Available online at www.sciencedirect.com

science (@horneer

JOURNAL OF
MOLECULAR
CATALYSIS

A: CHEMICAL

HVINO3 10N

oo &‘;
ELSEVIER Journal of Molecular Catalysis A: Chemical 231 (2005) 145-151

www.elsevier.com/locate/molcata

Catalytic performance of zirconium-modified CoB% for
Fischer—Tropsch synthesis

Haifeng Xiong, Yuhua Zhang, Kongyong Liew, Jinlin*Li

Hubei Key Laboratory for Catalysis and Material Science, College of Chemistry and Material Science,
South-Central University for Nationalities, Wuhan 430074, China

Received 11 October 2004; received in revised form 15 December 2004; accepted 18 December 2004

Abstract

A series of zirconium-modified Co/AD; catalysts were prepared with a two-step impregnation method using the incipient wetness
technique. XRD, XPS, TPR, HTPD and oxygen titration were used for the characterization of the catalysts. The catalytic performance was
performed in a fixed bed reactor for Fischer—Tropsch synthesis (FTS). The@go#pinel phase was detected on the prepared catalysts and
its content on the catalysts decreased with the increase of zirconium loading, indicating that Zr-added could inhiBit fooAhktion. The
addition of zirconium to the Co catalyst caused the increase of cobalt cluster size. Zr addition has been shown to improve the activity and
Cs. selectivity of Co/AbO; catalyst for Fischer—Tropsch synthesis. This could be explained by the increase of active metal cobalt site and
reducibility. The increase of zirconium loading on Co/Zi®} catalyst resulted in the increase of olefin/paraffin ratio in the products.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction A number of investigations have been focused on zirco-
nium as a promoter for the supported cobalt catalysts. How-
Fischer—Tropsch synthesis (FTS) has been a promisingever, itis not clear how it worked and different researcher has
process for the conversion of coal and natural gas to lig- different opinions. Andreas et 4B] reported that a weaker
uid fuel since it is commercialization. Metallic Co, Ni, Ru, cobalt—zirconium interaction was observed and the addition
etc. are usually used as FTS catalysts. The cobalt catalyst isof zirconium led to the increase of reducibility. Moradi et al.
preferred due to its high selectivity for heavy hydrocarbons, [8] claimed that the interaction of cobalt—silica is replaced
low activity for the water—gas shift (WGS) reaction and lower by the Co—Zr interaction which favors the reduction of the
price than rutheniurfiL,2]. For cobalt FTS catalyst, the effect catalysts at lower temperature. However, according to the lit-
of supports such as AD3 [3], TiO2 [4], SiO, [5], etc. have eratureg10,11], Co/ZrG, catalyst calcined at 673 K did not
been investigated. AD3 is usually adopted as the support form cobalt zirconate and Co compounds were completely
to prepare cobalt catalysts due to the excellent texture evenreduced to metallic cobalt.
though the catalyst exhibited limited reducibility because of ~ Zr-promoted Co catalysts were found to have higher ac-
the strong interaction between the cobalt and the aluminativity and Gs. selectivity for FTS than nonpromoted catalysts
support. The reducibility of cobalt-based catalyst can be im- [8]. Ali et al.[12] reported that zirconium promotion possibly
proved to a certain extent by promotion with metal or metal created an active interface with Co that increased activity by
oxide such as HB], Re[7], ZrO, [8], etc. facilitating CO dissociation. Rohr et &1.3] studied the mod-
ification by ZrQ of Co/Al,O3 catalyst and concluded that the
* Corresponding author. Tel.: +86 27 67843016; fax: +86 27 67842752, addition of zirconium increased the activity and selectivity to
E-mail addresslij@scuec.edu.cn (J. Li). heavy hydrocarbon, while reducibility and dispersion have
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not been improved. They ascribed it to the coverage effecttubular reactor, fitted with a thermocouple for continuous
