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In order to enable science- and knowledge-based adaptation of catalyst materials to new demands, e.g., methanol synthesis

from CO2, a modified method to prepare Cu/Zn-based catalysts based on the strict consecutive execution of co-precipita-

tion and aging is investigated. By successfully stabilizing the initial co-precipitate, two mixing regimes are revealed: regard-

ing slow mixing, the particle size of the co-precipitate decreases with increasing volume flow. By contrast, co-precipitation

is no longer influenced by mixing for sufficiently high volume flows. While aging can be accelerated by forming smaller

aggregates in the co-precipitation, the final state is found to be defined by thermodynamic equilibrium alone. Further-

more, the microstructure of the final catalyst was influenced and the performance in direct dimethyl ether synthesis was

improved by adjusting the mixing in the co-precipitation. We believe that the approach could be scaled-up to industrial

production rates and, hence, is promising to make methanol synthesis from CO2 more effective and sustainable.
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1 Introduction

Methanol (MeOH), with a worldwide production capacity
of 83 million tons in 2019 [1], is a key commodity in the
chemical industry [2]. In addition, applications in the
mobility sector using MeOH as a raw material for synthetic
fuel components, such as dimethyl ether (DME), are of
growing importance [3, 4]. Nowadays, MeOH is produced
mainly from syngas, according to Eqs. (1) and (2), using
Cu/ZnO-based catalysts [5]. DME can be consecutively pro-
duced by MeOH dehydration, according to Eq. (3), using an
additional acid dehydration catalyst.

COþ 2 H2 Ð CH3OH MeOHð Þ (1)

CO2 þ 3 H2 Ð CH3OHþH2O (2)

2 CH3OH fi H2Oþ CH3OCH3 DMEð Þ (3)

Up to now, syngas has been produced primarily by coal
gasification or natural gas reforming, resulting in a syngas
rich in CO and H2. Continued development of catalysts

over many years has led to Cu/ZnO/Al2O3 (CZA) being the
preferred composition of industrial catalysts for this syngas
[6]. However, there is an increased need currently for the
development of process routes to MeOH and DME that use
syngas from sustainable sources. In addition to green H2

generated from electrolysis by solar or wind power,
increased use of CO2 from the atmosphere or industrial
waste streams requires modified catalysts and suitable cata-
lyst preparation technologies [6, 7].

High MeOH productivity [8] and selectivity [9] are gen-
erally target qualities for catalyst development. These quali-
ties correlate with the high mass-specific surface area of Cu,
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which forms the catalytically active sites, and a homoge-
neous and periodic distribution of Cu and ZnO [8, 10, 11].
The ZnO prevents the sintering of individual Cu crystallites
and enhances the MeOH selectivity due to chemically
bound interfaces of Cu and ZnO [10, 12]. A fine dispersion
of the promoter Al2O3 further improves the activity and
stability [13, 14]. However, if water is present, according to
Eq. (2), ZrO2 seems to be a more favorable promoter [6, 15].
Therefore, Cu/ZnO/ZrO2 (CZZ) is considered in the con-
text of our studies.

One approach to obtain the homogeneous distribution of
Cu and ZnO on the nanoscale in the final catalyst is to
achieve the preferential formation of the crystalline phase
zincian malachite (Cu(2-x)ZnxCO3(OH)2) in a catalyst pre-
cursor. Here, up to 31 at % Zn are periodically incorporated
inside a Cu-based crystal lattice [16]. During calcination,
zincian malachite subsequently decomposes into CuO and
ZnO, according to Eq. (4), while preserving the arrange-
ment of Cu and Zn atoms defined by the crystal lattice of
zincian malachite, as illustrated in Fig. 1. This results in the
desired homogeneous nanostructure of the final catalyst
[17]. However, zincian malachite, also named rosasite, is
not formed directly from the reactants but through a com-
plex transition of intermediates during the aging step.

Cu 2�xð ÞZnxCO3 OHð Þ2 fi 2� xð Þ CuOþ x ZnOþ CO2

þH2O (4)

This opens the idea of a multistep preparation. Firstly, a
co-precipitate as homogeneous as possible is formed by
co-precipitation from dissolved Cu and Zn salts and an
alkaline solution. Initial co-precipitate particles are usually
firmly intergrown aggregates of single-phase primary

particles, e.g., Cu(OH)2, Zn(OH)2 [18] and georgeite
(Cu2CO3(OH)2) [19], see Fig. 1. These aggregates typically
agglomerate and age. That makes it difficult to characterize
their particle properties in the initial state. On the one hand,
studies by Jiang et al. [20, 21] showed that different mixing
geometries in the co-precipitation affect the homogeneity of
Cu/Zn distribution in the co-precipitate and, subsequently,
the microstructure of the final catalyst. Furthermore, Zhang
et al. [22] determined improvements in the physicochemical
properties of CZA catalyst precursors and the subsequent
catalyst performance for a continuous co-precipitation
compared to a semi-batch process. On the other hand, Sim-
son et al. [23] found no significant differences in precata-
lysts prepared by batch co-precipitation in a stirred tank
reactor and the continuous operating mode in a micro-
mixer, respectively. Similarly, simulations and experimental
studies by Hartig et al. [24] indicate that the energy dissipa-
tion, which correlates with the mixing intensity according
to Eq. (6), does not influence the pH and solids mass in co-
precipitation in the range investigated. Accordingly, the role
of mixing in co-precipitation in the preparation of catalysts
is, therefore, disputed.

After co-precipitation is completed, the co-precipitate is
aged at conditions where minerals containing both Cu and
Zn are formed by recrystallization: preferably zincian mala-
chite for Cu-rich catalysts or additionally aurichalcite
((Zn,Cu)5[(CO3)2(OH)6]) for catalysts with > 28 mol % Zn
[25, 26]. A recent study by Güldenpfennig et al. [27] showed
that the Zn content also influences phase transformation
kinetics. Zincian malachite tends to form needles prone to
agglomeration, which define the later catalyst structure on
the mesoscale [17]. Promoters such as Al2O3 or ZrO2 with a
mass fraction of usually < 15 wt % [28, 29] and up to
44 wt % [30] are precipitated simultaneously to achieve a
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Figure 1. Evolution of microstructure and composition of the catalyst precursors during the multistep preparation of Cu/Zn-based cata-
lysts. Aged intermediate, precatalyst and catalyst are shown at two different size scales.
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high homogeneity, but generally do not influence the evolu-
tion of Cu/Zn phases during aging [31]. Therefore, we stud-
ied a simplified Cu/Zn-based binary catalyst precursor
(Sect. 3.1 and 3.2) with no promoters to be considered
(Fig. 1).

