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Direct conversion of syngas to aromatics over metal oxide and zeolite (OXZEO) composite catalysts is promising. However, the
selectivity of more valuable products such as benzene, toluene and xylenes (BTX) is limited due to undesired secondary
methylation of BTX. Herein, we report that the introduction of SAPO-34 into MnCrO,-ZSM-5 catalyst enhances significantly
the formation of BTX without sacrificing the aromatics selectivity. Under optimized conditions, the fraction of BTX in aromatics
reaches 64.7% versus 28.9% over the catalyst without SAPO-34. A number of model reaction tests and characterizations reveal
that SAPO-34 consumes partially the intermediates such as ketene, by converting them to light olefins. Thus, the methylation of
BTX by ketene to heavy aromatics is inhibited over the external acid sites of ZSM-5, leading to an enhanced BTX selectivity in

the products. This hybrid catalyst provides an efficient method for highly selective synthesis of BTX from syngas.
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1 Introduction

Aromatics, especially benzene, toluene and xylenes, so
called BTX, are very important basic chemicals, which are
the raw materials for synthetic plastics, fuels, pesticides and
other functional materials. Currently, BTX is mainly pro-
duced from crude oil. It is highly desirable to develop a
procedure for the BTX production from non-petroleum re-
sources, such as coal, natural gas and biomass. Syngas (CO/
H,) is an important platform for the utilization of these non-
petroleum carbon resources and it can be converted to aro-
matics via the intermediate stage of methanol synthesis [1—
4]. Although the technology of Fischer—Tropsch synthesis
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(FTS) can convert syngas directly, it mainly leads to products
of straight-chain hydrocarbons [5-9]. Alternatively, metal
oxide—zeolite (OXZEO)-based bifunctional catalysts were
demonstrated to be active for direct syngas conversion to
aromatics. Different combinations of metal oxide and ZSM-5
zeolite have been reported, including ZnCrO, [10], FeZn-
CrO, [11], ZnZrO, [12], Cr,04 [13,14], CeZrO, [15], MoZrO,
[16], MnO [17], ZnMnO, [18], MnCrO, [19]. A selectivity
over 70% was frequently reported. However, the aromatic
products are dominated by heavy aromatics, such as C, and
C,o aromatics, and the selectivity of more valuable BTX is
generally lower than 35%. There were efforts to increase
BTX selectivity by shielding the external acid sites of ZSM-5
zeolite, since Cy and C;, aromatic compounds were con-
sidered to be formed by methylation of BTX generated in the
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micropores of ZSM-5. For instance, the BTX fraction in
aromatics increased from 30% to 63% over tetra-
ethylorthosilane (TEOS)-modified ZSM-5 [12]. However,
this generally requires repetitive and tedious steps to modify
the zeolites with a delicate layer of silica. Studies show that
this silica layer has to be thick enough to shield well the
external acid sites but thin enough to avoid blocking the
mouth of the micropores and hence inhibiting the diffusion
of the aromatic compounds [19,20]. Recently, we reported a
new strategy for the selective synthesis of BTX from syngas
[19]. By packing a dealkylation component, such as beta and
ultra-stable zeolite Y (USY), below a catalyst bed of MnCr-
ZSM-5 composite, the BTX fraction in aromatics reached
over 80%. Unfortunately, the catalyst suffered deactivation
because of the coke deposition on the dealkylation catalyst
bed [19].

We noticed that a high selectivity of BTX was reported
during the aromatization of olefins/paraffins [21]. This could
be attributed to the absence of methylation reagent during the
reaction. Inspired by this, we wonder if the BTX selectivity
over the OXZEO catalyst can be improved by decreasing the
concentration of active methylation reagent, such as ketene
[22,23], methanol [12,15,16], or dimethyl ether [24], while
increasing the concentration of olefins/paraffins during the
reaction. Therefore, we introduce SAPO-34 into the
MnCrO,-ZSM-5 composite because SAPO-34 is selective in
the light olefins’ formation in syngas conversion and CO,
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hydrogenation [23,25-28]. The results validate that the BTX
fraction in aromatics does increase significantly, from 28.9%
to as high as 64.7%, and BTX selectivity among hydrocarbons
reaches 41.9% versus 20.9% over the parent catalyst.

