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Abstract

The work presented here is focused on the development of a new reaction
process. It applies Supported Ionic Liquid Phase (SILP) catalysis to a spe-
cific reaction. By reacting methanol and carbon monoxide over a rhodium
catalyst, acetic acid can be formed. This reaction is important on a large
scale industrially, with millions of tonnes of acetic acid being produced an-
nually. Acetic acid is an important precursor for making adhesives, plastics
and fabrics.

By using the SILP concept we are able to carry out the reaction in a
continuous system, allowing a steady production of acetic acid without having
to stop and re-start the reaction. This sort of continuous flow reaction is a
subject of great research effort in recent years as it is more sustainable (and
in some cases financially viable) that the current method of carrying out
chemical reactions in large size batch reactions

The project started right at the beginning with the construction of a
suitable test reactor, then followed by the synthesis and testing of all the
catalysts reported.

A variety of nitrogen based ionic liquids were initially tested, giving good
results and stability in the system. Later a number of phosphonium based
salts were tested (these were no longer classified as ionic liquids due to melting
points above 100°C). The phosphonium salts showed even better activity in
the system compared to the ionic liquids.

Overall the work has shown that this process for the manufacture of
acetic acid is viable industrially. This is backed up by the construction and

operation of a pilot plant by Wacker Chemie AG in Munich.



Dansk Resumé

Denne afhandling omhandler udviklingen af en ny kemisk proces. Ved at
benytte et rhodium-kompleks i en supporteret ionisk vaeskefase (Supported
Ionic Liquid Phase, “SILP”) som katalysator for carbonyleringsreaktionen
mellem methanol og kulilte kan eddikesyre fremstilles. Carbonyleringen af
methanol bruges til industriel fremstilling af eddikesyre pa megaton-skala,
hvilket er et vigtigt udgangsstof for at lave plastik, fibre, tekstiler og bindere
som f.eks. lim.

Ved at anvende SILP-baret katalysator kan reaktionen udfgres i en kon-
tinuert reaktor, hvilket tillader en konstant fremstilling af eddikesyre uden
at skulle stoppe og genstarte reaktionen som i en batch-reaktor. Kontinuerte
processer undersgges i stigende grad som erstatning for kemiindustrielle pro-
cesser baseret pa batch-reaktorer, idet kontinuerte systemer normalt tillader
bedre kontrol med produktkvaliteten, er sikrere, mere beeredygtige og ofte
mere gkonomiske i storskala-produktion.

Projektet har omfattet opbygning af en passende opvarmet og tryksat
reaktionsopstilling, efterfulgt af syntese og afprgvning af en reckke katalysatorer.
Et antal forskellige kveelstof-baserede ioniske vaesker er indledningsvis blevet
testet som SILP-beerere for rhodium-katalysatoren. Efterfglgende er et an-
tal phosphonium-baserede salte med smeltepunkter over 100°C (og dermed
teknisk set ikke ioniske veesker) blevet testet som erstatning for de kveelstof-
baserede ioniske vaesker til SILP, og disse medferte hgjere katalytiske ak-
tiviteter af de afprgvede SILP-katalysatorer .

Afhandlingen demonstrerer, at denne type proces er en lovende industriel
metode til fremstilling af eddikesyre, hvilket understreges af Wacker Chemie
AGs opbygning af et pilotanleeg i Miinchen baseret pa teknologien.
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Chapter 1

Introduction

1.1 Acetic Acid

Acetic acid (AcOH) as a chemical has been known for thousands of years,
but large scale synthetic production has only become important since the
late 20th Century. AcOH (Also known by the IUPAC name of ethanoic
acid, or if in aqueous solution often colloquially referred to as vinegar!) is
an important second level bulk chemical produced on a scale of millions of
tonnes annually.?™

In general AcOH is rarely used in its pure form, functioning, as it does,
largely as a precursor molecule for higher value chemicals, Fig 1.1. The
largest usage of acetic acid worldwide is in the production of vinyl acetate
monomer accounting for over 30% of worldwide AcOH usage,®% but AcOH
finds other usages as a precursor to various other chemicals.

Vinyl acetate monomer is the precursor molecule for poly(vinyl acetate),
a widely used polymer used in a variety of fields ranging from floor tiles to
safety glass.”®

Vinyl acetate monomer(VAM) is generally combined with other polymers
in order to obtain further polymer or co-polymers.? By far the largest use is
in the manufacture of poly(vinyl) acetate accounting for over three quarters
of vinyl acetate usage.®°

By itself VAM is used as an emulsifier in water based paints, adhesives,



coatings and textile coatings. It is also used to synthesise ethylene vinyl
acetate polymers used as adhesives and coatings.

AcOH is an important starting point for the manufacture of terephthalic
acid which in turn is the precursor to polyethylene terephthalate (PET),
which is a common and important plastic used in the majority of plastic
bottles today. 1°

Usage of acetate esters as solvents is primarily limited to the printing
industry, they are popular solvents for paint and ink thinners. This preference
is linked to the their high volatility.

The manufacture of acetic anhydride is an important use of AcOH within
the chemical industry. Acetic anhydride of an important reagent in the syn-
thesis of a large number of other chemicals. Industrially one if it’s main (and
growing) uses is in the synthesis of cellulose acetate used in fabric applica-

tions'! and, a large growth area, cigarette filters.!2

B Vinyl acetate monomers
O Terephthalic anhydride
[ Acetate esters

M Acetic anhydride

O Other

Figure 1.1: Acetic Acid End Uses



1.2 Production Methods for Acetic Acid

1.2.1 Biologically Derived Acetic Acid

AcOH has been produced for thousands of years. Prior to the introduction
of synthetically derived AcOH beginning in the 19th Century, all AcOH was
produced by fermentation of organic matter. The original AcOH “produc-
tion” was as a result of the spontaneous fermentation of alcohols (notably in

4

wine.) This production from wine is the original source of the name “vine-
b

gar” in English, coming from the french “vinaigre” which translated means
“sour wine.” 13

All such AcOH production occurs in aqueous solution and is facilitated
by acetic acid bacteria (AAB.) AAB is not a single organism but is a whole
family of bacteria i.e. they are polymorphous.'* Nowadays, the term “vine-
gar” describes an aqueous solution of AcOH obtained by fermentation as laid
out by the United States Federal Food and Drug Act, 1906.'°

Vinegar production relies on a substrate of ethanol and an air atmosphere.
Traditionally this ethanol was present in the solution already, such as in
wine. Nowadays, this ethanol is generally derived from sugars in the organic
matter before undergoing the final oxidation to AcOH.® Although such a
process seems old fashioned and time consuming, it remains a very important
one, accounting for approximately 1900x10° L of 10% vinegar in 2000, used
mainly in food production. There is a legal requirement that any AcOH
(in this case always as a vinegar solution), must be obtained from biomass

sources '

Industrially used AAB strains Interestingly, despite the volume of in-
formation on AAB, the application of this knowledge to industrial production
has been limited. This is linked to the difficulty in isolating and growing the
strains used in the industrial reactors.®

The most common method industrially for vinegar production is via a
Frings acetator. In 1993, Frings acetators had a production capacity of
1354x10° L of 10% AcOH.* They manufacture plants capable of vinegar con-
centrations of 12, 15 or 20%. The secret to the system is the use of a Frings

3



aerator to disperse the air evenly throughout the fermentation medium, but
the downside of this is the excess of foam produced at the top of the reactor,
this can, however, be mechanically removed easily.*”

Prior to industrialisation of acetic acid production, the only route to high
concentration AcOH or glacial acetic acid, was by fermentation to vinegar
followed by distillation to remove water from the product. This was a both
energy and time consuming and so was rare until the beginning of the 20th

Century when industrial methods began to be developed.

Wood Vinegar

The first large scale industrial route to AcOH, was via “wood vinegar.” This
form of AcOH was obtained from waste water produced during wood process-
ing. This liquor is a black mixture containing a wide variety of compounds,
Table 1.1, with the two largest ones being AcOH and MeOH each making
up approximately 20% of the mix.'® The mixture can also be referred to
as pyroligenous acid!® due to the method of obtaining it by destructive dis-
tillation of biomass. In order to purify the AcOH extensive distillation is
required, which is why this process is no longer industrially viable. However,
during the period from the 1920’s - 1950’s this was a viable industrial pro-
cess for the production of AcOH.? Since the introduction of catalysed AcOH
production, beginning with acetaldehyde oxidations in the 1950’s, the level
of wood vinegar production has decreased. Wood vinegar is still produced

today, but it is primarily used as fertiliser. !

Table 1.1: Components of Pyroligneous Acid*®

Yield per 1000kg of air dry wood

Acetic Acid 50kg
Methanol 16kg
Acetone and Methyl Acetone 8kg
Soluble Tars 190kg
Insoluble Tars 50kg




1.2.2 Catalysed Acetic Acid Production

Zeolites

Zeolites are microporous crystalline solids with well-defined structures.??
They can be use in a huge variety of reactions, including the production
of AcOH. By constraining Rh compounds in zeolites, it is possible to carry
out carbonylation reactions on MeOH.?2?° By starting with a Rh(III) source,
active carbonyl clusters of the form Rhy(CO),4 can be formed. These clus-
ters are then able to carbonylate MeOH in the vapour phase in the presence
of Mel.?%:2" The zeolite structure acts as a form of ligand for the Rh centre,
stabilising the charge density at the Rh centre.?”?® The Rh is incorporated
into the structure via ion exchange and an even concentration of Rh through-
out the zeolite takes time, otherwise there will be a higher concentration of
the Rh near the surface of the zeolite. Typically the Rh carbonyl clusters
are then formed calcining under a CO atmosphere. Addition of H,O to the
system reduces the CO conversion over NaY zeolite.??® It is thought that
addition of H,O to the system removes some of the CO ligands from the Rh

centre.

Syngas

Direct synthesis of AcOH from syngas is also a possibility. This has been
shown with a ruthenium-cobalt bimetallic catalyst, of the form

Ru0O,—Co,(CO)g—Bu,PBr. At 200°C with a Brensted acid promoter it is
possible to achieve high selectivites to AcOH from a MeOH feed.?® It has also
been shown that Rh dispersed on SiO, is able to catalytically form AcOH via
CO hydrogenation. The Rh is initially derived from RhCl; which is then put
into microemulsion with SiO,.3%3! Addition of manganese, lithium and iron
producing supported Rh-Mn-Li-Fe was shown to increase the activity of the
system, and favour AcOH formation.3?3% Perhaps the most important factor
for all of these reactions that they are carried out under iodine free conditions.
This is in contrast to all the carbonylation reactions used industrially which

require the addition of iodine for the reactions to proceed.



Naphthalene Oxidation

One of the older routes to AcOH production is by the air oxidation of short
chain alkanes and alkenes, generally of lengths C,—C,. This oxidation can
be carried out using cobalt®*3% and vanadium.36-3"

A precise mechanism for these reactions has not been completely deter-
mined yet. By using butane and Co(III) acetate in acetic acid, it is possible
to form AcOH with 83% selectivity at temperatures between 100-125°C.38
For a VO, catalyst, supporting on TiO, gives good activity, but water also

seems to play an important part in the reaction.

C, Oxidation

Following on from the traditional fermentation of alcohol, there has also been
research into the utilisation of other C, sources.?** A more “traditional”
route is the direct oxidation of ethanol. A large body of work has been

1 most notable

carried out within our group on such ethanol oxidations*
using supported gold catalysts.*? These processes have been shown to work
well under aqueous conditions, and it is this factor that makes them highly
unlikely for commercialisation. The hygroscopic nature of AcOH means that
as far as possible water in the system is kept to a minimum due to the high
purification and separation costs. It has also been shown that ethane can
be directly oxidised to AcOH over a palladium based catalyst, of the form
Moy _.Vo.25Nbg.12Pdg.00050,, although this only results in low selectivities to

AcOH with CO, species forming the major reaction products.*?

Acetaldehyde Oxidation

Oxidation of acetaldehyde is one of the major industrial routes for produc-
tion of industrial scale AcOH. Prior to the large scale adoption of the Mon-
santo process and latterly the Cativa process, acetadehyde oxidation domi-
nated commercial AcOH production. Since the late 1960’s with the adoption
of carbonylation reactions, acetaldehyde based manufacturing capacity has
been gradually reducing globally as plants come to the end of their life-span,

although they still account for 20% of global production.?3?



This process makes use of dioxygen as an oxidant and one of a num-
ber of metal catalysts including, manganese, cobalt, copper, vandium, iron,
chromium or nickel. In general the preferred catalyst is manganese as it
shows the best selectivity to AcOH.3** The acetaldehye itself is obtained via,
another oxidation reaction, commonly known as the “wacker oxidation.” 4?
In general this process for AcOH manufacture is a joint process combining a
wacker oxidation reaction of a suitable C, feed stock, before further oxidation
of the acetaldehyde to give AcOH.

The reaction is a two step one. In the initial stage, dioxygen reacts with
the acetaldehyde to form peracetic acid. This is followed by a Baeyer-Villiger
type?® oxidation of the peracid with another acetaldehyde molecule. This
internal oxidation results in two molecules being oxidised to AcOH, Fig 1.2,
only one of which proceeds via the peracetic acid.*” It is in order to avoid
high concentrations of the peracetic acid in the reaction mix and a run away
reaction, the catalyst also functions as a free radical inhibitor.

The catalyst for the process is a metal acetate, typically chosen from
manganese, cobalt, copper, iron, chromium or nickel. The most common
being manganese, this is due to the major product from all the other metals
is acetic anhydride.

() O—H

Ac—H T e E—
O/ Ac o + Ac—H 2 Ac—0O

Figure 1.2: Oxidation of Acetaldehyde

Most plants using acetaldehyde oxidation are those designed before the
industrialisation of methanol carbonylation dating from the late 1960’s and
are now gradually being phased out as they reach the end of their industrial
lifetime. The oxidation of acetaldehyde is no longer used (as of 2006) for the
production of AcOH in the USA, Table 1.2.

The use of a catalyst increases rate of reaction to a degree that it be-
comes “oxygen starved” due to the high activity of the catalyst and instead
of AcOH, decomposition product begin to be formed. The most important
thing to remember about the catalytic oxidation of acetaldehyde is that the



presence of a catalysts act as both a reaction promoter and a reaction in-
hibitor so the correct level of catalyst usage should be carefully considered

48,49

when carrying out the reaction industrially as a shortage of dioxygen at

the reaction site leads to the formation of unwanted byproducts.®®

Table 1.2: Consumption of Acetaldehyde for the Production of Acetic Acid 2006°!

Country ~ Tonnes 103

USA 0
Mexico 11
W Europe 89
Japan 47
Total 147

1.2.3 Carbonylation Reations

Currently, the most widely used process for the manufacture of AcOH is
by the carbonylation of MeOH, making up 60% of all AcOH manufacturing
annually.”? MeOH and CO are reacted under pressure (30 - 600 bar) and
temperature (180 - 250°C) forming AcOH with high selectivity and producing

low levels of byproducts.

Cobalt and Nickel

The original MeOH carbonylation reaction for the production of AcOH was
patented by BASF.?3%* The original patent in 1913 showed that CO could
be reacted with MeOH at high pressures and temperatures over group VIII
metals to produce AcOH. Work at BASF found that the highest reactivity
was obtained by cobalt based catalysts, with the active catalytic species
HCo(CO),.>

BASF first commercialised the carbonylation process in 1960 with an
iodine promoted Co catalyst running at 600atm and 230°C. Later, small
amounts of H, introduced into the mixture were shown to enhance activity.®
The catalytic cycle, Fig 1.3, shows that the initial step is the addition of Mel

to the catalytic centre as is the standard for the carbonylation reactions. The
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Figure 1.3: Co Catalytic Cycle

reaction is rate dependant on pressure, but this pressure dependency can be
reduced by the addition of activators to the system

Ni is also active as Ni(CO), formed from Nil,. Although this system uses
similar conditions to the Co system, it is possible to carry out the reaction at
milder conditions (35 bar and 150°C) if Ni(OAc), - 4 H,O is used with a Ph,Sn
promoter.? As with the Co system, the activity can also be improved by the
addition of stabilisers to the system.?® With careful control, it is possible to
create highly active Ni based catalysts, but the high volatility and toxicity
of Ni(CO), has meant the system has not been adopted industrially.

