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a  b  s  t  r  a  c  t

Ternary  Cu/ZnO/Al2O3 catalyst  systems  were  systematically  prepared  by  innovative  synthesis  routes  in
microstructured  synthesis  setups,  allowing  to  study  different  types  of  micromixers.  The  coprecipitation
in  the  slit plate and  valve-assisted  mixers  was  operated  continuously  under  exact  control  of pH,  temper-
ature, concentration  and  ageing  time.  Due  to the  enhanced  surface  to volume  ratio  in microstructured
reactors,  a precise  temperature  control  and  efficient  mixing  of  the  reactants  are  enabled.  The  precipita-
tion was  performed  with  sodium,  ammonium  and  potassium  carbonate  as well  as  sodium  hydroxide.  To
evaluate the  potential  of  the  novel  synthesis  routes,  reference  samples  in a conventional  batch  process
were prepared.  The  catalysts  were  synthesized  according  to  the constant  pH  method  with  a  molar  ratio
of 60:30:10  for copper,  zinc  and  aluminum.  The  synthesis  routes  applied  have  a significant  influence  on
the  structures  of  hydroxycarbonate  precursors  and  on the catalytic  activity  in  methanol  synthesis.  XRD
ethanol synthesis patterns of  hydroxycarbonate  precursors  from  the  synthesis  in  micromixers,  especially  using ammonium
carbonate  as  precipitating  agent,  display  high  crystallinity  and  sharp  reflections  of  malachite  and  rosasite.
Cu/ZnO/Al2O3 catalysts  prepared  in continuously  operated  micromixers  in general  show  higher  specific
copper  surface  areas  than  catalysts  prepared  in conventional  batch  processes.  The  highest  methanol  pro-
ductivity  of  all prepared  catalyst  systems  was  observed  with  the  catalyst  precipitated  in  the  slit  plate
mixer  with  ammonium  carbonate.

© 2012 Published by Elsevier B.V.
. Introduction

The ternary Cu/ZnO/Al2O3 catalyst system is industrially
mployed in low-pressure methanol synthesis from a CO/CO2/H2-
ontaining synthesis gas. The adding of Al2O3 to the previously used
inary Cu/ZnO system leads to a remarkable increase in catalyst
ctivity and, in particular, stability. Al2O3 is believed to inhibit ther-
al  sintering of copper particles [1–3]. Crystal phase structures of

he ternary hydroxycarbonate precursors such as malachite, ros-
site and aurichalcite strongly affect the activity of the calcined
atalyst [4–8]. The complex ternary catalyst system is believed to be
ubject to a so called ‘chemical memory’. That means that calcined
recursors which show similar structures have different activities

n methanol synthesis, depending on the crystal phase struc-
ures of the preceding hydroxycarbonate precursors [9–12]. Thus,

recipitation parameters are crucial for the activity of the later
atalyst. Conventionally, catalyst synthesis is performed by batch
recipitation with aqueous solutions of metal nitrates and sodium

∗ Corresponding author. Tel.: +49 89 289 13232; fax: +49 89 289 13513.
E-mail address: Olaf.Hinrichsen@ch.tum.de (O. Hinrichsen).
URL: http://www.tc1.ch.tum.de (O. Hinrichsen).

926-860X/$ – see front matter ©  2012 Published by Elsevier B.V.
ttp://dx.doi.org/10.1016/j.apcata.2012.06.040
carbonate. Formed hydroxycarbonate precursors are subsequently
calcined at 573–773 K and mixed metal oxides are produced. Mild
reduction of CuO to Cu0 in diluted H2 prior to reaction, results
in the active catalyst species. In industrial batch catalyst produc-
tion, it is challenging to control the synthesis parameters during
precipitation, however a considerable number of studies proved
the crucial influence of pH value [13,14], temperature [13,15],
ageing conditions [10,16] and additionally temperature and con-
centration gradients [10] on precursor structures and thus later
on the catalytic activity. Depending on each synthesis parameter,
the resulting hydroxycarbonate precursors show varying proper-
ties, particularly in crystal size and structure and hence in optical,
electronic and particularly catalytic properties. Therefore, the exact
control of process parameters during the synthesis of catalysts is
decisive for the catalytic activity and stability.

With respect to the control of process parameters, microreaction
engineering offers significant advantages. Thus, huge develop-
ments and clear progress have been made over the last few years.
Because of their outstanding characteristics in heat and mass

transfer and high degree of automation, microstructured reac-
tors provide a promising alternative to common batch synthesis
routes. Micromixers are already widely used in pharmacy, biotech-
nology and production of fine chemicals [17–19]. Especially their

dx.doi.org/10.1016/j.apcata.2012.06.040
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:Olaf.Hinrichsen@ch.tum.de
http://www.tc1.ch.tum.de
dx.doi.org/10.1016/j.apcata.2012.06.040
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uperior heat transfer properties are applied in highly exother-
ic  reactions, such as the fluoridation of organic compounds using

lemental fluorine [20], to give a prominent example. Besides gas
hase and liquid phase reactions, first attempts in the application of
icromixers in synthesis of solid particles have been made. Schur

t al. [21] performed principle experiments on the binary Cu/ZnO
ystem. They showed that catalysts, synthesized in continuously
perated micromixers, can even provide superior properties com-
ared to batch synthesis routes. In solid particle synthesis, low
emperature and concentration gradients are determining for cat-
lyst structure and thus for catalytic activity. Recently, Kaluza and
uhler [22,23] showed that a continuous precipitation method

sing a micromixer is a powerful tool to investigate precipitation
eactions, also in combination with the subsequent steps such as
geing and spray drying [24].

Besides the Cu/ZnO system, only few solid phase syntheses have
een performed in microstructured continuously operated systems
ith respect to catalyst manufacturing and formulation. Commer-

ially available micromixers, for example from Ehrfeld Microtechnik
TS, use a multi lamination principle, which is based on the split-
ing of the reactants into thin liquid layers, which are successively
ecombined in layers. Splitting into layers is achieved by fine slits
n the central microstructure. An aperture plate realizes the down-
tream in the mixer comb and is attached vertically to the slit
late in the central microstructure. For solid particle synthesis an
dditional back pressure valve, located before the mixing zone, pre-
ents back streaming of the reactants and thus a blockage of the
icrostructures.
Process parameters such as temperature or pH value as well as

he choice of the precipitation agent itself can have an enormous
nfluence on structural and catalytic properties of the final catalyst.
ommercially, sodium carbonate is used to precipitate the metal
itrates, however residual sodium is known to poison the catalyst
nd to enhance sintering of the metallic particles in methanol syn-
hesis. It is proposed that a high sodium content leads to a lowering
f the metal-support interaction of copper and ZnO [25,26],  thus
romoting deactivation. Moreover, sodium in hydroxycarbonate
recursors causes more pronounced growth of ZnO particles during
alcination and reduction, decreasing the catalytically active cop-
er surface [27]. Studies using alternative precipitation agents such
s ammonium carbonate, potassium carbonate or sodium hydrox-
de can provide deeper insight into deactivation processes and
ctivity–structure relationship.

