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Abstract-- NiO-ZrOa/SOa 2 catalysts were prepared by coprecipitation from the solution of nickel 

chl,aride - zirconium ,axychloride mixture foll,a'a, ed by trealiug with H2SO4 NiO-ZrO2 alone wit[~out goa 2 

was inaclive as a calalyst f,.;r ethylene dimerization, bul NiO-ZrO2/SOa 2 was found to be very active even at 

roon~ temperalure. The high catalytic activity of NiO-ZrO2/SO42 was closely correlated with the increase ~;f 

acid strengH~ by the il:,ductive effect ol sulfate i{m adsorbed on NiO-ZrO2. The decrease of cata]ylic activit? 
above 150~ of evacuation temperature was explained in terms of the structural change ol catalyst from 

amorph.us phase lu cD, stal]ine, and Ihe sintering. 

INTRODUCTION 

Nickel oxides on silica or silica-alumina are effec- 
tive catalyst in olefin dimerizatiun and isomerization as 
well as in the hydrocracking, hydrogenation and meth- 
anation process following reduction of the nickel com- 
ponent [1-8]. One of the remarkable features of this 
catalysts system is its activity in the relation to a series of 
n-olefins, tn contrast to usual acid-type catalysts, the 
nickel oxide on silica or silica-alumina shows a higher 
activity for a lower olefin dimerization, particularly for 
ethylene [1-5,9]. The catalyst is also active for the 
isomerization of n-butenes, the mechanism of which has 
been proved to be of a proton donor-acceptor type [10]. 
It was reported that the dimerization activities of such 
catalysts are related to the acid property of surface and 
low valent nickel ions. In fact nickel oxide which is ac- 
tive !or C2H4-C2D.~ equilibration acquires an activity for 
ethy ene dimerization upon addition of nickel sulfate 
which is known to be an acid [11]. 

In the previous paper from this laboratory, it was 
reported that dimerizafion of ethylene to n-butenes 
preceeds selectively over nickel ion exchanged silicate, 
while chromium ion exchanged silicate is more effective 
for the polymerization of ethyiene [12]. Recently, we 
found that the nickel oxide-titanium oxide treated 
with sulfate ion is ve~' actiw_ ~ for the dimerization reac- 
tion of ethylene at room temperature [13,14]. As an e.x- 

~T~} whom all ct}rrespondence shuuld be addressed. 

tention of studies on ethylene dimerization, these 
authors tried to prepare other catalyst systems by com- 
bining nickel hydroxide to give low valent nickel after 
decomposition, with Zr02 treated with H~SO4 which is 
known to be an acid [15]. In this way a new catalyst 
system of NiO-ZrO2/SO~ 2 was found to be effective for 
the d imer iza t ion  of olef ins. 

EXPERIMENTAL 

Catalysts and Materials 
The coprecipitate of NI{OH)2-Zr (OH),~ was obtained 

by adding aqueous ammonia slowly into a mixed 
aqueous solution of nickel chloride and zirconium ox- 
ychloride at room temperature with stirring until the pH 
of mother liquor reached about 8. The ratio of nickel 
chloride to zirconium oxychloride was varied. The pre- 
cipitate thus obtained was washed thoroughly with 
distilled water until chloride ion was not detected, and 
was dried at room temperature. The dried precipitate 
was powdered below 100 mesh and then the treatment 
with sulfate ion was performed by pouring 30ml H~SO4 
into 2g of the powdered sample on a filter paper and 
drying the sample in air. The dry solid powder was used 
as catalyst after decomposing at various evacuation 
temperature. Ethylene, propylene and l-butene 
(99.95% pure) were obtained from Korea Petrochemical 
industrial Co. and were purified by the freeze-thaw 
technique using liquid nitrogen and dry ice-acetone 
baths. 
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Procedure 
The catalytic activity for olefin dimerization was in-. 

vestigated at 20~ by a conventional static system, 
following pressure change from an initial pressure of 
288 tort. Sometimes, the dimerization reaction was car.. 
fled out in a circulation system at 185 torr in order to 
observe the variation of product distribution with reac.- 
tion time. Each fresh catalyst of 0.2g was used for each 
run after evacuation to 10 -4 torr at various evacuation 
temperature for 1.5 hr. The catalytic activity was 
evaluated as the amount of olefin consumed in the in-- 
itial 5 minutes. Reaction products, which contain 
n-butenes isomers were analyzed by gas chro.. 
matography equipped with a VZ-7 column at room tem- 
perature. The measurement of the specific surface area 
were determined by adsorption of nitrogen at -196~ 