In general, the addition of water was required in order to shift the equi-
librium from MeOAc to AcOH.

Unfortunately the process is also highly corrosive. As with other processes
forming acetic acid, the use of a standard stainless steel reaction vessel is not
suitable. In general in circumstances where a reaction in a corrosive medium
is being carried out, it is common to try either titanium or tantalum based
materials. Unfortunately, even they do not provide sufficient protection from

corrosion. It was due to this problem that the development of the system
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Figure 1.4: Ni Catalytic Cycle

by BASF was delayed. Eventually the alloy hastelloy C* was found to be
suitably resistant to begin commercialisation of the process in the 1960’s.%*

Compared to previous methods, the BASF system was capable of produc-
ing high yields of AcOH of up to 90%. The major byproducts of the system
were CH,, yielding 3.5% and assorted liquid byproducts, (mainly propionic
acid) yielding 3.5%. Compared to the previous methods of creating high
purity AcOH this system was very advantageous.

Already it can be seen via the catalytic cycles the importance of Mel
and HI in industrial carbonylation reactions. It is also seen that corrosion
is a major issue in the process. This requirement to use iodide contain-
ing compounds coupled with high levels of corrosion are issues that remain

problematic to this reaction even to this day.

Rhodium and Iridium

Currently the two major carbonylation processes are based on Rh and Ir as
originally described by Paulik and Roth in 1968.57

*See appendix E for a comparison of steel types
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Initially the research focus was on the Rh based systems as they showed
a higher activity for the reaction. As a result of these there has been a
large body of research work into the Rh based systems. The Rh catalysed
carbonylation reaction, Fig 1.5, is referred to as the “Monsanto Process”,
after the company that first commercialised it.%® Although their work was
building on that already carried out with Co and Ni based catalysts by
BASF.%* For the Ir catalysed process (Basic catalytic cycle, Fig 1.6) this
was initially commercialised by BP Chemicals, but is generally referred to as
the “Cativa Process”. The Cativa process is significantly newer and was first
used on a commercial scale in 2000 at a BP plant in Malaysia.®® Both of these
processes, and their resulting refinements, are currently running industrially
and combined make up 60% of global AcOH production.

Both of the processes are carried out in similarly designed reactors, in a
batch-wise process with subsequent product purification by distillation. As
is shown in Fig 1.7.

As in the BASF process (see Section 1.2.3), both reactions require the
use Mel as a co-catalyst. This part of the catalytic cycle is highly important
as it leads to the Me- ligand binding to the Rh centre which in turn results
in the formation of the Acl intermediate. The resulting HI formed during
the catalytic cycle is also particularly important in the termination of the
catalytic cycle.

In both systems, the biggest problem is preventing the precipitation of the
inactive iodides of the metal centres, Rhl; and Irl;.5% In order to limit this
precipitation, the original Monsanto system required high levels of water
to stabilise the catalyst centre. The presence of water also influences the
formation of HI, promoting the termination of the catalytic cycle.

The rate limiting steps between the processes differs slightly. In the Mon-
santo process the rate limiting step in the oxidative addition of the Mel to
the Rh centre, for the Cativa process it is the migratory insertion of the CO
ligand. %!

Unfortunately, HI is involved in the catalytic cycle. This is one of the
strongest aqueous acids and highly corrosive. This requires the reactors to

be built of expensive, corrosion resistant materials. A substantial cost on top
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Figure 1.5: Monsanto Catalytic Cycle

of the already expensive catalyst. This nature of this corrosive atmosphere
is something that will become more apparent later in this work.

Overall, the two processes are very similar with comparable mechanisms
and reaction conditions. Although the Rh based Monsanto process initially
was favoured due to higher activity, nowadays due to economic issues related

to the high cost of rhodium, the iridium based Cativa process is favoured.
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Figure 1.7: Standard Carbonylation Reactor®
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Monsanto Process Development Due to the age of the Monsanto pro-
cess, there have been research into improving the effectiveness of the system.

Up to 15wt% water is required for the process®® and this is linked with
the formation of HI in the system. This H,O-HI equilibrium is particularly
important as it is the acid catalysed hydrolysis of AcOI that is critical for
the liberation of AcOH.

The first major derivative of the Monsanto process was developed by
Hoechst-Celanese. % This was known as the Celanese Acid Optimisation (AO
Plus).*% By the addition of metal iodide salts to the system, the level of wa-
ter required could be significantly reduced as well as an improvement in cat-
alyst stability under such low water conditions. Addition of Lil in particular,
results in rates similar to that Monsanto process, but with a greatly reduced
water level. In the normal process, reduction of the water level would lead
to a rate reduction, but the addition of Lil seems to avoid this problem. The
usage of such metal iodide salts seems to promote the oxidative addition of
Mel to the Rh centre, which otherwise is the rate determining step, although
the precise mechanism is not yet fully understood. %

The presence of water in the system is very important for catalyst sta-
bility, especially when the CO partial pressure is low.% Unfortunately, high
water means that more distillation columns are required to purify the final
product. From a cost perspective such a large amount of distillation columns
is unfavourable due to their high energy requirements, combined with the
hygroscopic nature of AcOH.5" Of the metal iodide salts trialled, only Lil
and Nal remained in solution in the reaction mixture at room temperature.
In general catalyst more stable at high CO pressures, Lil can increase rate
via formation of LiOAc species which acts as a promoter and decreases HI
concentration, giving a higher equilibrium concentration of Rh(I).%

Addition of phosphine ligands to Rh centre, has been a field of a large
amount of study and is best covered by Thomas and Siiss-Fink in their review
article.%® It’s not clear how many of these phosphine modifications have made
it from the lab into industry. In general this work with phosphine ligands is
not largely focused on MeOH carbonylation on industrial scales, but rather

other reactions focused on similar Rh catalytic centres.
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Ir Catalysis Ir carbonylation also referred to in the original letter de-
scribing Rh carbonylation.®” Ir is currently cheaper than Rh% since the vast
majority of Rh is used in the manufacture of catalytic converters for cars.
In 2000, the Rh demand for catalytic converters was 6 million ton/year®
severely limiting the availability of Rh for use as a catalyst. In 1996 the
Cativa process began to be commercialised.® Ir works well in low H,O con-
ditions and seemed to be stable in conditions not suited to Rh. It is also more
soluble in medium than Rh allowing for high catalyst concentrations. The

mechanism for the reaction is complex, ™!

Fig 1.8. Promoters can also be
used to improve the efficiency of the reaction. These promotor fall into two
categories carbonyl or halocarbonyl complexes of W, Re, Ru, Os, or simple
iodides of Zn, Cd, Hg, Ga and In. There are two Ir catalytic cycles, one
with neutral Ir(I) complex and the other with anionic Ir(III) complex, Fig
1.8. Due to the rate determining step, it is hard to isolate the [Ir(CO),lL,]~

complex™ to study the cycles in depth.
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Figure 1.8: Complete Cativa Catalytic Cycle showing “neutral” and “an-
ionic” routes®
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1.3 Ionic Liquids

Tonic liquids (ILs) have been well documented over the last 15 years. ™™ The
generally accepted definition of an IL is “a substance composed of 2 distinct
ions that is liquid below 100°C.” ™ As a comparison, table salt (NaCl) has
a melting point of 801°C. A subcategory of ILs is the Room Temperature
Tonic Liquid (RTIL) where a melting point below 25°C is used.™ At various

points over the last 10 years, ILs have been described as green,”” designer “®or

“ferarri” ™

solvents. Recently the “green” label is not used as often as previ-
ously as there have been increasing numbers of toxicology studies carried out
on ILs showing their biodegradability and toxicity, particularly to aquatic
lifeforms. 80-8°

The wide variety of ILs avaliable (10* binary combinations according
to calculations by Plechkova and Seddon™), combined with the ability to
functionalise the ions meant that initially a large number of people viewed
ILs as a modern alkahest, or universal solvent. Now the honeymoon period
has past and the limitations of ILs has been recognised, but has resulted in

t86

the more serious studies of ILs is being carried out® particularly in the field

of catalysis.?" 93

Despite the large body of research in the field. Large scale adoption of
ILs into industrial processes remains limited, not least due to the high capital
cost of ILs in comparison to normal solvents and the industry preference of
“race to be second”, especially with such new technologies.

Overall little details or companies investing in and using ILs is available
and the most complete picture is presented in a review by Plechkova and
Sheldon in 2008.™ The most vocal company about utilising ILs is BASF,
who have widely promoted their usage of ILs in the BASIL (Biphasic Acid
Scavenging utlising Ionic Liquids) process. This process was first publicly
revealed in 2002 and has been in use since then. The process is used down-
stream to scavenge the undesired acidic byproduct of a reaction.?!

Eastman has little publicly acknowledged interest in any processes using
ILs, although did run an isomerisation plant from 1996 - 2004 utilising some

IL based technologies. The plan was eventually shut down due to lack of de-
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mand for the product. More interestingly it has filed a number of patents and
published details of carbonylation reactions using ILs.% Their work focuses
on a bulk phase IL containing the catalyst while the reagents and products
are in the gas phase. They found that PR, I salts were more efficient than
other ILs.%

Both BP and Exxon-Mobil have large patent holdings regarding ILs, but
currently have made little public announcements regarding their usage of ILs.

Other companies that are known to be involved in using ILs include: TFP
(Institut Frangais du Pétrole), Degussa, Air products, Sasol, PetroChina’s

“ionikylation” alkylation plant and Scionix

1.3.1 Supported Ionic Liquids

The concept of supporting liquids for catalysis is not a new one, with a
wealth of research. Initial work was in the field of Supported Liquid Phase
(SLP).9" The more modern branch where ILs are supported is far newer. The
first reference to supported ionic liquids the author can find is a patent from
Akzo Nobel in 1999.% The patent discloses a procedure for the alkylation
of aromatic compounds using a “supported ionic liquid catalyst.” The IL
referred to is based on a chloro-aluminate anion and the support is a standard
large surface area solid. It is not clear if this patent found any commercial
use.

The first mention of supported ionic liquids in the academic literature was
published by Mehnert et. al. in 2002.%° Their paper describes the concept
described as Supported Tonic Liquid Catalysis (SILC). A monolayer of IL is
covalently bound to the surface of a porous solid and further addition of IL
results in layers of free IL on the support. The bound IL layer acts as an
anchor for the subsequent layers of IL. The result of this SILC material was
to “immobilise” a catalytic metal centre in the IL via electrostatic interac-
tion, but during the reaction, the fluid nature of the IL gave a homogeneous
reaction site. Further work looked at supporting catalytic ILs on a charcoal
support for Friedel-Crafts acylation reactions. %

In 2003, the concept of supported ILs was expanded again with the report
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of a Supported Ionic Liquid Phase (SILP) system, by Riisager et. al.'%
This concept is similar to that shown by Mehnert, but with SILP the IL is
not covalently bound to the support and bound to the support purely by
electrostatic and capillary forces.

Since then a number of systems based on supporting ILs have emerged,
creating a complicated system of acronyms. Some of the more common ones
are: (g-)SILLP - (gel-) Supported Ionic Liquid Like Phase;!%*1% SCILL -
Supported Catalyst with Ionic Liquid Layers; %1% SILM - Supported Ionic
Liquid Membranes; %1% SILC(A) - Supported Ionic Liquid CAtalysts. 109111

Unfortunately, there doesn’t appear to be any conventions when naming
these systems. This is often the result of multiple “discoveries” of a similar
concept. This problem is further compounded be making it unclear the
differences between the various systems and difficult to easily search the
relevant literature. One of the few papers that distinguishes between some
of these different labels is Van Doorslaer et. al.''? Fig 1.9. They define four
types of catalyst-ionic liquid systems, but don’t cover the breadth of all the

names.
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Figure 1.9: Different types of SILP-style Catalysts!!?

Type la and 1b both represent true SILP materials as in both cases the
catalyst and some degree of the IL are not bound to the support material.
Type 2 is often referred to as SILC as both the IL and catalyst are bound
to the support. Type 3 is a SCIL type system where only the IL is not
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bound to the support. For these support-IL systems, the main benefit is the
combination of both homogeneous and heterogeneous aspects of catalysis in
one system. With the current trend to heterogeneous catalysis, it is often

difficult to obtain similar selectivities, Table 1.3.

Table 1.3: Heterogeneous vs Homogeneous Catalysis

Heterogeneous

Homogeneous

Catalyst Form
Mode of Use
Solvent

Selectivity
Stability

Recyclability
Special Reactions

Solid, often metal or
metal oxide
Fixed bed or slurry

Usually not required

Usually Poor

Stable to High Temper-
ature

Easy

Haber Process, exhaust
clean up, etc.

Metal Complex
Dissolved in  Reaction
Medium

Usually required - can pro-
duce byproducts

Can be tuned

Often Decomposes at less
than 100°C

Can be Difficult

Hydroformylation of
alkenes, methanol
carbonylation, asymet-

ric synthesis, etc.

The SILP principle of type la is the focus of the body of this work. The
actual catalyst material is presented outwardly as a solid material, but the
active catalytic site and solvent are both homogeneous in the ionic liquid
phase.

The majority of work on the SILP concept remains academic, but Sid-
Chemie seems to be showing an interest in the field with a number of publi-
cations (in collaboration with the Wasserscheid group at
Erlangen-Niiremberg.) 13115 More relevant to this thesis is the interest of
Wacker Chemie AG in SILP technology for acetic acid manufacture. This
reaction was initial demonstrated here at DTU, 6 but since then a successful
pilot plant has been constructed at their research site in Munich, Germany.
The success of the pilot plant makes it likely that the work will be further
scaled up to a medium-sized pilot plant to determine the overall industrial

feasibility of the SILP process for such a reaction.

19



Although the choice of support material is variable, currently silica is the
support of choice, with it’s large surface areas and the ability to form it into
shaped pellets. The choice of IL is much more varied and is often tied to the
reaction that it is to be used for. The ability to functionalise ILs mean that
it is possible to tune the ILs used for each reaction to achieve the desired
results.

In order to prevent leaching of the IL and catalyst, SILP type reactions
are typically carried out in the gas or slurry phase. The concept of SILP can
be and has been applied to a number of different reactions such as, oxida-

18 very low temperature WGS, 113

tion of primary alcohols, 7 isopropylation,*
hydroformylation, 193:119120 hydrogenation,?! Grubbs metathesis,!** Friedel-

Crafts acylation, ! and de-sulphurisation. %

1.4 Commercial Acetic Acid Production/ Re-
actor Styles

Currently all large scale industrial production of AcOH is carried out in
large batch reactors. Both acetaldehyde oxidation, naphthalene oxidations
and carbonylation reactions are all carried out in solution in batch reactors,
with purification carried out by distillation. All of the reactions are carried
out under pressure either of CO or O, and the corrosive nature of the reagents
and products require that suitable corrosion resistant materials are required
for the plant construction.

Carbonylation reactions are carried out in AcOH solution with the cata-
lyst dissolved in it. The system is pressurised under CO so that the solution
becomes saturated in CO before MeOH and Mel are fed into the reaction
mix.

