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In recent years, increasing ecological awareness and stricter environmental regulations have 

demanded modern chemical industry to improve their impact on local and global ecology 

balance [1, 2]. These demands manifested themselves in the ever increasing interest and 

research effort in the chemical industries to develop “green” and more sustainable chemical 

processes. A measurable quantification of chemical industrial impact on the environment 

has been proposed by Sheldon [3] using the ecology factor or E-factor. It is the weight ratio of 

by-products to desired products. He further classified the chemical industries based on their 

E-factor as can be seen in Table 1.1. 

 

Table 1.1. E-Factor classification of chemical industries [3]. 

Industry Type Production Capacity (t/a) E-Factor

Oil refining 106-108 0.1
Bulk Chemicals 104-106 1-5

Fine Chemicals 102-104 5-50

Pharmaceuticals 101-103 25-100

 

The Friedel-Crafts alkylation reaction is one of the most important commercial chemical 

processes to produce alkylated aromatic. With a world capacity of around 28.5∙106 tons per 

year alkylated aromatic products are important intermediates in various chemical 

transformations ranging from pharmaceutical and agricultural chemicals to bulk chemicals 

such as styrene [4]. Figure 1.1 represents world’s total share of some of the well known 

alkylated aromatic products. 

 

Figure 1.1. Annual production capacity of various alkylation processes[4].   
LAB  = Linear Alkyl Benzenes; p-DIPB = para-diisopropylbenzene. 
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The Friedel-Crafts alkylation reaction is a major commercial route to produce substituted 

arenes. It is catalyzed by Lewis or Brønsted acid catalysts either in heterogeneous or 

homogeneous phase systems. Over decades the process has been carried out using 

homogeneous aluminium (III) chloride or HF as catalyst. The process’ major drawback, as 

also in most homogeneous catalyzed reactions, is the catalyst separation from the final 

product mixture by an irreversible hydrolysis step releasing toxic, corrosive gases and a large 

amount of wastewater tainted with organic substances. 

Heterogeneous catalyst based Friedel-Crafts alkylation reactions, despite of their easy 

separation, require extreme reaction conditions due to the significantly lower activity and 

selectivity. Furthermore, reaction at this extreme conditions is often accompanied by 

unwanted coke formation [5-7] or oligomerization [8] followed by subsequent deactivation of 

the catalyst. 

The rapid development in the field of ionic liquid in the last decades has opened a vast 

opportunity to apply these material in various fields e.g. electrochemistry [9-12], 

photochemistry [13], catalysis and separations [14, 15]. Through dissolving the active acidic 

catalyst in the ionic liquid or the so called acidic ionic liquid, it is possible to introduce acidic 

polar phase that is immiscible with most organic substances and could catalyze the 

alkylation reaction. In this sense, the ionic liquid acts as both solvent and catalyst at the 

same time. Phase separation between the acidic ionic liquid and the organic substances, 

when miscibility gap is observed, is also attractive since it will be able to maintain the 

properties of a homogeneous catalyst e.g. high activity and selectivity, mild reaction 

condition while offering ways to recover i.e. reutilization of the catalyst phase at the end of 

the reaction [16, 17]. 

The following work will discuss in detail on various aspects of application of the acidic ionic 

liquid in the alkylation of non-functionalized aromatics to provide a technology platform for 

a sustainable acid catalyzed alkylation reactions. The full scope of this work can be grouped 

into four main topics: 
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1. Mechanistic Interpretation 

Review of the reaction’s mechanistic aspects in the presence of catalysts with different 

acidity type. Understanding this behavior gives a powerful knowledge of foreseeing and 

designing acidic ionic liquid catalysts to deliver the desired product’s spectrum. 

 

2. Kinetic Analysis and Interpretation 

As the first kinetic investigation in the field of biphasic alkylation using acidic ionic liquid, a 

new approach of calculating and solving typical biphasic reaction system in the presence of 

reactive ionic liquid phase using quantum chemistry modeling is introduced. This showed the 

importance of reaction-solubility interaction along the course of the reaction towards final 

kinetic evaluations. Moreover, these findings also proved the suitability of such quantum 

chemistry methods in a fully applied industrial chemistry. 

 

3. Development of defined acidic Supported Ionic Liquid Phase (SILP) catalyst 

Through immobilization of the ionic liquid phase on the surface of solid materials a certain 

improvement in alkylation can be achieved but at the cost of selectivity. The effect can be 

attributed to the loss of catalyst acidity to surface interaction. Efforts to overcome this 

particular SILP’s drawback are therefore crucial and highly interesting to be discussed 

further. 

 

4. General technology platform for continuous alkylation process 

Finalization of the acidic ionic liquid based Friedel-Crafts alkylation process concept that 

covers several important aspects in order to allow for successful transfer in commercial 

applications. This work deals with long term stability studies, kinetic studies in continuous 

system and simulation-automation of a continuous process. 

 

 

 



INTRODUCTION AND WORK SCOPE / EINLEITUNG UND AUFGABENSTELLUNG 

4 

In den letzten Jahren  war auf Grund des zunehmenden Umweltbewusstseins und strengerer 

ökologischer Vorschriften die chemische Industrie gezwungen, die Beeinträchtigung des 

lokalen und globalen ökologischen Gleichgewichts zu verringern [1,2]. Dies führte zu einem 

intensiven Forschungsaufwand, um nachhaltige oder so genannte „grüne“ chemische 

Prozesse zu entwickeln. Eine messbare Größe (E-Faktor) ist von Sheldon [3] vorgeschlagen 

worden, um die ökologischen Auswirkungen eines chemischen Prozesses beurteilen zu 

können. Der E-Faktor ist das Gewichtverhältnis aus Nebenprodukten und gewünschten 

Produkten eines chemischen Prozesses. Basierend auf diesem Faktor teilt Sheldon die 

chemische Industrie ein wie folgt: 

 

Tabel 1.1.  Die Einteilung der chemische Industrie basierend auf dem E-Faktor [3]. 
Bereich Kapazität (t/a) E-Faktor

Öl  Raffinerie 106-108 0.1
Massenchemikalien 104-106 1-5

Feinchemikalien 102-104 5-50

Arzneimittel 101-103 25-100

 

Die Friedel-Crafts-Alkylierung ist einer der wichtigsten kommerziellen chemischen Prozesse 

zur Herstellung von alkylierten Aromaten. Mit einer Weltkapazität von etwa 28,5 ∙106 

Tonnen im Jahr sind alkylierte Aromaten wichtige Zwischenprodukte für zahlreiche 

verschiedene chemische Erzeugnisse, von Pharmazeutika bis hin zu Massenchemikalien (z.B. 

Styrol) [4]. Der Anteil  verschiedener alkylierter Aromaten am Weltmarkt ist in Abbildung 1 

dargestellt.   

 

Abbildung 1.1. Jährliche Produktionskapazität verschiedener Alkylierungsprozesse [4] 
LAB  = Linear Alkyl Benzol; p-DIPB = para-diisopropylbenzol. 
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Die Friedel-Crafts-Alkylierung wird von Lewis- oder Brønsted-sauren  heterogenen oder 

homogenen Systemen katalysiert. In den vergangenen Jahrzehnten wurden vor allem 

Aluminium(III)-chlorid oder HF als homogene Katalysatoren verwendet. Das Produkt wird in 

einem irreversiblen Hydrolyseschritt von dem Katalysator getrennt. Das führt dazu, dass 

korrosive Gase und eine große Menge Abwasser mit organischen Verunreinigungen 

freigesetzt werden. 

Die meisten heterogenen Friedel-Crafts-Prozesse vereinfachen die Trennung von 

Katalysator- und Reaktionsphase, brauchen aber wegen ihrer vergleichbar schlechteren 

Aktivität bzw. Selektivität extreme Reaktionsbedingungen. Ferner führen diese extremen 

Konditionen zu ungewünschter Koksbildung [5-7] oder Oligomerisierung [8] und 

anschließender Deaktivierung des Katalysators. 

Die schnelle Entwicklung in den letzten Jahrzehnten im Feld der ionischen Flüssigkeit hat 

große Möglichkeiten eröffnet, diese Substanzen in verschiedenen Anwendungen z.B. in der 

Elektrochemie [9-12], Photochemie[13], Katalyse oder Trennverfahren [14,15] einzusetzen. Durch 

das Lösen des sauren Katalysators in einer ionischen Flüssigkeit entsteht eine saure ionische 

Flüssigkeit, die mit vielen organischen Substanzen nicht mischbar ist. Diese Mischungslücke 

ist sehr attraktiv, da sie ermöglicht, die homogenen Katalysator-Eigenschaften beizubehalten 

und trotzdem eine Möglichkeit besteht, den Katalysator zu recyclen. Die vorliegende Arbeit 

behandelt die technischen Aspekte der Anwendung sauren ionischen Flüssigkeiten in 

Friedel-Crafts-Alkylierung von nicht funktionalisierten Aromaten. Diese Arbeit kann in vier 

Hauptthemen unterteilt werden: 

 

1. Mechanistische Interpretation 

Ein Überblick über die mechanistischen Aspekte der Reaktion wird hier präsentiert. Der 

Einfluss des Säuretyps des Katalysators auf dessen Aktivität bzw. Selektivität wird 

untersucht. Das Verstehen dieses Phänomens führt zu vertieften Kenntnissen bezüglich des 

Einflusses der Ionischen Flüssigkeit und ermöglicht gezieltes Design neuer ionischer 

Flüssigkeiten, um die gewünschte Produktverteilung zu erreichen. 
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2. Kinetische Auswertung 

Die ersten kinetischen Untersuchungen in Flüssig-Flüssig-Zweiphasen-Reaktionssystemen 

werden hier präsentiert. Neue Lösungsansätze für die Beschreibung typischer zweiphasiger 

Reaktionssysteme mittels quantenchemischer Simulation werden vorgestellt. Darüber 

hinaus beweisen die Ergebnisse, dass die Nutzung der quantenchemischen Rechnungen für 

angewandte chemische Prozesse möglich ist. 

 

3. Entwicklung eines definierten sauren Supported Ionic Liquid Phase (SILP) Katalysators 

Durch Immobilisierung der ionischen Flüssigkeiten auf Trägermaterial ist eine Verbesserung 

des Umsatzgrades möglich auf Kosten von abnehmender Selektivität. Dieses Phänomen ist 

durch Wechselwirkungen zwischen Katalysator und Trägeroberfläche zurück zu führen. 

Konzepte zur Überwindung dieses spezifischen Nachteils sind daher dringend erforderlich 

und Gegenstand wissenschaftlicher Diskussion. 

 

4. Allgemeine Prozessverfahren für kontinuierliche Alkylierungsreaktionen 

Ein Prozess für die Friedel-Crafts-Alkylierung basierend auf einer sauren ionischen Flüssigkeit 

wird hier konzipiert. Dies dient als Zwischenschritt bei der Entwicklung eines kommerziell 

erfolgreichen Prozesses. Die wesentlichen Aspekte, die hier genauer untersucht werden, 

sind die Langzeitstabilität des Katalysators, die kinetische Beschreibung des kontinuierlichen 

Systems sowie Simulation und Automatisierung des kontinuierlichen Prozesses.



 

 

 

 

CHAPTER 2 / KAPITEL 2 : 

THEORETICAL OVERVIEW / ALLGEMEINER TEIL 
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2.1. General considerations   

Friedel-Crafts alkylation reaction is an electrophilic substitution reaction at aromatic 

compounds. It was developed by Charles Friedel and James Crafts in 1877. Various aspects of 

the reaction have also been studied and reported in detail by Olah [18, 19]. Today the reaction 

is a major commercial route of producing alkylated aromatics [20]. Some of the acidic 

catalysts known to catalyze the reaction are summarized in Table 2.1. 

 

Table 2.1. Common acid catalysts for Friedel-Crafts alkylation reactions [4].  

Catalyst groups Examples Acid type 

Metal halide AlCl3, AlBr3, BF3, ZrCl4, FeCl3 Lewis acid 

Metal alkyles and Alkoxides AlR3, BR3, ZnR2, Al(OPh)3 Lewis acid 

Protonic acids H2SO4, HF, H3PO4, HCl Brønsted acid 

Acidic oxides silfide Zeolite, BeO, Cr2O3, P2O5, TiO2, Al2O3.3SO3 Brønsted/ Lewis acid

Supported acids H3PO4-SiO2, BF3-Al2O3 Brønsted / Lewis acid

Cation exchange resins Permutit Q, Amberlite IR 112, 

Dowex 50, Nafion-Silica, Deloxan 

Brønsted acid 

 

The use of alkenes as alkylating agent is very attractive due to its relatively abundant 

availability from typical refinery process. Production of ethylbenzene from benzene and 

ethylene is one common example. Moreover, alkylation of aromatics with alkenes has the 

theoretical E-factor of zero. Therefore, utilization of active and, more importantly, selective 

catalysts is very determining towards the total environmental sustainability of the process. 

Throughout this work, the concept of acidic ionic liquid based Friedel-Crafts alkylation 

reactions will be discussed in detail. Various attractive and industrially relevant reactions are 

going to be used as the model cases for the development of the proposed process. Although 

there have been some previous publications in the field of acidic ionic liquid catalyzed 

Friedel-Crafts alkylation, the commercial realization of such process is still to be proven to 

date. The here reported work is therefore ultimately aimed to provide the comprehensive 

information required to transform the concept of acidic ionic liquid catalyzed Friedel-Crafts 

alkylation into a continuous technology process platform for commercial application.  
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2.2. Commercial aspects of Friedel-Crafts alkylation 

As previously mentioned, application of alkylated aromatic products varies broadly from bulk 

production of plasticizers to fine chemicals for pharmaceutical and agricultural applications. 

Although the reaction is generally acid catalyzed in homogeneous reaction system, there are 

three widely accepted technologies to date to produce alkylated aromatics: 

 

1. Monsanto/Kellog technology. This is the original process developed in 1940s where 

aluminium (III) chloride is used as homogeneous catalyst. Producers such as BASF, SHELL 

and DOW are still using aluminium (III) chloride in homogeneous phase system. Other 

commonly applied homogeneous catalysts are BF3, FeCl3, ZrCl4, SnCl4 and  H3PO4 [21]. 

 

2. Solid phosphoric acid (SPA) based process. This process, developed mainly by UOP, 

utilizes an impregnated support with phosphoric acid or trifluorboronic acid as 

heterogeneous catalyst [22, 23]. The immobilization of the acidic substance is normally 

followed by a calcination process and water addition that can lead to release of 

corrosive substances. 

 

3. Zeolite based process. The zeolite based alkylation had its breakthrough in 1980 

through application of mesopore zeolites, like H-ZSM-5, as stable catalyst in the 

production of ethylbenzene (Mobil Badger process) [23]. The technology has  been 

gradually replacing conventional alkylation process to produce cumene [24-26]. 

 

Previous economic studies showed that the aluminium (III) chloride based process requires 

higher capital investment when compared to the zeolite based technology. This is due to the 

following reasons: (1) special construction material to work with aluminium (III) chloride is 

required and (2) extensive disposal infrastructure requirements for catalyst workup are 

needed [27]. However, despite the fact that zeolite based processes offer higher product 

purity, lower reaction rates thus lower conversion per pass certainly reduces its 

attractiveness. Combination of SPA and zeolite based process also showed to be very 

interesting since the slow alkylation rate could be compensated by SPA catalyst followed by 

trans-alkylation process using zeolite based catalyst [27] . 
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In order to provide a realistic technology platform, various alkylation reactions have been 

tested in this work using the acidic ionic liquid catalyst. In the following these reactions are 

introduced and process as well as economic aspects will be discussed.  

 

1. Isopropylation of cumene 

The isopropylation of cumene is represented in Scheme 2.1. The reaction is mainly 

carried out to produce diisopropylbenzene. Among those  the 1,3-diisopropylbenzene 

(meta-diisopropylbenzene) isomer is of special interest for further transformations [28]. 

 

 

Scheme 2.1. Reaction scheme of isopropylation of cumene.  

 

Meta-diisopropylbenzene (meta-DIPB) is a valuable intermediate mainly used to produce 

1,3-dihydroxybenzene (resorcinol) in Hock oxidation reaction as shown in Scheme 2.2. 

Since the presence of ortho-DIPB disfavor the oxidation reaction, selective production of 

meta-DIPB is of key importance. The world production of resorcinol was 40.000 t/a in 

1990s with rubber industry and high quality wood adhesives as its main market [28]. 

Other potential applications of 1,3-dihydroxybenzene are in the production of meta-

aminophenol, plastic stabilizers, sunscreen and dyes production. 

 

Scheme 2.2. Hock reaction to produce resorcinol.  
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Although triisopropylbenzenes are not as attractive as the diisopropylbenzenes 

counterpart, analogous oxidation of 1,3,5-triisopropylbenzenes to give 

trihydroxybenzenes are used in the paper production. 

Alkylation of cumene with propylene over a pretreated aluminium silicate catalyst in 

liquid phase reaction under 15-30 bar reaction pressure and 150 to 250 °C leads to 

mixture of mainly para-diisopropylbenzene (para-DIPB) and meta-diisopropylbenzene 

(meta-DIPB) with only traces of ortho-diisopropylbenzene (ortho-DIPB)[4]. 

 

2. Isopropylation of meta-xylene 

The isopropylation reaction of meta-xylene is depicted in Scheme 2.3 and as in the case 

of cumene isopropylation discussed earlier, consecutive alkylation reaction is also 

possible in this system.  

 

 

Scheme 2.3. Reaction scheme of isopropylation of meta-xylene.  

 

The 3,5-dimethylcumene (DMC) is  used mainly in the production of the important 

chemical intermediate 3,5-xylenol [29] according to the process by Mitsubishi Gas 

Chemical Co [30, 31]. This process is analogous to the Cumene-Hock oxidation reaction in 

which the isopropyl group is selectively oxidized (see Scheme 2.4). Application of the 3,5-

xylenol are mainly in the production of various pesticides e.g. 3,5-dimethyl 4-

methylthiophenyl methylcarbamate (Mesurol), insecticides, acaricide, molluscicide. The 

use of pure xylenol is required in the synthesis of dyes, pharmaceuticals and fragrances. 

