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The NiSO4 supported on FeO-promoted ZrO2 catalysts were prepared by the impregnation method. FeO-

promoted ZrO2 was prepared by the coprecipitation method using a mixed aqueous solution of zirconium

oxychloride and iron nitrate solution followed by adding an aqueous ammonia solution. The addition of nickel

sulfate (or FeO) to ZrO2 shifted the phase transition of ZrO2 (from amorphous to tetragonal) to higher

temperatures because of the interaction between nickel sulfate (or FeO) and ZrO2. 10-NiSO4/5-FeO-ZrO2

containing 10 wt % NiSO4 and 5 mol % FeO, and calcined at 500 °C exhibited a maximum catalytic activity

for ethylene dimerization. NiSO4/FeO-ZrO2 catalysts was very effective for ethylene dimerization even at room

temperature, but FeO-ZrO2 without NiSO4 did not exhibit any catalytic activity at all. The catalytic activities

were correlated with the acidity of catalysts measured by the ammonia chemisorption method. The addition of

FeO up to 5 mol % enhanced the acidity, surface area, thermal property, and catalytic activities of catalysts

gradually, due to the interaction between FeO and ZrO2 and due to consequent formation of Fe-O-Zr bond.
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Introduction

Heterogeneous catalysts for the dimerization and

oligomerization of olefins, consisting mainly of nickel

compounds supported on oxides, have been known for many

years. A considerable number of papers have dealt with the

problem of nickel-containing catalysts for ethylene dimeri-

zation.1-11 One of the remarkable features of this catalyst

system is its activity in relation to a series of n-olefins. In

contrast to usual acid-type catalysts, nickel oxide on silica or

silica-alumina shows a higher activity for a lower olefin

dimerization, particularly for ethylene.1-6,12 It has been

suggested that the active site for dimerization is formed by

an interaction of a low-valent nickel ion with an acid site.9,13

In fact, nickel oxide, which is active for C2H4-C2D4

equilibration, acquires an activity for ethylene dimerization

upon addition of nickel sulfate, which is known to be an

acid.14 A transition metal can also be supported on zeolite in

the state of a cation or a finely dispersed metal. Transition

metal ions like Ni+ or Pd+ can be active sites in catalytic

reactions such as ethylene and propylene dimerization as

well as acetylene cyclomerization.15-17

The previous papers from this laboratory have shown that

NiO-TiO2 and NiO-ZrO2 modified with sulfate or tungstate

ions are very active for ethylene dimerization.6,18-20 High

catalytic activities in the reactions were attributed to the

enhanced acidic properties of the modified catalysts, which

originated from the inductive effect of S=O or W=O bonds

of the complex formed by the interaction of oxides with

sulfate or tungstate ions. However, catalytic functions have

been improved by loading additional components. Sulfated

zirconia incorporating Fe and Mn has been shown to be

highly active for butane isomerization, catalyzing the

reaction even at room temperature.21,22 The promotion in

activity of catalyst has been confirmed by several other

reseach group.23-25 Coelho et al. have discovered that the

addition of Ni to sulfated zirconia causes an activity

enhancement comparable to that caused the addition of Fe

and Mn.26 It has been reported by several workers that the

addition of platinum to zirconia modified by sulfate ions

enhances catalytic activity in the skeletal isomerization of

alkanes without deactivation when the reaction is carried out

in the presence of hydrogen.27-29 Recently, it has been found

that a main group element Al can also promote the catalytic

activity and stability of sulfated zirconia for n-butane

isomerization and ethylene dimerization.30-32 

Many metal sulfates generate fairly large amounts of acid

sites of moderate or strong strength on their surfaces when

they are calcined at 400-700 °C.33,34 The acidic property of

metal sulfate often gives high selectivity for diversified reac-

tions such as hydration, polymerization, alkylation, crack-

ing, and isomerization. However, structural and physico-

chemical properties of supported metal sulfates are consider-

ed to be in different states compared with bulk metal sulfates

because of their interaction with supports.9,10,35 Our previous

work has shown that NiSO4 supported on ZrO2 is active for

ethylene dimerization.36 As an extension of the study on the

ethylene dimerization, we prepared a new catalyst of NiSO4/

FeO-ZrO2 and the promoting effect of FeO on catalytic

activity was studied.