The overall process has three sections: reaction, purification and off-
gas treatment, Fig 1.10.”2 The reactor is a continuous stirred tank with a
MeOH feed, CO feed and recycle feed coming from the purification stream.
Product removal from the reactor is carried out via a flash valve. This
allows for separation of the “lights” i.e. MeOAc, AcOH, Mel and allows
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for the remainder to be recycled back into the reactor. The purification of
the product initially involves the separation of unwanted byproducts and
reagents before a final distillation to obtain a suitably pure form of AcOH.
The purification is usually carried out by three columns although this number
depends on the contamination of the product feed and the purity of the AcOH
required. The first column splits off MeOAc and Mel for return to reactor, the
second column dries the AcOH and the third collumn removes any remaining
“heavies” from the product stream. Running in parallel to this purification
is treatment of the off gas from the system. This removes any product or

undesired chemicals before the stream is vented to a flare. %123
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Figure 1.10: Process Diagram of a Methanol Carbonylation Plant !?3

A vapour phase system has been attempted before by Monsanto. They
showed that Rh on activated carbon was possible, but didn’t carry through

the work to industrialisation.?*

Standard Industrial Reactors

Currently all industrial scale manufacture of AcOH is carried out batchwise.
This is based on the tradition method of carrying out large scale chemical
synthesis by “scaling up” reactions from a lab scale round bottomed flask to
a large industrial sized equivalent. Large stirred tank reactors are used. The
typical solvent used in the reaction is AcOH as all reagents and products are
soluble in it. The reaction mixture is then flushed with the reagent gas to

the required reaction pressure, this allows for the reaction medium to become
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saturated in the reagent gas.

The major energy costs associated with the production of AcOH is the
final purification of the product. AcOH is hygroscopic and so it becomes
increasingly difficult to remove the last vestiges of water from the final prod-
uct.

In recent years there has been some movement away from batch reactors,
to continuous flow systems as illustrated by Eastman with their IL containing
bubble column ?® and Wacker Chemie AG with their use of SILP as currently

demonstrated in their pilot plant in Munich.
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Chapter 2

Experimental Set-up

2.1 Introduction

This project required that (in order to carry out catalyst testing) a com-
pletely new test-rig had to be constructed. This construction was carried
out completely “in house” at DTU Chemistry. The original test-rig is shown
in Fig 2.1.

The initial construction was originally envisioned as approximately a
three month process, but in reality it required substantially more time along-
side the requirement of regular maintenance to retain a continuing opera-
tional capability. The test-rig has been one of the most important factors
linked to the catalyst testing frequency and abilities during the course of the
project.

All electrical wiring of the supplied components was carried out by the
author These included the heating tapes and cable, the temperature mea-
surement and control equipment and the pressure regulating valve.

For specific details of all the components used, see Appendix B.

2.2 Design and Construction

The original design for the test rig was based on a technical diagram shown

in Fig 2.2. Since then the test-rig has gone through a large number of iter-
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Figure 2.1: The Original Incarnation of the Test Rig

ations, both from necessity to retain its ability to continue operating and as

continuing “improvements” on the original design.
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Using the original diagram as a starting point for initial practical thoughts
on pipe/valve placement. An initial “outline” sketch was drawn onto the
aluminium frame that would form the backbone holding the test-rig. This
sketch outline allowed for easier visualisation of the final product and allowed
us to see where we were likely to run into difficulties during the construction.
Using these two designs as a basis, the required fittings and components were
ordered to begin the construction.

The system is primarily composed of 316SS stainless steel fittings. The
pipes are a mixture of both 316SS and 316T1i stainless steels*. The usage of
316T1i is in order to try and reduce corrosion issues after the reactor linked
to the corrosive atmosphere of the system. Unfortunately we very quickly
discovered that corrosion of even 316Ti was unfortunately inevitable, Fig 2.3.
Components were either 1/4" size or 1/8" size and due to the availability of
the fittings, it was required that the majority of joints, filters, manometers
were 316SS. All the fittings were used were Swagelok brand where available,
otherwise they were bought with appropriate adaptors to Swagelok fittings.

Figure 2.3: Examples of corrosion

*See appendix E for a comparison of steel types
thttp:/ /swagelok.com/
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This usage of 316SS made the issue of corrosion endemic but by having a
supply of spare components, we quickly became adept at replacing/repairing
corroded components quickly and efficiently. All of the reactors were con-
structed “in-house” by the DTU Chemistry workshop. These were designed
in 1/2" diameter in order to create a suitable reactor volume. They were of a
fixed-bed design, formed by the fusing of two halves together creating a fret-
ted steel bed half way down the reactor. The selection of a suitable thickness
of fretted steel, combined with the fusing together of the two reactor halves
proved tricky, resulting in the reactors not being available to incorporate into

the system until towards the end of the construction process.

Figure 2.4: Reactor Cross Section and Bed

2.2.1 Pressure Testing

Following construction and before the introduction of CO into the system,
a primary pressure test was carried out. This initial test allowed for the
early detection of any loose joints in the system and its ability to maintain
initial low levels of pressure ~5 bars of N,. This introduced the problem of
detecting leaks in the system, since N, is not a gas detected easily. After using
the N, to identify the major leaks in the system, via manometer readings,
in order to allow us to detect any further leaks it was decided to switch to
CO. This decision was based on the ease of detection combined with the large

availability of CO alarms but introduced other safety concerns when carrying

27



out the work. Using CO and gradual increases in total pressure, we were able
to get the system pressure tight to just over 20 bars at room temperature.
Unfortunately, we didn’t realise at the time than after the heating of the
system, there was a very real possibility of further leaks becoming apparent.
After an initial heating of the system to test the heating tapes, we found that
a large number of “new” leaks had become apparent in the system. After
this initial heating, we then had to remove all of the newly attached heating
tapes to allow access to the leaking fittings, this proved to be quite a time
consuming process. This formation of leaks due to the heating and cooling
of the system is something that we cannot avoid. As a result of this we try
and keep the system at a constant temperature even when not in use. By
doing this we seem to have limited the developments of new leaks resulting

from any expansion/contraction in the system.

Figure 2.5: Reactor with Connections Labelled

Some of the issues linked to leaks in the system can be linked to the
frequent removal/fitting of new components (in particular the reactors).
Swagelok components are designed to provide a seal tight enough to with-
stand very high pressures, unfortunately this is only the case for the first
connection of the joints. As soon as the joints need removed and/or replaced,

it is impossible to achieve a “perfect” seal. This issue had to be beared in
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mind during any maintenance and/or cleaning work on the system. This
problem is most pronounced for the reactor as it is the component that is
removed and reattached the most often. To try and limit the problem, only
two specific fittings were used to remove and reattach the reactor, Fig 2.5
and 2.6.

(a) A- Fitting used at the Top of the Reactor(b) B- Fitting used at the Bot-
tom of the Reactor

Figure 2.6: Reactor Connection Fittings

2.3 Corrosion

The high degree of corrosion that is observed in the system is important to
remember when construction and/or replacement of components is under-
taken. The corrosion is as a result of the presence of HI in the system. The
HI can be present in either the gas phase or due to heating failures or cold
spots in solution. By itself HI is not a corrosive substance, but once in the
presence of water it forms a very strong acid (pK, =-9.5). As a result of this
highly corrosive atmosphere, all components of the system, particularly from
the rector onwards, are subject to heavy corrosion, Fig 2.7. The problem is

so pronounced that in general most components had a lifetime of approxi-
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mately 9 months of continuous usage. In order to alleviate this problem, we
attempted to slow down the rate of corrosion by using titanium supported
stainless steel for certain components and pipework, but even this enhanced
steel was subject to corrosion over expended periods of time. Due to the
scale of the test rig, components in Ti supported steel were not available for
all of the components and so we had to use the 316SS parts available. As a
result, it was often these parts that caused the most problems in the system.
Unfortunately their replacement required complete shutdown of the system
and the removal of all the heating tapes from the system. The amount of
time required to carry this out is not insignificant and so in some cases it
made more sense to carry on with a component that was functioning, albeit
not perfectly, until there were enough problems with the system to justify a

shutdown and reparation period.

Figure 2.7: Comparing Components Before and After the Reactor

See Appendix D for a fuller selection of pictures detailing the corrosion.

2.4 Flow Controllers

Outside of the main reactor system were a number of other important com-
ponents.

Addition of CO and MeOH into the system was controlled by a system of
flow controllers and a mixing unit, Fig 2.8. The Liquid Mass Flow Controller
(LMFC), Fig 2.9a, was calibrated directly for use with MeOH liquid. The Gas
Mass Flow Controller (GMFC), Fig 2.9b, was calibrated directly for usage
with CO gas. Both of the MFCs fed into a Controlled Evaporator Mixer
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Figure 2.8: CEM and MFCs

(CEM) unit, Fig 2.9¢, before entering the reactor system. The CEM is used
to combine the separate flows of gas and liquid as well as heating them up to
the same temperature as the rest of the system to stop condensation of the
MeOH as it is added to the system. Perhaps most importantly the CEM has
a check valve, so it is impossible for any of the iodide containing substances
in the system to damage any of the components. All three components were
controlled automatically by a control box, also from Bronkhorst, Fig 2.10.
Since both of the MFCs are calibrated for their respective chemical, this
means that the control box allows for real-time alteration and monitoring
of the flow rates. In order for the flow controllers to function well, it is
important to have a slight back pressure. This is obtained by maintaining a
pressure in the system prior to the flow controllers of between 25-30 bar.
All of these components proved to be generally reliable over the course
of the work, for the most requiring only minor repairs at irregular intervals.
Unfortunately when any servicing was required, it was necessary for the com-
ponents to be sent to the Netherlands for repair, as the supplier did not have
a service partner located in Denmark. The results of this was an extended
period of time from us sending a component until we received it back again.
On a couple of occasions this delay was aggravated by communication issues

between us, our contact in Denmark and Bronkhorst. In each case we had
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| (a) LMFC (b) GMFC

Figure 2.9: Flow Controllers and CEM

to endure extended periods where we were not able to conduct experiments
due to the MFCs and CEM being integral to the process.

Figure 2.10: Control Box for Flow Controllers and CEM
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2.5 Back Pressure Regulating Valve

We required a back pressure regulating valve to regulate the pressure in the
reactor system and allow pressure reduction prior to the GC. For our test-
rig we use a Samson back pressure valve, Fig 2.11 and 2.12, to decrease the
pressure in the reactor (20 bar) to close to atmospheric pressure in order
to analyse the products via the on-line GC. This pressure regulating valve
is an industrial scale component, but we were able to adapt it for usage on
our small scale system. The valve regulates the pressure in the system via
a pneumatically operated pin, which is raised or lowered according to the
pressure of the system measured via a transducer, Fig 2.13 . The transducer
is located just after the CEM and next to a manometer so we have a “failsafe”

measure of the pressure at that point in the system.

Figure 2.11: Pressure Regulating Valve  Figure 2.12: Pressure Valve Actuator

Over the course of the project, corrosion at other points in the system had
a significant knock on effect on the valve, Fig 2.14. Due to the scale of the
test rig, the original regulator pin used (K,s = 0.001)* proved unsuitable. We
then changed the pin so that it was the smallest possible (K,; = 0.00063),
Fig 2.15. This small K,; means that the presence of any foreign bodies
condensing around the pin would be enough to jam it and stop it regulating

the pressure correctly even breaking the valve pin itselt, Fig 2.17. Since, the

*The K,s value expresses the amount of flow in a regulating valve at a fully open
position and a pressure differential of 1 bar
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Figure 2.14: Corrosion around the Valve Pin

reaction mixture after the reactor beds is so varied it is impossible to say
exactly what may condensate around the regulator pin. One of the most
apparent substances is iodine as can be witnessed by the dark brown/black
colour of any solvent used to clean the valve as well as the presence of black

crystals on the surface, Fig 2.16.
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Figure 2.15: Comparison of the K,s val- Figure 2.16: Surface of the Pin Seat
ues. Left: 0.001 Right: 0.00063 Showing Black/Brown Condensate

Figure 2.17: Broken Valve Pin

In order to try and limit the condensation of any substances, we imple-
mented an auxiliary heating cable solely used to heat the valve seating, Fig
2.18. This cable was set to heat to maximum temperature to try and ensure
that any high boiling substances entering the valve would also be evaporated.

Since the pressure regulating valve is an industrial component, this meant
we had to use adaptors for converting unusual thread sizes to swagelok stan-
dard, Fig 2.19. This conversion from one thread type to another did not give
a perfectly tight seal and initially we tried using o-rings to ensure a better fit.
Unfortunately we discovered that the rubber quickly perished in the chemical
environment and thereafter we began to use teflon tape in order to achieve

a suitably tight seal which proved more successful.
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Figure 2.19: Adaptor used to connect
Figure 2.18: Heating Cable used for  the Pressure Valve to the Swagelok
Pressure Valve Components in the rest of the System

2.6 Heating

2.6.1 Ovens

Heating of the reactor was carried out by heating jackets, made by Horst
to our specific requirements. Initially control of the ovens was manual, the
desired temperature was set on the control box, Fig 2.20, and the actual
temperature measured by the heating jacket’s own internal thermocouple.
Initial use of the ovens this way required some fine tuning. A thermocouple,
connected to a temperature readout, was inserted into the bottom of the
reactor and is used to determine (as close as possible) the actual temperature
of the reactor. Since the reactor was not directly heated by the heating
jacket, but was surrounded by aluminium blocks to improve heat capacity,
there was a substantial time lag between the temperature of the jacket and
the measured temperature of the reactor. As a result, the set point of the
oven would need to be checked and altered periodically to maintain a stable
temperature in the reactor.

We were able to automate the oven control via a labview programme, Fig
2.21. This programme automatically monitored the reactor temperature and

compared it with the set temperature then controlling the oven as required.
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Figure 2.20: Original Control Box for Oven Control

As shown in Fig 2.21, the labview display is remarkably simple. It also

enabled detailed logging of reactor temperature over time.

2.6.2 Heating Control

The heating of the whole test-rig is split into a number of “sections” and
controlled via six-zone PID temperature controller, Fig 2.22. Our system is
set up so that each “section” corresponds to one heating cable. Although
control of six separate “sections” is possible, only four are currently used
in isothermal conditions. Our design has split the four sections into two
separate groups. The first group, wired on one circuit, is set at 180°C to
heat the test-rig and consists of three heating cables. The second group is
wired on an independent circuit so as to reduce the chances of power failure.
The group consists of a single heating cable, that is used to ensure the back
pressure valve is constantly heated. This is very important to avoid the
possibility of condensation, or the results become apparent as was seen in
Fig 2.14. This heating tape is set to 200°C, but the valve box does not reach
this temperature due to the difficulty in wrapping the heating cable tightly

enough around the valve, as shown in Fig 2.18.
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Figure 2.22: CN616 controller
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The wiring for the system involves the use of relays in order to control the
current to the heating cables and thus the heating gradient. This required
that all of the heating cables had to be wired correctly in order to function as
desired. All the heating cables are used in conjunction with a thermocouple.
The feedback from this thermocouple is then processed by the temperature
controller, which in turn regulates the heating of the cables via the relays
positioned on the back of the test-rig. A simplified schematic of the electrical

wiring is shown in Fig 2.23

AC

— CN616 PID Temperature Controller —

DC

a|qeD Bunesy

a|qe BuiesH

Figure 2.23: Simplified Wiring Diagram of CN616 controller

Heating Problems

During the initial construction of the system, Isopad brand heating tapes
were used to heat the test-rig. Very quickly problems with the heating tapes
became apparent, particularly regarding both short circuiting and uncon-
trolled heating of the system. This resulted in breaking a large number of

these brand heating tapes, Fig 2.24. Following some discussion with col-
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leagues we decided to change our heating tapes to heating cables (HSTD-
type, Horst GmbH, Fig 2.25).

