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Abstract

Cu—Mn—-Al mixed oxides were prepared by calcination of carbonate layered double
hydroxides. Four materials were prepared with nominal Cu/Mn ratios in the 0.5-2.0
range and 0.19 nominal Al atom fraction relative to metal ions. Reduction of the
oxide precursors was followed by in situ X-ray absorption and X-ray diffraction and
showed that copper was totally reduced, and manganese reduced mainly to Mn>*.
Copper metal surface area by N,O decomposition after in situ reduction showed that
the dispersion increased with decreasing copper content in Mn—Cu—Al catalysts. In
methanol synthesis from syngas, the methanol productivity and selectivity achieved
values up to 35 mol kg~! h™! and 94% with Cu—Mn—Al catalysts. In the direct syn-
gas to DME reaction, using y-alumina as the methanol dehydration component, the
productivity of the Cu—Mn—Al catalyst with 0.5 Cu/Mn ratio stood-out from that of
the remaining catalysts.
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Introduction

There is a universally growing pressure for the replacement of fuels derived from
petroleum or coal, by environmentally friendlier ones. Among these, stand-out
fuels derived from natural gas and from biomass. The most widespread method for
doing this is via the intermediate production of synthesis gas (syngas), the so-called
reforming processes, that may be applied to most carbon-containing raw materials
[1-3]. Syngas is a mixture of hydrogen and carbon monoxide, generally containing a
minor amount of carbon dioxide, that can be converted to hydrocarbon fuels, olefins
or alcohols by means of the Fischer—Tropsch process [3] or to methanol via carbon
monoxide and carbon dioxide hydrogenation [4, 5].

Methanol may be directly used as a clean fuel in combustion engines [6] and
in fuel cells [7], may be transformed into gasoline by the so-called MTG [8] pro-
cess or it may be converted to dimethyl ether (DME) [9]. The latter is an important
chemical, used as a non-CFC aerosol propellant, solvent and refrigerating fluid [10].
However, its main interest nowadays is as an environmentally friendly alternative
to fossil fuels. It has physical properties similar to those of propane, which makes it
suitable for replacing or to be added to liquefied petroleum gas (LPG) [10]. It also
has a cetane rating somewhat higher than that of diesel fuel and of course burns
without emission of particulates or sulfur oxides [11]. Therefore, DME can be used
as an environmentally friendlier alternative to diesel.

DME is traditionally obtained indirectly from syngas in a two-step process by
methanol dehydration [12, 13]. There is a growing interest however in DME produc-
tion in a one-step process directly from syngas [14, 15]. The reactions involved are
the following ones in both process concepts [16]:

CO(g) + 2H,(g) = CH;0H(g) A, HY,, = —90kJ mol™' (1)

CO,(g) + 3H,(g) = CH;0H(g) + H,0(g) A,HY, = —49.5kImol™"  (2)

2CH;0H(g) = (CH;),0(2) + H,0(g) A, HYy, = —23.4kImol™' 3)

H,0(g) + CO(g) = Hy(g) + CO,(g) A H, = —41.2kI mol™ 4

As water is produced in reaction 3 and consumed in the water-gas shift reaction
4, when both methanol synthesis and dehydration are conducted in the same reactor
the overall carbon monoxide hydrogenation reaction is described by Eq. 5 [16].

3CO(g) + 3H,(g) = (CH;),0(g) + CO(2)A H)y, = —245.8kImol™"  (5)

In the two-stage process, methanol and thus the subsequent DME productivity, are
limited by the methanol synthesis equilibrium [17] (reaction 1). In the one stage pro-
cess, the overall reaction is reaction 5, whose equilibrium conversion is much higher
than that of reaction 1 [15, 16]. Therefore, in the direct process, the maximum DME
yield is much less limited by thermodynamics. From the kinetic standpoint, it is

@ Springer



Reaction Kinetics, Mechanisms and Catalysis (2024) 137:913-934 915

generally considered that methanol production in the synthesis reaction occurs mainly
from carbon dioxide [18, 19], rather than from carbon monoxide hydrogenation. In the
two-step process, the coupling of the methanol dehydration reaction 3 with the water
gas shift reaction (WGSR) keeps a high carbon dioxide concentration, which is favora-
ble to the reaction kinetics [20].

The one-step syngas to DME process (STD process) must employ, either a bi-func-
tional methanol synthesis/methanol dehydration catalyst [14, 21] or a mixture of cata-
lysts for these functions [21-23]. The methanol dehydration component is a catalyst
with surface acidic properties, such as a zeolite or y-alumina. The most common meth-
anol synthesis catalyst is a Cu—Zn—Al oxide [24, 25], which is also active in WGSR
[26, 27]. This oxide and y-alumina can perform their functions under the same condi-
tions, so their mixture is an efficient catalyst system for the one-step syngas to DME
process [21, 23].