Experimental Section

Catalyst preparation. The FeO-ZrO2 mixed oxide was

prepared by a co-precipitation method using aqueous

ammonia as the precipitation reagent. The coprecipitate of

Fe(OH)2-Zr(OH)4 was obtained by adding aqueous

ammonia slowly into a mixed aqueous solution of iron (II)
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chloride and zirconium oxychloride (Junsei Chemical Co.)

at room temperature with stirring until the pH of the mother

liquor reached about 8. Catalysts containing various nickel

sulfate contents were prepared by the impregnation of

Fe(OH)2-Zr(OH)4 powder with an aqueous solution of

NiSO4, followed by calcining at different temperatures for

1.5 h in air. This series of catalysts is denoted by the mol

percentage of FeO and the weight percentage of nickel

sulfate. For example, 10-NiSO4/5-FeO-ZrO2 indicates the

catalyst containing 5 mol % of FeO and 10 wt % of NiSO4.

Procedure. FTIR spectra were obtained in a heatable gas

cell at room temperature using a Mattson Model GL6030E

spectrophotometer. The self-supporting catalyst wafers

contained about 10 mg cm−2. Prior to obtaining the spectra,

we heated each sample under vacuum at 25-500 °C for 1 h.

Catalysts were checked in order to determine the structure of

the prepared catalysts by means of a Philips X'pert-APD X-

ray diffractometer, employing Ni-filtered Cu Kα radiation.

DSC measurements were performed by a PL-STA model

1500H apparatus in air; the heating rate was 5 °C per minute.

For each experiment 10-15 mg of sample was used.

The specific surface area was determined by applying the

BET method to the adsorption of N2 at –196 °C. Chemisorp-

tion of ammonia was also employed as a measure of the

acidity of catalysts. The amount of chemisorption was deter-

mined based on the irreversible adsorption of ammonia.20,37,38

The catalytic activity for ethylene dimerization was deter-

mined at 20 °C using a conventional static system following

the pressure change from an initial pressure of 290 Torr. A

fresh catalyst sample of 0.2 g was used for every run and the

catalytic activity was calculated as the initial rate calculated

from the initial activity slope. Reaction products were

analyzed by gas chromatography with a VZ-7 column at

room temperature. 

Results and Discussion

Infrared Spectra. The infrared spectra of 10-NiSO4/5-

FeO-ZrO2 (KBr disc) calcined at different temperatures

(400-800 °C) are given in Figure 1. 10-NiSO4/5-FeO-ZrO2

calcined up to 700 °C showed infrared absorption bands at

1206, 1134, 1064 and 989 cm−1, which are assigned to

bidentate sulfate ions coordinated to the metal such as Zr4+

or Fe2+.39,40 The band at 1625 cm−1 is assigned to the

deformation vibration mode of the adsorbed water. For 10-

NiSO4/5-FeO-ZrO2 calcined at 700 °C, the band intensities

of sulfate ion decreased because of the partial decomposition

of sulfate ion. However, for the sample calcined at 800 °C,

infrared bands by the sulfate ion disappeared completely due

to the decomposition of sulfate ion.

In general, for the metal oxides modified with sulfate ions

followed by evacuation above 400 °C, a strong band41,42

assigned to S=O stretching frequency is observed at 1390-

1360 cm−1. In a separate experiment, the infrared spectrum

of self-supported 10-NiSO4/5-FeO-ZrO2 after evacuation at

25-500 °C for 1 h was examined. As shown in Figure 2, an

intense band at 1342-1370 cm−1 accompanied by four broad

but split bands at 1201, 1130, 1060 and 1012 cm−1, indi-

cating the presence of different adsorbed species depending

on the treatment conditions of the sulfated sample.43 At 25

°C an asymmetric stretching band of S=O bonds was not

observed because water molecules are adsorbed on the

surface of 15-NiSO4/5-FeO-ZrO2.
30,44 At 100 °C the S=O

stretching band appeared at 1342 cm−1. The band intensity

increased with the evacuation temperature and the position

of band shifted to a higher wavenumber. That is, the higher

the evacuation temperature, the larger was the shift of the

asymmetric stretching frequency of the S=O bonds. It is

likely that the surface sulfur complexes formed by the

interaction of oxides with sulfate ions in highly active

catalysts have a strong tendency to reduce their bond order

by the adsorption of basic molecules such as H2O.30,44 When

the 15-NiSO4/5-FeO-ZrO2 sample evacuated at 500 °C was

exposed to air at 25 °C, the drastic shift of the IR band from

1370 cm−1 to lower wavenumber (not shown due to the

overlaps with skeletal vibration band of FeO and ZrO2)