The purpose of this study is to evaluate the feasibility of
icrostructured continuously operated synthesis routes for the

recipitation of ternary Cu/ZnO/Al2O3 precursors and to compare
heir activity in methanol synthesis to both an industrial reference
atalyst and batch synthesis routes. Varying the precipitation agent
rovides information on catalyst poisoning and especially on the
ormation of materials with high surface areas of the active compo-
ent. Application of various synthesis conditions with varying pH
alues and ageing periods gives insight into the processes during
olid particle synthesis in micromixers.

. Experimental

.1. Sample preparation

Ternary Cu/ZnO/Al2O3 catalyst systems were prepared in
icrostructured mixers by coprecipitation of a solution of metal

itrates and an alkaline solution analogous to the coprecipitation

ethod described by various research groups [10,13,14].  The pre-

ipitation was performed with sodium, ammonium and potassium
arbonate as well as sodium hydroxide. 300 mL  of a solution of cop-
er, zinc and aluminum nitrates (0.15 mol/L) with a molar ratio of
Fig. 1. Schematic drawing of piping and instrumentation of the precipitation set-up
with the valve-assisted mixer.

60:30:10 for Cu:Zn:Al and 300 mL  of a precipitating agent solution
(0.18 mol/L) were pumped (HPLC pump, Smartline Pump 100, Fa.
Knauer) into the microstructured reaction setups (Fig. 1) with a
constant flow rate of 35 mL/min. The solutions were preheated at
338 K, whereas ammonium carbonate was kept at 303 K to prevent
thermal decomposition. Before entering the mixing chamber, fur-
ther heating to 338 K took place in two heating modules, followed
by the precipitating reaction in the micromixers. The produced pre-
cipitates were collected in a stirred and heated glass tank reactor
with a starting volume of 400 mL  demineralized water. The pro-
cess in either the slit plate mixer or the valve-assisted mixer was
operated continuously under exact control of pH value (pH 6 and
pH 7), temperature (338 K), concentration and ageing time (0 h, 1 h,
2 h). During the precipitation and the ageing process the solution
of metal nitrates was  added drop wise to the slurry to maintain a
constant pH (±0.05 unit), controlled by an automatic titrator (DMS-
Titrino 716, Metrohm AG, dosing volume is about 10 mL). The total
amount of the solution added for pH maintenance was below 1%
compared to the amount of solution fed to the micromixer. After
ageing, the precipitates were recovered by filtration under vacuum
and washed three times with 400 mL  ultra pure water each and then
dried in air at 383 K for 20 h. The calcination of the milled hydroxy-
carbonate precursors was  performed at 623 K for 4 h (heated up
at a rate of 5 K/min) under synthetic air (20% O2/80% N2) with a
flow rate of 100 mL/min. Moreover, ternary Cu/ZnO/Al2O3 cata-
lysts were prepared in a conventional batch process as reported
elsewhere [10,13] under the same reaction conditions and used as
reference material.

2.2. Characterization

The catalyst samples were characterized by inductively cou-
pled plasma optical emission spectrometry (ICP-OES), elemental
analysis, X-ray diffraction (XRD), nitrogen physisorption mea-
surements, transmission electron microscopy (TEM) and thermal

analysis (TG/DTG). The metal contents of the calcined precur-
sors were determined by ICP-OES, carried out on a SpectroFlame
type FTMOA81A (Spectro Analytical Instruments). Trace element
analysis of sodium and potassium in the calcined precursors was
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erformed on a Varian AA280FS Fast Sequential Atomic Absorp-
ion Spectrometer. The elemental analysis of carbon, hydrogen
nd nitrogen in the calcined precursors was performed on a vario
L CHNOS element analyzer. XRD patterns of the hydroxycarbon-
te precursors and the calcined precursors were performed on a
hillips Xı̌PERT (type 3040/60 MPD  Pro DY 1467) diffractometer
ith Cu K� radiation (1.54056 Å) operating at 45 kV and 40 mA.

he XRD patterns were recorded in the range of 3.9–71.0◦ (2�).
itrogen physisorption measurements were realized in a NOVA
000e Surface Area & Pore Size Analyzer (Quantachrome Instru-
ents). Before analysis, all samples were activated under vacuum

t 523 K for 2 h. The 10 points nitrogen adsorption measurements
ere recorded at 78 K. The BET surface area was calculated from

he adsorption data in the relative pressure interval from 0.05 to
.3. TEM images were taken with a JEOL JEM 100CX transmission
lectron microscope operated at 100 kV, equipped with a tung-
ten cathode. The samples were dispersed ultrasonically in ethanol
nd then deposited onto a continuous carbon film supported on a
opper mesh grid. The images were processed with ImageJ image
rocessing software to obtain the particle size distribution of the
amples. In general, 100 particles per sample were counted. Ther-
ogravimetric analyses (TG/DTG) were carried out in a STA 409C
etzsch thermobalance coupled to a Pfeiffer Vacuum OmniStar GSD
01 O quadrupole mass spectrometer for quantitative data moni-
oring. Measurements were performed with approximately 60 mg
f the samples in open Al2O3 crucibles in argon flow (50 mL/min)
ith a heating rate of 5 K/min from 298 to 1073 K.

.3. Specific copper surface area and catalytic measurements

The specific copper surface area and the catalytic activity mea-
urements were carried out in a single-pass fixed-bed reactor
osted in a flow setup equivalent to that described in refer-
nces [28,29]. The following gases and mixtures (purities) were
sed: He (99.9999%), H2 (99.9999%), CO (99.999%), CO2 (99.997%),
2/He (2.2% H2, 99.9999%), CO2/He (6% CO2 99.9995%), MeOH/He

2941 ppm MeOH), N2O/He (1% N2O, 99.999%) and a mixture of
9.5% H2, 8% CO2, 6% CO and 1.5% Ar in residual He used as feed
as/synthesis gas for methanol synthesis. The analysis of the prod-
ct gas mixture was performed by a calibrated quadrupole mass
pectrometer (Pfeiffer Vacuum OmniStar GSD 301 O). 200 mg  of
he 250–355 �m sieve fraction of the samples were filled into the
eactor and secured with quartz wool. The tubular reactor is a glass
ined U-tube (GLT) with an inner diameter of 4 mm,  which results in

 bed height of the catalyst of about 24 mm.  The catalyst samples
ere reduced in two steps under mild conditions to prevent the

opper particles from sintering [30–32].  In the first step the sam-
les were treated with a flow of 10 N mL/min of a H2/He mixture
t 448 K for 15 h, applying a heating rate of 1 K/min. To ensure full
eduction, the catalyst is treated in a pure flow of H2 for 100 min
t 513 K. The reduction of the catalyst is followed by purging the
amples with He for 30 min  to remove any impurities.

The specific copper surface area of the Cu/ZnO/Al2O3 catalyst
as measured, using reactive frontal chromatography with nitrous

xide (N2O RFC). In general, the N2O RFC measurement was  per-
ormed corresponding to the method introduced by Chinchen et al.
33] under slightly more moderate reaction conditions [34]. At the
nd of the N2O RFC the gas flow is switched to He for 30 min  in order
o flush the catalyst bed. Then, the catalyst was heated to 483 K with

 heating rate of 1 K/min in a flow of 78 N mL/min synthesis gas. In
 typical run, methanol synthesis measurements were performed
nder steady-state conditions at 0.5 MPa  and 1 MPa  for 6 h. The Cu

urface area was measured for freshly reduced and used samples.

