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Abstract

Nickel oxide-silica catalysts were prepared by precipitation from an acidic solution of a nickel salt—sodium silicate mixture.
Two types of nickel hydrosilicate, montmorillonite and antigorite are formed in the catalysts. Catalytic activities of nickel
silicates for ethylene dimerization and butene isomerization run parallel when the catalysts are activated by evacuation at
elevated temperatures, giving two maxima in activities. The variations in catalytic activities are closely correlated to the
acidity of catalysts. The acid site responsible for the catalytic activity is protonic on montmorillonite, while non-protonic
on antigorite, as evidenced by the effect of water content and the IR spectra of adsorbed pyridine. Catalytic activities of
NiO-TiO; catalysts modified with b0y, H3POy, H3BO3 and HSeQ, for ethylene dimerization and butene isomerization
were examined. The order of catalytic activities for both reactions was found to be NiQ-S@?2~ > NiO-TiO,/PQ,%~ >
NiO-TiO,/B0O3%~ > NiO-TiO,/SeQ?~ > NiO-TiO,, showing clear dependence of catalytic activity upon acid strength.
Catalytic activity of nickel sulfate supported grAl ,O3 (NiSO4/vy-Al ,03) for ethylene dimerization is also closely correlated
to the acidity of catalysts, showing that the active sites consist of a low-valent nickel éNd an acid. © 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction 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 [9]. In the pre-

vious papers from this laboratory, it has been shown

Nickel oxide on silica or metal oxide is an effec-
tive catalyst in olefin dimerization and isomerization

as well as in the hydrocracking, oxidative coupling
of methane and hydrogenation process following re-
duction of the nickel component [1-7]. One of the
remarkable features of this catalyst system is its activ-
ity in the relation to a series of-olefins. In 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 [3,4,8].

E-mail addressjrsohn@knu.ac.kr (J.R. Sohn).

that NiO-TiO, and NiO-ZrQ modified with sulfate
ion are very active for ethylene dimerization [10-12].
High catalytic activities in the modified catalysts in
the reactions were attributed to the enhanced acidic
properties of the modified catalysts. The enhanced
acidic properties originate from the inductive effect
of S=O bonds of the complex formed by the inter-
action of oxide with sulfate ion. A transition metal
can also be supported on zeolite in the state of a
cation or a finely dispersed metal. Several papers
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have treated ethylene dimerization on transition metal catalysts after decomposing at different evacuation
cation-exchanged zeolites [13-15]. It was reported temperatures for 1.5h. The catalysts modified with
that Ni, Rh and Pd-exchanged zeolites were active H,SOy, H3POy, H3BO3 and HbSeQ, are referred to

for ethylene dimerization, while Cr-exchanged zeolite
was active for ethylene polymerization.

It was previously reported that the dimerization ac-
tivity is related to acidic property of the catalyst [2,16],

as NiO-Tig/SO,%~, NiO-TiO2/PO,%~, NiO-TiO/
BO33~, NiO-TiO,/SeQ*~, respectively.

The catalysts containing various nickel sulfate con-
tent were prepared by impregnationwsfl O3 pow-

by which the isomerization of butene proceeds. In this der (JRC-ALO-2, surface area 240nfg~1) with

view, the role of acid site would be important in the

aqueous solution of NiS£6H,0 followed by calcin-

mechanism of dimerization, although acid sites alone ing at 600°C for 1.5 h in air. This series of catalysts are

can not act as effective sites as those on NiO-SaD
the dimerization of ethylene. In this paper, the cor-

relations between dimerization and isomerization ac-
tivities and acidic properties have been studied using

several nickel-containing catalysts.

2. Experimental

2.1. Catalysts

Nickel oxide-silica was prepared by adding sodium
hydroxide solution (0.1N) slowly into a mixed aque-
ous solution of sodium silicate, nickel sulfate or ni-
trate and sulfuric or nitric acid at 6@ with stirring
until the pH of mother liquid reached a certain value
and then by allowing the precipitate to stand for 3h at

denoted by their wt.% of nickel sulfate. For example,
20-NiSQy/y-Al 03 indicates the catalysts containing
20wt.% NiSQ.

