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The difference in the active sites for G@nd CO hydrogenations on
Cu/ZnO-based methanol synthesis catalysts
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The effect of Zn in copper catalysts on the activities for botlp@®d CO hydrogenations has been examined using a physical mixture
of Cu/SiO, + ZnO/SiG, and a Zn-containing Cu/Sicatalyst or (Zn)Cu/Si@. Reduction of the physical mixture witha-at 573-723 K
results in an increase in the yield of methanol produced by the B@rogenation, while no such a promotion was observed for the
CO hydrogenation, indicating that the active site is different for the @ad CO hydrogenations. However, the methanol yield by CO
hydrogenation is significantly increased by the oxidation treatment of the (Zn)Cu¢ai@lyst. Thus it is concluded that the Cu—Zn site is
active for the CQ hydrogenation as previously reported, while the Cu—O-Zn site is active for the CO hydrogenation.
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1. Introduction loading catalysts of 50—70 wt% Cu/ZnO are generally used
in industrial methanol synthesis processes [1]; (ii) the Cu—
Cu/ZnO-based catalysts are well known to be active foi active site model proposed by Fujitani and Nakamura
methanol synthesis from a CO/GM®I> mixture gas [1-4]. et al. [16—22] in which the Cu—Zn surface alloy and Cu met-
The active Site, the role of Zn0O, and the reaction meChani% Cooperate to Cata|yze the methanol Synthesisl The role
for this reaction are still subjects to considerable contref the Cu—Zn site is to activate the hydrogenation of the
versy, even though efforts have been made in order to obtgiimate species. They changed the active site model from
consensus by considering the experimental conditions [5,f{e cu—O—2Zn site to the Cu=2Zn site in 1996 based on sur-
It is accepted that methanol can be synthesized from baffxe science studies as repeatedly described [19,22—24]; and
CO and CQ over Cu-based catalysts [1]. On Cu/ZnO catjj) the interfacial active site between Cu and ZnO, as re-
alysts, the reaction rate of methanol synthesis by the hyd%rted by Poels et al. [18]. On the other hand, surface sci-
genation of CQ s greater'than that by the hydrogenation of,ce studies on Cu(111) [26], Cu(110) [14,27], and Cu(100)
CcoO gt the normal industrial temperatures of 450-550 K [4ﬂ27,28] have clearly shown that metallic copper has some
At higher reaction temperatures, the rate of the CO hydrgstaytic activity for methanol synthesis by the hydrogena-
genation is comparable with that of the g@ydrogena- o of CO,. The point in the controversy is the promotional

tion [7]. However, the rate of hydrogenation of €@S. et of ZnO or Zn on the methanol synthesis on Cu.
CO depends on reaction conditions, especially the CQ/CO 5, important question arises as to whether or not the

and Hp/(CO + CQp) ratios and the reaction pressure, angctive site and the role of ZnO for the GAydrogenation

clearly different results have been obtained by different 'Sie the same as those for the CO hydrogenation. Many re-
searchers [8-11]. Thqs the controversial issues_ concerniid chers have reported that aGpecies is responsible for
the methanol synthesis should be separately dlscussedtﬁ%r methanol synthesis activity from CO and i the ab-

the CQ hydrogenation and the CO hydrogenation. sence of CQ, in contrast to the reports for the G@Aydro-

As for the CQ hydrogenation, the proposals Concerr"enation, as mentioned above, although the models of the

ing the active site and the role of ZnQ can be divided In@ctive sites are different from each other. Originally, Klier

three models: (i) the morphology model proposed by the
Topsge [12,13], Campbell [14], and Waugh [15] groups .ahd Herman and coworkers [29,30] have reported that the

which wetting—nonwetting of the copper particles on Zné§u+ ion dissolved in the ZnO matrix is the active component
9 9 PPer p of the Cu/ZnO-based catalysts. Sheffer and King [31,32]

S|gn|f|cantly_|nfluer_1ce the methanol synthesis activity. NO. eave reported that the differences in the promotional effect
that the patrticles size of the copper should also be taken in

consideration because the morphology effect was report%dthe Group IA elements (Na, K, Rb, Cs) on unsupported

at the low loading of Cu or the high dispersion of Cu agopper catalysts for methanol synthesis by CO hydrogena-

£ o : lon were attributable to differences in the concentration of
1-5wt% Cu/znO by Topsge et al. [12], although high Cuthe Cu" species at the surface. Nonneman and Ponec [33]