Improvements in the STD process may be sought by investigating new promising
catalysts, either for the methanol synthesis component or for methanol dehydration
component of the mixed catalyst system. In previous work [28, 29] we have shown
that improvements in the STD reaction are obtained by using alumina-supported nio-
bia instead of the conventional y-alumina as the methanol dehydration component in
a mixed catalyst system with the conventional Cu—Zn—Al catalyst. In the present work
we focus on the performance of Cu—Mn—Al catalysts prepared from ternary hydro-
talcite-like precursors as the hydrogenation component in a mixed catalyst system for
the direct syngas to DME conversion. In a former paper, we have shown [17] that a
Cu-Mn-Al catalysts obtained by calcination of a carbonate layered double hydroxide
(LDH), after hydrogen reduction performed better than an industrial Cu—Zn-Al cata-
lyst in methanol synthesis from syngas in the liquid phase. Furthermore, the CuMn
system is known to be active in the water-gas shift reaction [30, 31] (reaction 4 above),
that plays a very important role in the STD reaction cycle. Therefore, the proposed cat-
alyst system is promising for the STD reaction.

There is scarce information in the open literature about Cu—Mn-Al catalysts for
DME synthesis. A 2001 paper by Qi et al. [32], reported on the performance of alu-
mina-supported Cu—Mn catalysts, on syngas to DME conversion, without combination
with a dehydration catalyst. Synergy between copper and manganese was observed,
but no comparison with the traditional Cu—Zn—Al system and little characterization of
the materials was provided. In two other papers, manganese was used as an additive to
Cu-Zn—Al with positive results [33, 34].

In the present paper, the Cu/Mn ratio was varied over a large range and the effects
of this parameter on the physicochemical and catalytic properties of the materials were
studied. The catalysts that performed better in methanol synthesis were used as the
methanol synthesis component together with a y-alumina as the methanol dehydration
component in the STD reaction.
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Experimental
Catalyst preparation

LDH precursors were prepared by the addition of two solutions to a beaker
previously filled with 200 mL of deionized water, at a constant tempera-
ture of 338 K. The first was an acidic solution composed of the metal nitrates
(AI(NO3);-9H,0, Cu(NO;),-3H,0, Mn(NO;),-4H,0, Zn(NO;),-6H,0) in relative
concentrations adequate to produce the materials according to the targeted metal
molar fractions, but with constant total concentration equal to 0.4 M. The sec-
ond was a basic solution containing ammonium carbonate (0.05 M) and ammo-
nium hydroxide (0.7 M). The pH of the reaction mixture was varied between 6.5
and 8.0, in a controlled fashion, by means of a pH controller that allowed the
alternate addition of the nitrates solution to lower the pH and of the ammonia-
cal solution to raise the pH. After aging of the suspension for 18 h, filtration and
drying, the precipitates were calcined at 673 K to obtain the mixed oxides.

Four ternary catalysts were prepared with nominal molar Cu:Mn ratios equal
to 0.2, 0.5, 1.0 and 2.0, and nominal 0.19 molar ratio of Al to total metal ele-
ments in all materials. The adopted nomenclature for the LDH precursors was
CuMnYALl, where Y represents the nominal Cu:Mn molar ratio. For the calcined
materials letter C is added to the same naming scheme, and for the reduced cata-
lysts, letter R is used instead of C.

For comparison with the conventional catalyst, a Cu—Zn—Al material was pre-
pared by the same method, with a 2.0 Cu:Zn ratio and a 0.16 nominal molar ratio
of Al to total metal elements. An industrial Cu—Zn—Al methanol synthesis cata-
lyst (named CMSC) was made available by PROSINT Quimica S.A. (Brazil).

Characterization

The characterization methods used here were described in full detail in our pre-
vious work [17]. The LDH precursors were characterized by powder X-ray dif-
fraction (XRD). The oxides were characterized by nitrogen physisorption for
determination of surface areas using the BET method, by inductively coupled
plasma optical emission spectroscopy (ICP-OES) and by XRD.

Reduced materials were characterized, during in situ reduction under a 5%
H, in He mixture, by X-ray absorption near-edge spectroscopy (XANES), by
extended X-ray absorption fine structure spectroscopy (EXAFS) at the Cu K-
and Mn K-edges and by XRD at the Laboratério Nacional de Luz Sincrotron,
Campinas, Brazil. The copper dispersion was estimated from N,O decomposi-
tion on the metal surface generated after reduction up to 538 K during a temper-
ature-programmed reduction (TPR) experiment, followed by a second TPR for
titration of the oxygen deposited on the copper surface.
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Catalytic tests

Catalytic evaluation was performed with all catalysts in methanol synthesis and
with selected ones in the direct syngas to DME (STD) reaction. The measure-
ments were carried-out in a continuous stirred tank reactor (CSTR). The pow-
dered catalyst charge (0.2-0.28 g) was such that the copper mass in the reactor
was always the same. The suspension medium for the catalyst powder was n-hex-
adecane. The catalysts were activated in situ employing pure hydrogen at 50 bar,
538 K for 18 h. Subsequently, the reaction was started by replacing the reduc-
ing gas by the synthesis gas (H,/CO = 2 mole basis, 170 mL min~!). Each test
lasted for 8 h, during which the reactor effluent was periodically sampled to an
online gas chromatograph. Further details may be found in our previous publica-
tion [17].

The procedure in the STD reaction was the same, the only difference being that
a Pural SB y-alumina also in powder form (granulometry between 44 and 88 um)
previously calcined at 823 K for 4 h, was added to the methanol synthesis catalyst as
the methanol dehydration component. The alumina amount was chosen so that the
molar Cu/Al ratio was 0.41 in all experiments, considering the copper and alumin-
ium contents of each catalyst. Therefore, masses between 0.2 and 0.3 g were used
for Cu containing catalyst and between 0.28 and 0.4 g for y-alumina.

