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Preface
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Yet, there was a lot to learn and enjoy in each single case. Thank you, Lingyue, Laura, Patrick,
Ahmet, Lukas, Frederic, Kassian, Laurids, Sebastian, Florian, Xuelan, Alex, Thomas, Christiane,
Matbhias, Jiangyu, Jianyun, Enrique, Abraham, Katharina and Richard. I also want to thank
Nicole Feger, Sebastian Schwarz, Vanessa Gamer, Max Renaud, Andreas Roth, Michael
Wachter, Stefan Béttle, Stephan Fink, Annette Schucker and Sabrina Herberger for their

support in administration, plant construction and in the lab.

While I enjoyed most of my PhD time, there were time and time again setbacks and
challenging periods. The long days in the lab and at the desk were much easier to endure and
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at KIT and my subsequent work on my dissertation. I want to thank my parents for enabling
me to study and providing me with a home during that time and I want to thank my brother for
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my back and supported me throughout my time in Karlsruhe with an incredible amount of
understanding, patience and strength even though her own job is endlessly demanding. With
Johannes, her workload certainly did not decrease. Thank you, Katharina. Johannes, thank you
for making my life even brighter and for allowing me to write on the weekends and in the

evenings. At least sometimes.

And for all those who are reading this thesis and are in the process of working on a doctor

thesis themselves, I leave you with a German mantra that I took to heart during challenging
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times: “tja”. Don’t take everything too seriously and leave behind what no longer can be
changed. It is often more important to look ahead and look forward to what’s coming and those

things you still can influence.
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Kurzfassung

Die chemische Industrie steht vor einer auB3erordentlichen Herausforderung. Einerseits ist
es notwendig, die Produktion in den kommenden Jahrzehnten hinsichtlich Nachhaltigkeit und
COx-Neutralitit grundsitzlich umzugestalten. Andererseits steigt die Nachfrage nach
Grundchemikalien aus nicht erneuerbaren Rohstoffen weiter an. Beispielsweise wird
prognostiziert, dass die jdhrliche Methanolproduktion bis 2050 von etwa 100 Mt auf 500 Mt
anwachsen wird. Derzeit werden jedoch tiber 99 % des Methanols aus Synthesegas produziert,
das durch Erdgasreformierung oder Kohlevergasung erzeugt wird. Ein vielversprechender
Ansatz zur Bewiltigung dieser Herausforderung ist die Produktion von griinem Methanol aus
COs. Allerdings entsteht durch den Ersatz von CO durch COz in der Katalyse eine grof3e Menge
an Wasser als Nebenprodukt, das den am hiufigsten verwendeten Cu/ZnO/ALO;-Katalysator
vergiftet und deaktiviert. Alternative Zusammensetzungen, wie z.B. Cu/ZnO/”ZtO,, scheinen
im Vergleich robuster gegeniiber Wasser und somit besser fiir die Methanolproduktion aus CO,

geeignet zu sein, sind aber hinsichtlich ihrer Performance noch nicht optimiert.

Aufgrund der Komplexitit des mehrstufigen Katalysator-Herstellungsprozesses werden die
Prozessparameter im Allgemeinen mittels weitgefasster Parameterstudien ausgewihlt und
optimiert. Der Prozess umfasst die folgenden finf Hauptschritte: Ko-Fillung, bei der ein
amorpher Feststoff aus den Eduktlésungen gebildet wird, Alterung, bei der sich dieser Feststoff
in die angestrebte Feststoffphase Zinkmalachit (Cui46Zn054CO3(OH)z) umwandelt,
Kalzinierung, bei der das Hydroxycarbonat zu den jeweiligen Metalloxiden zerfillt, Formgebung
und abschlieBend Reduktion, bei der CuO zum katalytisch aktiven Cu reduziert wird. Die
Gewinnung von Zinkmalachit als Zwischenprodukt erwies sich als essentiell fiir die Qualitit des
resultierenden Katalysators. Aufgrund der Kristallmorphologie und der definierten Anordnung
von Cu- und Zn-Atomen im Kiristallgitter wird durch die zwischenzeitliche Prisenz von
Zinkmalachit die Cu-Obetrfliche maximiert, was wiederum Produktivitit und Stabilitit in der
Anwendung erhoht. Im Gegensatz zu diesem Detailwissen sind jedoch grundlegende
Zusammenhinge zwischen den Prozessbedingungen der einzelnen Prozessschritte und den
resultierenden Eigenschaften des Zwischenprodukts oder Katalysators, die sogenannten
Prozessfunktionen, oft unbekannt. Da eben jene physikochemischen Eigenschaften die Qualitat
des resultierenden Katalysators mal3geblich bestimmen, ist ein grundlegendes Verstindnis der
Prozessfunktionen essentiell fiir eine schnellere und strukturierte Rezeptur- und
Prozessentwicklung fur jetzige und zukiinftige Herausforderungen, wie eben den Wechsel von
CO zu CO; im Synthesegas.

Daher war das Ziel dieser Arbeit, die Prozessfunktionen der einzelnen Prozessschritte bei
der Herstellung von Cu/ZnO basierten Katalysatoren zu verstehen und zu quantifizieren. Dies
sollte einerseits eine systematische und skalierbare Prozessentwicklung ermdglichen und
andererseits die modellbasierte Optimierung von Raum-Zeit-Ausbeute und Produktqualitit
ermoglichen. Der Fokus lag hier auf den oft miteinander verflochtenen Prozessschritten Ko-
Fallung und Alterung, da diese am Anfang der Prozesskette stehen und sie als entscheidend fur

die Qualitit des resultierenden Katalysators identifiziert wurden.
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Zunichst galt es eine neue Prozessvariante zu entwickeln, um Ko-Fillung und Alterung,
im Gegensatz zum Standard, der Semi-batch Fahrweise im Rithrkessel, zeitlich und raumlich
strikt zu trennen. Auf diese Weise sollte dann jeweils eine isolierte Prozesscharakterisierung
moglich sein. Zu diesem Zweck wurde eine kontinuierliche Ko-Fillung in einer Mischdiise mit
einer sich anschlieBenden Batch-Alterung im Rihrkessel kombiniert. Das energieintensive
Mischen in der Mischdise, das fiir einen Alterungs-Batch in weniger als 4 Minuten
abgeschlossen war, erméglichte Mikromischzeiten unter 10* s und somit das Entkoppeln der
kinetisch kontrollierten initialen Feststoffbildung von Mischeinflissen. Die entstehende
Suspension, die in PartikelgroBe und Feststoffzusammensetzung der einzelnen co-gefillten
Partikeln homogen war, konnte dann verwendet werden, um Alterungsstudien unter definierten
Bedingungen durchzufiihren, ohne den Einfluss einer parallel stattfindende Ko-Fillung oder

durch gréBlere Variationen in der Alterungszeit zwischen einzelnen Partikeln.

Ein Vergleich der kontinuierlichen Mischung in einer Mischdiise mit einer Semi-batch Ko-
Fallung in einem Ruhrkessel zeigte, dass die Mischmethode die Morphologie des Prizipitats und
die Qualitit des resultierenden Katalysators beeinflusst. Die neu entwickelte Fahrweise
ermoglichte eine andere pH- und Ubersittigungstrajektorie wihrend der initialen
Feststoffbildung, was zu kleineren Kristalliten nach der Alterung, einer zehnprozentigen
Erhéhung der spezifischen Oberfliche und einer homogeneren PorengréBe und
Porenverteilung im Vergleich zum Semi-batch Material fithrte. Dies bestitigte, dass die Ko-
Fallung kinetisch kontrolliert ist. Diese Unterschiede blieben tber die Kalzinierung hinweg
bestehen, was zu einem Katalysator mit einer bis zu dreimal groBerer spezifischer Oberfliche
und Kupferoberfliche sowie einer homogeneren nanoskaligen Cu- und Zn-Verteilung fihrte.
Als Resultat verdreifachte sich auch die Methanolproduktivitit. Die Variation des
Gesamtvolumenstroms bei der kontinuierlichen Ko-Fillung zeigte, dass die Mikromischzeit die
initiale Feststoffbildung beeinflusst. Zwei Regime wurden unterschieden: bei kleinen
Volumenstrémen unter 400 ml'min" bzw. Mikromischzeiten groBer als 1.2-10* s, ist die Anzahl
an verfiigbaren Gitterionen in der umgebenden Fliissigkeit durch die noch nicht abgeschlossene
Vermischung limitiert. Das verringert die effektive Ubersittigung, was wiederum zu einer
VergroBerung der mittleren PartikelgroBe fihrt. Wenn der kritische Volumenstrom
tberschritten wurde, beeinflusste das Mischen die Partikelgrée nicht mehr. Die durch die
unterschiedlichen Mischzeiten erzeugten Differenzen wurden in diesem Fall jedoch durch die
Alterung ausgeglichen: das gealterte Zwischenprodukt zeigte keine Korrelation mit der
Mischintensitit und es ergaben sich Katalysatoren mit vergleichbarer katalytischer Aktivitat.
Dies war hochstwahrscheinlich das Ergebnis der Homogenitit in Partikelgrofle und
Zusammensetzung der einzelnen Partikeln, die unter gleichbleibenden Bedingungen in der
Mischdiise erzeugt wurden und darum auch dhnliche Alterungskinetiken besallen. Ein idealer
Herstellungsprozess sollte daher einen Ko-Fillungsschritt beinhalten, der im nicht-
mischungslimitierten Regime, und idealerweise kontinuierlich, betrieben wird, um ein
hinsichtlich Partikelgrée und -zusammensetzung homogenes Ko-Fillungsprodukt zu erhalten

und so einen negativen Einfluss auf die Katalysatorqualitit auszuschlieBen.

Aufgrund der Bedeutung von Zinkmalachit fiir die resultierende Katalysatorqualitit war
das Hauptziel bezlglich des Alterungsschritts die Entwicklung eines Modells, das die
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Phasenzusammensetzung nach der Alterung auf Basis der wichtigsten Prozessparameter wie
Eduktzusammensetzung, pH-Wert und Temperatur vorhersagt. Dieses Modell sollte zukiinftig
die Anzahl der erfordetlichen Parameterstudien reduzieren und helfen, bisher unbekannte
Prozessoptima zu identifizieren. Basierend auf der Hypothese, dass die Alterung ein Prozess hin
zum thermodynamischen Gleichgewicht ist, wurde ein entsprechendes Gleichgewichts-Modell
ohne  Bertcksichtigung der Kinetik  entwickelt. Dieses besteht aus einem
Aktivititskoeffizientenmodell, das nicht-ideale Ionenwechselwirkungen berticksichtigt, und
einer Stoffmengenbilanzierung basierend auf Loslichkeitsprodukten und
Ionenassoziationsprodukten. Eine erginzend entwickelte experimentelle Methode ermdglichte
die Bestimmung fehlender Loslichkeitsdaten aus Titrationsexperimenten, wie z.B. die
Temperaturabhingigkeit fiir synthetisches Zinkmalachit oder die Loslichkeit des
Nebenprodukts Na,Zn;(CO3)4:3H,O. Diese Methodik bestitigte auch die Notwendigkeit
separater  Loslichkeitsprodukte  fiir das metastabile Ko-Fillungsprodukt und das
thermodynamisch stabilere gealterte Zwischenprodukt.

Das Modell wurde validiert, indem berechnete Phasenzusammensetzungen im
thermodynamischen Gleichgewicht mit experimentell bestimmten
Feststoffzusammensetzungen in Abhingigkeit von pH, Temperatur und Cu/Zn-Verhiltnis im
Feed verglichen wurden. Das Modell bildete die experimentell bestimmte
Phasenzusammensetzung quantitativ korrekt ab und reproduzierte das Auftreten von
Nebenprodukten, wie Rouait bei pH =< 5 und Aurichalcit bei T = 70 °C. Abweichungen
zwischen Modell und Messungen resultierten wahrscheinlich aus Ungenauigkeiten in der
Rietveld-Verfeinerung. Weiterhin wurde das Modell angewandt, um Alterungsparameter zu
bestimmen, die zu reinem Zinkmalachit mit moglichst kleinen Partikeln und somit groB3er
spezifischer Oberfliche fihren. Ein Vergleich mit experimentellen Daten bestitigte die
Genauigkeit des Modells bei der Bestimmung dieser Optima und lieferte Erklirungen fiir
experimentell bestimmte Temperatur- und pH-Optima aus der Literatur. Dartiber hinaus
ergaben die Berechnungen einen méglichen Ansatz zur Verwendung von CO; als Edukt in der
Katalysatorherstellung. Mit diesen Ergebnissen wurde bestitigt, dass die Alterung als ein
Prozess zum thermodynamischen Gleichgewicht hin betrachtet werden kann und dass die
Zusammensetzung des gealterten Zwischenprodukts unter Verwendung der entsprechenden
Fest-Flissig-Gleichgewichte vorhergesagt werden kann. Daher ist die Entkopplung der
kinetisch dominierten Ko-Fillung und der gleichgewichtsgetriebenen Alterung entscheidend,
um beide Prozessschritte besser zu verstehen, vorherzusagen und zu optimieren und folglich

die Performance des resultierenden Katalysators zu optimieren.

Das dritte Ziel dieser Arbeit war die Entwicklung einer Methode um die langsame
Phasenumwandlung wihrend der Alterung zu beschleunigen, um so die Raum-Zeit-Ausbeute
zu erhohen ohne dass dabei die Produktqualitit negativ beeinflusst wird. Basierend auf
vorherigen Ergebnissen und Literaturstudien wurden das Animpfen der Suspension mit
Zinkmalachit-Kiristallen und die Maximierung der massespezifischen Partikeloberfliche nach
der Ko-Fillung als die vielversprechendsten Ansitze dafur identifiziert. Experimentelle Studien
bestitigten, dass die Erhohung der spezifischen Oberfliche des Ko-Fillungsprodukts die
erforderliche Alterungszeit fir die Phasenumwandlung halbierte. Der Effekt des Animpfens
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war noch ausgepragter: die erforderliche Alterungszeit wurde im Vergleich zu einer Alterung
ohne Animpfen um 40 % bis 90 % reduziert, wenn zwischen 3 und 70 Gew.-% Impfkristalle
zugegeben wurden. Bei hoher konzentrierten Suspensionen (6 Gew.-% Feststoffe) und mehr
als 30 Gew.-% Impfkristalle wurde eine instantane Phasenumwandlung nach der Zugabe
erreicht. Auf diese Weise wurde die Raum-Zeit-Ausbeute von Co-Fillung und Alterung im
Maximalfall um den Faktor 60 erhoht. Basierend auf den experimentellen Ergebnissen wurde
die Hypothese aufgestellt, dass das Animpfen eine kontaktinduzierte Phasenumwandlung
auslost und auf diese Weise den Prozess beschleunigt. Der Vergleich von mit und ohne
Animpfen hergestellter Katalysatoren bestitigte, dass das Animpfen erforderlich ist, um die
angestrebte Phasenumwandlung in kristallines Zinkmalachit innerhalb einer verkirzten
Alterungszeit von 60 Minuten abzuschlieBen. Ohne Animpfen wurden beziiglich
Zusammensetzung und Grofle inhomogene Partikel mit reduzierter Oberfliche gebildet, die
eine verminderte Methanolproduktivitit bei einem ersten Funktionstest aufwiesen. Im
Gegensatz dazu zeigte das mittels geimpfter Alterung hergestellte Material eine
Katalysatoraktivitit, die vergleichbar war mit Katalysatoren mit langer Alterungszeit und einem
kommerziellen CZZ-Katalysator. Daher wird das Animpfen fiir die Alterung uneingeschrinkt
empfohlen.

Grundsitzlich sind alle Erkenntnisse und Schlussfolgerungen dieser Arbeit auf dhnliche
Katalysatorsysteme, die ebenfalls einen Alterungsschritt erfordern, und auf grof3skalige Prozesse
fir technische Anwendungen tibertragbar. Zu diesem Zweck wurde ein Workflow entwickelt,
der eine strukturierte Prozessentwicklung ermdglicht. In ihm werden zunichst systematisch
EinflussgroBen identifiziert, um dann modellbasiert die optimalen Prozessparameter fir die
bestmogliche Katalysatorperformance zu bestimmen. Somit wurde das Hauptziel dieser Arbeit,
die Prozessfunktionen der Ko-Fillung und Alterung zu quantifizieren, um eine systematische
Prozessentwicklung zu ermdglichen, erfillt. Fir die komplementire Optimierung der Raum-
Zeit-Ausbeute sind das Animpfen und die Intensivierung der Vermischung wihrend der Ko-
Fallung probate Mittel. Dieser Ansatz macht die Katalysatorherstellung besser kontrollierbar

und effizienter und trigt so zur nachhaltigen Entwicklung der chemischen Industrie bei.
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Abstract

The chemical industry faces a major challenge. On one hand, it is indispensable to transition
towards a sustainable production and focus on CO; neutrality in the immediate future. On the
other hand, demand for commodity chemicals derived from non-renewable resources is steadily
increasing. For instance, annual methanol production is expected to grow from approximately
100 Mt to 500 Mt by 2050. However, currently, over 99% of methanol is produced via low-
pressure catalysis from syngas, which is generated through steam reforming or coal gasification.
A promising approach to address this challenge is the production of green methanol from CO..
However, substituting CO with CO; in the catalysis produces large quantities of water as a
byproduct, which poisons and deactivates the most commonly used Cu/ZnO/AlLOs catalyst.
Alternative catalyst compositions, such as Cu/ZnO/ZrO,, may be more suitable for CO, based

methanol production, but are not yet optimized regarding their performance.

Due to the complexity of the multi-step production process of the catalyst, process
parameters are in general chosen and optimized based on broad parameter studies. The process
comprises the five key steps co-precipitation, where an initial, amorphous solid is formed from
reactant solutions, aging, where this solid transforms into the targeted solid phase zincian
malachite (Cui46Zn054CO3(OH)y), calcination, where the hydroxycarbonate decomposes into
CuO and ZnO, shaping, and reduction, where CuO is reduced to the catalytically active Cu.
Obtaining zincian malachite as an intermediate proved to be beneficial for the performance of
the final catalyst. Due to its morphology and the defined ordering of Cu and Zn atoms in the
crystal lattice, the Cu surface area is maximized which in turn increases productivity and stability.
However, fundamental correlations between the process parameters of these individual process
steps and the resulting physicochemical characteristics of the intermediate, which determine the
later catalyst performance, the so-called process functions, are often unknown. Accordingly, a
fundamental understanding of the respective process functions, would be essential for a faster
and structured recipe and process adjustment for current and future challenges, such as the

switch from CO to CO; in the syngas.

Therefore, this work aimed to understand and quantify the respective process functions of
the individual process steps in the preparation of Cu/ZnO based catalysts. This should enable
a systematic and scalable process design on the one hand and allow the model-based
optimization of space-time yield and product quality on the other hand. The focus here was on
the in general intertwined process steps co-precipitation and aging as they proved to be

detrimental for the resulting catalyst performance.

First, a new preparation routine was to be developed to strictly separate co-precipitation
and aging in time and space, allowing individual investigation in contrast to the state-of-the art
semi-batch mode of operation. For this purpose, continuous co-precipitation in a mixing nozzle
was followed by batch aging in a stirred tank reactor. The energy-intensive mixing in a mixing
nozzle, that was in general completed in less than 4 min, enabled micro mixing times below 10°
*s and thus the decoupling of the kinetically controlled initial solids formation from mixing
influences. The suspension, which was therefore homogeneous in particle size and solid

composition between the individual co-precipitate particles, could then be used to conduct aging
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studies under defined conditions without any influences by simultaneous co-precipitation or

major variances in the aging time in between individual particles.

A comparison of continuous mixing in a mixing nozzle with a state-of-the-art semi-batch
co-precipitation in a tank reactor revealed that the mixing method influences the co-precipitate
morphology and the final catalyst quality. The newly developed experimental setup enabled a
different pH and supersaturation trajectory during initial solids formation resulting in smaller
crystallites after aging with a 10 % increase in specific surface area and more homogeneous pore
sizes and pore distribution compared to the semi-batch material. This confirmed that co-
precipitation is kinetically controlled. These differences persisted through calcination, resulting
in a precatalyst with up to three times the specific surface and copper areas, and a more
homogeneous Cu and Zn distribution at nanometer scale. Consequently, methanol productivity
increased by a factor of three. Varying the total volume flow in the continuous co-precipitation
showed that micro mixing time affects initial solids formation. Two regimes were differentiated:
for small volume flow rates below 400 ml-min™, respectively micro mixing times above 1.2:10°
*'s, mixing limits the available number of lattice ions in the surrounding liquid, decreasing the
effective supersaturation which leads to an increase in the median particle size. When a critical
volume flow rate was surpassed, mixing did no longer influence the co-precipitate morphology.
However, these differences did not persist through aging, as aged intermediates showed no
correlation with mixing intensity, resulting in catalysts with similar catalytic activities. This was
most probably the result of the homogeneity in particle size and composition across the
individual particles prepared in the mixing nozzle which in turn yielded the same aging kinetics
for each particle. An ideal preparation process should therefore include a co-precipitation step
conducted in the non-mixing influenced regime, ideally continuously, to obtain a homogeneous
co-precipitate in terms of particle size and composition and rule out negative influences on the

catalyst performance.

Given the significance of obtaining zincian malachite as an intermediate for high-
performance catalysts, the main objective for the aging step was to develop a model that predicts
phase composition after aging based on key process parameters such as educt composition, pH,
and temperature. This model should reduce the number of required parameter studies and help
to uncover hitherto unknown process optima. Based on the hypothesis that aging leads to
thermodynamic equilibrium, the phase composition should be predictable using a
thermodynamic model based on solid-liquid equilibria and hydrochemistry data without kinetic
considerations. Accordingly, a model was developed that consists of an activity coefficient
model accounting for ion interactions and a mass balance based on solubility products and ion
association products. A complementarily developed experimental method made it possible to
determine missing solubility data, such as the temperature dependency for synthetic zincian
malachite and the solubility of the byproduct Na,Zn;(COs)4-3H,O from titration studies. It also
confirmed the necessity of separate solubility products for the metastable co-precipitate and the
more stable aged intermediate. The model was validated by comparing calculated phase
compositions at thermodynamic equilibrium with experimentally determined solid
compositions as a function of pH, temperature, and Cu/Zn ratio in the feed solution. The

model accurately reproduced phase compositions, such as the presence of the byproducts
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rouaite at pH < 5 and aurichalcite at T > 70 °C. Deviations between model and measurements
likely resulted from uncertainties in the Rietveld refinement. The model was also applied in an
optimization study to determine technically feasible process parameters that lead to a pure
zincian malachite product with possibly small particles and thus large surface areas. A
comparison with experimental data confirmed the accuracy of the model and provided
explanations for temperature and pH optima previously found in the literature. Furthermore, it
provided a possible approach for using CO; as a value-adding educt in future catalyst
preparations. With these results it was confirmed, that aging can be considered a process
towards thermodynamic equilibrium, and that the composition of the aged intermediate can be
predicted using the corresponding solid-liquid equilibria. Thus, decoupling the kinetically
dominated co-precipitation and the equilibrium-driven aging, is crucial to better understand,

predict, and optimize both process steps and, consequently, the resulting catalyst.

The third objective was to develop a method to accelerate the slow phase transformation
during aging without negatively affecting product quality, thus increasing the space-time yield
of the aging step. Based on preliminary results and the literature, seeding the suspension with
zincian malachite crystals and maximizing the mass-specific surface area of particles after co-
precipitation were identified as the most promising approaches. Experimental studies confirmed
that increasing the specific surface area of the co-precipitate through intense mixing halved the
required aging time for phase transformation. The effect of seeding was even more profound
as the required aging time was decreased between 40 % and 90 % compared to a preparation
without seeding when 3 wt.% to 70 wt.% seeds were added. For higher concentrated
suspensions (6 wt.% solids) and more than 30 wt.% seeds, an instantaneous phase
transformation after mixing the co-precipitate suspension with the seeds was achieved. This
way, seeding multiplied the space-time yield of aging and precipitation by up to a factor of 60.
Based on these results, seeding is believed to promote the contact-mediated phase
transformation. Comparing precatalysts from seeded and unseeded preparations confirmed that
seeding is required to complete the targeted phase change to crystalline zincian malachite within
a reduced aging time of 60 min. Without seeding, inhomogeneous particles in terms of particle
size and composition at nanoscale with reduced surface area were formed that exhibited a
diminished methanol productivity in a first functional test. In contrast, the material from seeded
preparations exhibited a catalytic activity comparable to those of catalysts from unseeded
preparations and a commercial CZZ catalyst. Thus, seeding is recommended without

restrictions.

In principle, all findings and recommendations of this work are transferable to similar
catalyst compositions requiring an aging step and to larger scales for technical application. A
workflow that was developed based on the results shall enable a structured process development
by systematically identifying influencing variables and providing optimal preparation parameters
for the best catalyst performance. Thus, the main objective of this work, to quantify the process
functions of co-precipitation and aging to enable a systematic process design, was fulfilled. For
complementary space-time yield optimization, seeding or intensification of mixing during co-
precipitation is recommended. This approach makes catalyst preparation more controllable and

efficient, contributing to the sustainable transition of the chemical industry.
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1 Application and preparation of Cu/ZnO based catalysts

1.1 Motivation and state of the art

The chemical industry is in a predicament. On the one hand, there is a push to become as
sustainable and CO; neutral as feasible in the imminent future. On the other hand, the demand
for commodity chemicals derived from non-renewable resources continues to rise: for instance,
the annual methanol (MeOH) production is predicted to rise from currently around 100 Mt to
500 Mt in 2050"% One of the main drivers for this development is its use for the production of
synthetic fuels in power-to-liquid processes via dimethyl ether (DME), cf. Eq. (1.4). Yet, as
of now, more than 99% of MeOH is produced in a low-pressure catalysis from syngas

synthesized either from steam reforming or coal gasification, cf. Eq. (1.1)"*”.

CO+ 2 H, < CH;0H Arhyogk = —90.6 k] mol ™! (1.1)
CO; +3H; © CHz0H+ H;0 A yggk = —49.1k] mol ™t (1.2)
CO; + H; « CO +H,0 Ahyegk = 41.0 k] mol ™t (1.3)
2 CH;0H & C,H0 + H,0 Arhyogk = —23.4 k] mol~! (1.4)

One promising approach to resolve the dilemma in this particular case is to manufacture
green MeOH from CO, according to Eq. (1.2). Here, CO; originates from industrial point
sources and Hy is formed, for instance, by electrolysis powered by wind or solar energy'*".
However, by replacing CO with CO,, large quantities of water are produced as a byproduct in
the low-pressure catalysis at 230 to 300 °C and 50 to 100 bar, cf. Egs. (1.2) and (1.3). HO then
adsotbs at the catalyst surface which poisons and deactivates the Cu/ZnO/ALO; (CZA) catalyst
that is typically used*'*'>'. Additionally, the reaction is less exothermic compared to the reaction
from CO which may facilitate the reactor design as less heat needs to be dissipated. Accordingly,
the risk of hotspot formation is mitigated'™"*. In their recent, fundamental review Beck et al.
concluded that understanding the exact mechanisms of methanol synthesis and deactivation are
two of the open key questions regarding CZA catalysts®. Alternative catalyst compositions, such
as Cu/Zn0O/ZrO, (CZZ), may be better suited for the production of methanol from CO; as
71O is less hydrophilic than AlL,Os and thus, poisoning of the catalyst is mitigated'"" and
productivity is improved'”"” . Another theory involves the concurrent adsorption of CO; on
Z2r0O; and H» on adjacent Cu crystallites which facilitates the formation of formate species as

H'"™**2% which is not evident for ALLO5%. In either case, a loss of

intermediate towards MeO
productivity over time on stream™ as well as reversible” and irreversible® deactivation processes
also happen for CZZ catalysts. Looking at the decade long research on methanol synthesis,
which is still ongoing, deactivation processes will remain a big challenge in the foreseeable

future®”.

Thus, the catalyst has to be replaced regularly. It has to be replaced even more frequently,
if methanol synthesis is conducted from CO,”". Consequently, for a sustainable methanol
economy in the future, the optimization of the catalysis regarding the catalyst performance and
longevity alone is not sufficient. Instead, it has to go hand in hand with the development of
efficient production processes for high-performance catalyst materials. These processes also

need to be suited for scale-up, in order to be able to meet the expected demand in MeOH, and
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be flexible enough to accommodate new insights in necessary properties for an optimized
performance™. Still, the research of enhanced and industrially applicable preparation approaches
for CZ catalysts is often neglected as is evident from the limited number of publications on this
matter in the current decade’ . Similarly, the focus of recent reviews is on the progress of
understanding the mechanisms of catalysis and deactivation and mention the preparation only
briefly®’.

In general, the most important catalyst properties to ensure a high methanol productivity’™
%, selectivity” and lifetime*’ are the specific surface area, the surface area of copper, which forms
the catalytically active sites, and the periodic and finely distributed arrangement of Cu and ZnO

36,37,41

crystallites , as also plotted schematically in Figure 1.1. ZnO prevents the sintering of single
Cu crystallites at the high temperatures necessary for catalysis (T > 200 °C) and presumably
enhances MeOH productivity and selectivity due to chemically bound interfaces of Cu and
ZnO"*. A fine dispersion of the promoter, here ALO; or ZrO,, further improves the activity
and stability*>*. In general, Cu and ZnO crystallites are targeted to be in the size range of 2 to
10 nm'***. Accordingly, a homogeneous metal composition on the one- to two-digit nanoscale
is key to obtain copper surface areas and interface areas as large as possible. Furthermore, the
pore characteristics of the catalyst can be decisive since they influence gas diffusion to the active

sites™ ™.

Application of the
Cu/’Zn based catalyst

How to get there
in the preparation

w Co-precipitation

Methanol & aging
CH;-OH

Calcination

Co, e CuO/ZnO based

precatalyst

®.0

Optimum
Reactant  ypuditions?
solutions

» Catalytically active sites > The intermediate zincian malachite ensures

periodic arrangement of Cu and Zn atoms in the
resulting material

1 Unit cell of
Voo Jachi
encian malachite

» Prevents sintering of Cu

> Increases productivity

» Homogeneous solids formation promotes
homogeneous distribution of all further
components (e.g. ALO;, ZrO,)

Figure 1.1: Schematic visualization of the roles of components in methanol synthesis and how the target properties
can be obtained.

Thus, the primary goal of each preparation is to meet these requirements. Spray-pyrolysis
is one approach to achieve small crystallites and large surface areas™ ™. However, two major
downsides are that particle formation is difficult to adapt as there is a limited number of process
variables and that Cu and ZnO tend to form separate clusters leading to worse performance
compared to a precipitation approach®”. The preparation of Cu/ZnO catalysts was also

53,54

realized via a sol-gel process®* and impregnation™’, but only at lab scale.

Accordingly, the main approach considered scientifically and industrially is a multi-step
preparation based on the simultaneous precipitation of all metals as oxides, hydroxides or
hydroxycarbonates from an aqueous metal nitrate solution and a sodium carbonate solution
18313562 "This simultaneous precipitation of multiple metals and/or multiple solid phases is also
referred to as co-precipitation and is depicted in Figure 1.2. Alternatively, one of the

components, e.g. AO; or ZrO,, is provided as a carrier in a suspension and the remaining
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metals are (co-)precipitated subsequently”®”. A variety of studies showed that by forming the

mineral phase zincian malachite ([Cul_onrszann'Zm]Z(CO3)(OH)2) as a precursor during the

preparation of the catalyst, all of the properties previously mentioned, and, thus, the catalyst
performance in methanol synthesis, are improved’”**"**, This results from the periodic
arrangement of Cu and Zn atoms in the crystal lattice of said phase®. Zn fractions as close to

the thermodynamically limited maximum values as possible (X¥zp,m < 27 mol%® or Xz; ;m <

31 mol%9%”) proved to be particularly advantageous for large copper surface areas and

coppet/zinc interfaces that remain intact under the catalysis conditions and, thus, benefit the

67,68

methanol productivity”™™. In addition, the needle-like morphology of the crystals, which

aggregate to spherical entities, results in large surface areas and beneficial pore sizes’**%*,

However, direct co-precipitation of zincian malachite from the aqueous reactant solutions
is not possible, probably due to kinetic constraints®**”. Instead, the mixing of the two educt
solutions results in an amorphous precursor with a spherical morphology and separate Cu and
Zn phases that co-precipitate within milliseconds to seconds***"*". The calcination of this

precursor yields a catalyst with low specific surface area and Cu area and, consequently, a

comparatively poor productivity**+>™,

Recrystallization Washlng & Calcination Shaping &
prec1p1tat10n (Aging) Drylng Reduction

M** + A > M,,A, | Incorporation of Zn | Removal of dissolved Oxidation and Shaping and
M:Cu, Zn, Zr, Al into Cu phases: and adsorbed decomposition to reduction to

A: OH, C(_)3’ NO;, O e.g.zincian malachite: | ounter ions (Na*, Cu0/Zn0/Zt0, Cu/Zn0O/Z+0,
e.g. georgeite: (Cu(z_x)zn(x))(co3) (OH), )
Cu,(CO,)(OH), NOjy) and water

40 nm 100 nm

1
[E— f —

Focus of this research work

Figure 1.2: Key process steps in the prepatation of Cu/Zn based catalysts showing photographs of the respective
product (upper image), the respective particle morphology (center) and the metal distribution (bottom).

Therefore, an aging step is carried out so that the amorphous precursor turns into zincian
malachite, most probably by incorporating Zn®* ions from the solution™ or by

recrystallization™**™7”7®, For this purpose, the suspension is stirred at 30°C < T < 70 °C and
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5 < pH < 9313659687779 until the phase change is completed. Depending on composition, reactor

design and solids concentration, the transformation can take between 15 minutes and several

36,61,64,72,74,75,78-81

hours . Deviating from the optimum conditions can result in the increased

formation of byproducts that contain Na* and NOs ions from the educt salts’>*"*% lead to

solids with different Cu/Zn ratios or separate Cu and Zn phases®’>"%%

or change the particle
size®"®. This affects the catalyst negatively as it leads to a decrease of BET surface area, Cu
surface atea, stability and methanol productivity of the resulting catalyst’®'. Thus, for a high-

quality catalyst, it is essential to meet the specifications and obtain zincian malachite as the main

aging product'®’"%,
Despite the importance of a defined aging product, the preceding co-precipitation also
p p ging p > p g co-precip
seems to affect the characteristics of the resulting catalyst. Studies by Jiang et al.”>** showed

that different mixing geometries and mixing intensities in the co-precipitation affect the Cu/Zn
distribution within the co-precipitate on the nanometer scale and, subsequently, the
microstructure of the final catalyst. Furthermore, changing from a semi-batch to a continuous
co-precipitation improved the physicochemical properties of CZA catalyst precursors and, in

7% In contrast, Simson et al. and Hartig et al.

particular, the subsequent catalyst performance
found no significant differences in catalyst precursors prepared by batch co-precipitation in a
stirred tank reactor and precursors from a continuous co-precipitation in a micromixer at

59,71

different energy dissipation rates, respectively”". Accordingly, the role of mixing and local

energy dissipation rates in co-precipitation in the preparation of catalysts is still disputed.