occurred because of the adsorption of water, resulting in the

appearance of adsorbed water band at 1625 cm−1. Conse-

quently, as shown in Figure 2, an asymmetric stretching

band of S=O bonds for the sample evacuated at a lower

temperature appears at a lower frequency compared with

that for the sample evacuated at higher temperature, because

the adsorbed water reduces the bond order of S=O from a

highly covalent double-bond character to a lesser double-

bond character.

Crystalline Structures of Catalysts. The crystalline

structures of catalysts calcined in air at different temper-

Figure 1. Infrared spectra of 10-NiSO4/5-FeO-ZrO2 calcined at
different temperatures for 1.5 h.
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atures for 1.5 h were examined. In the case of zirconia

support, ZrO2 was amorphous to XRD up to 300 °C, with

tetragonal phase at 350 °C, a two-phase mixture of the

tetragonal and monoclinic forms at 400-800 °C, and a

monoclinic phase at 900 °C (This figure is not shown here.)

Three crystal structures of ZrO2, i.e., tetragonal, monoclinic,

and cubic phase have been reported.32,37

However, as shown in Figure 3, in the case of 5-FeO-

ZrO2, the crystalline structures of the samples were different

from the structure of pure ZrO2. 5-FeO-ZrO2 calcined at 400

°C are amorphous. The transition temperature of ZrO2 from

amorphous to tetragonal phase was higher by 100 °C than

that of pure ZrO2. X-ray diffraction data indicated the

tetragonal phase of ZrO2 at 500-600 °C, and a two-phase

mixture of the tetragonal and monoclinic ZrO2 forms at 700-

800 °C. It is assumed that the interaction between FeO and

ZrO2 hinders the phase transition of ZrO2 from amorphous

to tetragonal, and from tetragonal to monoclinic.30,32,37 

The crystalline structures of 10-NiSO4/5-FeO-ZrO2 cal-

cined in air at different temperatures for 1.5 h were checked

by X-ray diffraction. In the case of supported nickel sulfate

catalysts, the crystalline structures of the samples were also

different from the structure of the ZrO2, support. The 10-

NiSO4/5-FeO-ZrO2 materials calcined at different temper-

atures, as shown in Figure 4, are amorphous up to 500 °C. In

other words, the transition temperature from amorphous to

tetragonal phase was higher by 250 °C than that of pure

ZrO2.
36 X-ray diffraction data indicated only the tetragonal

phase of ZrO2 at 600-800 °C, without detection of ortho-

rhombic NiSO4 phase. It is assumed that the interaction

between NiSO4 (or FeO) and ZrO2 hinders the phase

transition of ZrO2 from amorphous to tetragonal.30 For the

above FeO-promoted catalysts, there are no characteristic

peaks of FeO in the patterns, implying that FeO is

sufficiently homogeneously mixed with zirconia and that

Figure 2. Infrared spectra of 10-NiSO4/5-FeO-ZrO2 evacuated at
different temperatures for 1 h.

Figure 3. X-ray diffraction patterns of 5-FeO-ZrO2 calcined at
different temperatures for 1.5 h: ( ○ ), tetragonal phase of ZrO2;
( ● ), monoclinic phase of ZrO2.

Figure 4. X-ray diffraction patterns of 10-NiSO4/5-FeO-ZrO2

calcined at different temperatures for 1.5 h: ( ○ ), tetragonal phase
of ZrO2.
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FeO is well dispersed on the surface of ZrO2. Also, there is a

possibility that some of FeO is oxidized during calcination

and that consequently Fe3O4 coexists with FeO.