* To whom correspondence should be addressed. have reported that a pure Cu catalyst is inactive for methanol
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synthesis from CO and H while small amounts of conta- action gas consisted of a mixture o420, or Ho/CO flow-
mination such as alkali promote Cu to produce methanahg at 75 cni/min. The CO/H was passed through a mo-
They concluded that the promoter stabilized thetGac- lecular sieve trap for iron carbonyl removal. In some exper-
tive center. Robinson and Mol [34] have reported that niments, we used a Zn-containing Cu/Qi€atalyst separated
correlation is obtained between the methanol synthesis &mm the physical mixture using a 1%0n sieve, which was
tivity from CO/H, and the surface area of Cu, in contrastbbreviated (Zn)Cu/Si®[19]. The collected (Zn)Cu/Si©
to the well-known linearity for the methanol synthesis frongatalyst was set in the flow reactor and re-reduced with H
CO/COy/H2 or COx/H2. These reports cited above are conat 523 K and 50 atm. The weight of the (Zn)Cu/Si€ata-
sistent in that the active site of the Cu catalysts for metharigst used for reaction was 0.25 g. The reaction conditions
synthesis by CO hydrogenation includes the"Gipecies, were the same as those of the physical mixture catalysts.
which is different from that for C@hydrogenation. The oxidation treatment of the catalysts was conducted in
Recently, Spencer [6] discussed the role of surface oxgir flowing at 100 cri/min at 1 atm and 623 K for 3 h.
gen on Cu in methanol synthesis catalysts, in which strongly The reaction products were analyzed using gas chro-
adsorbed oxygen bonded to both copper and zinc atomgriatographs with a thermal conductivity detector and a flame
important for the methanol synthesis catalysts. He considnization detector. Catalytic activities were evaluated in
ered that the surface zinc is provided by the Zn-containingrms of the yield of methanol (%) and the mass time yield
Cu patrticles ¢-brass or Cu—Zn alloy). The alloy forma-(MTY) defined as the weight of the product molecules per
tion in Cu particles for Cu/ZnO and a physical mixture otatalyst weight per time (g-molecule/kg-cath) for the Ar-
Cu/SiQ + Zn0O/SiG; upon high-temperature reduction washenius plot of the reaction rate. In the case of the physi-
proved by Fujitani and Nakamura et al. [17]. Thus it is likelgally mixed catalyst, the calculated MTY was based on the
that the role of ZnO for the CO hydrogenation is to stabilizereight of Cu/SiQ. Methane is formed as a by-product of
Cut on Cu particles by ZnO. On the other hand, Spencer [Ble methanol synthesis by the CO hydrogenation. The max-
and Burch et al. [35] have reported evidence for the spillovenum yield of methane was 0.06%. As for the £0y-
effect of hydrogen as a synergy effect of Cu and ZnO falrogenation, the amount of methane was negligibly small.
the methanol synthesis by CO hydrogenation. They fouridhe copper surface areas of the catalyst were measured us-
that a physical mixture of Cu/Sigland ZnO/SiQ is more ing NoO/He (2.54% NO) gas by reactive frontal chroma-
active than Cu/Si@for the CO hydrogenation without high-tography, as previously reported [17]. The Cu surface area
temperature reduction treatments. This seems to be differéntl.3 m?/g-Cu/SiQ) of the Cu/SiQ catalysts was almost
from the result of Fujitani and Nakamura et al. [17] in whiclthe same, independent of the reduction temperature [36].
the high-temperature reduction of the physical mixture leakthe particle size of the powder catalyst was calculated to be
to an increase in the methanol synthesis activity by @@ about 150 nm based on the measurement of the Cu surface
drogenation. This difference can be ascribed to the CO aarkta.
CO; hydrogenations.
In this study, we compared the catalytic activities for
both the CQ and CO hydrogenations over a physical mix3. Resultsand discussion
ture of Cu/SiQ + ZnO/SiG, catalyst and a Zn-containing
Cu/SiQ, catalyst depending on the reduction and oxidation We have reported that the Cu—Zn site is active for the
treatments. We thus report the difference in the active sit@¢thanol synthesis by Gydrogenation [16—-22]. We first
and the role of ZnO for both reactions. examined whether or not the Cu—Zn site operates as the ac-
tive site for CO hydrogenation. Figure 1 shows the yield of
methanol by the C®and CO hydrogenations as a function
2. Experimental of the reduction temperature of the physical mixture and the
promoted (Zn)Cu/Si@catalysts. The yield of methanol pro-
The Cu/SiQ and the ZnO/Si@were prepared by the im- duced by the C@hydrogenation over the physical mixture
pregnation and alkoxide methods, respectively. The prematalysts increased with increasing reduction temperature.
ration methods of the Cu/SiCand ZnO/SiQ catalysts are This result has been reproduced in previous results [17,36].
the same, as previously reported [16,36]. The loading ®hat is, the methanol synthesis activity by £lydrogena-
Cu in Cu/SiQ was 30 wt%, and the loading of ZnO intion was promoted by the creation of the Cu—Zn active site
ZnO/SiG; was 80 wt%. The particle sizes of Cu/Si@nd by migration of Zn from ZnO onto the Cu particles upon the
ZnO/SiG were <150 um and 150-25Qcm, respectively. Ha reduction treatment. On the other hand, no such increase
The catalysts were physically mixed in a weight ratio ofvas observed for the yield of methanol by CO hydrogena-
Cu/SiQ : ZnO/SIG = 0.25 g: 0.25 g, then the mixture tion upon reduction treatment. These results indicate that
was reduced with blin a flow reactor for 2 h at 523-723 Kthe Cu—Zn site does not operate as the active site for the
and 50 atm. This leads to the migration of Zn species fromethanol synthesis by CO hydrogenation. That s, the active
ZnO/SiG onto the Cu/SiQ, as previously reported [17].  sites are different for the CQOand CO hydrogenations. At
Reactions were carried out at 523 K and 50 atm withthe reduction temperature of 523 K, the yield of methanol
H2/CO, molar ratio of 3 or a H/CO molar ratio of 2. The re- is slightly greater than that of the Cu/Si@atalysts. This
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Figure 1. The yield of methanol produced by £énd CO hydrogenations Figure 2. Effect of reduction—oxidation treatments on the methanol yield by
over a physical mixture of Cu/Si+ ZnO/SiG, as a function of reduction CO hydrogenation over a physical mixture of Cu/gi9Zn0/SiC, catalyst
temperature. The Cfhydrogenation was carried out B{H2)/P(COy) = at 523 K.P(H2)/P(CO) = 33.3 atm/16.7 atm.

