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ABSTRACT 

Leaching of catalyst species is an important cause for the deactivation of solid catalysts, es-

pecially in liquid phase reactions. The dissolution of metals was investigated for the copper 

aluminate spinel catalyzed hydrogenation of aldehydes and carbon-carbon couplings by sup-

ported palladium catalysts. For a better understanding of the complex leaching processes at 

solid-liquid interfaces, the content of dissolved metal species was determined during the reac-

tions as function of the reaction time and temperature, dependent on the nature of the solid 

catalyst, solvent, substrates and additives. Copper aluminate spinel leaching is influenced by 

most of the named parameters, especially carboxylic acid additives increase leaching consid-

erably. Without available carboxylate ligands copper leaching is low overall due to strongly 

reducing conditions. Aluminum leaching is more relevant due to stability concerns. Ethanol 

addition suppresses most of the metal leaching but has some influence on catalyst selectivity 

(acetal formation). In Heck reactions palladium leaching is a prerequisite for catalytic activity. 

Depending on the substrate and the pre-catalyst, differing leaching mechanisms have been 

revealed for supported palladium oxide catalysts and for isolated palladium surface complexes. 

Relevant parameters for the leaching of palladium atoms from small Pd clusters during Heck 

reactions of bromobenzene and styrene have been explored computationally and experimen-

tally. Pd dissolution and re-deposition experiments agree well with DFT calculations. 
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KURZZUSAMMENFASSUNG 

Ein wichtiger Aspekt der Desaktivierung von Festkörperkatalysatoren ist der Verlust an aktiver 

Spezies durch Leaching, besonders in Flüssigphasenreaktionen. Das Herauslösen von Me-

tallspezies aus Festkörperkatalysatoren wurde für die Hydrierung von Aldehyden mittels eines 

Kupferaluminat-Spinells sowie die Heck-Reaktion an einem geträgerten Palladiumkatalysator 

untersucht. Um die komplexen Leachingprozesse nachzuvollziehen wurde die gelöste Metall-

spezieskonzentration als Funktion gegen die Reaktionszeit und Temperatur und in Abhängig-

keit von Katalysatortyp, Lösemittel, Substrat und Additiven betrachtet. Leaching aus dem Kup-

feraluminatspinell wird durch die meisten der genannten Parameter beeinflusst, insbesondere 

durch die Beimischung von Carbonsäuren, welche das Leaching verstärken. Ohne Carbon-

säuren bleibt das Kupferleaching durch die stark reduzierenden Bedingungen niedrig. Alumi-

niumleaching erfolgt konstant und ist im Bezug auf die Katalysatorstabilität relevant. Beimi-

schung von Ethanol kann das Metallleaching verringern, aber beeinflusst zum Teil die Selek-

tivität (Acetalbildung). In Heck-Reaktionen ist Palladiumleaching eine Voraussetzung für die 

Katalysatoraktivität. Abhängig von Substrat und Präkatalysatorspezies konnten unterschiedli-

che Leachingmechanismen für geträgerte PdO-Katalysatoren und für Katalysatoren mit iso-

lierten Pd-Oberflächenkomplexen vorgeschlagen werden. Die relevanten Parameter zum Lö-

sen von Palladium aus kleinen Pd-Clustern während der Heck-Reaktion von Brombenzol und 

Styrol wurden experimentell und anhand von DFT-Berechnungen betrachtet. Die Ergebnisse 

stimmten gut überein. 
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2 θ Bragg angle 
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The term “Leaching” describes the removal of a soluble species from its surrounding by way 

of a solvents. This very general description of the process gives a first idea of its omnipresence 

in our lives, with or without realizing it. Leaching is of substantial relevance in nature as well 

as in industry. 

 

Leaching is a naturally occurring process which can be found in very different scales and time-

frames. Slow dissolution and reprecipitation of carbonate species are the basis of the formation 

of carbonaceous mountain regions built from mostly limestone, dolomite or gypsum.[1, 2] A 

prominent example is the “Karst” region in middle Europe, stretching from the Alps along the 

Mediterranean. It is characterized by its many dissolution features like sinkholes and caves 

with impressive stalagmites and stalactites, which are built from the precipitates of the previ-

ously leached species. In this case rain water functions as the solvent, which reacts with CO2 

present in the surrounding air and soil to a weak carbonic acid which in turn dissolves the 

carbonaceous rock (Equation 1). 

 

 

 

Equation 1: Dissolution of carbonate material 

 

Another prominent but less desirable leaching occurrence is the leaching of nutrients from soil 

in agriculture.[3] This loss of nutrients due to leaching leads to a less productive harvest and 

can in turn affect the surrounding water bodies and groundwater quality. Once again, like in 

most natural leaching processes, water is acting as the solvent and transports the leached 

species along its path. In case of over-fertilization or leached pesticides[4], a large quantity of 

leached species can lead to diminished ground water quality and negatively affect surrounding 

rivers and lakes (algal bloom, fish die-off). 

 

Focusing on topics more relevant to chemical industry, leaching is an important process to 

remove and enrich valuable metals from mined ores.[5, 6] The same is true in waste recycling, 

where valuable metal components are leached to reuse them and reduce the amount of waste 

product.[7] This is especially important in the case of rare and noble metals with a limited num-

ber of available natural deposits and high production costs.[8, 9] Copper is also a good material 

to recover through leaching processes. Especially copper oxides have a low leaching tolerance 
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in regards to acidic leaching. Due to the leaching potential of many metals present in industrial 

and mining waste, special care must be taken when storing them or placing them in landfills 

(tailings, sludge).[10] When not isolated properly, there is an increased risk of contaminating the 

surrounding area and especially nearby groundwater sources.[11-13] Research projects have 

investigated potential phase transformations to a more leaching-resistant product before stor-

age as well as improved leaching protocols[14] to regain more of the incorporated metal re-

sources for later use and enable a further use for the remaining material (cement production, 

soil stabilization, …).[15-17] 

 

In large scale chemical conversions, the leaching phenomenon also cannot be ignored, espe-

cially for heterogeneously catalyzed liquid-phase reactions.[18] Catalyzed liquid-phase reac-

tions are especially important for chemical reactions with low thermal stability which are difficult 

to handle in the gas phase. One example is the catalytic conversion of biomass.[19] The pres-

ence of a liquid phase is inherently a factor favoring leaching from solid catalyst components 

into solution. A result of increased catalyst leaching can be the deactivation of the catalyst due 

to a loss of active species. Especially in continuous flow reactors the leached species cannot 

be recovered due to the continuous transport of the liquid phase along the catalyst bed.[20] This 

results in a deactivated catalyst and impurities within the product stream. Depending on the 

type and amount of leached species, the product stream must be further processed to remove 

the unwanted components to not hinder or affect its further use (impurities or poisoning of the 

product stream). Apart from deactivation, the stability of the catalyst itself can also be affected 

by increased leaching. Industrial processes often use shaped catalysts for an easier separation 

of catalyst and product. If the shaped catalysts loose their integrity this easy separation is no 

longer possible and the catalyst bed must be renewed in addition to possible feed impurities 

due to catalyst residue.  

 

In some cases, leaching can be a crucial step of the catalytic cycle itself instead of an unwanted 

side-effect. One such example is C-C coupling using supported palladium catalysts, e.g. Heck 

coupling. Especially in the case of the Heck reaction[21], the matter of how the reaction is cat-

alyzed starting from solids drew much attention.[22-24] In principle, the two discussed possibili-

ties were that either the reaction is catalyzed by a “truly heterogeneous” surface mechanism 

or that dissolved palladium, which is generated by metal leaching, catalyzes the reaction fol-

lowing the homogeneous reaction mechanism. The general conclusion is that though the pos-

sibility of a surface mechanism cannot be excluded completely, the homogeneous pathway is 

evident for several systems such as palladium nanoparticles as well as supported palladium 

oxide catalysts and that the active species are at least temporary coordinately unsaturated 

dissolved Pd(0) species.[25, 26] 
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In the following chapters both the deactivation of a catalyst by metal leaching (chapter 2) as 

well as the incorporation of the metal leaching into the catalytic cycle (chapter 3) will be ex-

plored and its underlying parameters and principles investigated in detail for the chosen reac-

tion system.  
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2.1 Introduction  

The process of leaching can be found in a large variety of processes, reaching from the large-

scale process in nature to the microscale leaching in chemical reactions. The term ‘leaching’ 

itself describes broadly speaking the process of a soluble species being removed from its orig-

inal substance by way of a solvent. The substance transfers from its original solid phase to the 

liquid phase of the solvent. This process can be intentionally used to separate and remove 

unwanted elements from a product phase or to get valuable subspecies during waste treatment 

(enrichment of valuable metals, metal leachates) to be used in further production processes. 

Especially in the case of noble metals or rare earth metals where the resources are limited this 

is an important factor. The leaching of species can also be a negative effect e.g. in the case of 

unwanted leaching during production processes. Material corrosion can lead to unwanted im-

purities in the product feed or negatively impair the ongoing reaction if the leached species 

affect the ongoing reaction. This is mainly a problem in liquid phase reactions due to its con-

stant presence of a liquid phase, in contrast to gas phase reactions where leaching is less of 

a problem. In particular, when catalysts are used in the production process those catalysts are 

of course also affected by leaching in liquid phase reactions. Depending on the catalyst and 

reaction the leaching process itself can be part of the catalytic cycle and the leached species 

formed is the catalytically active phase. In these cases, it is important that the catalytic cycle 

is complete and the leached phase redeposited at the end so that no catalytically active phase 

is lost during the process (see Chapter 3). The leaching of catalyst species into the liquid re-

action phase can also negatively impact the process if it is unwanted. The loss of catalytically 

active phase leads to the deactivation of the catalyst and the catalyst needs to be exchanged 

for a new batch. In this case the catalyst cannot be reactivated because the catalytically active 

sites are not (reversibly) blocked but the active species itself has been lost. Depending on the 

leached amount and the leached species this can also impair the purity of the product or neg-

atively impair further production steps. If the leaching process proceeds over a longer amount 

of time the catalyst structure itself can become unstable due to the missing leached compo-

nent(s) 

 

Reaction parameters that can influence leaching of active components during catalytic reac-

tions can be manifold and are in fact very rarely reported in detail in the literature. This does 

not only concern the intrinsic parameters like the nature of the reaction itself (reduction, oxida-

tion, acid-base etc.), temperature, pressure, concentrations and solvent. Also, additives, lig-

ands and impurities even at low concentrations may influence the phenomenon substantially. 

This chapter focusses on the investigation of leaching phenomena in a metal (copper) cata-

lysed hydrogenation reaction (butyraldehyde to butanol), where - to first approximation - leach-
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ing is not expected due to the strongly reducing conditions (elevated hydrogen pressure, in-

creased temperature keeping the metal in reduced, insoluble state). In a former study however 

leaching of active components and of the support was surprisingly observed.[27] The influence 

of reaction parameters and components – the subjects of the present study - were however 

not yet investigated and the consequences of leaching for catalytic cycle, activity and catalyst 

stability remained untouched.  
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2.2 Theoretical background 

In this chapter, hydrogenation reactions using copper-based catalysts are shortly summarized. 

In addition, a closer look is taken on the use of spinels as catalysts and their synthesis.  

 

2.2.1 CuAl2O4 spinel – Synthesis and Application 

Spinel-type compounds are available in a wide variety of chemical composition. The spinel 

species found in nature are classified as a mineral, in contrast to synthetically produced spinel-

types, and classified according to the nomenclature of the International Mineralogical Associ-

ation (IMA). Bosi et al. report on the new classification scheme of the spinel-supergroup.[28] 

The spinel-type structure (Figure 1) is identified by a cation-to-anion ratio of 3:4 and typically 

crystallizes in the general formula AB2X4 (A and B representing cations and X anions). The 

distribution of the cations leads to so-called “normal spinel”, where the divalent cations are 

situated in the tetrahedral and the trivalent cations in the octahedral position, or “inverse” spinel 

where the tetrahedral position is occupied by a trivalent cation and the octahedral positions by 

both divalent and trivalent cations. This distribution leads to a flexible degree of inversion de-

pending on the number of cations found in which lattice position, with normal and inverse spinel 

being the endmembers. Most spinel minerals belong to the oxyspinel subgroup, containing O2- 

as an anion which can be further subdivided by the valence state of its cations into “sub-

group 2-3” (A2+B2
3+O4) and “ulvöspinel subgroup” (A4+B2

2+O4).[28] 

 

 

Figure 1: Spinel structure of a normal spinel (left) and inverse spinel (right). 
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The spinel supergroup itself is named after the mineral “spinel” (MgAl2O4), which is a normal 

spinel. Magnetite (Fe3O4) is an example of an inverse spinel with the additional feature that 

both cations are the same chemical element (Fe), but of different valence (+2 and +3). 

 

Due to their varied chemical composition spinel type compounds can be used in a variety of 

chemical processes. Zhao et al. reviewed the different synthesis methods for obtaining spinel 

compounds and their application in 2017 with a special focus on their application in the oxygen 

reduction/evolution reaction (ORR/OER).[29]. Other areas include oxygenation[30], hydrogena-

tion[27, 31] and electrochemistry[32] in liquid and gas phase reactions.[33]  

 

In 2018, Pekov et al. published the discovery of the Cu-bearing spinel CuAl2O4 in nature, found 

in fumaroles of the Tolbachik volcano in Kamchatka, Russia.[34] The mineral was named 

Thermaerogenite and forms a continuous isomorphous series with gahnite (ZnAl2O4). Their 

occurrence is very limited and coupled to very harsh and specific environmental conditions. 

Thus, any CuAl2O4 species used in chemical processes or catalytic reactions are produced 

synthetically.  

 

There are a number of different synthetical routes described in literature to synthesize copper 

aluminate spinel, e.g. solid-state reactions[33, 35, 36], combustion methods[37] as well as precipi-

tation and impregnation reactions[36, 38, 39]. To obtain the spinel lattice the precursor must be 

heated at least to 600-800 °C, often up to 1000 °C. The specific amount of obtained spinel 

species and its distribution and surface area is dependent on the chosen synthesis route and 

tailored towards the final application of the produced spinel compound. The use of carbonate 

or oxalate precursors leads to an increase of pore volume in the resulting spinel due to the 

release of carbon dioxide during the calcination process.[29]  

Literature often describes the presence of identifiable copper oxide phases within the synthe-

sized spinel, even at elevated temperatures.[33, 35, 37, 39-41] Hu et al. describe that to gain a spinel 

end product without a detectable CuO signal, they calcined the sample for 20 days at 950 °C.[35] 

Liu et al. caution that the CuO signal in XRD patterns vanishes at temperatures of 950 °C and 

above but that H2-TPR data still identify non-spinel CuO at this stage.[33]  

An increase in calcination temperature above 1000°C favors the formation of delafossite-type 

CuAlO2 by decomposition of CuAl2O4.[40, 41] On the other hand, calcination temperatures below 

600 °C result in CuO supported on Al2O3, which is itself widely used as a catalyst in a number 

of reactions (Equation 2). 

 

 
 

Equation 2: Phase composition with increasing calcination temperature 
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The high-temperature Cu-Al spinel phase shows a distinctly better acid leaching resistance 

compared to Cu(I) or[42] Cu(II) copper oxide phases. This characteristic leads to a number of 

studies utilizing CuAl2O4 formation to decrease copper leaching from metal-laden sludges by 

thermal treatment.[35, 40, 43] Its decreased copper leaching makes CuAl2O4 also a candidate as 

an antibacterial-agent in wastewater treatment or corrosion protection, avoiding the danger of 

metal- and environmental pollution while inhibiting bacterial growth.[38] 

 

The use of CuAl2O4 as a catalyst involves in most cases the activation of the catalyst pre-

reaction to create the catalytically active phase driving the reaction. This can be a separate 

step independently of the main reaction or a part of the targeted reaction path itself.[33, 44] The 

activation of Cu-Al spinel involves the reduction of the present Cu(II) and Cu(I) species to Cu(0). 

Most Temperature-programmed reduction (TPR)-profiles show two reduction peaks corre-

sponding to the reduction of Cu2+ to Cu0.[33, 45-47] Since most synthesized CuAl2O4 includes a 

copper(II)oxide phase, the first reduction peak is assumed to be the reduction of the CuO 

phase at temperatures around 200-250°C. Depending on the amount of CuO the first reduction 

step can be more pronounced and shifted to lower temperatures around 150-200 °C. The sec-

ond reduction step takes place at higher temperatures and is ascribed to the reduction of the 

copper in the spinel phase. Plyasova et al. describe a migration of copper from within the spinel 

lattice to the surface as copper metal upon reaction with hydrogen, resulting in a copper-defi-

cient spinel lattice.[48] The copper ions in tetrahedral sites show an earlier migration to the 

surface compared to those in octahedral sites. The remaining protons are stabilizing the struc-

ture, forming OH- groups within the spinel lattice. 

 

2.2.2 Hydrogenation reactions 

Catalytic hydrogenation reactions are a cornerstone of the chemical industry. They cover a 

wide range of applications, from petrochemical, fine chemical industries to the food industry 

and conversion of biomass.[49-53] Hydrogenation itself describes the reaction of (molecular) hy-

drogen with another compound. It is a very useful reaction to transform unsaturated organic 

compounds to their saturated derivates. The related hydrogenolysis reaction is the addition of 

hydrogen to an organic compound resulting in the cleavage of the compound into smaller frag-

ments, severing either a C-C or a C-heteroatom bond. 

Heterogeneously catalyzed hydrogenation reactions can be conducted both in the liquid and 

the gas-phase. These reactions mostly occur at elevated temperatures and pressures, which 

can be optimized by use of a suitable catalyst. Most of the hydrogenation reactions are cata-

lyzed by late transition metals, e.g. platinum, palladium, nickel. The catalytically active metals 

are often finely dispersed on a suitable substrate to decrease cost. Other metals such as cop-

per are also suitable hydrogenation catalysts, often promoted by a secondary metal to improve 
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catalyst stability and selectivity.[52, 54] Cu-Ni-Zn-Al and Cu-Co-Al catalysts are used in cinnamal-

dehyde hydrogenation. Cu-chromite catalysts were applied in a number of hydrogenation re-

actions e.g. furfural hydrogenation[55, 56] and fatty alcohols production[53] before the regulation 

of “substances with very high concern” by the European Union.[57]  

 

Butanals are produced on an industrial scale by hydroformylation of propylene, a process dis-

covered in 1938.[42] The global butyraldehyde market is estimated with a market value of 

220 million US$ in 2022 and an expected Compound Annual Growth Rate (CAGR) of 6%.[58] 

During hydroformylation olefins react with a mixture of carbon monoxide and hydrogen (syn 

gas) in the presence of (nowadays mostly) rhodium catalysts to form aldehydes containing one 

more carbon atom than the starting olefin. Butanals are highly reactive intermediates that serve 

as building blocks for other C4 and C8 compounds such as alcohols, carboxylic acids, and 

amines.  Downstream products range from paints to flavors and pharmaceuticals. The reactiv-

ity of the carbonyl group can lead to unwanted consecutive intermolecular reactions. In the 

presence of atmospheric oxygen butyraldehyde can slowly oxidize to the corresponding car-

boxylic acid which leads to feed impurities (in the industrial and laboratory scale). The hydro-

genation of n-butanal with a suitable catalyst produces n-butanol. n-Butanol is together with 2- 

ethylhexanol production the largest consumer of butyraldehyde, accounting for about 80% of 

the global n-butyraldehyde production.[59] 

Cu-aluminate spinels are a possible alternative hydrogenation catalyst for the hydrogenation 

of aldehydes, but suffer from stability losses in liquid reactions.[31] In the gas-phase application 

they show good stability for the hydrogenation of butyraldehyde.[47]  
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2.3 Motivation 

The hydrogenation of aldehydes and the hydrogenolysis of esters to corresponding alcohols 

have been described above as large-scale industrial processes of high interest. Historically 

they can be catalysed by the Adkins catalyst (copper chromite, CuO . CuCr2O4), which had to 

be substituted by chromium-free systems due to toxic chromate (Cr6+, (CrO3) species occurring 

during the production process. The catalyst has been practically banned by regulations of the 

European Union on ’substances with very high concern (SVHC)’ by 2017.[57] Copper aluminate 

spinel catalysts (CuO . CuAl2O4) were found to be a possible non-toxic alternative with compa-

rable activity and selectivity, however they suffer from stability losses during reactions in the 

liquid phase.  

In a former study on the hydrogenation of butyraldehyde to butanol, leaching of active and of 

support components was observed.[27] The influence of reaction parameters and components 

were however not yet investigated and the consequences of leaching for catalytic cycle, activity 

and catalyst stability remained untouched. These aspects being important for a detailed un-

derstanding of leaching and catalyst deactivation are the subject of the following study and 

thesis chapter. In extension to former investigations, the species dissolved into solution are 

not only determined at the end of the reaction as single points, but progression of leaching was 

quantitatively determined as function of reaction time and parallel to conversion of the sub-

strate and catalytic performance. A corresponding suitable experimental set-up has been de-

veloped and optimized involving autoclave reactor, continuous sampling unit, catalyst transfer, 

product analysis and metal trace analysis. This set-up has been proven to guaranty sampling 

as function of time within a closed system with very good comparability and reproducibility. In 

order to get a comprehensive picture of the leaching processes and the relations to catalytic 

properties, a large variety of parameters has been investigated within an extensive and elab-

orate experimental series: For the test reaction hydrogenation of butyraldehyde to butanol,  

 

 

Equation 3: Hydrogenation of butyraldehyde to butanol 

 

the concentration of dissolved components (Cu, Al) and products were determined as function 

of reaction time and of parameters like catalyst preparation and composition, solvent, solvent 

mixtures, additives (carboxylic acids) and impurities, both as separated parameter or in com-

bination. This integrative approach allowed the conclusive interpretation and also generaliza-

tion of leaching phenomena in correlation to catalytic performance.  
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2.4 Results and Discussion 

The main focus of the leaching investigation is the behavior of the (so-called) phase-pure 

CuAl2O4 spinel which had been previously established in the doctoral thesis of C. Dörfelt.[27] 

He noticed the not insignificant leaching tendencies of the spinel catalyst during hydrogenation 

reactions, which led to the more detailed exploration of the leaching trends and behaviors in 

this thesis.  

The leaching progression is documented by regular sampling in established time intervals of 

an otherwise closed reaction system. It is an improvement to previous leaching results due to 

the sampling opportunity without major interference. Due to the necessary reduction of Cu(II) 

to form the active species Cu0, an open system during sampling massively affects the leached 

amounts in solution. This new procedure allows for a reproducible observation of the leaching 

behavior of the chosen spinel catalyst. It further allows the modification of individual aspects 

of the reaction system and the influence those have on the leaching behavior.  

 

In order to understand the role of preparation and composition of the copper aluminate spinel 

catalysts on leaching behavior, three different types of catalysts were prepared and compared:  

 

(i) the “phase-pure” spinel CuAl2O4, where CuO residues remaining on the surface of 

copper aluminate spinel after calcination were removed by an optimized copper 

leaching procedure,  

(ii) the “original” spinel forming during synthesis, the so-called “stoichiometric” spinel 

(CuO) ∙ CuAl2O4 (slight excess of CuO on the spinel surface) after calcination, and  

(iii) the copper oxide-copper aluminate spinel, CuO ∙ CuAl2O4, analog to the previously 

established Cu-Cr Adkins catalyst, CuO ∙ CuCr2O4, which contained a stoichio-

metric excess of CuO, practically supported on copper aluminate.  

 

Due to that, different Cu:Al ratios in related spinel structures can be compared and the possible 

influence of the (non)-existent surface copper(II)oxide layer can be studied as well. For details 

regarding catalyst synthesis and characterization, please see chapter 2.4.7. 

 

The liquid samples were investigated by ICP-OES to determine the leached copper and alu-

minum, the catalysts activity was tested by GC measurements. This allows a correlation be-

tween catalyst activity and leaching behavior. The catalysts themselves were characterized by 

elemental analysis, XRD and Raman before and after use in the hydrogenation reaction. 
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2.4.1 Leaching and catalytic performance in the hydrogenation reaction 

The leaching behavior of the Cu-Al spinel catalysts are tested in the liquid-phase hydrogena-

tion of n-butyraldehyde to n-butanol (Equation 3). The catalytic reaction takes place in a closed 

system under hydrogen pressure. The reaction parameters established previously by C. Dö-

rfelt[27] were used as the initial starting parameters to establish a “baseline behavior” of catalyst 

activity and leaching progression. The catalyst is activated under hydrogen in a separate step 

before use. This requires inert handling of the catalyst after activation to avoid re-oxidation and 

thus deactivation of the catalyst. 