One main challenge for process optimization is that, in general, co-precipitation and aging
of the catalyst precursor are conducted as a single semi-batch process in a stirred tank
reactor’ . In this case, co-precipitation and aging overlap in time and space because the
supply of reactants requires several minutes. Thus, freshly precipitated particles and particles

44,8889

which have already aged for up to 20 to 60 min , coexist. This is the reason why influences
of co-precipitation and, to some extent, aging on catalyst properties are often summarized under
the term “chemical memory”"”*"** The locally limited supply of both reactant solutions
(metal nitrates and Na,CO3) and the inhomogeneous mixing conditions in stirred tank reactors
also contribute to the spatial inhomogeneity of the co-precipitation and aging parameters. For
these reasons, it is quite challenging, if not impossible, to fully control the co-precipitate
homogeneity at nanoscale as well as in between individual particles and the repeatability of its

prep aration®”’!,

A second key challenge for process optimization is that the optimum conditions for aging

d59,82 59,92,93

depend very much on the reactants use and the target catalyst composition which, as

described earlier, may change for the future use of syngas rich in CO,. While validated models

®7 no such models which could predict the phase composition

exist for the precipitation step
as a function of process parameters are available for the aging step. Thus, the optimization of
process parameters for the preparation of CZA catalysts based on several decades of parameter
studies would have to be repeated for CZZ catalysts as they function differently in methanol

synthesis” and may require other particle properties for maximum activity.
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The aforementioned long aging time of often several hours™®*%=™ , that is necessary to
complete the phase transformation, is the third principal challenge for an efficient catalyst
preparation. Milliliter-scale experiments by Gtuldenpfennig et al. indicated that the phase
transformation consists of an extended induction phase until first zincian malachite particles are
present, and then a short transformation period until recrystallization is completed”. The data
suggests that the induction phase may be accelerated by seeding or adjusting the metal
composition. However, these approaches were not verified at larger scales or in the preparation

31,72,78,79,81

of ready-to-use catalysts. In general, there is a noticeable pH minimum and a shift in

78,79

the color from blue to green™" that go along with the phase transition from (zincian) georgeite

to zincian malachite. This information, along with other techniques like XRD or FT-IR

72,78

analysis'>", can be used to verify that aging is completed.

After aging is completed, the aged particles are filtered, washed to remove any Na® and
NOs residues that are adverse for catalyst performance and lifespan™”>”, and dried’””. Upon
the subsequent calcination, the aged precursor decomposes into CuO and ZnO, as well as ZrO,
and/or ALO;3, forming the precatalyst while retaining the distinctive pore characteristics and an
advantageous arrangement of Cu and Zn atoms on the nanoscale®*”. Finally, the material is

formed, and CuO is reduced to Cu’"”

, ylelding a catalytically active material with an enhanced
surface area, nano-homogeneity, and nano-dispersity due to the intermediary phase, zincian

malachite.

In summary, the efficient preparation of high-quality Cu/ZnO based catalysts is highly
important for a sustainable methanol economy in the future. The preparation itself is a complex
multi-step process with a manifold of individual parameters that influence not only the
physicochemical properties of the respective intermediates, but also affect the resulting catalyst
properties and performance. A step-by-step analysis of these multiple, partly overlapping
process functions is time-consuming and resource-intensive. This is why parameter studies were
and are the main approach in the literature to optimize preparation parameters instead of a
fundamental, knowledge-based approach. This has two downsides: first, if the requirements for
the catalyst change, as is the case now, detailed parameter studies will again be necessary in order
to adapt the preparation to precisely these new specifications, in particular a composition that
is more suitable for methanol production from CO,. Second, a scale-up of the process steps to
industrial scales, in particular those which are dominated by local effects, namely co-
precipitation, is prone to failure without knowledge of the respective process function. Thus, a
knowledge-based approach to understand, model and optimize the product quality-determining
process steps will be key to brace the preparation of Cu/ZnO catalysts for a climate-neutral

chemical industry and further future challenges.

1.2 Aim and scope of this work

In the state of the art discussed above, the importance of an optimized catalyst preparation
for the future of a sustainable methanol economy was analyzed. Depending on the application
and the composition of the feed gas used therein, the most suitable catalyst composition
changes, e.g. CZA for syngas rich in CO or CZZ for syngas rich in CO,. The greatest common

denominator is the combination of Cu and ZnO (CZ) as the two main components, which is
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used in approx. 60 % of all publications on methanol catalysts and in the absolute majority of
industrial processes’. Since the results of this work are intended to be as widely applicable as
possible and since the interaction of the Cu and ZnO precursors plays a key role in catalyst
production, the focus is therefore on CZ catalysts as a model material system. In addition, the
composition CZZ is considered, as it could assume a pivotal position in the conversion of
MeOH synthesis to a CO: based industry”'®”. By comparing the results for the simplified CZ
system with the more complex CZZ composition, the transferability of the results can be
evaluated. A transfer to further compositions, e.g. CZA, should then be possible with minor
adjustments, as the process design of (co-)precipitation and aging is dominated by the
interaction of the Cu and Zn precursors and zincian malachite as the key intermediate. Other
metal precursors only play a subordinate role due to their lower mass fraction of typically
< 10 wt.%.

The available literature makes it clear that the catalyst performance results from an
interconnected web of a multitude of parameters of the involved process steps. Three key
challenges for the scalable preparation of high-quality Cu/ZnO based catalysts were identified.
Accordingly, this work focusses on the following three topics.

I. How can the process steps co-precipitation and aging be separated in time and space
to determine the role of co-precipitation in the preparation of defined catalysts?

The first step to enable a knowledge-based and scalable process optimization is to
understand the correlation between the various process parameters and the resulting
physicochemical properties for each individual process step considered. Here, co-precipitation
and aging are investigated for these two process steps appear to have the highest impact on the

resulting catalyst quality if conditions are varied'®’"*!

. For this purpose, the state-of-the-art
process is to be modified as discussed in Section 2.3 with the ultimate goal to separate co-

precipitation and aging, as well as their respective process functions, and to prevent any overlap.

Then, using the modified process, the roles of co-precipitation and local mixing effects
during initial solids formation for the preparation of high-quality catalysts with defined
properties will be investigated in Section 3 on the examples of a generalized CZ composition
and CZZ catalysts. The evaluation of these results will show which key parameters of co-

precipitation have to be considered for scale-up.

II. Is it possible to predict the solid phase composition after aging as a function of
selected process parameters?

The separation of co-precipitation and aging will also make it possible to investigate aging

separately from co-precipitation in Section 4. Due to the well-established importance of zincian

18,31,68

malachite as the target phase for high-performance Cu/ZnO based catalysts , the focus will

be to develop a model which enables the prediction of the phase composition after aging in

dependence of key process parameters such as reactant composition, pH and temperature.

43,64,70,72

Based on the vastly different times scales of solids formation in co-precipitation and

phase transformation during aging’** %747

, it is hypothesized that aging leads to
thermodynamic equilibrium and that, accordingly, the phase composition can be described with

a corresponding model without kinetic consideration. The goal is to develop such a model,
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validate it with the experimental setup described in Section 2.3 and evaluate this hypothesis.
Ideally, this model approach may reduce the number of parameter studies needed for future

process developments and reveal so far unknown process optima.

ITI. What are feasible methods for accelerating the aging step and, thus, for increasing
the space-time-yield of catalyst preparation that simultaneously allow a process scale-
up and maintain the product quality?

According to the literature, the aging step is essential to form zincian malachite®™""?, which
ensures a homogeneous distribution of small Cu and ZnO crystallites in the calcined precatalyst
on the one- to -two-digit nanometer scale, which, in turn, guarantees the production of a high-
performance catalyst'>"*. However, it comes with the economic and ecological downside that
the aging suspension has to be stirred and heated for prolonged process times of more than
90 min until the phase transformation to zincian malachite is completed®**"**>’*™ Thus, this
work aims at developing a method to accelerate the phase transformation without negatively
influencing the resulting product quality, cf. Section 5. One approach suggested in literature is
an optimization of the preceding co-precipitation step to ensure a starting material for aging
that is uniform in size, homogeneous regarding the composition at nano- and microscale and as
fine as possible®. Other studies suggest to adjust the aging parameters (metal ratio, temperature,
pH)72,75,79,100

particles”. In the scope of this work these approaches are to be adapted, evaluated regarding

or to seed the freshly precipitated suspension with readily aged zincian malachite

their impact on aging kinetics and product quality, and optimized. This way, the space-time-
yield of catalyst preparation should be increased which would help to meet the projected

increase in demand for methanol catalysis from CO..

The overarching goal is to find answers to these three main questions. By doing so, this
work will enable the scalable preparation of performant Cu/ZnO based catalysts with precisely
defined properties. This way, it will hopefully contribute to preparing the methanol economy

for the future challenges of a sustainable chemical industry and beyond.



2 Materials and methods

This chapter provides information on the materials used, the experimental setups applied
and the analytical methods utilized. First, the various intermediates that are present in the multi-

step preparation process are defined in Section 2.1 to establish a consistent terminology.

2.1 Definition of precursors, intermediates and products

Figure 2.1 provides an overview of the complete preparation process starting from the feed
solutions and ending with the ready-to-use catalyst with a focus on the microstructure of the
respective (intermediate) products. For a simplified visualization, a binary Cu/ZnO catalyst is
represented since the interaction of these two components dominate the chemistry in co-
precipitation and aging as well as the performance of the catalyst in methanol synthesis*. A
third component, e.g. ZrO; or Al,O3; would precipitate concurrently or be added as a solid with

the soda feed. The figure also includes the nomenclature of the intermediates chosen for this

work.
Precursors
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Figure 2.1: Evolution of microstructure and composition of the catalyst precursors during the multi-step
prepatation of Cu/ZnO based catalysts. The microstructute of the aged intermediate, precatalyst and catalyst ate
shown at two different size scales as indicated by the double dotted line. Based on Guse et al. 1oL

In accordance with the emphasis of this work, the focus is on the precursors after initial
solids formation by co-precipitation, the co-precipitate, and after the phase transformation by
aging, the aged intermediate. In contrast, the processing steps solid-liquid-separation, washing
and calcination as well the refinement steps shaping and reduction are combined. In the context
of this work, the term ‘precursor’ is used as a collective term. The following precursors and

products are distinguished:

e The two feed solutions with the readily soluble metal nitrates respectively Na,COj or
NaHCO; as the precipitant.

e The solutions are mixed to initiate solids formation. For the model-based determination
of supersaturation, cf. Section 4, a hypothetical, initial state is assumed where both
solutions are mixed completely, but no solids are formed yet. This state can be

approached experimentally by minimizing the micromixing time, cf. Section 3.



2.2 Substances and material data

The metastable, initially present solids directly after co-precipitation consist of spherical
aggregates of primary particles, cf. Section 3.3. They are defined as the co-precipitate.
For the purpose of analyzing co-precipitation separately from aging, a stabilizer can
optionally be added to better preserve the metastable co-precipitate and to prevent the
formation of a net-like aggregate from the initially spherical particles, cf. Figure 2.4 and

Figure 3.11. This results in the stabilized co-precipitate. For the purposes of this
schematic diagram a homogeneous co-precipitate at nano- and micrometer scale is

assumed.

Afterwards, aging is conducted and it results in the aged intermediate: open-pore

spheres at the micrometer scale which tend to agglomerate. They consist of intergrown
needles that are built from merged and phase-changed nano-sized co-precipitate

6645 The schematic composition of the aged intermediate is illustrated at two

particles
scales which are divided by a double dotted line. This morphology is also evident in the
SEM images in Figure 3.3 and Figure 3.12.

Following the further processing steps, the precatalyst is obtained which is an aggregate

of periodically arranged CuO and ZnO crystallites, cf. Figure 3.4 and Figure 5.10.

By means of a reduction CuO is reduced to Cu to form the catalytically active product:

the Cu/ZnO based catalyst.

Alternatively, if aging was skipped, e.g. by direct calcination after initial co-precipitation and

solid-liquid separation®, a catalyst with the same chemical composition, but with a much less

homogeneous composition at nanoscale® and a smaller specific Cu surface area would result

64,73

This is illustrated by the alternative process path (dashed line). By skipping aging, no zincian

malachite is formed so that Cu and Zn tend to form separate phases. As a result, CuO and ZnO

crystallites tend to increase in size compared to a process with an aging step

43,72

2.2 Substances and material data

The intermediates and catalysts were prepared from nitrate salts, the most common educts

in the preparation of Cu/ZnO based catalysts

"2 The key chemicals used for the studies,

together with their purities and physicochemical properties, are listed in Table 2.1.

Table 2.1: List of key chemicals and their data used in this work.

Chemical Molecular formula }f Purity Supplier Verified composition*
(g'molt) (%)
Copper(II) nitrate trihydrate Cu(NO3)23H,0 241.62 > 99.5 Merck Cu1.00NO3)1.95(CO3)0.052.6 H2O
MelPers0045 - - - BASF SE -
(polycarboxylate ether in water)
Sodium bicarbonate NaHCO; 84.01 =99  Carl Roth NaHCO;
(sodium hydrogen carbonate) GmbH
Nitric acid (65 %) HNO; (in HO)  63.01 >99.5 Carl Roth 64.8 wt.% HNO3
GmbH
Sodium carbonate Na,COs3 105.99 > 99  Carl Roth Na,COs3
GmbH
Sodium hydroxide NaOH 39,997 >98 Carl Roth Na(OH)0.97(CO3)0.02- 0.08 HO
GmbH
Zinc(II) nitrate hexahydrate Zn(NO3)26H,O  297.47 >99  Alfa Aeser Zn100(INO3)1.95(CO3)0,05.5.7 H2O

Zirconium(IV) oxynitrate hydrate |[ZrONO3)2:6H2O  339.32 =99  Sigma-Aldrich ZrO100(NO3)1.95(CO3)0,056.5H20

* The composition was analyzed by a combination of XRD, ICP-OES and CHNS.
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The chemical composition was verified by combining XRD, ICP-OES and CHNS analysis.
For this purpose, the measured weight fractions were converted into a hypothetical sum formula
and compared with the manufacturet's specifications. The nitrate salts and sodium carbonate
are prone to hygroscopy and tend to deliquesce or to form hydrates'**'". Thus, they were stored
at defined conditions in desiccators. Their masses and compositions were controlled regularly

and a deviation of less than 0.5 wt.% was found in each case over the course of eight weeks.

The key equations describing solids formation and their respective equilibria constants

applied in this work are summarized in Table 2.2 for further reference.

Table 2.2: Selection of key solid phases, their reaction equations and solubility products.

Phase Reaction equation log (Ksp(298K) Arhyegy /
mol L™1)v+
A ) (k] mol™%)
Aurichalcite Zn, 4Cu, 1 (C03), (OH)Y & 7616+ 292.4%
2.9 702+ 4 2.1 cuz*@? 4 2 03 @Y + 6 OH~
Copper hydroxide | Cu(OH), (s) ¢ Cu®*(aq) + 2 OH™(aq) 19.30%* 55 0%k
Gerhardtite CUZNO3 (OH)3 (S) o2 Cu“(aq) + NO;(aq) + 3 OH'(aq) _3D.74%* 04,84
Georgeite Cu,CO5(0H), -H,0 (s) « 3377+ 60.2%
2 Cu?*(aq) + C03~(aq) + 2 OH (aq) + H,0
Hydrozincite Zns (CO3)2(OH)S) o5 an+(aQ) +2 Cog_(aq) +6 OH~ (@D _72.73% _42.6%
Malachite Cu,C03(0H), (s) © 2 Cu?*(aq) + CO% (aq) + 2 OH (aq) _35.02% 49 5%
Rosasite Cuy.16Zn,4C03(0H); (s) © -36.48 na
1.16 Cu?*(aq) + 0.84 Zn?*(aq) + C0%~(aq) + 2 OH (aq)
Rouaite Cu,NO;(OH); (s) « 2 Cu?*(aq) + NO3(aq) + 3 0H (aq) 30 74# na
Tenorite CuO (S) + H+(aq) Rd Cu“(aq) + OH_(aq) _6.36G%* _9.06%*
Unnamed Na,Zn3(CO3)4 - 3H20 (s) © -33.80+ 197.6*
Zinc-sodium 2Na*(aq) + 3Zn?*(aq) + 4C0% (aq) + 3 H,0
intermediate
Zinc hydroxide Zn(OH), (s) © Zn?*(aq) + 2 OH™(aq) _15.50# 31#
(amorphous)
Zincian georgeite | Cug 46Zn054C03(0H); - H,0 (s) & 32,97 _103.7*
....1.46 Cu?*(aq) + 0.54 Zn?*(aq)
+C03~(aq) + 2 OH™(aq) + H,0
Zincian malachite | Cuy 46Zn¢ 54,C03(0H), (s) & _34.78% _60.2%
1.46 Cu?*(aq) + 0.54 Zn?*(aq) + C0%~(aq) + 2 OH (aq)
Zincite ZnO (s) + H*(aq) © Zn%*(aq) + OH™ (aq) .67 33.81%*
Zirconia oxide Zr0, (s) + 2H*(aq) © Zr**(aq) + 2 OH™(aq) 35 32,06~

* from Guse et al.1%%; ** from minteq.v4 database!%%; § from Alwan et al.1%%; # from NIST database!8; ~ from Giffaut

et al.10%; * cf. Section A.4; n.a.: not available

The complete list of solid phases considered and their respective solubility products is
embedded into the database file, cf. Guse et al.'”"'"". The listed solubility products Ksp describe

10
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the solubility of salts in water, cf. Eq. (4.1), and are key in the determination of supersaturation
as the driving force for solids formation, cf. Section 4.2.1. The respective reaction enthalpies

Ak are applied to account for the temperature-dependency of the solubilities, cf. Eq. (4.6).

2.3 Experimental setup

One main focus of this work is to investigate the process steps co-precipitation and aging
separately from each other, cf. Sections 3 and 4. For this purpose, continuous co-precipitation

and batch aging were strictly separated according to Figure 2.2 (a).

In the continuous co-precipitation, a micro mixing nozzle was applied to ensure
reproducible and spatially homogeneous mixing conditions at high energy dissipation rates.
Further details on the process, the mixing nozzle and mixing are discussed in Section 2.3.1. In
selected cases, aging was then conducted consecutively in a stirred tank reactor either to
investigate aging or to prepare catalyst material, cf. Section 2.3.2. Complementary, the state-of-
the-art semi-batch process depicted in Figure 2.2 (b) was used to prepare reference material for

catalyst testing, cf. Section 2.5.

@) (b)
Feed 1: Feed 1:
Metal Nitrates (aq) o> et ~. Metal Nitrates (aq)
. 150° '~
- R r N, Feed 2: o——
e et Vat- SO VT et
Feed 2: E.'>—'\—Y ‘eo) | 9050/ R ! (pH control)
NaCOs3 (aq)  “yp M N !
- <y 1 ’ =|| Heat Transfer
~.92.00 U7 Fluid
6%@ -*>Sampling “~--c0 N
. QR _ :
Aging tank v <Seeding Tank reactor
reactor (co-precipitation and aging)
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Fluid
[N
T
L ---->Sampling

Figure 2.2: Experimental setups for (a) a continuous co-precipitation followed by batch aging and (b) a semi-
batch co-precipitation and aging. M: motor, TCR: temperature control and recording, QR: pH recording, PDR:
differential pressure recording. Based on Guse et al.10%,

2.3.1 Continuous (co-)precipitation

The setup depicted in Figure 2.2 (a) is used for all studies where co-precipitation is
investigated isolated from the other process steps. The micro mixing nozzle, also referred to as
an impinging micro jet mixer in the literature'''™'"°, enables a continuous precipitation. This way,
each particle that is formed experiences the same formation history, so that e.g. the influence of
mixing on the particle size can be investigated, cf. Section 3.1. Detail information on the two

nozzles used in this work are available in the appendix, cf. Section A.1.

An aqueous metal nitrate solution (feed 1) and a basic Na,COj3; or NaHCOs solution (feed
2) with equal volume flows were continuously mixed in the nozzle where co-precipitation then

takes places in a millisecond to second scale®”™"'">""*, For the co-precipitation studies in Section

11
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3, where precisely defined volume flows are essential to investigate the influence of mixing, a
modified testing machine (Z010, Zwick Roell GmbH&Co. KG) with incorporated syringe
pumps is used, cf. Figure A.2. The setup allowed total volume flows of up to 1800 ml-min™,
which corresponds to 76 m's™ in the inlet jets, at a precision of VFeed,real = VFeed’Set + 1ml/
min~!, cf. Figure 2.3, and pressure differences of up to 32 bar and is described elsewhere in
detail"'. The pump capacity is sufficient to prevent plugging due to solids formation at the walls.
The differential pressure measurement (Deltabar PMD75, Endress+Hauser) is used to
determine energy dissipation rates from the set volume flows and correlate them with the
resulting particle sizes, cf. Section 3.3.

However, the syringe pump setup only allows a total batch volume of approx. 300 ml. Thus,
two gear pumps (GB-P23-DEELE, Micropump) in combination with magnetic-inductive flow
meters (IFC90, Krohne) were used if larger suspension volumes were needed, e.g. for the
experiments with a succeeding aging step. Here, total volume flows of up to 800 mL-min™ ',
which corresponds to 34 m's” in the jets, with a precision of at least +5 % were achieved, cf.
Figure 2.3. In both setups, the stirred reactant tanks, piping and jet mixer were temperature-
controlled (£ 1 K). Due to the higher precision, all co-precipitation experiments without aging
in Section 3.3 regarding the influence of mixing on the co-precipitate were conducted in the
syringe pump setup. The higher deviations for the gear pump setup are not expected to affect
the results for the aging studies as deviations only occur sporadically over the dosing time. These
assumptions are confirmed by the small deviation in suspension pH directly after co-
precipitation is completed, cf. Figure 5.3 (a) that is discussed later. In seven independent
experiments, pH only deviates by £ 0.05 from the target value of 6.7.

(@) (b)
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Figure 2.3: Fluctuation of the feed volume flows over the precipitation time for different reactant concentrations
and at a representative set volume flow (330 ml'min!) for (a) the syringe pump setup and (b) the gear pump setup.

For all experiments on the binary co-precipitate in Section 3.3 bcy(no,),,Feed1 = 0.18 mol -
(kg H,0)™%, bzn(Nos),, Feedr = 0.09 mol - (kg H,0)™, byanco, Feedz = 1.01 mol - (kg H,0)™*
and T = 50 °C were used which corresponds to a solids concentration in the suspension of

approx. 2 wt.%. The total metal concentration in the suspension with the volume Vg, is given
by Eq. (2.1):
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_ Mcu(NOy), T Mzn(N03), T MzroNo,),
CM,susp -

2.1
Vousn @1

The studies on the ternary co-precipitate in Section 3.3 were conducted with bey(nos,),, Feed1
= 0.06 mol - (kg Hzo)_l, bZn(NO3)2,,Feed1: 0.03 mol - (kg Hzo)_l, bZrO(NO3)2,,Feed1 = 0.01 mol -
(kg H,0)™%, bNanco, Feedz = 0-38 mol - (kg H,0)™! and T = 30 °C which also corresponds to

approx. 2 wt.% solids. There were no issues of plugging for these molalities.

2.3.2 Aging and semi-batch processes

In this work, three different process designs are used for aging: first, the newly developed
batch aging after continuous co-precipitation in a mixing nozzle as depicted in Figure 2.2 (a).
This approach is applied for the studies in Section 4, where aging is investigated isolated, and
for preparing the catalysts investigated in Sections 3.2, 3.3 and 5. Second, batch aging after
continuous co-precipitation with seeding at t;ge = 0 min which is applied in Section 5.3 to
possibly increase the space-time-yield of aging. Third, a state-of-the-art semi-batch preparation
where co-precipitation and aging ovetlap. This approach is used in Section 3.2 for the

preparation of reference material.

Continuous co-precipitation & batch aging

In this approach, co-precipitation was conducted continuously in a mixing nozzle as
described above. The resulting co-precipitate suspension was then fed directly into one of two
identical double-jacketed glass tank reactors (Vignx = 4000 ml; digpx = 120 mm) with four
baffles according to DIN 28131. Co-precipitation was completed when the target volume in the
tank reactor was reached. This took, depending on the volume and volume flows chosen, a
maximum of 4 min. Thus, co-precipitation time is, generally, small compared to the aging time

necessary to induce a complete phase transformation (t,ge > 80 min).

Aging took place under stirring with a two-staged three-blade propeller agitator (dgtirrer =
50 mm, 30° pitch) at 950 rpm. This corresponds to a mean energy input of 0.41 W-kg"' and a
stitrer tip speed of 2.5 m*s™. The temperature was controlled with + 1 K accuracy and pH was
measured with + 0.05 accuracy (HI1090T, Hanna Instruments). For this purpose, the pH
electrode was calibrated daily using a two-point calibration with two of following three
references (pH buffer solution 4.01, pH buffer solution 7.00, pH buffer solution 10.01, all by
Carl Roth GmbH). Samples at specified aging times were obtained by withdrawing suspension
(30 — 50 ml) in the proximity of the stirrer via the bottom drain valve. These samples were
processed identically to the co-precipitate suspension, as described in Section 2.4.1. In general,
aging was terminated 30 min after a pH minimum had been reached to ensure that the phase

transformation was completed“s.

The continuously prepared catalyst investigated in Section 3 was prepared with
DCu(NO),, Feedr = 0.16 mol - (kg H,0) 71, bzn(NOs),,Feed1 = 0.08 mol - (kg H,0)™1,
b7r0(NOy),,Feed1 = 0.03 mol - (kg H,0) ™" and byapco, Feedz = 1.018 mol - (kg H,0) ™ at 40 °C
resulting in a pH = 6.9 after co-precipitation and a solids fraction in the suspension of approx.
2 wt.%. For the phase studies and model validation in Section 4, the mass fractions of Cu, Zn

and Zr in feed 1 and the temperature were varied, but the total molality of metal salts in feed 1
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was kept at byot, peeqr = 0.27 mol - (kg H,0) ™. For the reference material in Section 5, the initial
pH after co-precipitation at tage = 0 min was adjusted to 6.7 by addition of HNO; to feed 1
(X65% HNO, Feedz = 22 mL - kgﬁlo) and temperature was increased to T = 55 °C as optimization
studies showed an improved methanol productivity for these conditions, cf. Section 4.5. For
these optimization studies, temperature and pH were varied by addition of NaOH and HNOj,
while all further reactant molalities were kept constant. Additionally, scale-up studies with an
increased solids fraction of 6 wt.% in the suspension were conducted by increasing the feed
molalities  t0  bcy(Nos),Feedr = 0.516 mol - kgplo,  bznNos),Feedr = 0258 mol - kgylo,

b7r0(NO3), Feed1 = 0.086 mol - kgl and bya,co, Feedz = 0.889 mol - kgglo.

Seeding

For the seeding studies in Section 5.3, the same setup and general procedure were applied
as for continuous co-precipitation and batch aging approach. The key difference is that,
additionally, seed crystals composed of zincian malachite were added to the suspension to
accelerate phase transformation during aging. For this purpose, two methods were used: using
a suspension of freshly prepared seeds as a direct approach and, alternatively, adding previously

dried seeds which allow a more precisely defined storage.

Suspensions of freshly prepared seed crystals were obtained by conducting a separate
preparation without seeding but otherwise at the same process conditions beforehand. This
way, a suspension of aged intermediate consisting of zincian malachite was formed and prefilled
into the aging tank reactor (£ 0.01 g). Then, co-precipitation via the mixing nozzle was started
anew and the resulting co-precipitate suspension was added directly to the seed suspension in

the aging tank reactor as described previously in Section 2.3.1.

In order to produce dried seeding material, an unseeded aging was carried out under
identical conditions as the planned seeding experiment. The solids were then filtered, washed,
dried, and mortared as described in Section 2.4.1 in order to analyze and store them.
Additionally, the seed crystals were fractionated (x < 40 pm) using a sieve shaver (AS 200,
Retsch). They were then resuspended in 30 mlL of demineralized water for 5 min at n =
9800 min~! using a disperser (T 25 Ultra Turrax, IKA). After co-precipitation was completed
(tage = 0 min), the seeding material was inserted into the aging tank reactor from the top of the
reactor using a syringe, cf. Figure 2.2 (a). The seeding process took a maximum of two minutes
to finish.

Reference semi-batch process

Two different setups, which both follow the same key approach, were used for the semi-
batch preparation of reference material, cf. Figure 2.2 (b). Here, co-precipitation and aging
overlap in time and space as it is generally done in literature and industtial production™'**"*"*
These reference catalysts are used in the precatalyst characterization and performance tests in

Section 3.2.

The first variant is based on a procedure suggested by Arena et al."’. Allahyari et al."'® and
Frusteri et al.” and was initially chosen due to its positive effects on product homogeneity at
nanoscale and surface area by using ultrasound: an amount of 1000 ml of 0.2 mol-I." NaHCO;

was placed in a 2000 ml stirred vessel which was submerged into an ultrasonic bath (Sonorex
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RK 510 H, Bandelin) at 40 °C and stirred with a two-blade anchor impeller at 520 rpm. Then,
100 mL of a 0.8 mol-L" metal nitrate solution with Ncu(NOy), / Mzn(N0,), / Mzro(No,), = 6/3/1
was fed into the reactor at a flow rate of Vgeeqr = 1.6 ml - min™1. pH was kept between 7.0 and
7.2 by adding a 1 mol-L."! NaHCO; solution (feed 2). Subsequently, the suspension was aged for
2 h without further pH control™.

For the second semi-batch setup the same stirred tank reactor as for the “continuous co-
precipitation and batch aging” approach is used. In this case, approx. 1500 mL Na,COj3 solution
is provided in the tank reactor and the metal nitrate solution is slowly added via a submerged
dosing line in the proximity of the lowest stirrer stage with Vreed1 = 20 ml - min~'. Additional
Na,COj solution was added to maintain the target pH of 6.9 during precipitation. When addition

of the metal solution was completed, aging without pH control was carried out for 2 h.

2.4 Product characterization

In accordance with the aim of this thesis, the precursors, intermediates and products

investigated in this work are mainly characterized regarding their morphology and composition.

Depending on particle size, the particle morphology is analyzed by either SEM or TEM
imagining. Additionally, the particle size distribution (PSD) is evaluated by dynamic and static
light scattering and the surface characteristics by BET studies and N2O chemisorption. The
phase composition is evaluated by XRD evaluation or, for amorphous samples, by FT-IR. The
elemental composition is resolved by a combination of XRF and ICP-OES for the metal
components and combustion analysis for C, H and N. Complementary, the spatial distribution

of components was investigated by TEM-EDXS studies.

These analytical methods are all well established. This is why they are only briefly
summarized in the following sections with a focus on the chosen measurement parameters and

customized evaluation routines.

2.4.1 Sample preparation

For the analysis of solids, the sample suspensions of the (co-)precipitate, the time samples
taken during aging and the aged intermediate were collected without dilution. They were filtered
directly after sampling (< 5 min) using a water aspirator or a vacuum pump (p < 100 mbar) and
a Buchner funnel with filter paper (MN85/70, Macherey-Nagel). The filter cake was then
washed by displacement washing with demineralized water at room temperature until an
electrical conductivity of @ < 100 pS-cm™* (Profiline LF 197, WTW) was achieved and until
no nitrate could be detected by nitrate test strips (cyo; < 10 mg- L™1, VWR Chemicals). The
conductometer was calibrated weekly with two references (Conductivity standard 1413 uS-cm™
and conductivity standard 84 uS-cm”, Carl Roth GmbH).

For the semi-batch prepared samples, a centrifuge was used to sediment the solution.
Washing was then conducted by resuspending the solids in demineralized water und repeating

the centrifugation until the nitrate concentration fell below cyo; < 10 mg- L1
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The moist sample was then either dried at ambient pressure and at the aging temperature,
or at p < 10~* mbar and 35 °C, for at least 16 h (Vacutherm VT6130 M-BL, Heraeus with
Trivac D16B/DS, Leybold). No influence of the washing and drying method on the phase
composition or morphology was evident as long as washing was conducted until a residual
conductivity of 0 < 100 uS- cm™? in the filtrate was reached, cf. Section A.2 in the appendix.
Thus, methods were chosen according to their availability and throughput. Selected samples
were then calcined in air with a heating ramp of 3 K min" and a maximum temperature of
350 °C, which was held for 4 h, and manually ground in a mortar until no more lumps were

visually detected*'".

2.4.2 SEM and TEM(-EDXS) measurements

The particle morphology of the nanosized (co-)precipitate and precatalysts were analyzed
by transmission electron microscopy (TEM) with a FEI Osiris ChemiStem (200 kV) at the
Laboratory for Electron Microscopy (LEM) at KIT, Karlsruhe, by Heike Stérmer. For this
purpose, the dried sample was suspended in demineralized water by means of an ultrasound
bath and then spread on a TEM gold grid using an ultrasonic fogger. Energy-dispersive X-ray
spectroscopy (EDXS) was conducted at LEM by Heike Stérmer by using an equipped Bruker
Quantax system (XFlash detector) and used to examine the spatially resolved elemental
distribution of metals inside the particles of the co-precipitate and the precatalyst on the

nanometer scale.

TEM imaging was also applied to validate the PSD determined by dynamic light scattering.
For this, a sufficient number of binarized TEM images to evaluate a total of at least 1000
particles was processed with the public domain software Image]. Only the cross-sectional areas
of complete particles in the images were considered for the determination of the mean particle

size and the span.

The particle morphology of the aged intermediate as well as of the seed crystals was
analyzed by scanning electron microscopy (SEM) by Volker Zibat, using a Zeiss Gemini SEM
500 with a Schottky field emission cathode at LEM, KIT, Karlsruhe. The particles of the dried
sample were fixated on adhesive carbon pads. By combining SEM with a focused Ga" ion beam
(FIB), the preparation and examination of cross-sections of chosen samples was possible with
the FEI Strata 400 STEM and the help of Erich Miller (LEM, KIT, Karlsruhe). For this
purpose, the samples were coated with Pt beforehand to prevent sample deterioration during

FIB preparation.