2 Results and discussion

2.1 Characterization of catalysts

Figure Sla shows the X-ray powder diffraction (XRD) pat-
terns of the fresh MnCr oxide and MnCr oxide after syngas
conversion. It indicates that the fresh MnCr oxide was a
mixture of Mn,0; and Cr,0;. Mn,0; was reduced to MnO
after syngas conversion. The adsorption—desorption isotherm
of MnCr oxide in Figure S1b indicates a type IV behavior,
indicating that MnCr oxide had mesopores. The specific
surface area of fresh MnCr oxide was 25 m’ g_l.

The XRD patterns in Figure S1c indicate that the AIPO-34
and SAPO-34 with different SiO,/Al,0; were successfully
synthesized [29,30]. The ammonia temperature-programmed
desorption (NH;-TPD) profiles in Figure la indicate that
AIPO-34 only shows an obvious peak at around 150 °C,
which is attributed to NH; desorbing from the weak acid
sites. By introducing silicon (SAPO-34), another peak cen-
tered at around 300 °C—-350 °C appears, corresponding to the
desorption of NH; from the strong acid sites. The density of
the strong acid sites increases with the increasing silicon
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Figure 1 NH;-TPD and IR profiles. (a) NH;-TPD of AIPO-34 and SAPO-34, and (b) NH;-TPD of ZSM-5. (c) NH;-IR profiles of SAPO-34. (d) Py-IR

profiles of ZSM-5 (color online).
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Table 1 Acidic property of SAPO-34 and ZSM-5
Sample Density of strong acid sites (pmol g’]) & B/L ratio ” Density of strong Brensted acid sites (umol g’]) °
AlPO-34 0 / 0
SAPO-34-0.03 129.0 © 129.0
SAPO-34-0.06 220.0 © 229.0
SAPO-34-0.1 472.8 28.2 456.6
SAPO-34-0.15 622.6 25.2 598.8
SAPO-34-0.2 735.3 30.0 711.6
ZSM-5-38 602.4 16.0 567.0
ZSM-5-85 2782 5.0 231.8
ZSM-5-146 189.4 5.2 158.9
ZSM-5-360 73.7 4.7 60.8

a) Corresponding to the NH;-TPD peak centering at around 300 °C—400 °C. b) The ratio of Brensted acid sites to Lewis acid sites, calculated according to
a method reported previously [32,33]. ¢) Calculated according to the density of strong acid sites and the B/L ratio.

content in SAPO-34, from 129 to 735 pumol g71 with the
Si0,/Al,0O5 increasing from 0.03 to 0.2 (Table 1). All the
ZSM-5 samples show the typical MFI topology (Figure S1d)
[31]. Similar to SAPO-34, the NH;-TPD profiles of ZSM-5
in Figure 1b also show two typical NH; desorption peaks,
with the one centering around 300 °C—400 °C attributed to
the strong acid sites. The density of strong acid sites of
different samples is listed in Table 1, which decreases with
the increasing SiO,/Al,O5 in ZSM-5.

To discriminate the Brensted acid sites (B acid) and Lewis
acid sites (L acid) in SAPO-34, infrared (IR) spectra upon NH;
adsorption (NH;-IR) were recorded. As shown in Figure lc,
three absorption bands appeared in the region of 1,650-
1,350 cm ' for SAPO-34. The one around 1,620 cm ' can be
ascribed to the Lewis acid sites, while the other two around
1,458 cm ' and 1,410 cm ' are ascribed to the Bronsted acid
sites [32]. The ratio of Bronsted acid sites to Lewis acid sites
(B/L ratio) was calculated according to an established
method [32]. The results show that all the SAPO-34 samples
show a similar B/L ratio, varying between 25 and 30 (Table
1). To determine the Bronsted acid sites and Lewis acid sites
over ZSM-5, pyridine instead of NH;, was used as the probe
molecule for IR analysis (Py-IR). As shown in Figure 1d, the
peak centering at 1,450 cm’ ' is ascribed to the pyridine being
adsorbed on the Lewis acid sites and the one at 1,540 cm ' to
the Bronsted acid sites [33]. All the ZSM-5 samples exhibit a
similar B/L ratio of 5, except ZSM-5-38, which shows an
apparently higher B/L of 16. Based on the NH;-TPD and
NH;-IR/Py-IR discussed above, the density of strong Bronsted
acid sites was estimated. As shown in Table 1, it increases
with the increasing SiO,/Al,O; ratio of SAPO-34, while
decreases the with the increasing Si0,/Al,0; ratio of ZSM-5.