The XRD patterns of NiSO4/5-FeO-ZrO2 containing

different nickel sulfate contents and calcined at 500 °C for

1.5 h are shown in Figure 5. XRD data indicated mostly

amorphous phase of ZrO2 together with tiny amount of

tetragonal ZrO2 phase at the region of 10-20 wt % of nickel

sulfate, indicating good dispersion of NiSO4 on the surface

of 5-FeO-ZrO2. However, for 5-NiSO4/5-FeO-ZrO2 contain-

ing small amount of NiSO4 (5 wt%), XRD data showed only

tetragonal phase of ZrO2 due to the less interaction between

NiSO4 and ZrO2. Moreover, for 5-FeO-ZrO2 sample without

NiSO4, only high crystalline of tetragonal ZrO2 phase was

observed because of the easiness of ZrO2 phase transition

from amorphous to tetragonal due to no interaction between

NiSO4 and ZrO2.

The XRD patterns of 10-NiSO4/FeO-ZrO2 containing

different FeO contents and calcined at 500 °C for 1.5 h are

shown in Figure 6. XRD data indicated only tiny amount of

tetragonal ZrO2 phase at the region of 3-10 mol % of FeO.

However, the higher the content of FeO, the lower is the

amount of tetragonal ZrO2 phase as in the case of NiSO4

addition, showing only amorphous phase for the sample

above 5 mol % FeO, because the interaction between FeO

and ZrO2 hinders the phase transition of ZrO2 from

amorphous to tetragonal in proportion to the FeO content.40

In this case, no crystalline phase of FeO was observed on the

X-ray diffraction patterns.

Thermal Analysis. The X-ray diffraction patterns in

Figures 3-6 clearly show that the structure of NiSO4/FeO-

ZrO2 is different depending on the calcined temperature. To

examine the thermal properties of precursors of NiSO4/FeO-

ZrO2 samples more clearly, we completed their thermal

analysis; the results are illustrated in Figures 7 and 8. For

pure ZrO2, the DSC curve shows a broad endothermic peak

below 200 °C due to water elimination, and a sharp

exothermic peak at 427 °C due to the ZrO2 crystallization.40

However, it is of interest to see the influence of FeO on the

crystallization of ZrO2 from amorphous to tetragonal phase.

As Figure 7 shows, the exothermic peak due to the

crystallization appears at 427 °C for pure ZrO2, while for

FeO-ZrO2 samples it is shifted to higher temperatures due to

the interaction between FeO and ZrO2. The shift increases

with increasing FeO content. Consequently, the exothermic

peaks appear at 439 °C for 1-FeO-ZrO2, 444 °C for 3-FeO-

ZrO2, 447 °C for 5-FeO-ZrO2, 455 °C for 7-FeO-ZrO2, and

474 °C for 10-FeO-ZrO2.

However, for NiSO4/5-FeO-ZrO2 samples containing

different NiSO4 contents, the DSC patterns are somewhat

different from that of FeO-ZrO2. As shown in Figure 8, the

exothermic peak for NiSO4/5-FeO-ZrO2 due to the crystalli-

zation of ZrO2 is shifted to higher temperatures compared

with that for 5-FeO-ZrO2 without NiSO4, indicating that

there is an interaction between NiSO4 and ZrO2 in addition

to the interaction between FeO and ZrO2. For pure

NiSO4·6H2O, the DSC curve shows three endothermic peaks

below 400 °C due to water elimination, indicating that the

dehydration of NiSO4·6H2O occurs in three steps. The

endothermic peaks in the region of 768-837 °C are due to the

evolution of SO3 decomposed from sulfate species.30,44

Decomposition of nickel sulfate is known to begin at 700

°C.45

Figure 5. X-ray diffraction patterns of NiSO4/5-FeO-ZrO2

containing different NiSO4 contents and calcined at 500 °C for 1.5
h: ( ○ ), tetragonal phase of ZrO2.

Figure 6. X-ray diffraction patterns of 10-NiSO4/FeO-ZrO2

containing different FeO contents and calcined at 500 °C for 1.5 h:
( ○ ), tetragonal phase of ZrO2.
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Surface Properties. 