3,5-xylidine which can be obtained through amination of 3,5-dimethylcumene is used 
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particularly for perylene pigments. In the 1980s total consumption of xylenols in the 

United State was app. 140.000 – 150.000 tons per years. mainly as xylenols mixtures and 

around 10% as isolated xylenols [29]. 

 

 

Scheme 2.4. Oxidation reaction of 3,5-dimethylcumene to give 3,5-xyleneol and acetone.  

 

3. Isopropylation of toluene 

Cymenes or methylcumenes are obtained by isopropylation of toluene as shown in 

Scheme 2.5. The resulting cymenes consist of three different isomers namely: ortho-, 

meta- and para-cymene. Moreover cymenes can also undergo unwanted consecutive 

reactions to produce diisopropyltoluenes or triisopropyltoluenes. 

 

 

Scheme 2.5. Reaction scheme of isopropylation of toluene.  

 

Oxidation of cymene to give cymene hydroperoxide followed by peroxide cleavage as 

depicted in Scheme 2.6 (analog to the Hock oxidation reaction) yields cresols,  important 

chemical intermediates with application ranging from pharmaceuticals  to polymer 

coatings. Since the presence of ortho-cymene will harm the oxidation process it is very 

important to selectively avoid the formation of this particular isomer. 
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Scheme 2.6. Oxidation reaction of cymenes to give cresols and acetone.  

 

The total cymene production capacity of the United States, Western Europe and Japan 

combined was estimated app. 220.000 tons per year in the 1980s with synthetic cresols 

contributing around 60%. Western Europe is known to be the major producers of cresols 

followed by the United States and Japan[29]. 

Cresols which mostly come from cymene workup find their applications in various fields. 

Pure or mixed meta-cresols form a starting material for important contact insecticides as 

O,O-dimethyl –O-(3-methyl 4-nitrophenyl)thionophosporic acid ester. Pure meta-cresol 

has considerable importance in the productions of fragrances and flavor substances. (-)-

Menthol is also obtained after additional isopropylation and hydrogenation steps of the 

pure meta-cresol. 

Para-cresol as pure product or in mixed solutions is mainly used to produce 2,6-di-tert-

butyl-p-cresol (BHT), a non-staining and light resistant antioxidant for a wide range of 

applications. Another example for para-cresol application is the production of Tinuvin 

326, coupling product of 2-tert-butyl-p-cresol with diazotized 4-chloro 2-nitroaniline. 

Tinuvin 326 is used in polyethylene and polypropylene films and coatings as UV absorber. 
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Although it cannot be obtained through the selective oxidation process, ortho-cresol also 

finds an important application in the production of 4-chloro-o-cresol (PCOC) especially in 

the European countries. 

 

4. Isobutylation of toluene. 

The isobutylation of toluene using isobutylene is depicted in Scheme 2.7 below. Also 

here, a mixture of ortho-, meta- and para- tert-butyltoluenes is found in the mono-

alkylated reaction product. 

 

 

Scheme 2.7. Reaction scheme of isobutylation of toluene.  

 

Para-tert-butylbenzoic acid is an important chemical intermediate derived from para-

tert-butyltoluene either through liquid phase oxidation reaction using molecular oxygen 

or air [32]. Although there is no specific consumption report available, just like the 

majority of other benzoic acid, para-tert-butylbenzoic acid is used mostly to produce the 

corresponding phenol while the rest comes directly onto market. Table 2.2 lists some of 

the main benzoic acid producers in the world. 

Para-tert-butylbenzoic acid itself is mainly used as modifier for resins, polymerization 

regulator for polyesters and as additives in cutting oils and corrosion inhibitors. 

Moreover, hydrogenation of para-tert-butylbenzoic acid gives its corresponding 

aldehyde i.e. 4-tert-butylbenzylaldehyde, which is  used as fragrance material [33]. 

 

 



THEORETICAL OVERVIEW / ALLGEMEINER TEIL 

14 

Table 2.2. Main benzoic acid producers [33].  

Company Capacity (103 t/a)

DSM (Netherlands) 120

Kalama Chemicals (USA) 95

Velsicol Chemicals (USA) 30

Chemical del Fruita (Italia) 30

Velsicol Eesti (Estonia) 30

Mitsubishi Chemicals (Japan) 10

Liquid Quimica (England) 5
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2.3. Mechanistic and kinetic aspects of Friedel-Crafts alkylation reactions 

The Friedel-Crafts electrophilic aromatic substitution reaction is uniquely characterized by 

the high conjugated π-electron system of the aromatic ring which makes it very active and 

consequently, makes it prone to undergo consecutive substitution/alkylation reactions.  

There are two major reaction mechanisms that describe the electrophilic aromatic 

substitution reaction namely [34]: the arenium ion mechanism (AE + DE mechanism) and the 

unimolecular electrophilic substitution mechanism (SE1 mechanism). Both of the reaction 

mechanism will be treated in this chapter. Some of the most common Lewis and Brønsted 

acids used to catalyze the substitution reaction were already mentioned before (see Table 

2.1). 

 

2.3.1. Arenium ion (AE + DE) mechanism  

The arenium ion mechanism is also called the SE2 mechanism. The main reaction steps of this 

mechanism include the formation of the arenium ion, a positively charged intermediate, in 

the first step which is followed by the departure of the leaving group i.e. substitution in the 

second step. 

In this mechanism, the formation of the attacking (electrophilic) species can be carried out in 

various ways but what happens to the aromatic rings is basically the same in all cases. The 

electrophilic species can take the form of a positive ion or a dipole. In the case of a positive 

ion, this positive ion will in turn attack the electronegative aromatic ring removing a pair of 

electrons from the sextet to give a resonance hybrid carbocation [34] (see Scheme 2.8). 

 

 

Scheme 2.8. Formation of arenium ion through attack of electrophile group. Original substitute 
group represented by X and the new group represented by Y.  
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The positively charged resonance hybrid of the aromatic ring is also known as Wheland 

intermediates, σ complex or arenium ion and hence the mechanism name. Arenium ion is a 

highly reactive intermediate that needs to stabilize its carbocation within the six membered 

rings by further reaction. Although there are various ways of how carbocations can stabilizes 

itself, loosing either X+ or Y+ is the most likely scenario for this type of ion [35]. The 

carbocation stabilization of the arenium ion is in fact the second step of the mechanism. The 

aromatic substitution is considered to take place if X+ leaves the aromatic ring whereas no 

net reaction will be observed if Y+ is lost.  

 

 

Scheme 2.9. Arenium ion mechanism exemplified for isopropylation of benzene. 

 

Scheme 2.9 exemplifies this reaction mechanism for benzene alkylation using propylene as 

alkylating agent. In this case, the propylene protonation will follow the Markownikow rule 

which means that formation of carbocation at the C2-atom is preferred due to the inductive 

effect. Consequently, the isopropylation product is preferred over the n-propylation 

product.  

If the attacking species is a dipole then its partially positively charged end will attack the 

aromatic ring and in return give away a negative charge in the product unless it is broken off 

somewhere in the process. Scheme 2.10 described this type of mechanism schematically for 

benzene isopropylation in the presence of strong Lewis acidic substance such as AlCl3. 
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Scheme 2.10. Arenium ion mechanism by a dipole attacking group (above). Example of for 
benzene isopropylation in the presence of strong Lewis acid i.e. AlCl3 (below). 

 

2.3.2. Substitution electrophilic unimolecular (SE1) mechanism  

This second reaction mechanism suggests that the leaving group departs from the aromatic 

ring before the electrophilic substituting group arrives (see Scheme 2.11).  

 

 

Scheme 2.11. The electrophilic aromatic SE1 substitution mechanism. 

 

However, the SE1 reaction mechanism is very rare and has been only found for certain cases 

in which carbon is the leaving atom [36-38] or in the presence of a very strong base [39]. 

 

2.3.3. Selectivity and alkylation activity of substituted benzenes [34] 

 If the electrophilic substitution is performed on a monosubstituted aromatic ring or 

benzene, the new group can attack the ortho, meta or para position relative to the first 

substituent. The existing substituent will primarily direct the new group in one of the three 

available positions and therefore overall determining the reaction selectivity towards a 
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particular product isomer. Moreover, substitute groups that will increase the activity of the 

aromatic ring are called activating and those that reduce are called deactivating groups. 

  

 

Scheme 2.12. Possible arenium ions for three possible substitution positions. 

 

The orientation of the new group and the reactivity of each group can be explained on the 

basis of resonance and field effects towards the stability of the arenium ion before forming 

the final products. The three possible arenium ions that would form the corresponding 

ortho, meta or para final product isomers are shown in Scheme 2.12. Here benzene is 

already substituted with a group R, the leaving group is denoted as H and the alkylating 

group is represented as Y. 
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Scheme 2.13. Possible arenium ions with resonance effect. 

 

Field Effect 

If the existing group R has an electron-donating field effect (+I), then one can expect that all 

three intermediates can be stabilized as the positive charge of the aromatic ring will be 

counteracted. However, if R has an electron-withdrawing field effect (-I), an increase in the 

positive charge of the aromatic ring would be observed and therefore the aromatic ring 

becomes even more unstable. Since stable intermediates means higher probability of going 

to consecutive reaction, substitute groups that are electron-donating are called “activating 

groups” and on the opposite side, substitute groups that are electron-withdrawing field 

effect are called “deactivating groups”. Orientation of the new group relative to the existing 

group can also be predicted by such field effect analysis.  

In Scheme 2.12 one can see that ortho and para arenium ions can have carbocations 

connected to the existing group R while none of the conjugate forms of the meta arenium 

ions can. In this manner electron-donating groups (+I) will be expected to have both 

activating effect on the aromatic ring as well as favoring formation of ortho and para 
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products (ortho and para directing). Using the same arguments, not only that electron-

withdrawing group will deactivate the aromatic ring, formation of meta product will be more 

likely to take place in this case (meta-directing). 

 

Resonance effect 

Although in most cases the field effect can provide a good basis for predicting the activity 

and selectivity of substitution reactions of monosubstituted benzene, it cannot properly 

explain reactivity and selectivity in all cases. Another effect that also influences the aromatic 

ring reactivity and its substitution patterns is the so called “resonance effect”. Depending on 

the nature of the substituent of the aromatic ring, the resonance effect can either act  in the 

same or opposite direction of the field effect.  

 

Table 2.3. Substitute group’s effect on aromatic ring activity and alkylation selectivity.  

Substitute Group Characteristics Examples Net effects 

Contain unshared electron pairs O-, NR2, NHR, NH2, OH, OR, 

NHCOR, OCOR, SR, halogens 

Ortho- para directing 

Strongly activating  

Lack of unshared electron pairs and 

electron-donating (-I) 

NR3
+, NO2, CF3, CN, SO3H, CHO, 

COR, COOH, COOR, CONH2, CCl3 

, NH3
+ 

Meta-directing 

Deactivating except 

NH3+ 

Lack unshared electron pairs but ortho-

para directing 

Alkyl groups, aryl groups, COO- Ortho-para directing 

Activating 

 

Substituents that have electron pairs, which are usually unshared, can contribute these 

electrons towards the aromatic ring and therefore give another additional conjugate 

arenium ion structure as shown in Scheme 2.13. Note that additional conjugate forms of the 

arenium ions can only be drawn for ortho and para configuration. Consequently, these 

additional structures will increase the stability of the arenium ion. Based on this explanation, 

the resonance effect caused by unshared electron pairs, even in the absence of the field 

effect, will activate the aromatic ring while at the same time will be ortho- and para-

directing. 
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Table 2.3 summarizes some of the most common substituent and their net effect towards 

substitution reactivity and selectivity. For the case of further consecutive alkylation or where 

substitution reaction is about to be performed to a double or more alkylated aromatic ring, 

one has to take into account all effects from each existing substitute groups. In many cases 

the existing substitute group will reinforce each other synergistically. Therefore, for instance 

1,3-dimethylbenzene should be substituted at the 4 position (ortho to one existing 

substitute group and para to the other) and not at position 5. In other cases where one 

group has contradicting effect to the other a simple conclusion of the final product cannot 

be easily made. 

 

2.3.4. Kinetic aspects of the Friedel-Crafts alkylation  

A handful kinetic investigation of Friedel-Crafts alkylation reactions have been reported 

which were mostly carried out either in homogeneous liquid phase or in heterogeneous 

reaction system. A very early kinetic investigation of Friedel-Crafts alkylation was reported 

by Condon [40]. He computed the relative isopropylation rate of monoalkylbenzene 

compared to that of benzene using BF3 and AlCl3 in a homogeneous reaction system. It was 

concluded that isopropylation of the monoalkylbenzene is up to two times faster than the 

isopropylation rate of benzene. Brown et al. investigated the kinetic methylation and 

ethylation of benzene and toluene (solvent : 1,2,4-trichlorobenzene) under the influence of 

aluminium bromide using alkylhalide as alkylating agent rather than alkenes [41].  

Evaluation of kinetic parameters such as reaction order and the corresponding activation 

energy is found in several publications. Among others, Kolesnikov reported the kinetics of 

benzene isopropylation using homogeneous dimethylchlorosilane as catalyst [42]. Assuming a 

first order reaction for both benzene and propylene, activation energies of approx. 90 kJ mol-

1 were reported. Interestingly, Tiltscher and Faustmann reported a zero reaction order with 

regard to alkenes in the liquid phase alkylation of benzene with cyclohexene [43]. 

In the field heterogeneous catalysis, two very similar kinetic investigation of benzene 

isopropylation over ß-zeolite were reported independently by Han et al. and Sridevi et al. [44-

46]. Moreover, detailed kinetic investigations of benzene alkylation with short chain alkenes 
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over MCM-22 zeolite based on Langmuir-Hinselwood and Eley-Rideal reaction mechanisms 

were recently reported by Corma et al. [47] 
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2.4. Ionic liquids  

In a general sense, an ionic liquid is a liquid that consists only of ions. The special feature 

which distinguishes ionic liquids from the classical definition of molten salts is the following.  

While molten salts are referred to high melting, highly corrosive and very viscous medium, 

ionic liquids on the other hand, are mostly liquid at room temperature and relatively low 

viscous. The arbitrary melting temperature that is commonly used to discriminate ionic 

liquid from conventional molten salts is 100 oC.  

The development and investigation of the use of ionic liquid started back in 1914. The first 

research was related to the synthesis of ethylammonium nitrate [48]. Although this particular 

salt is liquid at room temperature, this property  was usually attributed to its relatively high 

water content of around 200-600 ppm [49]. 

The first ionic liquids with chloroaluminate ions were developed in 1948 by Hurley and Wier 

at the Rice institute in Texas [50, 51]. These early ionic liquids were used as bath solutions for 

electroplating aluminium. However, the systems were not studied in more detail until the 

late 1970s when the groups of Osteryoungs and Hussey re-discovered the substance and 

succeeded in preparing room temperature liquid chloroaluminate salts [52-54]. During this 

period the main research area of ionic liquids was in the field of electrochemical 

applications. 

Ionic liquid applications in the field of homogeneous transition metal catalysts were first 

described by Chauvin et al. in 1990 and by Wilkes et al. Chauvin used nickel as catalyst which 

was dissolved in a slightly acidic chloroaluminate to be used in the dimerization of propylene 
[55]. On the other side, Wilkes’ group used Ziegler-Natta catalyst and dissolved them in 

chloroaluminate salts to study ethylene polymerization [56].  

Several other important chemical transformations using transitional metal complexes such 

as hydrogenations [57, 58], hydroformylations [59, 60], oxidations [61], Heck reactions [62], 

alkoxycarbonylations [63] and telomerizations [64] have been improved by the use of ionic 

liquids. Furthermore, industrial process development such as the so called BASIL (Biphasic 

Acid Scavenging utilizing Ionic Liquid) process developed by BASF [65] or the alkylsilane 

production process by Evonik / Degussa [66] mark the potential of commercial 

implementation of ionic liquid in catalytic processes. 
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2.4.1. Ionic liquids synthesis  

The discovery of the first generation of chloroaluminate ionic liquids was followed by 

exponential progress in the development of ionic liquid from 1995 on. The vast number of 

possible combinations of ions to form ionic liquids soon provided a broad range of 

achievable physicochemical properties. It is of this unique nature that ionic liquids were later 

marketed as designer solvents. Some of the most common anions and cations forming ionic 

liquids are listed in Table 2.4. 

 

Table 2.4. Common cations and anions of ionic liquid used in research and production.  

Ions Example

Cation         Imidazolium           Ammonium        Phosphonium                  Pyridinium

                           

Anion Simple halides: Cl-, Br-; Chloroaluminates: [AlCl4]
-, [Al2Cl7]

-; Fluoro-containing: [PF6]
-, [BF4]

-; 

Sulfate-containing: [HSO4]
-, [RSO4]

-; Phosphate-containing: [R2PO4]
-; Thiocyanate: [SCN]-; 

Imides: [N(CN)2]
-, [(CF3SO2)2N]-; Triflate: [CF3SO3]

- 

 

These ionic liquids are commonly produced in a two steps reaction [14] (see Figure 2.1). The 

first step is the quarternization of the amine or phosphonium salts. In this step, strongly 

alkylating agents such as alkylhalogens, alkyltosylates, alkyltriflates or dialkylsulfates are 

normally used. Some of the resulting salts ([Cation]+[X]-) from the quarternization step 

already have melting points below 100 °C. 
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Figure 2.1. Schematic representation of possible ionic liquid synthesis routes [14]. 

 

In the case where the desired ionic liquid cannot be directly obtained from the first 

quarternization step, a second anion modification step is performed in which the desired 

anion [A]- replaces [X]-. This anion modification step can be carried out in two different 

manners namely: 

 

a) Anion modification through addition of Lewis acidic substances 

Through addition of Lewis acidic substance represented as MXy, in many cases AlCl3 is 

applied, the anion of the quartenary salts will be transformed into Lewis acidic adduct 

giving a new type [Cation]+[MXy+1]- ionic liquid.  

In this synthesis route, the final anionic species of the resulting ionic liquid is strongly 

dependent on the molar ratio of the added Lewis acid to the quartenary salt.  

 

 



THEORETICAL OVERVIEW / ALLGEMEINER TEIL 

26 

 

 

                           (Eq. 2.1) 

 

 

If the Lewis acid is added in excess (Lewis acid : salt > 1) a reversible acid-base reaction 

takes place and a set of anionic species in the resulting ionic liquid  exist in equilibrium 
[67]. Equation 2.1 represents the equilibrium conditions for such a system exemplified for 

1-ethyl 3-methlyimidazoliumchloride ([EMIM]Cl)/AlCl3 system. Figure 2.2 gives the 

anionic composition within the resulting ionic liquid with increasing Lewis acid to salt 

molar ratio. 

