully 
(17’). A series of tests, using Ar as a me- 
dium, yielded a dynamic buoyancy of less 
than 0.5 ;lg/torr for temperatures up to 
150°C. A buoyancy correction was there- 
fore not applied. 

Constant. temperatures at -196”, -78”, 
and 0°C were ensured by liquid nitrogen, 
Dry Ice-acetone, and water-ice baths, re- 
spectively. A stirred glycerin bath was used 
for higher temperatures up to 150°C. A 
predetermined constant temperature was 
maintained by an electronically controlled 
heater. The actual temperature of the cata- 
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lyst was measured in a separate test. For 
this purpose the tip of a thermocouple was 
placed at the location of the sample. The 
temperature of the sample was found to 
deviate by less than 1°C from the tem- 
perature of the bath. 

Conditioning of surface. The sample 
reached a constant weight after 2 weeks at 
450°C in a vacuum, losing about 5% of its 
weight during this period. For the reduc- 
tion, the sample was heated to 450” while 
pumping, exposed to CO for 1 hr (5 torr 
in a volume of 3.5 liters) and then evacu- 
ated for 30 min. Finally the sample was 
kept under 5 torr of CO for 14 hr. No fur- 
ther reduction was noted upon proIonging 
or repeating this process. The sample cham- 
ber was evacuated and cooled to the de- 
sired temperature and the measurements 
~omlnenced after the balance had indicated 
a change of less than 0.03 mg/hr, For the 
oxidation at the same temperature a similar 
procedure was followed using 5 torr of 
oxygen. 

Sintering. Over the long duration of the 
measurements a substantial shrinkage of 
the chromia surface (up to 30%) was noted, 
as indicated by the decrease in the amount. 
of oxygen which was transferred during 
an oxidation-reduction step. A determi- 
nation of the total chromia-alumina sur- 
face by the BET method, after completion 
of the adsorption measurements, showed 
that the alumina surface had shrunk con- 
comitantly with the chromia surface. This 
observation was surprising since the sam- 
ple temperature was never raised above 
500% and remained at all times well below 
the temperature of the original calcination. 
A decrease of the chromia surface by 14% 
was found during previous NO reduction 
experiments, but no contraction of the 
alumina surface was detected (1.4). Pos- 
sibly the presence of a high NO concentra- 
tion aided and intensified the sinterin~ 
process. A similar influence was observed 
during the NO adsorption on nickel and 
iron films for which surface shrinkage was 
noticeable even at -78% (28). 

Execution of measurements. Adsorption 
isotherms were measured in a random 
fashion, in order to minimize the possibility 

of systematic errors introduced by aging of 
the catalyst. Measurements on reduced and 
oxidized surfaces were alternated for this 
purpose, and a systematic change of tem- 
perature in the succession of the isotherms 
was avoided. In addition some points of 
each isotherm were repeated at different 
times. 

The amount of oxygen which was needed 
for the oxidation of a reduced surface 
under the conditions described above, was 
taken as a direct measure for the actual 
chromia surface and a correction was ap- 
plied correspondingly to allow for the 
shrinkage. Without this correction a notice- 
abIe discrepancy of some of the adsorption 
results which were obtained under 
seemingly identical conditions would have 
resulted. 

The adsorption process continued at a 
very low rate for a long time, and the 
establishment of adsorption equilibrium 
was difficult. Solbakken and Reyerson (10j 
observed similar behavior for NO adsorp- 
tion on an alumina gel. They found signif- 
icant adsorption even after 100 days. A 
comparative test proved that slow, adsorp- 
tion occurs on the surface of the bare 
alumina support in the same fashion as it. 
does on the chromia-alumina surface. This 
fact was especially evident at low temper- 
atures and high pressures. It was therefore 
assumed that the adsorption which was ob- 
served after 24 hr occurred on the alumina 
rather than on the chromia surface. Ad- 
sorption measurements were usuaIly con- 
tinued for 6 to 24 hr, unt.il the amount 
adsorbed per hour was less than 0.2% of 
the quantity already adsorbed. The amount 
of nitric oxide which was adsorbed on alu- 
mina, de~rmined from the NO adsorption 
of the bare support under equal conditions, 
was subtracted from the adsorbed portion. 
The correction was substantial for the iso- 
therms at -78” and at 0°C for NO pres- 
sures above 1 torr. It was still noticeable at 
9O”C, but not at 150°C. 

