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Abstract

ZrOy-based catalysts doped with Cg6r Y,03 were prepared by coprecipitation and the catalytic performance of each was evaluated in
the selective synthesis of isobutene and isobutang)(i#0m CO hydrogenation at 673 K, 5.0 MPa, and 650 hThe physical properties
and chemical properties (acid—base and redox) of the catalysts were systematically characterized and related to the catalytic performance. T
catalytic activities and selectivities of the Zg®ased catalysts varied with the quantity of Geghd Y,O3 doped. The physical properties,
such as surface areas, cumulative pore volumes, average pore diameters, crystal phases, and crystal sizes had no appreciable effects or
catalytic performance of the catalysts. Temperature-programmed reduction (TPR)neédsurements showed that the addition of £eO
or Y203 into ZrO, enhanced the reduction properties of the catalysts. The highest activitieg aeteClivities in total hydrocarbons were
obtained over the catalysts which have a maximum amountafdiisumption measured by TPR technology for both &efd Y,03-
doped ZrQ-based catalysts. The selectivity to i@ total hydrocarbons also achieved a maximum over the catalyst (50%-Gagzd
ZrOy) which has a maximum amount obHtonsumption in the TPR for the Ce&ZrO, mixed oxide catalysts. For theo©3—ZrO, mixed
oxide catalysts, high selectivities to ;@ total hydrocarbons were obtained over the catalysts with the contents of deedahging from
4.5 to 8.6%; whereas the maximunp ldonsumption was attained at 8.6%Q3 doped. The acid—base properties also played a significant
role in determining the activity and selectivity of the Zr@ased catalysts in the CO hydrogenation. A coordination of redox and acid—
base properties accounts for the remarkable improvement of reaction activities and selectivities ovebttar €g03-doped ZrG-based
catalysts in this investigation.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction Zirconia is considered to be a unique metal oxide which
explicitly possesses special chemical properties such as
Isosynthesis has been referred to as the reaction that se2cidic and basic properties and redox properties [11]. The
lectively converts coal or natural gas-derived syn-gas 4CO effects of acidic and basic properties on the catalytic per-
H,) to i-C4 hydrocarbons (isobutene and isobutane). It has fqrmance of isosynthesis have been extensively studied over
attracted much attention in recent years because of a world-Zirconia-based catalysts [5-10]. Maruya and co-workers [5]
wide shortage of isobutene and isobutane which are eX_lnvesugated the effects of various metal promoters. They
tracted from a limited G stream of a petroleum cracking found that the addition of highly electronegative oxides such
process at the present time [1]. Thorium dioxide (EhO as SiQ and NOs resulted in a deg.rease_of isobutene with
and zirconium dioxide (Zr@) have been shown to be the an increase of methane. ZzOnodified with NaOH pro-

two most active catalysts for this reaction [2,3]. Recent re- moted the selective formation of i;thydrocarbons. They

search has mostly focused on zirconia-based catalysts be_suggested that the strong basicity of the catalysts was sig-

. ) . . . nificant for the formation of i-@ hydrocarbons. The lower
;i%zié);;h[iif&sence of radioactivity and high selectivity to selectivity to isobutene over SiCor Nb,Os-doped ZrQ