 

 

Figure 2.2. Anionic species in chloroaluminate system as function of AlCl3 fraction [67].  

X1 = Cl-, X4 = [AlCl4]
-, X6 = Al2Cl6; X7 = [Al2Cl7]

-, X10 = [Al3Cl10]
- and X13 = [Al4Cl13]

-.  

 

It is apparent from Figure 2.2 that a mixture of Cl- and [AlCl4]- anion exist mainly until an 

excess of AlCl3 is achieved (xAlCl3 > 0.5) and acidic anionic species such as [Al2Cl7]- , 

[Al3Cl10]- start to be formed. 
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b) Anion exchange reaction 

Unlike the addition of Lewis acidic substance, in the anion exchange route the anion of 

the resulting quarternary salt is exchanged and gives a binary salt or ionic liquid. There 

are three common ways of performing such anion exchange, namely: 

 

1. Precipitation of low soluble metal salt from the quartenary chloride salt 

In this particular synthesis route, the metal selection is dependent on the solvent in use.  

The completeness of ion exchange is strongly dependent on the absolute solubility of 

the resulting metal salt in the chosen solvent. For example, the use of silver salts is a 

suitable but expensive choice for the synthesis chloride free ionic liquids from aqueous 

solutions. 

 

2. Simple anion exchange reaction 

In a simple ion exchange route the desired anion species is introduced through 

substitution reaction with the component having the desired anion e.g. [EMIM]Cl (l) + 

Li[NTF2] (aq)  [EMIM][NTf2] (l) + LiCl (aq) . In order to separate the desired ionic liquid 

from the salt byproduct, it is very suitable if the hydrophilicity/hydrophobicity of both 

products is strongly different.  

 

3. Conversion with excess of strong Brønsted acid substance 

In order to carry out this type of conversion, one must be certain that the anion of the 

quartenary salt is a stronger base than the anion of the Brønsted acid and desired ionic 

liquid. [68]. The resulting acid byproduct should be as volatile as possible to allow easy 

cleaning of the product ionic liquid from the byproduct. 

 

2.4.2. Properties of ionic liquids  

It has been mentioned previously that the combination of cation and anion of ionic liquids 

will effectively alter their physicochemical properties as well as their thermal stability 

property. The hydrophobicity of an ionic liquid for instance, is significantly influenced and 

can be varied broadly by changing the anion. Moreover, the length of the alkyl groups of an 
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ionic liquid can be used to influence the melting point as well as the viscosity. The purpose of 

the following chapter is to cover some of the most important physicochemical properties of 

ionic liquids which are important for this work. 

 

a) Vapor pressure and thermal stability 

One of the most interesting properties of ionic liquids is that they posses negligible vapor 

pressure. Recent studies show that it is possible to distill bis(trifluoromethylsulfonyl)imide  

ionic liquids from ionic  liquid mixtures [69]. However, these findings were carried out under 

ultra high vacuum condition and at high temperatures and thus at conditions which are less 

relevant for practical reaction or separation conditions. 

Wasserscheid and Keim reported that the thermal stability of an ionic liquid is limited by 

their heteroatom-carbon and heteroatom-hydrogen bonds[15]. This explains why 

trialkylammonium salts, that are obtained through direct protonation of tertiary amine 

shows a restricted thermal stability i.e. 80°C at high vacuum. On the other hand 

trialkylammonium salts that are obtained through alkylation of an amine or phosphane show 

a strong dependency of their thermal stability with the nature of the anionic species. 

Generally, it can be said that ionic liquids with an anion of weaker basicity/nucleophilicity 

will have a higher thermal stability. For example 1-ethyl-3-methylimidazolium 

tetrafluoroborate ([EMIM][BF4]) was reported to be stable up to 300 °C [70] whereas 1-ethyl-

3-methylimidazolium bis-trifluorsulfonylimide ([EMIM][NTf2]) was reported to be stable up 

to 400 °C [71] . Recent studies also relate the thermal stability of ionic liquid to the size of its 

anionic species [72].  

 

b) Hydrocarbon solubility 

The effect of the cation-anion combination towards the solubility properties of an ionic 

liquid needs to be carefully evaluated as general tendencies of solubility characteristics 

cannot be concluded straightforwardly.  Waffenschmidt observed the solubility of 1-octene 

in various type of tosylate melts. He found that the solubility of 1-octene in the melts 

increases significantly with the non-polar character of the tosylate melts [73]. 
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The effect of anion selection to the solubility property of ionic liquid was demonstrated by 

Bonhôte et al. [71]
. They observed the solubility of ionic liquids in water and while [BMIM]Br, 

[BMIM][CF3COO] and [BMIM][OTf] dissolve very well in water, the use of [PF6]- or 

[(CF3SO2)2N]- / [NTf2]- as anion with the same cation forms biphasic mixture in water. So far 

there has been no detailed report on the solubility of aromatics or hydrocarbons in 

choloroaluminate ionic liquids. 

c) Viscosity 

Bonhôte et al. showed that the tendency to form hydrogen bonding and the strength of the 

van der Waals interaction will mainly determine the viscosity of an ionic liquid [71]. Their 

results are displayed in Table 2.5. Moreover, the cation’s structure is also believed to 

contribute in determining ionic liquid’s viscosity. Long or fluorinated alkyl side chains of 

imidazolium ion containing ionic liquids e.g. [EMIM]+ have higher viscosity because of 

stronger van der Waals interaction. [71]  

 

Table 2.5. Influence of anion variations towards observable dynamic viscosity [71].  

Cation Anions  η [cP] 

N N

 

[CF3SO3]
- 90 

[n-C4F9SO3]
- 373 

[CF3COO]- 73 

[n-C3F7COO]- 182 

[NTf2]
- 52 

 

d) Melting point 

It has been accepted as a general yet arbitrary consensus that a melting point of 100 °C is 

used to separate ionic liquid from conventional molten salts systems. The change in ionic 

liquid’s melting point is often related to the type and the size of its cationic species. Alkali 

metal chlorides are characterized by very high melting temperatures whereas substituting 

the metal cation with suitable organic will effectively lower its melting point [74] (see Table 

2.6). Low molecular symmetry [75, 76], weak intermolecular interactions [71, 75-77] as well as 
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better charge distribution over bulky organic cationic species [78] has been mainly named to 

explain this effect. 

Table 2.6. Influence of cation variations towards ionic liquids’ melting point [54, 74].  

Salt Melting Point (oC) 

NaCl 
 

803 

KCl 772 

N N
R R'

Cl-

 

R=R’=methyl ([MMIM]Cl) 125 

R=methyl, R’=ethyl ([EMIM]Cl) 87 

R=methyl, R’=n-butyl ([BMIM]Cl) 65 

 

Anionic species of ionic liquids also determines their observable melting point. In general 

sense it is known that increasing size of anion and better charge distribution with the same 

charge will result in ionic liquids with lower melting point. This can be seen in Table 2.7. 

  

Table 2.7. Influence of anion variations towards ionic liquids’ melting point [15].  

Imidazolium salt Melting Point (oC)

[EMIM]Cl  87

[EMIM][NO2 ] 55

[EMIM][NO3 ] 38

[EMIM][AlCl4 ] 7

[EMIM][BF4]  6*

[EMIM][OTf]  -9

[EMIM][CF3CO2]  -14

    *glass transition temperature 

 

2.4.3 Friedel-Crafts alkylation in Ionic liquids 

The first example of an alkylation reaction in molten salts was reported in the 1950’s [79] and 

although the development of acidic chloroaluminate ionic liquid for Friedel-Crafts alkylation 

reactions stretches back to 1986 [80] it was not until the year of 2000 that a significant 
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number of scientific publications  proves the increasing scientific interest for this specific 

field (see Figure 2.3). 

 

Figure 2.3. Publication frequencies on ionic liquid catalyzed Friedel-Crafts alkylation as obtained 

using scientific search engine SciFinder® with search phrase “Alkylation” and “Ionic Liquids”  

 

Chloroaluminate ionic liquids open the possibility to immobilize the active acidic species in 

an ionic phase if the organic reaction mixture shows a miscibility gap with the ionic liquid in 

use. In this case, a recycling of the acidic ionic catalyst phase is possible by decantation [16, 17]. 

Moreover, the interesting property of adjustable acidity of chloroaluminate ionic liquids 

ranging from mildly Lewis acidity (e.g. [cation]Cl/AlCl3= 1 : 1.1) to very powerful Lewis acidity 

at the maximum solubility of AlCl3 (which is reached at a 1 : 2 molar ratio in the case of 

[cation]Cl/AlCl3 
[81]) makes it possible to catalyze reactions that are otherwise catalyzed only 

by pure AlCl3. Recently, solubilities of AlCl3 of up to 1 : 4.5 molar ratio were reported for 

[cation][NTf2]/AlCl3 systems [82]. The highly acidic properties of the chloroaluminate ionic 

liquid has even been reported to trigger dimerization and oligomerization reactions as 

reported by Johnson et al. [83]. 
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Two important patents mark the potential use of the chloroaluminate ionic liquids related to 

the alkylation of aromatic compounds. The first patent came from Seddon et al. in 1999 [84], 

where he described the reaction of ethylene with benzene to give ethylbenzene. The 

chloroaluminate ionic liquid used for this process is based on imidazolium cations and it is 

also claimed for ammonium, phosphonium and pyridinium cations. The use of anion of 

chloroaluminate (III), chlorogallate (III) as well as mixture of other anions is reported in the 

patent. The second patent by Wasserscheid et al. in 2000 [85] dealt with the same reaction 

but using different suitable types of ionic liquids. Other uses of acidic chloroaluminate ionic 

liquids have also been reported in the synthesis of Linear Alkyl Benzenes (LABs) for the 

production of surfactants. Greco et al. reported the reaction of benzene and dodec-1-ene 

which gave isomeric mixture of dodecylbenzenes [86].  

The first chloroaluminate-free, Lewis acidic ionic liquid was introduced by Song et al. [87]. 

Scandiumtriflate was used as alkylation catalyst dissolved in ionic liquid with weakly 

coordinating anion species i.e. [SbF6]-, [PF6]-, [BF4]- or [NTf2]-.  

Keim et al. also reported the use of acidic ionic liquids which was free from Lewis acidity in 

various alkylation reactions [88]. One reaction example was alkylation of benzene with 

decene using sulfuric acid dissolved in [BMIM][HSO4]. Moreover, the use of such catalyst was 

claimed to be suitable for esterification reactions. 

 

2.4.4. Friedel-Crafts alkylation on Supported Ionic Liquid Phase (SILP) 

catalysts 

 While homogeneous catalyst systems are widely accepted to be more active and more 

tunable compared to heterogeneous catalysts, their recovery and recycling is usually difficult 

and this issue is further complicated by their limited thermal and hydrolytic stability. Several 

approaches have been implemented in order to improve the recyclability of homogeneous 

catalysts without, as far as possible, harming their unique catalytic properties. The 

immobilization of homogeneous catalyst species in ionic liquids is naturally a very attractive 

approach that is applied e. g. in liquid-liquid biphasic reaction systems. Although this 

approach significantly improves the possibility of recovering the catalyst material, mass 
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carbonylations [104]. The first example of a SILP-type catalyst based on acidic chloroaluminate 

ionic liquids has been reported in 2000 by Hölderich et al. [105, 106]. The authors added acidic 

chloroaluminate ionic liquids to various types of silica, alumina, TiO2 and ZrO2 supports. 

During the preparation, the formation of HCl was observed, probably due to the presence of 

water on the supports. The obtained solids were tested for the alkylation of benzene, 

toluene, naphthalene, and phenol with 1-dodecene in batch, continuous liquid-phase, and 

continuous gas-phase systems. The catalytic activities of the immobilized ionic liquids were 

found to be higher than those of the conventional H-beta zeolite under the same conditions. 

Despite no leaching of AlCl3 in the organic product phase was reported, some deactivation of 

the catalyst was concluded from the slight loss in conversion with time in the continuous 

liquid-phase reaction. Later on, the same group reported in two papers the grafting of ionic 

liquids on the surface of a silica support by means of a chemical reaction of alkoxysilyl-

functionalized cations with the support material [106, 107]. In these studies, the authors used 

the term “Novel Lewis Acidic Catalyst (NLAC)” for their approach. 

In terms of alkylation kinetics studies on acidic SILP catalyst, a similar situation is found as for 

the biphasic ionic liquid system. To the best of our knowledge, there is no scientific paper 

published to date that reports on detailed kinetic studies of Friedel-Crafts alkylation neither 

in the NLAC system nor in the acidic SILP system. This is of course an important shortcoming 

and a missing link to allow a proper evaluation of these reaction systems with regard to their 

potential transfer   to industrial application in the future. 
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3.1. General remarks   

In the following sections, chemicals, general conditions as well as details on the practical 

realization of the experiments will be described. As a general remark, it should be noted that 

all manipulations of the acidic catalyst system and any handling of the reactants prior to 

each experiment described in the following were carried out under strictly inert condition 

using standard Schlenk technique and Argon (5.8 Linde Gas) as inert gas.  

The type of experiments that have been performed and reported here can be categorized 

into three sections namely: batch, semi-batch and continuous experiments. The catalyst 

screening and kinetic studies were carried out in both batch and semi-batch whereas 

catalyst optimization and long term application of the catalyst were done in semi-batch and 

mainly in continuous experiment modes. In order to be able to understand the following 

discussion in Chapter 4, it is critical to take into consideration the respective reaction 

conditions and the experimental set-up. At the end of this chapter an overview of 

continuous plant controlling technique will be presented to demonstrate the possibility of 

high throughput, near-to-operational, fully automated experimental condition in a lab-scaled 

continuous plant that is intended to further justify future up-scaling work.  
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3.2. Chemicals  

3.2.1. Reactants, products and solvents   

The aromatic substances used in these studies are non-functionalized substituted benzene 

as follow: 

1. Technical grade toluene (>99.0%) from BASF 

2. GC grade toluene (>99.0%) with a water content < 40 ppm from Acros organic 

3. Cumene (99.0%) from Acros organic 

4. Meta-xylene (99.0%) from Acros organic 

Propylene (2.8), Propylene (4.0) and isobutylene (2.5) were purchased from Linde Gas as 

alkylating agent. For the gas phase reaction system, Helium (4.0) was applied as carrier gas in 

the reaction set-up whereas cyclohexane (99.5% BASF) and cis-/trans-decahydronaphtalene 

(99.9% Merck) were used as solvent in liquid-liquid biphasic system after previously 

confirming its water content to be below 30 ppm. The latter was analyzed using Karl-Fischer 

titration. 

For investigation of the catalyst performance in an isomerization reaction, pure substances 

of the possible alkylation products was purchased namely: 1,3-diisopropylbenzene (meta-

DIPB) 98%, 1,4-diisopropylbenzene (para-DIPB) 98%, 1,2-diisopropylbenzene (ortho-DIPB) 

from Acros Organic and 1,3,5-triisopropylbenzene (>97%) from Alfa Aesar. Other chemicals 

used specifically in an experiment which are not covered in this chapter will be mentioned 

explicitly in the text. 

 

3.2.2. Ionic liquid and acid catalyst preparations  

Lewis acidic system 

The acidic ionic liquid phase catalyst comprises of acidic substances and a matrix ionic liquid. 

For the Lewis acid containing ionic liquid, aluminium (III) chloride granulate purchased from 

Merck was used without further purification. 1-Ethyl-3-methylimidazoliumchloride 

([EMIM]Cl) or 1-Ethyl-3-methylimidazolium-bis-trifluoromethanesulfonylimide 

([EMIM][NTf2]) was purchased from Solvent Innovation/Merck and used without further 

purification.  
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Other acidic molten salts system were also studied and will be reported in Chapter 4. For 

these, Gallium (III) Chloride, Lithium bis-trifluoromethanesulfonylimide (Li[NTf2]) and Lithium 

trifluoromethanesulfonate (Li[OTf]) were purchased from Merck and used without further 

purification. Chemicals used to prepare other acidic system will be explicitly mentioned in 

the text. 

 

Brønsted acidic system 

Strong acid and super acidic substances such as sulfuric acid (98% Alfa Aesar) and 

trifluoromethanesulfonic acid / triflic acid (Alfa Aesar) were used to prepare Brønsted acidic 

ionic liquid using 1-Alkyl-3-methyl-trifluoromethanesulfonate purchased from Solvent 

Innovation / Merck. These ionic liquids were applied without further purification.  

 

Solid Support materials  

Various support materials were used to prepare the Supported Ionic Liquid Phase (SILP) 

catalyst. Silica gel based support material, namely SiO2-30, SiO2-60, silanised SiO2-60 and 

SiO2-100 (having particle diameter range of 63 – 200 μm) were purchased from Merck. 

Aluminium oxide based support material such as PURAL TH60 and PURAL TH100 were also 

used. The latter were purchased from Sasol. 

Ethanol stabilized dichloromethane (DCM 99.5% BASF) was used for the impregnation 

process of SILP synthesis. The solvent was dried prior to use in order to achieve water 

content lower than 50 ppm. 

 

Catalyst preparations 

In the following work, acidic ionic liquids were applied as liquid catalysts in a liquid-liquid 

reaction system or as Supported Ionic Liquid Phase (SILP) in a slurry reaction system as well 

as gas phase reaction system. The acidic chloroaluminate ionic liquid was prepared by mixing 

a defined molar ratio of AlCl3 and [EMIM]Cl at 70-80 °C in a Schlenk flask until complete 

dissolution of AlCl3 and a clear liquid was observed. For the Brønsted acidic ionic liquid 

system, a defined molar amount of trifluoromethanesulfonic acid (triflic acid) was added to 
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3.3. Experiment set-up: batch operation  

All batch experiments were carried out using schlenk glassware to avoid, as much as 

possible, catalyst contamination with air and humidity. Batch experiments were carried out 

mainly to screen catalytic materials both as liquid-liquid biphasic and slurry-SILP system. For 

screening the catalyst acidity a liquid phase isomerization reaction of non-equilibrium 

isopropylated aromatic substances e.g. non-equilibrium isomers mixture of 

diisopropylbenzene (DIPB) was carried out. The non-equilibrium mixture of 

diisopropylbenzene was obtained either by mixing the pure substances or by previously 

performing an alkylation reaction in which no equilibrium condition were reached i.e. by use 

of strong protonic acid such as sulfuric acid 98% or by a Brønsted acid containing ionic liquid. 