The acid strength of the catalysts was measured 
qualitatively by usual method after the pretreatment us- 
ing a series of Hammett indicators. The catalysts were 
pretreated in glass tubes by the same procedure as for 
the reactions. They were cooled to room temperature 
and filled with dry nitrogen. The color change of series 
uf indicators were observed for each catalyst by the spot 
test under dry nitrogen atmosphere. Infrared spectra of 
various catalyst were recorded to examine the thermal 
stability of adsorbed sulfate ions on the catalyst, using 
JASCO IR-2 spectrometer. For the i.r. measurements of 
CO adsorption, the sample was pressed into wafers 
weighing about 8 mg/cm 2. The wafer was placed in a 
heatable vacuum cell and evacuated at 400~ for 1.5 hr. 
After cooling to room temperature, the i.r. spectrum of 
the pretreated sample was recorded. The sample was 
then exposed to CO of 190 tort for 30 rain and the i.r. 
spectrum was taken. Then the cell was re-evacuated for 
30 sec and the i.r. spectrum was taken. X-ray diffrae- 
tograms were taken by JEOL model JDX-88 X-ray dit- 
fractometer with copper target and nickel filter at 30KV 
and 1000 cps. The thermal analysis was carried out with 
Rigaku Denki Thermoflex in air. The sulfur content was 
determined accolding to the Korean industrial standard 
nrethod (KS D 1830). 

RESULTS AND DISCUSSION 

X-ray diffraction pattern 
The physical or chemical structure ot a catalyst 

','aries with the method of preparation and the condition 
of pretreatment, and consequently affects the catalytic 
activities profoundly. The precipitation from a mixed 
solution of the various mole ratio of NiCI2 to ZrOCI2 with 
amnloidunr hydroxide was terminated at pH 8. This 
series of catalysts are denoted by following a mole per- 
cent uf nickel oxide. For example, 25-catalyst means the 
catalyst having 25 mole percentage of the nickel oxide. 
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X-ray diffraction patterns of 25-catalyst  
decomposed at various temperature. 

Fig. 1 presents X-ray diffraction paltems of coprecipitate 
and 25-catalyst treated with 1N H:2SO.~. The coprecipitate 
of Ni(OH):uZr(OH)4 was found to be amorphous. 
However, the structure of sample decomposed in air 
varied depending on the calcination temperature as 
shown in Fig. 1. 25-catalyst showed amorphous struc- 
ture up to 400~ and very poor cD'stalline at 450~ On 
the other hand, tile tetragonal phase uf ZrO~ was observ- 
ed at 500~ whereas monoclinic phase at 900~ Three 
crystal structures of ZrO2, tetragonal, monoclinic and 
cubic phases have been reported l ] 6, l 71. For 6()-catalyst 
having high content of nickel, the cubic phase of NiO 
was observed at 500~ However, for any catalysts, the 
formation of trickel sulfate or zirconium sulfate due to 
the H2SO4 treatment was not observed. As will be 
discussed in the following section, the structural change 
of catalyst affects the catalytic activity and specific sur- 
face a r e a .  

Thermal analysis  
In X-ray diffraction patterns, it was shown that the 

structure of catalyst was different depending on the 
calcined temperature. To examine the thermal proper- 
ties of coprecipitate more clearly, its them~al analysis 
was carried out and illustrated in Fig. 2. For 25-catalyst, 
two maxima of endothermic peak appeared at I10~ 
and 300~ respe.ctively. It seems that the first peak in 
the range of 30-180~ is attributed to the removal of 
adsorbed and hydrated water, while tire second peak in 
the range of 230-330~ is responsible for the decomposi- 
tion of coprecipitate. The decomposition of nickel 
hydroxide is knuwn to begin at 230~ [181. The ex- 
othermic peak in the range of 455-520~ is attributed to 
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Fig. 2. DTA and TGA curves of eopreeipitate  
of Ni(OH) 2-Zr(OH),. 
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Fig. 3. Infrared spectra of  25 -ca ta lys t  treated 
with H2SO~:fa) Ni(OH)~-Zr(OH)~, (b) 
Ni(OH)fZr(OHL treated with IN H2S()4, 
(c) Ni(OH)2-ZrfOHL treated with  1N 
H~SO4 followed by evacuat ing  at 400 ~ 
for 1.5 hr. 