2.4.3 Dynamic and static light scattering

Particle size distributions (PSD) of co-precipitate samples were measured by means of
dynamic light scattering (DLS) with a Zetasizer Nano ZS (Malvern Panalytical). The suspension
was diluted with demineralized water to suppress any aging processes on the one hand and to
minimize measurement errors by agglomeration and light scattering at multiple particles on the
other hand. However, only the addition of an electro-steric stabilizer (polycarboxylate ether in
water; MelPers0045, BASF SE) to the metal nitrate feed (Cumelpersoossreedr = 20 8°L7Y) in

combination with a dilution prevented agglomeration completely, cf. Figure 2.4. Accordingly, a
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2.4 Product characterization

sample of 5 mL of the co-precipitate suspension was directly fed as a free jet into a 1000 mL
beaker (dpeaker = 95 mm) (about 10 cm travel distance). The beaker was equipped with a
magnetic stirring bar (dgirrer = 40 mm) operating at 300 rpm, baffles and 500 mL of
demineralized water. For the measurements, a refractive index of 1.813, a mean value for

malachite'”’, and an absorption index of 0.3 '"® were applied. Due to the partly high

b
concentrations of MelPers0045, viscosity measurements as a function of the stabilizer
concentration were conducted resulting in the following correlation (Eq. (2.2)) which was used

to determine the viscosity:
7 = (0.0156 * Cpelpersooas - € L™1 + 0.8937)mPa - s 2.2)

Figure 2.4 (a) shows the co-precipitate without any stabilizer after a process time of approx.
0.5s based on the volume flow of Viga = 10 mL-min~! and the aforementioned travel
distance. It is evident that the initially spherical co-precipitate particles, that are discussed in
more detail in Section 3.3, are already aggregated to an intergrown net-like entity. A kinetic
description of co-precipitation in terms of nucleation and growth rates, along with a pragmatic
determination of particle sizes via DLS, is not achievable in this way. In contrast, aggregation
of the spherical co-precipitate particles is effectively inhibited by the addition of MelPers0045
to the metal nitrate feed, as is evident in Figure 2.4 (b). The individual aggregates are clearly
segregated and stabilized as spherical particles, which is essential for DLS measurements. This
method possibly also decelerates the aging process by inhibiting particle collisions, cf. Section 5

on the effect of seeding'”".

(2

Cu/Zn based co-precipitate
Nogmples = 3
N ineasurementsDLS = 3
f/mml =10 ml-min’’
|| MelPers0045,Feed] — 20 g']‘rl

600 nm 1000

Figure 2.4: TEM images and particle size distribution of a Cu/Zn based co-precipitate for Vigra) = 10 mL - min~t.

Comparison of (a) the co-precipitation without stabilizer and (b) with cmerpersooas,reeds = 20 8+ L1, (c) shows
stable and reproducible DLS measurements after the successful stabilization of the spherical aggregates. Adapted
from Guse et al.10%,

Figure 2.4 (c) shows the volumetric density distribution g3 determined by DLS upon the
addition of the stabilizer to the metal nitrate feed. The mean values from three independent
samples, each measured three times in a row, are plotted. Minor deviations suggest excellent
reproducibility and adequate suppression of secondary processes during measurement,
including agglomeration and aging. The volume-based median particle size X593 pLs = 51 £
3 nm matches the value from the graphical analysis of more than 1000 particles in TEM images
(¥s03TeEM = 53 nm) where the same stabilizer was added (CmelpersoossFeedr = 20 g+ L71).
Consequently, DLS combined with MelPers0045 as a stabilizer is a valid procedure for
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2 Materials and methods

characterizing the spherical aggregates identified as the co-precipitate. Each sample was
measured three times in a row (approx. 5 min) to ensure that no secondary processes occur

during measurement that may influence the particle size'".

The particle size distribution of the seeds in the suspension, which are coarser than the
initial co-precipitate by around three orders of magnitude, was determined by static light
scattering (SLS). The Mastersizer 3000 with Hydro EV (Malvern Panalytical), which was used
for this purpose, allows size measurements in the range of 10 nm < x < 3.5 mm'18119, The
suspension was analyzed directly after sampling (At < 5 min) and diluted with demineralized

120

water (approx. 1:100) <.

2.4.4 Surface analyses

For the analysis of the specific particle surface areas (Sggt), the dried samples were first
fractionated to 250 pm < x < 500 pm and degassed for 20 h at 130 °C. Then, N, physisorption
measurements were conducted in a Quantachrome NOVA 2000e device (Anton Paar) at 77.35
K by Thomas Otto at the Institute of Catalysis Research and Technology (IKFT), KIT,
Eggenstein-Leopoldshafen. The isotherms were analyzed using the Brunauer—Emmett—Teller
model (BET) in the 0.08 — 0.3 p/po range.

The analysis of the copper surface area S¢; by N2O pulse chemisorption was combined
with a preceding temperature-programmed reduction (TPR) and carried out by Thomas Zevaco
(IKFT, KIT). For this purpose, an Altamira AMI-300 device equipped with a thermal
conductivity detector (TCD) was used. For the TPR measurement, approx. 100 mg of the
precatalyst sample was placed in a quartz reactor, dried and then cooled under argon. Then, the
samples were heated from 50 °C to 250 °C at a rate of 1 K/min (250 °C, holding for 45 min)
in a gas mixture containing 5 vol% H,/Ar. The active Cu surface of the thus reduced catalyst

sample S¢,, can then be determined according to the following reaction:
2Cu+N,0->Ny;+Cu—0-Cu (2.3

The controlled oxidation of the Cu surface is conducted by sending N>O pulses of a definite
volume (518 ml,, 10 vol% N,O/He Air Liquide CRYSTAL gas Mixture). The released N is
quantified with the cumulated data of the TCD and the oxidized surface of the catalysts can
thus be calculated. Further details on the TPR and N,O pulse chemisorption procedure are

given elsewhere!?.

2.4.5 FT-IR, XRD and Rietveld refinement

The phase composition of the dried and ground solid samples was determined using a
combination of X-ray diffraction (XRD) for the crystalline fractions and Fourier transform
infrared spectroscopy (FT-IR) for the amorphous fractions and samples. The FT-IR spectra in
the range of 4000 cm™! < ¥ < 230 cm™! were obtained using a Varian 660-IR spectrometer
(Agilent) with a resolution of 2 cm™! with the support of Thomas Zevaco (IKFT, KIT). For
this purpose, approx. 3 mg sample is added to an agate mortar together with 300 mg KBr (=
99.5 % purity, VWR Chemicals). The mixture is ground for one minute and pressed into a disc
(hkBr disc = 1 mm) with a hydraulic press (10 tons, 1 min). This way, the FT-IR spectra can be
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2.4 Product characterization

compared quantitatively. Before each measurement, the chamber was purged for 5 min with N

to remove any CO; from the measuring chamber.

The XRD diffractograms in the range of 5° < 26 < 80° were recorded over a period of
120 min using a Panalytical X’Pert Pro (Malvern Panalytical) with Bragg—Brentano geometry
and a Cu K-u light source (1.54 A wavelength) with a Ni filter with the support of Diana
Deutsch (IKFT, KIT). The mass fractions of the solid phases were determined using Rietveld
refinement with Profex software, version 5.1'*'. The data of the reference phases used are given
in the appendix, cf. Table A.1. For zincian malachite, Behrens et al. found a correlation between
the amount of Zinc incorporated into the lattice Xz, ,; according to Eq. (2.4) and the lattice
constants a, b, ¢ and y, cf. Egs. (2.5) to (2.8)%, each with a coefficient of determination of R? >
0.99. These four correlations can then be used in a Rietveld refinement to determine a mean
Zn fraction in zincian malachite Xz, ;v £ 0 from the XRD diffractogram up to a maximum Zn
fraction of 27 mol%. Zwiener et al. found similar correlations up to 31 mol% Zn®". However,
these functions led to higher deviations than Egs. (2.5) to (2.8). Furthermore, aurichalcite was
detected as an additional phase in samples with total Zn fractions of 30 to 35 mol%"". Thus,

the correlations by Behrens et al. and an assumed upper boundary of Xz ;m = 27 mol%?®¢ are

applied here.
- Nzn2+ zm
Fznam = Nzn2+zm + Ncuzt zm @4)
Ay - A1 = —0.0045 %7, ;m + 9.4938 (2.5)
bym - A™1 = 0.0056 %z ;m + 11.9131 (2.6)
Com - A71 = —0.0024 %7, + 3.2451 2.7)
Bam - ()1 = —0.0924 X, + 98.7179 (2.8)

A corresponding correlation was developed for aurichalcite, cf. Section A.3.2 and Eq. (A.1).

2.4.6 Elemental composition

The elemental composition of the samples was analyzed using two complementary
methods: 1) inductively coupled plasma optical emission spectrometry (ICP-OES) for the total
mass fractions of metals (Al, Cu, Na, Zn, Zr) and 2) flame atomic emission spectrophotometry
(F-AES) to determine the total mass fractions of the light elements (C, H, N, S). Additionally,
the metal fractions of chosen samples were determined by X-ray fluorescence (XRF) with a
Pioneer S4 (Bruker) by the IKFT, KIT to validate the ICP-OES analysis. For each method, the

dried samples were manually ground in a mortar until no more lumps were visually detected'”.

For the ICP-OES measurement, 50 to 100 mg of the samples were first digested by adding
6 ml of 65 % HNO:s (subboiled) and 2 ml of 30 % HCI (p.A.). The mixture was then heated to
250°C for 45 min using a microwave system (Multiwave 5000, Anton Paar). Subsequently, the
digests were diluted to a volume of 50 ml with ultrapure water (< 0.75 pS-em™') and analyzed
with an iCAP 7000 (Thermo Scientific) by Chantalle Kotschenreuther and Elisabeth Eiche at
the Institute of Applied Geosciences (AGW), KIT, Katlsruhe. The ICP multielement standard
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2 Materials and methods

IV (Carl Roth GmbH) was applied for calibration and the ICP-OES reference solution VHG-
MISA6-500 (VHG Labs) was used for quality assurance'”’.

F-AES analysis was conducted in a Vario Micro Cube (Elementar Analysensysteme GmbH)
by Nicole Klaassen at the Institute of Inorganic Chemistry (AOC), KIT, Karlsruhe. Each sample
was measured twice to rule out major variances. The mass fraction of nitrogen Xy total
determined by F-AES analysis was applied to calculate the mass fraction of the phase rouaite
(Cu(NO3)(OH)3) Xpouaite,solids according to Eq. (2.9) under the assumption that all N atoms are
present as NOs in the rouaite lattice with Xy royaite = 7-93 Wt. % as the stoichiometric mass

fraction of N in the rouaite lattice'™.

XN, total
Xrouaite,solids — (2.9)
xN,rouaite

The oxygen mass fraction xg tota) Was calculated from all other mass fractions measured by
ICP-OES, XRF and F-AES assuming that no significant amount of other elements is present

in the respective sample.

2.5 Catalyst testing

A six-fold parallel reactor system with continuous-flow fixed bed reactors at IKFT, KIT
was used for evaluating the catalyst performance in methanol and direct DME synthesis from
syngas of varying composition (45 vol% Ha; 35 vol% Ny; 20% CO,). The volume fraction of
CO: in relation to the total volume fraction of CO and CO» (VCOZ / Vcox) in the syngas was varied
between VCOZ/VCOX =0 and VCOZ/VCOX = 1.0. The feed gases carbon monoxide (CO, 99.97
vol%o), nitrogen (N2, 99.9999 vol%), hydrogen (Ha, 99.9999 vol%) and a mixture of COz and N,
(50: 50 * 1.0 vol%) were supplied by Air Liquid Germany GmbH. Wild et al. gave a detailed

122

description of the process . Each reactor contained one precatalyst sample and was run at the

same volume flow rate, pressure and temperature'*"'*.

For the studies on the influence of mixing during co-precipitation on the resulting catalyst
properties in Section 3.2, the catalysts were applied by Stefan Wild (IKFT, KIT) in a direct
DME synthesis with methanol as an intermediate with T = 230 °C and p = 50 bar. For this
purpose, the catalysts under investigation were mixed in a mass ratio of 1:1 with the zeolite H-
FER 20 (Zeolyst International CP914C, Si/Al ratio of 20) which acts as a dehydration catalyst
and enables the further reaction from methanol to DME. This mixture was then mixed with
silicon carbide (SiC, Hausen MineraliengroShandel GmbH) in a mass ratio of 1:5 to prevent the
formation of hotspots in the reactor. The beds were filled with a total of 12 + 0.001 g of mixed
material in fivefold stacks with additional SiC layers at the top and bottom of the beds to ensure
the uniform grain distribution of all components and a homogeneous temperature in the
reaction zone. The modified gas hourly space velocity (GHSV) was maintained at GHSV =
8.8 57! for all feed gas compositions, cf. Eq. (2.10), to ensure that conversion took place in the
kinetic region. FT-IR spectroscopy and gas chromatography were used for analysis. More details

on the procedure can be found elsewhere™*.
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2.5 Catalyst testing

7N 7N .
GHSV = ered gas _ ered gas Pbulk (2‘10)
Veat Mcat

For the experiments on the influence of seeding on the catalyst performance in methanol
synthesis in Section 5.3, the precatalysts (2 £ 0.0005 g) were sieved into a size fraction of 250
to 500 pm and mixed with 8.2715 £ 0.0002 g SiC of the same grain. This setup was also applied
for the activity tests as a function of mixing intensity in Section 3.3 and an additional comparison
of semi-batch and continuous precipitation in Section 3.2. The catalyst beds were 30 = 2 mm
in length, with a bulk density of peazpuix = 0.8825g-ml™! '* The experiments were
conducted by Moritz Herfet (IKFT, KIT) at p = 30 bar and GHSV = 4.41s7%, ¢f. Eq. (2.10),
for a total process time of 176 h. First, the reactor system was run with CO,/COyx = 0.5 at T =
230 °C for approx. 120 h. The first approx. 70 h were used for initialization and the following
50 h were used to evaluate the methanol productivity Pyeon according to Eq. (2.11), the COx
conversion (Eq. (5.4)) and methanol selectivity (Eq. (5.5)) of the different catalysts.

mMeOH,out

Pymeon = (2.11)

cat

Then, the syngas composition was changed to CO,/COyx = 1.0 and the temperature was
increased to T = 250 °C. Productivity, selectivity and conversion were then evaluated over an
additional time on stream of approx. 45 h. Based on these test conditions, i.e. the relatively small
GHSYV and the short overall testing time, all results from methanol synthesis are solely assessed
as a functional test of the differently prepared catalysts without any in-depth analysis and

interpretation of potential differences in performance.
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3 Co-precipitation and its role in the preparation of defined
Cu/ZnO based catalysts

In general, Cu/ZnO based catalysts are prepared in a complex multi-step process. Most

217281,93123124 ¢ o ~ommodate

research on process development focusses on reactant variation
new insights on the optimum metal composition and on aging conditions™ ~***-%+'= to enhance
the resulting surface characteristics of the final catalyst. Studies on the influence of the initial
solids formation by co-precipitation is sparser and ambiguous™""=4% , also due to the
common ovetlap of co-precipitation and aging in stirred tank reactors used both in technical
application and research™”"*”. The goal of this section is to analyze if co-precipitation itself
does influence the resulting catalyst characteristics and, if so, how. For this purpose, a suitable
process to separate co-precipitation from aging must be established, cf. Section 2.3. The

aforementioned ambiguous state of the art will be dissected critically first.

3.1 State of the art and research hypotheses

When the Cu(NOs), containing reactant solution is mixed with an alkaline Na,COs or
NaHCO; solution, an amorphous precipitate is formed first”*"*”. Due to the metastable and
amorphous nature of the precipitate, the relevant phases as well as their structure are still under
ongoing discussion. The two most likely Cu phases, depending on pH and T, are georgeite
(Cuz2CO3(OH)2) ™" and copper hydroxide (Cu(OH),)"""**'*. Similarly, amorphous phases for
the other metals, such as Zn(OH),, ZrO(OH),-,(COs)0s, and Al(OH)s, are present depending

.. (s 0
on the reactant Compo51t10n(’4’7°’)3’106’10)

. In contrast to their crystalline counterparts, e.g.
malachite with the same sum formula (Cu,CO3(OH),), amorphous solids are characterized by
their lack of long-range order resulting in a lack of X-ray diffraction peaks. Similar to quartz
glass (S10y), they have the rheological properties of solids, but the molecular properties of
liquids and their sum formula describes the mean composition of the randomly ordered

130,131

individual molecules . Secondary processes lead to the formation of firmly intergrown

aggregates of these single-phase primary particles**’.

When both Cu and Zn are present, Zn may be incorporated into the amorphous georgeite
phase similar to the formation of zincian malachite during aging”*”>'**, cf. Section 4.1. The key
difference is that, due to the amorphous structure of zincian georgeite, no strictly defined
distribution of both metals on the one- to two-digit nanometer scale is achieved. Furthermore,
the co-precipitate tends to form spherical particles that result in a low surface area compared to
the aged material**’""". For these reasons, the general conclusion is that aging is essential to
obtain a high-performance catalyst'*****™*¥. One study by Rua Gonzalez deviates from this
consensus and suggests that aging impacts catalyst properties and performance negatively and
that a process without an aging step is recommended when co-precipitation is conducted
continuously'”. Howevet, co-precipitation in that case was cartied out over 7 h in a microfluidic
setup and the precipitation product was stored unwashed after filtration over this period, which
is detrimental for the nanoscale homogeneity and purity of the sample. In addition, an aging
time of 17 h was chosen. Other studies show that excessively long aging times of more than 3 h

can lead to the formation of CuO or ZnO as byproducts, reduce the surface area and
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3.1 State of the art and research hypotheses

performance®”, and should therefore be avoided. Accordingly, the conclusion by Rua

Gonzalez is to be evaluated critically.

If dissolved AI’" ions are present in the preparation of CZA catalysts, hydrotalcite-like
phases such as (Cu,Zn)i-.Al(OH)2(COs)o5:'y H20), also known as layered double-hydroxides,

that incorporate Al, Cu and Zn, can form'*

. The single crystal lattice for all three metals results
in a homogeneous distribution of all metals on the one-digit nanoscale and small CuO
crystallites after calcination. However, due to the stronger embedment of Cu in the ZnAl,O,
matrix compared to zincian malachite, the resulting specific surface areas are smaller.
Additionally, Al fractions of the best-performing catalysts are typically below 20 wt.% so that
hydrotalcite-like phases do not play the major role during solids formation. For these reasons,
and since the main focus of this work is on CZZ catalysts, hydrotalcite phases are not further
considered. Yet, the model discussed in Section 4, could be easily expanded with the respective

solubility products for future application.

Independent from the exact metal composition and whether an aging step is conducted or
not, co-precipitation and the morphology of the resulting co-precipitate can influence the
properties and performance of the resulting catalyst material significantly’*'*. This correlation
between co-precipitation and the performance of the final catalyst is often summarized; together
with influences by aging, under the term “chemical memory"">™'* Hereby, influences of co-
precipitation on the resulting catalyst are so profound that they are evident despite the aging
step and despite the further solids formulation in the succeeding drying, calcination and shaping
steps.

Studies by Jiang et al. showed that different mixer geometries and parameters in the co-
precipitation affect the homogeneity of Cu/Zn distribution in the co-precipitate at
nanoscale®™®. For this purpose, they investigated an Y mixer with an inner diameter of 0.6 mm
and a Caterpillar mixer at relatively low total flow rates below 100 ml'min™. This corresponds
to maximum velocities of approx. 3 m*s" in the inlets and a transient flow regime in the outlet

between laminar and turbulent'”’

(Remix =~ 1170) when values for a co-precipitate suspension
are assumed, cf. Table A.2. The chosen co-precipitation setup also affected the microstructure
of the final catalyst. They subsequently investigated the impact of flow rate (60 < Re;, < 1170)
and mixing times (400 ms to 20 ms) on the nanoscale homogeneity and activity of the resulting
catalyst and found a positive impact of mixing intensity on both without an upper limit in the
range considered”. On a similar note, Zhang et al. 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”. Kaluza et al. and Schur
et al. also found that the activity of a continuously precipitated and aged catalyst was 50 %
respectively 26 % higher compared to a semi-batch material, presumably due to changes in the
morphology due to “a change in the kinetic boundary conditions”*'”. The same trend was

86,138

found by Angelo et al. and Tofighi et al. in a microfluidic setup™ ", where continuous co-

precipitation led to a more homogeneous at nanoscale and more performant material, even

more so after further process optimizationlz(’

. However, all five studies did not provide details
on why the physicochemical properties were improved by switching from a semi-batch to a

continuous co-precipitation process.
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3 Co-precipitation and its role in the preparation of defined Cu/ZnO based catalysts

In summary, these studies all show that co-precipitation, and especially mixing during initial
solids formation, can significantly influence the properties of the resulting intermediates and
catalysts. However, most of the studies are exploratory and provide no indication of why faster
mixing leads to a better product. Furthermore, they are limited to volume flows significantly
below 100 ml'min" (Repiy & 1170) making an industrial application difficult despite the

seemingly beneficial impact on catalyst performance.

In contrast to these studies, there is also a series of publications concluding that the method
and mixing characteristics of co-precipitation are insignificant for the properties of the resulting
catalyst: Simson et al. prepared precatalysts by batch co-precipitation in a stirred tank reactor
and by continuous co-precipitation in a micromixer, respectively. They found no significant
differences in the morphology, composition and surface area”. Hartig et al. conducted
precipitation simulations and experimental studies with a focus on the influences by mixing and
pH for simplified Cu and Cu/Zn systems®””". They concluded that the energy dissipation rate,
which correlates with the volume flow according to Eq. (3.2), does not influence pH, solids
mass or the median particle size in co-precipitation in the range investigated. However, their
simulations did show that an increase of the energy dissipation rate from 10 W-kg™ to 10> W-kg
"accelerated the built-up of supersaturation in a mixing nozzle from more than 107 s to approx.
10*s without influencing the maximum supersaturation or the resulting patticle size. This
suggests that the calculations were exclusively conducted in a range where mixing is completed
before solids formation starts, i.e. where solids formation is unaffected by mixing effects. The
existence of such a non-mixing limited regime next to a regime where mixing does influence

solids formation was verified for other precipitation processesl39’14().

In general, mixing in a micro jet mixer is limited by the micromixing time Tpjcro ! and
can, therefore, be described using Tpjcro. In the turbulent regime, where technical processes
generally are conducted to ensure sufficient mixing, Tmijcroturb 1S quantified with Eq. (6) as a
function of the kinematic viscosity v and the mean energy dissipation & according to the

engulfment model' >,

1
12 AV
Tmicro,turb — m ' (E_) (3'1)

&€ can be calculated based on the pressure drop induced by mixing Apyix, the density p of

the mixed fluid, the volume of the mixing zone Vyiy, the total volume flow Vigtal = Veed1 +
Vreedz and the mass flows m; and mean velocities ; of the feeds and in the outlet, cf. Eq. (3.2).

Alternatively, all mi; and mean velocities &; can be expressed as Vigra) 144

. 1 . _ 1 . _ 1 . _
Apmix * Viotal + (7 " MFeed1 ul%‘eedl + 7’ MEeed2 * uI%‘eedZ -7 Mpyix * ul%/[ix) (3.2)
P - Vmix

g =

Using &, a comparison between different mixer geometries that are limited by micromixing
is possible. In this work, the same experimental setup is used for all investigations on continuous
co-precipitation. Therefore, Vioa as the directly adjustable parameter is used to display and

discuss the results instead.
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3.2 Semi-batch or continuous — how the operation mode influences product and
productivity

In summary, the role of mixing in co-precipitation for the preparation of catalysts is still
disputed. Most of the studies reported a correlation between mode of co-precipitation and
catalyst performance, while some found no impact. One plausible explanation for the
ambiguous results is that some studies conducted experiments in the mixing-influenced regime
while others varied parameters, but still remained in the range where mixing is completed before
solids formation begins"*'*. Additionally, the influence of mixing was mostly investigated only
on the surface. In general, solely the impact of different precipitation setups or the impact of
different flow rates in a limited range on the nanoscale homogeneity and performance of the
resulting catalyst were considered. Thus, structured data on the direct impact of mixing intensity
on the co-precipitate as an intermediate is missing. Focusing on how mixing influences ion
concentrations, pH and supersaturation spatially and temporally could help to understand co-
precipitation and why it may impact the nanoscale homogeneity and morphology of the
resulting catalyst as several studies suggest. Another challenge in previous studies might have
been the occurrence of aging effects and secondary processes of the highly metastable co-

precipitate which might explain the lack of experimental data on the co—precipitate13 8,

Accordingly, the goal of this section is to apply the fundamentals of mixing theory to clarify
if co-precipitation affects the quality of the resulting catalyst and if these fundamentals provide
an explanation for the ambiguous conclusions in the literature. For this purpose, co-
precipitation has to be separated from the aging step in order to rule out any influences by
secondary processes and phase transformation. The process modified for this purpose is
described in Section 2.3. First, this modified process is applied in Section 3.2 to verify if any
influence of co-precipitation on the final catalyst quality is evident as suggested in the literature.
Then, in Section 3.3, the roles of co-precipitation and local mixing effects during initial solids
formation for the preparation of high-quality catalysts with defined properties are investigated
in detail. Based on the available studies, the following two-parted working hypothesis is used:

Mixing can influence the morphology of the resulting co-precipitate if mixing and solids
formation overlap temporally. Then, a change in the pH trajectory or in the amount of
locally available lattice ions, e.g. by a modified precipitation approach, aftects
precipitation. The thus altered morphology withstands the subsequent process steps
and can then, in turn, influence the morphology of the final catalyst and its performance.
The physicochemical and fluid-dynamic mechanisms and their interplay which explain why the
co-precipitate properties are maintained throughout the further process chain and then
influence the catalyst performance will be discussed as far as necessary for the scope of this
work. However, a detailed analysis of this complicated topic would require a work of its own.
Instead, the main focus of this section will be on how mixing influences the co-precipitate and

if this effect also affects the resulting catalyst performance.

3.2 Semi-batch or continuous — how the operation mode influences
product and productivity

The basic idea of this chapter is to validate if the strict separation of co-precipitation and
aging by conducting co-precipitation as a continuous process in a micro jet mixer under strictly

defined conditions does affect the morphology and nanoscale and interparticular homogeneity
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3 Co-precipitation and its role in the preparation of defined Cu/ZnO based catalysts

of the precursor and, ultimately, also the catalyst performance. In this context, the sub
hypothesis that the co-precipitate morphology is preserved throughout the further process chain

and influences the later microstructure of the catalyst is to be discussed.

For this purpose, a CZZ catalyst is prepared, on the one hand, by a state-of-the-art semi-
batch process with low volume flows where co-precipitation and aging overlap in time and
space, cf. Section 2.3.2. On the other hand, a continuous co-precipitation and separated batch
aging is conducted, cf. Section 2.3.1. The CZZ composition was chosen so that the impact of
the precipitation method on the methanol synthesis from syngas rich in CO; can be evaluated
in comparison to a state-of-the-art commercial catalyst. There are four main differences between

both operation modes:

e For the continuous co-precipitation in the mixing nozzle, a large volume flow of

Viotal = 600 mL - min~*

is chosen. This ensures that mixing is conducted in the
turbulent regime (Repix = 2109), cf. Section A.3.3, and that mixing is completed
before solids formation begins, cf. Section 3.3.

e Independent from the mean energy input, initial solids formation and depletion of
supersaturation regarding zincian georgeite is completed in less than 1s as
determined by Hartig et al.” and confirmed by TEM imagining after 0.5 s, cf. Figure
2.4. Thus, using the continuous mode of operation, co-precipitation is completed
before the co-precipitate suspension reaches the aging tank reactor after approx.

1.3 s.

e None of the co-precipitate particles that are formed in the continuous co-
precipitation process experiences any relevant aging time and all particles will have
the same aging time at the end of the process since tprec K tage is valid for the
Cu/”ZnO based catalyst precursors.

e The pH and supersaturation trajectories that the respective particles traverse during
solids formation differ, both temporally and spatially, as it is evident from Figure
3.1 and Figure 3.2, which are discussed below, as well as from Figure A.21 and
Figure A.22 in the appendix,

Supersaturation, ionic strength and pH were calculated as a function of reactant
composition using the thermodynamic model discussed in Section 4.2. In accordance with the
experimental procedure, bulk pH for the semi-batch approach was adjusted to 6.7 by adding
NaHCO:s In Figure 3.1 and Figure 3.2, the initial supersaturation Sjpj¢ is considered assuming
complete mixing without solids formation, cf. Section 4.2 for further details. It represents a
hypothetical boundary case where mixing is completed before solids formation begins and
corresponds to the thermodynamically maximum supersaturation at set educt concentrations.
In reality, this is not the case for the semi-batch process, where feed addition and initial solids
formation overlap, but it helps to understand the underlying mechanisms of co-precipitation.
For the semi-batch process, the intermixing of the metal nitrate feed solution into the bulk is
considered. For time-resolved modeling, it is assumed that the added metals (Cu, Zn, Zr)
completely convert to the respective solids (zincian georgeite, ZrO,) within one time step (At =
15). Consequently, the time-resolved supersaturations depicted result from the additional

amount of metal nitrate solution added within each subsequent time step. For the continuous
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co-precipitation in the mixing nozzle, the equivoluminar blending of the metal nitrate solution
with the NaHCOj solution is modeled.

In Figure 3.1, the development of the initial supersaturations of the target phases zincian
georgeite (Syginit) and ZrOz (Szro, init) OVer the duration of co-precipitation are plotted for both
process variants. Additionally, the supersaturations of the undesired by-products rouaite
(Srou,init) and Na,Zn3(CO3)4*3 H2O (Snazninit) are plotted, as well as the ionic strength I as an
indicator for the amount of ions present in the surrounding solution. The co-precipitation in
the mixing nozzle is conducted continuously at steady-state. Thus, each Cu*" atom and each
particle formed experiences the same conditions regardless if it is formed directly after start-up

of the precipitation (fprec = 0 min) or near the end when the aging tank is almost filled (tprec =

3 min).
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Figure 3.1: Time-dependent development of phase- Figure 3.2: Maximum supersaturation of zincian

specific initial supersaturations and ionic strength georgeite as a function of reactant concentrations. The

assuming ideal mixing without solids formation at respective trajectories for a continuous co-precipitation

each timestep for the semi-batch (SB) and the (cont) and a semi-batch process (SB) show the

continuous (cont) co-precipitation. development of supersaturation for a single Cu?* ion
travelling through the process. For the semi-batch
process, two process time points are visualized (tprec =
0 min and 63 min).

In contrast, the conditions for the semi-batch process, i.e. supersaturations and ionic
strength, change with process time. The first drop of metal nitrate feed added to the reactor at
tprec = 0 min mixes and reacts with a pure NaHCO; solution (pH =7.9) with a low ionic
strength I = 0.20 mol - L™*. While pH is above the target value of 7.1 due to the initial surplus
of NaHCO:;, Igp is stable. As soon as additional NaHCO; needs to be added to maintain pH at
7.1 (tprec > 10 min), Igg increases. Thus, the last drop of the metal nitrate solution is mixed into
a suspension with the predefined bulk pH of 7.1, but with a higher ionic strength (I = 0.33 mol -
L) due to the presence of additional counter ions (Na* and NOy), as well as zincian georgeite
particles. Due to the small volume flow of the metal nitrate solution and its dilution in the
NaHCO; reservoir, S,g it is lower compared to the continuous process in the mixing nozzle,
although pH after solids formation is the same in both cases, cf. Figure A.22. Therefore, the
supersaturation of zincian georgeite is much closer to the supersaturations of the by-products

for the semi-batch process which may promote formation of these byproducts.
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In addition to the temporal development of supersaturation during the semi-batch process,
spatial inhomogeneities due to mixing times in the range of the solids formation time affect
particle formation. This is evident from the trajectories plotted in the supersaturation map in
Figure 3.2. The trajectories show the development in molalities and the resulting S, jnj; that the
metal nitrate feed experiences during mixing with the bulk suspension, respectively with the
NaHCO:s feed. Again, the initial supersaturation without any solids formation in the respective
time step is calculated. Additionally, the solubility curve for zincian georgeite (S;ginit = 1) and

the stoichiometric ion ratio (bpy,tot,susp / Pcoz- = 2), which in general leads to the

JLtot,susp

, s
maximum supersaturation'

, are highlighted. Due to the complex formation discussed in
Section 4.5, the area of maximum supersaturation is shifted towards a nominal surplus of
carbonate ions. For the semi-batch process two trajectories are given for two chosen process
time points (tprec = 0 min and tyrec = 63 min), which differ in composition and ionic strength
due to the presence of additional counter ions, to visualize the change in the trajectory over
process time although the bulk pH is constant, cf. Figure A.21 and Figure A.22. The intermixing
of the feed into the bulk at the chosen feed rate in the semi-batch approach (Vgeeq; = 1.6 ml -

min~?) takes, in general, at least 1 s at micro scale'®

. Thus, precipitation takes place over a wide
range of pH, lattice ion concentrations and supersaturation (1 < S,ginjr < 20). In contrast, the
high-intensity mixing in the mixing nozzle is completed in less than 10*s and does not affect
solids formation, cf. Figure 3.7. As a result, the end point of the trajectory is reached before

solids formation begins and precipitation proceeds with a defined S;ginit = 24.

According to classical nucleation theory and literature on the influence of the mode of
operation, the change from semi-batch to continuous and the associated change in the
supersaturation profile should affect crystal shape and particle size of the CZZ co-precipitate
significantly'*”:

e By aligning the precipitation conditions for each individual particle formed, the co-
precipitate should become more uniform in size, composition and the spatial

homogeneity at nanometer scale'®.

e By achieving higher supersaturations, the mean particle size should decrease as
nucleation becomes increasingly dominant over crystal growth for increasing
supersaturations™' 7",

The actual effect on the morphology of the aged intermediate is evident from Figure 3.3

and Figure 3.4 where SEM and TEM-EDX images for both approaches are compared.
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(b)

Flgure 3.3: SEM images of the CZZ aged 1ntermed1ate prepared by (a) semi- batch and (b) continuous
precipitation and SEM images of the cross-sections of the respective samples prepared by FIB with (c) the semi-
batch material and (d) the continuously precipitated material.

The SEM images of the CZZ aged intermediates in Figure 3.3 (a) and (b) show particles,
respectively prepared by semi-batch (SB) and continuous (cont) co-precipitation, that look
similar regarding morphology, surface texture and size. Also, XRD analyses confirmed zincian
malachite as the main phase in both cases (Figure A.13) and a total Cu fraction in the metals of
respectively 64 mol% despite the different concentration and pH pathways, cf. Table 3.1. For
the semi-batch material, the aurichalcite fraction is increased by approx. 10 percentage points
which probably results from the transient pH and supersaturation profile during intermixing
and the changing solution composition and supersaturation over the process time despite
keeping the bulk pH constant. More importantly, the respective cross-sections in Figure 3.3 (c)
and (d) differ with the semi-batch material showing larger and more uneven pores. These
observations are confirmed quantitatively by the evaluation of the crystallite sizes via XRD,
which were determined to dgg = 11.8 + 1.2 nm and d¢ont = 7.0 £ 0.4 nm, and by the BET
surface areas: Spprsp = 142+2m?-g™' and  Spgrcont = 156 £ 5m? g7t These
characteristics may be a result of smaller and more uniform co-precipitate particles for the
continuous precipitation under higher energy input, which is investigated in more detail in the
subsequent chapter 3.3. Fast mixing leads to spatially defined and temporal constant lattice ion

molalities and thus to effective supersaturations close to the maximum supersaturation
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calculated in Figure 3.2'*""%. This effect was also evident in the temporally resolved model
calculations by Hartig et al.”. In general, increasing supersaturations typically result in smaller
and increasingly homogeneous initial particles’””"". This was also the case here as evident from
the crystallite sizes, pore characteristics and SEM images discussed above that show the co-
precipitate particles that aggregated during aging and formed the intergrown aggregate depicted
in Figure 3.3. Accordingly, bulk pH alone, despite its prominent role in the literature, is
insufficient for the definition of constant precipitation conditions as it only contains immediate
information on the activity of OH’ions, but does not directly describe the availability of e.g.
Cu*, Zn*" and COs” ions. This is evident from the inhomogeneity of the semi-batch material

in the two- to three-digit nanometer scale.

