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Synthesis and surface characteristics of zirconia and modified

zirconia: Performance of CO hydrogenation
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ZrO,-A and ZrO,-B catalysts were prepared by two different coprecipitation methods and their performance of CO hydrogenation was
studied. The results indicated that ZrO, and Li-, Pd- and Mn-modified ZrO, catalysts exhibited good selectivity and high STY to higher
alcohols. The surface characteristics of ZrO,-A and ZrO,-B samples were investigated by means of BET, NH;-TPD, XRD and UV
Raman technique. The tetragonal zirconia on the surface region of ZrO,-A and Li—Pd—Mn/ZrO,-A catalysts may be responsible for the
high selectivity towards ethanol, while the monoclinic zirconia on the surface of ZrO,-B and Li—Pd—Mn/ZrO,-B catalysts may be crucial

to the high isobutanol selectivity.
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1. Introduction

Recent research interest in zirconia has greatly
enhanced the prospects for applying this material as
catalyst, catalyst support, ceramic, engineering gem-
stone, fuel cell, pigment, automotive gas sensor, etc.
[1-6]. Its varied physical and chemical properties,
including phase structure, reducing, oxidizing, and
acidic and basic properties, make zirconia an attractive
catalyst and catalyst support for a number of reactions
[1,5,7-9]. For example, zirconia impregnated with
sulfate ions has superacidic behavior and shows high
activity for hydrocarbon isomerization and methanol
conversion to hydrocarbons [10—13]. Meanwhile, other
papers reported that zirconia itself can catalyze CO
hydrogenation and produce isobutene with high
selectivity at atmospheric pressure [14—18]. Studies of
mixtures of zirconia for the synthesis of methanol and
isobutanol can be found in a few cases. Recently
Keim’s group [19] reported a catalyst system based on
zirconia mixed oxides which produced isobutanol very
selectively during CO hydrogenation, and the space
time yield of alcohols was up to 1059 g/L-h catalyst.
The crude product contained methanol 56.8 wt%,
isobutanol 30.2wt%, and Cs+ alcohols 13.0wt%.
Typical research and motor octane numbers of the
crude alcohol products are 108 and 91, respectively.
Thus the studies on ZrO,-based catalysts are significant.

In this work, the synthesis techniques of zirconia
and modified zirconia and their performance of CO
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hydrogenation are studied. The effect of different
synthesis techniques of zirconia on the surface charac-
teristics and final reaction properties of ZrO,-based
catalysts is discussed.

2. Experimental

ZrO, catalysts were prepared from a solution of
nitrate salt that was precipitated with NH,OH to form
a hydroxide gel in two different ways. ZrO,-A was
synthesized by slowly adding 14 mol/L. aqueous ammo-
nia (three times as much as Zr(NOj),) to the solution
of Zr(NO3), at 273 K under stirring. Before aging for
20h, the pH valve of the solution was adjusted by
2mol/L aqueous solution of NaOH until about 13.0.
The precipitate thus obtained was washed thoroughly
with deionic water until the pH of the filtrate was
brought to 7.0 and then was dried at 383K for 10h.
The dry precipitate was pelleted and calcined at 873K
for 4h. Preparation of modified ZrO,-A catalyst was
conducted as follows: a solution of Li, Pd and Mn
nitrates was concurrently impregnated on ZrO,-A. The
loadings of Li, Pd and Mn were 0.5wt%, 1wt% and
2wt%, respectively. ZrO,-B was prepared by adding
an aqueous solution of Zr(NOj), slowly to an excess
amount of 14 mol/L aqueous ammonia; the other pro-
cedures were the same as those of ZrO,-A.

The catalyst was in situ reduced in a flow of H,
before reaction. The temperature was raised 2 K/min
from room temperature up to 723K and then held
constant for 1h. The H, flow rate was 6 L/h at
atmospheric pressure. Then the syngas (H,/CO=2,
CHy = 0.22%, CO, =~ 1%) was fed into the catalyst

1011-372X/02/1100-0089/0 © 2002 Plenum Publishing Corporation



90 D. He et al. | CO hydrogenation over ZrO,-based catalysts

Table 1
Catalytic properties of ZrO,-based catalysts®.