Catalysts are manufactured in industry by semi-batch co-
precipitation in a stirred tank reactor [32], where the co-
precipitation and aging overlap in time and space. This
overlap happens because the supply of reactants requires
several minutes and aging usually takes another 30 min to
several hours, while the co-precipitation is completed in
milliseconds to seconds [22, 33]. Thus, freshly precipitated
particles and particles that have already aged for up to 20 to
60 min [17, 29, 31], coexist with this procedure. A locally
limited supply of reactant solutions and the inhomogeneous
mixing conditions in the stirred tank reactor may also con-
tribute to the spatial inhomogeneity of the co-precipitation
and aging parameters. This makes it rather difficult, if not
impossible, to completely control the homogeneity of the
co-precipitate and the reproducibility of its preparation
[31, 34].

After solid-liquid separation and before calcination, the
aged intermediate is washed and dried to remove any resid-
ual salts and water, which may reduce the catalytic activity
in the MeOH synthesis [18]. If aging were skipped, much
larger clusters of pure CuO and ZnO would be formed dur-
ing calcination (Fig. 1), resulting in a bad catalyst perfor-
mance [35]. After calcination, the precatalyst is shaped into
the macroscopic form desired and reduced in a H2 atmo-
sphere to obtain the final catalyst material. Influences of the
co-precipitation and, to some extent, the aging on catalyst
properties are often summarized under the term ‘‘chemical
memory’’ [8, 9, 21].

Given the particular importance of this class of catalysts
and motivated by the need to quantify fundamental interre-
lationships, we aim to evaluate how process conditions dur-
ing the co-precipitation and aging may influence physico-
chemical properties of the precursors and, subsequently,
the catalyst performance. Consequently, the co-precipita-
tion and aging are considered and performed strictly sepa-
rate of each other using an experimental procedure that
could be transferable to production scale. Our approach is
to distinguish between hydrochemistry, mixing and solids
formation in order to identify individual functional depen-
dencies often summarized as the chemical memory of the
catalyst. The focus in this contribution will be on the mix-
ing and the understanding of how it may affect the co-pre-
cipitate and, thus, the resulting catalyst structure on the
microscale. Optimization of the catalyst composition re-
garding the DME synthesis from CO2 is not intended at this
time, which is why the reactant composition will not be var-
ied.

2 Materials and Methods

2.1 Materials

We distinguish the following intermediates a to e according
to Fig. 1: the co-precipitate (a) consists of individual
aggregates composed of pure-phase primary particles (b).
Aging results in an aged intermediate (c) composed of nee-
dle-shaped aggregates that tend to form agglomerates in the
mm-range. These agglomerated needles decompose by calci-
nation into aggregates composed of CuO, ZnO and, if pres-
ent, ZrO2, called the precatalyst (d). A final catalyst (e) is
then obtainable by the shaping and reduction of CuO to Cu
by H2.

Three catalyst compositions are considered. A simplified
binary catalyst precursor based on Cu and Zn (CZ catalyst)
is used for the studies on stabilization, mixing and aging, as
shown in Sect. 3.1.1, 3.1.2 and 3.2. A ternary CZZ catalyst is
used to evaluate transferability of the results between differ-
ent Cu/Zn-based catalysts in Sect. 3.1 and for material char-
acterization and performance evaluation in Sect. 3.3. Addi-
tionally, a commercial CZA catalyst is used to benchmark
the results with CZZ in Sect. 3.3.

The reactant solutions were prepared from
Cu(NO3)2 � 3H2O (purity ‡ 99 %, Acros Organics),
Zn(NO3)2 � 6H2O (purity ‡ 99 %, Alfa Aesar), ZrO(NO3)2

� 6H2O (purity > 99.5 %, Acros Organics), NaHCO3

(purity ‡ 99 %, Carl Roth) and demineralized water. All
hygroscopic salts with a tendency to deliquesce were stored
inside desiccators to prevent the absorption of water.
MelPers 0045 (polycarboxylat ether in water, BASF SE) was
used as a stabilizer. H-FER 20 (ferrierte-type zeolite, Zeolyst
International) was used as a dehydration catalyst for the
DME synthesis. Information on the CZA catalyst can be
found elsewhere [29].

2.2 Experimental Setup for Co-Precipitation and
Aging

Firstly, continuous co-precipitation and batch aging were
strictly separated according to Fig. 2a. This setup was used
to investigate the stabilization of the co-precipitate and the
influence of mixing on the co-precipitate in Sect. 3.1 and
for the aging studies in Sect. 3.2. Furthermore, a continu-
ously co-precipitated catalyst for the precatalyst character-
ization and performance tests in Sect. 3.3 was prepared with
this configuration.

A NaHCO3 solution (feed 1) and a metal nitrate solution
(feed 2) with equal volume flows were continuously mixed
by an impinging micro jet mixer. Co-precipitation then takes
place. The dimensions of the mixer are given in Fig. 2a in
mm. The feed solutions for the experiments in Sect. 3.1 and
3.3 were supplied using syringe pumps, as described else-
where [36]. Two gear pumps (MCP-Z Standard, Ismatec with
GJ-N23 pump heads, Micropump) in combination with
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magnetic-inductive flow meters (IFC90, Krohne) were used
for the experiments in Sect. 3.2. The current gear pump setup
allows total volume flows of up to 800 mL min–1 and parallel
aging in two 4000-mL reactors. Our co-precipitations of only
a few minutes and a solids content of about 5 wt % in the
suspension result in a production capacity of more than
200 g aged and dried intermediate per day. The capacity is
mostly limited by time-consuming washing of the aged
intermediate. A further scale-up of the co-precipitation and
aging is possible by either numbering-up or adjusting the
micro jet mixer size according to Rehage et al. [37, 38].
Regarding all experiments on the binary catalyst precursor
in Sect. 3.1 and 3.2,
bNaHCO3;Feed1 ¼ 1:01 mol kg�1

H2O,

bCu NO3ð Þ2;Feed2 ¼ 0:18 mol kg�1
H2O,

bZn NO3ð Þ2;Feed2 ¼ 0:09 mol kg�1
H2O and T = 50 �C were used.