3. Procedure

The FTIR spectra were recorded at room temper-
ature with a Mattson model GL 6030E spectrometer.
Usually 2mg of catalyst was mixed with 150 mg of
KBr and pressed into a disk (600 kg cR). The FTIR
spectra of some samples were obtained in a heatable
gas cell at room temperature. The self-supporting cat-
alysts wafers contained about 9 mgcmPrior to ob-
taining the spectra, the samples were heated under
vacuum at 400-608C for 1 h. X-ray diffraction pat-
terns of catalysts were taken by a Philips X'pert-APD

room temperature. The precipitate thus obtained was diffractometer using a copper target and a nickel fil-

washed thoroughly with distilled water and was dried
at 120°C. The dried precipitate was again washed
with successive portions of a 5% ammonium nitrate
solution and then with hot distilled water to remove
sodium ion remaining in the catalyst.

The modified NiO-TiQ catalysts were prepared
as follows. The co-precipitate of Ni(ObHTi(OH)4

ter at 30kV and 800cps. X-ray photoelectron spec-
tra (XPS) were obtained with a VG scientific model
Escalab MK-11 spectrometer. AlKand Mgka were
used as the excitation source, usually at 12 kV, 20 mA.
The analysis chamber was 1UTorr or better and
spectra of samples, as pressed wafer, were analyzed.
The catalytic activity for ethylene dimerization was

was obtained by adding agueous ammonia slowly determined at 20C by a conventional static system

into a mixed aqueous solution of nickel chloride, ti-
tanium tetrachloride and hydrochloric acid at room
temperature while stirring until the pH of the mother
liquid reached about 7. The precipitate thus ob-

following pressure change from an initial pressure of
280 Torr. Fresh catalyst sample was used for every run
after evacuation at different temperature for 1 h. The
isomerization of 1-butene was carried out at20in

tained was washed thoroughly with distilled water a closed circulating system. Reaction products were
until chloride ion was not detected and was dried analyzed by gas chromatography with a VZ-7 column
at room temperature for 12h. The dried precipitate at room temperature. The specific surface area was
was powdered below 100 mesh and then modifica- determined by adsorption of\at —196°C.

tion with acids was performed by pouring each 30 ml  Acidity of non-colored catalyst was determined
of 1N HySOy, H3POy, H3BO3 and HSeQ, into 2g by n-butylamine titration in benzene using dicin-
of the powdered sample on a filter paper, followed namalacetone as the indicator, while chemisorption
by drying in air. The resultant solids were used as of ammonia was employed as a measure of acidity
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of colored catalysts. The amount of chemisorption

was obtained as an irreversible part of adsorption of pHST
ammonia [17]. pH 7.4 o
pH 8.0 /
s
4. Results and Discussion pﬂy\f\

S

4.1. Structure of NiO-Si@catalysts

%
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The precipitation from a mixed NiSENaxSiOz | /\/\/\
(1:4) solution with sodium hydroxide was terminated pH 105 soﬂ /

at different pH values from 6 to 12.7. This series of 7\
catalysts is denoted by symbol A followed by the final 11.0 710 ¥4

Transmittance, %

—A

pH value. Although the composition of starting ma- Py 22
terial was the same, the NiO content increased with 430
increase in pH, particularly at pH values above 6 and
10 as shown in Fig. 1, where the NiO content was de-
termined by chemical analysis. The change at pH 6 Wavenumber, cm
is natural because the precipitation of Ni(QHakes
place at this region [3], while the change above pH
10 is most likely caused by loss of silica into solution
because of a high pH value. Fig. 1 also shows that 420, 665 and 710 cnt, except for the catalyst A-6.7
the specific surface area decreases with increase in pHand that the band at 800 crh characteristic of silica
after a maximum at pH 6.7. decreases with increase in pH and is completely lost
The structure of catalyst calcined at 5%8Dwas ex- from A-11. The IR spectra of A-12 and A-12.7 were
amined by IR spectroscopy. The IR spectra of cata- identical to that of A-11. Thus, the enrichment of NiO
lysts A-6.7 to A-11 are given in Fig. 2. When they are is evidently caused by dissolution of silica.
compared with IR spectra of nickel oxide and silica as
shown in Fig. 3, itis clear that new bands are formed at
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Fig. 1. Nickel oxide content and surface area of A-series catalysts Fig. 3. IR spectra of: (a) sample Il (nickel antigorite); (b) sample
as functions of pH in preparation. I (nickel montmorillonite); (c) silica gel; (d) nickel oxide.
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Fig. 4. X-ray diffraction patterns of nickel layer silicates synthe-
sized by hydrothermal treatment: (a) nickel antigorite; (b) nickel
montmorillonite.