catalysts was due to the decrease of basicity with the in-
crease in acidity of the mixed oxides because both St
* Corresponding author. NbOs have a higher electronegativity than. Z@But that
E-mail address: hedeh@mail.tsinghua.edu.cn (D. He). work was performed at very low CO conversions (0-5%) [5].
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Feng and co-workers [6] synthesized zirconia-based cata-increased lattice oxygen mobility [13—16] for a distortion of
lysts with different acid—base properties and studied the rela-the oxygen sublattice by the incorporation of*Cand Y3+
tion between isosynthesis activity and acid—base propertiesinto the crystal lattice of Zr@ The texture, crystal struc-
of the catalysts. They found that the product distribution of ture, reduction, and acid-base properties were systemati-
CO hydrogenation depended on the acid—base properties otally investigated using Nphysisorption, X-ray diffraction
the catalysts. It was suggested that a high ratio of basic to(XRD) and Raman spectra, temperature-programmed reduc-
acidic sites is a requirement for an active catalyst to producetion (TPR), and desorption (TPD) study. In parallel, steady-
isobutene and isobutane from CO hydrogenation. state isosynthesis activities and selectivities were measured
Jackson and Ekerdt [7] investigated the effect of the acid- to relate the observed catalytic performance to the physi-
ity on the isosynthesis reaction conducted at 698 K and cal and chemical properties characterized on these;CeO
35 atm. The acid strength of the catalysts was altered by theand Y>O3z-doped ZrQ catalysts. The physical and chemical
additives, including HSO4 and SgOs. A balance of acidic ~ properties required for the isosynthesis reaction were identi-
and basic properties on Zp@vas suggested to be necessary fied and are discussed in this paper.
for the formation of isobutene and isobutane.
Our previous works [8—-10] suggested the importance of
the coordination of acid—base active sites in the isosynthesis2. Experimental
reaction. The acidic sites were found to be responsible for
the activation of CO to start the reaction and the formation 2.1. Preparation of catalysts
of n-C4 hydrocarbons. However, the basic sites are signifi-
cant for the formation of i-g hydrocarbons. An appropriate Hydrous zirconia was prepared by adding dropwise a so-
amount of acidic and basic sites and a ratio of basic to acidiclution of ZrOCk (0.15 M) into a well-stirred ammonium
sites on the catalysts are significant for the direct synthesissolution (2.5%) at room temperature. The pH value during
of i-C4 hydrocarbons from CO hydrogenation. precipitation was carefully controlled at 10. The precipitate
Although the effects of acid—base properties of zirconia- formed as described above was collected by filtering and
based catalysts on isosynthesis have been extensively invesvashing with deionized water until there was no detectable
tigated, very little research has been done on redox proper-Cl~. The gel was dried at 378 K for 24 h and then calcined
ties of zirconia-based catalysts for the isosynthesis. Jacksorat 823 K for 3 h in air. Ce@-ZrO; and Y203-ZrO, mixed
and Ekerdt [7] studied the effect of oxygen vacancies on the oxides were synthesized by coprecipitation of a mixed so-
isosynthesis reaction. The oxygen vacancy availability was lution (0.15 M) of ZrOC} and various additives, cerium or
altered by the addition of dopants®s and CaO in vary-  yttrium nitrate salts, with ammonium solution (2.5%), and
ing concentrations. The most active catalysts were those inthe above procedure was followed. The concentration of the
which ionic conductivity was at a maximum, suggesting that additives, such as CeDwas changed in a systematic man-
vacancies of the crystal lattice in the catalysts play an impor- ner by changing the ratio of Zr and Ce in the mixed solution.
tant role in the reaction. However, the redox and acid—baseThe prepared catalysts are listed in Table 1.
properties of these XO3- and CaO-promoted zirconia cata-
lysts have not been systematically characterized and studied2.2. Characterization of catalysts
making it difficult to understand the true effect of oxygen va-
cancies on the isosynthesis reaction. Powder X-ray diffraction patterns were recorded on a
Despite a large number of investigations on the isosynthe-Brilker D8 advance powder diffractometer using nickel-
sis reaction reported in the past, a systematic investigation offiltered Cu-K, radiation. The crystal size was determined by
the influence of physical and chemical properties (acid—basemeans of the X-ray line broadening method using the Scher-
and redox) of zirconia-based catalysts upon the catalytic per-rer equation [17]. Raman spectra were obtained at room
formance has not been reported so far. A systematic compretemperature with a microscopic confocal Raman spectrom-
hension of the influence of physical and chemical properties eter (Renishaw, RM 2000). The 514-nm line from an argon
upon the catalytic performance of zirconia-based catalystsion laser was used as the excitation source. Incident powers
is necessary, since it has been reported that both physicabf about 5 mW on the sample were used.
and chemical properties of the catalysts affect the activities N> adsorption/desorption isotherms at 77 K were ob-
and selectivities of isosynthesis [9,12]. The primary objec- tained on a Micromeritics ASAP 2010C analyzer. Before
tive of present work is to identify the function of redox measurement, the samples were degassed at 473 K for 6 h.
properties on isosynthesis activities and selectivities through  The acid—base properties of the catalysts were measured
a systematic investigation of the effects of physical, acid— by temperature-programmed desorption of ammonia and
base, and redox properties on the catalytic performance ofcarbon dioxide, respectively. TPD experiments were carried
zirconia-based catalysts in the isosynthesis. The redox prop-out in a flow-type apparatus at atmospheric pressure. Typi-
erties were modified by doped Zs@vith various quantities  cally, a 100-mg sample was treated at its calcined temper-
of CeQ and Y»03, since it has been reported that the redox ature (823 K) in a highly pure helium>99.995%) flow
properties of zirconia could be largely improved due to an for 0.5 h and then saturated with a 1.0% MHe mixture
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Table 1
Physical properties of Cef2ZrO, and Y,03—ZrO, mixed oxide catalysts
Catalyst Content of Cefor Y2032 (mol%)  SgeT (M2/g) Cumulative pore volunfe(cm3/g)  Average pore diamefe(nm)  Crystal size (nm)
CeG;-Zroy 0 55 0.212 18 15
12 85 0.12 ) 8
50 86 0.086 3 5
88 75 0.065 ki 7
100 60 0.053 3 13
Y03-2r0, 25 81 0.148 5 11
45 115 0.194 Vi3] 8
6.2 119 0.157 K3 9
8.6 120 0.157 C?) 8
12 130 0.162 ) 5

a CeO/(CeQy + Zr0y) or Y03/(Y 203 + ZrOy).
b BJH desorption cumulative pore volume of pores in the range 1.7—-300 nm.
¢ BJH desorption average pore diameter.

or highly pure CQ (99.99%) flow after cooling to 373 K.  effluent was reduced to atmospheric pressure and then in-

After being flushed with He at 373 K for 1 h to remove ph- jected into two on-line gas chromatographs. One equipped

ysisorbed NH or CO,, the sample was heated to 823 K at with TCD was used to separate CO, £HCO,, CH30OH,

a rate of 20 Kmin in a helium flow of 60 cri/min. The and CHOCH;z through a GDX-101 column, and another

desorbed NH or CO, was measured by a QMS (MSC 200). equipped with FID and a 30 m 0.53 mm ALOs capillary
Temperature-programmed reduction studies were carriedcolumn was applied to separate hydrocarbons.