Regarding all experiments on the ternary catalyst precursor
in Sect. 3.1 and Fig. 3,

bNaHCO3;Feed1 ¼ 0:38 mol kg�1
H2O,

bCu NO3ð Þ2;Feed2 ¼ 0:06 mol kg�1
H2O,

bZn NO3ð Þ2;Feed2 ¼ 0:03 mol kg�1
H2O,

bZr NO3ð Þ2;Feed2 ¼ 0:01 mol kg�1
H2O and T = 30 �C were used.

The continuously prepared catalyst investigated in Sect. 3.3
was created from solutions with

bNaHCO3;Feed1 ¼ 1:01 mol kg�1
H2O,

bCu NO3ð Þ2;Feed2 ¼ 0:16 mol kg�1
H2O,

bZn NO3ð Þ2;Feed2 ¼ 0:08 mol kg�1
H2O,

bZr NO3ð Þ2;Feed2 ¼ 0:03 mol kg�1
H2O at 40 �C resulting in

pH = 6.9 after co-precipitation. There were no issues of plug-
ging for these molalities.

The co-precipitate suspension was fed directly into a dou-
ble-jacketed 4000-mL glass tank reactor (dtank = 120 mm)
with four baffles according to DIN 28131, where aging took
place under stirring with a three-blade propeller agitator
(dstirrer = 50 mm, 30� pitch) at 950 rpm for the aging studies

in Sect. 3.2. The pH was measured and temperature con-
trolled with ±1 K accuracy. The further processing into a
catalyst for Sect. 3.3 was similar to the procedure for the
semi-batch catalyst described below and is specified else-
where [29]. Samples during aging were obtained by with-
drawing suspension near the stirrer. These samples were
processed identically to the co-precipitate suspension, as
described in Sect. 2.3.

Secondly, a reference material for the precatalyst charac-
terization and catalyst performance tests in Sect. 3.3 follow-
ing a standard preparation routine is prepared by a conven-
tional semi-batch process, as shown in Fig. 2b, where co-
precipitation and aging overlap in time and space [6, 39].
An amount of 1000 mL of 0.2 mol L–1 NaHCO3 solution
were placed in a 2000-mL reactor. Following the procedure
suggested by Arena et al. [6] and Frusteri et al. [39], the
reactor was placed inside an ultrasonic bath (Sonorex RK
510 H, Bandelin) at 40 �C and equipped with a two-blade
anchor impeller operating at 520 rpm. Then, 100 mL of a
0.8 mol L–1 metal nitrate solution with nCu NO3ð Þ2=nZn NO3ð Þ2=
nZrO NO3ð Þ2 = 6/3/1(feed 2) was transferred into the reactor
at a flow rate of 1.6 mL min–1. The pH was maintained be-
tween 7.0 and 7.2 by constantly adding a 1 mol L–1 NaHCO3

solution (feed 1) dropwise. After feed 2 had been completely
fed, the suspension was aged for 2 h at the same conditions
without pH adjustment. The suspension was then sedi-
mented using a centrifuge and the solid residue was washed
by resuspension in water until no more nitrate could be
detected (< 10 mg L–1, MQuant 110020, Merck). Afterwards,
the aged intermediate was dried and calcined. All further
process details are specified by Polierer et al. [29].

2.3 Analytics

Particle size distributions (PSDs) of samples obtained in
Sect. 3.1 were measured by means of dynamic light
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Figure 2. Experimental setups for a continuous co-precipitation followed by batch aging (a) and a semi-batch co-precipitation
and aging (b). M: motor, TCR: temperature control and recording, QR: pH recording, PDR: differential pressure recording.
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scattering (DLS) with a Zetasizer Nano ZS (Malvern Pana-
lytical). Accordingly, a sample of 5 mL of the co-precipitate
suspension was directly fed as a free jet into a 1000-mL
beaker (dbeaker = 95 mm) (about 10 cm travel distance) with
a magnetic stirring bar (dstirrer = 40 mm) operating at
300 rpm, baffles and 500 mL of demineralized water. A re-
fractive index of 1.813, a mean value for malachite [40], and
an absorption index of 0.3 [41] were used for the solids.
The liquid phase was considered as pure water because of
the high dilution. Each sample was measured three times to
ensure no secondary processes occur that may influence the
particle size.

The PSD and morphology were validated by transmission
electron microscopy (TEM) with a FEI Osiris ChemiStem
(200 kV). Energy-dispersive X-ray spectroscopy (EDXS) us-
ing an equipped Bruker Quantax system (XFlash detector)
was used to examine the spatially resolved elemental distri-
bution of metals inside the particles and the quantitative
metal composition given in Tab. 1. The dried sample was
suspended in water by means of an ultrasound bath and
then spread on a TEM gold grid using an ultrasonic fogger
for both measurements.

Fourier-transform infrared spectroscopy (FT-IR) and
X-ray diffraction (XRD) measurements of the dried and
ground samples were used to determine the phase composi-
tion of the solids in Sect. 3.1 and 3.2. The FT-IR spectra in
the range of 4000 cm–1 < ~n < 230 cm–1 with a resolution of
2 cm–1 were measured using a Varian 660-IR spectrometer
(Agilent) in combination with the software Resolution Pro
and the KBr disc technique [29]. X-ray diractograms in the
range of 5� < 2q < 80� were measured using a Panalytical
X’Pert Pro X-ray diffractometer (Malvern Panalytical) with
Bragg-Brentano geometry and Cu K-a radiation with a Ni
filter over a period of 120 min.

The co-precipitate suspension was collected without dilu-
tion for the TEM, TEM-EDXS, XRD and FT-IR measure-
ments described above. It was then filtered (MN85/70,
Macherey-Nagel) using a water aspirator. The filter cake
was suspended and washed with demineralized water until
an electrical conductivity of < 50 mS cm–1 was achieved
and no nitrate could be detected by nitrate test strips
(< 10 mg L–1, VWR Chemicals). The moist sample was then
dried at p ‡ 1 �10–4 mbar and 25 �C for 16 h (Vacutherm
VT6130 M-BL, Heraeus with Trivac D16B/DS, Leybold).