Rates of adsorption were measured at 
-78”, O’, 45O, 90”, 120*, and 150°C on 
oxidized and reduced surfaces. The usual 
pressure of NO was 3 torr. The pressure 
decreased by less than 10% during t’he 
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FIG. 1. Adsorption isotherms for NO on supported ch.romia in the reduced state. 

measurements. The increase of the sample 
weight was continuously registered by a 
recorder. The rate was given by the slope 
of the recorder trace. The kinetics of the 
adsorption was followed until about 60- 
7070 of the total amount’, as given by the 
static isotherms, was adsorbed. The run in 
each case lasted usually for about 3 hr. 
Measurements were repeated at least t’wice 
under the same conditions. 

EXPERIMENTAL RESULTS 

The initial total surface of the chromia- 
alumina sample, determined gravimetri- 
tally from the adsorption of argon at 
- 196”C, was 194 m”/g. The unit of adsorp- 
tion which is used here is “millimoles of 
X0 per gram of catalyst in its initial state” 
(mmoles/g) . Adjustment for surface 
shrinkage is always taken into account. 
The notation “per gram” is therefore equiv- 
alent to “per 194 m2.” 

The amount of oxygen required to oxi- 
dize a sample which had been reduced 
under the stated conditions (at 450°C) was 
0.62 mg atom oxygen/g catalyst. It has 
been shown previously for the same sample 
that t’his oxidation corresponds to an aver- 

age oxidation state of 5.5+ for the surface 
chromium [Fig. 8 in ref. (14.) 1. Assuming 
that the surface chromium in the reduced 
state is present in the 3f state it follows, 
as the oxygen atom carries 2 charges, that 
t’he chromium concentration in the surface 
is 0.62 X 2/(5.5 - 3) = 0.5 mg atom Cr/g. 
It is worth noting that Weller and Volta 
(19) have reported previously that chro- 
mium is not reduced to the Cr2+ state in a 
static apparatus, presumably because of 
residual amounts of oxygen in the system. 

Isotherms 

The adsorption of NO on reduced and 
oxidized surfaces is shown in Figs. 1 and 2 
for four different temperatures. Open and 
filled symbols on the isotherms indicate 
separate runs between which the surface 
has been subjected to at least one oxida- 
tion-reduction cycle. The two kinds of 
symbols illustrate the reproducibility of the 
measurements. The dashed lines in Fig. 2 
represent data which have not been cor- 
rected for NO adsorption on the alumina 
support, showing that this correction is im- 
portant. The same correction was applied 

, 

FIG. 2. Adsorption isotherms for NO on supported chromia in t,he oxidized state. 
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to the data in Fig. 1 but the dashed lines 
are omitted for the sake of clarity. 

The experimental results are best de- 
scribed by Freundlich isotherms, which 
correlate, at a given temperature, the ad- 
sorbed quantity q of NO and the pres- 
sure p 

* = cpun (1) 

where c and n depend on the temperature 
only. This isotherm is amply described in 
the standard literature, see e.g., Hayward 
and Trapnell (20). The basic test for the 
Freundlich isotherm is to determine 
whether, for logarithmic coordinates, q 
changes linearly with p. Figures 1 and 2 
show that this relationship is true for at 
least a pressure range from 0.1 to 300 torr 
NO. The deviation of the isotherms from 
straight lines for pressures below 0.1 torr 
(coverages below 0.2) is expected. Thermo- 
dynamic considerations show that n de- 
pends on the interaction between adsorbed 
molecules. If this interaction is negligible, 
e.g., on sparsely covered surfaces, an ad- 
sorptive behavior according to Henry’s law 
[Eq. (1) for n = l] should be observed. 
The isotherms in Figs. 1 and 2 are con- 
sistent with this consideration, that is with 
a slope l/n = 1 in a log q versus log p 
diagram. 

