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ABSTRACT

Due to the specific chemical and physical properties and reasonable costs, Cu based catalysts
are applied in various reactions. The present thesis reports new insights in the ethynylation of
formaldehyde and the CO, hydrogenation to methanol by supported Cu catalysts

The active species of the ethynylation of formaldehyde is still not clear despite the reaction is
established since the fifties of the 20™ century. With catalytic tests as well as different charac-
terization and analytical methods using CuO/Bi>03/SiO, and copper(l) acetylide , Cu>C,, cata-
lysts it is proven that copper(l) acetylide , Cu.C, is the active species in ethynylation reactions
based on acetylene. Cu,C:is formed by dissolution/re-precipitation processes during the acti-
vation of the catalyst precursor meaning that Cu(ll) leaches from the CuO catalyst, reacts with
dissolved C;H; and precipitates as Cu.C.. Cu(ll) is reduced to Cu(l) and C;H- acts as reducing
agent. Furthermore, it turned out that the nature of the formed Cu:C; influences the catalytic
performance of different CuO/Bi,O3 catalysts.

Similar to the ethynylation reaction, the active species and especially the role of Zn in industrial
like Cu/ZnO/Al;O3 catalysts is still discussed for the CO; hydrogenation to methanol. A new
synthesis approach via surface organometallic chemistry was applied to deposit Zn targeted
onto Cu nanoparticles supported on Al,Os. By reductive pre-treatment of the catalysts, it is
possible to adjust the Zn/Cu ratio at the surface and hence the extent of Zn/Cu surface alloy
formation. It turned out that the formation of Cu/Zn surface alloy after reductive pretreatment
leads to the formation of highly dispersed Cu/Zn®* sites during the catalytic reaction. In addition,
the Zn coverage is crucial depending on the Cu particle size and consequently on the level of
Zn/Cu alloy formation. Catalysts are prepared where Zn or rather ZnO was first deposited on
Al,O3 and Cu was precipitated afterwards onto the support to simulate an industrial like catalyst.
It turned out that these catalysts are more resistant towards sintering.

Furthermore, a parallel testing unit was put in operation successfully for methanol synthesis
based on CO, at 10 bar. The catalytic results are reliable and reproducible using different
Cu/ZrO; catalysts. Promotor screening shows that the addition of Zn, Al, Sm, Ga and the earth
alkaline metals enhance the CO, conversion and Ag and Cd the MeOH selectivity of Cu/ZrO,

catalysts.



KURZZUSAMMENFASSUNG

Wegen seiner besonderen chemischen und physikalischen Eigenschaften sowie der vertret-
baren Kosten werden kupferbasierte Katalysatoren in verschiedensten Reaktionen eingesetzt.
Durch diese Arbeit werden neue Einblicke in die Ethinylierung von Formaldehyd sowie der
CO. Hydrierung zu Methanol mit Kupfer-Tragerkatalysatoren gewonnen.

Obwohl die Ethinylierung von Formaldehyd seit Mitte des zwanzigsten Jahrhunderts industriell
durchgefihrt wird, ist die aktive Spezies dieser Reaktion noch nicht erforscht worden. Mit Hilfe
von Katalysetests sowie verschiedensten Charakterisierungs- und Analysemethoden durch
Verwendung von CuO/Bi>0s/SiO2 und Kupfer(l)acetylid (Cu.C;) Katalysatoren konnte gezeigt
werden, dass Kupfer(l)acetylid, Cu.C,, die aktive Spezies in Ethinylierungen auf Basis von
Acetylen ist. Cu.C, wird in Lésung durch Aufldsungs- und Wiederabscheidungsprozesse wah-
rend der Aktivierung des Katalysatorvorlaufers gebildet. Das heif3t, dass Cu(ll) von CuO in
Ldsung geht, dort mit C;H; reagiert und als Cu.C, wieder ausfallt. Cu(ll) wird dabei zu Cu(l)
mittels Acetylen reduziert. Zudem stellte sich heraus, dass die Eigenschaften des gebildeten
Cu2C; einen Einfluss auf die katalytische Aktivitat von unterschiedlichen CuO/Bi.O3; Katalysa-
toren haben.

Ahnlich wie bei der Ethinylierung, wird tiber die aktive Spezies und insbesondere die Rolle von
Zink in der Methanolsynthese ausgehend von CO: in industriellen Cu/ZnO/Al,O3 Katalysatoren
immer noch diskutiert. Ein neuer Syntheseansatz mittels metallorganischer Koordinationsche-
mie (SOMC) wurde entwickelt, um Zn gezielt auf Kupfernanopartikel, welche auf Al,Os getra-
gert sind, abzuscheiden. Durch reduktive Vorbehandlung der Katalysatoren kann das Zn/Cu
Verhaltnis auf der Oberflache und somit das Ausmal’ der Bildung einer Zn/Cu-Oberflachenle-
gierung eingestellt werden. Es stellte sich heraus, dass die Cu/Zn-Oberflachenlegierung zur
Bildung von fein verteilten Cu/Zn®*-Zentren wahrend der Katalyse fiihrt. Zusétzlich spielt die
Zinkbeladung in Abhangigkeit von der Grol3e der Kupfernanopartikel eine Rolle bei Bildung
und Ausmal’ der Zn/Cu-Oberflachenlegierung. Katalysatoren, bei denen Zn beziehungsweise
ZnO zuerst auf den Al,Os-Trager aufgebracht und danach Cu abgeschieden wurde, um einen
industriellen Cu/ZnO/Al,O3; Katalysator nachzubilden, wurden ebenfalls préapariert. Diese Ka-
talysatoren verhindern starker das Sintern der Kupfernanopartikel verglichen mit den Kataly-
satoren, bei denen Zn gezielt auf die Kupfernanopartikel abgeschieden wurde.

AulRerdem wurde eine Paralleltestanlage mit zwolf Reaktoren erfolgreich fir die Methanolsyn-
these aus CO; bei 10 bar in Betrieb genommen. Die Katalyseergebnisse sind zuverlassig und
reproduzierbar, was mittels verschiedener Cu/ZrO,-Katalysatoren getestet wurde. Zusatzli-
ches Promotorscreening zeigte, dass die Zugabe von Zn, Al, Sm, Ga und von Erdalkalimetal-
len den CO.-Umsatz und Ag und Cd die Methanol-Selektivitat von Cu/ZrO, Katalysatoren er-

hohen.
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Introduction and Objectives

Copper is widely used for the synthesis of different catalyst materials in industry due to the
specific chemical and physical properties, its low costs and the high availability.!!

Cu catalysts are applied in many catalytic reactions like electrocatalysis, photocatalysis, cou-
pling reactions, oxidation catalysis and hydrogenation catalysis. Even in industrially large-scale
processes like the ethynylation of formaldehyde or methanol synthesis Cu based catalysts are
employed.!*”

In this work, these two Cu catalyzed reactions are investigated, on the one hand the ethynyl-
ation of formaldehyde which is carried out in solution and on the other hand the CO. hydro-
genation to methanol which is a gas phase reaction.[® & 9

For the ethynylation reaction, CuO based catalysts are used which are activated by acetylene
forming copper(l) acetylide, Cu.C,. Copper(l) acetylide, Cu2C,, is supposed to be the active
species in ethynylation reactions based on acetylene. The identification as well as its formation
during the activation of CuO/Bi,O3 catalysts have not been done so far in detail. The charac-
terization of copper(l) acetylide, Cu2C,, is very challenging due to its instability as well as the
limitations concerning the analytical tools, which can be applied. The catalytic reaction is car-
ried out in a water-formaldehyde solution with a solid catalyst and gaseous C:H.. In addition,
pure Cu.C; is only stable under wet conditions. Hence, characterization methods are neces-
sary, which work with suspensions or wet samples. However, aim of this work is to get new
insights regarding the identification of Cu2C> and its formation during the activation of sup-
ported CuO/Bi,O; catalysts.l**3

Similar to ethynylation reactions, the active site and especially the role of Zn in industrially
Cu/ZnO/Al,O3 catalysts for methanol synthesis is still not clear and is discussed controversially
in literature. It is known that somehow strong Cu/Zn interactions are important for highly active
and efficient Cu/ZnO/Al,O3z methanol synthesis catalysts. Nowadays, methanol synthesis from
pure CO- feeds is of great interest because of environmental reasons. Compared to the
ethynylation, methanol synthesis is a gas phase reaction, which takes place in a reactor tube
filled with the catalyst. For this work, a surface organometallic chemistry (SOMC) approach is
applied to synthesize Cu/Zn/Al,Os catalysts with defined Cu/Zn particles as well as strong
Cu/Zn interactions. The preparation method for Al,Oz supported Cu nanopatrticles is varied to
form different Cu particle sizes and different Cu/Al,O3 support interactions. In addition, differ-
ently Cu and Zn loaded catalysts are prepared.[’ 14 15

For both reactions, the catalysts are characterized in detail with various analytical tools. It al-
lows getting deep insights into the catalytic reactions as well as the structures and properties

of the catalysts.



Reppe Revival -
Ethynylation of Formal-
dehyde with Acetylene

to 1,4-Butynediol




Reppe Chemistry — Ethynylation of Formaldehyde with Acetylene to 1,4-Butynediol

2.1 Introduction

Crude oil and its derivatives serve as main feedstock for many petrochemicals. This makes
access to reasonably priced and constantly available crude oil crucial for the industrial produc-
tion thereof. In recent years, large price fluctuations and a generally high price of crude oil
have made coal as an alternative feedstock more and more interesting for the chemical indus-
try. This is especially true for countries that have large coal but few oil reserves. Therefore,
these countries are trying to be more independent of oil imports and to use coal as a raw
material for chemicals. An approach is the production of acetylene which is further converted
to 1,4-butynediol and 1,4-butanediol whereas the first reaction is of interest for this work.[*6-20
Walter Reppe and Julius Nieuwald were the first who managed to carry out ethynylation reac-
tions based on acetylene on industrial scale. They solved the problem to work with acetylene
under higher pressures by improving the reactor setup (e.g., smaller reactor diameter or filling
the reactor with steel spheres). Walter Reppe also developed processes for carbonylation,
oligomerization and vinylization. He also studied the ethynylation and proposed some mecha-
nistic aspects. According to Reppe, propargyl alcohol acts as intermediate meaning that first
acetylene reacts with one formaldehyde molecule. Then a second formaldehyde molecule can
either react again with acetylene to propargyl alcohol or in a concurrent reaction with the

formed propargyl alcohol to 1,4-butynediol (see Figure 1).[8-10.21-31

X X
= H H _—=CH H H /;/OH
HC=CH — o " Ho —
acetylene 2-propyn-1-ol 1,4-butynediol

(propargyl alcohol)

Figure 1: Reaction mechanism proposed by Walter Reppe for the ethynylation of formaldehyde forming
1,4-butynediol.]

There are no analytical proofs for the reaction mechanism, the nature of the active species,
Cu(l) acetylide (Cu.C>) and how the active species is formed. Therefore, leaching experiments,
Raman spectroscopy, X-Ray diffraction (XRD) and other methods are applied to get a clear
idea how the activation of the catalyst occurs in detail using industrial like CuO/Bi»O3/SiO, and
pure Cu.C, catalysts. Before the results are discussed, the ethynylation reaction itself and

previous studies from other groups are presented.



Reppe Chemistry — Ethynylation of Formaldehyde with Acetylene to 1,4-Butynediol

2.2 Theoretical background
In this chapter, the ethynylation reaction itself is presented. In addition, a closer look is taken
on Cu acetylides because Cu acetylides play a crucial role in this reaction based on acetylene.

Finally, recent developments are discussed based on a literature review.

2.2.1 Ethynylation reaction

Acetylene is produced in two steps. First CaO is converted to CaC, with coke in an electric arc
at 2000 to 2300 °C. Second, CaC: is transformed to C;H, by addition of H,O. The reaction
equations are shown in Figure 2. There are also efforts to synthesize acetylene by a direct
route from coal via arc plasma reactions. In this case, the electric arc has a temperature be-
tween 10 000 and 15 000 °C.19

2000-
2300°C

electric arc
CaO + 3¢c — CaC, + CO

CaC, + 2H,0O ———> HC=CH + Ca(OH),
Figure 2: Reaction equations for the two step synthesis of C2Hz based on coal.[*]

Acetylene can be further converted to many chemicals for example 2-butyne-1,4-diol (1,4-bu-
tynediol), which can be hydrogenated to either 2-butene-1,4-diol or butane-1,4-diol. Latter can

be used as monomer in polymer production. [ 32. 33l

HC=CH + (CH30),q

50-150 °C
1-6 bar
H,O
(H20) PH=2-8
50-120°C [Cu,BI] 80-160 °C
1-10 bar 300 bar
[Pd/Zn/Cu] _ OH  [Nj]
HO/\/\/ H2 HO H2 HO/\/\/
2-butene-1,4-diol 2-butyne-1,4-diol butane-1,4-diol

Figure 3: Reaction scheme based on formaldehyde and acetylene for the production of 2-butyne-1,4-
diol and the subsequent hydrogenation to 2-butene-1,4 diol and butane-1,4-diol.[10. 32, 33]

The reaction scheme based on acetylene and formaldehyde is depicted in Figure 3. The
ethynylation reaction forming 1,4-butynediol is industrially carried out at 50-150°C and 1-6 bar
with Cu catalysts. Ag, Au and Hg catalysts can be applied as well. Mostly supported catalysts
were used whereas magnesium silicate or pure silica acts as support. In the case of Cu cata-
lysts, loadings up to 50 wt.% are applied. In addition, the catalysts consist of promotors primary

Bi (also: iodine compounds, Hg, Ce, Se,) mainly for preventing the formation of cuprene. The

5



Reppe Chemistry — Ethynylation of Formaldehyde with Acetylene to 1,4-Butynediol

reaction is a three-phase reaction containing gaseous acetylene, liquid formaldehyde solution
and a solid catalyst. A 20 to 50% formaldehyde solution in water is used and acetylene is often
diluted with nitrogen due to safety hazards. The pH-value is adjusted between 2 and 8 either
by addition of a buffer (e.g. NaH,PO4/NaOH) or by continuous adding of a base (e.g. NaOH).
A very low pH-value leads to the decomposition of copper acetylide, which is formed during
the reaction and crucial for the catalytic reaction. A high pH-value is also not desired because
of polymerization of formaldehyde, which can stick the reactor or pipes. The process is carried
in several batch reactors, which are connected in series. This has the advantage that the re-
action can be applied at low pressures and additionally a better heat distribution is achieved.
A disadvantage of this system is the high mechanic stress of the catalysts, which leads to
heavy abrasion. Consequently, the separation of the solid catalyst from the liquid is made dif-
ficult. Usually two products are formed, 2-propyn-1-ol (propargyl alcohol) and 1,4-butynediol
with yields of 20-60 % (1,4-butynediol) and 1-5 % (propargyl alcohol) (see Figure 4). The se-
lectivity can be influenced by changing the reaction conditions. At low pressures and in aque-
ous media 1,4-butynediol is formed nearly quantitatively. Higher acetylene pressures and or-
ganic solvents such as tetrahydrofuran increase the acetylene concentration, which favors the

formation of propargyl alcohol.[® 9. 11-13. 27, 33-65]

100 °C
1.1-1.2 bar L OH
= /T/ - i
F(I)—iu ;]1 HO 1,4-butynediol
HC=CH + (CHZO)aq —_— +
(H,0) —CH 2-propyn-1-ol
HO (propargyl alcohol)

Figure 4: Ethynylation reaction of acetylene and formaldehyde to 1,4-butynediol and 2-propyn-1-ol in-
cluding the parameter applied for this work.

In addition, Walter Reppe assumed that Cu(l) acetylide (Cu,C,) is the active species in the
ethynylation reaction. Cu(l) acetylide is formed by the reaction between CuO of the catalyst
and acetylene. He proposed that this active species consists of three acetylene molecules

coordinated to one Cu(l) acetylide molecule (CuzC; - 3 C;Hy).

0o o)
oxidation: G0 * 2°0H ——= £l + 2e + HO
reduction: 2Cu**+ 2 — 2cCu*
o 0
¢0 + 2°0H + 2Cu" — &Il + H0 + 2Cu”

Figure 5: Redox equation for the oxidation of formaldehyde to formic acid and the simultaneous reduc-
tion of Cu(ll) to Cu(l).te- 0. 66]
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For the formation of Cu(l) acetylide Cu(ll) has to be reduced to Cu(l). It is widely accepted in
literature that formaldehyde acts as reducing agent forming formic acid (see Figure 5).5 10: 6l
There are no analytical proofs for all his proposals and assumptions.

2.2.2 Cu acetylides

Because Cu acetylides play an important role in the ethynylation of formaldehyde, they will be
described in more detail in this chapter. Metal acetylides are compounds formed when replac-
ing one or both hydrogen atoms of terminal acetylenes by a metal atom. They can be described
by the coordination of a [C=C-R]* or a [C=C]?* ligand to a metal or another cationic group (see
Figure 6). R hereby represents either an H atom or an organic rest. Depending on both the

metal and the rest R, metal acetylides show varying stabilities and chemical properties. 67

Cu?*
| J—
Cu—=—cu “cico Cut=cu

copper(l) acetylide  copper(ll) acetylide  Cu polyynides

Figure 6: Possible chemical structures of a copper(l) acetylide molecule (left), a copper(ll) acetylide
molecule (middle) and Cu polyynides (right).

In heavy metal acetylides of acetylene, the acetylide compound acts nucleophilic. This enables
the transfer of the acetylene structure to a carbonyl group, making them good catalysts for
ethynylation reactions. Compared to their alkali- and earth alkali metal counterparts, heavy
metal acetylides are also relatively stable in air when moistened. When dried however, they
exhibit explosive behavior. The characterization of their crystalline structure therefore is chal-
Ienging.[67v 69, 70]

Cu(l) aceteylide (Cu2C,), which is present during the ethynylation reaction, is a red to brownish
substance. It can be formed as monohydrate by reaction of acetylene either with an ammoni-
acal solution of a cuprous salt or with a basic solution of cupric salt in presence of a reducing
agent.

Passing acetylene gas through aqueous suspensions of Cu metal or insoluble cupric salts
yields also to Cu2C; as adducts with acetylene molecules. This would be the case for the cat-
alytic ethynylation of formaldehyde.® 17671

As it was mentioned before, the characterization of Cu(l) acetylide remains challenging due to
the explosiveness and the insolubility in common solvents. A crystal structure of Cu.C, was
not published to date. For example, Brameld et al. studied Cu acetylides very detailed espe-
cially their formation under different reaction conditions. However, there are no analytical
proofs for their experiments like spectra or diffractograms."" Blake et al. managed to dissolve

Cu acetylides based on phenyl acetylene and propinyl derivate in toluene mixed with a strong
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m-donor triethylphosphane because they assumed a structure containing coordination poly-
mers.l"2 Especially for Ag acetylides this is well known.[”®! Lang et al. published a crystal struc-
ture for (tert-butynyl)copper(l) (see Figure 7). This structure also consists of oligomers with
different side-on and end-on bounded alkynyl compounds."

C6B  CBA

Il
[(‘BUC=CCu)y]

Figure 7: Crystal structure of (tert-butinyl)copper(l) published by Lang et al..l[’”4 The three different rings
are coordinated as it is shown at the right bottom. Cu is represented by blue, green and red dots. Carbon
atoms are black dots.

A structure for (phenylethynyl)copper(l) (PEC, (CuC=CPh),) assumed by Garbuzova et al con-
sists of an infinite rectangular tube of Cu atoms. The PhC=C-groups are located outside the
tube and are o-bonded to one Cu atom. Additionally, they form 1r-bonds to Cu atoms surround-
ing them (see Figure 8a).["® Chui et al. published a very similar structure of the same com-
pound.® A general structure for Cu(l) acetylide was proposed by Sladkov et al. containing
coordination polymers in which each copper atom is 1-bounded to two acetylene unites, de-

creasing the order of the C=C bond (see Figure 8b).[!
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Figure 8: Proposed structures of different Cu acetylides or polyynides: a) structure of (phe-
nylethynyl)copper(l) (PEC, (CuC=CPh)x), b) general structure of Cu acetylides, R = Cu, H, organic
group!®), c) Cu polyynide, R = polyene segment of any lengthl77],

Furthermore, investigations by Cataldo et al. showed that transitions in the electronic spectrum
of Cu,C; are similar to the transitions obtained for Cu aryl or alkyl acetylides (e.g. PEC). Hence,
they proposed that the structure of Cu.C; is very similar to them and it is a polymeric coordi-
nation compound like the structures depicted in Figure 8a and b.["®

b) c)

a)
:\ )/?7 ‘ ““ ‘ 3 \ Tk / “\ 1 “‘
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Figure 9: a) Structure of lowest energy of Cu2C:2 via DFT based on crystal structures of alkali metal
acetylide compounds, b) calculated powder diffractogram, ¢) measured powder diffractogram. All figures
were published by Judai et al.["®]

Additionally, Judai et al. calculated the structure of lowest energy of Cu.C, via DFT based on
crystal structures reported for alkaline metal acetylide compounds (see Figure 9a). They also
determined the theoretical powder diffractogram of their calculated Cu.C; structure and com-
pared it to the measured one (see Figure 9b and c). Their supposed structure consists of a C»-
unit with a bond distance between 1.29 A, which lies between a triple and a double bond. Four
end-on coordinated Cu atoms and four side-on coordinated Cu atoms surround the Cs-unit.
The Cu atoms itself are enclosed equivalently by C atoms.[”® This structure is similar to the
structure of Li,C,.[%

In presence of oxidants, Cu.C, reacts in Glaser coupling reactions to Cu polyynides.
Polyynides can be described as chains of sp-hybridised carbon atoms with metals replacing
the terminal hydrogen atom (see Figure 6). Cataldo et al. proposed a structure of these
polyynides (see Figure 8c). The structure is very similar to the structure suggested from Slad-
kov et al. (see Figure 8b).[6% 77, 811

In conclusion, the structure of Cu,C; is very complex and most likely consists of different co-

ordination polymers, which are connected mainly by 1r-bonds.

9
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2.2.3 Recent developments

The ethynylation of formaldehyde with acetylene has been applied on industrial scale since
the middle of the 20" century.[® 1% 2730 Therefore, it is of great interest to study the reaction in
more detail to improve the process and for the development of new catalysts. Hence, many
scientists have investigated the reaction since then. In this part, the most important outcomes
are presented. At the beginning of the investigations, mainly kinetic aspects were examined.
It changed a little in recent years and the role of the catalyst components were studied more
detailed.

In the fifties of the 20™ century Kiyama et al. published several works concerning the ethynyl-
ation. They used Cu/Bi catalysts and a stationary reactor system. Their main focus was to
study the influence of several reaction parameters like pH value, temperature, pressure, for-
maldehyde concentration and methanol content (methanol is added to prevent formaldehyde
polymerization!® %), They found out that with increasing temperature the formaldehyde con-
version rises linearly and consequently the yields of 1,4-butynediol and propargyl alcohol in-
crease as well. Higher pressures lead to higher selectivity to propargyl alcohol. The formalde-
hyde conversion is independent on the pressure. A higher formaldehyde concentration at the
beginning of the reaction leads to higher 1,4-butynediol and propargyl alcohol yield. However,
the methanol content influences this effect and hence the higher product yields do not increase
linearly. If the methanol concentration is increased, the formaldehyde conversion is lowered.
According to the authors, the influence of the pH value is not trivial. However, with decreasing
pH value the propargyl alcohol formation increases. They determined the order of reaction as
zero order based on formaldehyde. The activation energy for formaldehyde adsorption is
50.21 kJ, for 1,4-butynediol formation 20.92 kJ and for propargyl alcohol formation 33.47 kJ.
The high activation energy of formaldehyde is caused by depolymerization of formaldehyde
agglomerates or even paraformaldehyde and hence this step is rate determining. With the
kinetic data, Kiyama et al. postulated a reaction mechanism. Acetylene and Cu form copper(l)
acetylide which can be converted to propargyl alcohol by the reaction with adsorbed formalde-
hyde. Propargyl alcohol desorbs and adsorbs at free and active copper centers again where it
reacts with another formaldehyde molecule to 1,4-butynediol. The propargyl alcohol concen-
tration increase and hence more propargyl alcohol molecules are adsorbed because the ad-
sorptions constant of propargyl alcohol is smaller than of acetylene. The concentration of pro-
pargyl alcohol increases until the formation of propargyl alcohol and the further reaction to 1,4-
butynediol are in equilibrium. To support the assumption that propargyl alcohol is an interme-
diate they carried out successfully the reaction of propargyl alcohol without the addition of
acetylene. The order of reaction based on propargyl alcohol can be zero or first order depend-

ing on its concentration and hence the coverage of the active Cu centres. 8486l

10
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Suzuki et al. also investigated mainly the kinetics of the reaction but in the continuous process.
They propose an order of reaction of one after 70 to 80 min reaction time and argue that com-
pared to the stationary process a longer reaction period was observed. However, during the
time before the order of reaction is zero. Additionally, they found out that the activation energy
of formaldehyde is lower and that the formaldehyde conversion depends on the pressure. The
group concludes that the diffusion of formaldehyde to the catalyst surface is the rate-limiting
step. In another work, they investigated the solvent dependency of the stationary and the con-
tinuous process. The solvent has a great influence on the selectivity. A formaldehyde/tetrahy-
drofuran 1:2 ratio leads to the highest propargyl alcohol selectivity in both processes. Due to
the fact that in the continuous process lower pressures and temperature are applied the selec-
tivity to 1,4-butynediol is very high.[87: 88l

Later in the eighties of the 20" century, Kale et al. investigated the ethynylation of formalde-
hyde using pure copper acetylide as catalyst and a batch reactor (stationary system). Like
Kiyama et al. they propose that the order of reaction is zero based on acetylene and 0.4 based
on formaldehyde applying a Langmuir-Hinshelwood-model at pressures smaller 0.3 bar. In
addition, they found out that a high 1,4-butynediol concentration lead to blocking of some active
sites and the formaldehyde conversion is hindered.®

Gupte et al. was one of the first who investigated the influence of the catalysts itself by applying
different Cu catalysts. It turned out that the Cu(ll)oxide catalysts exhibit the highest activity.
The calculated order of reactions are not integer (based on formaldehyde: 0.58, based on
acetylene: 0.41) which is similar to the results obtained by Kale et al..[°®

Chang et al. also investigated the kinetics of the ethynylation of formaldehyde. They used an
impregnated Cu/Bi catalyst which is supported on magnesium silicate. The catalyst system is
like the systems that are applied nowadays. To avoid limitations concerning the gas entry they
carried out experiments with different stirring rates. Only at stirrer rotations higher than 400 rpm
the stirring rate do not influence the reaction anymore. For their kinetic models, they used a
Langmuir-Hinshelwood-model like Kale et al. As well as Kiyama et al. they calculated the ac-
tivation energy and the value of 51.88 kJ/mol is in good agreement.[®4

Chu et al. investigated the same catalysts as Chang et al did but they used a continuous re-
actor system. They confirmed the results concerning the stirring rates. They also applied a
Langmuir-Hinshelwood-model for their kinetic examinations. It turned out that the rate-deter-
mining step is the reaction of an adsorbed formaldehyde molecule with an adsorbed acetylene
molecule. The activation energy is 105 kJ/mol and the adsorptions heats are -57.4 kJ/mol for
acetylene and -82.3 kJ/mol for formaldehyde respectively.®?

Nowadays the focus of the research changed and some works were published regarding the
role of the catalyst components. Especially groups from China are active in this field because

the main industrial application of the ethynylation of formaldehyde is located there. Gao et al.
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investigated the influence of chloride on the ethynylation with chloride doped Cu.O nanoparti-
cles. It turned out that CI- decreases the amount of adsorbed oxygen and hence strengthens
the Cu-O bond. Compared to undoped Cu,O nanopatrticles less Cu metal was formed during
reduction. Cu metal leads to the creation of polyacetylene and consequently to a decrease of
active Cu(l) centres and lower catalytic performance.!®®)

Li et al. examined the structure-activity relationship between the Cu species and its catalytic
performance in the ethynylation of formaldehyde by applying different catalyst preparation
methods. They found out that CuO particles with less support interactions are transformed
rapidly into Cu(l) acetylide, which reflects in the performances of the catalysts. In addition they
also stated that the catalysts deactivate over time caused by loss of catalyst.[*?!

Because in industrial Cu/Bi catalysts often magnesium silicate is used as support Wang et al.
investigated the influence of different Mg species on the ethynylation. Strong Si-O-Mg interac-
tions are formed out of the SiO.-MgO support. The Si-O-Mg species modifies the Cu dispersion
as well as the reduction behavior of the Cu species. The addition of Mg leads to a change of
the basicity of the surface of the catalysts. The group found out that basic sites improve the
=C-H activation because of their enhanced deprotonation ability. The synergistic effect of Cu
dispersion and =C-H activation leads to a significant increase of the catalyst performances.
The incorporation of Al,O3 to get a more acidic support results in the formation of polyacetylene,
which causes deactivation of the catalyst.[®* %

In another work, Wang et al. examined the interaction of Cu and Bi at different calcination
temperatures. Higher calcination temperatures lead to the formation strong Bi-Oz and CuO
interactions which enhance the stability of the Cu(l) oxidation state and to stabilization of the
Cu dispersion. Besides strong Bi»O3-CuO interactions a CuBi>O4 spinel is formed at higher
calcination temperatures (>600°C) as well. It results in maintaining the catalytic stability by
continuous release of Cu to form the active cuprous species over multiple reaction cycles. In
addition, the group found a linear dependency of the catalytic performance on the Cu(l) surface
area. They conclude that Cu(l) is the active species in the ethynylation reaction.°®

Yang et al. investigated the promotion effect of Bi by applying different Cu/Bi/MCM-41 catalysts.
They stated that the addition of Bi reduces the CuO particle sizes and enhances the CuO
dispersion. In addition, Bi weakens the interaction between CuO and the support which leads
to a better reducibility of Cu(ll) to Cu(l).l°" %

In summary, many studies were carried out to investigate the kinetics of the ethynylation reac-
tion of formaldehyde and which parameters affect the reaction. In addition, the role of different
catalyst components of Cu/Bi catalysts is well investigated. However, in most studies the cat-
alysts were characterized before or after the catalytic reaction. Hence, there is a lack of infor-
mation about what happens during the catalytic reaction and especially during the activation

of the catalyst and about how the catalytic active species is formed.
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2.3 . Motivation

The investigation of copper(l) acetylide, Cu.C,, which is supposed to be the active species in
ethynylation reactions based on acetylene and its formation during the activation of CuO/Bi>O3
catalysts is very challenging due to the instability of this compound as well as the limitations
concerning the analytical tools, which can be applied. The catalytic reaction is carried out in a
water-formaldehyde solution with a solid catalyst and gaseous C;H,. In addition, pure Cu.C;
is only stable under wet conditions. Hence, characterization methods are necessary, which
work with suspensions or wet samples. Nevertheless, aim of this work is to get new insights
regarding the Cu,C, formation during the activation of supported CuO/Bi,O3 catalysts.

For all measurements pure or SiO; supported Cu,C, or industrial like SiO- or Al,Oz supported
Cu/Bi catalysts are used. With these catalysts the reduction behavior of Cu(ll) to Cu(l) is in-
vestigated and what compound acts as reducing agent. In addition, the formation of Cu.C; is
investigated by Raman spectroscopy and X-Ray diffraction during the activation. Furthermore,
leaching experiments are carried out to investigate if Cu.C: is formed on the catalyst surface
or in solution via a leaching mechanism. TGA is performed to quantify the formed amount of
Cu.C,. The standard activation/catalytic test is carried out in three-neck-vessels with 100 mL
formaldehyde solution stabilized by methanol and 5 g catalyst. The reaction conditions are

depicted in Figure 4 and the products are analyzed by gas chromatography.
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2.4 Results and Discussion

First, the results concerning the investigation of the active species Cu,C, are presented and
discussed which are obtained by using SiO, supported or pure Cu2C, and SiO, supported
Cu/Bi catalysts. The results obtained by applying Al,Os; supported Cu/Bi catalysts are shown

and discussed afterwards.

2.4.1 Investigations concerning the active species using Cu2C2 based and SiO2 sup-
ported Cu/Bi catalysts

In this part the synthesis and characterization of the catalysts is presented. The catalysts are

characterized before, during and after the catalytic reaction by different analytical tools like

Raman spectroscopy, X-Ray diffraction (XRD) or thermo gravimetric analysis (TGA). The Cu

content in solution and of the catalysts itself is determined by elemental analysis via ICP-OES.

2.4.1.1 Synthesis and characterization of the catalysts

SiO; supported Cu/Bi catalysts

SiO; supported Cu/Bi catalysts are prepared by a co-precipitation procedure with Cu(NO3); -
3 H.0, Bi»O3 (dissolved in concentrated HNO3z) and Na,SiO3 as raw materials.®® Catalysts with
different Cu and Bi loadings between 5 to 35 wt.% Cu and 0.6 to 4 wt.% Bi are prepared. The
Cu to Bi ratio is constant. The standard loading of industrial like catalysts is 30-60 wt.% Cu
and 2-4 wt.% Bi catalysts.*"*¥ The standard loading of catalysts used for this work are 35 wt.%
for Cu and 4 wt.% for Bi. After the precipitation, the catalysts are washed and dried at 80°C.
Afterwards the catalysts with standard loadings are calcined at different temperatures (450°C,
600°C, 700°C). For simplification, the catalysts are labelled as follows: CuxBiy-z (x = Cu load-
ing in wt.%, y = Bi loading in wt.%, z = calcination temperature, see Table 1). The standard
calcination temperature is 450°C if the calcination temperature is not noted.

The powder diffractograms of Cu35Bi4-80, Cu35Bi4-450, Cu35Bi4-600 and Cu35Bi4-700 are
shown in Figure 10A. The sample, that is just dried at 80 °C (Cu35Bi4-80), consists of basic
copper nitrate (CuxNO3(OH)s) which is the main product of the co-precipitation. The calcined
samples contain CuO whereby (Cu35Bi4-700) shows the narrowest reflexes. In Table 2, the
crystallite sizes are summarized calculated with the Scherrer equation.}-1%4 The reflexes at
12.8 26 and 25.7 26 of Cu35Bi4-80 and the reflexes at 35.4 26 and 38.7 20 of the calcined
samples (Cu35Bi4-450, Cu35Bi4-600, Cu35Bi4-700) serve for the determination of the crys-
tallite sizes. After drying, the crystallite size is around 43 nm (Cu35Bi4-80). During the calcina-
tion at 450°C and 600°C the crystallite size decreases to around 15 nm (Cu35Bi4-450,
Cu35Bi4-600). Calcination at 700°C leads to larger crystallites of around 20 nm (Cu35Bi4-700)

which is most likely caused by sintering of the CuO particles.
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The powder diffractograms for the catalysts with different Cu and Bi loadings (Cu35Bi4,
Cu25Bi2.9, Cul5Bil.7 and Cu5Bi0.6) are shown in Figure 10B.

Table 1: Abbreviations of the different SiO2 supported catalysts and the declaration of the different num-
bers CuxBiy-z (x = desired Cu loading in wt.%, y = desired Bi loading in wt.%, z = calcination tempera-
ture). Cu? = Cu loading in wt.% and BiP = Bi loading in wt.%. Tcac = calcination temperature in °C.

Abbreviation Cu? BiP Tealc
Cu5Bi0.6 5 0.6 450
Cuil5Bil.7 15 1.7 450
Cu25Bi2.9 25 2.9 450
Cu35Bi4/Cu35Bi4-450 35 4.0 450
Cu35Bi4-80 35 4.0 only dried
Cu35Bi4-600 35 4.0 600
Cu35Bi4-700 35 4.0 700

Because all the catalysts are calcined at 450°C, the calcination temperature is not noted in the
catalyst labels. Cu25Bi2.9, Cul5Bil.7 and Cu5Bi0.6 nearly solely consist of amorphous struc-
tures except very broad reflexes of the SiO, support. The sample containing 25 wt.% Cu shows
a very broad reflex at around 35 to 40 26 which refers to CuO. Only at Cu loading of 35 wt.%,
narrow CuO reflexes are observable (Cu35Bi4). Due to the amorphous structure of the sam-
ples with lower Cu loadings, it is not possible to determine the CuO crystallite sizes of these

catalysts.
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Figure 10: (A) Powder diffractograms of Cu35Bi4-80, Cu35Bi4-450, Cu35Bi4-600 and Cu35Bi4-700. (B)
Powder diffractograms of Cu35Bi4, Cu25Bi2.9, Cul5Bil.7 and Cu5Bi0.6. Cu2NO3(OH)s (triangles)10],
CuO (black dots)1%l and SiO: (stars)!*%7! serve as reference. The samples are calcined for 4 h with a
heating rate of 2.5 K/min in air. Diffractograms are recorded in an angle range between 5° and 70° in
steps of 0.013°.

In addition to X-Ray diffraction, the catalysts calcined at different temperatures are character-

ized by Raman spectroscopy due to the surface sensitivity of this method. This is important
15
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especially for measurements, which are performed later of catalysts separated during the cat-
alytic reaction. In Figure 11, the Raman spectra of Cu35Bi4-80, Cu35Bi4-450 and
Cu35Bi4-700 are shown.

Table 2: BET surface area (SAser) in mz/g, pore volume (Vpore) in cc/g and pore radius (rpore) in Nm of
the catalysts. The error is estimated to be between 5-10%.[198-1101 Cy (Cu?) and Bi (BiP) loadings in wt.%
determined by ICP-OES. The error is determined to be around 5% including the preparation and the
ICP-OES measurement itself. Crystallite sizes (Sizecys) calculated with the Scherrer equation of
Cu35Bi4-80, Cu35Bi4-450, Cu35Bi4-600 and Cu35Bi4-700. The reflexes at 12.8 26 and 25.7 26 of
Cu35Bi4-80 and the reflexes at 35.4 20 and 38.7 20 of the calcined samples (Cu35Bi4-450,
Cu35Bi4-600, Cu35Bi4-700) serve for the determination of the crystallite sizes (see Figure 10A).

Sample SAger  Vpore  Tpore Cu®  BiP Sizecrys
Cub5Bi0.6 140 052 169 59 0.6 -
Cuil5Bil.7 190 0.69 179 155 15 -
Cu25Bi2.9 132 045 169 244 29 -
Cu35Bi4/Cu35Bi4-450 115 0.24 188 353 4.1 14.1+1.3
Cu35Bi4-80 171 0.49 169 333 44 432+ 3.1
Cu35Bi4-600 75 0.25 190 334 4.2 154+1.3
Cu35Bi4-700 25 0.12 169 353 46 20.2+£20

The spectra of the calcined (Cu35Bi4-450, Cu35Bi4-700) samples fit well with the CuO refer-
ence spectrum, especially the signals at 298 cm™* and 607 cm™. Also, the signals of Cu35Bi4-
80 match to the signals of the Cu:NO3(OH); reference. Particularly the three signals between
415 and 513 cm™ and the signal at 1051 cm™ are in good accordance with the reference sig-
nals. Both reference spectra are taken from the RRUFF database.!!'Y The mineral tenorite
serves as CuO reference and the mineral rouaite as Cu,NO3(OH)s reference.

The surface area as well as the mean pore size and the mean pore volume are determined by
N2 physisorption (BJH/BET method). All values are summarized in Table 2. The BET surface
area increases with increasing Cu content to a maximum of 190 m?/g for 15 wt.% Cu. Higher
Cu loadings lead to a decrease of the BET surface area (see Cu35Bi4, Cu25Bi2.9). In addition,
higher calcination temperatures reduce the BET surface area (171 m?/g for Cu35Bi4-80 to
25 m?/g for Cu35Bi4-700). It is caused by pore blocking through larger CuO particles and by
disruption of the porous SiO; structure. The pore volume increases or decreases in the same
course as the surface area while the pore radii remain more or less constant.

The Cu and Bi loadings are determined by elemental analysis via ICP-OES. The results are
summarized in Table 2. The Cu and Bi loadings fit well with the aimed loadings meaning that
the co-precipitation method is reliable. The Cu loading is partly lower than the desired value.
This could be the consequence of the sample preparation for the ICP-OES measurements.
The SiO, support does not dissolve by the addition of phosphoric acid (dissolution of CuO and

Bi»O3) and heating at 90°C. CuO and Bi»O3 are dissolved out of the support. Hence, some
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strongly incorporated CuO could remain in the SiO2 support and the Cu value obtained by ICP-
OES seems to be slightly lower.

Cu35Bi4-700

Cu35Bi4-450

1112

intensity / a.u.
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Figure 11: Raman spectra of Cu35Bi4-80, Cu35Bi4-450, Cu35Bi4-600 and Cu35Bi4-700 in the range
from 150 cm to 1800 cm-®. The reference spectra are taken from the RRUFF database.!1!l The laser
intensity is 0.015 mW and the wavelength of the laser is 532 nm. An objective with 50x magnification is
used. The standard scanning time is 5 sec with 10 repetitions. The samples are calcined for 4 h with a
heating rate of 2.5 K/min in air.

Copper(l) acetylide based catalysts

Besides industrial like Cu/Bi catalysts, pure Cu(l) acetylide (Cu.C,) is synthesized and charac-
terized to get information about its structure. The synthesis is carried out under inert conditions
by purging the flask with nitrogen before introducing acetylene. It should prevent that acetylene
can mix with oxygen from air to form an explosive atmosphere. An ammoniacal Cu(l) solution
is used as Cu source. Acetylene is passed over the solution, so it can dissolve in the Cu(l)
solution. Red to brownish solid is formed directly. After purging with nitrogen again, the solid
is washed with water to get rid of the ammoniacal solution. The wet solid is directly transferred
into the flask where the catalysis is carried out or is used for further analysis. In the case of
SiO; supported Cu,C, SiO, support is added to the ammoniacal Cu(l) solution.

CuC; was not characterized extensively so far. However, the characterization would help to
understand how the active species is formed during the activation of solid CuO based catalysts.
It must be considered that characterization of Cu>C; is challenging due to its explosive prop-
erties when it is dry. That is the reason why characterization techniques are necessary by
which it is possible to work under moist conditions for example Cu.C, suspended in H,O. Ra-
man spectroscopy is a technique that fulfills all the demands. In addition, it has the advantage
compared to IR spectroscopy that the main signals of H,O arise between 3000 and 3500 cm™.

Hence, the signals of C-C- and C-H-bonds are not influenced or overlapped by the H,O signals.
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Furthermore, we found out that SiO, supported Cu,C, as well as spent catalysts are more
stable at dry conditions and it is possible to characterize them in powdered form. For powdered
samples, Raman spectroscopy is a suitable characterization technique as well.

intensity / a.u.
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Figure 12: Raman spectrum of freshly prepared Cu2C: in the range from 115 cm to 1880 cm. For
illustration, a carbon reference (activated charcoal from FLUKA) spectrum is shown with the typical G-
peak (1350 cm?) and D-peak (1600 cm).[1121 Cu2C: is measured in wet state due to safety issues. The
laser intensity is 0.015 mW and the wavelength of the laser 532 nm. An objective with 50x magnification
is used. The standard scanning time is 5 sec with 10 repetitions.

In Figure 12, the Raman spectrum of freshly prepared Cu.C; is shown to get information about
the character of the Cu-C bond and the C=C bond. The Raman spectrum of carbon is also
depicted for illustration. The carbon spectrum shows the typical peak at 1350cm™ (D-peak)
and at 1600 cm™ (G-peak).'*? The D-peak is referred to ordered graphite like structures
whereas the G-peak is assigned to disordered structures.**? The Cu,C, spectrum was rec-
orded of Cu,C, suspended in H,O. Signals arise at 430 cm™ including a shoulder at higher
wavenumbers and at 1710 cm™. The signal at 430 cm™ corresponds to the Cu-C bond. Gar-
buzova et al. and Aleksanyan et al. indicate the same wavenumber for the Cu-C o-bond in
other copper(l) acetylide compounds for example (phenylethynyl)copper(l) (PEC,
(CuC=CPnh),).I"> 1131 The signal at 1710 cm™ corresponds to the C=C bond. It is unusual that a
triple bond appears at such small wavenumbers because the C=C bond is normally located at
2100 cm™. But Aleksanyan et al. found out during the investigation of other copper(l) acetylide
compounds that the frequencies of C=C bonds are lower on average by 180 — 200 cm™ com-
pared to the corresponding alkyne precursor molecules.**¥ Sladkov et al. propose that the
C=C bond in copper(l) acetylide compounds can be shifted towards lower frequencies by

300 cm™ because of the decreasing order of the C=C bond.[6%
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The difference of the copper () acetylide compounds investigated by Aleksanyan et al. and
Sladkov et al. to Cu.C:is that only one side of the triple bond is substituted by copper. If the
other carbon atom of the triple bond also bonds to copper, it is expected that the frequency of
the C=C bond further decreases, which fits well with the measured signal at 1710 cm™. It is
important to measure Raman spectra at very low laser intensities because Cu.C; is a very
unstable compound towards radiation and it is decomposed easily forming carbon. It will be
discussed later in more detail.