 

Experimental set-up 

The experiments were performed as batch experiments in a closed system, using a stainless-

steel autoclave (Figure 2). All experiments used the same set-up to ensure a good compara-

bility and reproducibility of the obtained data.  

 

 

Figure 2: Experimental set-up of the autoclave. Left: fully assembled autoclave, including heater. Top 

right: pipe and 2-way valve used for sampling. Bottom right: stirring, thermocouple and sampling pipe 

attached to autoclave head. 

 

The stainless-steel autoclave is equipped with a 300 mL glass liner which contains the chem-

icals. The removable head is equipped with gas in- and outlets with valves, a thermocouple, 
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an analog barometer, stirrer and a thin metal pipe used for sampling. The piping can be opened 

and closed using a two-way valve, to enable quick and easy sampling. Heating is accomplished 

by a removable heater which fully enclosed the autoclave, apart from the head. Heating ramps 

and stirring can be programmed by an external controller.  

 

The transfer of the catalyst into the reaction vessel was performed under pseudo-inert condi-

tions to minimize the danger of reoxidizing the activated copper catalyst. The autoclave vessel 

and the liquid educts were flushed with Ar to minimize the available oxygen as well. A detailed 

description of the autoclave assembly can be found in the Experimental section. A high number 

of experiments and repetitions of the transfer procedure ensure a comparable effectiveness of 

the assembly of the autoclave. Repeat experiments of the same batch composition ensured 

the reproducibility of the identified leaching trends. 

 

Phase-pure catalyst stability and performance in hexane 

To establish a “baseline” for the catalyst stability and performance, the CuAl2O4 catalyst was 

first tested in hexane. Figure 3 shows the leaching behavior and catalytic performance of the 

phase-pure catalyst. The initial copper leaching is a lot higher than the average copper leach-

ing over time. It decreases quickly until no leached copper remains in solution. Aluminum 

leaching in hexane is very low but slowly increases with the ongoing reaction. The hydrogena-

tion of butyraldehyde progresses steadily and reaches full conversion after 4-5 hours. The n-

butanol yield increases parallel to the substrate conversion, the catalyst shows a medium se-

lectivity to butanol of around 52 %. This is a lower selectivity compared to the corresponding 

gas phase reaction using the same catalyst. Experiments using a fixed bed continuous gas-

phase hydrogenation set-up showed a selectivity to n-butanol of 99 %.[47] The difference in 

selectivity is most likely related to the more complex activation of a spinel catalyst, where apart 

from copper(0) sites the presence of copper(I) sites is possible. It is also feasible that not all 

copper within the spinel lattice has been completely reduced to Cu0. Cu0 has been reported as 

the main active site for the hydrogenation of butyraldehyde, activating the C-O bond. Copper(I) 

sites could catalyze unwanted site reactions, resulting in a decreases selectivity compared to 

the gas phase reaction. For the gas phase reaction, only the formation of Cu(0) during activa-

tion has been reported using the Cu-Al spinel catalyst.[47] Since the focus of this thesis is not 

the improved selectivity of the catalyst but its leaching behavior, the formation of side products 

has not been investigated in detail.  
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Figure 3: Spinel catalyst performance in hexane. The leached amounts are very low overall. Copper 

(brown bars) leaches primarily at the start of the reaction, whereas aluminum (green bars) shows a 

steady low leaching overall.  

 

Repeat experiments shows a fluctuation in initial copper leaching ranging from 0.2 to 1.1 %, 

even if all experimental parameters remain the same. It is most likely related to the efficiency 

of the transfer of the activated catalyst to the reaction vessel. Since the previously reduced 

copper (Cu0) has to be oxidized to Cu(II) to leach into the liquid phase, a non-ideal transfer to 

the autoclave might result in a partially (re)oxidized catalyst surface due to prolonged contact 

with air (Equation 4).  

 

 

 

Equation 4: (I) Reduction of Cu(II)oxide ; (II) (Re)oxidation of elemental copper to copper(II) 

 

To illustrate: the two highest initial leached copper values in Figure 4 were the first two exper-

iments done in an experimental grouping. An experiment done at a later time of the lab work 

(when the steps of the catalyst transfer and assembly of the autoclave were more familiar) 

shows 0.5 % Cu leaching, so about half of the other two experiments.  
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Figure 4: Initial leached copper in solution at the start of the hydrogenation reaction. The initial leached 

copper varies, even under the same reaction conditions, but converges quickly to similar values.  

 

Regardless of the initially higher or lower Cu leaching, all observed leaching trends in Figure 4 

result in comparable low leaching values within 30 min of reaction time. A further optimization 

of the transfer process might be able to eliminate this fluctuation of the initially leached copper 

and give a clearer picture of the “true” initial leached amount. But since all of the experiment 

batches show similar values after 15-30 min of reaction time, independent of the initial value, 

this is not a major concern for the investigation of leaching trends using this method of catalyst 

transfer. The results also indicate that residual copper(II) species are (at least nearly) com-

pletely reduced to metallic copper under the chosen “standard” reaction conditions (see also 

chapter 2.4.7, Characterization of the catalysts). 

 

In contrast to copper leaching, the aluminum leaching is more relevant long-term. There is no 

aluminum leaching at the start of the reaction but it increases steadily over reaction time. The 

presence of carboxylic acids leads to a noticeable increase of leached species (Figure 5). The 

continuous leaching of aluminum from the spinel lattice may be a problem concerning lattice 

stability. In contrast to copper, there is no aluminum leaching previous to the formation of n-

butanol (heating phase). Regardless of experimental batch composition, none show aluminum 

in solution before reaching the reaction temperature of 120 °C. The blind test (batch experi-

ment without butanal) and a test batch under Ar pressure (no hydrogen) show no aluminum 

leaching at all. This implies that the mobility of aluminum from the catalyst is related to the 

(active) hydrogenation reaction itself.  

 

0 10 20 30 40 50 60
0,00

0,25

0,50

0,75

1,00

1,25

1,50

C
u

 l
e

a
c

h
in

g
 /

 %

Reaction time /min

phase-pure spinel:     stoichiometric spinel:  



Leaching in Cu-Al spinel catalyzed liquid phase hydrogenation 
__________________________________________________________________________ 

 

18 

 

Figure 5: Leaching behavior of CuAl2O4 catalyst in hexane. The red dotted line shows the heating 

ramp. There is no relevant leaching under inert gas (yellow line) or with a blind test (no butyraldehyde 

present). An active hydrogenation process leads to small-scale Al leaching over time. Carboxylic acid 

additives lead to increased leaching of copper and aluminum.  

 

In the subsequent chapters a number of experiments with varying catalyst composition, sol-

vents and additives will be described and discussed. All batch experiments discussed are listed 

in the Appendix in Table S2, subdivided by figure. To simplify and differentiate between the 

individual experiments, each has a distinct shortened description given in brackets to allow a 

quick understanding of the main components involved in the individual experiment. The short 

description informs about the type of spinel used, the solvent, the addition of (which) carboxylic 

acid as well as the length of the reaction time (see Table S1).  
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2.4.2 Leaching behavior depending on the copper/aluminum ratio of Cu-Al spinels  

This section shows the main leaching trends of the three spinel catalysts with different Cu:Al 

ratios as well as their activity and stability behavior in the first five hours of reaction time under 

“standard” conditions. It illustrates principle trends comparing at the same time the different 

catalysts, i.e. copper amounts and dispersions available on the catalyst surface. The previous 

section focused on the CuAl2O4 catalyst without copper(II) oxide on its surface. Here, it’s leach-

ing behavior is compared to two other Cu-Al spinel catalysts where the surface CuO is not 

removed or purposefully formed from the start. 

The leaching progression of the three Cu-Al spinel catalysts during the hydrogenation reaction 

of butyraldehyde to butanol in hexane is shown in Figure 6 together with the catalytic 

performance of the catalysts (acitivity and selectivity). 

 

Hydrogenation reaction in hexane: 

(a) CuO ∙ CuAl2O4 (b) (CuO) ∙ CuAl2O4 (c) CuAl2O4 

   

Figure 6. Progression of leaching (left axis) and catalyst performance (right axis) over reaction time for 

three Cu-Al spinel catalyst with different surface CuO: (a) CuO ∙ CuAl2O4, (b) (CuO) ∙ CuAl2O4,  

(c) CuAl2O4. Reaction conditions: T= 120 °C, p=65 bar, 0.1 mol butyraldehyde in 100 mL hexane. 

 

The experimental results in Figure 6 show clear differences in the leaching behavior and cat-

alytic performance of the three catalysts, in particular in aluminum leaching. In detail: 

(a) CuO ∙ CuAl2O4 (Adkins analogue): the hydrogenation reaction progresses fast and reaches 

full conversion after about 2 hours with a yield of 55 %. There is negligible Cu leaching at the 

start of the reaction, which reduces quickly to trace amounts only. In contrast, there is constant 

Al leaching during the hydrogenation reaction, which increases slightly slower after full conver-

sion is achieved. At the end of reaction, around 2.5 % of total Al of the catalyst has leached 

into the reaction mixture. (b) (CuO) ∙ CuAl2O4 (stoichiometric spinel): the hydrogenation reac-

tion progresses slightly slower than in (a) and reaches full conversion after about 3 hours with 

a yield of 52 %. There is small-scale Cu leaching during the first 2 hours which does not rise 

above 0.5 % of the overall Cu content. There is Al leaching present during the hydrogenation 

reaction but it is limited to around 0.5 % of the overall Al and does not increase further after 
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2 hours of reaction time. (c) CuAl2O4 (phase-pure spinel): the hydrogenation reaction pro-

gresses slower than (a) and (b) and reaches full conversion after about 5 hours with a yield of 

51 %. There is small-scale Cu leaching during the first 2 hours, comparable with (b). The 

Al leaching is negligible at 0.1-0.2 % overall Al and does not increase over reaction time. In 

the following, leaching of copper and aluminum and catalytic properties shall be discussed 

separately: 

 

The copper leaching in hexane is negligible for all three tested catalysts, being well below 1 % 

of the overall copper amount. There is slightly higher leaching in the beginning of the reaction 

but the dissolved copper concentration decreases quickly to a background level within the first 

hour. The difference in initial copper leaching (right at the start of the reaction) is less depend-

ent on the type of spinel catalyst and rather related to the more or less inert transfer of the 

activated catalyst to the reaction vessel, as discussed in the previous section 2.4.1. 

Figure 6 suggests that the stability of the copper species during the liquid hydrogenation reac-

tion is dependent on the amount of surface CuO/reduced Cu0, since CuO-Sp (Figure 6a) 

shows the least and P-Sp (Figure 6c) shows the highest amount of copper in solution. This 

might be due to the easier accessibility of the CuO surface phase during activation, resulting 

in a protection for the Cu deeper within the spinel phase which might not have been completely 

reduced during the activation procedure. 

 

Aluminum leaching. In contrast to the copper leaching, the aluminum leaching is less uniform 

and more relevant. There is no aluminum leaching at the start of the reaction but it increases 

steadily over reaction time. The three tested spinels show the opposite behavior compared to 

copper leaching: the phase-pure spinel catalyst shows the lowest and the CuO-spinel the high-

est amount of aluminum leached into solution (up to 2 % of total Al in the catalyst after 5 hours). 

The highest increase in Al leaching occurs during the first two hours of reaction time, compared 

to the rest of the observed time frame. This coincides with the highest rate of the hydrogenation 

reaction, i.e. when most of the substrate is converted into n-butanol, as shown by the slope of 

the Al leaching and conversion curve in Figure 6. This implies that the aluminum leaching is 

related to the (active) hydrogenation reaction itself and not a “passive” secondary reaction. 

The Al leaching does not completely stop after the main conversion has passed, but the slope 

flattens prominently.  

All three spinel catalysts reach full conversion of the available butanal in the observed time 

frame. The fastest conversion occurs with CuO-Sp with full conversion within 2 hours. The 

conversion rate in this series of experiments decreases along with the amount of copper avail-

able on the surface of the catalyst. The slowest conversion belongs to the phase-pure spinel 
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catalyst with full conversion after about 5 hours. The achieved product yield is comparable for 

all three catalysts and is about 50-55 % of the initial butyraldehyde deployed.  

At this point of investigation, it is surprising that there seems to be a correlation of aluminum 

leaching and the reaction progress. This may however be a chance to understand later the 

mechanism of aluminum leaching, which is surprising at all. On the other hand, the rather 

constant leaching of only traces of copper under hydrogen pressure and increased tempera-

ture with continuous progress of the reaction can rationally be explained.  

 

Addition of carboxylic acid as leaching parameter for different copper-aluminum ratios.  

A final leaching experiment comparing the three catalysts with varying Cu/Al ratio has been 

performed to estimate the influence of a carboxylic acid as additive on the potential dissolution 

of catalyst components into solution in general. Carboxylic acids can be regarded as well co-

ordinating ligands via the carboxylic group for the metal ions bound in the catalyst lattice, i.e. 

Cu2+, and Al3+ (possibly Cu+). In addition, their influence on catalyst leaching and stability is of 

very practical relevance for industrial hydrogenation of aldehydes, because carboxylic acids 

are often typical impurities of the raw materials. Their concentration can reach up to 2 % (due 

to partial oxidation of the aldehydes during handling), thus being potentially a relevant factor 

for additional leaching. Heptanoic acid has been chosen due to several reasons, in particular 

because the solubility of the product of complex formation (carboxylate complexes) will depend 

on the carbon chain length (hydrophobicity). For hexane as solvent, heptanoic acid appeared 

as a good compromise to us. For these experiments, the same reaction conditions have been 

applied, only 8 mol-% of heptanoic acid were added to the reaction mixture. The results are 

shown in Figure 7 for the experiments with all three copper-alumina catalysts. 

 

Hydrogenation reaction in hexane with addition of 8 mol-% heptanoic acid: 

(a) CuO ∙ CuAl2O4 (b) (CuO) ∙ CuAl2O4 (c) CuAl2O4 

   

Figure 7. Progression of leaching (left axis) and catalyst performance (right axis) with addition of hep-

tanoic acid. (a) CuO ∙ CuAl2O4, (b) (CuO) ∙ CuAl2O4, (c) CuAl2O4. Reaction conditions: T= 120 °C, 

p=65 bar, 100 mmol butyraldehyde in 100 mL hexane, 8 mol-% heptanoic acid 
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Figure 7 illustrates the influence of the presence of a carboxylic acid on leaching but also on 

catalytic performance of the three catalysts: (a) CuO ∙ CuAl2O4: the hydrogenation reaction still 

progresses fast and reaches full conversion after about 2 hours with a yield of 58 %. There is 

increased Cu leaching over reaction time. More significantly, there is a noticeable increase in 

Al leaching, which still progresses after full conversion is reached. At the end of reaction time 

around 5 % of the overall present Al in the catalyst has leached into the reaction mixture. 

(b) (CuO) ∙ CuAl2O4: the hydrogenation reaction progresses noticeably slower than in Figure 6 

and does not reach full conversion in 5 hours reaction time. There is a drastic increase in Cu 

concentration in solution reaching 6 % overall Cu content. Al leaching is also higher in the 

presence of carboxylic acids with 1.5 % Al leaching into the liquid phase. (c) CuAl2O4: the 

hydrogenation reaction is considerably slower than in (a) and (b) and the reaction does not 

reach full conversion. There is an increase in Cu leaching compared to Figure 6, but it shows 

the lowest Cu leaching compared to (a) and (b) in the presence of heptanoic acid. The Al leach-

ing is no longer negligible but does increase over reaction time to about 2 % overall Al content. 

An important difference to the leaching behavior without carboxylic acids present in the system 

(see Figure 6) is that no constant metal amounts in solution (“leaching equilibrium”) is reached 

in the observed reaction time. The stoichiometric spinel in Figure 7b is the only system where 

the leaching of copper into the liquid phase is considerably higher than the leaching of Al.  

The addition of heptanoic acid to the batch results in a marked increase in leaching of both 

copper and aluminum into solution for all three catalyst variations. The previously mentioned 

factor of high initial copper leaching at the start of the reaction is still observed, but the “base 

level” of copper leaching after the initial peak decreases considerably stronger compared to 

the batch without the addition of heptanoic acid. The copper leaching stabilizes in the case of 

CuO-spinel and phase-pure spinel at about 1-1.5 % overall copper.  

The stoichiometric spinel does not follow this trend or the behavior of its counterparts (Fig-

ure 7b). Here, the Cu leaching does not stabilize over reaction time but keeps consistently 

increasing, reaching up to 6 % overall Cu content in the observed reaction time. This amount 

of leaching is expected to be a potentially decisive factor concerning long-term catalyst activity 

as well as catalyst stability. The increased amount of copper in solution can also lead to un-

wanted side reactions which may contaminate the desired product. The explanation of this 

particular effect, if it can be correlated to specific properties of this catalyst ((CuO) ∙ CuAl2O4) 

or if it is related to specific experimental conditions (reproducibility) will be subject of the more 

detailed investigations of the next sub-chapters.  

The CuO ∙ CuAl2O4 catalyst shows more or less the same copper and aluminum leaching trend 

as found in pure hexane (Figure 7a), but the overall leached amounts are considerably higher 

with the addition of heptanoic acid. Cu leaching increases to about 1 % and Al leaching up to 

5 %. The slope of the aluminum leaching again correlates to the slope of the butyraldehyde 
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conversion, but the resulting slope after full conversion is reached is steeper than in the batch 

containing hexane.  

The conversion rate of the reaction is considerably slower in the system containing heptanoic 

acid, only one catalyst (CuO-spinel) reaches full conversion in the observed time frame. This 

is a clear difference to the reaction in pure hexane, where all three catalysts reached full con-

version within the observed 5 hours. The conversion rate of the stoichiometric and phase-pure 

spinel declines to 95 % and 75 % respectively (see Figure 7b and c). The resulting yield can 

only be extrapolated in these cases but appears to be comparable to the previous results (see 

Figure 6b and c). CuO ∙ CuAl2O4 shows a comparable yield and conversion as the acid-free 

system. At this state of investigations, the most probable explanation for the difference in ac-

tivity is the substantial loss of active copper species into solution, where the ligand stabilized 

Cu2+ is stable and cannot be re-reduced under reaction conditions. This loss is substantial for 

the stoichiometric and phase-pure spinel catalysts, whereas the Adkins analog has a large 

excess of CuO (metallic copper in activated form) partially compensating this loss.  

 

2.4.3 Variation of carboxylic acids as additive in Cu-Al spinel standard leaching exper-

iments 

The next section concentrates on the two catalysts with a copper to aluminum ratio of 1:2, 

which results in catalysts primarily composed of spinel phase, without a deliberate copper ox-

ide layer on top of the catalyst surface.  

The phase-pure spinel catalyst CuAl2O4 consists exclusively of Cu-Al spinel material. Any built-

up CuO on the surface during synthesis has been removed before catalyst activation and use 

in an experimental set-up. The stoichiometric spinel catalyst (CuO) ∙ CuAl2O4 is synthesized 

from the same precursor as the phase-pure spinel catalyst but the CuO which develops on the 

spinel surface during calcination is left unchanged. This leads to a larger initially available Cu0 

surface area after activation compared to the phase-pure spinel catalyst. A more detailed char-

acterization of both catalysts can be found in chapter 2.4.7. 

 

The figures illustrating the leaching trends are grouped by catalyst and subdivided into leaching 

(copper and aluminum in solution) and catalyst activity (educt conversion and product yield). 

All subplots contain the same color coding for the different experiment batches. To distinguish 

them more easily, the stoichiometric spinel plots contain strong colors and the phase-pure 

spinel plots the corresponding softer colors.  

 

The previously established standard parameters for a leaching batch experiment are 350 mg 

of activated catalyst, 0.1 mol butanal as substrate in 100 mL of hexane as a solvent, heated to 

120 °C under 65 bar H2 pressure. To test the effect of different carboxylic acids in the reaction 
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system 8 mol-% (in regard to butanal) were added to different batches. The resulting leaching 

trends and product yields are shown in Figure 8 for a stoichiometric spinel and in Figure 9 for 

a phase-pure spinel catalyst. 

 

 

Figure 8: Stoichiometric spinel catalyst - Leaching progression in hexane with three different 

carboxylic acids as additives (8 mol-%): (a) Cu leaching, (b) Al leaching, (c) conversion of butyralde-

hyde, (d) butanol yield in %-overall during the hydrogenation of butanal. 

 

As expected from the preliminary tests in the previous chapters, the presence of carboxylic 

acids in the system leads to an increase of leached species in the liquid phase. The effect is 

primarily focussed on aluminum and only sporadically includes copper. Under standard 

conditions a significant amount of copper leaching merely occurs using the stoichiometric 

spinel with the addition of a longer chainlength carboxylic acid (heptanoic acid). Heptanoic acid 

addition leads to a slight increase of leached copper using a phase-pure spinel as well 

(Figure 9), but it is significantely lower than using a stoichiometric spinel and does not increase 

over reaction time (compare Figure 8a and Figure 9a). All other experimental batches show 

the same low level of copper leaching with or without addition of carboxylic acids for both 

catalyst species, remaining below 0.5 % of total copper amount. 

 

Unlike copper leaching, aluminum leaching is more affected by the addition of carboxylic acids. 

The leached aluminum amount increases over time using either of the spinel catalysts without 

a clear differentiation concerning chain length. Neither of the catalysts show significant Al 

leaching in hexane (below 0.5 %) but as soon as carboxylic acids are introduced into the 
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system the aluminum leaching increases steadily throughout the reaction (Figure 8b and Fig-

ure 9b). Both spinel catalysts show 2-4 % of aluminum leaching after 5 hours of reaction time, 

mostly without a clear distinction between the acids. The phase-pure spinel catalyst exhibits 

higher aluminum leaching compared to its stoichiometric spinel counterpart (see Table 1). It 

also shows a slight favoring in aluminum leaching with shorter chain length acids, the 

stoichiometric spinel shows no such distinction. Neither batch shows a stabilization of the 

observed leaching, the process is still ongoing without the curve nearing an equilibrium. 

The increase of aluminum leaching is a concerning factor regarding catalyst stability due to the 

underlying spinel structure of the catalyst. Aluminum is an important component of the spinel 

lattice, especially since the other present copper cations are more mobile and involved in the 

underlying catalytic mechanism. Due to the copper mobility and its substitution by protons in 

the lattice, the spinel structure is not as stable anyway and an additional removal of aluminum 

cations will further weaken the spinel lattice. Worst case, this process will lead over time to a 

collapse of the spinel structure and significantly impair the integrity lifetime of the catalyst. 

Since long-term stability is an important factor for the economic viability of a catalyst species, 

this increased aluminum leaching must be alleviated.  

In particular, dissolution of aluminum can have drastic consequences for the stability of shaped 

catalyst (grains), when aluminum represents a component of the binder material, what is in 

fact often the case in the corresponding industrial catalyst. This can be critical especially in 

continuous processes with fixed bed flow reactors (e.g. trickle bed) for the long term stability 

of the catalyst bed and the reactant flow.   

 

Due to the fact that copper is migrating through the spinel lattice during activation, an increase 

in copper leaching is not necessarily a stability risk from the outset, but it may lead to a loss in 

catalyst activity if the leached species does not catalyze the same target reaction as the Cu0 

residing on the catalyst surface (which can in fact be assumed). A first quick check is the 

correlation between conversion as well as product yield and copper leaching. If they show an 

inverse correlation that is a clear sign that the copper leaching negatively affects the butanal 

conversion and butanol production. 
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Figure 9: Phase-pure spinel catalyst - Leaching progression in hexane with three different car-

boxylic acids as additives (8 mol-%): (a) Cu leaching, (b) Al leaching, (c) conversion of butyraldehyde, 

(d) butanol yield in %-overall during the hydrogenation of butanal. 

 

In the observed timeframe of 5 hours of reaction time, none of the batches containing 

carboxylic acids reach full conversion, neither stoichiometric nor phase-pure spinel. The only 

batches to reach full conversion are the initial batch of hexane without acid addition. The 

butanol yield of this batch using stoichiometric spinel is 53 % (corresponding to a selectivity of 

54.5 %) after about three hours. The phase-pure spinel batch also reaches full conversion but 

needs 4-5 hours of reaction time. The yield (and selectivity) of the batch is similar to its S-Sp 

equivalent with 52 % butanol yield and selectivity. The small difference might be due to the 

difference in surface copper which increases the speed of the conversion.  