Figure 2.24: Broken Heating Tapes

These cables are of a very different construction from the original heating
tapes. The original heating tapes were composed of metal heating bands
covered in glass fibre. Each tape was constructed of four such bands all of
which were coated in a further layer of glass fibre. This glass fibre coat-
ing makes the tapes tricky to work with, leaving residues behind whenever
the tape is manipulated. Unfortunately manipulation of certain sections of
the heating tapes was required (mainly around the reactor fittings). This
repeated manipulation is also likely to have been the source of some of the
failures observed. The major benefit of these heating tapes was the ability

to completely cover the surface of the tubing in the test rig.

Figure 2.25: Example of a Heating Cable

The construction of the heating cables is of a simple heating core, insu-

lated and then covered with a metal sheath. The construction of the cables
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makes them more flexible and easier to manipulate, without any glass fibre
involved in the construction the assorted issues such as dust and difficulties
in handling. One of the initial concerns with switching to the heating ca-
bles was the formation of cold spots or cold fingers within the system, due
to the cables inability to prove a constant temperature gradient around all
parts of the pipes. After trialling the cables, this was not observed based on

monitoring the flow of MeOH in and out of the system.

2.7 Addition of Mel co-catalyst

The addition of the Mel co-catalyst to the system proved more difficult than
originally planned. The very high vapour pressure (53.32 kPa at 25.3°C),
combined with low boiling point (42°C) and high density (2.28 g/ml) resulted
in a number of issues in maintaining a steady flow rate of Mel into the system.

Initially there were issues with the HPLC pump at the start of the system.
The Mel was by necessity kept outside of the fumehood and so fitted a carbon
filter and pumped into the reactor via a 1/8 inch diameter length of tubing.
The high density of the Mel (combined with high vapour pressure resulted
in large bubbles visibly forming in the tubing leading from the bottle to the
HPLC pump. Initial attempts to stop this involved using high flows of Mel
though the pump, but this resulted in negative effects on the system, not

least an increase in corrosion.

2.7.1 Initial Cooling

In order to try and reduce the vapour pressure of the Mel, it was decided
to cool the bottle before it was pumped through the HPLC pump. This
was achieved by the use of a Haake EK20 cryostat, Fig 2.26, avaliable to us
that was capable of cooling to -20°C in a propylene glycol bath (Mel melting
point = -66.45°C). The introduction of cooling proved sufficient to remove
air bubble in the feed leaving only Mels high density to be dealt with.

The high density of Mel results in a large discrepancy between the “set”

flow rate on the pump compared with the “actual” flow rate. Unfortunately
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due to the method used for cooling of the Mel bottle, accurate weighing of
the bottle was not possible and so a “correction” of Mel flow was only capable
during data analysis. By trial it was possible to find an “accurate” flow that
results in 0% conversion of Mel. This “correction” carries the important error
that it was unable to account for HI presence in the product stream, nor for
any sublimation of elemental I, in the system (the presence of I, is something

that is observed during cleaning of the system)

Figure 2.26: Haake EK20 for Cooling Figure 2.27: Julabo F12 used to Pump
Mel Cooling Water Around the System

2.7.2 Further Mel cooling

At one point there was some doubt on the accuracy of the LMFC’s mea-
surement of MeOH flow into the system resulting in a large discrepancy
between MeOH conversion and product formation. This made it seem like
some MeOH was “disappearing” in the system. In order to try and correct
this it was decided to measure an actual feed of MeOH by using a balance
and a second HPLC pump, this was fed directly into the reactor via the
second inlet originally designed for (and initially used for) addition of H,O
into the system. This addition of a second liquid feed meeting the Mel at the

introduction into the reactor also resulted in “bubble” formation in the Mel

42



feed. The exact reason for this is not known. In order to try and combat this
second “vapourisation” issue, it was decided to try and introduce a second
cooling system for the Mel feed just prior to its entry into the reactor system.
This was achieved by the adaptation of a second cryostat, Fig 2.27 attached
to a water bath capable of pumping the cooled liquid round a loop. In the
interests of safety and as an initial test, we chose water as the cooling fluid,
cooled as low as possible by the water bath (setpoint ca. 1°C, but the cool-
ing capability of the bath seems closely linked to the ambient temperature
varying between 3°C - 7°C depending on the daily temperature and humid-
ity.) Whilst only envisioned as a short term trial, this second cooling system
proved so successful that it has now been adopted more permanently into
the system and even looped with one of the product condensers after the GC
allowing collection of liquid samples from the system (something previously
impossible, or only via other external cooling of the condenser (typically with
liquid N, which led to an issue of “backwash” from the gas bubbler used to

monitor the gas flowing through the system.)

2.8 Major Alterations

2.8.1 Reactor Pressurisation

One of the most significant alterations to the system that allowed us to
increase catalyst testing frequency was the introduction of a secondary gas
inlet to the first reactor. This feed was taken directly from the CO inlet to the
system and allowed independent pressurisation of the reactor and catalyst
without requiring the use of the GMFC. Prior to the implementation of
this we first required a stabilisation period of MeOH via the reactor bypass,
the MeOH feed would then be stopped to pressurise the reactor (and test
for leaks), before finally the MeOH feed was restarted. This process was
very time consuming and could sometimes require several hours from the
interruption of the MeOH feed until a stable level was obtained once again.
This alteration significantly reduced the time from loading of a catalyst to a

reaction ready system to approximately 20 minutes.
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2.8.2 Removal of “Dead Space” after P Valve

Figure 2.28: The Dead Space Previ- Figure 2.29: System After the Re-
ously Leading to the Reactor moval of The Dead Space

On the original plan for the system, Fig 2.2, two product recovery options
were possible. These comprised of two condensers to isolate liquid products,
Fig 2.28. One was placed between the pressure valve outlet and the second
attached to the GC outlet. Unfortunately, in order to fit the condenser before
the GC inlet this required a large volume of pipework. The major problem
with this large volume was that the pressure at this point was close to 1
bar. This resulted in a low flow rate through this part of the system giving
a large volume of “dead space.” The dead space resulted in a significant
time lag between the product stream leaving the pressure regulating valve
and reaching the GC inlet valve. At times up to three hours were required
before any change in the reactor system was observed on the GC. Obviously
the duration of the GC method is a factor in this delay, but such a delay was
too long for us to monitor accurately any changes in the system. In order
to resolve this, we removed the first condenser from the system entirely. By

removing this condenser from the system, Fig 2.29, it allowed us to reposition
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a significant volume of pipework resulting in a dramatic reduction in the
volume from the pressure valve to the GC valve inlet. By doing this we
dramatically decreased the “lag” from the system to the analytical system.
The most significant knock-on effect of this was a dramatic reduction in
catalyst testing times. Prior to this, it could take up to one week to obtain
meaningful results from each catalyst as it was impossible to easily gauge
the effects of changes to the system. By a reduction of this delay from three
hours to approximately 30 minutes meant that the testing time for a catalyst
was reduced to just over one day.

The issue of dead space also became apparent at other points during
the course of the work, linked to alterations/removal of other components.
As work went on we also tried to streamline the system whilst maintaining
operational capacity.

See Appendix C for a full selection process flow diagrams.

2.9 Achieving a Suitable Back Pressure of
the Pressure Regulating Valve

After some time of running the system, we eventually noticed the pressure
valve was having problems in successfully regulating pressure. The valve
pin was only recently replaced and the engineer was also puzzled by this
problem. A solution was found by increasing the back pressure to the valve
via a needle valve positioned just after the pressure valve outlet. At the same
time a manometer was placed between the needle valve and the GC valve
inlet to allow us to see how well the valve was regulating the pressure of the

system. With this addition the problem seemed to resolve itself.

2.10 Product Isolation

Initially condensation was attempted at room temperature, but quickly this
was shown to be impractical. It was then decided to introduce water cooling,

via the mains water supply. Unfortunately this quickly ran into problems,
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when it resulted in a flooding of the lab. The second solution was to make use
of a cryostat to cool and pump a fixed volume of water through the system.
This proved much more successful allowing easy collection of liquid product

from the system. The condenser is shown in Fig 2.30 and 2.31
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Figure 2.31: Condenser from Above,
Figure 2.30: Consender Containing  Showing Inlet and Outlet to Con-
Condensate from System denser

2.11 Maintenance/“down-time”

During any periods linked to maintenance on the test-rig there was a re-
sulting “down-time” for catalyst screening. Although to try and limit this,
component replacement/cleaning was generally carried out semi-regularly.
This pre-emptive work was an attempt to reduce the chances of more seri-
ous breakdowns that would have required substantially more time to resolve.
Unfortunately, by fixing one problem you often end up creating another, and
as such on many occasions what seemed like a small issue quickly became
much larger. One of the more general observations during the course of the
work was that extended periods of “down time” was caused by interruption
of electricity supply; shutdown of ventilation systems; holiday periods; other
external maintenance often resulted in increased incidences of problems with

the system. To combat this we have attempted to maintain the system in a
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“stand-by” state whenever possible. This generally involves continuous heat-
ing combined with a constant flow of CO into the system. The process of
bringing the system back up to operational capability after a shutdown also
has to be a slow and gradual process, whereby any problems encountered
may be fixed as they appear, in particular leaks. If this is not observed it
was often the case that we very quickly ran into larger problems. This slow
restart process was also used to save time. In order to repair/replace any
components, it was required to remove the heating tape followed by the in-
sulation from the specific part of the system. If this joint was half-way down
a length of heating tape, the whole heating tape needed to be removed, the
fitting replaced, then the heating tape re-attached. This process was very
time consuming making it highly preferable that the problems were addressed
before the heating tapes were in place.

Changes in the heating/cooling of the system could be linked to the cre-
ation of leaks within the system as the joints expand and contract accordingly.
Swagelok components only create a “perfect” seal the first time they are used
subsequently the seal formed is never quite as tight. The actions required
to maintain the system such as the removal, replacement and altering of the
various joints can reasonably be expected to contribute to the creation of
leaks due such maintenance.

Each time the system has to be stopped and shutdown it is the case
that for reasons of safety all pressure has to be released from the system.
This process can never remove all traces of compounds from the system as
a result these will remain and will condense out onto the internal surfaces.
Most likely the continued presence of Mel within the system (and thus by
extension HI) contribute significantly to corrosion of the system during any
down time. By maintaining heating and a residual flow of CO in “stand-by”
we are able to limit this condensation of the system and by extension some

of the corrosion observed.
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2.12 Blocking of the GC valve inlet

Towards the end of the project, it was observed that the pressure valve
seemed to having difficulty regulating the pressure of the system. On further
inspection the problem was isolated to the GC valve. On inspecting the
valve was blocked by a hard black solid material, Fig 2.32. To try and clear
the blockage, solvent was pumped through the valve using an HPLC pump.
Initially acetone was used and it proved very difficult to pump the solvent
through the blockage, with the pressure on the HPLC building up to 300 bar
and triggering the automatic shutdown of the pump, Fig 2.33. Eventually
after a number of days, we managed to get the solvent to flow through the
valve, but still under high pressures. We chose to switch the solvent to AcOH
to see if this would be more successful. The blockage proved to be slightly
more soluble in AcOH, but it still proved difficult to dissolve. Finally, it was
decided to replace the tubing leading up to the valve, removing the problem

entirely.

2.13 Corrosion resistant materials

In an attempt to reduce corrosion affecting specific components in the system
we attempted to replace some of the 316SS components with those composed
of the more resistant Monel alloy-400*. Unfortunately these components

also proved susceptible to corrosion under our reaction conditions and in

*See appendix E for a comparison of steel types

Figure 2.32: Blockage of the GC Valve
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Figure 2.33: HPLC reading just after automatic shutdown

the interests of costs, convenience and interchangeability, we decided that it
would be simpler to discontinue their use. Instead we carried on using 316SS
components, but replacing them with 316Ti where possible, in order to try
and reduce the corrosion of the 316SS components. Continuing redesign of
the system still takes place alongside modifications to try and remove or limit
the number of fittings in the system subject to corrosive conditions.

For a comparison of all the materials used see Appendix B

2.14 Final Incarnation of the Test-Rig

After various alterations and changes, the current form of the test-rig is
shown in Fig 2.34.

2.15 Wacker Chemie AG Pilot Plant

Following on from the successes at DTU, a pilot scale plant was designed and
build by Wacker Chemie AG at their site in Munich. In a departure from
the results obtained at DTU, the major product was observed to be AcOH
of a high purity level. Also in a departure from the DTU result, the major
byproduct was methane, mainly observed during the start up period of the

plant.
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Figure 2.34: The Final and Current Incarnation of the Test-Rig
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Chapter 3
Analytic system

The majority of chemical analysis was carried out via online Gas Chromatog-
raphy (GC).

As a result of this a large body of analytical data resulted during the
course of the project. Whilst for many cases a large excess of data is pre-
ferred, in this case it resulted in too much data to be completely analysed.
Unfortunately for most of the project we had no way of easily processing
the volume of data generated due to software “incompatabilities” requiring
manual data entry for the majority of catalyst tests. As a result of this large
amounts of time during the first two years of the project were spent on data
entry. This can in part be related to the general complexity of the GC sys-
tem, designed with three separate detectors to enable the complete detection

of all likely byproducts.

3.1 GC Configuration

At the start of the project an Agilent 7890A GC was purchased. The model
used is a three-module, on-line detector GC consisting of a packed-column
channel (PCM-C) and a capillary-column channel (PCM-B+EPC), that is
connected in series via a 10-port valve and a 6-port valve. The packed-
column channel uses a TCD detector (N, carrier) for analysis of H,, while the

capillary-column channel uses the combined FID/TCD detectors (He carrier)
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for analysis of all organics, acids and H,O, Fig 3.1. Although complex,
this design, agreed on with the help of Aglient experts, allows an all-in-

one analytical system for almost all possible products and byproducts of the

system.
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Figure 3.1: Configuration of the GC collums and valves

From the sample loop of the 10-port valve the sample is injected into a
pre-column (HayesepQ) from where H, passes to a mol-sieve column (MS5)
for separation followed by TCD detection. A back-flush of the pre-column
allows all other retained components to be vented out. From the sample loop
of the 6-port valve, the sample is passed into the capillary injection port (via
a heated line) before injection into a capillary column (FFAP) where the
heavier organic products are separated. After the capillary column the gas
stream is split by a dean switch to allow the light components MeOH, Mel,
MeOMe and H,O to be separated on a Poraplot Q column (PLOT-Q) for
detection by TCD, while the heavier organic products AcOH and AcOMe
are sent to the FID detector via an empty column (FS tube).

3.1.1 H, Detector TCD

N, is used as a carrier gas through the molecular sieve column(MS5A) at

30 mL/min with a pressure of 30 psi set on PCM-C channel 2 to enable
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backflushing to prevent contamination of the column. (As hydrogen has a
negative thermal conductivity relative to nitrogen, to obtain a positive peak
on the chromatograph it is required to reverse the polarity of the detector.)
Prior to injection, valve 1 is held in the “off” position (load), allowing the
sample to flow through the loop filling it with the analyte. At time 0 mins,
the valve is moved into position “on” (inject) allowing the contents of the
loop to pass into the initial Hayesep(Q column. At time 0.4 mins, the valve
is returned to the “off” position allowing back flushing of the remaining
compounds resident in the precolumn (HayesepQ). By opening and closing
the valve at these set points, we allowed only H, gas through to the molecular
sieve column and onto the detector. Otherwise we would have contamination
of the column with all of the other present compounds. The retention time

of H, on the detector was found to be 0.79 min.

3.1.2 FID Detector

He is used as a carrier gas. The gas flow to this detector is limited by a
deans switch, the switch is controlled via valve 3. Since the deans switch
connects the columns leading to the FID and second TCD detector, it is
not possible to set the flows of the empty column (FS tube) and the plot
Q column independently of each other. In the empty column leading to the
FID detector, the flow rate is set to 0.60 ml/min. The FID detector is used
to detect all of the carbon containing compounds, with the exception of CO,

the retention time of which are given in Table 3.1.