The specific copper surface area (SCu) was determined
(subsequent to an H2 temperature-programmed reduction
measurement) by N2O reactive frontal chromatography
using an Advance Optima 2020 continuous gas analyzer
(ABB Asea Brown Boveri) [29]. The specific particle surface
area (SBET) was determined by N2 physisorption measure-
ments using a Quantachrome NOVA 2000e device (Anton
Paar) at 77 K. Samples were degassed for 12 h at 120 �C. Iso-
therms were evaluated with the Brunnauer-Emmett-Teller
model (BET) in the range of 0.01–0.5 p/p0.

Catalyst performance was tested in the direct DME syn-
thesis from syngas using a mixture of CZZ, respectively

CZA catalysts, for MeOH synthesis and H-FER 20 for DME
synthesis from MeOH in a mass ratio of 1:1. The catalysts
were then mixed with SiC (Mineraliengroßhandel Hausen
GmbH) (mass ratio 1:5) to prevent hotspot formation. Test-
ing was performed in a continuous-flow fixed bed reactor
with 12 g of mixed material. The feed gas composition was
varied while maintaining a modified gas hourly velocity val-
ue of _Vin ¼ 36 000 mLNg�1

MeOH cat
h�1 to ensure that conver-

sion took place in the kinetic region. Chromatography, ther-
mal conductivity, flame ionization detection and FT-IR
spectroscopy were used for the analysis. More details on
catalyst conditioning and testing can be found elsewhere
[29, 42].

3 Results and Discussion

The following results and discussion section is structured in
accordance with our approach to consider co-precipitation
and aging separately in order to characterize and under-
stand the correlations between process conditions and
physicochemical properties of the respective intermediates.
This knowledge will then be transferred to catalyst prepara-
tion to characterize the influence on the final catalyst prop-
erties. The significance of our approach for adapting cata-
lyst preparation to changing requirement, e.g., the use of
CO2 for MeOH synthesis, will be evaluated by comparing
differently prepared Cu/Zn-based catalysts in combination
with a fixed acid dehydration component in direct DME
synthesis.

As discussed in Sect. 1, it is known that decomposition
during calcination determines the nanostructure of the final
catalyst [17], often also referred to as the microstructure
[18, 43]. Morphology development during aging determines
the mesostructure [17], and shaping can modify the macro-
scopic structure. In addition, we postulate that the mor-
phology of the co-precipitate influences the structuring of
the final catalyst at microscale in a similar manner as that
illustrated in Fig. 1. Furthermore, we propose the hypothesis
that this very same co-precipitate morphology is a function
of co-precipitation kinetics and is, therefore, influenced by
mixing, which is to be investigated in Sect. 3.1. Based on
these results, the impact on the physicochemical properties
of the resulting catalyst is then studied in Sect. 3.3. In
addition to the assumptions made regarding the morphol-
ogy, we assume that the phase composition of the co-pre-
cipitate is similarly important since it influences recrystalli-
zation kinetics during aging or even the phase composition
of the aged intermediate according to a recent study [21].
Therefore, the influence of mixing on the phase composi-
tion of the co-precipitate is correspondingly considered in
Sect. 3.1.

As time scales of the co-precipitation and aging are sig-
nificantly different, as described in Sect. 1, we further as-
sume that the former is kinetically limited whereas the latter
approaches thermodynamic equilibrium. Therefore, aging is
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considered separately in Sect. 3.2. Firstly, a thermodynamic
model is used to evaluate whether the phase composition of
the aged intermediate can be predicted in terms of a ther-
modynamic equilibrium state. Secondly, it is determined
whether there are options suitable to reach the final state of
aging faster, which would be a general advantage for techni-
cal processing. Accordingly, the influence of the morphol-
ogy and composition of the co-precipitate on aging kinetics
is examined in Sect 3.2.

Finally, the impact of the newly gained process knowledge
and the adapted process design on the catalyst will be eval-
uated in Sect. 3.3. Consequently, the physicochemical prop-
erties and the performance of two differently prepared CZZ
catalysts, one by a standard semi-batch approach and one
by the adapted process, are compared with those of a com-
mercial CZA catalyst regarding DME productivity.

3.1 Importance of Mixing in Co-Precipitation

As described above, we suggest that the morphology and
phase composition of the co-precipitate may be of critical
importance as they potentially influence aging kinetics and
the microstructure of the final catalyst, which will be dis-
cussed in Sect. 3.2 and 3.3. Therefore, it is essential to
understand how the co-precipitate is formed and how its
physicochemical properties can be controlled.

The driving force for solids formation by precipitation is
generally the phase-specific supersaturation S, which is gen-
erated when both reactant solutions are mixed. A hypothet-
ical Smax, according to Eq. (5), is described solely by
hydrochemical models in terms of the activities of solids-
forming ions ai, the solubility product KSP(T) of the solid
phase, and the stoichiometric coefficients ni and n±. How-
ever, the effective local supersaturation Seff depends on how
fast both solutions are mixed on the molecular level and the
ensuing local concentrations, respectively, activities ai of the
solids-forming ions i.

S ¼
Q

ani

i

KSP Tð Þ

� �1=n –

(5)

There are at least two different solid phases
precipitating simultaneously in co-precipitation.
The different phases form common aggregates
in the co-precipitation of the Cu/Zn-based cata-
lyst precursor, as is shown schematically in Fig. 1
and as will be shown later in Fig. 3. Our goal is
to describe the PSD and phase composition of
these aggregates, which are defined as the co-
precipitate according to Fig. 1 and Sect. 2.1,
based on the hydrochemistry and solids forma-
tion kinetics in the future. Therefore, knowledge
about the influence of mixing on the resulting
co-precipitate properties is essential in order to
either additionally model the mixing influence

or exclude mixing influences as completely as possible by
means of an adapted experimental design.

This chapter is, thus, devoted to the study of the influence
of mixing on co-precipitate morphology and composition,
see Sect. 3.1.2. Firstly, though, since the co-precipitate has a
high tendency for agglomeration, as illustrated in Fig. 1, a
method to stabilize the aggregates is discussed in Sect. 3.1.1.

3.1.1 Stabilization of Co-Precipitate for Morphology
Studies

It is demonstrated in Sect. 3.1.2 that the morphology and
phase composition of the co-precipitate can be controlled
by adjusting the process conditions. Firstly, however, it must
be clarified why we have defined the co-precipitate, as dis-
cussed in Fig. 1 and Sect. 2.1, and how the PSD, as a meas-
urable value for the morphology of this co-precipitate, can
be determined.