Besides the characterization of Cu.C, by Raman spectroscopy, it is possible to measure X-
Ray powder diffraction because Cu.C; contains crystalline phases.[’® 14 1191 |n Figure 13 the
powder diffractogram of pure Cu.C; is depicted. The powder diffractogram was measured of
moist Cu.C; directly after preparation. The pattern obtained for the freshly prepared Cu.C,

matches well with the pattern published by Judai et al. (see chapter 2.2.2).I"
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Figure 13: Powder diffractogram of freshly prepared Cuz2Cz. The diffractogram is recorded in an angle
range between 5° and 70° in steps of 0.013°. Cuz2C: is moistened with H20.

They proposed a polymeric coordination compound consisting of C-units with end-on and
side-on bounded Cu atoms.[”® Other groups published similar structures (see chapter 2.2.2).
The proposed structures of CuzC:; in literature match well with the results obtained by Raman
and by X-Ray diffraction in this work. The signal at 1710 cm™* corresponds to the C,-building
block representing the triple bond with decreased order caused by the 1-bonded Cu atoms
and by the o-Cu-C=-bond. The very broad signal at 430 cm corresponds to the o-Cu-C-bond.
Furthermore, the broadness of the signal including the shoulder is caused by the variation of
differently weak 1-bonds between Cu and the triple bonds or just by coordination between
both.
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Besides the characterization, the amount of formed Cu2C: is analyzed, too. Thermogravimetric
analysis (TG) is used to quantify the formation of Cu>C, because the decomposition of Cu>C>
in an oxygen containing atmosphere leads to different decomposition reactions (see Scheme
1) and consequently to mass changes of the sample.[*'5 117l The initial Cu.C, amount can be
calculated based on the mass change.
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Figure 14: Quantification of formed Cu2C2 by TG. The dependency of the sample weight on the sample
temperature of freshly prepared SiO2 supported Cu2C2 (25 wt.%) and of a pure SiO2 reference sample
(background) are shown. The sample is heated to 1000°C under synthetic air at a rate of 10 K/min.
Additionally, the measured ion current for m/z = 44 (CO2) obtained by MS is depicted.

Three SiO, supported Cu.C, samples with different loadings (5 wt.%, 15 wt.%, 25wt.%) are
synthesized to evaluate the reliability of the method. The samples are heated to 1000°C with
5 K/min in synthetic air. The gas phase is analyzed using a mass spectrometer. The sample
temperature, the sample weight, the ion current for m/z = 44 (CO,) and the reaction time for
the 25 wt.% Cu,C; on SiO, as well as for a pure SiO; reference sample (background) is de-
picted in Figure 14.

7 O3
Cu;Cy —= Cu+C —™ CuO+C —=CO,

Scheme 1: Proposed reactions occurring during the thermal decomposition in air of Cu2C2 supported on
SiO2.[116]

At around 100°C the sample mass increases. It is related to the decompaosition of Cu,C; into
Cu and C and the simultaneous oxidation of Cu(l) to Cu(Il)O. The decomposition temperature
of Cu,C; into Cu and C is indicated at 127°C under inert conditions by Cataldo et al. and at

131 to 183°C in air by Klement et al..['*> 116l The decomposition of Cu,C; into CuO and C is
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also described by Cataldo et al.[!*! After the formation of CuO, C is oxidized to CO,. Conse-
quently, the sample weight decreases. The formation of CO; is confirmed using a mass spec-
trometer (m/z = 44, black line in Figure 14). The formation of CO; takes place at the same time
as the sample weight decreases. A slight decrease of the sample weight over the whole tem-
perature treatment is caused by desorption of surface species like water from the SiO surface
because the reference SiO; reference sample shows the same trend.
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Figure 15: (A) Ratio of measured weight increase to calculated weight increase obtained by TGA for
freshly prepared supported Cu2C2 on SiO2 with different Cuz2C:2 loadings. (B) Ratio of weight increase to
sample mass used for TGA for freshly prepared supported Cu2C: on SiO2 with different Cu2C: loadings.
The samples are heated to 1000°C under synthetic air at a rate of 10 K/min.

The mass increase or rather the oxidation of Cu(l) to Cu(I)O is used to calculate the amount
of Cu.C; of the prepared sample. In Figure 15A the ratio of the measured weight increase to
the calculated weight increase are shown. For the 5 wt.% and the 25 wt.% Cu.C, samples the
ratio is almost 1. Only the 15 wt.% sample differs slightly with a value of 0.85.

In Figure 15B the ratio of the weight increases to the amount of sample used for the TG is
depicted. The linearly dependency of the ratio to the Cu,C- loading can be clearly figured out.
Hence, the TG method is a suitable and reliable technique to determine the amount of formed
Cu.C,. The TG measurements are carried out with supported Cu.C, because of the explosive
character of dry, pure Cu.C, and to compare the results with supported Cu/Bi catalysts, which

are described later.

2.4.1.2 Application of the catalysts in the ethynylation reaction

In industry, the catalytic reaction is carried out below 2 bar acetylene pressure and at temper-
atures between 85 to 120°C in batch reactors that are connected in series. The pH-value is
adjusted to 4.5 to 7 either by the addition of a base or buffer solutions. The typical formalde-
hyde concentration is around 30 to 40 % of aqueous solution. The formalin solution is stabilized
by methanol to prevent polymerization.!**3 First, the CuO precursor must be activated with

acetylene. It is industrially carried out either separately before the reaction or in situ during the
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reaction by adding new catalyst precursor to the reaction slurry. In the case of separate acti-
vation, a typical activation time is 5 h. Then, the catalyst is filtered and added to a fresh for-
maldehyde solution.*1-13 39

Generally, the activation is not separated from the catalytic reaction because even during the
activation both reactants are present and the same conditions are applied. Hence, 1,4-butyne-
diol is formed during the activation of the catalyst as well. In principle, the activation can also
be described as the first use of the catalyst.

For this work, the activation and reaction conditions are selected to be as equal as compared
to the industrial process. Therefore, the activation and catalytic reaction of formaldehyde and
acetylene to 1,4-butynediol is carried out at 100°C under slight pressure of acetylene (0.1 bar).
Two catalysts can be tested simultaneously. The reaction setup is shown in Figure 108 in the
experimental section (chapter 7). A NaOH/NaH,PO, buffer was used to keep a constant pH-
value of 7. The formaldehyde concentration is 37% at the beginning of the reaction. Methanol
is added to simulate an industrial like formalin feed. Methanol is not converted during the re-
action (see Figure 109A in section 0). The flask is purged with N2 prior the addition of acetylene
for avoiding contact with air. Different SiO;, supported Cu/Bi catalysts as well as pure Cu.C;
are used as catalyst. In addition, some experiments are exemplarily carried out with Cu(l)-1-

hydroxypropinid (acetylide based on propargyl alcohol, CuC,CH,OH) as catalyst.

Copper(l) acetylide, Cu.C, — The active species in the ethynylation of formaldehyde

If copper(l) acetylide, Cu2C», is just an reaction intermediate and therefore not the active spe-
cies on which the catalytic reaction takes place it should be converted (stoichiometrically) with
formaldehyde to 1,4-butynediol. In Figure 16, the yields of propargyl alcohol and 1,4-butynediol
in the ethynylation reaction with formaldehyde in presence of Cu,C, are shown.
Formaldehyde and Cu.C; are not converted to either propargyl alcohol or 1,4-butynediol in the
absence of acetylene (left part in Figure 16A). That means that Cu,C, cannot be converted
(stoichiometrically) to 1,4-butynediol. After the addition of acetylene 1,4-butynediol and pro-
pargyl alcohol are formed. Consequently, Cu>C; is not an reaction intermediate but it acts as
catalyst to catalyze the reaction of formaldehyde and acetylene to 1,4-butynediol (see Figure
17).

Furthermore, the addition of propargyl alcohol leads also to the formation of 1,4-butynediol
using Cu»C; as catalyst (see Figure 16B) confirming the proposal that Cu.C; is the active spe-
cies and that propargyl alcohol is an intermediate.®®58 The 1,4-butynediol yield increase faster
if acetylene is present. It is difficult to compare the different reaction rates (acetylene or pro-
pargyl alcohol as reactant) because acetylene is continuously available and whereas certain

amounts of propargyl alcohol are added with syringe. Nevertheless, there are kinetic studies

22



Reppe Chemistry — Ethynylation of Formaldehyde with Acetylene to 1,4-Butynediol

regarding the ethynylation reaction. Kiyama et al. determined the order of reaction as zero
order based on formaldehyde also studying a batch reaction. 8486l
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Figure 16: (A) Reaction of formaldehyde with pure Cu2C: as catalysts and (B) reaction of formaldehyde
and propargyl alcohol with pure CuzC: as catalyst. The reaction temperature is 100°C and the product
analysis is done by GC. Acetylene pressure is 1.1 bar.
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Figure 17: Reactions taking place during the catalytic ethynylation of formaldehyde. The reaction tem-
perature is 100°C and the product analysis is done by GC. Acetylene pressure is 1.1 bar.

Another Cu(l) acetylide compound that could be formed during the reaction is Cu(l)-1-hydrox-
ypropinid (acetylide based on propargyl alcohol, CuC,CH,OH). Hence, this acetylide com-
pound could theoretically be the active species as well. From an experiment in which Cu(l)-1-
hydroxypropinid is used as catalyst with propargyl alcohol and formaldehyde as reactants
(without acetylene) can be concluded that this acetylide is also active as catalysts because
1,4-butynediol is formed (see Figure 18A). The same experiment is carried out without the
addition of propargy! alcohol to check if CuC>CH>OH can be converted (stoichiometrically) to
1,4-butynediol (see Figure 18B). Interestingly instead of 1,4-butynediol propargyl alcohol is
formed. It means that Cu(l)-1-hydroxypropinid is not stable if propargyl alcohol is not present.

It decomposes and propargy! alcohol is released.
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Figure 18: (A) Reaction of formaldehyde and propargyl alcohol with pure Cu(l)-1-hydroxypropinid as
catalysts and (B) reaction of formaldehyde with Cu(l)-1-hydroxypropinid as catalyst as well. The reaction
temperature is 100°C and the product analysis is done by GC. Acetylene pressure is 1.1 bar.

However, this is not a proof that propargyl alcohol is not the active species. Therefore, another
experiment is carried out with Cu(l)-1-hydroxypropinid as catalyst and with formaldehyde and
acetylene as reactants. Besides the product analysis via GC the catalyst itself is investigated
by Raman spectroscopy (see Figure 19A and B). At the beginning during the N purging period
1,4-butynediol is not formed, which is not surprising. After the addition of acetylene 1,4-butyne-
diol arises and the yield increases linearly. The Raman spectrum of the catalysts before the
addition of acetylene shows only signals for Cu(l)-1-hydroxypropinid comparing to the refer-
ence spectra (e.g., at 1916 cm™?). However, already after 5 min after the addition of acetylene
the signals decrease a lot and signals assigning to Cu,C, appear (at 1710 cm™). It means that
CuC,CH,OH is converted with acetylene to Cu,C, under reaction conditions. Hence,
CuC,CH,0OH cannot be the catalytic active species that catalyzes the formation of 1,4-butyne-
diol shown in Figure 19A but it is Cu,C. It proves that under ethynylation reaction conditions
Cu.C; must be the active species.

To strengthen the findings an industrial like catalyst (Cu35Bi4-450) is investigated by doing a
co-feeding experiment as well. The yields of propargyl alcohol and 1,4-butynediol are shown
in Figure 20. During the N, purging period (getting rid of oxygen) any products are not formed
because acetylene is not present. After the addition of acetylene, the catalyst is activated form-
ing Cu>C, and consequently propargyl alcohol and 1,4-butynediol are formed.

The propargyl alcohol yield is very low because it is an intermediate to form 1,4-butynediol.
The selectivity is strongly shifted to the formation of 1,4-butynediol under these reaction con-
ditions as mentioned before (see chapter 2.2.1).

Acetylene is replaced by nitrogen after 180 min again. The yields do not increase anymore.
Although formaldehyde is still present Cu,C, does not further react with formaldehyde to 1,4-
butynediol or propargyl alcohol. This agrees with the results obtained with pure Cu,C; as cat-

alyst (see Figure 16). Cu.C, cannot be converted (stoichiometrically) but acts as active species.
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The addition of propargyl alcohol after 300 min leads to the formation of 1,4-butyndiol again
and strengthens the finding that Cu.C; is the active species in the ethynylation of formaldehyde.
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Figure 19: (A) Reaction of formaldehyde and acetylene with pure Cu(l)-1-hydroxypropinid as catalysts
and (B) Raman spectra of the catalyst during the reaction. Carbon (activated charcoal from FLUKA with
the typical G-peak (1350 cmt) and D-peak (1600 cm-1)i112, Cu2C2 and Cu(l)-1-hydroxypropinid serve as
reference. The reaction temperature is 100°C and the product analysis is done by GC. Acetylene pres-
sure is 1.1 bar. The laser intensity of the laser of the Raman spectrometer is 0.015 mW and the wave-
length of the laser 532 nm. An objective with 50x magnification is used. The standard scanning time is
5 sec with 10 repetitions.
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Figure 20: Ethynylation of formaldehyde with Cu35Bi4-450 as catalysts. The reaction temperature is
100°C and the product analysis is done by GC. Acetylene pressure is 1.1 bar.

Pre-reduction of Cu(ll) — Formation of Cu.C,
In the pre-catalysts (CuO/Bi>03/SiO2) which are applied in the ethynylation of formaldehyde to
1,4-butynediol copper is present as CuO or Cu;NO3(OH)s; depending on whether the pre-cat-

alysts are just dried or calcined (see Figure 10). Therefore, it is necessary to reduce Cu(ll) to
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Cu(l) to form the Cu,C, species (activation of the catalyst). According to literature, formalde-
hyde that is oxidized to formic acid acts as reducing agent (see Figure 5 in chapter 2.2.1).
Simultaneously Cu(ll) is reduced to Cu(l).®

In fact, there are no studies in which the reducing step is investigated in detail. Therefore, the
reduction of Cu(ll) to Cu(l) is investigated by EPR spectroscopy for this work. EPR spectros-
copy has the advantage, that it is possible to determine the oxidation states of components in
solutions, solids or even slurries. All samples that are measured are either aqueous solutions
or slurries. Hence, all samples are recorded in frozen state at -120°C.

In first experiments, CuCl; is added to a formaldehyde solution at 25°C and 100°C (standard
reaction temperature during catalysis) and the reaction is followed by EPR spectroscopy. Sam-
ples of the solution are taken after certain times and quenched in an ice bath. The same ex-
periment is carried out with the difference that additionally acetylene is added.

In Figure 21, the EPR spectra of the reaction of CuCl, with formaldehyde are depicted. Cu(ll)
has a nuclear spin of I=3/2. Therefore, four signals should appear for the parallel and the ver-
tical portion. If Cu(ll) is reduced to Cu(l) the Cu(ll) signals should disappear. Since Cu(l) is
EPR inactive, no further signals should appear. It can be clearly seen in Figure 21A and B that
in all spectra Cu(ll) is present. The g-values of gi(gp) = 2.40823 and g+ (gv) = 2.07525 are in
accordance with literature.*'8 119 The intensity of the signals do not decrease during the reac-
tion either at 25°C nor at 100°C. Therefore, the reduction of Cu(ll) to Cu (I) does not take place

under these conditions and it cannot be confirmed that formaldehyde acts as reducing reagent.
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Figure 21: Anisotropic EPR spectra (Trecorded = -120°C) of CuClz in formaldehyde solution at 25 °C (A)
and 100°C (B) for different reaction times. Samples are taken after different reaction times with a syringe
and are transferred into capillaries that are placed in EPR tubes.

In Figure 22, the EPR spectra of the reaction of CuCl, with formaldehyde and additional acet-
ylene are shown. Reduction of Cu(ll) does not take place at 25°C during the first 15 min (Figure
22A). After that (between 15 min and 30 min) Cu(ll) is reduced. It is indicated by the decrease

of the Cu(ll) signals. Cu(ll) is completely converted to Cu(l) after 45 min. Simultaneously a new
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species is formed with a g-value of 2.00259 which corresponds to a carbon based radical.
Compared to that, the reduction at 100°C takes place substantially faster (Figure 22B). Already
after 2 min a complete reduction of Cu(ll) to Cu(l) is achieved and the new species is formed.
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Figure 22: Anisotropic EPR spectra (Trecorded = -120°C) of CuClz in formaldehyde solution and acetylene
at 25 °C (A) and 100°C (B) for different reaction times. Samples are taken after different reaction times
with a syringe and are transferred into capillaries that were placed in EPR tubes.
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Figure 23: A) Anisotropic EPR spectra (Trecorded = -120°C) of separated Cu35Bi4-450 catalyst after dif-
ferent reaction times. In the first 60 min the set-up is purged with N2 before switching to acetylene. The
activation is carried out at 100°C with 1.1 bar acetylene. B) Intensities of the Cu(ll) signals obtained by
double integration from the spectra of Figure 23A. The dashed line separates the N2-purging period (60
min) from the activation with acetylene. Samples are taken after different reaction times with a syringe
and are transferred into capillaries that were placed in EPR tubes.

To strengthen the obtained results the reduction behavior of a solid Cu/Bi catalyst
(Cu35Bi4-450) is investigated doing the same experiments at 100°C. The results are depicted
in Figure 23.

During the purging period with N2 only formaldehyde and no acetylene is present. Hence, the

reduction from Cu(ll) to Cu(l) does not take place (see 25 min N2 and 60 min Nz in Figure 23A).
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After the addition of acetylene the intensity of the Cu(ll) signals decreases and Cu(ll) is re-
duced to Cu(l). The new species with a g-value = 2.00259 is formed as soon as the reduction
occurs. This is in accordance with the results obtained with CuCl. solution. However the de-
crease of the Cu(ll) signals is hardly visible in these EPR spectra because of the high metal
loading (35 wt.% Cu Therefore, the double integrals of the Cu(ll) signals calculated from the
spectra shown in Figure 23A at different reaction times are depicted in Figure 23B. The de-
crease of Cu(ll) and consequently the reduction of Cu(ll) to Cu(l) induced by acetylene can
clearly be figured out by the decline of the double integrals of the Cu(ll) signals after the addi-
tion of acetylene (right part in Figure 23B). With ongoing activation time Cu(ll) is further con-
verted into Cu(l) which is discussed later.

The same experiment is carried out with a Cu5Bi0.6 catalyst to avoid the influence of the high
metal loading on the EPR measurement. The results are depicted in Figure 24 and confirm the
results obtained with the higher loaded Cu35Bi4-450 catalyst.

1
' = Cu(ll)
< 9E+054 ®m |
5 . "
® :
3 = '
© 5’ + i 1
= QSE 05 N2-1  addition
‘D ° ur-'  CoH
2 = pur-1 2H?
IS > ging:
= @ 7E+05 '
£ ! ]
o :
= i
- 8 ! [ ]
30 min C2H2 he] 6E+05 - :
' B)
T T T T '
290 300 310 320 330 340 0 50 100 150 200 250 300 350
By / mT reaction time / min

Figure 24: A) Anisotropic EPR spectra (Trecorded = -120°C) of Cu5Bi0.57-450 catalyst in formaldehyde at
different reaction times. B) Intensities of the Cu(ll) signals obtained from the spectra of Figure 24A. The
dashed line separates the N2-purging period (60 min) from the reaction with acetylene. The activation is
carried out at 100°C with 1.1 bar acetylene. Samples are taken after different reaction times with a
syringe and are transferred into capillaries that are placed in EPR tubes.

In addition, the reduction behavior of Cu35Bi4-450 is investigated only with acetylene as re-
ducing agent (without formaldehyde) to exclude that a combination of formaldehyde and acet-
ylene is necessary for the reduction of Cu(ll). The EPR spectra are depicted in Figure 25. It
turns out that acetylene itself is capable of reducing Cu(ll) to Cu(l). It agrees with Brameld et
al. who reported that Cu,C; can be synthesized from Cu(ll) solutions without formaldehyde.[™*!
From the EPR results obtained from a CuCl, solution and real solid Cu/Bi catalysts it can be
concluded that the reduction of Cu(ll) to Cu(l) under ethynylation reaction conditions (100°C)

is induced by acetylene not by formaldehyde in contrast to literature.
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Figure 25: Anisotropic EPR spectra (Trecorded = -120°C) investigating the reduction behavior of Cu(ll) to
Cu(l) of the Cu35Bi4-450 catalyst in water and acetylene atmosphere (without formaldehyde). In the
first 60 min the set-up is purged with N2 before switching to acetylene. The reduction is carried out at
100°C with 1.1 bar acetylene.

Raman spectroscopy — Characterization of Cu>C; during the catalytic reaction

With the knowledge that Cu,C: is the active species and the opportunity to characterize it via
Raman spectroscopy, the formation of Cu2C: is investigated during the activation of the cata-
lyst. In Figure 26 the Raman spectra of activated Cu35Bi4-80 catalyst after certain reaction
times are shown. The freshly prepared Cu.C, and carbon (activated charcoal from FLUKA)
serve as reference.

Signals corresponding to Cu2C, do not appear during the purging period under N2 because
acetylene is not present. Only the signals for CuaNO3(OH); are present but they decrease in
intensity during the N2 purging period which indicates a structural change of the surface of the
catalyst. After the addition of acetylene, two new signals arise (at 430 cm™ and 1710 cm™).
Between 15 min and 60 min under acetylene gas the signals get more pronounced and a third
signal is visible at 580 cm™. The signals remain constant with increasing reaction time. The
signals match very well with the signals appearing at the reference Cu,C; and correspond to
the Cu-C bond and the C=C bond respectively as discussed before. The intensity of the signal
of the reference Cu.C; at 1710 cm™ is very similar to the signals of the activated catalysts that
indicates that C=C bond has the same order. In contrast to that the signal at 430 cm™in the
spectrum of the spent catalyst is much more intense than the signal of the Cu,C; reference. It

indicates that the Cu,C- is more structured or rather more crystalline.
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Figure 26: Raman spectra of spent Cu35Bi4-80 catalyst in the range from 115 cm-! to 1880 cm-L. Freshly
prepared Cu2C2 and carbon (activated charcoal from FLUKA with the typical G-peak (1350 cm-t) and D-
peak (1600 cm1)[112 serve as reference. Samples are taken by a syringe and they are measured in dry
state. The laser intensity is 0.015 mW, the wavelength of the laser 532 nm. An objective with 50x mag-
nification is used. The standard scanning time is 5 sec with 10 repetitions.

The signal at 580 cm™ which can only be observed at the spent catalyst corresponds to a
=C-C-bond™!. It indicates that small amounts of coupling products like Cu polyynides are
formed. The more crystalline structure of Cu,C, formed during the ethynylation reaction is
probably caused by the controlled long-term formation of Cu.C, which takes place during the
first hours in the activation. The precipitation of pure Cu2C,, as it was done for the synthesis of
the reference, is carried out with a Cu(l) solution. In this case, the Cu2C, formation is much
faster because of precipitation of solid and poorly soluble Cu,C- out of a supersaturated solu-
tion. Hence, the formation of numerous crystallization seeds leads to small and less crystalline
Cu.C; agglomerates.

The range of the measurement is selected between 115 cm™ to 1880 cm™ because further
signals are not detected at higher wavenumbers. A spectrum of the activated catalyst in the
range between 115 cm™ to 2830 cm™ is shown for illustration in Figure 27.

CuxC; is very sensitive towards irradiation, heat and impacts. Therefore, Raman spectra of an
activated catalyst (Cu35Bi4-80) are measured with different Raman laser intensities (see Fig-
ure 28) to exclude that the samples are destroyed during the measurement and hence the
results are not reliable. The signals for Cu.C, are visible with laser intensities of 0.015 and
0.030 mW. Increasing the laser intensity up to 0.300 mW leads to the decomposition of Cu,C»
to carbon that corresponds well to the reference carbon spectrum. Normally the Raman spec-

tra in this work are recorded at Raman laser intensities of 0.015 mW.
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Figure 27: Raman spectra of activated Cu35Bi4-80 catalyst in the range from 115 cm-! to 2830 cm™.
The sample is taken with a syringe and it is measured in dry state. The laser intensity is 0.015 mW, the
wavelength of the laser 532 nm. An objective with 50x magnification is used. The standard scanning
time is 5 sec with 10 repetitions.
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Figure 28: Raman spectra of activated Cu35Bi4-80 catalyst. Freshly prepared Cu2C2 and carbon (acti-
vated charcoal from FLUKA with the typical G-peak (1350 cm') and D-peak (1600 cm™1)!12 serve as
reference. The sample are taken by a syringe and it is measured in dry state. The wavelength of the
laser 532 nm. An objective with 50x magnification is used. The standard scanning time is 5 sec with 10
repetitions.

To get information about the formation of Cu,C, during the activation and the influence on the
1,4-butynediol formation Raman spectra of different loaded Cu/Bi/SiO, (Cu5Bi0.6, Cul5Bil.7,
Cu25Bi2.9, Cu35Bi4) catalysts are measured. As it was mentioned above the activation is not

separated from ethynylation because even during the activation 1,4-butynediol is formed. The
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catalysts performances regarding the 1,4-butynediol yield are depicted in Figure 29A and the
1,4-butynediol yield after 180 min reaction time regarding the Cu loading in Figure 29B.
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Figure 29: (A) 1,4-butynediol yields obtained with four different loaded Cu/Bi/SiO2 catalysts. The dashed
line separates the N2-purging period (60 min) from the activation with acetylene (180 min). (B) 1,4-
butynediol yield after 180 min activation time depending on the Cu loading in wt.% The reaction is carried
out at 100°C with 1.1 bar acetylene. The product analysis is done by GC.

The reaction is divided into two parts. In the first 60 min the system is purged with N to get rid
of oxygen. After that, N; is replaced by acetylene and the activation period starts. During the
initializing/activation period (first 30 min depending on the catalyst loading), a minimum amount
of Cu,C; must be formed so that the ethynylation reaction can start. After that, a linear increase
of the 1,4-butynediol yield is obtained which indicate an order of reaction of 1.[64¢l

The highest yield (38.5 % after 3 hours acetylene) is obtained with the Cu35Bi4 catalyst. Con-
sequently, higher copper loadings lead to higher 1,4-butynediol yields (see Figure 29B).
35 wt.% Cu is the ideal Cu loading for these catalysts and their application in the ethynyla-
tion.1*2 13 Higher Cu loadings (50 wt.%) do not increase the 1,4-butynediol yield. Very low Cu
amounts (5 and 10 wt.% Cu) exhibit low catalytic performance. In this case, most likely the
CuO particles are strongly embedded into the SiO, support and hence the conversion of CuO
into Cu2C: is hindered.

Table 3: 1,4-Butynediol (BD) formation rates of different Cu and Bi loaded catalysts in gspgcuh.

Sample Ospgcuth?t

Cu5Bi0.6 0.2
Cul5Bil.7 0.6
Cu25Bi2.9 1.6
Cu35Bi4 3.1
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To strengthen that the Cu loading is crucial for the efficiency of the catalysts, the formation
rates of 1,4-butynediol (geogcu*h™) concerning the amount of Cu of the different catalysts are
summarized in Table 3.

In Figure 30 the Raman spectra of the separated catalysts after different activation times are
shown. During the purging period no signals for Cu.C: in the Raman spectra are visible (Figure
30A) because acetylene is not present. Just weak signals assigning to the pre-catalyst (CuO)
are observable at Cu35Bi4. 8 min after switching to acetylene the two characteristic Raman
signals for Cu.C,appear except in the spectrum of Cu5Bi0.6 catalyst (Figure 30B). The signals
with highest intensity are obtained with the Cu35Bi4 catalyst. After 60 and 120 min under re-
action conditions, the order of the signal intensities remains unchanged. The signal intensities
of Cu25Bi2.9 and Cul5Bil.7 lie between the intensities of Cu35Bi4 and Cu5Bi0.6 (see Figure
30C and D).
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Figure 30: Raman spectra of separated Cu/Bi/SiOz catalysts with different loadings. The samples are
taken with a syringe during the purging phase and during the activation period with acetylene. They are
measured in dry state. The laser intensity is 0.015 mW, the wavelength of the laser 532 nm. An objective
with 50x magnification is used. The standard scanning time is 5 sec with 10 repetitions.
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That agrees with the catalytic activity because the higher the 1,4-butynediol yield the higher
are the signal intensities of Cu.C, in Raman spectroscopy. A good example is the Cu5Bi0.6
catalyst. Even after 120 min activation time, the Cu.C; signals are very week. Simultaneously
1,4-butynediol is hardly formed.

To illustrate, the area of the Raman peaks at 430 cm™ obtained by integration of the peaks of
the Raman spectra depicted in Figure 30 are shown in Figure 31 after different times as well
as the corresponding 1,4-butynediol yield. It clearly shows the dependency of the 1,4-butyne-
diol yield on the Cu>C; formation. It is important to note, that the area of the Raman peaks act
only for qualitative claims because the Raman peaks are influenced by the crystallinity as well

as the configuration of the compound.
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Figure 31: Areas of the Raman peaks at 430 cm-1 obtained from integration of the peaks of the Raman
spectra depicted in Figure 30 as well as the corresponding 1,4-butynediol yield at different activation
times. The samples were taken with a syringe. They are measured in dry state. The laser intensity is
0.015 mWw, the wavelength of the laser 532 nm. An objective with 50x magnification is used. The stand-
ard scanning time is 5 sec with 10 repetitions.

To strengthen the assumption that the formation of Cu,C- defines the 1,4-butynediol formation
rate of the Cu/Bi/SiO; catalysts four different calcined catalysts with the same copper loading
(Cu35Bi4-80 (just dried), Cu35Bi4-450, Cu35Bi4-600, Cu35Bi4-700) are investigated. The 1,4-
butynediol yield as well as the Raman spectra of the separated catalysts after different activa-
tion times are depicted in Figure 32. The Raman spectra of Cu35Bi4-600 are not shown be-
cause it follows the same trend as the other samples.

Cu35Bi4-80 produces the highest 1,4-butynediol yield. The yields of the catalysts calcined at
different temperatures are similar (ca. 40 %) after 5 h activation time (see Figure 32D). After
15 min activation time, Raman signals of Cu,C, are visible for Cu35Bi4-450 and Cu35Bi4-80.

The signals of Cu35Bi4-80 are more intense (see Figure 32A). The course continues during
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the whole activation (see Figure 32B and C). Compared to that, the Raman signals concerning
Cu2C; appear only after 60 min activation time for Cu35Bi4-700. They quickly increase until
300 min activation time (see Figure 32B and C).

The appearance of the Raman signals of Cu.C: correlates with the beginning of 1,4-butynediol
formation. The 1,4-butynediol formation begins just after adding acetylene regarding
Cu35Bi4-80. Using Cu35Bi4-450 and Cu35Bi4-700 as catalyst 1,4-butynediol is formed only
after 30 min and 60 min which agrees with the appearance of the Cu.C> Raman signals or
rather of their increasing intensity (see Figure 33). Interestingly, despite the similar 1,4-butyne-
diol yield, the 1,4-butynediol (BD) formation rates differ. They are summarized in Table 4.
Cu35Bi4-80 and Cu35Bi4-700 as well as Cu35Bi4-450 and Cu35Bi4-600 have almost the

same formation rate.
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Figure 32: Raman spectra of separated Cu/Bi/SiOz catalysts (A, B, C) calcined at different temperatures
(80°C, 450°C, 600°C, 700°C) as well as the 1,4-butynediol yield they achieved in the ethynylation reac-
tion (D). The samples are taken with a syringe during the purging phase and during the activation period
with acetylene. They are measured in dry state. The laser intensity is 0.015 mW, the wavelength of the
laser 532 nm. An objective with 50x magnification is used. The standard scanning time is 5 sec with 10
repetitions.
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Figure 33: Areas of the Raman peaks at 430 cm™! obtained from integration of the peaks of the Raman
spectra depicted in Figure 32 as well as the corresponding 1,4-butynediol yield at different activation
times. The samples were taken with a syringe. They are measured in dry state. The laser intensity is
0.015 mWw, the wavelength of the laser 532 nm. An objective with 50x magnification is used. The stand-
ard scanning time is 5 sec with 10 repetitions.

The reasons for the differences of the formation rates of the catalysts are more complex.
Therefore, the crystallite sizes obtained with the Scherrer equation from the powder diffracto-
grams shown in Figure 10 and the Raman peak full width at half maximum (FWHM) after 300
min for the peak at 430 cm™ are summarized in Table 4. The crystallite sizes of Cu35Bi4-80
and Cu35Bi4-700 are the largest which correlates with largest 1,4-butynediol formation rates.
It means that highly active Cu,C; is favorably formed from larger crystals.®® In addition, the
Raman peak FWHM after 300 min for the peak at 430 cm™ is the largest for these two catalysts.
The broader Raman signals indicate a less crystalline (ordered) Cu.C; phase as it was dis-
cussed before. Less crystalline Cu,C: is favorably formed from bigger crystallites and is prob-
ably more active in the ethynylation reaction.

Table 4: Formation rates of 1,4-butynediol (BD) concerning the amount of Cu in gepgcu*h, the crystallite
size (Sizecrys) in nm of CuO or rather CuzNO3(OH)s of the calcined catalysts determined by the Scherrer
equation and the Raman peak full width at half maximum (FWHMgraman) in cm after 300 min for the
peak at 430 cm™,

catalyst gspgcuth Sizeécys  FWHMRraman
Cu35Bi4-80 3.8 43.2 64
Cu35Bi4-450 3.1 14.1 56
Cu35Bi4-600 3.1 154 -
Cu35Bi4-700 3.7 20.2 66

The difference of the 1,4-butynediol formation of CussBis-80 and CussBis-700 at the beginning

of the activation is most likely caused by the different Cu precursor. In contrast to the calcined
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catalysts CussBis-80 consists of CuzNO3(OH)s instead of CuO. It indicates that Cu>NO3(OH)s
could favor the formation of Cu.C, and consequently the early formation of 1,4-butynediol.

In conclusion, the dependency of the catalytic activity on the formation of Cu2C; is influenced
by the Cu,C, formation rate as well as by the structure (crystallinity) of the formed Cu.C..

X-Ray diffraction — Characterization of Cu2C. during the ethynylation
Since we know that XRD is a possible characterization method for the investigation of crystal-
line Cu.C,we measured powder diffractograms of the catalysts separated after different acti-

vation times with same Cu loading but different calcination temperatures.
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Figure 34: (A) Powder diffractograms of separated Cu35Bi4-450, Cu35Bi4-700 and Cu35Bi4-80 after
300 min reaction time and of freshly prepared Cu2C2. (B-D) Powder diffractograms of separated
Cu35Bi4-80 (B), Cu35Bi4-450 (C) and Cu35Bi4-700 (D) after different activation time. The samples are
taken during or after the activation with a syringe and they are measured in dry state. The powder
diffractogram of freshly prepared Cu2C: and the powder diffractograms of the pre-catalysts before the
catalytic reaction serve as reference. Diffractograms are recorded in an angle range between 5° and
70° in steps of 0.013°.
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The powder diffractograms obtained after 300 min activation time are depicted in Figure 34A.
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Besides the powder diffractograms of the catalysts after the activation, powder diffractograms
of samples taken during the activation are measured as well. These powder diffractograms are
shown in Figure 34B to Figure 34D.

The powder diffractograms of Cu35Bi4-700 and Cu35Bi4-80 differs compared to the powder
diffractogram of Cu35Bi4-450 (Figure 34A). The reflexes assigned to Cu.C: fit well but are
broad compared to the pure Cu.C, reference, especially for Cu35Bi4-80. It indicates the for-
mation of small and less crystalline Cu2C: particles during the activation. The diffractogram of
separated Cu35Bi4-700 is very similar except some narrower reflexes, especially the reflex at
32 20 (Figure 34A). In contrast to that, the crystallinity of Cu.C; in spent Cu35Bi4-450 is more
pronounced mainly in the region of the 32 26 reflex and 43 26 reflex (Figure 34A). It confirms
the results obtained by Raman spectroscopy that a more crystalline Cu.C; or rather larger
CuzC; particles are less active in the ethynylation. In addition, the time course of the formation
of CuxC; can also be observed via X-Ray diffraction. The CuO reflexes of the Cu35Bi4-700
catalyst decrease during the ethynylation reaction because of the formation of Cu,C,, which
leads to the consumption of CuO (Figure 34D). The effect that Cu.C: is formed directly at the
beginning of the reaction and that the formation takes place much faster for Cu35Bi4-80 com-
pared to Cu35Bi4-700 can be observed via powder diffraction as well as it was found out via

Raman spectroscopy (Figure 34B).

Leaching experiments — Cu,C. formation via a leaching mechanism

EPR experiments indicate that the reduction of Cu(ll) to Cu(l) is induced by acetylene. In ad-
dition, the formation of Cu,C, can be studied using Raman spectroscopy and X-Ray powder
diffraction. However, it is still unclear how Cu2C: is formed: in solution via a leaching mecha-
nism or directly on the catalyst surface.

At first, we investigated a possible leaching mechanism. During the activation samples are
taken of the liquid phase containing water, formaldehyde, methanol (acts as stabilizing agent
for formaldehyde) and the catalyst (Cu35Bi4-80 or Cu35Bi4-700). The copper content of the
reaction medium is determined via ICP-OES after different reaction times. The volume of the
suspension is 100 mL. In Figure 35 the amount of leached copper as well as the Cu leaching
percentage are shown for Cu35Bi4-80. Additionally the Cu(ll) concentration in solution is
measured by a specific Cu(ll) electrode (Figure 36).

During the purging period copper from the Cu/Bi catalyst leaches and dissolves in the reaction
medium. The copper content in percentage that leaches is around 0.07 % (12.3 ppm) regarding
the overall copper amount. The leaching of Cu(ll) leads to structural changes of the catalyst

which was already observed by Raman spectroscopy (Figure 26).
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Figure 35: Determination of Cu content in solution by ICP-OES using Cu35Bi4-80 catalyst during the
actication. The activation is carried out at 100°C with 1.1 bar acetylene.

The copper leaching can be confirmed by the conductivity measurement (Figure 36). After the
addition of the catalysts the conductivity increases (after 10 minutes in Figure 36). After 30 min
the increase drops because a maximum amount of leached copper in solution is reached. The
maximum amount of dissolved Cu is most likely defined by the ratio between dissolved Cu(ll)
and Cu(ll) which precipitates as Cu(OH); under these conditions (pH = 7). The leached copper
must have an oxidation state of Il because the electrode used for this experiment is only sen-
sitive for Cu(ll) ions. After starting the activation by switching to C,H» gas the Cu(ll) concentra-
tion drops almost to zero indicating that Cu.Cis formed. Probably, Cu,C, forms small clusters,
which are sparingly soluble, and they precipitate. Cu.C;is almost insoluble in the reaction me-
dium meaning that the copper content in solution is very low. Results obtained by Raman
spectroscopy and X-Ray diffraction prove that the formation of Cu,C; still takes place during
the whole activation (around 5 h). Therefore, copper continuously leaches from the solid cata-
lyst into the solution. Due to the insolubility of the precipitated Cu,C,under activation conditions
the measured Cu(ll) concentration in solution (0.03 mg in 100 mL, 0.3 ppm) remains at a very
low level during the whole activation time. The same course of leached Cu exhibits the
Cu35Bi4-700 catalyst (Figure 37) but less Cu leaches during the purging period. In addition,
the leached Cu amount decreases not as fast as it was observed at Cu35Bi4-80 after the
addition of C,H,. Both confirms the result obtained by Raman and X-Ray diffraction that Cu,C,
is formed more slowly using Cu35Bi4-700 as catalyst. Cu leaching originating from CuO is
hindered compared to Cu leaching from Cu,NO3(OH)s which explains the lower copper amount
in solution during the purging period. Interestingly, the conductivity increases as soon as acet-

ylene is replaced by nitrogen again (N»-purging on the right side in Figure 36). It means that
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Cu2C: is partially decomposed, which was already observed for the acetylide of propargyl al-
cohol (see Figure 19). Hence the Cu(ll) content in solution rises and an excess of acetylene is
needed to stabilize Cu2C..

No-purging : N,-purging \Ek

addition C,H,

voltage / a.u.

T T T T T T T
0 60 120 180 240
reaction time / min

Figure 36: Conductivity measurement with a Cu(ll) selective electrode (Ag/AgCl(aq) (3 M KClI reference
electrode) using Cu35Bi4-80 as catalyst. The activation is carried out at 100°C with 1.1 bar acetylene.
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Figure 37: Determination of Cu content in solution by ICP-OES using Cu35Bi4-700 catalyst. The activa-
tion is carried out at 100°C with 1.1 bar acetylene.

In further experiments, we investigated the direct formation of Cu,C, from acetylene and the
solid catalyst without any solvent at 100°C. It would give a hint that Cu,C is formed directly on
the catalyst surface and not via a leaching mechanism. A Cu35Bi4-80 catalyst without any
solvents or reactants is purged with N, and after 60 min acetylene is introduced. After 4 h a

sample of the catalysts is analyzed by Raman spectroscopy. In Figure 38 the Raman spectrum
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of the catalysts after the treatment as well as the reference spectrum of Cu.C, and carbon
(activated charcoal from FLUKA) are shown.

The characteristic signals for Cu,C, are visible at 430 and 1710 cm™. The intensities of the
peaks are very low. Additionally, a carbon species is formed represented by the signal at
1580 cm. Regarding the peak intensities the amount of formed Cu.C: is very low and rather
carbon is formed instead of Cu>C,. Therefore, Cu.C: is preferably formed by a leaching mech-

anism.

Cu,C, from gaseous C,H,  1710--.
1580-

430--.

Cu,C,

intensity / a.u.

carbon

T T T T T T T T T T T T T T T T T
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wavenumber / cm™
Figure 38: Raman spectrum of separated Cu35Bi4-80 catalyst treated with acetylene. Spectra of carbon
(activated charcoal from FLUKA with the typical G-peak (1350 cm!) and D-peak (1600 cm)i12 and
freshly prepared CuzC: serve as reference. The sample is taken after 4 h treatment and is measured in
dry state. The laser intensity is 0.015 mW, the wavelength of the laser 532 nm. An objective with 50x
magnification is used. The standard scanning time is 5 sec with 10 repetitions.

Figure 39: Proposed leaching mechanism for the formation Cuz2C: during the activation of a Cu/Bi/SiO2
catalyst under typical activation conditions (100°C, 1.1 bar acetylene).
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A possible leaching mechanism is depicted in Figure 39. Cu(ll) leaches from the solid catalyst
into the reaction medium containing water, formaldehyde and methanol. Cu immediately pre-
cipitates as Cu,C. due to the poor solubility after reacting with acetylene and deposit onto the
support as well as onto the CuO particles. The Cu>C; formation is long-term controlled, mean-
ing that the Cu leaching as well as Cu.C; precipitation is continuously repeated during the

whole reaction time.

Thermogravimetric analysis — Quantification of Cu>C>

The TG method is a suitable and reliable technigue to determine the amount of formed Cu.C;
as discussed before. Therefore, the amount of formed Cu.C; in the catalytic reaction is deter-
mined using Cu/Bi catalysts with different Cu loadings and calcination temperatures.

In Figure 40 the conversion of the overall Cu(ll) amount in the catalyst into Cu,C, for
Cu35Bi4-80, Cu35Bi4-700, Cu25Bi2.9 and Cu5Bi0.6 catalysts are shown.
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Figure 40: Conversion of Cu(ll) into Cuz2C: of the initial CuO/Bi203/SiO2 catalysts with different loadings
and calcination temperatures measured by TGA. The samples are heated to 1000°C under synthetic air
at a rate of 10 K/min during the TGA. The activation of the catalysts are carried out at 100°C with 1.1
bar acetylene. Samples are taken during the activation to separate the catalyst.

Cu(ll) is not converted into Cu»C, during the purging period for all catalysts because acetylene
is not present. Cu»C;is formed as soon as acetylene is introduced especially using Cu25Bi2.9
and consequently Cu(ll) from the catalyst precursor is consumed. The formation of Cu,C; in-
creases nearly linearly after a short initializing period. This is in accordance to the Raman
results. The decrease of Cu(ll) in the catalyst precursor and consequently the continuously
formation of Cu.C, during the catalytic reaction is in agreement with the obtained X-Ray dif-
fraction results. 91 % of the overall Cu(ll) amount is converted into Cu.C; after 4 h reaction

time. The same amount or even more is achieved using Cu35Bi4-80 and Cu35Bi4-700. Only
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the course of the curve differs regarding Cu35Bi4-700. The initialization period is more pro-
nounced. After that, the Cu.C, formation rate increases linearly as well. The conversion of
Cu(ll) into Cu2C; is up to 90 % for these three catalysts which confirms Raman und X-Ray
diffraction results.

In contrast to that, the amount of formed Cu2C; using Cu5Bi0.6 is too low to be quantifed. It
agrees with Raman spectroscopy where the characteristic Cu.C, peaks appear only after
120 min with weak signal intensities and with the 1,4-butynediol formation rate as well because
this catalyst is not active in the ethynylation.