3.1.3 Organics TCD Detector

A carrier gas of He is used. Described above, this detector is linked with the
FID via the deans switch. This requires a flow rate linked with that in the
empty column (FS tube). To this end a pressure of 9.0 psi is used. The main
use of this TCD is for the detection of water, however it is also possible to
separate out a number of the other components allowing them to be detected
via this TCD instead of the the FID. Unfortunately for AcOH, AcOMe and

similar compounds, the choice of column results in large peak tails, making it
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Table 3.1: Retention time of Compounds on the FID detector

Compound Retention time (min)
Dimethyl ether (Me,O) 2.24
Diethyl ether (Et,0) 2.42
Methyl iodide (Mel) 3.41
Methyl acetate (AcOMe) 3.76
Ethyl Iodide (EtI) 4.16
Methanol (MeOH) 4.73
Ethanol (EtOH) 4.97
Propanol (PrOH) 5.76
Acetic acid (AcOH) 7.73

problematic to separate these components when they have similar retention

times. A list of the retention times is given in Table 3.2.

Table 3.2: Retention time of compounds on the TCD detector

Compound Retention time (min)
Dimethyl ether (Me,O) 5.77
Diethyl ether (Et,0) 7.75
Carbon monoxide (CO) 2.60
Acetic acid (AcOH) 9.87
Methyl acetate (AcOMe) 7.75
Methanol (MeOH) 6.09
Ethanol (EtOH) 7.22
Propanol (PrOH) 8.45
Water (H,0) 6.51
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Hydorgen lodide Detection During the start of the project, con-
struction of the system and design of the GC analytics was very much a
hand-in-hand process. The complexity of the GC required many trial and
error tests to find a suitable method program allowing for the separation and
detection of all the important components from the reactor. In particular
detection of HI (a key component in the reaction) has proved to be highly
tricky. Literature searches have confirmed this difficulty, with very few pub-
lished reports on GC detection of the compound. One of the results of this
has been a significant imbalance between the iodine;, - iodine,,; balance for

the system.

3.2 Oven Ramp

The flows in all columns are maintained at a constant flow throughout the
GC method. Separation of the components is therefore primarily controlled
by variation of the oven temperature. Due to the similar size and chemistry
of the compounds to be detected a temperature range from 35°C - 200°C is
used with four different holding temperatures throughout the method. The
oven heating is given in Table 3.3 represented graphically in Fig 3.2

Table 3.3: Oven Heating Programme

Rate Set Temp Hold time (min) Run time (min)

- 35 2 2
13 60 0 39.231
50 150 1 67.231
50 200 3 10.723

3.3 Internal Standards

As a result of the complicated method programme developed to separate
all the required components, there was also difficulty in finding a suitable

internal standard for the system. Initially we focused on a liquid standard,
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Figure 3.2: Temperature Profile of GC Method

but this was difficult to find. The standard was required to be soluble in
methanol, uncreative under the conditions used and we had to be able to
resolve it. Initially it seemed like a suitable compound was 2-methoxyethanol,
but unfortunately after a few trials in the reactor system it was found to react.

As a result of all of this, we switched to relating conversion to MeOH
based on the previous calibration curves.

After this, we decided to try some inert gases as standards. Since we were
already using both N, and He for the GC detectors, we would have to try
and find some other gas. Initial trials involved both Ar and CO,, but it was
very difficult to separate these gases from the CO peak on the TCD. One
possibility was to try and alter the GC method to allow for separation, but
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since it had taken so long to find a method that gave adequate separation
of all the other compounds, we decided to leave this as it was. A chance

suggestion from a colleague led us to try methane as a standard.

3.3.1 Methane as an Internal Standard

Methane is a highly stable compound and generally unreactive towards other
chemicals. After some initial tests, we could show that methane could be eas-
ily separated and detected on both the FID and TCD. Unfortunately, Rh is a
very good water-gas shift (CO+H,0 — CO,+H,) and methanation catalyst
(CO + 3H, — CH, 4+ H,0O). If these reactions were occurring the internal
standard would no longer be accurate giving us lower yields. Fortunately
both of the reactions result in or consume H, which we were able to detect
this via a TCD detector on the GC. Based on the previous experiments using
a liquid internal standard, we didn’t observe the formation of any methane
in the system nor of H,). Once we switched to CH, as our internal standard,
we were still unable to observe any H, formation, making it highly unlikely
that there was any water-gas shift or methanation reactions occurring after

adding CH, to our system.

3.4 Calibration of components

Calibration of all the standard MeOH carbonylation byproducts was carried
out, mainly by direct injections to the GC, although once we switched to
online usage of the system, the retention times observed during calibration
remained within acceptable levels of deviation. This method has remained
unchanged during the course of the project.

Initial calibration was done with reference to MeOH, the response factors
obtained were then used to relate to, initially, 2-methoxyethanol and then

methane internal standards.
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Chapter 4
Experimental results

Table 4.1 presents an overview of all the experiments carried out during the
course of this work. It outlines the rhodium source, IL used and highlights
the TOF and STY for each reaction.

4.1 Replication of Previous Results

Initial catalyst testing focused on the replication of the original results achieved

1.116 ysing the newly constructed test rig. The system as de-

by Riisager et. a
scribed is based on a [Rh(CO),l]~ catalytic anion, dissolved in Bmiml ionic
liquid and supported on commercially available silica.

After some initial tests to find the best flows and temperatures for the
reactor, we were very quickly able to achieve similar results to those published
i.e. TOF =100, Table 4.2. All of the catalysts used in these initial tests were
synthesised using chemicals available in the lab and with standard schlenk
techniques under an Ar atmosphere, as laid out in the original paper. Specific

details of the procedure are laid out in Appendix A
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Figure 4.1: TOF for the initial Experiment

Table 4.2: Comparison of published results and initial trials

Experiment Metal IL Rh IL load- MeOH TOF
source loading ing con- (nor-
(wt%) (vol%) version malised)
(%)
Original ~ [Rh(CO),IJ, Bmim I ~ 0.65 42 99 ---
Results
2 [Rh(CO),I], Bmim I  0.65 42 25 ---

4.2 lTodide dimer

Synthesis

Schlenk techniques were used to limit atmospheric exposure of the air sensi-
tive [Rh(CO),l], catalyst precursor, Fig 4.2. With our preparation, complete
isolation from atmosphere is impossible. The preparation requires usage of
an accurate balance and the result of this is that the precursor must be ex-
posed to air for some time during weighing and transfer to the schlenk tube
used for synthesis. Since an accurate weight is necessary to calculate the

activity of the catalyst in the system, it is impossible to relate this exposure

to atmosphere to any deactivation of the catalyst.
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Figure 4.3: [Rh(CO),I], dimer Figure 4.4: Freshly prepared
under CO atmosphere SILP catalysts

Appearance

The [Rh(CO),I], catalyst precursor is in the form of dark red crystals, Fig 4.3.
If the precursor is left exposed to air for an extended period an obvious change
can be noticed as the originally bright orange crystals will slowly darken until
they form a black powder, the air stable but catalytically inactive Rhl,.
After synthesis the resultant SILP catalyst takes the form of a fine brown
powder, Fig 4.4 . Once the catalyst is exposed to air during loading into the
reactor a subtle colour change is observed. Once the catalyst is exposed to air
an almost immediate darkening of the catalyst is observed. This darkening
to a “medium” brown occurs within lfléminutes after initial exposure to
air, Fig 4.5 . If the catalyst is left for an extended period it will darken even
further to a very dark brown or black colour, Fig 4.6. The most obvious
explanation for such a colour change is air oxidation of the Rh(I) present
in [Rh(CO),l], to the Rh(III) in RhI; also liberating the loosely bound CO
ligands. The most important implication of this is that the ionic liquid alone
does not provide a sufficient protecting layer to prevent oxidation of the air

sensitive Rh centre. See Appendix F for the complete series of pictures.
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Figure 4.5: Fresh SILP in Air Figure 4.6: Discoloured SILP

in Air

Synthesis under CO atmosphere

The visible discolouration of the catalyst when exposed to air indicates that
actual catalyst being loaded into the reactor is not identical to that syn-
thesised under an inert atmosphere. Any deactivation occurring could be
removing a large part of the catalytic activity before the catalyst was loaded
into the reactor and pressurised under a CO atmosphere. Our assumption is
that both times the rhodium-iodide complex is exposed to air (during synthe-
sis and loading), there must be some degree of deactivation occurring. This
is supported by the colour change observed between exposing the SILP to
air for the first time until it is loaded into the reactor. The initial exposure
during the synthesis was unavoidable but could be limited by carrying out
the transfer of the SILP precursors quickly. A further idea attempted was to
replace the Ar atmosphere during synthesis with a CO atmosphere. It was
hoped that this excess of CO would “reverse” any CO loss that may have
occurred during the transfer of [Rh(CO),I], to the schlenk tube. An added
benefit of this was the ability to control the atmosphere during drying. If
the catalyst losing CO ligands and deactivating under a normal atmosphere
it was hypothesised that drying of the SILP catalyst under vacuum was also
likely to result in the loss of CO ligands. This small alteration was successful
and showed an improvement in the catalyst activity. However, the distinct
colour change observed during the loading procedure was still evident, sug-

gesting that there remained loss of CO during the period the catalyst was
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exposed to air.

Usage on Industrial Scale

This observed discolouration of the catalyst could be a significant issue if the
process were scaled up to industrial scales, particularly due to the inability
to successfully measure how much of the expensive Rh based catalyst was
active and how much was deactivated. Trying to keep the catalyst under a
CO atmosphere during loading was also impossible, as catalyst loading would
be carried out by workers “emptying bags of the catalyst into the reactor,”
thus leading to insurmountable health and safety issues. The common factor
between both of these syntheses seemed to be the problem of having to
expose the catalyst to an air atmosphere during the loading procedure. This
seemed to be resulting in either oxygen dissolving into the ionic liquid and
quickly oxidising the Rh centre or weak bonded CO ligands (due to the
large excess of I anions available) being released from the Rh centre. This
commonality of gas diffusion seemed to form the basis of the problem. The
solution decided on to try and remove this issue was via incomplete drying
of the SILP during synthesis or by “wetting” of the SILP after synthesis. In
each case the volume of solvent remaining would have to be sufficient to fill
the remainder of the pore volume not already occupied by the ionic liquid
and metal complex and coat the entirety of the surface of the catalyst. This
was easy to determine visually in the post-synthesis wetting procedure, but
was not so easy to judge via the incomplete drying procedure. Both of the
procedures were attempted using two different solvents, MeOH and AcOH.
In all cases where the [Rh(CO),l], precursor was used in combination with
this procedure an increase in activity was observed, Table 4.3. In particular
the case using AcOH wetting resulted in one of the few occasions of the test
rig producing AcOH. These inherent difficulties in the synthesis of catalysts
mean that a large period of time was having to be used in their synthesis,
approximately two days. It also proved difficult to accurately judge the mass
of catalyst being loaded into the reactor due to the additional mass of the

solvent contained within the pores.
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Table 4.3: Catalyst Wetting Trials

Experi- Metal 1L Protec- Atmos  Rh 1L TOF STY

ment  source tion phere loading loading  (nor- (nor-
(wt%) (vol%)  malised) malised)

2 [Rh(CO),I], BmimI X Argon  0.65 42 --- ---

4 [Rh(CO),I], BmimI X Argon 245 42 - - +

5 [Rh(CO),I], BmimI X Argon  3.56 42 --- -

6 [Rh(CO),I], BmimI MeOH CO 2.45 42 + +

7 [Rh(CO),I], BmimI MeOH CO 2.45 42 + + ++ +

9 [Rh(CO),I], BmimI AcOH CO 2.45 42 +++ ++++

Rh Loading

Initial experiments looked at optimising the loading of Rh that would provide
the best catalytic activity. We saw that by increasing the initial loading of
Rh by a factor of 4, a saw significant increase in the catalytic activity was
observed. In order to try and improve this even more, we increased the
Rh loading 5 time from the original to 3.56 wt%, but this did not lead to
a corresponding increase in activity. In fact we saw a decrease in activity,
Table 4.4, implying that the loading of Rh was too high to fully utilise all of
the metal present. As a result of this, we began to use a 4x loading of Rh,

equivalent to 2.45 wt%.

Table 4.4: Variation of Rh loading

Experi- Metal source IL Rh loading 11 loading TOF (normalised) STY (nor-

ment (wt%) (vol%) malised)
2 [Rh(CO)2I]2 Bmim I 0.65 42 S -

4 [Rh(CO)21]2 Bmim I 2.45 42 - +

5 [Rh(CO)2[]2 Bmim I 3.56 42 - - +

4.3 Chloride precursor

As the availability of our [Rh(CO),l], source was declining, instead of car-
rying out further synthesis involving further work under a CO atmosphere,
we decided to try and synthesis a SILP using the [Rh(CO),Cl], precursor

complex, Fig 4.7 and 4.8, available cheaper and in larger quantities as well as
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being more air and temperature stable than the iodide precursor, Table 4.5.

Initial trials using this alternative precursor in Bmim I showed that it too

possessed a high catalytic activity for the reaction, although not as high as

the previous iodide precursor. Importantly, there was no immediately visible

colour change on exposure to air. The reduction in activity of approximately

5-10 % combined with the requirement to have a sightly higher Mel flow were

considered, alongside the issues associated with the synthesis of the iodide

precursor catalyst. Considering these factors, it was decided to attempt the

use of the chloride complex in some other ionic liquids already screened for

the iodide catalyst. In each case the chloride showed a slightly lower activ-

ity, but appeared to be significantly more stable during the synthesise and

loading procedures.
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Figure 4.7: [Rh(CO),Cl], dimer Struc- Figure 4.8: [Rh(CO),Cl], dimer Crys-
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Table 4.5: Comparison of Iodide and Chloride Rhodium Precursors

Experi- Metal source IL ProtectionAtmos ~ Rh IL load- TOF STY (nor-

ment phere loading  ing (nor- malised)
(wt%) (vol%)  malised)

4 [Rh(CO),I], BmimI X Argon 245 42 -- +

9 [Rh(CO),I], BmimI AcOH  CO 2.45 42 +++ ++++

8 [Rh(CO),Cl], BmimI X Argon 245 42 + + +++

14 [Rh(CO),Cl];, BmimI X Argon  2.58 42 -- - -

15 [Rh(CO),Cl], BmimI AcOH  CO 2.42 45 - --
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4.4 Rh Sources

Having begun with the industrial Rh source and then moved on to its air
stable chloride analogue, we decided to explore other Rh sources to see how
their activity compared. The most obvious starting point was the precursor
used in both the synthesis of [Rh(CO),Cl], and [Rh(CO),I],, RhCl, - xH,O.
A miscalculation during the synthesis resulted in a Rh loading twice as much
as normal. Despite RhCl,-xH,O being a non-catalytic compound in the
standard industrial reaction, we were able to observe a degree of catalytic
activity. The activity was, in some cases, comparable to that observed for
the iodide and chloride sources.

Further exploring this route we also decided to test Rh(acac)-2CO as a
source of Rh. This Rh source is the one used in the formulation of a hydro-
formylation catalyst. Again, a minor miscalculation resulted in a high Rh
loading for the catalyst. Despite this high Rh loading, the activity observed
was low. The reasoning for the difference in activity between RhCl; - xH,0O
and Rh(acac)-2CO is not easy to determine.

It should be noted, that neither compound is known to be catalytically
active for carbonylation reactions. In industrial batch reactions, it is impor-
tant to avoid the triiodide analogue Rhl; as it is the unreactive deactivation
product formed by the system. Despite this, both of the compound show
some degree of catalytic ability when used in a SILP System, Table 4.6.
Under the conditions we utilise with an environment saturated in I anions
and with a high CO pressure seems to be sufficient to generate some sort of

catalytic system suitable for carbonylation reactions.