The TEM-EDXS images of a Cu/Zn/Zr-based co-precipi-
tate at two different sample areas are shown in Fig. 3 to
illustrate the metal distribution inside the solids. Based on
the total volume flow and the distance between the jet mixer
and collecting vessel, about 0.5 s have passed between the
first contact of reactants and the dilution of the co-precipi-
tate suspension in water. It is evident that each individual
particle is composed of Cu and Zn. However, the clear spa-
tial separation of Cu and Zn atoms indicates that they are
not bound in a common crystal lattice but are present as
independent phases, which precipitated separately from
each other and then formed a common aggregate. The XRD
measurements of Cu/Zn-based co-precipitates in Fig. 10,
which will be discussed later on, confirm that no zincian
malachite or aurichalcite is present. As the amount of Zr in
the reactants is low, only a few of the aggregates at the bot-
tom left in Fig. 3b show negligible quantities of Zr. For this
reason and due to the independence between Cu/Zn-based
phases and promoter phases described in Sect. 1, Zr can be
neglected for now. Thus, our definition and simplified rep-
resentation of the co-precipitate in Fig. 1 are justified and
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Figure 3. TEM-EDXS images of Cu/Zn/Zr-based co-precipitate for _Vtotal =
50 mL min–1 without stabilizer showing two different sample areas (a) and (b).
All metals present are highlighted: Cu in red, Zn in green and Zr in blue.
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the binary Cu/Zn-based catalyst precursor is primarily used
for mixing studies.

An investigation of the respective Cu- and Zn-based pri-
mary particles as a further intermediate in solids formation
may be possible using a Cryo-TEM setup, as has been used
by Judat and Kind [44] but would go beyond the scope of
this work, which is geared towards application. Therefore,
we focus on the aggregates as the result of co-precipitation.

It is evident from Fig. 3 that the aggregates tend to
agglomerate strongly, as can also be seen in Fig. 4a. A sim-
plified Cu/Zn-based co-precipitate is shown here, again
after a process time of about 0.5 s based on the volume flow
and experimental setup. The individual aggregates are pres-
ent in the form of a net-like structure built from the inter-
grown spherical aggregates. A kinetic description of co-pre-
cipitation in terms of nucleation and crystal growth alone
and feasible measurement of particle sizes by means of DLS
is not possible this way. However, agglomeration of the
aggregates can successfully be prevented by adding an elec-
tro-steric stabilizer (MelPers0045, BASF SE) to feed 1, as
shown in Fig. 4b and schematically depicted in Fig. 1. Here,
the individual aggregates are clearly separated from each
other and stabilized as spherical particles, which is a prereq-
uisite for DLS measurements. This may also slow down
aging processes by preventing particle collisions. In Fig. 4c
the volumetric density distribution q3 measured by means
of DLS is plotted as a function of the particle size x when
adding the stabilizer to feed 1.

The mean values from three samples, each measured
three times in a row, are shown. Small deviations indicate
good reproducibility and sufficient suppression of second-
ary processes during measurement, such as agglomeration
and subsequent aging. A volume-based median particle
size �x50;3 = 51 ± 3 nm can be calculated according to
Eqs. (S1) to (S3) in the Supporting Information (SI).
Evaluation of over 1000 particles in TEM images with
cMelPers0045,Feed1 = 20 g L–1 results in �x50;3 = 53 nm. Thus,
DLS in combination with MelPers0045 as a stabilizer is suit-
able for characterizing the aggregates that we have defined
as the co-precipitate.

3.1.2 Physicochemical Properties of Co-Precipitate

The morphology and phase composition of the co-precipi-
tate are, as described in Sect. 3.1, a function of hydrochem-
istry, solids formation kinetics and mixing influences and,
in turn, possibly influence aging and the microstructure of
the catalyst. An independent analysis of these correlations
shall identify individual functional correlations previously
summarized as the chemical memory and will serve for an
improved catalyst preparation in Sect. 3.3. Experiments here
are based on the condition that all process parameters, apart
from mixing intensity, were kept constant to determine the
influence of mixing. Continuous co-precipitation in a jet
mixer also prevents undefined spatial and temporal fluctua-
tions, e.g., in temperature, pH and reactant concentrations.
The co-precipitate morphology is analyzed in terms of the
PSD, specific surface area SBET and shape of the aggregates.

Mixing in micro jet mixers is generally limited by the mi-
cromixing time tmicro [45] and can, therefore, be described
using tmicro. Regarding the turbulent regime, Eq. (6) can be
used to calculate tmicro,turb as a function of kinematic viscos-
ity n and the mean energy dissipation �e according to the
engulfment model [46, 47]. According to Eq. (7), �e depends
on the pressure drop induced by mixing DpMix, the density
r of the mixed fluid, the volume of the mixing zone VMix,
the total volume flow _Vtotal ¼ _VFeed1 þ _VFeed2 and the mass
flows _mi and mean velocities �ui of the feeds and in the out-
let, which are all a function of _Vtotal [48]. A comparison
between different setups limited by micromixing would be
possible by calculating �e. Here, the same setup for co-pre-
cipitation is used for all investigations in Sect. 3.1 and 3.2.
Therefore, _Vtotal as a directly adjustable parameter is used
in this study to display and discuss the results instead.

tmicro;turb ¼
12

ln 2ð Þ
n
�e

� �0:5
(6)

�e ¼
DpMix _V total þ 0:5 _mFeed1�u2

Feed1 þ 0:5 _mFeed2�u2
Feed2 � 0:5 _mMix�u2

Mix

� �
rVMix

(7)

The volume-based median aggregate size x50,3 in Fig. 5 is
plotted as a function of the total volume flow _Vtotal. Two re-
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Figure 4. TEM images of
Cu/Zn-based co-precipitate
for _Vtotal = 10 mL min–1.
Comparison of the co-pre-
cipitation without
stabilizer (a) and with
cMelPers0045,Feed1 = 20 g L–1

(b). c) shows stable and
reproducible DLS measure-
ments after successful stabi-
lization of the aggregates.
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gimes can be distinguished. The particle size decreases for
small _Vtotal with increasing volume flows down to a con-
stant value of x50,3 » 35 nm. Due to lower effective supersa-
turations, fewer primary particles form, which, in turn, can
grow to larger aggregates since the total amount of reactants
is constant. For volume flows larger than _Vtotal » 400 mL
min–1, the particle size is no longer a function of mixing
since mixing is faster than solids formation. Furthermore,
deviations are much smaller at high volume flows than for
_Vtotal < 50 mL min–1. The comparison between TEM and

DLS evaluations show larger deviations for higher volume
flows. However, x50,3 also decreases with larger _Vtotal when
looking exclusively at TEM results. The TEM results for
800 mL min–1 have to be interpreted critically due to poor
sample quality (cf. Fig. S4 in the SI). Regardless of _Vtotal,
each TEM image shows spherical co-precipitate, partly with
a strong tendency towards agglomeration (see Fig. S1 to
S4).

