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Abstract

Cu/ZrG, catalysts with amorphous, monoclinic and tetragonal zirconia as supports were prepared and characterized By TRRD, H
N,O-titration, FT-IR and CO hydrogenation techniques. It was found that zirconia polymorphs had a great influence on the interaction of
Cu and ZrQ. Though it had the lowest surface area, tetragonal zirconia supported copper catalyst showed the highest copper dispersion
and the best catalytic performance for methanol synthesis from CO hydrogenation. The formate and methoxyl species were evidenced as
intermediates by FT-IR in the case of CO hydrogenation, and the formate-to-methoxyl mechanism was suggested for methanol synthesis on
Cu/ZrQ, catalyst.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction that strength and nature of the interaction between dispersed
copper and zirconia rather than surface area was decisive for
Cu/ZrQ;, catalysts showed interesting catalytic behavior CO/CQ, hydrogenation. Furthermore, Chen ef@].claimed
for CO and CQ hydrogenatiorf1]. Zirconia by itself was that the high activity of Cu/Zr@might be attributed to cop-
a catalyst for the synthesis of methanol, in contrast t0,SiO per to zirconia electron transfer. In situ FT-IR results showed
and AbOsz and, in addition, it provided adsorption sites for that the formate and methoxyl species formed on zirconia
formation of surface intermediates. Furthermore, CukZrO for CO/H, adsorption on Zr@'SiO, or Cu/ZrQ/SiO; [7].
catalyst exhibited mechanical stability, a moderately high The presence of Cu greatly accelerated the hydrogenation
specific surface and good semiconducting properties. Mech-of formate to methoxyl species. Therefore, methanol synthe-
anistic studies of methanol synthesis have demonstrated thasis over Cu/Zr@/SiO, was envisioned on zirconia, and the
zirconia played an important role in CO/G@ydrogenation.  spillover of the species activated on copper to zirconia was
The high catalytic activity of Cu/Zr@was unanimously as-  critical to methanol synthesis activity.
cribed to the special active sites, but the precise role of these  Other controversy concerning the nature of the surface in-
active sites was difficult to understand and still controver- termediates which was pivotal to the formation of methanol
sial in the literature. Shibata et d2] and Baiker et al[3] was well known. Indeed, for most of authors, the formate
proposed that copper was incorporated in zirconia with high species was the precursor of methanol, whereas for other
surface area, and the decrease of the methanol synthesis ratuthors, this pivotal species was the bidented carbonate,
was due to the crystallization of the initial amorphous zirco- which was directly hydrogenated to the methoxyl species.
nia. For the sol-gel derived Cu/Zs®@atalyst, Suifd,5] found On the basis of various studies of CO hydrogenation, as
well as the reaction of syngas on pure zirconia and zirconia-
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dioxymethylene, which could either further react with hy- Powder X-ray diffraction (XRD) patterns were recorded
drogen, producing the methane, or be desorbed as methanabn a Rigaku D/Max diffractorments equipped with a Cu target
in the presence of water. Wokaun et [dl0,11] found that and Ni filter.
w-bonded formaldehyde, which was formed during the cat-  TPR runs were carried out in a U-tube quartz reactor at a
alytic reaction of CO hydrogenation, was the key intermedi- heating rate of 10 K/min with a programmable temperature
ate. Subsequent reduction yielded surface-bound methylatecontroller. A hydrogen-nitrogen mixture (containing 5 vol.%
and methanol. of hydrogen) was passed over 50 mg catalysts at a total flow-
Atthe same time, zirconia was claimed to exhibit three dif- rate of 30 crd/min and hydrogen consumption was moni-
ferent polymorphs, and the phase structure of zirconia wastored by a thermal conductivity cell attached to a gas chro-
important for many materials and catalytic reactions. Jung matograph. The effluent gas was passed through a cold trap
and Bell[12] reported that Cu/Zr@catalysts with tetrago-  placed before TCD in order to remove water from the exit
nal and monoclinic zirconia as supports exhibited different stream of the reactor. The hydrogen consumption of various
activity for methanol synthesis from both CO and£1®dro- catalysts was calculated on the basis of the area of their TPR
genation. And He et gJ13] found that the tetragonal zirconia  profiles and the profile of the standard sample of CuO.
exhibited a high activity to form ethanol and the monoclinic The copper surface area (SCu) was determined by apply-
zirconia showed high activity to foriiso-butanol. ing a nitrous oxide pulse method as described in the litera-
However, there was little report about the effect of zirco- ture[14,15] A catalyst sample was placed in a quartz tube
nia polymorphs on Cu—Zrginteraction and copper state and reactor and reduced at 573K for 4 h in flowing hydrogen.
then on the relationship between active sites and methanolAfter reduction, the gas flow was switched to argon and the
synthesis from CO hydrogenation. In this work, amorphous, temperature was lowered to 353 K. A pulse of nitrous ox-
monoclinic and tetragonal zirconia supported copper cata-ide was introduced into the argon flow by means of a cal-
lysts were prepared and then characterized by XRBTHR, ibrated sample valve. The exit gas was analyzed by mass
N2O-titration and FT-IR techniques, and the catalytic perfor- spectrometer. Copper surface area was calculated from the
mance of methanol synthesis from CO hydrogenation were amount of nitrogen evolved, assuming the dissociation of