The addition of carboxylic acid leads in all cases to a decrease in catalyst activity, the rate of 

conversion decreases. Since non of the batches reach full conversion in the observed time 

frame it is not quite clear if the addition of carboxylic acid also leads to decreased yield of 

butanol or if it only affects the conversion time. This will be checked with longer running 

experiments (chapter 2.4.6).  

The decrease in conversion does not correlate with the copper leaching behavior in all 

experiments. Interestingly, the only batch with considerably higher copper leaching (S-Sp, H, 

C7) shows a conversion trend like the standard batch. The first 90 min have more or less the 

same conversion values (around 75 % at this point) whereas the copper(II) in solution of the 

heptanoic acid batch is already at 3.5 % (compared to below 0.5 % in the standard batch). This 

is an indicator that the catalyst activity in regards to the hydrogenation reaction is not sorely 
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dependent on the loss of copper into solution as long as enough active copper(0) remains 

available on the spinel “support” and that copper(II) complexes in solution do not influence the 

butanal conversion. The copper(II) in solution does however also not considerably catalyze 

competing reactions: the final butanol yield in the presence of heptanoic acid is with 46.6 % 

(at 92 % conversion resulting in 50.9 % selectivity to butanol) close to the results of the 

standard batch without heptanoic acid. The batch with the short-chain propanoic acid shows 

the slowest conversion progression with 73 % butyraldehyde conversion after 6 hours and 

26 % butanol yield (Figure 8, blue line). It must be taken into account that the shorter chain 

carboxylic acid can temporarily dissolve copper, but re-deposits as sparingly soluble Cu(II) 

carboxylate onto the support and/or is thus separated with the solid by the leaching experiment. 

Thus, copper would be continuously lost during the experiment or are even deposited onto and 

blocking active sites explaining the reduced activity. 

 

Table 1: Batch composition in hexane, after 5 or 6 hours of reaction time. The table shows the results 

of the last sample taken from each experimental batch in %-overall. 

% overall Sample 

after 

X min 

leached 

Cu* 

leached 

Al* 

Conversion 

Butanal+ 

Yield 

Butanol+ 

Stoichiometric spinel (CuO) ∙ CuAl2O4 

No acid 

Propanoic acid 

Pentanoic acid  

Heptanoic acid 

360 

360 

300 

300 

0.05 

0.10 

0.26 

6.00 

0.46 

2.31 

2.35 

1.84 

97.13 

73.13 

83.88 

91.73 

52.60 

26.00 

27.16 

46.65 

Phase-pure spinel CuAl2O4 

No acid 

Propanoic acid 

Pentanoic acid  

Heptanoic acid 

300 

360 

300 

360 

0 

0 

0.29 

1.08 

0.12 

3.90 

3.75 

3.34 

99.39 

89.12 

71.09 

78.17 

51.77 

25.38 

37.95 

29.26 

* analyzed by ICP-OES (if the value is given as 0 it was below the limit of quantitation of the instrument) 

+ analyzed by gas chromatography  

 

To summarize: the presence of carboxylic acids noticeable increases the leaching of aluminum 

from the spinel lattice into solution. Copper leaching is only affected with heptanoic acid. The 

formed copper carboxylates are better soluble in the non-polar hexane compared to copper 

carboxylates with shorter carbon chains. All experiments with any carboxylic acids applied 

show a decreased conversion rate and product yield. It is possible that the formation of the 
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particularly sparingly soluble copper carboxylates re-deposit as solid and are lost as active 

species and / or even block active copper sites, resulting in a less active catalyst. 

 

2.4.4 Variation of the solvent 

The previously established hydrogenation test reaction of butyraldehyde to n-butanol uses 

hexane as a solvent. The subsequent leaching and catalyst behavior has been documented in 

the previous subchapter. Next the solvent of the batch reaction is changed from the nonpolar 

hexane to different solvents with increased polarity to see if and how the polarity of the solvent 

influences both the leaching and the catalyst activity. In these experiments not all carboxylic 

acid batches were tested again. In most cases a batch without acid addition is compared to a 

batch with pentanoic acid addition, the mid-length of the investigated carboxylic acids, because 

the previous experiments showed a big enough variation between the non-acid and acid 

batches. Occasionally, one of the other acids was tested as well to gain further insights. 

 

The chosen solvents are in order of increasing polarity: 

o (100 mL hexane) 

o 100 mL toluene 

o 100 mL 1,4-dioxane 

o 100 mL ethanol 

 

Toluene 

 

Figure 10 Stoichiometric spinel catalyst - Leaching progression in toluene with pentanoic acid 

as additive (8 mol-%): (a) Cu leaching, (b) Al leaching, (c) conversion of butyraldehyde, (d) butanol 

yield  
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Figure 11: Phase-pure spinel catalyst - Leaching progression in toluene with pentanoic acid as 

additive (8 mol-%): (a) Cu leaching, (b) Al leaching, (c) conversion of butyraldehyde, (d) butanol yield 

 

The experiments in toluene without acid addition show comparable result with its equivalent in 

hexane for either of the spinel catalysts. Looking at the batches containing pentanoic acid, they 

show an improvement in conversion and yield compared to their hexane counterparts. Both 

batches reach full conversion in a similar timeframe to the experiments without acid (about 

4-5 hours). The yield decreases slightly compared to the hexane batches (around 47% yield 

vs. 53 % yield), but reaches the same level as the toluene batch without acid addition. Espe-

cially the S-Sp catalyst shows no significant difference in yield between the non-acid batch and 

the pentanoic acid batch (Figure 10). The phase-pure spinel batch shows slightly slower con-

version and yield but reaches the same amounts as the corresponding non-acid batch. 

 

Both copper and aluminum leach once again stronger into solution when the batch contains 

small amounts of acid in comparison to pure toluene. However, the increase in aluminum 

leaching is less prominent compared to its hexane counterpart (Figure 8b and Figure 9b, pen-

tanoic acid). This is true for both spinel variations. The aluminum leaching after 5 hours of 

reaction time decreases compared to experiments in pure hexane from 2.3 % to 1.1 % (stoi-

chiometric spinel) and from 2.6 % to 1.8 % for the phase-pure spinel. 
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In contrast, copper shows increased leaching of about 1% compared to the pure solvent as 

well as its hexane counterpart for both stoichiometric and phase-pure spinel. The copper leach-

ing does not increase but remains steady through the whole experiment.  

 

Table 2: Leached Cu and Al in solution, conversion of butyraldehyde and butanol yield in %-overall after 

5 or 6 hours of reaction time in toluene as a solvent.  

% overall Sample 

[min] 

leached 

Cu* 

leached 

Al* 

Conversion 

Butanal+ 

Yield 

Butanol+ 

Stoichiometric spinel (CuO) ∙ CuAl2O4 

No acid 

Propanoic acid 

Pentanoic acid  

Heptanoic acid 

360 

- 

360 

- 

0.08 

- 

1.20 

- 

0.57 

- 

1.28 

- 

99.72 

- 

99.02 

- 

48.69 

- 

47.00 

- 

Phase-pure spinel CuAl2O4 

No acid 

Propanoic acid 

Pentanoic acid  

Heptanoic acid 

360 

- 

360 

- 

0.08 

- 

1.25 

- 

0.65 

- 

1.96 

- 

99.65 

- 

98.09 

- 

48.00 

- 

45.50 

- 

* analyzed by ICP-OES; + analyzed by gas chromatography  

 

 

1,4-Dioxane 

Experiments in 100 mL 1,4-dioxane were only tested for a batch containing pentanoic acid, for 

a stoichiometric and a phase-pure spinel respectively. Due to problems with overlap of the gas 

chromatography peaks, a reliable estimation of the butanol yield was not possible. Since the 

main question remains the leaching behavior, the product analysis was disregarded in this 

case and further experiments in pure 1,4-dioxane set aside for now. Further experiments using 

1,4-dioxane as sole solvent must create a new GC analysis method to separate the relevant 

reaction product peaks.  
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Figure 12: Leaching progression in 1,4-dioxane for pentanoic acid as additive. There is no signifi-

cant difference in the leaching behavior of the stoichiometric and the phase-pure spinel. Both show no 

relevant Al leaching and only moderate Cu leaching in the beginning of the reaction. 

 

Both spinel variations show the same trend: no significant copper or aluminum leaching (Fig-

ure 12). The Al leaching can be seen as non-existent over reaction time and does not change 

between phase-pure and stoichiometric spinel. Copper leaching shows the previously estab-

lished slightly higher leaching at the start of the reaction, but remains well below 1%. The 

subsequent copper leaching is practically non-existent with values close to 0 % and only a 

small fluctuation in case of stoichiometric spinel.  

 

Table 3: Leached Cu and Al in solution in %-overall after 6 hours of reaction time in 1,4-dioxane as a 

solvent. Due to problems with overlapping peaks in the GC results there are no conversion or yield rates.  

% overall Sample 

[min] 

leached 

Cu* 

leached 

Al* 

Conversion 

Butanal+ 

Yield 

Butanol+ 

Stoichiometric spinel (CuO) ∙ CuAl2O4 

Pentanoic acid  360 0.06 0.07 - - 

Phase-pure spinel CuAl2O4 

Pentanoic acid  360 0.03 0.07 - - 

* analyzed by ICP-OES; + analyzed by gas chromatography  
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Ethanol 

 

Figure 13: Stoichiometric spinel catalyst - Leaching progression in ethanol with two different car-

boxylic acids as additives (8 mol-%): (a) Cu leaching, (b) Al leaching, (c) conversion of butyraldehyde, 

(d) butanol yield in %-overall during the hydrogenation of butanal. 

 

The experiments with ethanol further underline the trend that leaching of both aluminum and 

copper is distinctly decreased in more polar solvents. There are small deviations depending 

on chain-length but non lead to significant differences in the leaching behavior. In case of 

ethanol, there is also a significant increase in conversion rate and product yield compared to 

previous experiments.  

The stoichiometric spinel does not show significant copper leaching in the observed time frame 

for either batch. The batches show a tendency towards increased copper leaching in the later 

hours of reaction time. The experiment using a stoichiometric spinel in ethanol with heptanoic 

acid addition (purple line in Figure 13) is shown separately in Figure 14 to illustrate the alumi-

num and copper behavior in solution a bit more clearly.  

The start of the copper increase fits quite well with the end of conversion. As long as conversion 

is still ongoing, the copper leaching remains constant compared to its start value.  
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Figure 14: Stoichiometric spinel catalyst performance in ethanol with heptanoic acid as additive 

(purple curve in Figure 13). The leached amounts are very low overall but start to increase once the 

conversion of the educt has finished, especially copper (brown bars).  

 

The same trend can be found for aluminum leaching but less pronounced. There is close to no 

aluminum leaching in the first two hours of reaction time. When conversion is finished after 

those two hours, aluminum concentration starts to increase. Overall, both the aluminum and 

copper leaching is negligible in the observed time frame. Depending on their long-term devel-

opment they might still pose a problem for longer runtimes. 

Conversion and yield are not affected in the last hours of reaction time. Both reach their max-

imum values after 90 min to 2 hours and remain constant afterwards. There is no secondary 

reaction of the desired end product. The yield is considerably higher than in previous experi-

ments, it increases from around 50% to 80-90 % yield depending on the batch.  

 

The copper leaching behavior of the phase-pure spinel catalyst (Figure 15a) in ethanol shows 

a similar trend to its stoichiometric spinel counterpart (Figure 13a). There is no copper leaching 

in the first two hours of reaction time while the substrate conversion is ongoing. After two hours 

the copper content in solution increases slowly once more for carboxylic acid experiments. 

There is no significant difference in behavior concerning the alkyl-chain length of the carboxylic 

acid used. The copper amounts remain significantly lower than in hexane or toluene.  
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Figure 15: Phase-pure spinel catalyst - Leaching progression in ethanol with three different car-

boxylic acids as additives (8 mol-%): (a) Cu leaching, (b) Al leaching, (c) conversion of butyraldehyde, 

(d) butanol yield in %-overall during the hydrogenation of butanal. 

 

The non-acid batch shows a slightly different copper leaching behavior, the Cu amount starts 

increasing in solution after 60 min of reaction time. There is no correlation to the conversion 

curve which keeps following its previously established trend until full conversion around 90 min, 

but there is a corresponding trend in yield. The yield in butanol steadily increases until 60 min 

of reaction time and then stops at around 65 % yield and does not change after that. There is 

no decrease either, but the achieved yield is about 10 % lower than its stoichiometric spinel 

counterpart. A competing second reaction occurs in the next hour of reaction time which uses 

up the remaining butyraldehyde and also leads to an increase of copper concentration in so-

lution. 

In contrast to the stoichiometric spinel in ethanol, the phase-pure catalyst shows no aluminum 

leaching during the observed reaction time for neither of the experiments. There is no differ-

ence between non-acid and acid batches.  

The trends of butyraldehyde conversion and butanol yield show the same progression and 

final amounts as the stoichiometric spinel. The pentanoic acid experiment fails to produce bu-

tanol and also has a lower conversion rate, as seen in its stoichiometric spinel counterpart.  
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Table 4: Leached Cu and Al in solution, conversion of butyraldehyde and butanol yield in %-overall after 

5 or 6 hours of reaction time in ethanol as a solvent. Additionally, the yield of acetal is shown due to its 

influence, especially in the batches containing pentanoic acid (see Figure 16). 

% overall Sample 

[min] 

leached 

Cu* 

leached 

Al* 

Conversion 

Butanal+ 

Yield 

Butanol+ 

Yield 

Acetal+ 

Stoichiometric spinel (CuO) ∙ CuAl2O4 

No acid 

Propanoic acid 

Pentanoic acid  

Heptanoic acid 

180 

- 

300 

360 

0 

- 

0.51 

0.29 

0.07 

- 

0.57 

0.20 

94.42 

- 

47.11 

95.04 

77.56 

- 

9.38 

93.35 

0.18 

- 

47.93 

0.12 

Phase-pure spinel CuAl2O4 

No acid 

Propanoic acid 

Pentanoic acid  

Heptanoic acid 

180 

360 

360 

360 

0.61 

0.18 

0.06 

0.27 

0.07 

0.08 

0.21 

0.04 

94.50 

86.16 

71.43 

93.94 

66.96 

80.03 

4.82 

85.22 

2.34 

0.2 

55.43 

0.18 

* analyzed by ICP-OES (if the value is given as 0 it was below the limit of quantitation of the instrument) 

+ analyzed by gas chromatography  

 

The increased stability in the presence of carboxylic acids and often increased yield of butanol 

in ethanol as solvent is a positive factor. On the other hand, there are some problems with 

unwanted side-reactions, especially in certain batch mixtures.  

 

 

Figure 16: Increased acetal formation in ethanol. Both, stoichiometric and phase-pure spinel catalyst, 

show very low butanol yield when pentanoic acid is present in the solvent. The acetal formation (blue 

curve) notedly impedes the desired formation of butanol, the majority of the butyraldehyde educt is 

transformed into acetal.  
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Figure 16 shows an example of a stochiometric spinel catalyst in ethanol with pentanoic acid 

as an additive (left side). There is close to no butanol yield and conversion of butyraldehyde to 

butanol only occurs in the first 15 to 30 min of reaction time. A look at the gas chromatography 

results shows an enormous spike in acetal formation which increases throughout. The availa-

ble ethanol reacts with the aldehyde educt instead of the desired hydrogenation of butyralde-

hyde to butanol (Equation 5). In the beginning of the reaction a small amount of butanol is 

formed by hydrogenation but after that only the acetal yield increases. Since the acetal for-

mation is often catalyzed by acidic conditions the batches with carboxylic acid addition are 

more susceptible. The same is true for the phase-pure spinel experiment. Interestingly, this is 

not the case for every experimental batch using ethanol as a solvent. It mostly happens in the 

presence of pentanoic acid, the other tested carboxylic acid additions did not show pronounced 

acetal formation with both catalysts. All experiments in ethanol show a low amount of acetal 

formation, but not to the extent that it severely impairs the formation of butanol. On the other 

hand, some experimental batches without carboxylic acid addition did also fail due to excessive 

acetal formation. The butyraldehyde feed contains small impurities of butyric acid, especially 

in already opened bottles, which can be found in the GC results. In some cases, this seems to 

be enough to kick-start the acetal formation even without any extra acid additive. 

 

 

 

Equation 5: Butyraldehyde diethyl acetal formation in acidic medium. 
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Figure 17: Scatter plot of Cu and Al leaching in pure solvents (≥ 3 hours of reaction time) The scatter 

plot clearly shows the decrease in leached species when the solvent is switched from hexane to a more 

polar solvent. For easier comparability the range of the other three subplots is marked by the hatched 

rectangle in the hexane subplot (top left). The acid additives are color coded the same as in previous 

plots. Full symbols signify stoichiometric spinel, empty symbols phase-pure spinel batches. 
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2.4.5 Solvent mixtures 

Since the switch to more polar solvents showed a reduced copper and aluminum leaching and 

in the case of ethanol also an increase in butanol yield, other experimental batches were tested 

with a solvent mixture of 100 mL hexane and 10 mL of the other tested solvents (toluene, 1,4-

dioxane and ethanol). The question was if the effects observed can also be replicated with less 

amounts of e.g. ethanol to avoid the excessive formation of acetal and other negative side 

effects.  

 

The chosen solvent mixtures are in order of increasing polarity: 

o 100 mL hexane 

o 100 mL hexane + 10 mL toluene 

o 100 mL hexane + 10 mL 1,4-dioxane 

o 100 mL hexane + 10 mL ethanol 

 

 

Hexane + 10 mL toluene 

The batches tested in a hexane/toluene mixture show a similar copper leaching behavior to 

their pure toluene counterparts in the presence of pentanoic acid with a mean value of 1 % Cu 

leaching (S-Sp) and no significant increase after a few hours of reaction time (Figure 18a). The 

phase-pure catalyst batch even shows a slightly lower copper leaching of around 0.5 % which 

is half of the value in pure toluene (Figure 19a). The non-acid batches show no copper leaching 

after a few hours of reaction time for both spinel variations, the same behavior as the toluene 

batches. Table 5 gives the results (leaching, product analysis) of the last sample taken from 

each experimental batch using a hexane/toluene mixture.  
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Figure 18: Stoichiometric spinel catalyst - Leaching progression in hexane/toluene mixture with 

pentanoic acid as additive (8 mol-%): (a) Cu leaching, (b) Al leaching, (c) conversion of butyraldehyde, 

(d) butanol yield. 

 

 

Figure 19: Phase-pure spinel catalyst - Leaching progression in hexane/toluene mixture with pen-

tanoic acid as additive (8 mol-%): (a) Cu leaching, (b) Al leaching, (c) conversion of butyraldehyde, 

(d) butanol yield 
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Contrary to copper leaching, the aluminum leaching keeps increasing over reaction time and 

in many cases doubles compared to the pure toluene batches for both catalyst variations with 

or without pentanoic acid addition (Figure 10b and Figure 11b). A comparison with the pure 

hexane experiments also shows no “improvement” due to the addition of toluene: 2 % and 

2.3 % (stoichiometric spinel, 5 hours), 3.5 % and 3.7 % (phase-pure spinel, 6 hours). Another 

trend which can be seen in the curve progression of aluminum leaching is the increased slope 

after about 2 hours of reaction time which coincides with a decrease in conversion rate.  

The conversion of butyraldehyde progresses faster than in hexane, but not as fast as in pure 

toluene. The yield of butanol is in most cases 4-5 % higher than in pure toluene (compare 

Table 2 and Table 5) 

 

Overall, it seems that toluene addition has a positive effect on the copper leaching but a 

stronger negative effect on the stability of aluminum in the catalyst spinel lattice.  

 

Table 5: Leached Cu and Al in solution, conversion of butyraldehyde and butanol yield in %-overall after 

5 or 6 hours of reaction time in a 10:1 mixture of hexane and toluene as a solvent. 

% overall Sample 

[min] 

leached 

Cu* 

leached 

Al* 

Conversion 

Butanal+ 

Yield 

Butanol+ 

Stoichiometric spinel (CuO) ∙ CuAl2O4 

No acid 

Propanoic acid 

Pentanoic acid  

Pentanoic acid  

Heptanoic acid 

300 

- 

270 

330 

- 

0.02 

- 

0.87 

0.95 

- 

0.68 

- 

1.86 

2.07 

- 

84.52 

- 

88.97 

93.77 

- 

43.80 

- 

49.12 

53.84 

- 

Phase-pure spinel CuAl2O4 

No acid 

Propanoic acid 

Pentanoic acid  

Pentanoic acid  

Heptanoic acid 

300 

- 

300 

360 

- 

0.04 

- 

0.55 

0.50 

- 

1.1 

- 

3.30 

3.49 

- 

95.14 

- 

87.45 

91.16 

- 

54.12 

- 

46.06 

50.12 

- 

* analyzed by ICP-OES; + analyzed by gas chromatography  
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Hexane + 10 mL 1,4-dioxane 

 

Figure 20: Stoichiometric spinel catalyst - Leaching progression in hexane/1,4-dioxane mixture 

with pentanoic acid as additive (8 mol-%): (a) Cu leaching, (b) Al leaching, (c) conversion of butyral-

dehyde, (d) butanol yield. 

 

The mixture of hexane and 1,4-dioxane results in more leached copper and aluminum com-

pared to the pure 1,4-dioxane. On the other hand, those values were very low to non-existing 

and the leaching observed in the samples in this section is still comparatively low. In contrast 

to the experiments using pure 1,4-dioxane as a solvent, the mixture of hexane and 1,4-dioxane 

once again allows product analysis via GC measurements due to the reduced peak width of 

1,4-dioxane, which allows a good enough distinction of the neighboring peaks. 

 

The stoichiometric spinel batch without acid does not show copper or aluminum leaching (Fig-

ure 20). The pentanoic acid addition leads to a slight increase of leaching around 0.5 % (Ta-

ble 6), but there is no significant increase over reaction time which would affect the long-term 

stability of the catalyst. Both batches shown in Figure 20 reach similar conversion rates and 

yields after 6 hours. The non-acid batch has a quicker butyraldehyde conversion and reaches 

full conversion after 2-3 hours with a yield of 52 % butanol. The pentanoic acid batch (S-Sp) 

needs around 4 hours for full conversion of the educt, in turn it shows a slightly higher butanol 

yield (56 %). Compared to the corresponding pure hexane experiments the pentanoic acid 

batch shows a vast improvement in conversion rate and yield (see Table 1),the yield nearly 

doubles. The aluminum leaching is also decreased from over 2 % to around 0.5 %.  
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Figure 21: Phase-pure spinel catalyst - Leaching progression in hexane/1,4-dioxane mixture with 

two different carboxylic acids as additives (8 mol-%): (a) Cu leaching, (b) Al leaching, (c) conversion 

of butyraldehyde, (d) butanol yield in %-overall during the hydrogenation of butanal. 

 

The phase-pure catalyst batches containing no acid addition or propanoic acid show no copper 

leaching after a few hours of reaction time (Figure 21a). The pentanoic acid batch shows a 

similar constant value of 0.5 % as the stoichiometric batches containing the hexane/1,4-diox-

ane mixture.  

In contrast to its stoichiometric spinel counterpart, this pentanoic acid batch shows increased 

aluminum leaching which progresses steadily during the 6 hours of reaction time. After 6 hours 

it is close to 2 % aluminum in solution, but is still only half of the leached Al in pure hexane 

(P-Sp). The addition of 1,4-dioxane leads to an improvement concerning aluminum leaching, 

but does not repress or stabilize it completely as is the case for the stoichiometric spinel.  

 

The three tested phase-pure spinel batches show very similar results for conversion and yield 

after 6 hours. The non-acid batch again shows the fastest conversion rate but is slightly slower 

compared to the stoichiometric spinel (4 hours vs 3 hours to full conversion). The experiments 

containing carboxylic acid additions need 5-6 hours to reach full conversion. The resulting yield 

after 6 hours is lower than using a stoichiometric spinel. Especially in the case of pentanoic 

acid addition the yield is 10 % lower (Table 6). The highest yield of 53 % is achieved with the 

additive of propanoic acid. Interestingly, the yield is close to 60 % after 4 hours but decreases 

in the following two hours. None of the other batches show this behavior. A secondary reaction 

consuming butanol seems to take place in the presence of propanoic acid.  
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Table 6: Leached Cu and Al in solution, conversion of butyraldehyde and butanol yield in %-overall after 

6 hours of reaction time in a 10:1 mixture of hexane and 1,4-dioxane as a solvent. 