The liquid organic reactants were initially mixed together with suitable solvents e.g. 

cyclohexane or decahydronaphtalene. This mixture was then transferred using a 20 mL 

syringe into a 50 mL or 100 mL schlenk round bottom flask under argon atmosphere. 

Depending on the phase of the applied catalyst, liquid or supported phase, the catalyst was 

transferred into the round bottom flask using either 25 mL syringe or using small spatula. 

The round bottom flask was then placed on a magnetic stirrer equipped with heating plate 

and silicone oil bath to reach the desired reaction temperature. Upon reaching the desired 

temperature, a reference sample was taken using glass syringe followed by stirring at 

approximately 500 RPM. For convention, the beginning of the reaction was always noted 

together with start of stirring. Samples of defined time intervals were continuously taken 

and analyzed in an off-line gas chromatograph to follow the progress of the isomerization 

reaction. 
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3.4. Experiment set-up: semi-batch operation  

The semi-batch experiments were carried out using a 600 mL Parr reactor autoclave 

equipped with an internal cooling coil connected to a cryostat. For heating purposes an 

external heating mantle from PARR was applied.  A general process flow diagram of the 

semi-batch experiment is depicted in Figure 3.2. To ensure safe operational when working 

with chloroaluminate system, Hastelloy-C was used as reactor’s material (see Figure 3.3). 

 

 

Figure 3.2. Process schema for semi-batch alkylation reaction.  

 

Further specifications of the reactor used in the semi-batch experiment can be seen in Table 

3.1 (page 42). An additional glass liner was also used to provide easy access while loading 

and unloading the catalyst phase into or from the reactor. This glass liner was heated prior 

to each use in the oven at 90 °C for at least 24 hours to avoid contamination from air 

humidity. The liquid organic (consists of aromatic substance and solvent) and the catalyst 

phase were placed into the glass liner using argon-inertized syringe. Once the glass liner was 

placed inside the autoclave, the reactor was evacuated using a vacuum pump at room 

temperature for approximately three minutes followed by argon flushing. The evacuation-
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reactor was adjusted to the reaction’s temporal demand. A Parr four blade entrainment 

stirrer was used for this reaction set-up (see Figure 3.3) in order to ensure sufficient gas 

dispersion in the liquid organic phase and therefore avoiding - as much as possible - gas 

transfer problems into the liquid phase. 

 

Table 3.1. Specifications of the applied PARR semi-batch reactor.  

Design Specifications 

Reactor HASTC-121106; TRange = -10 – 300 °C; Pmax = 200 bar 

Heating PARR/ HORST heating; 230V; 50/60Hz; 3 Amps 

Stirrer 4 blades gas entrainment PARR stirrer 

HPLC pump K-120; ceramic inlays; SS head pump; ΔP = 150 bar 

Glass liner  500 mL Quartz glass 

 

 

2. Liquid phase isobutylene as alkylating agent. In several experiments dealing with the 

isobutylation of toluene, liquid phase isobutylene was fed into the Parr reactor. 

Isobutylene was added using a high precision High Performance Liquid Chromatograhy 

(HPLC) pump from Knauer (see Figure 3.4). To avoid phase change of isobutylene in the 

pump’s head, an additional external cooling system was attached to the pump’s head. 

By calibrating various nominal flow rate values of the HPLC pump against the observed 

mass i.e. molar amount of isobutylene, exact mass or molar amount of the pumped 

isobutylene into the reactor can be easily calculated. 

 

For any experiment, liquid samples of minimum 1 mL were taken in a constant time interval 

through the sampling line. In order to have a representative sample, purging of approx. 3 to 

5 mL prior to taking each sample was necessary. Whenever a SILP catalyst was applied in the 

experiment as slurry system, additional metal filter needed to be attached at the end of the 

sampling line to avoid SILP particle being carried to the sampling valve as this may cause 

hardware defects. 
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3.5. Experimental set-up: continuous operation  

The continuous process of cumene and toluene isopropylation could be realized in either gas 

phase plug flow tubular reactor or liquid-liquid biphasic plug flow tubular reactor. The 

compact design of the continuous plant enables switching between two reaction modes in 

the same experimental set-up (see Figure 3.7 and Figure 3.8). In the process flow diagram 

the blue colored lines represent the gas phase process routes and the red colored lines 

represent the liquid-liquid phase process routes. In the course of this work, only gas phase 

reactions have been carried out with the described equipment that has been designed, 

constructed and installed during this work 

 

Gas phase alkylation reaction 

In the gas phase reaction mode, aromatic substances i.e. cumene or toluene have to be 

completely evaporated in the evaporator unit (E) together with a preheated helium stream. 

Helium is required in order to lower the partial pressure of the aromatic substance and to 

keep the feedstock in the gas phase at lower reaction temperatures. The evaporator unit (E) 

is a tubular pipe of 40 mm inner diameter and 400 mm length filled with glass beads of 3 mm 

diameter. To ensure that the required evaporation temperature is achieved a thermocouple 

(TI and TIC) is placed inside the evaporator unit. 

The aromatic substance is pumped through either a 10 mL min-1 (P1) or 50 mL min-1 (P2) 

Knauer K-120 HPLC pump and Helium is dosed through a Bronkhorst El-Flow MFC (MFC2). 

The latter has a maximum flow capacity up to 600 Nml min-1. After the aromatic substance is 

completely evaporated, a heated propylene stream is mixed in a mixing unit (M) with the 

aromatic vapor – helium gas mixture. This will ensure a homogeneous mixture of the gas 

phase. The propylene dosing is preformed through an El-Flow MFC from Bronkhorst with 

maximum flow of 50 NmL min-1 (MFC1). The homogeneous gas mixture can now enter the 

gas reactor (R1) from the inlet at the top of the reactor. At the very bottom of the reactor a 

fine metal grid was placed right before the gas outlet to avoid any fine solid particle being 

drifted out of the reactor.  Alternatively, the reactor can be by-passed using valve V-12 and 

V-13 for catalyst refilling and reactor maintenance. At the end of the reactor a pneumatic 

driven pressure regulator valve VS from Samson is placed to maintain a constant reactor 
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pressure. Before being released, the outlet gas mixture is stripped from condensable phase 

i.e. un-reacted adducts and alkylated products in a liquid trap at room temperature. A 

special feature of the here-presented gas phase SILP reactor (R1) is that it is equipped with 

four sampling taps along the length of the reactor. Moreover each tap is alternately 

connected with the on-line gas chromatograph from Varian (On-line GC) using an electric 

driven 5 multiport valve from VICI (VC). 

Partial condensation of the gas mixture along the sampling point was known to cause 

problem in the injection port of the GC and results in heavy oscillation analysis results. This is 

due to the construction of the valve which contains a massive block of stainless steel and 

could act as heat sink in the plant. In order to avoid condensation during sample 

transportation, each side stream leading to GC as well as the multiport valve itself was 

carefully heated as overheating might cause permanent damage to the sampling section. 

Modification of the GC’s injection valve unit was needed since no heating possibility for the 

injection port was provided by Varian for the GC-3900 model. 

 

Liquid-liquid biphasic alkylation reaction 

The concept of the continuous operation in the liquid-liquid biphasic system has basically the 

same principle as described for the gas phase reaction. Instead of using Helium as carrier 

gas, a second non-reactive solvent i.e. cyclohexane or decahydronaphtalene is used as 

mobile phase. Moreover, the evaporator unit (E) is not needed in this system and therefore 

it can be bypassed using Valve (V-08). Propylene as gas phase and the acidic ionic liquid are 

introduced right before the mixing unit (M). In this mixing unit it is expected that all dosed 

propylene will be dissolved in the liquid phase. Moreover, the mixing unit also ensures the 

dispersion of the ionic liquid phase and therefore provides sufficient contact area with the 

organic phase. The liquid phase reactor is an approximately 8 meters long plug flow tubular 

reactor of 12 mm outer diameter (see Figure 3.6) in spiral form which makes it very compact 

in space. 

The liquid tubular reactor has three sampling points to follow the reaction progress, namely: 

Two sampling lines between reactor inlet and outlet (SP1 and SP2) and one sampling point 

right after the reactor outlet (SP3). Unlike in the gas phase reaction system these sampling 

lines are not continuously open and therefore representative samplings have to be 
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complete phase separation. The liquid organic phase (upper phase) could then exit the 

system through a fine adjustable pressure regulator valve (VL) to a product storage drum. 

The ionic liquid catalyst phase catalyst (lower phase) is pumped back to enter the reactor 

system again before the mixing unit (M). The recycling pump is a double piston pump from 

Labortechnik Heinz-Sewald (Labotron LDP-32). Each piston has a volumetric capacity of 

approx. 50 mL which enables pulsation-free recycling process. 
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Figure 3.7. Process flow diagram of the multimodes continuous alkylation plant.  
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3.6. Analytical procedures  

The following chapter will briefly discuss analytic methods used to assess the performance of 

the acidic ionic liquid catalyst with regard to its catalytic activity as well as its immobilization 

properties. 

 

Off-line gas chromatography 

For off-line gas chromatography analysis, samples were analyzed using a Varian CP-3900 gas 

chromatograph equipped with a varian WCOT fused silica column (0.21 mm diameter and 50 

m long) coating ParaBond and Flame Ionization Detector (FID) working at 270 °C. Helium is 

applied as carrier gas. A constant flow of 1 mL min-1 or otherwise mentioned was applied in 

the GC column. Split ratio of (1:10) was used in the analysis. Detailed GC settings for off-line 

analysis can be seen in Table 3.2. 

 

Table 3.2. Off-line GC programs for alkylation product analysis.  

Reaction 
Oven
Temp 

FID 
Temp 

Injector
Temp 

He
Flow rate 

Injection Split Temp  Programs 

Cumene  
Isopropylation 

110 °C 300 °C 260 °C 1 mL min-1 1 : 100 

15 mins @ 110 °C; 
Ramp 15°C min-1 to 
250 °C; 15 mins @ 
250 C 

Meta-xylene  
isopropylation 

70 °C 300 °C 200 °C 1 mL min-1 1 : 60 

25 mins @ 70 °C; 
Ramp  20°C min-1 to 
250 °C; 5 mins @ 
250 C 

Toluene 
 Isobutylation 

70 °C 300 °C 200 °C 1 mL min-1 1 : 60 

15 mins @ 70 °C; 
Ramp  20°C min-1 to 
150 °C; 15 mins @ 
150 C; Ramp 20°C 
min-1 to 250 °C; 15 
mins @ 250 C 

 

All samples for the off-line GC were treated with mixture of MgSO4 anhydrate and NaCO3 

prior to analysis. This is required to eliminate possible traces of water in the samples as well 

as to neutralize the sample solution in case traces of acidic components exist in the sample 

solution. The latter could permanently react with the GC’s column coating and eventually 

damage the device. 
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The molar amount of each substance in the analyzed volume can be calculated based on the 

mass fraction of each substance, the mass fraction of the standard substance, the correction 

(CF) and the molecular weight of the analyzed substance MW according to Equation 3.1. 

 

iW

i
Fi Mm

mm
Cn

,standard

standard

%

%

⋅
⋅⋅=    (Equation. 3.1) 

 

Generally, the combined volume of all samples taken from the reaction volume was 

negligibly small compared to the total reaction volume. Therefore, the amount of standard 

substance in the reactor was considered to be constant throughout the reaction. 

 

On-line gas chromatography 

Gas chromatography of type Varian 3900 was used for continuously monitoring the gas 

phase composition of the gas reaction mixture in continuous operation mode. The on-line 

GC is equipped with FID detector and WCOT fused silica (50 m x 0.21 mm) coating SIL 

PONACB. Helium was used as carrier gas. A ramp temperature program of the on-line GC is 

listed in Table 3.4. 

 

Table 3.3. On-line GC programs for alkylation product analysis.  

Reaction 
Oven
Temp 

FID 
Temp 

Injector
Temp 

He
Flow rate 

Injection Split Temp  Programs 

Cumene  
Isopropylation 

100 °C 300 °C 260 °C 
0.5 mL 
min-1 

1 : 100 

7 mins @ 100 °C; Ramp
20°C min-1 to 150 °C; 10 
mins @ 150 C; Ramp 20 
°C min-1 to 250 °C; 10 
mins @ 250 °C 

Toluene  
isopropylation 

100 °C 300 °C 260 °C 
0.5 mL 
min-1 

1 : 100 

7 mins @ 90 °C; Ramp  
20°C min-1 to 120 °C; 5 
mins @ 120 C; Ramp 20 
°C min-1 to 210 °C; 7 
mins @ 210 °C 
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A 6-ports valve was installed before the injector port and therefore idle and loading mode of 

the on-line GC can be defined (see Figure 3.9). In loading mode, sample gas bypasses the 

injector and decoupled from the helium carrier gas. In unloading mode, the GC’s sampling 

line will be shortly connected to helium flow (typically 2-3 seconds). This will flush the entire 

gas sample in the sampling line directly into the GC column, initializes the analytical 

procedure and the GC injector is returned to loading mode ready for the next analysis. This 

cycle will be infinitely repeated unless manually stopped. 

 

 
Figure 3.9. Schematic drawing of 6 ports valve. (above) Loading position (bottom) Unloading 

position. 

2

4

5

1

6

3

Split / splitless
injector B

FID

H2 air     He

Septum
purge flow

Split 
flow 

CP-5

Loading Position- OFF

Sample in

Sample out

Helium in

Helium out

250µ
l

2

4

5

1

6

3

Split / splitless
injector B

FID

H2 air   He

Septum 
purge 
flow

Split 
flow 

CP-5

Injecting Position- ON

Sample in

Sample out

Helium in
Helium out

250µ
l



EXPERIMENTAL SET-UP / EXPERIMENTAUFBAU 

54 

Nuclear Magnetic Resonance (NMR) 

NMR was used to analyze the purity of the applied ionic liquid for the acidic ionic liquid 

synthesis. It was also used to analyse the solubility of cumene isopropylation products in the 

chloroaluminate ionic liquid system. Measurements were carried out using 1H-NMR 

spectroscopy. Samples were prepared by mixing equimolar amount of aromatic compound 

under investigation (cumene, diisopropylbenzene or triisopropylbenzene, respectively) and 

cyclohexane. 5 g of each of these organic solutions were intensively mixed (24 h, 500 rpm to 

ensure equilibrium conditions) with 5 g of the chloroaluminate ionic liquid. After stirring, the 

ionic liquid phase was separated under inert atmosphere and analysed by 1H-NMR using a 

JEOL ECX400 spectrometer (400 MHz). 

 

NMR-Diffusion Ordered Spectroscopy (DOSY) 

The diffusion coefficients of cumene, 1,3-diisopropylbenzene and 1,3,5-triisopropylbenzene 

in the chloroaluminate ionic liquid were determined using NMR-Diffusion Ordered 

Spectroscopy (DOSY) technique. This method has been widely applied in determining 

diffusion coefficient of organic matters as well as self diffusion coefficient of ion-pairs in 

ionic liquids as described in literatures [108-110]. Samples for the DOSY measurements were 

prepared from 2.5 g of each of the aromatic substance with 2.5 g of the chloroaluminate 

ionic liquid. After stirring the mixture for 24 h, the molecular diffusion of the investigated 

aromatic molecule was observed by applying magnetic field of 30 - 300 mT m-1. Diffusion 

time and gradient time of 0.1 and 0.003 seconds were applied respectively. Based on the 

aromatic molecule movement from one magnetic field zone to another at a given 

temperature one can determine the self-diffusion coefficient of the observed aromatic 

substance in ionic liquid phase. 

 

Inductive Coupled Plasme-Atom Emission Spectroscopy (ICP-AES) 

ICP-AES can be used to determine the aluminium content in the organic product solution in a 

liquid-liquid biphasic system and therefore determining the amount of acid catalyst leached 

into the reaction mixture. For this purpose the analyses were carried out using a Perkin 

Elmer Plasma 400 spectrometer. The latter was calibrated prior to the measurements using 
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standard solutions of Alumina plasma standard solution (1000 μgr mL-1) SpecPure® from Alfa 

Aesar. The ICP-AES analytic method was also used to check the aluminium content at the 

end of the acidic SILP synthesis. However, the solid SILP material needs to be firstly diluted in 

aqua regia (mixture of 1 : 3 molar ratio of concentrated nitric acid and hydrochloric acid) 

before it can be analyzed. 

 

Ammonia-Temperature Programmed Desorption (NH3-TPD) 

Temperature programmed ammonia desorption was used to identify the acidic sites of the 

silica support in the preparation of SILP. The analysis was carried out using a Thermo 

Electron TPD/R/O 1100 analyzer equipped with a thermal conductivity detector working at 

120 °C. Samples of 0.1 g were heated under a continuous flow of helium at 500 °C for 30 

minutes. Adsorption of ammonia was carried out at 80 °C for 30 minutes followed by 

flushing with helium for another 100 minutes. Desorption of ammonia was performed under 

continuous helium flow of 25 mL min-1 at temperatures up to 600 °C with a heating rate of 

10 °C min-1. 

 

Support’s Surface Characterization 

Support characterization was carried out by determining the BET surface area and the total 

pore volume of the applied support materials prior to and after pre-treatment and 

impregnation. The BET surface area was determined by nitrogen adsorption / desorption 

using a Thermo Electron Sorptomatic 1990. The total pore volume was analyzed using a 

Micromeritics Gemini 2360. 
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3.7. Automation and simulation tools  

During the development of the acidic ionic liquid based Friedel-Crafts alkylation process, 

various numerical and simulation tools were applied to provide a more accurate 

interpretation at each evaluation stage. Moreover, as it has been briefly mentioned earlier at 

the beginning of the chapter, this work aims to provide a perspective into process 

automation of the continuous alkylation process. The goal of these efforts is to provide a 

flexible, efficient experimental configuration, and a real time process monitoring as it is 

found in real industrial processes. 

