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Supported chromium (VI) oxide which has been pretreated with either ethylene 
or carbon monoxide at 300°C is actirr for both the polymerisation of ethylene and 
the adsorption of carbon monoxide. The reversible adsorption of carbon monoxide 
at ca. 50°C has been studied using infrared spectroscopy. Correlations between the 
capacity of the catalyst for the adsorption of carbon monoxide and the rate of 
polymerisation have shown that carbon monoxide is adsorbed on sites which are 
catalytically active. Catalyst which has been reduced in carbon monoxide develops 
a higher capacity for adsorption of carbon monoxide and gives higher rates of 
polymerisation than catalyst reduced in ethylene. Adsorbed carbon monoxide poisons 
the polymerisation reaction, but evacuation at 50°C results in a complete recovery 
of catalyst activity. Partial restoration of the polgmrrisation activity is also ef- 
fected by displacement of carbon monoxide from some of the active sites when 
ethylene is contacted with the poisoned catalyst at 50°C. The modes of adsorption 
of carbon monoxide on the catalysts and the nature of the poll-merisation sites 
arr discussed. 

INTRODUCTION 

In a previous study of ethylene polym- 
erisation on a chromium trioxide catalyst 
(1, $1, comparison was made between 
polymerisation activity and the nature of 
adsorbed species present, as indicated by 
infrared absorption spectroscopy. The cata- 
lysts used were activated for polymerisa- 
tion by reduction in ethylene. The work 
has now been extended using carbon 
monoxide as the activating agent. Clark 
et al. 13, 4) have shown that catalysts 
treated with carbon monoxide at 250°C 
possess a similar activity for ethylene 
polymerisation to those treated with ethyl- 
ene at 150°C. Similar effects have been 
noted for carbon monoxide reductions at 
300°C (5, 6), 425°C (7) and 400°C (8). 
Zakharov et nl. (6) suggested that the 
enhanced activity of catalyst which has 
been reduced in carbon monoxide may be 
due either to an increase in the number 

30 
Copyright @ 1973 by Scademic Press, Inc. 
All rights of rrproduction in any form reserved. 

of centres of propagation, or to an increase 
in the activity of the existing sites. They 
showed that the latter effect was the pre- 
dominant one, and concluded t,hat carbon 
monoxide interacts with propagation cen- 
tres and causes an increase in their activity. 
Hogan (7) found t’hat some chemisorption 
of carbon monoxide occurred when cata- 
lysts had been act.ivated, and the forma- 
tion of surface carboxylate species by 
adsorption of carbon monoxide was ob- 
served by Clark et al. (4) for those 
catalysts which had high polymerisation 
activity. 

Carbon monoxide adsorption on oxide 
surfaces has been investigated using in- 
frared spectroscopy (9, 10)) and it has 
been suggested that there is a correlation 
between the vibration frequencies and the 
electronic structure of adsorbed CO species. 
In particular, spectroscopic data are avail- 
able for the molecule interacting with 
chromia (12, IS), chromia-alumina (14)) 



and chromia-silica (.25), The present paper sorbed species recorded. Adsorption iso- 
reports an infrared investigation of the therms were determined by measuring the 
interaction of carbon monoxide with Phil- spectra in the presence of increasing gas 
lips catalysm, activated with either ethyl- phase pressures of carbon monoxide, up 
ene or carbon monoxide, together with to 13 kN m-2. That part of the absorbance 
measurements of rates of ethylene polym- in the region of the bands associated with 
erisation on the same catalyst samples. the presence of adsorbed carbon monoxide 
The study was undertaken as an attempt which was due to absorption by the gas 
to characterise the nature of the active phase was subtracted from the total value 
centres in the polymerisation reaction. obtained. This procedure became increas- 

EXPI~RIMENTAL 
ingly important for pressures of carbon 
monoxide >2 kN m-“. The samples were 

The chromium oxide catalyst and the then evacuated at 50°C for 60 min to 
ethylene were identical samples to those <2 X 1t3 N m-* pressure. Ethylene (ini- 
used before (1, 2). Carbon monoxide tial pressure, unless stated otherwise ca. 
(British Oxygen grade X) was used with- 1 kN m-2) was admitted and the rate of 
out further purification. polymerisation measured (2) by recording 