2.2 Enhanced BTX formation by SAPO-34

To investigate the effect of SAPO-34 on the formation of

BTX in syngas conversion, a number of reference experi-
ments were carried out. As shown in Figure S2, MnCr-
SAPO-34 gives a selectivity of light olefins (C, —C, ) in
hydrocarbons 70.4% at 12.3% CO conversion. In compar-
ison, MnCr-ZSM-5 leads to the formation of aromatics with
a selectivity of 72.4 % at 13.3% CO conversion (Figure 2a).
When SAPO-34 with a different amount is added into MnCr-
ZSM-5 catalyst, CO conversion and CO, selectivity are not
affected (Figure 2a). The selectivity of aromatics in hydro-
carbons (Aro./HCs) is not reduced significantly either (Fig-
ure 2a). Interestingly, the fraction of BTX in aromatics
(BTX/Aro.) increases and it doubles from 28.9 to 61.1%
when the mass ratio of SAPO-34 to ZSM-5 is 1/1 (Figure
2b). Figure 2c¢ highlights that the desired BTX fraction sig-
nificantly increases and the undesired heavy aromatic com-
pounds Ay, decreases significantly by referring to those
obtained over MnCr-ZSM-5.

To evaluate the effects of SAPO-34 in-depth, we estimated
the aromatization capability by calculating the selectivity of
aromatic rings (carbon atom based), denoted as Cp, and the
methylation capability by calculating the selectivity of the
side chains of aromatics (higher than xylenes), denote as
Swetny» according to equations (1) and (2), respectively. The
ratio of Syiemy t0 Cr (Smemy/Cr) reflects the activity of BTX
methylation. Figure 2d shows that the addition of SAPO-34
has little effect on aromatization, as Cy keeps almost un-
changed when the ratio of SAPO-34 to ZSM-5 increases
from 0/1 to 2/1. However, Syem,/Cr halves from 0.15
(SAPO-34/ZSM-5 = 0/1) to 0.07 (SAPO-34/ZSM-5 = 1/1),
indicating significantly inhibited methylation of BTX. Fur-
ther increasing the SAPO-34/ZSM-5 ratio (2/1) does not
further inhibit methylation but levels off.
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Figure 2 Effects of SAPO-34 addition on the syngas conversion. (a) Catalytic performance as a function of SAPO-34 to ZSM-5 ratio (mass ratio).
(b) Distribution of aromatics. (c) Variation of product distribution compared with that obtained over the MnCr-ZSM-5 parent catalyst. (d) Cr and Syjemy/Ch-
Reaction conditions: MnCr/zeolite = 1/3, H,/CO/Ar = 47.5/47.5/5, 430 °C, 4.0 MPa, gas hourly space velocity (GHSV) = 2,250 mL g71 h'. (C,°-C4° = light
paraffins; C, —-C, = light olefins; B = benzene; T = toluene; X = xylenes; EB = ethylbenzene; A, representing aromatic compounds containing 9 carbon
atoms, Ay, representing aromatic compounds containing 9 and more than 9 carbon atoms; A . representing aromatic compounds containing 10 and more than
10 carbon atoms; Cs. standing for Cs. aliphatic compounds.) SAPO-34 and ZSM-5 were SAPO-34-0.1 (SiO,/Al,0; = 0.1) and ZSM-5-360 (SiO,/Al,0; =

360), respectively (color online).

3 Z: Corddrir6% 6

SMethyi Z:IannHm x 100%

(2

Since syngas is mainly converted to light olefins with
70.4% selectivity over MnCr-SAPO-34, we investigated the
conversion of light olefins over ZSM-5, with butene as a
probe molecule. Figure S3 shows a selectivity of aromatics
of 40%, which is much lower than that obtained in syngas
conversion over ternary MnCr-SAPO-34-ZSM-5. Further
experiment of butene conversion with the CO co-feeding
(Figure S3) shows that the selectivity of aromatics only in-
creases slightly to 45%. It indicates that the remarkably in-
creased BTX selectivity in the presence of SAPO-34 in
syngas conversion is not attributed to the olefin aromatiza-
tion either alone or promotion by CO over ZSM-5. There
must be other factors playing roles.