Specific surface area and acidity: The specific surface

areas of samples containing different NiSO4 contents and

calcined at 500 °C for 1.5 h are listed in Table 1. The

presence of nickel sulfate and FeO influences the surface

area in comparison with that of the pure ZrO2. Specific

surface areas of NiSO4/5-FeO-ZrO2 samples are larger than

that of 5-FeO-ZrO2 calcined at the same temperature, show-

ing that surface area increases gradually with increasing

nickel sulfate loading up to 10 wt%. It seems likely that the

interactions between nickel sulfate (or FeO) and ZrO2

prevent catalysts from crystallizing.46 The decrease of

surface area for NiSO4/5-FeO-ZrO2 samples containing

NiSO4 above 10 wt % is due to the blocking of ZrO2 pores

by the increased NiSO4 loading. The acidity of catalysts

calcined at 500 °C, as determined by the amount of NH3

irreversibly adsorbed at 230 °C,20,37,38 is also listed in Table

1. The variation of acidity runs parallel to the change of

surface area. The acidity increases with increasing nickel

sulfate content up to 10 wt % of NiSO4. The acidity is

correlated with the catalytic activity for the ethylene

dimerization discussed below.

Effect of FeO addition on surface properties: We

examined the effect of FeO addition on the surface area and

acidity of NiSO4/FeO-ZrO2 samples. The specific surface

areas and acidity of 10-NiSO4/FeO-ZrO2 catalysts contain-

ing different FeO contents and calcined at 500 °C are listed

in Table 2. Both surface area and acidity increased with

increasing FeO content up to 5 mol%, indicating the

promoting effect of FeO on the catalytic activities for

ethylene dimerization discussed below. 

Infrared spectroscopic studies of ammonia adsorbed on

solid surfaces have made it possible to distinguish between

Brönsted and Lewis acid sites.44,47,48 Figure 9 shows the

infrared spectra of ammonia adsorbed on 10-NiSO4/5-FeO-

ZrO2 samples evacuated at 500 °C for 1 h. For 10-NiSO4/5-

FeO-ZrO2 the band at 1453 cm−1 is the characteristic peak of

ammonium ion, which is formed on the Brönsted acid sites

and the absorption peak at 1610 cm−1 is contributed by

ammonia coordinately bonded to Lewis acid sites,44,47,48

indicating the presence of both Brönsted and Lewis acid

sites on the surface of 10-NiSO4/5-FeO-ZrO2 samples. Other

samples having different nickel sulfate contents also showed

Figure 7. DSC curves of FeO-ZrO2 precursors containing different
FeO contents.

Figure 8. DSC curves of NiSO4/5-FeO-ZrO2 precursors containing
different NiSO4 contents.

Table 1. Surface area and acidity of NiSO4/5-FeO-ZrO2 catalysts
containing different NiSO4 contents and calcined at 500 °C for 1.5 h

NiSO4 content 

(wt%)

Surface area

(m2/g)

Acidity

(μmol/g)

0

5

10

15

20

65

68

83

73

48

104

147

257

192

169

Table 2. Surface area and acidity of 10-NiSO4/FeO-ZrO2 catalysts
containing different FeO contents and calcined at 500 °C for 1.5 h

FeO content 

(mol%)

Surface area 

(m2/g)

Acidity 

(μmol/g)

0

1

3

5

7

10

70

72

80

83

64

61

121

163

208

257

168

163
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the presence of both Lewis and Brönsted acids. As Figure

9(a) shows, the intense band at 1370 cm−1 after evacuation at

500 °C is assigned to the asymmetric stretching vibration of

S=O bonds having a high double bond nature.42,44 However,

the drastic shift of the infrared band from 1370 cm−1 to a

lower wavenumber (not shown due to the overlaps of

skeletal vibration bands of FeO-ZrO2) after ammonia

adsorption [Figure 9(b)] indicates a strong interaction

between an adsorbed ammonia molecule and the surface

complex. Namely, the surface sulfur compound in the highly

acidic catalysts has a strong tendency to reduce the bond

order of S=O from a highly covalent double-bond character

to a lesser double-bond character when a basic ammonia

molecule is adsorbed on the catalysts.42,44 

Acids stronger than Ho ≤ −11.93, which corresponds to the

acid strength of 100 % H2SO4, are superacids.33,42,49,50 The

strong ability of the sulfur complex to accommodate

electrons from a basic molecule such as ammonia is a

driving force to generate superacidic properties.33,42,51

NiSO4/FeO-ZrO2 samples after evacuation at 500 °C for 1 h

was also examined by a color change method, using

Hammett indicator in sulfuryl chloride.37,52 The samples

were estimated to have Ho ≤ −14.5, indicating the formation

of superacidic sites. Consequently, NiSO4/FeO-ZrO2 cata-

lysts would be solid superacids, in analogy with the case of

metal oxides modified with a sulfate group.20,42,48,53 This

superacidic property is attributable to the double bond nature

of the S=O in the complex formed by the interaction

between NiSO4 and FeO-ZrO2.
9,33,42,53 In other words, the

acid strength of NiSO4/FeO-ZrO2 becomes stronger by the

inductive effect of S=O in the complex.