Investigations regarding the ethynylation reaction itself

In summary, it can be concluded that the Cu,C, formation takes place via a leaching mecha-
nism. But it is not clear where the catalytic reaction itself proceeds. It could be possible that
small agglomerates of Cu,C, which are in solution before they precipitate or that the Cu.C;
which is already precipitated onto the support act as active phase. Therefore, the same
CussBis-700 catalyst was first activated for 5 h (as it was done for the other measurements)
and then applied in a fresh formalin batch (ethynylation reaction). The yields of 1,4-butynediol
and propargyl alcohol as well as the 1,4-butynediol (BD) formation rates are shown in Figure
41.
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Figure 41: Yields of 1,4-butynediol and propargyl alcohol including the 1,4-butynediol formation rate
using Cu35Bi4-700 as catalysts during activation and after addition to a new batch of formalin (ethynyl-
ation reaction). Both, the activation and the ethynylation are carried out at 100°C with 1.1 bar acetylene.
The product analysis is done by GC.

During the activation of the catalyst the 1,4-butynediol yield increases linearly after the initial-
izing period. If the catalytic reaction takes place on the surface of Cu.C, agglomerates which
are in solution either the reaction rate must decrease when the whole CuO of the calcined
catalyst is converted into Cu2C;, or Cu,C; dissolves after its precipitation again. The latter re-
mains very unlikely because Cu.C; is practically insoluble in all common solvents. After the

activation, the catalyst is separated from the liquid phase and is added to a freshly prepared
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formaldehyde solution. The initializing period is not observable anymore which means that the
active species must be already formed. The 1,4-butynediol yield increases linearly as well. The
1,4-butynediol (BD) formation rate remains constant (4.0 for activation and 4.1 gepgcuth*for
ethynylation reaction) which indicates that the same active species is present and the same
reaction pathway is conducted. As we know from Raman spectroscopy, X-Ray diffraction and
TG the entire CuO of the calcined catalyst is most likely completely converted into Cu.C> which
precipitates onto the catalyst support after the activation. It means that Cu.C; is present as
SiO, supported precipitate at the beginning of the second use of the catalyst. The lacking ini-
tializing period as well as the same formation rate indicates that the catalytic reaction takes
place on the surface of the precipitated Cu.C,. In contrast to that, one would expect if the
reaction takes place on the surface of soluble Cu.C, agglomerates that the formation rate de-
creases dramatically at the second use because Cu.C; already precipitated and the CuO of
the initial catalyst is consumed. The propargyl alcohol yield stays constant during both reac-
tions (around 0.2 %) which means that the selectivity does not change and supports the con-
clusion that the same active phase is present comparing the activation and the ethynylation. A
reaction pathway via soluble Cu,C, agglomerates cannot be excluded completely but the rate
of this pathway is too slow or the pathway is hindered so that the effect is not visible regarding
the 1,4-butynediol formation rate.

In addition, experiments are carried out at which the activation of a Cu35Bi4-80 catalyst was
carried out without formaldehyde. After the activation the catalysts was applied in the ethynyl-

ation reaction.
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Figure 42: Raman spectra of separated Cu35Bi4-80 catalysts activated with and without formaldehyde
as well as of the catalyst after the ethynylation (activated without formaldehyde) and the 1,4-butynediol
yield they achieved in the ethynylation. The samples are taken with a syringe. They are measured in dry
state. The laser intensity is 0.015 mW, the wavelength of the laser 532 nm. An objective with 50x mag-
nification is used. The standard scanning time is 5 sec with 10 repetitions. The activation and ethynyla-
tion is carried out at 100°C at 1.1 bar acetylene.

44



Reppe Chemistry — Ethynylation of Formaldehyde with Acetylene to 1,4-Butynediol

The Raman spectra of the separated catalyst after activation or rather ethynylation as well as
the Raman spectrum of the same catalysts activated with formaldehyde are shown in Figure
42. In addition, the catalytic performance regarding the 1,4-butynediol yield is shown as well.
It can clearly be figured out that the activation without formaldehyde leads to the formation of
highly crystalline Cu.C,, which is assigned to the narrow Raman peaks at 430 cm* and
1710 cm™ compared to the broad peaks of the catalysts activated with formaldehyde. The 1,4-
butynediol yield is much higher for the catalyst activated with formaldehyde. It underlines the
importance of less crystalline and highly dispersed Cu2C: for a high active ethynylation catalyst.
In another experiment a precipitated CuO/Bi,O3; (CuO/Bi>03-450) catalyst without SiO» support
but the same Cu amount is applied to investigate if the SiO, support is essential for a high
formation rate of 1,4-butynediol. The performance of the catalyst is compared to a SiO, sup-
ported catalysts calcined at the same temperature (Cu35Bi4-450). The 1,4-butynediol yields
are shown in Figure 43 and the formation rates of 1,4-butynediol (BD) are summarized in Table
5.

It can clearly be figured out that the unsupported catalyst produces by far less 1,4-butynediol.
In addition, the formation rate is much lower. It means that the SiO; support is very important,
most likely to gain a high distribution of Cu2C,, which is precipitated during the ethynylation.
Catalysts containing Cu, which is precipitated onto mesoporous SiO; with high BET surface
area, are also very efficient (around 60 % 1,4-butynediol yield after 5 h). It supports the as-
sumption that the SiO support is very important in this type of catalysts by creation and stabi-
lization of highly distributed Cu2C..
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Figure 43: Yields of 1,4-butynediol using Cu35Bi4-450 and an unsupported CuO/Bi>0O3-450 catalyst.
The reaction is carried out at 100°C with 1.1 bar acetylene. The product analysis is done by GC.
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Table 5: Formation rates of 1,4-butynediol of unsupported CuO/Bi203 catalyst and Cu35Bi4-450.

catalyst Ospgcuth?
Cu35Bi4-450 3.1
CuO/Bi203-450 1.0

Furthermore, an experiment is carried out using a Cu salt (Cu acetate) dissolved in the formal-
dehyde solution and additional SiO, support. Dissolved Cu should form Cu»C, instantly after
the addition of acetylene. Hence, 1,4-butynediol should be formed simultaneously with high
yields. The 1,4-butyediol and propargyl alcohol yields are shown in Figure 44 and are com-
pared to Cu35Bi4-80, which is the most efficient catalyst. The formation rates of 1,4-butynediol
(BD) are depicted in Table 6.

Interestingly, the 1,4-butynediol and the formation rate using Cu acetate is very low. If a leach-
ing mechanism for Cu,C, formation is considered one would expect that starting with already
dissolved Cu leads to fast Cu,C. formation and hence a high formation rate of 1,4-butynediol.
But the opposite case can be observed.

However, the propargyl alcohol yield is two times higher using Cu acetate instead of
Cu35Bi4-80 (Figure 44B). It means that probably the acetate anion decreases the overall con-
version and it changes the selectivity towards propargyl alcohol. The same experiment is car-
ried out with other Cu(ll) salts like CuCl, and Cu(NOs).. However, these anions also influence
the reaction itself. The nitrate, for example, oxidizes the internal standard (1,3-propanediol)
and formaldehyde. Hence, both compounds disappeared in the chromatograms after a while

and the experiment could not be evaluated.
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Figure 44: (A) Yields of 1,4-butynediol and (B) propargyl alcohol using Cu35Bi4-450 and Cu acetate
with additional SiO2 support. The reaction is carried out at 100°C with 1.1 bar acetylene. The product
analysis is done by GC.
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Table 6: Formation rates of 1,4-butynediol of Cu acetate and additional SiO2 support as catalyst and
Cu35Bi4-80.

catalyst Ospgcuth?
Cu35Bi4-80 3.8
Cu acetate/SiO; 1.0

2.4.2 Investigations using Al2O3 supported Cu/Bi catalysts

To strengthen the finding that Cu2C: is formed via leaching mechanism the activation/ethynyl-
ation is carried out with Al,Os; supported Cu/Bi catalysts. The stronger support interactions
between Cu and Al,Oz compared to Cu and SiO2 should hinder the leaching of Cu especially
after the catalyst is calcined at high temperatures forming CuAl.O4 spinel.

2.4.2.1 Synthesis of Al,Oz supported Cu/Bi catalysts

Al,O3 supported Cu/Bi catalysts are prepared by co-precipitation procedure with Cu(NO3), - 3
H20, Bi»Os (dissolved in concentrated HNO3) and AlI(NO3)s - 9 H,O as raw materials. The cat-
alysts are dried at 80°C and calcined at different temperatures (450°C, 600°C, 700°C) to create
different Cu/Al;Os interactions. For simplification, the catalysts are labelled as follows:
CuxBiyAl-z (x = Cu loading in wt.%, y = Bi loading in wt.%, z = calcination temperature, see
Table 7)

Table 7: Abbreviations of the different AlOs supported catalysts and the declaration of the different
numbers CuxBiyAl-z (x = Cu loading (Cu?) in wt.%, y = Bi loading (Bi®) in wt.%, z = calcination temper-
ature (Tcalc) in °C).

Abbreviation Cu® Bi° Teale
Cu35Bi5AI-80 35 4 only dried
Cu35Bi5Al-450 35 4 450
Cu35Bi5AI-600 35 4 600
Cu35BIi5AI-700 35 4 700

The Cu and Bi loadings are determined by ICP-OES (Table 8). For all catalysts, a Cu loading
of almost 35 wt.% is achieved.

Besides the determination of the Cu loading, the catalysts are investigated by X-Ray diffraction
to get information about the crystalline phases and crystallite sizes. The powder diffractograms
are shown in Figure 45. The Cu35Bi4Al-80 catalyst, which is just dried after co-precipitation,
exhibits AI(OH)s and CuzNO3(OH)s. It is not surprising because NaOH is used as precipitation
agent. The reflexes are low in intensity, most likely caused by amorphous parts of the sample.
This is why the ratio between CuzNO3(OH)s and Al(OH)s could not be determined by Rietveld
refinement. The samples calcined at 450°C and 600°C (Cu35Bi4Al-450, Cu35Bi4Al-600), only
consist of CuO. In contrast to that, calcination at 700°C (Cu35Bi4Al-700) leads to the formation
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of CuAl>O4 spinel (74.8 %) as well as CuO (25.2 %). The phase composition of the sample is
determined by Rietveld refinement with a goodness of fit of 3.4.

Table 8: Cu (Cu?) and Bi (Bi?) loadings of the Al2O3 supported catalysts in wt.% determined by ICP-OES.
The error is determined to be around 5% including the preparation and the ICP-OES measurement itself.
BET surface area SAger in m?/g, pore volume (Vpore) in cc/g, pore radius (rpore) in nm as well as the
crystallite sizes (Sizecrys) in nm calculated with the Scherrer equation of Cu35Bi4Al-80, Cu35Bi4Al-450,
Cu35Bi4Al-600 and Cu35Bi4Al-700. The error of the BET measurements is estimated to be between 5-
10%.[108-110] The reflexes at 12.7 26 and 63.6 26 of Cu35Bi4Al-80 and the reflexes at 35.4 26 and 38.7
20 of the calcined samples (Cu35Bi4Al-450, Cu35Bi4Al-600, Cu35Bi4Al-700) are used for calculation
of the crystallite sizes (Figure 45).

catalyst Cu® BiP SAger  Vpore fpore  Siz€erys

Cu35Bi5AI-80 349 3.8 126 0.20 169 12.7+49
Cu35Bi5AI-450 345 4.1 157 0.38 273 140+1.3
Cu35Bi5AI-600 35.2 4.1 117 0.34 3.19 156+0.9
Cu35Bi5AI-700 344 4.0 103 0.35 578 19.7+1.2

+ALO, eCuO

A Cu,NOLOH),  ® 4
© Al(OH),
o CuAlLO,

Cu35Bi4Al-700
Cu35Bi4AI-600

4 KNTP PR
i Al

Cu35Bi4Al-450
o

A o A 29 Cu35Bi4Al-80
A A
O

intensity / a.u.

—T T - T T T T T T T T T
10 15 20 25 30 35 40 45 50 55 60 65 70
20/°

Figure 45: Powder diffractograms of Cu35Bi4Al-80, Cu35Bi4Al-450, Cu35Bi4Al-600 and Cu35Bi4Al-700.
Cu2NO3(OH)s (triangles)2%%, CuO (black dots)1¢l, Al,O3 (stars)20: 121, Al(OH)s (circles)*??l and CuAl2Oa
(quads)'?3 serve as reference. The samples are calcined for 4 h with a heating rate of 2.5 K/min in air.
Diffractograms are recorded in an angle range between 5° and 70° in steps of 0.013°.

The crystallite sizes are determined with the Scherrer equation and are summarized in Table
8.1200-1041 Cy35Bi4Al-80 contains small Cu,NO3z(OH)s crystallites with 12.7 nm. The value must
be treated carefully because the amorphous character of the sample influences the crystallite
size determination. The reflexes at 12.7 26 and 63.6 26 are used for determination. The CuO
crystallites of Cu35Bi4Al-450 and Cu35Bi4Al-600 have almost the same size with 14.0 nm for
Cu35Bi4Al-450 and 15.6 nm for Cu35Bi4Al-600. For CuO the reflexes at 35.4 26 and 38.7 26

serve for the crystallite size calculation. The CuO crystallites of Cu35Bi4Al-700 are the largest
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with 19.7 nm. The crystallite size of CuAl.O4 could not be determined because all reflexes
regarding the spinel are overlapped by reflexes either of CuO or of Al,Os.

The BET surface area as well as the mean pore volume and the mean pore size are deter-
mined by N2 physisorption. The values are depicted in Table 8.

Cu35Bi4Al-450 exhibits the largest BET surface area with 157 m?/g. Increasing calcination
temperature leads to a decrease of the BET surface area. It is caused by extended blocking
of pores due to larger CuO particles, disruption of the Al.O3 structure as well as by CuAl,O4
formation. The pore radii increase with increasing calcination temperature whereby the pore

volume remains nearly constant.

2.4.2.2 Al,O3 supported Cu/Bi catalysts in the ethynylation of formaldehyde

The prepared catalysts are applied in the ethynylation of formaldehyde. The activation/catalytic
reaction is carried out at 1.1 bar acetylene at 100°C like it was done for testing the SiO; sup-
ported Cu/Bi catalysts. The catalyst is used as a powder and it is suspended in 100 mL for-
maldehyde solution. The 1,4-butynediol yields of the different catalysts are shown in Figure 46.
The N2-purging period is separated from the activation/catalytic reaction period with a dashed
line. The initialization period is by far longer for Al,O3 supported catalysts compared to the SiO-
supported ones. The initializing period for Cu35Bi4AI-80 is around 30 min whereby the SiO,
supported Cu35Bi4-80 catalyst produces 1,4-butynediol as soon as acetylene is present (Fig-
ure 32). Also, the highest yield is obtained using Cu35Bi4Al-80 with around 45 % 1,4-butyne-
diol after 5 h. It agrees with the result achieved with the SiO, supported catalyst (Cu35Bi4-80;
around 60 % 1,4-butynediol yield after 5 h; Figure 32) but the absolute 1,4-butynediol yield is
much lower. The catalysts calcined at 450°C (Cu35Bi4Al-450) and 600°C (Cu35Bi4Al-600)
follow the same trend as their SiO supported counterpart but also the absolute yield is lower
as well as their initializing period is more pronounced.

Dissolution of Cu from the surface of Al.Os; supported Cu/Bi catalysts seems to be hindered
due to stronger support interactions compared to SiO, supported Cu/Bi catalysts. It agrees well
with the results obtained with SiO, supported catalysts if a leaching mechanism is assumed
for Cu,C; formation. The Cu,C, formation is hindered and consequently active Cu.C; is formed
slower. It becomes particularly clear by comparing the Al,Os; and SiO, supported catalysts
calcined at 700°C. Whereas Cu35Bi4-700 is a very efficient catalysts (around 45 % 1,4-bu-
tynediol yield after 5 h, Figure 32) the Al,O3z supported counterpart (Cu35Bi4Al-700) is very
inefficient (below 10 % 1,4-butynediol yield after 5 h). The formation of Cu.C; originating from
CuAl;O4 is extremely impeded and hence the catalytic performance of the catalyst is poor.
The formation rates of 1,4-butynediol (BD) confirm the conclusions obtained from the absolute

1,4-butynediol yields. The values are summarized in Table 9. All catalysts exhibit lower 1,4-
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butynediol yields compared to their SiO» supported counterparts (Table 4) supporting the ob-
tained results.
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Figure 46: 1,4-butynediol yield of Al2O3 supported catalysts in the ethynylation reaction. The activa-
tion/catalytic reaction is carried out at 100°C with 1.1 bar acetylene. The product analysis is done by
GC.

Table 9: Formation rates of 1,4-butynediol concerning the amount of Cu in gepgcuh.

Sample Ospgcuth?
Cu35Bi4Al-80 3.4
Cu35Bi4Al-450 1.8
Cu35Bi4Al-600 2.4
Cu35Bi4Al-700 0.7
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2.5 Conclusion

Copper(l) acetylide, Cu.C,, and its formation is characterized and investigated during the ac-
tivation of industrial like CuO/Bi>0s/SiO; catalysts for the first time. New insights regarding the
Cu2C; formation and the catalytic reaction itself could be generated. It could be confirmed by
using pure Cu2C; as well as CuO/Bi»,03/SiO; catalysts that Cu.C; is the active species in the
ethynylation reaction of formaldehyde to 1,4-butynediol.
EPR studies show that the reduction of Cu(ll) to Cu(l) is induced by acetylene not by formal-
dehyde in contrast to literature reports. Additionally, a new species is formed with a g-value of
2.00259 and corresponds to a carbon based radical.
Furthermore, Cu,C, can be detected by Raman spectroscopy and X-ray diffraction. In Raman
spectra it shows characteristic signals at 430 cm™ and 1710 cm™. The first signal corresponds
to the Cu-C o-bonds and the second signal to the C=C bond. The shift of the C=C bond to
lower frequencies is induced by the substitution of H* at both ends of the C=C bond by Cu(l)
atoms and by m-interactions to other copper atoms that decrease the order of the C=C bond.
Additionally, a clear relationship between the Cu,C, formation and the catalytic activity of cat-
alysts with different Cu loadings and different temperature treatments is proven based on the
signal intensities obtained by Raman spectroscopy and based on the crystallinity obtained by
X-Ray diffraction. The smaller and less crystalline the Cu,C; particles are the higher is the 1,4-
butynediol formation rate in the ethynylation reaction.
Determination of soluble Cu(ll) via ICP-OES and conductivity measurements showed that the
formation of Cu,C, most likely takes place in liquid phase via dissolution/precipitation pro-
cesses. Investigations with Al,Os supported catalysts in which the Cu/support interactions are
more pronounced underline these results.
The amount of formed CuzC; is quantified by TGA. After 4 h activation time almost 100% of
the initial Cu(ll) of the catalysts is converted into Cu,C,. The result is consistent with X-ray
diffraction where the reflex intensities of CuO decrease with progressing activation time in-
duced by the conversion of CuO into CuCo,.
The lacking initializing period as well as the same 1,4-butynediol formation rate by comparing
the activation and the ethynylation itself indicates that the ethynylation reaction itself takes
place at the surface of precipitated Cu,C,.
The combination of all results leads to the following formation mechanism of Cu.C; (Figure 47).
Cu(ll) leaches from the catalyst and dissolve in the reaction media. Dissolved C,H- reacts with
Cu(ll) forming Cu:C: like it takes place during the synthesis of pure Cu,C,.l"* 7% 1171 Simultane-
ously Cu(ll) is reduced to Cu(l) and C2H; acts as reducing agent. Cu,C- clusters are formed
by agglomeration of Cu,C,. Due to the insolubility in the reaction medium, Cu.C; clusters pre-
cipitate onto the silica support, where the catalytic reaction itself takes place on the Cu.C;
surface. Acetylene can coordinate to Cu.C; and the triple bond is activated.
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Formaldehyde is predominantly present as methanediol in aqueous solution under these re-
action conditions.[?® 1241 Hence, the diol coordinated to Cu(l) of Cu.C, reacts with acetylene.
Water is released and propargyl alcohol is formed. The same reaction takes place with another
formaldehyde forming 1,4-butynediol. After desorption of 1,4-butynediol Cu,C: is able to acti-
vate a new acetylene molecule to close the catalytic cycle. The reaction mechanism would

correlate to a Langmuir-Hinshelwood mechanism. 8 9192

_ +| +
HC=CH=—_cu(l) — cu—c=c-cu —>,

0 +HQ HO OH

H/C\H - HQO H/ \H \\\

-—-Cu—=

Figure 47: Proposal for the formation mechanism of Cu2Cz and the ethynylation mechanism on the
Cuz2C: surface.
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3.1 Introduction

Methanol is produced from syngas (see Figure 48) and is one of the most important C, building
blocks for industrial chemicals. It is used as solvent itself or it acts as feedstock to produce
base chemicals such as formaldehyde, acetic acid or methyl methacrylate.!*?> 1261 |n addition,
MeOH has the potential to use it as fuel via MTG (methanol to gasoline) especially when it is
converted to dimethyl ether (DME) which is a clean burning high cetane fuel, capable of re-
placing Diesel fuel. DME can also act as a substitute for liquefied petroleum gas (LPG), com-
pressed natural gas (CNG) and liquefied natural gas (LNG). Even ethylene and propylene can
be produced from methanol via MTO (methanol to olefins) which could replace oil as raw ma-

terial 1126 127]

COz +3 H2 - CH3OH + Hzo AH =-49.5 kJ/mol (1)
CO+2H, =—== CH30H AH =-90.6 kJ/mol  (2)
CO, + H, CO + H,0 AH=412KkImol  (3)

Figure 48: Reaction equations of the reactions occurring by the synthesis of MeOH based on
syngas.[125' 126]

Because CO; is a greenhouse gas and its contribution to global warming methanol synthesis
from pure CO, feed is of great interest.[® 127 1281

Despite methanol synthesis is established for many years the reaction mechanism and the
active site of Cu/ZnO/Al;O3 catalysts are still discussed controversially in literature. Especially
the role of ZnO is still not sure.[": 15 129-1401 |t could act as structural promotor as well as a stabi-
lizer for the Cu particles and consequently maintaining the Cu surface area.*t! Another pro-
posal is the so-called spillover model that ZnO acts as a reservoir for H..14? In addition to that,
ZnO could be important for bond activation especially for oxygen containing intermediates.*>
1381 Martin et al. found out that CO adsorbs preferably on Cu sites that are near to ZnO.138l
Besides ZnO acting as promotor itself Zn can interact with Cu to form Zn-Cu sites. Lunkenbein
et al. showed that even during the reductive activation, ZnO overlayers can be formed due to
strong metal-support interactions with Cu. Furthermore, it is possible that Zn(ll) is partially re-
duced at the interfaces between Cu and ZnO. It is conceivable that a Zn-Cu, a ZnO-Cu or a
ZnCu-alloy species act as active site.[5 129 1391

Hence, the interaction between Cu and Zn plays an important role. In this work, Al.Os sup-
ported bimetallic Zn/Cu nanoparticles are synthesized in which Zn is exclusively deposited
onto the Cu surface by surface organometallic chemistry (SOMC). The catalysts are charac-
terized by multiple methods including TEM-EELS, XPS or IR spectroscopy. MeOH synthesis
is carried out at 28 bar with pure H2/CO. = 3/1 feed.
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3.2 Theoretical background

In this chapter the MeOH synthesis is described in general, how the reaction is applied on
industrial scale and which challenges appear by using a pure CO; feed. In addition, the reac-
tion mechanism and the catalytic active site, which is still discussed controversially in literature,
are presented. It includes especially the role of Zn in Cu/ZnO/Al,O; catalysts, which are the

commonly used catalyst in the industrial process.

3.2.1 MeOH synthesis

Global methanol production in 2016 was around 85 million metric tons. A standard methanol
plant produces up to 5000 metric tons methanol per day. Even larger plants with capacities of
around 10 000 metric tons methanol per day are planned.?% On industrial scale the low pres-
sure methanol process (LPM) is established. The reaction conditions vary between 200 and
300°C at 50 to 100 bar. Most of the new methanol plants are constructed to work between 80
to 100 bar. The gas feed consists of syngas containing CO/CO,/H, (10:10:80). The CO, con-
tent amounts up to 30% in some plants.[7 125 126]

Adiabatic or quasi-isothermal reactors are commonly used in industry. In the first reactor type,
several catalyst beds are arranged axially in series and the heat of reaction is removed by
intermediate coolers. In these reactors, syngas flows axial, radial or axial/radial. In the second
reactor type, the catalyst is located in tubes that are surrounded by boiling water for heat of
reaction removal. Syngas flows axially through the tubes.[*43l

The reaction equation for methanol formation from CO and CO. as well as the reverse water-
gas shift reaction (RWGS) are shown in Figure 48,125 126]

Methanol formation is favored by low temperatures and high pressures according to Le Cha-
telier’s principle. All three equilibrium reactions occur simultaneously. The equilibrium conver-
sions can be calculated using a suitable equation of state mode, e.g., the Soave Redlich-
Kwong model (SRK). For a standard synthesis gas containing CO, CO3, and inerts (15 vol.%
CO, 8 vol.% CO;, 74 vol.% H,, and 3 vol.% CH,) the equilibrium conversions at different con-
ditions are shown in Figure 49. With increasing temperature, the RWGS reaction is dominant
whereas the reaction pathway towards methanol is not favored.*4?

Commonly used catalysts are based on Cu/ZnO/Al;O3 containing 60% CuO, around 30% ZnO
and 10% Al,Os. The active catalyst contains metallic Cu, which is generated by reductive pre-
treatment. Selectivity up to 99.5 % can be achieved. Despite high methanol selectivity the
product gas stream consists of impurities, mainly water. The crude methanol must be purified

by several distillation steps.[": 125 126]
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Figure 49: Dependence of reaction equilibrium on pressure and temperature regarding CO and CO:
conversion published in Ullmann’s Encyclopedia of Industrial Chemistry.[143]

Due to the environmental debate and consequently the role of CO; as greenhouse gas leads
to the task to use CO; as C; building block. Therefore, methanol synthesis from pure CO, feed
is of great interest. Around 35 000 million tons of CO, were released in 2018. The CO; con-
centration in the atmosphere reached 407.65 ppm in September 2019, which is an increase of
around 20% over the last 40 years. Therefore, it is indispensable that CO, must be captured
and reused. CO: itself is thermodynamically and chemically stable. Hence, much energy is
needed to use it as single reactant. By introducing another reactant with higher Gibbs free
energy such as Ho, the conversion of CO, becomes thermodynamically much easier. That is
the reason why CO, hydrogenation for example to methanol is very promising.[6 125128
The required CO; can be captured from different sources like from the combustion of natural
gas, high-concentration exhausts of power plants, various chemical plants, cement plants, fer-
mentation plants (breweries) or many more. Hz, nowadays, is mainly produced from fossil fuels
by steam reforming, partial oxidation of methane or coal gasification. However, with the help
of renewable energy such as solar/wind power, photovoltaic cells, or geothermal power H
could be produced via water electrolysis. In Iceland (at the Svartsengi geothermal power sta-
tion) the first CO»-to-Renewable Methanol Plant was built by Carbon Recycling International
(CRI). At this plant, more than 4 million liters of methanol are produced, and 5 500 tons of CO»
are recycled per year. In this case, H, has already been supplied via water electrolysis. The

use of the renewable methanol plant release 90% less CO. in comparison to the use of a
comparable amount of energy from fossil fuels.®: 1261
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3.2.2 Reaction mechanism on Cu/ZnO/Al203 catalysts

Despite the methanol synthesis is established since many years the reaction mechanism is
still discussed controversially in literature. Because in this work methanol synthesis is exclu-
sively based on pure CO; feed, this part focusses mainly on the reaction mechanism originat-
ing from CO..

Grabow et al. investigated the reaction by density functional theory (DFT) and developed a
microkinetic model based on elementary steps. They mainly studied CO; hydrogenation as the
main reaction, but they also include different CO and CO- hydrogenation pathways, the water-
gas shift (WGS) reaction, and the formation of possible byproducts and intermediates, such as
formic acid and formaldehyde. Due to extensive DFT calculation they made no assumptions
regarding the rate limiting step or the reaction mechanism itself. They used the Cu(111) sur-
face as basis of their calculations. In Figure 50 the potential energy surface of methanol syn-
thesis via CO; hydrogenation is shown.[*3%

After the adsorption of CO; and hydrogen a formate species (HCOO*) is formed which is the
most prominent intermediate at the start of the mechanism of methanol synthesis and many
studies were published investigating it.*44150 Despite the HCOO* species could be formed via
a carbonate species (COs*) or the decomposition of formic acid (HCOOH) the direct COx*
hydrogenation is the preferred pathway due to the barrier of only 0.87 eV and an exothermicity
of -0.25 eV. On the basis that breaking the C-O bond of the HCOO* species is very unlikely a
stepwise hydrogenation takes place forming dioxymethylene (H.CO2*, red line) or formic acid
(HCOOH?H*, black line). It turned out that the HCOOCH?* is more stable and that the formation
is less endothermic that the formation of H.CO_*. Further hydrogenation leads to the formation
of CH302*. C-O bond breaking and the release of OH* forms the CH,O* species. For the for-
mation of methanol two hydrogenation pathways would be possible, either via a methoxy
(CH30*) intermediate or its isomer hydroxymethyl (CH>OH*). The hydrogenation step of CH;0*
to CHsOH* has the highest individual energy barrier (Ea = 1.17 eV), but the whole energy trace
lies permanently lower than the energy trace for the CH,OH* pathway. The higher stability and
consequently the higher surface coverage of CH;O* compensates the high activation barrier
for the last hydrogenation step. The RWGS reaction that occurs simultaneously as the metha-
nol formation takes place via a COOH* species which reacts to CO* and OH*. Another possi-
bility is the direct dissociation of CO,.*® The RWGS and methanol synthesis pathways are
independent on Cu/ZnO/Al,O3 catalysts, which means both reactions do not share an interme-
diate in the rate-determining step (RDS).*%Y In addition, Yang et al. indicate that methanol
production from CO formed by the RWGS is hindered because the first hydrogenation to formyl

is suppressed. Formyl is not a stable intermediate and dissociate into CO* and H*.[*50)
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Figure 50: Potential energy surface of methanol synthesis via CO2 hydrogenation concerning two pos-
sible reaction pathways calculated by Grabow et al.[*30]

The reaction pathway based on CO is a bit different. Two different pathways are possible,
either the direct hydrogenation via HCO*, H.CO* and Hz:CO* or the formation of a formate
species and a similar pathway than that based on CO,.14 15 130,152,153 The mechanism via the
formate species would require additional oxygen atoms which are not present in a pure CO/H;
feed. In this case, it is assumed that oxygen atoms of the support, especially basic supports,
could play a role. If the oxygen atoms of the support are not available and no CO; is present,
it is very likely that the direct hydrogenation pathway is the main methanol formation route.*52
153]

As noted in the section before (3.2.1), a typical syngas feed in industry consists of CO and
COq.. It is still not clear in which extent both reactants contribute to the different hydrogenation
pathways. Grabow et al. found out that methanol is primarily produced via the CO, pathway
and less via the CO pathway (direct hydrogenation). One would assume that the CO pathway
is preferred because it is more exothermic and there exists a high barrier to form H,O* from
OH~* in the pathway of CO. (see Figure 50). But the competitive pathway of CO* + 20H* >
COOH* + OH* and finally to CO2* + H.O (WGS reaction) has only a small barrier. This reaction
does not only consume CO, but it also bypasses the highly activated OH* + H* - H,O +* step.
That is why CO contributes to the hydrogenation of CO,.[**%

The hydrogenation of CH;O* is slow and consequently the product of CH;O* and H* describes

the behavior of overall methanol synthesis rates for a large range of conditions and CO.-rich
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reed compositions. Kunkes et al. propose that analogically to hydrogenation of aldehydes the
formate hydrogenation is the rate-determining step for CO, hydrogenation.[5% 154, 155]

For CO-rich feeds, the formation of CH3;O* could become rate limiting which leads to a volcano-
shaped curve for methanol production as a function of the CO,/ (CO + COy) feed ratio.[*30
Behrens et al., Studt et al. and Kattel et al. also calculated the reaction mechanism via DFT,
mainly for CO2 hydrogenation to methanol. It turned out that the reaction intermediates and
the barriers are very similar to that calculated by Grabow et al..[*4 15 135, 156]

Another approach for CO and CO, hydrogenation and to combine both pathways was pub-
lished by Yang et al. in which the carboxyl species (COOH*) that is formed during the
WGS/RWGS reaction serves as starting intermediate (see Figure 51). Hydrogenation to a car-
bene diol species (HOCOH®*), release of OH* (forming methynol, COH*) and stepwise hydro-
genation leads to methanol. This pathway can be followed by both CO and CO,.[*57]
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Figure 51: Reaction mechanism and the different intermediates for methanol synthesis via CO and CO:
hydrogenation concerning three possible reaction pathways published by Grabow et al.[157]

Industrial catalysts contain not only Cu but also Zn. Zn has also an impact on the methanol
formation mechanism and its influence will be discussed in the next chapter (3.2.3).

Besides the reaction mechanism it was discussed controversially in literature what is the main
carbon source in methanol synthesis.

Chinchen et al. carried out isotope labeling experiments using *C-labelled reactants. It clearly
turned out that CO, serves as main carbon source in all common CO./CO/H; feeds using
Cu/ZnO/Al,O3 catalysts. However, methanol formation from CO is possible but only at very low

levels of CO, and adsorbed oxygen on the Cu surface.**® Yang et al. confirmed the result but
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at low temperatures (< 443 K) the carbon source switches from CO; to CO. They assume that
in their alternative reaction mechanism, which was described above, at lower temperatures the
formation of the carboxyl species (COOH*) from CO gets easier due to the lower effective
activation energy of CO compared to CO..1*5") Nowadays, it is widely accepted in literature that

CO; is the main carbon source in methanol synthesis in CO/CO,/H; feeds.[": 159 160

3.2.3 The role of Zn and the active site in Cu/ZnO/Al203 methanol synthesis catalysts
There are many proposals about the active site of Cu/ZnO/Al,O; catalysts. Especially the role
of Zn is still not sure, and many approaches exist to clarify it. In this section, the different active
site concepts of Cu/ZnO/Al,Os catalysts are presented especially regarding the interplay be-
tween Cu and Zn. The publications that are introduced mainly focus on applying CO/CO./H;
or pure CO2/H; feed compositions.

Cu alone can catalyze the methanol synthesis from syngas. Previous studies showed that the
reaction is structure sensitive by applying foils or single crystals with different defined Cu sur-
faces like Cu(100), Cu(110), Cu(111), Cu(211), Cu surfaces with high index planes and many
more_[lZQ, 135, 161-167]

However, despite Cu itself acts as methanol synthesis catalyst it is widely accepted that Zn
has a great influence on the activity and selectivity of methanol synthesis catalysts and there

are many approaches that try to explain the synergy between Cu and Zn.[t5 129. 135, 168]

Cu-Zn alloy concept

Nakamura et al., Fujitani et al. and others published a series of studies using Zn deposited
defined Cu surfaces in the form of foils or single crystals as catalyst.[245 146.164.169-173] Nakamura
et al. assume a Cu-Zn surface alloy as active species for CO, hydrogenation to methanol.[?°!
Choi et al. confirms it by applying a physical mixture of Cu/SiO, + ZnO/SiO; as catalyst.[*"
Both metals are metallic during the catalytic reaction because no oxygen was found on
Zn/Cu(111) which they used as model catalyst by post-reaction surface analysis via XPS. They
propose that Zn facilitate the hydrogenation of the formate species to the methoxy species.
The formate species is bound to Zn and Cu forming a bridging bidentate species that is also
reported by other groups.[t?% 171,173, 175-1771 A 7n coverage of 8z, = 0.19 leads to a maximum
TOF for methanol synthesis. Lower or higher Zn coverages decrease the TOF.[*2% 1551 The
group could also show that Zn has no promotional effect on the RWGS which means that for
RWGS only the pure metallic surface acts as active site. Both sites, the metallic Cu as well as
the Cu-Zn site, work cooperatively to catalyze the methanol synthesis reaction because me-
tallic Cu is necessary for the hydrogenation reactions during the catalytic cycle. It also turned

out that the Cu-Zn surface alloy is more stable than bulk alloy under reaction conditions.*2% 172
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The Cu/Zn surface alloy has already been formed during reductive pretreatment at 523 K in a
co-precipitated catalyst, which disagrees with the results obtained by Poels et al. (catalyst:
Cu/ZnO/SiO; by deposition precipitation), Viitanen et al. (catalyst: ®3Cu/®®Zn0O/SiO- by deposi-
tion precipitation) and Grunwaldt et al. (catalyst: Cu/ZnO by co-precipitation) where alloy for-
mation takes place only at high reduction temperatures (>700°C).[}?% 178181 The alloy formation
is induced by migration of Zn into the Cu lattice. The alloy formation starts at the steps on the
surface of Cu nanoparticles. When Zn migration proceeds it is distributed homogeneously over
the whole Cu particle. The activation energy for Zn migration was estimated to be 24.7 +
9.0 kJ/mol.*82 The Zn content in the Cu particles was found to be around 13-17 %.[129 183, 184]
Cu-Zn alloy formation even below 600 K was reported Herwijnen et al. and Spencer et al..[}4>
182, 185189 Both groups observed a-brass formation and especially Spencer et al. investigated
the thermodynamic and kinetic aspects of the formation of it. Spencer et al. also claimed that
the high specific activity of Cu/ZnO catalysts derived from a-brass formation.[142 186-1901 Ky|d et
al. investigated the Zn coverage (0zn) in the Cu surface during methanol synthesis using
Cu/ZnO/Al;O3 catalyst in more detail. It turned out that small ZnO nanoparticles in the catalyst
precursor enhance the migration of Zn and consequently the 6z,. In contrast to Nakamura et
al. they propose that a 62,= 0.47 is most beneficial towards the relative methanol activity. Their
explanation for the difference is the coverage of ZnO of the Cu nanoparticles under reaction
conditions applied by Nakamura et al..*3¥ To quantify the Zn atoms on the surface Kuld et all.
combined XPS, H,-TPD (temperature programmed desorption), N.O-RFC (reactive frontal
chromatography) and Hx-TA (transient adsorption) measurements.[*3% 34 With N,O-RFC the
metallic Cu surface area and the oxygen defects which are present at the Cu/Zn interface can
be detected. H,-TPD serves exclusively for the determination of the metallic Cu surface area.
Both methods combined, quantitative measurements of oxygen vacancies in methanol synthe-
sis catalysts become feasible.™Y Kuld et al. clearly showed the incorporation of metallic Zn
into the Cu surface under reductive conditions at around 500 K in H,. Cu is needed to promote
the reduction of ZnO and does not change its surface geometry during the pretreatment. Under
reaction conditions, they claim that Zn is most likely in its metallic state like Nakamura et al.

but they do not exclude that Zn could be oxidized by oxygen containing intermediates.*3% 134

Cu-Zn®" concept

Laudenschleger et al. and Behrens et al propose that under reaction conditions (CO; hydro-
genation to methanol) Zn exists in an oxidized form originating by oxidation of Cu-Zn surface
alloy or by reduction of ZnO forming Cu®-Zn®* interface sites.!*> 1921 Behrens et al. investigated
several Cu/ZnO/Al,Oz catalysts concerning their Cu metal surface areas and their catalytic

performances. It turned out that no linear fit between both properties could be found, which
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confirmed the results obtained by Lunkenbein et al. and Zander et al..[*5 132 1% Hence, Behrens
et al. examined the structure of the Cu nanoparticles and they could show that a high stacking
fault concentration leads to a high catalytic performance. In addition, they did DFT calculation
to confirm the result and to determine the effect of Zn using a Cu(111), a Cu(211) and a
CuZn(211) surface. It turned out that the CuzZn(211) increases the adsorption strength of oxy-
gen bounded intermediates and decreases the energy barriers. They conclude that due to the
higher oxophilicity of Zn compared to Cu, Zn exists partially oxidized during steady-state reac-
tion conditions. Due to the fact that Cu(111) surface is quite inactive according to the DFT
calculations they could confirm that steps and consequently defect sites are required at the Cu
surface to give a high catalytic performance. In addition, Zn®* is needed at these defect sites
(Cu(211)) which strengthen the binding of the oxygen bound intermediates and form Cu-Zn®*
sites.’™ The importance of defect sites was reported by Kasatkin et al. as well.['*3
Laudenschleger et al. also reported a Cu-Zn®* site to be the active site. Their results base on
partially poisoning of the active sites with NH3 and different types of methylamines using a new
developed high-pressure pulse method.[*%? In addition, Zander et al. also showed that Zn is
needed directly on the Cu by replacing ZnO with MgO, which has similar properties as ZnO.
MgO does not form an overlayer on the Cu particles and hence the catalytic performance in
CO; hydrogenation decreased a lot.'3! Naumann d’Alnoncourt et al. confirm the presence of
Zn in an oxidized state even without CO; in the gas feed (strongly reducing conditions). They
also completely rule out that Cu is oxidized meaning Cu exists in its metallic state.[94 19

Kattel et al. synthesized different well defined model systems based among other things on
Cu(111) (Cu(111), ZnCu(111), ZnO/Cu(111)) which was previous studied by other groups as
active Cu surface.®> 1% They compared the experimental results (mainly catalytic perfor-
mance and XPS-spectra) to DFT calculations and kinetic Monte Carlo (KMC) simulations.
ZnCu(111) represents Cu-Zn alloy and ZnO/Cu(111) simulates the inverse ZnO/Cu motif. XPS
measurements showed that no Cu-Zn alloy formation takes place with H rich CO»/H,-feed as
well as under typical reductive pretreatment with pure H> using ZnO/Cu(111). The Zn of
ZnCu(111) is oxidized to ZnO under reaction conditions. After low catalytic performance at the
beginning the amount of methanol increases using ZnCu(111) and achieves the values of
ZnO/Cu(111) after certain time. Hence, they conclude that ZnO/Cu(111) must be the active
surface. In further experiments they compared a Cu/ZnO and ZnO/Cu/ZnO catalyst concerning
their catalytic performance. A large increase in activity was observed using ZnO/Cu/ZnO as
catalyst which underlines the importance of inverse ZnO-Cu interface for methanol synthesis
on Cu/ZnO catalysts. They did also not find any hints of ZnO reduction. The DFT calculations
confirm the presence of an oxidized Zn species during the catalytic reaction because of direct

dissociation of CO,* to CO* and O* which competes with the hydrogenation to HCOO* (see
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chapter 3.2.2). The reaction pathways are very similar for ZnO/Cu(111) and ZnCu(111). For
both catalysts, the addition of Zn or ZnO helps to stabilize the HCOOH* intermediates and
activating HCOO* which agrees with the results of Behrens et al..'> 3% |n summary, Kattel et
al. indicate that Cu-Zn surface alloy is not the active catalysts itself but the well dispersion of
Zn sites leads to well dispersed ZnO on the top of the Cu particles under reaction conditions
which results in an increase of active Zn-O-Cu sites.[**% Zabilskiy et al. come to similar conclu-
sions doing high-pressure operando measurements using different Cu based catalysts.!*°7]

ZnO overlayer

Lunkenbein et al. indicate that during the reductive pretreatment a graphitic like ZnO overlayer
is formed onto the Cu nanoparticles by investigating industrial like Cu/ZnO/Al,Os catalysts.[*%?!
Schott et al. confirm that by DFT calculations, FT-IR measurements and XPS.!'% The results
of Lunkenbein et al. mainly base on TEM-EELS, HRTEM, N>O-RFC and H>-TA. In long-term
experiments (148 days) they could show that the overlayer is transformed into a dense and
nanocrystalline ZnO surface with around 5 nm thickness located on the Cu nanopatrticles. They
propose that Cu-ZnO or even Cu®*-0O-ZnO serves as active site. Despite the Cu nanoparticles
are covered by ZnO, the catalysts activity remains high and, furthermore, they assume that the
Cu surface is part of the active site. In addition, they note that even when the Cu surface is
fully covered by nanocrystalline ZnO a Cu surface area can be measured by H,-TA meaning
that some Cu must be still accessible. They explain the discrepancy that by TEM imaging only
2D images are observed and consequently the accessibility of the Cu surface cannot be de-
tected. Furthermore, they assume that this contradicting observation could be caused by cer-
tain penetration pathways in the polycrystalline ZnO overlayer.*32 1% Jansen et al. also re-
ported of ZnO layer on top of the Cu nanoparticles after reductive pretreatment.!200

Role of Zn as structural promoter

In addition, ZnO can act as a structural promoter in the form of a spacer to prevent sintering of
the Cu particles.?°% 202 Fyjitani et al. found out that the addition of Zn leads to a nine-fold larger
surface area by measuring the Cu metal surface area via N.O-RFC. The addition of Zn leads
to a high dispersion of the Cu nanoparticles, which is definitely needed despite no linear rela-
tionship between the Cu metal surface area of the catalyst and activity in methanol synthesis
can be found.[*5 166183, 203-209 |t g|so turned out that co-precipitation is the most suitable prepa-
ration method to create a very active methanol synthesis catalyst with high Cu dispersion and
strong Cu/Zn interactions.8% 2061 Ayrichalcite (Cu,Zn)s(COs)2(OH)s is an excellent precursor for
Cu/ZnO catalysts.'®  Furthermore, Zander et al. indicate that zincian malachite

(Cu,Zn)>(OH).CO3 precursor leads to crystallization of distorted Cu crystallite which are known
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to be favorable for a high catalytic activity in methanol synthesis.[*#: 193 Behrens et al. confirm
it. They indicate that the zincian malachite which is formed during the co-precipitation and
subsequent ageing thin needles crystallize which determines the porous structure of the final
catalyst. Subsequent calcination leads to small CuO and ZnO nanoparticles. 7

Besides acting as spacer itself, Zn influences the structure of the Cu particles.?*! Naumann
d’Alnoncourt et al. propose that the wetting of the Cu nanoparticles with Zn leads to a shape
change of the particles. The particles change from spherical structure without Zn to flatter par-
ticles after wetting with Zn.[* 1% Water causes a similar effect on the shape of the Cu nano-
particles. Grunwaldt et al. investigated the influence of water on the active site by applying
alternating “dry” syngas and “wet” syngas (addition of water) conditions. It turned out that under
reducing conditions (“dry” syngas) the activity of the catalyst increases. Like Naumann d’Al-
noncourt et al. they propose that the morphology of the Cu particles changes but, in this case,
induced by water. It means under reducing conditions flat particles are present that have a
higher surface area and Cu atoms with low coordination numbers than the particles during
“wet” syngas conditions. The activity increase drops after several alternations between both
syngas conditions. According to the authors, it is caused by sintering which is induced by the
addition of water.['”®l Hansen et al. and Vesborg et al. found out that even an oxidizing gas
feed leads to more spherical Cu particles whereas reducing gas feed leads to flatter Cu parti-
cles.?'12131 Hadden et al. propose that also without Zn the Cu particle morphology changes
only by applying alternating CO/H, and CO./H- feed gas. However, reduction with H, leads to
the initial Cu particle morphology indicating that Cu surface is continuously reconstructed dur-

ing methanol synthesis.?4

Importance of the morphology of ZnO

On top of the role of Zn forming strong interactions or acting as structural promoter, there are
also approaches that the morphology of the ZnO itself in Cu/ZnO/Al;O3 catalysts could be
important. In contrast to Hansen et al., Grunwaldt et al. and Naumann d’Alnoncourt et al.,
Martin et al. indicate that the Cu nanoparticles morphology (cuboctahedral) does not change
during methanol synthesis no matter which feed gas compositions are applied. They explain
the discrepancy by the 10 times higher Cu loading of their catalyst system. Slight sintering of
Cu particles is induced by segregation of Cu from ZnO under CO/H; feed gas and is further
supported by H,O during CO»/H, feed gas conditions. Unlike the consistent morphology and
slight sintering of the Cu nanoparticles, the ZnO particles grow a lot under CO2/H; feed gas
and platelet-like particles are formed. This structure leads to a higher methanol selectivity be-

cause of improved electronic interactions between Cu and Zn.[138 209, 215]

64



MeOH Synthesis — Synthesis of Methanol Catalysts via Diethyl Zinc Grafting on Alumina
Supported Copper Nanopatrticles

H: spillover

Besides the role as electronic promotor by forming strong Cu/Zn interactions and as structural
promotor studies were published in which Zn acts as hydrogen reservoir by spillover from ZnO
to Cu.l42 2162171 Byrch et al. indicate that H, spillover takes place even if ZnO and Cu are not
in direct contact. Due to the H; spillover, ZnO becomes hydrated or hydroxyl groups are formed.
Mobile hydroxyl groups could migrate to the Cu surface forming active adsorption sites.[?%% In
another study they verified their results by applying different support materials for methanol
synthesis catalysts. They found out that the promotional effect of the support increases in the
order: SiO, < Al,Oz < ZrO, < Ga;03 < ZnO. According to Burch et al. ZnO is the most beneficial
support because of the most distinguished H; spillover.12%¢!