rather than the intrinsic activity of the active sites. It is there- temperature measurement. The reactor was heated with a fur-
fore important to obtain a full understanding of the influence nace designed and built to stabilize the temperature gradient
of Zr on the activity and selectivity of FTS catalysts. and minimize the temperature error. Prior to the hydrogen
The present work attempts to explain the role of zirconium temperature programmed reduction measurement, the cal-
as a promoter for Fischer—Tropsch synthesis over aluminacined catalysts were flushed with high purity argon at 423K
supported cobalt catalyst. The prepared catalysts were charfor 1 h, to drive away the water or impurities, and then, cooled
acterized by XRD, XPS, TPR, TPD,.Qitration and their down to 323 K. Then 10% FAr was switched on and the
catalytic performances were tested in a fixed bed reactor. temperature was raised at a rate of 10 Kndifrom 323 to
1023 K (hold 30 min). The gas flow rate through the reactor
was controlled by three Brooks mass flow controllers (MFCs)
2. Experimental and was always 30 chmin~1. The H, consumption (TCD
signal) was recorded automatically by a PC.
2.1. Catalyst preparation
2.2.3. Hydrogen temperature programmed desorption
The catalysts were prepared by incipient wetness im- (Hz-TPD) and Q titration
pregnation ofy-Al,0O3 support (Institute of Shandong Alu- Hydrogen temperature programmed desorption was also
mina, China, BET surface area 238gr!, average parti-  carried out in a U-tube quartz reactor with the Zeton Al-
cle size 0.4-0.6 mm, pore volume 0.401%gn?) with aque- tamira AMI-200 unit. The sample weight was about 0.200 g.
ous cobalt nitrate (Co(N§),-6H20) and zirconium nitrate  The catalyst was reduced at 723 K for 12 h using a flow of
(Zr(NO3)4-5H20) solutions. The AlO3 supportwasfirstcal-  high purity hydrogen and then cooled to 373K under hy-
cined at 873 K in flowing air for 6 h before impregnation. For drogen stream. The sample was held at 373K for 1 h under
Co/Al,O3 catalyst, cobalt nitrate was dissolved in deionized flowing argon to remove weakly bound physisorbed species
water and directly impregnated into the support using in- prior to increasing the temperature slowly to 723 K. At that
cipient wetness. For the promoted catalysts, zirconium wastemperature, the catalyst was held under flowing argon to
added to the AlO3 support prior to the addition of Co. The desorb the remaining chemisorbed hydrogen and the TCD
zirconium nitrate was dissolved in an appropriate volume of began to record the signal till the signal returned to the base-
deionized water and impregnated onto the@d support. line. The TPD spectrum was integrated and the amount of
Subsequently, the precursor was aged for 12 h in air at roomdesorbed hydrogen were determined by comparing to the
temperature, followed by drying at 393K for 12 h. To pre- mean areas of calibrated hydrogen pulses. Prior to the experi-
pare catalysts with higher zirconium contents (>5wt.%), the ments, the sample loop was calibrated with pulses of nitrogen
procedure involving impregnation and drying was repeated in helium flow, comparing with the signal produced from a
several times. The precursors were then calcined at 823 K forgas tight syringe injection (1Q@l) of nitrogen under helium
6 h. All the catalysts promoted with various percentages of flow.
zirconium (0.5, 1, 5, 9, 15wt.%) contained 15wt.% Co. To Oy titration was also performed with the Zeton Altamira
obtain 15wt.% cobalt loading for all samples, a two-step in- AMI-200 unit. The extent of cobalt reduction was determined
cipient wetness impregnation method was used with drying by O titration of reduced samples at 723 K. After reduction
at 393K following each impregnation. Finally, all catalysts under the conditions (as described above ferTHPD), the
were dried at 393K for 12 h and calcined in air at 623 K for catalysts were kept in flowing Ar at 723K and the sample
6 h. In this study, the reduced catalysts containi¥gCo and was reoxidized by injecting pulses of high purity oxygen in

