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A pulse poisoning technique has been used to determine the specific activities and metal 
areas of a series of supported metal catalysts for the hydrogenation of cyclopropane. The areas 
and activities obtained by this technique agree well with values determined by conventional 
methods thus establishing the validity of the experimental method. Data are presented showing 
(i) the effect of pretreatment on the activity and selectivity of a supported Ni catalyst, (ii) a 
comparison between the activities of differently supported catalysts of Ni, Pt, Pd, Rh, (iii) 
the order of the specific hydrogenation and hydrocracking activities of a series of transition 
metals, compared under st,andard conditions. 

INTRODUCTION 

In order to interpret kinetic data for 
supported metal catalysts knowledge of 
the specific metal area is required as with- 
out such information it is not possible to 
make proper comparisons between the 
activities of different catalysts. The usual 
method for determining the specific activi- 
ties of supported metal catalysts involves 
separate measurements of the reaction rate 
and the metal surface area (1-S). As an 
alternative to the conventional methods 
we have suggested a technique by which 
both the active metal area and the specific 
activity of the catalyst may be determined, 
under reaction conditions, in a single experi- 
ment (4). Apart from the advantages of 
speed and simplicity this technique there- 
fore offers the great advantage t’hat the 
specific activity and area are determined at 
a particular time so that difficulties arising 

1 Present address: Research and Development 
Centre, Saskatchewan Power Corporation, Regina, 
Saskatchewan, Canada. 

from slow sintering or poisoning of the 
catalyst are avoided. 

The method depends on int,roducing suc- 
cessive pulses of a st’rongly adsorbed poison 
int’o a flow reactor and following the de- 
cline in reaction rate. The present, paper 
reports results obtained by the application 
of this t,echnique to a study of the effect of 
pret’reatment on catalyst activity and a 
comparison of the specific activit’ies of a 
series of supported and unsupported transi- 
tion metal catalysts for t’he hydrogenat#ion 
of cyclopropane. 

A basic assumption of the method is that 
the relat’ionship between the catalyst 
activity (reaction rate) and the amount 
of poison adsorbed is linear. This was found 
to be true for the systems studied experi- 
mentally but this condition restricts to 
some extent’ the choice of poison since a 
linear relationship will not always be 
found (s-10). 

If the catalytic surface is hetcrogencous 
with sites of widely different activity then 
a linear relationship between activity and 
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poison upt#ake cannot8 be expeckd. Ho\v- 
ever, even if the &es are reasonably homo- 
geneous it, has been shown by Herington 
and Rideal (11) t,hat certain conditions 
concerning the relative sizes of reactant 
and poison must bc fulfilled for a linear 
rclat~ionship to hold. In order to simulate 
t,hc affect, of poisoning the catalyst, surface 
\vc consider, after Herington and Ridcal 
(11), an ideal surface with a fixed number 
of identical act#ive sites. We simulat,e t#ho 
cffcct, of blocking the surface wit,11 a poison 
which requires OIW, two or t.hrw sites by 
randomly blocking a certain fract#ion of the 
trnal sites, subject to the restriction t.hat,, 
for a two or three site poison, t,hc t,\vo (or 
three) sit es required must he adjacent. 
The fraction of the surface lvhich is avail- 
able to the react8ant can then be calculated 
subject t,o the rcnt,riction that, for an n-site 
reactant II acljacent sites are required. A 
typical plot obtained by this m&hod for a 
t\vo sit,c poison and l-7 site roact8ant,s is 
shown in Fig. 1. It is evident, that, the 
relakmship bctwern the fraction of surface 
occupied by the reactant (proportional to 
the catalyst, activity) and t,hc fraction of 
surface occupied by the poison (propor- 
t’ional to the quantity of poison adsorbed) is 
csscntially linear except, when the number 

FIG. I. Theoretical curves showing the decline in 
:Iv:til:tble xurfncc with amouut of poison adsorbed. 
(A poison molecule is ltssurned to occupy two sites.) 

of sites required by the rcact8ant molecule 
is much greakr t,han the number of sit,cs 
occupied by a molecule of poison. Akhough 
t,his analysis depends on a wry simplified 
rcprcscntation of t#he cat’alyst it is probably 
valid t,o conclude t#hat a linear decline in 
cat#alyst# act,ivity \vith poison uptake is t,o be 
cxp&ed cxccpt when the reactSant molecule 
is very large relative to t’he poison or \vhcn 
thcrc is a wide diskibution of site activit,y. 

Dct,ails of the apparatus arc given in our 
earlier paper (4). The react#ion was carried 
out, in a differential flow rract,or at, 25°C 
and at a total pressure of 1 atm. The 
catalyst, sample (0.3-1.0 g) was reduced 
init,ially under a flow of hydrogen (60 ml/ 
mm). Except, in t#he study of t#he effect of 
prct,reatmtnt, the t,cmpcrat,ure during reduc- 
tion \vas maintained at, 360°C for a period 
of IS hr. 