Since, two types of nickel silicate of layer struc-
ture, nickel montmorillonite [N§(Si2Os)2(OH),] and
nickel antigorite [N§Si,O5(OH)4], are known [3],
two samples of nickel hydroxide precipitated on silica
gel, which were different in NiO content (I (24%) and
11 (80%)), were subjected to hydrothermal treatment at
265-270C (50-54 atm) for 30 h. As shown in Fig. 4,
the X-ray analyses showed that the nickel silicates
formed in the samples | and Il are montmorillonite
and antigorite, respectively, as evidenceddoyalues
of 9.4 and 3.1A (Mont.), and 7.4 and 3.6 A (Ant.)
[18]. However, for usual samples without hydrother-
mal treatment, the cubic phase of NiO¢(2alues:
37.3, 43.3 and 629 except for nickel silicates was
observed in X-ray diffraction patterns, while the char-
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distinguished by relative intensities of the two absorp-
tion bands. In view of this fact the spectra shown in
Fig. 2 seem to show that the nickel silicate formed
in the catalyst sample changes from montmorillonite
to antigorite as the NiO content of catalyst or the fi-
nal pH in precipitation increases. In fact, A-8 gave an
X-ray diffraction pattern characteristic of montmoril-
lonite, while A-11 gave a broad peak which can be
ascribed to antigorite.

In view of the foregoing results, another series of
catalysts were prepared starting from different compo-
sition of Ni(NO3)2—NaSiOs—HNO;3 solution in which
the concentration of HN®was fixed at 1.5N. The
precipitation by sodium hydroxide was terminated at a
fixed pH of 7.5. This series of catalysts are denoted by
symbol B followed by NiO content (wt.%) after calci-
nation. In separate experiments, IR spectra of B-series
of catalysts calcined at 55C were examined (not
shown in the figure). It was seen that the relative in-
tensity of the 710 cm! band to the 665cm band
changes markedly between B-56 and B-66, indicating
a change in the silicate species from montmorillonite
to antigorite. Since NiO content in the antigorite is
65%, the changes at around this composition are quite
reasonable.

Thus, it may be concluded that the nickel silicate
species formed in the precipitate changes from mont-
morillonite to antigorite as the nickel oxide content
increases and that the change can be monitored by IR
spectra of calcined sample.

4.2. Ethylene dimerization activity
of NiO-SiQ catalyst

In the Fig. 5, the ethylene dimerization activities
per surface area of A-series of catalysts are plotted
against the evacuation temperature at which the cata-

acteristic pattern of silica was not detected because lysts was pre-treated for 1 h. All of these catalysts ex-
silica was present as an amorphous phase. The IRhibit two maxima of dimerization activity at 100 and

spectra of the two samples are shown in Fig. 3. It is
clear that the new bands found with catalysts A-7.4
to A-11 are ascribed to the silicates. Both 710 and

665 cnm ! bands have been assigned to Si—O stretch-

ing affected by Nit+ for nickel talc and crysotile [19].

It is notable in Fig. 3 that the band intensity at
710 cnt ! is much stronger than that at 665 chwith
montmorillonite, while only the 665 cnt band is ob-
served with antigorite. Thus, the two silicates can be

550-650'C and a minimum at 200-35C as reported
previously [16]. It is notable that the value at the sec-
ond maximum is more extensively affected by the final
pH in the catalyst preparation. Although the increase
in final pH gives rise to the formation of antigorite, it
is accompanied by an increase in nickel oxide content.
It is suggested by the results that there are two
types of active sites which are closely related to
the two nickel silicates. The montmorillonite-type
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Fig. 5. Variations of catalytic activity of ethylene dimerization on
A-series catalysts with evacuation temperature.