% overall Sample 

[min] 

leached 

Cu* 

leached 

Al* 

Conversion 

Butanal+ 

Yield 

Butanol+ 

Stoichiometric spinel (CuO) ∙ CuAl2O4 

No acid 

Propanoic acid 

Pentanoic acid  

Heptanoic acid 

360 

- 

360 

- 

0.05 

- 

0.61 

- 

0.08 

- 

0.50 

- 

96.86 

- 

96.68 

- 

51.78 

- 

55.69 

- 

Phase-pure spinel CuAl2O4 

No acid 

Propanoic acid 

Pentanoic acid  

Heptanoic acid 

360 

360 

360 

- 

0.08 

0.02 

0.53 

- 

0.65 

0.29 

1.82 

- 

96.80 

99.98 

97.48 

- 

46.46 

52.61 

44.94 

- 

* analyzed by ICP-OES; + analyzed by gas chromatography  
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Hexane + 10 mL ethanol 

 

Figure 22: Stoichiometric spinel catalyst - Leaching progression in hexane/ethanol mixture with 

three different carboxylic acids as additives (8 mol-%): (a) Cu leaching, (b) Al leaching, (c) conver-

sion of butyraldehyde, (d) butanol yield. 
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formation (Figure 23). The produced acetal is a lot less compared to the amount formed in 

some batches in pure ethanol (up to 50 % acetal formation in pentanoic acid batches) but even 

this small amount negatively impairs the hydrogenation reaction. But in this case here, not only 

the butanol yield but also the conversion rate of the educt is affected.  

 

 

Figure 23: Increased acetal formation in hexane/ethanol mixture. Both, stoichiometric and phase-

pure spinel catalyst, show very low butanol yield when propanoic acid is present in the solvent. The 

acetal formation (blue curve) notedly impedes the desired formation of butanol, the majority of the bu-

tyraldehyde educt is transformed into acetal. The stoichiometric spinel batch produces less acetal, but 

the conversion rate and butanol yield remain low. 

 

The aluminum leaching behavior is quite similar for the batches containing carboxylic acids, 

the acid-free batch shows no Al leaching at all (Figure 22). The results show a slight increase 

in leaching over reaction time with 0.6 % - 0.7 % after 5 hours. Those values are slightly higher 

than in pure ethanol or 1,4-dioxane (practically no aluminum leaching was found) but consid-

erably lower than in toluene or hexane. The values are similar to those in the hexane/1,4-

dioxane solvent mixture (Table 6). 

 

The phase-pure spinel catalysts show a similar qualitative behavior to the stoichiometric ones 

in Figure 22 but there are also small differences (Figure 24). The heptanoic acid batch is again 

the only one that shows any quantifiable copper leaching. In contrast to its stoichiometric coun-

terpart the copper leaching is only around 0.5 % and does not significantly increase during the 

reaction. 
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Figure 24: Phase-pure spinel catalyst - Leaching progression in hexane/ethanol mixture with 

three different carboxylic acids as additives (8 mol-%): (a) Cu leaching, (b) Al leaching, (c) conver-

sion of butyraldehyde, (d) butanol yield. 

 

The leached aluminum is slightly different compared to the stoichiometric spinel batches. The 

non-acid batch once again shows no aluminum leaching. The propanoic acid batch shows an 
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batch with the highest acetal yield of 10 % is both affected in conversion speed and butanol 

yield (67 % and 27 % respectively, see Figure 23). 

 

Table 7: Leached Cu and Al in solution, conversion of butyraldehyde and butanol yield in %-overall after 

5-7 hours of reaction time in a 10:1 mixture of hexane and ethanol as a solvent. 

% overall Sample 

[min] 

leached 

Cu* 

leached 

Al* 

Conversion 

Butanal+ 

Yield 

Butanol+ 

Yield 

Acetal+ 

Stoichiometric spinel (CuO) ∙ CuAl2O4 

No acid 

Propanoic acid 

Pentanoic acid  

Heptanoic acid 

Heptanoic acid 

300 

300 

300 

300 

420 

0 

0.07 

0.14 

1.89 

2.14 

0.07 

0.58 

0.69 

0.39 

0.49 

99.67 

37.73 

93.14 

93.34 

94.93 

60.61 

22.47 

59.47 

86.07 

85.74 

0.14 

1.81 

0.25 

0.11 

0.12 

Phase-pure spinel CuAl2O4 

No acid 

Propanoic acid 

Propanoic acid 

Pentanoic acid  

Heptanoic acid 

Heptanoic acid 

180 

360 

420 

360 

360 

420 

0.02 

0 

0 

0.00 

0.55 

0.48 

0.02 

0.09 

0.09 

1.23 

1.03 

1.09 

98.28 

64.71 

67.42 

84.97 

92.20 

94.38 

50.80 

26.59 

26.98 

35.61 

57.93 

60.14 

0.10 

9.02 

9.92 

1.30 

0.28 

0.29 

* analyzed by ICP-OES (if the value is given as 0 it was below the limit of quantitation of the instrument) 

+ analyzed by gas chromatography  

 

The switch to a mixture of hexane and a second solvent (10:1) indicate improved catalytic 

performance and stability, when solvents of higher polarity are added. There is no real im-

provement in the case of toluene. 1,4-dioxane and ethanol addition both diminish the leaching 

of copper and aluminum compared to pure hexane significantly (Figure 25). In the case of 

ethanol addition there is also in many cases a positive effect on conversion rate and product 

yield, which was already observed in the pure ethanol experiments. On the other hand, the 

problem of acetal formation is again an observation for the addition of a small portion of ethanol. 

Here the samples containing propanoic acid were more vulnerable whereas in pure ethanol 

this was the case for experiments containing pentanoic acid. This trend needs to be further 

studied to avoid the formation of acetals instead of butanol.  
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Figure 25: Scatter plot of Cu and Al leaching in solvent mixtures (≥ 3 hours of reaction time). For 

easier comparability the samples using pure hexane are plotted as well (top left), the range of the other 

three subplots is marked by the hatched rectangle. The acid additives are color coded the same as in 

previous plots. Full symbols signify stoichiometric spinel, empty symbols phase-pure spinel batches. 

 

2.4.6 Long term experiments – stability investigation 

To get a better notion of the long-term leaching behavior select experiments were studied over 

a longer reaction time. The sampling intervals at the start of the reaction were kept to get a 

conclusive curve progression which can also be compared to the other related experiments. 

Samples were taken during the first 4-5 hours of the reaction. The autoclave was then left 

under reaction conditions (increased hydrogen pressure, 120° C, stirred with 800 RPM) and 

additional samples were taken the next day. For these long-term experiments, the previously 

established standard condition batches in hexane and the solvent mixture of hexane and eth-

anol was tested for both stoichiometric and phase-pure spinel catalysts. Since the carboxylic 

acid batches were found to produce the most extreme changes in leaching or yield, only those 

were tested long-term. The corresponding (“short-term”) non-acid experiment is still shown in 

the plots as a visual reference.  
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Hexane 

 

Figure 26: Stoichiometric spinel catalyst - Leaching progression over 24h in hexane with three 

different carboxylic acids as additives (8 mol-%): (a) Cu leaching, (b) Al leaching, (c) conversion of 

butyraldehyde, (d) butanol yield. during the hydrogenation of butanal. There is an axis break between 

400 and 1150 min to simplify the depiction of the longer time frame. There were no samples taken during 

this time period. 

 

The trends observed from previous experiments using the stoichiometric spinel catalyst in hex-

ane in the presence of carboxylic acids were increased copper leaching only in the presence 

of heptanoic acid whereas all acid batches showed an increase in aluminum leaching over 

reaction time, without a distinction between alkyl chain length (Figure 8). The highest yield and 

conversion were obtained by the heptanoic acid batch. The pentanoic acid batch showed a 

similar conversion rate but only half the yield. Propanoic acid showed slow conversion and low 

yield.  

Most of those trends can also be found in the longer experimental series (Figure 26). The 

heptanoic acid batch remains the only one with relevant copper leaching. Problematically, the 

previously anticipated stabilization of the leached copper does not occur. The copper leaching 

keeps progressing with reaction time and reaches the highest copper leaching yet observed 

with 15 %. A similar observation is true for the aluminum leaching. The carboxylic acid exper-

iments all continue to leach aluminum into solution. They also show continuous increase 

(slope). Both of these trends are rather worrying concerning the stability of the catalyst. Espe-

cially the continuous leaching of aluminum from the spinel lattice cannot be compensated in-

definitely. The product analysis of the solution shows that all experimental batches (with or 
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without acid additive) seem to reach a similar amount of butanol yield. Propanoic acid addition 

still shows the slowest conversion rate but also reaches 51 % butanol yield after longer time. 

Since the pentanoic acid experiment shows a very similar behavior in the first 5 hours of reac-

tion, the same can be expected here. The heptanoic acid batch shows signs of a secondary 

reaction taking place after butyraldehyde conversion is finished. It reaches (close) to full con-

version after 4-5 hours with a butanol yield at this time of 75 %. After 24 hours the butanol 

found in the GC analysis has diminished to 58 %. This value is closer to the other experiment 

done with an analogous batch composition.  

 

 

Figure 27: Phase-pure spinel catalyst - Leaching progression over 24h in hexane with three dif-

ferent carboxylic acids as additives (8 mol-%): (a) Cu leaching, (b) Al leaching, (c) conversion of 

butyraldehyde, (d) butanol yield. during the hydrogenation of butanal. There is an axis break between 

400 and 1150 min to simplify the depiction of the longer time frame. There were no samples taken during 

this time period. 

 

The long-term experiments using the phase-pure spinel show some trends which were not 

anticipated from the previous short-term experiments. Previously the carboxylic acid batches 

showed low (heptanoic acid, stable at 1%) or no copper leaching. The samples after 24 hours 

now show that only the propanoic acid batch does not show copper leaching. The pentanoic 

acid batch shows some increase but is still very low at 0.5 % whereas the heptanoic acid batch 

shows a strong increase up to 3 %. The previously observed trend suggested a stable low 

copper leaching. The amount of leached copper is a lot lower than using a stoichiometric spinel 
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with a lot more surface copper available, but the trend of increased leaching might still be a 

problem for long-term catalyst stability.  

The Al leaching also increases consistently over time for all three batches. In this case, there 

is some separation of the leaching behavior in the first hours of reaction: increasing for propa-

noic acid, stable for the other two batches (Figure 27). The previous experiments showed a 

very similar increase in aluminum leaching in the first few hours (Figure 9). Nonetheless, the 

three batches arrive at similar aluminum leaching amounts of 6 % after 24 hours of reaction 

time. This is slightly higher than the aluminum leaching of their stoichiometric counterpart.  

All experiments reach (close to) full conversion after 27 hours of reaction time (Table 8) and, 

regardless of conversion rate, a very similar butanol yield. Interestingly both the heptanoic and 

pentanoic acid addition show a higher butanol yield in the middle part of the reaction time and 

show the same lower final yield as the propanoic acid batch. The non-acid batch again shows 

the highest conversion rate and reaches full conversion within the first 5 hours of reaction time 

with a similar butanol yield as the other batches containing carboxylic acid additives. The 

phase-pure spinel reaches slightly lower but similar yields as the stoichiometric spinel (see 

Table 8). 

 

Table 8: Leached Cu and Al in solution, conversion of butyraldehyde and butanol yield in %-overall after 

24 hours or more of reaction time in hexane as a solvent. 

% overall Sample 

[min] 

leached 

Cu* 

leached 

Al* 

Conversion 

Butanal+ 

Yield 

Butanol+ 

Stoichiometric spinel (CuO) ∙ CuAl2O4 

No acid 

Propanoic acid 

Propanoic acid 

Pentanoic acid  

Heptanoic acid 

360 min 

27 h 

30 h 

24 h 

27 h 

0.05 

0.01 

0 

0.55 

14.52 

0.46 

2.38 

8.88 

4.64 

5.34 

97.13 

96.19 

96.66 

96.82 

84.00 

52.60 

51.05 

59.31 

51.53 

61.52 

Phase-pure spinel CuAl2O4 

No acid 

Propanoic acid 

Pentanoic acid  

Heptanoic acid 

300 min 

28 h 

27 h 

27 h  

0 

0.02 

0.50 

3.09 

0.12 

5.58 

5.82 

7.06 

99.39 

96.71 

96.62 

96.17 

51.77 

52.48 

57.10 

51.00 

* analyzed by ICP-OES (if the value is given as 0 it was below the limit of quantitation of the instrument) 

+ analyzed by gas chromatography  
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Hexane + 10 mL ethanol 

 

Figure 28: Stoichiometric spinel catalyst - Leaching progression over 24h in hexane/ethanol mix-

ture with three different carboxylic acids as additives (8 mol-%): (a) Cu leaching, (b) Al leaching, 

(c) conversion of butyraldehyde, (d) butanol yield. during the hydrogenation of butanal. There is an axis 

break between 400 and 1150 min to simplify the depiction of the longer time frame. There were no 

samples taken during this time period 

 

The long-term experiments of the stoichiometric spinel in the hexane/ethanol mixture mostly 

show the trends already established in the first few hours of reaction time. There is no increase 

in leaching for longer reaction times though there is some increase in aluminum leaching for 

selected batches. The overall aluminum leaching remains low compared to other solvent mix-

tures with around 1 % of aluminum leaching after 27-28 hours. The shorter chain length car-

boxylic acids additionally show a decreasing (propanoic) or at least stabilizing (pentanoic acid) 

trend. None of the experimental batches show copper leaching after 24 hours of reaction time. 

The only one showing some quantifiable copper leaching is the heptanoic acid batch during 

the first 3 hours of the reaction, maximum 1%. This is surprising for the heptanoic acid batch, 

the previous shorter experiments did not show a decrease in copper leaching with time. All 

other batches also had low to no copper leaching during the shorter reaction time period when 

using a hexane/ethanol mixture. The yield and conversion progression follow the trends es-

tablished previously by the shorter reaction times. The propanoic acid batch again battles with 

a very slow conversion rate and low butanol yield due to the competing formation of acetal 

(Figure 29). None of the other stoichiometric spinel batches show high acetal yields (Table 9). 

The longer reaction time shows that the conversion of the butyraldehyde is still on-going after 
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24 hours but there is no further increase in butanol yield. There is no quantifiable acetal for-

mation in the first 3 hours of reaction time. In this time span the amount of formed butanol 

steadily increases, though a lot slower than in the other batches. The conversion of butyralde-

hyde is a lot slower as well. After three hours of reaction time the formation of acetal begins 

and in turn the butanol yield stagnates. The conversion of butanal keeps progressing slowly 

but steadily, but no new butanol is formed. The formed acetal has increased to 9% after 

27 hours. 

 

 

Figure 29: Increased acetal formation in hexane/ethanol mixture after 24h. Both, stoichiometric and 

phase-pure spinel catalyst, show decreased butanol yield when propanoic acid is present.  

The two catalysts show different progression in acetal formation, but both end with a stagnating for-

mation of butanol and quantifiable amounts of acetal in the resulting liquid composition. 

 

The phase-pure spinel, in contrast to the stoichiometric spinel, does not show continuous ac-

etal formation but a steeper increase in acetal early in the reaction (10% acetal yield after 

5 hours) and afterwards a decrease and stabilization of the present acetal amount (around 5 % 

acetal). The butanol formation keeps increasing over the whole observed reaction time, but 

the increase after the first three hours is very small (30% after 3 hours vs 34% after 24 hours). 

In the remaining three hours the butanol unexpectantly increases again to about 40%. None-

theless, this batch reaches nearly double the butanol yield compared to its stoichiometric coun-

terpart. The butyraldehyde conversion progresses noticeably faster than in the stoichiometric 

batch, the conversion curve fits well with the curve of the shorter experiments in the same 

solvent mixture (Figure 23). The progression of the analyzed parameters overall fit very well 

with the shorter-term experiment values, so a comparison of those values with the ones 

achieved in longer experiment runs seems appropriate.  
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Figure 30: Phase-pure spinel catalyst - Leaching progression over 24h in hexane/ethanol mixture 

with three different carboxylic acids as additives (8 mol-%): (a) Cu leaching, (b) Al leaching, (c) 

conversion of butyraldehyde, (d) butanol yield. during the hydrogenation of butanal. There is an axis 

break between 400 and 1150 min to simplify the depiction of the longer time frame. There were no 

samples taken during this time period. 

 

The phase-pure spinel batches show a logical progression of the previously observed trends 

when analyzing samples after longer reaction times. The most different behavior can be seen 

in the propanoic acid batch which has been discussed in the previous paragraph already. Cop-

per leaching is not an issue for any of the batches apart from the heptanoic acid experiment. 

As seen already in Figure 24a there is a very low amount of copper leaching during the whole 

observed reaction process. This is also true after 24 hours, though the copper leaching reaches 

slightly higher overall amounts compared to the shorter experimental series. The heptanoic 

acid experiment in Figure 30 shows a steady increase in leached copper in the first 5 hours 

but the samples after 24 hours show that the copper amount stabilizes and might even de-

crease again with time. Thus, the overall amount of copper lost due to leaching does not ap-

pear to be a long-term factor in this case, in contrast to its behavior in pure hexane (see Fig-

ure 27).  

All batches show similar low aluminum leaching in the first two hours of the reaction (about 

0.5 %). The behavior changes after that, with the propanoic acid batch leaching going to zero 

whereas the other two batches steadily increase up to about 2 and 3 % aluminum leached 

after 24 hours. This behavior again fits with the observed trends in Figure 24. The increase in 
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aluminum leaching coincides with a slower hydrogenation of butyraldehyde to butanol. Reas-

suringly, the aluminum leaching of both the pentanoic and heptanoic acid batch seem to sta-

bilize at the previously mentioned values and does not increase between 24 and 27 hours of 

reaction time. The overall leached aluminum amount is (as seen before in other batches) 

higher for the phase-pure spinel compared to the stoichiometric spinel.  

The educt conversion and product yield of the pentanoic and heptanoic acid batch progress 

nearly identical, with the pentanoic acid batch showing slightly faster conversion progression 

whereas the heptanoic acid batch achieves a higher total yield (see Table 9). The conversion 

trends of both batches show the same behavior as seen previously in the short-term experi-

mental series, but the yield with the pentanoic acid batch is much higher compared to the 

correlating previous batch (34.5 vs. 54.5 % yield butanol after 5 hours). Also, both batches 

don’t show the “dip” in butanol yield which was present for both in the long-term experiments 

using hexane (compare Figure 27). 

 

Table 9: Leached Cu and Al in solution, conversion of butyraldehyde and butanol yield in %-overall after 

24 hours or more of reaction time in a 10:1 mixture of hexane and ethanol as a solvent. 

% overall Sample 

[min, h] 

leached 

Cu* 

leached 

Al* 

Conversion 

Butanal+ 

Yield 

Butanol+ 

Yield 

Acetal+ 

Stoichiometric spinel (CuO) ∙ CuAl2O4 

No acid 

Propanoic acid 

Pentanoic acid  

Pentanoic acid 

Heptanoic acid 

300 min 

27 h 

26 h 

28 h 

27 h 

0 

0 

0 

0 

0 

0.07 

0.08 

1.15 

1.10 

0.70 

99.67 

73.13 

96.21 

96.22 

96.34 

60.61 

20.65 

62.24 

62.37 

64.72 

0.14 

8.84 

0.42 

0.45 

0.30 

Phase-pure spinel CuAl2O4 

No acid 

Propanoic acid 

Pentanoic acid  

Heptanoic acid 

180 min 

27 h 

28 h 

28 h 

0.02 

0 

0 

1.16 

0.02 

0.08 

2.88 

1.95 

98.28 

90.56 

96.01 

95.85 

50.80 

40.62 

61.41 

66.92 

0.10 

4.90 

0.71 

0.19 

* analyzed by ICP-OES (if the value is given as 0 it was below the limit of quantitation of the instrument) 

+ analyzed by gas chromatography  
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2.4.7 Synthesis and characterization of the catalysts 

In order to understand the role of preparation and composition of the copper aluminate spinel 

catalysts on leaching behavior, three different types of catalysts were prepared: 

  

(i) the phase-pure spinel CuAl2O4, where CuO residues always remaining on the sur-

face of copper aluminate spinel after preparation were removed by an optimized 

copper leaching procedure,  

(ii) the “original” spinel forming during synthesis, the so-called stoichiometric spinel 

(CuO) ∙ CuAl2O4 after calcination (having a slight excess of CuO on the spinel sur-

face), and  

(iii) the copper oxide-copper aluminate spinel, CuO ∙ CuAl2O4, analog to the previously 

established Cu-Cr Adkins catalyst, CuO ∙ CuCr2O4, which contained a stoichio-

metric excess of CuO, practically supported on copper aluminate.  

 

Synthesis by Co-precipitation 

All three spinel variants were synthesized by co-precipitation, using stoichiometric amounts of 

aluminum nitrate and copper nitrate dissolved in water as a feed solution. The co-precipitation 

takes place in water with sodium carbonate solution as a precipitating agent. The detailed 

synthesis steps and weight amounts can be found in the Experimental Section (Chapter 6). All 

precursors were washed, dried at 120 °C over night and calcined at 800°C to form the spinel 

lattice (Equation 6).  

 

 

Equation 6: Formation of the Cu-Al spinel by calcination at 800 °C (intermediate formation of CuO ∙ Al2O3 

at temperatures below 700 °C)  

 

The preparation of CuO ∙ CuAl2O4 and the stoichiometric spinel is finished after the calcination 

step (followed by reductive activation just before the catalytic reaction). The phase-pure spinel 

requires an additional synthesis step removing the intermittent surface copper oxide layer, with 

CuAl2O4 remaining (Equation 7). 

 

 

Equation 7: Leaching step to form the “phase-pure” CuAl2O4  
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All catalysts are sieved prior to activation and the fraction between 100 and 300 µm is used in 

the catalysis and leaching experiments. The elemental composition of the catalysts determined 

by ICP-OES after dissolution in concentrated phosphoric acid is given in Table 10. 

 

Table 10: Elemental composition of Cu-Al spinels, determined by ICP-OES. 

Catalyst wCu (wt.-%) wAl (wt.-%) 

CuO ∙ CuAl2O4 50 - 51.5 18 - 19 

(CuO) ∙ CuAl2O4 35.5 - 37 27,5 - 29 

CuAl2O4 33 - 34.5 30 - 32 

 

BET surface and Cu surface calculation by chemisorption 

In contrast to “classic” supported catalysts used in catalysis, all three Cu-Al spinels have a 

comparatively low copper surface area due to their nature as a bulk catalyst composed of a 

spinel lattice. The copper surface was determined by N2O chemisorption. The (activated) 

phase-pure spinel shows a copper surface area of 10.5 m²g-1. This is in good agreement with 

values obtained in other studies, ranging between 9 and 11 m²g-1
.
[31, 47] The stoichiometric spi-

nel is in a similar range whereas the CuO ∙ CuAl2O4 shows a slightly higher Cu surface area 

around 15 m²g-1. This is to be expected because of the additional CuO on the spinel surface 

compared to the other two spinels. The BET surface area found was very low with 18 m²g-1
. 

Other works reported BET areas ranging from 50-100 m²g-1.[27, 47, 60] This is an indication that 

the synthesis conditions (molar ratio of Cu:Al, calcination temperatures, calcination time) play 

a critical role when it comes to the BET surface area determination. As Ahmed et al. report, 

the spinel formation has a large influence on the BET surface area, losing up to 100 m²g-1 

between the calcination temperatures of 700 ° and 900 °C.[60] With a calcination temperature 

of 800 °C in our spinel synthesis, this is exactly the temperature range when the BET surface 

area changes drastically due to the diffusion of CuO and formation of the spinel lattice. This 

could be a possible explanation for the wide range of reported values. 