Catalysts Oxygenates STY ° Oxygenates distribution (mass%)
(g/kg-h)
DME C,0H C,0H C;0H i-C4,OH Others ¢
ZrO,-A 8.3 0 90.2 6.4 1.2 2.3 0
Li-Pd—Mn-ZrO,-A 216.8 1.3 66.5 24.8 6.2 1.3 0
Zr0,-B 339 5.4 87.1 0 0 7.5 0
Li-Pd—Mn-ZrO,-B 135.9 0.7 73.7 0.7 0.7 222 0

# Reaction conditions: 7 = 673K; P = 8.0 MPa; SV =15000 h'.
b Space-time yield.
¢ C? alcohols.

bed after cooling down to reaction temperature, and
reacted for 4h under 633~693K, 6.0~8.0 MPa and
GHSV = 10000~20000h~" conditions. The loading
of catalyst was 1 g (~0.8 ml) for each run. The reaction
system consisted of a small fixed-bed tubular reactor
with an external heating system, which was made of
stainless with 450 mm length and 9mm internal dia-
meter. The effluent passed through a condenser filled
with 100ml of cold deionic water. The formed oxyge-
nates were completely captured by dissolution into
water in the condenser. The aqueous solution containing
oxygenates was analyzed by off-line Varian CP-3800 gas
chromatography with a PEG capillary column and FID
as detector using 1-pentanol as an internal standard. The
tail gas was analyzed by on-line Varian CP-3800 GC with
a Porapak QS column and TCD as detector.

X-ray diffraction of zirconia prepared by different
preparation methods was carried out on a Rigaku Rota-
flex (RU-200B) power diffractometer equipped with a Cu
target and an Ni filter. UV Raman spectra were recorded
on a homemade UV Raman spectrograph, which has
four main parts: a UV cw laser, a Spex 1877d triplemate
spectrograph, a CCD detector, and an optical collection
system. The 244-nm line from Innova 300 FRED was
used as the excitation source. The laser power of the
244-nm line at the samples was below 2.0mW. The
textural properties of zirconia (specific surface area,
pore volume, and mean pore radius) were determined
from nitrogen adsorption—desorption isotherms at
liquid nitrogen temperature by using a Micromeritics
ASAP-2010 instrument. An NH;—TPD test was carried
out in a flow apparatus made by Micromeritics (Model
Autochem 2910). The sample (0.2 g) was treated at its
calcined temperature in helium flow for 1 h. After cooling
to 423 K, the sample was saturated with NH;. After this
purging treatment, the sample was heated to 873K at
10k/min in a helium flow of 40 cm®/min. The desorbed
NH; was analyzed by an on-line gas chromatograph.
The acidic amount on the surface of the catalysts was
calculated by comparing the desorption amount of
NHj;, which was determined by the areas of the
desorption profiles.

3. Results and discussion

The activity and selectivity of CO hydrogenation over
ZrO,-based catalysts are shown in table 1. It was obvious
that ZrO,-A catalyst displayed good selectivity toward
ethanol, while only dimethyl ether (DME), methanol
and isobutanol were detected over ZrO,-B catalyst. It
was interesting to note that the space-time yield (STY)
of ZrO,-A increased dramatically from 8.3 up to
216.8 g/kg-h, and the selectivity of ethanol increased
unexpectedly from 6.4 up to 24.8% when Li, Pd and
Mn promoters were added into the ZrO,-A catalyst.
Similar promoting effects of Li, Pd and Mn promoters
were observed in the case of the ZrO,-B catalyst, but
this catalyst exhibited good selectivity towards isobuta-
nol. The selectivity of isobutanol was up to 22.2%.

Surface area, pore volume and mean pore radius
are compiled in table 2. The BET surface area of the
ZrO,-A catalyst was 30.06m*/g, while that of the
ZrO,-B catalyst was 51.59 m?/g. The mean pore radius
and pore volume of ZrO,-A were larger than those of
Zr0O,-B. Two possible processes were responsible for
the changes occurring in the pore structure and surface
area: crystallite growth and the accompanying phase
transformation.

Figure 1 exhibits the X-ray diffraction patterns of
Zr0,-A and ZrO,-B samples studied in this work. The dif-
fraction peaks of the tetragonal phase were predominant,
and almost no peaks of the monoclinic phase were found
in the ZrO,-A and ZrO,-B samples. It was found that the
crystallinity of ZrO,-B was better than that of ZrO,-A.

Table 2
Textural properties of ZrO,-A and ZrO,-B catalysts ®.

Catalysts SBET Vy R,
m’/g)  (mLfg) (A)

Zr0,-A 30.06 0.124 165.09

Zr0,-B 51.59 0.092 70.56

* Specific surface area (Sggr), pore volume (¥,), and
mean pore radius (R,).
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Figure 1. X-ray diffraction patterns of (a) ZrO,-A and (b) ZrO,-B.