The specific surface area of the co-precipitate SBET is plot-
ted as a function of _Vtotal in Fig. 6. Here, similar to Fig. 5, a
major increase in surface area for a small _Vtotal is apparent,
while SBET is practically constant for _Vtotal ‡ 400 mL min–1,
which is to be expected for valid size measurements of
increasingly small particles.

The influence of _Vtotal on the solids phase composition of
the co-precipitate analyzed by FT-IR spectroscopy is shown
in Fig. 7. The complete spectra are shown in Fig. S6. No dif-

ferences between the positions and relative intensities of
bands are apparent for _Vtotal = 1200 mL min–1 and
_Vtotal = 400 mL min–1, which indicates an identical phase

composition. Variations in absolute transmissions may re-
sult from different sample sizes. The band in area A corre-
sponds to the phase georgeite expected [17, 19]. A flattening
of this band is evident particularly for _Vtotal = 10 mL min–1.
Instead, a band in area B emerges for _Vtotal £ 50 mL min–1.
According to Stoilova et al. [49] bands in the region of
760–700 cm–1 correspond to the asymmetric O-C-O bend-
ing mode of CO3

2– ions and their ‘‘intensity [K] decreases
when copper ions are replaced by zinc ions,’’ indicating less
incorporated Zn for volume flows too low. The small band
in area C is assigned to metal-oxygen interactions, e.g.,
Cu-O [49], and remains unchanged for all volume flows.

The extent to which the findings are also relevant for ter-
nary catalyst precursors is discussed based on the results
shown in Fig. 8. Similar to Fig. 5, the volume-based median
aggregate size x50,3 is plotted versus _Vtotal, but here for the
co-precipitation of a Cu/Zn/Zr-based catalyst precursor.
Again, a decrease of x50,3 with increasing volume flows is
detected until a minimum of x50,3 » 25 nm is reached.
However, the median particle size for _Vtotal £ 50 mL min–1

is largely increased compared to the Cu/Zn-based co-pre-
cipitate. Deviations and TEM-EDXS evaluations (cf. Fig. S5
in the SI) indicate that the agglomeration at low volume
flows is not prevented completely despite adding a stabiliz-
er. A possible explanation is that the Zr species seem to
show a different distribution pattern in the solid phase com-
pared to the Cu- and Zn-based precursors. Yet, once a criti-
cal mixing time is reached for _Vtotal> 400 mL min–1, mixing
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Figure 5. Median particle size x50,3 as a function of the total
volume flow for a Cu/Zn-based co-precipitate. Comparison of
DLS measurements with TEM imaging.

Figure 6. Mass-specific surface area of the Cu/Zn-based co-pre-
cipitate as a function of total volume flow.

Figure 7. FT-IR spectra for various total volume flows showing
the solids phase composition of the Cu/Zn-based co-precipitate.
Areas marked with A, B and C correspond to peaks of georgeite
[17, 19], asymmetric O-C-O bending mode of CO3

2– ions [49] and
metal-O interactions, e.g., Cu-O [49], respectively.
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no longer influences solids formation and agglomeration
and significant deviations in aggregate size do not occur.

Our results suggest that two main mixing regimes exist
for the co-precipitation of Cu/Zn-based catalyst precursors:
I. Co-precipitation is limited by mixing.
II. Co-precipitation is independent of mixing influences.

In our opinion, this explains the somewhat contradictory
statements in the literature (Sect. 1) regarding the influence
of mixing in co-precipitation and allows for a unified
explanation of the phenomena. A critical volume flow of
_Vtotal;crit » 400 mL min–1 needs to be chosen for the param-

eters and experimental setup considered in our work to rule
out mixing influences in the co-precipitation and obtain the
highest effective supersaturation possible:

lim
_V total fi _V total;crit

Seff ¼ Smax (8)

If this condition is met, primary particles and, accord-
ingly, the aggregates, decrease in size down to a threshold
only limited by solids formation kinetics and, consequently,
undefined phase transformation is prevented.

3.2 Role of Aging

Aging is essential to obtain the target phase zincian mala-
chite by recrystallization from the co-precipitate [18]. While
co-precipitation is completed within milliseconds to sec-
onds, aging times typically range between 30 min and sever-
al hours [22, 33]. Therefore, we postulate that aging is
dominated by the drive of the suspension to reach the ther-
modynamic equilibrium state. Accordingly, we think that
the phase composition of the final aged product can be
described by an entirely thermodynamic model without
considering of kinetics.

A combination of an activity coefficient model and a
thermodynamic model were used in the hydrochemistry
software PHREEQC [50] to calculate the solids phase com-

position as a function of pH at 25 �C, as shown in Fig. 9.
Details of the models and substance data used are given in
Sect. S4 and S5. Reactant concentrations and temperature
were chosen according to the experiments on the binary
system in Sect. 3.1. The pH was adjusted by adding suitable
quantities of HNO3 or NaOH. Calculations suggest that zin-
cian malachite is the dominant phase for approximately
3 < pH < 12 with a molar fraction of 0.9 to 1.0 and only
small residues of ZnCO3 �H2O or aurichalcite. No solids
formation is to be expected for pH < 3, while CuO becomes
prevalent for pH > 12. The pH ranges predicted for auri-
chalcite, CuO and the absence of solids generally agree with
titration experiments in which the pH was varied by adding
Na2CO3 [51]. The dominance of zincian malachite was con-
firmed experimentally for 5 < pH < 8 [52]. The influences
of ~cCO2�

3
and ~cOH� on the phase composition of the aged

product can be studied separately from each other in the
future by varying the pH independently from the NaHCO3

concentration in the simulation. Elaborate parameter stud-
ies could be reduced to a minimum by using such model
calculations.