out in a conventional system equipped with a thermal con-

ductivity detector (TCD). The amount of catalyst used was

100 mg in all cases. The catalyst samples were treated in3. Resultsand discussion

Ar at 823 K for 0.5 h before TPR was performed. TPR was

carried out in a flow of 5% BAr (20 ml/min) at a heat- 3.1. Physical properties of the mixed oxide catalysts

ing rate of 10 Kmin. A cold trap (203 K) was placed before

the TCD to remove water produced during the reaction. The  Several physical properties of the catalysts were mea-

hydrogen consumption was calibrated using TPR of copper sured and the results are summarized in Table 1. Pure ZrO

oxide (CuO) under the same conditions. prepared in this study had a moderate specific area ca.
55 m?/g. Incorporation of Ce@ or Y»Os to ZrO, both
2.3. Reaction procedure increased the specific area. The GerO, mixed oxides

had similar specific areas at the contents of €d@ped in

The hydrogenation of CO was carried out in one specially this investigation. The specific areas 0f§Q03—2rO; mixed
designed high-pressure flow fixed-bed reactor at 5.0 MPa, oxides increased with an increase in the content gd
673 K, and 650 h. It is a quartz-lined stainless-steel tubu- However, the specific areas were almost the same when the
lar reactor in which the quartz line (i.ek 8 mm) was tightly content of .03 varied from 4.5 to 8.6% in the X03—ZrO,
fixed in a stainless-steel tube. A stainless-steel tubular reac-mixed oxides.
tor was normally used in most research on the isosynthesis The cumulative pore volume and average pore diameter
reaction that was performed at a high pressure [6-9]. Here,determined from the desorption isotherm by using the Bar-
the quartz-lined stainless-steel tubular reactor was used beret, Joyner, and Halenda (BJH) method [19] changed with
cause our previous work [18] showed that the stainless- the content of Ce®or Y203 in the mixed oxides. Compared
steel materials seriously affected the actual catalytic per-to pure ZrQ, all the mixed oxides had a smaller cumula-
formance of catalyst. The selectivity to i@Qydrocarbons  tive pore volume and average pore diameter. The cumulative
on the stainless-steel tubular reactor was much lower thanpore volumes of Ce&-ZrO, mixed oxides decreased with
that on the quartz-lined stainless-steel tubular reactor with an increase in Cefcontent from 12 to 100%. However, the
an increase of &-C3 hydrocarbon products [18]. The pel- cumulative pore volumes of X03—ZrO, mixed oxides had
letized catalyst (1 g) was crushed and sieved to particleslittle change when the content 06®s increased from 2.5 to
(20-40 mesh) and then packed in the reactor. Before the re-12%. All the mixed oxides had a similar average pore diam-
action was conducted, the catalyst was pretreated in a streaneter ca. 3—5 nm that was in the region of mesoporous pores.
of N2 at 673 K for 3 h. After the temperature was cooled to The crystal sizes of the Ce©and Y»0z-doped ZrQ
623 K in Np, syn-gas (C@QH», = 1) was introduced into the  catalysts were all smaller than that of pure Zr@s can be
reactor. Synthesis gas (B, = 1) was purified by remov- ~ seen from Table 1. It has been reported that the oxides of
ing metal carbonyls and water with an activated charcoal zirconium form three different phases: monoclinic, tetrago-
trap and a molecular sieve trap, respectively. The reactornal, and cubic [20-22]. The monoclinic phase is stable below
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Fig. 1. XRD patterns of Ce©-ZrO» mixed oxides with (a) 0% Ce£) (b) Fig. 3. Raman spectra of Ce@Zr0O, mixed oxides with (a) 0% Ce£ (b)
12% CeQ, (c) 50% CeQ, (d) 88% CeQ, (€) 100% Ce®. 12% CeQ, (c) 50% CeQ, (d) 88% CeQ, (€) 100% Ce@.

teristic peaks for a tetragonal Zs@hase are at2~ 30.2,
34.8, and 35.2[23] and those for a cubic ZHJphase are
| at 20 ~ 30 and 34.8 [24]. The weak and broad diffrac-
] tion peaks obtained over these catalysts in this study make
| it difficult to discern a tetragonal phase from a cubic phase.
.\ It is evident that Ce@and ZrQ& form a solid solution be-
/ d cause a free Cefphase was not observed. The XRD pattern
‘ of CeG (Fig. 1e) alone can be assigned to a typical cubic
fluorite structure at peak®2~ 28.6 and 33.2. The diffrac-
tion peak at 2 ~ 30° for 12% CeQ-doped ZrQ catalyst
(Fig. 1b) was shifted to loweré2degree with a rise in the
a guantity of CeQ incorporated to Zr@(Figs. 1c and d). This
observation indicates an increase of the lattice defects due to
! ! ! . ! . . the replacement of 2t with Ce*, which coincides with
10 2 3 4 S 6 70 the fact that the cation radius of €e(1.09 A) is larger than

20 (degree) that of Z*+ (0.86 A).