Carbon monoxide conversions were calculated from the expression shown in
Eq. 6.

_ 2,1 XA, Xf,
ZtntXAt Xf;

where X (dimensionless) is the percent conversion, subscripts p and t represent car-
bon-containing products and all carbon-containing substances, n is number of car-
bon atoms in each substance (2 for DME and 1 for all others), A; is the chromato-
graphic area of the peak corresponding to substance i and f; is the chromatographic
sensitivity factor.

Percent selectivity ; to substance i (dimensionless) was calculated from Eq. 7.

x 100 ©)

n; X A; X f;

= =T 5100 7
anprprp )

Here the symbols n, A and f have the same meaning as in Eq. 1. Subscript i indi-
cate a given product.
Productivities P, for a given product i (mol kg~! h™') were determined from Eq. 8.

S XF
p ==
' n,W ®)
Here S;, n; and X have the same meaning as before, F, is the carbon monoxide
molar feed rate and W is the catalyst mass.

Mass specific initial carbon monoxide reaction rates (i.e. reaction rates extrapo-
lated to null conversion), r,, (mol kg‘1 h‘l), were calculated from CO conversions,
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assuming that carbon monoxide conversion follows an apparent first order rate law
with respect to its concentration [28], which, when applied to a CSTR, gives Eq. 9.

XF 0
r = ———
0= WX )
Here the symbols X, F,, and W have the same meaning as before.
Finally, area-specific reaction rate relative to copper surface area, r;xo (mmol m~2

h~!) was calculated dividing the reaction rate from Eq. 9 by the experimentally cop-
per metal surface area, S, (m2 g_l), as shown in Eq. 10.

Fho = 22 10
A0 Scy (10)

Results and discussion

Characterization of the oxides

The mixed-oxides were prepared by calcination of co-precipitated hydroxy-car-
bonates, whose X-ray diffractograms are shown in Fig. S1. They consist largely of
a hydrotalcite-type hydroxycarbonate (LDH) phase with minor amounts of a rho-
dochrosite (MnCO;) phase.

Chemical composition and surface area

Table 1 shows the chemical composition of the oxides prepared by calcination of

the precursor LDH at 673 K determined by ICP-OES. Comparing the values in the
second column of Table 1 with the numbers that appear in the nomenclature of the

Table 1 Chemical composition and specific surface area of the oxides

Material Metal molar fractions? Cu load (Wt%)* Mn or Zn incor-  Sgpr (m*g™h
poration (%)>4

Cu/Mn or Cu/Zn®  Al/ME®

CuMn2AIC 2.8 0.21 49.6 79 62
CuMn1AIC 15 0.22 40.0 78 101
CuMn0.5AIC 1.1 0.25 31.4 65 104
CuMn0.2AIC 0.29 0.24 13.5 87 145
CMSC 2.0)° 0.16 46.5 - 84
CuZn2AIC 2.0)° 0.16 46.3 (99) 55

“Determined by ICP-OES
®Values between parentheses correspond to Zn rather than Mn
‘M is the total of metal elements (Al + Cu+ Zn or Mn)

dPercent Mn or Zn in the oxides, relative to the nominal ones
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catalysts, which give the nominal molar Cu/Mn or Cu/Zn ratios, it is seen that not
all the manganese used in the syntheses was incorporated into the solids. The fifth
column in the Table gives the percentage of the manganese that was incorporated
relative to the nominal ones. This may be related to the larger size of the Mn>* ion
in octahedral coordination (0.80 A) as compared to Mg>* (0.65 A) which may limit
the incorporation of Mn?" into the LDH structure. The analytical Cu/Zn ratio of a
Cu-Zn—-Al material (CuZn2AIC) was the same as the nominal one.

Because of the low manganese incorporation into the hydroxycarbonate precur-
sors, the actual content from both, copper, and aluminum, were higher than expected
from the nominal composition. The analytical molar ratio of aluminum to total metal
ions was somewhat higher than the targeted 0.19 value in the case of the Cu—Mn—Al
materials. In the case of the synthetized Cu—Zn—Al material, the targeted aluminum
to total metal elements was the same as that in CMSC, therefore the actual catalyst
composition was the same as the nominal one (0.16).

The specific surface areas of the calcined materials are also displayed in Table 1
and show that mixed oxides based on Cu—Mn—Al with a considerably higher surface
area than the synthetized Cu—Zn—Al methanol synthesis catalysts were obtained.
The specific surface area is seen to increase monotonically with the manganese con-
tent of the solids. Therefore, manganese can be considered as a textural promoter of
the Cu—Al system.

X-ray diffraction

The XRD patterns of the materials are presented in Fig. 1. They were collected using
a synchrotron light source, at LNLS (Brazil). Due to limited beam time availability,

Fig. 1 XRD of the mixed-oxides
and CuO (ICSD 16025) and
ZnO (ICSD180052) patterns
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the sample CuMn0.2AIC was not measured in this laboratory. However, it was run in
conventional XRD, and the pattern is shown in Fig. S2. From Fig. 1 it is possible to see
that the more crystalline materials were those containing Cu, Zn and Al metals. Both
the commercial (CMSC) and the synthetized (CuZn2AIC) Cu—Zn-Al oxides display
the characteristic peaks of CuO (ICSD 16025) and ZnO (ICSD 180052) phases. The
diffraction patterns for the Cu—Mn—Al oxides are broader than for the Zn containing
ones, with some overlapping peaks of low intensity. Only the CuMn2AIC oxide, with
the highest copper content, displayed peaks at 20 ca. 36° and 39° attributable to CuO.