2.3 The role of SAPO-34 in syngas conversion over
MnCr-SAPQO-34-ZSM-5 catalyst

MnCr oxide, ZSM-5 and SAPO-34 were loaded in different
modes to clarify the role of SAPO-34 in syngas conversion.
The results are shown in Figure 3 and Table S1. When MnCr

and ZSM-5 are milled and mixed in 20-40 mesh (Mode 1),
the selectivity of aromatics (Aro./HCs) is 72.4%. The addi-
tion of SAPO-34 granules either with the same size (Mode 2)
or milled together with MnCr-ZSM-5 (Mode 3) gives similar
overall performance with an almost the same CO conversion
and slightly decreased aromatics selectivity (Aro./HCs)
(72.4% vs. 67.9%), as displayed in Figure 3a. However, the
BTX fraction (BTX/Aro.) rises from 29% to 41.2% in Mode
2 (Figure 3b) and further up to 61.1% in Mode 3. The cor-
responding aromatization capability (Cy) is not affected
whereas Sye,/Cr decreases from 0.15 to 0.07 (Figure 3c¢),
validating that aromatization is not affected while the me-
thylation of BTX is suppressed in the presence of SAPO-34.
Thus, it leads to a significantly improved BTX fraction in
aromatics. This effect is much more obvious with an intimate
contact between SAPO-34 and MnCr-ZSM-5.

By contrast, ZSM-5 granules mixed either with milled
MnCr-SAPO-34 (Mode 4) or arranged in dual catalyst beds
(Mode 5) inhibit the aromatization significantly. For in-
stance, the selectivity of aromatics dramatically decreases to
29% (Mode 4) and further drops to only 8% (Mode 5). These
data demonstrate that the light olefins generated over MnCr-
SAPO-34 cannot be converted to aromatics over the sub-
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Figure 3 Catalytic performance over MnCr-SAPO-34-ZSM-5 under different catalyst packing modes. (a) Syngas conversion and product distribution. (b)
Distribution of aromatic compounds. (¢) Cg and Syieg,,/Cy. Mode 1: MnCr-ZSM-5 (mill-mixed MnCr and ZSM-5). Mode 2: MnCr-ZSM-5+SAPO-34 (granule
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5). SAPO-34 and ZSM-5 were SAPO-34-0.1 (SiO,/Al,0; = 0.1) and ZSM-5-360 (SiO,/Al,0; = 360), respectively (color online).

sequent ZSM-5 catalyst bed of the same size granules. Nor
can they be converted by the homogeneously mixed ZSM-5
granules (Mode 4). Instead, most light olefins are hydro-
genated to form light paraffins (Mode 4-5 in Figure 3a and
Table S1) [34]. This further confirms that the remarkably
increased BTX selectivity in the presence of SAPO-34 in the
syngas conversion is not attributed to the aromatization of
olefins.

Our previous study revealed that CO and H, are activated
over metal oxides forming ketene as the intermediate [23].
To clarify the role of SAPO-34, we further carried out the
syngas conversion with meta-xylene (MX) co-feeding as a
probe reaction. As shown in Figure 4a, by co-feeding MX
with syngas over MnCr-ZSM-5, the selectivity of aromatic
hydrocarbons reaches 98.7% and the fraction of tri-
methylbenzene and heavier aromatics (Ag and Ajy,) is
dominated (61.9%). It indicates that ketene intermediates
formed on the MnCr oxide mainly react with MX as me-
thylation agents giving dominant trimethylbenzene as pro-
ducts. Wang et al. [35] demonstrated by theoretical
calculations that ketene acted as the methylation agent dur-
ing C-C coupling in zeolites. By contrast, over MnCr-
SAPO-34-ZSM-5, the fraction of trimethylbenzene and
heavier aromatics in aromatic compounds is significantly
reduced to 36.4% (Figure 4a). Since SAPO-34 readily cat-

alyzes ketene conversion to light olefins. Thus the con-
centration of ketene is kept low to inhibit the methylation of
xylene over the external surface of ZSM-5 zeolite (Figure
4b). It consequently leads to a significantly increased BTX
selectivity over the ternary MnCr-SAPO-34-ZSM-5 com-
posite catalyst.