Fig. 6. Variations of ethylene dimerization activity with evacuation
. . . temperature: @) B-4 catalyst; (O) B-85 catalyst.
(type M) sites are activated by evacuation at room

temperature up to 10@, while the antigorite-type ]
(type A) sites are activated above 28D up to about Thus, the OH groups bound to i are located
600°C. If this is the case, the twin peak activation inside the silica layers of montmorillonite, while in
curve as shown in Fig. 5 should be simplified by @antigorite, they are mostly exposed to the basal plane.
purifying the active sites. As shown in Fig. 6, both Although, it is uncertain whether active sites are
catalysts B-4 and B-85 also exhibit single but dif- formed on basal planes or on edge planes, the above
ferent maxima at 100 and 65G, respectively. It is difference in the coordination states of the nickel
reasonable that the low nickel oxide content in B-4 ion should give rise to the observed difference in
gives rise to little chance to form antigorite, resulting activation temperature.
in exclusive formation of montmorillonite, while in
B-85 antigorite is exclusively formed because of the 4.3. Correlation between activities for ethylene
high nickel oxide content. dimerization and butene isomerization

Itis thus very likely that there are two types of active
sites and that the difference in their optimum activation It has been shown that the catalytic activity of
temperatures is traced back to the difference in sili- NiO-SiO; for ethylene dimerization varies with tem-
cate structures. In the structure of antigorite, one silica perature of pre-treatment (evacuation), giving two
layer of the type $SiOs2~ is combined with an octahe- ~ Optimum temperatures, around 100 and 600 The

dral layer of the type NPt (OH)g, while in montmo- dimerization activity of A-10 changed with the evacua-
rillonite, one octahedral layer is sandwiched between tion temperature as shown in Fig. 7. In Section 4.2, the
two silica layers, in conformity with the formulas: two activity peaks were ascribed to two different types
of active sites, montmorillonite (10@) and antig-
(OH)Si,0s (OH)Si,0s orite (600°C). The activity decrease by pre-treatment
Niz2* Nis?* at high temperatures above 60D is reasonably ex-
) plained by sintering or soild-phase rearrangement of
(OH); (OH) 81,05

the catalyst as demonstrated by irreversible decrease
antigorite montmorillonite of specific surface area as well as the activity.
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Fig. 7. Variations with evacuation temperature of catalytic activity
and product composition in ethylene dimerization on catalyst A-10
at 20°C.

It was found that the activity decrease is accompa-
nied by a decrease in the extent of isomerization of
n-butene produced by the dimerization. The compo-
sitions of n-butene obtained by dimerization runs on
A-10 catalyst for 30 min are plotted against the evac-
uation temperatures in Fig. 7. It is obvious that the
selectivity to 2-butene runs parallel with dimerization
activity. Since the initial product of ethylene dimeriza-

tion seems to be 1-butene [16], the above result sug-

gests that the isomerization activity runs parallel with
the dimerization activity. Thus, the isomerization of
1-butene was carried out at 20 on the catalyst A-10

J.R. Sohn/Catalysis Today 73 (2002) 197-209
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Fig. 8. Variation of 1-butene isomerization activity of catalyst A-10
with evacuation temperature.

(about 10 mm). The partial pressure of ethylene was
lowered to 4.5 Torr or lower. By taking these precau-
tions, 1-butene was found to predominate (above 90
%) in the products of dimerization runs at 20 on
B-10 catalyst evacuated at 100.

4.4. Correlation between catalytic activity
and acidity

Since, it was found in the present study that the iso-
merization activity also decreases by the evacuation at
above 100C, the acidity responsible for the isomer-
ization also should decrease. The acidities of catalyst
A-6 thus determined are given as a function of evac-

in a circulating system. The time course of isomer- uation temperature in Fig. 9 using dicinnamalacetone
ization was in agreement with the first order rate law. (pKa = —3.0) as an indicator, where dimerization and
Thus, the isomerization activity is represented by the isomerization activities are also given. It is clear that
first order rate constant. As shown in Fig. 8, it is con- the catalytic activities decrease with decrease in acid-
firmed that the isomerization activity also gives two ity when the catalyst is evacuated at above ADQ
maxima and one minimum at the same pre-treatment confirming the above hypothesis. In this experiment

temperatures as those for the dimerization activity.
The above results are in conformity with the view
that 1-butene is the initial product of ethylene dimer-
ization. This view was further confirmed by the fol-
lowing experiments. In order to avoid the secondary
isomerization of initial product, a cold trap cooled to
—160°C by isopentane bath was put in the circulating

the catalyst A-6 was chosen because of its lightness
in color associated with low NiO content. The dimer-
ization activity of A-6 is accordingly of the montmo-
rillonite type, i.e. less active when evacuated at higher
temperatures as shown in Fig. 9.