the transition from amorphouse to tetragonal phase. 
This result is in agreement with that of X-ray diffraction. 
Namely, tetragonal structure was observed by calcining 
the! catalyst at 500~ for 1.5hr. 
Infrared spec tra  

The infrared spectra of 25-catalyst treated with IN 
H2SO4 are given in Fig. 3. The catalyst showed infrared 
absorption bands at 1220-1230, 1130-4140, 1050-1060, 
990 cm -1 which are assigned to the bidendate sulfate ion 
coordinated to the metal [19t. The v SO spectra from the 
adsorbed sulfate in the v 1 and v~ frequency region 
(900-1400cm -1) support a species of reduced C2 v sym- 
metry with four bands arising from v 1 and splitting of 
the triply degenerate v3 vibration [20]. Other catalysts 
treated with sulfate ion of different concentrations also 
showed similar infrared absorption bands. Even after 
evacuation at 400~ for 1.5hr, strong absorption bands 
of sulfate ion remained to indicate a very strong interac- 
tion between sulfate ion and Zr-%r Ni +z As will be 
discussed in the following section, the sulfate ion coor- 
dinated to the metal enhances the acid strenglh of the 
catalyst and consequently is responsible for the catalytic 
a(livity of olefin dimerization. 
D i m e r i z a t i o n  of  o l e f ins  

The relative reactivity of ethylene, propylene and 
1-butene was measured at 20~ by static system using 
25-catalyst evacuated at 400~ for 1.5hr. The 
pressure change with reaction time is illustrated in Fig. 
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4. Ethylene was continuously consumed, while the 
pressure change of propylene and 1-butene was slow as 
compared with that of ethylene. In this paper, emphasis 
has been placed to tile dimerization reaction of ethy- 
lene. 

Effect  of  S O i  2 c o n t e n t  
The catalytic activity of 25-catalyst treated with 

H2SO 4 of different concentrations was examined, and 
the results are given in Fig. 5. Tile maxinLum activity 
was observed at about 4 % of SO:~ content or IN concen- 
tration of HeSO4. Hereafter, if there is no special men- 
tion, catalyst means the sample treated with 1N H2SO4 
followed by decomposing it at 200~176 The samples 
which were not treated with H2SO4 were inactive as 
catalyst for ethylene dimerization. It is probably con- 
sidered that the activity decrease above 4% of SO3 con- 
tent is explained in terms of the decrease of the number 
of active sites due to the adsorption of large amount of 
sulfate ion. 

Init ia l  p r o d u c t  of  e t h y l e n e  d i m e r i z a t i o n  
Over 25-catalyst, ethylene was selectively dimerized 

to n-butenes. In the composition of n-butenes analyzed 
by gas chromatography, 1-butene was found to pre- 
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e thy lene  dimerizat ion and SOa content  
of  2 5 - c a t a l y s t  treated with  d i f f erent  

concentrat ion of H~SO~. 

8 

d7 
4 

1~176 l 

t r a n s - 2  

_5 6O 

.-_ 40 

r~E "~ �9 c i s - 2  �9 
L) 

0 I J 
0 30 60 90 120 

R e a c t i o n  t i m e ,  Hill] 

Fig.  6. Composit ion change  of produced n - b u t e -  

nes  wi th  reaction time. Reaction condi - 

t ions: 2 5 - c a t a l y s t ( 0 . 2 g )  evacuated at  

400~ for 1.5hr; reaction temperature  
20~  init ial  p r e s s u r e -  185 torr. 

dominate exclusi~,ely at tile initial reaction time as com- 
pared with 2-bulene. As shown in Fig. fi, however, tile 
amount of ]-butene decreases with the reaction time, 
while tile amount of 2-butene increases with time. 
Therefore, it is very dear that the initial product of 
ethylene dimerization is ]-butene and the produced 
l-butene is also isomerized to 2-butene during the reac- 
tion time. [t was found that the activity decrease is ac- 
companied by a decrease in tile extent of isomerization 
of n-butene produced by the dimerization. The composi- 
tions of n-butene obtained by dimerization runs on a 
series of catalysts for 30 rain are plotted against the 
catalyst composition of NiO-ZrOJSO~ 2 system in Fig. 7. 
It is obvious that the selectivity to 2-butene runs parallel 
with its dimerization activity. 