2.4 Matching the multi-functionality of the different
components

The cooperation of different functionalities over the tandem
catalyst is the key to achieve optimum performance, such as
the activity of individual steps. This is controlled by the
activity of metal oxides and zeolites, and their mass ratio in
OXZEO catalysts. Therefore, we varied the acid site density
of SAPO-34 and ZSM-5 over the MnCr-SAPO-34-ZSM-5,
and investigated their roles. As shown in Figure S4a, the
density of Brensted acid sites of SAPO-34 has little effect on
the CO conversion and CO, selectivity over MnCr-SAPO-
34-ZSM-5, but it modulates the hydrocarbon distribution
(Figure 5a). Particularly, the BTX fraction among aromatics
(BTX/Aro.) increases stepwise with the density of Bronsted
acid sites. By contrast, the addition of AIPO-34 (MnCr-
AIPO-34-ZSM-5), which has the same topology with SAPO-
34 but without strong Brensted acid sites (Table 1), gives
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69.8% aromatics selectivity (Aro./HCs) with only 29.9%
BTX fraction among aromatics (BTX/Aro.). These values
are similar with those obtained over MnCr-ZSM-5 (Mode 1
in Figure 3 and Table S1), showing little effect of AIPO-34.
As the Bronsted acid sites have been demonstrated to be the
active sites for ketene conversion [22,23,36-38], the pre-
sumption of a higher activity over zeolite with more
Brensted acid sites should be reasonable. With more ketenes
being converted on SAPO-34 with more acid sites, the ke-
tene concentration during the reaction may be kept lower and
consequently the methylation of BTX by ketenes will be
inhibited, leading to an enhanced BTX fraction. This ex-
plained well the correlation of BTX fraction (BTX/Aro.)
with the density of Brensted acid sites of AIPO-34 and
SAPO-34 (Figure 5a). Figure 5a shows that SAPO-34-0.1
gives the highest BTX selectivity of 40.7% in hydrocarbons.
However, further increasing the strong Brensted acid site
density of SAPO-34 facilitates the hydrogenation of olefins,
leading to the formation of light paraffins (Table S2), which
unfortunately cannot be transformed to BTX by ZSM-5
under the reaction condition. This, on the contrary, lowers
the selectivity of aromatics (Aro./HCs) .

Similarly, the Brensted acid site density of ZSM-5 has
little effect on the CO conversion and CO, selectivity over

MnCr-SAPO-34-ZSM-5 (Figure S4b) but affects the hy-
drocarbon distribution. As shown in Figure 5b, the aromatic
selectivity (Aro./HCs) increases gradually from 66.6% to
76.7% with the density of strong Brensted acid sites of ZSM-
5 increasing from 60.8 to 231.8 pmol g_l. This can be at-
tributed to the enhanced aromatization reaction with the in-
creasing strong Brensted acid sites. However, it decreases to
63.2% when the density of strong Brensted acid sites further
increases to 567.0 umol tgf1 due to simultaneously enhanced
hydrogenation of light olefins (Table S3). The BTX fraction
in aromatics (BTX/Aro.) decreases from 61.1% to 43.4%, as
the density of strong Brensted acid sites increases from 60.8
to 231.8 pmol gfl, and then levels off. ZSM-5-360 with a
density of Brensted acid sites of 60.8 pmol gf1 exhibits the
highest BTX selectivity of 40.7% (Figure 5b).

2.5 Optimization of reaction conditions and the stabi-
lity

Catalytic performance can be further improved by varying
the reaction conditions. As shown in Figure 6a, a higher
pressure facilitates CO conversion, but has little effect on the
hydrocarbon distribution. For example, by increasing reac-
tion pressure from 2 to 5 MPa, CO conversion is enhanced
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Figure 6 (a—c) Effects of reaction conditions on the catalytic performance: (a) pressure; (b) temperature and (c) space velocity. (d) Stability test of MnCr-
SAPO-34-ZSM-5. Reaction conditions: 4.0 MPa, 430 °C, GHSV = 2,250 mL g,f1 hfl, H,/CO/Ar = 47.5/47.5/5, MnCr/SAPO-34/ZSM-5 = 1/1.5/1.5 unless
otherwise stated. See Tables S4-S6 for detailed hydrocarbon distributions. SAPO-34 and ZSM-5 were SAPO-34-0.1 (SiO,/Al,0; = 0.1) and ZSM-5-360

(Si0,/AL,05 = 360), respectively (color online).