The antigorite-type catalyst, on the other hand,
gives maximum activity when evacuated at 6Q0

system and the catalyst bed height was minimized Thus the acidity measurements were carried out with
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Fig. 9. Variations with evacuation temperature of acidity and cat-

alytic activities for 1-butene isomerization and ethylene dimeriza- o .
tion of A-6. 4.5. Reactivation of deactivated catalyst

the B-series of catalysts evacuated at B0@mploy- It has.been shown that the activation_ of NiO-clay by
ing the ammonia chemisorption method. The specific evacuation at elevated temperatures is caused by de-

acidities per surface area are shown as a function of hydration from the surface because when the catalyst
NiO content in Fig. 10, where the activities for dimer- 1S €xposed to water vapor after evacuation at a high

ization and isomerization are also given. Both of the
activities as well as the acidity increase with increase
in NiO content up to 70 or 80% NiO, again disclos-
ing parallelism between them. Since, those values are
normalized by surface area, their variations with the
NiO content demonstrate that the nature of active site
changes from montmorillonite type to antigorite type
with increase in the NiO content. In this way it is
demonstrated that the catalytic activities of NiO-8iO
substantially run parallel to the acidity.

It has been established that protonic and non-proto-
nic acid sites are distinguishable by IR absorption
spectra of adsorbed pyridine [20]. Fig. 11 shows the IR
spectra of pyridine adsorbed on catalyst A-7.4. Both
the pyridinium ion band at 1543 cm and the coordi-
nated pyridine band at 1450 cthare found with the 0 ulm 2(')0 3;’0 4")0 ;:m 6'00 7'00
catalyst evacuated at 10GQ, while only the latter is Evacuation Tempe;‘ature c
found with the catalyst evacuated at 4@ It is clear >
that the_prOtoniC acid sites are lost by the increase in fig. 11. Reactivation of deactivated catalyst (A-7.4) by water
evacuation temperature. treatment.

Dimerization Activity (Lmol/m*-3min)

=]



204

Transmittance, %

1 1
1400 1200

Wavenumber, cm™

1
1600

1800

Fig. 12. IR spectra of pyridine adsorbed on catalyst A-7.4:
(a) Background after evacuation at 1@ for 2 h; (b) pyridine ad-
sorbed on (a); (c) background after evacuation at°4@®@or 2 h;

(d) pyridine adsorbed on (c); gas phase was evacuated &C200
for 1 h after adsorption in (b) and (d).

temperature, the catalytic activity solely depends on
the temperature of the second evacuation [21]. For ex-
ample, the catalyst evacuated at 3@0was cooled in
water vapor to room temperature and re-evacuated at
200°C. The activity thus obtained was identical with
that obtained by direct evacuation at 2@

Applying this method, the mechanism of the ac-
tivity decrease caused by the increase in evacuation
temperature from 100 to 35C was elucidated with
ethylene dimerization activity of catalyst A-7.4. The
results are illustrated in Fig. 12, where black points
indicate the catalytic activity of catalyst treated with
water or oxygen. Itis clear that the catalyst deactivated
by evacuation at 350 or 60C can be reactivated by
cooling in water vapor (200 Torr) followed by evacu-
ation at 100C, while the cooling in oxygen (8 Torr)
does not result in reactivation. An analogous result
was obtained for the isomerization activity of cata-
lyst A-10. The catalyst was first evacuated at 300
and cooled in water vapor. The second evacuation at
100°C reproduced the peak activity.

It is accordingly concluded that the deactivation
is caused by dehydration from the surface. The peak
activity appears to be associated with an optimum

J.R. Sohn/Catalysis Today 73 (2002) 197-209

content of water, suggesting that the acid sites re-
sponsible for the catalytic activity are protonic in
nature. In fact, it has been shown by a tracer work
that the butene isomerization on NiO-Si€vacuated

at 100°C is catalyzed by the protonic acid [9]. The
present results suggest that the protonic acid sites
are also responsible for the ethylene dimerization.
On the other hand the catalytic activities developed
by evacuation at above 30C would be associated
with non-protonic acid sites because those are devel-
oped by dehydration. The non-protonic nature of acid
sites was previously shown with respect to the butene
isomerization on NiO-Si@evacuated at 50CC [9].