The apparatus and methods used to mea- the rate of increase of absorption bands 
sure spectra and rates of polymerisation associated with the growing polymer chains. 
have been given elsewhere (2). The sam- In another series of experiments, the 
ples used in this study were exclusively of above procedure was followed for carbon 
the self-supporting type, containing 200 monoxide activation, but the ethylene 
mg catalyst, pressed at 98 MN m-2. polymerisation was performed in the pres- 

Following calcination in a stream (50 ence of preadsorbed carbon monoxide. 
cm3 min-‘) of oxygen (20%) and nitrogen Ethylene was admitted at an initial pres- 
(80%) at 460°C for 16 hr and evacuation sure of 100 N m-2. 
at 3OO”C, to a final pressure of <2 X 
1O-3 N m-2, the catalyst discs were acti- RESULTS 
vated at 300°C in either ethylene (initial 
pressure 4 kN rn+) or carbon monoxide (a) Activation in Ethylene at SWC 

(initial pressure 2.8 kN m-2). The oxygen After reduction in ethylene, the catalyst 
and nitrogen used in the calcination were samples were yellow-green to green, de- 
purified and dried by passage over acti- pending upon the length of treatment, 
vated charcoal and 4 A molecular sieve. showing that reduction of some Cr(V1) to 
The volume of the reaction system was Cr(II1) had occurred. The infrared spectra 
the same as that used earlier (d), and thus of adsorbed ethylene were identical to 
a pressure of 4 kN m-z corresponded to those found earlier (2) for pressed discs 
1000 ,umole gas. Activation was carried of catalysts. Adsorption of carbon monox- 
out for between 15 min and 24 hr for ide at 50°C gave rise to two bands at 
ethylene, and for 5-60 min for carbon 2202 and 2189 cm-l (Fig. 1). Both bands 
monoxide. After act.ivation in ethylene, the increased in intensity with increasing gas 
sample was evacuated at 300°C for 30 min phase pressure, the latter band moving 
to a final pressure of <2 x 10e3 N m-2, steadily to 2184 cm-l. The band at 2202 
and then cooled to the temperature of the cm-l was much weaker than that at 2189 
infrared beam (ca. 50°C). In the case of cm-l for all surface coverages. No bands 
samples treated with carbon monoxide, due to adsorbed carbon monoxide were 
cooling to 50°C took place in the presence observed below 2000 cm-l. The adsorption 
of the gas phase, prior to evacuation for of carbon monoxide produced no changes 
60 min at this lower temperature. Carbon in the absorntion bands in the region 2800- 
monoxide was introduced to the samples 3000 cm-’ due to adsorbed ethylene. Ad- 
at 50”c, initially at a pressure of <lO N sorption isotherms were recorded for four 
m-2, and the infrared spectrum of the ad- times of contact between ethylene and 
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FIG. 2. Isotherms at 50°C for the adsorption of 
carbon monoxide on catalyst which had been reduced 
in ethylene at 300°C for 0 15 min, 0 30 min, 
v 2 hr, A 23 hr. 

pressed discs of catalyst were used, where- 
as experiments were previously performed 
with loosely packed powder. The difference 
in geometry in the two cases is reflected 
in a slightly different value of k. The 
absorbance of the band at 2189 cm-l due 

r_O_ to adsorbed carbon monoxide at surface 
FIG. 1. Adsorption of carbon monoxide ar ca. ou-CI 

on cat’alyst which had been reduced in ethylene for 
23 hr at 300°C. Equilibrium pressures (kN m-“) of 
carbon monoxide were (a) 0, (b) 0.02, (c) 0.11, (d) 
0.44, (e) 1.02, (f) 13.3. Percentage transmission 
values at 2300 cm-l were 78yG. 

coverages tending to unity is also given 
in Table 1. The capacities of the discs 
for the adsorption of carbon monoxide at 