Junction effects

Another concept that is not very popular is the formation of junction effects. Junction effects
occur when the support is partially reducible. Reducing conditions lead to ionized oxygen va-
cancies.?'® Frost et al. state that the concentration of ionized oxygen vacancies [Vo**] in ZnO
is in the region of 5 x 10 cm™ under 0.1 CO,/CO gas ratio at 523 K. The surface concentration
(if it is assumed that the gas-solid interface is around 1 nm) is around 10°-10%° cm. If a metal
is present (in this case Cu) the electrons produced by ionizing the oxygen vacancies are dis-
tributed between the oxide conduction band states and the states available at the metal Fermi
level (Er). The conduction band edge (E.) for these oxides is much higher than E:. Hence, a
net transfer of charge from the oxide to the metal takes place. Normally the energy needed for
the formation of an oxygen vacancy is high. But the allowance that the electrons can move to
the metal Fermi levels lowers the energy. The promotional effect of these oxygen vacancies is
explained as follows. At these sites, H, can dissociate forming a hydride by using an electron
from the support. It leads to an imbalance between E. and E: and consequently H; is incorpo-
rated into the support. The carbon species (CO) can insert and further hydrogenation leads to
the formation of MeOH. The final desorption of methanol is difficult because the electrons as-
sociated with the ions must remain at the solid. Either the lower energy metal Fermi level is
available or concerted chemisorption of reactants at another vacancy site provides an even
more willing acceptor state. Both could be accountable that the desorption of uncharged meth-
anol can occur.?* Waugh et al. stated that according to their studies no junction effects arise

in methanol synthesis catalysts.?*°

Cu* as active Cu species
In all the presented concepts up to here, Cuis in its metallic state during the CO- hydrogenation

to methanol. But there also publications in which it is proposed that Cu exists in an oxidized
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form 163 167,186,200, 220-225] Kanaj et al. determined the oxygen coverage of Cu by N.O adsorption
and subsequent reduction. It turned out that an oxygen coverage of 8 = 0.15 to 0.18 leads to
an optimal activity in methanol synthesis indicating that besides metallic Cu also Cu* is ac-
tive.[163.184.226] Chinchen et al. state that Cu is partially oxidized under CO/CO2/H, syngas con-
ditions. The adsorbed oxygen species is identical wich the adsorbed oxygen formed by purging
with N>O. The surface oxygen species takes part as reactant and supports the adsorption of
CO, H20 and H..??" Chu et al. also indicate that besides metallic Cu Cu* is present at the
catalyst surface measured by ®Cu NMR.[228

In summary, there are many approaches to explain the important role of Zn as well as the
strong synergy between Cu and Zn for highly active methanol synthesis catalysts. Most likely
it is an interplay between all presented features of Zn depending on the catalyst composition,
the gas feed composition, the pretreatment/reaction conditions and many more.
Laudenschleger et al.’®? proposed that the catalysts structure alter over time: “At the begin-
ning, highly reduced ZnOy species migrate onto the metallic Cu® nanoparticles during reduction
forming a finely dispersed Cu®~Zn° alloy according to Nakamura et al..'?®! The change to a
CO,-containing syngas mixture initializes the formation of different oxygen-containing adsorb-
ates as well as the oxidation of the metallic Zn species to Zn®* species at the defective Cu®
surface according to Behrens et al..'™ The migration of further Zn species results in the for-
mation first of a graphitic-like ZnOx layer on Cu® according to Lunkenbein et al. and then a
more crystalline and stable thick ZnO layer or particles according to Kattel et al..*32 139 The
formation of thick ZnO layers due to segregation from the metallic Cu® phase were observed

in recent long-term studies!®%, 192

3.2.4 Deactivation of Cu/ZnO/Al203 methanol synthesis catalysts

Fichtl et al. reported that the active site does not change under typical reaction conditions.
Hence, the deactivation of the catalysts derives from the reduction of active sites. Cu particle
sintering occurs which lowers the dispersion of Cu. Hence, the Cu metal surface area decrease.
Because the specific activity per m? active surface area is not constant over time, additional
deactivation processes must proceed.??” The addition of water increases Cu particle sintering
and it lowers the specific catalyst activity possibly caused by segregating Cu and ZnO which
leads to weakening of Cu/Zn interactions that is needed for high active catalysts. Grunwaldt et
al. reported the same effect of water as mentioned in the section before (3.2.3).178 22

Twigg et al. stated that carbon and polymeric deposits deactivate the surface of the catalyst.
Especially high ratios of CO/CO: in the feed gas can lead to extended deposits due to the

Boudouard reaction. 23
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Like Fichtl et al., Kurtz et al. also reported that particle sintering occurs particularly in catalysts
without Al.Os. They concluded that Al,O3 acts as stabilizer for the Cu dispersion and conse-
quently inhibits Cu particle sintering.!z3%

Rasmussen et al. reported that certain reaction intermediates lead to a high Cu mobility on the
surface (e.g. Cu-CO and Cu;H-COOQ). This mobile Cu species can cause metal migration
through displacements over the support and sintering by particle migration and coalescence.
The extent of the Cu migration depends on the concentration, on the mobility of the Cu species
and on the Cu particle size. When the particles are large enough Ostwald ripening is the main
sintering mechanism. 232

Lunkenbein et al. stated that the main deactivation is not induced by changes of the Cu dis-
persion but in alterations of the ZnO by performing long-term experiments (148 days). In the
first 50 days ZnO is partially converted to Zn,Al-spinel by consuming ZnO and Al>03. ZnO
particle sintering takes place including overgrowth of the Cu particles by ZnO layers. After
50 days the ZnO particle sintering almost stops and ZnO domains are structurally stabilized.
Zn,Al-spinel and ZnO overlayer formation are irreversible processes. During the first 50 days
the rate of MeOH production decreases whereas it stays constant for the reaming time on
stream. Hence, the recrystallization of ZnO as well as Zn,Al-spinel formation decrease the

interface between ZnO and Cu and consequently the rate of MeOH production. %
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3.3 Motivation

CO; hydrogenation to methanol is of great interest because of environmental reasons. As it
was summarized in the section before (3.2.3) the nature of the active as well as the promotional
role of Zn for the hydrogenation of CO2 to methanol is still discussed controversially in literature.
Somehow, strong Cu/Zn interactions are important for highly active and efficient Cu/ZnO/Al,O3
methanol synthesis catalysts.

Hence, a surface organometallic chemistry (SOMC) approach is applied to synthesize
Cu/Zn/Al;O3 catalysts with defined Cu/Zn particles as well as strong Cu/Zn interactions. The
preparation method for Al,Os supported Cu hanoparticles is varied to form different Cu particle
sizes and different Cu/Al,Os support interactions. In addition, differently Cu and Zn loaded
catalysts are prepared to study how the metal loading influences the CO; hydrogenation to
methanol. Furthermore, Cu/ZnO/Al,O3 catalysts are synthesized in which Zn and Cu are de-
liberately separated from each other to compare them to the other catalysts.

The catalysts are characterized by X-ray powder diffraction (XRD), IR spectroscopy and trans-
mission electron microscopy (TEM). The overall surface area (BET/BJH-method) and the Cu
surface area (N20O-RFC, H>-TPD) are determined. In addition, techniques like scanning trans-
mission electron microscopy — electron energy loss spectroscopy (STEM-EELS) and X-ray
photoelectron spectroscopy (XPS) are applied to get information about the location of Zn and
the oxidation states. The Zn and Cu loadings as well as the C content are determined by
elemental analysis.

The different catalysts are applied in MeOH synthesis from pure CO, and H.. Different pre-
treatment conditions as well as different reaction temperatures are adjusted to get information

about the activity of the catalysts and to get insights into the role of Zn.
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3.4 Results and discussion

First, the preparation method of the catalysts is presented including the differences of
Cu/Zn/Al;0O3 catalysts with different Cu nanoparticles. In the following section, the influence of
different Cu and Zn loadings on the CO; hydrogenation to methanol is stated. In the third and
last section, a comparative study is demonstrated using a Cu/ZnO/Al,O3 catalyst in which ZnO

and CuO is deposited separately.

3.4.1 Zn/Cu/Al203 catalysts by ZnEt2 grafting on supported Cu nanopatrticles

As mentioned before, strong Cu/Zn interactions are essential for a highly active and efficient
methanol synthesis catalysts.'™ Therefore, a synthesis method for model catalysts is required
to prepare catalysts in which Cu and Zn are in maximum vicinity. In addition, for investigation
of the role of Zn regarding the Cu/Zn interactions it is important that Zn is only located on the
Cu nanoparticles and not on the Al,O3 support to exclude any unintended effects. A method to
synthesize bimetallic systems is grafting or deposition of organometallic complexes on metal
particles via surface organometallic chemistry (SOMC).[233-249 The advantage of this synthesis
method is the systematic deposition of a metal onto metal particles and to avoid the deposition
onto the catalyst support.?*% The method is well known for the grafting of Sn compounds onto
Ni and Pt particles.?33-24% But also Cr or Ge compounds can be used as grafting agents. 238 240]
The general principle behind the method is the activation of H, on metal particles and the
subsequent reaction of the organometallic compound with it to deposit the metal precursor
onto the metal particles. The most commonly used organometallic complexes are alkyl com-
plexes because an easily removable or volatile leaving group is needed to accelerate the re-
action. An example is Sn(n-CsHo)4 whereby butyl groups react with activated H; forming bu-
tane_[233, 240]

In the case of Cu and Zn, Cu nanoparticles are the metal particles that are doped with a Zn
alkyl compound. Diethyl zinc (ZnEt;) seems to be a suitable grafting agent because ethyl
groups are easily removable and the compound itself is reactive enough to react with the acti-
vated H,. Due to its volatility and high reactivity, ZnEt; is often used as reactant in chemical
vapor deposition (CVD) procedures even for the deposition of highly dispersed Zn for methanol
synthesis catalysts.[?%> 242 |n addition it acts as reactant for the synthesis of brass particles by
thermolysis or as precursor for colloidal catalysts.[243 244

For the synthesis of the catalysts used for this work, the Cu nanopatrticles are supported on
Al,O3 to synthesize a model catalyst that is as similar as possible to the systems used in in-
dustry.?*1 After the activation of H,, ZnEt, is added in order to deposit Zn directly onto the Cu
nanoparticles. This procedure should help to gain strong interactions between Cu and Zn,

which is supposed to be promising for MeOH synthesis.*5!
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The preparation of the catalysts is divided into two steps. First Cu hanoparticles supported on
Al,O3 are prepared by four different methods and second Zn is deposited onto them. For sim-
plification, the different Al,Os; supported Cu nanoparticles are abbreviated as follows: Cupp
(deposition precipitation with urea), Cu.r (deposition precipitation via ligand removal), Cugrp
(reductive precipitation) and Cucorr (CO-precipitation) before Zn deposition and ZnCupp, ZNCuiRg,
ZnCugrpe and ZnCucopr after Zn deposition. The abbreviations and descriptions of the catalysts
are summarized in Table 10.

The desired Cu and Zn loadings are 10 wt.% and 2 wt.% respectively. The Al,Os supported
Cu nanopatrticles are designated as pre-catalysts in this chapter.

Table 10: Abbreviations of the different ZnCux catalysts, the declaration of the catalyst labels and the
desired Cu (Cu® and Zn (Zn®) loadings in wt.%.

Abbreviation Cu® Zn° Description

Cupp 10 - deposition precip. with urea without Zn
Cuir 10 - deposition precip. via ligand removal without Zn
Curp 10 - reductive precip. without Zn

Cucopr 10 - co-precipitation without Zn

ZnCupp 10 2 deposition precip. with urea with Zn
ZnCurr 10 2 deposition precip. via ligand removal with Zn
ZnCurp 10 2 reductive precip. with Zn

ZnCucopr 10 2 co-precipitation with Zn

3.4.1.1 Preparation and characterization of the pre-catalysts

The Al,O3 supported Cu nanopatrticles are prepared either by deposition precipitation via urea,
by deposition precipitation via ligand removal, by reductive precipitation or by co-precipitation,
which is the standard procedure for methanol synthesis catalysts. In the following, the prepa-

ration methods are briefly described.

Deposition precipitation with urea
Al,O3 support, Cu nitrate and urea are added to a flask. The suspension is heated to decom-
pose urea. Hence, the suspension becomes alkaline and Cu is precipitated as a Cu hydroxide

species onto the Al,O3 support.[246: 247]

Deposition precipitation via ligand removal
Aqueous ammonia, AlOs support and Cu nitrate are added to an Erlenmeyer flask.

[Cu(NH3)4]** forms. Ammonia evaporates over time, which means that the ammonia content of
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the solution decreases. When the ammonia content is not sufficient to complex the Cu?* ions,

Cu?* precipitates as Cu(OH) onto Al,O3 support,[246. 24€]

Reductive precipitation

The addition of hydrazine to a suspension of Cu acetate and Al,Os; support leads to reduction
of Cu?* to Cu®. Consequently, hydrazine is oxidized to nitrogen. Metallic Cu particles precipitate
and deposit onto the Al,O3 support.[246:249]

Co-precipitation
A solution containing Al and Cu nitrate is continuously mixed with a NaOH solution. AP** and
Cu?* precipitate simultaneously yielding in a homogenous precipitate. The support and active

metal precursor is formed simultaneously.!?%

Deposition precipitation as well as co-precipitation leads to high metal surface areas and small
nanoparticles in a narrow range. However, deposition precipitation has the advantage com-
pared to co-precipitation that the complete Cu amount is located on the Al,O3 surface and the
particles are not incorporated into the support. Especially for model catalysts, it plays an im-
portant role to exclude unintended effects as much as possible. In contrast, co-precipitation
has the benefit that strong metal support interactions can be generated due to the simultane-
ous precipitation of the support and the catalytic active phase.[?45: 250

In addition, the different precipitation methods should lead to the preparation of different Cu
particles sizes. Small particles are beneficial for the catalytic performancel*®! whereas large
particles facilitate particular analytical measurements. Especially for STEM-EELS to get high
resolved images and for some XPS measurements Al,O3 supported Cu nanopatrticles are pre-
pared by reductive precipitation to gain larger nanoparticles between 50 and 100 nm.

Table 11: Cu (Cu?) and Zn (Znb) loadings in wt.% determined by ICP-OES. The error is determined to
be around 5% including the preparation and the ICP-OES measurement itself.

Sample Cu® ZnP
ZnCupp 98 1.8
ZnCuir 10.0 2.0
ZnCugp 9.1 18
ZnCuUcopr 98 1.8

The Cu loading of all catalyst precursors is determined by elemental analysis via ICP-OES.
The Cu loading of the samples is in a narrow range of 9-10 wt.% (Table 11). Only the value of

ZnCugp deviates a little. It was observed during the reductive precipitation procedure that to
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some extent Cu precipitates on the glass wall of the flask, which most likely causes the lower

Cu loading.

X-Ray powder diffraction of the pre-catalyst

All samples except Cuge are dried, calcined at 450°C and reduced at 300°C in H; after precip-
itation. The powder diffractograms of the calcined samples (Cupp, Cuir, CUcorr) and of Cugre
are shown in Figure 52. The particles of Curp already consist of metallic Cu. Hence, post-

treatment is no longer necessary.
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Figure 52: Powder diffractograms of Cucopr, Cupp and Curr after calcination at 450°C for 4 h (2.5 K/min)
and of Cure directly after reductive precipitation. The stars mark y-Al2Os-reflexes!120. 1211 the triangles
represent CuO[%! and the dots metallic Cul231l, Diffractograms are recorded in an angle range between
5°and 70° in steps of 0.013°.

The Al,Os support in Cucoerr gives multiple reflexes and it can be figured out that they originate
of y-AlOs. In addition, CuO reflexes are visible which is not surprising because during the
calcination precipitated Cu(OH); is transformed into CuO. In contrast to the multiple reflexes
of the support in the powder diffractogram of Cucorr the reflexes of the commercial y-Al2O3
support used for Cur, Cupp and Curp are broader and less pronounced. It means that by co-
precipitation more crystalline Al,Os is formed compared to the commercial one.

Similar to the diffractogram of Cucepr, CuO is present in the pre-catalysts Cupe and Cu.r. The
CuO reflexes are broader or rather less distinguished in Cupe. It hints that very small CuO
particles are formed in Cupp and they are smaller than the Cu particles of Cur. To make a
statement concerning the CuO particle size from the powder diffractogram of Cucepr is not

possible because the reflexes of the Al.Os support strongly overlap the CuO reflexes. Since
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Cu(0) is directly obtained after reductive precipitation only reflexes for Cu(0) are visible in the

powder diffractogram of Cugpe. The sharp Cu(0) reflexes of Cure indicate large particles.

Temperature programmed reduction (TPR) of the pre-catalysts

TPR experiments for each CuO precursor are carried out to determine the reduction behavior
of CuO to Cu and to get more information about the CuO species. The TPR profiles are de-
picted in Figure 53. The reduction takes place in the temperature range of around 100°C to
375°C. The reduction of Cupp starts already at 150°C and three peaks can be observed
(dashed line in Figure 2). The low reduction temperature indicates weak CuO-Al,Os3 interac-
tions and a high CuO dispersion.[?®2 2531 |n addition, two of the signals could be assigned to
consecutive reduction of Cu(ll) = Cu(l) = Cu(0).
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Figure 53: TPR profiles of Cucorr, Cupp and Curr after calcination in air at 450°C (2.5 K/min) for 4h and
the TPR profile of ZnCupp after Zn deposition. The TPR profiles are carried out in a temperature range
of 50°C to 800°C (5 K/min) in 2.5 % H2 in He.

A similar course of the TPR profile is obtained for Cu.r containing three peaks with a shift to
lower temperatures. As we know from XRD the particles of Cupp are seemingly smaller than
that of Cur. Consequently, the shifted TPR profile to lower temperatures is not caused by a
smaller CuO particle size it is probably caused by weaker CuO-support interactions.

In contrast to the TPR profile of Cupp and Cu.r the TPR profile of Cuceer Shows one peak with
a maximum at 300 °C, beginning at 150°C to 200°C. The comparably high reduction temper-
ature is typical for strongly distinct CuO-Al,O3 interactions. The existence of just one peak

indicates a small particle size distribution.
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N2-physisorption of the pre-catalyst

All prepared samples feature type IV N2 adsorption isotherms with H1 hysteresis loops. The
BET surface area of Cucorr is 185 m?/g, of Cupp 208 m?/g and of Cu.r 192 m?/g. The pure Al.O3
support has a BET surface area of 220 m?/g. The lower BET surface area of Cupp and of Cu.r
compared to pure Al,O3 support is caused by CuO patrticles that block the pores. The BET
surface area of Cure is not determined because the Cu(0) particles are prone to oxidize and
consequently this would distort the obtained BET surface area. Since the same support is used
for the preparation of Cure like for Cupp and Cuir the BET surface area is supposed to be in
the same order. The pore volume of the catalysts varies from 0.51 to 0.57 mL/gca and the pore
radius from 3.74 nm to 3.76 nm. The exact values for each pre-catalyst are summarized in
Table 12.

Table 12: BET surface area (SAget in m?/g), pore volume (Vpore in mL/gcat) and pore radius (rpore in NmM)
of the pre-catalysts and the pure Al20s support.

Sample SAgeT Vpore I'pore
Cupp 208 0.54 3.74
Cucr 192 0.57 3.76
Cure - - -

Cucopr 185 0.51 3.74
Al2O3 220 0.58 3.74

N2O reactive frontal chromatography (N.O-RFC) of the pre-catalysts

N20O-RFC is a suitable method to determine the Cu metal surface area. N2O reacts with Cu to
N2 and Cu is oxidized to Cu0. Measuring the formed N, amount allows calculating the Cu
metal surface area.?>* 2% Before the N.O flow experiments the pre-catalysts (except Cure)
are reduced at 300°C for 1 h in pure H» to get Cu metal nanopatrticles. Cugre contains already
Cu metal particles but even during storage in a glovebox, an oxide layer can form. Conse-
guently, this sample is treated at 40°C for 1 h to get rid of it. The reduction conditions are
selected after evaluating the TPR experiment results. In Figure 54 the N,O flow experiment
profile of Cupp is shown as an example and in Table 13 the Cu metal surface areas of all four
samples are summarized.

The Cu metal surface area of Cupp (10.1. m?/g) is the largest compared to the other three
samples. It confirms the results obtained by XRD and H>-TPR that Cupp contain the smallest
Cu nanopatrticles.

The Cu metal surface area of Cucoepr is slightly smaller which indicates that the Cu nanoparti-
cles are slightly larger, but they are still in the same range as the particles of Cupp. The Cu

metal surface area of Cu.r is 6.0 m?/g. It is accordance with the more distinguished reflexes of
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Curr compared to Cupp obtained by XRD. As expected Cuge has the lowest Cu metal surface

area with around 1.0 m?/g.
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Figure 54: N20O flow experiment with Cupp pre-catalyst. The N2O-RFC is carried out in 1 % N20O in He at
ambient conditions. Before the measurement Cucorr is reduced in pure Hz at 300°C (1 K/min) for 1 h.

Table 13: Cu metal surface area determined by N20-RFC (Cu-SAnzorrc in m?/g) and H2-TPD
(Cu-SAn2-1ep in M2/g). The N20O-RFC is carried out in 1 % N20 in He at ambient conditions. The H:
adsorption for H2-TPD is carried out at 24 bar and 235 K for 30 min. Desorption is carried out from 77 K
to 523 K at atmospheric pressure with a heating rate of 6 K/min in He. Before the measurement Cupe,
Curr and Cucopr are reduced in pure Hz at 300°C (1 K/min) for 1 h. Curp is pretreated in pure Hz at 40°C
(1 K/min) for 1 h.

Sample Cu-SAnzorrc CU-SAn2-TPD
Cupp 10.1 9.4
Cur 6.0 5.2
Cugrp 1.0 0.5
Cucopr 8.5 8.0

H. temperature programmed desorption (H2-TPD) of the pre-catalysts

H>-TPD can be used as well as N2O-RFC to determine the metallic Cu surface area but it also
suggest the nature of the Cu surface. In contrast to N2 O-RFC where N2O can react also with
defect sites (e.g., of Al,Os) or with bulk Cu atoms H»-TPD has the advantage that H, adsorbs
only on the surface of Cu nanopatrticles. This is the reason why higher Cu metal surface areas
are obtained by the determination with N,O-RFC.[?55-258]

The H>-TPD profiles of Cupe, Cucerr, Cure and Cucr are shown in Figure 55. The corresponding

metal surface areas are summarized in Table 13. One TPD peak is obtained for each catalyst

75



MeOH Synthesis — Synthesis of Methanol Catalysts via Diethyl Zinc Grafting on Alumina
Supported Copper Nanopatrticles

precursor and the narrow symmetric shape indicates a second-order desorption without

readsorption. 2561
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Figure 55: H2-TPD experiment of Cure, Cupp, CuLr and Cucorr. The Hz adsorption is carried out at 24 bar
and 235 K for 30 min. Desorption is carried out from 77 K to 523 K at atmospheric pressure with a
heating rate of 6 K/min in He. Before the measurement Cupp, CuLr and Cucopr are reduced in pure Hz
at 300°C (1 K/min) for 1 h. Cure is pretreated in pure Hz at 40°C (1 K/min) for 1 h.

The only difference that can be figured out is that the H, desorption temperature for Cugrp
(285 K) and Cur (250 K) are much lower than that of Cupp and Cucerr (310 K). Anger et al.
state that the desorption at around 280 K could derive from the Cu(100) surface whereby a
desorption at around 310 K or higher corresponds to a Cu(111) or a Cu(110) surface.?" Fichtl
states that the desorption peaks of the different Cu surfaces overlap forming only one desorp-
tion peak by investigating polycrystalline Cu. He developed a model to clarify how the different
Cu surfaces contributes to the desorption peak. It turned out that the desorption at lower tem-
peratures is assigned to desorption from Cu(100) whereas desorption from Cu(111) occurs at
around 300 K. The desorption from Cu(110) appears at even higher temperatures (around
325 K).% |t means that Cuir most likely consists of Cu(100). Cugre contains mainly both
Cu(100) and Cu(111) whereas Cucopr and Cupp exhibit a mixture of Cu(111) and Cu(110). In
these considerations only low index planes (Cu(100), Cu(110), Cu(111)) can be regarded be-
cause the existence of higher index planes like Cu(211), Cu(311) cannot be proven by H.-
TPD.[?%4-257l Commonly used CuO/ZnO/Al,O3 catalysts expose largely Cu(111) surfaces.?5¢l

By means of integration of the TPD peaks the Cu metal surface area can be calculated. The
Cu metal surface areas are the largest for Cupp and Cucopr, Which confirms the results obtained
by No.O-RFC but the values itself are smaller as discussed at the beginning of this section. The
larger difference between both Cu metal surface areas for Cupp is caused either by larger
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accessibility of bulk Cu that can react with N>O or by the existence of more defect sites in the
commercial Al,Os. Latter is very unlikely because the Al,Os support is also used for the prep-
aration of Cu.r and Curp. Compared to Cucopr and Cupp the Cu metal surface area of Cure is

very low again and indicates larger Cu nanoparticles.

Transmission electron microscopy (TEM) of the pre-catalysts
TEM images are conducted to get information about the sizes of the Cu nanoparticles. In Fig-
ure 56 the TEM image and the particle size distribution of the pre-catalysts are shown.
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Figure 56: TEM-images of Cure (A), Cucorr (B) and Cupp (C) and the particle size distributions of Cucorr,
Cure and Cupp. 50 particles are counted for each sample except for Cupp due to the small particle sizes
and thus the lack of useable images.
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The Cu nanoparticles of Cugp are the largest in a range of 20 to 80 nm with an average size
of 38 £ 16 nm (A). In contrast to that the Cu nanoparticles of Cucepr are much smaller from 2 to
6 nm (3.7 £ 0.9 nm) (Figure 4B). The Cu nanoparticles of Cupp are even smaller (1 to 3 nm
with an average of 2.0 £ 0.5 nm) and it is difficult to image them (Figure 4C). The results confirm
the results obtained by X-Ray powder diffraction, Ho-TPR and chemisorption methods. Cugre
with the largest nanoparticles, for example, shows the most distinct Cu reflexes and exhibits
the lowest Cu metal surface area. TEM images of Cu.r are not recorded.

3.4.1.2 Zn deposition via surface organometallic chemistry

Aim of the Zn deposition is to graft a Zn organometallic compound, in this case ZnEt,, well
defined and solely onto the Cu nanoparticles creating exclusively Cu/Zn sites. The SOMC syn-
thesis route should avoid Zn deposition onto the Al,Os support for studying just the interaction
between Cu and Zn during the MeOH synthesis from CO.. In Figure 57, the Zn deposition is
presented graphically.

ethane
Z.nEtz-x
| . TR I + (CoHeht (x=0,1,2)
C c (CrHie) &
Usurface Usurface Usurface

Figure 57: Graphic presentation including a reaction equation of the ZnEt2 deposition procedure includ-
ing the activation of Hz and the reaction with ZnEtz forming ethane.

First, H, is activated on the surface of the Cu nanopatrticles. After adding a ZnEt./heptane
solution, ZnEt, reacts with activated hydrogen and ethane is released. Simultaneously Zn is
deposited onto the Cu nanoparticles. The desired Zn content should be 2 wt.% for each of the
samples. Prior the Zn grafting procedure all samples except Cure are reduced in H, at 300 °C
to get Al,O3 supported Cu metal nanoparticles. The grafting reaction is monitored using a mass
spectrometer to characterize fragments of ethane especially (Figure 58).

It can clearly be figured out that after the addition of ZnEt, ethane is formed. After around
45 min the reaction is finished displayed by the decrease of ethane formation. Besides frag-
ments of ethane, fragments of heptane can also be found. Heptane is used as solvent and
evaporates slightly during the reaction time. After the grafting procedure, the Zn loading is
determined by ICP-OES. The Zn loadings of all samples (ZnCupp, ZNCucopr, ZNCurp) including

the reference catalysts (ZnCurer1, ZNCurer?) are summarized in Table 11.
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The targeted Zn loading of 2 wt.% is almost achieved for all samples. The formation of ethane

and the results obtained by ICP-OES indicate the validity of the grafting procedure.
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Figure 58: Monitoring the deposition procedure with ZnEtz via mass spectrometry. The gas phase of the
reaction flask is continuously piped to the MS. m/z values: 15 > methyl, 16 - methane, 18 -> water,
28 - ethylene/Nz, 30 - ethane, 41 - heptane, 43 > heptane.

X-Ray powder diffraction of the samples after Zn grafting

X-ray powder diffraction is measured to get information in which form Zn is deposited onto the
Al,O3 supported Cu nanoparticles.

The diffractograms of ZnCupp, ZNCucopr, ZNCurr and ZnCugp are shown in Figure 59. All sam-
ples contain Cu(0) indicated by the typical reflexes at 43, 50 and 73 26 which confirms the
presence of metallic Cu. The Zn deposition procedure does not lead to the oxidation of Cu to
CuO. The H2-TPR profile of ZnCupp (see Figure 53) confirms it because no hydrogen is con-
sumed and hence no signal can be observed. Additionally, reflexes corresponding to either
Cu/Zn-alloy (brass) or ZnO do not appear. It indicates that Zn is deposited in thin layers that
are not detectable via XRD onto the Cu nanoparticles. Due to the narrow width of the Cu
reflexes ZnCuge contains larger nanoparticles. The broad Cu reflexes for Zncuor and ZNCucopr
are assigned to smaller nanoparticles that agrees with the TEM images. The Cu nanopatrticle
size of ZnCuyr lies in between. The determination of the crystallite sizes (ZnCupp ~5 £3nm,
ZNnCugrp ~18 £4nm, ZnCucopr NOt possible, ZnCur ~12 £3nm) of Cu by the Scherrer equation
is not particularly accurate because the reflexes of the AlO3 support shade into the reflexes

of metallic Cu and the equation itself gives no exact values for very small nanoparticles.[00-104
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Compared to the powder diffractograms obtained after calcination (see Figure 52) the Al,O3

support is not influenced by the reduction or the Zn deposition.
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Figure 59: Powder diffractograms of ZnCupp, ZnCurp, ZnCucopr and ZnCurr after Zn grafting. The stars
mark y-Al203 reflexesl'?0. 1211 and the dots represent metallic Cu??, Diffractograms are recorded in an
angle range between 5° and 90° in steps of 0.008°.

Investigations concerning the grafted Zn species

To determine if ethyl groups are remaining after the Zn deposition using ZnEt, or all groups
are released as ethane, the C to Zn ratio is determined by elemental analysis. The sample is
burned in air. The formed CO; is analyzed via gas chromatography. The C to Zn ratio is ap-
proximately 2 (2.1). Hence, one ethyl group remains at the Zn. For further characterization, the
ethane to Zn ratio is determined. Water is added to the sample so that ethyl groups are con-
verted to ethane. The gas phase is analyzed via gas chromatography again. The ethane to Zn
ratio is about 0.85. Approximately one molecule ethane is formed for one Zn atom. To get more
information about the grafted species the sample is heated up to 500 °C (5 K/min) in He at-
mosphere. The gas stream is analyzed using a mass spectrometer. The temperature pro-
grammed decomposition (TPD) profile is shown in Figure 60.

Mainly ethylene and water are released during the temperature treatment. Ethylene is a prod-
uct formed by the decomposition of the ethyl groups. Water most likely desorbs from the Al;O3
support. It is also possible that protons that are formed during the ethyl decomposition react
with hydroxyl groups of the support and water is formed via this reaction pathway. Besides
ethylene, methyl groups as well as methane are produced. These products originate from the
decomposition of ethyl groups, too. Similar decomposition products for ethyl groups were

found by Zaera when he studied the thermal decomposition of ethyl iodide on Pt(111) and by
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Dumont et al. during investigations of pyrolysis of ZnEt,.[?%% 261 The combination of all obtained
results leads to the conclusion that during Zn grafting around one ethyl is released as ethane

and one ethyl group remains at the Zn.
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Figure 60: Temperature programmed decomposition (TPD) profile monitored via mass spectroscopy.
The sample (ZnCupp) is heated up to 500°C in He (20 mL/min) with a heat ramp of 5 K/min. m/z values:
15 - methyl, 16 > methane, 18 > water, 28 > ethylene/Nz, 30 > ethane.

Scanning transmission electron microscopy — electron energy loss spectroscopy (STEM-EELS)
elemental mapping

STEM-EELS elemental mapping is carried out to determine where Zn is deposited during the
Zn grafting procedure.

Figure 61: HAADF images of ZnCure (A), Cucorr (B) and Cupr (C) and the corresponding EELS ele-
mental maps showing the distribution of Zn (green), Cu (red) and Al (blue).
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The HAADF images and the corresponding EELS elemental maps are shown in Figure 61. Zn
(green spots) is almost exclusively deposited onto the Cu hanopatrticles (red spots). Zn is not
distributed on the blue areas (corresponds to Al of the Al,O3 support).

Itis especially well illustrated for ZnCuge (Figure 61A) which contains the largest nanoparticles.
In addition, with the help of the EELS elemental map the small nanoparticles of ZnCupp are

better visible than just with TEM (see Figure 56). HAADF images of Cu.r are not recorded.

X-Ray photoelectron spectroscopy (XPS)

The oxidation states of Cu and Zn are investigated using X-ray photoelectron spectroscopy
(XPS). Cure and ZnCugp is measured as it is and after H, treatment at 275 °C. The Cu2p, Zn2p
as well as the CuLsMasMas Auger electron spectra are shown in Figure 62.
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Figure 62: XPS spectra of Curp (red lines) and ZnCurp (black lines) without treatment (thick lines) and
after Hz treatment (thin lines). A: Cu2p; B: Zn2p, C: CuLsM4sMags.

The Cu2ps peak of both samples is at BE 932 eV and indicates that Cu(0) is present before

and after Zn grafting (see Figure 62A). The absence of the satellite peak at 943.7 eV confirms
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the absence of Cu(ll)ions.?%2 The CuL3Ma4sMas Auger electron spectrum underlines the pres-
ence of Cu(0) (see Figure 62C). After Zn grafting the intensity decreases dramatically (see
black line in Figure 62A). It gives a strong evidence that Zn is deposited onto the Cu nanopar-
ticles that confirm the results obtained by STEM-EELS.

During Hz treatment the intensity of the signal of pure Cugp declines caused by sintering of the
Cu nanoparticles. However, this sintering effect is less distinct. The Zn2ps, peak, shown in
Figure 62B is located at BE 1023 eV, indicating its oxidation state of 2+ meaning Zn is depos-
ited as Zn(ll) onto the Cu nanoparticles./?6?! After hydrogen treatment, the signal intensity drops
a lot (see thin black line in Figure 62B) accompanied with a reduction of Zn(ll) to Zn(0). The
decreasing Zn2p intensity is caused by the incorporation of Zn into the Cu surface and conse-
quently a surface alloy is formed. If the migration of Zn into the Cu lattice proceeds a-brass

arises.
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Figure 63: Zn2p/Cu2p ratio and normalized Zn/Cu ratio of ZnCurp, ZnCucorr and ZnCupp obtained by
the integration of the Zn2p and Cu2p peaks measured via XPS. The corresponding XPS spectra a
depicted in Figure 64. The treatment is conducted in Hz (p =10-° mbar) up to 300°C.

In addition, in-situ XPS spectra are recorded of ZnCugrp, ZNCucopr and ZnCupp during temper-
ature treatment up to 300°C under H, atmosphere. In Figure 63 Zn2p/Cu2p ratio and the nor-
malized Zn/Cu ratio are shown. The corresponding Cu2p and Zn2p spectra as well as the
CuLsMa4sMa s Auger electron sepctra are depicted in Figure 64. Before the treatment in H; at-
mosphere Cu is present mostly present as Cu(0) and Zn exclusively as Zn(ll) in ZnCupp and

ZNnCucopr like it is in ZNCugp. According to the Auger electron spectra (see Figure 64) some
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Cu(l) is also present (ZnCugrp < ZnCupp < ZNCucopr) but with increasing temperature it is re-
duced to Cu(0).

The Zn/Cu ratio decreases for all samples with increasing temperature because of migration
of Zn into the lattice of Cu forming a Zn/Cu surface alloy and later a-brass. Interestingly, the
temperature at which this process starts, and the formation rate differ a lot for the different
samples. Large nanoparticles support the migration (see ZnCuge in Figure 63) because even
immediately after starting with the temperature treatment the Zn/Cu ratio declines. ZnCupp and
ZnCucepr have comparable Cu particle sizes whereas the ZnCucopr contain slightly larger Cu
nanoparticles. The Zn migration begins after 50°C for ZnCupp. Zn/Cu surface alloy formation
starts only at about 100°C for ZnCucoprr. However, the Zn2p/Cu2p ratio decrease is more dis-
tinct in ZnCucopr. The Zn migration into the Cu nanoparticles is slowest for ZnCupp wWhich sup-
ports that the small Cu nanoparticles impede Zn incorporation.
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Figure 64: Cu2p and Zn2p spectra as well as the Cu LsMasMas Auger electron spectra of ZnCupe,
ZnCurp and ZnCucorr during temperature treatment up to 300°C under Hz atmosphere.

Fourier transformed — infrared spectroscopy (FT-IR)

FT-IR spectroscopy is conducted to get more information about the surface species and ad-
sorption properties of a Zn doped and undoped sample. The studies are carried out using Cupp
and ZnCupp due to the high Cu dispersion resulting in higher intensities of the signals. In Figure
65 the FT-IR spectra of the Zn doped and undoped catalysts are shown.

Both FT-IR spectra consist of IR bands of water, which is adsorbed on the Al,Os support (1400
to 1800 cm™). In addition, weak IR bands of CO; are visible despite the IR chamber is purged

with N2 overnight.
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Figure 65: FT-IR spectra of Cupp and ZnCupr. FT-IR spectra are recorded under inert conditions (He)
and room temperature. The pellets are prepared in the glovebox.

Compared to the FT-IR spectrum of Cupp the FT-IR spectrum of ZnCupp contains a narrow
band at 1248 cm™. This band corresponds to the CH-deformation vibrations of the ethyl groups

that remain after the Zn grafting. Free &ass CH-deformation vibrations arise at 1425 and

1375 cm™. The asymmetric shape of the signal is characteristic for this type of vibration.?63 A
shift to lower wavenumbers of around 130 cm™ can be observed which is most likely caused
by binding of the ethyl groups to Zn. In ethyl zinc isopropoxide the deformation vibration of C-
H of the secondary C appears at 1159 cm™.?%4 Boiadjev et al. obtained similar results after the
exposure of dehydroxylated Al,Os; at room temperature to a saturated vapor of dimethyl
zinc.?®®! The bands at around 2900 cm™ corresponds as well to hydrocarbons (v-CH-bond
stretching) like ethyl groups but also heptane that is used as solvent.?%8! These bands are
much more pronounced for ZnCupp compared to Cupe. It underlines that after Zn grafting some
ethyl groups remain.

Figure 66 the FT-IR spectra of Cupe (Figure 66A) and ZnCupp-200°C (pre-treated at 200°C in
H, for 1h, Figure 66B) are shown during the adsorption, desorption of CO. CO is a suitable
probe molecule to get information about adsorption and desorption properties of the Cu surface.
After adding CO, an IR band appears at 2100 cm™ with a shoulder at 2115 cm™ for both sam-
ples. No additional bands arise in the spectrum of ZnCupp-200°C which means that CO adsorb
on Cu in both cases despite Zn/Cu surface alloy formation during pretreatment of
ZnCupp-200°C. However, no IR-bands belonging to Zn-Cu alloy are visible which would arise
at around 1970-1980 cm™ according to Liu et al..’s The Zn concentration could be too low to
observe the alloying effect. Bands of adsorbed CO on ZnO should appear at around 2170-
2180 cm.[268]
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Figure 66: IR spectra in the range of 2000-2400 cm- of Cupp (A) and ZnCupp-200°C (B). The IR cell is
purged with CO for 5 min and afterwards purged with He. Then it is heated to 250°C (5 K/min) to desorb
remaining CO. The pellets are prepared in the glovebox. The flow rate of the gases is 20 mL/min.
ZnCupp-200°C is pretreated at 200°C in Hz for 1h.

The IR band at 2100 cm™ most likely corresponds to linearly adsorbed CO on Cu(110) which
fits well with the results obtained by H,-TPD whereas the band at 2115 cm™ is assigned to
Cu(211) or even higher index planes.[?58 2682721 |R bands for CO adsorbed on Cu(100) or
Cu(111) would appear at lower wavenumbers.[273 274]

For CO desorption the samples are heated to 250°C. The desorption of CO is complete at
around 50°C for Cupp. In contrast to that it takes 125 °C to desorb CO completely from the
surface of ZnCupp.200°C. The CO desorption behavior is also compared to ZnCupp-40 (pre-
treated at 40°C in H2 for 1) and ZnCupp (without pretreatment). The spectra are shown in Figure
67.