also investigated. nitrous oxide takes place on surface copper (average atom
density: 1.49< 10! atoms/mi):
2. Experimental N20(g) + 2Cus= N2(g) + (Cu-O-Cu) (1)
. The diffuse reflectance FT-IR (DRIFT) method was de-
2.1. Catalysts preparation scribed previously16]. Spectra were recorded using Nicolet

. . ) . ~ Magna-Il 550 FT-IR spectrometer equipped with Spectra-

Samples were prepared by impregnating different zirconia Tech Diffuse Reflectance Accessory and a high temperature
polymorphs with Cu(N@)2 solution of the desired concen- i sjtu cell with ZnSe windows. A KBr beam splitter has been
trations and then dried and calcined at 623K for 3h. Copper ysed with a TGS detector. The catalyst was reduced in situ at
content was 10 wt.%, and the density of catalysts was abouts73 K for 4 h under atmospheric pressure by a streamyof H
1.3 g/ml. Amorphous zirconia (am-ZgPwas prepared from  after switching to Ar, the sample was cooled down to 373K
asolution of OxyCh|OI’ide zirconium CO-preCipitation witham- and |—b/CO (21 mo') was introduced for 15 min. Thereaﬂ:er,
monia. After aging in the mother liquid for 3h, the gel was  the system was cooled to the room temperature, swept with
filtered with distilled water until chloride test negative for argon (9999%) and Co”ected the IR spectra_ Then the temper-
AgNO;3 and then dried and calcined at 623K for 3h. The atyre of system was increased to other desired value (between
precipitate prepared as above aged for 5 days in the mother373 and 573 K). Subsequently, the above-mentioned experi-
liquid at 323K, and then dried and calcined at 823K for 3h, ments procedure was applied again. Each spectrum was then
monoclinic zirconia (M-Zr@) could be obtained. Tetragonal  referenced to a spectrum of the catalyst colleted at the room

zirconia (t-ZrQ) was prepared by co-precipitating a solution  temperature under +flow before adsorption COA{ as ap-
of oxychloride zirconium with sodium carbonate, followed propriate.

similar filtering and drying to am-Zr@and m-ZrQ, and then
precipitate was calcined at 823K for 3 h. 2.3. Catalytic activity test

2.2. Characterization of catalysts CO hydrogenation tests were carried out using a stain-
less steel fixed-bed reactor, which contained 1.0 ml catalyst.