For industrial application, the necessary aging time tAge

to obtain the requested phase composition is important for
economic reasons. Therefore, it was investigated how aging
kinetics can be influenced by adjusting the co-precipitation
and, thus, the physicochemical properties of the co-precipi-
tate according to Sect. 3.1.2. Accordingly, samples of the
Cu/Zn-based catalyst precursor were taken at defined aging
times and analyzed by XRD. X-ray diffractograms for four
different aging times are plotted for _Vtotal = 50 mL min–1

in Fig. 10a, corresponding to slow mixing during the
co-precipitation. In the initial stage, no sharp or intense
reflexes are visible, which indicates the presence of an X-ray
amorphous co-precipitate as has been repeatedly shown in
literature for solids rich in georgeite [18, 24]. After aging for
90 min, the first sharp reflexes are visible, mostly allocated
to the known intermediate Na2Zn3(CO3)4 � 3H2O and the
target phase zincian malachite [22]. The scattering pattern
after aging for 300 min is matched to zincian malachite and
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Figure 8. Median particle size x50,3 by DLS measurements as a
function of the total volume flow for a Cu/Zn/Zr-based co-pre-
cipitate.

Figure 9. Calculated solids phase composition at thermody-
namic equilibrium as a function of pHeq.
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less than 1 % aurichalcite (see Rietveld refinement calcula-
tions in Sect. S3). Further aging no longer changes the crys-
talline phase composition of the solids.

Corresponding results for _Vtotal = 800 mL min–1, where
mixing no longer influences solids formation according to
Sect. 3.1, are shown in Fig. 10b. Here, Na2Zn3(CO3)4 � 3H2O
is already present directly after co-precipitation. Similarly,
the almost identical final crystalline composition of the sol-
ids is already observed after 90 min. Thereafter, phase com-
position does not change notably. We attribute these accel-
erated aging kinetics to a larger specific surface area of the
co-precipitate, in accordance with the findings presented in
Fig. 6. The accelerated aging kinetics for fast mixing are also
evident in the pH development shown in Fig. S8a and S8b.
The distinctive pH drop followed by a steep rise of pH indi-
cating phase transformation occurs after 76 min for fast
mixing while it takes 94 min for slow mixing. This is in
agreement with the XRD spectra shown in Fig. 10.

The experimentally determined predominance of zincian
malachite with small amounts of aurichalcite for tAge fi ¥
is independent of the mixing conditions. After aging for
1500 min, the pH for slow mixing is 8.36 while the pH for
fast mixing is 8.81. Thus, the calculations shown in Fig. 9
are in agreement with the experimental results and indicate
that aging can be predominantly
described in terms of thermody-
namic equilibrium. However, in
accordance with our initial hy-
pothesis, aging kinetics can be
modifiable by tuning the particle
morphology of the co-precipitate.

3.3 Effect of Co-Precipitation
on Catalyst Properties
and Performance

Finally, the potential for catalyst
optimization by strictly separat-

ing co-precipitation and aging
will be discussed. In this context,
our hypothesis that the co-pre-
cipitate morphology influences
the later microstructure of the
catalyst is to be discussed.

Accordingly, two CZZ catalysts
are compared: one from a stan-
dard semi-batch preparation with
low volume flows where the co-
precipitation and aging overlap
in time and space, and one pre-
pared by continuous co-precipi-
tation with _Vtotal = 300 mL min–1

followed by batch aging. Addi-
tionally, a commercial CZA cata-
lyst is used as a benchmark.

Tab. 1 reveals similar mass fractions of copper for all three
precatalysts after calcination [29]. However, the continu-
ously prepared catalyst has approximately twice the mass
specific surface and copper surface areas as the precatalyst
from the semi-batch preparation. The continuously pre-
pared CZZ catalyst also exceeds SBET and SCu of the com-
mercial CZA catalyst.

A comparison of TEM-EDXS images for the two CZZ
precatalysts shown in Fig. 11 also indicates differences in
the microstructure [29]. Large areas of pure copper and zinc
enrichments exist for the semi-batch co-precipitation. By
contrast, the continuously prepared catalyst shows a very
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Figure 10. Solids phase composition development during aging by XRD for two samples with
slow (a) and fast (b) mixing, respectively, in the preceding co-precipitation.

Figure 11. TEM-EDXS images of CuO/ZnO/ZrO2 precatalysts prepared by semi-batch co-precipi-
tation (a) and continuous co-precipitation at _Vtotal = 300 mL min–1 (b) from [29].

Table 1. Relevant physicochemical properties of the precata-
lysts considered for performance tests from [29].

Catalyst xCu [wt %] SBET [m2g–1] SCu [m2g–1]

Continuous (lab scale) 61 125 27

Semi-batch (lab scale) 57 65 10

Commercial (CZA
catalyst)

64 98 13

10 Research Article
Chemie
Ingenieur
Technik

’’ These are not the final page numbers!



homogeneous and fine distribution of copper and zinc
atoms with only a few cluster areas. These differences in
metal distribution are again attributed to generally more
uniform and smaller primary particles and, consecutively,
aggregates after co-precipitation as indicated in Fig. 8. We
believe that there is some ‘‘morphological memory’’
throughout aging and calcination, which possibly explains
the much higher SCu of the calcined catalyst. This, further-
more, confirms that co-precipitation, and thus the co-pre-
cipitate morphology, affect the microstructure of the later
catalyst. Further images that also show the Zr distribution
can be found in the literature [29].

All three catalysts were used in direct DME synthesis to
evaluate how the differences in physicochemical properties
effect catalyst performance. The DME productivity is plot-
ted in Fig. 12 as a function of the volumetric ratio of CO2 to
(CO2 + CO) in the syngas at a constant H2 fraction [29].
The continuously prepared CZZ catalyst consistently exhib-
its a higher productivity than the semi-batch catalyst. The
commercial benchmark catalyst shows a constantly better
performance than the semi-batch catalyst prepared at lab
scale but is inferior to the continuously prepared catalyst.
The expectations based on the properties featured in Tab. 1
and Fig. 11 were met accordingly.

In summary, how co-precipitation is carried out in detail
has a significant influence on the subsequent particle prop-
erties, i.e., the microstructure of the precatalyst, and, thus,
product properties of the final catalyst material. Obviously,
one major factor is how mixing during co-precipitation in-
fluences the effective supersaturation and, therefore, particle
formation and, in turn, the resulting aggregate morphology.