These effects are also evident in the precatalyst after calcination as illustrated by the data in
Table 3.1. In two independent studies, the material from the continuous co-precipitation shows
an increase of BET surface area and copper surface area by approx. 50 % to more than 100 %
as well as smaller pores and CuO crystallites compared to materials from a semi-batch
preparation and a commercial CZA catalyst. The copper fraction is comparable for all samples
and corresponds to the target value of Xcy metals = 60 Wt. %. Impurities in the form of Na™ and
NOjs' ions are not present in any of the cases. The difference between Scymeas1 20d Scymeas2
results from different sample preparation regarding fractionation and differences in the
analytical methods, which are described in detail in Section 2.4.4 and by Polierer et al.*. Thus,
the absolute values are only comparable to values from the same measurement routine, but both

datasets show the same trend.

Table 3.1: Selected physicochemical properties of the precatalysts considered for performance tests.

Catalyst Xcumetals XNatotal XNtotal SBET Scumeast Scumeasz AcuoxRD dpores

(wt.%) (wt.%) (wt%) (m*gl) (m%g!) (m*g!) (nm) (nm)
Continuous ~ [616 0 0 128 68 : 26401 11
co-precipitation |61* 0 0 125% - 27* 4% 14*
Semi-batch 61.2 0 0 107 44 - 36103 14
co-precipitation |57* 0 0 65* - 10* 8* 18.5*
Commercial 64* 0 0 91 63 13%* 4% 11%*
CZA catalyst 98*

*Data from Polierer et al.*4.

The effects of changing from a semi-batch co-precipitation to a continuous mode are also
evident in the TEM(-EDX) images in Figure 3.4, which depict the precatalysts for both
preparation methods. Additional images from a separate study, where the Zr is also visualized,
are available in the appendix, cf. Figure A.9. For the semi-batch material, large areas of pure
copper, respectively, zinc enrichments exist. These clusters are not present in the precatalyst
prepared continuously. Here, Cu and Zn are finely and homogeneously dissipated as small CuO
and ZnO crystallites on the one- to two-digit nanometer scale. Furthermore, spherical particles
with a diameter of x > 100 nm are present in the semi-batch material complementary to a
dominant number of particles with x < 100 nm aggregated to a net-like structure. In contrast,
the continuously precipitated material consists exclusively of intergrown particles with x <
100 nm. This difference in the microstructure explains the diverting values for Sggr and Scy.

The clusters may be a result of local pH extrema resulting from insufficient mixing during co-
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. . . . . . . . . . 82,105
precipitation. Since the pH regimes for the precipitation of copper and zinc salts differ™ "™, the

amount of Zn incorporated into zincian georgeite varies depending on the local pH Thus, low
fractions of hydrozincite form additionally to zincian georgeite and outlast aging as confirmed
by Rietveld refinement, cf. Figure A.13. These differences in the microstructure of the
precatalyst confirm that influences by co-precipitation are maintained throughout the

subsequent process steps.

(@) (b)

200 nm enrichment 200 nm

Figure 3.4: TEM images of the precatalysts prepared by (a) semi-batch and (b) continuous co-precipitation with

-1

Viotal = 300 mL - min~! as well as TEM-EDX images of the same materials: (c) semi-batch and (d) continuous

with red: Cu, green: Zn. From Polierer et al. and Guse et al. #4101,
In general, an increase of the BET and specific Cu surface areas correlates with a vastly

improved catalyst performance™"*!

with minor beneficial effects by reduced mean pore size
and crystallite size**". Accordingly, the three catalysts from the two independent studies were
investigated in two separate syntheses to verify if this effect is also evident for the adapted
precipitation method. For this purpose, the materials from the first study were applied in a
methanol synthesis, cf. Eq. (1.1) and Figure 3.5, and the materials from the second study were
tested in a direct dimethyl ether (DME) synthesis, cf. Eq. (1.4) and Figure 3.6. In both cases,
the productivity was evaluated as a function of the volumetric ratio of CO,to COzand COin

the syngas at a constant H, fraction.

For the methanol synthesis in Figure 3.5, a relatively low pressure p = 30 bar®18, a small
GHSV of 4.41 s, cf. Eq. (2.10), and a relatively short time-on-stream, cf. Section 2.5, were
applied, which may have put the conversion outside the kinetic region where the individual
performance of the respective catalyst is most significant™**!*>'>. Therefore, this performance

test is used solely as a functional test of the manufactured materials without any in-depth
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3 Co-precipitation and its role in the preparation of defined Cu/ZnO based catalysts

interpretation of potential differences. Following this principle, all manufactured catalysts can
be confirmed as active, regardless of whether they are operated with a CO/CO, mixture or pure
COz as the feed gas.
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Figure 3.5: Functional test of the manufactured CZZ Figure 3.6: DME productivity as a function of syngas
catalysts and a commercial CZA catalyst. The methanol composition for three different CZ catalysts in
synthesis was conducted at p = 30 bar and a GHSV of

441 sl combination with a H-FER 20 zeolite for dehydration.
Al sl

Synthesis parameters: p =50 bar, GHSV =8.8 s,

Based on data from Polierer et al., Guse et al. and Wild
et 21,204,101

In contrast, the direct DME synthesis in Figure 3.6 was conducted at a doubled GHSV of
8.8 s and strictly in the “strongly kinetically controlled” regime regarding the conversion of CO
and CO: to MeOH, cf. Wild et al.” and Polierer et al.*. Here, the performance results do
confirm the expectations from the precatalyst characterization. Over the complete range of
syngas composition investigated, the continuously prepared CZZ catalyst outperforms the semi-
batch catalyst by a factor of two to three. The commercial CZA benchmark catalyst consistently
has a higher DME productivity than the semi-batch material, but shows productivities that are
10 to over 50 % lower than those of the catalyst precipitated in the jet mixer. The same

tendencies are evident for a reaction temperature of 250 °C as discussed in the literature*+'°,

In summary, how co-precipitation is carried out impacts the subsequent particle properties,
L.e. the microstructure of the precatalyst, significantly. The spatially and temporal homogeneous
conditions during initial solids formation in a jet mixer improve the homogeneity of the
precatalyst and aged intermediate at nanoscale and improve their BET and Cu surface areas
compared to a material prepared with a state-of-the-art semi-batch process. The improved
properties are most probably the result of clearly defined and spatially homogeneous pH, ionic
concentrations and supersaturation during solids formation and higher effective
supersaturations due to intense mixing. The influence of mixing is further investigated in the
following section. This also confirms that influences by co-precipitation are maintained
throughout the subsequent process steps. Sggr and Scy are known key characteristics
determining the performance of the catalyst in MeOH and DME synthesis. Accordingly, the
continuously prepared material outperformed the semi-batch material by a factor of at least two
in DME synthesis with MeOH as an intermediate and, furthermore, showed better
productivities than a commercial CZA catalyst for all process conditions investigated. Based on

these results, conducting the co-precipitation continuously in a micro jet mixer is recommended
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to guarantee the formation of a highly performant catalyst with large surface areas and a

homogeneous nano- and microstructure.

3.3 Influence of mixing on the co-precipitate and the catalyst

The comparison of a continuous co-precipitation in a jet mixer with the state-of-the-art
semi-batch co-precipitation in a stirred tank reactor in the previous section confirmed that how
mixing is carried out during co-precipitation can, in general, affect the final catalyst and its
performance in MeOH synthesis significantly. Based on these findings, this chapter aims at
understanding how exactly mixing during co-precipitation can affect the performance of the
final catalyst despite the multi-step character of the preparation. For this purpose, first it is
quantified how changing the mixing intensity in the impinging micro jet mixer influences the
morphology and composition of the co-precipitate quantitatively. In a second step, it will be
investigated how these alterations in the morphology are maintained throughout the further
process steps and whether the catalyst performance can be optimized by achieving certain

mixing intensities during initial solids formation.

The morphology of the co-precipitate can be quantified by its PSD, its specific surface area
and the material homogeneity at nanoscale and in between individual particles. The volume-
based median particle size xs¢ 3, as the representative for a monomodal PSD, is plotted as a
function of the total volume flow Vigta and the micro mixing time Tyjero in Figure 3.7. Tricro
was calculated based on pressure drop measurements and semi-empirically determined energy
dissipation rates as described in Section A.3.3 in the appendix. Here, a simplified binary Cu/Zn
based catalyst precursor is investigated first. The rationale behind this approach is that the
interaction between Cu and Zn ions and Cu/Zn based salts dominate solids formation and the
phase composition of the co-precipitate and aged precursor'™. Meanwhile, the third and
possibly fourth metal component with mass fractions of generally x < 10 wt. % precipitates
separately, as is the case for ZrO, ”, or is added to the process already as a solid**. Furthermore,
the study is to be representative for a large variation of Cu/Zn based catalyst recipes regardless
of which metal oxides ate added as the third and/or fourth component. Complementary to the

PSD, the influence of mixing intensity on the specific surface area was investigated, cf. Figure
3.8.
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Figure 3.7: Median particle size x503 as a function of Figure 3.8: Mass-specific surface area Sggr of the
the total volume flow for a Cu/Zn based co-precipitate. Cu/Zn based co-precipitate as a function of total
Comparison of dynamic light scattering (DLS) volume flow. Adapted from Guse et al.!ol.
measurements from at least three independent

precipitations with TEM imaging. Adapted from Guse

et al.lon,

The data determined by DLS can be separated into two regimes. For small volume flows
Viotal < 400 mL - min™? (Upeeq1 = Upeedz = 17 m - s™1) in the laminar and transition regime, the
median particle size x50 3 decreases with increasing Viotal until a2 minimum of X503 & 35 nm is

reached for Viora ~ 400 mL - min~?

, which corresponds to the beginning of the turbulent
regime. Above this threshold, a further increase of the mixing intensity, by further increasing
Viotal, does not affect the median particle size anymore. The increased patticle size in the mixing-
influenced regime results from a decreased effective supersaturation of zincian georgeite
compared to the thermodynamically maximum value for an ideal mixing of both reactant
solutions as plotted in Figure 3.2. For micro mixing times above 1.2:10™ s, solids formation and
intermixing of the reactants happen simultaneously which reduces the local carbonate
concentration and supersaturation. Thus, particle growth becomes more relevant and PSD shifts
towards bigger particle sizes'**'**. Spatial and temporal inhomogeneities for Tpjcro > 1.2 -

10™* s also explain the increased span of the PSD. For Vi1 = 400 mL - min™!

, mixing is quasi-
instantaneous and completed before solids formation sets in. Thus, the theoretical maximum
supersaturation is reached initially and is then gradually depleted by solids formation. In general,
higher supersaturations result in more, but finer particles due to the domination of

homogeneous nucleation in this range'**'**.

TEM imaging shows the presence of spherical particles independent from volume flow, cf.
Figure 2.4 and Figure A.7 in the appendix. Partly, a strong tendency towards agglomeration is
evident despite the use of MelPers0045 as an electro-steric stabilizer. Furthermore, samples were
only stable to a limited extent in the TEM setup and showed a reduction in size with prolonged
exposutre, possibly due to the evaporation of CO; and/or H,O from the amorphous solid, cf.
Figure A.5 in the appendix. This also affected the accuracy of the semi-automated size analysis
from the TEM images. In principle, the trend from DLS evaluation is confirmed. However, the
absolute sizes are up to 30 % smaller in the non-mixing limited regime. In accordance with the
size analysis, the specific surface area Sggr of the co-precipitate in Figure 3.8 shows the same

trend as a function of volume flow: as long as solids formation is influenced by mixing, Sggt
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increases with Vior. As soon as the particle size is unaffected by mixing, the same applies for the

surface area as is to be expected in theory.

In contrast, the composition of the co-precipitate is, at a first glance, unaffected by
changing the mixing intensity as is evident from the FT-IR analyses in Figure 3.9. PXRD analysis

confirmed that all co-precipitate samples are amorphous, cf. Figure A.14.
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Figure 3.9: Excerpts of the FT-IR spectra for Figure 3.10: Median particle size xs503 by DLS
various total volume flows Vig for the Cu/Zn measurements from at least three independent
based co-precipitate. Areas marked with A, B and C precipitations as a function of the total volume flow for a
correspond to bands of (zincian) georgeite, Cu/Zn/Zr based co-precipitate. Adapted from Guse et
asymmetric O-C-O bending mode of CO3% ions and al.!oL

metal-O interactions, respectively. Adapted from

Guse et al.101,

For Vigtal = 1200 mL - min™! (Upeedr = Upeedz = 51 m - s™1) and Vigrar = 400 mL - min~?!
(Upeed1 = Upeedz = 17 m - s71), there are no detectable differences in the relative intensities and
band locations, indicating the same phase composition. The most prominent band in area A
corresponds to the anticipated main phase georgeite’™. For the two lower volume flows this
band flattens and instead a small band in area B becomes apparent. Bands in the region 760 cm
' to 700 cm™ correspond to the asymmetric O-C-O bending mode of COs™ ions and their
“intensity [...] decreases when copper ions are replaced by zinc ions”'*. This indicates that less
Zn is incorporated into zincian georgeite for volume flows in the mixing-influenced regime.
Yet, the total zinc fraction in the metals remains unchanged between 27 £ 3 mol% and
31 £ 3 mol% for all volume flows indicating that Zn possibly enriches in the solid at low volume
flows as a separate phase. This is affirmed by the TEM-EDXS images in Figure 3.11 where no
stabilizer was applied.

For Vigtal = 50 mL - min™? (Ugeedr = Upeedz = 2 M * ™ 1), i.e. mixing in the laminar regime,
isolated spherical particles are present that show a distinctive core-shell structure with a copper-
rich core and a zinc-rich shell. Based on the total volume flow and the travel distance between
jet mixer and dilution vessel, about 0.5 s have passed between the first contact of reactants and

the dilution of the co-precipitate suspension in water'”"

. The distinct spatial separation of Cu
and Zn atoms indicates that the metals are not bound in a common crystal lattice, but exist as
separate solid phases which precipitated one after the other forming a common aggregate. The
aforementioned XRD and FT-IR analyses confirm that independent from volume flow no

zincian malachite, aurichalcite or hydrozincite is present. Thus, the definition of the co-
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precipitate in Section 2.1 is justified. A further investigation of the respective Cu and Zn based
primary particles as preceding intermediates in solids formation may be possible using a Cryo-
TEM setup'. However, this is beyond the scope of this work which is geared towards
application. Thus, the Cu/Zn based aggregates are considered as the relevant intermediate after

co-precipitation.

Viotar = 50 ml - min~

100 nm

1

90 nm

Figure 3.11: TDXS) images showing the morphology and, respectively, the Cu (red) and Zn (green)
distribution of Cu/Zn based co-precipitate in dependence of the total volume flow in three different areas without
addition of a stabilizer.

For Vigtal = 900 mL - min™? (Upeeq1 = Upeeqz = 38 m - s™1), a sufficiently large volume
flow in the turbulent mixing regime to exclude any influences by mixing, the particles are halved
in size, much more aggregated and more homogeneous on the one-digit nanometer scale. Yet,
there are still areas where Zn accumulates. This most probably results from the fact that the
total Zn fraction in the co-precipitate (29 mol% < Xz, v < 32 mol%) exceeds the maximum
possible Zn fraction in zincian georgeite (Xzp g = 27 mol%)®. The excess Zn*" ions then
precipitate separately as e.g. amorphous ZnCOjs or Zn(OH); at a slower rate due to a different
dependency of supersaturation with pH* and attach to the surface of the zincian georgeite
particles already present. For small volume flows in the mixing-limited regime, solids formation
is possibly controlled by a shortage of CO5™ ions. Thus, due to faster kinetics, first a Cu-rich
solid forms. Then, Zn** precipitate as soon as additional carbonate ions are available by further

mixing of the two feed solutions resulting in the shell rich in Zn.

Fast aggregation occurs due to the metastable nature of zincian georgeite and the underlying
supersaturation towards zincian malachite, cf. Figure A.33. Aggregation happens faster for
Viotal = 900 mL - min™! due to the smaller particle size and the correspondingly higher specific
sutface area. The weight fraction of the impurities Na™ and NOs5 was below 0.5 wt.% in each

case and negligible considering the measurement accuracy.
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The same mixing study was repeated in Figure 3.10 for a CZZ catalyst precursor to validate
whether the results are reproducible for the more complex ternary catalyst. Compared to the
CZ based co-precipitate, X503 is increased in the laminar mixing regime (Viora1 < 50 mL - min™?)
by up to a factor of 10. TEM-EDXS images indicate that agglomeration and aggregation are not
prevented completely at low volume flows, cf. Figure A.6. This possibly correlates with the
presence of ZrO; as a third component which precipitates independently from the Cu and Zn
phases as initially small particles” and may promote agglomeration this way, cf. Figure A.8. Due
to the low amount of Zr in the reactant solution, only a few of the aggregates at the bottom left
in Figure A.6 show measurable, but negligibly small quantities of Zr (5 mol%). For this reason
and due to the independence between Cu/Zn based phases and Zr phases during precipitation
and aging, cf. Sections 3.1 and 4.1, the neglection of Zr ions and the focus on the interaction of
Cu and Zn ions during co-precipitation and aging is deemed adequate. Similar to the binary co-
precipitate, the median particles size Xgg3 decreases with increasing volume flow until a
minimum of xsg3 ~ 25nm is reached for Ve =400 mL min™! (Upeeqy = Ureedz =

17 m - s™Y), i.e. and particle size no longer is affected by more intense mixing.

Thus, in both cases, a mixing-influenced regime and a non-mixing influenced regime exist
and in which regime mixing is carried out influences the co-precipitate morphology significantly.
This is a plausible explanation for the contradictory statements in the literature regarding the
influence of mixing in co-precipitation, cf. Section 3.1. Studies, where no influence was

59,60,71

evident , may have been conducted in the non-mixing limited regime. For the setup and

concentrations considered here, 2 minimum volume flow of Viggar cric & 400 mL - min~*

must
be chosen to rule out mixing influences in the co-precipitation and obtain the highest effective
supersaturation possible, cf. Eq. (3.3). If this condition is met, primary particles and, accordingly,
the aggregates, decrease in size down to a threshold only limited by solids formation kinetics.
According to a vast number of studies and the results of the previous section, these changes in
morphology should persist throughout aging, drying and calcination and predetermine the
microstructure of the resulting catalyst, i.e. the pore structure, specific surface area and copper

surface area®> 8486135138

lim Seff = Smax 3.3)

Viotal = Vtotal,crit
However, this is not the case here as is evident from Table 3.2, where the key quantities for
the CZZ aged intermediate prepared with varying volume flows during co-precipitation but
otherwise identical precipitation and aging conditions are compared. The aging time was

adjusted according to the required transformation time in each case, cf. Section 5.2.
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3 Co-precipitation and its role in the preparation of defined Cu/ZnO based catalysts

Table 3.2: Selected physicochemical properties of the CZZ aged intermediate for different mixing intensities
during co-precipitation.

Vtotal,prec fCu,metals on,metals er,metals xNa,total xN,total xzm,XRD on,Zm dzm,XRD SBET

(ml'min?) |[(Mol%) (mol%) (mol%) (wt%) (wt%) (wt%) (mol%) (am)  (m>g")

25 63.7 27.5 8.8 0 0 98.6 26.9 8.5 150
63.5 27.5 9.0 0 0 t52 T 0.1 0.5

50 67.9 25.5 6.5 0 0 97.1 26.9 8.5 170
63.9 27.0 9.1 0 0.02 +0.2 102 +0.5

100 63.7 28.6 7.7 0 0 90.5 26.9 7.2 n.a.

5.0 T 0.1 +0.8

600 63.6 28.1 8.2 0 0.04 96.9 26.9 5.8 156

1 0.6* 1 0.6* 1 0.9* 1 0.06* £21* 0.5 +0.6x x5

*Mean value based on four independent preparations; n.a.: not available.

All samples, regardless of the mixing intensity during co-precipitation, show the same metal
composition and phase composition as far as reproducibility and measuring accuracy allow. In
each case, zincian malachite is present as the main phase (x;m xgrp > 90 wt. %) with maximum
Zn fractions of Xz ,m = 27 mol% according to Rietveld refinement. Small amounts of surplus
Zn are present as hydrozincite. There are also no apparent deviations between the samples in
terms of the specific surface area, the incorporation of impurities or the morphology and pore
structure, cf. Figure A.10 in the appendix. Only the crystallite size d,mxgrp shows a weak

tendency, which correlates with the development of the particle size of the co-precipitate.

Based on these results, aging seems to annihilate any differences in morphology and
composition which were present for the co-precipitate samples. This is in contrast to the results
of the previous chapter where the disparities for a semi-batch and continuous co-precipitation
were maintained throughout aging and calcination. The main difference between both cases is
that even for low volume flows in the mixing-influenced regime, each particle experiences
similar conditions during initial solids formation in the continuous preparation whereas the
speciation, ionic strength and amount of solids change with time for the semi-batch process.
This can lead to a much more inhomogeneous solid during aging regarding particle size and the
phase and metal composition in between individual particles and at nanometer scale. This
assumption is confirmed by the SEM images in Figure 3.12. For the semi-batch preparation,
spherical non-aged particles and crystalline particles in the pm range are present simultaneously.
In contrast, for the continuous preparation in the mixing-influenced regime, only one type of
particles is evident after 15 min of aging: an aggregate composed of individual nanoscale

particles.
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3.3 Influence of mixing on the co-precipitate and the catalyst
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Figure 3.12: SEM images of a (a) CZZ semi-batch sample and (b) a continudusly precipitated CZZ sample Vioral =
50 ml - min~?) for tage ~ 15 min.

200 nm

=

Jiang et al. suggested a similar explanation for the importance of a high degree of
homogeneity between individual co-precipitate particles and that aging will not completely
annihilate these inhomogeneities™. Due to the variation in crystal size and composition, the
chosen aging time may be insufficient to mitigate all inhomogeneities of the semi-batch samples,
e.g. via a dissolution step as proclaimed in literature™®. This is affirmed by the previously
discussed residual amounts of aurichalcite in the solids, cf. Figure A.13, and the inhomogeneous
particle composition on the one- to two-digit nanometer scale, cf. Figure 3.4. In contrast, the
inhomogeneity of particles that were precipitated continuously, but in the mixing-influenced
regime (Viora1 < 400 ml- min™1), is limited to within the individual particles, cf. Figure 3.11. In
this case, the gradient in the metal composition at nanoscale can be completely eliminated by

sufficiently long aging, as all patticles require an identical time for phase transformation™.

As to be expected from the analysis of the aged intermediate, the precatalyst properties also
do not differ when comparing material precipitated in the mixing-influenced regime with
material precipitated in the non-mixing limited range, cf. Table 3.3.

Table 3.3: Selected physicochemical properties of the CZZ precatalysts for different mixing intensities during co-
precipitation.

Vtotal,prec fCu,metals on,metals er,metals SBET SCu dCuO,XRD d_pores
(ml-min-T) (mol%)  (mol%) (mol%) (m?g!) (m*g!) (nm) (nm)
25 63.7 27.5 8.8 126 46 29103 11
600 64.3 27.7 8.0 127 68 33 13

+ 0.2*% + 0.2 + 0.0* + 2% +0.7* + 2%

*Mean value based on three independent preparations.
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3 Co-precipitation and its role in the preparation of defined Cu/ZnO based catalysts

The only exception is the specific copper surface area S¢y, which is reduced by 50 % for

the reduced volume flow of 25 ml - min™?!

which corresponds to laminar mixing (Repix = 88)
in the mixing-influenced regime. Sggr is equal for both preparation approaches. Thus, the
inhomogeneous metal distribution within the individual particles at nanoscale, that is visualized
in Figure 3.11, may be the reason for this apparent reduction. This would suggest that the chosen
aging time has been too short to completely eliminate the gradients that are apparent in the co-
precipitate samples. Based on the overall small differences in their properties, the productivities
of both catalysts should be similar. The respective MeOH productivities in a MeOH synthesis
are plotted in Figure 3.13 for two different CO/CO; ratios. They setve solely as a functional

test of the differently prepared catalysts, cf. Section 2.5 and Section 3.2.
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Figure 3.13: Functional test of CZZ catalysts prepared with different volume flows during co-precipitation and a
commercial CZA catalyst. Methanol synthesis with p = 30 bar and GHSV of 4.41 s°..

Both prepared catalysts are confirmed to be active regardless of volume flow during co-
precipitation and regardless of feed gas composition. Their activity is also verified when
compared to a commercial CZA catalyst. Accordingly, neither a coherent influence of the
mixing intensity during continuous co-precipitation on the precatalyst properties nor a definitive
correlation between the co-precipitate morphology and the performance of the resulting catalyst

exists in this case.

In summary, a clear correlation between the mixing intensity during co-precipitation and
the particle size as well as metal distribution of the co-precipitate on the nanometer scale was
found. For lower volume flows, here for total volume flows in the micro-mixing nozzle of less

1

than Vtotal,prec ~ 400 ml - min™", initial solids formation is limited by mixing. This results in an

increase in particle size and a separation of Cu and Zn ions in the individual particles. For

sufficiently large volume flows, here Vtotal,prec > 400 ml - min™?!

, solids formation is no longer
affected by mixing and small particles that are homogeneous on the one-digit nanometer scale
are formed. However, aging until a phase transformation is detectable seems to annihilate the
differences in particle morphology of the individually inhomogeneous, yet mutually similar
particles as the aged intermediates shows no dependency on the volume flow during co-
precipitation. Accordingly, the properties of the resulting precatalysts are nearly identical. The

activity in methanol synthesis was confirmed independent of Vtotal,prec during co-precipitation.
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3.4 Conclusions

To what extent the co-precipitate properties influence the necessary aging time is evaluated

separately in Section 5.2.

3.4 Conclusions

The goal of this chapter was to determine if and under which circumstances mixing during
co-precipitation does influence the properties of the formed co-precipitate and to which extent
possible changes affect the performance of the resulting catalyst as previous studies on this

60,71,84,85 58,135

subject were inconclusive”, contradictory or addressed the topic only on the surface

A comparison of materials from a state-of-the-art semi-batch co-precipitation with samples
from a continuous co-precipitation proved that the method by which the two feeds are mixed
can influence the pH pathway during solids formation as well as the speciation in the
surrounding liquid and thus the composition and morphology of the resulting material. A more
detailed study on the influence of energy input, respectively mixing time, in the continuous co-
precipitation in a mixing nozzle confirmed that the initial solids formation in the preparation of
Cu/”Zn base catalysts can be limited by mixing. This led to an increase in the median particle
size of the co-precipitate as well as the separation of Cu and Zn within the individual particles
due to the limited availability of precipitant, i.e. COs> ions, when the mixing intensity is
decreased. For the setup here, this was the case for a total volume flow of Vtotal,prec <400 ml -
min~!. As soon as the mixing intensity is high enough so that mixing is completed before solids
formation begins, a further increase of the mixing intensity, or here the volume flows, does not
affect co-precipitation anymore and the particle size is constant. The existence of these two
regimes is one possible explanation for the somewhat contradictory results in the literature with
some authors proclaiming an impact of mixing on the co-precipitate and catalyst

58,85,80,135,138

properties and some studies showing no correlation between mixing and particle

properties™ ",

85,101’ the

However, contrary to the second part of the hypothesis and previous assumptions
change in morphology and composition as a function of mixing intensity during co-precipitation
did not withstand aging as the aged intermediate showed no correlation with the total volume
flow set during co-precipitation. This can be explained with the fact that while the individual
particles are built inhomogeneously at nanoscale, all particles are similar in size, shape and
structure. Thus, if a sufficiently long aging time is chosen, all particles behave similarly and the
completion of phase transformation, e.g. via the liquid phase, can be guaranteed. Accordingly,
catalyst activity in methanol synthesis was confirmed independent of mixing intensity during

co-precipitation.

In contrast, the impact of changing from a semi-batch to a continuous co-precipitation was
reproducibly evident in the aged precursors and the precatalyst, cf. Figure 3.4 and Table 3.1.
Sget and S¢y, were increased by a factor of up to three and the distribution of Cu and Zn within
the precatalyst was more homogeneous on the nanometer scale. The co-precipitate particles
from the semi-batch preparation are more inhomogeneous in relation to each other than the
co-precipitate particles from a continuous co-precipitation even with mixing in the mixing-

influenced regime, cf. Figure 3.12. Thus, an aging time based on the well-described
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3 Co-precipitation and its role in the preparation of defined Cu/ZnO based catalysts

methodologies (pH drop, color change, change in PXRD/ FT-IR signal) seems to be
insufficient to mitigate the impacts from co-precipitation for the semi-batch material. As to be
expected from the characterization of the aged intermediate and precatalyst, the methanol
productivity of the less homogeneous semi-batch material is decreased by a factor of two to

three across the entire feed gas composition compared to the continuously prepared material.
In conclusion, the initial hypothesis is adapted as follows:

Mixing does influence the morphology of the resulting co-precipitate if mixing and
solids formation overlap temporally. Then, a change in the pH trajectory or in the
amount oflocally available Iattice ions, e.g. by a modified precipitation approach, affects
precipitation. The thus altered morphology withstands the subsequent process steps
only if the particles are diverse in size, composition and morphology or if aging time is
insufficiently short to mitigate all these differences. Only then, the morphology of the
final catalyst and its performance are influenced by mixing. In particular, this is the case
for material produced in semi-batch operated stirred vessels.

For future syntheses, the key focus of co-precipitation should be to obtain a material as
homogeneous as possible regarding composition on the one- to two-digit nanometer scale,
particle size and morphology, e.g. by conducting co-precipitation in a mixing nozzle in the non-
mixing influenced regime. The formation of particles as small as possible that are composed of
zincian georgeite is preferable since they proved to result in faster aging kinetics, cf. Section 5.2.
This way, the homogeneity of the resulting intermediate after aging can be much better predicted

and controlled, which, in turn, leads to a defined high-performance catalyst.
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4 Aging of the co-precipitate — a process towards the
thermodynamic equilibrium?

The majority of recipes for Cu/ZnO based catalysts include an aging step, where the (co-
)precipitate transforms into the target phase, most commonly zincian malachite. The key
process conditions, i.e. temperature, pH, process time and reactant concentrations, are generally
based on semi-empiric studies and decades of technical know-how. In this section, an alternative
approach is evaluated: is it feasible to describe the aging process as a thermodynamic equilibrium
process and model it accordingly? This way, efficient model-based adjustments of process
conditions to accommodate new target specifications regarding catalyst composition, e.g. for
catalysts for the green transformation, should be possible. First, the current state of the art on
understanding the mechanisms behind aging and the structure of the thermodynamic model
developed here are discussed. Then, the model validity regarding the aforementioned key
parameters is analyzed. Finally, the model approach is applied to understand why certain process
conditions proved to be ideal to achieve performant catalysts and find process conditions that

may result in even more performant material.

4.1 State of the art and research hypotheses

Cu/”ZnO based catalysts show a high stability*, activity’™*" and MeOH selectivity” if the
Cu and Zn atoms are finely and homogeneously distributed on the one- to two-digit nanometer
scale. Thus, the goal of aging is to produce such a material, e.g. by forming the aforementioned
zincian malachite as the predominant phase®. The higher the targeted Zn fraction in the material
is, the longer the aging takes to complete the phase transformation from the amorphous
precipitate to zincian malachite™”. The necessary aging time may further increase to more than
six hours® depending on the reactor design, pH, temperature and reactant

concentrations®®’>7>78-81,

The crystalline structure of zincian malachite is based on the mineral malachite
(Cuz(OH)2CO3). In the presence of Zn®" ions, Cu* ions at certain lattice positions can be
substituted, thus creating zincian malachite®"”’. According to vatious studies, up to 27 mol %
or 31 mol % of Cu ions can be substituted. For the naturally occurring variant, called rosasite,
Zn fractions of up to 42 mol% were reported by Perchiazzi et al."”"'**. However, the applied
methodology is vague und no similarly high values were reported in the last two decades.
Rosasite shows small differences to its synthetic counterpart zincian malachite in the space
group symmetry operators. Yet, according to Behrens et al, a differentiation between both
forms is nearly impossible®, which is why zincian malachite is used as the general denotation in
the following. Additionally, Paradsasvarite, another mineral in the malachite-rosasite group with
the chemical formula (Zni191Cuo0sMgos)(CO3)(OH), was discovered in 2008"*'%, However, it

was not yet found in any synthetic material'®’ and is therefore not considered in this work.

