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Adsorption isotherms and rates for NO and CO rhemisorption were measured on 
supported and unsupported nickel oxide samples in the 0-140°C temperature range. 
The isotherms are of the Freundlieh type in the measure range from 1 to 125 Torr. 
Monolayer coverage is attained at 110 Torr for the NO adsorption and at 530 Torr 
for the CO adsorption. The uptake at monolayer coverage in CO adsorption is -30% 
smaller than the corresponding NO amount, indicating that about l/Ij of the adsorbed 
CO molecules are present in the bridged form. Similarly to the previously studied 
oxide adsorbent+ there is a I: 1 correspondence between adsorbed NO molecules and 
Ni atoms on the surface. 

The chemisorption rate of both ndaorbatrs is described by the Elovich plots. 
These are more c~oml~lcx for CO than for NO. In the investigated temperature range. 
the rate of ehemisorption and the heat of chemisorption arc higher for NO than for 
CO. The rntcs of SO chr.misorption for the transition metal oxides studied so far 
are in 1 he order: iron oxide > c~hromium oxide > niekrl oxidc. 

INTRODUCTION 

The work pre~cntcd here is an extension 
of the previous studies of NO chemisorption 
on transition metal oxides (1, 22). The aim 
of these studies is to determine whether a 
correlation exists between the rates of nitric 
oxide chemisorption on various transition 
metal oxides and their catalytic activity 
in the reduction of nitric oxide. Another 
objective was to establish the limiting ratio 
of chemisorbed NO molccu1cs t’o the avail- 
able surface transition metal sites. This 
ratio was found to be close to unity in the 
(WC of chromium (I) and iron (2) oxides. 

A further insight into the chemisorptive 
behavior of NO can also be gained by com- 
ljarison with the rhemisorption of CO on 
tlte snine surfaces. 

*To be incorporated into a DEng thesis to be 
submitted by H. S. G. at the University of 
Detroit. The DEng program is a cooperative in- 
dustry-university program. Academic adviser: Dr. 
T,. S. Kowalczyli. 
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Two eulqiortcd samples and one unsul~- 
ported sample of nickel oxide were em- 
ployed as the atlsorbents. Both supported 
samples were made by impregnating Kaiser 
(KA-201) 1$~ in. diameter spheres with a 
solution of nickel nitrate, drying overnight 

at 12O”C, and calcining at c5O”C for 6 hr. 
One catalyst rontaincd 6.9 wt $% Ni and 
tlw other, 0.69; they were designated SNl 
and SN2, respectively. Unsupported NiO 
(designated SN3) was prepared by decom- 
position of pure grade Ni(X0,,)2*6Hy0 at 
500°C overnight,. Thr studies were mainly 
performed on sample SNl. Thr chcmirorp- 
tion of NO on the diluted sample (SN2) 
and the pure NiO (SS3) served an auxil- 
iary purpose as explained in the Discussion 
section. The total BET areas of SNl, SN2. 
SN3 were respectively 210, 180, and 3.66 
m’/g. 

The oxidized state of the catalyst was 
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prepared by heating to a constant weight 
in 10 Torr 0, at 450°C. The reduced state 
was prepared by similar treatment in 10 
Torr CO. 

During oxidation the SNl catalyst gained 
in weight 0.02 mg-atom of O/g of catalyst, 
meaning that less than 6% of the surface 
Ni atoms were present in the Ni3+ state. 
Even after heating in air at 600°C for 
several hours the excess oxygen content of 
sample SNl was less than 0.05 mg-atom 
of o/g. 

B. Adsorbates 

Matheson research grade 0, and CO were 
used without further purification. Nitric 
oxide was purified by the method described 
in Ref. (2) and had similar final purity. 

C. Execution of Measurements 

The gravimetric system built around the 
Cahn balance was the same as used in the 
previous work (1, 2) with the only modifi- 
cation being the incorporation of a VacIon 
gettering pump. This pump permitted a 
dynamic pump-down to 5 X 1O-7 Torr. The 
Cahn balance was also equipped with a 
time derivative computer for direct re- 
cording of the kinetic runs. The gravi- 
metric apparatus was employed to measure 
the NO and CO chemisorption isotherms 
and the kinet,ics of CO and NO 
chemisorption. 