Rcact,ion rat,cs were measured at, 25°C 
\vit,h a st’andard gas mixture containing 
54% cyclopropane and 46’35 hydrogen at 
a flowrate of 60 ml/min. The reaction rate 
\vas calculat,cd from chromatographic anal- 
yses of inlet, and outlet composition and the 
known gas flowrat,c. Successive pulses of 
ltnow~ quantity of poison (CO) were t’hen 
imroduccd into the syskm and the decline 
in rcact,ion rate was noted. In order t,o 
facilit#at,c accurate mcasurcmcnt of the 
quantit8y of CO adsorbed on t,he cat#alyst 
t,hc cyclopropane flow was shut off each 
time a pulse of CO was injected. The 
quantity of CO adsorbed was calculated 
from t,hc difference in peak areas (obtained 
from the thermal conductivit,y detector) 
at, t,hc inlet, and out’lct of the cat,alyst, bed. 

‘I’hc cat,alyst,s used are list,ed in Table 1. 
The Ni, Co and MO cat,alysts n-crc from 
Harshaw Chemical Co., C.S.A. lvhilc the 
Pt, Pd and Rh catalysts were from Mathc- 
son, Coleman and Bell, Canada. Over Xi, 
Co, MO and Rh cat#alysts both hydrogcna- 
tion and hydrocraclting rcact8ions occurred ; 
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TABLE 1 

Metal Areas of Catalysts 

Catalyst Clean metal surface Metal surface area 
area obtained by CO from deactivation 

adsorption (m”/g) plots W/d 

Harshaw Ni-0707 (14’% Ni-alumina) 2.75a 2.58-2.79 
Harshaw Ni-1430 (40% alumina) 5.80 6.58 
Harshaw Co-0101 (35% CO-kieselguhr) 3.95 3.68-3.9 
Harshaw MO-1201 (1070 MO-alumina) 0.70 0.66 
Rh (5% Rh-alumina) 13.38 13.35 
Rh (5% Rh-charcoal 15.50 14.63 
Rh (0.5% Rh-alumina) 1.90 1.78 
Pd (5% Pd-alumina) 5.06 5.32 
Pd (5% Pd-charcoal) 6.0 5.12-5.92 
Pd (10% Pd-charcoal) 12.0 9.93 
Pd black - 3.90 3.19 
Pt (5% Pt-alumina) 3.50 3.28 
Pt (0.5% Pt-alumina) 0.34 0.24-0.28 
Pt black - 11.9 11.43 

a For this catalyst metal area was also determined by HZ chemisorption (2.8 m*/g). 

cycle-CsHs + Hz = C&H*, 

cycle-CsHs + 2Hz = CzHfi + CHI, 

whereas over Pt and Pd catalysts there was 
no hydrocracking. 

Metal areas of samples of the clean cata- 
lysts, after reduction, were determined in- 
dependently by the method of Brooks and 
Kehrer (2) or Gruber (3) (chemisorption 
of CO measured chromatographically under 
nonreacting conditions). The areas so de- 
termined are given in Table 1, based on the 
assumption that one CO molecule occupies 
12.0 AZ. The area of a sample of Ni-0707 
was also determined by Hz chemisorption 
and the value so obtained was very close 
to the value from CO chemisorption as 
well as to the value obtained from t’he 
poisoning plot. 

RESULTS AND DISCUSSIONS 

The E$ect of Reduction Temperature 

The effect of reduction conditions on the 
area, activity and selectivity of a supported 
nickel catalyst (Harshaw 0707, 14oj, Ni- 
+&OS) was inyc@igatcd by varying the 

temperature and period of initial reduction 
and then determining the specific activity 
and metal area of each sample by the 
method outlined above. The results arc 
summarized in Table 2. Total catalyst 
areas determined by the BET method were 
found to be essent,ially independent of 
the reduction conditions (158-160 m”/g), 
whereas the specific met’al area increases 

TABLE 2 

The Effect of Pretreatment on a 
Ni-A1203 Catalysta 

Reduction Reduction Metal T Activity 
temp. period area (molecules 

(“C) (W W/d cyclopropane 
converted/ 

hr-;ia 
metal) 

260 18 0.14 0.43 11.4 
360 18 2.75 1.29 48.0 
360 26 2.86 1.1 38.4 
410 18 3.93 0.81 11.2 
460 18 4.20 0.3 5.2 

a BET area = 158-160 m*/g; catalyst: Harshaw 
0707; r = rate of cracking/hydrogenation. 
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FIG. 2. Experimental deactivation plots for cata- 
lyst Ni-0707. 

appreciably nit#h increasing time and tem- 
perature. The most probable explanation 
for t,his effect is increasing reduction of t,he 
met,al, although it is somewhat surprising 
t,hat such a long period should be required 
to effect reduction even at, t#hese elevated 
temperatures. On prolonged exposure to 
high temperatures one might expect some 
crystal growt’h to occur wit’h a correspond- 
ing reduct,ion in metal area. The observed 
increase in m&al area, however, suggests 
t’hat any such effect is small in comparison 
with t,he increase in area arising from more 
complctc reduction. 