An industrial benchmark catalyst, which is produced batchwise,
as used as reference material. The catalytic activity and the cop-
er surface area of all measured samples were compared to this
Fig. 2. XRD patterns of hydroxycarbonate precursors prepared with K2CO3 with the
slit  plate mixer at pH value of 6.

catalyst. The benchmark catalyst achieved a specific copper surface
area SCu = 22.4 m2/gcat before and SCu = 21.6 m2/gcat after standard
test conditions. The methanol productivity of the benchmark cat-
alyst at 483 K was determined to PMeOH = 5.5 mmolMeOH/(gcat s) at
0.5 MPa  and PMeOH = 12.5 mmolMeOH/(gcat s) at 1 MPa.

3. Results and discussion

3.1. Characterization of hydroxycarbonate precursors

The phase composition of the precursors was qualitatively
investigated by powder diffraction. XRD patterns of hydroxycar-
bonate precursors prepared in the synthesis route using a slit plate
mixer with K2CO3 as precipitating agent are illustrated in Fig. 2.
Ageing duration leads to negligible crystalline improvements in
precursors. Reflections representing malachite (Cu2(OH)2CO3) or
rosasite ((Cu;Zn)2(OH)2CO3) in the non-aged precursor are even
sharper than those in aged precursors. In the production of non-
aged precursors, water could not be fully quenched from the system
and the following drying step at 383 K may  have promoted fur-
ther ageing of the wet precursors at even higher temperatures. On
the other hand, precursors aged for 1 or 2 h show similar diffrac-
tograms. This evidence is supported by the results of Bems et al.
[10] who also found that the crystal growth ended after 30 min
ageing. Moreover, the aurichalcite phase ((Cu;Zn)5(OH)6(CO3)2),
represented by reflections at 2� = 13◦ and 24◦, is less observed in
precursors aged for at least 1 h, while the malachite and rosasite
bands retain most of their intensity. This finding is in accordance
with the studies of Waller et al. [35], who  proposed the dissolution
of aurichalcite during ageing in mother liquor.

Fig. 3 displays the XRD patterns of hydroxycarbonate precur-
sors prepared with Na2CO3 in various synthesis routes performed.
Precursors generated with micromixers exhibit bolder copper zinc
hydroxycarbonate phases, especially aurichalcite, malachite and
rosasite along with a less amorphous structure. These effects are
observed particularly in precursors prepared with the slit plate
mixer based on its split and recombine principle, enabling a high
degree of micromixing. These trends are observed in all precur-
sors prepared with the micromixers, regardless of the precipitating

agent applied. Small aurichalcite reflections at characteristic angles
2� = 13◦ and 24◦ are observed in precursors prepared with the slit
plate mixer with Na2CO3 and (NH4)2CO3 as precipitating agents.
Since the restructuring processes, including the dissolution of
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as precipitating agents using a valve-assisted mixer are illustrated
ig. 3. XRD patterns of hydroxycarbonate precursors prepared with Na2CO3 at a pH
alue of 6, aged for 2 h.

urichalcite phases, take place mainly during the ageing process,
lightly lower aurichalcite bands in all precursors precipitated
ith the slit plate mixer cannot be directly correlated with the
icromixing effects during the coprecipitation in the mixer, but

ather with ageing processes in the mother liquor.
The effect of the precipitating agent applied regarding crys-

allinity and exposing of phases in hydroxycarbonate precursors
s illustrated in Figs. 4 and 5. Synthesis with (NH4)2CO3 gener-
tes precursors with high crystallinity and distinctive reflections
Fig. 4). Furthermore, the sample prepared with (NH4)2CO3 dis-
lays intense reflections of both highly active phases malachite and
osasite as well as slight reflections of the less active aurichalcite
hase. The precipitation with Na2CO3 results in precursors display-

ng reflections of aurichalcite at 2� = 13◦ and 24◦ more intensely
ompared to reflections of malachite at 2� = 32◦ and rosasite at
� = 34–38◦ and 55◦. In general, (NH4)2CO3 produces catalysts
ith the least amorphous structures and high malachite and rosa-
ite contents (Fig. 5). On the other hand, both K2CO3 and Na2CO3
enerate catalysts with similar crystallinity, independent of the
ynthesis route applied in precipitation reaction. However, K2CO3

ig. 4. XRD patterns of hydroxycarbonate precursors prepared in a batch process at
H  value of 7, aged for 2 h. Comparison of results using precipitating agents Na2CO3

nd (NH4)2CO3 is shown.
Fig. 5. XRD patterns of hydroxycarbonate precursors prepared in a slit plate mixer
at  a pH value of 6, aged for 2 h. Comparison of precipitation with different carbonate
species is shown.

displays slightly more pronounced aurichalcite bands, particularly
the band at 2� = 13◦. Moreover, the malachite and rosasite bands
for these two precipitating agents K2CO3 and Na2CO3 show a strong
resemblance. Similar to Na2CO3 or (NH4)2CO3 samples, non-aged
precursors prepared with K2CO3 exhibit a less amorphous struc-
ture. Non-aged precursors are still susceptible to ageing since water
cannot be fully extracted during the filtration process. The aurichal-
cite bands are also observed weaker in all catalysts aged for 2 h
regardless of the precipitating agents used. This evidence confirms
the dissolution of aurichalcite as already discussed in the previous
section.

The pH value in precipitation reaction and ageing has an
important impact on the structure of the hydroxycarbonate pre-
cursors. XRD patterns for precursors prepared with (NH4)2CO3 in
in Fig. 6. Higher pH values ensure a high degree of crystallinity
along with sharper, bolder malachite and rosasite bands. The

Fig. 6. XRD patterns of hydroxycarbonate precursors prepared in a valve-assisted
mixer with (NH4)2CO3, aged for 2 h. Influence of pH value in precipitation is shown.
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H value of precipitation affects all precursors prepared with
a2CO3, (NH4)2CO3, K2CO3 and NaOH regardless of the synthesis

oute applied. A basic pH value amplifies the crystallinity of the
ydroxycarbonate precursors, especially of those prepared with
icromixers. Wassermann et al. [36] and Li und Inui [15] studied

he effect of the pH value onto the Cu/ZnO/Al2O3 system in batch
ynthesis and correlated the precipitation pH value with the
hase composition of the precursors. When carbonate salts are
dded to an aqueous solution of metal nitrates Cu(NO3), Zn(NO3)2
nd Al(NO3)3 under pH control, the solid formation starts with
he initial precipitation of amorphous copper hydroxide (Eq.
1)). The copper hydroxide then reacts with zinc and carbonate
ons, forming a mixed amorphous hydroxycarbonate precursor
Eq. (2)). Concurrently, the more slowly solidifying zinc forms a
ydroxyl-rich material together with the residual copper ions.

u2+ + 2OH− → [Cu(OH)2]s (1)

Cu(OH)2]s + Zn2+ + CO3
2− → [(Cu, Zn)2(OH)2(CO3)]s (2)

M(OH)x]s + NO3
− → [M(OH)x−1(NO3)]s + OH− (3)

M(OH)x−1NO3]s + HCO3
− → [M(OH)x−1(HCO3)]s + NO3

− (4)

The concentration of H+ ions in the mother liquor increases with
he decrease of the pH value applied during precipitation and age-
ng process, whereby the concentration of carbonate ions is directly
ffected. Due to the shift of equilibrium, the concentration of car-
onate ions is reduced by protonation to hydrogen carbonate (Eq.
5)) followed by further protonation to carbonic acid and decom-
osition to CO2 and H2O.