y% Zr will be denoted agColZr/Al ,03. argon. The extent of reduction was calculated by assuming
metal Co was converted to @04. All flow rates were set

2.2. Characterization to 30 cn? min—L. The uncorrected dispersions (cluster size)
are based on the assumption of complete reduction, and the

2.2.1. BET measurements corrected dispersions are reported by percentage reduction.

Pore size distribution, BET surface area and pore volume The formula for the calculation has been shown in previous
were measured by Micromeritics ASAP2405 using nitrogen studieq14,16]
adsorptionat 77 K. Prior to the measurements, the sample was
degassed for 4 h at 373K in flowing helium (30tmin~1). 2.2.4. X-ray powder diffraction (XRD)

X-ray powder diffraction (XRD) spectra for the calcined

2.2.2. Temperature programmed reduction (TPR) catalysts were recorded with a Philips X'pert PRO using Cu

The reduction behavior and the interaction between ac- Ka radiation and Ni filter. The scan range was 10>@@th
tive phase and support of each catalyst were examined by0.002 steps. Crystallite phases were detected by compar-
using temperature programmed reduction (TPR) technique.ing the diffraction patterns with those in the standard pow-
The TPR experiment was carried out with a Zeton Altamira der XRD file compiled by the Joint Committee on Powder
AMI-200 unit. The catalyst (ca. 0.15 g) was placed in a quartz Diffraction Standards (JCPDSs) published by the Interna-
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tional Center for Diffraction Data. Average 10, crystallite Table 1
size was calculated using the Scherrer equdfiBhfrom the BET measurements
most intense CgD,4 peak (2 = 36.8). Sample Sger (M?g~Y)  Pore volume Pore diameter
(cm’g™) (nm)
kx 180
= - 15C0/ALO3 144 0.38 10.5
Bcost 7w 15Co/1Zr/AbOs 159 0.40 10.0
wheredis the mean crystallite diamet&r(0.89) is the Scher- 15Co/5Zr/AbOs 133 0.35 10.4
rer constant. is the X-ray wave length (1.54055@, andBis 15C0/92r/AOs 123 031 102
the full width half maximum (FWHM) of CgO, diffraction
peak. ing amount of zirconium impregnated, more of the pores of
Al>03 support were blocked. Thus, the average pore volume
2.2.5. X-ray photoelectron spectroscopy (XPS) and the BET surface area decrease, while the pore diameter

The surface composition of the catalysts were determined remains relatively unchanged.
from X-ray photoelectron spectroscopy (XPS), performed by
a Vacuum Generator ESCALAB-MKII spectrometer with a 3.2. X-ray diffraction (XRD)
monochromatized Al K source (1486.6 eV) at the constant

analyzer pass energy of 20.0eV. The binding energy is es- The XRD patterns of the catalysts are showRig. 1 The

timated to be accurate within 0.2eV. All binding energies o tion peaks at 45.66and 66.6 are due to the AlOs
(BEs) were corrected referencing to the C 1s (284.6 eV) peaksupport, while other peaks are reasonably assigned to the
of the contamination carbon as an internal standard. The Cospinel phases of G®, and the different crystal phase of

2p binding energy of the core level was determined by com- C0304—Al,0; interaction speciefL6] including CoAbOs4.

puter fitting of the measured spectra. No Co-Zr interaction compound can be detected. From the
XRD patterns of Co/Zr/AlO3 catalysts and the ZrdAl ;03
precursor (figure not shown here), the diffraction peak of

) ) ) ] ZrO, phase cannot be detected, indicating that the>ZrO
Fischer—Tropsch synthesis was performed in a fixed bed g highly dispersed on the suppdft7]. As can be seen,

reactor (i.d. 2cm) at 10 bar. The catalyst (ca. 6.0 g) was mixed o gifferent catalysts have basically the same pattern of

with ca. 36.0 g carborundum and reduced gt atmosphere PréSpeak intensities as that of the cubic spinel phase efdGo
sure in situ. The reactor temperature was increased from am-and CoAbO,. It is difficult to establish the chemical and

. L _1
bientto 373K (hold 60 min) in 6 SLH g~* flow of Ha, then, g icqyral phases for those catalysts based only on the XRD

increased to 723 Kin2hand held at thattemperature for 10 h. .p4racteristic because both 40, and CoAbO, have cubic
Subsequently, the reactor was cooled down to 453 K. After gnine| structure with almost identical diffraction peak posi-

reduction, the syngas O =2) was introduced to the re-  jon However, this can be resolved by the following XPS
actor and the pressure was increased to 10 bar. The reacm{echnique.
temperature wasraisedto 483 Kat 1K m}nthen, increased Table 2shows the average size of the{Ca crystal of the
to 503Kin 4 h and the reaction was carried outat 503 K. The jittarent catalysts. It is clear that the §y size increases
products were collected in a hot trap (403 K) and a cold trap \ith the increase of zirconium on catalysts.
(271 K) in sequence.