TABLE 1 
FIRST ORDER I~TI.: CONSTANTS FOR ETHYLENE 
P~LYMIXRIMTION AND MAXIMUM AFISORJMNCES 
AS A FUNCTION OF TIME OF PRETREATMENT" catalyst at 300°C (Fig. 2). The adsorption 

of carbon monoxide was reversible! all 
absorption bands disappearing within 5 
min of evacuating the samples at 50°C. 
Rates of ethylene polymerisation were 
measured after each of the isotherms had 
been determined and the carbon monoxide 
removed. The first order rate constants 
ICI, defined and measured as before (.2), 
are given in Table 1. In the kinetic inves- 
tigations described in this paper, first order 
loss of ethylene was always observed, and 
the constant k (Ref. 2, Eq. 1) was found 
to have a value of 290 N m-2. The slight 
difference between this value and that of 
230 N m-2 found in the earlier work arises 
because, in the current investigations, 

Preatment time lo4 kl(sec-I) A”laXh 

15 min 2.9 0.22 
30 min 2.9 0.24 

2 hr 0.9 0.11 
23 hr 1.2 0.07 

a Conditions: temperature, 50°C; and maximum 
absorbances, 2184-2189 cm-l, for carbon monoxide 
adsorption. Contact (pretreatment) between ethyl- 
ene and catalyst at 300°C. 

6 From the shape of the isotherms it is very 
difficult to decide upon the exact A,,, value. No 
clear plateau value is reached, with the possible 
exception of the 23 hr experiment. The values given 
relate to the value of the absorbance at a pressure 
of 15 kN md2. 
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50°C changed with pretreatment time in 
the same manner as the rate of ethylene 
polymerisation, also at 50°C. 

(b) Activation in Carbon Monoxide 
at 300°C 

Carbon monoxide, adsorbed on samples 
which had been reduced in carbon monox- 
ide, gave two overlapping narrow absorp- 
tion bands with maxima at 2189 and 2184 
cm-l. The high frequency band appeared 
at low coverages, the second band increas- 
ing in intensity as more carbon monoxide 
was adsorbed. This latter band was domi- 
nant at high coverages on those samples 
which had been contacted with carbon 
monoxide at 300°C for t,imes of 5-15 min. 
It remained as a small shoulder for those 
samples which had undergone longer pe- 
riods of pretreatment (30-60 min). The 
best resolution of the two bands was ob- 
served for catalyst which had been cal- 
cined in air at 800°C prior to reduction in 
carbon monoxide at 300°C and adsorption 
of carbon monoxide at 50°C (Fig. 3). The 
spectral isotherms obtained by considera- 
tion of the total intensity of the two bands 
for a series of discs pretreated with carbon 
monoxide for various times at 300°C were 
similar to those obtained on ethylene 

/$ b rl^ C 

&a- 

Wavenumber cm-’ 

/ d 

TABLE 2 
FIRST ORDER RATE CONSTANTS FOR ETHYLENE 
POLYMERISATION AND MAXIMUM ABSORRANCES 
DUE TO ADSORBED CARBON MONOXIDE AS A 

FUNCTION OF TIME OF PRETREATMENT 
WITH CATALYST’ 

Pretreatment 
time (min) 

A,, for CO 
adsorption 

5 2.38 0.08 
5 2.61 0.15 

10 2.78 0.23 
20 3.19 0.23 
30 4.35 0.51 
60 5.02 0.63 

a Conditions: ethylene polymerisation and ad- 
sorption of CO at 50°C. Catalyst and carbon mon- 
oxide in contact at 300°C during pretreatment. 