Table 4.6: Alternative Rhodium Sources

Experi- Metal source IL Rh loading IL loading TOF (nor- STY (nor-
ment (wt%) (vol%) malised) malised)

4 [Rh(CO),I], Bmim I 2.45 42 - - +

8 [Rh(CO),Cl], BmimI 2.45 42 + + + + +

22 [Rh(Acac)-2CO  Bmiml 4.67 42.47 - - ---

12 RhCl;-xH,0  Bmim I 4.6 43 -- ++
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4.5 Cation variation

All cation variation experiments were carried out on the [Rh(CO),Cl], pre-
cursor complex.

Initially N- based ILs based on imidazolium, pyridinium and guanidinium
cations were studied. The results achieved do not appear to show any general
trend regarding size or functionality of the cation. Bmim I remains the most
effective IL with only TMGH I comparing in activity, Table 4.7. Interesting
the two cases where it was attempted to functionalise the IL did not result in
an improved reactivity, nor a significant change in the product distribution,
Table 4.10 All of the N- based compounds were ILs and so by definition
liquids below 100°C. This low melting may have a distinct effect on their
nature at the reaction temperature of 190°C, particularly if hot spots exist
at the reaction surface.

The original patent covers the use of phosphorous based ILs alongside
nitrogen based ones, so it was decided to try a phosphonium iodide based IL
with the system. Our initial trial on PBusMe I seemed to be very successful.
The initial test giving results better than any of the N- based ILs so far.
The reason as to why there should be a significant increase in activity with
a phosphorous based salt is not something immediately apparent.

All of the salts studied were classified as ionic liquids. After this screening
of N- based cations, it seemed that the effect, if any, of cation variation was
insignificant compared to that of not using an iodide anion in the system. A
switch of cation to P- based molecules, led to much more significant effect
on the achieved results.

All of the phosphonium salts studied, showed higher activity compared to
the imidazolium based ILs. All of the phosphonium salts had higher melting
points compared to the imidazolium with a number being molten salts due
to having melthing points above 100°C. The improved activity of PR, I
salts is not easy to explain. It can be speculated that the improvement is
linked to the well documented effects of phosphonium ligands on the standard
homogeneous rhodium catalyst. This is hard to verify. The limiting factor

of these phosphonium salts is the upper temperature of the reactor. As all
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experiments were carried out at 190°C meaning that this was the upper limit
for the salt’s melting point. In order to explore further avenues using the
phosphonium salts it was decided to explore eutectic mixtures in the hope
generating a suitably low melting combination to try in the system. The
salts used were those easily obtained commercially and mixtures of 0.5:0.5

mol mixtures were used

Table 4.7: Variation of Cation Used

Experi- Metal source IL Rh IL load- TOF STY (nor-
ment load- ing (nor- malised)
ing (vol%)  malised)
(wt%)
4 [Rh(CO),]I], Bmim I 2.45 42 -- +
8 [Rh(CO),Cl], Bmim I 2.45 42 + + ++ +
11 [Rh(CO),Cl], PR, I 2.31 56 +++ +++
16 [Rh(CO),Cl], PR, I 2.6 47 0 0
17 [Rh(CO),Cl], BDmim I 2.47 44 + )
18 [Rh(CO),Cl], Bu-Pyr 1 2.54 43 - - - -
19 [Rh(CO),Cl], TMGH I 3.28 46 0 ++ +
21 [Rh(CO),Cl], BmimSO4H I 2.52 41.43 - -
23 [Rh(CO),Cl], Bu,P Br 2.34 42 - - ---
24 [Rh(CO),Cl], PyrH I 2.35 41.96 ---- ----
25 [Rh(CO),Cl], Mim—C,H,COOHI 2.61 43 ---- - -
27 [Rh(CO),Cl], Ph,MeP 1 2.2 49.1 +++ +++
30 [Rh(CO),Cl], No IL 3.03 0 -- - -

4.6 Anion variation

If altering the cation has an effect, then what would happen if we altered the
anion. To find this out, we tested a selection of alternative anions as well as
a heterogeneous system containing no IL. In all cases activity is lower than
systems with I, the implication of this being that I~ is important in the
system, Table 4.8

In order to investigate this further, it was decided to look into the effects
of altering the anion in the ionic liquid. ILs with iodide anions are not
commonly available commercially and the the synthesis of most of such ILs

is carried out by ion exchange from the chloride. This made the logical first
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step to be a switch to the closest chloride equivalent of Bmim CI. This trial
was initially carried out on the [Rh(CO),l], complex due to its standard as
the “base” catalyst. In this case whilst activity was seen, it was lower than
that seen in the "standard” tests. The next test involved switching to the
[Rh(CO),Cl], complex, also with Bmim Cl. This trial showed a significant
drop in observed activity, to approximately 1/2 of that seen when the iodide
IL is used.

Table 4.8: Anion Variation

Experi- Metal source IL Rh loading IL loading TOF (nor- STY (nor-
ment (wt%) (vol%) malised) malised)

4 [Rh(CO),IJ, BmimI 2.45 42 .- +

8 [Rh(CO),Cl], BmimI 245 42 + + ++ +

10 [Rh(CO),Cl, Bmim Cl 2.56 a7 - -

23 [Rh(CO),Cll, Bu,P Br 234 42 - -

20 [Rh(CO),Cl], Bmim OH 2.2 19.1 S -

30 [Rh(CO),Cl, NolL 3.3 0 - S

4.7 Iridium Catalysts

Iridium is also catalytically active for the carbonylation of methanol. This
is particularly emphasised by the commercialisation of the Cativa process.
It was decided to try and apply the SILP concept to an Ir based system.
Our first problem with any such trials was to obtain a suitable Ir source.
After some searching we were able to locate a supply of Irl,, which we dully
used. The oxidation state of +4 also proved rather interesting for an iodide
complex of Ir. We succeeded in synthesising an Ir based SILP using Bmim
I. Unfortunately the Ir SILP catalyst produced was not particularly active,
as is shown in Table 4.9. As this experiment was tried with an “unusual”
Ir source, we attempted to synthesise some further Ir based SILPs, but this
proved surprisingly difficult. We obtained a sample of IrCl, - H,O, the iridium
analogue of our rhodium source. Following procedures outlined in literature
we tried to synthesise and isolate the suitable Ir catalyst for the carbonylation

reaction. In each case we were unable to isolate any Ir containing complex

69



and thus create a usable SILP catalyst.

Table 4.9: Rhodium vs. Iridium Catalysts

Experi- Metal source IL Metal IL loading TOF (nor- STY (nor-

ment loading (vol%) malised) malised)
(wt%)

4 [Rh(CO),I], BmimI 2.45 42 - - +

8 [Rh(CO),Cll, BmimI 2.45 42 + + ++ +

13 IrI, Bmim I 4.4 54 - - - -

4.8 Products

The major reaction product in all of our experiments is methyl acetate. This
represents a significant difference compared to most reported Monsanto style
reaction systems where the majority product is always AcOH. We only suc-
ceeded in forming AcOH as a reaction product in only three occasions, Table
4.10. Our major reaction byproduct was DME, with a yield typically of less
than 5% and no propionic acid nor other standard byproducts were observed.
These results seem at odds with the general mechanism of the Monsanto pro-
cess, but this mechanism has been well established and studied. However,the
mechanism has only ever been studied for reactions carried out batchwise and
not as a continuous flow reaction, such as ours. A continuous flow system
such as the SILP one seems to introduce variation to the eventual product
distribution. This may be linked to the fact that the SILP principle results

in a very different diffusion profile compared to that of the batch process.
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Table 4.10: Main Product Distribution over Presented Reactions

Experi-Mel MeOH  MeOAc AcOH DME STY  (nor-

ment yield conv (%) (%) (%) malised)
(%) (%)

1 60 20 1.5 5

2 9 25 12 0 0.6 ---

4 8 49-58 17 -27 0 0.5 +

5 10 30-60 30-60 0 10to b -

6 9-17 50 40 0-5 1 +

7 20 70 60 0 1 + + +

8 18 60 50 0 2 + + +

9 16 80 60 9-10 1.5 + + + +

10 24 40-60 20-25 0 10 - -

11 20-30 60-80 60-70 0 2-3 + + +

12 20 70 50 0 2 + +

13 25 40-60 15-20 0 2-3 - -

14 20 30 30 0 2-3 - -

15 40 50 25 0 5 - -

16 23 80 40 0 1.5-4 o)

17 20 70 40 0 1-6 0

18 21 60 20-30 0 4 - -

19 23 40-70 30-40 0 3 + + +

20 24 60-65 30-45 0 2-2.5 +

21 20 40-50 17-23 0 2-2.3 -

22 20-22  35-40 13-20 0 ---

23 15 55-60 14-17 0 1.3 ---

24 20 13-50 16-38 0 1.7-2.5 -—-

25 20 62-75 27-31 0 1.5-1.9 - -

26 17-19  62-70 28-30 0 1.5-1.8 -

27 22-41 87-92 57-66 0 1-2.1 + + +

28 21-24 65-76 53-66 0 5.3-7.4 + 4+ +

29 2-17  24-37 20-30 0 1-7 - -

30 4-27 0.6-30 0.2-7 0 2.3-12 R ——

31 6-17 30-65 7-22 0 1-5 ---

32 28-35 68-71 15-24 0 4.7-7 ---

33 27-40 50-75 10-35 0 1.5-7 +
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In a SILP system, the active catalytic site is constrained in the IL layer,
making the diffusion of the reagents into the IL bulk particularly important
under the reaction conditions. It is known that the solubility of CO in ILs is
limited, 257129 whilst the solubility of MeOH is very high.'3® The nature of
our system, especially the high pressures used, make it difficult to estimate
the solubility of the CO in comparison to MeOH. If we assume a similar
behaviour to that at lower temperatures and pressures, a result of this would
be a significant excess of MeOH dissolved in the IL in relation to CO. It may
be that in the final stage of the catalytic cycle, there is a high excess of MeOH
present at the catalyst site once the dissociation of the acetyl iodide occurs.
This MeOH excess seems to present a more suitable target and so undergoes
esterification with the acetyl species resulting in a final product of MeOAc.
Another possibility is that the high polarity of the AcOH formed results
in much slower diffusion out of the IL allowing time for an esterification
reaction to occur before it diffuses back into the system. The role of HI in
these processes is unclear, and the inability to detect it via the GC means we
cannot draw any conclusions on its role in the process. This accumulation
of the acid at the reaction site may also be linked to its polarity of the acid
compared to the ester

Within the system, the following reactions can be derived from the cat-
alytic cycle:

AcOH Formation:

MeCOI 4+ H,O — AcOH + HI

This is the normal termination of the catalytic cycle

MeOAc Formation:

MeCOI + MeOH — AcOMe + HI

It is a possibility that the excess of the MeOH in the IL leads to the

termination of the catalytic cycle via the formation of MeOAc directly.

Ester Condensation:
AcOH + MeOH — AcOMe + H, O

The formation of AcOMe is possible via condensation of AcOH produced

via the catalytic cycle and the excess MeOH in the IL. As the side product

of this reaction is H,O and the fact we are able to detect an H,O peak on the

72



GC, this implies that this route is the preferred one for AcOMe formation.
DME Formation:
MeOH + Mel — MeOMe + HI

This is the only observed side product and does not appear to have any

significant effect on the overall product distribution.

It should be noted that water is formed by the esterification of AcOH
with MeOH. This production of water can be detected and measured by GC
analysis. Over the course of the reaction the ammount of detected water
slowly increases after the introduction of Mel into the system until it reaches
a steady state. This implies that the MeOAc is formed via esterification of
the AcOH and not directly from the MeCOI, or at least until some form of

equilibrium is reached.

4.9 Water addition

Under industrial carbonylation conditions, addition of water to the system
is a very important requirement.

One of the most important uses of water in the reaction is to try and pre-
vent precipitation of the insoluble and inactive Rhl; and Irl;. Since water is
present in the catalytic cycle, particularly linked to HI formation, we thought
that by introducing water into the system we could facilitate the hydrolysis
of the MeOAc to AcOH. (HI is formed from the reaction of Mel with H,O
and since HI is critical in the termination of the reaction to AcOH, it seemed
reasonable to assume that by addition of excess H,O to the system would
result in formation of AcOH.)

Despite this we were still unable to produce AcOH in the system. How-
ever, what we did observe was an increase in corrosion. The only noticeable
catalytic effect of water addition was a minor increase in the AcOMe yield,
that lasted only for a short period. Our reasoning for this is that, since we
don’t have much contact time with the HI in the system, due to the small
catalyst bed. This limited contact time appears to result in a modification
of the catalytic cycle. It seems like the concentration of HI in the system is
not high enough to result in the hydrolysis of the MeOAc. This could also
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be linked to the distribution of the assorted compounds throughout the IL.

4.10 Gas solubility in IL

The solubilities of components in ILs are not always clear. This is particularly
important with regard to both water and gases. Inevitably small volumes of
water and gases remain dissovled within ILs after they have been synthesised,
this has been established. ! Solubilities of gasses in ILs is something that is
currently a field of very active study, both theoretical and practical. !26:127:132
Typically, the diffusion co-efficient is 2-3 orders of magnitude lower than
traditional solvents.!33

In our system we are looking at a variety of compounds dissolved in our
IL layer, the largest component being CO. It is generally agreed that CO has
only a limited solubility in ionic liquids, although these measurements have
only been conducted at relatively low pressures. In our system with a partial
pressure of CO close to 20 bar, the solubility should be increased.

MeOH is very soluble in the IL, as is witnessed during the synthesis of a
SILP catalyst. This also becomes apparent when a MeOH flow is introduced
to a SILP catalyst in the reactor, where the observed MeOH peak on the GC
decreases until the IL becomes saturated with MeOH.

The solubilities of the other compounds is hard to determine. Once Mel
begins being added to the system, then the whole mixture of compounds is
observed by the GC. The only way to try and interpret relative solubilities
of compounds is via the “like dissolves like” principle. This means that the
more polar compounds will dissolve the most in the IL layer.

If this is the case it leads to the possibility of re-coordination of any lost
CO ligands during either synthesis or loading. However, if this were the
case it would be expected that all of the SILPs utilising the [Rh(CO),l],
precursor should be able to re-coordinate CO ligands once loaded into the
reactor and put under 20 bars of pressure. Any further conclusions from the
results achieved are hard to draw due to the limited volume of information
available. This highlights one of the major issues in SILP research at the

current moment. There is very few in-situ measurements currently possible,
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the vast majority of SILP measurements are all conducted ex situ on either
fresh or used catalysts. The most common “test” for a SILP is to load it
into a reactor and observe the end products. Whilst this may be of more
interest to industrial research, it is rather limiting from a scientific point of
view. This lack of in-situ measuring abilities make it particularly difficult to
study the role of the ionic liquid in the containment of the catalyst as well as
any gas/reagent/product solubility problems. Such studies could inform on
the efficiency and effects of the SILP synthesis procedure in its current form.
As a result of this almost all studies of SILP reactions tends to rely on the

principle of empiricism to drawn any significant results from the reactions.

4.11 Intellectual Property

Since this project has been financed by Wacker, there has been a desire
to capitalise on the result of the work conducted. At the time of writing,

patentable results have been filed with the German patent office.
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Chapter 5
Catalysis analytical tools

In order to categorise the SILP catalysts a selection of techniques were used.

5.1 TGA- Thermal gravimetric analysis.

TGA is a procedure that follows the mass loss of a sample as it is heated in
a furnace. This is typically carried out from room temperature to hundreds

of degrees.

5.1.1 Ionic Liquids/Molten Salts

This technique was initially used to follow the degradation of the ionic liquids
and molten salts used in the catalyst tests, Table 5.1.