The effluent product gas was passed through an Agilent ‘ i i ' : —

3000GC for online analysis. The liquid product (collected 2500 '

at 271 K) analysis was performed with an Agilent 6890GC A me
equipped with a FID detector. The solid wax (collected ] W
at 403 K) was dissolved in dimethylbenzene, and analyzed 2000 Mwww
with an Agilent 4890GC. The carbon monoxide conversion ] N
(Xco%) was measured at the steady state Hpg%, hy- 1500 ] 15Co/5Zr/AlLO,

drocarbon selectivity have been averaged over the period of

constant operation. The ratio of olefin/paraffin was calculated 1 NL\W
from the respective chromatogram peak areas. 1000 M

2.3. F-T activity and selectivity

Intensity(a.u

15C0/0.62r/AL0 |

. . _ 15Co/ALLO, A
3. Results and discussion 500 2.

T T T T v T
20 40 60 80

3.1. BET surface area 26(degree)

The BET surface areas, pore_V()lU_me’ average pore diam-rig. 1. powder XRD patterns of catalysts with different Zr content (*:
eter of the catalysts are summarizedable 1 With increas- Al>03).
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Table 2 Table 4
Average size of CgD4 crystallite of catalysts calculated using Scherrer The XPS data and characteristics of cobalt-containing reference materials
equation [18]
Sample Crystallite size (nm) Materials Co 2py», BE (eV) Reliability (eV)
15Co/ALO;3 18.3 Co 778.1 +0.1
15C0/0.5Zr/AbO3 18.2 Co304 780.0 +0.7
15C0/1Zr/AbO3 19.1 CoAl04 781.9 +0.5
15Co/5Zr/AbO3 19.3 Co (NGs), 781.9 -
15C0/9Zr/ALO3 18.4
15Co/152r/AbOs 208 regions were fitted with 80% Gaussian and 20% Lorentzian.
The analytical results on Co 2p binding energies and the
4800 Coop ] "% relative intensity of Co compounds are presentethible 3
4 2 o
4000 4 o il PP while the literature data of various Co-containing compounds
: Co2p,, \ 1 are shown immable 4 As shown inTable 3 the Co 2p/» com-
07 op, | 1 ponent at 780.0 eV indicates that the surface cobalt oxide is
3 2400 - shake up | J1000 T largely present as G@;, in these _samples. The o_ther com-
= Co 2p,| 3 ponent at 782.0eV can be ascribed to Gay. Since all
2 1600 1% 2 spectra are synthesized under the same fitting method, the
= -y CIBATALG Vew E XPS intensity ratio of the peaks obtained represents the rel-
3 . ative content of the compounds. Frorable 3 also, it can
04 corAl0, ] be seen that the relative intensity ratio of Ce®4/C0z0;4 is
e \ 200 _decreasing With_ fche incr_ease_ of z_irc_or_1ium content, i_ndicat-
_ R ‘ . J1s ing that the addition of zirconium inhibited the formation of
810 805 800 795 790 785 780 CoAl,O4. This is consistent with the results of Jongsomijit
Binding Energy(eV) et al.[17] who studied the Zr-modified catalyst via Raman

spectroscopy and concluded that the Zr modification likely
prevented the formation of Co “aluminate” on the surface of
the catalysts.

Fig. 2. The Co2p XP spectra of pure £y, CoAl,O4 and the typical oxidic
catalysts.

3.3. X-ray photoelectron spectroscopy (XPS)
3.4. Temperature programmed reduction (TPR)

The catalysts were investigated by X-ray photoelectron
spectroscopy (XPS). The cobalt species on the supportis as- The TPR profiles of the catalysts are showed-ig. 3.
signed with reference to pure €104, CoAl,O4 (Fig. 2). It can Two reduction peaks are exhibited for all samples. The low
be seen fronkrig. 2that the main peaks (Co 2p,Co 2p 2) of temperature peak (573-723K) is typically assigned to the
pure CoAbOy exhibit shoulder at the their high binding en-  reduction of CgO, phase (CgOs — Cd°) on the surface
ergy side which can only be ascribed to the shake-up procesf the catalyst$14]. Another peak (723—-1023 K) of hydro-
of Co?* compound in the high spin state, while that 0:0q gen consumption is assigned to the reduction of cobalt oxide
is remarkably weak (the G8/Cc?* ratio is 2:1 in CaQy) be- (Co304)—alumina interaction speci¢$4,16] The tempera-
cause the low-spin Gdion does not show shake-up process. ture is notramped high enough to observe the complete reduc-
It is found that there are strong shake-up satellite observedtion of bulk cobalt aluminate (the stoichiometric Co8l),
for all oxidic samples and thereby the main peak (Cg2p  which have been shown to occur above 1278K Further,
in these catalysts might be explained by the presence of bothno reduction peak of Co—Zr interaction compounds are found.
CoAl;04 and C@Og. In order to determine the intensity of The peak area (573—-723 K) is found to have a progressive
the different cobalt species on the samples, the recorded Co 2pncrease with the increase of zirconium loading, indicating