 

Temperature-programmed reduction 

Temperature-programmed reduction experiments in H2 (see Figure 31) fit well with the results 

reported in literature[36, 39, 46]. The copper aluminate spinels show two distinct peaks, one in the 

range of 150-200 °C and a second broader peak between 350-400 °C. According to literature, 

the first peak corresponds to the reduction of surface Cu(II) to Cu(0) whereas the second peak 

shows the reduction of copper within the spinel lattice.[46] This fits very well when comparing 

the stoichiometric and the phase-pure spinel: the higher amount of CuO on the surface results 

in a larger, narrower reduction peak shifted to lower temperatures, highlighting the differences 
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between stoichiometric and phase-pure spinel. The TPR results suggest that even the phase-

pure spinel retains a small amount of more-easily reduced surface Cu(II). If this is residual 

CuO or due to a deformation of the upper surface layer due to the previous leaching steps is 

not clear yet. The second peak associated with the reduction of copper from deeper within the 

spinel lattice is nearly uniform for both spinels. 

 

 

Figure 31: Reduction profile of stoichiometric[47] and phase-pure spinel. 

 

Phase composition investigated by powder X-Ray diffraction 

The differences in the structure and composition of the three Cu-Al spinels can also be ob-

served using powder X-ray diffraction (p-XRD) measurements as well as Raman spectroscopy. 

Whereas the p-XRD investigations are more representative of the bulk composition of the sam-

ple, using a Raman microscope can distinguish between different sub-species which make up 

the precursor and catalyst sample. 

 

The measurements give a good indication and determination of the present copper species 

(elemental copper, copper oxide species, copper aluminate spinel) and present an idea of the 

bulk composition of the measured powder sample. The main phases are assigned according 

to references from the Powder Diffraction FileTM database PDF-2 (2004).[61] 

 

Adkins analog - CuO ∙ CuAl2O4 

The CuO ∙ CuAl2O4 spinel is prepared as an analog to the established Adkins hydrogenation 

catalyst which consists of Cu(II)oxide on a copper chromite support. The copper aluminate 

equivalent results in CuO ∙ CuAl2O4 which corresponds to a stoichiometric Cu:Al ratio of 1:1. 

Figure 32 shows the p-XRD diffractograms of the resulting (a) precursor, (b) calcined spinel 

and (c) catalyst after activation in hydrogen.  
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Figure 32: p-XRD diffractogram of the CuO ∙ CuAl2O4 spinel during synthesis and after activation in 

hydrogen. (a) dried precatalyst after co-precipitation of copper- and aluminum nitrate solution in water. 

The reflexes are consistent with a malachite-like structure. (b) catalyst after calcination at 800°C. The 

diffractogram shows clear reflexes of CuAl2O4 and CuO without additional phases. The copper oxide 

reflexes dominate the diffractogram. (c) catalyst after activation in hydrogen flow and slowly heating to 

300 °C. 

The main reflexes of CuAl2O4 (), CuO () and Cu0 () are marked in the plot, according to the Powder 

Diffraction FileTM database PDF-2 (2004).[61] 

 

The washed and dried precursor of CuO ∙ CuAl2O4 shows the main reflexes of a malachite 

structure Cu2(CO3)(OH)2, as can be expected. Another copper hydroxide carbonate configu-

ration would be an azurite structure, Cu3(CO3)2(OH)2. The formation of azurite can happen at 

pH 6-7 but it requires a higher carbonate concentration compared to malachite formation. Az-

urite is also less stable in air and gets pseudomorphically replaced by malachite due to the 

replacement of CO2 with H2O over time.[62] At pH 6-7 aluminum precipitates as amorphous 

Al(OH)3 and cannot be detected by XRD.[63]  

 

After calcination (Figure 32b) the most prominent reflexes belong to copper(II) oxide, easily 

identifiable at 35.5 ° and 38.7 ° and 48.9 °. Apart from CuO, the copper aluminate spinel can 

also be found in the diffractogram, marked by an  in the plot. The reflexes in the region above 

50 ° tend to overlap with the reflexes of the copper(II) oxide situated there, but they can still be 

separated well enough to assign both mineral phases.  
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Figure 32c shows the CuO-spinel catalyst after activation in hydrogen, slowly heating it under 

hydrogen flow to 300 °C. All the previously present copper(II) oxide has been reduced to Cu(0), 

the main reflexes are marked by . There are very weak reflexes left at 31.3 °, 36.8 ° and 65.3 ° 

corresponding to the main features of CuAl2O4 but the diffractogram overall is dominated by 

the formed metallic copper particles.  

 

The subsequent two catalysts both have the theoretical stoichiometric copper: aluminum ratio 

of 1:2. They are formed from an identical precatalyst. 

 

Stoichiometric spinel - (CuO) ∙ CuAl2O4  

The washed and dried precursor of the stoichiometric spinel shows a malachite structure, 

which is very similar to the CuO ∙ CuAl2O4 precursor (see Figure 32a and Figure 33a). The 

difference in Cu:Al ratio does not show in the precursor composition as can be differentiated 

by p-XRD.  

 

Figure 33: p-XRD diffractogram of the stoichiometric (CuO) ∙ CuAl2O4 spinel during synthesis and after 

activation in hydrogen. (a) dried precatalyst after co-precipitation of copper- and aluminum nitrate solu-

tion in water. The reflexes are consistent with a malachite-like structure (b) catalyst after calcination at 

800°C. The diffractogram shows clear reflexes of CuAl2O4, but also includes smaller reflexes of CuO 

which build up on the catalyst surface during synthesis. (c) catalyst after activation in hydrogen flow and 

slowly heating to 300 °C. The Cu-Al spinel structure is still clearly visible. The CuO present before acti-

vation has been reduced to Cu0, which gives visible reflexes at 43.25° and 50.38°.  

The main reflexes of CuAl2O4 (), CuO () and Cu0 () are marked in the plot, according to the Powder 

Diffraction FileTM database PDF-2 (2004).[61] 
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After calcination, the intensities and reflex positions of the copper aluminate spinel are very 

similar to the Adkins analog, with a slight shift towards higher angles for the stoichiometric and 

the phase-pure spinel. This can suggest a decrease in the spinel unit cell size compared to the 

Adkins equivalent CuO ∙ CuAl2O4 or a change in stress within the spinel lattice due to the 

change in Cu to Al ratio. The copper(II) oxide reflexes can be clearly identified but are no longer 

the dominant phase. The Cu-Al spinel reflexes are still clearly visible in the activated p-XRD 

sample of the stoichiometric spinel. The reflexes of CuO have vanished and metallic copper is 

present in the diffractogram but to a lesser amount than in the CuO-spinel.  

 

Phase-pure spinel CuAl2O4  

The washed and dried precursor of the phase-pure spinel shows the same malachite structure 

as the stoichiometric spinel, because they are both prepared from precursors with identical 

composition (see Figure 33a and Figure 34a).  
 

 

Figure 34: p-XRD diffractogram of the phase-pure CuAl2O4 spinel during synthesis and after activation 

in hydrogen. (a) dried precatalyst after co-precipitation of copper- and aluminum nitrate solution in water. 

The reflexes are consistent with a malachite-like structure. The precursor is the same composition as 

used for the stoichiometric spinel (see Figure 33) (b) catalyst after calcination at 800°C. The diffracto-

gram shows clear reflexes of CuAl2O4 (), but also includes smaller reflexes of CuO () which build up 

on the catalyst surface during synthesis. (c) catalyst after removal of surface copper(II)oxide. The re-

flexes of CuO are no longer visible, only the CuAl2O4 pattern remains. (d) catalyst after activation in 

hydrogen flow and slowly heating to 300 °C. The Cu-Al spinel structure is still clearly visible. In contrast 

to Figure 33 there are no reflexes of Cu0 () visible in the diffractogram.  

The main reflexes of CuAl2O4 (), CuO (), Cu () are marked in the plot, according to the Powder 

Diffraction FileTM database PDF-2 (2004).[61] 
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The p-XRD of the calcined spinel is also similar to the diffractogram of the stoichiometric spinel 

due to the identical catalyst synthesis up to this point. In this case, the calcined spinel in Fig-

ure 34b even shows higher copper(II)oxide reflexes hinting at slightly more CuO on the surface 

than in Figure 33b. The formation of the copper oxide surface layer is an unwanted side-prod-

uct during the calcination process which has to be removed to get a catalyst containing only 

copper aluminate spinel (P-Sp). After treatment with ammonium carbonate solution and drying 

overnight, the p-XRD shows only reflexes belonging to CuAl2O4 (Figure 34c). The previously 

present CuO (marked with ) has been completely removed from the surface. This is also 

illustrated quite nicely in the p-XRD of the activated catalyst (Figure 34d). In contrast to the 

activated stoichiometric spinel, there are no visible Cu0 reflexes after activation. The formed 

Cu0 after activation it is too finely distributed to be visible in the p-XRD.  

 

Phase composition investigated by Raman spectroscopy  

The bulk composition of the different spinel phases can be investigated well by p-XRD. A more 

detailed investigation of existing phases within the overall sample can be accomplished by 

Raman spectroscopy combined with a microscopic module (Raman microscopy). This allows 

the identification of subspecies within the sample whereas the XRD measurements mostly 

show the main components of the overall sample. The microscope also allows a more detailed 

visual impression of the powder sample (color, composition). 

 

 

Figure 35: Raman spectra of the CuO ∙ CuAl2O4 precursor and the calcined catalyst. (a) region 

100 - 4000 cm-1. The precursor fits with malachite spectra found in literature; see Table 11. It can be 

subdivided into three parts: the lattice modes of Cu-O bands in the lower wavenumbers, the subsequent 

carbonate bands, and the hydroxyl vibrations found in the higher wavenumber regions above 3000 cm-1. 

There is no additional precursor phase (such as azurite) visible in the Raman spectrum. (b) region 

200 – 1500 cm-1. The Raman spectrum of the calcined catalyst is dominated by the characteristic bands 

of copper(II)oxide () around 290 cm-1, 340 cm-1 and 625 cm-1 as well as broad bands belonging to the 

CuAl2O4 spinel phase (). The main peaks of CuAl2O4 () and CuO () are marked in the plot. 
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Raman spectra of the precursor affirm the observation by p-XRD that malachite makes up the 

main copper component of the precursor. Solid flakes of CuO ∙ CuAl2O4 precursor (before 

milling and sieving) give a good quality Raman spectrum of malachite where the main peaks 

can be easily identified and fit well with peaks described in literature. [64-68] The spectrum covers 

a large number of wavenumbers (100–4000 cm-1), with three distinct areas containing the vi-

brational groups corresponding to Cu-O, CO3
2- and OH- bonds (Figure 35).  

 

Table 11: Raman peak position (given in cm-1) of malachite species as found in precursor phase (this 

work) and literature. The Raman peaks of the precursor fit well with malachite Raman data found in 

literature, confirming it as the main precursor phase. There is a slight shift towards higher wavenumbers 

for the 1:2 ratio precursor compared to the 1:1 ratio, but overall the values fit well with malachite. The 

slight differences of peak positions in literature can be explained by differences in excitation wavelength 

and experimental setup as well as the use of natural and synthetic samples. 

Precursor (Cu:Al ratio) Literature (Malachite) 

1:1 

CuO ∙ CuAl2O4 

1:2 

CuAl2O4 

RRUFF[68] 

R050508 

Frost[65] 

(2002) 

Bouchard[64] 

(2003) 

Buzgar[66] 

(2009) 

Gao[67] 

(2020) 

154 

181 

219 

271 

 

356 

433 

509 

537 

598 

156 

183 

222 

274 

 

354 

434 

510 

536 

 

154 

176 

220 

268 

 

349 

432 

 

536 

594 

151 

176 

217 

267 

320 

349 

429 

514 

531 

596 

154 

180 

219 

270 

 

355 

434 

512 

538 

 

 

215 

269 

 

354 

434 

 

536 

596 

153 

178 

220 

270 

 

(353)* 

(432)* 

511 

533 

718 

752 

 

 

1066 

1099 

1365 

 

1494 

716 

751 

 

 

1062 

1093 

1368 

 

1492 

721 

750 

 

 

1063 

1094 

1367 

 

1495 

717 

752 

801 

816 

1058 

1096 

1364 

 

1492 

721 

753 

 

 

1067 

1100 

1367 

1462 

1493 

722 

755 

 

820 

1059 

1097 

1368 

1462 

1495 

719 

755 

 

 

1066 

1093 

1368 

 

1495 

3315 

3373 

 

3377 

3311 

3381 

3386 

3468 

3308 

3378 

3310 

3382 

3322 

3382 

* the peak positions were recalculated from Figure 1 in Gao and Yuan[67], due to mislabeling in the 

graphic (given peak position does not fit in correlation to x-axis). Thus, both peaks have a larger error 

margin compared with other peak positions given in Table 11.  
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The main number of observable peaks is located in the lower region of the Raman spectrum 

between 100 cm-1 and 600 cm-1. The peaks describe the different lattice modes of Cu-O. The 

internal modes of CO3
2- are observed in the region between 700 cm-1 to 1600 cm-1 whereas 

the O-H stretching modes are located in the far region of the Raman spectrum around 

3200 cm-1 to 3600 cm-1.[65] No other Raman-active precursor phases could be identified. 

 

The Raman spectrum of the 1:2 Cu:Al precursor phase also shows a malachite spectrum, with 

a broader signal in the OH- region, hinting at a slightly higher water content remaining in the 

sample (Figure 36). This is possible due to different storage times of the samples before meas-

uring but does not impair the quality of the spectrum. The relation of the peak intensities to 

each other can also slightly differ due to the baseline correction of the spectra, though the aim 

is to use the same measurement conditions and baseline correction for related spectra. Small 

differences can still occur but do not impede the aspired information sought from the measure-

ments. The peak positions themselves are not affected and fit well with literature data.  

The exact positions of the bands differ slightly from publication to publication due to differences 

in measurement equipment and measurement conditions. Table 11 gives an overview of the 

main Raman peaks of malachite from literature. The peak positions fit well with the Raman 

data obtained from the synthesized precursor samples. 

 

Figure 36: Raman spectra documenting the synthesis route of the phase-pure spinel CuAl2O4: (a) pre-

cursor phase (malachite), (b) the Raman spectrum after calcination is dominated by the broad peaks 

associated with the CuAl2O4 spinel () as well as smaller peaks matching CuO (). (c) The Raman 

spectrum of the calcined spinel catalyst after treatment step with (NH4)2CO3 solution shows only the 

broad peaks of the spinel phase. The previously present surface copper(II) oxide has been removed.  
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In addition to the precursor phase, the resulting catalysts after calcination can also be investi-

gated and confirmed by Raman spectroscopy, analog to the investigations using p-XRD. The 

Raman bands of the copper aluminate spinel are a lot broader than the previously observed 

peaks in the malachite spectra due to their phase transformation to a spinel lattice. 

 

Copper(II) oxide on the other hand has three sharper peaks around 290 cm-1, 340 cm-1 and 

630 cm-1. The third peak overlaps with the broader signal of the copper aluminate spinel, but 

the first two peaks can easily be used as a quality control to check if CuO is present in the 

sample or not. The peaks are easily identifiable, even in smaller amounts.  

 

Table 12: Raman peak positions (given in cm-1) of different spinel species as found in the calcined Cu-

Al spinels prepared (this work) and in literature. MgAl2O4 and MgFe2O4 are used as examples for normal 

and (partially) inverse spinel phases to get a possible analog to the partially inverse CuAl2O4 spinel. 

Since the self-prepared samples were measured as powders, the peak positions are not as well resolved 

as mineral and synthetic examples in literature. Additionally, a higher degree of inversion leads to 

broader Raman peaks.[69]  

Catalyst 

phases 

Literature (various spinel) 

CuAl2O4 

mainly 

Luo et al. 

[46] 

(2005) 

Pekov et al. 

[34] 

(2018) 

RRUFF [68] 

R050411 

D’Ippolito et al. [69] 

(2015) 

CuAl2O4 CuAl2O4 CuAl2O4 MgAl2O4  MgAl2O4 MgFe2O4 

 

 

 

 

 

 

 

609 

 

 

717 

773 

 

 

 

 

 

 

 

 

(608)* 

 

 

(716)* 

(770)* 

1379 

1402 

125 

284 

 

 

 

 

 

590 

 

 

 

762 

 

 

312 

 

 

407 

 

 

 

665 

 

 

766 

 

308 

 

 

408 

 

 

 

670 

 

 

768 

214 

 

332 

377 

 

479 

550 

596 

661 

707 

* The peak positions were calculated from Figure 3 in Luo et al.[46], because the broader peak positions 

belonging to the CuAl2O4 spinel phase were not given in the text itself. Thus, the values only work as a 

broad reference and not as well-defined peak positions. 
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The calcined spinel of CuO ∙ CuAl2O4 is dominated by those copper(II) oxide peaks, due to the 

larger amount of copper oxide present in the sample (Figure 35b). The spinel signals (marked 

with an ) are still present, but less intense than in the calcined CuAl2O4 catalyst. The com-

parison of both catalysts after calcination also shows that the overlapping signal around 600-

650 cm-1 can still yield information.  

The CuO dominated overall spectrum in Figure 35b shows a shift of the peak to 630 cm-1 

whereas Figure 36b shows a broadening and shift to lower wavenumbers at 610 cm-1, indicat-

ing a larger influence of the spinel signal. After the removal of the remaining surface copper 

oxide to get finished phase-pure spinel, the Raman spectrum only shows the three broader 

band features between 600-800 cm-1 associated with the spinel lattice (Figure 36c). Luo et al. 

found additional signals at 1379 and 1402 cm-1 but those could not be verified in spinel samples 

synthesized in this thesis.[46] The other peak positions found in Luo et al. fit well. The Raman 

measurements of the mineral thermaerogenite (naturally occurring CuAl2O4) reported by 

Pekov et al. note only two main peaks at 590 cm-1 and 762 cm-1. Since this is a naturally 

occurring sample the small shift of peak position compared to synthetically prepared laboratory 

samples is expected. Other spinel samples with different cations from literature show compa-

rable spectra with some shifts in peak position due to the different cation sizes (Table 12). 

Additionally, D’Ippolito et al. described a broadening of the Raman bands with a higher degree 

of inversion of the spinel.[69] This fits with the broader bands found in the CuAl2O4 due to its 

nature as a partially inverse spinel.  

 

Since the Raman instrument is coupled to a microscope with magnification up to 50x it is pos-

sible to analyze small particles within the sample separately. A lower magnification allows for 

an average spectrum of the sample because the excited area will be bigger and offer a mean 

Raman spectrum of all catalyst phases within this area. A higher magnification allows the iden-

tification of smaller particles which would possibly not be resolved using a lower magnification 

or p-XRD. 
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Figure 37: Microscopic images (magnification 20x) of the calcined spinel phases with particle sizes be-

tween 100 – 300 µm. (top-left) CuO ∙ CuAl2O4, (top-right) stoichiometric spinel (CuO) ∙ CuAl2O4, (bottom 

row) phase-pure spinel CuAl2O4. The phase-pure spinel has a more reddish color while both other cat-

alyst powders appear dark-brown to black. The darker spots on the stoichiometric spinel showed higher 

CuO signals in the Raman spectrum whereas the different colored regions within the phase-pure spinel 

all showed similar CuAl2O4 signals. The dark and light region of the CuO ∙ CuAl2O4 sample pictured (top-

left) also showed a similar Raman spectrum despite its difference in appearance.  

 

These small-scale investigations might not necessarily be relevant for the bulk composition of 

the catalyst but can give additional information on the purity of the material as well as newly 

formed species, for example after a catalysis run. As all samples are measured as powders it 

is important to measure enough different points of the sample to get a reliable result of the 

overall composition. All spectra shown have been verified by measuring the same sample 

many times in different positions to make sure that the spectrum is representative and not an 

outlier.  



Leaching in Cu-Al spinel catalyzed liquid phase hydrogenation 
__________________________________________________________________________ 

 

68 

 

Figure 38: Raman spectra of representative spots within a stoichiometric spinel. 

 

Figure 38 shows three spectra which are representative of the type of Raman spectra most 

commonly found during measurements of the various calcined Cu-Al spinel species. The main 

peak positions in comparison to literature values [46, 68-70] can be found in Table 12(spinel sam-

ples) and Table 13 (copper oxide). As can be expected from its chemical formula, the spectra 

are either dominated by CuO, CuAl2O4 or a mixture of both signals. Especially in the stoichio-

metric spinel (CuO) ∙ CuAl2O4 all three spectra can often be found in the same powder sample, 

depending on the chosen excitation spot of the sample. Phase-pure spinel catalysts are char-

acterized by the spinel dominated Raman spectrum but small CuO particles can still be found 

sporadically. The microscope can help identifying those samples. 

 

Table 13: Raman peak position (given in cm-1) of CuO as found in the calcined Cu-Al spinels prepared 

(this work) and in literature. The CuO peaks fit well with literature values, small divergences can be 

explained by the measurement of powder samples opposed to solid, well crystallized samples which 

lead to broader peaks.  

Catalyst phases Literature (CuO) 

CuO 

mainly 

RRUFF [68] 

R120076 

Luo et al. [46] 

(2005) 

Debbichi et al. [70] 

(2012) 

292 

341 

624 

1117 

297 

345 

630 

1115 

290 

340 

628 

296 

346 

631 
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Characterization of spent catalyst using p-XRD  

Structural characteristics of the catalysts after use in the hydrogenation of butyraldehyde under 

standard conditions are described in the following. The catalyst was separated from the reac-

tion mixture and dried on air before storage. The catalyst powder itself appears finer but that 

is due to mechanical milling by the stirring bar. 

 

Figure 39: p-XRD diffractogram of (a) phase-pure CuAl2O4 spinel and (b)-(d) stoichiometric spinel after 

reaction, displaying Cu2O signals (⧫). The main reflexes of CuAl2O4 (), CuO () and elemental Cu0 

() are marked in the plot as well. 

 

Figure 39 shows chosen examples diffractograms after the catalyst was used in a typical re-

action cycle. The most prominent changes that can be identified via p-XRD are the presence 

of different copper species compared to the fresh catalyst. The catalyst composition of spent 

catalysts is not identical, but depends on the pre-catalyst used (CuO-Sp, S-Sp or P-Sp) and 

its reaction conditions. 

There is no CuO present in any of the spent catalysts. Some of the spent catalysts show a 

significant buildup of Cu0 compared to the fresh catalyst with narrower reflexes (e.g. Fig-

ure 39c). Whereas the fresh catalyst is made up of a mixture of Cu-Al spinel and CuO (Cu0 

after activation), the spent catalyst shows signals of Cu2O and Cu0. The Cu-Al spinel signature 

remains clear in the spent catalyst, there is no significant shift or broadening of signals. This 

indicates that the spinel lattice has not changed significantly enough due to leaching to be 
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affected in the XRD. The presence of Cu2O does not seem dependent on a copper oxide 

surface layer on the original catalyst composition, it can be found in most spent catalyst. At 

room temperature the oxidation of a metallic copper surface first forms Cu2O, CuO starts to 

form at higher temperatures or with a significantly longer oxidation time[71]. That means the 

amount of cuprous oxide found in the spent catalyst can give an idea how much metallic copper 

was on the spinel catalyst at the end of the reaction. If the sample was measured soon after 

the experimental run then the metallic copper itself can be found in the p-XRD. Also, in the 

case of CuO-spinel, the presence of a lot more metallic copper from the beginning also aids 

the presence of an identifiable metallic copper phase on the spent catalyst. 

 

The presence of Cu2O can also be verified by Raman spectroscopy (Figure 40 and Table 14). 

This also allows for the detection of smaller amounts of Cu2O which cannot be detected by p-

XRD (not enough signal intensity compared to noise signal). In exchange Raman spectroscopy 

cannot be used for the detection of metallic copper (not Raman active), or only indirectly by 

the absence of a identifiable Raman spectrum. Additionally, Raman spectroscopy is a very 

good method to check for possible “coking” occurring during the experiments since carbon is 

very easily identified by Raman. Extended coking can be another reason for catalyst deactiva-

tion by blocking the catalytic sites. This was sporadically the case, but not a regularly occurring 

problem. The third Raman spectrum in Figure 40 shows, in contrast to all XRD measurements, 

a mixture of Cu2O and CuO. This documents the previously mentioned possibility of CuO for-

mation from metallic copper (or the subsequently formed cuprous oxide) at higher tempera-

tures or long reaction times. The measurement took place a year after the catalyst was used 

in an experiment whereas all XRD measurements took place closer to the experimental use. 

 

The spent catalysts investigated all retained their clear spinel patterns in p-XRD and Raman, 

suggesting an intact spinel lattice. There was no significant shift in position or peak broadening 

observed. The presence of small particles of cuprous oxide was identified by Raman micros-

copy, using a 50x magnification. The total amount only sometimes was enough to be identifi-

able in the corresponding p-XRD measurements. There is no clear trend when a higher amount 

of Cu2O was formed in regards to catalyst performance. 
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Figure 40: Raman spectra found in spent catalyst samples. 