Adsorption data which can be described 
by Freundlich isotherms yield coefficients 
n (7’) and c(T) which usually decrease as 
the temperature increases. As a rule, n is 
greater than 1, provided that the mutual 
interaction of the adsorbate molecules re- 

TABLE 1 
COEFFICIENTS OF FREUNDLICH ISOTHERMS 

(4, 11 7lT (mnh!/g) log c 

Reduced Swface 
19.5” 10.86 2118 0.420 -0.377 
273” 10.31 2814 0.299 -0.524 
363” 7.07 2565 0.232 -0.634 
423” Ti.57 2356 0.167 -0.777 

Oxidized Surface 
195” 7.19 1402 0.362 -0.441 
273” 6.12 1671 0.189 -0.724 
363” 4.96 1801 0.108 -0.967 
423” 4.74 2003 0 052.5 -1.280 

suits in a repulsive force (20). These in- 
trinsic features of the Freundlich isotherms 
are confirmed for the NO adsorption on 
reduced and oxidized chromia surfaces, as 
shown in Table 1. 

A more demanding test of the Freundlich 
isotherm requires that the family of iso- 
therms, with temperature as a parameter, 
intersect in a common point at monolayer 
coverage. This is the cons’equence of the 
statistical derivation of the isotherm whose 
final form (20) is” 

log p = log qm + (RTIH,) log a0 
+ (RTIHrrl) log P (2) 

Monolayer coverage qm at any tempera- 
ture T is reached at p = l/a, ; R is the gas 
constant, and H, a temperature-indepen- 
dent constant. 

A comparison of the logarithmic form of 
Eq. (1) with Eq. (2) leads to the simple 
relations 

and 

H 
nT = 2 = const. 

R 
(3) 

loge = log pm + Flog CZO (4 m 

which are used subsequently to compare 
the experimental results with the theory. 

Figure 1 show,s clearly that with the ex- 
ception of the isotherm at -78°C the plots 
for the reduced surface tend to a common 
point. Table 1 shows that the product nT 
can be considered as constant, if an experi- 
mental uncertainty of 10% for determining 
n is accepted, exempting the isotherm at 
-778°C. Equation (4) holds if an experi- 
mental error of 3% is assumed for log c. 
On the other hand the isotherms on the 
oxidized surface are nearly parallel and the 
experimental data show considerable dis- 
agreement with Eqs. (3) and (4). 

*A remark to avoid confusion in the notation 
is in order. We use throughout q as the amount 
adsorbed in mmoles/g, while Hayward and Trap- 
nell use q in the Elovich equation in a similar 
sense, but in the treatment of isotherms to denote 
heats. The values q and qm in their notation for 
the Freundlich isotherm have been replaced here 
by H and H,,, respectively. 
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We deduce from this behavior that the 
adsorption of NO on the reduced chromia 
surface in the 0-150°C range follows the 
Freundlich isotherm. With regard to the 
oxidized surface, the isothermal behavior 
is well described by Eq. (1) but no con- 
formity with the assumptions underlying 
t)he derivation of the isotherm is found. It 
is worthwhile to note in passing that the 
data for the whole range of pressures do 
not produce linear plots in q-log p co- 
ordinates. 

From the point of intersection in Fig. 1, 
t,he monolayer coverage on the reduced 
surface is taken to be 0.55 mmoles/g. This 
corresponds to 1.1 NO molecules. per chro- 
mium atom in the surface, taking 0.5 mg 
ntom Cr in the surface per gram of sample 
(14). 