treated samples, although the overall ca- 
pacity for carbon monoxide adsorption was 
greater. The samples also showed a clearer 
upper limit to the quantity of adsorbed 
material in t,he pressure range studied (up 
to 13 kN m-2). The capacity for adsorp- 
tion (A,,, Table 2) increased with increas- 
ing time of contact with carbon monoxide 
at 300°C. This increase was paralleled by 
an increase in the rate of ethylene polym- 
erisation at 50°C (Table 2). The correla- 
tion between rate of polymerisation and 
the capacity for carbon monoxide adsorp- 
tion is shown in Fig. 4. Although reduction 
of the catalyst took place during the pre- 
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FIG. 3. Adsorption of carbon monoxide at ca. 50°C FIG. 4. Correlation between the first order rate 
on catalyst which after calcination at 800°C (16 hr) constants for ethylene polymerisation and the 
had been reduced in carbon monoxide for 30 min at capacity of the catalyst for the adsorption of carbon 
300°C. (a) Background spectrum; (b), (c), and (d) monoxide for samples which had been reduced in 
increasing coverage of carbon monoxide. carbon monoxide at 300°C for various times. 
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FIG. 5. 0 Isotherm at 50°C for the adsorption of carbon monoxide on catalyst which had been redrlced 
in carbon monoxide at 300°C for 1 hr. 

0 Corresponding isotherm after polymerisation of a small amount of ethylene at 50°C. 

treatment with carbon monoxide at 300°C 
(as evidenced by the production of carbon 
dioxide in the gas phase) the samples were 
still yellow in colour, in contrast with those 
reduced in ethylene which were yellow- 
green or green. The maximum rate con- 
stant per gram of catalyst for ethylene 
polymerisation on discs reduced with car- 
bon monoxide was Ic, = 2.5 X 10m2 set-l g-l. 
That for samples activated in ethylene was 
Ic, = 1.5 X 1O-3 set-l g-l. Thus discs treated 
with carbon monoxide were ca. 17 times 
more active than those treated with ethyl- 
ene at the same temperature of 300°C. 
Mass spectroscopic examination of the gas 
phase after carbon monoxide treatment at 
300°C showed that 0.76 + 0.07 moles CO,/ 
mole CrOS reduced had been produced for 
the sample showing maximum polymerisa- 
tion rate. 

Isotherms for carbon monoxide adsorp- 
tion were measured before and after a 
small quantity of polymer had been pro- 
duced on the surface by contact of the 
active catalyst with ethylene at 50°C. The 
results are shown in Fig. 5. The presence 
of polymer on the catalyst reduced the 
amount of carbon monoxide which was 
adsorbed. 

Freshly calcined and evacuated samples 
which had not previously been contacted 
with either carbon monoxide or et.hylene 
at 300°C gave no absorption bands on 

exposure to carbon monoxide at 50°C. 
Even after standing for 24 hr in the pres- 
ence of gas phase pressures of up to 13 
kN m-2, no adsorption took place. The 
catalyst support was also shown not to 
give rise to absorption bands when treated 
with carbon monoxide at 5O”C, following 
a 300°C pretreatment with ethylene or 
carbon monoxide. Thus carbon monoxide 
adsorbs only on the chromia portion of 
the catalyst after suitable high tempera- 
ture activation. 

(c) Rate of Polymerisation of Ethylene 
in the Presence of Adsorbed 
Carbon Monoxide 

A disc of catalyst was exposed t,o carbon 
monoxide at 3OO”C, cooled to 5O”C, and 
then outgassed at this lower temperature. 
On admitting ethylene, polymerisation oc- 
curred immediately with no detectable in- 
duction period. If, however, some carbon 
monoxide was preadsorbed on the disc, 
an induction period occurred and the sub- 
sequent rate of polymerisation was slower 
than in the absence of carbon monoxide. 
Moreover, during the induction period, 
some desorption of carbon monoxide took 
place, leaving a residual quantity which 
remained constant during polymerisation. 
(Fig. 6). This behaviour was investigated 
for a series of discs on which varying 
amounts of adsorbed carbon monoxide were 
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FIG. 6. Curves (a) and (b) represent the ap- 
pearance of polymer (measured by the intensity of 
the infrared band at 2919 cm-l) (2) in the presence 
of preadsorbed carbon monoxide and the desorption 
of carbon monoxide on the introduction of ethylene 
in two identical experiments. Curve (c) represents 
the appearance of polymer in the absence of pre- 
adsorbed carbon monoxide. Catalyst samples had 
been reduced in carbon monoxide at 300°C for 1 hr. 