The samples were initially heated in 
vacuum at 450°C until a constant weight 
was reached. Before each new oxidation or 
reduction treatment the sample was again 
held with pumping at 450°C overnight. The 
NO adsorption isotherms were measured 
on both reduced and oxidized SNl at 26, 
60, 100, and 140°C in the 2.5-110 Torr 
pressure range. The CO adsorption iso- 
therms were measured similarly at 0, 26, 
60, and 100°C. The CO adsorption at 140°C 
was too small t.o be measured accurately. 
After completion of the isothermal mea- 
surements some points were repeated to 
ascertain the absence of changes in the state 
of the adsorbing surface. The surface was 
considered in equilibrium with the gas phase 
if the weight change per hour was less than 
0.2% of the amount already adsorbed. The 

kinetics of the NO chemisorption were 
studied at a pressure of 3 Torr at the same 
temperatures. Due to the large volume of 
the balance chamber (3500 cm”) and the 
small amount of adsorbent (~1 g) , the de- 
crease in the adsorbate pressure was less 
than 10% of its initial value. Therefore, 
almost constant pressure and volume con- 
ditions were maintained. 

D. Correction for Adsorption on Support 

The amount adsorbed on a unit surface 
of the support, at a given temperature and 
pressure, was subtracted from the amount 
adsorbed on the supported catalyst (1) to 
obtain the value of the coverage by NO or 
CO of the active phase in the catalyst. The 
size of the correction decreased with tem- 
perature; for the SNl catalyst, in the case 
of NO adsorption it was substantial at 26” 
(+8%), significant (3%) at 60”, and in- 
significant at higher temperatures. It was 
of course very important (257%) in the 
case of the dilute SN2 catalyst at room 
temperature. The CO adsorption on the 
catalyst support was corrected for, in ex- 
actly the same manner. The correction for 
SNl catalyst was ~5% at 0” and insig- 
nificant at higher temperatures. 

E. Catalyst Shrinkage 

From the previous experience of NO 
chemisorption on chromium oxide (1) and 
iron oxide (2), it was known that. the metal 
oxide surface shrinks concomitantly with 
the alumina surface during lengthy adsorp- 
tion experiments. In the case of chromium 
oxide and iron oxide the shrinkage was 
30 and 230/o, respectively. Shrinkage of ac- 
tive metal surface leads to the gradual de- 
crease in total NO pickup. In the cases of 
iron and chromium oxides the correction 
for shrinkage was made by measuring the 
amount of oxygen that was required to 
oxidize the reduced surface. Since oxygen 
transfer in the case of nickel oxide is very 
small, care was taken to preshrink the 
SNl surface in nitric oxide atmosphere at 
45O”C, before making the gravimetric mea- 
surements. The surface area of SNl mea- 
sured after this pretreatment was 210 m”/g. 
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FIG. 1. Adsorption isotherms for NO on supported nickel oxide (SNI). 

RESULTS ASD L~SCCSSION 

A. Adsorption Imsotherms 

1. Nitric oxide adsorption isotherms. The 
adsorption isotherms for the SNl catalyst 
are shown in Fig. 1. The plots obey the 
Frcundlich isotherm, 

q = (-p’il (1) 

where q is the amount adsorbed (mmoles 
of NO/g) ; p = the pressure (Torr) ; c and 
n, temperature-dependent parameters. The 
values of c and n are tabulated in Table 1. 
For supported SNl catalyst, no difference 
in adsorption behavior was observed be- 
tween the oxidized and the reduced sam- 
ples. In this respect, supported nickel oxide 

TABLE I 
PARAMETERS OF FREUNDLICH ISOTHERMS FOR 

NO ADSORPTION ON SUPPORTED NICKEL 
OXIDE (SNI) 

H, = 
nRT 

(1 - TT)Y c 
T (“K) n n’l’ (Cal/g mole) (mmole/g) 

299 6.82 2040 8980 0.361 
333 5.21 1735 8751 0.285 

373 3.56 132x 8234 0.189 
413 2.58 1066 8571 0. 1 15 

Av H,,,(cal/g mole) 5634 

differs from iron and chromium oxide for 
which significant differences in adsorption 
behavior were observed between oxidized 
and reduced samples. The data are treated 
in the same manner as previously (1, 2). 
The amount adsorbed at monolayer cover- 
age (qnl = 0.705 mmole/g) is given by the 
point of intersection of t’he isotherms. H, 
is the heat of adsorption at 6’ = 0.37 and is 
calculated directly from the exponent n 
of the adsorption isotherms. 