Quick screening of the samples allowed for us to see if all of the imida-
zolium ILs used were suitable for testing at 190°C in the reactor and were
not breaking down under reaction conditions. All of the PR, I salts were also
tested and the result of these initial screenings showed that the phosphorus
based molten salts had higher degradation temperatures than the imida-
zolium based ILs. It is likely that this difference is linked to their higher
melting point. N-Methyl-N-phenylaminoPh,P I seems to behave oddly com-
pared to the other phosphonium salts, it gains a small amount of weight
before begining to degrade and the degradations seem to occur in two stages

as shown in Fig 5.1.
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Table 5.1: Salt Degradation Ranges

Salt Decomposition Range °C
Bmim I 240 - 330
EtPh,P I 270 - 380
(N-Methyl-N-phenylamino)Ph,P 1 230 - 345
Pr;MeP 1 340 - 445
Bu,P I 320 - 420
Ph,P I 360 - 480
i—PrPh,P I 270 - 360
Ph;MeP 1 270 - 395

50 100 00 °c
Lab: METTLER STAR® SW 9.30

Figure 5.1: (N-Methyl-N-phenylamino)Ph,P I Degradation

5.1.2 Rh Source

This method was also used on both of the Rh precursor complexes to show
their individual stability at the reaction temperatures. The initial

RhCl; - xH,O precursor shows unusual behaviour gaining mass before de-
grading. After gaining mass, a degradation seem to occur between 50°C -
90°C, before the sample then gradually loses mass until 600°C, Fig 5.2. It
should be noted, that the initial mass loss observed is due to liberation of the
CO ligands. These results show the importance of a solvent in the reaction,

so protect the Rh centre.
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Table 5.2: Rh Complex Degradtion

Rh Source Decomposition Range °C
RhCl, - xH,O 50 - 90
[Rh(CO),Cl], 70 - 135

50
Lab: METTLER

60 °C
STAR® SW 9.30

Figure 5.2: Decomposition of RhCl, - xH,O

Lab: METTLER

0 cc
STAR® SW 9.30

Figure 5.3: Decomposition of [Rh(CO),Cl],
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5.1.3 SILP Catalysts

After screening the ILs and molten salts, measurements of actual SILP cat-
alysts were conducted. At the time of analysis, we already had a large selec-
tion of catalysts, but they were used and had been left exposed to air for an
extended period. Because of this, it was decided to conduct the first measure-
ment with a fresh catalyst, both unused and direct from out of the reactor.
Comparison of the two samples showed little difference in decomposition
temperature between the fresh and used SILP catalysts with decomposition

temperatures similar to that of the ILs in the initial screenings.

Table 5.3: Decomposition of SILP with Varied IL Loadings

Sample Decomposition Temp (°C)

[Rh(CO),Cl],/ 30vol% Bmim I 200-300
[Rh(CO),Cl],/ 15v0l% Bmim I 200-300

5.1.4 Slow Heating

The complete picture of the decomposition, however, is hard to draw due
to the high heating rate used (10°C/minute) to screen the salts. This rapid

¢

heating rate is likely to result in an “incorrect” decomposition temperature,
linked to the heat transfer delay between the furnace, sample and detector.
In order to study this in some more detail, a number of slower heating ex-
periments were also carried out with a heating rate of 1°C/minute. These
measurements allow for a more accurate picture of the onset temperature
of degradation in the samples. This is particularly relevant for the SILP
samples where heat transfer in the sample is also restricted due to the silica
support limiting effective heat transfer from the outside of the sample to the
inner IL containing pores. This delay in heat transfer in the sample is likely
to be the reason for the small difference in degradation onset seen during
the quick screening samples. Unfortunately using such a slow heating ramp
made it almost impossible to find a decomposition temperature as the de-

composition was slow and gradual and not suddent and sharp. Interestingly
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it was the used sample that lost more mass, a possible indication of products
remaining in the IL Even after reaction.

Two samples were also looked at under isothermal conditions for 20 hours.
A fresh and used sample of [Rh(CO),Cl],/30 vol% Ph;MeP I were held at
200°C for 20 hours and the mass loss observed. In both cases there was a
drop in mass over the course of the study, with the fresh sample losing more

mass than the used one, Table 5.4

o 100 1000 1100 o
Lab: METTLER STAR® SW 9.30

Figure 5.4: Fresh sample of PhyMePI at 250°C for 20 hours

1000

° i 1100 o
Lab: METTLER STAR® SW 9.30

Figure 5.5: Used sample of PhyMePI at 250°C for 20 hours
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o 0 "
Lab: METTLER

Figure 5.6: 15 vol% Ph;MeP 1/ [Rh(CO),Cl], Stability at 250°C over 2 hours

%

130 o
STAR’ SW 9.30

0

Lab: METTLER

10 mn
STAR® SW 9.30

Figure 5.7: Degradation of Ph,PI at a heating rate of 1°C/minute

Table 5.4: Long Term TGA Experiments

No Sample Final Heating Time  Mass
Temp Rate  (hours) Loss
(°C) (°C/min) (mg)
1 [Rh(CO),Cl],/ 600 1 - 0.54
Ph;MeP I
(fresh)
2 [Rh(CO),Cl,/ 250 - 20 1.1
PhyMeP 1
(fresh)
3 [Rh(CO),Cl,/ 600 1 - 0.95
Ph;MeP I
(used)
4 [Rh(CO),Cl},/ 250 - 20 0.54
PhyMeP 1
(used)
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5.2 DSC - Differential Scanning Calorimetry

DSC is a technique used to measure the phase transition temperature of
a sample. For ILs it is mainly used to determine the onset of the liquid
phase and “decomposition”. Such measurements are particularly useful for
the phosphonium salts obtained as the literature values and accuracy of the
melting point reported for the salts varies considerably. The use of DSC also
allows for the determination of the eutectic point when two or more salts
are mixed together. This measurement of the eutectic point was particularly
important as if the salt was not molten at the reactor temperature of 190°C

it would be useless.

Table 5.5: Eutectic Points of 0.5:0.5 Mole ratio salt combinations

Salt 1 Salt 2 Eutectic Point °C
Pr,MeP I Bu,P1 155
Prs;MeP I n-methyl-n-phenyl- 182
aminoPhsP 1
iPrPh;P I Bu,P 1 97
MePh,P I Bu,P I No obvious eutectic point
Pr;MeP I EtPh,P I 168

5.3 BET- Brunauer-Emmett-Teller isotherm

BET measurements allow for surface area and pore volumes of samples to
be measured. This is facilitated by the absorbtion and desorbtion of N,
molecules from the sample surface.

For measurement of SILPs this procedure is particularly handy. It is also
important as it allows for the accurate measurement of the pore volume of the
support. This value is important when calculating the pore volume filled by
the IL in the sample. It is important to study both fresh and used catalysts
to see what, if any affect, can be observed on the measured pore volumes.
Such measurements of pore volume are common place and give a guide to

which pores and how completely are filled with IL.
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Table 5.6: BET Measurements

Catalyst Pore Volume cm?/g

[Rh(CO),Cl]5,-30vol% Ph3MePI fresh 0.318
[Rh(CO),Cl],-30vol% Ph3MePI used 0.319

5.4 FT-IR - Fourier Transform Infra Red Spec-

troscopy

In the original study the [Rh(CO),I,]~ SILP catalyst!'® was only analysed
by FT-IR. This was used to measure the C=0 stretching frequencies of the
carbonyl ligands. In our first synthesis we used the same method to con-
firm if our SILP synthesis was successful. Table 5.7. After changing to
the [Rh(CO),Cl], precursor. FT-IR measurement were also performed and
showed the same CO stretching bands shift to slightly higher /lower frequen-

cies.

Table 5.7: Measured C=0 Stretches

Sample Stretches (vco)

Original 2076, 2006
Expt 1 2077, 2006

Once the precursor was changed, we felt it would be interesting to see
if any of the active [Rh(CO),l,|” was formed when an I~ containing IL
was added to the [Rh(CO),Cl],. To do this a study of [Rh(CO),I], and
[Rh(CO),Cl], complexes in Bmim I were undertaken. A selection of three
Rh containing complexes, [Rh(CO),I},, [Rh(CO),Cl], and RhCl, - xH,O were
mixed with either Bmim I or Bmim Cl as shown in Table 5.8 and Fig 5.8.
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Table 5.8: IR Experiments performed

Experiment 1 2 3 4 ) 6

oc\Rh /'\Rh /co
AN . .
o > Neo Bmim I Bmim CI
oc cl co
~ h/ \Rh/

Rl
oc” g Neo Bmim I Bmim CI

RhCl; - xH,0 Bmim I Bmim Cl

Figure 5.8: Samples used for FT-IR Study

84



Unfortunately difficulties with the RhCl, - xH,O experiments made it im-
possible to carry out FT-IR measurements on them, but the other four sam-
ples were dried under vacuum and the residue analysed. Fig 5.9 shows the
FT-IR spectra of the four experiments with pure [Rh(CO),I], and [Rh(CO),Cl],
for comparison. Experiment 5 shows two distinct peaks, indicating that there
is only one species of C=0 present, this is sensible as there is only Cl ™ present
in the system. Experiments 1, 2 and 4 all show a more confused picture, with
more than two distinct peaks visible. Experiments 2 and 4 show a peak sim-
ilar to that shown in 5 at 2067cm ™!, which would indicate some similarity
with the Cl~ containing system, however experiments 1 and 2 show a peak
at 1934cm~! which must be indicative of I . In order to explain this, it is

likely that a mixed species, Fig 5.10, is formed.

60 expl
——eup 2
—expd

50 \ —exp 5
—— [Rh{COj2CH)2

— [Rh{COj21]2

| IRV

20

10

G ! +
2400 2300 2200 2100 2000 1900 1800 1700 1600

Figure 5.9: Spectra of CO stretching in mixed I/Cl systems

The degradation of [Rh(CO),]], in air was also followed via FT-IR. Degra-
dation of [Rh(CO),l], begins with the loss of CO ligands from the complex,
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oc | co
>Rh/ >Rh/
oC \CI \co

Figure 5.10: The mixed chlorine/iodine complex formed

this loss can be shown by FT-IR be following the disappearance of the C=0
stretching bands. As can be seen in Fig 5.11, the two distinct C=0 peaks
gradually decrease over time as C=0 ligands are liberated from the complex.
After 20 hours, no remains of the C=0 peaks are visible, only a new peak in

between where they had been. The cause of this new peak is not known.

45 -

40 A

35 4

30

25 4

10 ——exp1CO
—— exp 1CO 15min
exp 1.CO 2hours

—— exp1 CO 20 hours

2,400 2,300 2,200 2,100 2,000 1,900 1,800 1,700 1,600

Figure 5.11: Loss of CO from the complex over time
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Chapter 6
Experimental

All the catalysts tested were used in the reactor system described in 2.15. The

reaction conditions used were kept as similar as possible for all experiments.

6.1 Reactors

The reactors are constructed of a stainless steel-titanium alloy tubing (316T4i).
They are 35 cm long, containing a fixed bed 17.5 cm down its length. When
loading the catalyst a layer of glass wool is added to retain the catalyst on
the fixed bed. Approximately 0.5 g of catalyst was then loaded into the
reactor, which was connected to the test-rig. Entering the bottom of the
reactor is a sealed 1/8 inch diameter 316Ti tube. Into this tube the thermo-
couple used for computer control of the ovens is inserted prior to the start
of reaction. Initially glass beads were also used at the catalyst bed to ensure
suitable distribution of the feeds (particularly Mel) over the whole catalyst
bed, unfortunately it was quickly discovered that the glass beads were not
stable under the reaction conditions either dissolving or cracking. Thereafter
we discontinued their use.

The reactor is connected to the test rig via two fittings. This is to reduce
disturbing the pressure integrity of other components. As a result of this, it
is not able to pressure test the reactor before it is attached to the system.

This usage of only two fittings when connecting the reactor allows us to try
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and limit where any leaks may occur. Fittings are at top of reactor and at
exit of reactor. This is for practical reasons, mainly to do with Mel inlet

tube at top and thermocouple at bottom.

6.2 Flow Controllers

Addition of the CO and MeOH into the system are controlled by the CEM,
GMFC and LMFC all of which are in turn are controlled via the
Bronkhorst control box. Outside of a reaction flows of CO and MeOH to
the system are reduced or stopped.

In general the CEM is constantly maintained at both during and outside of
reactions for convenience.

The standard reaction conditions for the gas and liquid flows are:

CO/CH, = 100 ml/min and MeOH = 1 g/hour.

Since the gas flow is not a pure gas, this flow is the equivalent of:

92.4 ml/min CO and 7.6 ml/min CH,

At a flow rate of 1g/h, the MeOH in the tank can last for two months at a
continuous flow rate.

Control of the flows is real-time so in general fluctuations observed in the
displayed flow (particularly the CO/CH, due to the higher flow rate) are

often indicative of a problem further downstream in the system.

6.3 Heating

Heating of the reactors is automated via a LabView programme. The pro-
gramme allows for a set point to be chosen and via control of the oven in
reference to an external thermocouple, a constant temperature is maintained.
For our experiments the standard reaction temperature was 190°C, mirroring
the temperature used industrially. By using LabView we were also able to
log all of our heating data.

All of the heating cables to heat the reactor system are set at 180°C. The

temperature is regulated by the Bronkhorst control box and is measured by
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Figure 6.1: Labview Screen for Oven Control

thermocouples linked with each individual heating cable.

It is possible to set each of the heating cables to heat to a specific temper-
ature, allowing different temperature zones, however this is not appropriate
in our case and so all of the cables are isothermal.

In addition to the heating of the reactor system, a supplementary system
is also in use. Following on from problems related to condensation inside of
the pressure regulating valve, it was decided to supply additional heating to
the valve housing. To do this a short heating cable is used and set to heat to
a maximum possible temperature of 250°C. Although in practice the cable
cannot reach this high temperature due to difficulties in getting it sufficiently
tightly wound round the valve box, combined with difficulties in securing the

thermocouple so as to get an accurate temperature reading.

6.4 Pressure

The standard reaction pressure of the system is 20 bar. This is maintained
through the use of a pressure transducer and back pressure regulating valve.

The controller, Fig 6.2, can be used manually or automatically. The main
display has 2 lines. The upper line shows the pressure of the system being

measured by the transducer. The lower line can be used to show the set
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pressure, valve open %age and standard deviation from the set point.

Figure 6.2: Pressure Valve Control Box

The valve needs to be kept heated at all times; this is to stop the con-
densation of chemicals onto the valve plug and blocking/corroding it. When
stopping the system for any prolonged period of time it is important to make
sure the valve is 100% open to stop the pin becoming jammed, this must be
done manually via the controller. The valve is independently heated to try
and reduce any such corrosion. The heating is wired independently of the
rest of the reactor heating system, in order to avoid it being switched off by

accident.

6.5 Mel Addition

The addition of Mel into the system is what initiates the reaction.

The Mel is added via a HPLC pump into the top of the reactor. Prior
to addition the tubing is flushed with Mel to remove any air pockets and to
flush out any degraded Mel (in the presence of water Mel can hyrolyse to
MeOH, I, and HI). The Mel feed is pumped against a closed valve until it
reaches an internal pressure slightly above that of the reactor. This stops
the Mel being pushed back down the tubing when it is introduced into the
system. Once the valve is opened, the pressure measured by the HPLC pump
equalises with that of the system.

The requirement to have this over pressure in the Mel line results in a
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“spike” in the GC area detected. This spike peaks one or two GC runs after
addition of the Mel is begun, before returning to a more stable level. With
this initial Mel spike, it is already possible to see a peak indicating formation
of MeOAc.