+ + CO3
2− � HCO3

− (5)

Therefore, the reorganization of the precipitate (Eq. (3) and Eq.
4)) is hindered at acid pH values. The reorganization of the solid
ventually leads to the formation of zincian malachite and aurichal-
ite from either georgeite or the amorphous hydroxyl-rich material.
s a result, high concentration of carbonate ions at a basic pH value

acilitates the formation of more zincian malachite, rosasite and
urichalcite, resulting in less amorphous products.

In thermogravimetric analysis the thermal decomposition reac-
ion of hydroxycarbonate precursors elapses in three main steps
nalogous to the results presented by Melian-Cabrera et al. [37].
he first step shows the release of crystallization water present
n the hydroxycarbonate structure as well as weakly adsorbed
O2 at a temperature around 400–420 K followed by the elimi-
ation of structural hydroxyl groups with the release of H2O and
ecomposition of rosasite, malachite, aurichalcite and other car-
onate containing phases, forming CO2 at about 620 K. Finally,
he decomposition of high-temperature carbonates occurs in the
ange of 700–900 K. High-temperature carbonates are attributed to
mplify the interaction of active metal species and support material
Cu–ZnO) [10]. As a result, the sintering process of copper particles
s reduced and thus more active catalysts are obtained. The decom-
osition of precursors prepared with Na2CO3 occurs in these three
teps with the first mass loss of 2.5% associated with the release
f crystallization water and weakly adsorbed CO2 at a tempera-
ure of 416 K (Fig. 7). The second mass loss of 20% over a broad
emperature range of about 523–623 K is mainly due to the decom-
osition of hydroxycarbonate structures and nitrates which are
till left after the washing step, releasing mainly H2O, CO, CO2 and
O. The decomposition reaction of the so-called high-temperature
arbonates is responsible for the third mass loss of 5% at 847 K,
s indicated by CO and CO2 detected in the mass spectrometer.

hermogravimetric analysis results of precursors prepared with
NH4)2CO3 in a slit plate mixer (Fig. 7) display a similarity to the
recursors prepared with Na2CO3 except a broader mass loss in
emperature range of about 473–623 K. The first mass loss of 3%
Fig. 7. Thermal analysis of hydroxycarbonate precursors prepared in a slit plate
mixer at a pH value of 6, aged for 2 h. Comparison of precipitating agents is shown.

due to the release of H2O and CO2 is similar to that of Na2CO3.
The second mass loss of about 21% occurs as a continuous mass
loss of H2O, CO, CO2 and NO between 473 and 623 K. The third
and fourth mass losses at 792 and 843 K are caused primarily by
high-temperature carbonates (HT-CO3). Different from the single
step mass loss of HT-CO3 in precursors prepared with Na2CO3, the
double step mass loss indicates two different carbonates with two
different decomposition temperatures present in the precursors.
The results of thermogravimetric analysis of precursors prepared
with K2CO3 (Fig. 7) follow the trend of precursors prepared with
the conventional precipitating agent Na2CO3. The first mass loss
of 2.5% is correlated with H2O and CO2 present in hydroxycarbon-
ate precursors. The sharp mass loss of 20% at 649 K comprises of
mainly the evolution of H2O, CO, CO2 and NO. The decomposi-
tion of HT-CO3 occurs in two  steps at 794 and 844 K. Similar to
the (NH4)2CO3 samples, the decomposition of precursors prepared
with K2CO3 indicates two different carbonates present in the pre-
cursors. The thermal decomposition of precursors prepared with
NaOH elapses in two main steps according to the different chemical
system compared to precipitation with carbonate species. This evi-
dence is in accordance with the results presented in Ref. [38]. In the
temperature range of 383–413 K crystallization water is released
from the sample. The decomposition of hydroxide compounds and
gerhardtite associated with the release of H2O, NO, NO2 and O2
occur at 503–533 K. Both mass losses can be attributed with a sharp
band at 384 K (2.4%) to the release of H2O and at 524 K (22.4%) to the
decomposition of hydroxides and gerhardtite. Further temperature
increase above 1073 K reveals another mass loss of the catalyst sam-
ples, which released mainly O2, CO and CO2 from the system. The
composition of the evolved gases points to the reducing reaction of
copper (II) oxide (CuO) to copper (I) oxide (Cu2O) or even elemen-
tal copper with formation of brass [39], as indicated by the reddish
brown color of the sample after thermogravimetric analysis.

In general, the decomposition behavior of catalysts prepared
with carbonate species as precipitating agents is similar. Due to
the different chemical composition, the decomposition behavior of
NaOH samples deviates according to expectations from the behav-
ior of carbonate species. The precipitation reaction in the presented
different synthesis routes results in precursors with a comparable
decomposition behavior.

3.2. Characterization of calcined precursors
The metal contents of the ternary Cu/ZnO/Al2O3 catalysts pre-
pared at different pH values were determined. Table 1, for example,
summarizes the results for the samples prepared at pH 6. For the
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Table 1
Metal contents of Cu/ZnO/Al2O3 catalysts prepared in synthesis route “slit plate
mixer” at pH 6 depending on duration of ageing period.

Precipitating agent Ageing duration Cu [wt.%] Zn [wt.%] Al [wt.%]

Na2CO3 0 h 63.3 24.7 12.0
1  h 62.5 25.9 11.6
2  h 62.6 25.9 11.5

(NH4)2CO3 0 h 63.3 24.7 12.0
1  h 62.6 25.9 11.5
2  h 62.6 25.9 11.5

K2CO3 0 h 65.0 24.0 11.0
1  h 63.4 26.0 10.6
2  h 63.5 25.8 10.7

NaOH 0  h 70.9 16.9 12.2
1  h 70.4 18.0 11.6
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nitrogen adsorption measurements for the calcined precursors.
2  h 70.4 18.1 11.5

recipitation with carbonate species the copper contents were
easured in the range of 62.5–64.0 mol%, while zinc and aluminum
as detected in the range of at 24.5–26.0 mol% and 11–12 mol%,

espectively. Hence, different synthesis routes do not affect the
etal contents in the produced catalysts significantly. The molar

atio of Cu:Zn:Al has been determined to 63:25:12, clearly differ-
nt from the deployed molar ratio in the synthesis process. Samples
repared at pH 7 (results are not shown here) attain the deployed
atio of 60:30:10 also very close. Precursors prepared with ammo-
ium carbonate at pH 7 showed a slightly lower copper content
han the other precursors. The molar ratio of 59 mol% copper in the
NH4)2CO3 samples can be explained by a “leaching” effect, caused
y the formation of copper ammine complexes during the precipi-
ation reaction. At pH 7 the release of NH3 from (NH4)2CO3 cannot
e suppressed. The characteristic blue complex compound is solu-
le in the mother liquor and thus removed from the system during
he washing step.