Effect  of  c a t a l y s t  c o m p o s i t i o n  
Tile effect of catalyst composition on tile initial rate 

was examined, where the catalysts were evacuated at 
400~ for 1.5 hr. As shown in Fig. 7, tile maximun ac- 
tivity is obtained with the catalyst of 25 mole percent of 
nickel oxide. This means to be due to ttle increase of 
specific surface area and the subsequent increase of ac- 
tive site. In fact Fig. 7 shows that the specific surface 
area attained a maximunl when the content of NiO in 
catalyst is 25 mole percent. 

March,  1987 
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Effect  of  e v a c u a t i o n  t e m p e r a t u r e  
In Fig. 8, tile ethylene dimerization activities Gf 

25-catalysts are plotted against evacuation temperature 
at which the catalyst was evacuated for ] .5 hr. It can I)e 
seen that the activity appears above 200~ reaching a 
maximum at 400-450~ In Fig. 2, the decomposition of 
coprecipitate was obseB,'ed to begin at 230~ The 
decomposition of nickel hydroxide is known to begin at 
230~ [18]. Therefore, it is very likely that the activa- 
tion ~}f catalyst above 200~ is related to the decomposi- 
tion of the catalyst. 

Fig. 8 also shows the gradual decrease of activity 
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after the evacuation temperature above 45()c~C. It would 
be worthwhile to discuss the activity decrease above 
450~ As shown in Fig. 1, tile catalyst showed nearly 
amorphous structure up to 450~ while above 450~ 
tile catalyst structure was changed from amorphous 
phase to tetragonal phase. The activity decrease above 
450~ is reasonably explained by the solid phase rear- 
rangement or sintering of the catalyst as demonstrated 
by irreversible decrease of specific surface area (Fig. 8). 
"]'he effect of calcination temperature on the acidic pro- 
perties of pure alumina was reported [21]. 0-A]203 
calcined at 500~ had low cD~stallinity and maximum 
activity, while that calcined at 600~ exhibited high 
cr3/stallinity and n]ininrum activity. Therefore, it is very' 
important that the catalyst of high catalytic activity and 
surface area should be amorphous. 

A c t i v e  s i t e s  
It is remarkable that the samples which were not 

treated with HeSO4 were inactive as catalyst for ethylene 
dimerization, but the sample Ireated with H2504 ex- 

Idbited high catalytic activity. The active site responsible 
for dimerization is suggested Iv consist of a low valent 
nickel ion and an acid as observed in the NiO-SiO2 
catalyst [4, 22]. The term "low vaient nickel" originated 
from the fact that the NiO-SiO:~ catalyst was drastically 
poisoned by carbon monoxide, since a low valent nickel 
is favorable to chemisorb carbon monoxide [22]. In the 
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Fig.  9. Infrared spectra  of  CO adsorbed on 25 

c a t a l y s t .  (a) Back ground of 2 5 - c a t a l y s t  

evacuated  at  400~ for l. Shr,(b)  E x p o -  

sed to CO of 1 9 0 to r t  for 30rain , ( c )Eva-  
cuated  at  room temperature  for 30see.  
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svstem of NiO-ZrOjSO42 the catalyst was poisoned by 1 
vmol/g of carbon monoxide for dimerization. Fig. 9 
shuws the infrared spectra of CO adsorbed on catalys;. 
After exposing 25-catalyst to CO for 30 min followed by 
the evacuation, the absorption bands were observed at 
1995 and 1973 cm q. These bands were lower in wave 
number  than those at 2217 cm -~ attribute(] to the in- 
teraction between CO and Ni a* and those at 2188 cm J 
attributed to the interaction between CO aml Ni ~ + [23]. 
Therefore, these absorption bands could be attributed to 
the CO adsorbed on metallic nickel which was formed 
by the evacuation at high temperatures. 