The general consensus is that the resulting catalyst improves its activity and stability if
zincian malachite is the predominant phase and the Zn fraction of zincian malachite is as close

10/ 18:31,37.38.41,43,64.67.6

as possible to the maximum of approx. 30 mo 874 The reason for this is the

previously discussed importance of a homogeneous and periodic arrangement of Cu, the main
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4 Aging of the co-precipitate — a process towards the thermodynamic equilibrium?

active center of the catalyst, and ZnO as a stabilizer on the nanometer scale. The uniform
composition is ensured by the crystal lattice of zincian malachite and is maintained throughout
the subsequent process steps and product formulation™”. This way, large Cu surface areas are
achieved in the final catalyst that are stabilized against sintering by the ZnO crystallites and thus
stable under the process temperatures necessary for catalysis’. Additionally, recent studies

concluded that the Cu/ZnO interfaces directly enhance activity, either by the stabilization of

161
>

Cu” species for the binding of CO,', as a second kind of active centers where the

hydrogenization of CO and CO; is enabled'”’; by forming Cu-Zn alloys for the activation of

COM'%!% or by forming highly-active ZnO nanostructures or films on the Cu particles'®""",

Accordingly, a vast number of experimental studies focused on determining aging
conditions for which zincian malachite with %z, ,u close to maximum forms as the predominant
phase. For Cu/ZnO/ALO; catalysts, the most commonly used variant, 60 to 70 °C and
6 < pH < 7 result in the highest amounts of zincian malachite®. When pH is further increased,
CuO forms instead of zincian malachite. This causes a spatial separation of Cu and Zn atoms
in the resulting material™®. For pH < 6, gerhatdtite or rouaite (both Cuz2NO3(OH);) is formed
which leads to the performance-reducing incorporation of NOs5 anions’®®. The two
polymorphs are crystallographically similar and challenging to distinguish by XRD at small
amounts. Gerhardtite is the energetically more favorable form at room temperature, but rouaite
is metastable once it is formed'®. Nitrate can be removed in the subsequent calcination step by
choosing Tey > 300 °C162170, However, this would increase energy consumption and require
additional investment in a flue gas cleaning process. Additionally, the homogeneity of Cu and
Zn at nanoscale is nevertheless compromised due to the prior formation of these separate Cu
phases™*.
([Zn, Cu]5(C0O3),(0H),) and hydrozincite (Zns(CO3),(0H)4). Although aurichalcite also consists of

Cu and Zn, it results in a worse catalyst, probably due to locally too high Zn fractions of at least

Temperatures above 70°C  result in the by-products autichalcite

60 mol% which decrease the available Cu surface area®. In addition to pH and temperature, the
ratio of Cu and Zn ions in the liquid phase is a dominant factor for the resulting phase
composition of the aged intermediate. If too few Zn’" ions are available or too few are
incorporated, the resulting Zn fraction in zincian malachite is decreased which results in a
decreased Cu surface area, a thus reduced activity and an increased sintering tendency of the Cu
crystallites during catalysis®*'*. If more than 27 % Zn*" ions are present in the solids, the
aforementioned by-products aurichalcite and hydrozincite form®'*. Additionally, metastable
Na/Zn phases such as Na,Zn3(CO3)4(H20); may form, especially at pH = 7 where a large
number of Na ions from Na,COj are present’™’>'""'", Similarly to nitrate, sodium poisons the
catalyst by promoting sintering of Cu crystallites”. However, in contrast to nitrate, Na* ions
cannot be separated by calcination. Thus, sufficient aging and washing are required to rule out
the presence of sodium phases in the aged intermediate. Yet, even the temporary existence of
Na/Zn phases during aging proved to be detrimental for the resulting catalyst properties, due
to remaining residues in the solids phase or by segregation of Cu and Zn due to the formation
of these separate Zn phases™”. As a result, deviating from the optimum conditions specified
above generally results in a decrease of BET surface area, Cu surface area and, thus, methanol

productivity of the resulting catalyst™?%¢"%%,
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4.1 State of the art and research hypotheses

In general, these parameter specifications, that result in a high zincian malachite fraction in
the aged intermediate and a performant catalyst material, remain similar when switching from a
Cu/ZnO/ALO; recipe to eg a Cu/ZnO/ZrO, catalyst™'™>" However, reactant
concentrations must be adjusted in order to obtain the same pH, as the dissociation equilibria

differ for different metals!*®10811

. Also, the optimum pH and temperature for maximum activity
deviate from the optimum conditions determined for CZA catalysts*'">'". The differences are
even greater for Cu based catalysts without Zn, as the aging mechanisms and kinetics change
fundamentally, e.g. for MgO'”". The same applies for categorically different catalysts prepared
by precipitation, such as Co;Oy for the total oxidation of toluene and propane'”, Au/MgO for
benzaldehyde synthesis'” or Pt/CeO, for H, production'™. This is why there is a large number
of experimental parameter studies required for each new catalyst composition, e.g. as for CZZ

catalysts targeted at the current effort to produce MeOH from CO; instead of CO**1#17%,

18318 9nd the time and cost associated

Despite the importance of phase control during aging
with experimental parameter studies, there is surprisingly little research on the modeling and
prediction of optimum aging conditions in the preparation of Cu/Zn based catalysts. The only
model known to the author focusses on the time-resolved description of the transformation
from zincian georgeite to zincian malachite” and is discussed in detail in Section 5. The two
main reasons for the lack of models ate the often and diffuse overlap with co-precipitation*****
and the complexity of the aging step itself whose effect on product quality is encapsulated in
the generic term ‘chemical memory”">™*'%, A drop in pH™*"*, a change in colot™"

in crystallinity trackable by XRD"***"""'* and the change in structure trackable by FT-IR™>"*'*

, the change

are established methods to monitor the phase transformation during aging. However, the
mechanism behind the phase transformation is still being investigated. There is majority
consensus that during initial precipitation, georgeite and/or zincian georgeite form first,

probably due to kinetic reasons™*>'**

, cf. Section 3. When surrounded by mother liquid, the co-
precipitate eventually crystallizes to (zincian) malachite, most probably by interacting with the
liquid phase as the drop in pH indicates. This transformation is strongly non-linear as typical
pH profiles suggest. First, pH increases only slowly and slightly for 15 minutes to more than
two hours or even more than six hours®, depending on temperature, initial pH, composition,
and reactor design®>""*®' Then, pH suddenly dips and the up to then amorphous material

becomes crystalline in the span of less than 5 minutes™**!7b15,

Gildenpfennig et al. applied in-situ ATR/FT-IR analysis to observe the aging step in
microliter scale”. They evaluated the most prominent vibrational bands between 1026 and 1120
cm’, which are attributed to the §-MeO—H mode of OH™ ions bonded to metal in the zincian
malachite lattice”'®™'*. From their measurements, they concluded that the aging process is
composed of a long induction period of up to 30 minutes with no measurable change in the
solids and a brief transformation period of generally less than 5 minutes where the solids
transform into crystalline zincian malachite. The length of the induction period was subject to
statistical variation. Both the length of the induction period and of the transformation period
are reduced by increasing temperature and the concentration of metal reactants in the system.
By comparing their experimental data with a model based on the kinetics of solvent-mediated

phase transformations'*'¥’, Giildenpfennig et al. concluded that the aging process does happen
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4 Aging of the co-precipitate — a process towards the thermodynamic equilibrium?

via the liquid phase. Similar conclusions were made for transient Na-Zn phases which were
observable with in-situ analysis, but are not apparent in the aged intermediate™. Based on the
Ostwald theory, (zincian) georgeite is assumed as a metastable, but energetically unfavorable
solid phase while (zincian) malachite is assumed to be the most stable form with the lowest free

energy, cf. Behrens et al.*

. Through dissolution of (zincian) georgeite, the supersaturation of
(zincian) malachite increases. This accelerates the formation of (zincian) malachite with the
progression of (zincian) georgeite dissolution. However, they emphasize the difficulty of
observing the metastable phase and provide no explanation for the characteristic pH course.
Due to the nature of the model, a model-based process design to prevent the formation of

detrimental phases as by-products is also not possible.

Complementary to this model approach and the vast amounts of parameter studies
available in the literature, another model approach with a focus on the final phase composition
in the aged intermediate is developed in this work. The goal is to enable a knowledge-based
choice of process conditions to obtain the targeted phase composition, e.g. zincian malachite as
the single phase. This way, a more versatile and flexible process design and optimization should
be possible when new requirements to the catalyst composition arise. One key question for this
purpose is how detailed the complex aging step needs to be described and what a suitable model
must be capable of. They key idea here is to focus on the idea of zincian malachite, as well as
the other phases present in the final aged intermediate, as the thermodynamically stable phases
with the least amount of free energy as proposed by Behrens and Girgsdies® and applied by
Giildenpfennig et al.”. Accordingly, possible kinetic influences are neglected and assumed as
irrelevant for the resulting phase composition. This idea is summarized as the following working

hypothesis:

Aging is a process towards the thermodynamic equilibrium. Therefore, an entirely
thermodynamic model without consideration of kinetics is sufficient to predict the
influence of aging parameters on the resulting phase composition of the final aged
intermediate.

In contrast, co-precipitation is believed to be dominated by kinetics and so is the phase
composition of the co-precipitate. Accordingly, the role of mixing in the solids formation is
discussed separately in Section 3 using (zincian) georgeite as the presumably matching phase.
Using this strict separation of co-precipitation and aging, as also described in Section 2.3, the
following sections focus on the structure, validation and application of the developed aging

model as well as the research hypothesis without any cross influences from co-precipitation.

4.2 Thermodynamic model

The modeling in the scope of this work focuses on the correlation between fundamental
aging parameters, such as reactant concentrations, temperature and pH, and the resulting phase
composition in the solids. Additionally, the same model is applied to understand the
mechanisms behind the initial solids formation and the formation of the metastable co-
precipitate. There are readily available software solutions for this purpose, e.g. PhreeqC'" or
OLI Studio (OLI Systems), which proved their applicability for a broad range of precipitation

processes' % and are also applied in the model developed here. They solve the system of
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4.2 Thermodynamic model

equations which results from the equilibria between solids, liquid and complexes described
below. However, they rely on the accuracy and completeness of the underlying databases
regarding these equilibria reactions for the substances under investigation. The following
sections give an overview over the fundamentals applied in the adapted model, its structure and

an evaluation of the model and database quality for the purposes of this work.

4.2.1 Fundamentals

For sparingly soluble salts, such as zincian malachite, aurichalcite or hydrozincite, the
solubility product Kgp; according to Eq. (4.1) describes the equilibrium between the solids-

forming ions i in the liquid phase and each solid phase j193.

o 4.1
Kspj = nai,j “4.1)

Ksp j is a function of the individual activities of each ion i of the solid j at thermodynamic

equilibrium a; j and its stoichiometric coefficient vy ;.

Due to the very limited solubility of sparingly soluble salts in water of generally less than
1g-L™}, the determination of their solubility products requires particulatly time-consuming
sample preparation as well as complex and accurate analytical methods'”'**'"**!*. The sensitive
methodology results in vastly deviating values, e.g. for hydrozincite where values between
Kspnya = 3-1077°mol® - L™ and Kspphya = 510776 mol® - L™ are reported for 25 °C"*",
For other relevant solid phases such as georgeite or zincian malachite, no data is available at all
due to the demanding procedure. Instead, authors rely on the solubility products of similar
phases, here, the naturally occurring minerals malachite and rosasite”'””. However, applying
such different Kgp to kinetic solids formation modeling results in supersaturations which differ
by several orders of magnitude as well as nucleation rates and particle sizes that differ by several

orders of magnitude"

. Furthermore, the incorporation of ions and temperature effects cannot
be modeled accurately due to impurities”, different stoichiometries'” and data that is limited to
25 °C'"!"> Thus, a careful evaluation and validation of available data is required, cf. Section
4.2.3. Recent studies by Cornu et al., Guldenpfennig et al. and Guse et al. discuss the
determination of solubility products from titration curves as a new, faster alternative'™"""”.
Data from the latter work is integrated in the database used in this work to allow temperature
effects and variable Zn contents in zincian malachite to be depicted, cf. Table 2.2 and Guse et

al.ll(]

The driving force for solids formation during co-precipitation and aging is the difference
in the chemical potential for each possible solid j between the solid and liquid phase. Here, it is
expressed as the phase-specific supersaturation S; as a function of the actual activities of solids-
forming ions @; in the solution, the solubility product Kgsp ;(T) of the solid phase j and the

stoichiometric coefficients v; and v4 according to Eq. (4.2).

1/Vi

]‘[a%ﬁj
(% 4.2)
g (Ksp,j(T)>
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4 Aging of the co-precipitate — a process towards the thermodynamic equilibrium?

In a system, in which only a single solid phase is possible, three cases have to be
distinguished: first, for §; = 1, thermodynamic equilibrium prevails between the liquid phase
and the solid j; the system is in a stable state regarding j. Second, if §; > 1 is valid, the solution
is supersaturated with respect to j. In this case, the supersaturation can be depleted by formation
of the solid j until §; = 1 is achieved. Finally, S; < 1 corresponds to an undersaturated solution
regarding the solid phase j. If any solid j is present, it will dissolve until S; = 1 is reached or the
solid is completely dissolved. In a system with several possible solid phases, certain ions may be
incorporated into various solid phases and the ions of one solid interact with ions from another
solids. As a result, the phase-specific supersaturation progression can deviate from the behavior
in the single-phase system above, e.g. if two solid phases are supersaturated but only one is
formed. Ultimately, however, S; <1 has to be valid for each solid phase j. Otherwise,

thermodynamic equilibrium is not reached yet.

The activity a; of an ion i can be calculated from its molality b; and its activity coefficient
vi according to Eq. (4.3). This way, non-ideal ion interactions are considered. Details on the

chosen activity coefficient model are discussed in Section 4.2.3.
a; =y b (4.3)

According to Eq. (4.4), the total amount of ions in the system b; oa) Which are available
for the formation of solids, is reduced by speciation reactions and the formation of complexes
k. Here, v; is the stoichiometric coefficient for i in k and by, is the molality of the complex k.
Additionally, some ions may already be incorporated in the solid phase j with the molality b;.

The remainder of ions available for solid formation is also referred to as free ions or dissociated

b; = bitotal — Z Vik b — Z Vi b; (4.4)
%

ions.

J

The respective speciation equilibrium is described with the ion association constant Kja j
according to Eq. (4.5).

Kins = —% 45

1Ak Ha*z;;k (4.5)

The determination of Kjp in the liquid phase follows a similar procedure as the

aforementioned determination of Kgp. The validity of the applied and expanded database as a

whole is evaluated in Section 4.2.3.

4.2.2 Structure and assumptions

The two main goals of the process modeling in the scope of this work are, for one, to
calculate supersaturations to better understand initial solids formation during co-precipitation
and, for another, to predict the resulting phase composition at thermodynamic equilibrium. The
required model structure is fundamentally the same in both cases and is outlined below with

Figure 4.1.
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4.2 Thermodynamic model

In accordance with the two objectives, the key output quantities are the molalities by ; of
each solid phase j, the phase-specific supersaturation S, as well as pH and the activity a; of all
species I for characterization of the liquid phase. The required input parameters are derived
from Egs. (4.1) to (4.5) and are divided into the process parameters and the database which
contains the material properties, i.e. Ksp j(T) and Kjp x(T) with the corresponding reaction

equations, and the selected activity coefficient model with its respective parameters.

FRAMEWORK
(Matlab)
INPUT
(-xlsx file) HYDROCHEMISTRY MODEL
Process (BEIREEQS)
- -
bRea;:‘;ants,total > DATABASE calculation/
1;,20’ (-dat file) Mass balance S:
> 7’
Pco,s--- Material properties B, - — —)
— i
Ksp;(T), bs; a;
Kia j(T), bs,
------ » Initialization Ahg, ... Activity pH
— Iteration Activity coefficient model DPE AT
= =» Output parameters ~ ses > model

Figure 4.1: Overview of the thermodynamic model.

The temperature dependency for Kgp(T) and Kjpx(T) is either specified by analytical
expressions or given by the respective value at T® = 298.15 K and a standard reaction enthalpy
Aflg k- Kspr(T) and, accordingly, Kia x(T) can then be calculated using the van’t Hoff equation

105

given in Eq. (4.6) ™.

Kspu(T)\ AR2 (1 1
ln(Ksp,k(T0)>_ R (ﬁ_f) (9

The database used is based upon the database ‘pitzer.dat’ included in the PHREEQC

software package (iphreeqc version 3.7.1)*"

201-205

. The original version was expanded by previously

missing Pitzer coefficients

carbonate species'™'*""""**?7 " the solubility data listed in Table 2.2 as well as specifically

, speciation equilibria for the Cu, Zn, Zr, Na, nitrate and

determined, temperature-dependent solubility products for all relevant phases that were missing

105

data™. The accuracy and completeness of the underlying database regarding these equilibria

reactions determine the accuracy of the model calculations and are discussed in the following

chapter. The database is archived separately'"’.

The hydrochemistry software PHREEQC is used to calculate the thermodynamic state of
equilibrium by solving the system of equations that results from the solids-liquid equilibria,
speciation as well as mass and substance balance equations, cf. Section 4.2.1. For this purpose,
the model also calculates the activity of species in the liquid phase by using appropriate activity
coefficient models like the Pitzer or the SIT model which are discussed in the following section.
By iteration, these calculations are repeated until all solid phases considered are saturated or
undersaturated. For communication, import of the database and the process parameters as well

as output of the target quantities, Matlab (R2021a) is used.
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4 Aging of the co-precipitate — a process towards the thermodynamic equilibrium?

For all calculations, an ideally mixed and isotherm system is assumed and no kinetics are
considered. The isothermal boundary condition results from the experimental setup, cf. Section
2.3, and cotresponds to the state-of-the-art approach'®”"”". For both cases considered, kinetics

and mixing are neglected:

® =ty a hypothetical initial state after mixing of the reactant solutions is
completed, but no solids were formed yet. This way, the initial supersaturations
S; init» Which is presumed as the main driving forces for solids formation in co-
precipitation, are calculated. Experimentally, the independence of solids formation

from mixing is ensured by the mixing studies in Section 3.3.

® t = teq: the state of equilibrium where all considered solid phases are saturated or
undersaturated. This state is applied to calculate the phase composition of the aged
intermediate for tge =  and to verify the working hypothesis regarding the

thermodynamic nature of the aging process.

Both cases also differentiate regarding the gas phase interaction. For the initial state of co-
precipitation, which happens at a time scale of 10” to 107 s according to the mixing studies in
Section 3.3, no gas-phase interaction is assumed. Additionally, zincian georgeite instead if
zincian malachite is considered for the metastable state of equilibrium after initial co-
precipitation. The database is modified accordingly to exclude (zincian) malachite. In contrast,
for the phase equilibrium at the end of aging, the liquid-gas interaction is modeled for CO,®

either using the Peng-Robinson equation of state'™

and assuming an infinitely large reservoir of
ambient air for t,ge > 0 or by applying a temperature-dependent fitted value for the
equilibrium reaction between CO,® and HCO5“Y, cf. Eq. (4.8)'". The cortect representation of
the interplay between CO.® solubility, carbonate balance and pH208 is key for the correct
calculation of supersaturations and phase composition as the carbonate activity directly affects
the supersaturation of e.g. zincian malachite. A comparison of calculated and experimentally
determined pH for t = tjjr and t = tage proved that these assumptions and calculation

approaches are justified, respectively'”

. The further process parameters needed are the same in
each case: the total reactant molalities breactants,total, the Water mass My, and the process

temperature T.

4.2.3 Validation and parameterization

The accuracy and completeness of the solubility products, speciation equilibria and activity
coefficient model in the database primarily determine the accuracy of the model calculations.
Thus, the database and model applied for all modeling in this work are validated in three steps:
first, the speciation and activity coefficient model are verified by looking at the reactant solutions
without any solids formation. Next, individual solubility products are validated and, if necessary,
determined with titration studies in which only a singular solid phase precipitates'”. Finally, the
model is compared to experimental aging studies and applied in the subsequent section for

process optimization regarding the phase composition of the aged intermediate.

In Figure 4.2 and Figure 4.3, four activity coefficient models with varying degree of
complexity are compared regarding their applicability in modeling the co-precipitation and aging
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4.2 Thermodynamic model

of Cu/”ZnO based catalyst precursors. In general, the more complex a model, the higher its
validity range. However, this comes with the drawback that more, in part ion-specific parameters
are required, especially for a complex material system, as is the case here. The following models

are considered:

e The Davies extended Debye-Hitickel model without any ion-specific parameters
and a validity range of typically up to Ipayies < 0.5 mol - (kg H,0)™* "**. For this

approach, the software CHEAQS Next (64 bits, Version 0.2.1.3) was used.

e The WATEQ model with ion-specific parameters based on the database
‘WATEQ_minteq.v4 and a validity range of approx. Iwargq < 1.0 mol-
(kg Hy0)7* 210,

e The Pitzer model with multiple ion-pair specific parameters which, in general, allow
modeling ranges of up to Ipjzer < 6.0 mol- (kg H,0)™1 101255, Details on the
numerous equations and correlations can be found elsewhere®. Ton association
reactions are considered if the respective interaction parameters for this ion pairing

are unavailable, cf. Guse et al.'”

e A modified hybrid Pitzer model where both Pitzer parameters and Kjaj are
considered for the same ion pairing if the formation of a complex is described in

the literature, cf. Guse et al.'">'"?

According to Egs. (4.7) to (4.12), pH correlates with a multitude of ion association reactions
both for dissolved Na,COs as well as dissolved metal nitrates. Accordingly, based on the
definition of Kja (t) in Eq. (4.5), the calculated pH also depends on the validity of the ion activity
a;. Thus, pH can be applied to simultaneously validate the ion association constants and the

respective activity coefficient model.

CO3™ + H30% & HCO3 + H,0 4.7
HCO3 + H30* & H,C0%?Y 4+ H,0 (4.8)
Cu?* + OH™ & Cu(OH)* 4.9
Cu?* + 2 OH™ & Cu(0H),®? (4.10)
H;0* + OH™ & 2 H,0 (4.11)

pH = —log (aH3O+) (4.12)

In Figure 4.2, the calculated pH of Na,COs solutions with varying molalities between 10°
mol-(kg HO)' and 2 mol'(kg HO)" at 298.15 K is plotted against the experimentally
determined pH. All four activity coefficient models deviate less than 5 % from the measured

data across the entire concentration range up to I = 6 mol - (kg H,0) 1.

In Figure 4.3, the same procedure is repeated for an aqueous, equimolar solution of
Cu(NOs); and Zn(NOs)> with 107* mol - (kg H,0) ™! < bpetal nitrates < 4 mol - (kg H,0)™1. In
this case, the four models only show small deviations of less than 6 % for pHeyxp, > 3.9, which

corresponds to I < 0.6 mol - (kg H,0)™? & Ipayies. However, for higher molalities of up to I =
12 mol - (kg H,0) ™1, the Davies and WATEQ models show high deviations between 18 % and
more than 300 % and are unable to reproduce the pH trend towards pHeyp < 1. The hybrid

51



4 Aging of the co-precipitate — a process towards the thermodynamic equilibrium?

Pitzer model does depict the pH curve. However, it also shows deviations of more than 15 %
for I > 6 mol- (kg H,0)™ . In contrast, deviations for the Pitzer model remain below 15 %.
Yet, in the range of 2.8 < pH < 3.9, i.e. 0.6 mol- (kg H,0)™! < I < 3 mol- (kgH,0)7?, the
hybrid variant is more accurate which has been predicted by Pitzer et al. as “maxima of

association” in certain concentration rangesz“.

1% TNaxco, sotution 4 N0/ ZR(NO, soludion
oz D3 _ . +5% >1 @ Davies equation
avies equation A WATEQ equation
A /. i o
114 : ;:6 tATEQ quuatmﬂ 54 @ Hybrid Pitzer model
itzer model .
= .
@ Hybrid Pitzer model Pitzer modd
\I 104 \' 44 [6) o) e +15%
F|a st
T
T o] s increasing b =3
ncreasing oy, co, increasing molalities
and jonic strength [ ) - ' and ionic strength [
8- “ =
=
a "
7 T (. T T T T T T T T
7 8 9 " 10 11 12 1 2 3 4 5 6
PHexp /- pH,, / -

Figure 4.2: Parity plots for calculated and Figure 4.3: Parity plots for calculated and
experimentally determined pH for four different experimentally determined pH for four different
activity coefficient models for an aqueous NaxCOj; activity coefficient models for an  aqueous
solution with bya,co, between 1075 mol - kgyly and Cu(NO3)2/Zn(NO3); solution at 298.15 K with
2 mol - kgplo at 298.15 K. Adapted from Guse et al 15 NcuNo,),/NznNos), =1 and  Dmetainitrate  between

107* mol - kgylo and 4 mol-kgyly. Adapted from
Guse et al.!1?

In conclusion, each activity coefficient model considered here is suited to described the
behavior of Na* and COs* ions in the solution, even at ionic strengths as high as 2 mol (kg HO)
'. However, the more complex speciation of Cu(NO3): and Zn(NOs3), solutions can only be
described with a reasonable deviation of less than 15 % if the Pitzer model is applied. The
differences between the hybrid approach and the Pitzer approach suggest that ion association
reactions should only be considered when applying the Pitzer model if proven necessary as
suggested by Lassin et al. in their general evaluation®”. For these reasons, the Pitzer model

variant is used for all further calculations.

Next, the validity of readily-available solubility products, that are required for the model,
are verified and, if necessary, supplemented by specifically determined Kgp j. For this purpose,
Guse et al. used titration studies which are discussed exemplarily for the temperature-dependent
solubility of aurichalcite in Figure 4.4 and the difference in solubility between zincian georgeite
and zincian malachite in Figure 4.5. In general, a Na,COj solution was provided as an analyte in
which the respective metal nitrate solution was then added dropwise while pH was monitored.
Depending on the amount of solids formed and the amount of ions incorporated into said
solids, pH is reduced. Analogue to the approach for the activity coefficient model, pH was then
used to evaluate the accuracy of the solubility products for hydrozincite and zincian malachite,
cf. Table 2.2.
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4.2 Thermodynamic model

1 hydrozincite precipitation L (Cu,Zn)(NO,), - Na,CO; co-precipitation
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Figure 4.4: Influence of temperature on the titration Figure 4.5: Difference between the titration curves for
curve for the precipitation of hydrozincite the precipitation of zincian georgeite and zincian
(Zn5(C0O3),(0OH)) and comparison of literature data'® malachite (both Cuy 46Zng 54C03(0H),) and comparison
with fitted data. Adapted from Guse et al.!? with literature data!?”128. Adapted from Guse et al.!?

By comparing experimental pH trends with model calculations, the normalized root mean
square error (NRMSE) was calculated according to Eqs. (4.13) and (4.14) and, if necessary,
minimized to determine missing solubility products or correct deviating Kgp from the literature.
Additionally, the solids were analyzed regarding their phase composition using XRD and

element analysis'”.

2
Z£\1=1(pHcalc,i - pHexp,i)
N

(4.13)
NRMSE = —
PHexp
N
—_— ‘=1 pH "
PHexp = ci=l" expt N exbil (4.14)

For hydrozincite, the experimental titration curve changes with process temperature. The

6

model calculations based on literature data!”® cannot reproduce the temperature influence

correctly and show increasing deviations from the experimental curve for increasing Zn(NOs3),

105 yesults in

amounts. In contrast, a fit of the calculated pH curve to the experimental data
solubility products of Ksp(25°C) = 1.86 10773 mol'3L™13 respectively Ksp(65 °C) = 2.40 -
1077* mol*3L™13, which accurately depict the respective solid-liquid equilibrium.

For zincian malachite, the deviation between the model calculations with literature data'""'*

and the experimental pH curve is even larger. Again, the pH trend, and thus, the solid-liquid-
equilibrium can be reproduced correctly, if the fitting routine is applied. Furthermore, the
difference in the titration curves for zincian malachite and zincian georgeite, which were
obtained by varying the process time t,4¢ between each sample point, confirm the need for two
distinctive solubility products for the co-precipitate and the aged intermediate: Ksp ,4(25 °C) =
1.07 - 10733 mol® - L™ and Ksp ;m (25 °C) = 1.66 - 1073% mol® - L™5. XRD and FT-IR analyses
confirmed that amorphous zincian georgeite is formed for t,ge = 30 s while, due to the lower

solubility, crystalline zincian malachite is formed for t,ge = 2 h as the more stable phase, cf.
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4 Aging of the co-precipitate — a process towards the thermodynamic equilibrium?

Guse et al.'”. The approach was furthermore applied for the unnamed by-product
Na,Zn3(CO3)4(H20)5"*""", the occurrence of which leads to the detrimental presence of Na in
the final catalyst*’®”’, but has not yet been described thermodynamically, cf. Section A.4. These
results confirm the need for critical evaluation of available Ksp; and the necessity to apply the

newly determined Kgpj, cf. Guse et al."™ and Table 2.2, in the following model calculations.

Lastly, the impact of the newly determined solubility product for zincian georgeite on the
model quality compared to the use of literature data for rosasite is evaluated in Figure 4.6 and
Figure 4.7. Here, the solid mass of the co-precipitate as a function of the reactant concentration

and the pH of the suspension are considered.
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Figure 4.6: Comparison of the calculated and
experimentally determined solid mass concentration
of zincian georgeite as a function of the reactant

concentration at 55 °C. Adapted from Guse et al.!%

Figure 4.7: Comparison of the calculated and
experimentally determined pH under variation of
reactant concentrations at 55 °C. Adapted from Guse

et al.105

The concentration of zincian georgeite in the suspension C,ggyusp rises linearly with the
concentration of Cu and Zn in the feed solution €reactantsFeedz i both the experiment and in
the model calculations, as would be anticipated for maximum yield. Both model variants provide
numbers that are comparable for low concentrations. Due to the lack of alternatives, the
literature variant assumes the supposedly smaller solubility product of rosasite for zincian
georgeite:  Kspzg = Ksp rosasite (25 °C) = 3.98-10737 "' This causes Czgsusp tO  be
increasingly overestimated for higher feed concentrations in comparison to the experimental
findings. In contrast, if the corrected solubility product (Ksp z6(55 °C) = 2.34 - 1073%) is used,

the model coincides with the experimental results for large ¢reactants Feedz-

For the pH variation in Figure 4.7, the reactant ratio of metal nitrates and sodium carbonate
was varied. In some cases, HNO; and NaOH were added to the reactant solutions to further
adjust pH while maintaining the total lattice ion ratio of e.g. Cu*" and CO5>. The pH range was
limited to obtain zincian georgeite as the only solid phase in each case. Both model variations
perform similarly and mostly exhibit deviations of less than 5 % compared to the experimental
data. The remaining uncertainties are a result of the limitations of the activity coefficient model

as well as the speciation equilibria applied, cf. Figure 4.2 and Figure 4.3. However, when large
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4.3 Influence of reactants

amounts of HNO; were added (Cyno, Feedz > 0.1 mol - L1, the deviation of the literature

model is increased compared to the model variant with the adjusted Kgp 7.

In conclusion, the validity of the Pitzer model as the chosen activity coefficient model as
well as the speciation equilibria included in the model database were confirmed. For several
solid phases relevant in the preparation of Cu/ZnO based catalysts, additional solubility
products were required due to the lack of data for synthetic phases in the literature. By
determining and including these Kgp ; in the model, precipitation and pH tendencies in titration
studies as well as the solid mass of zincian georgeite in the co-precipitation were predicted
accurately. Thus, the model is deemed suitable for the assessment of whether aging can be

assumed as a process towards the thermodynamic equilibrium.

4.3 Influence of reactants

The reactant composition is, next to temperature and aging time, one of three key
parameters to control the phase composition of the aged intermediate, cf. Section 4.1.
Accordingly, the target of this section is to evaluate if the correlation between reactant
composition and phase composition can be reproduced and predicted by the thermodynamic
equilibrium model approach. For this purpose, the total molar ratio between Cu and Zn ions
and the pH resulting from the ratio between metal nitrate and Na,CO; solution, are varied
separately. Since the focus is on the interplay of Cu and Zn based phases, no third component,

e.g. Z1Oy, is added since it does not form a common phase with Cu or Zn”.

In Figure 4.8 and Figure 4.9, the solid phase composition after aging and the Zinc fraction
in zincian malachite Xz, ,m are plotted as a function of the molar Zn metal fraction in the feed

Xzn Feed1 as defined in Eq. (4.15):

bZn2+,Feed1

on,Feedl = (4.15)

bCu2+,Feed1 + bZn2+,Feed1 + bZr4+,Feed1

Model
-- @ - Guse et al. 2024
® Bems etal 2003

1001 - 50
°
804 (Zincian) &, 40
malachite P

Boundary condition

. 0/,
Xynm < 27 mol% ]

401
P B
20 {Aurichalcite o XRF (XZn,total)
B Rietvelt refinement
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04 . . . . : R e
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Figure 4.8: Solid phase composition as a function of Figure 4.9: Zinc fraction in zincian malachite Xz, ,n as
the molar Zn fraction in the feed for T = 65 °C. Data a function of the molar Zn fraction in the feed for T =
from Guse et al. @) and Bems et al. @)72105 65 °C. Data from Guse et al.!1%®
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4 Aging of the co-precipitate — a process towards the thermodynamic equilibrium?

The experimental phase composition, as well as the Zinc fraction of zincian malachite, were
determined by a Rietveld refinement of the dried aged intermediate, cf. Section 2.4.5. For
Xznreed1 = 0 mol%, copper is present as the only metallic reactant. Accordingly, pure malachite
(equal to zincian malachite with Xz, ,, = 0) is formed as it is evident by the thermodynamic
model and confirmed experimentally in Figure 4.8 and Figure 4.9. For zinc fractions of
XznFeed1 < 27 mol%, zincian malachite is then formed exclusively. It is evident from Figure 4.9
that all additional Zn in this range is incorporated into the malachite lattice. Only for zinc
fractions in the metal nitrate feed of Xz, peed1 > 27 mol%, an increasing amount of Zn is present
in the solids that is not bound in the zincian malachite lattice as the comparison of XRF data
and the Rietveld refinement confirms. Instead, an increasing amount of aurichalcite is formed
and, for zinc fraction of more than 40 mol%, hydrozincite. These trends are also apparent in
the data of two experimental parameter studies conducted by Bems et al.”” Minor differences
between the experimental results, especially for Zn fractions beyond 50 mol%, either result from

similarities in the crystal lattices of hydrozincite and aurichalcite’'">'"

and the corresponding
uncertainties in Rietveld refinement, cf. Figure A.11, or from the deviations in the experimental
pH profile”. Further expetimental studies at similar temperatures and pH confirm the
predominance of zincian malachite for Zn fractions of less than approx. 30 mol% as well as the

increasing amounts of aurichalcite and hydrozincite for higher Zn fractions®®'?,

The phase composition and zinc fractions calculated with the thermodynamic model match
the experimental data quantitatively. Only in the range of 0.3 < Xz, peed1 < 0.7, there are
deviations between the experimental and calculated mass fractions of aurichalcite and
hydrozincite. These are the result of the similar crystal lattices of aurichalcite and hydrozincite
which prevent a reliable quantification in the Rietveld refinement™''"®, Furthermore, both in
the thermodynamic model as well as the Rietveld refinement aurichalcite with Xcyaur =
50 mol% and hydrozincite with ¢y hya = 0 mol% are considered as the two boundary cases and
may form simultaneously. In reality, Xcy hyq decreases gradually with increasing ¥z, peedr and a
single aurichalcite phase with 0 mol% < X¢y aur < 50 mol% forms for 0.3 < Xz peeq1 < 1.0
granted that the material is completely homogeneous at nanoscale and in between all particles.
This can be represented in the model by the summation of xnyq and Xaur. Then, Xcy aur results
from Eq. (4.16).

