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A series of Mn promoted CuZnAl catalysts were prepared by coprecipitation method. Doping of manganese in
CuZnAl strongly enhanced the AWS activity and propionic acid selectivity. The interaction between Cu and Mn
ions results in suppressed the hydrogenation of propanal to propyl alcohol and enhanced the selectivity of
propionic acid. According to our results, the most favorable Mn/Cu molar ratio is 1:1. Higher temperature is also
beneficial to the selectivity of propionic acid on CuZnAl-based catalysts.

1. Introduction

Bio-based alcohols and aldehydes such as ethanol, furfural, glycerol
can be further oxidized to corresponding carboxylic acids with Oa.
Nowadays, in order to economize and optimize the process of biomass
conversion and utilization, a growing interest has been focused on
finding new reaction process. In this background, soft oxidation routes
using weak oxidants such as HoO, CO3 and N3O are attracting more and
more attentions [1-5]. With those weak oxidants, reactions can be more
gently and catalytic combustion can be depressed to enhance the
selectivity of desired products. Aldehyde-water shift (AWS) reaction, is
one of the typical oxidation process works with weak oxidants. In an
AWS reaction, the aldehyde react with water to produce corresponding
carboxylic acid and hydrogen (RCHO + H20 « RCOOH + Hjy). Water
works as a reaction partner, one proton is to form molecular hydrogen
while the hydroxyl group is incorporated into the carboxylic acid [6].
Complete oxidation to CO3 or CO can be safely suppressed (except for
the steam reforming at high temperatures).

Several works focusing on AWS reaction have been published in the
past few years. Brewster etc. reported a series of half-sandwich com-
plexes of Ir, Rh, and Ru are shown to be active catalysts for the AWS of
alkyl and aromatic aldehydes [2,3]. However, the homogeneous cata-
lytic process and the usage of noble metals minimize the possibility to-
ward industrialization. Orozco etc. proposed the AWS reaction as a step
of heptanal ketonization on the CeOq-based heterogeneous catalysts [7].
Wen etc. suggested that reducible support may be beneficial to AWS
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reaction [8]. They explored the AWS reaction of acetaldehyde on some
oxide-supported metal catalysts, in which the Cu/CeOy and CuZnAl
performed best. They pointed out that the synergistic effect of Cu sites
and sites from reducible oxide of CeO, and ZnO is the key for the
enhanced performance. However, the role of promoters and the way to
improve the product selectivity are still matters worth investigation.

CuMn-based catalysts have attracting more and more attention
recently. Manganese could adjust the electronic properties of copper
through inner redox equilibrium (Cu?>* + Mn®*Cut + Mn*"). This
property may be beneficial to the redox catalytic reactions [9]. The
Cu—Mn mixed oxides have been applied in many catalytic reactions,
such as catalytic removal of nitrogen oxides [10], water-gas shift reac-
tion [11], steam reforming of methanol [12,13], total oxidation of
propane and ethanol [14]. In this study, manganese oxides were intro-
duced into the CuZnAl-based catalyst to enhance the AWS reaction and
make further understanding of structure-function relationships of Cu
active sites.

2. Experimental
2.1. Catalyst preparation

The mixed oxide catalysts were prepared by co-precipitation method
using respective metal nitrate (AR, Sinopharm) solutions as precursors

(1 mol/1 of metal ions). The mixture solution of NaOH (AR) and Na;CO3
(AR) (both 0.5 mol/L) was used as precipitator. The two solutions were
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added dropwise to the stirred deionized water at 50 °C and pH =9 + 0.2.
The precipitate was aged in the mother liquor for 4 h. Thereafter filtered,
washed with deionized water to pH 7 and dried at 110 °C overnight. The
precursors were then calcined at 450 °C for 3 h in muffle furnace with
temperature ramp of 1 °C/min to obtain the corresponding mixed oxide
catalysts. The latter ones were finally made into granules with 80-100
mesh sizes. The molar ratio of all ternary samples is 1:1:1 and named
with their constituent elements. As for the quaternary samples, the
molar ratio of (Mn + Cu): Zn: Al is 1:1:1. They were denoted as MCZAn
(n is the molar ratio of Mn/(Mn + Cu) x 100%).

2.2. Catalyst characterization

An ICP-AES (Optima 7300 DV, Perkin Elmer, Korea) was used for the
determination of compositions of fresh prepared catalysts. The surface
area, pore size distribution and pore volume were determined by ni-
trogen adsorption at temperature of —196 °C, using an Autosorb-IQ3
instrument. Powder X-ray diffraction (XRD) patterns were recorded on
a PANalytical X-pert Pro MPD with a Cu Ka radiation (A = 0.154 nm).
The surface elements and their states were analyzed by X-ray photo-
electron spectroscopy (XPS) implemented on an ESCALAB-250Xi
(Thermo-VG Scientific, USA) spectrometer with Al Ka (1486.6 eV)
irradiation source, using the C 1 s line at 284.6 eV as the standard.