 

Table 14: Raman peak positions (given in cm-1) of Cu2O as found in the spent Cu-Al spinels prepared 

in this work and in literature. The Cu2O peaks fit well with literature values, small divergences can be 

explained by the measurement of powder samples opposed to solid, well crystallized samples. 

Catalyst phases Literature (Cu2O)  

Cu2O 

MJA-3-nR_4 

RRUFF [68] 

R140763 

Cu2O ref 

measurement 

Bouchard[64] 

(2003) 

Deng 

(2016) 

146 

218 

289 

405 

 

623 

145 

218 

306 

407 

488 

622 

148 

218 

303 

413 

481 

625 

148 

218 

 

 

495 
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2.5 Conclusion 

 

Discussion of trends in copper and aluminum leaching during butyraldehyde hydrogenation. 

Most relevant general trends of leaching shall be discussed first. Some of the starting hypoth-

eses could in fact be confirmed rather clearly. The influence of the large variety of parameters 

will be discussed concerning consequences for copper and aluminum leaching and catalytic 

performance (activity, selectivity), all as function of reaction progression. Under high hydrogen 

pressure (65 bar) and increased temperature (120 °C) in all experiments performed, as ex-

pected, copper is dissolved into the reaction solution only in trace amounts (less than 1 % of 

total copper present). Qualitatively, copper species have not been lost into solution from the 

pre-reduced catalytically active copper(0) nanoparticles. This was expected for the non-polar 

solvent hexane, being a very poor solvent for metallic species (complexes) formed by potential 

leaching. Concerning catalysis, no correlation of these trace amounts of copper dissolved with 

catalytic performance could be observed in standard experiments.  

Qualitatively and roughly quantitatively this holds for all three catalyst modifications investi-

gated (Figure 6):  

(i) the copper oxide-copper aluminate spinel, CuO ∙ CuAl2O4 (Adkins analogue), which con-

tained an excess of CuO (respectively metallic copper particles after activation) supported on 

copper aluminate;  

(ii) the so-called stoichiometric spinel (CuO) ∙ CuAl2O4 (always having a slight excess of CuO 

on the spinel surface) after calcination, and  

(iii) the phase-pure spinel CuAl2O4, where CuO residues on the surface of copper aluminate 

spinel after preparation were removed by an optimized copper leaching procedure (leaching 

led to slight lack of copper relative to exact spinel stoichiometry).  

That means, these three catalysts have a rather identical support – CuAl2O4 – but differ in the 

amount (“Cu:Al ratio”) of CuO (pre-catalyst) or copper(0) particles on this support. For catalytic 

activity (number of active copper species) as well as for leaching, there would be more copper 

available on the surface for the Adkins analogue than for the stoichiometric and again for the 

phase-pure spinel catalyst.  

 

Differences in leaching of copper are however very small to negligible for all three catalysts 

under the standard conditions used. Variations are directly connected to the slight partial re-

oxidation of copper(0) during catalyst transfer (contact to air, reproducibility of the transfer pro-

cedure). Of course, oxidized copper is more easily dissolved into solution than reduced copper 

(the latter probably not at all), and notably: it can be re-reduced under the standard conditions 

(hexane, no additives and ligands, hydrogen, temperature). As underlined by further experi-

ments, both, leaching of copper(0) as well as re-reduction will be substantially modified by a 
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variation of reaction parameters, also by those which are of relevance in technical processes. 

It is interesting to note that copper leaching at the beginning of the reaction (up to one hour) is 

highest for the stoichiometric and phase-pure spinel (Figure 4). Probably it is the copper(II) of 

the spinel lattice that can be partially and more easily dissolved, possibly due to better acces-

sibility, than in the Adkins analogue (excess of copper on the outer surface). However, this 

leached copper is re-reduced and re-deposited onto the support completely after less than one 

hour of reaction time).  

All three catalysts are active in the hydrogenation of butyraldehyde and no correlation of cop-

per leaching and activity can be identified. The differences in activity can be explained by the 

varying amounts of metallic copper (total surface area) in the catalysts (Cu:Al ratio). Thus, the 

Adkins analogue reaches complete conversion in less than two hours, whereas phase-pure 

copper aluminate spinel needs nearly 5 hours. For a detailed analysis, more determination of 

the copper(0) surface area by chemisorption would be necessary, that is however out of the 

scope of this study. The results are, however, in good agreement with analogous reports of 

Dörfelt et al.[31] Also rather similar for all three catalysts is the low selectivity to butanol (below 

60 %, Figure 6), which is different to 100 % selectivity in the pure gas phase reaction and will 

be discussed later[47, 72].  

Beyond all previous expectations, aluminum leaching is non-negligible. This confirms the first 

surprising observations by C. Dörfelt.[27] In addition, aluminum leaching is found to be clearly 

different for the three catalysts investigated. Remarkable leaching of aluminum is observed for 

the Adkins analogue, starting directly after the heating phase (t=0) and continuously increasing 

with reaction progression (up to more than 2 % of total aluminum in the catalyst). The values 

for the pure copper spinel catalysts are clearly lower (< 0.5 % or nearly zero for P-Sp). The 

strongest increase in Al leaching occurs during the fastest substrate conversion (for CuO-Sp), 

a correlation which cannot easily be explained because aluminum is not taking part in the 

reaction. One might assume that changes in the composition of the reaction mixture (e.g. in-

crease of butanol concentration) is related to this observation (see also later: influence of sol-

vent and additives). It seems to be more difficult to dissolve aluminum from pure spinel cata-

lysts S-Sp and P-Sp. Possibly, an excess of copper(II) available at the surface of CuO-Sp can 

compensate the loss of lattice aluminum and stabilize the catalyst.  

The presence of carboxylic acids in the reaction mixture is found to be decisive for metal leach-

ing. Their presence relativizes several of the observations described for standard reaction con-

ditions without acids. Leaching data from all three catalysts is available for heptanoic acid as 

additive (Figure 7). Both copper and aluminum leaching into solution increase substantially in 

the presence of 8 mol-% heptanoic acid. This rather high concentration had been chosen in 

order to attain clear effects avoiding discussion of trace effects of limited reproducibility (acid 

impurities in industrial feeds are in general only 2 %). It could be expected that copper(II) and 
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aluminum(III) complexes can be (thermodynamically) stabilized in solution due to better solu-

bility leading to an increased leaching into solution. However, the reduction potential of cop-

per(II) in solution has also changed to such an extent that at least copper, once oxidized, can-

not be re-reduced in contrast to standard conditions without addition of carbonic acid. Leaching 

of 1-2 % (P-Sp, CuO-Sp) and even up to 6 % (S-Sp) of the total copper amount over the whole 

reaction time confirm this. Also, aluminum leaching increases remarkably compared to the 

absence of heptanoic acid. The catalytic performance (activity and selectivity) decreases for 

all catalysts. The loss of copper, modified reduction conditions and potential side reactions are 

explanations. The partial loss of copper is less relevant for the activity of the Adkins analogue, 

where copper is present in large excess on the spinel support in contrast to S-Sp and P-Sp. 

Thus, the performance of this catalyst is only moderately diminished by the copper loss with 

heptanoic acid.  

The two “pure” spinel catalysts (S-Sp, P-Sp) without additional copper amount on the surface 

showing the most drastic effects with variation of the reaction conditions and were used for the 

evaluation of further parameters for leaching and catalytic performance. First, the influence of 

the carbon chain length of the carboxylic acid was studied in hexane as solvent for these two 

catalysts (Figure 8 and Figure 9). The experimental series with different carboxylic acids con-

firms the trends already observed for heptanoic acid: in all cases, catalytic activity and selec-

tivity are reduced compared to acid free substrate.  

To a first approximation, there is no direct correlation between copper amount in solution and 

activity and selectivity, i.e. copper complexes in solution do not influence butanal conversion. 

Copper leaching increases less pronounced for shorter acid chain lengths, what is not surpris-

ing due to worse solubility of the corresponding complexes in non-polar hexane. Substantial 

copper leaching is only observed with heptanoic acid, but catalytic performance was de-

creased for all acids. It is possible that the formation of the particularly sparingly soluble copper 

carboxylates re-deposited as solids, are lost as an active species and even block active copper 

sites, resulting in a less active catalyst.  

Most critical for catalyst stability is the increased aluminum leaching when carboxylic acids are 

present, most pronounced for the phase-pure spinel. In all cases, aluminum leaching increases 

continuously with reaction progression when acids are present, destabilizing the catalyst.  

Variation of the solvent influenced the leaching of copper and aluminum remarkably. Toluene 

– most similar to hexane – showed, not surprisingly, very similar results and confirmed former 

observations. Surprising and not easy to explain is the observation that the presence of (pen-

tanoic) acid led to better catalytic performance in toluene compared to hexane. Again, the 

presence of acid in the feed led to increased copper and aluminum leaching, however less 

pronounced than in hexane. This trend continues for more polar solvents. Generally, leaching 

of copper as well as of aluminum decreased clearly with more polar solvents (dioxane, ethanol). 
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This is also true in the presence of carboxylic acids. A possible interpretation is that the dis-

solved metal complexes (Cu(II), Al(III)) formed in solution are uncharged, thus being less sol-

uble in polar solvents compared to hexane. Unfortunately, we do not have information on the 

nature of the complexes in solution, but only on the total metal content from the ICP-OES 

analyses. An interesting result is the continuous increase of copper and aluminum leaching 

after complete conversion of the substrate in the presence of heptanoic acid (Figure 7). One 

could speculate that this is related to the increased amount of product, i.e. butanol and its 

contribution to metal ion solubility.  

The most pronounced effect is the strongly increased rate of conversion of butyraldehyde with 

ethanol as solvent compared to the standard catalysis in hexane (Figure 13 and Figure 14). 

This is even true for the presence of carboxylic acids. The selectivity however depends very 

sensitively on the nature of the carboxylic acid added. This is due to the formation of the diethyl 

acetal as side reaction, which is catalyzed under acidic conditions. In the most extreme case 

with pentanoic acid as additive, practically no butanol is formed but the acetal is dominating as 

product (Figure 16). Since the substrate butyraldehyde is very often contaminated with varying 

small amounts of acids (in lab as well as industrial scale), reproducibility will be limited and 

ethanol as solvent represents a very interesting but also risky solvent for these reactions.  

The solvent effects on metal leaching during butyraldehyde hydrogenation were confirmed by 

analogous effects with solvent mixtures of hexane with 10 % of toluene, 1,4-dioxane and eth-

anol. Catalytic performance and stability have been improved for the solvent mixtures, when 

the added solvent had higher polarity. Most interesting was again the addition of ethanol. Al-

ready small the amounts of ethanol decreased leaching of copper and aluminum significantly 

in comparison to pure hexane. Catalytic performance increased substantially too. The latter 

result was again accompanied by acetal formation as side reaction when propionic acid was 

added to the solvent mixture (in contrast to pure ethanol, where pentanoic acid led to selectivity 

break down). This underlines systematic correlation between solvent polarity, solubility and 

acid concentration dependent on chain length. The phase-pure spinel is generally more sus-

ceptible to aluminum leaching (than S-Sp and also CuO-Sp) under identical conditions.  

Long-term experiments on leaching are of interest for the stability of the catalysts, in particular. 

Aluminum represents a component of the support and/or binder material with industrial appli-

cations in continuous processes with fixed bed flow reactors (e.g. trickle bed). The trends dis-

cussed for the batch experiments are in principle also confirmed by the long-term experiments 

performed over 24 hours (Figure 26). More specifically, copper leaching into hexane plays only 

a role in the presence of heptanoic acid, but in this case, it can increase up to 15 % of the total 

copper content of the catalyst after 1 day. Aluminum leaching increases continuously over the 

whole time in the presence of any acid tested reaching up to 6 % of total aluminum during 

1 day, thus being in fact a serious danger for potential (shaped) catalyst stability. Addition of 
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10 % ethanol to hexane can help to suppress copper (nearly completely) and aluminum leach-

ing (below 1%) substantially with a drastic increase in activity and selectivity at the same time 

(Figure 28). Leaching in hexane/ethanol is slightly more pronounced for the phase-pure cata-

lyst, which shows in general lower stability. The catalytic performance increase by ethanol is 

however again accompanied by serious sensitivity of selectivity to reaction parameters as de-

scribed for reactions in pure ethanol (acetal formation). Nevertheless, the huge number of in-

formation gives us ideas and variables to control leaching if necessary in a knowledge-based 

approach for comparable copper catalyzed hydrogenation reactions. 
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3.1 Introduction and Motivation 

Leaching is a phenomenon that occurs in different types of reaction. The previous chapter 

described a leaching process with a focus on the deactivation of the catalyst. In contrast, other 

types of reactions can incorporate the leaching of catalyst species as an active part of the 

catalytic reaction itself. One such example is the Heck reaction using supported palladium 

catalysts. Here, dissolution of active metal species can also result in an even more efficient 

homogeneous catalytic cycle with increased reaction rates.  

 

The results presented in the following chapter examine specific parameters of such leaching 

processes by close correlation of targeted experiments with computational model results. 

Leaching processes at solid-liquid interfaces are very complex as they involve solid surfaces, 

solvent, substrates and additives. It seems reasonable to reduce the complexity by addressing 

selected parameters and elementary steps. The questions (i) which reaction parameters (com-

ponents) favor palladium leaching and (ii) under which reaction conditions leaching may be 

preferably observed are discussed. Temperature-programmed experiments correlating dis-

solved palladium and catalytic activity on the one hand side and experiments with variation of 

reactant composition (optional with and without aryl halide, alkene, additional bromide ions) - 

again as function of temperature and time - were carried out for these reasons. The role of all 

individual components of typical Heck reactions are addressed. Further, supported Pd-nano-

particle catalysts are compared to isolated Pd-complexes immobilized on a support and their 

different leaching behavior is presented in the context of the catalytic reaction cycle. Addition-

ally, a more-demanding (aryl chloride) and less-demanding substrate (aryl bromide) is briefly 

discussed in regard to their Pd leaching progression, using supported Pd-complexes as a cat-

alyst. 

 

The leaching results described in the following chapter have been published in [73] and [74]. 
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3.2 Theoretical background 

All heterogeneously catalyzed reactions in liquid phase are potentially associated with the 

question of (partial) dissolution or leaching phenomena. Leaching of the active metal may 

cause a loss in catalytic activity and lead to contaminated products, especially in continuous-

flow operation. On the other hand, dissolution of active metal species can also result in an 

even more efficient homogeneous catalytic cycle with increased reaction rates, bridging the 

gap between heterogenous and homogeneous catalysis.  

 

This effect has been observed for palladium catalyzed C–C coupling reactions of Heck-[21] and 

Suzuki-type.[75] Since their discovery in the 1960s and 1970s, cross coupling reactions reached 

high importance due to their application in the synthesis of complex natural as well as agricul-

tural and pharmaceutical products. These reactions enable the connection of two molecules 

by the formation of C-C, C-N or C-S bonds.[76, 77] In order to facilitate continuous processes 

and easy catalyst separation, many studies focused on the development of solid palladium 

catalysts for cross coupling reactions.[76, 78-80] One of the most versatile cross couplings is the 

Heck reaction, which describes the palladium-catalyzed arylation of an olefin using aryl halides 

or triflates.[77, 81, 82] Focusing on Heck reactions, the question of how the reaction is catalyzed 

starting from solid Pd drew much attention initially. In principle, the two discussed possibilities 

were that either the reaction is catalyzed by a “truly heterogeneous” surface mechanism or 

that dissolved palladium, which is generated by metal leaching, catalyzes the reaction following 

the homogeneous reaction mechanism. Consequently, several contributions and reviews have 

addressed this topic.[22-24, 79, 83] 

The general conclusion is that despite the possibility of a surface mechanism cannot be ex-

cluded completely, the homogeneous pathway is evident for several systems such as palla-

dium nanoparticles as well as supported palladium oxide catalysts and that the active species 

are at least temporary coordinately unsaturated dissolved Pd(0) species. 

 

For these reactions, a variety of authors did not regard leaching primarily as a negative phe-

nomenon, but proposed Pd leaching as a prerequisite for high catalytic activity.[24, 84-87] How-

ever, several studies also reported that Heck and in particular Suzuki coupling reactions occur 

at the surface of solid Pd as truly heterogeneous reaction with a classical surface mechanism; 

for a review see Ref. [23] While leaching of Pd into solution (and re-deposition) has been proven 

in many experiments, relevant parameters and mechanisms of leaching remain often unclear 

in detail.  

The tests, which are applied mostly for the differentiation of homogeneous or heterogeneous 

catalyzed reactions, are hot filtration or split tests, selective poisoning of supported palladium 

as well as three-phase tests. However, the interpretation of the results derived from such tests 
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can be difficult. In many cases, it is only possible to examine the situation at a particular time 

during the reaction. In order to improve the understanding of the dynamic leaching process 

under reaction conditions, the contemporaneous determination and correlation of the conver-

sion of the aryl halide with the amount of leached palladium, using solid palladium catalysts, 

was established. It was demonstrated that palladium is dissolved simultaneously with the start 

of the reaction, the highest reaction rate matches the highest palladium concentration in solu-

tion and palladium is re-deposited on the support again after the reaction is completed. There-

fore, it was concluded that solid palladium catalysts act as reservoirs for active Pd(0) species 

in solution.[25, 26, 85, 87-91]  

Especially in the case of Heck reactions, the matter of how the reaction is catalyzed starting 

from solid Pd drew much attention. Several contributions and reviews addressed this topic [22-

24, 79, 83], proposing in particular the generation of active species in solution through oxidative 

addition of the aryl halide to Pd particles.[23] Ananikov et al. discussed the simultaneous exist-

ence of several active species in solution (dissolved palladium complexes, clusters and nano-

particles etc.) and their interconversions as a “cocktail of catalysts”.[92] De Vries examined the 

catalytic relevance of the formation of palladium colloids and anionic palladium species in so-

lution at higher temperatures.[24] In several experiments, the rate of conversion correlated with 

the concentration of dissolved palladium species.[73, 85, 89] Analogous concepts of palladium 

leaching exist for Suzuki-Miyaura type cross-coupling reactions.[93-95] The catalysts and reac-

tion mixtures were monitored in situ during the Heck reaction by means of EXAFS by Kleist et 

al.[96] showing that the catalyst changed from solid to dissolved species as the substrate is 

converted. Analogous observations were reported in NMR studies by Smirnov [97] and with a 

nanoporous membrane reactor by Gaikwad et al.[98] 

A detailed understanding of how potential elementary steps may contribute to palladium leach-

ing during carbon-carbon coupling reactions was obtained by theoretical studies of Polynski 

and Ananikov [99], Ramezani-Dakhel [100], Proutiere [101], and Chang et al.[102] The DFT investi-

gations report the dissolution into the liquid phase, e.g. as function of the palladium particle 

size as well as the possibility of Pd leaching from solid Pd surfaces into the gaseous phase by 

means of CO chemisorption. A review of theoretical studies on aspects of carbon-carbon bond 

formation has been published by Xue and Lin 2010.[103] 

 

Examples of catalysts with immobilized palladium complexes or molecular palladium species 

for the Heck coupling reaction already exist, but unfortunately most studies lack detailed ex-

perimental-based proposals concerning the mechanism and therefore the cause for the partly 

high activities.[104-109] The more recent finding of extraordinarily high catalytic activity of grafted 

Pd methyl complexes on silica for the selective conversion of aryl chlorides opens the possi-

bility of more detailed mechanistic investigations.[110]  
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3.3 Results and discussion 

The basis of this study is the systematic comparison of different supported palladium pre-cat-

alysts for the Heck reaction, focusing on the correlation between activity and palladium leach-

ing. As catalytic systems, supported palladium (oxide) particles as well as supported isolated 

palladium surface complexes were chosen. Palladium oxide particles immobilized on various 

supports are well known for their application in C-C coupling reactions and can be regarded 

as standard or reference systems.[26, 89] 

 

3.3.1 Synthesis and characterization of the catalysts 

Supported Pd particle catalysts 

Two palladium catalysts with supported nanoparticles of different loading were studied in the 

leaching experiments described below: (i) a commercially available catalyst from Evonik with 

5 wt.-% Pd deposited on a charcoal support (1120 m²/g BET surface) and (ii) 1 wt.-% Pd de-

posited on silica (Aerosil 200, Evonik), synthesized by controlled deposition precipitation based 

on the study of Pearlman.[111] A detailed synthesis description is given in the Experimental 

section (Chapter 6.2). The metal loading was confirmed by elemental analysis and the average 

particle sizes are 3 nm (Pd/C) and 2 nm (Pd/SiO2).  

 

Isolated Pd complexes grafted on SiO2 support 

The catalyst PdMe(tmeda)/SiO2 was used as prepared by C. Gnad[112], a detailed description 

of the synthesis can be found in literature.[110, 113-115] An abridged version, for better understand-

ing of the presented leaching results, is given in the Experimental section (Chapter 6.2). The 

synthesis route yields solid catalysts of isolated Pd surface complexes with molecular metal 

centers. Metal loading and stoichiometry of the surface complexes (molar ratio of Pd:C:H:N/P) 

were confirmed by elemental analysis. IR spectroscopy allowed the assignment of well-defined 

bands to the symmetric and asymmetric vibrations of the C-H bonds of the tmeda and methyl 

ligands of the surface complex. TPD studies confirm that no other organic species besides the 

ligands coordinated by palladium are present. NMR spectroscopy confirms the molecular char-

acter of the metal center and the successful bonding of the complexes to the support. 

 

3.3.2 Targeted variation of parameters concerning Pd leaching during Heck reactions 

In a first step the leaching behavior of the supported Pd catalysts on charcoal and silica in 

correlation to the rate of substrate conversion under standard Heck reaction conditions is de-

scribed. Following that, both catalysts are tested in a number of targeted leaching experiments 

and compared to corresponding DFT calculations by N. Rösch et al. in regards to the mobility 

of palladium. 
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Leaching under standard Heck reaction conditions 

The overall substrate conversion and leaching progression using the supported palladium cat-

alysts is tested for the Heck reaction of bromobenzene with styrene. The stoichiometric 

amounts and reaction conditions are given in Equation 8 und described in detail in the Exper-

imental section (chapter 6.2). 

 

 

 

Equation 8:. Reaction equation and reaction conditions of the investigated Heck coupling reactions us-

ing (1) Pd/C or (2) Pd/SiO2 as a catalyst. 

 

The progression of substrate conversion and palladium leaching in correlation to the reaction 

temperature is given in Figure 41. The left side shows the reaction using Pd/C, the right side 

the reaction using Pd/SiO2. These experiments with the complete Heck reaction mixture show 

leaching behavior analogous to previous studies on leaching in Heck reactions.[87] The conver-

sion of bromobenzene (blue curve, Figure 41) starts at temperatures around 140-150 °C, the 

typical temperature range for converting aryl bromides in Heck reactions. The black curve 

shows the amount of palladium in solution at the given time. The reaction mixture samples 

were quickly filtrated using a 200 nm syringe filter and palladium content was determined by 

elemental analysis, employing ICP-MS or photometric concentration determination (see Ex-

perimental, chapter 6.2). Both experiments are characterized by the coincidence of the maxi-

mum rate of conversion and the maximum of the leaching curve. Catalytically active species 

are formed by palladium leaching from the solid catalyst, undergoing catalytic cycles and being 

redeposited on the support when the substrate is consumed.[87] According to literature, the 

most common interpretation of the Pd dissolution observed here is that oxidative addition of 

the aryl bromide leads to the formation of dissolved molecular palladium species.  
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Figure 41: Leaching (black curve) under standard Heck reaction conditions as bromobenzene is con-

verted with styrene (blue curve) as a function of reaction time and temperature using Pd/C (left) and 

Pd/SiO2 (right) as a catalyst (adapted from [73] and [74]). Reaction conditions: 0.5 / 0.1 mol-% Pd, 

1.0 eq substrate, 1.3 eq / 1.5 eq styrene, 1.2 eq NaOAc, - / 0.6 eq TBAB, NMP, 140 °C / 160 °C, air.  