The specific surface areas of the catalysts were measured\ll catalysts were reduced inH5% in Np) flow at 573 K

using Tristar 3000 Chemical Adsorption Instrument. BET and atmospheric pressure for 6 h before syngas exposure.

surface areas were calculated from the linear part of the BET Shimazu-8A GC was used to analyze the products.GO,

plot, and pore size distribution was estimated from the ad- CHs and CQ were determined by thermal conductivity de-

sorption branch of the isotherm by the method of Horvath tector (TCD) equipped with a TDX-101 column. Water and

and Kawazoe. methanol in liquids were also detected by TCD with a GDX-
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401 column. The alcohols and hydrocarbons were analyzed,, [ Cu/am-ZrO)]
by flame ionization detector (FID) with a Propake-Q column. wl
20 |
3. Results and discussion or y
19
3.1. Textural and structural properties 12 Cu/m-ZrO|
10
Three catalysts exhibited large differences in BET surface ° b 1 B2 v
area, pore volume and pore size (3eble 1. The BET sur- 4L
face area of Cu/am-Zr{xatalyst was as high as 147.8 fg 2f 2
with the pore volume of 0.14 chig. Cu/m-ZrQ catalyst had 28 _
the largest pore size and moderate surface area and pore vogg r Cut-Zr0,
ume. The BET surface area of Cu/t-Zr@atalyst was only 5 B
24.5nt /g. These differences might be associated with zirco- 15 F a 2
nia polymorphs. L
Fig. 1 shows the XRD patterns of three Cu/Zr@ata- of

lysts. Zirconia polymorphs hardly changed after impregnat- -5 s ————

ing copper. The diffraction peaks of monoclinic or tetragonal 330 400 430 500 330 600 630
zirconia were predominant for Cu/m-ZsGnd Cu/t-ZrQ Temperature/K

catalysts. Two weak diffraction peaks of copper oxide were
observed on Cu/m-Zrfcatalyst at 25.5and 38.8. But for

Cult-ZrG, catalysts, diffraction peaks of copper oxide Were . smajlest surface area. These differences might originate
hardly detected, which indicated that the copper dispersion ¢, the different surface properties of zirconia polymorphs.
on Cu/t-ZrQ catalyst Was_h|ghe_st among three catalysts, and o,y [17] suggested that zirconia polymorphs showed differ-
copper oxide particles might disperse highly on the catalyst ent acid—base properties: tetragonal zirconia possessed high

surface. , . ot basicity while monoclinic zirconia and amorphous zirconia
Copper dispersion and surface area determined fro@¥N 5 reative high acidity. During catalysts preparation, sur-

titration were also listed iffable 1 Cu/m-ZrG catalyst ex- 506 properties of zirconia polymorphs impacted the interac-
hibited the smallest copper surface and dispersion, which WaStjon petween C& and zirconia. Copper could be dispersed

|nI|neW|th the XRDresults.WhlleforCu/t-Zrélqtalyst, the highly on the relative basicity surface, and resulted in the
copper dispersion and surface area were the highest though 'F]igher copper surface area of Cu/t-Zreatalyst.

Fig. 2. H-TPR curves of three Cu/Zratalysts.

i 3.2. Reduction behavior
v * The TPR curves of catalysts were shownFig. 2 For
f . quantitative analysis, all of the peaks that could be deconvo-
* \ . . .
‘ M \ Jicur-z:0, luted by a Gaussian-type function were integrated to evaluate
- - e paL P their individual amounts (se€Eable 9. Three peaks could be
i hj' A Cu/m-Zr0)
MA‘") W/ WWV%/ W“"\W’W\Mﬁw Table 2 ' .
il o Cu/am-ZrO, H2 consumption estimated by,HIPR
WM b e
, . . . Catalysts H consumption (mmol bix 1072)
20 30 40 50 60 70
20 /degree al pl v Total
Cu/am-ZrQ 6.12 0.57 0.98 7.67
v m- 1210, @:
$m-Zr0;, #:1-Z10; @:Cu0 Cuim-zro, 1.02 3.80 2.38 7.20
Fig. 1. XRD patterns of three Cu/ZgQatalysts. Culezro, 2.11 564 - 75
Table 1
Textural and structural of three Cu/Zs@atalysts
Catalysts Sset (M2/g) Vp (cm?/g) Pore size (nm) S (M2/g) Cu dispersiof(%)
Cu/am-ZrQ 1479 0.14 31 3.9 2.3
Cu/m-ZrQ 382 0.12 131 35 2.1
Cult-Zro, 245 0.04 51 4.6 2.7