4.6. Effect of acid strength on the catalytic
activity of NiO-TiQ modified with acids

The catalytic activities for 1-butene isomerization
were examined and the results are shown as a func-
tion of reaction time in Fig. 13. No product other
thancis- andtrans-2-butene was detected in the reac-
tion mixture. When the NiO mol% of catalyst is 25
and the catalysts are evacuated at 4D(for 1.5h,
the catalyst exhibited the highest activity. Therefore,
in this paper emphasis is placed to the only catalyst

100 |
./. ™ °
o/ ©
N -0/ /0;9
s ] o
.gml o/e/o/e
///o/o
O 4 o 9/9/
/e/@/o
wl /o
%
) T

Reaction Time, min

Fig. 13. Conversion of 1-butene against reaction tim@) (
NiO-TiO2/SOy2~; (©) NiO-TiO2/PO3~; (&) NIO-TiO2/BOs3~;
(®) NIO-TiO2/Seq?—; (O) NiO-TiOs.
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having 25mol% of NiO content and evacuated at
400°C. After evacuation at 400C for 1.5h, strong
IR absorption bands of anions of acids were left to
indicate a very strong interaction between anions and
oxides and any decomposition or evaporation of an-
ions were not observed. The content of anion in the
catalysts after calcining at 40C was estimated to be
about~3-4wt.%. As shown in Fig. 13, the catalysts
modified with acids exhibited higher catalytic activ-
ity than the unmodified catalyst. NiO-THBOy2~
showed the most effective catalysis. Time course of
isomerization was in agreement with the first rate
law and the first-order rate constants are listed in
Table 1. The order of catalytic activity was found
to be NiO-Ti®:/SO,?~ > NIiO-TiOp/PO3~ >
NiO-TiO2/B0O3%~ > NiO-TiO2/SeQ;?~ > NiO-TiO5.
The catalytic activities for ethylene dimerization
were also examined and the results are listed in
Table 1, where the catalyst of 25mol% of NiO was
evacuated at 400C. NiO-TiO, alone without acid
modification was totally inactive for the ethylene
dimerization at room temperature unlike 1-butene
isomerization. However, all the modified catalysts ex-
hibited catalytic activity, showing the highest activity
of NiO-TiO»/SO42~ like the case of 1-butene isomer-
ization. On all the NiO-TiQ modified with acids, the
product obtained from the gas phase was exclusively

205

the modification with acids enhances the catalytic ac-
tivities for both 1-butene isomerization and ethylene
dimerization and the 1-butene isomerization activity
runs parallel with the ethylene dimerization activity.

It is interesting to examine how the activity of solid
acid catalysts depends upon the acid strength. The acid
strengths of the present samples modified with acids
were examined by a color change method using a se-
ries of Hammett indicators [17,20] as described in the
previous paper [10]. The catalysts were pre-treated in
glass tubes by the same procedure as for the reactions.
Since, it was very difficult to observe the color of
indicators adsorbed on catalysts of high nickel oxide
content, a low percentage of nickel oxide (4 mol%)
was used in this experiment. The results are listed
in Table 1, where+' indicates that the color of the
base form changed to that of the conjugate acid form.
The acid strength of the sample without acid modi-
fication was found to be He —3.0. However, the
acid strength of NiO-Ti@/SO42~, NiO-TiO2/PO,3~,
NiO-TiO2/BO33~ and NiO-TiG/SeQ?~ were esti-
mated to be Ho< —14.5, Ho < —8.2, Ho < —5.6
and Ho < —5.6, respectively. As described above,
NiO-TiO, alone without acid modification, whose
acid strength was found to be Ho—3.0, was totally
inactive for the dimerization of ethylene at room tem-
perature, although it exhibited a low activity for the

n-butene, in analogy with nickel-containing catalysts isomerization of 1-butene. These results indicate that
[3,4,10,13,14]. However, a small amount of hexenes ethylene dimerization requires acid sites stronger than
from the phase adsorbed on the catalyst surface wasHo < —3.0 and that 1-butene isomerization takes
detected. The order of catalytic activity was the same place on relatively weak acid sites in comparison with
as that for isomerization. These results indicate that ethylene dimerization. Clear dependence of catalytic