Temperature programmed reduction (TPR) and copper dispersion for
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mixed oxide catalysts were carried out on a home-made apparatus that
we used in previous work [6]. The calculation methods are also same
with before except for the copper dispersion. The copper dispersion here
is calculated by surface Cu divided by total Cu amount in the catalyst.
The surface Cu is determined by TPR after pre-reduction and N5O
chemisorptions (see the supporting information for details). The total Cu
amount is decided by ICP-AES instead of by TPR in normal method,
because manganese could be partly reduced together with Cu as run the
TPR.

2.3. Catalytic test

The AWS reaction of propanal was carried out in a quartz fixed-bed
reactor at 260 and 300 °C respectively under atmospheric pressure. In a
typical experiment, 0.1 g of the catalyst was introduced into the reactor.
The catalyst bed was packed with silica wool which serves as the pre-
heated zone. Prior to the reaction, the catalysts were pre-reduced by Ha
stream at 300 °C for 2 h. Propanal (0.137 g/h) and water (1.37 g/h) were
fed separately into the reactor using two syringe pumps during the re-
action. High purity nitrogen (99.999%) was used as carrier gas in the
experiments, keeping constant flow rate (10 ml/min) by using mass flow
controllers. The liquid product was condensed with an ice bath and
analyzed offline by GC with an Agilent 7820 apparatus equipped with a
PEG-20 M capillary column and a flame ionization detector (FID). The
gaseous products were trapped in a gas burette and analyzed by GC
equipped with a TCD detector connected to a Porapak Q packed column.

3. Results and discussion
3.1. Characterization of as prepared catalysts

XRD analysis was carried out to identify the phase of fresh prepared
mixed oxide catalysts. As can be seen from Fig. 1, the XRD patterns are
strongly affected by the catalyst compositions. No obvious diffraction
peak was found in CuZnAl. The peaks at 30.8, 36.4, 44.4, 54.9, 58.5 and
64.2 which could be attributed to a spinel-like phase were observed in
MCZAS50 [15,16]. However, with the increasing of Mn/Cu molar ratio,
the diffraction intensity decreased, together with the ZnMn,O4 charac-
terization diffraction peaks emerged, until the pure ZnMnyO4 (JCPDS
77-0740) phase in MnZnAl sample. This indicates Cu and Mn are
responsible for the formation of the spinel-like phase. Additionally,
when we compared the MnZnCu and MnCuAl samples, we found that Zn
is also essential for spinel-like structure. According to the reported
works on CuMnZn mixed oxides [17,18], a spinel-like phase solid so-
lution with formula of CuyZn; yMny04 may formed in such a complex
system and the XRD patterns are strongly influenced by Cu/Mn molar
ratio. In the present work, the favorable molar ratio of Cu/Mn for the
formation of spinel-like solid solution is around 1 in these quaternary
samples. There’s no signal of simple oxide of CuO, MnOg, ZnO or Al,03
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Fig. 2. TPR profiles of fresh MnCuZnAl catalysts (A), and the relationship between reduction peak (Tyay) and surface Cu dispersion (B).
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Table 1

Nitrogen adsorption-desorption and XPS analysis of MnCuZnAl catalysts.
Catalysts Composition Sper (m2eg™1) pPS® PV Surface metals (%) BE of fresh catalysts (eV)

1% 344-1
(mol%) @m @™ o Ma oz Al Cu@ps)  Mn@ps)  Zn(pyn) Al
(2p3/2)

CuZnAl CuszgZnzsAlszg 42.9 14.0 0.223 27 - 36 37 934.1 - 1021.9 73.9
MCZA25 Mn;;CuzeZnzsAlyg 91.3 9.33 0.255 23 10 38 29 934.2 642.1 1021.8 73.8
MCZA50 Mn;oCu;7Zn34Als0 110.5 28.4 0.266 16 14 39 31 934.1 642.3 1021.4 73.5
MCZA65 Mn,5Cuy2Zn33Al3 108.3 25.1 0.247 11 16 38 35 934.1 642.4 1021.6 73.6
MCZA75 Mn,gCuygZnzszAlag 110.9 27.2 0.236 10 18 36 36 934.1 642.5 1021.6 73.7

was found in MnCuZnAl catalysts, showing good dispersion of the excess
metal oxides.