Jackson et al. studied the surface characteristics
required for iso-synthesis over zirconia [20]. For the
two iso-synthesis chain growth reactions (condensation
and CO insertion), Lewis acidic sites were found to
enhance the condensation reaction. The CO insertion
reaction was enhanced by basic sites that were activated
by high-temperature treatment. The selectivity of the iso-
synthesis reaction was caused by a balance between the
strength and quantity of acidic and basic sites on
zirconia.

Figure 2 displays NH;—TPD profiles of the ZrO,-A
and ZrO,-B samples. It was found that there were two
kinds of desorption peaks of ammonia at 512 and
650K on the surface of the ZrO,-B catalyst, while only
one NH;—TPD peak at 624K on the surface of the
ZrO,-A catalyst. It is worth noting that the total quan-
tity of NH; desorption was almost the same, implying
little difference in the strength and number of acidic
sites on the surface of the ZrO,-A and ZrO,-B catalysts.
Therefore, it is difficult for the surface acidic and basic
properties of zirconia to be responsible for the variation
in activity and selectivity of CO hydrogenation over the
Zr0O,-A and ZrO,-B catalysts.

Ultraviolet Raman spectroscopy (UVRS) is a power-
ful tool for the study of surface characteristics of
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Figure 2. NH;—TPD profiles of (a) ZrO,-A and (b) ZrO,-B.
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Figure 3. UV—Raman Spectra of (a) ZrO,-A and (b) ZrO,-B.

catalysts and other solids [21]. Figure 3 shows the UV
Raman spectra of ZrO,-A and ZrO,-B samples. The
UV Raman spectrum of ZrO,-A gives strong bands at
269, 313, 477 and 639 cm™'. These features are readily
attributed to the tetragonal and monoclinic zirconia,
but the tetragonal zirconia is dominant, while the
typical Raman bands at 181, 270, 305, 332, 377, 477
and 635cm™', attributed to monoclinic zirconia [21],
can be observed in the ZrO,-B catalyst. Almost no
peaks attributed to tetragonal ZrO, were detected in
this sample. It is well known that UV Raman spec-
troscopy is more sensitive to the surface region of
catalysts and other solids [22-24], especially for the
surface region of zirconia because zirconia shows a
strong absorbance in the UV region [21]. It is obvious,
from the combination of XRD patterns and UV
Raman spectra, that there is only tetragonal zirconia in
the bulk and the surface region of ZrO,-A but tetragonal
zirconia in the bulk and monoclinic zirconia on the
surface of ZrO,-B.

All the observations allow us to propose that the
tetragonal zirconia on the surface region of the ZrO,-A
and Li—Pd—Mn/ZrO,-A catalysts may be responsible
for the high selectivity toward ethanol, while the
monoclinic zirconia on the surface of the ZrO,-B and
Li—Pd—Mn/ZrO,-B catalysts may be crucial to the high
isobutanol selectivity.

In order to ensure the performance of the two kinds
of zirconia and modified zirconia catalysts, the optimum
conditional experiments, such as reaction temperature,
pressure and space velocity, were carried out. At
conditions of 8.0MPa and 15000h~", the effect of
reaction temperature in the range 633 ~ 693K on the
product distribution over ZrO,-based catalysts is
shown in table 3. It is apparent that the selectivity of
ethanol over Li—Pd—Mn/ZrO,-A catalyst or that of
isobutanol over Li—-Pd—Mn/ZrO,-B catalyst in alcohols
increased gradually with increasing temperature, the
space-time yield (STY) of ethanol over the Li—Pd—Mn/
ZrO,-A catalyst passed through a maximum at 673 K,
while STY of isobutanol over the Li—Pd—Mn/ZrO,-B
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Table 3
Effect of temperature on catalytic performance ZrO,-based catalysts *.