Table 3
Co 22 binding energy (BE) of different compounds and the relative intensity ratio of &aAC0304 (Icoal,0,/Ico;0,) fOr the prepared oxidic samples

Sample Co 2§, BE (eV)

C0304 CoAl04 Icop,04/1coz04
Co 2p2 Intensity (a.u.) Co 2, Intensity (a.u.)
15Co/ALO3 779.81 7718.197 782.03 736.532 0.1962
15C0/0.5Zr/AbO3 780.02 2389.48 782.00 459.059 0.1921
15C0/1Zr/AbO3 780.03 1844.983 782.19 350.4472 0.1899
15Co/5Zr/AbO3 780.24 1878.7 782.0 336.495 0.1791
15C0/9Zr/AbO3 780.33 2355.855 782.01 373.376 0.1585

15C0/15Zr/AbO3 779.94 2979.751 782.01 360.792 0.1211
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Fig. 4. H-TPD profiles of catalysts reduced with different zirconium

1 i I v I N I v i ! !

— . i ; }
200 500 600 700 800 900 1000 loading: (a)15Co/AJOs; (b) 15C0/0.5Zr/A}Os; (€) 15C0/1Zr/AbOs; (d)

15Co/5Zr/AbOs3; (e) 15C0/9Zr/AbOs3; (f) 15C0/15Zr/AbOs.
Temperature (K)

peak is located at ca. 623 K and the other is at approximately
Fig. 3. TPR profiles of samples with different zirconium loading. 723 K. It can be seen that Zr addition has not affected the

peak position of hydrogen desorption.
higher degree of reduction on these catalysts. Meanwhile, The data for hydrogen temperature programmed desorp-
it is observed that another reduction peak (723-1023K) of tion and Q titration is present iriTable 5 The hydrogen
promoted catalysts is shifted slightly to higher temperature. chemisorption values are slightly lower at the low zirco-
While with increasing zirconium loading, the hydrogen con- njum catalysts, while there is an increase in the amount of
sumption peak at higher temperature remains essentially conH, chemisorbed with higher zirconium loading and it con-
stant and the relative peak area of the different temperaturefirms that more active sites were formed when higher zir-
region was not significantly changed. Other studi19] conium loading is added. It is also seen frdmble 5that
have also shown a higher temperature shift for the zirconium the cobalt dispersion of zirconium-modified catalysts does
promoted catalysts, in agreement with our result. It should not increase in comparison with the unpromoted Co cat-
be mentioned that the modified samples showed pronouncedalyst. Similar results have also been found in other study
nitrate peak to the unpromoted Cog@k; catalyst by iden-  [13]. The obtained results reveal that the metal cobalt clus-
tical prepared process. Rohr et 3] have also shown the  ter size on the catalyst increases due to the addition of
pronounced peak that was ascribed to the higher affinity to zirconium. Here, it should be mentioned that cobalt crys-

nitrate for the modified catalysts. tal would be roughened and segregated respectively during
Fischer—Tropsch synthesj20-22] The dispersion results

3.4.1. Hydrogen temperature programmed desorption obtained with the freshly reduced catalyst are not the same

(H2-TPD) and Q titration as those of the working catalysts. So the dispersion and clus-

Fig. 4 depicts the H-TPD profiles of the catalysts after ter size data cannot be used to determine the structure sen-
reduction at 723 K for 12 h. Two hydrogen desorption peaks sitivity or structure insensitivity for FTS reaction. Further-
can be found in these profiles, probably indicating two kinds more, the @ consumption data showed that the reducibility
of hydrogen adsorption sites on the reduced Co catalysts. Oneof the prepared catalysts increase with increasing zirconium

Table 5

H,-TPD data and Qtitration data

Sample name pdesorbed duncor® (%) Duncor?® (NM) O, uptaked deort® (%) Reducibility (%)  Dcor® (nm)
(nmolg™?) (nmolg™?)