The Mn-doping greatly influenced the reducibility of CuZnAl-based
catalysts. As can be seen from Fig. 2(A), the reduction temperature of
MnZnAl is much higher than CuZnAl, showing the MnOy is much less
reducible than CuO, which consists with previous report [19]. However,
the reduction peaks (Trax) of Mn-doped CuZnAl catalysts shifted toward
low temperature. The Ty, drops dramatically from 273 °C of CuZnAl to
190 °C of MCZA50 with the increasing of Mn/Cu ratio. While further
increase of Mn/Cu ratio induced increasing of the Tp.x. The MCZAS50
with the optimum Cu: Mn molar ratio of about 1:1 showed the highest
reducibility among the catalysts we investigated. This phenomenon may
be attributed to the formation of spinel-like structure of mixed oxide as
the XRD revealed. The formation of ZnMn,04 phase is also beneficial to
the reduction of CuO, as the MnZnCu is observed much reducible than
CuZnAl.

The Mn-doping is also beneficial to the dispersion of Cu on the sur-
face. The surface Cu content is much lower than bulk content (27% vs
36%) in the sample CuZnAl which without Mn doping (Table 1). The
deviation (100% x (Cupyikx — CUgyrface)/CUpuk) is as large as 25.0%. For
the Mn doped samples, the deviation sharply decreased to around 10%,
even zero (Cupyk = ClUgyrface) in the sample of MCZA75. This phenom-
enon may be attributed to the formation of CuyZn; Mn3O4 solid solution
as XRD patterns revealed.

a Pore size; b Pore volume.

Noticing that the variation of Ty, is quite consistent with the trend
of surface Cu dispersion, we suggest that the high dispersed surface CuO
is much more reducible than bulk CuO, and the reduction is mainly
related to the proportion of surface copper, as Fig. 2(B) shows. Another
interesting thing is, the decreasing of reduction peak by Mn doping is
much greater than other metal ions doped counterparts, such as Ni and
Mg (not shown here). This may be related to the inner redox equilibrium
(Cu** + Mn**ocut + Mn*"). The fast electron-exchange between
lattice ions made the manganese ion an electronic conduction medium
and further enhanced the reducibility of copper oxides. Meantime,
copper also influenced the reduction of manganese. With the increasing
of Cu/(Mn + Cu) ratio, the Hy consumed by Mn increased, showed more
reducibility of manganese (Table S1).

The Ny adsorption-desorption analysis results of fresh catalysts are
summarized in Table 1. It is clear that Mn doping could affect the BET

surface area to a great extent that all of the Mn-doped catalysts have a
surface area two times larger than the pristine CuZnAl. More impor-
tantly, the doping of manganese largely enhanced the dispersion of
copper which is the most active element among the four metals. Those
are undoubtedly in favor of AWS activity for offering more active sites.

The XPS results of freshly prepared samples are also summarized in
Table 1. All samples presents the principal Cu 2p3,, peak around 934.1
eV together with a broad satellites between 940 and 945 eV, which are
characteristics of Cu?' species. Differ from our previous work on
CuMnCo catalysts [20], the internal reduction of cu®t by Mn* seems
not happened or severely suppressed in the fresh catalysts. It may
attribute to the relatively low copper content and in presence of zinc as
suggested by Fierro etc. [21]. The binding energy of Mn 2ps,, ranging
from 642.1 to 642.5 eV indicates the presence of both Mn3* and Mn**
[22]. With the increasing of Mn content, the Ep value increased showed
larger proportion of Mn**. While in the used catalysts, the Eg value is
below 642.0 eV (Table S2), demonstrates a mixture of Mn®* and Mn>*
on the surface.

3.2. Catalytic performance in AWS reaction

The AWS reaction using propanal as model compound were carried
out at 260 and 300 °C respectively over mixed oxide catalysts after in-
situ hydrogen reduction and data was collected after 2 h reaction. As
can be seen from Table 2, for the ternary mixed oxide catalysts, CuZnAl
showed much more activity than MnZnAl, which indicates Cu is the
more active element. According to Wen etc. [8], Cu is the most suitable
candidate for this reaction, even better than noble metals. Although
manganese itself has the much lower activity, it can obviously enhance
the performance of Cu catalyst, therefore, CuMnZn showed the highest
activity among the ternary mixed oxide catalysts.

a C: propanal conversion; Sa: selectivity of propionic acid; Sg:
selectivity of propyl alcohol; S¢: selectivity of condensation products.

b reaction atmosphere: 9 ml/min N2 + 1 ml/min Hy;