The CuMnO0.2AIC oxide (cf. Fig. S2), the one with the highest manganese content,
exhibited somewhat more defined peaks, which allowed the proposal of a phase assign-
ment, namely a mixture of MnO, and a spinel-like Mn—Al phase. Fig. S2 presents the
XRD patterns of the phases. All other Cu—Mn—Al oxides display small peaks at 20 ca.
34° and 37° (Fig. 1). The latter coincides with the main MnO, X-ray diffractions, but
the former could not be assigned to any manganese or copper-manganese phase. As its
intensity increases with increasing manganese content, it is most probably related to a
manganese-containing phase.

In situ reduction studies
XANES results

Fig. 2a and b show the Mn K-edge XANES and first derivative spectra for the materi-
als reduced in situ at 529 K (same reduction temperature used in the catalytic tests) at
atmospheric pressure under a 5 V% hydrogen in helium mixture and those of refer-
ence materials. The assignment of the species present in the samples is more conveni-
ently made with reference to the first derivative spectra. The absorption edge energy,
as measured from the position of the first intense maximum in the first derivative spec-
trum is the same as that of MnO at 6545 eV for all materials. Besides, the main features
of the MnO spectrum appear in the spectra of the reduced materials, as shown by the
dashed lines in Fig. 2a and b. There is however a distinct maximum at ca. 6547 eV,
marked by the solid line in Fig. 2b, that does not exist in the first derivative spectrum of
MnO and coincides with the absorption edge energy of Mn;0,. Furthermore, the 1s —
3d pre-edge transition is stronger in the Cu—Mn—Al reduced materials than in MnO and
similar to that of Mn;0,. Therefore, these materials contain both a MnO like phase and
a Mn;O, phase.

The XANES spectra at the Cu K-edge and first derivatives for the reduced materials
are presented in Fig. S3. All spectra are practically the same as that of copper metal. In
all cases the absorption edge energy was that same as that of a copper foil at 8979 eV,
except for the catalysts with the smallest copper content, where an 0.6 eV red shift was
observed.

EXAFS results

The EXAFS oscillations and the magnitude and imaginary parts of the Fourier
transform (FT) for the in situ reduced oxides are shown in Figs. S4 to Fig. S12, both
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Fig.2 XANES spectra (a) and derivative spectra (b) for the materials reduced in situ at 538 K and stand-
ards at the Mn K-edge

at the Mn and Cu K-edges. The structural parameters obtained from the EXAFS
spectra at the Mn K-edge are displayed in Table 2. In order to reduce the simulations
uncertainties and parameter correlations, only one Mn—O and one Mn—-Mn distance
were considered. Also, the first sphere coordination number of manganese was fixed
at 6 which is the total number of oxygen atoms in the first shell (multiple paths were
not considered). It is important to emphasize here that the usage of a more detailed
model to describe the manganese oxides did not produce reliable results, leading

Table 2 Structural parameters obtained from EXAFS results at the Mn K-edge for the reduced materials

Sample Ryn-o (A® N MO "anfo [SYREVS (A® N Mo M’ c’anan Ractor
(A% (A%
CuMn0.2AIR  2.06(2) 6.0 0.024(4)  3.054) 2.0(2) 0.013(3)  0.041
CuMn0.5AIR  2.09(2) 6.0 0.024(4)  3.08(4) 2.2(2) 0.015(3)  0.032
CuMnlAIR 2.07(2) 6.0 0.024(4)  3.08(4) 2.1(2) 0.014(3)  0.020
CuMn2AIR 2.09(2) 6.0 0.024(4)  3.08(4) 2.2(2) 0.013(3)  0.048

#Average interatomic distances

b Average coordination number in the first shell fixed in 6.0

“Debye—Waller factor for Mn—O path

4 Average coordination number in the second shell

“Debye—Waller factor for Mn—Mn path. Uncertainties for all parameters are shown between parentheses

@ Springer



922 Reaction Kinetics, Mechanisms and Catalysis (2024) 137:913-934

to impossible parameter values and non-convergence of the Levenberg—Marquadt
minimization algorithm.

According to the XANES results, these samples contain manganese(II) oxide,
probably in admixture with a Mn;O, phase. Manganese(II) oxide has a simple
cubic structure, with both manganese and oxygen octahedrally coordinated by each
other [35]. The Mn—O and Mn-Mn distances in the crystalline materials are 2.22
and 3.14 A [35]. The Mn;0, structure is considerably more complex; it is a regu-
lar spinel structure, with Mn?" ions at tetrahedral sites and Mn** ions at octahe-
dral sites, with considerable Jahn—Teller distortion [35, 36]. The Mn*"—O distance
is 2.04 A, while the Mn>* ion has four oxide neighbors at 1.93 A and two others at
228 A [35, 36]. As a result, the average oxide first shell distance is 2.03 A. There
are two second shell Mn—Mn distances, averaging 3.04 A [35]. Therefore, our best
fit distance parameters with a simplified model lie between those of crystalline MnO
and Mn;0,, confirming the XANES results that pointed to the existence of mixed
manganese valence states in the reduced materials. Furthermore, the small second
sphere coordination numbers indicate structural disorder beyond the first coordina-
tion sphere. This structural disorder, plus the fact that each of the peaks in the FT
spectra may contain the contribution of species with multiple environments may
account for the large Debye—Waller factors found.