Table 1
Acid strength and catalytic activity of NiO-Tigmodified with acids
pKa value  NiO-TiO2/SOy2~ NiO-TiOo/POs3~ NiO-TiO2/BO33~ NiO-TiO2/SeQ2~ NiO-TiO;
of indicator
Hammett indicator
Dicinnalacetone -3.0 + + + + +
Benzalacetophenone -5.6 + + + + —
Anthraquinone —-8.2 + + - - -
Nitrobenzene -12.4 + — — — —
2,4-Dinitrofluorobenzene —-14.5 + — - - -
Catalytic activity for isomerization 11.66 3.32 2.22 1.47 0.81
k x 1?s1g™})
Catalytic activity for dimerization 2.71 1.32 0.98 0.96 0
(mmol g1 5 min1)
Surface area (fg~1) 234.1 235.2 229.8 227.4 189.6
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activity upon acid strength is shown in Table 1. How-
ever, the discrepancy between the catalytic activities of
NiO-TiO2/BOs3~ and NiO-Ti®y/SeQ2~ having the
same acid strength is probably due to the fact that
no indicators with 5 between—5.6 and—8.2 were
used. The high catalytic activities of modified catalysts
were correlated with the increase of acid strength by
the inductive effects which were different depending
on the anions of acids treated for the modification.

4.7. Ethylene dimerization activity
of NiSQy/y-Al,03 and active sites

The catalytic activities of NiS@y-Al>Os3 for the
reaction of ethylene dimerization were examined and
the results are shown as a function of NiSéntent
in the Fig. 14, where the catalysts were evacuated at
600°C for 1.5 h before reaction. It is confirmed that
the catalytic activity gives a maximum at 20 wt.% of
NiSO4. This seems not to be correlated to the specific
surface area, but closely correlated to the acidity of
catalysts. The acidity of NiS£y-Al,O3 calcined at
600°C was determined by the amount of jlkire-
versibly adsorbed at 23@ [17,20]. Here, the acidity
is the sum of Lewis and Bronsted acidity. As listed
in Table 2, the BET surface area attained a maxi-
mum when the NiS@content in the catalyst is 5wt.%
and then showed gradually decrease with increasing
NiSO4 content. However, as shown in Fig. 14, the
more the acidity, the higher the catalytic activity. In
this way it is demonstrated that the catalytic activity
of NiSOq4/y-Al,03 substantially runs parallel to the
total acidity, regardless of the nature of acidic site. In
fact, it is known that either Lewis or Bronsted acidity
is required for the ethylene dimerization [3].

The effect of evacuation temperature on the catalytic
activity of 20-NiSQ/y-Al,O3 was also examined,

Table 2
Specific surface area of NiSB-Al,O3 catalysts calcined at 60C
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Fig. 14. Relationship between acidity and catalytic activity of
NiSOq4/ y-Al 05 for ethylene dimerization @) catalytic activity of
NiSOy/vy-Al,03 having different for NiSQ content and evacuated
at 600°C; (O) catalytic activity of 20-NiSQ/y-Al,O3 evacuated
at different temperature;c) acidity of NiSQy/y-Al,O3 having
different NiSQ, content and evacuation at 600.

where the catalysts were evacuated for 1.5h. As
shown in Fig. 14, the maximum activity is obtained
with the catalyst evacuated at 60D. To examine
the effect of evacuation temperature on surface area,
BET surface area of 20-NiS@y-Al,O3 at various
evacuation temperature (300—7@) was measured.
However, the particular change of surface area was
not observed, giving about 190-193g1?! regard-
less of evacuation temperature. Therefore, it seems
likely that the variation of catalytic activity is not

Catalyst Surface area Catalyst Surface area
(Mg (m*g™)

v-Al,03 240 20-NiSQ/vy-Al,03 193
2-NiSOy/y-Al 203 287 25-NiSQ/y-Al03 159
5-NiSQy/y-Al ;03 290 30-NiSQ/y-Al03 139
7-NiSOu/y-Al 203 225 40-NiSQ/y-Al 03 130
10-NiSQy/y-Al 2,03 217 100-NiSQ/y-Al ;03 25
15-NiSQu/y-Al203 210
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related to the change of surface area but to the easy
formation of active site depending on the evacuation
temperature. On all the catalysts of Nig@-Al,03,
ethylene was selectively dimerized tebutenes. In
the composition ofh-butenes analyzed by gas chro-
matography, 1-butene was found to predominate
exclusively at the initial reaction time as compared
with cis- and trans-butene. However, it was shown
that the amount of 1-butene decreases with the re-
action time, while the amount of 2-butene increases.
Therefore, it seems likely that the initially produced
1-butene is also isomerized to 2-butene during the
reaction.