For the quaternary mixed oxides, the conversion of propanal
increased with the increasing of Mn/ (Mn + Cu) molar ratio from 0 to
50%. Further increasing of Mn content induced decreasing of AWS ac-
tivity, which may ascribe to the lower content and dispersion of Cu.
However, we also noticed that the trend of activity happens to match
with the Tpax in TPR which shown in Fig. 2. If it is possible that the

Table 2

The catalytic performance at 260 and 300 °C respectively.
Catalysts Cu dispersion (%) 260 °C 300 °C

C%)“ Sa (%) Sp (%) Sc (%) C (%) Sa (%) Sp (%) Sc (%)

CuZnAl 8.90 15.39 88.6 11.4 0 25.4 96.21 3.79 0
MnZnAl - 3.50 97.39 0.79 1.82 12.2 98.03 1.26 0.71
MnZnCu 35.9 28.22 87.93 12.07 0 35.5 96.26 3.74 0
MnCuAl 34.5 12.21 90.17 9.18 0.65 18.9 95.58 4.42 0
MCZA25 24.3 18.17 93.36 6.64 0 37.7 97.34 2.66 0
MCZA50 55.6 20.74 96.63 3.37 0 45.3 97.27 2.73 0
MCZA65 43.0 18.33 95.55 3.20 1.25 30.4 96.47 2.67 0.86
MCZA75 30.0 14.43 94.35 2.89 2.76 21.2 96.28 2.57 1.15
MCZA50° 55.6 62.34 25.60 74.4 0 55.1 60.40 39.6 0
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Fig. 3. The relationship between activity and reducibility.

reducibility is more essential than the Cu dispersion to the AWS activity?
Therefore, we reexamined the ternary samples. As the results show,
although MnZnCu and MnCuAl have the similar Cu dispersion of around
35% (Table 2), they showed completely different activity. MnCuAl and
CuZnAl showed similar activity but have big difference in Cu dispersion.
As it shown in Fig. 3, the AWS activity is more likely related to the
reducibility of catalyst, which demonstrates a redox mechanism may be
involved and the reduction of CuO is one of the steps in the catalytic
cycle.

The main by-product on CuZnAl-based catalysts is propyl alcohol,
which is also strongly influenced by Mn/Cu molar ratio. Compare to the
pristine CuZnAl, Mn-doped samples showed higher propionic acid
selectivity especially at low temperature, which may attributes to
different copper species (Fig. 1S). However, the exceeding of Mn content
induced the production of condensation compounds, which slightly
decreases the selectivity of propionic acid. Additionally, it’s also note-
worthy that propyl alcohol selectivity is also greatly influenced by
temperature. As shown in Table 2, the selectivity of propyl alcohol
declined sharply with the temperature increase from 260 °C to 300 °C
especially under Hy-containing atmosphere. We speculate that hydro-
genation reaction is strongly exothermic (A Hpis estimated to —73.9 kJ/
mol at 300 °C), therefore higher temperature is detrimental to it but
favor of the reverse reaction of dehydrogenation, and hence decreases
the propyl alcohol selectivity. According to our calculation, the A,Gqat
260 °C and 300 °C are —8.18 kJ/mol and 1.89 kJ/mol respectively. In
fact, the activity of propanal hydrogenation is much higher than AWS
reaction and strongly affected by temperature as the last entry in Table 2
revealed. In addition, only trace of in-situ CO/CO, detected implied
almost no steam reforming reaction occurred over all of these catalysts
at this reaction temperature.

4. Conclusions

We showed that Mn promoted CuZnAl catalysts, prepared by
coprecipitation method are active and highly selective for AWS reaction
using propanal as model compound. Doping of manganese in CuZnAl
strongly raised the BET surface area, Cu surface dispersion and reduc-
ibility, therefore higher activity. This promotion effect may be attributed
to the formation of spinel-like phase of mixed oxides. The most favorable
Mn/Cu molar ratio is around 1:1.

Both catalyst composition and reaction temperature influenced the
product selectivity significantly. Appropriate Cu/(Mn + Cu) ratio results
in suppressing the hydrogenation of propanal to propyl alcohol or
condensation, and thereby, enhanced the selectivity of propionic acid.
High temperature is favor of the endothermic propyl alcohol

Catalysis Communications 149 (2021) 106262

dehydrogenation process rather than the exothermic process of propanal
hydrogenation. Thus, higher temperature is beneficial to a higher
selectivity of propionic acid. At low temperature, more than 96% of
propionic acid selectivity obtained over Mn doped CuZnAl catalysts.
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