There is no straightforward estimate for 
the oxidized surface as the coverage is 
strongly dependent on temperature. An at- 
t’empt. to estimate the monolayer coverage 
using Eq. (4)) i.e., by plotting the values 
of log c from Table 1 versus T and extrap- 
olating to T = 0, yields the improbable 
value of 1.95 mmoles NO/g, i.c., about 4 
NO molecules per chromium atom in the 
surface. 

The adsorbed NO could be disengaged 
from the oxidized surface without decom- 
posit,ion b’y pumping while raising the tem- 
perat’ure to 200°C. This was judged by the 
return of the sample weight to it’s original 
value. The upper limit of the weight’ rc- 
tainrd during pumping at 250°C on the 
reduced surface was 5% of the total 
amount adsorbed. This variation was con- 
ceivably oxygen used up for oxidation of 
the reduced surface during heating. Since 
oxygen constitutes only about one-half of 
t,he mass of NO, the assessment of desorb- 
able NO on the reduced surface yields 
more t,han 90%. Although no desorption 
isothrrms were measured, trial runs indi- 
cated strong hysteresis, in particular on 
the reduced surface. For example, starting 
at -78°C with a coverage corresponding 
to a monolayer, the NO coverage was de- 
creasetl to 80% after pumping for 7 hr. 
;2fttr t,he sample had been warmed up t’o 
0°C. it, took 16 hr to reach 60% coverage. 

Continued evacuation for 2 hr at 175°C 
removed the adsorbate down to 28%. At 
approximately 250°C the balance indicated 
that less than 5% of the adsorbed mass 
remained on the surface. 

Kinetic Measurements 

The adsorption rates on both surfaces 
are well described by the widely employed 
Elovich equation. Because the Elovich 
equation fails at high coverages, rate meas- 
urements were terminated when about 2,/3 
of the available sites were covered. 

The differential form of the Elovich 
equation 

dq/dt = a exp (- aq) (5) 

describes the rate of adsorption as a func- 
tion of the amount q which is adsorbed at 
time t; a and (Y are coefficients which are 
dependent on temperature and pressure. 
The integrated form is 

q = (2.31~~) log (t + to) - (2.3/a) log to 

(6) 

where t, = l/a, is an integration constant. 
There is a controversy (izl) about whether 
the differential or integral form should be 
employed in the evaluation of the experi- 
mental data. The data here were therefore 
treated both ways. In all cases to was de- 
termined to be much smaller than the time 
needed for the weighing system to come to 
rest after the jolt caused by the admission 
of the gas, which was about 15 sec. Hence 
the time of the first reliable measurement 
is much larger than t, and (6) is simplified 
to 

q = (2.3,‘~~) log 1 - (2.3/a) log to (6a) 

Typical Elovich plots according to Eqs. 
(6a) and (5) are given both for the oxi- 
dized and reduced surface in Figs. 3 and 4, 
respectively. Comparison of the figures 
shows the essential equivalence of both 
methods of plotting. The respective slopes 
l/cu and 01 are in good mutual agreement, 
those obtained from the differential equa- 
tion giving a somewhat larger scatter. 

The most important features of Figs, 3 
and 4 are a much faster rate of chemisorp- 
tion on the reduced surface and shorn 
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FIG. 3. Elovich plots for NO adsorption at 45°C and 2.8 torr for supported chromia in the oxidized (a) 
and reduced (H) state. 

10,000 t 

.I ’ I I I I I 
0 .03 .06 .09 .I2 .I5 .I8 .21 

q [Immoles NO/ gram sample] 

FIG. 4. Data from Fig. 3 plotted for log (dp/dt) versus p. 
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TABLE 2 The change of the coefficient o( with tem- 
INTERSECTION OF LINE SEGMENTS IN ELOVICH perature can give some information on the 

PLOTS FOR REDUCED SURFACE 

(a,, 
Time Coverage 
km) (mmoles NO/g) 

0” 150 0.149 
4.5O 130 0.140 
90” 125 0.132 

120” 160 0.138 
150” 190 0.132 

break in the Elovich plots for the same 
surface. Breaks in the Elovich plots were 
noted on the reduced surface at all tem- 
peratures in the range from -778” to 
150°C. The coordinates of the intersection 
of the two straight-line segments are given 
in Table 2. 