There is, however, a further refinement 
introduced in the present treatment of the 
data. The Freundlich isotherm 

log (I = log qn, + g log a0 + Flog p, (2) 
m m 

as derived by the statistical approach re- 
quires constancy of H,, with changing 
temperatures 

I-I, = nRT = constant. (3) 

This was the case in the NO chemisorption 
on the reduced chromia surface, while on 
the oxidized chromia surface and on iron 
oxide surfaces (2), there were deviations 
from this behavior. Still more marked vari- 
ations of H,, with temperature are seen 
from the nT values in Table 1. An addi- 
tional adjustable parameter r due to Halsey 
(5) ran be introduced in Eq. (a), which 

a r = 1.82 lo-3 [OK]-‘. x 5 then becomes, 
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RT 

+ I!,(1 - rT) 1% P, (4) 

where 

H, = &T/(1 - 0) = constant. (5) 

The parameter r is so adjusted as to en- 
sure the constancy of H, at different tem- 
perature. The physical meaning of r is that 
of the coefficient which accounts for a 
linear variation of the adsorption entropy 
(or partition function) with coverage as 
introduced by Halsey (3). 

In Fig. 2, the logarithmic decline of iso- 
steric heat of chcmisorption with surface 
coverage (0) is shown: H, = -H,,, In 0. The 
open circles are derived from the above 
relationship and the cxperimcntal value of 
H,,, = 8634 calig mole, given in Table 1; 
the closed circles are derived from applying 
the Clausius-Clapeyron equation directly 
to the isotherms of Fig. 1. One has to bear 
in mind that, strictly speaking, the loga- 
rithmic decline of H, holds only in the limit 
of middle coverages: 0.1 < 0 < 0.8. The 
fact that both the open and closed circles 
fall on the same curve shows the internal 
consistency of the data. 

2. Carbon monoxide adsorption iso- 
therms. The isotherms of CO adsorption 
on SNl arc shown in Fig. 3. These iso- 

II 

4- 

2 I I i! I\, 
0 .I .2 .3 .4 .5 .6 .7 .6 

3- 

Surface coverage [e] 

FIG. 2. Heat of adsorption vs surface coverage 
(0) for NO adsorption on supported nickel oxide 
(SNI ): (0) values calculated from: He = -H, In 0; 
(a) values caalculated using Clausius-Clapeyron 
equation. 

therms also follow the Freurldlich type be- 
havior. The monolayer coverage is attained 
at a higher pressure 4530 Torr and the 
amount of adsorbed CO at monolayer cov- 
erage is 0.525 mmoles/g which is lower 
than the monolayer coverage in NO ad- 

IO 
co Pressure [tom] IW 

Km3 

FIG. 3. Adsorpt,ion isotherms for CO on supported nickel oxide (SNI ). 
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sorption. The parameters of the Freundlich 
equation for the adsorption of CO are given 
in Table 2. Their trends are quite similar 
to those measured in the NO adsorption, 
although t,he absolute values are different. 
Thus, again n and c decrease with tempera- 
ture. The value of I‘ which correlates the 
data, at a constant U ,,,, is 1.095 X lo-” 
[OK]-‘. This value is somewhat lower than 
that for NO. 

The change of the adsorption heat wit,h 
coverage (in the range of middle cover- 
ages) conforms to the logarithmic decrease 
when estimated directly from the isotherms 
by the Clausius-Clapcyron equation, as 
shown in Fig. 4, where these points fall 011 

the same curve as those derived from 
H, = -H,,, ln 8. Heat of adsorption cal- 
culated from -78 and -55°C iyothcrms 
or1 NiO is reported by Klier (4) to be 6.8 
and 7.7 kcal/mole, respectively, for 570 
coverage, which is in good agreement with 
our value +7.6 kcal/molr for similar CO 
coverage. 

B. Adsorption Rates 

1. Nitric oxide. The chemisorption ki- 
netics were followed on sample SNl. The 
first derivative of the weight increase was 
recorded automatically by the Cahn time 
derivative computer supplied as an acces- 
sory to the Cahn elcctrobalance (Ventron 
Corp.). The measurements were made at 
23 Torr l)rcssur(’ at 26, 60, 100, and 140°C. 