2 Determined from NO-titration.
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seen at 452 K (referred to as pegk 470 K (peal3, a shoul- mate contact between copper and zirconia might facilitate
der ofa) and 579K (pealy) for Cu/am-ZrQ catalyst. The H» activation, an important step required for the copper re-
hydrogen consumption af peak was several times higher duction. Hence, the reduction performances of CuiZcat-
than that of3 andy peaks, and the peaksandp temperature  alyst were largely related to the surface properties of zirconia
were lower compared to the pegkemperature. Hence, the  supports, which possessed varied surface properties and had
reduction ofx andp peaks seemed to be the extrinsic behavior great influence on copper oxide environment and interaction
of copper oxide. Shimokawabe et HI8] have demonstrated  with zirconia. Successively, influence on the formation of dif-
that the low temperature peak centered at 490 K was due toferent copper oxide species was evidenced by the different
the reduction of highly dispersed cupric oxide and/or iso- reduction performance of three Cu/ZrCatalysts.
lated C#* ions in an octahedral environment, while the high
temperature one corresponding to the range of 520-570K3.3. DRIFT spectra of CO/padsorption
ascribed to reduction of the bulk-like copper oxide. There-
fore peaksx andp were ascribed to the reduction of highly Fig. 3shows the reaction of CO4bn three Cu/Zr@ cat-
dispersed cupric oxide clusters and/or the isolated copper ionalysts as a function of adsorption temperature. When syngas
with strong or weak interaction with support, while thpeak adsorbed on Cu/am-ZgCcatalyst at 373K, a CO band at
was ascribed to reduction of the bulk CuO. 2120 cmr! was detected and red-shifted to 2113¢rwhen
It was interesting to note that five peaks at 431 K (peak reaction temperature changed from 373 to 573 K, while the
al), 452K (peaka2), 470K (peakpl), 507 K (peakB2) intensity changed little, which reflected that the surface cop-
and 579K (peaky) were obtained during the reduction of per state changed slightly as a function of reaction tempera-
Cu/m-ZrQ, catalyst. Zho(j19] ascribed thex andp peaks to ture. In addition, the bicarbonate and carbonate species with
the reductions of highly dispersion copper species whereasthe bands at 1619, 1554, 1360 and 1320 tmere observed.
v peak was attributed to the reduction of bulk copper oxide. Simultaneously, the formate species with the characteristic
Dow et al [20] found two low temperature peaks below 450K bands at 1577 and 1377 chhwas detected. After syngas
when copper oxide supported on yttrium-stabilized zirconia adsorbing on Cu/am-Zrfcatalyst at 523 K for 15 min, be-
(YSZ). The reduction peaks were contributed to the hydro- sides the formate species, a new peak located at 115% cm
gen consumption of weakly bonded oxygen ions of copper was detected, which was ascribed to the rocking vibration
oxide located on and beside the surface oxygen vacancieof C-H specieq11], indicating that the methoxyl species
of YSZ support. According to the integrated results of TPR was formed at 523 K. Other bands of methoxyl species also
peaks shown irFig. 2 and hydrogen consumption listed in  could be found when reaction temperature reached 573 K.
Table 2 the peaksxl anda2 of Cu/m-ZrQ catalyst were The symmetric and antisymmetric stretching vibrations of
related to the surface oxygen vacancies of monoclinic zirco- the CH; group at 2930 and 2823 cmh, the symmetric defor-
nia with special geometry structure. At the same time, two mational motion of CH group at 1465 cm?, and the €O
B peaks were ascribable to the reduction of highly disper- stretching bands at 1049 cthwere obviously appeared.
sion copper species with different environment or interaction  In the case of CO/blreaction over Cu/m-Zr@catalyst,
with monoclinic zirconia support, and thepeak could be ~ CO band behaved similarly to CO adsorption on Cu/amsZrO
contributed to the reduction of bulk copper oxide. catalyst as temperature changing. The intensity of CO band
Cu/t-Zr&, showed three peaks at 451 K (pe&k 495 K decreased as a function of reaction temperature, while it en-
(peakpl), and 507 K (peaR2), and noy peak could be seen.  hanced whenreactiontemperature reached 573 K. CO dispro-
TheB1 peak temperature was higher than that of Cu/m2ZrO portionation was reported to occur on the surface of the cata-
catalyst, indicating that some copper species on Cu/tZrO lyst, i.e. 2CO— C+ CQp,. The graphite carbon deposited on
was difficult to be reduced. XRD pattern and®ttitration the active sites, which then enshrouded the CO adsorption and
showed copper was dispersed highly on Cu/t-Zoatalyst. resulted inthe decrease of band intensity. TPR results showed
Hence, the interaction of copper with zirconia was intimate, that the copper species on Cu/m-Zr€atalyst had compli-
which impacted the reduction of copper oxide. Similar to the cated environment and interaction with monoclinic zirconia.
above, the peaks andp might be related to the reduction of Below 573 K, the copper oxide on Cu/m-Zg@atalyst could
highly dispersion copper species with different environment not be reduced entirely. Hence, with the temperature increas-
and interaction with zirconia. And the absence of reduction ing, syngas reacted with copper oxide and then caused the
of bulk copper oxide also implied the highly dispersed copper further reduction of copper oxide, which then caused the in-
on Cu/t-ZrG catalyst. crease of CO band at 573 K. On the other hand, the formate
In fact, from a point of catalysis, the reduction of CuO species with band at 1573 and 1370¢nwas detected and
could be viewed as an autocatalytic process after experi-became the major species even at 373 K, these may be con-
encing an initial induction period during which hydrogen tributed to the abundant surface hydroxyl on monoclinic zir-
molecule was activatg@1l]. It was reported that a large con-  conia[22]. The intensity of formate species became strong
centration of defects in the oxide would lead to a decreaseand thenreached the maximum as the temperature increasing.
in the induction time. Being p-type semiconductor, zirconia At the same time, the methoxyl species with bands at 2930,
possessed abundant oxygen defects and, therefore, an inti2827, 1153 and 1049 cm appeared when the temperature
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Fig. 3. Difference DRIFT spectra of COtadsorption on three Cu/ZgO