On the other hand the Elovich plots of 
the adsorption rate on the oxidized surface 
were smooth in all cases with the exception 
of the plot at -78”C, as shown in Fig. 5. 
The behavior at -78°C was different from 
that in the temperature range from 0” to 
15O”C, most probably due to copious phys- 
ical adsorption as observed by Solbakken 
(11, 12) and also here (see Fig. 2). For 
this reason the kinetic evaluation omits the 
data obtained at -78°C. 

temperature dependence of the chemisorp- 
tion process. Figure 6 shows that a! in- 
creases rather steeply with temperature 
above 300”K, while the coefficient (Ye and 
(Ye of both linear segments, relating to the 
reduced surface and shown in Fig. 7, in- 
crease only slightly. From Eq. (5) it is 
evident that the increase of a: at a given 
coverage results in a decrease of the ad- 
sorption rate. Hence, it may be deduced 
that the temperature coefficient of the ad- 
sorption is negative for both surfaces, more 
so for the oxidized surface. It is possible 
to express this coefficient numerically using 
an Arrhenius plot of log OL against l/T as 
done by Shereshefsky and Russel (29). 
The values of the temperature coefficients 
derived thereby are - 1.4 kcal/mole for the 
oxidized surface and -0.3 kcaljmole for 
either linear segment of the Elovich plot 
pertaining to the reduced surface. Table 3 
shows the actual measured rates at a con- 
stant coverage of 0.055 mmoles NO/g, 
which corresponds to a coverage 6’ =O.l, 
on the reduced surface. It emphasizes the 
considerable difference between the chem- 
isorpt,ion rates on oxidized and reduced 

FIG. 5. Elovich plots for 90 adsorption at -78°C and 2.8 torr for supported chromia in the oxidized 
(0) and reduced (u) state. 
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250 300 350 400 5' 

T [“K 1 
FIG. 6. Temperature dependence of a from Elovich plots of oxidized chromia surfaces (2.8 torr NO). 

surfaces in this range of coverages, and DIEXUSSION 
also that the difference increases with tem- 
perature. The rates depend on the exponen- 

The density of chromium atoms on the 

tial factor a! as well as on the pre-exponen- 
predominantly exposed crystal face of 

tial factor a, which can be considered as 
a-Cr203, that is assumed to be the 0001 

the rate of adsorption on the bare surface. 
plane, w.as estimated by McIver and Tobin 

It is determined by the ordinate intercept (23) as 9.8 X lOl* atoms/m2. The adsorp- 

of the Elovich plot. The initial rate for the tion of one molecule of NO per surface 

reduced surface assessed in this manner ex- chromium atom (within 10% accuracy) on 

hibited a slightly positive temperature co- the reduced surface is consistent with the 
efficient. Such an extrapolation was unwar- geometrical picture that the NO molecule 
ranted on the oxidized surface due to the is not adsorbed in the “lying down mode.” 
very steep slope. The maximum amount of NO which can be 

FIG. 7. Temperature dependence of (~1 (first line segment) and (19 (second line segment) from Elovich plots 
of reduced chromia surface. 
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TABLE 3 
COMPARISON OF SPECIFIC RATES OF ADSORPTION 

AT CONSTANT COVERAGE CORRESPONDING TO 

0.Od.i MM~LES NO/G (PRESSURE -3 ~0134 

Kate of adsorption X 10’ 
(mmoles NO/m X g) 

(a,, 
Oxidized 
SWfWX %%%zd 

0” 1550 .5700 
45” Y2 6600 
90” 87 2950 

120” 26 2600 
150” 13 89ooa 

a Obtained by extrapolation beyond the range of 
experimental dat,a. 

arranged in this mode has been estimated 
by Yates and Madey (7) to be about 8 X 
1018 molecules/m2 only. These authors 
have also concluded that NO chemisorbs 
on tungsten in a “standing up mode.” 
There exist’s also other evidence that NO is 
adsorbed mainly with the molecular axis 
perpendicular to the surface and through 
the nit’rogen end (3,-J). 