37.5 atm/12.5 atm and 523 K. The CO hydrogenation was carried out at

P(H2)/P(CO) = 33.3 atm/16.7 atm and 523 K. Cu/SiO ZnO/Si0, = Q 0.3
0.25 g: 0.25 g. CQ hydrogenation({J) and CO hydrogenatioro) over <
the physical mixture catalyst. CO hydrogenation over CuSi&). CO, g
hydrogenation over (Zn)Cu/SiJA). g
&
2 02}
suggests that ZnO itself promotes the methanol synthesis ac- E
tivity from CO hydrogenation. The spillover effectwas also ©
observed in this work, as shown in figure 1. The methanol LE)
yield of the physical mixture catalysts was six times more £ o1
active than that of the Cu/Siatalyst at the reduction tem- =)
perature of 523 K. This result is in good agreement with the -2,
report by Spencer and Burch et al. [35] in that the physi- Ta
cal mixture is seven times more active than Cu/SiBow- =
ever, the oxidation-treatment effect is much greater than the g 0.0

723 K —— 623 K— 723 K

illover effect. > .
spillover effect Reduction  Qxidation  Reduction

We then postulate that the oxidation state of the Cu—Zn
site may influence the formation of the active site for CO hysigure 3. Effect of reduction—oxidation treatments on the methanol yield by
drogenation. Thus we examined the effect of the oxidati@® hydrogenation over a (Zn)Cu/Si@atalyst at 523 KP (Hy)/P(CO) =
state of the migrated Zn on the Cu particles on the methanol 33.3 atm/16.7 atm.
synthesis activity by CO hydrogenation using the physical
mixture catalyst. As shown in figure 2, the methanol yielgeriment for the oxidation and reduction treatments as that
by CO hydrogenation was very little when the physical mixshown in figure 2 was performed. As shown in figure 3, the
ture catalyst was reduced at 723 K. However, the oxidati¢@sults are in good agreement with that of the physical mix-
treatment of the reduced physical mixture at 623 K with attire catalyst. The methanol yield on (Zn)Cu/Sid®creased
for 3 h resulted in an increase in the methanol synthesis dy- about 0.05% compared to that for the physical mixture
tivity for CO hydrogenation. The methanol yield was againatalyst, suggesting that the difference in the methanol yield
decreased by the successive reduction at 723 K. Thesewas the additional effect of ZnO/SiObecause the activity
sults indicate that the oxidation state of the Cu—Zn site plagap between Cu/Siand the physical mixture catalyst is
an important role in the formation of the active site for C@bout 0.05% at the reduction temperature of 523 K, as shown
hydrogenation. No such promotion was observed by the dr-figure 1. This means that the promotion of the methanol
idation treatment of the physical mixture without prior resynthesis activity was not due to ZnO/SiMut due to the
duction. Zn migrated onto Cu particles.