v-Al203 alone without NiSQ was totally inactive
for the dimerization reaction at room temperature.
The catalyst calcined at 90C, which has no sulfate
ion due to the complete decomposition was inactive
for dimerization. Therefore, the active site respon-
sible for dimerization is suggested to consist of a
low-valent nickel and an acid, as observed in the
NiO-containing catalysts [10-12,16]. In fact, it is
known that the sulfated alumina is an acid [22,23].
The term ‘low-valent nickel’ originated from the fact
that the NiO-SiQ catalyst was drastically poisoned
by carbon monoxide, since a low-valent nickel is
prone to chemisorb carbon monoxide [16]. In this
work, all catalysts added with NiSQwere poisoned
by 1pmol g1 of carbon monoxide for dimerization.

It seems that the formation of low-valent nickel is
caused by evacuation at high temperature.

The IR spectra of CO adsorbed on 20-NigO
v-AloO3 were examined to clarify the formation of
low-valent nickel. When the sample was exposed to
CO (50Torr) at room temperature, the adsorbed CO
band appeared at 2200ch as shown in Fig. 15.
The band might be assigned to the stretching vi-
bration for CO adsorbed on R [24,25]. How-
ever, when the sample evacuated at 8D0for 1h
was exposed to CO (100Torr), the two bands at
2170 and 2122cmt, in addition to the band at
2200cnT!, were observed (Fig. 15). The intensities
of two bands increased simultaneously with increas-
ing CO concentration, as shown in Fig. 15. Therefore,
it seems likely that the two bands originate from
one species (Ni(CO)). The bands at 2170 and
2122cnr! are assigned to a symmetrical and asym-
metrical stretching vibrations of N{CO),, respec-
tively [24,25].

ay 73 (2002) 197209 207

Transmittance, %

Pi2122
22002170

2000
Wavenumber, cm’™

2500 1500

Fig. 15. IR spectra of CO adsorbed on 20-NiBPAI,Os: (a)
background of 20-NiSgy-Al,03 evacuated at room temperature;
(b) after the introduction of 50 Torr CO to sample (a); (c) after
introduction of 100 Torr CO to the sample evacuation at D0
for 1 h; (d) after the introduction of 150 Torr CO to the sample (c).

To obtain further information on the oxidation
state of low-valent nickel species, Ni 2p XPS of
20-NiSQu/y-Al,03 was measured and the results are
shown in Fig. 16. For the sample evacuated at room
temperature, the vertical lines at 856.9eV (Ng2p
and 864.7 eV (Ni 2p») in Fig. 16 indicate the posi-
tions of the peaks related to &, in agreement with
previous reports [26,27]. However, for the sample
evacuated at 60T, the positions of the vertical lines
were shifted to the lower binding energies, indicating
the formation of low-valent nickel species by evacua-
tion at 600°C. In view of IR results and previous re-
port [27], the vertical lines at 855.6 eV (Ni 2p) and
862.3 eV (Ni 2p,,) indicate the positions of the peaks
related to low-valent nickel species, Niln view of
IR and XPS results, it is concluded that the active
sites responsible for ethylene dimerization consist of
a low-valent nickel, Nt and an acid. It seems likely
that a low-valent nickel, Ni plays the role of adsorp-
tion site for ethylene because all catalysts are poi-
soned by carbon monoxide for ethylene dimerization,
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upon the acid strength of catalysts. The order of
catalytic activities for both reactions was found
to be NiO-TiQ/SO,2~ > NIiO-TiO2/PO,%~ >
NiO-TiO2/B0O3%~ > NiO-TiO2/SeQ?~ > NiO-TiO».

In view of IR spectra of CO adsorbed on Nig§-
Al>O3 and XPS results, it is concluded that the active
sites responsible for ethylene dimerization consist
of a low-valent nickel (Nt) and an acid. It is sug-
gested that a low-valent nickel (Nj plays the role of
adsorption site for ethylene, while acid sites are re-
sponsible for the formation of reaction intermediate,
such as ethyl cation.

Ni 2P m856.9

Intensity
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