It is important to note that although some basic and practical information will be described 

in the following chapters, full and detailed descriptions as well as the assessment of the 

numerical method’s accuracy are beyond the scope of this chapter. Thorough discussion of 

each numerical method and simulation tools are given in the corresponding literatures. 

 

Numerical methods for kinetic investigation 

The kinetic investigation of Friedel-Crafts alkylation (exemplified for the cumene and meta-

xylene isopropylation) was carried out with the help of MATLAB® 6 from MathworksTM. For 

simultaneous solution of ordinary differential equations, modeled for the reaction network, 

the Runge-Kutta pair of Bogacki and Shampine [111] method was applied. The kinetic 

parameters of each investigated reaction were obtained through minimizing the calculated 

sum of square error (fitting procedure) between experimental data and model. A non-linear 

multi-dimensional optimization algorithm as described in literature was used [112]. 

 

Conductor like Screening Model for Real Solvent (COSMO-RS) 

A predictive model to estimate the solubility of different aromatic substances in acidic 

chloroaluminate ionic liquid was used in the kinetic investigation in order to remove 

falsification within the kinetic model from partial solubility of the aromatic substances in the 

ionic liquid phase. The Conductor-like Screening Model for Real Solvent (COSMO-RS) is 

known to be able to provide predictive activity coefficient i.e. partition coefficient for ionic 

liquid systems[113]. 
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Process simulation for mini-plant design 

Mainly ASPENPLUS 12® from ASPENTechTM was used for conceptual design of the continuous 

alkylation mini-plant. This includes the prediction of multi-component dew point and bubble 

point estimation, maximum conversion and thermodynamic isomers distribution of alkylated 

products. Further details on thermodynamic package selection for each case will be 

explained in the corresponding chapters. 

 

Table 3.4. Digital communication of the continuous gas phase alkylation rig.  

a) Protocol used in this work 

Equipment Application Serial Port Parameters Communication Protocols

EUROTHERM 3216 
Pressure and 
Temperature PID 
controller 

Baud rate = up to 38400
Databits = 8 
Stopbits = 1 or 2 
Parity = None or Odd or Even 
Shakehand = None 
 

EL-BISYNCH or MODBUS-
RTU a or MODBUS-ASCII  

EUROTHERM 3216e 
Temperature 
monitor 

Baud rate = up to 38400
Databits = 8 
Stopbits = 1 or 2 
Parity = None or Odd or Even 
Shakehand = None 
 

EL-BISYNCH or MODBUS-
RTU a or MODBUS-ASCII 

Bronkhorst El-Flow 
Helium and 
propylene dosing 
unit  

Baud rate = 38400 
Databits = 8 
Stopbits =  1 
Parity = None 
Shakehand = None 
 

FLOWBUS ASCII a or 
Enhanced binary protocol 

Knauer K120 10 mL 
Aromatic 
substance dosing 
unit 

Baud rate = 9600
Databits = 8 
Stopbits = 1 
Parity = None 
Shakehand = None 
 

Vendor-customed ASCII 
commands 

Knauer K120 50 mL 
Solvent dosing 
unit 

Baud rate =9600
Databits = 8 
Stopbits = 1 
Parity = None 
Shakehand= None 
 

Vendor-customed ASCII 
commands 

Vici Valco 
Multi-sampler 
positioning 

Baud rate = 38400 
Databits = 9600 
Stopbits 
Parity 
Shakehand = Nonte 

Vendor-customed ASCII 
commands 
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Mini-plant automation and data acquisition 

Due to several practical restrictions such as equipment availability, equipment cross-

compatibility, financial boundaries, etc. various equipments and controllers from different 

providers had to be used to fulfill the plant’s specification technically and financially. The 

digital communication procedures of the respective equipments are given in Table 3.4. 

As suggested from Table 3.4, these equipments and controllers used fairly different sort of 

digital communication procedures. Therefore a higher level communication procedure was 

needed to enable synchronization i.e. acquisition of the plant as a one completely integrated 

process. This was realized in ERM-T075.  ERM-T075 is a communication procedure written in 

Visual Basic®.NET 2005 from Microsoft TM. Some of the main functionalities supported by the 

communication procedures are: 

1. Hardware synchronized Process and Instrumentation Diagram (PID) 

2. Continuous process parameters logging 

3. Automated equipment setting for unmanned process parameter variation 

4. Automated and synchronized analytics 

5. Execution of synchronized multiple experimental recipes. 

The ERM-T075 source as visual basic codes are exemplified in the Appendix E and the 

complete procedure can be seen in the CD-ROM companion. 
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4.1. Characterization of acidic ionic liquids and molten inorganic salts in 

biphasic reaction systems 

Due to the fact that alkylated aromatics will have an increased electron density within the pi-

electron system of their aromatic rings (see Chapter 2.3.3), it is very common for Friedel-

Crafts alkylation reactions to result in a mixture of consecutive reaction products rather than 

in isolated products and isomers. This fact requires additional effort for downstream 

processing as only products of a certain alkylation degree are suitable for further processing. 

In order to be able to identify the influences of various process parameters in relation with 

catalyst activity and product selectivity, variation of some of the most important process 

parameter were carried out. These experiments include the observation of pressure, 

temperature and solvent effects. These experiments were carried out in the semi-batch 

reaction setup described in Chapter 3.3.  

 

4.1.1. Alternative acid catalyst for Friedel-Crafts alkylation reaction 

The screening of acidic ionic liquids as catalyst in Friedel-Crafts alkylation reaction was firstly 

aimed to check catalyst alternatives for the Friedel-Crafts alkylation reaction that could be  

most suitable for the intended larger application scale. 

  

Table 4.1. Activity of various acidic ionic liquid / molten salt systems in cumene isopropylation a.  

Catalyst System Temperature (°C) Conversion  (%-mol) DIPB:TIPB:TeIPB b

GaCl3/LiCl 150 99% 51 : 44 : 5 

AlCl3/LiCl 150 ~100% 52 : 40 : 8 

AlCl3/NaCl 150 83% 61 : 31 : 8 

AlCl3/[EMIM]Cl 150 ~100% 43 : 55 : 3 

AlCl3/Li[NTf2] 150 73% 44 : 55 : 1 

B(C6F5)3/[(C4H9)3P(C14H29)][BF4] 100 - - 

Me3SiOTf/[EMIM][NTf2] 100 3% 88 : 12 : 0 

Me3SiOTf-InCl3/[EMIM][NTf2] 100 20% 89 : 11 : 1 

a) Acid/IL or salts = 2/1 molar; [Acid] =1.4 10-4 mol mL-1 ; Ppropylene = 2 bar; Solvent = Cyclohexane; 
Cumene: Solvent= 1 : 1 molar. 
b) DIPB = Diisopropylbenzene; TIPB = Triisopropylbenzene; TeIPB = Tetraisopropylbenzene. 
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Table 4.1 compiles the activity and selectivity of various alternative acid catalysts used in 

semi-continuous Friedel-Crafts isopropylation of cumene. Although there exists alternative 

acidic ionic liquid catalyst for Friedel-Crafts alkylation reaction, these alternatives catalyst 

system tends to show a significantly lower activity compared to the chloroaluminate ionic 

liquid at a given reaction temperature. This has been exemplified here for the 

trimethylsilyltriflate (Me3SiOTf) / [EMIM][NTf2] system. A more extensive exploration of 

alternative, more benign acid catalyst system as investigated by other researcher  also 

reported the same relatively low activity in alkylation reaction when compared to the acidic 

chloroaluminate ionic liquids [114]. It is due to this fact that the chloroaluminate ionic liquids 

were selected to compete and could potentially replace the current Friedel-Crafts alkylation 

process. However, despite the ready phase separation and the post-reaction catalyst phase 

recycling possibility, leaching of aluminium into the organic phase is still a major concern in 

the application of chloroaluminate ionic liquids (see Table 4.2). The combination of the still 

relatively high leaching rate of aluminium into the product phase with the required higher 

investment cost for the ionic liquid system is believed to be the major obstacle for the 

commercial application of acidic ionic liquid catalysts in liquid phase alkylation reactions. 

 

Table 4.2. Leaching profile of various Lewis acidic ionic liquid/molten salts in cumene isopropylation.  

Catalyst system Reaction's Temperature (°C) Leaching (%-mol)

GaCl3/LiCl 150 19.70

AlCl3/LiCl 150 0.10%

AlCl3/LiCl 180 0.06%

AlCl3/NaCl 150 < 0.09

AlCl3/[EMIM]Cl 150 0.41%

AlCl3/[EMIM]Cl 180 0.23%

AlCl3/Li[NTF2] 150 1.60%

Me3SiOTf/[EMIM][NTf2] 100 22.18%

AlCl3/[EMIM][NTf2] 100 1.32%

Acid/IL or salts = 2/1 molar; [Acid] =1.4 10-4 mol mL-1 ; Ppropylene = 2 bar; Solvent = Cyclohexane; 
Cumene: Solvent= 1 : 1 molar. 
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In relation to its activity, selectivity and most importantly immobilization properties, the use 

of chloroaluminate molten salts are also proven to be quite attractive (see Table 4.1 and 

Table 4.2). Generally, the molten salt systems showed a lower leaching of aluminium into 

the organic phase. One could also see from the table that, if the organic cation species 

([EMIM]+) is replaced with inorganic ions (Na+ or Li+), a significant decrease in catalyst 

leaching was observed. The opposite was observed if the chloride anion of the [cation]Cl salt 

was replaced with [NTf2]- anion. While the earlier can be attributed to the stronger ionic pair 

interaction of the resulting acidic salts / ionic liquids due to charge increase of smaller 

cation, the latter can be understood by the fact that immobilization of acidic aluminium (III) 

chloride component in salts / ionic liquids is mostly through the formation of the [AlnCl3n+1]- 

species where “n” is determined by the molar ratio between salts / ionic liquids and 

aluminium (III) chloride. By replacing the chloride anion, formation of such chloraluminate 

anion will be pronouncedly reduced and therefore increasing the probability of dissolving in 

the organic phase. Moreover, one can recognize that for a given acidic ionic liquid or molten 

salt, increase in reaction temperature also decrease the leaching of the aluminum into the 

organic product phase. 

From a process development point of view, since molten salt such as LiCl, NaCl and Li[NTf2] 

with aluminium (III) chloride in their acidic form (1:2 molar ratios) have a melting point of 

around 150 °C, this acidic molten salts could provide an attractive alternative acid catalyst 

for running alkylation reaction at higher temperature. The system is in particular interesting 

since separation of the catalyst phase can be done by simply lowering the reaction 

temperature under the molten salts’ melting point resulting in a liquid-solid system. 

However, additional solid-liquid separation process needs to be considered in the 

implementation. 

Gallium (III) chloride which is more stable against hydrolysis in comparison with aluminium 

(III) chloride was proven to be a very active alkylation catalyst. However, it can only be very 

poorly immobilized in inorganic salts or ionic liquid (see Table 4.2). Despite the fact that 

some of these acidic molten salt systems e.g. LiCl / AlCl3 or NaCl / AlCl3 are attractive catalyst 

phase in the semi-batch reactor, developing additional crystallization and filtration at 

continuous mode might reduce the attractiveness of the acidic molten salt systems. 
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4.1.2. Total reaction pressure effect 

The effect of reaction pressure towards alkylation product selectivity is shown in Figure 4.1.  

 

(a) 

 

(b) 

Figure 4.1. Pressure effect on total alkylation product selectivity. (a) isopropylation of cumene; 
[Cumene] = 3.8 10-3 mol/mL; T=150°C; solvent=cyclohexane; cumene:acid = 34:1;[EMIM]Cl/AlCl3 = 

1/2  (b) isopropylation of meta-xylene;[m-xylene]=4.4 10-3 mol/ml; 
T=100°C;solvent=cyclohexane;xylene:acid=40:1 
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The effect of reaction pressure towards mono-alykalted isomers distribution is given in 
Figure 4.2.  

 
(a) 

 

(b) 

Figure 4.2. Pressure effect on mono-alkylated isomer distribution. (a) isopropylation of cumene; 
conditions see Figure 4.1a  (b) isopropylation of meta-xylene;conditions see Figure 4.1b. 
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Increasing the total pressure of propylene in the semi-batch isopropylation reaction will 

naturally increased the availability of propylene in the liquid phase. This will not only lead to 

a faster reaction at a given reaction time but also effecting the overall alkylation product 

distribution (see Figure 4.1).  

While increase in total pressure “permanently” shifted the alkylated products into the higher 

alkylated products in the case of cumene isopropylation (Figure 4.1a), this was not observed 

for the meta-xylene isopropylation case (Figure 4.1b). The latter is attributed to the fact that 

meta-xylene has less space for the next alkylating agent to come and attack the aromatic 

ring. Therefore, increasing the availability of the alkylating group i.e. propylene in the liquid 

phase obviously would only slightly shift the product distribution to the higher alkylated 

substances. Interesting to see that the selectivity within the mono-alkylated product for both 

reaction systems i.e. diisopropylbenzene (DIPB) and dimethylcumene (DMC) respectively 

was significantly influenced by the total reaction pressure (see Figure 4.2). Moreover, for the 

case of meta-xylene isopropylation it can be seen that as meta-xylene approached full 

conversion the pressure effect towards the monoalkylated product selectivity became 

progressively negligible.  

 

4.1.3. Temperature effect 

Since increase in reactor temperature will lead to decrease of gas solubility of propylene, 

investigation of temperature effects must be followed by adjusting the total reaction 

pressure in order to avoid overlapping influences of temperature increase and decrease of 

propylene availability in the liquid phase. In order to do so, ASPENPLUS® 12 was used to 

determine the correct total reaction pressure at the corresponding reaction temperature to 

obtain the same propylene fraction in the liquid phase. The required reaction’s pressure at 

corresponding temperature and the time required to achieve near to full conversion can be 

seen in Table 4.3. It can also be seen from Table 4.3, that total conversion of cumene in the 

cumene isopropylation as well as in the meta-xylene isopropylation only increased slightly 

with increasing temperature at comparable reaction times. This temperature-insensitive 

response of both alkylation reaction systems give us the feeling that some mass transfer 

limitation might took place. This was investigated in more detail and will be discussed later .  
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Table 4.3. Temperature effect on conversion and total product distribution a.  

T 

(°C) 

Cumene Isopropylation b meta-Xylene Isopropylation c

Conversion 

(%-mol) 

P     

(bar) 

Alkylation selectivity d Conversion

(%-mol)  

P 

(bar) 

Alkylation selectivity d 

First Second Third First Second Third

100 75,00 4,60 53,90 45,40 0,70 60,00 3,10 94,50 5,50 ~0

130 69,00 5,70 58,80 40,40 0,80 60,00 4,30 97,10 2,90 ~0

150 78,00 6,90 61,60 38,30 0,00 90,00 5,60 80,50 19,50 0,1

a) [EMIM]Cl/AlCl3 = 2/1; Solvent = Cyclohexane; Aromatic : Solvent= 1 : 1; compared at τR = approx. 10 
min for cumene isopropylation and approx. 5 min for meta-xylene isopropylation 
b) Conversion values are compared when approx. 10 minutes reaction time have elapsed; cumene: 
acid =  34:1 
c) Conversion values are compared when approx.5 minutes reaction time have elapsed; xylene: 
acid=40:1 
d) All values are in %-mol 
 

The selectivity within the monoalkylated products for both cumene and meta-xylene 

isopropylation are given in Figure 4.3. In the isopropylation of meta-xylene it can be seen 

that at very low conversion degree mostly 2,4-dimethylcumene (2,4-DMC) was formed, but 

3,5-DMC progressively dominated the mono-alkylated product spectrum as meta-xylene 

conversion reached completeness. Moreover, Figure 4.3 shows us that the product 

distribution-time profile within DMC stayed practically the same for all three reaction 

temperature. However, in the cumene isopropylation case, a completely different picture 

was obtained. Here the increase of reaction temperature would lead to an increase in meta-

diisopropylbenzene (meta-DIPB) while ortho- and para-DIPB fraction decreased significantly.  

The last two chapters have demonstrated how acidic chloroaluminate ionic liquids gave a 

completely different selectivity behavior for different alkylation reactions. And although at 

this point there seemed to be no general tendencies of how the acidic ionic liquid behavior 

could be related to a particular reaction system, in Chapter 4.2, this will be discussed and 

furthermore it can be shown that these behaviors are indeed explainable once aspects of 

thermodynamic, kinetic and the nature of the catalyst acidity is taken into account. 
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(a) 

 

(b) 

Figure 4.3. Temperature effect on mono-alkylated isomer distribution (conditions refer to Table 4.3). 
(a) isopropylation of cumene (b) isopropylation of meta-xylene. 
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The predicted partition coefficient from COSMO-RS can be qualitatively used to compare the 

suitability of the selected solvent, if quick product isolation is required, in order to avoid 

consecutive reaction. It is also important to mentioned that COSMO-RS itself was not used to 

directly compute the predicted partition coefficient but rather to calculate the activity 

coefficient of the investigated aromatic substance i.e. DIPB in the organic phase and in the 

ionic liquid phase, respectively, in a diluted system (see Figure 4.4). The partition coefficients 

were then computed using the equilibrium criteria of a component distributed in biphasic 

system as shown in equation 4.1. 

 

      (Equation 4.1) 

 

Where μ and μo = chemical potential and standard chemical potential of component “i” 

R = Ideal gas constant 

T = mixture temperature 

Xi = composition of component “i” as molar fraction 

γ = activity coefficient of component “i” 

1, 2 = Subscripts representing the two immiscible phase system. 

 

The predicted partition coefficients of DIPB between the organic phase and acidic 

chloroaluminate ionic liquid (represented as [EMIM][Al2Cl7]) are given in Figure 4.5. These 

calculated partition coefficient values were used to explain product distribution seen in the 

cumene isopropylation reaction (see Figure 4.6). The results represent the alkylation product 

selectivity in which three different solvents were applied. It could be seen that both 

cyclohexane and decahydronaphtalene give almost the same alkylation product distribution 

at a given cumene conversion degree. This phenomenon indeed matched the predicted 

partition coefficient values of DIPB in Figure 4.5. Moreover, as the largest predicted partition 

coefficient of DIPB is in cumene, higher selectivity towards DIPB was also achieved when 

only cumene (no additional solvent) was applied in the liquid phase.  
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Figure 4.5. DIPB partition coefficient prediction using COSMO-RS.  