TABLI? 2 
P.+RAMGTE:HS OF FILEUNDLICH ISOTHKKMS FOK 

CO ADSORPTION ON SUPPORTKD 
NICKKL-OXIDE (SNl) 

H, = 
nR1 

[1 - rTln c 
T (“K) n nT (ca‘/g mole) (mmole/g) 

273 3.27 893 2521 0.078 
299 2.79 x34 2454 0.055 
333 2.36 798 2488 0.038 
373 2.02 75:3 2521 0.024 

Av H,,, (Cal/g mole) 2500 

n r = 1.095 x lo-3 [OK]-‘. 

01 I I I I I I 
0 .I .6 .7 

. 

FIG. 4. Heat of adsorption vs surface coverage 
(0) for CO ndsorptioll 011 supported nickel oxide 
(SNl): (0) Values calculat.ed from: HO = -H, 
In 8; (0) values calrulated using Clausius-Clapeyrorl 
equat~ion. 

As mentioned above, the large volume of 
the balance chamber ensured a constant 
pressure to within 10% during the measure- 
ment time. The results of the measurements 
are plotted in the ccordinates of the Elo- 
vich equation in differential form 

dq/dt = a exp (-a)), (6) 

where q is the amount adsorbed at time t; 
a aiicl (Y are experimental constants for a 
given run and depend on temperature and 
pressure. A sample plot at. 100°C is shown 
in Fig. 5. On Fig. 6, the same data are re- 
plotted according to the integrated form of 
Elorich equation 

q = (2.3/a) log (t + to) - (2.3/(Y) log to (7) 

where t,, = l/am is an integration constant. 
Since t,, < f, Eq. (7) becomes 

q = (2.3/a) log t - (2.3/a) log to. (8) 

Both plots represent two intersecting 
straight-line segments with the same value 
of q at the intersection point. The deviation 
of the points recorded at, low times from a 
straight line on Fig. 6 can be corrected (5) 
by assigning a value to t,, = 20 set in the 
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FIG. 5. Eiovich pIot for NO adsorption on sup- 
ported nickel oxide (SNl) in differential form at 
100°C and 2.65 Tow. 

integrated form of the Elovich equation. 
This does not affect significantly the values 
of the Elovich parameters. Table 3 gives 
the coverage values at the breaking point 
of the Elovich plot for various temper- 
atures in the chemisorption of NO. No sig- 

TABLE 3 
COVERbG& VALUES AT TIII.: INTI~;HSIGCTION OF 

Two SEGMENTS OF ELOVICH PLOTS AND e 
VALUES ~011 THE Two SCGMENTS OF NO 

CHEMISOKPTION KINETICS 

[mmoles of NO/g]-’ 

2’ (“K) e aI 012 

299 0.243 22 72 
333 0.213 28 78 
373 0.145 34 82 

413 0.081 65 210 

$ 4.8 

E 1.6 -- 

: 

. 

FIG. 6. Elovich plot for NO adsorption on sup- 
ported nickel oxide (SNl) in integral form at 100°C 
and 2.65 torr. 

nificant differences were noted between the 
surfaces I)retreated in carbon monoxide or 
oxygen. Henceforth, we consider both sur- 
facts as essent.ially the same; and the val- 
ues given in Table 3 are the averaged ones. 
The N parameters of both segments are also 
given in Table 3. 

2. Carbon monoxide. The measurements 
of the carbon monoxide chemisorption ki- 
netics were made on sample SNl in con- 
ditions similar to those for NO: at 23 Torr 
~)ressuw and at 0, 26, 60, 100, and 140°C. 
In Fig. 7, the results of these measurements 
are plotted in the coordinates of the inte- 
grated form of the Elovich equation. Here 
the plots are more complicated than in NO 
chemisorl)tion, showing three linear seg- 
ments with two breaks between them. Only 
one break is noted at 60°C. Table 4 sum- 
marizes the parameters of the Elovich plots 
of CO chemisorption. The (Y values for the 
linear segments and their ratios are listed. 
The ratio (a2/al) remains fairly constant, 
~2, with temperature change, indicating 
that the adsorption rate for the sites repre- 
sented by the second segment is about half 
of the rate on the first segment sites. The 
(N:/cY~) ratio, on the other hand, decreases 
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10 