 

Parameter reduction based on DFT calculations 

To assess which parameters of the reaction system drive and support the leaching of palladium 

from solid Pd particles a number of basic DFT calculations have been conducted based on an 

octahedral Pd-cluster. The model reactions compare the overall energetic situation after leach-

ing one of its Pd atoms in case of (i) Pd cluster + solvent, (ii) Pd cluster, solvent + aryl bromide, 

(iii) Pd cluster, solvent, aryl halide + additional bromide source and (iv) Pd cluster, aryl bromide 

+ excess of free bromide ions. The calculated free reaction energies Gr (Table 15) show that 

the model system composed of Pd cluster and solvent cannot support leaching of Pd. The 

addition of aryl bromide lowers the reaction free energy considerably, indicating that its pres-

ence plays a significant role in the leaching step (oxidative addition). The addition of another 

bromide source (so-called Jeffery conditions[116]) further lowers Gr, enabling the Pd atom to be 

more easily detached from its cluster.  

 

Table 15: Reaction free energies Gr for dissolving one palladium atom as a complex from a Pd6 cluster 

with various ligand configurations from DFT model calculations.[74] 

Reaction Gr (150 °C, 1 bar) 
kJ mol–1 

Pd6 + 4 DMF                           → Pd5 + [Pd(DMF)4] 517 

Pd6 + 2 DMF + PhBr               → Pd5 + [PdBr(DMF)2Ph] 165 

Pd6 +    DMF + PhBr +    Br–   → Pd5 +[PdBr2(DMF)Ph]– 14 

Pd6 +                PhBr + 2 Br–   → Pd5 + [PdBr3Ph]2– -69 

 

These results of the DFT calculation were used as the basis for targeted leaching experiments, 

systematically reducing the number of components to observe if the experimental data support 

the computed leaching predictions. Other reports have done experiments following a similar 
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top-down approach but did not monitor leaching temperature and time. Sampling in short time 

intervals allowed a good monitoring of the Pd leaching in the chosen experiments. All experi-

ments were tested with the previously described Pd/C (5 wt.-%) and Pd/SiO2 (1 wt.-%) to en-

sure a better general applicability of the drawn conclusions.  

 

 

Figure 42: Leaching of palladium from Pd/C (5 wt.-%, left side) and Pd/SiO2 (1 wt.-%, right side) as 

function of temperature and reaction time (temperature-programmed experiment). Leaching in 

250 mL NMP and 250 mmol bromobenzene (black curve, +), 5 mmol TBAB (blue curve, X) or PhBr + 

TBAB (green curve, -). 

 

Both catalysts show the same qualitative effects, but the differences in catalyst loading results 

in a higher percentage of dissolved palladium species in the case of 1 wt.-% Pd/SiO2 (see 

different y-axis scaling in Figure 42). This is an expected effect due to the considerably lower 

Pd loading.  

 

The experiment with bromobenzene (250 mmol), 0.5 mol-% palladium with respect to bromo-

benzene and N-methylpyrrolidone (250 ml) as standard solvent corresponds to reaction 2 of 

the DFT calculation. The leaching curves (Figure 42, black curves) show the percentage of 

total Pd, which has been leached into solution at the temperature given (about 2 % for Pd/C, 

up to 50 % for Pd/SiO2). In fact, Pd is leached with PhBr and NMP at temperatures equal to 

and higher than 120 °C, i.e., the temperature at which the Heck reaction (oxidative addition is 

assumed as rate determining step) started. The blue “leaching curves” show the reaction of 

the supported Pd nanoparticles with only tetrabutylammonium bromide (TBAB) (5 mmol) and 

solvent NMP. TBAB is a source for bromide ions which can stabilize Pd in solution by forming 

palladium bromido complexes. The proposed improved leaching behavior is clearly visible, 
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both catalysts show higher leached Pd quantities and the dissolution occurs at lower temper-

atures compared to the previous experiment. The effect is more pronounced for the Pd/C cat-

alyst but present for both tested catalysts. The third experiment was carried out with bromo-

benzene, TBAB and NMP (green curves). In agreement with expectations and model calcula-

tions, there is a significant increase of Pd concentration compared to experiments 1 and 2. In 

experiment 3, the substrate (able to undergo oxidative addition to the catalyst) is present as 

well as a source of bromide ions which, as previously mentioned, is known to stabilize palla-

dium species in solution.[24] In the case of oxidative addition, the C-Br bond needs to be broken 

before oxidative addition can take place, this explains the higher set-off temperature, when 

bromide ions/TBAB are not present (as observed for the Pd/C samples). 

 

A different visualization of the experimental data underlines that the dissolved palladium spe-

cies are not stable at higher temperatures and increased reaction times but (at least partially) 

re-precipitated, resulting in a reduced Pd concentration. This can be interpreted as effect of 

“self”-reduction of Pd(II) and missing stabilizing ligands. To illustrate this effect, the experi-

ments using Pd/SiO2 catalysts were kept isothermally (up to an hour) at reaction temperature.  

 

 

Figure 43: Leaching of palladium from Pd/SiO2 (1 wt.-%) as function of reaction time (temperature-pro-

grammed experiment). Leaching in 250 mL NMP and 250 mmol bromobenzene (black curve, +), 

5 mmol TBAB (blue curve, X) or PhBr + TBAB (green curve, -). 
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3.3.3 Leaching of supported Pd-complexes in Heck Reactions of Aryl Bromides and 

Chlorides 

 

The previous subchapter described the leaching behavior of supported Pd-(nano)particle cat-

alysts under Heck reaction conditions. Another specific approach is a catalyst with isolated Pd-

complexes immobilized on a support, which shows a different Pd leaching progression. The 

reaction conditions are given in Equation 9. 

 

 

 

Equation 9: Reaction equation and reaction conditions of the investigated Heck coupling reactions using 

PdMe(tmeda)/SiO2 as a catalyst (X = Br or Cl). 

 

Figure 44 (left) shows the Pd leaching and reaction progression for the conversion of bromo-

benzene, using supported isolated palladium complexes as a catalyst. The experiment is exe-

cuted analogously to the conversion of bromobenzene using a supported Pd particle catalyst 

(compare Figure 41, right). The application of the isolated surface catalyst shows extreme Pd 

leaching right at the start of the reaction (heating phase). Within 10 minutes almost all palla-

dium is dissolved at temperatures around 100 °C. Nevertheless, the conversion of the sub-

strate does not start simultaneously (or only at a very low rate) in clear contrast to the previ-

ously observed reaction progression using supported Pd nanoparticle catalysts. The further 

increase in temperature shows a drop in Pd concentration at 120 °C to about 75 % Pd con-

centration. Quickly the Pd concentration increases again to a second maximum which now 

coincides with the rapid conversion of the substrate. After the reaction is completed, the 

Pd concentration decreases rapidly.  

Although the experiment does not allow the differentiation between different oxidation states 

of the Pd, several conclusions can be drawn. Driven by the excess of bromide ions in the 

reaction mixture, it is most likely that the species, which are released from the surface into 

solution during the heating phase, are bromopalladium(II)-complexes of the kind 

PdMeBr(tmeda), PdBr2(tmeda) or similar Pd(II) complexes with coordinating solvent molecules 

(with or without the tmeda ligand). In contrast to the previously described supported PdO/Pd(0) 

catalysts, here, the supported Pd is not part of the lattice and does not need to transcend lattice 

energy to form soluble species. 

It seems that the large excess of bromide ions is able to shift the equilibrium to Pd bromide 

complexes in solution opposed to the strong covalent bond between Pd and surface oxygen. 
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During the early heating phase, the temperature is not high enough to reduce Pd(II) and the 

oxidative addition of the aryl halide cannot take place either (requiring Pd(0)). The following 

decrease in palladium concentration indicates, that the stability of the Pd(II) complexes in so-

lution decreases and Pd is subsequently partially re-deposited, probably as small Pd(0) clus-

ters.  

 

 

Figure 44: Contemporaneous determination of the conversion of substrate and the amount of palladium 

in solution with PdMe(tmeda)/SiO2 as catalyst (adapted from [73]). Please note the differences in axis 

scaling. Reaction conditions: 0.1 / 0.05 mol-% Pd, 1.0 eq substrate, 1.3 eq styrene, 1.2 eq NaOAc / 

0.6 eq Ca(OH)2, 0.6 eq TBAB, NMP, 160 °C / 150 °C, air.  

 

At the beginning of the reaction (T = 150 °C), around one quarter of the palladium is located 

on the support whereas three quarters are in solution. Of course, the latter is readily available 

to enter the catalytic cycle (after reduction of Pd(II) to Pd(0) beforehand). Nevertheless, be-

cause of the re-increase of the palladium amount during the reaction, the re-deposited sup-

ported palladium species seem to be involved in the catalytic process. It can be assumed that 

very small metallic palladium species can be generated during re-adsorption processes and 

still be available for the catalytic reaction, because the temperature range of 130 – 150 °C 

exactly comprises the onset of the two relevant elementary processes being coupled to each 

other: reduction of Pd(II) to Pd(0) as well as oxidative addition[97]. As in the experiment with 

supported nanoparticles as catalyst, the palladium is re-deposited on the support again after 

the complete conversion of the bromobenzene (compare Figure 41).  

 

In case of supported palladium (oxide) particles, palladium is partially reduced at the surface 

prior to its dissolution by oxidative addition of the aryl halide, leaching can be accelerated by 

the presence of tetrabutylammonium bromide. Pd(0) species can be re-deposited and subse-

quently re-dissolved (by oxidative addition) if PdMe(tmeda)/SiO2 is applied, generating sup-

ported but for the reaction still available Pd(0) species “in-situ”. The same process cannot be 

completely excluded for catalysts with supported palladium (oxide) particles, but regarding the 
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existing leaching experiments (from this work and previous studies[24-26, 117]) with bromoben-

zene as aryl halide, it seems rather unlikely. The different kinds of leaching mechanisms and 

therefore the generation of the active species of both catalytic systems are the cause for the 

varying performances. This is especially evident towards aryl chlorides as reported in [110] with 

surface complexes clearly outperforming palladium oxide particle catalysts in the coupling of 

chlorobenzene. The reaction and leaching progression using the PdMe(tmeda)/SiO2 catalysts 

with the more-demanding substrate chlorobenzene is shown in Figure 44 (right side). The sta-

bility of the C-Cl bond markedly decreases the rate of the oxidative addition, resulting in con-

siderably longer reaction times compared to bromobenzene as a substrate (timeframe of hours 

instead of minutes).  

As previously described for bromobenzene, high amounts of supported palladium complexes 

are dissolved during the heating of the reaction mixture (50 % palladium leaching after 

30 minutes) by complexation with the available bromide ligands. The high palladium concen-

tration in solution during the first hour of the reaction time again underlines that this dissolution 

process is independent of the oxidative addition of the aryl halide. When the temperature ex-

ceeds 130 °C, the palladium concentration in solution is decreasing. Above 150 °C, formation 

of stilbene starts. Throughout the next several hours, the reaction proceeds slowly (roughly 

linearly) and the palladium content in solution is increasing to maximum of 5 % of total Pd.  

The oxidative addition of chlorobenzene is considerably slower compared to that of bromoben-

zene. All Pd(0) species in solution are re-deposited (reaction times t = 2 – 3 h), because the 

slow oxidative addition of chlorobenzene cannot compete with the precipitation. Only after 

some additional induction period, steady increase of the yield shows that the catalyst is able 

to constantly provide dissolved, active Pd(0) species over several hours of reaction time. Due 

to the demanding oxidative addition of chlorobenzene and the competing accelerated reduc-

tion and agglomeration of Pd at these higher temperatures, the equilibrium between dissolved 

and supported palladium species is shifted towards the supported species. 

 

3.4 Conclusion 

The contemporaneous determination of conversion and palladium concentration during the 

Heck coupling of bromobenzene and styrene revealed different leaching mechanisms depend-

ent on the applied solid palladium pre-catalyst.  

For catalysts with supported palladium particles, the generation of dissolved, active Pd species 

occurs by reduction at the surface and subsequent dissolution of palladium by oxidative addi-

tion of the aryl halide. Pd dissolution is accelerated by bromide ions and substrate molecules. 

Dissolved palladium is re-deposited to the catalyst surface with increasing temperature and 

time, and with consumption of the substrates with the progress of the reaction. 
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Model calculations of reaction free energies balancing educts and products rationalize exper-

imental results on the significance of presence or absence of reactants, additives and solvents 

for leaching of palladium under typical Heck reaction conditions. Oxidative addition of phenyl 

bromide is decisive for decreasing the dissolution energy, but by far not the only relevant pa-

rameter. Additional bromide ions clearly make the leaching process more exergonic. The effect 

of bromide ions is due to the high stability of the Pd bromide complexes formed.  

 

Pre-catalysts with isolated surface complexes release palladium by complexation prior to its 

reduction occurring in solution. The active catalyst is formed by re-deposition of these Pd spe-

cies dissolved at lower temperature “in situ”, before a second leaching step generates the 

active species at reaction temperatures. Through this process during an induction period, sup-

ported Pd(0) clusters are formed under reaction conditions, which are available for the gener-

ation of (renewed) active centers by re-dissolution of palladium via oxidative addition under 

more demanding conditions. During reactions of chlorobenzene catalyzed by highly active cat-

alysts, a permanent low percentage (< 5 %) of dissolved palladium is present over several 

hours. No other characteristic correlation of reaction rate and Pd content as with bromides 

could be observed.  

 

In summary, it can be concluded from the computational and experimental data that leaching 

of molecular Pd complexes during Heck reactions is caused by various parameters and com-

plex mechanisms. 
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One of the important causes of deactivation of solid catalysts is the loss of active component 

due to corrosion or leaching by the reaction medium. Particularly relevant are leaching pro-

cesses when solid catalysts are applied in a liquid medium. The present thesis examined this 

dissolution of metals from solid catalysts for two different reaction types in order to better un-

derstand the complex leaching processes at solid-liquid interfaces: the copper aluminate spinel 

catalyzed hydrogenation of aldehydes and carbon-carbon couplings by supported palladium. 

Deeper understanding could be achieved using a specific experimental approach, in which the 

metal species dissolved in solution were determined during the reaction as function of reaction 

time and temperature, dependent on the nature of the solid catalyst, solvent, substrates and 

additives.  

 

Copper aluminate spinel catalysts with three different copper loadings showed leaching of only 

traces of copper under strongly reducing conditions (65 bar hydrogen, 120 °C, hexane) during 

the hydrogenation of butanal to butanol. Oxidized copper(II) species are re-reduced to metallic 

copper under standard conditions. The amount of leached copper as well as re-reduced cop-

per(0) species are substantially dependent on solvent and additives. Particularly the presence 

of carboxylic acids – a typical impurity in industrial feeds – causes an increase of the copper 

content in solution during the reaction. Upon complexation with the carboxylate, copper(II) is 

stabilized in solution and not easily reduced to Cu0 again. The amount of copper in solution 

depends on the carbon chain length of the carboxylic acid and on the solvent (hexane, toluene, 

dioxane, ethanol) and can reach up to 6 % of the total copper content of the catalyst. The Cu 

concentration in solution does not correlate with the catalytic activity. Ethanol as solvent and 

additive can substantially modify the activity and selectivity (acetal formation). Beyond all ex-

pectations, aluminum leaching can be remarkable even under standard conditions (up to > 2 % 

of total aluminum content in the catalyst). Most critical for the stability of the catalyst is the 

increased aluminum leaching when carboxylic acids are present. Long-term experiments 

showed that aluminum leaching increases continuously in the presence of any acid tested, 

reaching up to 6 % of total aluminum content within 24 h, thus being a serious danger for the 

stability of catalysts. Addition of 10 % ethanol to hexane can help to suppress copper leaching 

completely and to keep the aluminum leaching below 1 %. The present study contributed ideas 

and variables to control leaching and catalyst stability in a knowledge-based approach for cop-

per catalyzed hydrogenation reactions.  

 

It is generally accepted in literature now that leaching of palladium from supported catalysts is 

a prerequisite for catalytic activity in carbon-carbon coupling reactions like the Heck reaction, 

i.e. the reaction is catalyzed by dissolved Pd(0) complexes. The present investigation focusses 

on the leaching mechanism and the dynamics of dissolution and re-deposition of the palladium 



Summary 
__________________________________________________________________________ 
 

92 

species. In this context, different solid palladium pre-catalysts were compared regarding their 

activity in the Heck reaction and the dissolution process of palladium with demanding aryl bro-

mide and chloride substrates. Depending on the substrate and the pre-catalyst, differing leach-

ing mechanisms have been revealed for supported palladium oxide catalysts and for isolated 

palladium surface complexes. In a further model study, relevant parameters for the leaching 

of palladium atoms from small Pd clusters during Heck reactions of bromobenzene and styrene 

have been explored computationally and experimentally. Oxidative addition of bromobenzene 

and coordination of bromide ions substantially decrease the dissolution energy obtained from 

DFT calculations. Targeted experiments with Pd leaching from supported catalysts (Pd/C, 

Pd/SiO2) as a function of reaction temperature, time and additives agreed very well with the 

computational results.  
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Ein wichtiger Aspekt der Desaktivierung von Festkörperkatalysatoren ist der Verlust an aktiver 

Spezies durch Korrosion oder Leaching. Dies ist besonders bei der Anwendung in der Flüs-

sigphase der Fall. Die vorliegende Arbeit untersuchte diese Herauslösung von Metallspezies 

aus Festkörperkatalysatoren für zwei verschiedene Reaktionstypen um die komplexen Pro-

zesse besser zu verstehen, die dem Leaching zugrunde liegen. Hierzu wurde die Hydrierung 

von Aldehyden mittels eines Kupferaluminat-Spinells sowie die Heck-Reaktion an einem ge-

trägerten Palladiumkatalysator betrachtet. Im gewählten Ansatz wurde die Metallspezieskon-

zentration als Funktion der Reaktionszeit und Temperatur, sowie in Abhängigkeit des Kataly-

satortyps, Lösemittels, Substrats und verschiedener Additive betrachtet. 

Drei Kupferaluminat-Spinellkatalysatoren mit verschiedenen Kupferanteilen wurden in der 

Hydrierung von n-Butanal zu n-Butanol unter stark reduzierenden Reaktionsbedingungen 

(65 bar H2, 120 °C, Hexan) getestet. Sie zeigten nur kleinste Mengen Kupferleaching. Oxi-

dierte Kupfer(II)spezies werden unten diesen experimentellen ‚Standardbedingungen‘ wieder 

zu metallischem Kupfer reduziert. Die Menge an Kupfer in Lösung und dessen erneute Re-

duktion sind stark von Lösemittel und Additiven abhängig. Insbesondere die Zumischung von 

Carbonsäuren – eine typische Verunreinigung im industriellen Feed – sorgt für einen deutli-

chen Anstieg der Kupferkonzentration in Lösung. Die Komplexierung als Kupfer(II)-carboxylat 

ermöglicht eine Stabilisierung der geleachten Spezies in Lösung und verhindert eine erneute 

Reduktion zu Cu(0). Die Menge an gelöster Kupferspezies hängt insbesondere von der Ket-

tenlänge der Carbonsäure sowie vom gewählten Lösungsmittel ab (Hexan, Toluol, 1,4-Dioxan, 

Ethanol) und kann bis zu 6 % des im Spinell vorhandenen Kupferanteils in Lösung führen. Die 

Kupferkonzentration in Lösung korreliert hierbei nicht mit der Katalysatoraktivität. Ethanol als 

Lösungsmittel oder als Beimischung kann die Katalysatoraktivität deutlich beeinflussen, wirkt 

sich aber auch in einzelnen Fällen auf die Selektivität aus (Acetalbildung).  

Entgegen allen Erwartungen zeigt Aluminium ein erkennbares Leachingverhalten, sogar unter 

‚Standardbedingungen‘. Es geht bis zu 2 % des vorhandenen Aluminiumgehalts in Lösung. 

Das Aluminiumleaching stellt einen kritischen Faktor für die Stabilität des Spinellkatalysators 

dar, insbesondere bei der Beimischung von Carbonsäuren. Langzeitexperimente zeigen ein 

kontinuierlich ansteigendes Aluminiumleaching, was innerhalb von 24 Stunden bis zu 6 % ge-

löste Aluminiumspezies erreicht. Dies ist eine ernstzunehmende Einschränkung für die Stabi-

lität des Katalysators. Die Beimischung von 10 % Ethanol zum Lösungsmittel kann das 

Leaching von Kupfer nahezu vollständig unterdrücken und das Leaching von Aluminiumspe-

zies deutlich auf Werte < 1 % senken. Die durchgeführte Studie hat systematisch Parameter 

getestet, die zu einer besseren Beherrschbarkeit des Leachings von Kupferspinell-Katalysa-

toren in Hydrierreaktionen beitragen. 
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Es ist inzwischen in der Literatur weitestgehend akzeptiert, dass das Leaching von Palladium-

spezies von einem Feststoffkatalysator in die Flüssigphase eine Voraussetzung für dessen 

katalytische Aktivität in C-C-Kupplungsreaktionen, wie der Heck-Reaktion, ist. Das bedeutet 

die Reaktion wird durch gelöste Pd(0)-Komplexe katalysiert. Der Fokus der durchgeführten 

Studie lag auf dem zugrundeliegenden Leachingmechanismus und der Dynamik zwischen Lö-

sung- und Wiederabscheidung der Palladiumspezies. Im Rahmen dessen wurden verschie-

dene geträgerte Pd-Präkatalysatoren hergestellt und in Bezug auf ihre Aktivität in der 

Heck-Reaktion untersucht. Abhängig von Substrat und Präkatalysatorspezies konnten unter-

schiedliche Leachingmechanismen für geträgerte PdO-Katalysatoren und für Katalysatoren 

mit isolierten Pd-Oberflächenkomplexen gezeigt werden. In einer weiteren Modellstudie wur-

den die relevanten Parameter für das Palladium-Leaching von kleinen Pd-Clustern während 

der Heck-Reaktion von Brombenzol und Styrol die relevanten Parameter experimentell und 

rechnerisch betrachtet. Laut DFT-Rechnungen verringert sowohl die oxidative Addition von 

Brombenzol als auch die Koordinierung mit Bromidionen die benötigte Energie zur Lösung des 

Pd erheblich. Gezielte Auflösungs- und Wiederabscheidungsexperimente zum Palladium-

leaching von geträgerten Pd-Katalysatoren (Pd/C, Pd/SiO2) in Abhängigkeit von der Reakti-

onstemperatur, -zeit und Beimengungen stimmen sehr gut mit den berechneten Ergebnissen 

überein.   
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6.1 Experimental to chapter 2 – Leaching in Cu-Al spinel catalyzed liquid 

phase hydrogenation 

 

Synthesis of the catalysts 

All chemicals were used without further purification. 

 

Chemical Supplier Purification grade 

Cu(NO3)2 ∙ 3H2O VWR Chemicals GPR Rectapur 

Al(NO3)3 ∙ 9H2O Merck ≥ 95% 

Na2CO3 VWR Chemicals Normapur 

(NH4)2CO3 VWR Chemicals Emsure 

NaOH Grüssing GmbH 99% 

H3PO4 (85%) VWR Chemicals Normapure 

Conc. HNO3 VWR Chemicals Normapure 

Butyraldehyde Merck 99% 

n-Dodecane Merck ≥ 99% 

Hexane VWR Chemicals ≥ 99% 

Ethanol VWR Chemicals ≥ 99.5% 

Toluene Merck ≥ 99.8% 

1,4-Dioxane VWR Chemicals GPR Rectapur 

Propanoic acid Merck ≥ 99% 

Pentanoic acid Merck ≥ 98% 

Heptanoic acid Merck ≥ 99% 

Octanoic acid Merck ≥ 99% 

Hydrogen Westfalen 5.0 

Helium Westfalen 4.6 

Argon Westfalen 5.0 

Nitrogen Westfalen 5.0 

 

Preparation feed solution 

The Cu-Al spinel catalyst precursor is synthesized by co-precipitation. Stoichiometric amounts 

of Cu(NO3)2 ∙ 3 H2O and Al(NO3)3 ∙ 9 H2O are dissolved in deionized water in a 250 mL volu-

metric flask to produce the feed solution for the co-precipitation procedure. The stoichiometric 

amounts weighed in for the three copper aluminate spinel subspecies are given in Table 16 
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Table 16: Amounts weighed in for 250 mL feed solution 

Spinel type Cu(NO3)2 ∙ 3 H2O Al(NO3)3 ∙ 9 H2O 

CuO ∙ CuAl2O4 36.44 g 56.58 g 

Stoichiometric spinel 18.22 g 56.58 g 

Phase-pure spinel 18.22 g 56.58 g 

 

Synthesis of Copper aluminate spinel catalyst (CuO ∙ CuAl2O4 and stoichiometric spinel) 

For the co-precipitation process, 500 mL of distilled water are filled into an 800 mL beaker 

containing a stirring bar, a pH electrode and a thermometer and placed onto a magnetic hot 

plate stirrer. The water is heated to 50 °C while stirring with 400 RPM. Upon reaching the target 

temperature 100 mL of feed solution is fed dropwise into the beaker using a peristaltic pump 

from Medorex with a speed of 5 mL/min. The pH value of the precipitation solution is kept at a 

constant value of 6.5 by titration with 2M Na2CO3. The titration is controlled by a 906 Titrando 

titrator by Metrohm. After the feed solution is fully added to the reaction vessel, the titration is 

stopped and the reaction mixture kept at 50 °C with stirring at 400 RPM for another hour. After 

cooling down the resulting precipitate is filtered off, washed by redistribution in 500 mL of de-

ionized water and filtered off again until the electrical conductivity of the filtrate is below 0.5 mS. 