XCu,aur,max ~ Xaur + Xcuhyd * Xhyd _ 0.5- Xaur

(4.16)

fCu,aur -
Xaur T Xhyd Xaur T Xhyd

In summary, both the model and the experimental results indicate that if the amount of
available Zn in the solution exceeds the amount of Zn that can be incorporated into zincian
malachite, cf. Section 4.1, aurichalcite forms instead of hydrozincite. Accordingly, the surplus
of Zn ions does not form an isolated phase but incorporate some Cu ions that would otherwise
precipitate as (zincian) malachite reducing the absolute amount of zincian malachite compared
to lower Zn fractions. This effect was also observed by Behrens and Girgsdies. who
hypothesized that aurichalcite may be the thermodynamically favored phase for these conditions
due to a lower Gibbs energy®. The model results here confirm their theory.
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In Figure 4.10 and Figure 4.11, the phase composition of the aged intermediate, the zinc
fraction in zincian malachite and the copper fraction in aurichalcite are plotted as a function of
pHy = pH(t;ge = 0 min) for ¥zppeeqr = 0.3 for the more complex CZZ composition. In
general, the longer the aging time, the higher the amount of gassed out CO, which affects pH
at the end of aging. Thus, pH, was chosen as a fixed reference. The model calculations are
compared to experimental data and literature data. It is evident from the experimental data of
both studies that for 6 < pHy < 8, zincian malachite is the dominant phase at the end of aging
with mass fractions of 90 to 100 wt.%. Small fractions of aurichalcite result from the limited
amount of Zn that can be incorporated into zincian malachite (27 mol%®). Vice versa, the
amount of Cu incorporated into aurichalcite fluctuates much more according to Rietveld
refinement and the evaluation method described in the appendix, cf. Section A.3.2. This is
caused by the uncertainty of the evaluation method in combination with the small amounts of
aurichalcite detectable. ZrO; is barely found by XRD due to its limited amount, small crystallites,

cf. Section 3.3, and possibly amorphous nature”. This confirms its subordinate role in the

modeling of aging.
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Figure 4.10: Solid phase composition as a function of
pHo for T = 55 °C (Guse et al.'!%), respectively T = 65 °C
(Zander et al.7®), with Xz, peeq1 = 0.3 and X7y peeq1 = 0.1
(Guse et al.).

Figure 4.11: Zinc fraction in zincian malachite %z ;m
as a function of pHy for T =55°C (Guse et al.!!%),
(Zander et al®),

XznFeed1 = 0.3 and Xz peeqr = 0.1 (Guse et al.).

respectively T = 65°C with

The evaluation of ¥z, ,m = f(pHp) confirms that the maximum possible amount of Zn is
incorporated into zincian malachite over the complete pH range investigated. For pH < 6, the
amount of aurichalcite and zincian malachite is reduced and increasing amounts of rouaite form
which is the reason why precipitation and aging are, in general, conducted at pH > 6%,
Higher values in the range pH = 9 were not tested experimentally since they are confirmed to
result in the separated, and thus not wanted, oxides CuO and ZnO®. These trends regarding
Zn incorporation into zincian malachite and the phase composition as a function of pH are also
evident in the model calculations. They provide a thermodynamic explanation for the formation
of the undesired by-products at extreme pH and enable a faster model-based limitation of

possible pH windows for future studies.

In summary, the thermodynamic equilibrium model with the newly determined solubility
products of (zincian) malachite, aurichalcite and hydrozincite was able to predict the phase
composition as a function of the metal nitrate feed composition and pH not only qualitatively,

but also, for the most part, quantitatively. The deviations between model and experiment are
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4 Aging of the co-precipitate — a process towards the thermodynamic equilibrium?

most probably the result of uncertainties in the Rietveld refinement due to the similar lattices
of aurichalcite and hydrozincite. Altogether, these results affirm the hypothesis that aging can

be understood as a process towards the thermodynamic equilibrium.

4.4 Temperature influence

The aging temperature is the second key parameter known to influence the phase
composition of the aged intermediate’**"". Accordingly, its influence on the phase composition
as well as the model’s capability to reproduce the phase composition as a function of
temperature are evaluated in Figure 4.12. Additionally, the influence of temperature on the

composition of zincian malachite is analyzed in Figure 4.13.

100-_ ‘____‘_‘__.__‘—'_‘-__.'_ -'— -\ ' 35
\ N
® = 30
80 — Ksp firerature \ L R L
_____ Kp(T); van't Hoff e > 2 25 . 3 !
O\C. 60 4| _._ Ko, (s analytical Zincian malachite =~ 'g 2 -
2 ® Guseetal 2024 g
\\ 40 ® Zander et al. 2012 £15
b - g
it -"& | % 104—— Model (van't Hoff)
i ic “ite ! _ -
20 Aum.halutgJk i o i Guse ct al. 2024
v 7
v ¢ TZ:O, m  Zander et al. 2012
O '—ﬁ%_'_ 0 T T T T
30 40 50 60 70 80 30 40 50 60 70 80 90 100
T /°C T /°C

Figure 4.12: Comparison of the calculated and Figure 4.13: Experimental data and calculations for the
experimentally determined phase composition of the zinc fraction in zincian malachite Xz, ;v as a function of
aged intermediate for a Cu/Zn ratio of ngygr = temperature for Fzppeeqr = 0.3. Data from Guse et al.
2 Nzntotal 3s a function of the temperature. Data from and Zander et al. 78115

Guse et al. and Zander et al.78105,

In both experimental studies, the experimental phase composition was determined by
Rietveld refinement. The data from Guse et al. for a ternary CZZ catalyst precursor indicates
that for a metal ratio of Ny total = 2 Nzntotal = 6 Nzrtotal and pH (tage =0 min) = 6.9, zincian
malachite and ZrO; with a mass ratio of approx. 9:1 are formed up to T = 60 °C195, For higher
temperatures, the mass fraction of aurichalcite increases up to Xayrichaicite = 26 w% at 80 °C.
This confirms studies for Cu/ZnO catalysts at similar conditions where the same trend was
observed qualitatively” and quantitatively”. Since temperature-dependent solubility products
are not available for all relevant phases in the literature, cf. Table 2.2 and Guse et al.105, this
effect cannot be described when applying a readily available database. In contrast, by applying
the solubility products determined by the titration studies, cf. Section 4.2.3, the formation of
aurichalcite for T > 60 °C is correctly predicted regardless of which temperature dependency
was applied for Kgp ayr. The increasing mass fraction of aurichalcite with increasing temperature
can now be explained using the solubility products: while the solubility of zincian malachite
shows a small temperature dependency (Kgp ;m (65 °C) = 6.0 - 1073% mol® - L™5), the solubility
of  aurichalcite  drops  significantly  at  increasing  process  temperatures:
Ksp aur(65°C) = 6.5+ 10783 mol*3 - L73, cf. Table 2.2 and Eq. (4.6)10%.Simultaneously, the

zinc fraction in zincian malachite begins to drop when aurichalcite is present.
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4.5 Parameter optimization

In summary, the influence of temperature on the phase composition of the aged
intermediate can be reproduced quantitatively by the model. Due to the lack of temperature-
dependent solubility products available in the literature, determining and applying solubility
products in easy-to-implement titration studies was necessary for this approach to succeed.

4.5 Parameter optimization

As highlighted in Section 4.1, zincian malachite is the primary target phase of the aging
process as its composition proved beneficial for the performance of the resulting

cat alys 31.37.3841,64

. Experimental studies to determine parameter ranges for which zincian
malachite forms exclusively are time-consuming in execution and analysis and intrinsically at
risk of overlooking optima. Thus, the thermodynamic equilibrium model is applied to evaluate
its potential for process optimization regarding the optimum parameter ranges to obtain zincian
malachite. Since the focus is on the interplay of Cu and Zn based phases, no third component,
e.g. ZrOy, is considered as it does not form a common phase with Cu or Zn” and its weight
fraction is negligible compared to the hydroxycarbonate phases of Cu and Zn, cf. Section 4.3
and 4.4. In Figure 4.14, the prevailing phases at thermodynamic equilibrium are plotted as a

function of the total reactant molalities bcog—,tot and by tot in the mixed suspension for a binary
Cu(NO3)2/Zn<NO3)2 feed with on,Feedl =27 %and T = 55 °C.

Aurichalcite
Zincite (ZnO) (Zn, ;Cu, ;(CO;),(OH),)

Na,Zn,(CO,),3 H,0

11.40

—_
(=1
>

100

10.15
Tenorite

(CuO) Zincian =i > 107!
Malachite [l ’

_
<

ﬁ% 8.900
&% Q
é 1072 3‘3 1072 7.650
3
~ g 6.400
- ~ 10
g1 g 107 . 5.150
] =2 .
A‘.t g" bM,!ol,sllsp/ bco;,tm,my=
o} N a
O Rouaite U
& g 3,900
107 (Cu2(NO,)(OH),) S 1wt
2.650
107 107 1.400
10°  10* 107 102 107" 10° 107 107" 107 107 107 100 pH
kol -1
bM,tot,susp / m01 kgHZO hM,[ot,susp / mOI'kgHZO

Figure 4.14: Prevailing solid phases at Figure 4.15: pH at thermodynamic equilibrium as a
thermodynamic equilibrium as a function of the two function of the two total reactant molalities of Na;COj3 and
total reactant molalites of NaCOs; and Cu(NO3)2/Zn(NOs), in the mixed suspension for T =
Cu(NO3)2/Zn(NO3); in the mixed suspension for 55 °C.
T =55°C.

In the proximity of a stoichiometric reactant ratio (by tot,susp /Pcoz-

Jtot,susp — 2), zincian

malachite is formed exclusively according to the model. At higher molalities, a nominal surplus
of carbonate is required due to increased complex formation of Cu”" ions, cf. Figure A.25 and
Figure A.26. The shift towards these complexes also reduces the effective supersaturation for
increasing reactant molalities, cf. Figure A.27 and Figure A.28. This is contrary to typical
supersaturation trends, where supersaturation steadily increases with increasing reactant

145-147

concentrations , and accordingly decreases the resulting mean particle size due to an

59



4 Aging of the co-precipitate — a process towards the thermodynamic equilibrium?

increasing dominance of nucleation compared to crystal growth" ™', This may also affect
pore structure and surface area of the resulting catalyst as previously reported™, or the aging
kinetics as discussed further below in Section 5.2, and is therefore of pivotal importance for

process and product optimization.

If there is a shortage of carbonate ions, rouaite forms as a second phase or exclusively. For
b tot,susp > 0-4 mol - kgﬁio and boz- to,susp < 0.1 mol- kgﬁ;o, no solids will form due to
pH < 4, cf. Figure 4.15. In contrast, a surplus of carbonate ions results in an increased pH of 8
and more. Consequently, tenorite and zincite form additionally to zincian malachite. For
bum,tot,susp & 0.01 — 0.2 mol - kgﬁio and a surplus of NayCOs, the model indicates that
aurichalcite and NaxZn3;(CO3)s-3H,O form as additional by-products due to the increased
amount of COs* and Na" ions in the system and the less pronounced complexation of Zn**
ions with hydroxide ions compated to the aforementioned Cu** complexation at these

O 76789771

conditions. This explains the repeatedly described presence of Na,Zn3;(COs)4-3H:
and aurichalcite™” in various studies independent from the Cu/”Zn ratio. All trends previously
mentioned are similar when substituting Na,CO; with NaHCOs; albeit with shifted
predominance ranges due to lower pH, cf. Figure A.23 and Figure A.24. Thus, the carbonate
concentrations in future preparations should be at least double the stoichiometrically required

quantity to avoid the formation of by-products and the incorporation of NOj™ into the solids.

Alternatively, pH of the suspension can be adjusted independently from the two reactant
molalities by adding nitric acid and sodium hydroxide for better phase control. Exemplary, the

phase composition of solids as a function of the reactant molalities is plotted for pHeq = 6.0,
pHeq = 6.7 and pHeq = 8.0 in Figure 4.106, Figure 4.17 and Figure A.32 in the appendix, which

31,36

represent the typical range of pH chosen in the literature
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Figure 4.16: Prevailing solid phases at thermodynamic Figure 4.17: Prevailing solid phases at thermodynamic
equilibrium as a function of the two total reactant equilibrium as a function of the two total reactant
molalities of Na,COj3; and Cu(NO3)/Zn(NO3); in the molalities of Na,CO3 and Cu(NO3),/Zn(NO3), in the
mixed suspension for pHeq = 6.0 and T = 55 °C. mixed suspension for pHeq = 6.7 and T = 55 °C.

It is evident that in each of these cases the formation of zincite and tenorite is prevented

when pH is kept constant and a surplus of carbonate ions is ensured. The biggest effect is
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4.5 Parameter optimization

evident for pHeq = 6.0 where Na,Zn3(CO3)4-3H,0 is formed as the only by-product next to
zincian malachite. However, due to the state of the CO5s”/CO; equilibrium at this pH, CO,®
formation is prevalent for technically relevant carbonate molalities of bgz-or = 0.1 mol -
kghlo and supersaturation is reduced significantly, cf. Figure A.29 ff. This effect is less
pronounced for pHeq = 6.7 and not evident for pHeq = 8.0. For pHegq = 8.0 however,

aurichalcite and Na,Zn;(CO3)4'3H,0O form for a broader reactant range. Thus, out of the three
pH considered, pHeq = 6.7 is the recommended pH based on model calculations.

If pH or the reactant molalities are not constant during aging, the process may follow a
trajectory across different areas of predominance, cf. Figure 3.2 and Figure A.23, resulting in an
aged intermediate that consists of multiple solid phases. This can also be true for
inhomogeneous conditions in a stirred tank reactor, especially if reactants are intermixed at low
energy dissipation rates, e.g. at the surface. This way, undesired by-products may form unnoticed
and Na" or NOs may be incorporated into the material. If the thus formed solid phases are
sufficiently stable under the aging conditions applied, this will result in an inhomogeneous metal
distribution within particles at the nanoscale and in between particles at micrometer scale. These
inhomogeneities in the aged intermediate will then also be present in the resulting catalyst. In
Figure 4.18, the influence of pH on the specific surface area of the resulting CZZ precatalyst is
investigated experimentally for by totsusp = 0.12 mol - kgg’g and Doz ot susp = 0-51 mol -
kgﬁ;o at 55°C. The maximum specific surface area Sggr is achieved for pH = 6.7 which is in
agreement with the previous discussion on the pH dependence of phase composition after aging
and literature data for the CZA catalyst™. It furthermore coincides with the maximum initial
supersaturation of zincian malachite confirming the hypothesis that, in general, higher
supersaturations result in smaller primary particles and thus larger specific surface areas.
Increase and decrease of the pH both lead to decreasing supersaturations and surface areas.

Accordingly, the model-based recommendation is confirmed.
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Figure 4.18: Influence of pH during aging on the Figure 4.19: Phases at thermodynamic equilibrium as
supersaturation of zincian malachite S,y init and the a function of the total reactant molalities of Na>COs

specific surface area of the resulting CZZ precatalyst. and Cu(NO3)2/Zn(NO3); in the mixed suspension for
a set pressure of pco, = 10 bar and T = 55 °C.
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4 Aging of the co-precipitate — a process towards the thermodynamic equilibrium?

One possible approach to mitigate the release of CO; in future preparations is to condition
the aging tank reactor with a CO, overpressure. The effect of the partial pressure of CO; on the
solid-liquid equilibrium in a Cu*"-H,O-CO system was previously discussed in the literature”.
The authors concluded that, in theory, an increase of pcp, enables the formation of zincian
malachite and azurite at reduced pH. The exemplary calculation results for pgo, = 10 bar in
Figure 4.19 reaffirm these assumptions. Thanks to the overlay with CO,, zincian malachite
already forms at lower carbonate concentrations, thus lower pH. Furthermore, the formation
of rouaite, aurichalcite, tenorite and zincite is seemingly suppressed due to the surplus of CO,
and the corresponding shift in the carbonate speciation. This may be the way forward for a
more sustainable, yet economic, catalyst production with a reduction of Na,COs usage, value-
adding CO; utilization and the associated decline in CO; emissions. However, studies on the
effect of a CO; atmosphere on the resulting catalyst properties are contradictory. The results by
Taylor et al. indicate the formation of Cu/ZnO catalysts with reduced specific surface areas and
thus reduced performances when applying a CO, atmosphere”*, while Wang et al. found a

positive impact on the surface area and activity of a Cu/ZnO/Al1203 catalyst*”

. The preparation
by Taylor et al. was conducted at a slightly lower starting pH before CO, was added (7 instead
of 8). The addition of CO, thus resulted in pH values below 7 which, in combination with aging
times of up to five hours, might have promoted the formation of detrimental by-phases such as
rouaite or gerhardtite. Further model-based studies will help to understand the contradictory
results in detail and help to optimize catalyst preparation via COs.

Finally, the aging temperature as an established parameter to influence the phase
78,79,82

composition of the aged precursor and the characteristics of the (pre)catalyst’®”, is
considered in Figure 4.20 and Figure 4.21.
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Figure 4.20: Prevailing phases at thermodynamic Figure 4.21: Influence of temperature during aging on

equilibrium as a function of the two total reactant the specific surface area Sggr and the specific copper

molalities of NaCO3 and Cu(NO3)2/Zn(NO3)2 in the surface area S, of the resulting precatalyst as well as on

mixed suspension for T = 70 °C. the phase composition after aging. Experimental data
from Pitter et al.!7>176

Due to the negative reaction enthalpy of zincian malachite, cf. Table 2.2, higher
temperatures should result in a reduced solubility product Ksp ,;m and, thus, smaller particles
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with larger surface areas as well as a stronger tendency towards zincian malachite. This is true
when comparing the solid phase plot for 40 °C, cf. Figure A.31, and 55 °C, cf. Figure 4.14.
However, for 70 °C the solid phase composition plotted in Figure 4.20 is shifted towards
aurichalcite across the entire concentration range considered. This can be explained by the more
negative reaction enthalpy of aurichalcite, cf. Table 2.2. This also affects the surface area of the
CZZ precatalyst plotted in Figure 4.21. Initially, both S¢, and Sggr increase with increasing
aging temperature up to 55 °C due to the increasing supersaturation of zincian malachite from
Szminit = 92 at 40 °C to S;minit = 127 at 60 °C resulting in smaller PSD which seemingly are
maintained throughout the subsequent drying and calcination. However, higher temperatures
lead to the formation of aurichalcite, cf. Section 4.4, and thus a reduction of both surface areas.
Consequently, the catalyst prepared at 55°C also showed the highest methanol

productivity' ™'

In summary, the thermodynamic model proved to be suited for finding parameter ranges
that result in the targeted solid phases. Experimental data confirmed that by doing so, S¢, and
Sget of the precatalyst and the catalyst performance can be improved. In general, the following

suggestions should be complied, if (zincian) malachite is the target phase:

e The ratio between carbonate ions and metal ions in the suspension should exceed

the stoichiometric ratio: bgoz- tor,susp/PMtotsusp > 2 to compensate for the

formation of complexes.

e Tor better phase control, pH should be kept constant, either by defined mixing in
a mixing nozzle or pH control in a stirred tank reactor. Local inhomogeneities in

the tank reactor are to be avoided.

e A preferrable pH to mitigate the formation of by-products is pH = 6.7. The exact
value depends on the chosen reactant concentrations and can be determined via
the model.

e If Zn ions are present, the ideal temperature is around Tage & 551 5°C.

Otherwise, the optimum temperature may be higher.

By usage of thermodynamic equilibrium calculations, the number of necessary experiments
for optimizing process parameters can be reduced to a minimum necessary for model validation
and process development becomes more sustainable. An overall workflow for the transfer to

technical application is discussed in Section 6.

4.6 Conclusions

The notion of this section was to evaluate if aging can be understood as a process towards
the thermodynamic equilibrium and if it can be modeled accordingly. This would also cleatly
separate aging from the initial (co-)precipitation step, where the solids composition is assumed
to be kinetically dominated. For this purpose, a thermodynamic solid-liquid equilibrium model
was developed on basis of readily-available software solutions with a focus on the Cu/Zn based
intermediates involved. The model consists of two parts: an activity coefficient model, which

considers ion interaction, and a compilation of solubility products and ion association products
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4 Aging of the co-precipitate — a process towards the thermodynamic equilibrium?

to represent speciation in the liquid phase and the equilibrium between solids and liquid phase.
Based on pH measurements, the Pitzer model was deemed the most suitable activity coefficient
model with deviations of a2 maximum of 15 % even at ionic strengths above 6 mol-L.". Certain
solubility data was unavailable, e.g. the temperature-dependency for synthetic zincian malachite,
or the solubility of the by-product Na,Zn;(COs)4-3H,O. For these cases, an experimental
method to determine missing Ksp from titration studies was developed and applied.
Furthermore, the titration studies also confirmed that separate solubility products are necessary

for the description of the co-precipitate and the aged intermediate.

Accordingly, two boundary cases were considered in the model. On the one hand, the initial
state before solids formation sets in was regarded assuming complete and ideal mixing. It was
successfully applied for the theoretical interpretation of the co-precipitation studies in Section
3. On the other hand, the thermodynamic state of equilibrium was calculated which, according
to the hypothesis, should correspond to the final state after aging. For validation, the calculated
phase compositions at thermodynamic equilibrium were compared to experimentally
determined solid compositions as a function of pH, temperature and Cu/Zn ratio in the feed
solution. In each case considered, the experimentally determined phase composition was
reproduced quantitatively by the thermodynamic model, e.g. the presence of rouaite at pH < 5
additionally to zincian malachite or the emergence of aurichalcite as a by-product for T = 70 °C
and Ngy /Nzn = 20t T = 65 °Cand Xz, peed1 = 27 Mol%. The model results as well as the Rietveld
refinement of experimental data confirmed that the mass fractions of ZrO; as a third catalyst
component is negligibly small compared to the Cu and Zn based hydroxycarbonate phases.
Thus, a simplification of the system to exclusively Cu, Zn and Na phases is valid if the focus is
on finding optimum conditions to obtain zincian malachite. Deviations between model and
measurement in the transition area between zincian malachite predominance and aurichalcite
predominance are most probably a result of uncertainties in the Rietveld refinement. In
conclusion, aging can be considered as a process towards the thermodynamic equilibrium and
the composition of the aged intermediate can be described with the corresponding solid-liquid

equilibrium.
Thus, the hypothesis from Section 4.1 is affirmed.

Additionally, the validated model was applied to determine technical feasible process
parameters (reactant ratio, pH, temperature, pco,) that lead to a product that is as pure as
possible in zincian malachite and result in small particles, ergo large surface areas Sggr. A
comparison of the thus determined parameter regimes with experimental Sggr confirmed that
this approach yields accurate results for parameter optimization. It also provides explanations
for temperature and pH optima that have long been promoted in the literature and a concept

on how CO; could be used as a value-adding educt in the catalyst synthesis of the near future.

In summary, the strict separation of (co-)precipitation as a kinetically dominated step and
aging as a separate step that is governed by the thermodynamic equilibrium is a key concept to
better understand, predict and optimize co-precipitation and aging and, consequently, the

resulting catalyst.
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5 How to increase the space-time-yield of co-precipitation and
aging for technical application

Next to the ability to prepare high-performance catalysts with a precisely defined
composition, the economic efficiency of the preparation is essential to transfer a catalyst recipe
to technical application. Thus, methods to increase the space-time-yield, and therefore reduce
costs, while maintaining the product quality are key for the successful transfer of any recipe
from the lab to the production line. In this section, the focus is on reducing the necessary
process time to induce and complete the phase transformation in the time- and heat-intensive
aging step. First, the impact and applicability of approaches described in the literature is
evaluated. Then, on this basis, two promising approaches are further developed and investigated

regarding their impact on space-time-yield and product quality.

5.1 State of the art and research hypotheses

The space-time-yield Ygr of co-precipitation and aging is defined according to Eq. (5.1) as
the ratio of the dry mass of newly formed aged intermediate myge gry per process time Eprocess
needed to complete co-precipitation and aging and per reactor volume Vieactor- If seeding
crystals with the mass Mgeeqs are added to the process, see below, the total mass of solids

Msolids total has to be corrected accordingly.

Yer = A"lage,dry _ Msolids,total — Mseeds
ST = = (5.1

tprocess * Vreactor tprocess * Vreactor

In principle, the most direct approach to increase the space-time-yield of the aging step
would be to further increase the solids concentration, i.e. the ratio of Am,ge dry t0 Vieactor-
However, it is limited by the maximum solubility of the reactants which are, generally, already
near the respective maximum’-'"*"°. Additionally, higher concentrations promote the formation
of unwanted byproducts, cf. Section 4.5. Thus, several approaches on how to decrease the
necessary aging time to complete the phase transformation for a defined solids concentration
were investigated in the literature instead. Guldenpfennig et al. and others demonstrated with
their experimental in-situ studies at milliliter scale that the transformation kinetics are

7787 and reduced Zn fractions™”. Similarly, pH also

accelerated for increased temperatures
affects aging kinetics”*'". However, these parameters cannot be chosen freely since they also
strongly correlate with the catalyst performance, cf. Section 4.1, and are thus unsuitable to

maximize yield.

The results from Section 3 indicate that morphology and composition of the co-precipitate
may also impact the necessary aging time. Samples, that showed a variation in size and
composition in between individual particles, remained inhomogeneous after aging was
conducted for a limited time, cf. Figure 3.12. While some particles already transformed into
crystalline zincian malachite, other particles were still amorphous. In theory, a phase
transformation via the liquid phase should benefit from smaller particles with a larger specific

surface area and thus enhanced dissolution kinetics®™*. A study by Jiang et al. showed a
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5 How to increase the space-time-yield of co-precipitation and aging for technical application

variance of 25 to 33 % in the required aging time for varying mixing intensities, but without any

trend regarding the mixing intensity™.

According to Giildenpfennig et al., seeding may be another potential approach to reduce
the necessary aging time without affecting the product properties. The authors halved the
necessaty induction time for a binary Cu/Zn based system by adding a small volume of
previously aged suspension containing zincian malachite to the reaction vessel before adding
the reactant solutions”. In general, the amounts of seeds added to a system is described with
the seed mass fraction xgeeqs according to Eq. (5.2) with the mass of seeds mgeeqs and the total

mass of solids in the suspension Mgg)igs total:

Mseeds
Xseeds = — (5.2

Meolids,total

A further increase of Xgeeqs further decreased the induction time. However, these findings
are limited to small volumes on the milliliter scale and low total metal concentrations in the
suspension of €y sysp = 0.1 M. Furthermore, the impact of seeding, and the thus reduced aging

times, on the intermediate properties and on the product qualities were not evaluated”.

In general, seeding is applied in industrial crystallization to improve process control and
avoid statistical fluctuations, particularly when particles smaller than 10 um are involved or when
the process is carried out within the metastable zone limit of primary nucleation'**"***". This
way, secondary nucleation instead of uncontrolled primary nucleation is achieved. Additionally,
polymorphism can often be controlled by using seeds of the targeted polymorph®'—*.
Depending on the substance and process design, seed weight fractions Xgeeqs between 0.1 to
1.0 wt.% according to Eq. (2.1) are required to allow secondary nucleation below the metastable
zone limit*™. Since the composition of the solution is not altered when adding solids to a
supersaturated solution regarding this solid, the solid-liquid equilibrium is, in general, not altered
when adding seeds. Finally, seeding is used to obtain defined particle shapes and size
distributions, which affect the filterability and flow properties of the particles in downstream
processes. The morphology is, in general, also crucial for the contemplated application, e.g., the
dissolution properties of proteins® or the surface and microstructure properties of
catalysts***>1"'?"_Since the effect of seeding is based on surface processes, not only the quantity
of seed crystals but also the available surface area of the seed material is decisive for its

function®**’,

Based on these results, the target of this section is to validate if the reduction of aging time
by seeding can be confirmed for industrially relevant solids concentrations of more than 5 wt.%
and if seeding is the preferrable approach to optimize the space-time yield of aging. This is

summarized as the following working hypothesis:

Seeding with an aged intermediate accelerates the aging kinetics without altering the
properties of the thus resulting aged intermediate. Therefore, seeding is the most
sensible method for space-time-yield optimization.

Accordingly, if an increase of the space-time-yield by seeding is possible, it is key to
determine if the catalyst performance is affected negatively by the modified process and if other

approaches result in similar space-time-yield improvements, i.e. an optimization of the co-
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precipitate morphology. The findings are ultimately used to develop a workflow to recommend

a process route for technical application.

5.2 The influence of co-precipitation on aging kinetics

According to the definition of the space-time-yield in Eq. (2.1), the two possibilities to
increase Ygr for a fixed reactant concentration and plant are to decrease the necessary process
time fprocess Of to increase the volume flow of feeds Vieed: during co-precipitation which
correlates with the ratio of Am,ge gry t0 Vreactor- A further increase of Vieeq ; for the state-of-
the-art semi-batch co-precipitation is generally difficult as stable pH control becomes
increasingly challenging and the further increase of local inhomogeneities in the reactor results
in a presumably more inhomogeneous material on the nano- and micrometer scale and, thus,
worse-performing catalyst. However, by switching to a continuous co-precipitation, Veeeq; can
be increased arbitrary due to its steady-state nature as long as the integrated pumps allow a
stable, pulsation-free supply of feeds. As the results in Section 3 confirm, the change of method
also improves the properties of the resulting (pre)catalyst. For the current setup, the switch from
semi-batch to continuous co-precipitation reduced the co-precipitation time from over 1 h to
less than 4 min, i.e. by more than 90 %. A further increase of the volume flows for the
continuous co-precipitation has a negligible effect on the total process time tprocess since, in
general, an aging time of at least 20 min to, more frequently, 90 min and more is necessary to

31,36,101

complete phase transformation and aging becomes the dominating factor with tyrocess =

tage-

Therefore, an approach to reduce the necessary aging time is required to further increase
the space-time-yield of co-precipitation and aging. In general, larger mass-specific surface areas

increase dissolution kinetics®'"*'®

and are beneficial for contact-mediated (re)crystallization
processes since the same solid mass then equals more particles which, in turn, result in larger
collision frequencies™*”. Thus, a larger surface of the co-precipitate should result in faster aging
kinetics regardless of whether aging proceeds via the liquid phase”™ or is the result of a solid-
state transformation”’®”. The previous results confirm that SgeT,prec Of 2 CZ co-precipitate is
nearly quadrupled when increasing the energy dissipation rates during the mixing of the two
reactant solutions, cf. Section 3.3. Accordingly, the influence of Sggt prec On the aging kinetics
is investigated in Figure 5.1 by taking samples at defined aging times and analyzing them with

PXRD.

For the coarse co-precipitate in Figure 5.1(a) that was precipitated in the laminar and
mixing-influenced regime (Repix = 176), no reflexes are visible for tage = 0 min, which
indicates the sole presence of the amorphous co-precipitate rich in (zincian) georgeite directly
after co-precipitation is completed . Only after aging for 90 min, the first, weakly pronounced
reflexes are evident, that are allocated to the known intermediate Na,Zn3(CO3)4:3H>O and the
target phase zincian malachite”. Finally, the scattering pattern for tage = 300 min matches
zincian malachite and less than 1 % aurichalcite which corresponds to the phase composition

predicted by the thermodynamic model, cf. Section 4.3. Further aging no longer changes the
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crystalline phase composition of the solids confirming that the state of thermodynamic

equilibrium is reached.""
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Figure 5.1: Development of the solids phase composition during aging analyzed by PXRD for two samples with,
respectively, (a) slow and (b) fast mixing in the preceding co-precipitation. Based on Guse et al.!’!

The corresponding data in Figure 5.1 (b) for the fine co-precipitate with a specific surface
area more than twice as large, that was precipitated in the turbulent regime (Repix = 2812) in
the absence of mixing influences, shows that the metastable intermediate NaxZn3(CO3)4-3H,O
is already present directly after co-precipitation is finished. Furthermore, the virtually identical
final phase composition is already present after only 90 min of aging. Afterwards, the
diffractogram, again, does not change noticeably meaning that the thermodynamic equilibrium
is reached. The necessary aging times to complete phase transformation tage min Were confirmed
by the occurrence of the aforementioned pH minimum'" which resulted in 76 min, respectively,
in 94 min. The resulting correlation between tyge min and Sggt prec is summatized in Figure 5.2
for both a simplified CZ catalyst precursor and the industrially relevant CZZ variant. Both
catalyst compositions behave similarly: when the surface are of the co-precipitate is increased,
the required aging time decreases significantly. The large uncertainties regarding tage min are a
result of increasingly long process times for precipitation. In these cases, co-precipitation and

aging overlap and the aging time is not constant for all particles.
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Figure 5.2: Correlation between the mass-specific surface area of the co-precipitate and the necessary aging time
to complete phase transformation to zincian malachite.

68



5.3 Seeding as a decisive tool to accelerate aging

Altogether, while the final phase composition after aging is controlled by the
thermodynamic equilibrium, the aging kinetics do depend on the morphology, in particular
SgET, of the co-precipitate. The formation of particles as small as possible in the co-precipitation
by mixing in the non-mixing influenced regime reduces the necessary aging time to complete
phase transformation in the present setup by up to 50 %. This is equivalent to increasing the

space-time yield by 50% if tprec K tage applies.

5.3 Seeding as a decisive tool to accelerate aging

Seeding is a widely used method in technical crystallization processes for better control of
the process and the resulting crystal morphology”***. A study by Giildenpfennig et al. showed
that the method can, in principle, also be applied to accelerate the aging step in the production
of Cu/Zn based catalysts”. The aim of this chapter is, first, to verify the results for the more
complex and industrially relevant CZZ variant and then to quantify the influence on aging
kinetics and space-time-yield on the liter scale, cf. Section 5.3.1 and 5.3.2. Finally, it is evaluated
in Section 5.3.3 if seeding and the thus possibly shortened aging time have a negative effect on
the precatalyst properties and the catalyst performance as seen in studies with a reduced aging

time”", A final assessment will tell whether seeding should be implemented on a technical scale.

5.3.1 Influence of seed mass fraction on the space-time-yield

First, the influence of the seed crystal amount on the necessary aging time to complete the
phase transformation from (zincian) georgeite to zincian malachite tage min is investigated. For
this purpose, the pH profiles over the progressing aging time are plotted for an unseeded aging
process and seeded aging experiments with varying amounts of seeds in Figure 5.3 (a),

respectively, in Figure 5.3 (b).
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Figure 5.3: Evolution of pH over the progressing aging time t,g. for (a) seven independent unseeded reference
experiments and (b) two seeded experiments with Xseeqs = 8 Wt. % and Xgeeqs = 42 Wt. %, respectively. CZZ
catalyst precursor with by gusp = 0.14 mol - kgﬁio (Xsolids = 2 wt.%) and ngy/ngn/ngze = 6/3/1 at T =55°C.
Adapted from Guse et al.!1>120
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5 How to increase the space-time-yield of co-precipitation and aging for technical application

As discussed previously, the effect of seed crystals is heavily influenced by their mass-
specific surface Sggrseeds- 1hus, for quantifying the correlation between the more accessible
seeding mass and the aging time, SggT seeds Of both the morphology and the PSD of the seeds
have to be constant. This is confirmed by BET and PSD measurements discussed in Figure 5.7
and Figure 5.8 in the next section, where the influence of Sggrseeqs On the aging time is
investigated separately. All curves in Figure 5.3 (a) from seven independent, unseeded CZZ
aging experiments show the same characteristic progression. First, during initial wetting of the
pH electrode when co-precipitation starts, pH rises sharply up to the target value of pH (t,ge =
0 min) = 6.7. During aging, pH is almost stable and rises, if at all, only slightly by approx. ApH <
0.25 over 90 min. Then, after a total aging time of 92 to 107 min, a pH minimum is passed that
coincides with a change in color and indicates that the phase transformation to zincian malachite
is completed’***’. The XRD evaluation in Figure 5.4 (a) and FT-IR evaluation'” both confirm
this.
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Figure 5.4: X-ray diffractograms of washed and dried samples as a function of aging time for: (a) the standard
aging process without seeding (Xseeqs = 0 Wt.%) and (b) a preparation where seeds were added after co-
precipitation was completed at tzge = 0min (Xgeeqs = 10 wt.%). The phase composition in green (zincian

malachite) was evaluated by Rietveld refinement. Adapted from Guse et al.!?