The effect of the pH value during precipitation reaction on the
nal metal composition of precipitated catalysts is reported by
any authors [15,36]. The extended reaction model by Baltes et al.

13] is further modified for the used precipitating agents (Eqs.
1)–(5)). The reduced incorporation of zinc into the precipitate
an be correlated directly to the pH value and the precipitation
rocess. By adding a carbonates-containing basic solution to an
queous nitrate solution of copper, zinc and aluminum, the precip-
tation starts with the formation of amorphous copper hydroxide.
he shaped copper precipitate reacts with Zn and carbonate ions
o form mixed amorphous hydroxycarbonate precursors. Parallel
lowly crystallizing Zn ions form a precipitate rich in hydroxides
ith residual copper. Using an acidic pH value in the precipitation
rocess the equilibrium of carbonate ions is relocated to hydrogen
arbonate and thus hinders the formation of a Zinc-rich precipi-
ate. The effect of reduced incorporation of Zn into the precipitate
s increasingly observed using sodium hydroxide as precipitating
gent. As displayed in Table 1, the molar ratio of copper, zinc and
luminum in calcined precursors is determined to be 70:18:12 and
herefore far-off the deployed ratios. That is due to the fact, that
n precipitation with NaOH a completely different chemical system
xists compared to the precipitation reaction with the carbonate
pecies Na2CO3, (NH4)2CO3 and K2CO3. In synthesis with NaOH
nly the hydroxides of copper, zinc and aluminum are obtained.
ased on the absence of carbonate species, the incorporation of Zn

ons with carbonate ions into the initially formed copper hydrox-
des is hindered. Another reason for the decreased precipitation
f Zn is the higher solubility of zinc hydroxide in acidic solutions

ompared to hydroxides of copper and aluminum. The ratio of
luminum in the precipitate is constant, since the precipitation
f aluminum hydroxide is independent of the concentration of
Fig. 8. BET surface areas of calcined precursors prepared at a pH value of 6 depending
on  synthesis route and precipitating agent applied.

carbonate ions. Regarding the molar ratios of copper, zinc and alu-
minum a minor influence on the ageing duration can be observed.
Samples without ageing (0 h) display a slightly higher copper con-
tent and a slightly lower zinc content than catalysts after ageing for
one or 2 h. These findings confirm the reaction model for the precip-
itation of hydroxycarbonate precursors explained earlier. The metal
contents of the catalysts are barely affected by the applied synthe-
sis route (batch-process,  slit plate mixer and valve-assisted mixer)
and the duration of ageing time. The choice of the precipitating
agent and pH value in contrast exhibits a big influence on the reor-
ganization of the precipitate and the incorporation of zinc in the
primary precipitation product. A neutral pH value and the presence
of carbonate ions in the mother liquor promote the precipitation of
zinc.

The results of trace element analysis as well do not show any
influence of the applied synthesis routes (batch-process,  slit plate
mixer and valve-assisted mixer), pH value or ageing time on residual
contents of carbon, nitrogen and hydrogen in the calcined precur-
sors. On an average the residual contents of carbon are in the range
of 0.6–1.0 wt.%. Hydrogen and nitrogen residues are detected in the
range of 0.3–0.5 wt.% and 0.1–0.3 wt.% or even below, respectively.
The degree of removal of reagents and byproducts is substantially
affected by the processes of washing and calcination rather than
by the synthesis route. Using a longer ageing period however leads
to a decreasing amount of residues of sodium and potassium in
catalyst samples. During the ageing process in mother liquor the
reorganization of the precipitate with ion exchange, dissolution and
re-crystallization takes place. Enclosures out of place like sodium
and potassium ions can be removed from the precipitate during this
process. The separation of Na+ and K+ ions from the Cu/ZnO/Al2O3
catalyst is important since both alkali metals act as catalyst poi-
son. Sodium and potassium cause an increasing sintering process
of the specific copper surface area associated with a decrease of
catalytic activity in methanol synthesis [10,41]. The critical limit of
0.15 wt.% for sodium was  achieved in the majority of catalyst sam-
ples [42]. The driblet of residues is a good evidence for the sufficient
removal of metal nitrates, carbonates and particularly sodium and
potassium.

Fig. 8 summarizes the data of BET surface areas calculated from
Using ammonium and potassium carbonate-containing precipi-
tating agents, BET surface areas of 71–81 m2/gcat are obtained,
which are equal to the surface areas achieved with conventional
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successfully removed, as illustrated by the results of elemental
analysis. Another increase of the calcination temperature would
reduce the amount of high-temperature carbonates in the cata-
lyst and promote sintering processes of the copper surface area
ig. 9. BET surface areas of calcined precursors prepared in a valve-assisted mixer
ith NaOH at different pH values.

odium carbonate precipitation within the accuracy of measure-
ent. The ternary catalysts from the synthesis with carbonate

pecies display an equal BET surface area independent from the
ynthesis route applied. Using sodium hydroxide as precipitating
eagent leads to significantly smaller BET surface areas than in pre-
ipitation with carbonate species. Catalyst samples prepared in a
onventional batch process display the lowest BET surface areas
ith 18 m2/gcat. The application of the synthesis routes using the
icromixers achieves catalysts with BET surface areas in the range

f 40–41 m2/gcat.
Independent from precipitating agent and precipitation

ethod, a higher BET surface area at pH value of 7 can be observed
han in the precipitation process at pH 6. Applying carbonate
pecies in precipitation the increase of the surface area is with
–4 m2/gcat rather small compared to precipitation with sodium
ydroxide with an increase of 16 m2/gcat. Fig. 9 exemplarily shows
he detailed study of the effect of pH value on the BET surface area
uring synthesis of hydroxycarbonate precursors with sodium
ydroxide in a micromixer. Syntheses were conducted at varying
H values of 6.0, 6.5, 6.7 and 7.0. The illustration clearly displays
he increase of BET surface area with increasing pH values in
atalyst synthesis. Starting from a surface area of 40 m2/gcat at pH
alue 6.0 in precipitation, an increasing surface area is detected,
eading to 66 m2/gcat at pH 7.0. Analogous to an acid base titration,
he maximum increase of BET surface area is observed in the step
rom a pH value of 6.7 to pH 7.0. The influence of the duration of
geing on the BET surface area is included in Fig. 9. As a general
rend samples with higher surface area are obtained with ageing
imes up to for 2 h in the mother liquor. Moreover, it can be
bserved in all synthesis routes that an ageing time of 2 h enlarges
he surface area of the Cu/ZnO/Al2O3 catalysts up to 40%.