present during polymerisation. All samples 
had been activated in carbon monoxide 
(300°C 60 min) and ethylene was ad- 
mitted at 50°C at an initial pressure of 
100 N m-z. Ethylene was admitted from a 
cold trap whose volume was less than 0.3% 
of the dead space of the infrared cell. The 
ethylene was measured from a dosing sys- 
tem of known volume and condensed in 
the trap (liquid nitrogen) prior to polym- 
erisation. After isolating the dosing system 
the trap was warmed to room temperature, 
and then opened to the sample in the cell. 
Thus an accurately known quantity of 
ethylene was admitted to the cell with only 
a very slight change in cell volume and 
hence pressure of carbon monoxide gas. 
After allowing sufficient polymerisation to 
occur for rate measurements to be made, 
the cell was evacuated for 60 min with 
the sample at 50°C. Ethylene was then 
readmitted to the catalyst at the same 
initial pressure as before and the rate of 
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FIG. 7. LIependence of the rate of polymerisat,ion 
on the residual amount of carbon monoxide ad- 
sorbed during the polymerisation reaction (see text 
for details). 

polymerisation measured again. In all cases 
this rate was faster than the rate recorded 
in the presence of carbon monoxide. The 
results are presented in Fig. 7 and Table 3. 

The choice of a particular value of the 
initial pressure of ethylene used in these 
experiments was not arbitrary. From ear- 
lier experiments it was found that the 
admission of ethylene at a pressure of 30 
kN m-2 to a disc on which carbon monoxide 
had been preabsorbed resulted in complete 
removal of the latter and polymerisation 
took place rapidly. In contrast, admission 
of ethylene at lower pressures (ca. lO- 
50 N m-2) did not cause either any reduc- 
tion in the intensity of infrared bands due 
to adsorbed carbon monoxide or any polym- 
erisation to occur. Thus the value of 
I.00 N m-? was chosen as a satisfactory 
minimum for partial removal of the car- 
bon monoxide and the concomitant produc- 
tion of polymerisation centres. 

DISCUSSION 

The positions of the absorption bands at 
2202 and 2189-2184 cm-* due to carbon 
monoxide adsorbed on catalyst pretreated 
wit.h ethylene at 300°C are very close to 
that found for gaseous carbon monoxide. 
Vibrational freql’encies for CO and CO+ 
evaluated (9) from data given by Herz- 
berg (16) would lead to infrared bands at 
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TABLE 3 
COMPARISON OF THE RATES OF POLYMERIWTION OF ETHYLENE IN THE PRESENCE AND 

ABSENCE OF ADSORBED CARBON MONOXIDE" 

Pressure of 
CO during 
preadsorp- 

tion (N a*) Aco(t = O)l Aco(t = t) Rco[lO3 k, (se@)] R&03 k’l (see-I)] h/k’, 

0 0 0 - 5.02 1.00 

26.7 0.21 0.027 3.92 5.80 0.68 
27.9 0.24 0.014 3.28 5.80 0.57 
97.1 0.31 0.08 0.93 4.58 0.20 

545 0.52 0.37 0.67 6.12 0.11 

a Polymerisation of ethylene at 50°C. 
b bo, presence of adsorbed carbon monoxide; I&, absence of adsorbed carbon monoxide; (t = 0) denotes 

absorbance at ca. 2189 cm-’ before the admission of ethylene; (t = t) indicat,es the absorbance due to 
adsorbed carbon monoxide during the polymerisat’ion of ethylene. 