After the respective pH minimum is reached, aging is continued for an additional 30 min,
to make sure that the phase change is completed for each individual particle. In a few instances,
a second pH minimum occurred 5-10 min after the first. However, it could not be correlated
to any events by FT-IR or PXRD'” and is unknown in the literature. Temporary deposits on
the pH probe during the phase transformation might be a possible cause. Overall, the
preparation with a necessary aging time of t;ge min = 93 = 8 min is deemed reproducible when
the same process conditions are applied”. The same pH development is evident for both

seeded experiments in Figure 5.3 (b). However, the pH minimum that corresponds to the phase
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5.3 Seeding as a decisive tool to accelerate aging

change already occurs after tage min = 69 min for Xseeqs = 8 Wt. % and, respectively, after only
8 min of aging for Xgeeqs = 42 wt.%. Once more, an exemplary Rietveld refinement for
10 wt.% seeds in Figure 5.4 (b) and the FT-IR evaluation'” validate the required time for phase

transformation.

The development of the X-ray diffractogram over the aging time is depicted in Figure 5.4
for both an unseeded aging process (Xseeqs = 0 Wt. %) and for Xgeeqs = 10 wt. %. Without
seeding, all four samples for t,ge < 60 min are amorphous. The corresponding XRF evaluation,
cf. Figure A.12 in the appendix, shows a quasi-consistent Zn fraction in the solids throughout
aging. This implies that Cu and Zn co-precipitate directly and completely at the beginning

7078127 and that no

(tage = 0 min) as one or multiple amorphous solids as reported in literature
subsequent incorporation of Zn ions from the solution occurs. First crystalline diffraction
patterns corresponding to zincian malachite appear in the 80-minute sample. However, the
evaluation of the Zn fraction Xz,,m by Rietveld refinement, cf. Figure A.12, shows large
uncertainties for up to tage = 100 min indicating that a transformation in the crystal structure
is still proceeding and that areas of amorphous solids still exist until then. Only when the phase
transformation is completed, as indicated by the pH minimum and the change in color,
consistently high Zn fractions in the predicted range of Xz, ,;m = 0.27 prevail. All additional Zn
is present as minor amounts of aurichalcite or hydrozincite (0.3 wt. % < x5, < 6.4 Wt. %) as

confirmed by Rietveld refinement, cf. Figure 5.9 (a)'*".

For Xgeeqs = 10 wt. %, a defined amount of dried seed crystals is added to the suspension
directly after co-precipitation is completed at tage = 0 min. Accordingly, minimal hints of
weakly pronounced diffraction pattern are evident for t,ge = 2 min in Figure 5.4 (b). Yet, since
90 wt.% of the solids is freshly co-precipitated material, the diffractogram is still amorphous.
Here t00, X7j, total in the solid phase is constant over the progression of aging, cf. Figure A.12,
which implies that the phase change proceeds by the restructuring of an amorphous Cu/Zn-
based solid phase. Based on FT-IR analysis'’ and references from literature™”, zincian
georgeite is the most probable phase. For Xgeeqs = 10 wt. %, the phase transformation into
zincian malachite already occurs for t,ge = 45 + 2 min as implied by pH, color change and the
X-ray diffractogram. All samples afterwards show X, = 95 % and Xz, = 0.27. This verifies

1'75

the results by Guildenpfennig et al.”” and affirms that seeding does accelerate the induction time

until the phase change to zincian malachite takes place (£age min)- Consequently, the use of seeds

composed of zincian malachite accelerates the whole aging process significantly.'”

In Figure 5.5 (a) and (b), the correlation between the seeding mass fraction Xgeeds and the
necessary aging time, until a phase transformation to zincian malachite is evident, is plotted for

two solids concentrations.
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Figure 5.5: Necessary aging time until the phase change is completed (tagemin) for a CZZ catalyst precursor at
T = 55 °°C as a function of the seed mass fraction xgeeqs for (a) a low solids concentration (Xsoligs,susp = 2 Wt. %)
and two different seeding methods and (b) an increased solids concentration (Xsoligs,susp = 6 Wt. %) showing the

difference between one-time and repeated seeding. Adapted from Guse et al.'?°

For the lower solids concentration of Xsoligs susp = 2 Wt. % (bm,susp = 0-14 mol - kgﬁio) the
two seeding methods described in Section 2.3.2 are compared: using a (concentrated) seed
suspension that has been aged directly before and stored for less than 15 min and the use of
dried seed crystal that were kept for up to one month. In the absence of seeds, the phase
transition requires a mean aging time of tagemin = 94+ 9 min. The necessary aging time
decreases for both seeding techniques as Xgeeds increases. The most significant drop-off is
evident between no seeding and Xgeeqs = 3 Wt. %, where tage min 18 already lowered by 41 %.
When seeds that have been dried and then resuspended are used, the impact is less pronounced.
Still, the required aging time is minimized to only 6 min when Xgeeqs = 70 wt. % are applied. A
similar aging time (tage,min = 8 min) is achieved for the seed suspension with Xgeeqs = 42 wt. %.
The higher mean particle size and smaller mass-specific surface area of the dried seeds in
comparison to the fresh seed suspension, which are covered in Section 5.3.2, provide an
explanation for the disparity in efficacy between both techniques. Giildenpfennig et al. claim
that the phase change proceeds via the solution”. Therefore, a greater surface area, for example,
when there are more seeds of the same diameter present, could account for the increased aging
kinetics.

The experiments were repeated with an increased solids concentration of Xgoligssusp =
6 wt. % in Figure 5.5 (b) to validate if seeding is transferable to industrially more relevant
concentrations. Compared to the low-concentration studies, the impact of seeding is even more
pronounced as the required aging time decreases from tagemin = 83 £ 9 min to 46 min for
Xseeds = O Wt %. For Xgeeqs = 30 wt. %, an instantaneous phase transformation when the co-
precipitate suspension and seed suspension meet, is achieved. The improved efficacy on the
aging time reduction may result from an increased number density of particles in the suspension

120

and, thus, a larger absolute surface area . Alternatively, the increased number of particles could

increase the collision frequency between non-aged and aged particles, similar to the mechanism

behind contact-mediated nucleation processes®'*.
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Additionally, repeated seeding is investigated for Xgoligssusp = 6 Wt. % with the goal to
operate the aging tank reactor continuously in the future. For this purpose, when aging is
finished, a defined volume of the aged suspension is kept in the reactor and utilized as the seed
suspension for a second aging process. This procedure is then repeated up to five times.
Compared to a one-time seeding, the aging time rises to 36 to 53 minutes except one outlier at
4 min when seeding with Xgeeqs = 30 Wt. % is conducted repeatedly. This anomaly is not
explainable by an incomplete phase transformation of the thus generated seed suspensions as
PXRD, cf. Figure 5.9 (a), and FT-IR analyses of the respective particles indicate zincian

120

malachite as the sole phase ™. The morphology and composition of the aged intermediate also

show no differences between an unseeded, one-time and repeatedly seeded preparation, cf.

12(

Figure 5.10 and the available literature'”. Accordingly, a more detailed analysis is required to
understand the renewed increase in necessary aging time and to possibly mitigate this effect.
Yet, repeated seeding still proves to be a viable option in its current form compared to the state-

of-the-art process as the average aging time is 54% shorter than for the unseeded approach.

Next, the impact of the various seeding methods on the space-time-yield Ysr as defined in
Eq. (5.1) for the two solids concentrations investigated is summarized in Figure 5.6. This way,
the scalability of the approaches can be discussed. In each case, Yst rises with increasing seed
mass fractions, independent from the chosen seeding approach. No upper limit is evident, even
though the reactor volume is effectively lowered when adding increasing amounts of seed
suspension. As anticipated, the findings also show that the solid-liquid equilibrium is not altered
by the addition of seeds as the yield increases according to the mass of seeds added and the
elemental composition of the solid is constant, cf. Figure 5.9 and Table 5.1. Remarkably, the
impact of seeding on Ysr exceeds the impact of increasing the reactant concentration from
bmreedz = 0.27 mol - kgplo to  bypeedz = 0.86 mol - kgplo. For Xgeeqs = 30 wt.% and
by susp = 0.43 mol - kgﬁ;o, the biggest improvement is achieved with an increase of the space-

time-yield by a factor of up to 60.
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Figure 5.6: Space-time-yield of the aging process as a function of the seed mass fraction Xseeqs for the various
seeding methods investigated for Xsolidssusp = 2 Wt % (bmsusp = 0.14 mol kgﬁio) and Xgoligs,susp = 6 Wt %
(bmsusp = 0.43 mol - kgﬁio). Adapted from Guse et al.120
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More than two kilograms of aged intermediate per hour and liter of reactor capacity can be
prepared with this approach. When seeding is conducted repeatedly, Yst decreases in accordance
with the results discussed above but remains 5% larger than it is without seeding. The space-
time-yield was reproducibly increased by a factor of 12 for the highest seed mass fraction of
dried seeds tested. This makes dried seeding crystals a dependable and storable substitute for

the fresh seed suspension, e.g. to starting up the process.'

In summary, seeding the co-precipitate suspension with zincian malachite crystals was
confirmed to accelerate aging by reducing the induction time until zincian malachite is
detectable, also at liter scale and increased solids concentrations of approx. 6 wt.%. Increasing
the amount of seeds increases the aging kinetics until for by peeqz = 0.86 mol - kgﬁio and
Xseeds = 30 wt. % a quasi-instantaneous aging was reproducibly achieved. Accordingly, the
space-time yield of aging was increased up by a factor of 60. However, repeated seeding reduced
its impact on the aging time for unknown reasons in most of the cases making additional studies
in the future necessary. The use of dried seeds instead of a seed suspension also showed an
attenuated effect, probably due to a reduced specific surface area, but can be used as an
alternative if seeds have to be stored for a prolonged time. In the next two sections, the role of
the seed surface area for accelerating aging and the impact of seeding on the resulting catalyst
properties are investigated. Then, a final evaluation of the question whether seeding should be

applied in future catalyst preparations can be performed.

5.3.2 Relevance of the seed surface area

As discussed previously, the overall accessible surface area of the seeds is generally
responsible for the effect of seeding”***’. The effective surface area of the seeds dispersed in
the suspension can only be estimated, for example, based on static light scattering (SLS)
measurements of the size using Eq. (5.3) or by BET analysis of the dried material. However,
drying significantly changes the surface properties of the seeds compared to their suspended

state”” and is there not considered for analysis here.
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Figure 5.7: Mean particle size distribution of freshly Figure 5.8: Influence of the specific surface area of

prepared seed suspensions and of resuspended dried seeds on the necessary aging time in relation to the aging

seeds with three different sieving fractions. Adapted 120

120

time without seeding. Adapted from Guse et al.

from Guse et al.
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5.3 Seeding as a decisive tool to accelerate aging

Instead, the directly measurable seed mass fraction Xgeeqs 1s mainly used for quantification.
SLS analysis is used to validate that the PSD of the used seed particles are identical in each study.
In Figure 5.7, the PSD and standard deviations of the two seed variants used in the studies in
Section 5.3.1 are plotted: freshly prepared seed suspensions (“freshly prepared seeds”) and dried,

fractionated and then resuspended seed crystals (“x < 40 um”)."’

Additionally, the PSD of two larger-sized fractions of dried and resuspended seeds are
plotted, the influence of which on aging kinetics is discussed further below. Deviations across
all independent samples examined (N > 10) are negligibly small. This confirms that Xgeeqs 15 2
valid parameter to quantify the influence of seeding as long as the preparation of seeds and their
composition remain the same. However, while the PSD of the freshly prepared seed suspension
is monomodal, the PSD of the previously dried seeds is multimodal and shifted toward larger
particle sizes compared to the sieve fraction of x < 40 pm. Both the small particle fractions of
x < 2 pm and the large fractions of x > 20 um probably result from resuspending the particles
with a disperser and the subsequent agglomeration of not thoroughly wetted particles®”. This
shift in the PSD also explains why the required aging time is slightly larger when using dried

seeds than for freshly prepared seeds as discussed previously in Figure 5.5."*

Next, the sieve fraction is varied in order to investigate if, for xseeqs = const., the variation
of the PSD and, thus, the reduction of the mass-specific surface area negatively affects the
impact of seeding on the necessary aging time tagemin- Figure 5.7 confirms that larger sieve
fractions do shift the PSD of the resuspended particles to even larger particle sizes, with modal
values of x = 80 pm and x ~ 110 pm. The mass-specific surface area of the seeds in the
suspension Sgy s is determined from the mass density distribution q3; determined by SLS using

the density of malachite p,, = 4.0 g - cm™3 234 a5 an approximation:
Vi

.- 0 x _ 6 Z (q3,iAxi) (5.3)
SLS — -
Pzm Vtotal Pzm Xi

In Figure 5.8, the correlation between Sg; s and the reduction in aging time is plotted. The

reduction is expressed as the ratio between the required aging time with seeding t;ge min and
without seeding tige minunseeded Under otherwise identical conditions. For Xgeeqs = const,
higher surface areas lead to an increased reduction of the required aging time confirming the
hypothesis, that the total surface area of seeds is an essential parameter for describing seeding.

Therefore, Sg;.s must be considered complementary to the mass fraction of seeds, especially if
the PSD changes."”

5.3.3 Impact on the precatalyst properties and catalyst performance

The two preceding sections confirmed that seeding does accelerate aging. Equally
important for technical application, however, is the question of whether seeding negatively
affects the product quality due to the thereby reduced aging times. In Figure 5.9 (a) and Figure
5.9 (b), the influence of Xgeeqs and thus increasingly shorter aging times, cf. Figure 5.5, on the
phase composition of the aged intermediate and the precatalyst is depicted.
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Zincian malachite is the primary crystalline phase upon aging with x,, > 90 wt %,
regardless of xgeeds. The three outliers are a result of inadequate temperature control leading to
T > 65 °C. Because of the large Zn fractions of Xzpmetals > 0.27 in the reactant solution,
aurichalcite is present as a second crystalline Cu/Zn phase with x4, = 5 wt. % in each case
excluding the outliers. As anticipated”, Zr precipitates separately as ZrO, with mass fractions
of only xzr0, < 2 wt. % due its lower molar mass. The independence of the phase composition
from the amounts of added seeds proves that seeding has no effect on the phase composition
after aging and that the target phase zincian malachite is obtained in each scenario, even though
the aging time was reduced to less than 5 min in the most extreme case. The evaluation of the
phase composition after calcination in Figure 5.9 (b) confirms this conclusion as no dependency
from Xgeeqs 1s evident. The increased fluctuation of the mass fractions determined by Rietveld

refinement result from the overlap of the phase-specific diffraction patterns of CuO and
7ZnO",
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Figure 5.9: Solid phase composition as a function of the seeding mass fraction Xgeeds, as determined by PXRD

and Rietveld refinement, of (a) the aged precursor and (b) the precatalyst. Adapted from Guse et al.!?0

The reason why zincian malachite is the preferred phase after aging is that it promotes the
homogeneous distribution of Cu and Zn crystallites on the one- to two-digit nanometer scale
as well as the formation of a particle morphology that increases the surface area of the
precatalyst compared to material prepared without aging””***. To verify that these
improvements are also found when seeding is applied, TEM and TEM-EDXS images of an
unseeded (xgeeqs = 0 Wt. %, thge = 122 min) and a seeded preparation (Xseeqs = 30 wt. %,
tage = 55 min) are compared in Figure 5.10. Furthermore, a sample from a preparation without
seeding, but a similarly short aging time (Xseeqs = 0 Wt. %, tage = 60 min) is investigated as a
benchmark to determine if the reduction of aging time without seeding would lead to the same

product quality and increase of space-time-yield'”.

All samples exhibit a comparable PSD and shape in the TEM pictures in the upper row: a
mesh-like structure is formed by the aggregation of single spherical particles. The mesh seems
denser in the unseeded preparation with t,g. = 122 min. Since there is no discernible difference
between the unseeded sample with t,g¢ = 122 min and the seeded sample in the Sggr or Sgy

data displayed in Table 5.1, this is presumably a result of sample preparation for TEM imaging.
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5.3 Seeding as a decisive tool to accelerate aging

However, only in the unseeded sample with a shorter age time (t;ge = 60 min) large spherical
particles are found additionally to the fines. These spheres consist entirely of ZnO with very
small CuO traces according to the TEM-EDXS analysis in the lower row. Furthermore, several
CuO clusters with x > 100 nm exist. These inhomogeneities suggest that the transformation

into zincian malachite as a prerequisite for a homogeneous Cu/Zn distribution on the one- to

two-digit nanometer scale’, was not completed at the time of sampling.

Figure 5.10: TEM and TEM-EDXS images of the calcined precatalysts. (a) and (d): unseeded preparation
(Xseeds = 0 Wt. %, tage = 122 min); (c) and (d): unseeded preparation with a shortened aging (¥seeas = 0 Wt. %,
tage = 60 min); () and (f): seeded preparation (Xseeds = 30 Wt. %, tage = 55 min). Cu is marked in red and Zn is

marked in green. Adapted from Guse et al 1?0

This is confirmed by the PXRD evaluation in Figure 5.4 discussed previously. Conversely,
the TEM-EDXS images for the other two samples exhibit a uniform distribution of Cu and Zn
on the one- to two-digit nanometer scale. This confirms that by seeding, the aging time required
to obtain a homogeneous material in the form of zincian malachite is reduced. The Zr

distribution in the materials is depicted elsewhere'®

. As it shows no deviating tendencys, it is not
discussed further here. In addition to the visual findings, Table 5.1 gives a quantitative summary
of how seeding affects the main characteristics of the precatalyst. Here too, a sample from a
preparation without seeding, yet with a shortened aging (tage = 60 min), is included as a
benchmark for a low-performance material and a sample from a standard approach (Xseeqs =

0 wt. %, tage = 122 min) as a high-performance benchmark.
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5 How to increase the space-time-yield of co-precipitation and aging for technical application

Table 5.1: Selected physicochemical properties of the precatalysts from unseeded and seeded preparations for
by Feedz = 0.27 mol - kgﬁio, aged for the specified total process time tage. Data from Guse et al.120

Xseeds lage Xcumetals XZnmetals XZrmetals XCuOXRD XPore,BET SBET Scu
(Wt.%) (min)  |(mol%) (mol%) (mol%) (nm) (mol%)  (m2gl) (m?>g?)
0 12216 |63.2+0.8 284+£09 84+04 3%1 10+ 1 122+ 4 68

0 60 65.7 24.0 9.1 9+0 31 69 46

3 8512 |59.1 32.1 8.7 310 9+0 123 £1 -*

10 781 |65.3 26.8 7.9 410 - - ¥

27 512 |64.3 28.4 7.2 2+0 11 120 -*

30 5512 |64.4 271 8.5 310 9 148 66

50 14+1 |641 26.8 9.0 410 - - ¥

70 71 64.3 26.8 7.9 40 11 126 -*

*No data available due to limited resoutrces.

The preparation method has little impact on the metal composition. The accuracy of the
measurement itself causes small discrepancies within the range of * 1 wt.%. However, the mean
CuO crystallite size Xcyoxrp, as calculated by Rietveld refinement and the mean pore size
determined by physisorption, increase by a factor of three if aging is shortened without seeding.
The spherical particles evident in the TEM images are the likely reason for this. Additionally,
Sget and Scy are reduced by a factor of approx. two due to the enlarged and inhomogeneous
particles on the nanoscale. The adverse impact of reduced aging time on the sample

characteristics aligns with the relationships outlined in the literature'®"*%7,

Conversely, although the aging time for the seeded samples is substantially reduced, in
certain instances to under 7 minutes, no adverse effects on any of the physicochemical
properties investigated are apparent. A TPR study supports this pattern, revealing a maximum
reduction temperature of Treqmax = 175 °C for both the unseeded preparation with tage =
122 min and the seeded preparation (Xseeqs = 30 wt. %)'*. This maximum is typically ascribed
to the conversion of bulk Cu(I)O to Cu(0) °. In the unseeded experiment with t,ge = 60 min,
the reduction is displaced towards elevated temperatures (Treq max = 184 °C). This shift typically
arises from bigger crystallites* and is hence consistent with the previously stated evidence.

According to these results for the precatalysts and established correlations between

physicochemical parameters and catalyst performance in the literature®*

, seeding should not
affect the catalyst efficacy in methanol synthesis accordingly. This hypothesis is examined based
on an initial functional test of the differently prepared catalysts, also in comparison to a readily
available Cu/ZnO/ALOj5 catalyst™ . For this purpose, the average methanol productivity Pyeon
as defined in Eq. (2.11) throughout a 50-hour operating timeframe in the experimental
configuration outlined in Section 2.5,. is displayed in Figure 5.11 for two distinct feed gas
mixtures. Using a feed gas which consists of equal volumes of CO and CO» (Vcoz / (Vcoz +
Vco) = 0.5), methanol productivity is consistent for both the catalyst from an unseeded
preparation (Xgeeqs = 0 wt. %) and the one from a preparation that included seeding (Xgeeqs =
30 wt. %) if the aging time surpasses the required time for phase transition: t;ge = 122 min and

tage = 55 min, respectively. The catalytic activity of both materials is comparable to the state-
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5.3 Seeding as a decisive tool to accelerate aging

of-the-art commercial catalyst. These values indicate that seeding facilitates the preparation of
catalytic material with comparable product quality, but at a more than ten times higher space-
time yield than previously documented in the open literature®**'">1">!2°" As presumed from the
previous analytical results, methanol productivity in the functional test declines to only 77 %
when the aging time is decreased to t,g¢ = 60 min without using seed crystals in the aging step.

This correlation is consistent with the findings reported in the literature™”.
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Figure 5.11: Functional test of catalysts prepared with Figure 5.12: Influence of seeding and reduced aging
and without seeding, also in comparison to a time on COy conversion and methanol selectivity in a
commercially available catalyst Mean methanol functional catalyst test, also in comparison with a
productivity over 50 h on stream for p = 30 bar and commercially available catalyst. Methanol synthesis at
GHSV = 4.4 s71. Error bars depict variation over 50 p =30bar and GHSV =4.4s™'. Error bars depict
hours on stream. Adapted from Guse et al.'? variation over 50 hours on stream. Adapted from Guse

et al.120

For a feed gas consisting of H, and pure CO; (Vcoz/ (VCO2 + Veo) = 1.0), the productivity
decreases to around 60% compared to VCOZ / (VCO2 + Vo) = 0.5. In this case, all catalysts
considered show a comparable activity. None of the catalysts exhibit substantial deactivation

over the examined timeframe for either feed gas composition.

Furthermore, the influence of the preparation on the CO. conversion X¢q_, cf. Eq. (5.4),

and the methanol selectivity Syeoy as defined in Eq. (5.5) in the functional test is analyzed in
Figure 5.12.
Nco,in — Mcoout T 1co,,in — 1co,,out

Xcox = . . 5.4
* Nco,in T Mco,,in G4

nMeOH,out

SMeon = 5 (5.5)

Vx nCXOYHZ,out

All four examined catalysts exhibit identical methanol selectivities and CO.. conversion in
the scope of the functional test. For VCOZ / (VCOZ + Vo) = 0.5, a mean selectivity of 78% to 85%
is achieved throughout a 50-hour operation. These quantities are similar to previous
investigations employing comparable process parameters and result from the simultaneous
formation of H2O from CO; and H: in the reverse water-gas shift reaction®. For a pure CO;
feed, which was subsequently set, the selectivity diminishes to around 30% for each catalyst.

This arises from a modification in the water-gas shift reaction due to substantial CO; levels and
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5 How to increase the space-time-yield of co-precipitation and aging for technical application

the concurrent lack of CO in the gas phase, which leads to heightened H»O formation.
Additional potential impact on the selectivity can be expected from the elevated temperature
and the continuous degradation of the catalyst®”*”. Fluctuations in the conversion of CO, and
especially CO,, over time on stream can be attributed to minor condensation in the reactor

236

outlet™. Consequently, seeding appears to have little impact on methanol selectivity and CO.

conversion as far as the functional test can tell.

All in all, the hypothesis that seeding does not affect the characteristics of the precatalyst
and, consequently, should not impact the performance of the catalyst in methanol synthesis
when t,ge > tagemin is satisfied, is validated. Furthermore, analysis of the phase composition
after aging, as well as the metallic composition, mass-specific surface area, the mean pore size
and the morphology of the precatalyst after calcination showed comparable values for seeded
and unseeded preparations when the criterion tyge > tage min holds true. This remains true even
if the total aging time is lowered to merely 10% of the aging time of the unseeded preparation.
In contrast, decreasing the aging time by a similar factor without implementing seeding will yield
inferior properties, particularly regarding the homogeneity on nanoscale and the surface
characteristics of the precatalyst. As expected, this also appears to reduce methanol productivity
as demonstrated in a first functional test. Thus, seeding is essential for the increase of the space-

time-yield while maintaining the catalyst quality.

5.4 Conclusions

In line with its title, the aim of this chapter was twofold: on the one hand, to find methods
to enhance the space-time yield of co-precipitation and aging and on the other hand, to enable

the transfer of all key findings of this work to technical application.

The focus of yield optimization in this work was on the aging step since the aging time is
generally a multitude of the precipitation time and has, thus, the greater potential for
improvement. Based on a literature review, seeding and a maximization of the surface area of
particles after co-precipitation were deemed the two most promising approaches for this
endeavor. Tripling the specific surface area of the co-precipitate from approx. 17 m’g" to more
than 50 m’g"' by more intense mixing during co-precipitation, halved the required aging time to

complete phase transformation from (zincian) georgeite to zincian malachite to under 80 min.
plete phase transfa tion f; ( ) georgeite t lachite to under 80

An even bigger impact on aging time was achieved by seeding the co-precipitate suspension
with aged intermediate either as dried crystals or as freshly prepared suspension. For seeds mass
fractions as low as Xgeeqs = 3 Wt. %, the required aging time for phase transformation had
already decreased by more than 40 % compared to the mean values from 80 to 90 min without
seeding. For the maximum seed mass fractions considered (Xseeqs = 70 wt. %) with the same
PSD, the aging time was reduced to less than 10 min. The approach was also transferred to
higher concentrated suspensions where the effect was even more pronounced and
instantaneous phase transformation after mixing the co-precipitate suspension with seeds was
achieved for Xglids,susp = 6 Wt % and Xgeeqs = 30 wt. %. The mass-specific surface area of the
seeds proved to be equally decisive for the impact of seeding, which indicates that the total

surface area of seeds and the number of seed crystals are decisive parameters. In contrast, the
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method of adding seeds and whether they were dried or newly produced had no major effect.
Applying seeding multiplied the space-time yield of aging and precipitation by up to a factor of
60.

The comparison of precatalysts from seeded and unseeded preparations with a similarly
reduced aging (t,ge & 60 min) showed that seeding is required to complete the phase change to
crystalline zincian malachite in this limited time frame. Without seeding, particles formed that
were inhomogeneous on the nanoscale and had a reduced surface area. Accordingly, the
resulting catalyst exhibited a diminished activity in methanol synthesis, which served as a first
functional test. In contrast, if seeding was applied, methanol productivity was comparable to
those of both a catalyst from an unseeded preparation with a longer aging time (t,ge &~ 120 min),

but otherwise identical conditions, and those of a commercial CZA catalyst.

How seeding works on a fundamental level is not yet confirmed. One model concept for
aging is a phase transformation via the liquid phase, as recently suggested by Giildenpfennig et
al. and others™". First, preferably small co-precipitate particles dissolve, comparable to the well
described Ostwald ripening, due to the metastable nature of the initially formed phases. Then,
zincian malachite forms from the dissolved lattice ions. However, dissolution of the co-
precipitate phases seems unplausible when the model calculations in Section 3.2 are considered,
where zincian georgeite is supersaturated under typical aging conditions. Furthermore, no

complete dissolution of solids**™>™7>"

is reported in the literature during aging. Finally, a
dissolution-based mechanism would not explain the effect that seeding showed on the aging

kinetics.

Still, the seeding studies in this work do complement the general results by Giildenpfennig
et al. regarding the acceleration of aging by seeding”, i.e. the reduction of the necessary
induction period until first crystalline zincian malachite particles are present. In contrast, the
shortness of the transformation period seems unaffected: as soon as zincian malachite is first
detectable, the further transformation is almost instantaneous. Based on the assumption that
aging consists of these two periods and based on the quantified influences of the number, mass
and mass-specific surface of seed crystals on aging time, it is plausible that phase transformation
during aging predominantly happens by means of a contact-mediated recrystallization and only
to a lesser share by spontaneous (re)crystallization of singular zincian georgeite particles. A
corresponding reconceptualized model of what the underlying mechanisms of aging are and

how seeding influences them is shown in Figure 5.13.

Generally, due to the formation of metastable zincian georgeite during initial, kinetically
controlled co-precipitation, the supersaturation regarding zincian malachite is reduced to S;p, <
4 compared to the hypothetical case where zincian malachite is formed directly after mixing the
reactants (Szm init > 200). This is illustrated in Figure A.30 and Figure A.33 in the appendix.
Because of the reduced supersaturation and the saturated mother liquor regarding zincian
georgeite, the recrystallization of zincian georgeite to zincian malachite is slow and maybe can
be understood as a stochastic process, similar to primary nucleation®”*®. This explains the
prolonged induction period, where for several dozen minutes only (zincian) georgeite is present,

70,95,132

as described in the literature and confirmed in the experimental studies here, e.g. in Figure
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5 How to increase the space-time-yield of co-precipitation and aging for technical application

5.3. However, as soon as a relevant number of zincian malachite particles were formed by
spontaneous phase transformation, the second, much faster mechanism comes into play: the
contact-mediated phase transformation when a zincian georgeite and a zincian malachite particle

228,229

collide which would be a similar mechanism as descrtibed for emulsions or the

20 This mechanism is self-

crystallization from solution™”, also known as the template effect
amplifying. As the number of zincian malachite particles rises, the number of collisions between
zincian malachite and zincian georgeite particle increases which would explain the fast

transformation period described earlier”.

No seeding Seeding
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Figure 5.13: Model concept of the fundamental aging mechanisms with and without seeding.

If a small number of zincian malachite particles is added as seeds at the beginning of the
aging process, the induction period is shortened as much less spontaneous phase
transformations are required now to reach the state of self-amplifying contact transformations.
This effect can be increased by increasing the number of seed particles, either by adding the
same mass of seeds, but with a smaller PSD, or by increasing the seed mass and maintaining the
PSD. If a sufficiently large number of seeds is added, as was the case for Xsqligssusp = 6 Wt. %
and Xgeeqs = 30 wt. %, the induction period is skipped entirely and the required aging time is
equal to the transformation period and accordingly quasi-instantaneous. For now, this model is
foremost based on derived measurands. To determine if contact-mediated phase transformation

is indeed a key mechanism in the aging process, single-crystal experiments™>**!

or timed sample
imagining, e.g. by cryo-quenching in liquid N> and subsequent high-definition SEM' should be
applied in future studies. This way, the seeding procedure may be further optimized regarding
space-time-yield. Additionally, more elaborate performance tests should be conducted to
investigate if seeding is also unproblematic for the long-term performance of the resulting
material.

In summary, the effect of seeding on the aging kinetics is significant and higher compared

to other methods, such as temperature change™”

or increasing the surface area of the co-
precipitate. Yet, it does not seem to negatively affect the resulting phase composition, surface
characteristics or performance of the resulting material as other methods do as it only affects

the kinetics and not the solid-liquid equilibrium.

Thus, the hypothesis that seeding is the most impactful and suitable method to
increase the space-time-yield of the two process steps investigated without affecting the
catalyst performance, is confirmed and seeding is recommended without restrictions.
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In general, seeding should be transferable to similar catalyst precursors where an aging step
is mandatory to increase product quality. How and if seeding works at a fundamental scale in

these cases depends on the respective chemistry and has to be investigated separately.

83



6 Transfer to technical application

All results and discussions up to now focused on the preparation of Cu/Zn based catalysts
at lab scale. However, the overarching approach of this work can also be applied to technical
scale and any other substances produced by similar precipitation and/or aging steps. A generally
applicable workflow for process design, which is derived from the results of this work, is given
in Figure 6.1.

Catalyst (precursor)
jeeccccccccccad (to be prepared
via precipitation)

Charactetization
roe- L 7 of solid-liquid equilibria
' (Literature review)
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Figure 6.1: Workflow for process design of (co-)precipitation and aging. *Titration studies according to Guse et

al.10,
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The first step for a given solid with a defined phase composition is a (literature) review of
all available data regarding the temperature-dependent liquid-solid equilibria as well as the
speciation of all relevant ions in the liquid phase. This also encompasses the data for all potential
by-products as they are likely relevant to ruling out certain process conditions. Similarly relevant
is information on the process function, i.e. the correlation between physicochemical properties,
such as phase composition or PSD, and the resulting performance of the material. This
knowledge enables seamless adjustment of the material composition in the subsequent
workflow if a satisfactory process or sufficient performance could not be achieved. If necessary,
titration studies as described in Section 4.2.3, are to be conducted if solubility data is missing

for some phases.

When all necessary phase equilibria data is available, model calculations of the phase
composition as a function of e.g. reactants, pH and temperature are to be conducted and
complemented by corresponding experimental validation studies. If validation shows major
deviations between model and experiment, it is to be resolved whether this is due to
incompatible data, false assumptions or due to phases and species not yet included in the model.
Then, suitable adjustments must be chosen accordingly and the experimental validation is to be
repeated. For target compositions that do not correspond to the thermodynamic state of

equilibrium, mixing influences during solids formation and kinetics might need to be considered.

Finally, the model is applied to identify ideal parameter areas resulting in the targeted phase
composition. If necessary, the target data may be extended by PSD or process time
specifications, depending on the requirements and model complexity. Based on the results,

process design may be flexible or precisely defined.

Based on the results in Section 3.2, the usage of mixing nozzles in the non-mixing
influenced regime for (co-)precipitation is to be favored compared to a state-of-the-art semi-
batch approach. The respective material showed an increased homogeneity on nanoscale and in
between individual particles, improved surface characteristics and increased productivity. The
current gear pump setup at lab scale, cf. Section 2.3, allows volume flows of up to 800 ml-min-
! without any blockage tendency for 6 wt.% solids'"'*". For the studies discussed here, the total
runtime of the gear pumps was limited to less than 30 min per day. Still, a production capacity
of more than 200 g aged and dried intermediate a day was achieved for the Cu/ZnO/ZrO,
catalyst. The capacity was mainly limited by the time-consuming washing of the aged
intermediate. A further production capacity increase in co-precipitation and aging is possible by
either numbering-up or by adjusting the size of the mixing nozzle according to Rehage et al.*****.
In general, a numbering up approach is recommended for scale-up in order to maintain large
energy dissipation rates and to simultaneously mitigate possible solids build-up in the mixing
nozzle by using redundancy to rotate between in-situ cleaning and precipitation without

downtime.