catalysts as a function of temperature: (a) 373K; (b) 473K; (c) 523K; (d)

573 K.

reached 523 K. As the temperature increased further, the in-
tensity of formate peaks decreased and the methoxyl peak

enhanced largely (se€ble 3. The decrease of formate

species could be explained by the transformation of formate 4
to methoxyl species under hydrogen atmosphere at high tem-73

79

When syngas adsorbed on Cu/t-Zr€atalyst, the behav-
ior behaved differently to those of two former catalysts. CO
band located at 2090 cm without red shift was detected,
indicating large difference in copper state on Cu/t-Zoata-
lysts. This was in accordance with the TPR results that copper
oxide could be thoroughly reduced above 573 K on Cu/t2ZrO
catalyst. CO bound on metallic copper had been shown to
manifest stretching frequencies typically below 2110¢ém
The band of CO adsorption on Csites has been reported
between 2110 and 2135 crh[23]. Therefore, the metallic
copper species existed on Cu/t-ZrCGatalyst and the Cu
species or some Clispecies+ refer to the charge between
Oand +1) appeared on Cu/am-Zrénd Cu/m-ZrQ catalysts.
Another difference for Cu/t-Zr@catalyst was the Cg&band
appeared at about 2356 th) which was stronger than that
of other two catalysts. Carbonate and formate species with
bands at 1640, 1370, 1460, and 1330¢ralso appeared at
373K, while carbonate species with a shoulder at 1640%cm
was hardly disappeared even at 573 K. These might be corre-
sponding to the properties that tetragonal zirconia possessed
enhanced capacity of formation carbonate spef2é% It
was interesting to note that methoxyl species with bands at
1153 and 1056 crmt was detected even at 473 K (d€ig. 3),
which appeared at lower temperature compared to other two
catalysts. The formate species was enhanced at elevated tem-
perature and then hydrogenated to methoxyl species with
temperature increasing further, as proved by the decrease of
formate species at 573 K. In the region of 1200-1000tm
besides the methoxyl species bands at 1153 and 1056 em
shoulder band located at 1103 chwas observed. This band
also could be attributed to another type of@ vibration
of methoxyl species, which reflected the complex methoxyl
species formed on Cu/t-Zgatalyst.