FIG. 7. Elovich plots for CO adsorption 011 sup- 
ported nickel oxide (SNl) ill integral form. 

monotonic.ally with tcmpcrature from val- 
ues greater than mlity to fractional values. 
This indicates that the rate of the chemi- 
sorption on the t,hird scgmcnt sites over- 
takes the rate on the second segment sites 
as t,he t’emperature is increased. This im- 

TABLE 4 
COVE;R.IGE VALUI~S AT THIS: FIRST B~warc OF 

THE ELOVICH PLOTS J.ND (Y VALUI,:S FOIL 
THE CO CHEMISORPTION KI~:I.:TICS 

273 0.144 52.7 103 153 1.96 1.49 
299 0.101 69.2 139 180 2.00 1.30 
333 0.061 123 234 - 1.91 1.0 
373 0.0356 224 494 253 2.20 0.515 
413 0.0091 430 845 334 1.96 0.395 

plies a rather substantial activation energy 
for chcmisorption on these sites. As shown 
below, the complexity of the Elovich plots 
for CO, compared with those for NO, can 
be rxpcrted because one form of adsorption 
of CO, the “bridged” form, does not take 
place in the case of X0. In general, the oc- 
currence of multil)le kinetic stages is not 
uncommon in chcn~isorl~tion. Values of 
N,/(Y~ larger than and smaller than unity 
within the same syetcm have been docu- 
mented in I~ow’s rcriew article (6). 

C. The Relationship Between Chemisorbed 

Although, in certain cases (7)) iodometric 
titration of Ni”+ surface atoms was em- 
ployed to est’imate t’heir density, we could 
not use this method here as done previously 
for sul)ported chromium oxides. The cxtcnt 
of surface oxidation-reduction was very 
small; and, whatcrer the exact valence of 
the exposed Ni atoms, it is very stable. 
Thcrcfore, the estimate of the surface den- 
sity of the Ni atoms in the SSl sample was 
made, as with the supported iron oxides, 
by comparison wit.h the adsorption on pure 
NiO (SN3) and on dilutctl supported cata- 
lyst SN2. On the latter sample every Ni 
atom is assumed to be exposed, while the 
average density in pure NiO can be csti- 
mated from the BET area and the known 
populations on the principal crystallo- 
graphic plants. The limiting amount of NO 
ndsorlwd on pure NiO (SN3) is 0.0096 
n~~~olejn~’ (BET) or 5.76 X 10’” molecules/ 
mz (BET). This is within the expected 
range of the surface density of metal ions 
on the surface of KiO. The averaged value 
for the 1 l,O,O) , (l,l,O), and (1 ,l,l ) planes is 
11 X 10’” Ni atoms/m? (8, 9). If the more 
stable half-populated surface is assumed, 
the 1: 1 correspondeucc between the chemi- 
sorbed SO molecules and the surface Ni 
atoms is not contradicted by experimental 
fact. This correspondence is further sup- 
ported by the results of the diluted sample 
containing 0.69% Ni (SN2). Here the limit- 
ing amount adsorbed at room temperature, 
0.12 mmolc of NO/g, corresponds almost 
exactly to the total number of Ni atoms 
in the sample. 
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Table 5 compares the monolayer cover- 
ages for NO and CO on SNl indicating 
clearly that the number of CO molecules 
accommodated by the nickel oxide surface 
is 230% less than the number of NO mole- 
cules. The chemisorption of CO molecules 
by the occupation of 2 surface sites, the so 
called “bridged” form, is well documented 
(10-18). If we take the 1: 1 NO: surface 
Ni atoms correspondence as a reference 
point and assume further that every 
“bridged” CO molecule occupies 2 surface 
Ni sites to the exclusion of other chemisorp- 
tion bonds on the same sites, then about 
i,$ of the CO molecules arc in the “bridged” 
form occupying more than half of the Ni 
surface atoms. The chemisorption of NO is 
pictured mostly as linear, perpendicular to 
the surface, through the nitrogen end. The 
difference in the bonding behavior in the 
chemisorption of CO and NO is due to the 
antibonding electron in the latter. Thus, in 
nitrosyl complexes of transition metals 
three electrons are donated by NO to the 
metal atom instead of two donated by CO 
in the case of carbonyl complexes. The 
same mode of bonding is prevalent in the 
chemisorption of NO. A fuller account of 
the chemisorption bonding of NO is to be 
found in the review by Shelef and Kummer 
(IS). The chemisorption equilibrium and 
chemisorption rate of both adsorbents are 
well described by the Freundlich and Elo- 
vich equations, respectively. In the investi- 
gated temperature range the chemisorption 
of CO is weaker. Thus, the heat of chemi- 
sorption at 0 = 0.37 on NiO is 2.5 kcal/ 
mole for CO and 8.6 kcal/mole for NO. 
Monolayer coverage requires a pressure 5 