 

 

Figure 4.6. Alkylation product distribution of cumene isopropylation using various solvents. T=150 °C; 
ΔPTot = 2 bar; [EMIMCl]/AlCl3 = 1/2; Cumene: AlCl3= 33:1 molar; Cumene: Solvent = 1:1 molar. 

 



RESULTS AND DISCUSSIONS / ERGEBNISSE UND DISKUSSIONEN 

70 

Although the partition coefficient of DIPB in iso-octane was expected to be as high as those 

in cyclohexane or decahydronaphtalene, a totally different alkylation product distribution 

was observed when using iso-octane as additional solvent. The probability of iso-octane to 

take place in most likely concurrent refinery alkylation type reaction [115, 116] could be 

accounted for such behavior. This behavior was obviously not incorporated in the COSMO-RS 

model. In the event where double alkylated products i.e. triisopropylbenzenes are 

demanded in the future, COSMO-RS had identified at least two suitable solvents which have 

been justified experimentally. These results underlined the message of beneficial use of 

COSMO-RS during designing of a reaction system where intermediate products’ solubility 

plays a key role in determining the final reaction selectivity. Crucial aspects such as possible 

side reactions of course need to be investigated and adressed before using this predictive 

model. 
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4.2. Mechanistic understanding of Friedel-Crafts alkylation reaction in the 

presence of different acidic catalyst types  

In Chapter 4.1.2 and Chapter 4.1.3 selectivity of the acidic chloroaluminate catalyst in the 

isopropylation of cumene and meta-xylene respectively has been observed. The 

experimental results suggested different catalytic behavior with regard to its selectivity for 

each reaction systems. This however, can be further correlated with the type and the 

strength of the applied catalytic species in the light of competing thermodynamic and kinetic 

aspects of the reaction itself. Correlation of the product distribution with the characteristic 

properties of the applied acidic ionic liquid catalyst would undoubtly increase the 

attractiveness of the acidic ionic liquid based Friedel-Crafts alkylation. Applying such 

understanding/correlation a more flexible activity and product distribution manipulation 

could be realized in the future. This correlation or understanding will be first of all based on 

a set of experiments for cumene isopropylation and later on adapted for the isopropylation 

of meta-xylene and toluene isobutylation. 

 

4.2.1. Mechanistic investigation on cumene isopropylation  

In order to be able to relate the catalytic properties of the applied acidic catalyst and the 

resulting distribution of the alkylated product, it is essential to look first at the theoretical 

thermodynamic composition for the investigated isomers. For the case of cumene 

isopropylation, the diisopropylbenzene isomers will be considered. The ortho-, meta- and 

para-diisopropylbenzene (DIPB) distribution as a function of pressure and temperature is 

given in Figure 4.7. 

The values were estimated using the ASPENPLUS ®12 simulator using the Soave-Redlich-

Kwong (SRK) equation of state for a temperature window of 40 °C to 200 °C and for a 

pressure window of 2 up to 20 bar. It is evident that the thermodynamic composition within 

the DIPB isomers is practically independent from both temperature and pressure. In Figure 

4.7, no ortho-DIPB was shown as this was not available in the ASPENPLUS® 12 databank and 

therefore was not considered when calculating the compositions at equilibrium state. 
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Figure 4.7. DIPB equilibrium composition estimated using ASPENPLUS® 12 using Soave-Redlich-
Kwong equation of state. 

  

Nevertheless, the estimated composition values by ASPENPLUS® 12 clearly indicate that at 

thermodynamic equilibrium, meta-DIPB will predominate over other DIPB isomers. 

Experimental observations in DIPB isomerization by Olah showed a 65 %-mol and 35 %-mol 

of meta-DIPB and para-DIPB composition after nearly 100 hours reaction time in the 

presence of homogeneous aluminium (III) chloride [117]. This obviously justifies the estimated 

equilibrium composition by ASPENPLUS® 12. Additionally, calculation of the relative internal 

energy of all three DIPB isomers also suggested that, while meta-DIPB and para-DIPB are  

energetically comparable, ortho-DIPB showed to be quite unstable (see Table 4.4). In the 

latter case, relatively strong net repulsion forces from the two adjacent isopropyl groups in 

the ortho-DIPB molecule exist. Based on this, one could expect that this molecule would 

have a relatively shorter lifetime before eventually being transformed into a more stable 

para- or meta- configuration. 
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Table 4.4. Estimated relative energy of different DIPB isomers a.  

DIPB isomer Relative Internal Electronic Energy (kJ mol-1)

Metab 0

Ortho 18.05

Para 0.25

a) Estimated using DFT-B3LYP calculation 
b) Reference isomer 

 

The results from calculation have been compared with the experimentally obtained DIPB 

isomers distribution as seen in Figure 4.8 and Figure 4.9 for acidic ionic liquid containing 

strong Lewis acidity, e.g. aluminium (III) chloride or gallium (III) chloride, and acidic ionic 

liquids containing strong Brønsted acidity, e.g. trifluoromethanesulfonic acid, respectively. 

For both systems, identical reaction conditions were applied with a comparable molar ratio 

of initial cumene amount to the acidic substance. 

 

 

Figure 4.8. DIPB isomers distribution using Lewis acidic ionic liquid. T=150 °C; PTot = 7 bar ; 
Acid/Salt(IL) = 1/2; [Cumene] =  3.78 10-3 mol/mL; Solvent = Cyclohexane; Cumene:Acid = approx. 

38:1. 
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The results depicted in both figures show that, when strong Lewis acid was used, 

approximately 60 %-mol of meta-DIPB on average was observed within the DIPB products 

with only 40 %-mol of para-DIPB and practically no ortho-DIPB. However, a completely 

different picture was observed for the Brønsted acidic systems. In the latter, significant 

amount of ortho-DIPB (up to 15 %-mol) exist within the DIPB product with para-DIPB 

predominates the whole DIPB product (up to 60 %-mol). 

 

Figure 4.9. DIPB isomers distribution using Brønsted acidic ionic liquid (Conditions see Figure 4.8).  

 

Although these results seemed to be contradictory to one another, a correlation between 

the two can be established in the light of the arenium ion reaction mechanism (see Chapter 

2.3) and the recently mentioned thermodynamic properties of the DIPB molecules. The 

isopropyl group of the reactant (cumene), according to the arenium reaction mechanism, 

will prefer the next substitution of the aromatic ring at para- and ortho- position. However, 

since ortho-DIPB and para-DIPB are thermodynamically less stable than meta-DIPB, a 

consecutive isomerization to this isomer could also take place in the presence of a suitable 

catalyst. To help us in visualizing the situation more clearly and to assist us in further 
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discussion, Figure 4.10 qualitatively sketches the combined energetic pathways of the 

cumene isopropylation-isomerization limited to the first alkylation. 

 

 

Figure 4.10. Visualization of the possible alkylation-isomerization pathways.  

 

It is clear that at the first reaction step (formation of arenium activated state), insertion of 

propylene group into cumene will take place. The three different energy barriers represent 

the relative “difficulty” of reaching to the corresponding DIPB isomer i.e. ortho-, meta- or 

para-. Once the molecule is already at the other end of the “hill”, another set of energy 

barriers exist between each DIPB isomers and isomerization among those would adjust the 

thermodynamic equilibrium.  

In the presence of Brønsted acidic ionic liquids, it is assumed that only energy barrier of 

arenium ion formation can be effectively overcome which leads to the fact that para-DIPB 

dominates over other isomers in the DIPB products (see Figure 4.9). However, the presence 

of a catalyst which is both active in alkylation and isomerization, i.e. Lewis acidic ionic liquid / 

molten salt, should be able to overcome both the arenium ion formation and the 
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isomerization energy barriers. It is therefore understandable that, despite that meta-DIPB is 

less likely to be formed in the first alkylation step the second isomerization step will 

ultimately prefer meta-DIPB formation thus experimental results shown in Figure 4.8 were 

merely a total net results of the combined alkylation-isomerization steps. 

 

 

Figure 4.11. Isomerization of non-equilibrium DIPB mixture using Brønsted acidic ionic liquid.  
[BMIM][OTf]/Trifluoromethanesulfonic acid = 1/2; Solvent = Decaline; Acid: Cumene =1:3 molar.  

 

In order to justify these assumptions, alkylation step in the presence of Brønsted acid 

followed by isomerization were carried out. The first alkylation step was carried out to 

obtain the kinetic product distribution in the DIPB product. After reaching a certain degree 

of conversion, the reaction was freezed by cutting the propylene dosage and lowering the 

reaction temperature to room temperature. Furthermore the catalyst phase was removed 

from the reaction mixture and the latter was kept under argon atmosphere in a fridge where 

temperature was set to be not more than 10 °C. For simplicity sake the reaction mixture 

obtained in this way will be called “kinetic mixture” throughout this chapter.  
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Figure 4.12. Isomerization of non-equilibrium DIPB mixture using Lewis acidic ionic liquids.  
[EMIM]Cl/AlCl3 = 1/2; Solvent = Decaline; Acid: Cumene =1:10 molar.  

 

This kinetic mixture was used in subsequent isomerization experiments. In the first 

experiment a fresh prepared Brønsted acidic ionic liquid ([BMIM][OTf]/ 

Trifluoromethanesulfonic acid) was used to observe whether isomerization reaction takes 

place in the absence of propylene (Figure 4.11). This procedure was repeated in a second 

experiment but using Lewis acidic ionic liquid ([EMIM]Cl/AlCl3) as catalyst instead (Figure 

4.12). 

It is very interesting to see that despite the larger catalyst to aromatic ratio, the presence of 

Brønsted acidic ionic liquid only slightly changed the composition of the kinetic mixture. 

Even at higher temperature of up to 240 °C (see Figure 4.11) no significant composition 

change was observed. On the other hand, if the Lewis acidic ionic liquid was used (see Figure 

4.12), composition change of the kinetic mixture is already seen at temperature as low as 50 

°C. The isomerization was rapidly accelerated at the temperature of 150 °C, where actual 

alkylation experiments were carried out (see Figure 4.8 and Figure 4.9). It is also noteworthy 
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that a small fraction of DIPB was produced in a transalkylation between cumene and TIPB or 

TeIPB. Consequently, these observations are very well in accordance with the hypothesis 

depicted in Figure 4.10. 

 

           

Figure 4.13. Generic method of evaluating product selectivity in alkylation reaction of non-
functionalized aromatic substances.  

 

4.2.2. Generic procedure for analyzing and predicting alkylation product 

distribution  

Obviously, by taking into account the acidity type of the ionic liquid, the mechanism of the 

reaction, the thermodynamic stability of the alkylated product’s isomer and the reaction 
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parameters (e.g. pressure and temperature of the alkylation), product distribution can be 

very well predicted. This is of course a very useful tool when later on planning alkylation 

reaction for other aromatic system. The procedure is schematically represented in Figure 

4.13. In the following chapters, the use of the proposed procedure is demonstrated for the 

isopropylation of meta-xylene and isobutylation of toluene. 

 

4.2.2.1 Example 1:  isopropylation of meta-xylene  

During the insertion of the isopropyl group into the aromatic ring of meta-xylene, both 

methyl groups at carbon position 1 and 3 of the meta-xylene will synergistically “force” the 

new isopropyl group to substitute the ring at carbon position 4 (2,4-dimethylcumene or 2,4-

DMC). This is true since it is ortho-preferred relative to the methyl group at carbon position 3 

and para-preferred relative to the methyl group at carbon position 1 (details see Chapter 

2.3.3).  The next step requires to perform internal energy stability analysis of all possible 

isomers in the first isopropylated products namely: 2,4-DMC, 2,6-DMC and 3,5-DMC. The 

results are shown in Table 4.5 and suggest that 3,5-DMC is the most stable isomer among 

the dimethylcumenes, whereas 2,6-DMC is the most unstable one. The latter fact definitely 

reflects the enormous net repulsion effect exhibit from three alkyl groups in adjacent. 

 

Table 4.5. Estimated relative energy of different dimethylcumene (DMC) isomersa.  

DMC isomer Relative Internal Electronic Energy (kJ mol-1)

3,5-DMCb 0

2,4-DMC 8.70

2,6-DMC 31.20

a) Estimated using DFT-B3LYP calculation 
b) Reference isomer 

 

Moving along the guidelines of Figure 4.13, one should apply a Brønsted acidic ionic liquid if 

2,4-DMC is the desirable main product. A Lewis acidic ionic liquid would most probably give 

3,5-DMC as the dominating dimethylcumene product. Two experiments were carried out in 

semi-batch reactor system using acidic ionic liquid of both characters to confirm this 

behavior (see Table 4.6). 
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Table 4.6. Meta-xylene isopropylation product selectivity in the presence of different acidic ionic 
liquid a 

Catalyst b 
Conversion 

%-mol 

Alyklation product (%-mol) DMC selectivity (%-mol) 

DMC DMIC 3,5-DMC 2,4-DMC 2,6-DMC 

[EMIM]Cl / AlCl3 65 82 18 84,2 14.0 1.8 

[BMIM][OTf] / HCF3SO3 45 77 23 6,6 72.4 21.0 
a) T = 100 °C; pTot = 5 bar; Solvent= cyclohexane; Solvent : meta-xylene = 1:1; meta-xylene : acid = 30:1 
b) Ionic liquid / acid = 1/2 molar ratio 
 

Furthermore, when discussing about pressure and temperature effect on the product 

selectivity, one can interpret these parameters as how they will accelerate or decelerate one 

reaction step e.g. alkylation over the other e.g. isomerization. Logically, this effect can only 

be clearly observed for a catalyst having both, alkylation and isomerization activity (e.g. 

chloroaluminate ionic liquids or molten salt). In the following, this approach will be applied 

to explain the results already shown in Chapter 4.1.2 and Chapter 4.1.3. 

 

Interpretation of the total pressure effect 

By increasing the total reaction pressure at a given reaction temperature, the availability of 

propylene as alkylating agent in the liquid organic phase will naturally increase. Since the 

alkylation reaction step would be expected to depend stronger on propylene availability 

rather than isomerization step (as no propylene molecules are involved), the formation of 

kinetically preferred product i.e. 2,4-DMC should be faster at higher reaction pressure. Over 

a certain pressure limit, e.g. 3 bar, the alkylation step become significantly faster than the 

isomerization step. In this case, 2,4-DMC will dominate the dimethylcumene products 

despite the use of isomerization active catalyst. This was exactly the case as shown in Figure 

4.2b in page 63. However, as more and more meta-xylene was being converted, the 

alkylation rate towards the dimethylcumene products also diminished considerably 

therefore allowing the isomerization step to slowly “catch up” and converted almost all 

dimethylcumene isomers into 3,5-DMC. This also explain why at various pressure the 

dimethylcumene isomers would converge to an approximately the same composition at near 

to full conversion of meta-xylene (refer to Figure 4.2b, page 63) 

In the isopropylation of cumene, it seemed that the alkylation step is less sensitive to the 

propylene availability (see Figure 4.2a) and gave sufficient time for the isomerization step to 
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take place. This could be attributed to the fact that the aromatic ring of cumene is less 

activated compared to meta-xylene due to the lower number of existing electron-donating 

groups. Moreover, at higher reaction pressure, an immediate isomerization of para- and 

ortho- DIPB towards meta-DIPB (most thermodynamically stable) was surprisingly not the 

case, as seen in meta-xylene isopropylation, even at higher cumene conversion degree. This 

could be explained in by the fact that in the case of DIPB consecutive alkylation is much 

faster (see Chapter 2.3.3) and selective/consecutive alkylation will also influence the 

observed distribution of DIPB isomers. In this case the isomerization step would have to 

additionally compete against the second alkylation reaction. 

 

Interpretation of the reaction temperature effect 

Obviously, both alkylation and isomerization are dependent on the reaction temperature. 

Formally, this is described by the effective activation energy (EA,eff) in the Arrhenius 

correlation between the reaction rate constant and temperature [118]. Depending on which 

reaction step would be more temperature sensitive i.e. higher EA,eff, increase of reaction 

temperature would of course enhance that particular reaction step. 

In the isoproylation of cumene, it can be seen that the isomerization step should be slightly 

more temperature sensitive i.e. EA,eff|isomerization > EA,eff|Alkylation because more of meta-DIPB can 

be obtained at higher reaction temperature (see Figure 4.3a). In the isopropylation of meta-

xylene, it appears that an increase of reaction temperature does not change the product 

distribution of dimethylcumene significantly. Whether the observed selectivity is actually 

influenced by mass transfer effects will be discussed in the next chapters. 

 

 

4.2.2.2 Example 2:  Isobutylation of toluene 

Applying the same procedure to predict isomers distribution of the mono-alkylated product 

in the alkylation reaction of toluene with isobutylene (isobutylene was fed as liquid gas), 

there is a clear indication to Brønsted acidic ionic liquids to obtain para-tert-butyltoluene 

(para-TBT) as the major isomer in the tert-butyltoluene (TBT) products. The relative 

energetic stability of all tert-butyltoluene isomers is shown in Table 4.6. 
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Table 4.6. Estimated relative energy of different tert-butyltoluene (TBT) isomersa.  

TBT isomer Relative Internal Electronic Energy (kJ mol-1)

Metab 0

Ortho 29.3

Para 1.80

a) Estimated using DFT-B3LYP calculation 
)b Reference isomer 

 

 

Using [BMIM][OTf]/trifluoromethanesulfonic acid as the alkylation catalyst, a highly selective 

reaction towards formation of para-TBT was achieved (see Figure 4.14). Moreover, since the 

applied catalyst is known to be isomerization inactive variation of reaction temperature 

between 100 °C to 150 °C did not change the isomers distribution in the TBT products as 

expected. 

 

Figure 4.14. Isobutylation of toluene using Brønsted acidic ionic liquid as catalyst.  
P Tot= 3.2 bar; [BMIM][OTf]/HCF3SO3 = 1/2; Toluene:Acid =30:1 molar; mIsobutylene = 0.22 gr min-1.  
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If the isobutylation reaction is to be carried out using Lewis acidic ionic liquid, one should 

expect a domination of meta-TBT in the mono-alkylated products. In 1964, Olah has shown 

that ultimately a 1.9:1 meta- to para-TBT is obtained in a homogeneous isomerization of TBT 
[119]. Moreover, Serijan also reported a higher selectivity towards meta-TBT in homogeneous 

systems using tert-butylalcohol as alkylating agent [120]. Interestingly, if isobutylene is used as 

the alkylating agent in the presence of acidic chloroaluminate ionic liquids, cationic 

polymerization (repetitive alkylation reaction of isobutylene in acidic environment) [121] was 

preferred by this type of acidic ionic liquid. As a result, formation of solid residue was 

observed as shown in Figure 4.15. 