4 Conclusion

In this study, continuous co-precipitation and batch aging
to prepare methanol catalyst precursors were strictly sepa-
rated and investigated with particular emphasis on the

subsequent steps of mixing, initial solids formation, and
recrystallization. The complex formation of Cu/Zn-based
precursors was regarded with enhanced temporal and spa-
tial resolution in order to fundamentally understand the
individual processes finally yielding catalysts with improved
physicochemical properties and performance.

The role of mixing in continuous co-precipitation was
studied detached from hydrochemistry and solids formation
kinetics. Agglomeration of co-precipitate and, thus, aging
were prevented by using a stabilizer. Two mixing regimes
were determined for a Cu/Zn-based precursor. One at low
volume flows, which are equivalent to slow micro mixing,
where the aggregate size of the co-precipitate decreases with
increasing volume flows. The second mixing regime exists at
sufficiently high volume flows above _Vtotal = 400 mL min–1,
where a threshold is reached and solids formation is no lon-
ger influenced by mixing. Accordingly, SBET of the co-pre-
cipitate initially increases and then remains approximately
constant. Furthermore, slow mixing results in a slightly
altered metal composition in the solid phase. Volume flow
studies on the more complex Cu/Zn/Zr-based precursor
show that these findings can in general be transferred to
similar metal compositions.

We described the phase transformation during aging by a
thermodynamic equilibrium model showing that the solids
phase composition after aging as a function of the pH is in
good agreement with experimental findings. Additionally, it
could be shown experimentally that slow mixing during co-
precipitation leads to larger particles and, thus, slower aging
kinetics than for fast mixing. However, the phase composi-
tion for tAge fi ¥ is independent from the mixing condi-
tions and coherent with the thermodynamic calculations.

The influence of the continuous co-precipitation ap-
proach for the catalyst performance in direct DME synthe-
sis was investigated for a Cu/ZnO/ZrO2 catalyst, in compar-
ison to its preparation from semi-batch co-precipitation
and to a commercial Cu/ZnO/Al2O3 catalyst. Significantly
higher DME productivity was achieved with the continu-
ously co-precipitated Cu/ZnO/ZrO2 catalyst, also indepen-
dent of the syngas feed composition. The increased activity
is in line with larger SBET and SCu as well as the more homo-
geneous metal distribution of the latter, which reaffirms our
hypothesis that the co-precipitate morphology influences
the microstructure of the final catalyst significantly.

Our experimental setup at the moment allows a produc-
tion capacity of more than 200 g aged and dried precursor
per day when operating the micromixer for approx. 20 min
in total proving a promising potential for the technical
application in catalyst production. Production rates of well
over 500 g h–1 of aged intermediate should be achievable
when operating the micromixer constantly. Further scale-
up is possible, either by numbering-up or using the ap-
proach of complete similarity.

Our approach to handle initial co-precipitation and sub-
sequent aging strictly separated from each other and to
describe the underlying functional dependencies on the
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Figure 12. Dimethyl ether (DME) productivity as a function of
the volumetric ratio of CO2 to (CO + CO2) in the syngas for three
different catalysts. Continuous: Cu/ZnO/ZrO2 catalyst prepared
by continuous co-precipitation at lab scale. Semi-batch: Cu/ZnO/
ZrO2 catalyst prepared by semi-batch co-precipitation at lab
scale. Commercial: Cu/ZnO/Al2O3 catalyst; as purchased. Synthe-
sis parameters: p = 50 bar, _Vin ¼ 36 000 mL g�1

MeOH cat
h�1. Data from

[29].
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respective intermediates also separately, opens potential for
further process optimization. Future work will focus on
detailed kinetic modeling of co-precipitation with the goal
to understand better and, thus, control the evolution of the
morphology and the phase composition of the co-precipi-
tate. Complementarily, the thermodynamic aging model
will be extended and validated to temperatures above 25 �C.
This will have the potential to predict the influences of co-
precipitation and aging parameters on the physicochemical
properties of the precursor materials on the basis of these
models and to accelerate further catalyst development
accordingly.
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Symbols used

a [–] activity
b mol kg�1

H2O

h i
molality

c [g L–1] mass concentration
~c [mol L–1] molar concentration
KSP [–] solubility product
_m [kg s–1] mass flow

n [mol] amount of substance
p [mbar] pressure
DpMix [mbar] pressure drop by mixing
pH [–] pH value
S [–] supersaturation
SBET [m2g–1] mass-specific surface area
SCu [m2g–1] mass-specific copper

surface area
T [�C] temperature
tAge [min] aging time
�u [m s–1] mean velocity
V [m3] volume
_V [mL min–1] volume flow
_Vin mL g�1

MeOH cath
�1� 	

modified gas-hourly space
velocity (GHSV)

x [nm] particle size
xCu [wt %] mass fraction of copper in

the solids

Greek letters

�e [W kg–1] mean energy dissipation
n [–] stoichiometric coefficient
n [m2s–1] kinematic viscosity
~n [cm–1] wavenumber
r [kg m–3] density
q [�] scattering angle
t [ms] time

Sub- and Superscripts

± all ions of a salt
0 standard conditions
50,3 volume-based median
BET Brunnauer-Emmett-Teller model
cat catalyst
crit critical
eff effective
eq at the thermodynamic state of equilibrium
i solids-forming ion
in inlet current into the synthesis reactor
max maximum
Mix Mixing zone
micro micromixing
turb turbulent

Abbreviations

BET Brunnauer-Emmett-Teller model
CZ copper/zinc
CZA copper/zinc/aluminium
CZZ copper/zinc/zirconium
DLS dynamic light scattering
DME dimethyl ether
EDXS energy-dispersive X-ray spectroscopy
FT-IR Fourier-transform infrared spectroscopy
H-FER 20 ferrierte-type zeolite
MeOH methanol
PSD particle size distribution
TEM transmission electron microscopy
XRD X-ray diffraction
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Pedersen, S. Zander, F. Girgsdies, P. Kurr, B.-L. Kniep, M. Tovar,
R. W. Fischer, J. K. Nørskov, R. Schlögl, Science 2012, 336 (6083),
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choke, R. Schlögl, E. Frei, Appl. Catal., B 2019, 249, 218–226.
DOI: https://doi.org/10.1016/j.apcatb.2019.02.023

[17] M. Behrens, J. Catal. 2009, 267 (1), 24–29. DOI: https://doi.org/
10.1016/j.jcat.2009.07.009

[18] B. Bems, M. Schur, A. Dassenoy, H. Junkes, D. Herein, R. Schlögl,
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