TABLE 5 
COMP.ARISON OF Ni CONCICNTRATION, AMOUNT 

OF NO .~ND CO ADSORBED AT MONOL.IYF:R 

COVE':H.ZGE: IN SNl SAMPLE 

Ni (wt %I 
Total amount of Ni (mg-atom Ni/g of 

catalyst) 

6.88 
1.17 

Monolayer coverage of NO (mmole of NO/g) 0.705 
L‘ “ “ CO (mmole of CO/g) 0.525 

Nitotal(mg-atom)/NOm,,(mmole) 1.67 
Nit,ti,(mg-atom)/CO,,,(mmole) 2.22 
NO(mmole) at 0 = l/CO(mmole) at 0 = 1 1.34 

times higher for CO than for NO. Further, 
the (Y parameter of the integral form of the 
Elovich equation, which is the inverse of its 
slope, is lower for NO than for CO: at 
26”C, (Y is 22.0 and 69.2 [mmoles/g]-‘, rc- 
spectively, and the difference increases with 
temperature, as shown in Tables 3 and 4. 
The relative affinity of CO and NO, with 
respect to the NiO surface observed here, 
is in full agreement with the IR study of 
Alexcycv and Terenin (14), where chemi- 
sorbed CO was displaced from NiO by 
gaseous X0. 

I>. Concluding Remarks 

We refrain at the present time to make 
a full comparison between the chemisorp- 
tion behavior of NO on the three investi- 
gated metal oxides, i.e., those of Cr (I), 
Fe (S), and Ni. This is because the study 
of the chemisorption of NO on copper oxide 
is in progress and the investigation on 
cobalt oxide is planned. Insofar, it appears 
that the parallelism between the chemi- 
sorption rate of NO on the three studied 
oxides and their relative activity in the 
CO-NO reaction is preserved (15) : iron 
oxide > chromium oxide > nickel oxide. 
This is exemplified by Fig. 8, where the 
a parameter of the Elovich plot for the re- 
duced form of the oxides is compared. As 
noted above, the lower the value of LY- 
the higher the chemisorption rat’e. 

Finally, it is appropriate to stress the 
emerging usefulness of nitric oxide as an 
adsorbate to be employed in the selective 
chemisorption for the determination of the 
metal surface area in a supported catalyst. 

Jluller (16)) in his review of the methods 
presently used, describes the criteria for 
choosing the adsorbate. The use of nitric 
oxide has several important advantages 
not offered by the presently employed ad- 
sorbates. The major advantage is that, at 
roo111 temperature, NO is highly selective 
for transition metal atoms in the surface in 
a 1: 1 correspondence. At this temperature, 
the correction for the support (ALO,, SiO,, 
MgO, and similar oxides) is small. There 
is also not much dist’urbing interaction, 
such as oxidation, with the surface. At room 
temperature, physical adsorption is prac- 
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FIG. 8. Comparison of (Y values for the first seg- 
ments of the Elovich plots for NO adsorption 011 
reduced chromium oxide, reduced iron oxide, and 
nickel oxide surfaces based on unit area of active 
metal oxide. 

tically nil and the cumbersome and inac- 
curate difference procedures of low tem- 
perature methods, when CO or 0, is used 
are avoided. The main drawback is, of 
course, availability and handling facilities 
for NO. These are, for the most part, absent 
in many catalytic laboratories. The han- 
dling of nitric oxide is not more difficult, in 
principle, than that of carbon monoxide 
and in view of the demonstrated superiority 
for selective chemisorption the use of NO 
for t#his purpose should bc seriously 
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