15Co/ALO3 884 6.94 14.9 898t 13.2 52.68 ]

15C0/0.5Zr/AbO3 74.0 5.82 17.7 954 10.4 53.24 10

15Co/1Zr/AbO3 74.2 5.83 17.5 912 10.9 53.37 B

15Co/5Zr/AbO3 1025 8.05 12.8 858 16.0 50.18 &l

15C0/9Zr/AbO3 99.2 7.01 14.7 1008 11.9 58.95 24

15Co0/15Zr/ApO3 1000 7.73 13.4 102@ 15.1 59.91 D

2 The uncorrected catalyst dispersion.

b The uncorrected metal cluster diameter.
¢ The corrected catalyst dispersion.

d The corrected metal cluster diameter.
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Table 6
Performances of zirconium-modified Cof8l; catalysts in a fixed bed reactor
Catalysts Xco (%) Hydrocarbon selectivity (mol%)

C1 C2 C3 C4 C5+
15Co/ALO3 32.1 16.2 15 2.0 1.39 78.91
15C0/0.5Zr/ApO3 32.8 17.7 1.2 1.9 1.35 77.85
15Co/1Zr/AbO3 33.0 17.0 1.2 2.0 1.35 78.45
15Co/5Zr/AbO3 38.3 15.4 1.2 2.0 1.39 80.01
15Co0/9Zr/AbO3 39.4 14.6 1.4 2.2 1.43 80.37
15Co/15Zr/ApO3 42.6 13.4 1.1 1.6 1.10 82.80

Reaction conditions: 503K, 1.0 MPa, CQ/H1/2.

content, which has also been revealed by the TPR experi-tributed to the decrease of olefin content. The decrease of

ment. olefin content with chain length could be caused by the
decrease in the diffusivities of longer chain hydrocarbons.
3.5. Fischer-Tropsch synthesis (FTS) The increase in their residence time in the catalyst pores

[25,26], may be caused hy-olefin readsorptiofi24], or the

The results of FTS activity and product distribution for higher solubility of the higher-olefin in the liquid phase
the catalysts are listed iFable 6 It can be seen that CO con-  [27], leading to their increased conversion to paraffin. Fur-
version increases with the increase of zirconium loading for thermore, a significant trend can be observed that the ra-
all the samples. Similarly, the selectivity tg{hydrocarbons  tio of olefin to paraffin increases with the increase in zir-
increases with higher zirconium loading for Co/Zr$84 cat- conium loading which has not been observed in previous
alysts. Nevertheless, there is not any significant changeiin C  studies. It concluded that zirconium in cobalt catalysts fa-
selectivity of the hydrocarbon product for the catalysts with vored the process of surface restructuring and during self-
low zirconium loading at the reaction conditions. It should organization in Fischer—Tropsch synthesis, cobalt sites for
be mentioned that the methane selectivity decreases with thesecondary olefin reaction increased, whereas sites for chain
increase of zirconium loading. growth (for monomer formation) decreased by increasing

In this study, the increase in catalyst activity appears to be zirconium loading22]. But this need further experiment to
mainly due to the increase of cobalt active sites and reducibil- testify.
ity. Similar to what has been reported by Igle§s,24]
here, the decrease of the BET surface area of the catalysts )
and the increase of the surface cobalt active site lead to the? €onclusion
increase of the density of Co surface atoms on the support
induced by the addition of Zr, enhancing the activity for FTS
reaction.

From Fig. 5 a decrease of the ratio of olefin to paraf-
fin is observed with increasing chain length, mainly at-

The effect of zirconium at various loading on Co8k
FTS catalyst has been investigated. Cobalt cluster size in-
creased with the addition of zirconium. Increasing zirconium
loading effectively inhibited the formation of CofD,4 phase
on the catalysts. It gave rise to the increase of Co metal active
sites and reducibility, leading to the increase of CO hydrogen
activity and G+ selectivity for Fischer—Tropsch synthesis.
With increasing zirconium content the methane selectivity
was suppressed. The decrease of the ratio of olefin to paraffin

—=— 15C0/ALO,
—e— 15C0/0.5Z1/Al,0,

0.4 4 —A— 15C0/1Zr/AlLQ, . . . .
—— 15C°/52:/A|203 in the products with chain growth was attributed to the de-
c o CO/ z /A|203 crease of the olefin content for all the catalysts. By increasing
T 15C0ZIIALO, Zr loading, the ratio of olefin to paraffin in the product tended
@ - | —4—15C0/15Zr/Al,0, :
a to increase.
C
@ 0.2
o
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