The XRD patterns of the calcined catalysts prepared with sodium
arbonate in all synthesis routes are shown in Fig. 10.  The phase
tructures of the calcined samples are mainly composed of tenorite
CuO), zincite (ZnO) and other copper, zinc and aluminum oxide
omposites. The diffractograms of all calcined catalysts show simi-
arities separate from the synthesis route applied. The characteristic
and for CuO at 2� = 39◦ displays the presence of tenorite with
ore distinctive bands for those catalysts prepared at higher pH

alues. The phase of zincite is observed by the characteristic bands
t 2� = 32◦ and 57◦. Typical bands for alumina (2� = 19◦, 45◦) are
ot observed. That is probably due to the fact that alumina is
ncorporated into the other phases of Cu/ZnO/Al2O3 catalysts as
morphous phase [43]. The introduction of amorphous Al2O3 in the
u/ZnO/Al2O3 catalyst systems leads to a higher surface area than

n the binary Cu/ZnO system by up to 50%. Fig. 11 displays the XRD
Fig. 10. XRD patterns of calcined precursors prepared with Na2CO3, aged for 2 h.
Comparison of synthesis route and pH value applied.

patterns of catalyst samples prepared in the synthesis route using
the slit plate mixer with Na2CO3, (NH4)2CO3, K2CO3 and NaOH as
precipitating agent. XRD patterns of catalyst samples prepared with
carbonate species do not indicate any differences. NaOH samples
show the same patterns like carbonate samples but display sharper
and more distinctive bands with higher intensities. In total, XRD
patterns of NaOH samples exhibit less amorphous structures than
carbonate samples.

Calcination transforms the hydroxycarbonates present in the
precursors into oxides while removing the nitrates and other
volatile impurities. At a temperature of 623 K almost all nitrates,
hydroxyl groups and carbonates present in the precursors were
Fig. 11. XRD patterns of calcined precursors prepared in a slit plate mixer at a pH
value of 6, aged for 2 h. Comparison of precipitating agent is shown.
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Table 2
Specific copper surface area of Cu/ZnO/Al2O3 catalysts prepared at a pH value of 6,
aged for 2 h – before and after methanol synthesis, Batch (batch process), SPM (slit
plate mixer), VAM (valve-assisted mixer).

Precipitating
agent

Batch [m2/gcat] SPM [m2/gcat] VAM [m2/gcat]

Before After Before After Before After

MeOH synthesis MeOH synthesis MeOH synthesis

Na2CO3 17.5 16.8 20.5 19.3 19.0 18.3
(NH4)2CO3 16.8 15.5 17.2 16.4 18.6 17.8
ig. 12. Thermal analysis of calcined precursors prepared in a slit plate mixer at a
H  value of 6, aged 2 h. Comparison of precipitating agents is shown.

nd consequently lowering its catalytic activity. The calcined cat-
lysts were analyzed in thermogravimetric experiments to verify
he presence of high-temperature carbonates as well as to affirm

 complete decomposition of nitrates during the calcination pro-
ess. In general, calcined Cu/ZnO/Al2O3 catalysts decompose in two
ain steps (Fig. 12).  The first mass loss occurring at 403–413 K is

ue to the release of the crystallization water as well as the weakly
bsorbed CO2 present in the Cu/Zn hydroxycarbonates structure.
his phenomenon can also be observed during the thermal decom-
osition process of hydroxycarbonate precursors. The second mass

oss is associated with the decomposition of high-temperature
arbonates. Fig. 12 shows the thermal decomposition of calcined
recursors prepared in the synthesis route using the slit plate mixer
ith different reagents. In case of calcined catalysts prepared with
a2CO3, this occurs at 843 K with a mass loss of about 1.8%. Volatile
omponents detected by mass spectrometry were mainly CO and
O2. The presence of more HT-CO3 in calcined catalysts is ben-
ficial since it could delay the sintering process in the activated
u/ZnO/Al2O3 catalyst. In catalysts prepared with (NH4)2CO3, the
ecomposition reaction of HT-CO3 took place at a slightly lower
emperature (803 K) with a mass loss of about 1.6%. A slightly lower
T-CO3 part was released from the system, although the residual
arbon content of the catalyst sample is similar to the Na2CO3 sam-
le. This effect is probably caused by a strong HT-CO3 copper–zinc

nteraction. Thermal analysis of catalysts precipitated with K2CO3
atches that of Na2CO3. A slightly higher HT-CO3 mass loss of about

.2% was detected at a temperature of about 845 K. In calcined
amples prepared with NaOH, no further mass loss except the one
or water at 395 K can be observed at defined temperature bands.
herefore, the thermal decomposition of gerhardtite structures and
ydroxides of copper, zinc and aluminum completely took place
uring the calcination process. In synthesis with NaOH no com-
ounds comparable to the HT-CO3 in precipitation with carbonate
pecies can be obtained. Fig. 12 confirms the strong similarities
n the thermal decomposition of the calcined precursors particu-
arly of the carbonate species separate from the precipitating agent
pplied in synthesis. As described before in Section 3.1 a further
emperature increase above 1073 K reveals another mass loss of
atalyst samples, related to the reducing reaction of copper (II)
xide (CuO) to copper (I) oxide (Cu2O) [39].

Analysis with transmission electron microscopy demonstrates
o clear relationship between particle size and the synthesis route

pplied in the precipitation process with carbonate species. Both
atch process and micromixers produce catalyst particles with sim-

lar morphology as shown in Fig. 13.  The corresponding particle size
istributions are drawn in Fig. 14.  Synthesis in the batch process
K2CO3 4.6 2.0 16.9 10.5 18.0 12.4
NaOH 4.9 2.6 4.6 3.8 7.9 2.5

generated catalysts with a mean particle size of about 7.6 nm while
precipitation in the micromixers leads to mean particle sizes of
7.5 nm and 7.1 nm,  respectively. All synthesis routes display similar
particle size distribution for carbonate species. The results obtained
from TEM analysis show that the morphology as well as the parti-
cle size of the catalysts do not correlate directly with the synthesis
routes implemented. This can be regarded as a result of the ion
exchange reactions during the ageing in the mother liquor. Within
the series of precipitating reactions with carbonate agents no sig-
nificant differences in morphology and particle size distribution
can be observed. All samples contain round and oval particles with
mean particle sizes of 7–9 nm. With using NaOH as precipitating
agent, substantially bigger particles were obtained (Fig. 15).  In the
batchwise synthesis route particles with a mean size of 54 nm were
produced, whereas in the micromixers slightly smaller particles
with mean sizes of 42 nm (slit plate mixer) and 49 nm (valve-
assisted mixer), respectively, were received. Hence, precipitation
with NaOH results in particles increased by a factor of 6–7 com-
pared to synthesis with carbonate species. A maximum particle
size of about 19 nm is found in catalysts prepared with carbonate
species, whereas a maximum of about 200 nm is observed in NaOH
samples. Therefore particle size distributions in Cu/ZnO/Al2O3 cata-
lysts precipitated with NaOH are significantly broader. The particle
morphology of NaOH samples is very inconsistent (Fig. 13). Large
shapeless particles together with small particles with round or oval
shape can be observed.