The nickel oxide treated with H2SO~ exhibited a little 
activity for dimerization as shown in Fig. 7, but nickel 
uxide without sulfate ion was inactive. These results 
support more confirmly the fact that the active site for 
dimerization is formed by an interaction of a low valent 
nickei ion with an acid. In fact ZrOjSOa 2 alone without 
nickel ion was inactive for dimerization although it ex- 
hibited a little activity for polymerization It is well 
known that acid catalyst is effective for the ~olymeriza- 
tiou of olefins 121 ]. 
A c i d  p r o p e r t i e s  

It has been established that protonic and non- 
protonic acid sites are distinguishable by infrared spec- 
tra of adsorbed pyridine [24]. In the infrared spectra C 
pyridine adsorbed on 25-catalyst, both the pyridiniurn 
ion band at 1540 crn -~ and the coordinated pyridine 
band at 1450 cm -] was found to indicate the presence of 
both Lewis and Br6usted acids. As mentioned above, 
the samples without sulfate ion were not effective for 
ethylene dimerization. This means that the samples do 
not have enough acid strength to catalyze the dimeriza- 
tion reaction. Zirconium oxide prepared by calcining zir- 
conium hydroxide at 300-700~ has weak acid strength 
of 4.8 < Ho <: 6.8 [25]. Tile acid strength of the present 
samples treated with H~SO~ was examined by a color 
change method using Hammett indicators. Since it was 

T a b l e  1. M e a s u r e m e n t  of the  a_cid s t r e n g t h  of 

5- c a t a l y s t .  

pKa value Evacuation 
Hammol[ o[ Temperature 1400 ~ ) 
Indicalor 

[ndicalor 5-Catalyst 5-Catalyst 
with SO, -a ,,,,ithout SO4 ~ 

l)icinnamalacetone - 3.0 ; b 

Benzalacetophenone - 5.6 4 - 

Anlhra.quinone - 8.2 + - 

Nitrok, enzene - 12.4 f - 

2.4- -14.5 -b - 
Diuit r{. 2uo robenzene 

O O O O 

i-H---iii d"So oH t'P- I , I []eat --, O 7 /  \~, 
o k o . i ,  ro o l  
! 

M, MUM 
, , , -U O __ , , , 

M M M M bl 2k / \ / \ / "  \ /  X / ' X  / \'--"/ \ / '~. / ' \  
O O O O O O O O O O O O 

]Pig. 10. A model  of  a c i d  s i t e s  g e n e r a t e d  by the  

i n t e r a c t i o n  w i t h  s u l f a t e  i on .  

very difficult to observe the color of indicators actsnrbed 
on the catalyst of Mgh content of nickel oxide, a low per- 
cent of nickel oxide (5-catalyst) was used in this experi- 
ment. The results are listed in Table l. ]n this table + 
means that the color of base form was changed lu that of 
conjugate acid form. Since the color of all used in- 
dicators was changed, the acid strength of the present 
catalyst is at least to be H o g  -]4.5. However, the acid 
strength of tile sample without sulfate ion was found to 
be Ho ~ -3.0. This is why the sample which was not 
treated with H2SO~ was inactive as catalyst for ethylene 
dimerization. 

The acid stronger than Ho<-11.93, which corres- 
pond to the acid strength of 100% H.,SO,~, is known as 
superacid [26]. Consequently, tile present catalyst 
would be a solid superacid. Superacidic properties are at- 
tributed to the double bond nature of S = O of the com- 
plex formed by the interaction of NiO-ZrO2 with sulfate 
ion. Both Lewis and BrOnsted acid strength becomes 
stronger by tile inductive effect of S = O in the complex 
as illustrated in Fig. 10. Enhancement of electron deffi- 
ciency on M ~ and OH bond by the interaction of sulfate 
ion is the origin ot superacidic properties. 

C O N C L U S I O N  

A series of catalyst NiO-ZrO2/SOa 2 was found to be 
ver3/" active for ethylene dimerization and the following 
fact is demonstrated in the present study. 

1. NiO-ZrO2/SOT~ 2 is very effective for ethylene 
dimerization, but NiO-ZrO2 alone without SOa 2 
does not exhibit catalytic activity absolutely. 

2. The high catalytic activity of NiO-ZrO:JSO~ 2 is 
closely correlated with tile increase of acid 
strength by the inductive effect of sulfate ion coor- 
dinated to Zr *4 or Ni 2*. 

3. The active site for dimerization is formed by an 
interaction of a low valent nickel ion with an acid, 
because the sample without either nickel ion or 
sulfate ion wasinact ive  for dimerization. 

4. The decrease of catalytic activity above 450~ 
can be explained in terms of the transition of 
catalyst from amorphouse phase to c~stal l ine 
and the sinlefing of catalyst. 

31a rch, 1987 
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