Fig. 2 shows the XRD patterns 0b®03-2rO, mixed ox-
ides. No apparent differences were observed for these cata-
lysts with the content of ¥O3 increasing from 2.5 to 12%.
The weak and broad diffraction peaks @& 2 30 and 35
1473 K, and the cubic phase is formed at temperatures aboveean also be assigned to a tetragonal or/and cubic, ZrO
2553 K. The presence of other doping metals in Za@d the phase.
parameters of precipitation play a role in determining the fi-  Raman spectra of the mixed oxides are shown in Figs. 3
nal crystal phase. The crystal phases of the £&00, and and 4. In contrast to the XRD patterns, which gives infor-
Y 203—ZrO, mixed oxides were determined by XRD and Ra- mation related mainly to the cation sublattice, Raman spec-
man in this study. The powder X-ray patterns of the catalysts tra are dominated by oxygen lattice vibrations [25] and are
are shownin Figs. 1 and 2. Fig. 1 shows the XRD patterns of sensitive to the crystalline symmetry, thus being a useful
CeQ—ZrO, mixed oxide catalysts. A monoclinic phase (the tool for obtaining additional structural information of mul-
peaks at2 ~ 28.2°, 31.5 are assigned to the phase) was the tioxide systems exhibiting lattice disorder. Fig. 3 shows the
dominating crystal phase for pure Zr@QFig. 1a) prepared = Raman spectra of CeSZrO, mixed oxides. The spectrum
under the conditions used in the study. A small quantity of of pure ZrQ (Fig. 3a) featured several bands in the re-
CeG (12 mol%) added to zirconia remarkably changed the gion which are attributable to monoclinic ZsQ26], while
crystal phase. The peaks & 2 28.2° and 31.5 (mono- one sharp single band (located at 465 éincharacterizes
clinic) for pure ZrQ disappeared while the peak & 2 30° the Raman spectrum of pure CeQrig. 3e). This peak at
increased (Fig. 1b). The diffraction peak & 2 30° is as- 465 cn1is due to the by Raman-active mode typical of a
signed to a tetragonal or/and cubic Zrthase. The charac- cubic fluorite-structured material [27]. Six bands at approx-

Intensity (a. u.)

Fig. 2. XRD patterns of ¥O3—ZrO, mixed oxides with (a) 2.5% XOg, (b)
4.5% Y503, (C) 6.2% Y03, (d) 8.6% Y»03, (€) 12% Y>03.
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Fig. 4. Raman spectra of )03-ZrO, mixed oxides with (a) 2.5% XOg, Fig. 5. H-TPR profiles of Ce@-ZrO, mixed oxides with (a) 0% Cef)
(b) 4.5% Y,03, () 6.2% Y203, (d) 8.6% Y203, () 12% Y,03. (b) 12% CeQ, (c) 50% CeQ, (d) 88% CeQ, (e) 100% CeQ.

imately 633, 599, 465, 317, 258, and 146 thobserved
for 12% CeQ-doped ZrQ catalyst (Fig. 3b) are predicated
for a typical tetragonal Zr@[28]. The Raman spectrum of

50% CeQ-doped ZrQ catalyst (Fig. 3c) was assigned to _

a pseudo-cubic tetragonaf’Jtphase and it is characterized 3 d /\_,
by an intense peak at 465 cthand weak bands at 316 and E

633 cnm! [25]. A 88% CeQ-doped ZrQ catalyst featured ‘S c

one sharp peak at 465 cthand it was assigned to a cu- 8

bic CeQ phase. The broadness of the peak in the case of = b

Fig. 3d, compared to pure Ce(Fig. 3e) is probably caused
by the small crystallites generated by the incorporation of a
ZrOy into CeQ crystal lattice [29].
The Raman spectra of03—ZrO, mixed oxides are pre- L L L ! L ! ! !
sented in Fig. 4. With the content of,®3 in the mixed 300 400 500 600 700 800 900 1000 1100 1200
oxides lower than 8.6 mol%, the samples all showed Raman Temperature (K)
spectra characteristic of tetragonal zirconia with six typical
peaks (Figs. 4a, b, and c). The further three bands, locate
at 381, 190, and 179 cm, indicate that a small quantity
of monoclinic ZrQ is still present for 2.5% ¥Os-doped
ZrO2 mixed oxide (Fig. 4a). As shown in Fig. 4, the char-
acteristic bands of tetragonal phase markedly faded with an
increase in the content ofy0s. It indicates a decrease of
a tetragonal phase in the mixed oxides with an increase in

Y03 content. The peak at 633 crhwhich is ascribed to The reduction behavior of CeQZrO, and Y,03—ZrO;,

the vibrations in the monoclinic, tetragonal, and cubic ZrO  mixed oxides were investigated by means of the THR
phase [30] did not change significantly but shifted to lower technique and the TPR profiles are presented in Figs. 5 and 6.
wavenumbers when the content 0fQ3 increased from 4.5 The quantities of K consumption per gram catalyst were
to 8.6% (Figs. 4b, c, and d). It would suggest that a cubic calculated and presented in Figs. 7 and 8 as a function of
phase coexisted with a tetragonal phase in these mixed ox-content of Ce@and Y,0z in the mixed oxides, repetitively.
ides. When the content of 03 was increased to 12%, the  Fig. 5 shows the TPR results of the Ge@rO, mixed ox-
bands characterized for a tetragonal phase disappeared witlides. It can be seen that only a small quantity of Was

one broad peak at ca. 610 chwhich was assigned to a consumed on pure ZeX(Fig. 5a), as reported in other lit-
cubic ZrQ phase [30]. The Raman spectrum of purgldy erature [32]. The incorporation of CeQo ZrO, greatly
features a strong band at around 375¢énfi31]. The ab- enhanced the reduction behavior of 2r@he quantities of
sence of the peak at 375 crin Fig. 4 indicates that all  H» consumption increased with an increase in the content

ig. 6. H-TPR profiles of »O3—ZrO, mixed oxides with (a) 2.5% XOg3,
b) 4.5% Y,03, (c) 6.2% Y,03, (d) 8.6% Y,03, (e) 12% Y>0Os3.

the Y20s-doped ZrQ oxides formed solid solutions in this
investigation.