The structural parameters obtained from the EXAFS spectra at the Cu K-edge
are displayed in Table 3. In the case of the Cu K-edge for the reduced materials,
where the XANES, and also the XRD results shown in the next section, indicate that
metallic copper is the only copper species observed, the adjustable parameters were
the average coordination numbers, distances and Debye-Waller factors of the first
three coordination spheres.

The results in Table 3 indicate progressive decrease in Cu—Cu bond distances
with decreasing copper content. Table also includes the results for the Cu—Zn—Al
catalyst, that has similar bond distances as the Cu—Mn—Al catalyst with the larg-
est copper content. At the same time, the coordination numbers for all coordination
shells decrease with decreasing copper content, the largest relative difference being
for the catalyst with the smallest copper content. Both trends are certainly related
with a copper crystallite size that decreases with decreasing copper content. The
smaller the crystallites, the larger the fraction of atoms with incomplete coordina-
tion shells due to increasing surface to volume ratio. The same factor causes the
average bond contraction due to increasing excess surface free energy with increas-
ing surface to volume ratio.

X-ray diffraction

The XRD patterns for the materials after reduction under 5% H, in He up to 529 K
are shown in Fig. 3. The main peak in all the samples corresponds to metallic cop-
per. However, small broad peaks also appear in the Mn containing samples, related
to a MnO phase, in agreement with the XANES data. Crystalline ZnO still remains
in CuZn2AIC after reduction. These results indicate that the copper in the calcined
samples is totally reduced to metallic Cu under the present reduction conditions.
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Fig. 3 XRD of the materi-
als after in situ reduction
under 5% H, in He up to 538
K and MnO (ICSD 162039),
Cu (ICSD 627113) and ZnO
(ICSD180052) patterns i
3 !
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In Figs. S13-S16, the evolution of the XRD during the reduction process is
shown. Some selected diffractograms were plotted from room temperature to 529 K
(ramp of 10 K min~! and isothermal at 538 K for 20 min).

It can be confirmed that the Mn containing samples begin with a very disordered
structure. In the case of the sample with Zn instead of Mn (Fig. S16), the start-
ing structure, already organized before reduction, becomes even more defined, with
sharper peaks, with increasing temperature. In all samples, reduction starts before
the temperature plateau is reached. The onset of reduction is at 487 K with CuZ-
n2AIC (Fig. S16), 493 K with CuMn2AIC (Fig. S14) and 513 K with CuMn1AIC
(Fig. S14), and CuMnO0.5AIC (Fig. S13). Therefore, the reducibility of the copper is
smaller with the Cu—Mn-Al materials than the Cu—Zn—Al one and decreases with
increasing manganese content.

Copper crystallite sizes in the reduced materials were determined using the
Scherrer equation and are displayed in the last column of Table 4. Copper crystal-
lite sizes increase with increasing Cu/Mn ratio, and this may be a combined result
of decreasing specific surface area of the oxides and increasing tendency for sinter-
ing of copper in the same direction. All manganese-containing catalysts had smaller
copper particle sizes than the zinc containing one prepared by the same method.

Hydrogen reduction and N,0 decomposition measurements

The total hydrogen consumption during the temperature programming followed by
an isothermal step is of interest and is presented in Table 4, together with the oxy-
gen titration results. In this table, hydrogen consumption is presented as the ratio of
moles of hydrogen consumed in the experiments to the ones expected for complete
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Table 4 Crystallites and

. . . Material d(XRD) H,TPR Disper- Sc, d, (nm)®

reduction properties of metallic (nm)* (! sion (m? g~y

copper ney)’ (%)°
CuMn2AIR 8.8 1.2 11 36 9.2
CuMnlAIR 84 1.3 17 46 5.9
CuMnO.5AIR 4.1 1.5 22 47 45
CuMn0.2AIR n.a.f 2.4 76 69 1.3
CuZn2AIR 16.5 1.1 11 33 10
CMSCR nal 1.1 8 24 13

Crystallite size determined from the Scherrer equation
®Moles H, consumed per mole Cu

“Determined by the N,0 decomposition method

dCopper metal surface area

Crystallite size determined by the N,O decomposition method

Not available

reduction of the CuO present in each catalyst to the metallic state, which coincides
with their copper mole content. For CMSC and CuZn2AIC, that contain zinc instead
of manganese, this ratio was 1.1, suggesting a small reduction of the zinc. It has
been proposed that the hydrogen dissociated on the copper surface may reduce ZnO
at the Cu’~ZnO interface [37]. With Cu—Mn—Al materials, the ratio increases con-
tinuously with manganese content, up to 2.4, indicating substantial reduction of the
manganese. Quantification of the degree of reduction of manganese is not possible,
due to uncertainty in the proportion of manganese oxidation states both in the oxide
and in the reduced state of the materials.