Occasionally, the peak area corresponding to Mel can be seen to decrease.
This is generally as a result of bubbles in the tubing. To correct this there
are two options employed 1) Increase the Mel flow into the system in an
attempt to “kick start” the Mel flow again or 2) Close the valve and allow an
overpressure to build up in the tubing before opening the valve to the system
again. In most cases either solution will work. If neither option works, the

Mel tubing should be flushed to atmosphere before being re-pressurised again

6.6 Product Isolation

Initially condensation of products was possible prior to GC analysis, but fol-
lowing the removal of the dead space outlined in Section 2.8.2, condensation
was only possible after the GC.

Reaction products are collected in a condenser cooled by an external
cryostat. It is important to remember that the condenser also contains CO
gas. It is important therefore to close the valve after a sample has been
removed from the condenser so as not to leak CO into the lab. Samples are
initially a colourless liquid, but if left to stand on the bench will slowly begin

to turn brown as Mel slowly oxidises to give MeOH and 1.

6.7 Methanol Tank

All of the liquid feed for the reaction comes from a single pressurised stainless
steel tank, Fig 6.3. Due to the relatively low flow of MeOH used in our
reactions, the tank does not often need to be refilled. If it does need to be
refilled and/or the MeOH level checked, it is very important to release the
pressure from the system before attempting to open the tank. The pressure

in the tank is generally between 25 - 30 bar in order to provide a sufficient
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back pressure for the MFCs.

Figure 6.3: MeOH tank used

When depressurising the MeOH tank it is very important to close the

valves to the MFCs in to avoid problems when restarting the system

6.8 After a Reaction

To stop the reaction, first the flow of Mel is stopped and the valve closed.
Once the addition of Mel has stopped, the reaction itself will stop once all
of the Mel in the system passes through the reactor. To make sure all of
the products are removed from the system, it is run under flows of CO and

MeOH for some time to “flush out” any remaining compounds in the reactor.
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After approximately 30 mins, the MeOH flow is stopped and only the CO
flow remains. After a further 30 mins, the flow is directed via the reactor
bypass and the oven turned off.

Once the oven has been turned off, it can be removed carefully wearing
gloves. The heating blocks can also be removed carefully, with appropriate
protection. Once the oven and heating blocks are removed from the reactor,
it takes about 45 - 60 minutes for it cool down completely. When the reactor
has cooled down to a manageable temperature, the remaining pressure is
slowly released via the exhaust valve before the reactor itself is removed. It
is important to release the pressure slowly so as not to damage the reactor
bed during depressurisation. Once the reactor is depressurised it should be
removed from the system via the two specific joints used for this.

Once the reactor is removed from the system, the spend catalyst should
be collected from the reactor and the glass wool used for the catalyst bed
recovered. The reactor should then be dismantled and cleaned thoroughly to
remove all traces of contamination before the next reaction. The components
should be cleaned using acetone and the connectors at the bottom of the
react should be soaked in acetone for a period to make sure that all traces
of contamination is removed. All other components should be cleaned by
washing. The initial waste acetone will have a black/dark brown colour,
washing should be continued until the waste acetone is clear once more.
Once the components have been cleaned they should be checked for signs of

corrosion and seriously corroded components should be replaced.

6.9 GC Sequence

Analysis of the product stream is carried out using the GC system described
in Chapter 3. A sequence has been created that will run the analysis method
on a loop, thus creating, in theory, a maximum of 999 sets of results for each
reaction.

When starting a new sequence the date of commencement, details of the
catalyst being tested and any other pertinent information are noted. Once

the sequence is begun, it will begin online analysis of the reactor output
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stream.

The sequence may be stopped at any point. In general this is done once a
reaction is completed and the reactor removed from the system. By allowing
the GC to continue running after the reaction we can observe how the product
composition of the exhaust gas is distributed.

All of the GC data generated is accessed and analysed using the supplied
Agilent Chemstation software. The data collected from each sequence may
be accessed one run at a time and peak data is presented for each detector.
Due to software issues, initially all peak data had to be transcribed manually
from here to a “results” spreadsheet. This spreadsheet was set up to take the
peak areas and generate conversion, yield, selectivity, STY and TOF data.
Eventually we were able to obtain a macro from Wacker Chemie AG that
was able to extract the data from all of runs into a format that we were able
to work with. This allowed us to very quickly collect and use all of the peak

data obtained for each experiment.
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Chapter 7
Conclusion

The work presented here has focused on the application of SILP specifically
for the catalytic carbonylation of MeOH to AcOH.

This carbonylation reaction is highly important as it is the major indus-
trial route for the synthesis of AcOH. AcOH is an important precursor to a
variety of products mainly in the field of plastics. Whilst the work carried
out was initially based on the original patent of Rasmus Fehrmann and An-
ders Riisager, it has taken the knowledge of SILP carbonylation further and
has resulted in the filing of patent applications related to the work carried
out.

The work overall took two distinct approaches.

Initially an engineering/chemical engineering strand, that took prece-
dence in the initial stages and then dropped off to a more background role
related to the maintenance of the test-rig. This involved the construction
of the test rig including relevant modifications to improve system perfor-
mance. This process also included the wiring of all external components and
calibration of the GC that would be used for analysis.

The second stand that began slowly, but came to take a more prominent
role was the chemistry strand. This began with simple catalyst screening an
optimisation before moving on to encompass a degree of catalyst characteri-
sation.

Overall the work presented here vindicates the applicability of the SILP

95



concept for reactions allowing them to be converted from standard batch
reactions to more environmentally and economically beneficial continuous
flow reactions. Currently this has only been shown on a larger scale for gas
phase reactions, but it is not unreasonable to assume extension to slurry
phase systems.

The two major discoveries of the work are the ability to activate a cat-
alytically inactive Rh source into the active catalytic species of [Rh(CO),I,]
in-situ and the efficaciousness of phosphonium based salts over the standard
ionic liquid based imidazolium and other N* based salts. This last indicates
an important departure from SILP systems as the phosphonium salts used all
had melting points above the 100°C standard definition of ILs, thus creating
Supported Molten Salt Phase (SMSP) systems.

The importance of the iodide anion was emphasised by trials of IL us-
ing alternative anions. These results were poor and seems to validate the
improvements shown by the industrially applied Celanese system with the
addition of further iodide salts. The saturation of the reaction medium with
free I seems beneficial to the system.

In a departure from the standard system, we have shown that addition
of H,O is not required for the reaction, either to stabilise the catalyst or to
facilitate the established mechanism.

Overall the results of the work have shown the successful application of
a SILP system to a major industrial reaction. This is borne out by the con-

struction and operation of a pilot plant by our collaborators Wacker Chemie

AG.
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Appendix A

Experimental Synthesis

All of the catalysts used during this project were synthesised in house. All
syntheses were carried out using standard schlenk techniques.

The original synthesis as published by Riisager et. al.''® was the basis
for all catalyst syntheses. This procedure was then adapted in line with the

catalyst being prepared.

A.1 The basic procedure

For preparation of a 0.65 wt% Rh and 42 vol% IL catalyst.

16.5 mg [Rh(CO),I], (0.029 mmol) and 0.3025 g Bmim I (1.137 mmol) are
dissolved in 8 mL degassed anhydrous methanol (Aldrich, 99.8%) in a 30
mL Schlenk tube under argon atmosphere and stirred for 24 h at room
temperature. 0.600 g calcined (500°C, 15 h, air) silica support (silica gel
100, Merck) was added (under argon). The suspension was left with slow
stirring for another 4 h. The methanol was then removed under reduced
pressure at room temperature, leaving the SILP catalyst behind as a
red-brownish crystal powder which is further dried under vacuum at 60°C

for 24 h. Yield approximately 0.9 g.

The prepared SILP remained stable when stored under CO atmosphere

at room temperature. Under Ar atmosphere, the catalyst did not degrade
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immediately, but after one week a significant darkening of of the catalyst

could be observed.

A.2 Variations

Drying

Initially after noticing the colour change during the loading of a fresh catalyst,
we reduced the final drying period from 24 h to the time taken to visibly
dry the catalyst. This change did not result in any differences in catalyst
performance and allowed us to significantly reduce the synthesis time for each

new catalyst from just over 1 day to a few hours.

CO atmosphere

Once it was decided to try and carry out the synthesis under a CO atmo-
sphere, a number of safety precautions were required to be implemented.
Installation of a permanent CO detector was carried out in the room com-
bined with usage of hand-held CO detectors. Initially the flow of CO was
controlled by the regulator on the gas flask, but it was quickly discovered that
this was highly impractical. It was then decided to make use of an excess
GMFC and control box to better control the CO flow and make the system
safer. By this usage of the GMFC it became possible to feed a controlled flow
of CO into the schlenk lines instead of having to alter the tubing from the
more commonly used Ar to CO and back again whenever catalyst synthesis

was required.

Rh source and loading

Once it was decided to explore the effect of Rh loading and rhodium source,
the mass of Rh given in the procedure was no longer relevant. Initially
variation in the Rh loading was defined in terms of the original procedure,
such that 1.3 wt% was in fact 2x Rh loading. This was used in order to make

it easier to determine the relevant mass of the Rh precursor that was needed
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to prepare the catalyst. When the Rh source was altered, it was important
to incorporate the new molecular weight into calculations when preparing

the catalyst.

Alternative Supports

Initially Merk silica was used, but it was decided to switch to support mate-
rials supplied by Wacker Chemie AG. This would allow us to synthesis SILPs
closer to those that would be used in the Wacker Chemie AG test reactor.
The supplied supports were powderised and sieved to obtain particles of a
uniform size. The material was then calcined (500°C, 15 h, air) and used as

previously described.

Ionic Liquid Loading

All of the ILs tested were used gravimetrically. As such the mass of the ILs
used was constant (with the exception of those experiments looking at IL
loading). Volume % loadings were calculated on the assumption of the ILs
having a standard density, p = 1.2 g/ml and the silica having a pore volume

of 1lem?/g.

A.3 Ionic Liquids

All imidazolium, pyridinium and gunanidinium based ILs were synthesised

in house according to the procedures published in literature.

SFO

(N-Methyl-N-phenylamino)triphenylphosphonium iodide structure
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PPhsMel was synthesised by the author and all other phosphonium salts
were purchased as listed below.

Cytec: PBu,l, PPrsMel, PBu,Br

TCIL: EtPhyPI, Ph,PI, i—PrPh,PI, (N-Methyl-N-phenylamino)triphenylphosphonium
iodide, above.

PPhsMel Synthesis:

PPh, (1g) was added to 1ml of Mel in dichloromethane. The solution was
then stirred at room temperature for 24 h. After this the dichloromethane

was removed under vacuum.
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Appendix B

Components Listing

The following components were used during the construction of the system.

Flow Control System

GMFC: High-Tech El-Flow from Bronkhorst. Model:
F-211CV-500-AAD-22V. Supplied by Insatech.

LMFC: High-Tech Liqui-Flow from Bronkhorst. Model:
L13-AAD-22-K/10S Supplied by Insatech.

CEM: High-Tech CEM System from Bronkhorst. Model: W-202A-222-K.
Supplied by Insatech.

Control Box: High-Tech E-7000 flow-bus system from Bronkhorst. Model:
E-7300-04-01-34-AAA. Supplied by Insatech.

Pressure Regulation System

Pressure valve: Samson back pressure regulating valve composed of the
following components.

Actuator type 3277-5

I/P Positioner type 3730-2

Connection plate 1400-7462 for a 3730-positioner on a rotary actuator
Fitting 1400-7452 for a 3730-positioner on 2775-5/20cm?
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Regulator pin fitting: Initially Kvs = 0.001, later changed to Kvs = 0.00063
Pressure Regulator: Samson PID trgulator 6493 Trovis. Model: EB 6493-1
EN

Pressure Transducer: Wikia general purpous pressure transducer. Model:
S-10

Check valve: Hoke right agle relief valve. Model: R6000. Cracking pressure
set to 30 bars

Manometers: 0 - 40 bars range from Stewart Buchanan, UK

Heating Components

Heating Tapes: 1T-G25 models from Isopad. Supplied by Teknordic ApS
Heating Cables: HSTD models from Horst GmbH. Supplied by Lund and
Sgrensen.

Real time temperature readout: DP460 model readout from Omega Ltd.
Set-Up heating Control: Six-zone PID Controler from Omega Ltd. Model:
CN616

Thermocouples: All thermocouples were K-type and used quick-disconnect
mini-connectors.

Cooling:

Fixed -20°C cryostat: Haake model EK20

Variable cryostat with pump: Julabo F12

Assorted

Labview controller: National Instruments USB-6008/6009 USB to
component connector

HPLC Pump: Knauer pump 100. Fitted with 10ml ceramic pump heads.
CO/CH, supply: Linde Gas AGA. 10vol% CH, in CO. Max uncertainty +
2.0%

Rh source - from various sources, collected by AR

Mel: CAS: 74-88-4 ReagentPlus 99% Sigma

117



MeOH: CAS: 67-56-1 puriss > 99.7%

2-methoxyethanol (initial ITSD) 109-86-4 ReagentPlus > 99.0%
GC Collumns Analysis:

Component list: GC model: Agilent 7890A Series GC (G3440A)
Columns: HayeSep Q XX (7890-0182)

MolSieve 5A XX (7890-0197)

DB-FFAP 30m, 0.53mm, 1.00pm (125-3232)

HP-PLOT-Q 30m, 0.53mm, 40pm (19095P-Q04)

Gas supply: N, 5.0

He 5.0

Technical air

H, 3.7
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Appendix C

Evolution of the test rig over

the course of the Project
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Original Process Flow Sheet
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Appendix D

Examples of Corrosion

Experienced
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Appendix E

Comparison of Various Steel

Types

Metal 316 SS 316 Ti Hasteloy C-22  Alloy 400 2RK65
Carbon 0.08 max 0.0-0.08 0.010 max 0.3 max 0.020 max
Manganese 2.00 max 0.50 max 2.0 max 1.8
Phosphorus 0.045 max 0.00-0.05 0.025 max
Sulphur 0.030 max 0-0.03 0.024 max 0.015 max
Silicon 0.75 max 0.50 max 0.5
Chromium 16.00-18.00 16.00-18.00 22 20
Nickel 10.00-14.00 10.00-14.00 56-balance  63.0 min 25
Molybdenum 2.00-3.00 2.00-3.00 13 4.5
Nitrogen 0.10 max 0.06
Iron balance balance 3
Titanium 0.0-0.70

Tungsten 3
Copper 28-34 1.5
Density 8 8 8.69 8.8 8
(g/cm?)

Tensile 515 485 690 482-586 520-720
Strength

(MPa)
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Appendix F

Exposure of a MeOH wetted,
Bmim I/[Rh(CO),lL,]~ SILP to

air over a period of 1 hour

T = Imin 07s T = 1min 43s

131



T = 2min 14s T = bmin 35s

T = Smin 45s T = 6min 29s

T = 11min 42s T = 12min 47s
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T = 14min 11s T = 14min 51s

T = 15min 39s T = 15min 41s

T = 23min 22s T = 30min 03s
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= 30min 05s = 31min 31s
= 35min 39s = b4min 34s
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Appendix G

Fresh and Used Examples of
SILP Catalysts

Pure Silica and Silica coated in 30 vol% BmimlI
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[Rh(CO),Cl]5(2.5 wt%) on Silica with no Ionic Liquid

2.5 wt% [Rh(CO),Cl], with 30 vol% Bmim OH
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3.3 wt% [Rh(CO),Cl], with 30 vol% Bmim I

2.5 wt% [Rh(CO),Cl], with 30 vol% PhyMeP I
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2.5 wt% [Rh(CO),Cl], with 7.5 vol% BugMeP I

2.5 wt% [Rh(CO),Cl], with 15 vol% BuzMeP I
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4.4 wt% Irl, with 30 vol% Bmim I
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