Catalytic activities for ethylene dimerization.

Ethylene dimerization: NiSO4/FeO-ZrO2 catalysts were

tested for their effectiveness in ethylene dimerization. Over

10-NiSO4/ZrO2, 10-NiSO4/3-FeO-ZrO2, and 10-NiSO4/5-

FeO-ZrO2, ethylene was continuously consumed, as shown

by the results presented in Figure 10, where catalysts were

evacuated at 500 °C for 1 h. Over three catalysts, ethylene

was selectively dimerized to n-butenes. In the composition

of n-butenes analyzed by gas chromatography, 1-butene was

found to predominate exclusively at the initial reaction time,

as compared with cis-butene and trans-butene. This is

because the initial product of ethylene dimerization is 1-

butene.4,9,48 Therefore, the initially produced 1-butene is also

isomerized to 2-butene during the reaction time.18-20,44 As

shown in Figure 10, the catalytic activities of 10-NiSO4/3-

FeO-ZrO2 and 10-NiSO4/5-FeO-ZrO2 are higher than that of

10-NiSO4/ZrO2 without FeO, showing a clear FeO-promot-

ed effect on catalytic activity for ethylene dimerization

discussed below.

The catalytic activities of 10-NiSO4/5-FeO-ZrO2 were

tested as a function of calcination temperature(not shown in

the Figure). The activities increased with the calcination

temperature, reaching a maximum at 500 °C, after which the

activities decreased. The decrease of catalytic activity after

calcination above 500 °C can be probably attributed to the

fact that the surface area and acidity above 500 °C decrease

with the calcination temperature. Thus, hereafter, emphasis

is placed only on the NiSO4/FeO-ZrO2 samples calcined at

500 °C. 

Catalytic activity as a function of NiSO4 content: The

catalytic activity of NiSO4/5-FeO-ZrO2 containing different

Figure 9. Infrared spectra of NH3 adsorbed on 10-NiSO4/5-FeO-
ZrO2: (a) background of 10-NiSO4/5-FeO-ZrO2 after evacuation at
500 °C for 1 h, (b) NH3 adsorbed on (a), where gas was evacuated
at 230 °C for 1 h.

Figure 10. Time-course of ethylene dimerization over catalysts
evacuated at 500 °C for 1 h: ( ▲ ), 10-NiSO4/5-FeO-ZrO2; ( ● )
10-NiSO4/3-FeO-ZrO2; ( ■ ), 10-NiSO4/ZrO2.
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NiSO4 contents was examined; the results are shown as a

function of NiSO4 content in Figure 11. Catalysts were

evacuated at 500 °C for 1 h before each reaction. The

catalytic activity gives a maximum at 10 wt % of NiSO4.

This seems to be correlated to the specific surface area and

to the acidity of catalysts. The acidity of NiSO4/5-FeO-ZrO2

calcined at 500 °C was determined by the amount of NH3

irreversibly adsorbed at 230 °C.20,37,38 As listed in Table 1,

the BET surface area attained a maximum extent when the

NiSO4 content in the catalyst was 10 wt % and then showed

a gradual decrease with increasing NiSO4 content. In view of

Table 1 and Figure 11, the higher the acidity, the higher the

catalytic activity. Good correlations have been found in

many cases between the acidity and the catalytic activities of

solid acids. For example, the rates of both the catalytic

decomposition of cumene and the polymerization of

propylene over SiO2-Al2O3 catalysts were found to increase

with increasing acid amount at strength Ho ≤ +3.3.54 The

catalytic activity of nickel-containing catalysts in ethylene

dimerization as well as in butene isomerization is closely

correlated with the acidity of the catalyst.4,9,10

It is known that the active sites for ethylene dimerization

consist of a low-valent nickel and an acid.4,44 A low-valent

nickel is favorable to chemisorb carbon monoxide and the

preadsorbed CO prevents the subsequent adsorption of

ethylene.44 Therefore, a low-valent nickel is responsible for

the adsorption site of ethylene.