2143 and 2184 cm-l for CO and CO+, re- 
spectively. Gardner and Petrucci (17) 
have calculated that CO” should give an 
infrared band at 2205 cm-‘, and have pre- 
sented (II) a relationship between the fre- 
quency of vibration of adsorbed carbon 
monoxide and the number of valence elec- 
trons present in each CO unit. The change 
in vibrational frequency on ionizing the 
neutral (gas phase) molecule is attrib- 
utable to the removal of electrons from 
the weakly antibonding lone pair orbit’al 
of the carbon atom. St,udies of the adsorp- 
tion of carbon monoxide on oxides indi- 
cate that absorption bands in the range 
ca. 2170-2210 cm-l are due to carbon 
monoxide weakly bonded to surface cations 
or held at these sites by dipolar forces. 
These conclusions are supported by the 
results of Angel1 and Schaffer (18) which 
showed that the adsorption of carbon 
monoxide on cation-exchanged zeolites was 
dependent, upon the nature of the cations 
and on their percentage exchange. The 
reversibility of the isotherms (Fig. 2) for 
carbon monoxide adsorption at 50°C on 
chromium oxide samples which had been 
reduced in ethylene at 300°C and the ob- 
servation that preadsorbed ethyl groups 
(2) are unaffected by the adsorption of 
carbon monoxide, show that weakly elec- 
tron attracting centres are present in cata- 
lyst pretreated with ethylene at 300°C. 
This pretreatment leads to catalysts with 

high activity for the polymerisation of 
ethylene (1, 2). The results in Table 1 
suggest that, there is a relationship between 
the polymerisation activity of the catalyst 
samples and their capacity for adsorption 
of carbon monoxide. The sites available 
for the adsorption of carbon monoxide are 
therefore probably also the active sites 
for ethylene polymerisation. This conclu- 
sion is consistent with the results for car- 
bon monoxide adsorption on catalyst which 
had been reduced in carbon monoxide at 
300°C. 

The bands at 2184 and 2189 cm-l due 
to carbon monoxide adsorbed on catalyst 
which had been reduced in carbon monox- 
ide at 300°C are similar to those obtained 
for samples reduced in ethylene. Pretreat- 
ment with either ethylene or carbon monox- 
ide leads to similar adsorption sites in the 
catalyst surface. However, reduction in 
carbon monoxide enables a clear distinc- 
tion to be drawn between bands at. 2184 
and 2189 cm-l which arise from carbon 
monoxide adsorhcd on two types of weakly 
electron attracting sites. The band observed 
at 2202 cm-l for ethylene activated sam- 
ples is not seen when carbon monoxide is 
used for the pretreatment. Samples acti- 
vated in ethylene were yellow-green to 
green in colour, whereas those activated in 
carbon monoxide were yellow. The 2202 
cm-l band is probably due to the presence 
of Cr3+ ions in the catalyst surface. -4 band 
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near 2200 cm-l has been reported when 
carbon monoxide adsorbs on alumina (14) 
or silica (16) supported chromium (III) 
oxide. Clark et al. (4) observed infrared 
bands at 2220 and 2190 cm-l when carbon 
monoxide was adsorbed on silica-alumina 
supported chromium(V1) oxide which had 
been reduced in carbon monoxide. The 
more intense 2190 cm-l band is in accord 
with that at 2189 cm-l observed in the 
present work. The absence of the 2220 cm-l 
band here may arise because of differences 
in the two studies between either the oxide 
supports, or the extent to which the cata- 
lyst was reduced. Krauss (22) has attrib- 
uted a band at ca. 2185 cm-l to carbon 
monoxide complexed in the catalyst. 

When silica-supported chromium (VI) 
oxide has been partially reduced in carbon 
monoxide, there is an increase in the activ- 
ity of the catalyst for ethylene polymer- 
isation. The maximum catalytic activity 
observed was ca. 17 times greater than 
for discs pretreated with ethylene at the 
same temperature of 300°C. The capac- 
ity for carbon monoxide adsorption also 
changed in the same sense. Samples treated 
with carbon monoxide at 300°C adsorbed 
up to ca. 21/e times more carbon monoxide 
than ethylene activated catalysts (cf. 
Tables 1 and 2). The relationship between 
polymerisation activity and capacity for 
the adsorption of carbon monoxide (Fig. 
4) suggest that there are sites which possess 
high catalytic activity but adsorb little or 
no carbon monoxide and sites which are 
both catalytically active and adsorb ap- 
preciable quantities of carbon monoxide. 
The results reflect the heterogeneity of the 
surface sites both for ethylene polymerisa- 
tion and carbon monoxide adsorption. 