Table 3listed the absolute intensity of the HCOO and
CHs30 species during CO hydrogenation as a function of re-
action temperature. In the case of Cu/am-Zdatalyst, the
intensity of formate species increased as the temperature in-
creasing. While for Cu/m-Zr@and Cu/t-ZrQ catalysts, the
intensity of formate showed a maximum at 523 K, and then
decreased with the rise of reaction temperature. The decrease
could be explained by the conversion formate to methoxyl
species. This difference also suggested that the conversion of
formate to methoxyl on Cu/am-Zg&atalyst was lower than
that on other two catalysts. The intensity of HCOO species on

Table 3
The absolute intensity of CO, HCOO and gBispecies on Cu/Zrfcata-
lysts as a function of temperature

Temperature (K) HCOO Ct{0
A B C A B C
- 382 507 - - -
1054 1#1 1308 - - 107
18.99 200 1427 271 806 569
2385 184 1165 9.90 1%4 1011

perature, which also could be evidenced by the enhancemenk; Cujam-zrQ; B: Cuim-zrQ; C: Cult-ZrG;. Calculated from the band of
of the methoxyl species.

IR spectra.
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Table 4

Catalytic performances of three Cu/Zr©@atalysts

Catalysts CO conversion (%) Yield (g i h*l) TOF Carbon selectivity (98)
HCP ROH

Cu/am-ZrQ 1130 0.11 2.86 231 74.69

Cu/m-ZrG 9.28 0.07 2.64 243 79.87

Cult-Zro, 1396 0.22 3.05 B8 92.62

Reaction conditionsT =573 K, P=8.0 MPa, GHSV =50001t, H,/CO =2.0.
2 Selectivity based on number of atoms per gram carbon = [number of CO converted to given product/total number of CO cori@%éd]
b HC: hydrocarbons.

Cu/m-ZrQ, catalyst was higher than that of Cu/t-Zr@hen transient-response experiments. He deduced that the trans-
reaction temperature was above 373 K. And this was also theformation of formate to methoxyl occurred more readily than
course in the intensity of C¥#D. Above 523K, the intensity  that of methoxyl to methanol and that the latter reaction might
of CH30 was almost two times higher on Cu/m-Zrthan on be the difficult step along the route to gas-phase methanol.
Cu/t-ZrO, catalyst. These differences were attributed to the Methoxyl species could be eliminated by hydrogenation or
abundant surface hydroxyl and higher Lewis acidity/basicity hydrolyzation to methanol, while the latter case was rapi-
of Zr**/0?~ pairs presented on the surface of monoclinic der than the formej27]. The inconsistent of FT-IR spectra

zirconia. shown inFig. 3 and Table 3with the CO conversion and
methanol space-time yield might be resulted from the influ-
3.4. Catalytic performance ence of rate-limiting step in the case of methoxyl conversion

to methanol. The water required during the hydrolyzation

The activity and selectivity of CO hydrogenation over Mmethoxylto methanol could be produced by the reversed wa-
three Cu/ZrQ catalysts were listed iffable 4 Cu/t-ZrQp ter gas shift reaction (RWGS), which occurred predominantly
catalyst showed higher activity and selectivity to methanol on the Cu surface, and this process was not affected signifi-
synthesis from CO hydrogenation than the two other cata- cantly by the presence of zirconia. While the copper species
lysts. The CO conversion and space-time yield were only Was much affected by the zirconia polymorphs, confirmed by
11.30%, 0.11 g/ml h and 9.28%, 0.07 g/ml h for Cu/am-ZrO Hz-TPRand FT-IR, hence, zirconia polymorphs impacted ef-
and Cu/m-ZrQ catalysts, respectively. The Cu/t-Zs@ata- fect indirectly on the RWGS reaction. The reaction of CO
lyst was three times more active for methanol synthesis thanand H was conducted to determine the RWGS reaction on
that of Cu/m-ZrQ catalyst. On the basis of the data listed three copper catalysts at 573 K ($€g. 4). It was found that
in Table 4the conclusion could be made that tetragonal zir- the CO band on Cu/t-Zrfxatalyst was the strongest among
conia was the best support for methanol synthesis from COthree Cu/ZrQ catalysts. Therefore, combined with that in
hydrogenation compared to amorphous and monoclinic zir- Fig. 3, the conclusion could be made that the RWGS reaction
conia. These results were consistent with what He ¢13)]. on Cu/t-ZrQ catalyst was strong and could supply more wa-
reported that the tetragonal phase showed better catalytic perter to hydrolyze the methoxyl to methanol, subsequently, this
formance for CO hydrogenation compared to that of mono- catalyst exhibited the highest catalytic performance, though
clinic phase. And He et a]25] also examined the effect of it showed weaker methoxyl band.
reaction condition on the catalytic performance, but the re-