I I I, 
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FIG. 3. I~~xperimerltal deactivation plots for citla- 
lyst Ni-1430. 

FIG. 4. Experimental deactivation plots for cata- 
lyst co-0101. 

The specific activity of t#he catalyst (de- 
fined as the t,ot#al ratme of conversion of 
cyclopropane per unit met’al area) is 
highest for reduction at 360°C for 18 hr 
and is appreciably lower for either more or 
less severe reduction conditions. Associated 
wit,h these changes in specific activity there 
is also a change in t,he ratio of the rat’e of 
hydrocracking to the rat,e of hydrogenation 
(the selectivit8y, r). The precise reason for 
this variation in activit,y is not clear al- 
though it is evident that. if the active cata- 
lyst is in fact in a part#ially reduced form 
t’hcn changes in the extent, of reduction 
may exert a considerable influence on the 
electronic and cat’alytic properties of the 
surface. 

.Alternatively it, is possible that both the 
increase in area and the changes in activit#y 
arise from changes in t’hc metal cryst#allitc 
size. Significant variation in cat#alytic 
propert,ics with extent of dispersion have 
been previously report#cd for several sys- 
tems (12-16). However, the variat’ion in 
m&al crystallit’e diameter required t.o ac- 
count for the change in specific area from 
2.75 to 4.2 m2/g is quite modest (a factor 
of 1.5) and it seems unlikely that such an 
effect could account for the observed lo-fold 
change in catalyst activit,y. Furthermore, 
for t’his cxplanntion to hold it is nccwsary 
t,o assume that cryst,allitc size dccreascs on 
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FIG. 5. Experimental deactivation plot for Pt 
black catalyst. 

prolonged exposure at high temperatures, 
whereas under these conditions crystal 
growth is more likely. 

Comparison of Activities of Various Metal 
Catalysts 

As a further application of the chromato- 
graphic poisoning technique a series of 
different supported met,al catalysts was 
studied. Typical deactivation plots are 
shown in Figs. 2-5 and in Table 1 the 
met,al areas obtained from the deactivation 
plots are compared with the values det’er- 
mined directly from CO adsorption. For all 
catalysts the agreement is excellent con- 
firming the validity of the experimental 
technique. It may be seen that in most 
cases the areas obtained from the deactiva- 
tion plots are slightly smaller than the 
chromatographic values for the clean cata- 
lyst. This is probably because, under reac- 
tion conditions, the activity of the catalyst 
declines slowly presumably as a result of 
slow poisoning by trace impurities. 

The specific activities of the various 
catalysts are compared in Table 3 in which 
the data reported by Dalla Betta et al. (18) 
are also included. These data have been 
corrected to the tempcraturc of the present 
study (25°C) using the reported activation 

energies but the difference in partial pres- 
sures has not been allowed for. The data 
for Pt, Pd and Rh are in order of magnitude 
agreement wit,h t,he present results and 
show similar general t#rends. 

For Ni, Co, MO and Rh catalysts both 
hydrogenation and hydrocracking reactions 
were observed while with Pt and Pd there 
was no cracking. The observed order of 
tot,al activity Rh > Ni > Pd > Pt > MO 
>Co and the order of cracking activity 
Ni > Co > MO > Rh >> Pt, Pd are in 
general agreement with the results of Sin- 
felt et al. (17), Dalla Betta et al. (18) and 
of Wallace and Hayes (19). 

Both t#he activity and selectivity of the 
catalysts are to some extent affected by 
the support. Such effects are relatively 
minor for Rh, Ni and Pt but are more 
significant for Pd. The results for Pt 
catalysts agree well with the data of 
Boudart et al. (20) and Kahn et al. (31) 
which show no more than a twofold varia- 
tion in activity between a single Pt crystal 

TABLE 3 

Comparison of Specific Activities 
of Catalysts 

Catalyst Rate 

Total Hydrogen- Crack- 
ation ing 

Xi-0707 48 21.0 2i 
Ni-1430 50 18.6 31 
Coal01 0.57-0.60 0.41-0.46 0.16-0.19 
MO-1201 0.82 0.68 0.41 
Rh (5% on AIrOr) 135 135 0 
Rh (5% on charcoal) 118 115 2.7 
Rh (0.5% on AlzOa) 140 124 16.0 
I’d black 0.72 0.72 0 
Pd (5% on charcoal) 6.lS6.9 6.S6.Y 0 
Pd (10% on charcoal) 14.5 14.5 0 
Pd (570 on Altos) 35.4 35.4 0 
Pt black 16.8 16.8 0 
Pt (570 on AlsOa) 26.0 26.0 0 
Pt (0.5% on Al&a) 26-27 26-27 0 