It can clearly be figured out that the CO desorption temperature increase with the addition of
Zn and with increasing pretreatment temperature. As we know from XPS, at 200°C pretreat-
ment in H> Zn migrates into the Cu lattice forming Zn/Cu surface alloy with strong Zn/Cu inter-
actions. It indicates that these strong interactions favor the adsorption of CO (higher intensities)
and CO is stronger adsorbed (higher desorption temperature).

Zn interacts with the CO to stabilize it on the surface. It is also known in methanol synthesis
that the adsorption of oxygen-bound intermediates is enhanced by Zn forming partial oxidized
Zn®* .15 Furthermore, the IR bands shift to higher wavenumbers with increasing temperature
indicating a stronger adsorption at higher Cu surface index planes.

After the adsorption of CO, the samples are purged with He to remove gaseous and phy-

sisorbed CO. The IR bands for gaseous CO disappear immediately (IR-band at 2175 cm™).
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In addition to that, spectra are recorded of Cupp and ZnCupp during heating in pure H, to 300°C
(Figure 68) to get information about structural changes during reductive pretreatment. Signifi-
cant changes in the FT-IR spectra cannot be observed, only the desorption of the remaining

ethyl groups in the spectra of ZnCupp (band at 1248 cm disappears).

intensity / a.u.
(o]
<
O

500C ZnCUDP

T T T T T T T T T
2200 2160 2120 2080 2040 2000
wavenumber / cm™

Figure 67: IR spectra in the range of 2000-2200 cm™! of ZnCupp, ZNCupp-40°C and ZnCupp-200°C. The
IR cell is purged with CO for 5 min and afterwards purged with He. Then it is heated to 250°C (5 K/min)
to desorb remaining CO. The pellets are prepared in the glovebox. The flow rate of the gases is
20 mL/min. ZnCupp-200°C and ZnCupp-40°C are pretreated at 40 or rather 200°C in H: for 1h.
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Figure 68: IR-Spectra in the range of 1300-1700 cm! of Cupp (A) and ZnCupr (B) under reductive treat-
ment with Hz. The sample is heated in Hz gas flow up to 300°C (5 K/min) and held for one hour before
it is cooled in He gas flow. The pellets are prepared in the glovebox. The flow rate of the gases is
20 mL/min.

87



MeOH Synthesis — Synthesis of Methanol Catalysts via Diethyl Zinc Grafting on Alumina
Supported Copper Nanopatrticles

3.4.1.3 Catalytic reaction of CO; and H, to MeOH

The catalytic reaction of CO, and H; to MeOH is carried out at 28 bar and temperatures be-
tween 200 and 325 °C with a feed gas of H,:CO; 3:1. A detailed description and a drawing of
the setup are depicted in the experimental part (section 7.2). The catalysts are used either
without pretreatment or with reductive pretreatment at different temperatures. The different
catalysts as well as the different pretreatments are summarized in Table 14.

Table 14: Abbreviations of the different catalysts (x = DP, CoPr), the description of the catalysts, if the
catalysts are pretreated in Hz (H2-PT2: + = with pretreatment, - = without pretreatment) and at which
temperature the catalysts are pretreated (T? in °C). Ho-pretreatment conditions: V = 20 mL/min, t = 1 h,
rate = 1 K/min.

Abbreviation H.-PT2 TP Description

pureCuy + 120  Cu/Al;O; after deposition procedure without Zn
ZnCuy - - Zn/Cu/Al;O3 after deposition with Zn
ZnCuy-40°C + 40 Zn/Cu/Al;O3 after deposition with Zn
ZnCux-120°C + 120 Zn/Cu/Al,O3 after deposition with Zn
ZnCux-200°C + 200 Zn/Cu/Al,O3 after deposition with Zn

The pretreatment temperature adjusts the Zn/Cu ratio at the surface of the catalysts (see XPS,
0). A mild reduction at 40°C leads to the removal of surface oxygen. At 200°C pretreatment
temperature the Zn/Cu ratio at the surface is lowest for all samples, because Zn migrates into
the Cu lattice, forming Zn/Cu surface alloy.

After Zn deposition as well as after the different reductive pretreatments, the Cu surface area
is determined by N>O-RFC. The values are summarized in Table 15. The Cu surface area
drops from 10.1 m?/g before the Zn deposition to 7.1 m?/g for ZnCupe and from 8.5 m?/g to
7.0 m?/g for ZnCucorr. The Zn deposition reduces the accessible Cu surface area by blocking
Cu sites. It is known that in industrial-like Cu/ZnO/Al,Os catalysts a Zn/ZnO overlayer is formed
during the reductive pretreatment and that possibly only 30 % of the initial Cu surface area is
available for the catalytic reaction.*32 191

The influence of reductive treatment at 40°C, 120°C and 200°C of ZnCupp and ZnCucepr ON
the Cu surface area is low. Only a slight increase can be observed. It indicates that Zn migrates
into the Cu particles and possibly some of the blocked Cu sites are released. Furthermore, it
is discussed in literature that Zn® which is formed during the reductive pretreatment could con-
tribute to the surface area determination via N,O because of the oxidation of Zn° to ZnO.*¥% In
particular for ZnCucop-200°C (8.5 m2/g) the surface area increase is most distinct because the

Zn migration into the Cu particles is furthest advanced (see Figure 63).
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Table 15: Cu crystallite sizes (“@Sizecrys in Nm) after the catalytic reaction calculated with the Scherrer
equation. The reflexes at 43 26 and 50 26 serve for the determination of the crystallite sizes (see Figure
74). Cu metal surface area of the catalysts after different reductive pretreatments (PTCu-SAnzo-rrc in
m?/g) and of the catalysts after the catalytic reaction (aCu-SAnz2o-rrc) determined by N20-RFC. The
N20-RFC is carried out in 1 % N20 in He at ambient conditions. Before the measurement of the Cu
surface area after different reductive pretreatments the catalysts are reduced in pure Hz at different
temperatures (heating rate = 1 K/min) for 1 h. Before the measurement of the Cu surface area after the
catalytic reaction the catalysts are purged in He to get rid of residual adsorbates. The catalysts are
tested at different reaction temperatures (200, 225, 250, 275, 300, 325 °C) at 28 bar. The overall reaction
time is 14 h 50 min. The H2:CO:z ratio is 3:1, the GHSV 8000 h-1.

Sample PTCU-SAN20-rFc “CU-SAN20-RFc  @Sizecrys
pureCupp 10.1 14 -
ZnCupp 7.1 1.4 -
ZnCupp-40°C 7.9 1.4 -
ZnCupp-120°C 7.1 1.8 -
ZnCupp-200°C 7.3 1.0 -
pureCucopr 8.5 4.5 -
ZNnCuUcopr 7.0 3.0 -
ZnCucop-40°C 7.2 - -
ZnCucopr-120°C 7.4 - -
ZnCucoprr-200°C 8.5 3.3 -
pureCucr 6.0

ZnCurr-120°C - - 30.0+1.2
ZnCurp-120°C - - 27.7 £3.8

The CO; conversion of the different pretreated catalysts at different temperatures is shown in
Figure 69. To get information about the role of Zn the catalytic results are compared to
Cu/Al,Os (pureCuy) which passed through the Zn deposition procedure but without the addition
of ZnEts.

The CO; conversions of the different catalysts increase from 3 % at 200°C to around 23 % at
325°C apart from the catalysts prepared by reductive precipitation.

The CO; conversions of the different catalysts prepared by deposition precipitation with urea
(DP) are similar especially up to 250°C. The slightest increase of the CO, conversion is ob-
served for ZnCupp-200°C after 250°C reaction temperature. This sample has the highest Zn/Cu
surface alloy formation and consequently the lowest Zn/Cu ratio at surface after the reductive
pretreatment.

The co-precipitated catalysts (CoPr) exhibit also similar CO, conversion at the different reac-
tion temperatures. The CO conversions are increased somewhat compared to the catalysts

prepared by deposition precipitation with urea (DP) especially at temperatures below 275°C.
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The CO: conversions of the catalysts prepared by deposition precipitation via ligand removal
are also in the same range. For these catalysts it is most distinct that the Zn deposition leads
to an increase of the CO; conversion.
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Figure 69: CO2 conversion at different reaction temperatures (200, 225, 250, 275, 300, 325 °C) at 28
bar for xCuy-z,(x = pure, Zn; y = DP, CoPr, LR, RP; z = 40°C, 120°C, 200°C). pureCupp and pureCucopr
pass through the deposition procedure just without the addition of ZnEt.. The H2:CO: ratio is 3:1. The
GHSV is 8000 hl. The catalysts are pretreated in H2:He 1:1 either at 40°C, 120°C or 200°C for 1 h or
are used without pretreatment. The number next to the catalyst labels represents the pretreatment tem-
perature. The overall reaction time is 14 h 50 min.

The low conversion of the catalysts prepared by reductive precipitation is mostly likely caused
by the low dispersion or rather the low Cu surface area (around 1 m?/g).

In summary, the exclusively Zn deposition onto the Cu nanopatrticles only slightly influence the
CO; conversion at least regarding a Zn loading of around 2 wt.%. It leads, if any, to a small
increase of the CO; conversion. It becomes patrticularly clear comparing the pure Cu nanopar-
ticles to the Zn/Cu particles.

The catalysts convert CO; either to CO or MeOH and some traces of C1 compounds (see

Figure 70). Products with higher carbon numbers could not be detected.
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Figure 70: Selectivity at 250°C reaction temperatures at 28 bar for ZnCupp-200°C and ZnCucopr-200°C
The H2:COz ratio is 3:1. The GHSV is 8000 h. The catalysts are tested with pretreatment in H2:He 1:1
at 200°C for 1 h. The number next to the catalyst labels represents the pretreatment temperature. The
overall reaction time is 14 h 50 min

However, compared to the CO; conversions the MeOH selectivity differs a lot for the different
pretreated catalysts (see Figure 71).

The MeOH selectivity increases (10 to 40 %) with increasing pretreatment temperature for the
catalysts prepared by DP. pureCupp as well as ZnCupp without pretreatment show the lowest
MeOH selectivity. The Zn/Cu interactions are weaker for ZnCupp compared to the catalysts
that are pretreated in H, before the catalytic reaction. Rising pretreatment temperature in-
creases the formation of Zn/Cu surface alloy which was observed by XPS (see 0). It indicates
that catalysts that exhibit Cu/Zn surface alloy after the reductive pretreatment are more selec-
tive to methanol. Despite Nakamura et al. state that Zn/Cu surface alloy can act as active
species, it is more likely according to Kattel et al., Laudenschleger et al. and Behrens et al.
that Zn is partially oxidized to Zn®" or even to ZnO especially in CO; rich feeds.!*5 129 135 192]
Hence the more distinct Zn/Cu alloy does not directly enhance the selectivity. But Zn is highly
dispersed after the formation of Zn/Cu surface alloy. It means that under reactions conditions
Zn from the preformed Cu/Zn surface alloy is partially oxidized and highly dispersed Zn ®/ZnO
is formed which acts in combination with Cu as active sites. That Zn/Cu surface alloy is a
precursor for the formation of highly dispersed Cu/Zn ®* sites was also proposed by Kattel et
al. and Zabilskiy et al.l**% 1971

The course of the MeOH selectivity of the catalysts prepared by CoPr clarifies this relation.
The in-situ XPS measurements showed that only after 100°C pretreatment in H2 Zn/Cu surface
alloy is formed indicated by the decreasing Zn/Cu ratio. It means that ZnCucopr, ZNCucop-40°C
and even ZnCucorr-120°C have more or less the same composition of Zn/Cu at the surface at

the beginning of the catalytic reaction. Hence, the MeOH selectivity is nearly the same for all
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samples. The slight increase of the MeOH selectivity for ZnCucep-120°C suggests that Zn/Cu
surface alloy is slightly more advanced. The Zn/Cu alloy formation is very pronounced after
reductive pretreatment at 200°C indicated by the low Zn/Cu ratio obtained by XPS measure-
ments. Consequently, the MeOH selectivity of ZnCucoep-200° is nearly two times higher than
that of the other catalysts which supports the importance of a preformed Zn/Cu surface alloy
for highly dispersed Cu/Zn®* sites. However, the selectivity is half of the selectivity of the com-
parable ZnCupp-200°C catalyst. The normalized Zn/Cu ratio for ZnCupp-200°C is around 0.7
and for ZnCucep-200°C around 0.25. Hence, the Zn/Cu alloy formation is much more distinct
for ZnCucor-200°C. It indicates that a well-advanced formation of Zn/Cu alloy (formation of a-
brass or bulk alloy) could inhibit the promotional effect of a Zn/Cu surface alloy.?"
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Figure 71: MeOH selectivity at different reaction temperatures (200, 225, 250, 275, 300, 325 °C) at 28
bar for xCuy-z,(x = pure, Zn; y = DP, CoPr, LR, RP; z = 40°C, 120°C, 200°C). pureCupp and pureCucopr
pass through the deposition procedure just without the addition of ZnEt.. The H2:CO: ratio is 3:1. The
GHSYV is 8000 h1. The catalysts are pretreated in H2:He 1:1 either at 40°C, 120°C or 200°C for 1 h or
are used without pretreatment. The number next to the catalyst labels represents the pretreatment tem-
perature. The overall reaction time is 14 h 50 min.
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The MeOH selectivity of the catalysts prepared by LR is very similar. In this case a reductive
pretreatment at 40°C leads to the most selective catalysts but the differences are very low.
The Cu nanopatrticles prepared by LR are a larger which is indicated by XRD and a smaller Cu
surface area. Larger Cu nanoparticles enhance the formation of Zn/Cu alloy. It explains the
decrease of MeOH selectivity after 120°C pretreatment by formation of more distinct Zn/Cu
alloy.

In addition, the low selectivity of the reductive precipitated catalysts indicates that very large
nanoparticles with low Cu dispersion inhibit MeOH formation.

In summary, the addition of Zn leads to an increase in MeOH selectivity indicating that Zn
directly located at the Cu surface is essential for high selective MeOH synthesis catalysts, that
was previously shown by single crystal experiments.*¥ Furthermore, Zn/Cu surface alloy
which is formed after reductive pretreatment enhances the dispersion of Zn and consequently
the dispersion of Cu/Zn?* sites. The addition of Zn only slightly influences CO, conversion
despite increase of MeOH selectivity. It hints that only Cu sites acts as the active species for
the RWGS reaction.'”? The addition of Zn directs the conversion of CO, towards the MeOH
pathway maybe because of the stabilization of oxygen containing intermediates like formate,
which was indicated by Behrens et al.*! In addition, IR experiments with CO showed that CO
adsorbs stronger to the surface after the deposition of Zn (see section 0). Claims concerning
structure sensitivity of RWGS or MeOH synthesis cannot be made due to the more or less
polycrystalline Cu surfaces of the prepared Cu nanoparticles.

To get information about changes of the Zn/Cu nanoparticles during the reaction the Cu sur-
face area of certain catalysts is determined by N,O-RFC after reaction. The exact values of
the obtained Cu surface areas must be interpreted with caution because strong binding ad-
sorbates as well as the Zn/ZnO overlayer can strongly influence the measurement. In addition,
TEM images are recorded and STEM-EELS elemental mapping as well as XRD are carried
out.

The TEM images as well as the patrticle size distribution of the catalysts after reaction are
shown in Figure 72. The Cu particle sizes of ZnCupp increase from 2.0 to 7.0 (x1.5) nm and of
ZnCugp from 38.0 (£16) nm to 73 (£39) nm whereas the Cu particles of ZnCucopr just grow from
3.7 to 6.5 (£1.1) nm, which indicates the more distinct sintering of the particles prepared by
DP. The Cu surface area (see Table 15) decrease from 7.1 to around 1.5 m?/g for ZnCupp
catalysts whereas the Cu surface area decrease for ZnCucopr catalysts is lower (7.0 to around
3.5 m?/g). Both values confirm the observations by TEM that the Cu nanopatrticles prepared
by co-precipitation do not agglomerate as much as Cu nanoparticles prepared by DP. The
difference is most likely caused by stronger interactions between the Al,Os support and the Cu

nanoparticles gained by co-precipitation.?®! In addition, the increase of the Cu crystallite sizes
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of ZnCurp-120°C and ZnCur-120°C (see Table 15) compared to the crystallite size before the

catalytic reaction (12 nm for ZnCucr, 18 nm for ZnCurp) obtained by Scherrer equation con-

firms the agglomeration of the particles during the catalytic reaction.[190-104]
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Figure 72: TEM-images and particle size distribution of ZnCuoe (A), ZNCure (B) and ZnCucopr (C) after
the catalytic reaction. The catalytic reaction is carried out at different reaction temperatures (200, 225,
250, 275, 300, 325 °C) at 28 bar. The H2:CO:z ratio is 3:1, the GHSV 8000 h-1. The catalysts are pre-
treated in Hz2:He 1:1 at 40°C for 1h. The overall reaction time is 14 h 50 min. For particle size distribution,
50 particles are counted for each sample.

The HAADF images and the corresponding EELS elemental maps of the catalysts after the
catalytic reaction are shown in Figure 73. After the catalytic reaction Zn is still located on the
Cu nanoparticles and Zn migration onto the Al,Os support does not take place. Part of the

green spots are transformed into orange spots which represent Zn/Cu alloy especially for the
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reductive precipitated sample which confirms the results even at low temperature pretreatment
Zn/Cu alloy is formed at large Cu nanoparticles. In the case of ZnCupp-120°C (Figure 73B) it
seems that Zn is highly distributed on the Cu surface and some green and orange areas are
visible. It indicates that Zn is partially oxidized but also partially alloyed. ZnCucep-120°C ex-
hibits besides some orange areas mainly green areas suggesting that less Zn/Cu alloy is

formed. It agrees with the different MeOH selectivity for both catalysts as explained above.

Figure 73: HAADF images of ZnCurp-120°C (A), ZnCupp-120°C (B) and ZnCucoprr-120°C (C) and the
corresponding EELS elemental maps showing the distribution of Zn (green), Cu (red), Al (blue), CuZn
(orange) after the catalytic reaction. The catalytic reaction is carried out at different reaction tempera-
tures (200, 225, 250, 275, 300, 325 °C) at 28 bar. The H2:CO: ratio is 3:1, the GHSV 8000 hl. The
catalysts are pretreated in Hz:He 1:1 at 200°C for 1h. The overall reaction time is 14 h 50 min.
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Figure 74: Powder diffractograms of ZnCupp-120°C, ZnCurp-120°C, ZnCucoprr-120°C and ZnCurr-120°C
after catalysis. The stars mark y-Al20s reflexes!'20: 1211 and the dots represent metallic Cul?51, Diffracto-
grams are recorded in an angle range between 5° and 90° in steps of 0.008°. The catalysts are tested
at different reaction temperatures (200, 225, 250, 275, 300, 325 °C) at 28 bar. The overall reaction time
is 14 h 50 min. The H2:CO:z ratio is 3:1, the GHSV 8000 h-.
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The powder diffractograms of the catalysts after the catalytic reaction are shown in Figure 74.
Compared to the powder diffractograms after Zn deposition (see Figure 59) the intensity of the
reflexes decreases especially for the Al,O3 support. The multiple reflexes for the Al.Os support
before the reaction of the co-precipitated sample disappear and broad reflexes like for the
commercial Al,Os; support arise. But even the reflexes for the commercial Al,O3; support are
less distinct. Interestingly, also the intensity of the Cu reflexes decreases. Despite sintering of
the Cu nanoparticles of ZnCupp during the catalytic reaction the intensity of the Cu reflexes
decrease. It indicates that extensive structural changes of the morphology of the catalyst take
place even in the Al,Os support. In addition, no reflexes concerning Zn/Cu bulk alloy can be
observed. It confirms the suggestion that the alloy formation only takes place at the outer layers
of the Cu nanopatrticles and that only Zn/Cu surface alloy or diluted a-brass is formed.

3.4.2 Influence of the Cu and Zn loading on the CO2 hydrogenation to methanol

To investigate if the Zn deposition method is also reliable using different Zn amounts and
higher Cu loadings and how the different loadings influence the CO, hydrogenation to metha-
nol several Zn/Cu/Al,O; catalysts are synthesized. The Cu loading is adjusted to 10 or 25 wt.%.
An additional catalyst with 50 wt.% Cu is synthesized via co-precipitation. The Zn loadings vary
between 0.25, 1, 2 and 3 wt.% for the catalysts with 10wt.% Cu loading and between 2.5 and
5 wt.% for the catalysts with 25 wt.% Cu loading. A Zn loading of 7.5 wt.% is selected for the
catalysts with 50 wt.% Cu loading.

3.4.2.1 Synthesis of the different Cu and Zn loaded catalysts

The labels of the catalysts and their desired Cu and Zn loadings are summarized in Table 16.
The synthesis of the different Al,Os; supported nanoparticles (see 3.4.1.1) as well as the Zn
deposition procedure (see 3.4.1.2) is described in the chapter before.

The Cu and Zn loadings are determined by elemental analysis via ICP-OES and are summa-
rized in Table 17. The measured Cu loadings agree well with the desired value especially for
the catalysts prepared by co-precipitation (CoPr) and by deposition precipitation with urea (DP).
The Cu loadings for the catalysts prepared by deposition precipitation via ligand removal (LR)
deviate widely from the desired value for the high Cu loading of 25 wt.% (Zn2.5Cu25.R,
Zn5Cu25.Rr). In this case, Cu is not deposited exclusively onto the Al,Os support because
some Cu is precipitated separately. During sieving of the samples, the Cu particles which are
separately precipitated are too small and they are dropped out. Hence, a lower Cu loading is
achieved.

The Zn loadings in general are in good agreement but they are partially slightly lower compared

to the desired values especially for the catalysts with 5 wt.% Zn loadings.
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Table 16: Abbreviations of the different ZnxCuy-; catalysts (x = ZnP, y = Cu?, z = preparation method of
the Al203 supported Cu nanoparticles), the declaration of the catalyst labels and the desired Cu (Cu®
and Zn (Znb) loadings in wt.%.

Abbreviation Cud ZnP Description

CulO.pp 10 - deposition precip. with urea without Zn
Zn1CulO.pp 10 1 deposition precip. with urea with Zn
Zn2CulO.pp 10 2 deposition precip. with urea with Zn
Zn3CulO.pp 10 3 deposition precip. with urea with Zn
Cu25.0pp 25 - deposition precip. with urea without Zn
Zn2.5Cu25.pp 25 2.5 deposition precip. with urea with Zn
Zn5Cu25.pp 25 5 deposition precip. with urea with Zn
CulO.copr 10 - co-precipitation without Zn
Zn0.25Cul0.copr 10 0.25 co-precipitation with Zn
Zn1CulO-copr 10 1 co-precipitation with Zn
ZNn2Cul0.copr 10 2 co-precipitation with Zn
Cu25_copr 25 - co-precipitation without Zn
Zn2.5Cu25.copr 25 2.5 co-precipitation with Zn
Zn5Cu25.copr 25 5 co-precipitation with Zn
Cu50.copr 50 - co-precipitation without Zn
Zn7.5Cu50.copr 50 7.5 co-precipitation with Zn
CulO..r 10 - deposition precip. via ligand removal without Zn

Zn0.25Cul0..r 10 0.25 deposition precip. via ligand removal with Zn

Zn1CulO..r 10 1 deposition precip. via ligand removal with Zn
Zn2CulO..r 10 2 deposition precip. via ligand removal with Zn
Cu25.r 25 - deposition precip. via ligand removal without Zn
Zn2.5Cu25.r 25 2.5 deposition precip. via ligand removal with Zn
Zn5Cu25..r 25 5 deposition precip. via ligand removal with Zn
CulOre 10 - reductive precip. without Zn
Zn0.25Cul0.rp 10 0.25 reductive precip. with Zn
Zn1CulO.rp 10 1 reductive precip. with Zn
Zn2Cul0.rp 10 2 reductive precip. with Zn

Cu25kp 25 - reductive precip. without Zn
Zn2.5Cu25.rp 25 2.5 reductive precip. with Zn
Zn5Cu25.rp 25 5 reductive precip. with Zn
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Table 17: Cu (Cud) and Zn (Znb) loadings in wt.% determined by ICP-OES as well as the Cu/Zn ratio.
The error is determined to be around 5% including the preparation and the ICP-OES measurement itself.
In addition, the ratio of Zn atoms per Cu atom at the surface (Zn/Cusur) of the different catalysts is
calculated. For the calculation of Zn/Cusurf the Cu surface areas of the pre-catalysts are used that are
summarized in Table 18 and a Cu atom density of 1,47 - 1019 atoms per m2.[191]

Sample Cu® Zn* Cu/Zzn Zn/Cusus
Zn1Cul0.pp 9.6 095 10.1 0.6
Zn2Cul0.pp 9.8 1.8 54 1.1
Zn3Cul0.pp 9.8 2.7 3.6 1.7
Zn2.5Cu25.pp 26.8 24 11.2 1.3
Zn5Cu25.pp 252 43 5.9 2.3
Zn0.25CulQOcerr 10.1 0.31 326 0.3
Zn1CulO-copr 10.0 0.90 111 0.7
Zn2CulO-copr 9.8 1.8 5.4 1.3
Zn2.5Cu25.copr 24.1 23 10.5 0.6
Zn5Cu25.copr 251 4.6 55 1.2
Zn7.5Cu50.copr 50 7.5 6.7 1.8
Zn0.25Cul0..r 95 035 271 0.4
Znl1CulO..r 9.7 083 117 0.9
Zn2CulO..r 10.0 2.0 5.0 2.1
Zn2.5Cu25..r 13.7 25 55 1.8
Zn5Cu25..r 125 47 2.7 3.4
Zn0.25CulO.rp 9.0 0.29 31.0 1.6
Zn1CulO-rp 9.1 0.92 9.9 5.9
Zn2CulOrp 9.1 1.8 5.1 11.3
Zn2.5Cu25.rp 21.0 22 9.5 69.0
Zn5Cu25.gp 27.1 3.1 8.7 97.0

Powder diffractograms are measured from the pre-catalysts (Al.Os supported Cu nanoparticles
after calcination without Zn) with high Cu loadings. The powder diffractograms are shown in
Figure 75. The powder diffraction of the pre-catalysts with 10 wt.% Cu loading are depicted in
Figure 52 and are discussed in section O.

Only CuO and Al,Os reflexes are observable. It indicates that during calcination the precipitates
mainly Cu(OH), and Al(OH)s are transformed into the respective oxides. The reflexes of CuO
are very broad for Cu25.c.pr and become narrower for higher Cu loadings (Cu50.copr). It hints
that the CuO nanoparticles are smaller with 25 wt. % loading. In addition, the Al,Os support is

less crystalline compared to the sample with just 10 wt.% Cu loading. The CuO reflexes of
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Cuzs.pp are much broader compared to Cu25..r. According to XRD, the order of the CuO na-
noparticle sizes are as follows: Cu25.r > Cu25.0p > Cu25.corr. Cu25.rp is NOt measured be-
cause metallic Cu nanoparticles are directly formed during reductive precipitation and the cal-

cination step is not necessatry.

intensity / a.u.

T T T T T T T
20 30 40 50 60 70
20/°

Figure 75: Powder diffractograms of Cu25.op, Cu25..r, Cu25.corrand Cu50-copr after calcination at 450°C
for 4 h (2.5 K/min). The stars mark y-Al20s-reflexes!120. 1211 and the triangles represent CuOI[l%¢l, Diffrac-
tograms are recorded in an angle range between 5° and 70° in steps of 0.013°.

In addition, the BET surface area, the pore size and the pore radius are determined of all pre-
catalysts. The results are summarized in Table 18. In general, the BET surface areas decrease
with increasing Cu loading. For the catalysts prepared by DP and LR a commercial Al,O3 sup-
port is used. Hence, Cu is precipitated onto the support. A higher Cu loading leads to plugging
of the pores of the support. Consequently, the BET surface area drops. In the case of the co-
precipitated pre-catalysts in which the Al,Os support is formed simultaneously during the pre-
cipitation and subsequent calcination it is different. The higher Cu content inhibits the formation
of highly porous Al.Os which results in lower BET surface area. Nevertheless, a BET surface
area of 123 m?/g is achieved for the pre-catalysts with 50 wt.% Cu.

Like for the pre-catalysts with 10 wt.% Cu (see section 0), H>-TPR is carried out of the 25 wt.%
and 50 wt.% Cu loaded pre-catalyst to get information about the morphology of the different
Cu nanoparticles. The H,-TPR profiles are depicted in Figure 76. The TPR-profiles for the
catalysts with 25 wt.% Cu loading prepared DP and LR are shifted to lower temperatures indi-
cating that CuO nanoparticles interact less with the Al,Os support which is most likely caused

by larger Cu nanoparticles compared to the catalysts with 10 wt.% Cu loading.
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Table 18: BET surface area (SAset in m2/g), pore volume (Vpore in mL/gcat) and pore radius (rpore in NM)
of the pre-catalysts. Cu crystallite sizes (Sizecys in nm) after Zn deposition calculated with the Scherrer
equation. The reflexes at 43 26 and 50 26 serve for the determination of the crystallite sizes (see Figure
59 and Figure 77). Cu metal surface area of the pre-catalysts (Cu-SAnzo-rrc in m?/g) and of the catalysts
after Zn deposition and subsequent reductive treatment at 120°C (*2°°°Cu-SAnzo-rrc) determined by
N20-RFC. The N20-RFC is carried out in 1 % N20 in He at ambient conditions. Before the measurement,
the pre-catalysts are reduced in pure Hz at 300°C (1 K/min) for 1 h. Cul0-re and Cu25-re are pretreated
in pure Hz at 40°C (1 K/min) for 1 h. The catalysts after Zn deposition are pretreated in pure Hz at 120°C
(1K/min) for 1h.

Sample Seer Vpore Fpore Sizecrys Cu-SAn2oRrc 129°CCuU-SAN20-RFC
CulO.pp 208 054 3.74 - 10.5 -
Cu25.pp 148 0.44 454 - 11.6 -
Zn2Cul0.pp - - - 5.0£3.0 7.1 7.1
Zn2.5Cu25.pp - - - 10.4 1.0 - 7.2
Zn5Cu25.pp - - - 11.9 £0.7 - -
Cul0-copr 185 0.51 3.74 - 8.5 -
Cu25.copr 156 0.32 3.17 - 24.5 -
Cu50-copr 123 0.22 3.18 - 26.0 -
Zn2Cul0-copr - - - - 7.0 7.4
Zn2.5Cu25_copr - - - - - 17.5
Zn5Cu25.copr - - - - - -
Zn7.5Cu50.copr - - - 6.5 0.6 - -
CulO.r 192 057 3.76 - 6.0 -
Cu25.r 133 045 454 - 8.8 -
Zn2Cul0.r - - - 12.0 +4.0 - -
Zn2.5Cu25..r - - - 13.7 1.2 - 5.4
Zn5Cu25..r - - - 12.1+1.5 - -
CulOre - - - - 1.0 -
Cu25kp - - - - 0.2 -
Zn2Cul0rp - - - 18.0 +2.0 - -
Zn2.5Cu25.rp - - - 18.9+1.5 - -
Zn5Cu25.rp - - - 20.8 £2.1 - -

This effect is much more pronounced for the co-precipitated catalysts with 25 wt.% Cu. The
TPR profile is massively shifted to lower temperatures. But only one signal appears like in the
TPR profile of the 10 wt.% Cu loaded pre-catalyst. The lower temperature (168 °C for Cu25.copr
compared to 293 °C for CulO.corr) indicate that with higher Cu loading the CuO nanoparticles

are less incorporated into the Al,Os support and hence the metal support interactions are less
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distinct. The TPR signal for the 50 wt.% Cu loaded pre-catalyst appears at slightly higher tem-
peratures which means that this sample contains more bulk CuO. It confirms the results ob-
tained by XRD because the reflexes for CuO of Cu50.copr are by far more distinct which demon-

strates that the CuO particles are quite larger compared to Cu25.copr.
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Figure 76: TPR profiles of Cu25.corr, Cu50-corr, Cu25.0p and Cu25..r after calcination in air at 450°C
(2.5 K/min) for 4h. The TPR profiles are carried out in a temperature range of 50°C to 800°C (5 K/min)
in 2.5 % Hz in He.

Before the Zn deposition, the pre-catalysts are reduced in H; to form Al.Os supported metallic
Cu nanoparticles. In Figure 77 the powder diffractograms of the catalysts with 25 wt.% and
50 wt.% Cu are shown after Zn grafting. Powder diffractograms of the catalysts with 10 wt.%
Cu loading and 2 wt.% Zn are shown in Figure 59 and discussed in section 0.

Only Cu and Al,Os reflexes can be observed. ZnO is not formed. It indicates that even with
high Zn loadings Zn is deposited in thin layers onto the Cu nanoparticles. The catalysts origi-
nating of the same pre-catalysts show very similar patterns. Hence, the deposition of larger Zn
amounts does not influence the Cu dispersion. The Cu crystallite sizes are determined using
the Scherrer equation and the reflexes at 43 26 and 50 26.[1%%-104 The values are summarized
in Table 18. The crystallite sizes increase from around 5 £3.0 nm (this value is not reliable, see
discussion section 0, Cu nanoparticle size by TEM = 2.0 £0.5 nm) to around 11 nm for the
catalysts with 25 wt.% Cu loading prepared by DP. It indicates that a higher Cu amount does
not lead automatically to a higher Cu dispersion for this precipitation method. The Cu crystallite
size of the catalysts prepared by LR stays constant. But in this case the Cu loading differs only
slightly because the 25 wt.% Cu loading could not be achieved as discussed before. The Cu
crystallite sizes of the catalysts prepared by RP slightly increase with higher Cu loadings. Be-
cause of the very broad Cu reflexes of the catalysts with 25 wt.% Cu loading prepared by co-
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precipitation only the Cu crystallite size of the 50 wt.% Cu loaded catalysts could be calculated
(6.5 £0.6 nm).

Zn7.5CU50 ¢p, *
Zn5Cu25 . p,
Zn2.5Cu25 ¢ p,

Zn5Cu25 j\\/\/\ A

Zn2.5Cu25 5, N
Zn5Cu25-
Zn2.5Cu25
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ML
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Figure 77: Powder diffractograms of the catalysts with 25 wt.% and 50 wt.% Cu after Zn deposition. The
stars mark y-Al203 reflexes!120. 1211 gnd the dots represent metallic Cul23ll, Diffractograms are recorded
in an angle range between 5° and 90° in steps of 0.008°.

In addition, the Cu surface area is determined via N.O-RFC of the pre-catalysts as well as of
the catalysts with 25 wt.% Cu loading after Zn deposition and reductive pretreatment at 120°C.
All catalysts are pretreated at this temperature before the catalytic reaction for better compa-
rability. The Cu surface areas are summarized in Table 18. The Cu surface area of the pre-
catalysts prepared by DP (Cul0.pp and Cu25.0p) only slightly increases from 10.5 to 11.6 m?/g.
The same course can be observed for the catalysts prepared by LR (Cul0..r = 6.0 and Cu25..r
= 8.8) The values for the catalysts prepared by reductive precipitation are not reliable because
the Cu surface area are around 1 or even below 1 m?/g. In contrast to the precipitation methods
in which the Cu is precipitated onto the Al,O3 support and the Cu surface area does not in-
crease substantially with higher Cu loadings the Cu surface areas of the co-precipitated cata-
lysts increase massively from 8.5 m?/g for Cul0.copr to 24.5 m?/g for Cu25.coer and to 26.0 m?/g
for Cu50.copr. Especially from 10 to 25 wt.% Cu loading the Cu surface area increase is almost
linearly to the increase of the Cu amount. An even higher Cu loading leads only to a slight rise.
It agrees with the obtained powder diffractograms in which Cu50.cqpr and the respective ZnCu
catalysts show narrower reflexes compared to 25 wt.% catalyst. In summary, a Cu loading of
25 wt. % for the catalysts prepared by different deposition precipitation methods (DP, LR, RP)

leads to larger Cu nanoparticles and only slight increases of the Cu surface area. This is in

102



MeOH Synthesis — Synthesis of Methanol Catalysts via Diethyl Zinc Grafting on Alumina
Supported Copper Nanopatrticles

good agreement with the results obtained by XRD. In addition, pre-catalysts prepared by co-
precipitation have higher Cu surface areas with increasing Cu loading. However, a Cu loading
of 50 wt.% Cu leads not to a substantial rise of the Cu surface area.

The Cu surface areas after Zn deposition and subsequent reductive pretreatment decrease
because Zn is blocking Cu sites as discussed in section 3.4.1.3. The Cu surface area of

17.5 m?/g for the co-precipitated catalysts (Zn2.5Cu25.corr) is by far the highest.

3.4.2.2 CO; hydrogenation to methanol with different Cu and Zn loaded catalysts

The catalytic reaction of CO, and H. to MeOH is carried out at 28 bar and temperatures be-
tween 200 and 325 °C with a feed gas of H2:CO2 3:1. A detailed description and a drawing of
the setup are depicted in the experimental part (section 7.2). The catalysts are used after re-
ductive pretreatment at 120°C in H, for 1 h.

The CO: conversions of the catalysts are shown in Figure 78. In general, a higher Cu loading
of 25 wt.% or even 50 wt.% in the case of Zn7.5Cu50.copr increases the CO; conversion espe-
cially at temperatures up to 275°C. The conversion increase of the co-precipitated catalysts
with Cu loadings of 25 wt.% or 50 wt.% is up to three times higher at 225°C compared to the
catalysts with 10 wt.% Cu loading. As we know from N.O-RFC, the Cu surface area of the
higher loaded catalysts is by far higher than that of the 10 wt.% Cu loaded catalysts. Hence, a
higher Cu surface area leads to a large increase of the CO conversion. The increase of the
Cu surface for the catalysts prepared by LR and DP is not as much distinct with higher Cu
loading. However, the CO, conversions also increase a lot. The CO; conversion of the cata-
lysts prepared by RP remains very low due to the low Cu dispersion.

The Zn loading also influences the CO. conversion. Because the different Cu particles sizes
have an influence on the Zn/Cu surface alloy formation and the catalysts are pretreated at
120°C in H; the extent of Zn/Cu surface alloy formation is very distinguished for the different
catalysts. It means that the Zn/Cu surface alloy formation for the catalysts prepared by DP with
higher Cu loading is expected to be more distinct due to the larger Cu nanoparticles compared
to the catalysts with only 10 wt.% Cu. Zn3Cul0.pr for example converts less CO, compared to
the other catalysts with the same Cu loading. The higher Zn loading of 3 wt.% compared to the
lower loadings of 1 and 2 wt.% possibly leads to blocking of Cu sites and hence the CO-
conversion is lowered.

The Zn/Cu surface alloy formation in the co-precipitated catalysts is less distinct for the cata-
lysts with 10 and 25 wt.% Cu loading because N>O-RFC and XRD confirmed that these cata-
lysts consist of Cu nanoparticles with a similar size. Alloy formation of the 10 wt.% Cu loaded

sample with 2 wt.% Zn loading begins only after 100°C. In contrast to that, it is expected that
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the Zn/Cu surface alloy formation is more distinct for Zn7.5Cu50-CoPr because of the larger
Cu nanopatrticles.
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Figure 78: COz conversion at different reaction temperatures (200, 225, 250, 275, 300, 325 °C) at 28 bar
for the different Cu and Zn loaded catalysts ZnxCuy-z (x= Zn loading in wt.%, y = Cu loading in wt.%, z
= precipitation method). The H2:CO:z ratio is 3:1. The GHSV is 8000 h1. The catalysts are pretreated in
H2:He 1:1 at 120°C for 1 h. The overall reaction time is 14 h 50 min.

The ratios of the Zn atoms to the Cu surface atoms (Zn/Cusuf) are calculated using the Cu
surface areas of the pre-catalyst and the Zn loadings. The values are summarized in Table 17.
The MeOH selectivity of the different catalysts is depicted in Figure 79. The explanation for the
different MeOH selectivity is complex and is discussed in detail. Hence, only the different
MeOH selectivity of the catalysts prepared by DP and CoPr is presented. The MeOH selectivity
of the other catalysts is shown in the appendix (Figure 114)

For the catalysts prepared by DP with 10 wt.% Cu loading the MeOH selectivity follows the
order Zn2Cul0.pp > Zn1CulO.pp = ZN3Cul0.0p. The Zn/Cu surface alloy formation at 120 °C
pretreatment for all the catalysts behaves similarly because of the same pre-catalyst. There-

fore, the different MeOH selectivity can be referred to the different Zn/Cusys ratios. 3 wt. % Zn
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(Zn/Cusut = 1.7) seems to inhibit MeOH formation most likely to the overloading of the Cu
surface whereas 1 wt.% Zn loading (Zn/Cusus = 0.6) is too low to form highly dispersed Zn®*
sites. The effect of overloading the Cu surface by Zn is even more pronounced for the samples
with higher Cu loadings. Because the Cu surface area does not increase drastically with higher
Cu amounts the addition of 5 wt.% Zn means that the Zn/Cusytincrease to 2.3. The larger Cu
nanoparticles namely enhance the Zn/Cu alloy formation during the reductive pretreatment at
120°C and hence a higher Zn/Cusuf value could be compensated by the more distinct Zn/Cu
surface alloy formation but this effect cannot be observed. Possibly the Zn/Cu alloy formation
is even increased but the extensive alloying is not beneficial for the formation of highly dis-
persed Cu/Zn®* sites.[2"

The different MeOH selectivity of co-precipitated catalysts also indicates the importance of the
Zn loading regarding the Zn/Cu surface alloy formation. The MeOH selectivity for the catalysts
with 10 wt.% Cu follows the order Zn0.25Cul0.copr > ZN1Cul0.copr > ZN2CU10.copr. After 120°C
pretreatment the Zn/Cu surface alloy formation is low as discussed before. Hence, higher Zn
loading leads to a higher Zn concentration on the Cu surface because less Zn can migrate into
the Cu surface at these pretreatment conditions. In this case 0.25 wt.% Zn that means a low
Zn/Cusy Of just 0.3 is enough or at least more beneficial to form the promoting Zn/Cu surface
alloy and consequently highly dispersed Cu/Zn®* sites during the catalytic reaction. In general,
a higher Cu surface area leads to higher MeOH selectivity but the low selectivity of Zn2.5Cu25.

copr ShOws that this suggestion is insufficient.
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Figure 79: MeOH selectivity at different reaction temperatures (200, 225, 250, 275, 300, 325 °C) at
28 bar for the different Cu and Zn loaded catalysts ZnxCuy-z (x= Zn loading in wt.%, y = Cu loading in
wt.%, z = precipitation method). The H2:CO: ratio is 3:1. The GHSV is 8000 h-1. The catalysts are pre-
treated in Hz:He 1:1 at 120°C for 1 h. The overall reaction time is 14 h 50 min.

The Zn/Cusut of ZN5CU25.c0pr is 1.2 and consequently twice as high as the value of Zn2.5Cu25.

copr. It shows that not only a high Cu dispersion is needed for high methanol selectivity. It
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agrees with the explanation of the different MeOH selectivity of the catalysts prepared by DP
that the Zn amount which is deposited onto the Cu nanopatrticles plays an important role.

It also indicates that it is not only important that simply Zn/Cu surface alloy be formed for highly
dispersed Cu/zZn®* sites. In addition, the amount of Zn is crucial which is deposited onto the Cu
surface before Zn/Cu surface alloy formation.™*?® 131 Too high Zn amounts leads to blocking of
the Cu sites or to extensive Zn/Cu alloy formation which is not beneficial for the formation of
highly dispersed Cu/Zn®" sites. Too low Zn amounts can lead to the absence of Zn/Cu surface
alloy and hence the lack of highly dispersed Cu/Zn®* sites.

In Figure 80 the interpolated temperature for 5 % CO- conversion for all catalysts and the
respective MeOH selectivity are shown. The red symbols and red scripture represent the cat-
alysts without Zn. The conversions and selectivity are interpolated with a polynomial function.
The catalysts labels are summarized in Table 40 in section 1.1. It clearly figures out that Zn is
enhancing the MeOH selectivity but also slightly reduces the temperature for 5 % conversion.
In general, a higher Cu surface area leads to higher MeOH selectivity because most of the
data points concerning the catalysts prepared by DP and CoPr which have the highest Cu
surface areas lie above the points concerning to the catalysts with lower Cu surface areas

(catalysts prepared by LR and RP).
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Figure 80: Interpolated temperature for 5 % CO2 conversion for all catalysts and the respective MeOH
selectivity. The red symbols and red scripture represent the catalysts without Zn. The catalysts labels
are summarized in Table 40 in the appendix in section 1.1.

To get information of structural changes of the catalysts during the catalytic reaction powder

diffractograms are measured exemplarily of the catalysts Zn5Cu25.pp, Zn5Cu25.R,
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Zn5Cu25.rp, ZN5CU25.copr and Zn7.5Cu50.copr. The powder diffractograms are shown in Figure

81 and the respective Cu crystallite sizes are summarized in Table 19.
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Figure 81: Powder diffractograms of Zn5Cu25.pp, Zn5Cu25..r, ZN5Cu25rp, ZN5CuU25.corr and
Zn7.5Cu50.copr after catalysis. The stars mark y-Al20s reflexes('?0. 1211 and the dots represent metallic
Cul231l, Diffractograms are recorded in an angle range between 5° and 90° in steps of 0.008°. The cat-
alysts are tested at different reaction temperatures (200, 225, 250, 275, 300, 325 °C) at 28 bar. The
overall reaction time is 14 h 50 min. The H2:CO:2 ratio is 3:1, the GHSV 8000 hl. The catalysts are
pretreated in Hz:He 1:1 at 120°C for 1 h.