We then examined whether or not ZnO itself had a pro- In order to clarify that the methanol synthesis activity was
motion effect of the methanol synthesis for CO hydrogenanhanced by the oxidation of Zn migrated onto Cu particles,
tion using the (Zn)Cu/Si@catalyst, which was separatedve measured the methanol synthesis activity of the physical
from the physical mixture catalysts using the sieve after retixture by changing the quantity of the migrated Zn. This
duction at 723 K, as described in section 2. The same areans that the Zn quantity that migrated over the Cu par-
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Figure 4. Methanol yield over a (Zn)Cu/SiCcatalyst as a function
of reduction temperature. After the reduction of Cu/gi® ZnO/SiQz,  Figyre 5. Arrhenius plots of the mass time yield (MTY) for gBH for-
the Cu/SiQ was separated from the physical mixture and was oxidizgg5tion by CO hydrogenation over the (Zn)Cu/Sifrepared by the reduc-

at 623 K. Then CO hydrogenation was carried outPdH)/P(CO) = yion at 673 @), 698 @), and 723 Ké) followed by oxidation at 623 K.
33.3 atm/16.7 atm and 523 K. The dashed line shows the previous results P(Hp)/P(CO) = 333 atm/16.7 atm.

of CO, hydrogenation over the (Zn)Cu/SyJ36].

Cu-O-Zn

ticles was controlled by varying the reduction temperature
between 523 and 723 K, as previously reported. Figure 4
shows the methanol yield by CO hydrogenation as a func-
tion of reduction temperature of the physical mixture, where
the catalyst was oxidized in air for 3 h at 1 atm and 623 K af-——
ter the reduction. The result of G@ydrogenation shown in Si0,
figure 1 is also presented in figure 4 for comparison. The
methanol yield by the CO hydrogenation significantly inFigure 6. A proposed model of active sites for £&hd CO hydrogenations.
creased around the reduction temperature of 650 K. The re-

duction temperature correspondsto the temperature at which. o )
the Zn quantity dissolving into the Cu particles becomes ti@étive site created on the oxidized (Zn)Cu/gitatalysts de-

dissolution limit. We have already reported the formation gt€nding on the reduction temperatures. As carried out in
the Cu-zn alloy by the Wreduction treatment of a physi-the experiments shown in figure 4, the physical mixture of
cal mixture by EDX-TEM and XRD [17]. The reproducibleCUW/SIQ: + ZnO/SiC; was first reduced at 673, 698, and
results were obtained for the Cu—Zn alloy formation. Frorh23 K, and then the resultant (Zn)Cu/Si®as oxidized by
the literature value [37], the average contents of Zn in the @if at 623 K. Figure 5 shows the Arrhenius plots of MTY for
particle were estimated to be 13-15 at%. That is, the actitite methanol synthesis over the oxidized (Zn)Cu/SiThe
site for the CO hydrogenation forms at the dissolution limitines of the Arrhenius plot are almost parallel, indicating no
The excess Zn over the dissolution limit in the Cu particles fiependence of the activation energy (86-96 kJ/mol) on the
present as an oxidized form of Zp®n the Cu particles due reduction temperature. Thus it is clear that the quality of the
to the oxidation treatment. This result is consistent with traetive site did not change, but the quantity of the active site
surface science result of a Zn-deposited Cu(111) model cttcreased with increasing reduction temperature. That s, the
alyst [38]. The deposited Zn on Cu(111) exists as a metalligimber of Cu—O-Zn active site increased with the increas-
Zn below the Zn coverage of 20 at%, while Zn was oxidizeihg number of zinc atoms that migrated onto the Cu particles
during the reaction over the 20 at%. Accordingly, Zn oveffom ZnO upon reduction.
the dissolution limit remained in oxidized form during the The active site model of the (Zn)Cu/Si©atalyst for the
reaction, leading to the creation of active sites. This indcO and CQ hydrogenations is schematically shown in fig-
cates that the active site for CO hydrogenationis a Cu—O-Hre 6. The Zn that dissolved into the Cu particles creates the
site formed at the interface between the ZnO species and Cu—Zn surface alloy, which operates as the active site for the
particles. That is, the Cucombined with ZnO is the active CO, hydrogenation. The Zn over the dissolution limit in the
oxidation state. Cu particles becomes ZnO by an oxidation treatment, and
Finally, we measured the apparent activation energy ftarms the Cu—O—Zn site at the interface with the Cu parti-
methanol synthesis by CO hydrogenation in order to examles, and it operates as the active site for the CO hydrogena-
ine the qualitative and quantitative changes in the Cu—O-Zan.

Cu-Zn




4. Conclusions

(i)
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(17]

The active site for the methanol synthesis by CO hydrtsl
genation is the Cu—O-Zn site, which differs from tha[tlg]
(Cu—2Zn alloy) for the C@ hydrogenation.

(i) The Cu—Zn alloy in the Cu particles is important for cre?%)
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