In summary, the different synthesis routes applied in precipi-
tation leads after calcination to similar Cu/ZnO/Al2O3 with respect
to elemental and structural composition. Preparation in both types
of micromixers generates particles with analogous properties com-
pared to the conventional batch process. However, the choice of the
precipitating agent and pH value in contrast exhibits a big influence
on the reorganization of the precipitate and therefore on catalyst
properties. Within synthesis with carbonate-containing precipitat-
ing agents no striking differences can be observed. In precipitation
with sodium hydroxide remarkable differences in catalyst proper-
ties are observed due to the different chemical system.

3.3. Specific copper surface area and methanol synthesis

The specific copper surface areas of the prepared Cu/ZnO/Al2O3
catalysts were quantitatively measured with reactive frontal
chromatography (RFC) using N2O as described elsewhere [33,34].
The N2O RFC measurement of the activated catalyst (Section 2.3)
was performed in a standardized procedure. The results of N2O
RFC measurements are summarized in Table 2. The specific copper
surface areas of the freshly reduced catalysts are always higher
than those of spent catalysts. Cu/ZnO/Al2O3 catalysts prepared

with Na2CO3 in micromixer achieve 91.5% and 84.8% compared
to the industrial reference material (Section 2.3). Using Na2CO3
and (NH4)2CO3 as precipitating agent generates catalysts with
high copper surface areas, whereas synthesis with NaOH produces
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Fig. 13. TEM images of Cu/ZnO/Al2O3 catalysts prepared in (a) a batch process, (b) a slit plate mixer and (c) a valve-assisted mixer with Na2CO3 at pH 6, aged for 2 h. Image
(d)  shows a sample prepared with NaOH in a valve-assisted mixer at a pH value of 6, aged for 2 h.

Fig. 14. Particle size distribution of catalysts prepared in a batch process, a slit plate
mixer and a valve-assisted mixer with Na2CO3 at a pH value of 6, aged for 2 h.

Fig. 15. Particle size distribution of catalysts prepared in a batch process, a slit plate
mixerand a valve-assisted mixer with NaOH at pH 6, aged for 2 h.
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Fig. 16. Specific copper surface area of Cu/ZnO/Al2O3 catalysts prepared with
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Table 4
Methanol production rate over Cu/ZnO/Al2O3 catalysts prepared at pH value of 6,
aged 2 h, Batch (batch process), SPM (slit plate mixer), VAM (valve-assisted mixer).

Precipitating
agent

Batch SPM VAM

5 bar 10 bar 5 bar 10 bar 5 bar 10 bar

[mmolMeOH/gcat s] [mmolMeOH/gcat s] [mmolMeOH/gcat s]

Na2CO3 4.0 9.2 4.2 9.9 3.9 9.0

is related to the high residual content of potassium in the sam-
ple as described before. Fig. 17 illustrates the achieved methanol
productivity for the catalysts prepared with (NH4)2CO3 in the dif-
ferent synthesis routes. The catalytic activity correlates with the
a2CO3 at a pH value of 6, aged for 2 h. Comparison of different synthesis routes
s  shown.

atalyst samples with low copper surface areas together with the
ighest decrease of copper surface during methanol synthesis
ith an average of 44%. Fig. 16 illustrates the copper surface areas

chieved in precipitation with Na2CO3 in the different synthesis
outes applied. Precipitation in the micromixers generates catalyst
amples with specific copper surface areas of SCu = 20.5 m2/gcat

nd SCu = 19.0 m2/gcat, whereby this value is significantly higher
han in the batchwise precipitation process, yielding a value of
Cu = 17.5 m2/gcat. In general catalysts precipitated with Na2CO3
isplay the lowest decrease of copper surface area during methanol
ynthesis with an average decrease of 4.3%. The minimum of copper
urface area lost during MeOH synthesis is shown by the catalyst
repared in the valve-assisted mixer. With only 3.7% of loss it gets
ery close to the industrial reference catalyst with 3.6% loss of
opper surface area. Using K2CO3 and (NH4)2CO3 as precipitating
gents in the different synthesis routes displays similar trends than
recipitation with Na2CO3. The copper surface areas obtained in
he continuously operated micromixers are higher than in conven-
ional batch synthesis. The catalyst sample prepared with K2CO3 in
he batch process displays a copper surface area of SCu = 4.6 m2/gcat,
hich is far below the values for the samples prepared in the
icromixers. This result is associated with a high residual content

f potassium ions of 0.2 wt.% in this catalyst sample, which may
esult from an insufficient washing step or a mistake in catalyst
reparation. Although the role of K+ in catalysts is not yet fully
nderstood, it is accepted, that residues of K+ promote sintering
rocesses of copper crystals and therefore lead to a substantial
ecrease of copper surface area [41]. Separate from the synthesis
oute applied, catalysts prepared with NaOH show very small

opper surface areas. Related to the industrial reference sample
hey merely achieve 20–35% of the specific copper surface areas.

able 3
aximum and minimum of specific copper surface area and relative decrease of cop-

er  surface area for catalysts prepared with carbonate species in different synthesis
outes, Batch (batch process), SPM (slit plate mixer), VAM (valve-assisted mixer).

Precipitating
agent

Specific Cu surface area Rel. decrease of Cu surface area

Maximum Minimum Maximum Minimum

Na2CO3 SPM Batch SPM VAM
(NH4)2CO3 VAM Batch Batch SPM
K2CO3 VAM Batch Batch VAM
(NH4)2CO3 3.6 8.3 4.7 11.2 4.3 10.1
K2CO3 0.7 1.4 3.7 8.8 3.7 9.4
NaOH 1.9 4.3 3.0 6.5 2.9 5.5

In Table 3 the influence of the different synthesis routes (batch
process, slit plate mixer and valve-assisted mixer) on the specific
copper surface area of Cu/ZnO/Al2O3 catalysts prepared with car-
bonate species is shown. From this overview the advantages of
the novel, continuously operated precipitation routes in micromix-
ers compared to the conventional batch process get obvious. The
maximum of specific copper surface area is either obtained in the
synthesis route using a slit plate mixer or valve-assisted mixer,
whereas the minimum for copper surface area in synthesis with
carbonate species is always obtained in the classical batch pro-
cess. Likewise the minimum of copper surface area decrease during
methanol synthesis is achieved throughout in catalyst samples pre-
pared in micromixers.

The methanol productivity of the prepared ternary catalyst
systems is reported in Table 4. The catalyst samples prepared
in the continuously operated synthesis route using a slit plate
mixer displays the highest methanol production rate of all pro-
duced samples. Cu/ZnO/Al2O3 catalysts prepared in micromixers
with the alternative precipitating agents (NH4)2CO3 and K2CO3 in
general display higher or at least the same activity than samples
prepared according to the classical batch process with Na2CO3.
Samples precipitated with NaOH basically show very slight cat-
alytic activity in methanol synthesis and achieve about 44–55%
of the catalytic performance of the reference material. The mini-
mum  of catalytic activity is displayed for the samples obtained by
K2CO3 in a batch process. This is in accordance with the small spe-
cific copper surface area of the catalyst sample (Table 2), which
Fig. 17. Methanol productivity of Cu/ZnO/Al2O3 catalysts prepared with (NH4)2CO3

at pH 6, aged for 2 h. Comparison of different synthesis routes is shown.
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Table  5
Maximum and minimum methanol production rate over Cu/ZnO/Al2O3 catalysts in
terms of synthesis route applied.