Table 19: Cu crystallite sizes (“®Sizecrys in nm) after the catalytic reaction calculated with the Debye-
Scherrer equation. The reflexes at 43 20 and 50 26 serve for the determination of the crystallite sizes
(see Figure 74). Cu metal surface area of the catalysts after the catalytic reaction (aCu-SAnz2o-rrc) de-
termined by N2O-RFC. The N20O-RFC is carried out in 1 % N20 in He at ambient conditions. Before the
measurement of the Cu surface area after the catalytic reaction the catalysts are purged in He to get rid
of residual adsorbates. The catalysts are tested at different reaction temperatures (200, 225, 250, 275,
300, 325 °C) at 28 bar. The overall reaction time is 14 h 50 min. The H2:CO: ratio is 3:1, the GHSV
8000 h-t.

Sample ACU-SANzo-RFC  “ASizecrys
Zn2.5Cu25.pp-120°C 4.0 -
Zn5Cu25.pp-120°C - 145 1.7
Zn2.5Cu25.,r-120°C 2.2 -
Zn5Cu25.r-120°C - 20.3+£1.4
Zn2.5Cu25rp-120°C - -
Zn5Cu25.rp-120°C - 32.1+£3.8
Zn2.5Cu25.copr-120°C 5.4 -
Zn5Cu25.cor-120°C - 39105
Zn7.5Cu50.cop-120°C - 10.0+£1.4
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Similar to the powder diffractograms of the catalysts with 10 wt.% Cu loading after catalysis
(see Figure 74) only reflexes of Cu and Al,Os are observable. The reflexes of the Al,O3 support
are less distinct and hence the overlap of the Cu reflexes is lower. The crystallite sizes increase
which confirms that the Cu nanoparticles agglomerate during the catalytic reaction.

Besides XRD, the Cu surface areas of the spent catalysts (Zn5Cu25.0p, ZN5CU25.R,
Zn5Cu25.copr) are determined by N>O-RFC. The Cu surface areas decrease a lot compared to
the Cu surface areas before the catalytic reaction, which agrees with the increasing Cu crys-
tallite sizes. The drop of the Cu surface area of Zn5Cu25.cqpr is higher compared to catalyst
with 10 wt.% Cu (see Table 15). Hence, the stabilizing effect of the AlO3 support is less distinct
with higher Cu loadings because Cu/Al,Os interactions are weakened which was also obtained
by H>-TPR measurements.

3.4.3 Catalysts containing highly dispersed ZnO synthesized by ZnEt2 grafting

Zn was deposited directly onto the Cu nanoparticles which were supported on Al,Os; for all the
catalysts applied in the last chapters. Therefore, in another approach diethyl zinc is grafted
onto the Al,O3 support, calcined in air to form highly dispersed ZnO and afterwards Cu is de-
posited via deposition precipitation with urea (DP). It has the advantage that ZnO is present to
stabilize the Cu dispersion.[?°%- 221 |n addition, according to Lunkenbein et al. it is expected that
Zn migrates onto the Cu nanoparticles during the reductive pretreatment.*3? This step is by-

passed by the direct deposition of diethyl zinc onto the Cu nanoparticles.

3.4.3.1 Synthesis of the catalysts

The synthesis of the catalysts is divided in two parts: the grafting of diethyl zinc on the Al,O3
support and the subsequent deposition of Cu via DP. Two catalysts are synthesized with dif-
ferent Cu to Zn ratios (10:1 (ZnCue1) and 2:1 (ZnCurer)). The results are compared to ZnCupp
which was already used for the investigations in the last two chapters with around 2 wt.% Zn
and 10 wt.% Cu loading.

Grafting of diethyl zinc

During the first synthesis step diethyl zinc is grafted onto dehydroxylated Al,Os. Afterwards an
IR spectrum is measured to prove if diethyl zinc was successfully grafted. The IR spectra of
the pure dehydroxylated Al,Os support as well as after the grafting step are shown in Figure
82. The assignment of the different signals was already discussed in section 0. The most sig-
nificant signal occurs at 2961 cm* which represents v-CH.-bond stretching. The signals around
2900 cm'* appear also in the spectrum of pure Al,O3 but less in intensity. The series of signals

below 1650 cm™ (1641, 1531, 1461 cm™) are assigned to any organic compound and cannot
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be allocated easily. The signals at 1248 cm™ belong to .ss-CH-deformation of the grafted
diethyl zinc because both signals are absent in the spectrum of pure Al.Os. Boiadjiev et al.
observed similar results for the exposure of hydroxylated alumina at room temperature to a
saturated vapor of dimethyl zinc which was discussed in section 0.?%% They described the
surface species as O-Zn-CHs; groups. During the exposure, they observed methane formation
as well as a decrease of the OH-band after it. The primary reaction was indicated as the con-
version of dimethyl zinc and a surface OH-group to O-Zn-CHs species and methane. Therefore,
it seems reasonable to suppose a formation of O-Zn-CH,-CHjs species on the Al,O3 surface in
the case of diethyl zinc. In addition, the signals at 3581, 3683 and 3729 cm™ which belong to
the OH-groups of the dehydroxylated Al>O3 decrease in intensity. It hints that the OH-groups
are consumed during the grafting step which indicates the formation of a O-Zn-CH»-CHs spe-
cies on the surface.

ZnEt,/Al,05-700°C (Zn,¢5)

3729 } 2929
} 3683 i og5g 2350 (CO,
i from air)

intensity / a.u.

Al,0,-700°C
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Figure 82: IR spectrum of the Al2O3 support (black line) before the grafting with ZnEt2. The Al203 support
is calcined at 500°C (5K/min, 8h) and dehydroxylated at 700°C at 10-¢ bar to create isolated hydroxyl
groups. IR spectrum of the Al2Os support after grafting with ZnEt. at room temperature (grey line).

The grafting procedure is performed at room temperature as well as at 40°C under hydrogen
atmosphere. It turned out that the grafting of diethyl zinc is possible under both conditions. It
means that under the same reaction conditions diethyl zinc can be grafted on Al,Os like it was
done on Cu. Therefore, the selectivity of the deposition on the Cu nanoparticles originates from
the thermodynamic stabilities of the different surface species generated during the grafting.
The Cu-Zn interactions seem to be more dominant which could be the reason why the zinc
groups prefer Cu sites over Al,Os.

The grafting procedure is carried out with different Zn loadings. The BET surface area of the
commercial Al,Os is about 220 m?/g. and the OH density of aluminum oxide treated at 700°C
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amounts 0.6 nm™.28) The amount of the OH groups of the used amount of Al,Oz support is
0.11 mmol resulting in a maximum Zn loading of 1.44 % if all hydroxyl groups are occupied
with Zn. However, loadings of 0.7 (ZnCun) and 4.2 wt.% (ZnCuerz) are achieved and deter-
mined by elemental analysis via ICP-OES. That means that besides grafting of diethyl zinc
also agglomerates can be formed, or diethyl zinc can be deposited in several layers onto the
Al>O3 support.

After Zn grafting the samples are calcined at 250°C in air to decompose the O-Zn-CH>-CHs
species into highly dispersed ZnO. The powder diffractograms are shown in Figure 83.
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Figure 83: Powder diffractograms of ZnCurer1 and ZnCurer2 after Zn grafting and subsequent calcination
at 250°C for 4 h (2.5 K/min). The stars mark y-Al2Os-reflexesl'20. 1211 and the diamonds represent ZnQ277,
Diffractograms are recorded in an angle range between 5° and 70° in steps of 0.013°.

Only reflexes of the Al>O3 support are observable. It is not surprising that the powder diffrac-
tograms do not contain reflexes of ZnO because the reflexes of Al,Oz are very dominant and

ZnO is highly dispersed with low loadings.

Deposition of Cu onto the ZnO/Al,O3 support

During the second synthesis step Cu is deposited onto the ZnO/Al,Os support via deposition
precipitation with urea (DP). The precipitation method is described in more detail in section
3.4.1.1 and the catalysts (ZnCuren and ZnCuyes2) are compared to the catalysts ZnCupp in which
Zn was grafted directly onto the Cu nanopatrticles.

After the deposition of Cu, the Cu and Zn loading is determined by elemental analysis via ICP
OES (see Table 20). The Cu loadings are 6.8 and 9.6 wt.% and the Zn loadings are 0.7 and
4.2 for ZnCurers and ZnCurerz. The desired ratios of Cu/Zn with 10/1 and 2/1 are almost achieved.
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In addition, powder diffractograms of the catalysts are measured after calcination and com-
pared to Cupp (CuO on Al,O3) which is the precursor or rather the pre-catalyst of ZnCupp. The
powder diffractograms are depicted in Figure 84.

Table 20: Cu (Cu?) and Zn (Znb) loadings in wt.% determined by ICP-OES. The error is determined to
be around 5% including the preparation and the ICP-OES measurement itself.

Sample Cu® Zn°
ZnCupp 69 0.7
ZNnClurer1 9.6 4.2
ZNnCuUrer2 98 1.8
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Figure 84: Powder diffractograms of Cupp, ZnCurer1 and ZnCurer2 after deposition of Cu and subsequent
calcination at 450°C for 4 h (2.5 K/min). The stars mark y-Al2Oz-reflexes!?0: 1211, The triangles represent
CuO-reflexesli0®l, Diffractograms are recorded in an angle range between 5° and 70° in steps of 0.013°.

Like in the powder diffractograms after Zn grafting, only reflexes assigned to AlOs are observ-
able. CuO reflexes are implied at most in the region between 35 and 40 26 and 60 26. The
powder diffractograms of ZnCurer1 and ZnCurer2 fit well with the powder diffractogram of Cupp
indicating a similar structure and nature of the deposited CuO particles.

Table 21: BET surface area (SAset in m2/g), pore volume (Vpore in mL/gcat) and pore radius (rpore in NM)
of ZnCuref1, ZNCurer2, the pure Al203 support and Cupp.

Sample SAgeT Vpore I'pore
Cupp 208 0.54 3.74
ZNCuUref1 167 0.52 4.58
ZNCuUref2 156 0.52 4.56
Al2O3 220 0.58 3.74
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In addition, the BET surface area as well as the pore volume and the pore radius are deter-
mined. The values are summarized in Table 21. The BET surface area of the reference cata-
lysts is lower than the BET surface area of the pure Al,O3; and Cupp. On top of the CuO the
ZnO plug the pores of the Al,Os; support which further decrease the BET surface area com-
pared to the pure Al,O3; support and to CuO on Al;Oz (Cupe).

Furthermore, H.-TPR is measured to investigate the different support/Cu interactions. The Ha-
TPR profiles are shown in Figure 85.

H, consumption / a.u.

T T T T T T T T T T T T 1
100 200 300 400 500 600 700
temperature / °C

Figure 85: H2-TPR profiles of ZnCuret1, ZNCurerz and Cupp after calcination in air at 450°C (2.5 K/min) for
4h. The TPR profiles are carried out in a temperature range of 50°C to 800°C (5 K/min) in 2.5 % Hz in
He.

In general, three signals can be observed for Cupp, two for ZnCurer, and one for ZnCuenn. The
different signals of Cupp are discussed in detail in section 0. In addition, the signals of ZnCures,
and ZnCuen are shifted to lower temperatures which suggest that the ZnO underlay which is
located between the Al,Osz support and the Cu particles decreases the support/Cu interac-
tions.[?52 253 The difference between ZnCuren and ZnCuer is most likely caused by the lower
Cu loading of ZnCuren Which leads to a smaller particle distribution that is represented by only
one signal at low temperature in the TPR-profile.

The Cu surface area is determined by N>O-RFC. The values are compared to pure Cupp and
to ZnCupp (Cupp as precursor after Zn deposition, see section 3.4.1.2) and are summarized in
Table 22.

The Cu surface areas decrease with the addition of Zn. The decrease of ZnCupp is caused by

the deposition of Zn onto the Cu nanoparticles as discussed in section 3.4.1.3.
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Table 22: Cu metal surface area of ZnCurer1, ZNCurer2, Cupp and ZnCupp determined by N2O-RFC (Cu-
SAnz2o-rrc in m?/g). The N2O-RFC is carried out in 1 % N20 in He at ambient conditions. Before the
measurement ZnCurer1, ZNCurer2 and Cupp are reduced in pure Hz at 300°C (1 K/min) for 1 h. ZnCupp is
not pretreated before the measurement.

Sample Cu-SAN20-rFC
Cupp 10.1
ZNnCurei1 6.1
ZNCurei2 7.0
ZnCupp 7.1

Since the Cu nanoparticles of ZnCurers and ZnCuer2 are prepared by the same method as the
particles of Cupp, the Cu metal surface area should be similar. But they differ up to 4 m?/g.
The decrease of the Cu surface of ZnCurer1 and ZnCuer, compared to Cupp is most likely
caused by an Zn®/ZnO overlayer which deposits on the Cu nanoparticles during the reduction
according to Lunkenbein et al..*3 % |nterestingly, it seems that with the deposition of Zn
directly onto the Cu nanoparticles this overlayer growth can be simulated because the Cu sur-
face area of ZnCupp is nearly the same.

The lower value of ZnCuenn compared to ZnCuerz originates from the lower Cu loading but the
difference is not as much distinct as it would be expected due to the large differences of the
Cu loadings. It indicates that ZnCurern most likely contains smaller Cu nanoparticles which was

also observed by H,-TPR.

3.4.3.2 CO; hydrogenation to methanol

The CO2 hydrogenation reaction is carried out at 28 bar and temperatures between 200 and
325 °C with a feed gas of H»:CO, 3:1. A detailed description and a drawing of the setup are
depicted in the experimental part (section 7.2). The catalysts ZnCurern and ZnCurerz are reduc-
tively pretreated in H, at 300°C for 1 h. The catalysts are compared to pure Cu on Al,O3
(pureCupp), to ZnCupp (Zn is directly deposited onto the Cu) without pretreatment and to
ZnCupp-200°C that is pretreated at 200°C in Ha.

The CO, conversion as well as the MeOH selectivity are shown in Figure 86. The CO; conver-
sion of ZnCurn and ZnCurerz are higher than of the other catalysts up to 275°C reaction tem-
perature. The different CO, conversions of Cupp, ZNCupp and ZnCupp-200°C are discussed in
detail in section 3.4.1.3. It is expected that a Zn°*/Zn0O layer on top of the Cu nanoparticles is
formed during the reductive pretreatment of ZnCuret1 and ZnCuresz. In the case of ZnCupp just
Zn is deposited onto the Cu nanoparticles. ZnCupp-200°C is the same catalysts than ZnCupp
with the difference that due to the reductive pretreatment at 200°C in H: highly dispersed Zn/Cu

surface alloy developed which is then transformed to highly dispersed Cu/Zn?* sites during the
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catalytic reaction. However, it seems that the preformed Zn?"/ZnO layer is favorable for higher

CO- conversion which could be caused by facilitated CO; activation in the presence of ZnO.?"8l
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Figure 86: CO: conversion and MeOH selectivity at different reaction temperatures (200, 225, 250, 275,
300, 325 °C) at 28 bar for pureCupp, ZnCupp, ZNCuppr-200°C, ZNCurei1 and ZnCuref2. The H2:COz ratio is
3:1. The GHSV is 8000 ht. The catalysts are pretreated in H2:He 1:1 at 300°C or 200°C for 1 h. The
overall reaction time is 14 h 50 min.

In general, the MeOH selectivity of the Zn containing catalysts is higher compared to the cat-
alyst with pure Cu on Al,Os; (Cupp). However, the selectivity of ZnCupp-200°C is by far the
highest with 40% at 200°C. It indicates that the preformed Zn/Cu surface alloy leads to Cu/Zn%*
sites that are more dispersed or more selective than that formed during the reduction of a
Cu0/Zn0O/AlLO3 catalyst (ZnCurer1 and ZnCurerz). It underlines the importance of a Zn/Cu sur-
face alloy for the formation of highly dispersed Cu/Zn %" sites and hence for high methanol
selectivity which was discussed in detail in section 3.4.1.3.

Table 23: Cu metal surface area of ZnCurer1, ZNCurer2, ZNCupp and ZnCupp-200°C after catalysis deter-
mined by N20-RFC (“3Cu-SAnzo-rrc in m?/g). The N2O-RFC is carried out in 1 % N20 in He at ambient
conditions. The catalysts are tested at different reaction temperatures (200, 225, 250, 275, 300, 325 °C)
at 28 bar. The overall reaction time is 14 h 50 min. The H2:CO:z ratio is 3:1, the GHSV 8000 h-*.

Sample ACU-SAN20-RFC
ZnCurers 3.4
ZnCuyer2 3.8
ZnCupp 14
ZnCupp-200°C 1.0

In addition, the Cu surface areas are measured after catalysis to investigate if ZnO has an
influence on the Cu surface area and consequently on the Cu dispersion. The values are sum-

marized in Table 23.
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The Cu surface areas of ZnCurnn and ZnCuerz decrease by far less than the Cu surface areas
of ZnCupp and ZnCupp-200°C. The only difference is that in ZnCurenn and ZnNCurerz ZN is Not
deposited onto the Cu nanoparticles, but it is located between the Cu nanopatrticles. That could
be the reason why the Cu nanoparticles do not sinter as much as the Cu nanoparticles in
ZnCupp and ZnCupp-200°C. The ZnO particles between the Cu nanoparticles act as spacer
and prevent sintering which was also observed by Behrens et al.l}*! |t means that Zn is not
only beneficial for the formation of the active sites. It also acts as structural promotor to stabilize
the Cu dispersion and consequently a high Cu surface area. 66 203 206, 208]
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3.5 Conclusions

A new synthesis route for Cu/Zn/Al,O3 catalysts via grafting of ZnEt, on Al,O3 supported Cu
nanoparticles is developed to generate strong Cu-Zn interactions that are important for the
catalytic reaction of CO, to MeOH. ZnEt, turned out to be an ideal grafting agent because of
the easy cleavage of the ethyl groups reacting with H,. The advantage of the synthesis route
is the exclusive deposition of Zn(ll) on metallic Cu nanopatrticles. The Al,Os; support is not
involved compared to conventional co-precipitation or incipient wetness impregnation in which
ZnO and CuO are distributed within the whole catalyst. It allows to study the role of Zn in direct
vicinity of Cu and to exclude the influence of Zn, which is located between the Cu particles and
the Al,O3 support.

Zn/Cu surface alloy formation is observed even below 100°C. By reductive pre-treatment of
the catalysts, it is possible to adjust the Zn/Cu ratio at the surface and hence the extent of
Zn/Cu surface alloy formation. It turned out that the formation of Cu/Zn surface alloy after re-
ductive pretreatment leads to the formation of highly dispersed Cu/Zn®* sites during the cata-
lytic reaction. A very pronounced alloy formation or even bulk alloy is not as beneficial as Zn/Cu
surface alloy. In addition, the Zn coverage is important depending on the Cu patrticle size and
consequently the level of Zn/Cu alloy formation. Too low or high Zn amounts enhance only
slightly the selectivity to methanol. In general, the presence of Zn at the Cu surface increases
the selectivity to methanol by far.

For comparison, catalysts were prepared where Zn or rather ZnO is first and exclusively de-
posited on Al,Os. Cu is precipitated afterwards onto the support. It turned out that these cata-
lysts are more resistant towards sintering than the catalysts where Zn is exclusively deposited
onto the Cu nanoparticles. It means that the Zn atoms located on the Cu nanoparticles does
not prevent sintering and ZnO must be located between the Cu nanoparticles to decrease Cu
particle agglomeration. In addition, the selectivity to methanol is increased with this catalyst
but the increase is lower than for the catalysts where Zn is deposited directly onto the Cu
nanopatrticles. It underlines the importance of the formation of Zn/Cu surface alloy as precursor

for catalysts with high methanol selectivity.
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4.1 Introduction

Due to the rising concentration of CO; in the atmosphere and the role of CO- as greenhouse
gas, methanol synthesis from pure CO; feeds is of great interest.[® 1251281 The challenges of
activation and converting CO. have already been discussed in section 3.2.1. Usually,
Cu/ZnO/Al,O3 catalysts are applied in the industrial methanol synthesis process using typical
syngas feeds (CO/CO./Hy).

Due to the low selectivity to methanol and the preference to CO formation via the RWGS re-
action using Cu/ZnO/Al;O3 with CO, rich gas feeds alternative catalyst systems must be de-
signed.[129. 151, 279]

In particular In.03, ZrO,, TiO2, CeO; or Ga»0O3 oxide-based systems seems to be very promis-
ing.1279-289 Especially ZrO. based catalysts show high CO- conversion and methanol selectivity
at lower pressures.[?8 289 Because the reaction setup (parallel testing unit with 12 reactors)
used for this work can only be applied at a maximum pressure of 10 bar, ZrO, based catalysts
are the preferred systems. The role of ZrO; in methanol synthesis as well as the different
promotors that are added to the ZrO; based catalysts are presented in the next section.

For this work, different Cu/ZrO, catalysts are synthesized by variation of several parameters
during the co-precipitation procedure and are applied in CO2 hydrogenation to methanol using
a parallel testing unit (PTU). In addition, promotor screening is carried out and the influence of
different reaction parameters is studied. Selected catalysts are characterized and analyzed by
XRD, H2-TPD and N.O-RFC.
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4.2 Theoretical background

In the following, the role of ZrO; in Cu/ZrO- catalysts is presented as well as the influence of

promotors on the catalytic activity of Cu/ZrO, based catalysts.

4.2.1 Cu/ZrO2 catalysts

Fujitani et al. compared different catalyst supports for the hydrogenation of CO; to methanol
at 250°C and 50 bar. The promoting effect of ZrO, is on the same level as Al,O3. Ga>Os. ZnO
is most beneficial.[2°"

Koeppel et al. prepared Cu/ZrO; catalysts with different methods and compared the catalytic
activity. It turned out that precipitation methods gain the highest activity and methanol selec-
tivity by formation of a large interfacial surface area of the two components CuO and ZrO,.
Especially co-precipitation is most promising due to the development of microcrystalline Cu
particles, which are stabilized by amorphous ZrO,. A linear relationship between surface area
and catalytic activity was found within the same preparation method but not comparing the
different prepared catalysts which hints that the interfacial area between the two compounds
is important.?85 The precipitation as well the ageing temperature also influence the structure
of precipitated Cu/ZrO, based catalysts.?®!! Ro et al. also stated that the interfacial surface
area of Cu and ZrO enhances methanol formation.?%?

Liu et al. also investigated the influence of the preparation method on the catalytic activity.
ZrO, aerogel prepared by supercritical fluid drying and subsequent deposition precipitation of
Cu leads to the catalysts with highest methanol formation rates. The higher formation rate is
caused by the higher Cu surface area, small particle size distribution and small Cu nanoparti-
cles.?%

Temperature-programmed reduction and temperature-programmed desorption experiments of
Cu/ZrO; catalysts showed that Cu loadings below 10 wt.% and calcination below 650°C leads
to the highest dispersion of Cu. ZrO; is useful for gaining a high Cu surface area.?%¥
Furthermore, Pokrovski et al. studied the adsorption of CO and CO; on tetragonal and mono-
clinic ZrO,. Monoclinic ZrO, has a much higher adsorption capacity than tetragonal ZrO,. They
explain the differences by the higher concentration and basicity of the OH-groups, the stronger
Lewis acidity of Zr** cations and the stronger Lewis basicity of the O% ions.?%

Wang et al. confirms that the monoclinic ZrO, phase is more beneficial and they indicate that
this phase leads to higher catalytic activity.?°® 2%71 Frei et al. also suggest that the monoclinic
ZrO, phase leads to an larger increase of the catalytic activity due to oxygen vacancies which
facilitate the adsorption of the reactants CO or rather CO,.[?l

Tada et al. investigated the active site of Cu/ZrO; catalysts by using Cu/ZrO, catalysts with

different morphologies. It turned out, that the interfacial sites between Cu and a-ZrO; act as

119



MeOH Synthesis — Development of Copper/Zirconia Based Catalysts for MeOH Synthesis

active sites and they can only be formed by the reduction of an amorphous CuaZr1..0y precur-
sor. The specific precursor also leads to a high dispersion of Cu. They also stated that metha-
nol decomposition influences the methanol selectivity. Hence, a-ZrO: leads to high methanol
selectivity due to the low adsorption energy of methanol.[287-289

Larmier et al. studied the CO2 hydrogenation to methanol with catalysts prepared by grafting
of [Cu(O'Bu)]4 on the hydroxyl groups of ZrO,. They also did DFT calculations to get information
about the reaction mechanism. Like for the reaction mechanism on Cu/ZnO/Al,Os catalysts the
formate species plays a key role as reaction intermediate. They also stated that the interface
of Cu and ZrO- is imminent for high active Cu/ZrO, methanol catalysts like the other authors
proposed.?®l The methanol formation via the formate pathway was also suggested from Ma
et al. by studying inverse ZrO,/Cu catalysts.?%]

Kattel et al. did DFT calculations to determine what would be the most promoting effect of ZrO-
in Cu/ZrO; catalysts in a catalyst by design approach. The combination of reduced Zr** and
Cu sites would most likely increases the interaction with *CO, *CO, *HCO and *H,CO. It would
mean that methanol formation follows the pathway RWGS and subsequent CO hydrogenation
which is quite different to the reaction mechanism presented in section 3.2.2. Formate (*HCOO)
would even lead to poisoning of the catalyst and inhibiting the formate reaction pathway.?°°
Liu et al. also did DFT calculation to find out what could be a highly active catalyst. They indi-
cate that (ZrO)s/Cu(110) would be a promising catalyst.%

Besides using ZrO; as support material, the role of Zr as promotor was investigated in several
studies.[01-304]

Fisher et al. indicate that the addition of Zr to Cu/SiO; catalysts does not significantly influences
the RWGS. However, the methanol synthesis rate increases. They suggest that Zr facilitates
the adsorption of CO or rather CO, which can be easier hydrogenated with H, adsorbed on
the Cu surface.%! Similar results are obtained by Arena et al. investigating Cu/ZnO/ZrO, cat-
alysts. 1306l

Suh et al. stated that Zr can also act as stabilizer for Cu* and that the ratio between Cu®%Cu*
is essential for high methanol formation rates. As discussed in section 3.2.3, several authors
propose that Cu* plays an important role in the methanol formation mechanism.371

In addition, the Cu dispersion can be enhanced by the addition of Zr. Yang et al. found out by
studying Zr promoted Cu/ZnO catalysts that without Zr Cu is well-crystallized and consequently
less active in methanol synthesis. The addition of Zr leads to highly dispersed Cu nanoparticles
which increase the catalytic activity.®%! The same relation was found by Zhang et al. investi-

gating Zr doped Cu/y-Al,O; catalysts.E
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4.2.2 Promotion of Cu/ZrO:2 catalysts

The addition of promoters to Cu/ZrO. based catalysts further enhances their catalytic activity.
Many studies report about promotion of the Cu/ZnO/ZrO, system.

Sloczinsky et al. investigated the influence of B, Ga, In, Gd, Y, Mg and Mn on the catalytic
activity of a Cu/ZnO/ZrO; catalyst. They found that Ga.O3z and Y03 drastically enhance the
methanol yield. In.O3; decreases the overall catalytic activity of the catalyst. At higher temper-
atures Ga,O3 and Gd.O3 are beneficial for higher methanol selectivity.B1% 311

Guo et al. studied the promotional effect of La for Cu/ZrO; catalysts. They found out, that to
some extent the Cu surface area increases with the La loading. The most promoting effect has
a La loading of 5 wt.%. In addition, they stated that with increasing La loading the number of
basic sites rises and hence the selectivity to methanol.'?

Besides La, also Ag was investigated as promotor for Cu/ZrO, catalysts. The addition of Ag
enhances the MeOH selectivity compared to Ag/ZrO, and Cu/ZrO; which hints the presence
of special active sites which originate from a Cu/Ag alloy. 2]

Phongamwong et al. added SiO; to a ternary CuO/ZnO/ZrO, catalyst. SiO; creates higher long-
term stability of the catalysts by acting as spacer. It further enhances the Cu metal surface
area as well as the basicity of the ternary catalyst.*!®l

Hengne et al. studied the effect of Sn on Ni/ZrO, or Ni/In//ZrO, catalysts. Sn decreases the
selectivity to methane and increases the selectivity to methanol.4

Wang et al. investigated mixed oxide catalysts CuO/ZnO/ZrO/MxOy (M = W, Cr, Mo). WoOs3
as well as MoOs increase the selectivity to methanol and the methanol yield. Cr.O3 slightly
decreases both.B!

Weiwei et al. reported about Cu/Ce/Zr catalysts. The components form a solid solution which
enhances the Cu surface area, the Cu dispersion and hence the surface concentration of the

formate species. Both contribute to high catalytic activity and high methanol selectivity.[3¢!
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4.3 Motivation

Cu/ZrO; based catalyst are efficient in methanol synthesis from CO; even at pressures as low
as 10 or 20 bar as mentioned in the introduction. Therefore, these catalysts are ideal for reac-
tion setups that can only be operated in this pressure range. In this case a parallel testing unit
with 12 parallel reactors is used for the investigations which was previously constructed for
CO; methanation and hence only pressures up to 10 bar can be applied.

Therefore, a Cu/ZrO, catalyst is synthesized by variation of different preparation parameters
to achieve high methanol selectivity and high CO; conversion at these conditions. Based on
this Cu/ZrO, catalyst, a promotor screening is carried out to investigate the influence of differ-
ent metals on the CO, conversion as well as on the methanol selectivity. The different promo-
tors are added either during the co-precipitation procedure or by impregnation of the precipitate
after the co-precipitation.

In addition, the influence of reaction parameters (total gas flow, pressure, H,/CO ratio, tem-
perature) is investigated using a standard Cu/ZrO- catalyst. The data are evaluated by a design
of experiment approach. These measurements are carried out in a single testing unit used for

the catalytic measurements in section 3.
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4.4 Results and discussion

First, the synthesis of several Cu/ZrO, catalysts and their catalytic performance in methanol
synthesis from CO; are described. Afterwards, the influence of the different promotors on the
catalytic performance is shown. In addition, the effect of pressure, temperature, total gas flow

and COy/H; ratio on the catalytic performance is discussed.

4.4.1 Synthesis, characterization and catalytic performance of Cu/ZrO2 catalysts

Different Cu/ZrO, catalysts are synthesized by variation of the co-precipitation, ageing and
calcination parameters. Some of the catalysts are analyzed by XRD, elemental analysis via
ICP-OES, H>-TPR and N,O-RFC (determination of the Cu surface are). In addition, all catalysts
are applied in methanol synthesis from CO- using a parallel testing unit. The catalyst with the
best catalytic performance is further used for promotor screening by addition of various metals.

4.4.1.1 Synthesis of Cu/ZrO; catalysts

The Cu/ZrO, catalysts are synthesized by co-precipitation according to a modified procedure
of Tada et al..?®d Zirconyl nitrate (ZrO(NOs). - 3H,0) and Cu nitrate (Cu(NOz3). - 3H20) act
reactants. A titration curve is measured to determine the pH value at which both components

precipitate simultaneously (see Figure Figure 87).
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Figure 87: Titration curve of a 0.1 M solution containing zirconyl nitrate and Cu nitrate. The titration is
carried out at room temperature using a 0.1 M solution of NaOH.

The last step of the titration curve is located at around pH = 6. Above this pH value both com-
ponents precipitate completely. Hence, a pH = 6.5 and a pH = 8.0 is selected for the synthesis

of the different Cu/ZrO; catalysts.
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In addition, different other synthesis parameters are varied, for example the precipitation tem-
perature, the composition of the precipitation agent, ageing time or calcination temperature.
All varied parameters are summarized in Table 24.

Table 24: Variation of the synthesis parameters for the synthesis of different Cu/ZrO: catalysts.

Parameter Variation 1 Variation 2 Variation 3
Cu-loading in wt.% 25 40 55
Erlenmeyer-flask standard with barriers

Precip. agent Na,COs3 : NaOH 11 1.2 1.4
Precip. temperature 25°C 50 °C 75 °C
Precip. pH-value 6.5 8

Ageing temperature 25°C 50 °C 75 °C
Ageing time Oh 2h 4 h
Drying temperature 80 °C 120 °C

Calcination temperature 350 °C 425 °C 500 °C
Calcination time 2h 4h 6h
Calcination heating rate 2.5 K/min 5 K/min

First, 100 mL deionized water is added in an Erlenmeyer-flask to achieve a uniform precipita-
tion even at the beginning of the procedure. The Zr/Cu nitrate solution is added dropwise and
by addition of the precipitation agent using a titrator the desired pH value is adjusted. After the
precipitation, the catalysts are aged, washed, dried and calcined at different conditions (see
Table 24). The precise procedure is described in the experimental part (section 7.3).

The full combination of all parameters would result in 34992 experiments. Therefore, 24 ran-
domly selected combinations are determined and synthesized. The synthesis parameters as
well as the catalysts labels (Catl to Cat24) are summarized in Table 32 and Table 33 in the

experimental part (section 7.3).

4.4.1.2 Catalytic hydrogenation of CO, to methanol
The catalytic performance of the different Cu/ZrO, catalysts is measured using a parallel test-

ing unit and a single testing unit.

Parallel testing unit

For catalytic measurements with the parallel testing unit, each of the 12 reactors is filled with
800 mg catalyst. The catalysts are reduced in Hz at 300°C for 2 h subsequently. After that the
catalytic reaction is carried out at four different reaction temperatures (275°C, 250°C, 225°C,
200°C), at 10 bar and with H2/CO. ratio of 3/1 (total gas flow = 40 mL/min). The reduction as
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well as the reaction procedure is described in detail in the experimental part (section 7.3). In
addition, a flow chart of the setup is presented in this section.

The main goal of the measurements is to find the catalyst with the best catalytic performance
whose synthesis parameters can be used for promotor screening. The target figures for the
catalytic performance are the CO, conversion as well as the MeOH selectivity. Because the
presentation of all CO2 conversions and MeOH selectivity curves would be very confusing the
MeOH selectivity at the temperature of 5 % CO, conversion is selected as decisive parameter.
Thus, all catalysts are represented as one datapoint. The temperature of 5 % CO, conversion
as well as the MeOH selectivity at this temperature is interpolated using polynomial fits. The
exact calculations are described in the experimental part (section 7.3). In Figure 88 the MeOH

selectivity at the temperature of 5 % CO- conversion are shown.
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Figure 88: Interpolated temperature of 5 % CO:2 conversion for all catalysts and the respective MeOH
selectivity. The catalytic reaction is carried out at 4 different reaction temperatures (275°C, 250°C, 225°C,
200°C), at 10 bar and with H2/CO: ratio of 3/1 (total gas flow = 40 mL/min). The catalysts are pre-
reduced in Hz at 300°C for 2 h.

Cat4, Cat5, Cat8, Cat13, Catl4, Catl5 and Cat16.2 show the best catalytic performances with
highest MeOH selectivity at lowest temperature for 5 % CO, conversion. Comparing the differ-
ent synthesis parameters 5 of the 7 catalysts have Cu loadings of 55 wt.% (the other 2 40 wt.%).
In addition, the precipitation agent with a Na;CO3z/NaOH = 1/4 seems to be most beneficial
because 5 of the 7 catalyst are synthesized with this agent (the other 2 with Na,CO3s/NaOH =
1/2). Furthermore, ageing at mild conditions (at 25°C) or even no ageing and calcination for
only 2 h is most appropriate. The pH-value, calcination temperature and the other parameters

apparently influence less the catalytic performance of the catalysts.
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Due to the highest MeOH selectivity Cat8 is selected for the further investigations and the

promotor screening.

Single testing unit

In addition to the catalytic measurements with the parallel testing unit three catalysts (Catl,
Cat8 and Cat13) are investigated using a single testing unit to check if the same trend of the
catalytic performances can be obtained. It is important to note, that for the single testing unit
only 150 mg catalyst and a total gas flow of 20 mL/min are applied. Therefore, the exact values
cannot be compared. In this case, the catalytic reaction is carried out at five different temper-
atures (200°C, 225°C, 250°C, 275°C, 300°C) at 10 bar. The reduction (at 300°C in Hx for 2 h)
and the reaction procedure as well as a flow chart of the single testing unit are described in

the experimental part (section 7.2).
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Figure 89: CO: conversion and MeOH selectivity at different reaction temperatures (200, 225, 250, 275,
300°C) at 10 bar for Catl, Cat8, Catl3. The H2:CO: ratio is 3:1. The GHSV is 8000 h1. The catalysts
are pretreated in Hz at 300°C for 2 h.

The CO; conversion as well the MeOH selectivity is depicted in Figure 89. With increasing
temperature, the CO; conversions rise and the MeOH selectivity drops due to the higher pro-
duction of CO via the RWGS reaction. Cat8 has the highest CO, conversion and with Cat13
the highest MeOH selectivity. Catl which is selected as an example for poorly catalytic perfor-
mance exhibits by far the lowest MeOH selectivity. The results strengthen the founding ob-
tained with the parallel testing unit and verify that the parallel testing unit gives reliable and
reproducible results.

The measurements confirm that high CO; conversion as well as high MeOH selectivity can be

obtained using Cat8, which is selected for further investigations and the promotor screening.
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4.4.1.3 Characterization of Cu/ZrO; catalysts

To get information about the composition, the morphology and the surface area few of the
Cu/ZrO; catalysts especially Cat8 are characterized using XRD, BJH/BET method, elemental
analysis via ICP-OES, H,-TPR and N>O-RFC (determination of Cu surface area).

The powder diffractograms of selected Cu/ZrO, catalysts are measured after calcination at
350°C, 425°C or 500 °C and are shown in Figure 90.
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Figure 90: Powder diffractograms of selected Cu/ZrO: catalysts after calcination at 350°C, 425°C or

500°C in air. The dots represent CuOI1%! and the stars ZrO2%17, Diffractograms are recorded in an angle
range between 5° and 70° in steps of 0.013°.

intensity / a.u.

CuO is observable in all powder diffractograms (main reflexes at 35 and 38 26). Reflexes con-
cerning ZrO, (mainly at 30 20) only appear if the catalyst is highly crystalline (especially Cat9).
In addition, the crystallinity of CuO differs a lot. Interestingly, all catalysts which exhibit ZrO,
reflexes (Catl, Cat7, Cat9) are calcined at 500°C. These catalysts and Cat5 (calcined at 500°C)
cause also narrow reflexes of CuO. It indicates that calcination at 500°C leads to distinct sep-
aration of CuO and ZrO, and large crystallites.

Cat8, Catl3 and Cat 16.2 that outperformed most of the other catalysts in the catalytic reaction
consist mainly of amorphous morphology indicated by the absence of ZrO; reflexes and CuO
reflexes with low intensity. In addition, the CuO crystallite size is determined using the Scherrer
equation and the reflexes at 35 and 38 26.[1%-194 The crystallite sizes are summarized in Table
25. The average CuO crystallite size is similar for all catalysts and is between 13.2 (Catl3)
and 18.7 nm (Cat7). Higher calcination temperature (500°C) generally leads to slightly in-
creased crystallite size (Catl, Cat5, Cat7, Cat9). The average CuO crystallite size of Cat8 is

only 7.6 nm, which is much lower than for the other catalysts.
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Table 25: Crystallite sizes (Sizecys) in nm for different Cu/ZrO2 catalysts after calcination at 350°C,
425°C or 500°C. The reflexes at 35 and 38 26 (see Figure 90) and the Scherrer equation is used for

calculation.

catalyst  Sizecys catalyst  Sizecys

Catl 145+2.9 Cat9 15.8+2.4
Catb 16.8 £1.2 Cat 13 13.2+1.6
Cat7 18.7 £1.1 Cat16.2 15.6+1.1
Cat 8 7.6 £0.7 Cat 22 13.0 £1.6

Furthermore, the BET surface area as well as the pore volume and the pore radius of Catl,
Cat8 and Catl3 are determined by the BET/BJH method. The values are summarized in Table
26.

Table 26: BET surface area (SAset in m2/g), pore volume (Vpore in mL/gcat) and pore radius (rpore in NM)
of Catl, Cat8, Catl3 after calcination at 500°C (Catl) or at 350°C (Cat8, Cat13) in air. Cu loading (Cu?)
in wt.% is determined by ICP-OES. The error is determined to be around 5% including the preparation
and the ICP-OES measurement itself. Metallic Cu surface (Cu-SAnz2o-rrc) in m?/g area is determined by
N20-RFC. Before the measurement, the catalyst is reduced at 300°C in Hz for 2 h. The N20O-RFC is
carried out in 1 % N20 in He at ambient conditions.

catalyst SAgeT Vpore Mpore Cu®  Cu-SAnzo-rrc
Cat1l 24 0.09 1.70  55.3

Cat8 108 0.46 1.69 56.0 6.3 0.4
Cat 13 109 0.29 1.69 55.1

Catl, which is less active in methanol synthesis, exhibit the smallest BET surface area. Calci-
nation at 500°C most likely leads to the decomposition of the porous structure because the
BET surface is only one fourth of the BET surface of the catalytically highly active catalysts
Cat8 (108 m?/g) and Cat13 (109 m?/g). They are calcined at 350°C.

The Cu loadings of these catalysts are determined by elemental analysis via ICP-OES and are
also depicted in Table 26. The desired Cu loading of 55 wt.% could be achieved which under-
lines the reliability and reproducibility of the co-precipitation procedure.

The metallic Cu surface area of Cat8 is determined by N.O-RFC. A Cu surface of 6.3 0.4 m?/g
is obtained. Koeppel et al. reported a Cu surface area of 5.1 m?/g for a co-precipitated Cu/ZrO>
catalyst with 50 wt.% Cu loading.2%%

For investigation of the reduction properties of the CuO/ZrO, catalysts and especially of Cat8,
H.-TPR is carried out. The H.-TPR profile is shown in Figure 91.

Only one large TPR signal at 162°C with a shoulder at 125°C is obtained. Zhou et al. indicate
a similar value (182°C) for 5 wt.% Cu loaded Cu/ZrO; catalyst.?® The shoulder of the signal
at 125°C could relate to the reduction of Cu(ll) to Cu(l) or the reduction of a different CuO
species. The narrow signal hints a small particle size distribution. In addition, Dow et al. claim

that low reduction temperatures are assigned to amorphous and highly dispersed CuO oxide
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species. They investigated different supported CuO species regarding their reduction proper-

ties.1253]
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Figure 91: H2-TPR profiles of CuO/ZrO2 (Cat8) after calcination in air at 350°C (5 K/min) for 2 h. The
TPR profile is carried out in a temperature range of 50°C to 800°C (5 K/min) in 2.5 % H2 in He.

In summary, Cat8 exhibits the best catalytic activity (highest MeOH selectivity at lowest tem-
perature for 5 % CO; conversion). In addition, the morphology of the catalyst as well as the
properties of the CuO particles are very promising. Therefore, the co-preparation procedure of

this catalyst is used as base for promotor screening and further investigations.

4.4.2 Promotor screening based on Cu/ZrO2 catalysts for methanol synthesis from CO:2
The promoting metals are mainly chosen because of their application in other catalytic reac-
tions either as catalytic active species itself or as promotor. Two different procedures are car-
ried out. Zn, Al, Ag, Mn, Fe, Ce, In, Ni, Bi, Cd, Cr, Sm and Ga are added as nitrate to the
Cu/zirconyl nitrate solution during the co-precipitation. Catalysts with 10 and 20 wt.% of pro-
moting metal are synthesized inspired by Tada et al. (Ag loading of 5 wt.% and 10 wt.%, but
lower Cu loadings).?®! Li, Na, K, Rb, Cs, Mg, Ca, Sr, Ba and B are introduced by impregnation
of the Cu/ZrO, precipitate during the last washing step. In this case, catalysts with 5 and
15 wt.% of the promoting metals are synthesized. The Cu loading of 55 wt.% stays constant.
The synthesis parameters are mainly used from the synthesis of Cat8 (see section before 4.4.1)
and are described in the experimental part (section 7.3). The pH-values for the co-precipitation
of the different catalysts are determined by titration curves (see Figure 112 in section 7.3) and

are summarized in Table 34 in section 7.3.
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4.4.2.1 Synthesis of different promoted Cu/ZrO; catalysts

Synthesis of different promoted (Zn, Al, Ag, Mn, Fe, Ce, In, Ni, Bi, Cd, Cr, Sm, Ga) Cu/ZrO»
catalysts by co-precipitation

The appropriate nitrate of the promoting metal is added to the aqueous Cu/zirconyl nitrate
solution which is added dropwise into an Erlenmeyer flask. The precipitation starts with the
addition of the precipitation agent (Na.CO3s/NaOH 1/4). A titrator adjusts the desired pH-value.
The precipitation temperature is 25°C. After precipitation, the precipitate is directly washed
with water, dried (80°C) and calcined at 400°C.