Clark et al. (4) observed infrared bands 
ascribed to surface carboxylate ions at 
1415 and 1590 cm-* after treatment of 
chromium (VI) oxide supported on silica- 
alumina with carbon monoxide at 25O’C. 
The enhanced activity of the catalyst for 
the polymerization of ethylene was asso- 
ciated with the presence of carboxylate 
ions. In the present study no infrared 
bands due to carboxylate species were 
observed for catalyst which had been 

activated in carbon monoxide at 300°C al- 
though bands have been observed for cata- 
lyst which was treated with ethylene at 
300°C (2). The higher activity (Tables I 
and 2) of catalyst which had been acti- 
vated in carbon monoxide cannot be asso- 
ciated with the presence of carboxylate 
ions in the oxide surface. 

Ermakov et al. (6) found by iodometric 
analysis that contact between supported 
chromium (VI) oxide and carbon monoxide 
at 200°C resulted in the complete reduc- 
tion of chromium ions to oxidation states 
of 3+ or less. It was suggested that either 
Cr”* or CrZ+ ions were involved in the 
propagation centres for the polymerization 
reaction. A similar conclusion was reached 
by Krauss and Stach (No, 21) who showed 
for catalyst which had been reduced in car- 
bon monoxide that the polymerization ac- 
tivity was a linear function of the concen- 
tration of CP+ ions in the surface. The 
latter was monitored by measurement of 
the intensity of the visible band at 725 
nm which gives rise to the blue color asso- 
ciated with Cr(I1) atoms. In the present 
work measurement of the quantity of car- 
bon dioxide produced during reduction of 
catalyst in carbon monoxide at 300°C en- 
abled the average oxidation state of the 
chromium ions to be evaluated. The stoi- 
chiometry of the reduction process is given 
by 

2CP + 30” + 3co -+ 2cr3+ + 3c0, 

The molar ratio of carbon dioxide formed 
to chromium(V1) oxide in the unreduced 
catalyst was 0.76 + 0.07 for the most ac- 
tive catalyst prepared (Table 2) by reduc- 
tion (for 60 min) in carbon monoxide at 
300°C. Thus the average oxidation state of 
the chromium ions in the active catalyst 
was 4.5 + 0.2, a figure which is similar to 
those deduced for active catalysts which 
had been reduced in ethylene at 300°C (6). 
Reduction in either ethylene or carbon mon- 
oxide led to catalyst for which the active 
sites in the polymerization of ethylene are 
chromium ions probably in the 5+ (but 
also possibly in the 4 +) oxidation state. 
This conclusion is apparently inconsistent 
with the suggestion by Krauss and Stach 
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(60-22) that Cr2+ ions are the active polym- 
erization sites. However, in the present 
work, the blue color which is characteristic 
of Cr*+ ions was never observed. For cata- 
lyst which had been reduced in ethylene, 
the absence of the blue color supports 
the comment by Krauss and Stach (20) 
that the formation of Cr(II) is precluded 
by the presence of water as an oxidation 
product of the reduction process. The for- 
mation of water promotes the reduction of 
higher oxidation states of chromium to the 
+3 oxidation state (7b, 19) and also makes 
the Cr3+ ions resistant to further reduction. 
The polymerization activity of catalyst. 
which had been reduced in ethylene showed 
a maximum for reduction times which were 
considerably less than the time required to 
reduce all the Cr(V1) atoms to Cr (III) 
(1, 2). This has been taken before (2) as 
strong evidence that the active sites in the 
catalyst surface are chromium atoms in an 
oxidation state higher than +3. In the 
present study of catalyst which had been 
activated in carbon monoxide at 3OO”C, the 
absence of any blue (CP+) or even green 
(CP) colour in the active catalyst samples 
and the average oxidation state of 4.5 for 
the chromium atoms in the most active 
catalyst suggest that the activity is also 
associated with an oxidation state of chro- 
mium higher than 3+. The samples pre- 
pared by Krauss and Stach (No, 21) which 
contained Cr”+ ions and were catalytically 
active had undergone considerably more 
reduction than the samples studied here. 
The results of the separate studies may not, 
therefore be necessarily inconsistent but 
may indicate that hot’h Cr5+ and Cr?+ ions 
are capable of acting as sites for the 
polymerization of ethylene. 