3.2. Chemical properties of the mixed oxide catalysts
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d Fig. 8. Quantities of Il consumption, amount of acidic and basic sites, and
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Fig. 7. Quantities of Kl consumption, amount of acidic and basic sites, an
selectivities of G and i-G in total hydrocarbons as a function of content of
CeO in CeO—ZrO, mixed oxide catalystdll, Quantity of H consump-
tion in TPR; A, amount of acidic sites®, amount of basic sitesA, C4
selectivity in total hydrocarbons), i-C4 selectivity in total hydrocarbons.

No significant increase in the quantity obHonsumption
of CeQ up to a maximum at about 50% (Fig. 5¢), and then \yas obtained over a 12%,0s-doped ZrQ catalyst com-
decreased with more Ce@dded. This enhancementofH  pared to that over a 8.6%,0s-doped ZrQ catalyst, as
consumption could be attributed to an increase of the lattice shown in Fig. 8. This is coincident with the results reported
oxygen mobility in the bulk of Ce@-ZrO; solid solution jn the literature [36] that the maximum electrical conduc-
because of the distortion of the ZsGtructure by the incor-  tjvity, with diffusing oxygen ions being the primary charge
poration of Ce@ and then the lattice oxygen would be more carrier, was obtained at a®s content of ca. 9-10%. Sim-
active to react with b, although surface and bulk reduction jjar to the TPR patterns of CeQZrO, mixed oxides, the
of CeQ—-ZrO, mixed oxides cannot be distinguished by the TPR peaks of these)03—ZrO, mixed oxides also shifted to
conventional TPR technique [13,32-34]. A single peak was |ower temperatures with an increase in the amount gy
observed for a 12% Cedoped ZrQ catalyst (Fig. 5b).  doped. Pure ¥Os cannot be reduced bysHuntil 1123 K in
For pure CeQ (Fig. 5e), two TPR peaks were observed at the TPR [37].
ca. 800 and 1160 K. These two peaks were also reported From the TPR results presented in Figs. 5 and 6, it can
in other studies and were interpreted to correspond with the pe concluded that the reduction behavior of the &eX00,
reduction of the easily reducible surface oxygen and the and Y,0s-ZrO, catalysts was largely improved compared
bulk oxygen, respectively [35]. Although similar to that of to that of pure ZrQ catalyst. The enhanced reduction be-
pure CeQ, two peaks were observed over both 50% €eO havior is suggested to be related to the increased mobility
(Fig. 5¢) and 88% Ce@(Fig. 5d)-doped ZrQcatalysts and  of lattice oxygen of the catalysts [13—16,32]. It has been re-
the main peaks for ficonsumption were shifted to a lower ported that a condensation reaction [38], which takes place
temperature region compared with that over pure £&0r- between an;3-enolate and a methoxy species on the ZrO
thermore, the main peaks forpHonsumption over 12%  catalysts [7], primarily contributes tosGind G products,
CeQ-, 50% CeQ-, and 88% Ce@doped ZrQ mixed ox- which explains the reason for the deviation of the isosyn-
ides remarkably shifted to lower temperatures compared tothesis product distribution from the typical Schulz—Flory—
that over pure Zr@. This implies that the mobility of lat-  Anderson distribution observed for Fischer—Tropsch synthe-
tice oxygen was enhanced and then could be more easilysis. The enhancement of the mobility of lattice oxygen of
reduced because of the distortion of the oxygen sublattice inthese Ce@- or Y,03-doped ZrQ catalysts would be likely

these Ce@-ZrO, mixed oxides.
The TPR patterns of XO3—ZrO, mixed oxides are shown

to play an important role in the isosynthesis if the formation
of the intermediate substances for the condensation reac-

in Fig. 6. It can be seen that the intensity of the reduction tion, n°-enolate and methoxy species, is influenced by the

peak increased with an increase af04 content up to 8.6%.

lattice oxygen because these two substances both have oxy-
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Table 2
Catalytic performance of Ce2ZrO, mixed oxide catalysts in the isosynthésis
Content of Ce@P CO conversion Selectivity (C mol%) Distribution of hydrocarbons (C mol%) 4] CHE
0, 0, 0,
(mol%) (%) CHE CHO co, C C, Cs Ca Csyr (C mol%)
0 16.5 50.8 1a 39.1 31 89 3.8 61.0 22 51.2
12 18.2 47.6 B8 45.6 86 79 6.0 66.6 10 51.8
50 22.8 51.3 D 46.7 54 26 3.0 85.9 D 66.8
88 16.6 54.9 0 45.1 18 7.0 5.5 64.5 1 47.5
100 12.1 54.5 0 45.5 23 113 6.2 52.1 ® 42.8

a Reaction conditions: 673 K, 5.0 MPa, GHSV650 b1, CO/H, = 1.
b Cemy/(Cey + Zr0y).