Synthesis of different promoted (Li, Na, K, Rb, Cs, Mg, Ca, Sr, Ba, B) Cu/ZrO; catalysts by
impregnation of the precipitate

For the synthesis of alkali, alkaline earth metal and B promoted Cu/ZrO- catalysts co-precipi-
tation is unsuitable because these metals precipitate only at high pH-values. However, at high
pH-values Cu would precipitate as CuO. Therefore, an alternative procedure is carried out.
First, a large amount of 55 wt.% Cu loaded Cu/ZrO; catalyst is co-precipitated and washed.
The precipitate is divided in several portions, which are impregnated by the corresponding
promoting metal solution. The amount of water, which is used for the impregnation step, is
determined by measuring the water absorption of the Cu/Zr precipitate. This procedure has
the advantage to conventional incipient wetness impregnation methods that the promoting
metals are spread across the precipitate and subsequent drying and calcination leads to
stronger interaction between the promoting metal, CuO and ZrO..

4.4.2.2 Characterization of selected catalysts

Some of the catalysts are characterized by XRD to determine the influence of the different
promoting metals on the catalyst structure. Only co-precipitated catalysts are measured. The
catalysts are abbreviated as follows: CuxYz (x = Cu loading in wt.%, Y = promoting metal, z =
loading of the promoting metal in wt.%). The powder diffractograms are shown in Figure 92
and Figure 93.

Reflexes concerning CuO especially at 35 and 38 20 appear for all promoted catalysts whereas
reflexes of ZrO, (mainly at 30 20) are detected only partially (Cu55Ag20, Cu55Ag10). However,
the intensity as well as the width of the CuO reflexes differs. The CuO reflexes in the powder
diffractograms of the catalysts with the same promoting metals but different loadings have
similar intensities, and the catalysts exhibit similar crystallinity. The addition of Al and Zn leads
to a less distinct crystallinity whereas the addition of Ag promotes the opposite. Furthermore,
the addition of Bi, Mn, Cd and Ni apparently influence the crystallinity by creating a less crys-

talline structure of the catalysts like Zn and Al (Figure 93).
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Figure 92: Powder diffractograms of selected Cu/ZrO: catalysts CuxYz (x = Cu loading in wt.%, Y =
promoting metal, z = loading of the promoting metal in wt.%) after calcination at 400°C in air. The dots
represent CuO%l and the stars ZrO2[37l, Diffractograms are recorded in an angle range between 5°
and 70° in steps of 0.013°.
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Figure 93: Powder diffractograms of selected Cu/ZrO: catalysts CuxYz (x = Cu loading in wt.%, Y =
promoting metal, z = loading of the promoting metal in wt.%) after calcination at 400°C in air. The dots
represent CuOl%l and the stars ZrO.3171. Diffractograms are recorded in an angle range between 5°
and 70° in steps of 0.013°.

Reflexes of the promoted metals appear only for Ag.O, which is most likely caused by sepa-

ration of CuO and Ag-0 and the formation of large Ag»O patrticles. The absence of the reflexes
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concerning the other promoting metals underlines the homogeneity of the prepared catalysts.
The CuO patrticle size of selected catalysts is determined using the Scherrer equation and the
CuO reflexes at 35 26 and 38 260.1199-194 The values are summarized in Table 27.

Table 27: Crystallite sizes (Sizecrys) in nm for different promoted Cu/ZrO2 catalysts CuxYz (x = Cu loading
in wt.%, Y = promoting metal, z = loading of the promoting metal in wt.%) after calcination at 400°C in
air. The reflexes at 35 and 38 26 (see Figure 92 and Figure 93) and the Scherrer equation are used for
calculation.

catalyst Sizecrys catalyst Sizecrys
Cub55Zn10 - Cu55In10 11.3+2.0
Cub55Zn20 - Cu55In20 11.0
Cu55AI10 - Cu55Ni10 -
Cub55AI120 - Cu55Bi10 6.6
Cu55Ag10 12.8 Cu55Cd10 -
Cu55Ag20 11.0 Cu55Cr10  12.4+0.3
Cu55Mn10 10.9 Cu55Sm10 15.5+0.2
Cub5Fel0 9.0+0.4 Cu55Sm20 -
Cu55Cel0 11.1+0.8 Cu55Galo0 7.2+0.4

Cub55Ce20 14.1+0.4

The crystallite sizes are similar for all the catalysts (between 9.0 and 15.5 nm). Especially the
CuO crystallite sizes of Cu55Bil0 and Cu55Gal0 are smaller with values of 6.6 and 7.2 nm
respectively. The CuO crystallite sizes of the Al and Zn as well as Ni and Cd promoted catalysts
that exhibit very broad and less intensive CuO reflexes could not be determined.

Besides investigating the structure of the different promoted catalysts, also the Cu loading and
the loadings of the promoting metal are determined by elemental analysis via ICP-OES. The
results are summarized in Table 28.

The catalysts in which the promoting metal is added directly during co-precipitation match well
the desired Cu loading of 55 wt.% and the desired value of the promoting metal of 10 and
20 wt.%. Only the values for Cub5Fe20, Cu55AI20 and Cu55In10 differ slightly which is most
likely caused by errors during the sample preparation. The results confirm the reliability as well
as the reproducibility of the co-precipitation procedure.

The Cu loadings of the samples in which the promoting metals are impregnated during the last
washing step vary a bit more and are generally lowered. It is caused by the addition of the
promoting metals, which leads to an overall lower Cu loading. In addition, the loadings of the
promoting metals also differ widely. That is not surprising because the exact amount of metal
precursor, which is absorbed by the precipitate, could not be determined. In this case, the
elemental analysis only serves as a control to check whether the impregnation was successful

and if different loadings are obtained. The disadvantage of this procedure is accepted due to
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the advantage of more distinct interactions between the promoting metal and the other com-
ponents.

Table 28: Cu loading (Cu?) and loading of the promoting metal (Y?) in wt.% determined by ICP-OES.
The error is determined to be around 5% including the preparation and the ICP-OES measurement itself.

catalyst Cu? YP catalyst Cu? YP
Cu55Zn10 51.1 10.0 Cu55Sm10 53.1 9.8
Cu55Zn20 51.5 19.9 Cu555Sm20 54.7 18.2
Cu55AI10 53.0 10.5 Cu55Gal0 51.3 8.1
Cub5AI20  49.7 19.6 Cu55Ga20 57.1 20.1
Cu55Agl0 57.2 10.1 Cu55Mg5 45.9 2.4
Cu55Ag20 58.0 19.1 Cu55Mgl15 50.9 13.7
Cub55Mn10 55.2 8.2 Cub5Bab5 48.6 3.6
Cu55Mn20 55.3 20.8 Cu55Bal5 51.1 134
Cub55Fel0 55.1 5.8 Cu55Ca5 50.5 3.8
Cub5Fe20 51.2 19.9 Cub55Cal5 48.1 12.6
Cub5In10 53,5 6.1 Cub5K5 49.1 55
Cub5In20 53.7 21.4 Cub5K15 42.4 14.3
Cu55Ni10 55.3 10.3 Cub5Sr5 54.5 5.9
Cub55Ni20 54.0 20.1 Cu55Sr15 46.9 18.6
Cu55Bi1l0 53.0 11.2 Cu55Na5 48.3 11.7
Cub5Bi20 50.4 19.7 Cu55Nal5 48.9 23.9
Cub55Cd10 55.6 9.3 Cub5B5 47.4 9.9
Cu55Cd20 56.1 19.7 Cub5B15 47.5 17.8
Cub55Cr10 52.3 10.5 Cu55Rb5 53.3 9.4
Cu55Cr20 52.5 19.9 Cu55Rb15 514 19.0

Cu55Li5 41.4 7.2

4.4.2.3 Catalytic performances of the promoted Cu/ZrO; catalysts
The catalytic performance of the different Cu/ZrO, catalysts is measured using a parallel test-

ing unit and a single testing unit.

Parallel testing unit

Like for the catalytic measurements in the last section (0) the parallel testing unit is used and
each of the 12 reactors is filled with 800 mg catalyst. The catalysts are reduced in H; at 400°C
for 2 h subsequently. After that the catalytic reaction is carried out at four different reaction
temperatures (275°C, 250°C, 225°C, 200°C), at 10 bar and with H2/CO- ratio of 3/1 (total gas
flow = 40 mL/min). The reduction as well as the reaction procedure is described in detail in the

experimental part (section 7.3). In addition, a flow chart of the setup is presented in this section.
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The data are equally evaluated as it was done in 0. The target figures for the catalytic perfor-
mance are the CO2 conversion as well as the MeOH selectivity. Because the presentation of
all COz conversions and MeOH selectivity curves would be very confusing the MeOH selectiv-
ity at the temperature of 5 % CO; conversion is selected as decisive parameter. Thus, the
different catalysts are represented by one data point. The temperature of 5 % CO2 conversion
as well as the MeOH selectivity at this temperature is interpolated using polynomial fits. The
exact calculations are described in the experimental part (section 7.3). In Figure 94 and Figure
96 the MeOH selectivity at the temperature of 5 % CO, conversion are depicted.

The catalysts in which the promoting metals are added during the co-precipitation procedure
are summarized in Figure 94. It figures out that the promoting metals strongly influence the
MeOH selectivity as well as the CO- conversion. The catalysts with high CO; conversion and
simultaneously high MeOH selectivity are located top left of the diagram. Zn, Ga, Sm as well
as Ag, Cd and slightly Fe and Al increase the MeOH selectivity compared to the standard
Cu/ZrO; system. In and Ni decrease the MeOH selectivity and enhance the temperature of
5 % CO; conversion. For most of the promotor metals, the 10 wt.% loaded catalysts exhibit
higher catalytic performances.

The promotional effect of Ag was already discussed by Tada et al. by forming special active
sites due to Ag/Cu alloy formation.!?®®! The low CO, conversion is most likely caused by the
separation of Ag.O and CuO and the high crystallinity of the catalyst, which was observed by
XRD. In addition, Cu/ZnO/ZrO, composites are well known catalysts for methanol synthesis.
The role of Zn is discussed in detail in 3.2.3. Ga based catalysts are also very promising for
the catalytic hydrogenation of CO; to methanol as it was mentioned in the introduction. The
addition of Ga helps to suppress the RWGS reaction which explain the slightly higher temper-
ature for 5 % CO; conversion compared to the pure Cu/ZrO, system.?8Y Sm is known as elec-
tronical promotor in Ni based catalysts for hydrogenation reactions which could be similar in
this case.B! Interestingly, In does not enhance the MeOH selectivity despite the important
role of In,O3 in recently developed catalysts. Maybe, the reaction pressure of 10 bar is too low
for In as beneficial promotor.[27% 283 3141 With Ni and Fe as promotor also methane and ethane
is produced which is not surprising because Ni and Fe are parts for CO, methanation cata-
lysts.[319]

Due to the low conversions of CussCd2g and of the catalysts containing Bi the CO, conversions
and MeOH selectivity are shown separately in Figure 95. The CO; conversions of all catalysts
are very low compared to the standard Cu/ZrO; catalyst. Interestingly, the MeOH selectivity of
the catalysts is increased. Also, Cu55Cd10 which is depicted in Figure 94 has the same effect.
The promoting metals that are added during the washing step of the precipitate are summa-

rized in Figure 96.
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Figure 94: Interpolated temperature for 5 % CO2 conversion for different promoted Cu(55wt.%)/ZrO2
catalysts (Yz: Y = promoting metal, z = Loading in wt.%) and the respective MeOH selectivity. The
catalytic reaction is carried out at 4 different reaction temperatures (275°C, 250°C, 225°C, 200°C), at
10 bar and with H2/COz2 ratio of 3/1 (total gas flow = 40 mL/min). The catalysts are pre-reduced in H: at

400°C for 2 h.
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Figure 95: CO2 conversion and MeOH selectivity at different reaction temperatures (200, 225, 250,
275°C) at 10 bar for Cu55Cd20, Cu55Bi10, Cu55Bi20 and the standard Cu/ZrO: catalyst. The H2:CO2
ratio is 3:1 with a total gas flow of 40 mL/min. The catalysts are pretreated in Hz at 400°C for 2 h.

The alkaline earth metals Ba, Ca and Mg with 5 wt.% loading enhance the MeOH selectivity

compared to the standard Cu/ZrO; catalyst. All other promotors especially the alkaline metals

strongly decrease the MeOH selectivity. The poor catalytic performances of Na and K are

possibly caused by formation of CuO even at drying. Hence, most likely low dispersed CuO is

formed which inhibits higher CO, conversions.
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Zhong et al. studied the role of earth alkaline oxides in CuO/ZrO, catalysts. The earth alkaline
metals enhance the Cu surface area and the strength of the basic sites at the surface. In
addition, they decrease the reduction temperature of CuQ.%0
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Figure 96: Interpolated temperature for 5 % CO2 conversion for different promoted Cu(55wt.%)/ZrO2
catalysts (Yz: Y = promoting metal, z = Loading in wt.%) and the respective MeOH selectivity. The
catalytic reaction is carried out at 4 different reaction temperatures (275°C, 250°C, 225°C, 200°C), at
10 bar and with H2/COz2 ratio of 3/1 (total gas flow = 40 mL/min). The catalysts are pre-reduced in H: at
400°C for 2 h.

Single testing unit

In addition to the catalytic measurements with the parallel testing unit some of the promoted
Cu/ZrO; catalysts are measured using a single testing unit like it was done for the pure Cu/ZrO,
catalysts (see section 0). In contrast to the parallel testing unit, the catalytic measurements are
carried out with only 150 mg catalyst and a total gas volume of 20 mL/min. Therefore, the exact
values cannot be compared. In this case, the catalytic reaction is carried out at five different
temperatures (200°C, 225°C, 250°C, 275°C, 300°C) at 10 bar. The reduction (at 400°C in H;
for 2 h) and the reaction procedure as well as a flow chart of the single testing unit are de-
scribed in the experimental part (section 7.3).

The CO; conversion as well as the MeOH selectivity of Cu55Zn10, Cu55Ce10, Cu55Cd10,
Cu55Ag10 and the standard Cu/ZrO; catalyst (Cat8) are shown in Figure 97.

Zn and Ce enhance the CO; conversion compared to the standard Cu/ZrO; catalyst, which
confirm the results obtained by the parallel testing unit. Especially at low temperature, the ad-
dition of Zn is beneficial. At 225°C the Zn promoted catalyst shows a CO, conversion of 9.37 %
which is more than three times higher than for the standard Cu/ZrO, catalyst. However, both

promoting metals decrease the MeOH selectivity. The promoting effect of Cd and Ag is exactly
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the opposite. They decrease the CO2 conversion and enhance the MeOH selectivity especially
at high temperatures. Both agree with the results obtained with the parallel testing unit.
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Figure 97: CO2 conversion and MeOH selectivity at different reaction temperatures (200, 225, 250, 275,
300°C) at 10 bar for Cu55Zn10, Cu55Cel10, Cu55Cd10, Cu55Ag10 and the standard Cu/ZrO: catalyst
(Cat8). The H2:COz2 ratio is 3:1. The GHSV is 8000 h-1. The catalysts are pretreated in Hz at 400°C for
2 h.

In summary, the results of the catalytic measurements on both the parallel testing unit as well
as the single testing unit are similar. It strengthens the reliability and the reproducibility of the
results for methanol synthesis based on CO- obtained by the parallel testing unit, which was
the main goal of these investigations. For promotor screening and especially high throughput
screening, the parallel testing unit is the ideal setup to measure many catalysts in short time.

In addition, several promotors are found to be very beneficial for Cu/ZrO, catalysts. Some of
them like Al, Ce or Zn enhance the CO; conversion whereas other promotors like Ag, Bi, Ga
and Cd increase the MeOH selectivity. In addition, earth alkaline metals show exceptionally

promoting properties.

4.4.3 Influence of different reaction parameters on the conversion and selectivity of the
hydrogenation of CO2 to methanol using a Cu/ZrO2 catalyst

In this section, the influence of variation of different parameters on the catalytic performance
is investigated using the standard Cu/ZrO, (Cat8) catalyst (see section 4.4.1).

For the measurements, the feed composition V(H,):V(CO,), the total gas flow (Vges), the pres-
sure and the temperature are varied.

The variation of the parameters is summarized in Table 29. In addition, the catalytic perfor-
mance is measured once during stepwise heating and once during stepwise cooling (hystere-

sis).
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Table 29: Variation of the parameters for the catalytic measurements using a Cu/zo2 catalyst: feed com-
position V(H2):V(COx), total gas flow (Vges) in mL/min, pressure in bar, temperature in °C.

V(H2): V(CO,) Vges pressure  temperature

variation 1 31 20 10 200
variation 2 4:1 30 20 225
variation 3 - - 28 250
variation 4 - - - 275

4.4.3.1 Catalytic experiments for quantifying the effect of different reaction parameters

The catalytic measurements are carried out with a single testing unit using 150 mg standard
Cu/ZrO2 (Cat8) catalyst. The reduction procedure is equal for all experiments and is carried
out at 300°C in H for 1 h. After the reductive pretreatment the catalytic reaction starts. There-
fore, four different temperatures (200, 225, 250 and 275°C) are adjusted and the catalytic per-
formance is measured at increasing temperature and at decreasing temperature (hysteresis
measurement). This procedure helps to determine the deactivation of the catalysts under these
reaction conditions by comparing the catalytic performance of the catalyst at both conditions.
In addition, the influence of the four possible combinations of the feed composition
V(H2):V(CO,) and the total gas flow (Vges) are measured at each temperature. The variation of
the total gas flow (Vges) simulates a change of the contact time and hence a change of the
GHSV (gas hourly space velocity). A higher GHSV leads to shorter contact time of the gas
molecules with the catalyst surface. In general, low GHSV is beneficial for MeOH synthesis.
The exact reduction and reaction procedure is described in the experimental part (section 7.3).
Like for the catalytic measurements in section 4.4.1 and 4.4.2 the target figures for the catalytic
performance are the CO conversion as well as the MeOH selectivity. Because the variation
of all parameters leads to many diagrams, which would be very confusing the MeOH selectivity
at the temperature of 5 % CO- conversion is selected as decisive parameter. Thus, the catalytic
performance at different reaction parameters is represented by one data point. The tempera-
ture of 5 % CO2 conversion (T(Xco2=0.05)) as well as the MeOH selectivity at this temperature
(S(T(Xco2=0.05))) is interpolated using polynomial fits and are shown in Figure 98. The exact
calculations are described in the experimental part (section 7.3).

The labels of the datapoints consists of the feed composition V(H2):V(CO,) and the total gas
flow (Vges) (V(H2)/V(CO2)-Vges). It figures out that varying the pressure divides the data points
in three clusters. Increasing pressure leads to higher conversion which means a lower
T(Xco2=0.05) and to higher MeOH selectivity (S(T(Xc02=0.05))) which is typical for methanol
synthesis catalysts. High pressures shift the chemical equilibrium towards the product accord-

ing to Le Chatelier’s principle considering the reaction equations (see Figure 48). Hence, at
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higher pressures methanol synthesis is preferred due to the decrease of the number of mole-
cules. At low temperatures, the RWGS reaction is mostly suppressed because of the higher
activation energy, which leads to higher MeOH selectivity. In addition, a feed composition of
V(H2)/IV(CO,) 4/1 is beneficial for MeOH selectivity at all varied reaction conditions.
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Figure 98: Interpolated temperature of 5 % CO2 conversion and the respective MeOH selectivity for
different reaction conditions using standard Cu/ZrO:2 catalyst (Cat8). The catalytic reaction is carried out
at 4 different reaction temperatures (200°C, 225°C, 250°C, 275°C), at 10 bar, 20 and 28 bar and with
H2/CO: ratio of 3/1 or 4/1 (total gas flow = 20 or 30 mL/min). The catalysts are pre-reduced in Hz at
300°C for 2 h.

4.4.3.2 Evaluating of the results using Design of Experiments (DoE)

The experiments that are carried out at 10, 20 and 28 bar are divided in three statistical exper-
imental designs. With the variation of the different parameters, a full factorial 2% experimental
design is obtained. The experimental design is summarized in Table 30.

Table 30: Full factorial 23 experimental design for the statistical evaluation of the experiments.

factor parameter unit - level + level
A V(H) : V(COy) - 31 4:1
B Vesamt mL/min 20 30
C hysteresis-branch - T Tl

The evaluation of the effect sizes and the sum of the squares indicate that only the three main
effects (feed composition V(H,):V(CO,), total gas flow (Vges), hysteresis) are important as un-
dependable effects (see Figure 99). The calculations are described in the experimental part in
section 7.3.
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Figure 99: Sum of the squares at pressures of 10, 20 and 28 bar.

The interaction effects (AB, AC, BC and ABC) are not significant and are related to experi-
mental deviations. Therefore, only the influence of the pressure and the temperature on the
main effects (A, B and C) is discussed in the following. A positive effect is related to an increase
of the temperature of 5 % CO; conversion (T(Xc02=0.05) and hence to a decrease of the cat-
alytic activity. In addition, higher MeOH selectivity S(T(Xco02=0.05)) at T(Xc02=0.05) is also as-
sociated to a positive effect. For all other responses a direct correlation does not exist between

the parameters and the sign of the effect.

Pressure dependency of the main effects (A, B and C)

First, the pressure dependency of the main effects (A, B and C) on the temperature and MeOH
selectivity at 5 % CO; conversion S(T(Xco2=0.05)) are evaluated.

A higher concentration of Hz, meaning V(H2)/V(CO>) = 4/1, leads to an decrease of the tem-
perature of 5 % CO- conversion (T(Xco2=0.05)) (see Figure 100). This effect is observable for
all pressure variations and increase generally. The positive effect of the GHSV on T(Xco02=0.05)
indicates that the CO, conversions decrease with increasing GHSV. It agrees with literature
that a small GHSV leads to higher contact time and hence to enhanced catalytic performance.

—©o— H2 amount
-4 - GHSV

—*— hysteresis

25 30

effect on T(X;o,=0.05) / K
6]

pressure / bar

Figure 100: Pressure dependency of the main effects on the temperature at 5 % CO:2 conversion
T(Xc02=0.05) in K.
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The activity of the catalyst decreases slightly regarding the measurements at decreasing tem-
perature (hysteresis) which is induced by light deactivation of the catalyst.

The MeOH selectivity S(T(Xco2=0.05)) also correlates positively with an increasing concentra-
tion of H, which means that the MeOH selectivity is increased with the feed composition
V(H2)/V(CO,) = 4/1 (see Figure 101) especially up to 20 bar. The GHSV as well as the hyste-
resis only slightly influence the MeOH selectivity.

In summary, higher pressures shift the chemical equilibrium towards the products (see Figure
48). The MeOH selectivity only increases slightly at higher pressures, which nevertheless
means that the MeOH yield increases with increased pressure. Hence, the interplay between

high CO2 conversion at a maximum MeOH selectivity is important for high MeOH yields.
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Figure 101: Pressure dependency of the main effects on the MeOH selectivity at the temperature at 5
% CO2 conversion T(Xco02=0.05) in K.

Pressure and temperature dependency of the main effects
The discussion before was related to the interpolated temperatures for 5 % CO, conversion
and the corresponding MeOH selectivity. In this section, the effects of the parameters on the

actual CO; conversion and MeOH selectivity are discussed.

Effect of the feed composition V(H.):V(COy)

With increasing V(H.):V(CO.) the CO, conversion increase for all temperatures. It is more pro-
nounced at higher pressures, which is shown in Figure 102.

In addition, V(H.):V(CO) also influences positively the MeOH selectivity. However, no linear
correlation between V(H,):V(CO>) and the temperature or the pressure could be found (see

Figure 103).
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Figure 102: Pressure and temperature dependency of the H2 amount on the CO:z conversion.
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Figure 103: Pressure and temperature dependency of the H. amount on the MeOH selectivity.

Effect of the GHSV (variation of Vges)

Decreasing the GHSV leads to an increase of the CO, conversion, because of increasing the
contact time between the gas molecules and the catalyst surface.

This effect is also more pronounced at higher pressures, which is depicted in Figure 104.

A lower GHSV namely leads to an increase of the CO; conversion but to a slightly decrease
of the MeOH selectivity (see Figure 105).

However, higher pressures are necessary to increase appropriately the MeOH selectivity.
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Figure 104: Pressure and temperature dependency of the GHSV on the CO2 conversion.
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Figure 105: Pressure and temperature dependency of the GHSV on the MeOH selectivity.

Effect of hysteresis (measuring at increasing/decreasing temperature)

The effects induced by the hysteresis measurements are only weakly pronounced. It means
that the catalysts only slightly deactivate during the measurement.

The CO; conversion decreases slightly comparing the catalytic activity during stepwise heating
up from 200 to 275° and during stepwise cooling down the same direction. It is indicated by
the negative effect shown in Figure 106.

In contrast to that, the MeOH selectivity even increases slightly. However, the effect is only
less pronounced (see Figure 107).

In summary, a feed gas composition of V(H,)/V(CO>) = 4/1 is beneficial for high CO, conversion

as well as high MeOH selectivity. In addition, a lower GHSV enhances the CO, conversion and
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only slightly decreases the MeOH selectivity. Deactivation of the Cu/ZrO; during these meas-

urements (total reaction time = 45 h) are negligible.
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Figure 106: Pressure and temperature dependency of the hysteresis on the CO2 conversion.
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Figure 107: Pressure and temperature dependency of the hysteresis on the MeOH selectivity.
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4.5 Conclusions

By variation of different preparation parameters of the co-precipitation of different Cu/ZrO; cat-
alysts an optimized procedure for the synthesis of Cu/ZrO, systems was developed. The dif-
ferent catalysts are tested in CO; hydrogenation to methanol at 10 bar which was prescribed
by the testing setup (parallel testing unit, PTU). The most active (high CO, conversion and
high MeOH selectivity) catalysts are prepared using a precipitation agent of NaOH/Na.CO; 4/1,
precipitation temperature of 25 or 50°C, only mild ageing (25 °C for 2 h) or without ageing,
drying at 80°C and calcination at 350°C for 2 h (rate = 5 K/min).

Based on this preparation method, differently promoted Cu/ZrO, catalysts are synthesized ei-
ther by co-precipitation or by impregnation of pure Cu/Zr precipitate. It turned out that espe-
cially Zn, Al, Ce, Ga and to some extent the earth alkaline metals enhance the CO, conversion
by far and even partially the MeOH selectivity compared to the pure Cu/ZrO; catalyst. Cd and
Ag increase the MeOH selectivity but decrease the CO, conversion a lot.

All catalysts were tested with the parallel testing unit (PTU). Hence, the parallel testing was
put in operation successfully for methanol synthesis from CO; at 10 bar. The catalytic results
are reliable and reproducible. It was verified by measuring some of the catalysts with a single
testing unit. Despite measuring at different GHSV the order of the different active catalysts
does not change. It underlines the credibility of the results obtained by the PTU.

A parameter study was done by variation of the GHSV (varying the total gas flow) and the
H./CO; ratio depending on the pressure and temperature. It turned out that a feed gas com-
position of Ho/CO, 4/1 is beneficial for high CO, conversions as well as high methanol selec-
tivity. Small GHSV leads to an increase of the CO, conversion but to a slight decrease of the

methanol selectivity. The deactivation of the catalysts is negligible for the reaction time (45 h).
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The investigations of the Cu catalyzed ethynylation as well as the CO, hydrogenation to meth-

anol provided many interesting results, which are summarized in the following section.

Chapter 2 - Reppe Chemistry — Ethynylation of Formaldehyde to 1,4-Butynediol

Copper(l) acetylide, Cu,C,, was characterized and its formation was investigated during the
activation of CuO/Bi>03/SiO, catalysts as well as the ethynylation of formaldehyde for the first
time. New insights regarding the Cu>C; formation and the catalytic reaction itself could be gen-
erated. It could be confirmed by catalytic experiments using pure Cu,C, as well as
CuO/Bi»03/SiO- catalysts that copper(l) acetylide, Cu2C,, is the active species in the ethynyl-
ation reaction of formaldehyde to 1,4-butyndiol. In addition, the reduction of Cu(ll) to Cu(l) that
is necessary for Cu,C, formation is induced by acetylene not by formaldehyde in contrast to
literature.

Identification and characterization of copper(l) acetylide, Cu.C-, succeeded by Raman spec-
troscopy and X-Ray diffraction. Additionally, a clear relationship between Cu,C; formation and
the catalytic activity of catalysts with different Cu loadings and different temperature treatments
is proven based on the results obtained by Raman spectroscopy and X-Ray diffraction. The
formation of small and amorphous Cu.C; particles during the activation of CuO based catalysts
leads to high 1,4-butynediol formation rates in the ethynylation reaction. Furthermore, Cu.C>
formation most likely takes place in liquid phase via dissolution/re-precipitation processes. The
amount of formed Cu,C, could be quantified by TGA. CuO of the CuO/Bi,0s/SiO; is almost
completely converted to Cu.C: during 5 h activation.

The lacking initializing period as well as the same 1,4-butynediol formation rate by using the
same catalyst twice indicates that the ethynylation reaction itself takes place at the surface of
precipitated Cu,Co.

Chapter 3 - MeOH synthesis — Synthesis of Methanol Catalysts via Diethyl Zinc Grafting on
Alumina Supported Cu Nanopatrticles

A new synthesis route for Cu/Zn/Al,O3 catalysts via grafting of ZnEt, on Al,O3 supported Cu
nanoparticles was developed to gain strong Cu-Zn interactions that are important for the cata-
lytic reaction of CO, to MeOH. The advantage of the synthesis route is the targeted deposition
of Zn(ll) on metallic Cu nanoparticles while the Al.O3 support is not involved compared to con-
ventional preparation procedures in which ZnO and CuO are distributed within the whole cat-
alyst. It allows to study the role of Zn in direct vicinity of Cu and to exclude the influence of Zn,
which is located between the Cu particles and the Al,O3 support. By reductive pre-treatment
of the catalysts, it is possible to adjust the Zn/Cu ratio at the surface and hence the extent of

Zn/Cu surface alloy formation. It turned out that the formation of Cu/Zn surface alloy after re-
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ductive pretreatment leads to the formation of highly dispersed Cu/Zn®* sites during the cata-
lytic reaction. In addition, the Zn coverage is crucial depending on the Cu particle size and
consequently on the level of Zn/Cu surface alloy formation.

For comparison, catalysts are prepared where Zn or rather ZnO is first deposited on Al,Os. Cu
is precipitated afterwards onto the support. It turned out that these catalysts are more resistant
towards sintering of the Cu nanoparticles than the catalysts in which Zn is targeted deposited
onto the Cu nanoparticles. ZnO which is located between the Cu nanoparticles protects them
against sintering.

Chapter 4 - MeOH synthesis — Development of Cu/Zirconia Based Catalysts for MeOH Syn-
thesis

By variation of different preparation parameters of the co-precipitation of different Cu/ZrO; cat-
alysts an optimized procedure for the synthesis of Cu/ZrO. systems was developed. A precip-
itation agent of NaOH/Na>COs 4/1, precipitation temperature of 25 or 50°C, only mild ageing
(25 °C for 2 h) or without ageing, drying at 80°C, calcination at 350°C for 2 h (rate = 5 K/min)
is beneficial for the catalytic activity im methanol synthesis, which means high CO, conversion
and high MeOH selectivity.

Based on this preparation method, different promoted Cu/ZrO; catalysts are synthesized either
by co-precipitation or by impregnation of the Cu/Zr precipitate. Zn, Al, Ce, Ga and to some
extent the earth alkaline metals increase the CO, conversion by far and even partially the
MeOH selectivity rises compared to the pure Cu/ZrO, catalyst. In contrast to that, Cd and Ag
increase the MeOH selectivity but decrease the CO, conversion a lot.

All catalysts were tested with the parallel testing unit (PTU). Hence, the parallel testing was
put in operation successfully for methanol synthesis from CO; at 10 bar. The catalytic results
are reliable and reproducible.

With the help of a parameter study by variation of the GHSV (varying the total gas flow) and
the H./CO; ratio depending on the pressure and temperature, it turned out that a feed gas
composition of H,/CO, 4/1 is beneficial for high CO, conversions as well as high methanol
selectivity. Small GHSV leads to an increase of the CO, conversion but to a slight decrease of

the methanol selectivity.
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Untersuchungen der kupferkatalysierten Ethinylierung sowie der CO, Hydrierung zu Methanol
fuhrten zu neuen Erkenntnissen und Schlussfolgerungen. Diese werden im Folgenden kurz

zusammengefasst.

Kapitel 2 - Reppe Chemie — Ethinylierung von Formaldehyd zu 1,4-Butindiol
Kupfer(l)acetylid, Cu.C,, wurde charakterisiert und dessen Bildung wéhrend der Aktivierung
von CuO/Bi»Os/SiO; Katalysatoren sowie der Ethinylierung von Formaldehyd zu 1,4-Butindiol
zum ersten Mal untersucht. Neue Einblicke hinsichtlich der Cu>C; Bildung und der katalyti-
schen Reaktion konnten gewonnen werden.

Durch Katalysereaktionen mit reinem Kupfer(l)acetylid, Cu2C,, sowie CuO/Bi».O3/SiO, Kataly-
satoren konnte bestétigt werden, dass Kupfer(l)acetylid, Cu.C;, die aktive Spezies in der Ethi-
nylierung von Formaldehyd zu 1,4-Butindiol ist. Acetylen, nicht Formaldehyd, wirkt dabei als
Reduktionmittel, um Cu(ll) zu Cu(l) zu reduzieren. Die Identifikation und Charakterisierung von
Kupfer()acetylid, Cu.C,, gelang mittels Raman Spektroskopie sowie Rontgendiffraktometrie.
Zusatzlich dazu konnte ein klarer Zusammenhang zwischen der Bildung von Cu2C; und der
katalytischen Aktivitat von Katalysatoren mit verschiedenen Kupferbeladungen und Katalysa-
toren, die unterschiedlich calciniert wurden, hergestellt werden. Die Bildung von kleinen, amor-
phen Cu.C, Partikeln wahrend der Aktivierung von kupferbasierten Katalysatoren fuhrt zu ho-
hen 1,4-Butindiol Bildungsraten. Cu,C, wird in Losung durch Auflésungs- und Abscheidungs-
prozesse gebildet. Das gebildete Cu.C, wurde mittels TG-MS quantifiziert. CuO wird praktisch
vollstandig nach 5 h Aktivierung zu Cu,C, umgesetzt.

Die fehlende Initialisierungsperiode sowie die gleiche 1,4-Butindiol Bildungsrate beim zweima-
ligen Verwenden des gleichen Katalysators zeigt, dass die Ethinylierungsreaktion auf der
Oberflache von abgeschiedenem Cu,C; stattfindet.

Kapitel 3 - MeOH Synthese — Synthese von Methanolkatalysatoren mittels Grafting von Diet-
hylzink auf Aluminiumoxid getréagerte Kupfer-Nanopartikel

Ein neuer Syntheseweg zur Herstellung von Cu/Zn/Al,Os-Katalysatoren mittels Grafting von
Diethylzink auf Al,O3 getragerte Kupfernanopartikel wurde entwickelt, um starke Cu-Zn Wech-
selwirkungen zu generieren, die sehr wichtig fur die katalytische Reaktion von CO; zu Metha-
nol sind. Der Vorteil des Synthesewegs ist die exklusive Abscheidung von Zn(ll) auf metalli-
sche Kupfernanopartikel. Der Al,Os-Trager wird bei diesem Syntheseweg nicht mit einbezogen.
Somit befindet sich kein Zink auf oder im Tréger im Gegensatz zu konventionellen Herstel-
lungsmethoden von Cu/ZnO/Al;O3 Katalysatoren.

Dies erlaubt die Untersuchung der Rolle von Zink in direkter Nachbarschaft zu Kupfer, wobei
der Einfluss von Zink, welches sich auf dem Al,Os-Trager befindet, ausgeschlossen wird.

Durch reduktive Vorbehandlung mit H; ist es mdglich das Zn/Cu Verhéltnis an der Oberflache
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einzustellen und folglich die Bildung der Zn/Cu-Oberflachenlegierung. Es stellte sich heraus,
dass die Bildung einer Zn/Cu-Oberflachenlegierung nach der reduktiven Vorbehandlung zu
fein verteilten Cu/ Zn®* Zentren wahrend der Reaktion fihrt. AuRerdem spielt die Zinkbede-
ckung in Abh&ngigkeit von der Partikelgrof3e eine grof3e Rolle und beeinflusst somit das Aus-
mald der Zn/Cu Oberflachenlegierungsbildung.

Zum Vergleich wurden Katalysatoren prapariert, bei denen Zn beziehungsweise ZnO zuerst
und ausschlie3lich auf den Al,Os-Trager abgeschieden wurde und danach Kupfer mittels Fa-
lung aufgebracht wurde. Es stellte sich heraus, dass diese Katalystoren im Vergleich zu den
Katalysatoren, bei denen Zn exklusiv auf die Kupfernanopartikel abgeschieden wurde, starker
gegen Sintern der Kupfernanopartikel geschiitzt sind. Das bedeutet, dass ZnO, das sich unter

oder zwischen den Kupfernanopartikeln befindet, das Sintern behindert.

Kapitel 4 - MeOH Synthese — Entwicklung von Kupfer/Zirkonoxid basierten Katalysatoren fiir
die Methanolsynthese

Durch Variation unterschiedlicher Praparationsparameter der Co-Fallung von verschiedenen
Cu/ZrO; Katalysatoren wurde eine optimierte Synthesevorschrift zur Herstelleung Cu/ZrO- ba-
sierter Systeme entwickelt. Ein Fallungsreagenz von NaOH/Na>COs 4/1, eine Féllungstempe-
ratur von 25 oder 50°C, mildes oder kein Altern (25 °C fir 2 h), Trocknung bei 80°C, Calcinie-
rung bei 350°C fiir 2 h (Heizrate = 5 K/min) steigert die katalytische Aktivitat in der Methanol-
synthese, was mit hohem CO;-Umsatz und hoher MeOH-Selektivitét einhergeht.

Auf Basis dieser Synthesevorschrift wurden verschiedene promotierte Cu/ZrO»-Katalysatoren
entweder durch Co-Fallung oder durch Impragnierung des Cu/Zr-Préazipitats hergestellt. Zn, Al,
Ce, Ga und teilweise die Erdalkalimetalle erh6hen den CO2-Umsatz und MeOH-Selektivitat
verglichen zum reinen Cu/ZrO»-System. Im Gegensatz dazu erhéhen Cd und Ag zwar die
MeOH-Selektivtat aber erniedrigen in hohem Ausmaf den CO.-Umsatz.

Alle Katalysatoren wurden in einer Paralleltestanlage (PTU) mit 12 Reaktoren getestet. Folg-
lich wurde die Paralleltestanlage erfolgreich fiir die Methanolsynthese aus CO; bei 10 bar in
Betrieb genommen. Die Katalyseergebnisse sind zuverlassig und reproduzierbar.

Mit Hilfe einer Parameterstudie durch Variation der GHSV (durch ver&ndern des Gesamtvo-
lemstroms) und des H,/CO,-Verhaltnisses in Abh&ngigkeit von Druck und Temperatur stellte
sich heraus, dass eine Feedzusammensetzung von H»/CO, = 4/1 vorteilhaft fir einen hohen
COz-Umsatz sowie eine hohe Methanol-Selektivitat ist. Eine kleine GHSV fihrt ebenfalls zu

héherem CO,-Umsatz jedoch zu etwas niedrigerer Methanol-Selektivitét.
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7.1 Experimental to chapter 2 — Reppe Chemistry - Ethynylation of For-
maldehyde with Acetylene to 1,4-Butynediol

Caution: Because Cu acetylide compounds are to some extend unstable against heat and
impacts, proper safety precautions should be taken when handling the materials. Especially
dry samples are able to explode under the influence of impact or heat. Wearing protective
equipment is recommended for the handling of any explosive materials. All Cu acetylides sam-

ples or activated catalysts used in this work are disarmed by carefully addition of nitric acid.

Synthesis of the catalysts

All chemicals were used without further purification.

Chemical Supplier Purification grade
Cu(NO3)2 - 3H20 VWR Chemicals GPR Rectapure
Na>SiOs Alfa Aesar technical

Bi.O3 Sigma Aldrich 99%

NaOH Griussing GmbH  99%

NaH,PO4 ChemSolute = 99%
Paraformaldehyde Alfa Aesar 97%

MeOH VWR Chemicals GPR Rectapure
CuCl Alfa Aesar 97%

NH; solution (25%) Merck -

H3sPO, (85%) VWR Chemicals  Normapure
Acetonitrile VWR Chemicals = Chromapure
1,3-propanediol Alfa Aesar 99%

Acetylene Westfalen 2.6

Nitrogen Westfalen 5.0

AI(NO3); - 9H.0 Merck > 95%

Na,COs VWR Chemicals  Normapur
Cu(CHzCOO0), Alfa Aesar 99 %

Conc. HNO3 VWR Chemicals  Normapure
Propargyl alchohol Sigma Aldrich 99%

Preparation of pure and silica supported Cu,C,"Y

In a glovebox 2.50 g copper(l) chloride is weighed in a Schlenk tube and 50 mL of a 25 wt.%
ammonia solution are added. The Schlenk tube is purged with nitrogen via a septum for 8 min
before switching to acetylene. Immediately a red to brown solid precipitates. After 2 h reaction

time, the Schlenk tube is purged with nitrogen again to remove the remaining acetylene. The
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precipitate is washed with water and methanol. The only difference between the preparation
of pure copper(l) acetylide to supported one is the addition of silica to the 50 mL ammonia
solution. Be careful because copper(l) acetylide is highly explosive at dry condition!

Preparation of copper-bismuth-silica catalyst

The different Cu and Bi loaded catalysts were synthesized by a common co-precipitation pro-
cedure.® The weight percentage of bismuth is kept in a constant ratio to the weight percent-
age of copper of 1:8.75. Bi,Os3 is dissolved in 2 mL of concentrated HNOs; and added to a
solution of Cu(NOs); -3 H20 in water. In a second beaker, a 2 M solution of Na,SiOs in water
is prepared. For the coprecipitation process, 150 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. After heating to 60 °C, the stirring speed is set to 400 rpm and the precipitation
process started. The 2 M solution of Na,SiO; and the solution containing both Bi.Os and
Cu(NO:s); - 3 H20 are simultaneously added dropwise over a time frame of 20 min using two
peristaltic pumps operating at a constant volumetric flow rate. During this process the pH of
the reaction mixture is kept at a constant value of 7 by titration with 2 M HNOs;. The titration is
controlled by a 906 Titrando titrator by Metrohm. After both precursor solutions are fully added
to the reaction mixture, the titration is stopped, the stirring speed is adjusted to 300 rpm and
the reaction mixture aged for 60 min. The resulting precipitate is filtered off under vacuum,
washed with distilled water until the electrical conductivity of the filtrate is below 4 mS m, dried
at 80 °C overnight and calcined at 450 °C, 600 or 700°C for 4 h with a heating rate of 2.5 K
mint. The obtained catalyst is then sieved to give particles of a diameter d with 100 ym < d <
300 ym.

Preparation of copper-bismuth-alumina catalysts

For the measurement series investigating the influence of the calcination temperature on the
catalytic activity of alumina supported catalysts, catalysts all containing 35 wt. % copper and
4 wt. % bismuth but calcined at different temperatures are prepared.

The different CuO/Bi»O3/Al O3 catalysts were synthesized by variation of a common co-precip-
itation procedure. 250 321

Bi.Os is dissolved in 2 mL of concentrated HNO3 and added to a solution of Cu(NOs); - 3 H.0
and AI(NO3)s - 9 H>O in water giving a 2 M solution. The co-precipitation process is performed
analogously to the co-precipitation process of the silica supported catalysts but with only one
precursor solution, 2 M aqueous Na,COs as precipitation agent and at 50 °C. The resulting
suspension is aged analogously, the precipitate filtered off, washed until the electrical conduc-

tivity is below 4 mS m™ and dried at 80 °C overnight. The catalysts were calcined at 450°C,
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600°C and 700°C for 4 h with a heating rate of 2.5 K min. After calcination, the catalyst is
sieved to give particles of a diameter d with 100 ym < d < 300 pym.