The greater capacity for carbon mon- 
oxide adsorption found for samples treated 
with carbon monoxide rather than with 
ethylene is in part due to the nrcsence of a 
greater number of sites which are active 
for ethylene polymerizat’ion and available 
for the adsorption of carbon monoxide. 
However, a quantitative comparison of the 
rates of polymerization suggests that the 
average activity of sites produced during 
carbon monoxide pret,reatment is higher. It 
has been proposed before that this is the 

dominant factor (5). The increased capac- 
ity for carbon monoxide adsorption may 
arise because there are two possible posi- 
t,ions for a CO unit to adsorb at each active 
site produced by carbon monoxide activa- 
tion (7). Ethylene pretreatment, produces 
some sites to which ethyl groups are at- 
tached, and only one “free” position per 
site remains (2). Thus formulae I and II 

I II 

represent the adsorption of carbon mon- 
oxide on sites produced by activation of 
the catalyst by reduction in carbon mon- 
oxide and in ethylene, respectively. The ap- 
pearance in some experiments of two 
clearly defined infrared bands at 2184 and 
2189 cm-l may be associated with the pos- 
sibility of two adsorption positions per ac- 
tive site for catalysts which have been re- 
duced in carbon monoxide. This possibility 
also exists, but to a lesser extent, for cata- 
lyst which has been activated in ethylene 
at 300°C followed by evacuation at 300°C. 
The evacuation removes adsorbed ethyl 
groups from some of the sites (1, 2) which 
are therefore available for t.he adsorption 
of two carbon monoxide molecules. 

The capacity for the adsorption of car- 
bon monoxide on catalysts which have 
been reduced in carbon monoxide is de- 
creased by the build up of polyethylene on 
the catalyst surface. Sites from which 
polymer has not. desorbed (III) (7) will 
adsorb only one carbon monoxide molecule 
per site (IV) compared with two molecules 

m 

(C’-‘, CH2 4 C b 

Dz 
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per site (I) before polymerization. The re- 
sults in Fig. 5 show that build up of poly- 
mer caused a ca. 27% decrease in the 
amount of carbon monoxide which could be 
adsorbed. A 50% decrease would not be 
expected, because polymer will desorb from 
some sites leaving two positions vacant for 
the adsorption of carbon monoxide. How- 
ever, the present results are evidence that 
the sites on which carbon monoxide ad- 
sorbs are also active for the polymerization 
of ethylene. The results (Fig. 6) for the 
polymerization of ethylene in the presence 
of adsorbed carbon monoxide confirm this 
conclusion. 

The desorption of carbon monoxide (Fig. 
6) on the addition of ethylene shows that 
ethylene is more strongly adsorbed than 
carbon monoxide. The decrease in the in- 
tensities of infrared bands due to adsorbed 
carbon monoxide is accompanied by an in- 
crease in the rate of polymerization of 
ethylene. The correlation between the in- 
crease in rate and the desorptjon of carbon 
monoxide is confirmed by the absence of 
an induction period for polymerization 
runs carried out in the absence of adsorbed 
carbon monoxide (Fig. 6). The correlation 
(Fig. 7) between the rate of polymerization 
and the amount of carbon monoxide which 
remains adsorbed during polymerization 
indicates t’hat the majority of the catalyt- 
ically active sites are poisoned by only a 
small fraction of the total amount of carbon 
monoxide which the surface is capable of 
adsorbing. This is consistent with t,he con- 
clusion deduced from other results (Fig. 4) 
that the distribution of active sites in the 
surface is heterogeneous. The few sites 
upon which carbon monoxide is most 
strongly adsorbed are also those which are 
catalytically most active. At low coverages 
carbon monoxide js adsorbed on these sites 
and their catalytic activity is lost. At high 
coverages of carbon monoxide the polym- 
erization activity is low and only de- 
creases slowly as t,he coverage of carbon 
monoxide increases. There are sites in the 
surface which are able to adsorb carbon 
monoxide but only exhibit a low activity 
for the polymerisation of ethylene. These 
sites are far more numerous than those of 
high catalytic activity. 
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