¢ Hydrocarbons.

d CH3OH + CH30CHs.

€ i-C4 selectivity in total hydrocarbons.

Table 3
Catalytic performance of ¥03—ZrO, mixed oxide catalysts in the isosynthésis
Content of 03P CO conversion Selectivity (C mol%) Distribution of hydrocarbons (C mol%) 4] CHE
0, 0, 0,
(mol%) (%) CHC CHO 0, Cy Cy Cs Cq Css (Cmol%)
25 13.9 50.8 7.3 41.9 18 91 55 51.6 171 41.8
45 17.0 49.2 8.5 42.3 R: 86 2.0 69.7 12 60.0
6.2 18.8 51.9 5.0 43.1 2 75 1.5 77.3 8 63.7
8.6 23.2 55.1 51 39.8 3 74 1.5 79.5 O 61.7
120 22.6 47.6 8.8 43.6 12 111 7.8 60.8 134 38.0

a Reaction conditions: 673 K, 5.0 MPa, GHSV650 b1, CO/H, = 1.
b Y203/(Y203 + ZrOy).

¢ Hydrocarbons.

d CH3OH + CH30CHs.

€ i-C4 selectivity in total hydrocarbons.

gen atoms which may come from the lattice oxygen of the creased slightly with more and more®s; doped. However,
catalysts [39]. the amount of basic sites decreased with an increase in the
The acid and base characteristics of the catalysts werecontent of 203 from 4.5 to 12%. It is not clear what caused
measured by NEtTPD and CQ-TPD, respectively. Zr@ a 2.5% Y,O3-doped ZrQ catalyst to have so small quanti-
has been well known as a bifunctional catalyst with both ties of basic sites.
weak acid and base sites [40]. In present work, the weakly
acidic and weakly basic properties of the surface of zirco- 3.3. Catalytic performance of the mixed oxide catalysts
nia were indicated by these desorption peaks ogNIRD
and CQ-TPD at temperatures lower than 573 K, respec-  The results of the catalytic test of the Ce@rO, and
tively. No significant differences were observed on the des- Y 203-ZrO, mixed oxide catalysts in the CO hydrogenation
orption temperatures of N\bHand CQ between the Ceg&- at 673 K, 5.0 MPa, and 650 are presented in Tables 2
ZrOs or Y203—ZrOp mixed oxides and pure ZrEOHowever, and 3. Under the reaction conditions in this study, the pre-
the amount of acidic and basic sites markedly varied with dominant catalytic reaction products consisted of hydrocar-
the types and the quantities of dopants added, as shown irbons, CQ, methanol, and dimethyl ether (DME). Table 2
Figs. 7 and 8. It can be seen that the amount of acidic andshows the catalytic performance of Ce@rO, mixed oxide
basic sites for Ce®-ZrO, mixed oxides both remarkably catalysts. About 16.5% CO was converted with 51% is€-
decreased with an increase in the content of £@€y. 7). lectivity in total hydrocarbons over pure Zs@atalysts. The
The TPD results of pure Cecontent of Ce@ at 100%, lower selectivity to G—C3 hydrocarbons than that reported
Fig. 7) showed that CefOpossessed a much lesser amount in the literature under the similar reaction conditions [6—10]
of acidic and basic sites which are only one-fifth of that over is ascribed to the quartz-lined stainless-steel tubular reac-
pure ZrQ (content of Ce@ at 0%, Fig. 7) in this study. For  tor used in this study. Our previous work [18] has indicated
Y 203-ZrO, mixed oxides, the changing trend in the amount that the catalytic performance of the catalysts was seriously
of acid—base sites with the content 0G5 was a little dif- affected with an additional production of mainly-@C; hy-
ferent from that of Ce@-ZrO, catalysts. It was found that drocarbons in the stainless-steel tubular reactor. As can be
the amount of acidic and basic sites both largely decreasedseen from Table 2, the activities and selectivities of the cat-
when 2.5% %03 was doped with Zr@compared with that  alysts markedly varied with the content of Ce@bped. It is
over pure ZrQ (Fig. 8). Then, the amount of acidic sites in- interested to note that the activity and énd i-G, selectiv-
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ity in total hydrocarbons all reached a maximum over 50% been widely investigated [5-10]. The acidic and basic sites
CeO-doped ZrQ catalyst. Pure Cefowas also active for  have been suggested to be the active sites for the isosyn-
the isosynthesis with i-£selectivity in total hydrocarbons  thesis. The promoting effects of various calcium salts or
ca. 42%. However, the selectivity to Ghh total hydrocar- Al2,03—KOH doped into ZrQ on the isosynthesis reaction
bons was much higher than that over pure Zc@talyst with were studied in our previous works [9,10]. The physical

a low selectivity to G, hydrocarbons over pure CeOlhe properties, such as surface areas, particle sizes, and crystal

CO, selectivities in the products over Ce@oped ZrQ cat- phases, were very similar for those promoted Ztfased
alysts were all higher than that over pure Zr@ith a low catalysts due to the mechanical mixing method used to pre-
selectivities to CHOH + DME (CHO). pare those doped catalysts. The TPR patterns of the calcium