 
 

 

Figure 4.15. Polimerization product in isobutylene of toluene using Lewis acidic ionic liquid as catalyst.  
 (left) physical appereance of the formed solid material; (right) thermogravimetry analysis of the obtained solid 

products. 
 

To confirm this, thermogravimetry analysis was carried out for the obtained solid mass and 

the result can be seen in Figure 4.15. The relatively smaller peaks A and B denote an 

endothermic process which can be attributed to the evaporation of moisture traces and 

organic solvent residue in the solid residue respectively. A large portion of the sample went 

through an endothermic phase change at temperature around 150 °C (C), which marked a 

kind of melting process of the solid residue. Exothermic peak (D) might be accounted to 

decomposition of the investigated solid material at higher temperature. 
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4.3. Kinetic investigation of Friedel-Crafts alkylation reactions using acidic 

ionic liquids in liquid-liquid biphasic system 

The slight changes in selectivity with temperature variation observed in 4.1.2 and discussed 

further in 4.2.2.1 suggested two possibilities that require further justification: 

1. The activation energies of alkylation steps are actually intrinsically lower than those of 

the isomerization reactions 

2. There is a pronounced mass transfer limitation of one or both reactants into the catalyst 

phase and therefore this influences the alkylation reaction step. 

Unfortunately, no report on kinetic studies has been found so far for such biphasic reaction 

system. This is especially true for liquid-liquid reaction system using acidic chloroaluminate 

ionic liquids. The highly reactive catalyst system combined with the solubility-extraction 

properties between the two phases during the reaction might have been one of the major 

obstacles to carry out such investigation. The next three chapters will be dedicated to 

address this issue in a careful manner where combination of experimental results and 

molecular modeling tools could exquisitely help understanding this phenomenon. This will 

be firstly demonstrated in the isopropylation of cumene and justified furthermore in the 

isopropylation of meta-xylene. All the biphasic system kinetic investigations were carried out 

in semi-batch reaction system. Kinetics parameter fitting as well as the numerical method 

required to solve the corresponding mathematical model are already described in Chapter 

3.7. 

 

4.3.1. Kinetic Investigation on isopropylation of cumene 

The reaction kinetic in the cumene isopropylation (see Scheme 2.1) can be formally 

represented using power law kinetic equations starting from the formation of DIPB (first 

isopropylation step) to the formation of tetraisopropylbenzene (TeIPB). These equations are 

representated in Equation 4.1. For simplicity sake, note that cumene, diisopropylbenzene, 

and triisopropylbenzene were symbolized with A, B, and C respectively in the equation. 
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   (Equation 4.1) 

 

Before proceeding with the kinetic experiments the following assumptions need to be made 

in order to justify Equation 4.1: 

1. Propylene is assumed to reach its saturated concentration in the liquid organic phase 

due to the effectiveness of the gas entrainment stirrer and the applied high mixing rate. 

The four-blade PARR gas entrainment stirrer at high stirring speed e.g. above 1000 RPM 

was applied to achieve this condition. 

 

2. Since propylene is present in excess in the liquid organic phase (in comparison to 

cumene) and is fed continuously, all reactions are assumed to be not limited by 

propylene availability. This was particularly assumed by providing a suitable propylene 

pressure in such manner that the dissolved amount of propylene in the organic liquid 

phase was larger than the amount of the aromatic substance. The required propylene 

pressures for every kinetic experiment at different temperature conditions are displayed 

in Table 4.7. 

 

Table 4.7. Required propylene partial pressure for various reaction temperatures to adjust 20 %-
mol propylene in the organic liquid phase (cyclohexane: cumene = 9:1).  

Temperature Propylene partial pressurea

50 °C 3.6 bar
70 °C 4.7 bar

90 °C 6.3 bar

110 °C 8.5 bar
a) Estimated using ASPEN PLUS simulator using NRTL thermodynamic model. 

3. The amount of cumene is very low in comparison to the solvent so that the propylene 

concentration in the liquid organic phase can be assumed to be constant. To achieve 

this, at least a 9-to-1 molar ratio of solvent e.g. cyclohexane to cumene was used in all 

the kinetic experiments. 
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Mass balance of each aromatic substance in the organic liquid phase for the semi-batch 

system will give a set of ordinary differential equations (Equation 4.2). 

 

r
A Vr

dt

dn ⋅−= 1  ; r
B Vrr

dt

dn ⋅−= )( 21 ; r
C Vrr

dt

dn ⋅−= )( 32  (Equation 4.2) 

 

The mass balance could be further expanded by replacing all the concentration terms with 

molar amounts as function of reaction coordinate (ε) as shown in Equation 4.3. 

 

)()( 10 tntn AA ε−=  

)()()( 210 ttntn BB εε −+=  (Equation 4.3) 

)()()( 320 ttntn CC εε −+=  

 

Substituting all concentration terms in equation 4.2 with the molar changes shown in 

Equation 4.3 will consequently give three ordinary differential equations describing the 

temporal molar changes of the aromatic substances in the liquid organic phase (see Equation 

4.4). These equations were then matched against the observable molar amount – time 

profiles which were collected and analyzed from the liquid organic phase. 
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Table 4.8. Time-molar-amount profiles for cumene isopropylation at 50°C based on analysis of the 
liquid organic phase.a  

Time  

(sec) 

Cumene  

(mol) 

Diisopropyl benzene 

(mol) 

Triisopropylbenzene

(mol) 

Tetraisopropylbenzene 

(mol) 

0 2.64E-01 6.00E-04 0.00E+00 0.00E+00 

90 2.50E-01 2.90E-03 9.00E-04 0.00E+00 

120 2.46E-01 6.18E-03 1.30E-03 2.80E-04 

150 2.43E-01 1.16E-02 1.60E-03 3.66E-04 

240 2.36E-01 1.56E-02 2.20E-03 5.78E-04 

360 2.10E-01 2.16E-02 3.90E-03 1.16E-03 

540 1.80E-01 2.05E-02 8.20E-03 2.80E-03 

a) pTot = 3.6 bar; T = 50 °C; [EMIM]Cl:AlCl3 = 1:2; [Cumene] = 8.3 10-4 mol mL-1; Cumene:Acid = 25:1; 
Solvent = cyclohexane. 

 

 

Figure 4.16. Fitting results for isopropylation of cumene at 50 °C based on organic phase analysis 
(conditions see Table 4.8).  
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A set of cumene isopropylation reactions was then carried out at four reaction temperatures 

namely 50 °C, 70 °C, 90 °C and 110 °C. It was interesting to see that a significant discrepancy 

in the organic phase between the molar amounts of the consumed cumene and the molar 

amounts summed for all alkylated products occurred (see Table 4.8 for example at 50 °C). 

Moreover, if these values were to be fitted directly to the kinetic models shown in Equation 

4.4, noticeable “delay” behavior for each alkylated product profile was observed. 

This will be explained in more detail for the reaction temperature 50 °C in Figure 4.16. The 

shaded area I, II and III represents this discrepancy for DIPB, TIPB and TeIPB respectively. 

This phenomenon can be understand if one considers the fact that some of the formed 

product in the ionic liquid catalyst phase will not immediately diffuse out into the organic 

phase where the reaction was sampled and measured analytically. The relatively long 

contact time between cumene and the catalyst phase during reactor preparation and 

heating considered to have established equilibrium of cumene in both phases. This explains 

why such delay behavior was not observed for cumene. 

Logically, the best way for the kinetic model to be applied in this system is when solubility of 

all relevant aromatic compounds in the ionic liquid phase is also incorporated. This effort 

was carried out using 1H-NMR spectroscopy analysis. Using this method, comparison of 

finger-print signals of the ionic liquid’s cation with those from the isopropyl group of cumene 

and the corresponding alkylated products can be used to determine the solubility of the 

aromatic substance in the ionic liquid phase. 

This method worked flawlessly for the neutral chloroaluminate ionic liquid (see Figure 

4.17b). However, the use of acidic ionic liquid in such measurement proved to be impossible. 

Unfortunately, the acidic ionic liquid started to react with the aromatic substance under 

investigation during the NMR solubility experiment. A typical 1H-NMR spectrum of the ionic 

liquid phase for a cumene/cyclohexane-acidic ionic liquid ([EMIM]Cl/AlCl3= 1/2) system is 

shown in Figure 4.17c (spectrum was taken at 19 °C 30 min after addition of the ionic liquid 

to the organic mixture).  

Remarkably, almost no cumene could be detected in this spectrum as can be seen by the 

missing finger-print peaks of the tertiary carbon of the isopropyl group. Moreover, 

appearance of the single peak at 7.34 ppm indicates benzene formation by cumene 

dealkylation. 
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(a) 

 

(b) 
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(c) 

Figure 4.17. Typical ionic liquid phase 1H NMR of cyclohexane–cumene–ionic liquid system in 
equilibrium at room temperature.  (a) cumene reference, (b) ionic liquid = [EMIM]Cl/AlCl3 = 1/1, (c) 

ionic liquid = [EMIM]Cl/AlCl3 = 1/2. 

 

 

It is noteworthy that the here observed dealkylation of cumene in the acidic chloroaluminate 

ionic liquid in the NMR solubility experiment does not play a significant role in the kinetic 

experiments as the latter are carried out in the presence of excess propylene. 

Ultimately, this result emphasizes the difficulty of solubility measurement in highly reactive 

systems. However, for the modification of the proposed kinetic model, a relative estimation 

of the solubility of all relevant aromatic substances is required. Therefore, the option to 

model the partition coefficient of each aromatic substance using the Conductor-like 

Screening Model for Real Solvent (COSMO-RS) [113] was identified to overcome these 

practical difficulties of solubility measurements in high reactive systems. 
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4.3.2. COSMO-RS application in kinetic experiment of Friedel-Crafts alkylation 

using acidic ionic liquid  

The use of COSMO-RS to predict the solubility of organic substances in chloroaluminate ionic 

liquids - to the best of our knowledge - has not been reported in the literature. Therefore, 

the reliability for the chloroaluminate ionic liquids had to be confirmed in first place. 

To achieve this, it was decided to compare experimental NMR solubility data for neutral, 

non-reactive [EMIM][AlCl4] with COSMO-RS derived partition coefficients for the same ionic 

liquid under the same conditions of the experiment. 

 

Justification of COSMO-RS estimation in neutral chloroaluminate ionic liquids 

To calculate the solubility of the aromatic substance in the neutral ionic liquid phase using 

COSMO-RS simulation two crucial assumptions need to be taken into account, namely: 

1. The modelled ionic liquid phase consist of only [EMIM][AlCl4] species. This is very well 

fulfilled for a [EMIM]Cl/AlCl3 mixture in a 1/1  molar ratio [67].  

2. Cyclohexane, used as organic solvent, is considered to be completely immiscible with the 

ionic liquid phase. This pre-condition can be regarded to be in quite good agreement with 

the experimental reality. 

 

Table 4.9. Comparison of COSMO-RS estimated partition coefficient with experimental results a.  

a)Solvent = cyclohexane; IL = [EMIM]Cl/AlCl3 = 1/1; Organic mixture: IL = 1:1 mass ratio 
b) Si = relative solubility based on individual partition coefficient = Pi/Pj 
cEstimated partition coefficient from COSMO-RS based on the activity coefficient according to 
thermodynamical equilibrium criteria where xi,phase1/xi,phase2 = γi,phase 2/γi,phase 1 

 

 

In Table 4.9, the results of the COSMO-RS modelling is presented. It can be seen that 

COSMO-RS gave only a very crude estimation of the absolute experimental partition 

No. Aromatic XAr,org init 
Experimental Values COSMO-RS Estimation

XAr,org end XAr,IL end Xsolvent,IL end Pi Si
b γAr,org γAr,IL Pi

c Si

1 Cumene 0.502 0.465 0.210 0.089 0.453 1.000 0.090 2.338 0.039 1.000
2 1,3-DIPB 0.502 0.504 0.067 0.073 0.134 0.296 0.035 4.087 0.009 0.223

3 1,3,5-TIPB 0.500 0.511 0.020 0.059 0.039 0.087 0.014 5.731 0.003 0.065
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coefficient values. However, the relative partition coefficient values (Si) given by COSMO-RS 

simulation represented the experimental values remarkably well. This fit between the 

COSMO-RS predicted and the experimentally determined relative partition coefficients of 

cumene, meta-DIPB and 1,3,5-triisopropylbenzene (TIPB) in the neutral [EMIM][AlCl4] ionic 

liquid, justified the next step in our study, namely the COSMO-RS simulation of the relative 

partition coefficients for an acidic, reactive ionic liquid. 

 

 

Figure 4.18. Relative solubility of cumene, DIPB, TIPB and TeIPB in [EMIM][Al2Cl7] vs. cyclohexane as 
calculated at various temperatures using COSMO-RS.Solvent = cyclohexane; Ionic liquid = 

[EMIM][Al2Cl7]. 

 

 

COSMO-RS estimation of partition coefficient in highly acidic ionic liquid 

When trying to estimate the partition coefficient of the aromatic substance in the acidic 

ionic liquid the situation is unfortunately more complex. This is due to the fact that in the 

acidic chloroaluminate ionic liquid, [EMIM]Cl/AlCl3 (molar ratio: 1/2) mixture of multi-anionic 
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species exist at the same time [67] (refer to Equation 2.1). For our COSMO RS simulation it 

was decided to simplify the complex ionic liquid anion mixture and to consider the acidic 

ionic liquid to be pure [EMIM][Al2Cl7]. This simplification appeared acceptable in a 1:2 molar 

ratio of [EMIM]Cl and AlCl3 (as used in the kinetic experiments) that is known to contain 

almost 80 %-mol of [Al2Cl7]- anion and only 20 %-mol of other anionic species [67].  

Figure 4.18 shows the key results of the COSMO-RS calculation. Firstly, it can be seen that an 

increase in the alkylation degree of the aromatic ring drastically decreases the solubility of 

that particular aromatic compound in the acidic ionic liquid. Secondly, our calculations 

indicate that the solubility of each aromatic substance in the acidic ionic liquid phase 

increases only slightly with temperature. The relative solubility (Si) of DIPB, TIPB and TeIPB in 

the acidic ionic liquid phase has been calculated using Equation 4.5.  

 

TeIPBTIPBDIPB

i
i PPP

P
S

++
= ; i = DIPB, TIPB or TeIPB  (Equation 4.5) 

 

Having obtained the relative solubility of each alkylation product, this can be used to correct 

the product analysis taken from the organic phase during the kinetic experiments (see Table 

4.8). The corrected molar amount of each alkylated product at each reaction temperature 

was obtained by proportionally distributing the observed missing molar amount of feedstock 

(cumene) using the relative solubility factors (Si) estimated by COSMO-RS method. The 

corrected molar amount of each substituted product for cumene isopropylation, exemplified 

for a reaction temperature of 50 °C, is given in Table 4.10. 

It is important to mention that in such a fast reacting system, equilibrium conditions 

between organic phase and the ionic liquid phase are very unlikely to be reached. However, 

by implementing the relative solubilities as correction factors one makes reasonable 

estimation namely that the relative driving forces for mass transfer of one specific aromatic 

compound from the reactive phase into the organic phase is proportional with the 

equilibrium distribution of the substance between the ionic liquid and the organic phase. 
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Table 4.10. Time-molar-amount profile for cumene isopropylation at 50°C after introducing COSMO-
RS-estimated correction factor a.  

Time  

(sec) 

Cumene  

(mol) 

Diisopropyl benzene 

(mol) 

Triisopropylbenzene

(mol) 

Tetraisopropylbenzene 

(mol) 

0 2.64E-01 6.00E-04 0.00E+00 0.00E+00 

90 2.50E-01 8.94E-03 3.46E-03 1.50E-03 

120 2.46E-01 1.23E-02 3.90E-03 1.80E-03 

150 2.43E-01 1.61E-02 3.52E-03 1.49E-03 

240 2.36E-01 2.13E-02 4.65E-03 2.01E-03 

360 2.10E-01 3.81E-02 1.09E-02 5.27E-03 

540 1.80E-01 5.19E-02 2.15E-02 1.06E-02 

a) pTot = 3.6 bar; T = 50 °C; [EMIM]Cl:AlCl3 = 1:2; [Cumene] = 8.3 10-4 mol mL-1; Solvent = cyclohexane 

 

By applying the solubility corrected molar values shown in Table 4.10 for the kinetic 

modelling, a much better agreement between experimental data and calculated model 

values was obtained for all reaction temperatures (compare Figure 4.16 with Figure 4.19a).  

Furthermore, the results definitely confirm our hypothesis that product solubility effects in 

the ionic liquid are responsible for the experimentally observed “S”-shaped molar amount –

time profile. 

Table 4.11 lists all the kinetic parameters from the first up to the third alkylation reaction. It 

can be seen that a first order reaction with regards to the aromatic substances is found for 

each alkylation step. Moreover, formal activation energies for each alkylation step were 

determined by plotting the logarithmic value of the observable reaction rate against the 

inverse reaction temperature in Kelvin (see Figure 4.20, page 96). 

Remarkably, relatively low activation energy values were obtained for all alkylation steps. 

This is of course in accordance to the mild temperature dependency of DIPB isomers 

distribution as discussed in Chapter 4.1.3. When trying to compare these activation energies 

with other reported system such as the homogeneous system [42] or the solid acid catalyzed 

alkylation system [45, 46], where activation energies of 40 to 90 kJ mol-1 were reported, it is 

noteworthy to consider that the here reported activation energies incorporate the 

propylene concentration term (pseudo-single component reaction) whereas the latter did 

not. 
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Figure 4.19. Model-fitted results for isopropylation reaction of cumene using corrected datasets based on proportionality factor estimated by COSMO-RS.  [EMIM]Cl/AlCl3 = 
1/2; solvent = cyclohexane; [cumene] = app. 8.3 10−4 mol mL−1; Cat:cumene = 1:25; Clockwise (a) T = 50 ◦C, pTot = 3.6 bar; (b) T = 70 ◦C, pTot = 4.7 bar; (c) T = 90 ◦C, pTot = 6.3 

bar; (d) T = 110 ◦C, pTot = 8.5 bar. 
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Table 4.11. Fitted kinetic parameters for isopropylation of cumene a.  