In most cases this value is reached after 3-4 washing steps. Afterwards the precatalyst is dried 

at 120 °C overnight and calcined at 800 °C for 8 h with a heating ramp of 5 K/min (stoichio-

metric and phase-pure spinel) or calcined at 750 °C for 2 h with a heating ramp of 2 K/min 

(CuO ∙ CuAl2O4). The obtained CuO ∙ CuAl2O4 and stoichiometric spinel catalyst is then sieved 

to give particles of a diameter d with 100 μm < d ≤ 300 μm. 

 

Synthesis of phase-pure spinel CuAl2O4 

The co-precipitation and washing procedure is performed as described in the previous section. 

After drying at 120 °C overnight the precatalyst is calcined at 800 °C for 8 h with a heating 

ramp of 5 K/min. After calcination, the surface CuO formed during the synthesis process is 

removed by an additional leaching step to obtain the phase-pure spinel form CuAl2O4. 11 mL 

of (NH4)2CO3 solution are added to 4 g of the calcined catalyst, mixed and treated for 2 hours 

in an ultrasonic bath. Afterwards the mixture is heated to 50°C and stirred carefully on a heated 

stirring plate for an additional 30 min. The mixture is filtered of and washed once with 500 mL 

of deionized water. The resulting material is dried overnight at 120 °C and then sieved to give 

particles of a diameter d with 100 μm < d ≤ 300 μm. 
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Activation of the catalyst 

1-1.5 g of catalyst are filled in a U-shaped glass reactor and connected to a top-section with 

UltraTorr fittings and two valves by Swagelok to allow inert transfer. The top section is con-

nected to the gas supply and the reactor placed in a tube furnace. The reactor is flushed with 

argon for at least 10 minutes to remove all air from the system before the gas supply is switched 

to hydrogen. The catalyst is slowly heated under H2 flow to 300 °C with a heating ramp of 

1 K/min and held for 1 hour. After that, the gas supply is switched back to argon flow and the 

reactor is removed from the furnace. After cooling down the valves of the top section are shut 

and the reactor system can be transferred to the glove box under inert conditions. 350 mg are 

put in a glass vial inside the glove box to be used for a leaching experiment and enable a close 

to inert transfer to the reaction vessel (see next section).  

 

Catalyst leaching experiment during hydrogenation of butyraldehyde 

The autoclave is assembled under an argon shower to achieve an as inert as possible transfer 

of the activated catalyst. A standard catalyst leaching experiment consists of 350 mg activated 

catalyst, 100 mL of the chosen solvent, 8 g butyraldehyde and 1.2 g n-dodecane as an internal 

GC standard within the reaction mixture. In case of a solvent mixture, 10 mL of the secondary 

solvent are added to 100 mL of hexane. The liquid components are added to the glass inlet 

under air, placed inside the bottom part of the autoclave under the argon shower and addition-

ally flushed with argon using a flexible tube for 10 minutes. After removing the tube, the catalyst 

is added underneath the argon shower and the head of the autoclave quickly fixed on top. The 

autoclave is connected to the argon supply and flushed while the autoclave assembly is com-

pleted to remove as much potential air from the system as possible.  

Once the assembly is finished, the autoclave is carefully pressurized with 65 bar hydrogen and 

slowly heated to the reaction temperature of 120 °C. Upon reaching 120 °C a first sample is 

taken and stirring (800 RPM) started. Regular sampling throughout the reaction, using a dip 

tube, monitors the hydrogenation reaction and leaching progression. Stirring is suspended 

during and restarted once the sampling is finished (normally less than 30s pause). The sam-

ples are filtered through a 0.2 µm PTFE syringe filter to avoid secondary leaching from catalyst 

residue and stored in the fridge. 2 mL of sample are separated for later analysis by ICP-OES 

and the rest used for GC measurements of the sample composition.  

The sampling interval is more frequent in the beginning of the reaction and reduced over time 

(Table 17).  
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Table 17: Sampling frequency during leaching experiments. The first sample is taken after the reaction 

temperature of 120 °C is reached. 

Reaction time Sampling frequency 

First hour Every 15 min 

Second hour Every 30 min 

After 2 hours Every 60 min 

 

The experiment is stopped after 5-6 hours by removing the heating block of the autoclave and 

cooling down the system using an ice water bath. The autoclave is slowly depressurized via 

the connected tubing and valves before opening. The remaining catalyst is filtered of and left 

to dry on air for follow-up analysis of the spent catalyst. The glass inlet and autoclave vessel 

are emptied and cleaned with acetone.  

 

Sample preparation for analysis 

Elemental analysis of the liquid leaching samples and catalyst composition are done by Induc-

tively coupled plasma – optical transmission spectrometry (ICP-OES) using an ICP-OES 700 

machine from Agilent. The element concentration of the sample should not exceed 50 ppm.  

 

Preparation of liquid samples 

The solvent of the leaching samples is left to evaporate overnight inside the fume hood. The 

remaining organic residue is removed prior to elemental analysis by ICP-OES by heating to 

250 °C in a muffle oven with a heating ramp of 50 K/h. After cooling down, 3 mL of concen-

trated phosphoric acid are added to the sample and treated for 1 hour in an ultrasonic bath. 

Finally, it is diluted to 10 mL with deionized water and stored in a 15 mL centrifuge tube for 

ICP-OES analysis.  

 

Preparation of solid samples 

40 mg of the powder sample are weighed and stored in a glass vial with snap-on plastic caps. 

A stirring bar and 2 mL of concentrated phosphoric acid are added to the vial before placing 

them in an oil bath heated to 90 °C. The plastic caps are pierced in a few spots to allow for gas 

to escape. The vials are left at 90 °C and mid-range stirring for 15-20 hours until all of the 

catalyst sample has been dissolved. The sample is transferred to a 50 mL volumetric flask and 

diluted with deionized water. 1 mL of the resulting sample is removed with an Eppendorf pi-

pette, diluted to 10 mL and stored in a 15 mL centrifuge tube for ICP-OES analysis.  

 

Elemental analysis by Inductively coupled plasma – optical transmission spectrometry  

The elemental analysis of the samples is done by ICP-OES measurements, using an ICP-OES 

700 from Agilent containing an autosampler. The machine uses argon (purity 5.0) for supply 
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to the plasma, nebulizer and optics interface purge as well as polychromator purge. The tubing 

system is flushed with 2% nitric acid to remove sample residue in-between measurements. 

Each sample is measured 5 times (1 mL respectively) and the resulting mean value is dis-

played as the measurement result. The preferred wavelength for elemental analysis is 

324.754 nm (Cu) and 394.401 nm (Al). 5 wavelength per element are measured each time, in 

case of overlap or interference, the next best wavelength can be used for analysis.  

 

A calibration curve is generated by measuring freshly prepared calibration samples using the 

“ICP multi-element standard solution IV” from Merck Certipur, containing 23 elements (includ-

ing Cu and Al) in diluted nitric acid with an initial concentration of 1000 mg/L. For leaching 

samples calibration standard concentrations of 0.25 ppm, 0.5 ppm, 1 ppm and 10 ppm were 

used for the calibration curve. Solid samples were calibrated against calibration standard con-

centrations of 1 ppm, 10 ppm, 20 ppm and 50 ppm. In either case a blank sample is measured 

first, containing deionized water and a drop of the acid used in the preparation of the ICP-OES 

samples (in this case concentrated phosphoric acid).  

 

Product analysis via gas chromatography 

At the specified sampling intervals liquid samples of about 1 mL are filtered through a syringe 

filter (0.2 µm), transferred into GC vials and later analyzed quantitatively by gas chromatog-

raphy. The samples are stored in the fridge until measured, an additional preparation step is 

not necessary.  

Gas chromatograms are recorded on an Agilent G1530A machine fitted with a FID detector. A 

HP-1ms GC column (stationary phase: dimethylpolysiloxane, length: 30 m, inner diameter: 

0.25 mm, film thickness: 0.25 µm) is used to separate the different components and n-dodec-

ane is used as an internal standard for calibration.  

 

Characterization methods 

Analysis by X-Ray diffraction 

The powdered catalyst sample is placed onto a flatbed support, inserted into the X-ray machine 

and measured with an Empyrean diffractometer from PANalytical (Kα(Cu), 𝜆=1 5419, Ni as 

Kβ(Cu)-filter) in reflection mode. Diffractograms are recorded in an angle range between 5° 

and 70° in steps of 0.008°. They are analyzed using the HighScore Plus software from PANa-

lytical and the Powder Diffraction FileTM database PDF-2 (2004).[61] 

 

Analysis by Raman spectroscopy 
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Raman spectra are recorded on an InVia Raman Microscope from Renishaw equipped with a 

research-grade microscope by Leica (magnification: 5x, 20x, 50x). Available lasers are a fre-

quency-doubled Nd:YAG laser (𝜆=532 nm), HeNe Laser (𝜆=633 nm) and a diode laser 

(𝜆=785 nm). Most samples were powder samples with a standard laser intensity of 0.3 mW on 

the sample and a standard scanning time of 30s with 6 repetitions in case of spinel samples. 

All lasers were used but predominantly 532 nm. Liquid samples were also tested with slightly 

different measurement conditions (higher laser intensity, shorter measurement time). 

 

Temperature programmed reduction 

Experiments were performed on an Autochem 2920 device equipped with a thermal conduc-

tivity detector. The catalyst is first flushed with Argon (25 mL/min) and heated with a rate of 

5 K min-1 to 120 °C and held for an hour. Reductions were carried out under a gas stream of 

50 mL min-1 of a 10 % H2 in Ar. The reaction temperature was increased from room tempera-

ture to 800 °C at a rate of 5 K min-1. 

 

Cu-surface measurements  

Cu surface was determined by N2O pulse chemisorption experiments. Catalysts were reduced 

in pure H2 (10 mL/min) at 300 °C. The rate was 2 K min-1 and was held for 60 min before cool-

ing to a reaction temperature of 40 °C at a rate of 20 K min-1 and flushed with Helium before 

pulses of 50 µL of N2O were introduced to the gas stream until no difference towards the base-

line could be detected or twenty pulses were achieved. 

 

BET surface area determinations  

were realized on a Quantchrome NovaTouch 4XL Device. The nitrogen adsorption (physisorp-

tion) on the samples were conducted at −196 °C. A measurement requires about 100 mg of 

the sample. Before every measurement the samples must be degassed by120 °C under vac-

uum for 3 hours. 40 measuring points are recorded per BET-measurement. For the evaluation 

of the BET-surface area only those points with a partial pressure between 0.05-0.35 p/p0 are 

required. For the BET-surface determination, both absorption and desorption are included in 

the calculation. 
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6.2 Experimental to chapter 3 – Leaching of palladium atoms from small 

cluster models during Heck reactions 

 

Synthesis procedures 

All chemicals were used without further purification. 

 

Chemical Supplier Purification grade 

Bromobenzene Alfa Aesar 99% 

Chlorobenzene Merck 99% 

Calcium hydroxide  Merck 96% 

Sodium acetate Merck 99 % 

Tetrabutylammonium bromide Sigma Aldrich 99% 

Diethylene glycol dibutylether  Acros Organics  99% 

Styrene  Merck ≥99% 

Dichloromethane  Riedl-de-Haen  99.8% 

N-methyl-2-pyrrolidone  VWR chemicals 99% 

AEROSIL® 200  Evonik  

Palladium chloride  Sigma Aldrich 99% 

HCl(aq) 37%  VWR chemicals  

Conc. H2SO4 Merck Emsure 

Na(OH) Grüssing GmbH 99% 

Conc. HNO3 VWR chemicals Normapure 

 

Synthesis of silicon dioxide supported palladium oxide particles  

AEROSIL® 200 was agglomerated in 150 mL distilled water until a gel is formed. The gel is 

dried at 70 °C for 3 days, pestled and sieved to a diameter d 100 μm < d ≤ 300 μm. The sieved 

powder is calcined using a muffle oven from Nabertherm. The calcination protocol is as follows: 

(1) heating ramp of 1 K min-1 to 120 °C, held for 2 hours. (2) heating ramp of 1.3 K min-1 to 

500 °C, held for 2 hours. 

The silicon dioxide supported palladium oxide particles were synthesized by a deposition-pre-

cipitation method based on Pearlman.[111] For 1.0 g of catalyst with a target metal loading of 

1.0 wt-% Pd, 0.99 g of the SiO2 were suspended in 30 mL water. A solution of PdCl2 in 5% 

HClaq was added dropwise under stirring. Subsequently, the pH of the suspension was slowly 

increased to pH 10 by the addition of 10% NaOHaq using an autotitrator (Metrohm 736 GP 

Titrino). The resulting solid was filtered, washed several times with water and dried in vacuo. 

The brown powders were stored at room temperature and in air. 
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The grafted Pd-surface complexes were synthesized by C. Gnad as described in [112]. The 

procedure is replicated here for an easier understanding. Further characterization of the cata-

lyst can be found in [110] and [73]. 

 

Synthesis of dimethylpalladium(II) complexes (from 

Dimethyl(N,N,N’,N’-tetramethylethanediamine)palladium(II): 1.5 g PdCl2 (8.5 mmol, 1.0 eq.) 

was suspended in 50 mL acetonitrile and was refluxed for 4 h at 85 °C. After cooling down, 

1.5 g N,N,N’,N’-tetramethylethanediamine (12.7 mmol, 1.5 eq.) was added dropwise and the 

mixture was stirred at room temperature for 2 h. The yellow precipitate PdCl2(tmeda) was fil-

tered and washed 2 times with 20 mL diethyl ether. The product was inserted in the following 

methylation step without further processing. 1.9 g PdCl2(tmeda) (6.8 mmol, 1.0 eq.) was sus-

pended in 20 mL diethyl ether and was cooled to – 20 °C. 18 mL of a 1.6 M suspension of 

methyl lithium in diethyl ether (28.6 mmol, 2.2 eq.) was added dropwise. The reaction mixture 

was slowly warmed to 0 °C and stirred for 1.5 h. A color change from yellow to white indicates 

complete reaction. Unreacted methyl lithium was quenched by the careful addition of 8 mL 

cold, deionized water. The water phase was frozen at – 20 °C and the ether phase was sepa-

rated by filtration. After defrosting, the water phase was extracted 2 times with 20 mL diethyl 

ether each using the described freezing/defrosting cycles. The ether phases were combined, 

the solvent removed and the white to slightly grey product dried in vacuo. 

 

Synthesis of isolated surface complexes by grafting  

The desired amount of the precursor (1.1 eq. referred to the desired occupation of silanol 

groups) was dissolved in pre-cooled toluene in a Schlenk-tube. The solution was filtered onto 

the desired amount of pre-treated support in another pre-cooled Schlenk-tube. The amounts 

of solvent and SiO2
700 were chosen to obtain a solvent:support ratio of 15 mL g-1. The mixture 

was allowed to react without stirring for 20 hours at temperatures between -30 °C and -40 °C. 

After that time, the solvent was removed by filtration and the solid was washed twice with two 

thirds of the original amount of fresh solvent each. After evaporation of toluene residues and 

drying the material in vacuo, a white to pale yellow solid depending on the palladium loading 

was obtained. The materials were stored under inert conditions below –30 °C. 

 
Elemental analysis  

Carbon, hydrogen and nitrogen contents were determined by combustion analysis using an 

elemental analyzer (Eurovector). Inert sample preparation was carried out in a glovebox charg-

ing a tin foil mini weighing-boat with 10 – 15 mg of the sample, which was wrapped into another 

tin foil weighing boat.  

Palladium and phosphorus contents were analyzed by photometry. The samples were boiled 

with concentrated sulfuric acid under low vacuum to remove organic compounds. In order to 
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digest the corresponding elements, the residues were treated with concentrated sulfuric and 

nitric acid. For the quantification of the palladium content, part of the solution was mixed with 

a freshly prepared solution of nitroso-R salt. In the case of phosphorous, ammonium vanadate 

solution was used. The contents were determined photometrically by a UV-vis spectrometer 

(Shimadzu UV-160). 

All elemental analyses were conducted by the employees of the microanalytical laboratory at 

Technical University of Munich. 

 

Catalysis - Heck reaction  

The palladium catalyst (0.1 mol-% Pd), 28.3 g bromobenzene (180 mmol), 24.4 g styrene (234 

mmol), 17.7 g sodium acetate (216 mmol), 34.8 g tetrabutylammonium bromide (108 mmol), 

18.0 g diethylene glycol dibutyl ether and 400 mL NMP were placed in a 1000 mL round bottom 

flask equipped with a reflux condenser, a septum and an internal thermometer. Every 3-5 

minutes, samples of 7 mL were taken with a pre-heated syringe and filtered immediately by a 

syringe filter (0.2 µm PTFE membrane).  

For the shorter leaching experiments (variation of reaction parameters) the amount of used 

chemicals was halved and sampling of 4.5 mL occurred at steps of 25 K (corresponds to about 

20 min between samples).  

In order to determine the palladium concentration in solution during the coupling of chloroben-

zene, 0.05 mol% palladium catalyst, 20.3 g chlorobenzene (180 mmol), 24.4 g (234 mmol), 

8.0 g calcium hydroxide (108 mmol), 34.8 g tetrabutylammonium bromide (108 mmol), 

24.1 g diethylene glycol dibutyl ether and 400 mL NMP were placed in a 1000 mL round bottom 

flask equipped with a reflux condenser, a septum and an internal thermometer. Samples were 

taken every 30 minutes. 

 

Elemental analysis by Inductively coupled plasma – optical transmission spectrometry  

In order to quantify the palladium content in the filtered fraction, all organic substances were 

removed by evaporation and decomposition at 450 °C followed by the treatment with peroxy-

monosulfuric acid. Palladium was subsequently digested by heating the sample with a mixture 

of concentrated sulfuric acid, concentrated nitric acid and concentrated hydrochloric acid. After 

diluting the samples to a proper extent, the palladium concentration was determined by ICP-

OES (Agilent 700) against a freshly prepared series of calibration samples to calculate the 

calibration curve. The wavelength Pd 340.458 nm was used for the calculation. 
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7.1 Additional data 

 

Table S1: Overview of the nomenclature used to describe the batch composition of the individual leach-

ing experiments 

Spinel type 

(350 mg) 

CuO-Sp 

CuO ∙ CuAl2O4  

(Adkins analog) 

S-Sp 

(CuO) ∙ CuAl2O4  

(Stoichiometric spinel) 

P-Sp 

CuAl2O4  

(Phase-pure spinel) 

Solvent pure  

(100 mL) 

H 

(Hexane) 

T 

(Toluene) 

D 

(1,4-Dioxane) 

E 

(Ethanol) 

Solvent mixture  

(100 mL hexane and 10 

mL additive) 

 
t 

(10 mL Toluene) 

d 

(10 mL 1,4-Dioxane) 

e 

(10 mL Ethanol) 

Carboxylic acid  

(8 mol-%) 

C3 

(Propanoic acid) 

C5 

(Pentanoic acid) 

C7 

(Heptanoic acid) 

C8 

(Octanoic acid) 

Others 

24h 

(Sampling after > 24 h 

reaction time) 

T-Series 

(Sampling during heat-

ing phase) 

60min  

(First sample after 60 

min reaction time) 

 

Example: AH-P (S-Sp, e, C3, 24h) 

Sample Name: AH-P; batch composition: stoichiometric spinel used as catalyst, solvent mix-

ture of 100 mL hexane and mL ethanol, additive of 8 mol-% propanoic acid and additional 

samples after 24h of reaction time. 

 

Table S2: Overview of all experiments discussed in the text. The table is subdivided by figure to facilitate 

the location within the text.  

Figure Catalyst abbreviation Description 

Figure 3 AAB-44 P-Sp, H 

Figure 5 AAB-33 

AAB-61 

AAB-19 

AAB-37 

P-Sp, H, test without butanal), T-Series 

P-Sp, H, pressurized with Ar), T-Series 

P-Sp, H, T-Series 

P-Sp, H, C8, T-Series 

Figure 6 AAB-54 

AAB-V 

AAB-44 

CuO-Sp, H 

S-Sp, H 

P-Sp, H 
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Figure Catalyst abbreviation Description 

Figure 7 AAB-57 

AH-I 

AH-G 

CuO-Sp, H, C7 

S-Sp, H, C7 

P-Sp, H, C7 

Figure 8 AH-V 

AH-N 

AH-D 

AH-I 

S-Sp, H 

S-Sp, H, C3, 24h 

S-Sp, H, C5 

S-Sp, H, C7 

Figure 9 AAB-44 

AH-M 

AH-C 

AH-G 

P-Sp, H 

P-Sp, H, C3 

P-Sp, H, C5 

P-Sp, H, C7 

Figure 10 MJA-4 

MJA-6 

S-Sp, T 

S-Sp, T, C5 

Figure 11 MJA-3 

MJA-9 

P-Sp, T 

P-Sp, T, C5 

Figure 12 AAB-60 

AAB-63 

S-Sp, D, C5 

P-Sp, D, C5 

Figure 13 AAB-42 

AH-H 

AAB-68 

S-Sp, E 

S-Sp, E, C5 

S-Sp, E, C7 

Figure 14 AAB-68 S-Sp, E, C7 

Figure 15 AAB-27 

AAB-64 

AH-F 

AAB-65 

P-Sp, E 

P-Sp, E, C3 

P-Sp, E, C5 

P-Sp, E, C7 

Figure 16 AH-H 

AH-F 

S-Sp, E, C5 

P-Sp, E, C5 

Figure 18 MJA-1 

MJA-5 

S-Sp, t 

S-Sp, t, C5 

Figure 19 MJA-2 

MJA-10 

P-Sp, t 

P-Sp, t, C5 

Figure 20 AAB-58 

AAB-59 

S-Sp, d 

S-Sp, d, C5 

Figure 21 MJA-7 

AAB-67 

MJA-8 

P-Sp, d 

P-Sp, d, C3 

P-Sp, d, C5 
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Figure Catalyst abbreviation Description 

Figure 22 AAB-41 

AH-P 

AAB-52 

AH-S 

S-Sp, e 

S-Sp, e, C3, 24h 

S-Sp, e, C5, 24h 

S-Sp, e, C7 

Figure 23 AH-P 

AH-K 

S-Sp, e, C3, 24h 

P-Sp, e, C3 

Figure 24 AAB-23 

AH-K 

AH-E 

AH-L 

P-Sp, e 

P-Sp, e, C3 

P-Sp, e, C5 

P-Sp, e, C7 

Figure 26 AH-V 

AH-N 

AAB-46 

AH-W 

S-Sp, H 

S-Sp, H, C3, 24h 

S-Sp, H, C5, 24h 

S-Sp, H, C7, 24h 

Figure 27 AAB-44 

AH-X 

AH-U 

AH-T 

P-Sp, H 

P-Sp, H, C3, 24h 

P-Sp, H, C5, 24h 

P-Sp, H, C7, 24h 

Figure 28 AAB-41 

AH-P 

AAB-52 

AH-Y 

S-Sp, e 

S-Sp, e, C3, 24h 

S-Sp, e, C5, 24h 

S-Sp, e, C7, 24h 

Figure 29 AH-P 

AH-O 

S-Sp, e, C3, 24h 

P-Sp, e, C3, 24h 

Figure 30 AAB-23 

AH-O 

AAB-50 

AH-Z 

P-Sp, e 

P-Sp, e, C3, 24h 

P-Sp, e, C5, 24h 

P-Sp, e, C7, 24h 
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