Both the in situ XRD and XANES results showed that copper was completely
reduced to the metallic state upon exposure of the materials to hydrogen at 538 K.
Therefore, in the calculation of the copper dispersion in the N,O decomposition
experiments, it was assumed that copper was completely reduced after the initial
TPR. The results for the dispersion and derived copper surface area and crystallite
size, are also presented in Table 4.

The dispersion of CuMn2AIR is close to that of CuZn2AIR but dispersion
increases pronouncedly with manganese content. The average crystallite diameters
calculated from the dispersions vary correspondingly in the opposite direction. It is
noteworthy that the average crystallite diameters determined by the N,O decomposi-
tion method are close to and vary in the same direction as the ones calculated using
the Scherrer equation. These results are also consistent with the ones obtained from
EXAFS at the Cu K-edge, that showed decreasing first, second and third sphere
coordination number with decreasing copper content (cf. Table 3).

The metal surface area depends on dispersion and metal content and, since
the dispersion increases with decreasing copper content, the metal surface areas,
although varying considerably, do not vary as much as the dispersions in relative
terms. Two main factors may contribute to the increase in dispersion with decreas-
ing copper content: first, the specific surface areas of the precursor oxides increase
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in the same direction (cf. Table 1), which may facilitate the dispersion of the copper
in the reduced catalysts; second, the increase in copper concentration in the cata-
lysts may favor crystallite growth by sintering. In this connection, Fig. S17 shows a
plot of average copper crystallite diameter vs. copper wt% and a linear correlation is
obtained. It is worthy of note that the copper in the Cu—Zn—Al catalyst prepared by
our method, using sodium-free starting materials has a better dispersion than in the
industrial catalyst with the same elements and composition.

Catalytic measurements
Methanol synthesis

The catalysts were tested in the methanol synthesis reaction dispersed in a n-hexade-
cane suspension in a CSTR reactor, at 538 K and 50 bar hydrogen pressure. Carbon
monoxide conversion vs. time-on-stream is shown in Fig. 4. The data show that,
after an initial fast deactivation, the catalysts were stable for the ca. 8 h duration of
the experiments. As the catalyst masses used were chosen so that the quantity of
copper in each experiment was approximately the same, the conversions obtained
approximately reflect catalytic activity per amount of copper. On this basis, except
for CuMn2AIR, all Cu—Mn-Al catalysts were more active than the Cu—Zn—Al ones.

Table 5 shows that, except for CuMn0.2AIR, all catalysts prepared in this work
had similar productivities in terms of methanol produced per total catalyst mass,
which were significantly higher than that of the industrial Cu—Zn—Al catalyst,
CMSCR. From the carbon monoxide conversion results, mass- and area-specific
(with respect to copper surface area) reaction rates for each experiment were calcu-
lated (see third and fourth column of Table 5). Again, except for CuMn0.2AIR, the
reaction rates were essentially the same among the Cu—Mn—Al materials. The area-
specific reaction rate values for the Cu—Zn—Al catalysts were similar to each other,
but somewhat higher than those of the Cu—Mn—Al catalysts.

As shown in our previous paper [17], the area-specific reaction rate on a Cu—Al
catalyst also obtained from a LDH precursor was close to those of the Cu—Mn-Al
catalysts, but its selectivity to methanol was considerably smaller (48.7% vs 94.5%),
mainly due to dehydration of methanol to DME and to the methanation reaction.
Thus, the main promoting effects of manganese or zinc are to improve the selectivity
to methanol.

The results obtained with the Cu-Zn-Al catalyst prepared by the method
described here show that zinc has a larger influence on the copper-based reaction
rate than manganese. This could arise from some direct participation of the promot-
ers in the reaction mechanism or from some influence on the intrinsic properties of
copper, which could not be detected in our XANES measurements.

It is relevant that it has recently been found that methanol synthesis on copper is
a structure sensitive reaction and the copper-based area-specific reaction rate was
found to decrease with decreasing copper particle size. The Cu particle sizes on
the Cu—Zn—Al catalysts used in the present paper are larger than the ones on the
Cu-Mn-Al catalyst (cf. Table 4). This structure-sensitivity effect may also explain

@ Springer



Reaction Kinetics, Mechanisms and Catalysis (2024) 137:913-934 927
12 ®  CuMn0.5AIR m  CuZn2AIR
7] ® CuMn0.2AIR ® CuMn2AIR
A ¢ CuMn1AIR A CMSCR
114 -
104 © -
i . " DI N ] u Em . ] " mgm B
) °
X 94 ® o, LI . ° e®*® o o ® ° .
8 ]
3 8 4 .
g ]
1 ®
O 6- ® ° ¢, e e & 0 o ®
o -
- ] m B
5 P [ ] mEEg . . . " D [ ]
7 ° o9 0e0® g0 % , 0 40
4 4 a2 . 2, a
A A AAA A4 a A A A
i A A
3 : T y T y T ) T ) T
0 100 200 300 400 500
Time (min)

Fig.4 Carbon monoxide conversion vs. time-on-stream in CO hydrogenation at 538 K and 50 bar in a
CSTR reactor with the catalysts suspended in n-hexadecane

Table 5 Methanol synthesis results (liquid phase, 583 K, 50 bar)

Material Productivity® Reaction rate®  Reaction rate® Selectivity (%)%
(molkg™'h™")  (mmolm~2h7")
CH,OH (CH;,0 CH, CO,