The tested results of X03—ZrO, mixed oxide catalystsin  salts or AbOs—KOH-promoted Zr@-based catalysts (not
the isosynthesis are shown in Table 3. It can be seen that thepresented) showed similanldonsumptions as those of pure
activities of the catalysts increased with an increase in the ZrO; catalysts. A little increase of Hconsumption over
content of .03 doped. However, no significant difference Al,03—KOH-promoted Zr@-based catalysts is attributed to
in activities was observed when the content afOg was the reduction of KOH ca. 0.5% doped. However, the amount
increased from 8.6 to 12%. The Gelectivity in total hydro- of acid and base sites on those catalysts remarkably varied.
carbons reached a maximum at a content gd¥ ca. 8.6%, Therefore, the effects of acid—base properties on the perfor-
while the maximum i-@ selectivity in total hydrocarbons  mance of catalysts could be identified. The basic sites were
was obtained over the 6.2%,¥3-doped ZrQ catalyst. As found to be significant for the formation of izCydrocar-
CeO-doped ZrQ catalysts shown in Table 2, higher €0 bons [9,10]. The importance of basic sites in the isosynthesis
selectivities with lower CHO selectivities were also obtained has also been reported by other researchers [5,6]. However,
over all the ¥,03-doped ZrQ catalysts compared to that the CQ-TPD results in this study (Figs. 7 and 8) showed
over pure ZrQ. But the CQ selectivities were a little lower  that the amounts of the basic sites on the &e®0O, and
than that over Ce@doped ZrQ catalysts shown in Table 2.  Y203—ZrO, catalysts were all lower than that on the pure

ZrO, catalysts. The tested results of isosynthesis reported
3.4. Relationship between catalytic performance and in Tables 2 and 3 show that the selectivities tosit§ydro-
physical-chemical properties of the ZrO»-based catalysts carbons over some catalysts, such as 50% Cat@ 6.2%

Y203-doped ZrQ catalysts were remarkably higher than

It is known that a high catalytic activity can be more that over pure Zr@ catalysts. Therefore, this improvement
likely obtained on a catalyst with a high surface area if the of i-Cy4 selectivities in total hydrocarbons could not be solely
catalysts exhibit a similar chemical structure and acid—baseexplained by the acid—base properties on the catalysts in this
behavior because of the larger contact surface with reac-study.
tants over the catalyst with a higher surface area. However, The selectivities to €and i-C in total hydrocarbons are
the higher CO conversion obtained over the 50% gad also presented in Figs. 7 and 8 as a function of the content
8.6% Y»03-doped ZrQ catalysts cannot be explained alone of CeQ or Y203 doped in the catalysts. It is interesting to
by the enhancement of surface areas for these two catalystsiote that the highest selectivities tq i@ total hydrocarbons
because some other catalysts with similar high surface areasywere obtained over the catalysts which have a maximum
such as 4.5% ¥Oz-doped ZrQ catalyst, performed much  quantity of H consumption in the TPR for both Ce€ZrO,
lower activities to CO hydrogenation. In the same way, a re- and Y>.03—ZrO, mixed oxide catalysts. The maximum lev-
lationship between the cumulative pore volumes or averageels were at 50% Cefand 8.6% Y03 doped, respectively.
pore diameters and the catalytic performances of the cata-The selectivity to i-G in total hydrocarbons also achieved
lysts was not found in this investigation. a maximum over 50% Cef2doped ZrQ catalyst for the

It has been reported that the crystal phase had an effectCeQ—-ZrO, mixed oxide catalysts (Fig. 7). However, high
on the isosynthesis that isobutene formed on the monoclinicselectivities to i-G in total hydrocarbons were obtained over
phase over Zr@[12]. However, tetragonal and cubic phases the catalysts with the contents 0§®3 doped ranging from
were the main crystal phase for the catalysts prepared in this4.5 to 8.6% for the ¥O3-ZrO, mixed oxide catalysts, as
study except for pure ZrQon which a monoclinic phase shown in Fig. 8. No direct relationship between the amount
was the predominant phase. So the improvement of the cat-of acidic or basic sites and the selectivities tp &d -G
alytic performance on some CeQand Y>0z-doped ZrQ in total hydrocarbons was observed for the Ge@ Y,03-
catalysts cannot be interpreted from the crystal phases of thedoped ZrQ catalysts, as shown in Figs. 7 and 8. Therefore,
catalysts. No significant differences in the crystal sizes of the improvement of catalytic performance over some £eO
the doped catalysts were observed, as shown in Table 1. Itor Y,03-doped ZrQ catalysts could be attributed to the
may be speculated that there would be other more importantenhancement of redox properties that are suggested to be
factors that govern the performance of the catalysts in the related to the increased mobility of lattice oxygen of the cat-
isosynthesis. alysts [13-16,32].

The dependencies of isosynthesis activities and selectiv- It has been proposed that there are two independent paths,
ities on acid—base properties of Zr@ased catalysts have CO insertion and condensation reaction, for the chain prop-
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agation reactions leading to;C hydrocarbons over Zr§

based catalysts [38,41]. The CO insertion step comprises 6L
the addition of a CO molecule into the Zr-C bond of a
surface aldehydic intermediate. Hence, the product distrib- Sk

ution should be that which could be predicted from a typical
Schulz—Flory—Anderson (S—F-A) distribution [1]. The con-
densation reaction comprises the condensation of a surface-
bound enolate with a surface alkoxy species [42]. A conden-
sation reaction which primarily contributes tq @nd G 2t
products [7] is suggested to be responsible for the deviations
from the S—F—A product distribution for the isosynthesis re-
action. In this study, the observed remarkable enhancement
of C4 selectivity in total hydrocarbons is due to the im- 05 1.0 15 20 25
provement of condensation reaction by an enhancement in Base / acid

mobility of lattice oxygen in these catalysts, although it is
not clear how the active lattice oxygen influences the con-
densation reaction.