We deduce from the experimental results 
that the adsorption on oxidized and re- 
duced chromia surfaces may be regarded 
as chemisorption. Thus the process is slow, 
specific with respect to the chromium 
atoms in the surface, and occurs at tem- 
perat’ures far removed from the critical 
temperature of NO i -96°C). The isosteric 
heats of adsorption obtained by applica- 
tion of the Clausius-Clapeyron equation 
are reliable only at high coverages where 
the requirement of reversibility is satisfied. 
The heat of adsorption derived in this 
manner from the isotherms below 100°C at 
a coverage of 0.3 - 0.4 gives, 5.5 kcal/mole 
for both surfaces. This is not greatly dif- 
ferent from the values for physical adsorp- 
tion on a number of surfaces (8, 12, 24) 
which fall in the range from 3.7 to 4.0 
kcal/mole. Indeed, in the region of high 
coverages the heat of chemisorption may 
be expected to be low, because the Freund- 
lich isotherm, to w,hich the adsorption data 
conform, requires a sharp, logarithmic drop 
in the heat of chemisorption (60) according 
to 

HO = -H,ln fI (7) 

where If, is the heat of chemisorption at 
coverage 0, and H, is the constant earlier 
employed in Eq. (2). The numerical 
value of H, equals that of H, when In 0 = 
- 1 or when 0 = 0.37. The average value 
of H,,, = nRT, obtained in the range from 
0” t’o 150°C for the reduced surface from 
the data in Table 1, is 5.1 kcal/mole, in 
good agreement with that, directly derived 
by the Clausius-Clapeyron equation in the 
same range of coverages. Using relation 
(7) for extrapolation to lower coverages 
one obtains H, = 11.7 kcalJmole at 8 = 
0.1 for the reduced surface, which is close 
to that measured at a similar coverage on 
a palladium surface (8). Clearly, no extrap- 
olation to very low coverages is permis- 
sible, as in this case H, --f 00. The ob- 
served increase of H, with T on the 
oxidized surface is possibly associated with 
the change of the “monolayer coverage” 
with T. At higher temperatures the low- 
energy sites, do not chemisorb NO at any 
pressure and the “monolayer coverage” 
decreases with T. As the t,emperature is 
increased, a given fraction of adsorbed NO 
is shifted to adsorption sit’es which repre- 
sent on the average an increased heat of 
adsorption, thus increasing H,,,. 

The negative t’emperature coefficient of 
the chemisorption rnt,es is a frequently ob- 
served phenomenon which is due to the 
complexity of the changes taking place on 
the surface during rhemisorption. Usually 
no mechanist,ic significance can be attached 
to this observation (25). Nevertheless, it 
must, be ment,ioned in this context that the 
negative temperature coefficient in the case 
of NO chemisorpt,ion seems to he the rule 
rather t,han t#he exception (8, 11). An ex- 
planation which has been advanced in this 
mat,ter for t,lie adsorpt.ion of NO on 
alumina gel (11) and on Pd (8) is based 
on two consecutive adsorption steps. How- 
ever, such a scheme is not unique, as, a sur- 
face diffusion-controlled adsorption can 
also result in a decrease of the adsorption 
rates with increasing temperature (96). 
Such a mechanism involves a fast adsorp- 
tion on a small number of preferred sites. 
The majority of adsorption s&es can be 
filled more easily via surface diffusion than 
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by collisions with NO molecules from the 
gas phase. The diffusion flux which deter- 
mines the NO uptake depends on two fac- 
tors: the concentration of NO molecules 
on the preferred sites, and the specific dif- 
fusion rates across the surface. Each term 
contains an energy exponent. The concen- 
tration term decreases with temperature 
according to the heat of the first adsorption 
step, while the second factor increases cor- 
respondingly, according to the activation 
energy of the diffusion process. Conse- 
quently, the adsorption rates decrease as 
the temperature increases as long as the 
heat of adsorption for the preferred sites 
is larger than the activation energy of 
diffusion. The practical significance of the 
negative temperature coefficient is its rele- 
vance to the catalytic process. 