Catalysts T Oxygenate STY ° Oxygenate distribution (mass%)
(K) (g/kg-h)
DME C,0H C,0H C;0H i-C4OH Others®©
Li-Pd—Mn-Zr0O,-A 633 219.4 0.7 88.2 9.2 1.5 0.4 0
653 261.3 0.7 79.9 14.7 3.8 1.0 0
673 216.8 1.3 66.5 24.8 6.2 1.3 0
693 167.5 2.1 62.7 26.3 7.4 1.5 0
Li-Pd—Mn-ZrO,-B 633 205.3 0.5 86.8 2.2 1.1 9.0 0
653 195.1 0.5 80.2 0.8 0.9 16.2 1.5
673 1359 0.7 73.7 0.7 0.7 22.2 0
# Reaction conditions: SV = 15000 h’l, P =8.0MPa.
b Space-time yield.
¢ C? alcohols.
Table 4
Effect of pressure on catalytic performance ZrO,-based catalysts .
Catalysts P Oxygenate STY ° Oxygenate distribution (mass%)
(MPa) (g/kg-h)
DME C,0H C,0H C;0H i-C4OH Others ¢
Li—-Pd-Mn-ZrO,-A 6.0 126.9 0.5 85.6 10.2 3.1 0.6 0
8.0 261.3 0.7 79.9 14.7 3.8 1.0 0
Li—-Pd—Mn-ZrO,-B 6.0 117.6 0.9 84.4 0.5 0.7 12.9 0.6
8.0 195.1 0.5 80.2 0.8 0.9 16.2 1.5

2 Reaction conditions: SV = 15000h~!, T = 653 K.
b Space-time yield.
¢ C? alcohols.

catalyst passed through a maximum at 653K. It is
concluded that 673K is the optimum temperature for
ethanol synthesis over the Li—-Pd—Mn/ZrO,-A catalyst,
while 653 K is the optimum temperature for isobutanol
synthesis over the Li—-Pd—Mn/ZrO,-B catalyst.

The effect of pressure on catalytic performance of
ZrO,-based catalysts is shown in table 4. The STY and
selectivity of ethanol over the Li—Pd—Mn/ZrO,-A

catalyst or those of isobutanol over the Li—Pd—Mn/
Zr0O,-B catalyst increased as the pressure was increased.
Therefore, high pressure is more favorable for ethanol
and isobutanol synthesis.

Table 5 shows the effect of gas hourly space velocity
(GHSYV); the STY and selectivity of ethanol over Li—
Pd—Mn/ZrO,-A catalyst or those of isobutanol over
Li—Pd—Mn/ZrO,-B catalyst increased with increasing

Table 5
Effect of GHSV on catalytic performance ZrO,-based catalysts®.

Catalysts SV Oxygenate STY b Oxygenate distribution (mass%)
t™h (g/kg-h)
DME C,0H C,0H C;0H i-C4OH Others®
Li-Pd-Mn-ZrO,-A 10000 143.6 0.6 82.4 11.5 4.7 0.9 0
15000 261.3 0.7 79.9 14.7 3.8 1.0 0
17 500 288.1 0.2 79.3 16.6 3.1 0.5 0.3
20000 295.9 0.2 78.7 17.1 3.0 0.8 0.2
Li-Pd—Mn-ZrO,-B 10000 129.5 2.0 85.3 0.9 0.6 10.5 0.5
15000 195.1 0.5 80.2 0.8 0.9 16.2 1.5
17 500 215.4 0.7 80.1 0.9 0.7 16.4 1.2
20000 253.2 0.4 79.7 1.1 0.8 16.7 1.3

# Reaction conditions: T = 653K, P = 8.0 MPA.
b Space-time yield.
¢ C? alcohols.
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GHSYV, indicating the higher alcohols are formed via
primary processes, which is in accordance with the
classical rule for higher alcohol synthesis [25].

4. Conclusions

The surface characteristics, such as surface phases, on
zirconia and modified zirconia catalysts may play an
important role in the performance (especially for the
selectivity of higher alcohols) of their CO hydrogenation.
The different selectivity for ZrO,-based catalysts, leading
to ethanol or isobutanol, depends greatly on the surface
phases of ZrO, and Li-, Pd- and Mn-modified ZrO, cat-
alysts prepared by different techniques. The tetragonal
zirconia on the surface region of ZrO,-A and Li—Pd-
Mn/ZrO,-A catalysts may be responsible for the high
selectivity toward ethanol, while the monoclinic zirconia
on the surface of ZrO,-B and Li—Pd—Mn/ZrO,-B cata-
lysts may be crucial to the high isobutanol selectivity.
For the Li-Pd—Mn/ZrO,-A catalyst, 673K, higher
space velocity and pressure are the optimum reaction
conditions for ethanol synthesis from syngas. At
8.0MPa, 673K and 15000h~', ethanol selectivity
reached 24.8%. For the Li—Pd—Mn/ZrO,-B catalyst,
its optimum temperature was 653 K. Higher space velo-
city and pressure were more favorable for isobutanol
synthesis. At 8.0 MPa, 653K and 15000h~", isobutanol
selectivity was increased up to 16.2%.
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