However, the quantity of active lattice oxygen cannot be
assigned to be the only factor in determining the perfor- sentedin Fig. 9. The changing trends that the ratio of i+
mance of the catalysts. As can be seen in Fig. 8, the highest i-C4 increased with increasing ratio of bgaeid sites are con-
C4 selectivity in total hydrocarbons was achieved over 6.2% sistent with the results reported in our previous works [9,10].
Y »,03-doped ZrQ-based catalysts, not 8.6%®3z-nor 12% The ratios of i-G/n-C4 were also plotted as a function of the
Y »0z-doped catalysts which both have the maximum quan- quantities of H consumption over Ce£ or Y20s-doped
tity of active lattice oxygen for the XO3—ZrO, mixed oxide ZrOy catalysts, but no apparent relationships were found. It

i-C4/ n-Cy

Fig. 9. Ratio of i-G/n-C4 as a function of base site/acid site ratio for
CeO—ZrO, and Y,03-ZrO, mixed oxide catalysts.

catalysts. It was also found that the selectivities joa@d i- suggests that the formation #C4 and i-G, requires differ-
C4 in total hydrocarbons showed a sharp decline with more ent active, acidic, and basic sites, respectively. The ratio of
C; and G hydrocarbons (Table 3) when the content e base/acid sites would determine the percentages gfnd

was increased from 8.6 to 12%, although an almost samen-Ca in total G4 hydrocarbons [9,10].
guantity of H consumption in the TPR was obtained over The importance of a coordination of active lattice oxygen
these two catalysts. This would be ascribed to the large de-and acid—base of the catalysts for the isosynthesis reaction
crease of basic sites on the 12%05-doped ZrQ catalyst is emphasized in this paper. The role of active lattice oxygen
as can be seen in Fig. 8 since basic sites have been extenis to increase the quantities of the condensation reaction in-
sively reported to be significant for the formation of i-C  termediates, such as methoxy:grenolates, or to stabilize
hydrocarbons [6,9,12]. The marked decrease of basic sitesthese intermediates leading to the production gfhgdro-
can also explain the decrease ofj-<2lectivities in total hy- carbons. Acidic sites and basic sites are also required for
drocarbons for the 88% Ce©and 2.5% Y%03-doped ZrQ the formation of G hydrocarbons. A large decrease in the
catalysts, as shown in Figs. 7 and 8, respectively. amount of acid and base sites would lead to a declinesof C
We have identified the effects of acid—base properties productions, as indicated by the 2.5%Q05-doped ZrQ-
on the activity and selectivity of the Zgcbased catalysts  based catalyst, although it has a higher quantity of active
which have similar physical and redox properties but differ- lattice oxygen than pure ZrQcatalyst. The importance of
ent acid—base properties [9]. Higher isosynthesis activities acidic and basic properties for the formation of Bydro-
were obtained over the catalysts with more acidic sites. In carbons has been also indicated in the literature. Jackson
this investigation, the differences in activities for the cata- et al. [43] found that the greater percentage gfp€oducts
lysts cannot be ascribed to the amount of acidic sites alone.was obtained over the catalysts with more acidity. However,
Some catalysts, such as 50% Ge@nd 8.6% %0Os-doped Maruya et al. [5] found that increasing basicity promoted the
ZrO, catalysts, which have a lesser or similar amount of formation of G hydrocarbons, especially isobutene. In this
acidic sites compared to pure Zrad much higherisosyn-  study, the acidic sites and basic sites are suggested to be the
thesis activities than those over pure Zr€atalyst. The in- active sites for the formation af-C,4 and i-G, hydrocarbons,
crease in activity is due to the enhancement of active lattice respectively. The ratio of base to acid sites would determine
oxygen of the catalysts because it has been indicated thathe percentages of i£andn-C4 in total C4 hydrocarbons,
increasing active lattice oxygen improved one of the chain as indicated in Fig. 9. Lower ratios of base to acid sites leads
propagation reactions, condensation, to produce mphg/€C to a highem-C4 percentage in total £hydrocarbons, as in-
drocarbons. dicated by 12% ¥Os-doped ZrQ catalyst (Table 3). The
The relationships between the ratio of base/acid sites onresults in this study do not contradict those reported by Jack-
CeO—Zr0O; and Y>03—ZrO, catalysts and the i4Jn-Cy son et al. [43] and Maruya et al. [5]. In faet;C4 hydrocar-
ratio for the Ce@- or Y203-doped ZrQ catalysts are pre-  bons were the mainfproducts (branched/linear ratio lower
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than 1) in the work of Jackson [43] using the catalysts with
more acidity. i-G hydrocarbons were the main products in
the G, hydrocarbons for the basic oxide-promoted Zdat-
alysts prepared by Maruya et al. [5]. The improvementof C
and i-G selectivities in total hydrocarbons over some GeO
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