Preciptating agent MeOH production rate

Maximum Minimum

Na2CO3 SPM VAM
(NH4)2CO3 SPM Batch
K2CO3 VAM Batch
NaOH SPM Batch

Table 6
Maximum and minimum methanol production rate over Cu/ZnO/Al2O3 catalysts in
terms of precipitating agent applied.

Synthesis route MeOH production rate

Maximum Minimum

Batch Na2CO3 K2CO3

t
t
r
w
e
c
t
l
l
o
s
o
t
i
s
t
i
v
m
b
p
t
o
r
s
c
a
s
p
g
a
r
K
t
o
h
s

4

p
m
c
a

SPM (NH4)2CO3 NaOH
VAM (NH4)2CO3 NaOH

rend of specific copper surface areas (Table 2). Catalysts precipi-
ated in micromixers clearly display higher methanol production
ates than the batch sample. The Cu/ZnO/Al2O3 sample prepared
ith (NH4)2CO3 in a slit plate mixer reaches the industrial ref-

rence catalyst by 86% at 0.5 MPa  respectively 89% at 1 MPa. The
atalytic activity of catalysts prepared with K2CO3 and NaOH in
he three synthesis routes shows qualitatively the same trend
ike (NH4)2CO3 samples. The methanol productivity of the cata-
ysts from synthesis in micromixers is significantly higher than
f those prepared in classical batch precipitation. Table 5 gives a
ummary of the maximum and minimum methanol productivity
f catalysts prepared with Na2CO3, (NH4)2CO3, K2CO3 and NaOH in
erms of the synthesis route applied. Separate from the precipitat-
ng agent applied, the maximum of catalytic activity in methanol
ynthesis is found with a catalyst prepared in the innovative, con-
inuously operated micromixers. The minimum of catalytic activity
n synthesis with (NH4)2CO3, K2CO3 and NaOH is found in the con-
entional batch precipitation. Only in synthesis with Na2CO3 the
inimum is obtained in micromixer synthesis, whereby it has to

e pointed out, that the methanol productivity of Na2CO3 sam-
les is within a close range. The results displayed in Table 5 affirm
he potential of the novel microstructured setups with continuous
perational mode to provide an alternative solution to the prepa-
ation of Cu/ZnO/Al2O3 catalyst systems in conventional batch
ynthesis. Table 6 indicates the possibility to produce highly active
atalysts for methanol synthesis using the alternative precipitating
gent (NH4)2CO3. Especially in continuously operated micromixer
ynthesis (NH4)2CO3 samples display the maximum of methanol
roductivity. In synthesis with Na2CO3 and K2CO3 catalysts with
ood catalytic activities are obtained likewise. The low catalytic
ctivity of the K2CO3 sample in batch process is evaluated as aber-
ation due to the content of potassium in the sample. The other
2CO3 samples indeed show methanol productivity comparable to

he Na2CO3 samples. Finally, it can be noticed that the application
f NaOH as precipitating agent is not suitable for the production of
ighly active Cu/ZnO/Al2O3 catalyst systems for methanol synthe-
is.

. Conclusions

In this study ternary Cu/ZnO/Al2O3 catalyst systems were

repared systematically in innovative synthesis routes using
icrostructured synthesis setups with micromixers as a main

omponent. The precipitation in a slit plate mixer and valve-
ssisted mixer was operated continuously under exact control
A: General 450 (2013) 1– 12 11

of the pH value, temperature, concentration and ageing time.
Reaction conditions were kept constant over the complete reac-
tion time. The catalysts were prepared according to the constant
pH method by coprecipitation of aqueous metal nitrate solu-
tions of copper, zinc and aluminum with aqueous solutions of
sodium, ammonium and potassium carbonate as well as sodium
hydroxide. After precipitation and ageing the precipitate was trans-
ferred to conventional post processing. The characterization of
the Cu/ZnO/Al2O3 catalysts illustrates that a completely different
chemical system exists in precipitation reaction with carbonate
species than in precipitation with sodium hydroxide. In synthesis
with carbonate species a complex system of hydroxycarbonates is
obtained in addition to hydroxide compounds of copper, zinc and
aluminum.

The metal contents of the catalysts are barely affected by the
synthesis route applied and the duration of the ageing process.
However, the choice of precipitating agent and pH value exhibits
a distinct influence upon the reorganization of the precipitate. A
neutral pH value and the presence of carbonate ions facilitate the
incorporation of zinc, leading to the deployed metal ratios in the
catalyst. The operation of synthesis in micromixers amplifies the
specific Cu surface area of samples prepared with NaOH by a factor
of 2, whereas in synthesis with carbonate species no substantial
influence of the synthesis routes applied can be observed. XRD pat-
terns of hydroxycarbonate precursors from synthesis in a slit plate
mixer and a valve-assisted mixer, especially with the alternative
precipitating agent (NH4)2CO3, display high crystallinity and sharp
reflections of malachite and rosasite. These phases are thought to
be responsible for the high catalytic activity in methanol synthe-
sis [4–8]. The effect of fast and intense mixing as well as a high
degree of micromixing is responsible for this observation. Synthe-
sis in the conventional batch process produces samples with lower
crystallinity and higher intensity of the less active phase aurichal-
cite. For catalysts prepared with NaOH only reflections of the crystal
phases of gerhardtite and hydroxide compounds of copper, zinc and
aluminum are obtained.

The results of the N2O RFC measurements for catalysts prepared
in continuously operated micromixers in general show higher spe-
cific copper surface areas than catalysts prepared by conventional
batch precipitation. Furthermore, the samples obtained from the
micromixers exhibit a less pronounced decrease of copper surface
area during methanol synthesis and therefore present a higher sta-
bility of the achieved copper surface area. Employing Na2CO3 and
(NH4)2CO3 as precipitating agents results in catalysts with high
specific copper surface areas, whereas precipitation with K2CO3
and NaOH provides samples with lower copper surface area, lead-
ing also to a pronounced decrease in copper surface area during
methanol synthesis. The maximum of methanol productivity of all
prepared Cu/ZnO/Al2O3 catalysts is observed with samples syn-
thesized in the continuously operated microstructured synthesis
setup regardless of the precipitating agent applied. Particularly cat-
alysts based on the (NH4)2CO3 route display a high catalytic activity,
which is comparable to the performance of an industrial refer-
ence catalyst. Therefore, the precipitating agent (NH4)2CO3 has the
potential to replace the conventionally used Na2CO3 as a sodium
free alternative.

In summary, the continuous coprecipitation using micromixers
generates ternary Cu/ZnO/Al2O3 catalyst systems with equivalent
or even superior physicochemical properties compared to the con-
ventional batch processing. Especially the composition of crystal
phases, the specific copper surface area and the catalytic activity in
methanol synthesis of catalyst samples prepared in micromixers

displayed industrially important capabilities. Hence, the contin-
uously operation in precipitation of methanol synthesis catalysts
possesses the potential to replace the conventional synthesis in
batch reactors.
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