CuMn2AIR 31(x3) 349 0.97 92.0 1.0 22 438
CuMnlAIR 35(x£6) 394 0.86 94.1 0.7 1.5 37
CuMn0.5AIR 36 (1) 42.6 0.91 93.6 0.8 03 53
CuMn0.2AIR 16 (+2) 19.7 0.29 92.3 1.8 1.1 47
CuZn2AIR 33(x£3) 385 1.17 91.6 1.9 1.6 48
CMSCR 25(x2) 28 1.17 88.3 35 1.7 6.6

“Moles of methanol produced per kg catalyst per hour

PRelative to catalyst mass

“Relative to copper surface area

dPercentage of moles CO converted to each product per mole converted

the very low reaction rate obtained with CuMn0.2AIR, where the average particle
size estimated from N,O decomposition was only 1 nm. It is relevant that this was
the only catalyst in which a change in the electronic charge of Cu atoms could be
observed by XANES with respect to the remaining materials.
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The selectivity to methanol of all catalysts prepared here, including the
Cu—Zn—Al catalyst, was larger than that of the industrial catalyst, mainly on account
of smaller selectivities to DME and carbon dioxide. CuMn0.5AIR and CuMnlAIR,
besides presenting the largest methanol productivities among all catalysts, also had
the largest methanol selectivities.

If we ignore the atypical CuMn0.2AIR catalyst with its very small copper particle
size, it is seen that increasing manganese content decreases the methanation selec-
tivity. It is already known from the literature that a higher proportion of Mn?>* and
Mn** on the surface can significantly affect the catalytic properties of MnOXx con-
taining materials [38, 39]. These low charged manganese atoms can generate rela-
tively stable oxygen vacancies which will promote lattice oxygen mobility and the
dissociation of CO, producing surface oxygen intermediates that can react with car-
bon deposits (CH, species—methane precursors [40, 41]), thus hindering the metha-
nation reaction. This process is more evident in the catalysts with higher manganese
content.

Under the present testing conditions, the best Cu—Mn—Al catalysts prepared pre-
sented some advantage in terms of methanol productivity and selectivity over the
Cu—Zn—Al ones. The productivity of the Cu—Mn—Al catalysts seems to be dictated
by an interplay of copper dispersion and copper content. Decreasing Cu/Mn ratio
decreases the copper content but increases the dispersion (cf. Table 4). Overall,
the copper surface area increased with decreasing Cu/Mn ratio, but below a certain
crystallite diameter the intrinsic activity of copper decreases, so maximum produc-
tivity is obtained over a limited range of Cu/Mn ratios.

In order to compare the results with one using bimetallic Cu—Al catalyst, our pre-
vious paper [17] shows that this catalyst exhibited the lowest Cu dispersion (5.3%)
and highest copper particle size (18.8 nm), when compared with the Cu—Mn-Al cat-
alysts. The selectivity to methanol was only 48.7%. This demonstrates the positive
effect of Mn in the trimetallic Cu—Mn—Al catalysts.

DME synthesis

The two best Cu—Mn—Al catalysts in terms of methanol productivity, CuMnlAIR
and CuMnO.5AIR, plus the synthetized and the industrial Cu—Zn—Al catalysts
were tested as the methanol synthesis component in a mixed catalyst system with
a y-alumina as the methanol dehydration component, in the direct syngas to DME
conversion. The catalyst masses were selected to have the same copper content in
the reactor in each experiment. The alumina amount was chosen to have the same
0.41 Cu/Al ratio in the reactor in all experiments, considering the aluminum content
in each methanol synthesis catalysts.

The reaction products observed were the same as in methanol synthesis, except
methane, that was produced in negligible amount in the DME synthesis experi-
ments. Fig. 5 shows the carbon monoxide conversion vs. time on stream curves.

As in the case of methanol synthesis, except for an initial deactivation, the cata-
lysts were stable for the duration of the experiments. The order of carbon monoxide
conversions was the same as in methanol synthesis, which suggests that methanol
synthesis rather methanol dehydration is the rate-determining process in the overall
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reaction. The carbon monoxide conversion on CuMn0.5AIR relative to that on the
other catalysts was larger in DME than in methanol synthesis.

Table 6 displays DME productivity (per methanol synthesis catalyst mass), reac-
tion rates and selectivity of the tested catalysts in the DME synthesis experiments.
As expected, the reaction rate values are considerably larger in DME than in meth-
anol synthesis, because the water produced in methanol dehydration on alumina
drives the WGSR on the methanol synthesis catalyst, producing carbon dioxide, that
is generally considered to be the actual methanol precursor in the synthesis reac-
tion [18, 19]. The increase in carbon dioxide concentration in the reaction medium
increases the rate of the catalytic cycle.

The selectivity results do not show significant differences among the catalysts.
The Cu—Mn—Al catalysts have a slightly smaller selectivity to methanol than the
Cu—Zn-Al ones. The DME/CO, selectivity ratio is about 2, showing that in all cases
the overall reaction is represented by Eq. (5) shown in the Introduction, i.e., essen-
tially all the water produced in methanol dehydration is consumed in the WGSR to
generate carbon dioxide.