Pd (10% on SiO# 21 21 0 
Rh (0.3% on SiO# 780 780 0 
Ru (10% on SiOzjb 1.2 0 0.22 
Pt (0.6% on SiO# 117 117 0 
Ir (lOyO on SiO# 3.0 3.0 0 
OS (1Oy0 on SiO# 1.91 1.67 0.24 

a Reaction rate: molecules oyclopropanelhr-Aametal surface. 
b Data from Dnlla-Betta et al. (18) corrected to 25%. 
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FIG. 6. Correlat,ion of hydrocracking activity with lattice spacing (different, metals). 

and an alumina support,ed Pt cat’alyst. By 
contrast, for Pd catalystIs t#here is nearly a 
SO-fold difference in activity between Pd 
black, t’he least active cat’alyst, and 
Pd-A1&13, t,he most active. The differences 
in activity bet.ween different metals are, 
however, even more pronounced so t,hat in 
spite of t#he uncertainty arising from support 
&e&s it, is possible t,o make a general com- 
parison between t#hc activities of t,he diffcr- 
cnt metals. 

For several hydrogenation reactions cor- 
relations between cat#alytic activit,y and 
latt#ice distance or “% d character” have 
been established (22). The present data 
show no such correlation although there 
appears to be a general increase in achivity 
with work function. Such a correlation is 
t#o be expected if t’he rate controlling stc>p 
in t,he reaction involws t,hc transfer of 
c>lcct8rons from sorbat,e to mct8al. This is 
consistent, wi-ith t#he reacGon mechanism 
proposed by Sridhar and Rut,hvcn (%!I) 
although in view of the very largclr un- 
certainty in the values of t,he work func- 
tions for t.hese metals any such conclusion 
is speculative. 

The rracking activit,y of the catalysts 
sl~ows a fairly clear corrclat,ion with the 

lat.t,ice spacing as illustrat,ed in Fig. 6. Xi 
and Co which have the smallest lattice 
spacing (2.49-2.50 A) show pronounced 
cracking act,ivity, whereas for Pt and Pd 
(latt,ice spacing 2.75-2.77 h;) there is no 
significant cracking. Furthermore, for t#hc 
various nickel catalyst’s subje&ed to differ- 
ent reduction conditions the relative rates 
of cracking and hydrogenat#ion show a clrar 
correlation with the total activity (Fig. 7) 
again suggesting that the densit,y of t#hc 
surface sit’cs (at’oms) may bc the import’ant 
variable. 
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CONCLUSIONS 

The potential advantages of the pulse 
poisoning technique were discussed briefly 
in our earlier paper (4). The present study 
shows that the technique provides a quick 
and efficient method of determining specific 
activities and metal areas and it should 
therefore be very useful for catalyst screen- 
ing. The consistency and reproducibility of 
the results and the agreement with the data 
obtained by conventional methods estab- 
lish clearly the validity of the technique. 

Apart from speed and simplicity the 
technique offers a number of other ad- 
vantages. Both specific activity and area 
are determined in a single experiment. 
Moreover these measurements do not re- 
quire either a clean catalyst surface or a 
reproducible steady state activity since, 
provided that the rate at which the catalyst 
activity declines under reaction conditions 
is not too large, the slope of the plot of 
activity vs poison uptake will not be sig- 
nificantly affected. This should make the 
technique especially valuable for studying 
systems in which the activit#y of t,he cata- 
lysts declines cont,inuously under reaction 
conditions. 

Addit,ional information concerning the 
details of a reaction may also be obtained 
by this technique. A comparison between 
the clean met’al area, measured under non- 
react,ing conditions, and the area under 
react,ion conditions provides an estimate of 
the fraction of the total metal area on 
which the reaction occurs. For all systems 
studied here the Y-intercept of the deactiva- 
tion plots was close to the CO monolayer 
volume for the clean catalyst. Taken in 
conjunction with the linearity of the deacti- 
vation plots t,his provides evidence that for 
these catalysts the entire metal surface is 
active and all surface sites are approxi- 
mately equivalent. 

Throughout the present study CO was 
used as the poison but there is in principle 
no reason why other strongly adsorbed 
spccics should not be employed. The 0111~ 

requirement is that there should be a 
linear decline of reaction rate with the 
quantity of poison adsorbed and that t,he 
poison should be adsorbed irreversibly so 
that it is not significantly desorbed during 
the time scale of an experiment. 
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