The adsorption of NO on chromia is 
slow, in spite of the fact that there is no 
experimental evidence for a substantial 
energy of activation. One is therefore led 
to the conclusion that the adsorption is 
associated with a very small pre- 
exponential factor. Solbakken and Reyer- 
son came to the same conclusion when in- 
vestigating the adsorption of NO on 
alumina gel (11) ; they calculated an ex- 
tremely small transmission coefficient for 
this case. 

The breaks which have been observed 
in the Elovich plots are sharp and occur at 
all temperatures in the narrow range of 
0.13-0.15 mmoles NO/g which corresponds 
to 0.24427 of the monolayer coverage. 
The slope of the second linear segment of 
the Elovich plots for the reduced surface 
is roughly the same as that for the oxidized 
surface. The break can be interpreted as 
evidence for two distinct populations of 
sites. Both populations may be present on 
the outgassed surface or the second, less 
energetic population may be induced by 
adsorption on the most energetic sites. 
The adsorption data alone do not provide 
a choice between these possibilities. A 
speculative argument can be made in favor 
of an induction of the second, less energetic 
population during the adsorption process. 
The oxidation-reduction results show that 
every atom in the surface undergoes an 

oxidation state change. Thus, the environ- 
ment of every surface atom should be af- 
fected by the reduction and one would not 
expect a priori that the number of the re- 
duced sites is restricted to about 1/4 of the 
surface. The similarity of the Elovich 
slopes of the second segment on the re- 
duced surface to that on the oxidized 
surface, on the other hand, suggests that 
the corresponding energy barriers for the 
adsorption are not too different. One can 
visualize a situation whereby a reduced 
surface, covered to about l/a 8 with NO 
molecules, which are adsorbed through 
the nitrogen end, behaves with respect to 
chemisorption similar to an oxidized sur- 
face. The existence of two distinct popu- 
lations of chemisorption sites on the re- 
duced surface does not disturb the course 
of the Freundlich isotherm. This can be 
understood since the variation of the heat 
of chemisorption with coverage takes place 
in a very narrow range after l/4 of the 
available sites have been covered. Indeed, 
the isosteric heats evaluated in this range 
are the same for both surfaces, as men- 
tioned above. 

The chemisorption rate is relevant t.o 
the catalytic process only insofar as it may 
determine the overall rate of the latter. To 
answer this question, the formal kinetics 
of the overall process must be known, 
which is not the case at present. Were the 
chemisorption kinetics rate-determining, 
then, judging from the data of Table 3, 
one would expect the reduced surface to be 
a far superior catalyst than the oxidized 
surface. This is indeed the observed be- 
havior (14). It is also clear that the chemi- 
sorption rate gap between the different, 
surfaces will increase as the temperature 
is increased to that employed in the cata- 
lytic work (200-300°C). 

A comparison was made between the 
chemisorption rates on the reduced surface, 
tabulated in Table 3, and the rates of the 
catalytic reaction between CO and NO 
under overall reducing conditions, using 
previously measured data on the identical 
catalyst (14). Both rates turn out to be of 
similar order of magnitude in the temper- 
ature range from lOO-15O”C, where a di- 
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rect comparison can be made at pressures 
of a few torr of NO. The result shows that 
t#he chemisorption of NO can not be ruled 
out as the rate-limiting st.ep. More definite 
conclusions are unwarranted in view of 
the fact that the &ate of the surface in the 
chemisorption studies involving NO only 
may not be the same as in the catalytic 
reaction where other gaseous species also 
interact, with the surface. 
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