If the use of a tank reactor for (co-)precipitation is mandatory due to external requirements,
high energy dissipation during intermixing, narrow residence time distributions and defined pH

during aging must be ensured. In each case, seeding is strongly recommended for aging

85



6 Transfer to technical application

processes as the required aging time is diminished while product quality is unaffected. Thus,

applying seeding should allow to keep residence times below 10 min.

In summary, transferring the design workflow and the preparation approach to other substances
or technical scale seem plausible in theory with no apparent downsides or necessary fallback
positions beyond those specified in the graphical workflow in Figure 6.1. If mixing nozzles are
to be used due to their positive impact on product quality, a cleaning concept is necessary to
avoid outages due to blockage. A space-time yield optimization can then be carried out
complementarily using seeding or by intensifying mixing during co-precipitation, cf. Section 5.
This way, an easily scalable and quickly optimizable preparation of clearly defined high-

performance material at technical scale becomes possible.
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For the successful transition to a sustainable chemical industry in the next two to three
decades, optimizing existing processes in terms of their energy footprint and resource utilization
is crucial. The aim of this work was to understand the underlying mechanisms in the preparation
of Cu/ZnO based catalysts in order to enable a systematic and scalable process design that also
allows a methodical process optimization regarding the space-time yield and the resulting
product qualities, e.g. the methanol productivity when switching from a CO feed to a CO, feed.
This way, both the preparation process itself may be optimized economically and ecologically
by reducing energy and reactant consumption as well as the methanol synthesis, where the

catalysts are generally applied.

Catalyst preparation is a multi-step process with an interconnected web of process
parameters, intermediates and their physicochemical properties that all possibly influence the
performance of the resulting material. Due to this complexity, parameter studies are the most
common approach for the optimization of preparation conditions'®". They provided suitable
parameter ranges for the three key steps co-precipitation, aging and calcination that result in a
catalyst material with a high methanol productivity, selectivity and CO. conversion for the
synthesis from syngas, typically rich in CO'***. However, they do not provide a solution when
it comes to adapting the catalyst formulation to new challenges, i.e. the use of syngas rich in
COy, or for a process scale-up, which is complicated by local effects, predominantly in the initial

solids formation during co-precipitation.

Thus, this work instead focused on understanding the correlation between the various
process parameters and the resulting physicochemical properties for the individual process
steps. Here, co-precipitation and aging were investigated for these two process steps have the

highest impact on the resulting catalyst quality if conditions are varied even slightly’""5#1648084,

31,36,87

In the state-of-the-art semi-batch process, co-precipitation and aging overlap , making it

challenging to differentiate between the respective influencing variables and intermediates.

Therefore, first, a new process was developed so that co-precipitation and aging were
separated in time and space and could be investigated individually. The process consists of
continuous co-precipitation in a mixing nozzle and a subsequent batch aging step in a stirred
tank reactor. Based on previous studies, co-precipitation was believed to be a fast, kinetically
dominated process that is largely influenced by mixing, completed in seconds and results in an
amorphous, metastable co-precipitate which primarily contains georgeite or, if Zn ions are
incorporated into the lattice, zincian georgeite””>'. In contrast, aging is a slow process that
takes dozens of minutes to multiple hours and results in the targeted crystalline phase zincian
malachite that is characterized by its large copper surface area and the defined ordering of Cu

and Zn ions which proved to be beneficial for the performance of the resulting catalyst’>"*'.

With the adapted experimental setup, the influence of mixing on the co-precipitate and, in
turn, the impact of co-precipitation on the final catalyst quality were investigated. A comparison
with the state-of-the-art semi-batch co-precipitation demonstrated that the mixing method of

the two feeds influenced the pH pathway during solids formation, the speciation in the
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surrounding liquid and, consequently, the composition and morphology of the resulting
material. Even after the ensuing aging step, the crystallites from the continuous mixing in a
mixing nozzle were approx. 40 % smaller, their specific surface area was increased by approx.
10 % and SEM images displayed that their pore distribution and size was more homogeneous
compared to the semi-batch material. These differences were maintained throughout the
subsequent calcination and evident in the respective precatalysts thereafter. Sggr and Scy
increased up to three times and a more homogeneous Cu and Zn distribution on the one- to
two-digit nanometer scale within the precatalyst was apparent according to TEM imagining. No
more Cu or ZnO clusters were evident. Consequently, methanol productivity was increased for

the mixing nozzle material by a factor of two to three.

Then, to quantify the impact of energy dissipation rate and mixing time on the morphology
of the co-precipitate and their relevance for the catalyst performance, the volume flow in the
continuous co-precipitation with a mixing nozzle was varied. For total volume flows of

1 which corresponds to micromixing times of Tyicro < 1.2+ 107%s,

Vtotal,prec <400 ml - min~
initial solids formation of Cu/Zn based catalysts was controlled by mixing as evident from
increasing median particle sizes and the segregation of Cu and Zn within individual particles.
This trend most probably resulted from the limited availability of solids forming ions (COs) at
reduced mixing intensity leading to the separate precipitation of Cu and Zn as georgeite and
amorphous Zn(OH); or aurichalcite. If the aforementioned critical volume flow was exceeded,
mixing was completed before solids formation started and the morphology of the co-precipitate
was no longer affected. The existence of these two regimes provides an explanation for the
seemingly contradictory literature findings on the influence of mixing on the co-precipitate and
catalyst properties. However, contrary to the comparison between semi-batch and continuous
co-precipitation, the differences in morphology and composition due to mixing intensity during
co-precipitation did not persist through aging, as aged intermediates showed no correlation with
the total volume flow during co-precipitation. This was attributed to the homogeneity of
individual particles in size, shape, and structure, ensuring similar behavior and the simultaneous
completion of the phase transformation during aging. Consequently, similar catalytic activities

in methanol synthesis were confirmed regardless of mixing intensity.

In conclusion, mixing does influence the co-precipitate morphology if it proceeds
simultaneously to solids formation as it can then affect the availability of lattice ions or the pH
trajectory. These morphological changes persist through the subsequent processes if particles
are diverse in size, composition, and morphology or if aging time is insufficient. Standard
methods to track the progress of aging (pH drop, color change, PXRD/FT-IR signal changes)
were insufficient to observe impairments caused by insufficient mixing. To rule out any
detrimental influence on the catalyst performance, an ideal process should include a co-
precipitation step that is conducted in the non-mixing influenced regime, and ideally
continuously, to obtain a co-precipitate that is homogeneous in particle size, morphology and

composition, both on the nanometer scale and in between individual particles.

Secondly, the strict experimental separation of co-precipitation and aging also allowed to

examine the fundamentals of aging independently. Given the established significance of zincian

31,37,38,41,64

malachite as the target phase for high-performance catalysts , the primary aim was to
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develop a model that predicts phase composition after aging as a function of key process
parameters such as reactant composition, pH, and temperature. Ideally, this model would reduce
the number of parameter studies required for future process developments and uncover
previously unknown process optima. Considering the vastly different timescales of solid
formation during co-precipitation and phase transformation during aging, it was hypothesized
that aging leads to thermodynamic equilibrium. Consequently, the phase composition should
be predictable using a thermodynamic model based on solid-liquid equilibria and

hydrochemistry data alone with no kinetic considerations.

To validate this hypothesis, a thermodynamic equilibrium model was developed using
readily available software solutions, focusing on Cu/Zn based intermediates. The model
comprises an activity coefficient model that accounts for ion interactions, and a compilation of
solubility products and ion association products to represent speciation in the liquid phase as
well as the equilibria data of potential solid phases. Based on pH measurements, the Pitzer
model was identified as the most suitable activity coefficient model, with deviations up to a
maximum of 15 % at ionic strengths above 6 mol-L.". Certain solubility data, such as the
temperature dependency for synthetic zincian malachite and the solubility of the by-product
Na,Zn;(CO;3)4'3 HO, were unavailable. For these cases, an experimental method was
developed and applied to determine the missing Ksp from titration studies. Additionally, titration
studies confirmed that separate solubility products are necessary to describe the co-precipitate
and the aged intermediate. For model validation, the calculated phase compositions at
thermodynamic equilibrium were compared to experimentally determined solid compositions
as a function of pH, temperature, and Cu/Zn ratio in the feed solution. In each case, the
experimentally determined phase composition was quantitatively reproduced by the
thermodynamic model, such as the presence of the by-products rouaite at pH = 5 or aurichalcite
for T = 70°C and ngy/ngz, =2 as well as T = 65°C and Xz, peeq1 = 27 mol%. Deviations
between model and measurements in the transition area between =zincian malachite
predominance and aurichalcite predominance likely result from uncertainties in the Rietveld
refinement. As a separate, hypothetical boundary case, the initial state after complete and ideal
mixing of the reactant solutions, but before solids formation, was considered for the calculation
of supersaturations. The validated model was then applied to determine technically feasible
process parameters (reactant ratio, pH, temperature, pco,) that lead to a product as pure as
possible in zincian malachite and that result in small particles, ergo large surface areas Sggr. A
comparison of the determined parameter regimes with experimental Sggr optimization studies
confirmed that the model approach yielded accurate results for parameter optimization. It also
provided explanations for temperature and pH optima long promoted in the literature and a

concept on how CO; could be used as a value-adding educt in future catalyst synthesis.

In conclusion, aging can be considered as a process towards thermodynamic equilibrium,
and the composition of the aged intermediate can be described using the corresponding solid-
liquid equilibrium. Thus, the hypothesis that (co-)precipitation as a kinetically dominated step
and aging as a thermodynamically governed step are to be considered separately is affirmed. It
is crucial to decouple both processes to better understand, predict, and optimize co-

precipitation and aging, and consequently, the resulting catalyst.
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Finally, the third goal was to develop a method to accelerate the phase transformation
during aging without negatively affecting the resulting product quality in order to increase the
space-time yield of the time-consuming and energy-intensive aging step. In addition, it was vital
to ensure that the methods and key findings of this work could be transferred to the large-scale
catalyst production. Based on a literature review, seeding and maximizing the surface area of
particles after co-precipitation were identified as the most promising approaches. Increasing the
specific surface area of the co-precipitate from approximately 17 m?'g’ to over 50 m?'g"
through more intense mixing during co-precipitation halved the required aging time for
complete phase transformation from (zincian) georgeite to zincian malachite to under 80

minutes.

Seeding the co-precipitate suspension with aged intermediate, either as dried crystals or
freshly prepared suspension, had an even greater impact on aging time. The required aging time
was decreased between 40 % and 90 % compared to a preparation without seeding when 3 wt.%
to 70 wt.% seeds were added. This approach was also applied to higher concentrated
suspensions, where the effect was even more pronounced, achieving instantaneous phase
transformation after mixing the co-precipitate suspension with seeds for Xsoligssusp = 6 Wt. %
and Xgeeqs = 30 wt. %. The mass-specific surface area of the seeds proved crucial for the impact
of seeding, indicating that the total surface area of seeds and the number of seed crystals are
decisive parameters. Seeding multiplied the space-time yield of aging and precipitation by up to
a factor of 60. Comparing precatalysts from seeded and unseeded preparations with similarly
reduced aging times (f;ge ~ 60 min) showed that seeding is required to complete the phase
change to crystalline zincian malachite within this limited time frame. Without seeding, particles
with a reduced surface area were formed, whose metal distribution was inhomogeneous on the
nanometer scale as well as in between individual particles. Accordingly, the resulting catalyst
exhibited a diminished methanol productivity in an initial functional test with syngas of varying
composition. In contrast, seeding resulted in a catalytic activity comparable to those of both a
catalyst from an unseeded preparation with a longer aging time (t;ge ~ 120 min) and a
commercial CZA catalyst. Based on these results as well as the characteristic induction period

7595132
GLTS9132 it was

and subsequent rapid phase transformation described in the literature
hypothesized that seeding promotes contact-mediated phase transformation by collision of
(zincian) georgeite and zincian malachite particles. This way, the time-defining induction period
during aging, that is most probably the result of stochastic, spontaneous phase transformations

of individual particles at low supersaturations, is greatly reduced or even skipped for high seed

mass fractions (Xsolidssusp = 6 Wt. % and Xseeqs = 30 wt. %.).

In summary, the effect of seeding on aging kinetics is significant and surpasses other

methods, such as temperature change™’”

or increasing the surface area of the co-precipitate.
Importantly, seeding does not impact the resulting phase composition, surface characteristics,
or performance of the material, as other methods do, since it affects only the kinetics and not

the solid-liquid equilibrium. Thus, seeding is recommended without restrictions.

All results of this work are, in principle, transferable to similar catalyst compositions

requiring an aging step and to larger scales for technical application, although the fundamental
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mechanisms of seeding in these cases depend on the specific chemistry and may require separate
research. To facilitate the transfer, a workflow was developed that is based on the findings
regarding the impact of mixing during co-precipitation, the fundamentals of aging, and the effect
of seeding. With this workflow, the main objective, to enable a structured process development
by systematically identifying all influencing variables and providing optimal preparation
parameters for the best possible catalyst performance, has been achieved. Space-time yield
optimization can then be carried out complementarily using seeding or by intensifying mixing
during co-precipitation. This approach makes catalyst preparation more controllable and

efficient and hopefully contributes to the sustainable transition of the chemical industry.
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Appendix

A.1 Further information on the experimental setup

The complete geometric data of the two mixing nozzles used in this work are depicted in
Figure A.1. The main difference between both variants is the positioning of the inlets which
affect the energy dissipation and mixing times as quantified in Figure A.15 to Figure A.18.

The configuration of the syringe pump setup based on the adapted material testing
machine, cf. Section 2.3.1, is shown in Figure A.2.

(2)

A / 30° }
3.55 mm 150 \ = _a-— A

s \‘T—\ A L. Sy . . B
/ o= Syringe A | T gy | SYinge
\ NVl v
0.5 mm < 2 mm |

X 0.5 mm

8

3

2 mm
(b)
/0.5 mm < 3 mm
N 30°
150° \ _____ e
—

.0 mm
. 0.5 mm Feed A Feed B
3
3

Collecting vessel

Figure A.1: Geometries of the two mixing nozzles Figure A.2: Syringe pump setup used for the mixing studies
applied in this work for (a) the studies in the in Section 3.3. Feed vessels, syringes and mixing nozzle are
continuous set-up depicted in Figure 2.2 (a) and (b) temperature-controlled (+ 1 K).
the studies in the syringe pump setup depicted in
Figure A.2.

First, the traverse of the testing machine is moved upwards to fill the metal syringes A and
B via ventil V3, respectively V4, from the two temperature-controlled feed vessel A and B.
Then, the valves are set to enable the supply of reactants from the syringes towards the mixing
nozzle with a precisely defined volume flow (AVtotal,error < 1%). The valves V1 and V2 are
used for degassing the system after cleaning and change of reactants. Further details on the

syringe pump setup are available in the literature''".

A.2 Influence of washing and drying

Since the focus of this work is on the two process steps co-precipitation and aging, possible
influences of all further downstream processes on the product properties have to be ruled out.
Particular attention was paid to washing and drying since various methods were available and
utilized for both processes: solid-liquid separation and washing by centrifugation, vacuum
filtration with resuspension or flow through washing or without any washing, spray drying,

vacuum drying at low temperatures or drying at high temperatures and ambient pressure. The
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respective quantitative parameters as well as the influence on the X-ray diffractogram of the

dried and aged intermediate is plotted in Figure A.3.
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- Na,Zn;(COy), 3H,0
0.8
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2 S
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& z
‘7 Single washing step, T, = 25 °C ~
=] - £
g 5
o Washed by resuspension, T, = 80 °C £04
— g
X
7 Washed by centrifugation, Ty, (.., < 150 °C @
0.2
Washed by flow through, T, = 25 °C o 8
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Figure A.3: Influence of washing and drying method Figure A.4: Influence of residual electrical conductivity
on the phase composition. in the filtrate after washing on the weight fraction of
impurities in the aged and dried intermediate.

All experiments were conducted with beyos),, Feear = 0.16 mol - (kg H,0)™%, bznnoy),, Feeds =
0.08 mol - (kg H,0)™*,  bzroN0;),,Feedr = 0.03mol - (kgH,0)™"  and  byguco, reeaz = 1.018 mol -
(kg H,0)~" at 40 °C resulting in a pH = 6.9 after co-precipitation and a solids fraction in the
suspension of approx. 2 wt.%. There are no apparent differences between the drying methods
considered. However, washing does impact the phase composition in the dried material: if no
washing is conducted, gerhardtite, respectively the structurally similar rouaite, are present
afterwards indicating that some nitrate ions are adsorbed at the surface and react with the solid
copper phases during drying. Similar effect were reported in the literature’. The same applies
for Na2Zn3(CO3)43 H2O 7. Thus, a washing study based on the electrical conductivity of the
filtrate was conducted to determine how much washing is needed to rule out this effect, cf.
Figure A.4. Based on these results, each sample was washed until a conductivity of o < 100 pS -

1

cm™" was achieved. For sodium, no accumulation in the solids was apparent, independent from

washing.
A.3 Further analysis information and results

A.3.1 SEM and TEM imaging

Prolonged focusing of the TEM beam to acquire EDXS is an energy-intensive procedure.
Thus, its influence on the aged intermediate is investigated in Figure A.5 since
hydroxycarbonates are known to decompose at relatively low temperatures of approx. 250 °C
. Indeed, a comparison of the same particles before and after EDXS acquisition confirm that
a partial decomposition occurs that is connected with a reduction of size. Most probably, the
zincian malachite is partially oxidized to CuO and ZnO under release of H,O and CO..
However, the goal of the EDXS imagining here was to evaluate the Cu/Zn distribution within
the particles on the nanometer scale. The decomposition of zincian malachite during image

generation should have a neglectable influence on the position and ordering of Cu and Zn ions.
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Therefore, the validity of the images for evaluating the Cu/Zn distribution is not considered

diminished.

(2) (b)

Figure A.5: TEM images showing the influence of EDXS acquisition on the binaty Cu/Zn based co-precipitate
particles on three examples (a), (b) and (c). The upper row shows the initial state of the particles, the lower row the
state after 90 s.

In Figure A.7, exemplary TEM images for the binary Cu/Zn based co-precipitate show the
difference in particle size for two volume flows, cf. Section 3.3. Additionally, TEM-EDXS

images for Vpeed total = 50 ml- min™!

are depicted in Figure A.6. In both cases, some
agglomeration is apparent for Vgeeds total = 50 ml - min~1. The TEM(-EDXS) images in Figure
A.8 imply that the formation of separate, small ZrO, particles further promote agglomeration.
Additional TEM-EDXS images of precatalysts prepared by semi-batch respectively continuous
co-precipitation are shown in Figure A.9. Figure A.10 displays the correlation between mixing

intensity during co-precipitation and the inner pore structure of the particles.
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(b)

40 nm

100 nm

Figure A.6: TEM-EDXS images of a Cu/Zn/Zr based co-precipitate for Vioeay = 50 mL - min~* 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. From Guse et al.!’!

Figure A.7: TEM images showing the influence of volume flow on the morphology and aggregation tendency of
Cu/Zn based co-precipitate patticles for (a) Vgeedt totar = 50 ml - min~* and (b) Vieeds totat = 600 ml - min~1.
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——— 100 nm

Figure A.8: TEM (a) and TEM-EDXS (b) image of a Cu/Zn/Zr based co-precipitate for Vioray = 50 mL - min~!
without stabilizer showing the same sample area. All metals present are highlighted: Cu in red, Zn in green and Zr
in blue.

(@)

e oL {Lm y " B ; e,
Figure A.9: TEM-EDXS images of the precatalysts prepared by semi-batch (a), (b), (), (f) and by continuous co-
precipitation with Voea) = 300 mL - min~ (), (d), (g), (h). Red: Cu, green: Zn, blue: Zr.
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Figure A.10: SEM images of the CZZ aged intermediate prepared with (a) Vieeditotal = 25 ml- min~t, (b)
Vreed1total = 50 ml- min™ and (c) Vgeedu total = 600 ml - min~* during co-precipitation (upper row), SEM images
of the cross-sections of the respective samples prepared by FIB (middle row) and SEM-EDX images of the
respective cross-sections with Cu in red, Zn in green and Zr in blue.

A.3.2 XRD and Rietveld refinement

For the evaluation of X-ray diffractograms with Rietveld refinement the following
reference phases, cf. Table A.1, were applied. The lattice parameters of aurichalcite and zincian
malachite were adjusted based on the respective fit functions that correlate the foreign ion share
with a change of these parameters. The correlation for zincian malachite is discussed in the
literature® and documented in Eq. (2.4) ff.
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Table A.1: Overview of the reference phases used for Rietveld refinement.

Reference phase Molecular formula Reference Code
(Profex 5.2.8)
Aurichalcite (an_im'aurcu%u'aur)s (CO5),(OH),  RO60426-1 _
adapted according to
Figure A.11
Cuprite Cu0 BGMN Cuprite
Hydrozincite Zn5(CO3)2(OH)s ICSD_16583
Gerhardtite Cuz(NO3)(OH); amcsd_0013022
Likasite Cu3;(NO3)(OH)s 2(H20) R090009-9
Malachite Cuy(CO3)(OH)2 BGMN Malachite
Nahcolite NaHCOs3 BGMN Nahcolite
Rosasite (Cu1 _24Zn0_7(,) (CO%) (OH)z R050294-1
Rouaite Cuy(NO3)(OH);3 R0O80086-9
Smithsonite ZnCOs3 ICSD_100679
Soda Na,COs3 BGMN Natron(Soda)
Zincian malachite - - BGMN Malachite;
(Cul_XZn,zmanZn,zm)2C03 (OH)Z N ’
adapted®
Zincite ZnO 04-003-2106
- CuO 04-007-1375
- NayZn3(CO3)4 3(H20) ICSD_81305
- NaOH cod_2310820
(2) (b) (c)
0.540
u Fq. y=a+b¥x
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Figure A.11: Correlation between the molar Cu fraction in aurichalcite X¢, ,r and the lattice parameters 4, b, ¢,
and 17 and the position of the diffraction peak corresponding to the (020) plane.

The correlations for aurichalcite are visualized in Figure A.12. In general, the fit quality
between Xcy aur, cf. Eq. (A.1), and the lattice parameters is worse compared to the correlations
for ¥, ,m and zincian malachite and mostly below a coefficient of determination of R? < 0.9.

Yet, for the lattice constant 4, a coefficient of R? = 0.95 was found. Thus, in contrast to
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zincian malachite, the correlation for B,y 1s used as the sole correlation to determine Xcyaur
from Rietveld refinement.

Ncu,aur

XCu,aur —

(A1)

nCu,aur + nZn,aur

In Figure A.12, the development of the total Zn fraction in the solids Xz metals and the Zn
fraction in zincian malachite Xz, ,;m Over the aging time t,g is plotted for two seeding mass
fractions Xgseeqs. In both cases, X7y metals and Xz ,m approach for increasing aging time and are
identical if the aging times exceeds the minimum aging time required for the phase
transformation from zincian georgeite to zincian malachite. This confirms that alle available Zn

ions are incorporated into the zincian malachite lattice as intended.
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Figure A.12: Development of the molar fraction of Zn in the metals of the solids samples (@) and in zincian
malachite ) as a function of the aging time tage: (a) a standard aging process without seeding (Xgeedqs = 0 Wt. %)
and (b) a seeded aging where seed crystals were added directly after co-precipitation was completed at t,ge = 0 min
(Xseeds = 10 wt. %). Adapted from Guse et al.!1>120

In Figure A.13, the X-ray diffractograms of two aged intermediates which were prepared
by means of (a) a semi-batch co-precipitation respectively (b) a continuous co-precipitation are
compared. The composition of the semi-batch material is more inhomogeneous as it shows a
bigger aurichalcite fraction.
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(@) (b)
Sample ] Sample
4 - 82 wt.% Zincian malachite ] - 95 wt.% Zincian malachite
B 17 wt.% Aurichalcite 8 B 5 wt% Aurichalcite

Intensity / a.u.
Intensity / a.u.

10 20 30 40 50 60 70 80 1 20 3 40 30 60 70 80
Diffraction angle 28 / ° Diffraction angle 26 / °
Figure A.13: Influence of co-precipitation mode on the phase composition of the aged intermediate. Comparison
of the X-ray diffractograms for (a) a semi-batch and (b) a continuous co-precipitation.
The influence of mixing intensity on the phase composition of the co-precipitate is
represented in Figure A.14. Independent of the volume flow set, the co-precipitate is

amorphous in each case which agrees with the general consensus in the literature®*’*",

T T T ]
7= 1200 ml-min™| ]

L 7= 100 ml-min""| ]

Intensity / a.u.

’ 1

w V= 10 mbmin |1

10 20 30 40 50 60 70 80
Diffraction angle 28 / °©
Figure A.14: Influence of volume flow on the X-ray diffractogram of the Cu/Zn/Zt based co-precipitate.

A.3.3 Pressure drop, energy dissipation rate and micro mixing times

Using the experimental setup described in Section 2.3 and A.1 Further information on the
experimental setup, the mixing-induced pressure drop App,ix was measured with two methods:
via a differential pressure transmitter and with the force sensor of the testing machine.
Additional pressure drops due to pipe flow, bends and cross-sectional changes were calculated
and subtracted accordingly***. The pressure drops of the two mixing nozzles applied, cf.
Figure A.1, are plotted in Figure A.15 as a function of the total volume flow and the Reynolds
number. As to be expected, Appix increases with increasing Repix. The quantitative differences

between both mixing nozzles result from the different positioning of the inlets.
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The pressure drops are converted into the pressure loss coefficient iy according to Eq.
(A.2) with the mean velocity in the inlet jets Ujpjet 245. This way, flow regimes as a function of
Repnix can be distinguished in the mixing nozzles, cf. Figure A.16. For Repix < 2000, &nix
decreases with increasing Repix which is characteristic for the laminar or transition regime also
observed in tubes. For Rep,jy > 2000, the pressure loss coefficient remains constant for both
mixing nozzles. This fits Reynolds ranges and &p,jx from similar studies with similarly shaped
and T-shape mixing nozzles''"”". In accordance with the pressure drops, the pressure loss
coefficient of mixing nozzle (b) &pixz 1s approx. 50 % larger than &1 Furthermore, Eq. (A.2)
was applied in Figure A.15 for validation.

_ APmix
Smix = 5, (A.2)
2 Uinlet
Rﬁmix / - Remxx / -
0 0 2118 4237 6355 8473 10591 0 2118 4237 6355 8473 10591
1 1.5 T T
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/ﬁ/ B B Mixing nozzle (b)
1 1.0
g | & . =32.37 Re,,
= Mixing nozzle (a) g mix2 Coix
\5 B Differential pressure ]
QE transmitter(PMD75) o
< O Force sensor (Z010) € 2 =0.87
0.1 -+ Calculated from &_, | H 0.5 =
Mixing nozzle (b)
@ Differential pressure ™
! B L S -
transmitter(PMD75) .
O  Force sensor (Z010) gmi“:245. 3 RL’mixro'SI gu\ixlz .29
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0.01 T ! 0.0 T
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1

. . : ]
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Figure A.15: Correlation between volume flow Figure A.16: Correlation between volume flow
(Reynolds number) and mixing-induced pressure drop (Reynolds number) and pressure loss coefficient & for
Apmix for the two mixing nozzles applied in this work. the two mixing nozzles applied in this work.
Determined experimentally with water at 25 °C. Determined experimentally with water at 25 °C.

Using Eq. (3.1) and (3.2), the mean energy dissipation rates € and micro mixing times Tmjcro
in the mixing nozzles were calculated for the co-precipitation of Cu/Zn based catalysts The
results are summarized in Figure A.17 and Figure A.18. They may be applied for the transfer of
the results to similar mixing setups and are used in Section 3 to understand to what extent solids
formation during co-precipitation of the catalyst precursors is influenced by mixing and how
mixing has to be implemented to ensure the formation of homogeneous solids under defined
conditions. Table A.2 gives an overview of the physicochemical properties used for these
calculations. The viscosities were measured with a Haake Mars II (Flugelgeometrie FLklein, Z20
DIN vial, Thermo Scientific), the densities with a DMA 4101 (Anton Paar).
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Table A.2: Overview of physicochemical properties of the reactants and suspension.

Substance p(20°C) p(50°C) w(20°C) wu(50°0C)
/kg'm?3 /kg-m-3 /mPa-s /mPa-s

Water 998.21 988.04 1.0 0.55

Cu(NO3),/ 1037.6 1017.9 1.07 0.75

Zn(NOs)2 solution

NaHCOs; solution  1043.2 1013.5 1.38 0.91

Suspension 1036.5 1017.1 4.24" 3.07°

(2 wt.% solids)

* The suspension showed characteristics of a Bingham plastic with a yield stress of approx. 0.5 Pa.

Remjx / - Rﬁmix / -
_0 703 1406 2109 2812 3515 4218 . 0 703 1406 2109 2812 3515 4218
10 10~ T T T
“ - - @- - Mixing nozzle (a)
= 106 / —B— Mixing nozzle (b)
2 I/I """
Z _—k 107
| w I - &
: -~ 2
g 104 A 3 B
s 1/ L
210 B 5] .
& / E \I
4 . S
T -/ S \I<I
5 =107 T
E; \I. e
@ 10! --m- - Mixing nozzle ()| Tl
—B— Mixing nozzle (b) \F
104 l l l 1079 .
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
[‘/total / ml-min” T'/mml / ml-min’

Figure A.17: Correlation between volume flow Figure A.18: Correlation between volume flow
(Reynolds number) and the mean energy dissipation  (Reynolds number) and the micro mixing time Tpicro
rate € for the two mixing nozzles applied for co- for the two mixing nozzles applied for co-precipitation

precipitation of the binary Cu/Zn catalyst precursor  of the binary Cu/Zn catalyst precursor for 50 °C.
for 50 °C.
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A.4 Solubility product of Na,Zn3(COs)s:3 H20

In Section 4.2.3, an approach was introduced to determine missing solubility products by
fitting experimental titration curves with a thermodynamic model. This approach was also
applied for NaxZn3;(COs)4+3 H,O, a metastable phase repeatedly observed in the preparation of
Cu/”Zn based catalyst precursors™™”". However, despite its significance as a major by-product
associated with deteriorated catalytic performance, no solubilities are documented. The fitting

routine was conducted for three temperatures, cf. Figure A.19.

- 100
8.0 _IQ vantco o = 06 mol L Calculations:
’ aClysol2 = 0.8 mol L"! T =25°C
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® @ °C 60 °C < Experimental:
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= - e © % Element analysis
% NRMSE,;, = 0.0131 ° 3 2
S 404
6.5 g
o £
6.04 \g\*\g' 204
- B
551 ; ; L) 0 . : : ; ;
0.0 0.2 0.4 0.0 0.1 0.2 , 0.3 , 0.4 0.5
b, 2+ beo 2 -
bznz‘,(oml /bC()f’,mml / - Zn*" otal / PCO4” total

Figure A.19: Influence of temperature on the titration Figure A.20: Solid phase composition as a function of

cutve for the precipitation of (Na,Znz(CO3), -3 H,0) total lattice ion ratio for the precipitation of

with hydrozincite as a by-product. (NapZn3(C0O3), - 3 H,0) with hydrozincite as the single
by-product.

In each case, the fit was successful resulting in the temperature-dependent solubility
product recorded in Table 2.2. Furthermore, the validity of the thus extended database was
evaluated in Figure A.20 by comparing the mass fraction of Na,Zn3(CO3)4°3 H,O as determined
experimentally by Rietveld refinement and element analysis, cf. Eq. (A.3), and as calculated with
the thermodynamic model. At low lattice ion ratios bznz+ toral/ Doz rotal < 0-4,
NayZn;(COs)4:3 HoO is present exclusively according to both the experimental evaluation and
calculations independent from temperature. For larger ion ratios, hydrozincite forms and
XNa,Zns(C05),-3H,0 decreases accordingly. This effect is more pronounced at higher
temperatures. Here, deviations between thermodynamic model and the experiments are evident.
Yet, the general trend is represented correctly for T = 40 °C which is the temperature range
typically applied for technical application.

XNa,total

XNa,Zn3(C03),-3 H,0 solids = (A.3)
XNa,Na,Zn3(CO3)4-3 H,0
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A.5 Simulation results

In the following some additional results of the thermodynamic model are visualized, which
are mainly referenced in Section 3.2 (Figure A.21 and Figure A.22) and Section 4.5.
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Figure A.21: Initial pH assuming complete mixing
without solids formation as a function of the two total
reactant of Na;CO3; and Cu(NOs3),/
Zn(NOs3)2 in the mixed suspension for T = 40 °C.
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Figure A.22: pH for the metastable state after initial
co-precipitation as a function of the two total reactant
molalities of NayCO3 and Cu(NO3)2/Zn(NO3); in the
mixed suspension for T = 40 °C.
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Figure A.23: Prevailing phases at thermodynamic Figure A.24: pH at thermodynamic equilibrium as a
equilibrium as a function of the two total reactant function of the two total reactant molalities of NaHCO3
molalities of NaHCOj; and Cu(NO3)2/Zn(NO3); in the and Cu(NO3)2/Zn(NO3); in the mixed suspension for

mixed suspension for T = 55 °C.

T = 55°C.
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Figure A.27: Initial supersaturation of zincian
malachite assuming complete mixing without solids
formation as a function of the two total reactant
molalities of Na,CO3 and Cu(NO3)2/Zn(INO3); in the

mixed suspension for T = 55 °C.
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Figure A.28: Initial supersaturation of zincian
malachite assuming complete mixing without solids
formation as a function of the two total reactant
molalities of NaHCOj3 and Cu(NOg)z/Zn(NO3)2 in the

mixed suspension for T = 55 °C.
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Figure A.29: Initial supersaturation of zincian malachite Figure A.30: Initial supersaturation of zincian
assuming complete mixing without solids formation as a malachite assuming complete mixing without solids
function of the two total reactant molalities of Na,CO3; formation as a function of the two total reactant
and Cu(NO3)2/Zn(NO3); in the mixed suspension for molalities of NaHCO3 and Cu(NO3)2/Zn(NO3) in
the mixed suspension for T = 55 °C and pHeq = 6.9.

T = 55 °C and pHeq = 6.0.
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Figure A.31: Prevailing phases at thermodynamic Figure A.32: Prevailing phases at thermodynamic
equilibrium as a function of the two total reactant equilibrium as a function of the two total reactant
molalities of NaHCO3; and Cu(NO3)2/Zn(NO3), in the molalities of NaHCO3 and Cu(NO3)2/Zn(NOs3), in
the mixed suspension for T = 55 °C and pHeq = 8.0.
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