Ethynylation of formaldehyde to 1,4-butynediol

For a standard catalytic test 50.34 g paraformaldehyde, 10.90 g methanol and 50.34 g water
are weighed in a three-necked flask, attached to the reactor setup (see Figure 108) and heated
to 100 °C under reflux. NaOH (1.40 g) and NaH2PO4 - H.O (4.84 g) are added as a buffer and
the suspension is stirred at 100 °C until a clear solution is obtained. After addition of 5.00 g
catalyst and 1,3-propanediol (5.00 g) acting as an internal standard, the stirring speed is set
to maximum and the reaction mixture purged with nitrogen for 60 min. The gas stream is then
switched to acetylene to start the reaction and the reaction setup flushed with acetylene for 8
min. The pressure relieve valve is then closed, the acetylene pressure set to 1.2 bar and the
reaction mixture stirred until the end of the reaction at 100 °C. At the end of the reaction, the
reaction setup is cooled down and purged with nitrogen for 10 min to remove residual acety-
lene and reaction gases. Samples of 0.5 mL of reaction mixture are collected during the nitro-
gen purge phase and the reaction period using a syringe. They are used to determine the
composition of the reaction mixture via GC analysis. A blank test was carried out without any
catalyst to show that no products are formed under the selected activation/reaction conditions

(see Figure 109B).
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Figure 108: Reaction setup for the ethynylation of formaldehyde with acetylene.
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Product analysis via gas chromatography

Samples of 0.5 mL of reaction mixture are transferred into a test tube. 1.5 mL acetonitrile is
added to end the reaction process and precipitate buffer salts. The suspension is mixed thor-
oughly and filtered over activated aluminum oxide (PURALOX SCCal150/200 from SASOL
Germany GmbH). The filtrate is collected in GC vials and analyzed quantitatively by gas chro-
matography. Gas chromatograms are recorded on an Agilent G1530A machine fitted with a
TCD detector. A HP-PLOT-Q (stationary phase: solid polystyrene/divinylbenzene, length: 30
m, inner diameter: 0.32 mm, film thickness: 0.2 um) GC column is used to separate the differ-
ent components and 1,3-propanediol is used as internal standard for calibration.

For the calculation of the 1,4-butynediol and propargyl alcohol yield the molar amount of the

product is calculated:

Apr

n(t) = Nint.st. At st
MiGc
n;(t) = molar amount at reaction time t for component i
Nnint.st. = Molar amount of the internal standard (1,3-propanediol)
A; ¢+ = area of component i obtained from the GC after reaction time t
Ainese. = area of the internal standard obtained from the GC after reaction time ¢t

m; ¢ = slope of the calibration curve for component i obtained from the GC

Then, the product yield is obtained as follows:

Y; = yield of component i
n;(t) = molar amount at reaction time t for component i
N max = Maximum molar amount of component i, which can be produced (calculated from the

formaldehyde concentration)
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Figure 109: (A) Ratio of peak area MeOH to peak area internal standard obtained from GC. (B) Blank
test to verify that without catalyst no reaction occurs.

Characterization and analysis methods

Sample preparation for Raman spectroscopy, X-Ray diffraction and TGA

Samples of 3.5 mL of reaction mixture are collected during the purging and the reaction period.
The samples were filtrated. The solids were washed with water and methanol and dried under

vacuum.

Analysis via 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 (Kq«(Cu), 1=1 5419, Ni as
Kg(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. The crystallite sizes were calculated with the Scherrer equation!*0°-1041;

- KA

A(206) cosO

A(20) = the quantity of the line broadening at half the maximum intensity (FWHM) in radians
K = shape factor (0.9 to 1)
A = wavelength of the X-Ray source
0 = Bragg angle

L = mean size of the ordered crystalline domains

Analysis via Raman spectroscopy
Raman spectra are recorded on an InVia Raman Microscope from Renishaw with a Newton
EMCCD Camera (Spectroscopy EMCCD, width: 25.6 mm, 1600 pixel, 3 MHz) from Andor. For

the measurements, a frequency-doubled Nd:YAG laser (1=532 nm) and an objective with 50x
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magnification (Leica N PLAN EPI 50x/0.75) are used. The standard laser intensity was 0.015
mW and the standard scanning time 5 sec with 10 repetitions.

Quantification of copper(l) acetylide via TGA

The TGA was carried out using a STARe System TGA DSC?®*',TGA 2 from Mettler Toledo
GmbH and the software STAReSoftware version 14.000 from Mettler Toledo GmbH. The sam-
ples were heated from 25°C to 1000°C in synthetic air with a heating rate of 10 Kmin. The
gas phase analysis done by MS was measured using a ThermoStar™ from Pfeiffer Vacuum
and the software QUADERA® version 4.62 from INFICON Holding AG.

Sample preparation for copper leaching measurements

To investigate copper leaching processes, the concentration of copper(ll) ions dissolved in the
reaction mixture is measured in situ during the reaction using an ion-selective electrode and
by elemental analysis via ICP-OES. First method requires using a four-necked round flask in
the reactor setup instead of the three-necked flask described in the section before. A cop-
per(l)-selective electrode by Metrohm is inserted through the additional opening and an
Ag/AgCl(aq) (3 M KCI) reference electrode through the opening otherwise used for sample
extraction. For the copper content determination by ICP-OES samples were taken with a sy-
ringe and the organic compounds were removed by heating at 90°C for 10 hours. The residue
was dissolved with 2 mL concentrated phosphoric acid and diluted with water. 10 mL of the
solution was used for the ICP-OES analysis.

Analysis of copper content via ICP-OES
The copper content was determined using an ICP-OES 700 from Agilent. A multiple element

standard from Merck was used for external calibration.

Sample preparation for EPR spectroscopy
0.08 mL of the reaction suspension are filled in a capillary with a syringe. The capillaries were

put into EPR tubes. The EPR tubes were purged with argon and closed.

Analysis via EPR spectroscopy

EPR spectra were recorded using a JEOL JES-RE 2X spectrometer on x-band frequency at -
120°C. The spectra were measured at a microwave frequency of 9.20 GHz, 5 mW, a modula-
tion amplitude of 0.4 mT and a sweep-time of 4 min. The sweep-width is 230.430 mT at a

constant time of 0.1 s and a modulation frequency of 100 kHz. The microwave frequency is
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determined by Advantest R5372 instrument and the temperature by a JEOL ES DVT2 ther-
mometer which is equipped with a calibrated thermocouple. The g- and A-values are calibrated
as a standard via Mn(ll) (nuclear spin | = 5/2) in a magnesium(ll) oxide matrix (g = 1.981).
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7.2 Experimental to chapter 3 — MeOH Synthesis - Synthesis of Methanol
Catalysts via Diethy Zinc Grafting on Alumina Supported Copper Na-

noparticles

Synthesis of the catalysts
All chemicals were used without further purification.

Chemical Supplier Purification grade
Cu(NOs3)2 - 3H20 VWR Chemicals GPR Rectapure
AI(NO3)s - 9H.0 Merck = 95%

NaOH Grussing GmbH 99%
Cu(CH3COO0), Alfa Aesar 99 %

Hydrazine monohydrate  Merck 299%
2-Ethoxyethanol VWR Chemicals 99%

y-Al203 SASOL (PURALOX®) =299%

Urea VWR chemicals 95%

NH; solution (25%) Merck for analysis
HsPO, (85%) VWR Chemicals Normapure
ZnEt; Sigma Aldrich 1M in heptane
Heptane Signa Aldrich Anhydrous 299%
Pentane Sigma Aldrich Anhydrous 299%
EtOH Merck (1% MTK) for analysis
CO: Westfalen 4.5

H2 Westfalen 5.0

He Westfalen 5.0

N20 Westfalen (1% in He 6.0)
CO Westfalen (10% in He 4.7)
Hexamethyldisilazane Alfa Aesar 98 %

Preparation of Al,O3 supported Cu nanopatrticles by reductive precipitation (Curp)

The different loaded Al>O3 supported Cu nanoparticles were synthesized by variation of a com-
mon procedure.?*6 249 The reaction flask is heated with hexamethyldisilazane (HMDS) for in-
erting the flask prior to the experiment. HMDS is heated to the boiling point so it creeps up the
glass walls. Then, the vessel is evacuated to evaporate the remaining HMDS. Copper(ll)ace-
tate trinydrate (amount depends on the Cu loading) is dissolved in 20 mL deionized water and

mixed with 100 mL ethoxyethanol. The supporting material (Al,Os, sieved 100-300 pm)
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(amount depends on the Cu loading) is added to form a suspension. Then hydrazine (mono-
hydrate 1.5 mL) is added to form the orange copper-hydrazine complex. The suspension is
heated to 55°C under reflux and held for 2h. The red-black product is cooled and washed with
2x 50mL dry ethanol via whatman-filtration technique. The product is dried under vacuum and

stored in an inert atmosphere.

Preparation of Al,O3 supported Cu nanopatrticles by deposition precipitation with urea (Cupp)
The different loaded Al>O3 supported Cu nanoparticles were synthesized by variation of a com-
mon procedure.[?46- 2471 Copper(ll)nitrate trihydrate (amount depends on the Cu loading) is dis-
solved in 200 mL deionized water. Supporting material (Al.Os, sieved 100-300um) and urea
(both amounts depends on the Cu loading) is added. The suspension is heated to 90°C under
reflux for continuously decomposition of urea. Reaction was kept for 2 days and precipitation
is finished as soon as the blue solution has turned colorless. The precipitate was filtered and
washed with 3x 50 mL water and dried overnight at 80°C. The dry precursor was calcined at
450°C for 4h (2,5 K/min).

Preparation of Al,O3 supported Cu nanoparticles by co-precipitation (Cucopr)

The different loaded Al,O3 supported Cu nanoparticles were synthesized by variation of a com-
mon co-precipitation procedure.®% 3211 A metal nitrate solution of Cu(NO3). trihydrate and
Al(NO3)s nonahydrate (both amounts depends on the Cu loading) dissolved in 95 mL deionized
water is prepared. For precipitation, 500 mL deionized water is heated to 50°C and stirred
rapidly at 400 rpm. The nitrate solution was constantly added with a flow rate of 5 mL/min using
a peristaltic pump. The pH was kept at 7 (see titration curve Figure 110) using an automated
titration device. A 2 M NaOH solution serves as precipitation agent. After precipitation, the
solution is aged at 50°C for 1h. The aged product is filtered and washed with deionized water
until the residue does not exceed a conductivity of 4 mS m? (removal of Na*). The precursor
is dried overnight at 80°C and further calcined for 4h at 450°C (2.5 K/min).

Preparation of Al,Os supported Cu nanoparticles by deposition precipitation via ligand removal
(Cuwr)

The different loaded Al>O3 supported Cu nanoparticles were synthesized by variation of a com-
mon procedure.?46 2481 Copper(ll)nitrate trinydrate (amount depends on the Cu loading) is dis-
solved in 100 mL deionized water in an Erlenmeyer flask. Supporting material (Al,Os, sieved
100-300um) and aqueous ammonia (10%) is added. The suspension is stirred. Reaction was
kept for 2 to 3 days and precipitation is finished as soon as the blue solution has turned color-
less and a light blue precipitate formed. The precipitate was filtered and washed with 3x 50 mL

water and dried overnight at 80°C. The dry precursor was calcined at 450°C for 4h (2,5 K/min).
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Figure 110: Titration curve of a 0.1 M solutions containing Al nitrate and Cu. The titration was carried
out at room temperature using a 0.1 M solution of NaOH.

Grafting with ZnEt2 (ZnCupp, ZNCucopr, ZNCULr, ZNCUrP)

Before Zn grafting, the calcined precursors are reduced at 300 °C at 20mL/min in pure H; flow
for 1h with a heating ramp of 1 K/min.

Then, 500 mg of reduced precursor is added into a three-neck Schlenk-flask and a pressure
relief valve is mounted. The flask is purged with H> for 5 min before the addition of dry and
degassed heptane (20 mL). H> was bubbled through the suspension. After 5 minutes purging
ZnEt; (amount depends on the Cu loading) in heptane solution (1 M) is added. The reaction is
kept for 3 h under constant H- flow. As soon as the reaction is finished the solvent is decanted
with a syringe and the residue is washed two times with 10 mL dry and degassed pentane.
The catalyst is dried overnight under vacuum before it is stored in an inert atmosphere. The
samples pureCupp, pureCuigr, pureCucopr Were prepared by the same procedure just without
the addition of ZnEt,.

Preparation of ZnCures1, ZNCUrer2

First Al,O3 was calcined at 500°C (5K/min, 8h) in air to get rid of surface impurities and water.
After that it was dehydroxylated at 700°C at 10° bar to create isolated hydroxyl groups. For
the grafting step, a ZnEt, heptane solution (1M) was added and it is slowly stirred for 3 h in Ar
atmosphere. The solid was washed two times with 10 mL dry and degassed pentane before it
was transferred into the glovebox. To transform it into highly dispersed ZnO it was calcined at
250°C (2.5 K/min, 5h) afterwards. Then Cu was precipitated onto the ZnO/Al,O3; support via

deposition precipitation with urea which was described before.

CO; hydrogenation to methanol
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The reaction setup is shown in Figure 111. The catalyst (150 mg) is placed in an U-shaped
reactor. Before the catalytic reaction the catalysts are pretreated at 40°C, 120°C or 200°C
(heating rate: 1 K/min) in 50% Hz/He (20 mL/min) for 45 min or are used without pretreatment.
The catalytic reaction is carried out at 28 bar and at 6 temperature steps: 200°C, 225°C, 250°C,
275°C, 300°C, 325°C. The heating rate between the steps is 2.5 K/min and the holding time is
2 h for each step. The CO,/H; ratio is 1/3 with a GHSV of 8000 h. The product feed compo-
sition is determined by online gas chromatography with a Perkin Elmer Clarus 590 GC
equipped with thermal conductivity detector (TCD). The catalyst is removed inside the glove-
box for further characterization. An empty reactor was measured under the same catalytic
conditions to exclude effects caused by the reactor itself.
The data are evaluated using following equations:
First, the volume fraction ¢;(t) is calculated for each gas after reaction time t with help of the
calibration parameters.
Ai — Uigc

pi(t) = e
@;(t) = volume fraction at reaction time t for component i
A; = area obtained from the GC for a component i
u; g¢ = Yy-intercept of the calibration curve for component i obtained from the GC

m; ¢ = slope of the calibration curve for component i obtained from the GC

With the volume fraction ¢;(t) and with the knowledge that CO; is only converted to CO or
MeOH the mass balance can be calculated regarding the carbon containing components.

Hence, the CO, mole fraction ¢, (t = 0) before the reaction can be calculated.

®co,(t =0) = @co, () + @co(t) + Preon(t)
®co,(t = 0) = CO2 mole fraction before the reaction
®co,(t) = CO2 mole fraction at reaction time t
@co(t) = CO mole fraction at reaction time t

Oumeon(t) = MeOH mole fraction at reaction time ¢t

With the CO. mole fraction before the reaction the CO- conversion X, can be determined.

Y. = ®co,(t =0) = @co, (1)
€02 ®co,(t =0)

Xco, = CO2 conversion

®co,(t = 0) = CO2 mole fraction before the reaction

163



Experimental

®co,(t) = CO2 mole fraction at reaction time t

The yield of component i can be calculated as follows:

_ ®i(t)
®co,(t =0)

i

Y; = yield of component i
@;(t) = volume fraction at reaction time t for component i
®co,(t = 0) = CO2 mole fraction before the reaction

The selectivity of component i can be calculated as follows:
_n
Xco2

Si

S; = selectivity of component i
Y; = yield of component i
Xco, = CO2 conversion

G (s >

Figure 111: Flow chart of the single testing unit (STU).

Interpolation of the temperature of 5 % CO- conversion and the corresponding selectivity

First, the temperature of 5 % CO; conversion is calculated by interpolation of the different CO-
conversion curves. With a polynomial fit (polynomial fit of 4™ degree) the trend line can be
obtained with the following equation:
U(T) = aT* + bT3 + cT?> +dT + e
Then, the temperature of 5 % CO, conversion T(U = 0.05) can be calculated with the following
eqguation:
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aT* + bT3+cT?+dT +e—0.05=0
The methanol selectivity at this temperature can be interpolated with a polynomial fit of 3™
degree. By insertion of T(U = 0.05), the corresponding methanol selectivity S(T(U = 0.05)) is
calculated as follows:

S(T(U)) = aT(U = 0.05)% + bT(U = 0.05)% + cT (U = 0.05) + d

Characterization and analysis methods

Elemental analysis

ICP-OES measurements for determination of Cu and Zn content are conducted on an Agilent
700 ICP-OES. Around 40 mg sample are dissolved in 2 mL of concentrated phosphoric acid
and stirred overnight at 90°C. The samples were diluted with distilled water and concentrated
to obtain a maximum Al concentration of 40 ppm. A commercial standard (1000 ppm Merck
ICP multi-element standard solution 1V) is used for external calibration from 1.0 to 50.0 ppm.
All values contain errors from pipettes used for dilution. Therefore, an error of 1% is estimated.

In addition, an error of 5% is estimated regarding the preparation procedure.

Determination of the C content

5 mg of the sample is burned in synthetic air. Carbon containing ligands are decomposed and
carbon reacts to carbon dioxide. The formed carbon dioxide is quantified via gas chromatog-
raphy.

Determination of ethane to Zn ratio
65 mg of the sample is added in a Schlenk tube with a defined volume and 1 mL water is
added. After 30 min reaction a defined volume of the gas phase was collected with a syringe.

The ethane content in the syringe was determined by gas chromatography.

X-Ray diffraction
The samples after calcination are placed onto a flatbed support, inserted into the X-ray ma-
chine and measured with an Empyrean diffractometer from PANalytical (Ko(Cu), =1 5419, Ni
as Kg(Cu)-filter) in reflection mode. Diffractograms are recorded in an angle range between 5°
and 70° in steps of 0.013°. For the air sensitive samples (after reduction and Zn grafting) the
diffractograms are recorded in an angle between 5° and 90° in steps of 0.008°. In this case the
samples are filled into capillaries to exclude air contact. The diffractograms are analyzed using
the HighScore Plus software from PANalytical.
The crystallite sizes were calculated with the Scherrer equation°0-1041;

L KA

A(26) cosb
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A(20) = the quantity of the line broadening at half the maximum intensity (FWHM) in radians
K = shape factor (0.9 to 1)

A = wavelength of the X-Ray source

0 = Bragg angle

L = mean size of the ordered crystalline domains

BET surface area

Full N2 isotherm measurements are conducted on a Quantachrome NovaTouch. N, physisorp-
tion isotherms are conducted at -196 °C. Before the measurement the samples were degassed
(10 K/min, 120 °C, 3 h, 42 mbar). 100 mg sample are used and 39 points (adsorption and

desorption) over the full partial pressure range were measured.

Temperature programmed reduction (TPR)
The calcined sample is placed in an U-shaped glass reactor. The sample is heated to 800 °C
(5 K/min) in 50 mL/min 2.5 % H./He. The H, consumption is monitored using a thermal con-

ductivity detector (TCD). The measurement is carried out in an Autochem.

Monitoring the grafting procedure with ZnEt;

For monitoring the grafting procedure, the capillary of mass spectrometer is connected with
the flask in which the grafting procedure is carried out. Due to the continuous H» gas flow the
gas phase of the reaction flask is piped to the mass spectrometer (ThermoSTAR, Pfeiffer Vac-

uum).

Temperature programmed decomposition (TPD)
For the TPD experiment, 400 mg of the catalyst is added in an U-shaped reactor. The reactor
is mounted in an oven and is heated to 500°C (5K/min) in 20 mL/min He flow. The exhaust gas

stream is analyzed with a mass spectrometer (ThermoSTAR, Pfeiffer Vacuum).

X-ray photoemission spectroscopy (XPS)

X-ray photoelectron spectra were recorded on a Leybold-Heraeus LHS 10 spectrometer using
a non-monochromatized Mg Ka source (1253.6 eV). The powder samples were pressed into
cavities and measured as pellets. Preparation of the sample as well as the transfer into the
XPS spectrometer was carried out under Ar atmosphere. All spectra were acquired in an ultra-
high vacuum chamber at a pressure below 5 - 10® mbar. The analyzer was operated at a
constant pass energy of 100 eV leading to an energy resolution with a full width at half-maxi-

mum (FWHM) of ~1.1 eV. The energy scale was corrected for sample charging by using the
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O 1s main signal (531.0 eV). The reductive pretreatment was carried out at 10 mbar H; heat-
ing to 300°C.

In-situ adsorption/desorption experiments using a modified IR spectrometer

In-situ IR-Spectroscopy was performed on a Biorad FTS-575C FTIR spectrometer with a res-
olution of 4 cm™ and 32 scans. Samples were measured in a self-designed cell with the pos-
sibility to heat in defined ranges to 300°C and add gases into the cell chamber. The cell is
equipped with ZnSe windows. Gas flow was controlled by mass flow controllers and tempera-
ture was controlled by a thermocouple connected to a Eurotherm temperature controller. The
IR cell can be assembled in a glovebox to inertly prepare a pellet of the sample before mount-
ing in the IR-spectrometer.

CO adsorption/desorption: CO is added to the gas stream (5% in He) and a spectrum is col-
lected each minute up to five minutes. Subsequently the sample was heated in He gas stream
to 250°C and every 25°C a spectrum is collected before it is cooled down.

H. adsorption/desorption: pure H: is applied and the sample was heated to 300°C. Every 25°C
a spectrum is collected. After 1 hour at the maximum temperature another spectrum is col-

lected before it is cooled down.

Determination of the Cu surface area by N.O-RFC

Before the Cu surface area determination, the samples are reduced at 300 °C for 1 h (1 K/min)
in pure H.. The N2O copper surface area is determined at 1 bar pressure and 308 K. At this
temperature, no significant bulk oxidation of copper takes place. A mixture of 1% N.O/He is
used. The gas composition is analyzed using a mass spectrometer. After the measurement,
the mass spectrometer is calibrated with a gas mixture of 1% N./He for the determination of
the formed Na.

The amount of copper surface atoms is calculated from the catalyst mass, flow rate and N2
area obtained by mass spectrometry. In order to determine the Cu surface area, a mean cop-
per surface atom density of 1.47 10'° atoms per m? is used. The latter one is the arithmetic
mean value of the low index planes Cu(111), Cu(110), and Cu(100). As subsurface oxidation
cannot be completely avoided the intersection between the disappearing N» signal and rising
N2O signal at the breakthrough point is used as a limit for the integration of the N signal. The

stoichiometric reaction is shown below.

2 Cug + NJO —— Cug—0O-Cug + Ny

Determination of the Cu surface area by H.-TPD
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Before the Cu surface area determination, the samples are reduced at 300 °C for 1 h (1 K/min)
in pure H,. The reduced sample is cooled down to 235 K in He and pressurized with 24 bar
hydrogen for 30 minutes. Full hydrogen coverage of copper is achieved according to literature
at these conditions. The catalyst is rapidly cooled down to 77 K, depressurized to atmospheric
pressure and flushed at least 30 min with helium until the baseline in the mass spectrometer
shows a constant value. Subsequently, the catalyst bed is heated up at atmospheric pressure
in helium flow with a linear heat ramp of 6 K/min to 523 K. The desorption of H, during heating
is monitored by a mass spectrometer. The amount of adsorbed hydrogen is calculated using
the H; desorption peak area. Raw data are corrected by baseline subtraction. Cu surface area

calculation is carried out analog to the determination by N>.O-RFC.

Transmission electron microscopy (TEM)

It is carried out probe-corrected on a Titan TEM from Thermo-Fishser Scientific and operated
at the accelerating voltage of 300 kV. First, a bunch of images are acquired (both at low and
high mags) to the morphology and crystal structure of nanoparticles. X-ray energy dispersive
(EDS) and selected area electron diffraction (SAED) datasets are also acquired to determine

the average elemental composition and the crystal structure of materials, respectively.

Scanning transmission electron microscopy — electron energy loss spectroscopy (STEM-EELS)
elemental mapping

For determining the elemental distribution in materials, the microscope is set in the scanning
TEM (STEM) mode and used both annular dark-field (ADF) and high-angle annular dark-field
(HAADF) detectors to make STEM images. In the case of HAADF detector, the image-contrast
is dominated by atomic number (Z). It is then followed by setting the Gatan-Image Filter (GIF
Quantum 966) into the electron energy-loss spectroscopy (EELS) mode. In this way, STEM-
EELS spectrum image (Sl) data sets are acquired for each sample. EELS conditions are set
in such a way that CuL23 and ZnL23 energy-loss edges are acquired to generate the Cu and
Zn maps, respectively. The entire datasets are acquired and post-processed in Gatan Micros-

copy Suite (GMS of version 3.2).
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7.3 Experimental to chapter 4 — MeOH Syntesis - Development of Cop-

per/Zirconia Based Catalysts for MeOH Synthesis

Synthesis of the catalysts

All chemicals were used without further purification.

Chemical

Supplier

Purification grade

Cu(NOg3)2 - 3H20
Al(NO3)s - 9H,0
NaOH

Na.COs

Bi-O3

AgNOs3
Mn(NOs), - 4H.0
Fe(NOs)s - 9H.0
Ce(NOg3)s3 - 6H20
HsPO4 (85%)
Zn(NO3); - 6H20
IN(NO3)s - xH20
Ni(NO3)2 - 6H.0
Cd(NO3): - 4H,0
Cr(NO3)s - 9H.0
SM(NOs3)s - 6H.0
Ga(NOg3)s - xH0
Mg(NOs), - 6H.0
Ba(NOs3):
Sr(NOs3)2
Ca(NOg): - 4H,0
K2CO3

H3BO3

Cs,COs

Li.COs

CHO2Rb

CO;

H2

He

N-O

VWR Chemicals
Merck

Grussing GmbH
VWR Chemicals
Sigma Aldrich
Merck

Merck

Amresco

Fluka

VWR Chemicals
Alfea Aesar
Sigma Aldrich
VWR Chemicals
Sigma Aldrich
Alfea Aesar
Alfea Aesar
Sigma Aldrich
VWR Chemicals
Alfea Aesar
Sigma Aldrich
Merck

Grussing GmbH
Merck

Merck

Merck

Sigma Aldrich
Westfalen
Westfalen
Westfalen

Westfalen

GPR Rectapure
> 95%

99%
Normapur
99%

for analysis
for analysis
for analysis
>99%
Normapure
98.5%

99.9%

GPR Rectapur
98%

>98.5 %
99.9%

99.9%
Normapur
99.95%

99%

99%

99.5%

99%

extra pure
extra pure
98%

4.5

5.0

5.0

(1% in He 6.0)
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Chemical Supplier Purification grade
ZrO(NO3)2 Arcos Organics 99.5 %
Conc. HNO;  VWR Chemicals  Normapure

Preparation of different Cu/ZrO, catalysts

First, a 1M stock solution was prepared containing 120.8 g Cu(NOs); - 3H,O and 171.13 g
ZrO(NO:s)2. The dissolution of ZrO(NOs3), was facilitated by the addition of HNOs. The exact
molarity of the solution was determined by gravimetric analysis. In addition, different precipita-

tion agents were prepared. The values are summarized in Table 31.

Table 31: Preparation of the different precipitation agents.

ratio c(NaOH) c¢(Na;COs) c(NaOH) c(Na;COg)
Na;COsz: NaOH in mol/L in mol/L in g/L in g/L
1:1 1.25 1.25 50.00 132.49
1:2 0.83 1.66 66.64 88.29
1:4 2.00 0.50 79.99 52.99

For the co-precipitation, 100 mL deionized H>O was added to an Erlenmeyer flask. The nitrate
solution is pumped with a peristaltic pump into the flask within 20 min and it is stirred at 400 rpm.
The pH value is controlled by a 906 Titrando titrator by Metrohm which adds continuously the
precipitation agent. After the co-precipitation, the precipitate is aged, washed with deionized
water until the residue does not exceed a conductivity of 4 mS m™ (removal of Na*), dried and
calcined. The different synthesis parameters of the Cu/ZrO- catalysts are summarized in Table
32 and Table 33. The catalysts were sieved before the catalysis and only the fraction between

100 and 300 ym was used.

Table 32: Precipitation parameters of the 24 randomly selected Cu/ZrO: catalysts.

Cu-loading in  Vcu-nitrate Vzirkonyl nitrate Prec. Terecipit pH-
Catalyst - Flask

Wt.% in mL in mL agent in°C value
Catl 55 21.640 9.460 1:1 75 barriers 8
Cat 2 25 9.835 15.770 1:4 75 standard 8
Cat 3 40 15.735 12.615 1:2 50 standard 6.5
Cat 4 55 21.640 9.460 1:2 25 standard 8
Cat 5 55 21.640 9.460 1:4 25 standard 8
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Cat 6
Cat7
Cat8
Cat9
Cat 10
Cat 11
Cat 12
Cat 13
Cat 14
Cat 15
Cat 16
Cat 16.2
Cat 17
Cat 18
Cat 19
Cat 20
Cat 21
Cat 22
Cat 23
Cat 24

40
55
55
55
25
40
25
55
40
40
55
55
55
25
25
40
55
40
40
25

15.735
21.640
21.640
21.640
9.835

15.735
9.835

21.640
15.735
15.735
21.640
21.640
21.640
9.835

9.835

15.735
21.640
15.735
15.735
9.835

12.615
9.460
9.460
9.460
15.770
12.615
15.770
9.460
12.615
12.615
9.460
9.460
9.460
15.770
15.770
12.615
9.460
12.615
12.615
15.770

1:2
1:2
1:4
1:2
1:4
11
1:4
1:4
1:4
1:4
NH3
1:2
11
11
11
11
11
11
1:2
1:2

barriers
barriers
standard
barriers
barriers
standard
barriers
standard
standard
standard
barriers
barriers
standard
standard
standard
barriers
standard
standard
standard

barriers

8

Table 33: Ageing, drying and calcination parameters of the 24 randomly selected Cu/ZrO: catalysts.

catalyst Tageing Tageing Tarying T calcination T calcinatio Rateneating
in °C inh in °C in °C inh in K/min

Cat1l 75 4 120 500 6 2.5

Cat 2 50 4 80 350 2 5

Cat 3 75 0 120 350 6 2.5
Cat4 25 4 80 350 6 5

Cat5 25 0 80 500 2 5

Cat 6 75 4 80 425 2 5

Cat7 75 0 120 500 4 2.5

Cat 8 25 2 80 350 2 5

Cat9 75 4 80 500 6 2.5

Cat 10 50 4 80 350 6 5

Cat 11 75 4 80 350 2 5
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Cat 12 75 2 80 500 2 2.5
Cat 13 75 0 80 350 6 5
Cat 14 25 0 120 425 2 2.5
Cat 15 25 0 120 500 2 5
Cat 16 50 0 120 500 2 2.5
Cat16.2 50 0 120 500 2 2.5
Cat 17 50 0 120 425 2 5
Cat 18 75 4 120 350 4 2.5
Cat 19 25 0 80 425 6 2.5
Cat 20 75 0 120 425 4 2.5
Cat 21 25 2 80 425 2 5
Cat 22 50 0 120 350 6 5
Cat 23 25 4 120 500 6 5
Cat 24 50 0 80 425 6 2.5

Synthesis of different promoted Cu/ZrO- catalysts

Synthesis by co-precipitation

For co-precipitation only metal nitrates were used as precursor materials. Titration curves were
measured to determine the pH value for the precipitation procedures. The titration curves are
shown in Figure 112. The titration curves are measured with 0.1M nitrate solutions at room
temperature using a 906 Titrando titrator by Metrohm by adding a 0.1M NaOH solution.

Like for the synthesis of different Cu/ZrO, catalysts, a 1.0M stock solution containing Cu nitrate
(120.8 g) and zirconyl nitrate (171.1 g) was prepared. The metal nitrate of the promoting metal
was added. The precipitation parameters are similar to that of Cat8. A Na,COs: NaOH 1:4
solution was used as precipitation agent. First, 100 mL deionized H,O was added to an Erlen-
meyer flask (without barriers). The nitrate solution is pumped with a peristaltic pump into the
flask within 20 min and it is stirred at 400 rpm. The pH value is controlled by a 906 Titrando
titrator by Metrohm which adds continuously the precipitation agent and the precipitation takes
place at 25 °C. After the co-precipitation, the precipitate was directly washed with deionized
water until the residue does not exceed a conductivity of 4 mS m* (removal of Na*), dried at
80°C overnight and calcined at 400°C (5 K/min) for 2 h. The different loadings, the amounts of
the different nitrates, the different volumes as well as the pH values are summarized in Table
34. The following nitrates are used as precursors: AI(NO3)s - 9H,0, Zn(NOs), - 6H.0, Ag(NOs),
Mn(NOs). - 4H20, Fe(NO3)s - 9H20, Ce(NOs)s - 6H20, In(NO3)s - xH20, Ni(NOs)2 - 6H20,
Cd(NOs3) - 4H20, Cr(NO3)3z - 9H20, Sm(NO3)3 - 6H.0, Ga(NOs)s - xH20, Bi(NO3)sz (Bi2O3 dis-
solved in HNO:s).
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Figure 112: Titration curves of a 0.1 M solutions containing zirconyl nitrate, Cu nitrate and the corre-
sponding promotor precursor. The titration was carried out at room temperature using a 0.1 M solution

of NaOH.
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The catalysts were sieved before the catalysis and only the fraction between 100 and 300 um

was used.

Table 34: Different promotor metals which are added to the Cu/ZrO2 system during the co-precipitation
procedure. 10 and 20 wt.% of the promoting metal was added. The amount of the promoting nitrate
precursor (mnirate), the total volume of water (Vh20), the volume of the zirconyl solution (Vzr-sor), the vol-
ume of the Cu solution (Vcu-sol) as well as the pH-value obtained by the titration curves (Figure 112).

promoting loading in Mhitrate VoIl Vzrsol Vcu-sol pH-
metal Wt.% ing mL inmL inmL value

Zn 10 1.3650 4.590 8.520 25.965 8
Zn 20 2.7299 9.175 6.085 25.965 8
Al 10 41712 11.120 8.520 25.965 7
Al 20 8.3424 22.240 6.085 25.965 7
Ag 10 0.4725 2.780 8,520 25.965 6.5
Ag 20 0.9449 5560 6.085 25.965 6.5
Mn 10 1.3706 5460 8.520 25.965 6
Mn 20 2.7413 10.920 6.085 25.965 6
Fe 10 2.1698 5370 8,520 25.965 6.5
Fe 20 4.3397 10.745 6.085 25.965 6.5
Ce 10 0.9297 2140 8520 25965 8.5
Ce 20 1.8593 4.280 6.085 25965 85
In 10 1.0214 2.615 8.520 25.965 6.5
In 20 2.0428 5225 6.085 25.965 6.5
Ni 10 14864 5.110 8.520 25965 85
Ni 20 29728 10.225 6.085 25.965 8.5
Bi 10 0.6689 1435 8.520 25.965 6.5
Bi 20 1.3378 2.870 6.085 25.965 6.5
Cd 10 0.8233 2.670 8.520 25.965 9
Cd 20 1.6465 5340 6.085 25.965 9
Cr 10 2.3087 5770 8520 25.965 8
Cr 20 46175 11.540 6.085 25.965 8
Sm 10 0.8868 1995 8.520 25.965 8.5
Sm 20 1.7736 3.990 6.085 25.965 8.5
Ga 10 1.1004 4.305 8.520 25.965 6
Ga 20 2.2008 8.605 6.085 25.965 6

Synthesis by impregnation of the Cu/Zr precipitate
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For the impregnation of the Cu/Zr precipitate the promotor is added to the catalysts during the
last washing step. Therefore, a standard Cu/Zr precursor was co-precipitated using a similar
procedure than that of Cat8. Like for the synthesis of different Cu/ZrO; catalysts, a 1.0M stock
solution containing Cu nitrate (120.8 g) and zirconyl nitrate (171.1 g) was prepared. A
Na>COs:NaOH 1:4 solution was used as precipitation agent. First, 100 mL deionized H,O was
added to an Erlenmeyer flask (without barriers). The nitrate solution is pumped with a peristaltic
pump into the flask within 120 min and it is stirred at 400 rpm. The pH value (pH =8) is con-
trolled by a 906 Titrando titrator by Metrohm which adds continuously the precipitation agent.
The precipitation takes place at 25 °C. After the co-precipitation, the precipitate was directly
washed with deionized water until the residue does not exceed a conductivity of 4 mS m?
(removal of Na*).

Table 35: Different promotor metals which are added to the Cu/ZrO2 system during the washing by
impregnation. 5 and 15 wt.% of the promoting metal was added. The amount of the promoting precursor
(Mprecursor) and the amount of precipitate (Mprec).

promoting loading Mprecursor Mprec

metal in wt.% ing ing

Mg 5 4.7097 14.79
Mg 15 14.1290 14.79
Ba 5 0.8496 14.79
Ba 15 2.5487 14.79
Ca 5 2.6305 14.79
Ca 15 7.8914 14.79
K 5 1.5780 14.79

15 4.7341 14.79
Sr 5 1.0783 14.79
Sr 15 3.2348 14.79
Na 5 2.0582 15.33
Na 15 6.1745 15.33

5 2.5532 15.33

15 7.6596 15.33
Cs 5 1.0944 15.33
Cs 15 3.2833 15.33
Rb 5 0.6816 15.33
Rb 15 2.0448 15.33
Li 5 4.7524 15.33
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The precipitate is divided into several portions. In pre-experiments a catalyst mass of 5:1 com-
pared to before and after drying was determined. Hence, around 80% of the precipitate corre-
spond to water. Based on this value the amounts of the promotor precursors could be calcu-
lated which are impregnated during one washing step. The volume for the impregnation is 50
mL. For the impregnation/washing step one part of the Cu/Zr precipitate and 50 mL of the
promoting metal solution was added into an Erlenmeyer flask. Then the precipitate is filtrated.
After that the precipitate is dried at 80 °C overnight and subsequently calcined at 400°C (5
K/min) for 2 h. The different amount of promoting metal precursors, the amount of Cu/Zr pre-
cipitate as well as the different Cu loadings are summarized in Table 35.

The following metal precursors were used: Mg(NO3), - 6H.0, Ba(NOs)2, Ca(NOs), - 4H-0,
K2COs3, Sr(NOs)2, Na>COs, H3sBO3, Cs,CO3, CHO2RD, Li>COs.

The catalysts were sieved before the catalysis and only the fraction between 100 and 300 um

was used.

CO; hydrogenation to methanol

Parallel testing unit (PTU)

First the 12 reactors were filled with quartz wool and 200 mg white corundum and 800 mg
catalysts were added before quartz wool was put on the catalysts bed again. Then the reactors
were installed into the PTU and the reductive pretreatment was started. The reduction takes
place at 2 bar and at 300°C for the pure Cu/ZrO, catalysts and at 400°C for the different pro-
moted Cu/ZrO, catalysts. The heating rate is 2.5 K/min. The total gas flow is 40 mL/min (25%
H2 in N2). The reduction parameters after achieving the reduction temperature are summarized
in Table 36.

Table 36: Reduction parameter after achieving the reduction temperature.

time temperature V(N2) V(H2)
in min in °C in mL/min  in mL/min
60 300/400 20 20
30 300/400 10 30
30 300/400 0 40

The catalytic reaction was started after cooling down to 275 °C. The catalytic reaction was
carried out at 10 bar, a total gas flow of 40 mL/min (25% CO: in Hz). The temperature program
was measured in decreasing order (275°C, 250°C, 225°C, 200°C). Each temperature was

measured for 8 h. The product analysis was done with a Siemens Maximum Edition | process
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gas chromatograph. The GC works at 110°C and isothermal conditions. One analysis takes 5

min. The PTU setup is shown in Figure 113.

i

A
|

i

[ >

Figure 113: Flow chart of the parallel testing unit (PTU).

Single testing unit (STU)

The reaction setup is shown in Figure 111. The catalyst (150 mg) is placed in an U-shaped
reactor. Before the catalytic reaction the catalysts are pretreated at 300°C for pure Cu/ZrO2
catalysts or at 400°C for promoted Cu/ZrO; catalysts (heating rate: 2.5 K/min) in Hz with a total
gas flow of 40 mL/min. The reduction procedure after achieving the reduction temperature of
300°C or 400°C is summarized in Table 37. The catalytic reaction is carried out at 10 bar and
at 6 temperature steps measured in increasing order: 175°C, 200°C, 225°C, 250°C, 275°C,
300°C. The heating rate between the steps is 2.5 K/min and the holding time is 2 h for each
step. The CO./H; ratio is 1/3 with a GHSV of 8000 h1.

Table 37: Reduction parameter after achieving the reduction temperature.

Time  Temperature V(He) V(H>) He-MFC  H>-MFC in
in min in°C inmL/min  in mL/min in % %
60 300 32 8 23,5 2,1
30 300 20 20 13,7 12,2
30 300 0 40 0 29,0
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The product feed composition is determined by online gas chromatography with a Perkin Elmer
Clarus 590 GC equipped with thermal conductivity detector (TCD). An empty reactor was
measured under the same catalytic conditions to exclude effects caused by the reactor itself.
The calculation of the CO, conversions, the yields and selectivity are shown in section 0.

The interpolation of the temperature of 5 % CO; conversion and the corresponding methanol

selectivity is described in section 0 as well.

Parameter study using a Cu/ZrO, catalyst and the single testing unit (STU)
The preparation of the reactor as well as the reduction procedure is described in section 0.
After that the catalytic reaction starts. The temperature program of the hysteresis measure-

ments is summarized in Table 38.

Table 38: Temperature program of the hysteresis measurements.

heating rate in K/min 1 - 1 - 1 - 1 -
time in min 10 320 25 320 25 320 25 320
temperature in °C 200 200 225 225 250 250 275 275
heating rate in K/min - - 1 - 1 - 1 -
time in min 25 320 25 320 25 320 25 320
temperature in °C 275 275 250 250 225 225 200 200

Within the 320 min hold time, the total gas flow, as well as the H»:CO, ratio was varied as it is

summarized in Table 39.

Table 39: Parameter variation within the 320 min hold time of each temperature step.

ratio VGesamt V(Hz) V(COz;)  HrMFCin CO>MFC
H,:CO in mL/min  inmL/min  in mL/min % in %
31 20 15 5 8.4 26.1
31 30 22.5 7.5 14.25 32.54
4:1 20 16 4 8,8 18
4:1 30 24 6 15.5 26.3
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The calculation of the CO. conversions, the yields and selectivity are shown in section 0. The
interpolation of the temperature of 5 % CO> conversion and the corresponding methanol se-
lectivity is described in section 0 as well.

Evaluation applying Design of Experiment (DoE)

Calculation of the effects (E):
< Ar>
- n
< A,r > = Sum of the products obtained from the variable matrix and the result matrix

E

n = number of experiments (8)

Calculation of the sum of the squares (Q(E)):

Q(E) =nE?
n = number of experiments
E = effect

Characterization of the different Cu/ZrO, catalysts
All characterization methods are described in section 7.2.
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9.1 Additional data

Table 40: Catalysts labels for Figure 80 of the different Cu and Zn loaded catalysts ZnxCuy-z-a (x= Zn
loading in wt.%, y = Cu loading in wt.%, z = precipitation method, a = pretreatment temperature before
catalysis). The catalysts were pretreated in Hz:He 1:1 in general at 120°C (except it is particularly spec-

ified) for 1 h.

Abbreviation Catalyst number Description

pureCulO.pp 2 deposition precip. with urea without Zn
Zn1CulO.pp 7 deposition precip. with urea with Zn
Zn2CulO.pp 3 deposition precip. with urea with Zn
Zn2Cul0.pp-40°C 4 deposition precip. with urea with Zn
Zn2Cul0.pp-120°C 5 deposition precip. with urea with Zn
Zn2Cul0.pp-200°C 6 deposition precip. with urea with Zn
Zn3Cul0.pp 8 deposition precip. with urea with Zn
Zn2.5Cu25.pp 9 deposition precip. with urea with Zn
Zn5Cu25.pp 10 deposition precip. with urea with Zn
pureCul0.copr 12 co-precipitation without Zn
Zn0.25Cul0.copr 17 co-precipitation with Zn
Zn1CulO.copr 18 co-precipitation with Zn
Zn2Cul0.copr 13 co-precipitation with Zn
ZNn2Cul0.cop-40°C 14 co-precipitation with Zn
Zn2Cul0.cop-120°C 15 co-precipitation with Zn
Zn2Cul0.copr-200°C 16 co-precipitation with Zn
Zn2.5Cu25.copr 19 co-precipitation with Zn
Zn5Cu25.copr 20 co-precipitation with Zn
Zn7.5Cu50.copr 21 co-precipitation with Zn
pureCulO..r 23 deposition precip. via ligand removal without Zn
Zn1CulO..r 28 deposition precip. via ligand removal with Zn
Zn2CulO..r 24 deposition precip. via ligand removal with Zn
Zn2Cul0.r-40°C 25 deposition precip. via ligand removal with Zn
Zn2Cul0.r-120°C 26 deposition precip. via ligand removal with Zn
Zn2.5Cu25.r 29 deposition precip. via ligand removal with Zn
Zn5Cu25..r 30 deposition precip. via ligand removal with Zn
Zn1CulO.rp 35 reductive precip. with Zn
Zn2Cul0.rp-40°C 32 reductive precip. with Zn
Zn2Cul0.rp-120°C 33 reductive precip. with Zn
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Figure 114: MeOH selectivity at different reaction temperatures (200, 225, 250, 275, 300, 325 °C) at 28
ba rfor the different Cu and Zn loaded catalysts ZnxCuy-z (x= Zn loading in wt.%, y = Cu loading in wt.%,
z = precipitation method). The H2:COz2 ratio is 3:1. The GHSV is 8000 h-1. The catalysts were pretreated
in H2:He 1:1 at 120°C for 1 h. The overall reaction time is 14 h 50 min.
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