The productivity and reaction rates result for CuMnlAIR and the Cu-Zn-Al
catalysts follow the same tendency as in methanol synthesis, i.e., a larger DME
productivity and a smaller area-specific reaction rate with the Cu—Mn—Al catalyst.
CuMn0.5AIR, however has a considerably larger DME productivity than the other
catalysts and a larger area-specific reaction rate than CuMnlAIR. One possible

35
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Fig.5 Carbon monoxide conversion vs. time-on-stream in CO + H, direct conversion to DME at 538 K
and 50 bar in a CSTR reactor with the catalysts plus y-alumina suspended in n-hexadecane
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Table 6 Direct syngas to DME conversion (liquid phase, 583 K, 50 bar)

Material Productivity® Reaction rate®  Reaction rate®  Selectivity (%)
(molkg™'h™")  (molm=2h7")

CH,OH (CH),0 CH, CO,

CuMnlAIR 38 (x+3) 68 1.5 5.0 62.0 00 330
CuMnO.5AIR 61 (%5) 119.9 2.6 6.0 63.0 00 310
CuZn2AIR 32 (x+ 10) 56.9 1.7 7.0 61.0 0.0 31.0
CMSCR 30(x9) 51.8 22 7.0 62.0 00 310

“Moles of DME produced per kg methanol synthesis catalyst per hour
PRelative to catalyst mass
“Relative to copper surface area

dPercentage of moles CO converted to each product per mole converted

explanation comes from Table 5. This catalyst has a higher CO, selectivity in meth-
anol synthesis than CuMn1AIR and thus presumably a better WGSR activity, which
may accelerate the DME catalytic cycle. This advantage of CuMn0.5AIR over
CuMnlAIR is not observed in methanol synthesis, i.e., in the absence of alumina,
because these catalysts have low methanol dehydration and methanation activities
that could provide water to drive the WGSR.

In terms of the characterization methods used some differences may be observed
between CuMn0.5AIR and CuMnlAIR. The most conspicuous one is observed in
Fig. 3, where the copper in the former catalyst is seen to be less crystalline than
the latter. This is reflected in the smaller copper crystallite diameter derived from
the Scherrer equation, shown in Table 4, and in the smaller Cu—Cu distance in
CuMnO0.5AIR derived from EXAFS, as shown in Table 3. According to the literature
[38], this better WGSR activity can be due to the surface oxygen vacancies (see the
previous section) formed on manganese oxide surfaces with higher proportion of
Mn** and Mn>*. These vacancies can act as anchoring sites for water molecules that
will react with CO adsorbed on copper generating a formate intermediate essential
to the WGSR reaction. The results in Table 4 show a larger hydrogen consumption
during TPR with CuMn0.5AIR than with CuMn1AIR, suggesting a larger amount of
reduced Mn species in the former.

Conclusions

All the Cu-Mn-Al oxides prepared here had low crystallinity, in contrast with
Cu—Zn—Al mixed oxides (obtained either from a commercial supplier or synthetized
in our laboratory by the same method as the manganese-containing oxides).

After reduction at 538 K, the copper was completely reduced to the metallic state
and the manganese was reduced mainly to MnO, but with the presence of some
Mn**, probably as a Mn,O, phase.

The copper dispersion decreased markedly with increasing copper content but
the dispersion in a Cu—Mn—Al catalyst was close to that of a Cu—Zn—Al catalyst
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with similar copper content prepared in our lab. In both materials the copper dis-
persion was larger than in an industrial Cu—Zn—Al catalyst (CMSC).

The productivity for methanol production based on total catalyst mass for the
Cu—Mn-Al catalysts with Cu/Mn ratio in the 1.1-2.8 range was close to that of
the Cu—Zn—Al catalyst with Cu/Zn equals 2.0, and higher than that of CMSC also
with a 2.0 Cu/Zn ratio. The copper-based area-specific reaction rate was simi-
lar among the Cu—Mn-Al catalysts with Cu/Mn ratio in the 1.1-2.8 range and
smaller than that of both Cu-Zn—Al catalyst, which were close to each other. The
methanol selectivity was higher with the best Cu—Mn-Al catalysts (CuMn0.5Al
and CuMn1Al), as compared to the Cu—Zn—Al ones.

When comparing the two best Cu—Mn—Al catalysts with the Cu—Zn—Al ones in
the direct syngas to DME reaction, using a y-alumina as the methanol dehydra-
tion component, the same order of productivity based on the hydrogenation cata-
lyst is found as in methanol synthesis, but the productivity of CuMn0.5Al (with
real Cu/Mn ratio equals 1.1) stood out from the others, possibly on account of a
larger WGSR activity that plays an important role in the DME synthesis reaction
network.

Overall, replacing Zn with Mn and increasing the Mn proportion has advan-
tages, in that this allows the obtention of precursor mixed oxides with higher
specific surface areas, allows the production of smaller copper crystallites upon
reduction and has beneficial chemical effects in terms of selectivity in methanol
synthesis and productivity in syngas to DME conversion.

The purpose of this paper was to compare de CuMnAl catalysts with a CuZ-
nAl one prepared by the same method. There are many conceivable preparation
methods for these ternary catalysts, but the use of LDH precursors is convenient
from a practical standpoint, due to the experimental easiness and reproducibility
of their preparation. The comparison with the commercial catalyst showed that
the CuZnAl catalyst obtained by the method used here was at least as good as the
commercial one, both in methanol and in DME synthesis.
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