Promoting effect of FeO on catalytic activity: The

catalytic activity of 10-NiSO4/FeO-ZrO2 as a function of

FeO content for the reaction of ethylene dimerization was

examined. Here the catalysts were evacuated at 500 °C for 1

h before reaction; the results are shown in Figure 12. The

catalytic activity increased with increasing the FeO content,

reaching a maximum at 5 mol%.

Considering the experimental results of Table 2 and Figure

12, we think that the catalytic activities for ethylene

dimerization are closely related to the changes of surface

area and the acidity of catalysts. As listed in Table 2, the

total acid sites of 10-NiSO4/5-FeO-ZrO2 and 10-NiSO4/ZrO2

are 257 μmol/g and 121 μmol/g, respectively, showing that

the number of acid sites for the catalyst promoted with FeO

is greater than that for nonpromoted catalyst. Recently, some

authors reported that sulfated zirconia based mixed oxides

show more stability, enhanced acidity and catalytic activity

than the transition or noble metal-promoted sulfated zirconia

alone.30,55,56 FeO-promoted catalysts could be related to a

strong interaction between FeO and ZrO2. Since the promot-

ing effect of FeO is related to an increase in number of

surface acidic sites, it would be of interest to examine

various factors influencing the enhancement of these surface

acidic sites. 

Xia et al.57 and Gao et al.58 proposed that Al2O3 incorpo-

ration in ZrO2 matrix brought about Zr-O-Al bonds which

helped to stabilize the sulfate species at the oxide surface.

For the same reason, the formation of Fe-O-Zr bond on the

surface of the FeO-promoted catalysts is probably the cause

for the increase in strong acidic sites. At the same time, the

stronger Fe-O-Zr bond formed by the charge transfer from

Zr atom to neighboring Fe atom results in an increase in the

thermal stability of the surface sulfate species and conse-

quently the acidity of FeO-promoted catalyst is increased. In

fact, to examine the thermal stability of the surface sulfate

species DSC measurements were carried out. The endo-

thermic peak due to the evolution of SO3 decomposed from

Figure 11. Catalytic activity of NiSO4/5-FeO-ZrO2 for ethylene
dimerization as a function of NiSO4 content.

Figure 12. Catalytic activity of 10-NiSO4/FeO-ZrO2 for ethylene
dimerization as a function of FeO content.
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sulfate species bonded to the surface of ZrO2 appeared at

730 °C,34 while that from sulfate species bonded to the

surface of FeO-promoted ZrO2 appeared at 768 °C. The shift

of the high-temperature weight loss peak to higher temper-

atures for the FeO-promoted catalysts indicates an increase

in the thermal stability of the surface sulfate species in these

samples. Namely, the charge transfer from Zr atoms to the

neighboring Fe atoms strengthens the Fe-O bond between Fe

and the surface sulfate species. The stronger Fe-O bond

leads to an increase in the thermal stability of the surface

sulfate species and consequently the acidity of the catalysts

is increased. The above results show that the incorporation

of FeO is advantageous in increasing both surface area and,

the acidity, which is indeed of advantage to increase the

catalytic activity of the catalysts for ethylene dimerization. A

similar result was related by Gao et al.58 to strong acid sites

with differential heat of ammonia adsorption above 140

kJmol−1.

Conclusions

A series of catalysts, NiSO4/FeO-ZrO2, were prepared by

the impregnation method using an aqueous solution of

nickel sulfate. It is found that FeO is a good promoter for

NiSO4 supported on ZrO2. The addition of a small amount of

FeO into NiSO4/ZrO2 enhanced catalytic activity for

ethylene dimerization. NiSO4/FeO-ZrO2 catalysts was very

effective for ethylene dimerization even at room temper-

ature, but FeO-ZrO2 without NiSO4 did not exhibit any

catalytic activity at all. The catalytic activity was correlated

with the acidity of catalysts measured by the ammonia

chemisorption method. The addition of FeO up to 5 mol %

enhanced the acidity, surface area, thermal properties, and

catalytic activities of NiSO4/FeO-ZrO2 gradually, due to the

interaction between FeO and ZrO2 and due to consequent

formation of Fe-O-Zr bond.
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