sults also showed that tetragonal phase had higher catalytic 15
activity than that of monoclinic phase. While the present FT-

IR results indicated that the intensities of HCOO and;OH 2L
species were stronger on Cu/m-Zr@han on Cu/t-ZrQ

catalyst.

In the case of mechanism for methanol synthesis from CO
hydrogenation, the formate and methoxyl species were con-
sidered to be the intermediates. And the reaction proceeded

\
from bidented formate via dioxomethylene and methoxyl to ‘“”V“J \Af\“”/
methanol. The required atomic hydrogen during the hydro- 3L f\/@% l\(ww

O‘\

genation formate to methoxyl was rapidly formed bydis- \j%
sociated on copper, and the hydrogen spillover from copper M“W

. . . " 1
to zirconia was more than an order of magnitude faster than 4000 3500 3000 2500 2000

the rate of methanol formation, and, hence, not a rate-limiting
step in the synthesis of methanol over Cu/Z{@6]. Fisher

and Bell[7] investigated the nature of the rate-limiting step Fig. 4. Difference DRIFT spectra of RWGS reaction on three copper cata-
in the methanol synthesis from CO hydrogenation by the lysts at 573K.

Wavenumber/cm-1
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Fig. 5. Difference DRIFT spectra of CO adsorbed on three copper catalysts
after removing reactants flow.

For methanol synthesis, Cu played animportant role in the
spillover of CO from Cu to Zr@ and in dissociating hydro-
gento transform formate to methoxyl. Several possible active
centers have been proposed including (28,29] C\’—Cu
[30,31] and copper metdll4,32] In order to detect the in-
fluence of different zirconia polymorphs on the copper state
and the ratio of Cliand Cu, a new experiments of in situ
CO-chemisorption after removing reactants flow (and prod-
ucts) was carried out. Different CO band was observed on
three Cu/ZrQ catalysts Fig. 5. The bands at 2115 and a
shoulder at 2095 crmt, ascribed to CO adsorbed onCand
CW, were detected on Cu/am-ZsGnd Cu/m-ZrQ cata-
lysts. While almost no band at 2115 but at 2095 ¢érwas
observed on Cu/t-Zr@catalyst. These meant that the®Cu
existed on three Cu/Zrfcatalysts while Ctionly existed
on Cu/am-ZrQ and Cu/m-ZrQ catalysts. Based on the cat-
alytic performance, the conclusion could be made that the
CWP species played an important role in the methanol synthe-
sis from CO hydrogenation.

4. Conclusion

Zirconia polymorphs inflicted great difference on cop-

per state and the reduction performance of copper oxide,

which might originate from varied Cu—Zgnteraction. The
activity of methanol synthesis from CO hydrogenation on
Cu/ZrO, was strongly influenced by the zirconia polymorphs.
The methanol synthesis activity was higher for Cu/t-ZrO
than Cu/am-Zr@ and Cu/m-ZrQ catalysts. Based on the
catalytic performance and FT-IR spectra, a conclusion could
be made that the Guspecies played an important role in

methanol synthesis from CO hydrogenation. The transforma-

tion of methoxyl to methanol was key step and the formate-
to-methoxyl mechanism was observed.
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