from 8.8% to 15.5%. The selectivity of aromatics (Aro./HCs)
and the BTX fraction among aromatics (BTX/Aro.) keep at
around 68% and 60%, respectively. A higher reaction tem-
perature is also beneficial for CO conversion but at the ex-
pense of aromatics selectivity (Figure 6b). When the space
velocity is reduced to 1,250 from 2,750 mL g71 hfl, CcO
conversion increases to 21.9% (Figure 6¢). The hydrocarbon
distribution is not affected obviously while the BTX fraction
increases from 57.8% to 64.7% and the corresponding BTX
selectivity in hydrocarbons (BTX/HCs) increases from 38.1
to 41.9% (Figure 6¢). CO conversion can be enhanced to
28.7% by increasing the ratio of oxide to zeolite to 1/1 at the
space velocity of 1,250 mL g ' h™' (Figure S5 and Table S7),
and further to 31.5% by decreasing the space velocity to
750 mL g ' h™' with the BTX fraction maintaining above
60% (Table S7). Figure 6d shows the stability of MnCr-
SAPO-34-ZSM-5. CO conversion slight decreases from
14.8% to 10.8% during 120 h time on stream (TOS), while
the selectivity of aromatics and the BTX fraction both re-
mained rather stable. To get an insight on the loss of activity,
we performed XRD, NH;-TPD, N, physisorption and TG
analysis. XRD patterns (Figure S6a and S6b) show that the
MnCr oxide was turned to a mixture of MnO and Cr,0Oj; after
the reaction for 10 h (10 h-spent), with the crystal sizes 0f 9.5
and 17.8 nm, respectively. Upon the reaction for 120 h (120
h-spent), the crystal sizes of MnO and Cr,O; increase to 12.1

and 18.2 nm, respectively (Table S9). N, physisorption in-
dicates that the micropore surface area and micropore vo-
lume dramatically decrease after the reaction for 120 h, while
the external surface area and mesopore volume change little
(Table S8). This could be caused by carbonaceous species in
the micropores of zeolites, which is validated by NH;-TPD
(Figure S6¢) and TG analysis (Figure S6d). Therefore, the
slightly decrease of CO conversion during the reaction could
be ascribed to the gradually increased crystal size of MnCr
oxide and the carbonaceous species accumulation in the
micropore of zeolites.

2.6 Reaction mechanism over MnCr-SAPQO-34-ZSM-5

Based on the above discussion, we propose a scheme of
syngas conversion over the MnCr-SAPO-34-ZSM-5 ternary
composite catalyst (Scheme 1). Syngas is first activated on
the MnCr oxide, being converted to intermediates such as
ketene. Ketene is converted to light olefins (C, ~C, ) over
SAPO-34 and to aromatics over ZSM-5 while olefins can be
also further converted to aromatics partly over ZSM-5. The
methylation of BTX with ketene to form C,, aromatics (Ay.)
is inhibited due to the reduced ketene concentration by
SAPO-34. Consequently, the hydrocarbon distribution is
modulated towards BTX without sacrificing the total se-
lectivity of aromatics.
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Scheme 1 Scheme for the syngas conversion to BTX with a proposed reaction pathway over MnCr-SAPO-34-ZSM-5 ternary composite catalyst (color

online).

3 Conclusions

In summary, we design a ternary composite catalyst MnCr-
SAPO-34-ZSM-5, which catalyzes the direct conversion of
syngas into value-added BTX with a high selectivity. Under
the reaction conditions of 430 °C, 4 MPa, and 1,250
mL g ' h ', the BTX fraction reaches as high as 64.7% in
aromatics, equivalent to a BTX selectivity 41.9% in hydro-
carbons, at 21.9% CO conversion. A series of model reac-
tions and characterization reveal that the presence of SAPO-
34 plays an essential role by consuming partially ketene in-
termediate generated over MnCr oxides. Thus, further me-
thylation of BTX by ketene is suppressed on the external
surface of ZSM-5 zeolite, leading to an increased BTX
fraction without sacrificing the overall aromatics selectivity.
SAPO-34 in a close proximity with MnCr-ZSM-5 is much
more beneficial for BTX formation. The simple catalyst
design strategy provides an efficient method for the selective
synthesis of BTX from syngas and it is expected to be ap-
plicable for CO, hydrogenation.
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