 Cumene DIPB DIPB TIPB TIPB  TeIPB 

Reaction order 0.99 1.04 1.05 

Reaction rate constant (50 °C) 5.82 10-4 sec -1 1.91 10-3 sec -1 2.68 10-3 sec-1 

Reaction rate constant (70 °C) 8.23 10-4 sec -1 4.65 10-3 sec-1 5.93 10-3 sec-1 

Reaction rate constant (90 °C) 1.71 10-3 sec -1 1.92 10-3 sec-1 3.20 10-3 sec-1 

Reaction rate constant (110 °C) 1.80 10-3 sec -1 3.49 10-3 sec-1 7.72 10-3 sec-1 

a) For reaction condition refer to Figure 4.19 

 

 

Figure 4.20. Calculated effective activation energy (EA,eff) for main, first and second consecutive 
isopropylation reaction of cumene.  

 

Mass transfer effects in the cumene isopropylation reaction 

Further investigations were directed to the question whether mass transfer effects influence 

the kinetic investigation of the cumene isopropylation and responsible for the relatively low 

activation energy.  
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The dimensionless Hatta number (Ha) is the most common variable to compare reaction rate 

against the mass transfer rate (diffusion) of a multiphase homogeneous reaction system [118]. 

The Hatta number for the pseudo first order reaction is defined as follow: 

ILi
ILi

Dk
k

Ha ,
,

1 ⋅⋅=  (Equation 4.5) 

With   ki,IL  = mass transfer coefficient of aromatic component “i” in the ionic liquid phase  
(m s-1) 

 k    =  intrinsic reaction rate constant of pseudo-first order reaction (s-1) 
Di,IL  =  diffusion coefficient of aromatic component “i” into the ionic liquid phase  
(m2 s-1). 

 
A relatively fast reaction rate over diffusion rate is found for large Hatta numbers whereas 

low Hatta numbers suggest that diffusion rate should be fast enough to consider the whole 

reaction system as free of mass transfer limitation. Three different boundary values can be 

defined for the dimensionless Hatta number, namely: 

1. Ha < 0.3. At this condition absolutely no mass transfer limitation occurrs in the observed 

reaction. 

2. 1 < Ha < 3. Hatta number between 1 and 3 denotes a moderately fast reaction that shows 

some mass transfer effects as the value approaching 3. 

3. Ha > 3. In this regime, a very fast reaction takes place within the reaction medium and 

therefore a pronounced mass transfer influence on all observable reaction parameters is 

expected.  

To be able to calculate/estimate the observable Hatta number for the previous kinetic 

experiments, the intrinsic reaction rate of each alkylation step, the diffusion coefficient 

values and the mass transfer coefficients of cumene, DIPB, TIPB and TeIPB into the ionic 

liquid phase need to be determined. 

 

Determining the intrinsic reaction rate constant 

To determine the intrinsic reaction rate constant, additional experiments with highly diluted 

organic and catalyst phases were carried out at 90 °C. By varying the stirring rate of the gas 

entrainment stirrer (see Figure 4.21) it could be demonstrated that the reaction rates (i.e. 

the cumene depletion rate) in these highly diluted systems are independent on stirring rate 
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for stirring rates greater than 800 rpm. Consequently, reaction rate constants determined 

under these conditions can be interpreted as the intrinsic reaction rates that are not 

influenced by any mass transfer influence. The following intrinsic reaction rate constants 

were determined in this way: Isopropylation of cumene: 1.32 10-3 s-1, isopropylation of 

diisopropylbenzene: 2.01 10-3 s-1 and isopropylation of triisopropylbenzene: 2.17 10-3 s-1. 

 

 

Figure 4.21. Cumene conversion in strongly diluted reaction systems at various stirring rates. pTot = 
6.3 bar; T = 90°C; [EMIM]Cl/AlCl3 = 1/2; Cat: Cumene = 1:50 ; [Cumene] = 8.3 10-4 mol mL-1; solvent = 

cyclohexane. 

 

Determining the diffusion coefficient of aromatic substances 

Diffusion coefficients of cumene, DIPB, TIPB in the acidic ionic were determined using NMR-

Diffusion Ordered Spectroscopy (DOSY). For this case, due to the inevitable reaction of the 

aromatic substance in the acidic ionic liquid phase, the DOSY measurements had to be 

performed again for the neutral ionic liquid ([EMIM]Cl/AlCl3=1:1). 
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Figure 4.22 shows the diffusion coefficient of cumene, meta-DIPB and 1,3,5-TIPB in the 

neutral chloroaluminate ionic liquid as a function of temperature (with ED being the 

activation energy of diffusion and Do being the maximum diffusion coefficient). Diffusion 

activation energy (ED) of 13.9 kJ mol-1, 22.1 kJ mol-1 and 26.2 kJ mol-1 are found for cumene, 

DIPB and TIPB respectively. Using this Arrhenius-like correlation, diffusion coefficients of the 

aromatic components were calculated for the relevant temperature of 90 °C. Calculated 

diffusion coefficients for cumene, DIPB and TIPB in the ionic liquid phase are 6.1 10-10 m2 s-1, 

3.8 10-10 m2 s-1 and 4.0 10-10 m2 s-1   respectively. 

 

 

Figure 4.22. Molecular diffusion coefficient of cumene, DIPB and TIPB in chloroaluminate ionic liquid.  
[EMIM]Cl/AlCl3

 = 1/1; measurement conditions see Chapter 3.6). 

 

Determining the mass transfer coefficient of aromatic substances 

The mass transfer constant (ki,IL) is related to the diffusion coefficient and is strongly 

dependent on the ionic liquid’s droplet size in the biphasic system reaction. The latter results 

from a complex interplay of reactor configuration (i.e. stirrer type and dimensions, reactor 

geometry etc.) and physicochemical properties of the ionic liquid itself (i.e. surface tension 
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under reaction conditions). Newman correlation [122] as shown in Equation 4.6 provides an 

estimation for ki,IL assuming that there is no convective flow inside the ionic liquid droplets. 

 
32

,
, 58.6

d

D
k ILi

ILi =   (Equation 4.6) 

The mean sauter diameter (d32) of a highly dispersed medium can be estimated using the 

empiric correlation of Shinnar [123] (Equation 4.7).  

6.0
max,32 15.0 −⋅⋅= WeDd stirrer  (Equation. 4.7) 

with  d32,max  = maximum Sauter diameter (mm) 
Dstirrer  = stirrer diameter (mm) 

 We   = Stirrer’s Weber number = 
interface

32

γ
ρ stirrersolvent DN ⋅⋅

  

 ρsolvent   = dispersant’s density (kg m-3) 
 N   = stirring rate (rps) 
 γinterface  = interfacial tension between dispersant (cyclohexane) and dispersed       

substances (ionic liquid) = |γsolvent-γIL| (Nm-1) 
 

Property values for cyclohexane were obtained from Perry’s chemical engineering handbook 
[124]. The surface tension of the chloroaluminate ionic liquid was taken from a publication by 

Tong et al. [125]. With these data, the calculated Sauter diameter according to Equation 4.7 is 

in the range of 140 - 170 μm. Entering this value into Equation 4.6, one obtains mass transfer 

coefficients (ki,IL) of 2.37 10-5 m sec-1, 1.55 10-5 m sec-1 and 1.50 10-5 m sec-1 for cumene, DIPB 

and TIPB respectively. The Hatta number calculated in this way for the conversion of cumene 

to diisopropylbenzene is found to be 0.03 to 0.05 for all alkylation steps showing that the 

reaction rate is definitely not limited by mass transfer into the ionic liquid phase.  

Consequently, the observed, relatively low activation energy of the isopropylation reactions 

can not be attributed to mass transfer influences on the observable reaction rate. A 

convincing explanation for the low formal activation energy arises from the fact that the 

temperature dependency of propylene solubility in the ionic liquid phase is included in the 

EA,eff value in this case. Despite that propylene pressure was adjusted to provide excess 

propylene in a constant concentration over all temperatures in the organic layer, 

temperature dependent propylene concentration in the ionic liquid would have a strong 

influence on the reaction rate (in this model on the reaction rate coefficients ki
´). Former 
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work by Eichmann [126] demonstrated that the propylene solubility in chloroaluminate ionic 

liquids increased with decreasing temperatures and this effect was used in a similar 

argument to explain the observed negative activation energies found for the Ni-catalyzed 

dimerization of propylene in slightly acidic chloroaluminate ionic liquids. 

 

4.3.3. Kinetic Investigation on isopropylation of meta-xylene  

In order to confirm the reproducibility and the universality of the proposed COSMO-RS aided 

kinetic investigation, similar kinetic experiments were carried out for the meta-xylene 

isopropylation reaction (reaction network see Scheme 2.3). The kinetic investigation for this 

reaction system was carried out in the temperature range between 50 and 90 °C with 

otherwise the same criterias and assumptions. 

 

 

Figure 4.23. Relative solubility of meta-xylene, DMC and DMIC in [EMIM][Al2Cl7] vs. cyclohexane as 
calculated at various temperatures using COSMO-RS.  Solvent = cyclohexane; Ionic liquid = 

[EMIM][Al2Cl7]. 
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 A very similar relative solubility trend of the aromatic substances in the ionic liquid phase 

was estimated using COSMO-RS and is shown in Figure 4.23. Comparison of data fitting 

before and after the COSMO-RS derived correction factors have been applied and this is 

exemplified in Figure 4.24 for reaction temperature of 50 °C. It is clear this Figure that the 

same approach that was applied in the kinetic investigation of cumene isopropylation was 

also successful for the meta-xylene isopropylation system. The complete kinetic parameters 

of the reaction after introducing the correction factors are listed in Table 4.12. 

 

 

Figure 4.24. Model-fitted results for isopropylation reaction of meta-xylene using corrected molar 
amount based on proportionality factor estimated by COSMO-RS.  [EMIM]Cl/AlCl3 = 1/2; solvent = 
cyclohexane; [meta-xylene] = app. 8.3  10−4 mol mL−1; Cat:xylene = 1:25; T = 50 ◦C, pTot = 3.6 bar. 

 

Again, the observed effective activation energy was relatively small both for the first and the 

second alkylation reaction. This can be interpreted similarly to the cumene isopropylation 

case. Decreasing propylene solubility in the ionic liquid phase with increasing temperature is 

obviously responsible for the observed reaction rate constants. 
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One alternative approach to investigate the kinetics of the alkylation reaction in the acidic 

ionic liquid without the influence of propylene transport into the catalyst phase is to analyze 

it using the Supported Ionic Liquid Phase (SILP) technology. In the SILP system it is expected 

that any transports effect can be neglected and the intrinsic kinetics are observed. 

 

Table 4.12. Fitted kinetic parameters for isopropylation of meta-xylene a.  

 
Meta-xylene Isopropyl meta-

xylene 
Isopropyl meta-xylene 
Diisopropyl meta-xylene 

Reaction order 0.90 0.99 

Reaction rate constant (50 °C) 1.34 10-3 sec -1  7.75 10-4 sec -1 

Reaction rate constant (90 °C) 2.33 10-3 sec -1 1.02 10-3 sec-1 

Reaction rate constant (110 °C) 2.04 10-3 sec -1 1.83 10-3 sec-1 

EA,eff 9.0 kJ mol-1 14.3 kJ mol-1 

a) [meta-xylene] = 8.3 10-4 mol mL-1; [EMIM]Cl:AlCl3 = 1:2; solvent = cyclohexane; pTot = 3.6, 6.3 and 8.5 
bar for 50, 90 and 110°C respectively; Relative solubility in ionic liquid = 0.67:0.33 for IMX and DIMX 
respectively 
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4.4. Development of Supported Acidic Ionic Liquid Phase (SILP) catalyst 

materials for slurry phase alkylations 

As discussed in the last section of Chapter 2, the main idea of a Supported Ionic Liquid Phase 

(SILP) catalyst is to distribute ionic liquid on a large surface area of a porous support 

material. Two main advantages can be associated with the SILP concept. The first one is 

introduction of high surface to volume ratio compared to a conventional biphasic system. In 

the latter, the bulk catalyst phase is not utilized efficiently for fast reactions unless high 

energy input by stirring is introduced. In SILP materials such conditions can be avoided and 

therefore ionic liquid utilization degree is increased. The second benefit in the SILP concept 

is the adjustable amount of ionic liquid on the support’s surface. For a thin ionic liquid layer, 

reaction limitation by diffusion into ionic liquid layer can be avoided. 

SILP-like materials introduced by Hölderich [105, 106] were named Novel Lewis Acid Catalyst 

(NLAC). One key difference of the NLAC with the here proposed acidic SILP system is: in 

NLAC the acidic catalyst is chemically grafted on the support. On the other hand, the active 

catalyst phase is retained as a liquid phase by physisorption in acidic SILP system. 

In this chapter, the development of the acidic SILP material will be discussed in order to 

obtain stable catalytic materials with comparable catalytic properties to the liquid-liquid 

biphasic system. Decrease in catalyst leaching, well defined SILP acidity and the SILP 

recyclability are some important aspects that will be covered. The developed SILP materials 

will be first applied in liquid slurry systems followed by tests in the gas phase alkylations. 

 

4.4.1. Comparison between the acidic SILP slurry system and acidic ionic 

liquids in liquid-liquid biphasic systems 

The SILP catalyst materials investigated in the slurry reaction system were prepared as 

described in Chapter 3.2.2. A selection of solid support materials were used for the 

preparation of the acidic SILP catalysts. Most of these materials were silica gel based and 

aluminium oxide based. Adsorption data and pore volume information of the applied 

support materials are listed in Table 4.13. The surface characterization results are crucial 
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since it will determine important acidic SILP parameters (e.g. ionic liquid loading and total 

acidic content) and later on be used to interpret the acidic SILP catalytic performance. 

 

Table 4.13. Surface properties of support materials for acidic SILP catalyst.  

Support BET (m2/gr) 
Pore Diameter

(nm) 
Pore Volume

(mL/gr) 
Specific Surface Area 

(m2/m3) 
Pural TH100 131 - 0,8483 1,548E+08 
Pural TH60 206 - 0,6912 2,976E+08 
SiO2-100 335 10,00 0,9659 3,468E+08 
SiO2-60 445 6,00 0,5765 7,719E+08 
SiO2-30 469 3,00 0,362 1,296E+09 

All support materials were calcinated prior to use at 400 and 550 °C for silica based and Pural based 
respectively 

 

For test in the isopropylation reaction of cumene, a Lewis acidic ionic liquid was applied i.e. 

[EMIM]Cl/AlCl3. 1-Hexyl-3-methylimidazolium triflate ([HMIM][OTf]) 

/Trifluoromethanesulfonic acidic ionic liquid was used representing strong Brønsted acidity 

for a test in the isobutylation reaction of toluene. All experiments were carried out in a semi-

batch reactor set-up. The results are shown in Table 4.14. 

 

Table 4.14. Comparison of liquid-liquid biphasic and SILP-slurry alkylation system.  

Test Reaction  Catalyst c Reaction time d  or 
Conversion e  

Alkylation product  
(%-mol) 

Smonoalyklate 
(%-mol) 

mono double triple meta ortho para

Cumene 
Isopropylation a 

IL1 17 minutes 54 44 2 60 1 39 

IL1/support 5 minutes 56 41 3 44 4 52 

Toluene 
Isobutylation b 

IL2 56 % -mol 99 1 0 15 1 84 

IL2/support 79 %-mol 98 2 0 10 1 89 
a) Propylene dosed as gas; T = 150°C; pTot = 7 bar; Solvent = cyclohexane; [cumene] = 3.8 10-3 mol mL-

1; Cumene: catalyst = 36 : 1. 
b) Isobutylene dosed as liquid gas; T = 130 °C; pTot = 3.1 bar; Solvent = cyclohexane; [toluene] = 9.4 10-3 
mol mL-1; Toluene:catalyst = 28:1; mIsobutylene = 0.22 gr min-1. 
c) IL1 = [EMIM]Cl/AlCl3 (1/2); IL2 = [HMIM][OTf]/HCF3SO3(1/2); Support = SiO2-100. 
d) Reaction time = time required to achieve 85 %-mol cumene conversion; Conversion = toluene 
conversion reached at approximately the same reaction time of 210 minutes. 
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(a) 

 

(b) 

Figure 4.25. Difference in isomers distribution of the monoalkylated product stream (see Table 4.14 
for conditions).  (a) Lewis acidic system in cumene isopropylation (b) Brønsted acidic system in 

toluene isobutylation. 
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It is very interesting to see that for both reaction systems significantly enhanced reaction 

rates were observed using SILP catalysts. This effect can be directly attributed to the 

appreciably larger surface to volume ratio of the applied SILP catalyst. Moreover, 

immobilization of the acidic ionic liquid as SILP catalyst had shown to be able to suppress 

catalyst leaching into the organic phase. This is also expected as one could imagine that in 

the SILP system the acidic ionic liquids are retained by capillary force of the support’s pore 

network and are practically “caged” in the pores.  

While the overall alkylation products distribution for both isopropylation and isobutylation 

reactions changed insignificantly for both SILP-slurry and biphasic systems, there was a 

distinct difference in the selectivity of the DIPB products (see Figure 4.25a). Despite the fact 

that the same acidic chloroaluminate ionic liquid was used in both SILP-slurry and biphasic 

systems, para-DIPB was formed preferrably in SILP system. Meta-DIPB, on the other hand, 

was predominantly observed in the liquid biphasic mode. This result suggests that there was 

a modification of Lewis acidic ionic liquid during the SILP preparation. The fact that para-

DIPB dominated the DIPB product spectrum with negligible amount of ortho-DIPB indicates 

that a part of the Lewis acidic species in the SILP material has been transformed into 

Brønsted acidic species in the preparation. The latter are known to be inactive in DIPB 

isomerization (refer to discussion In Chapter 4.2).  

The observed transformation of the Lewis acidic species could be caused by two factors. The 

first factor is the reaction of acidic chloroaluminate anionic species e.g. [Al2Cl7]- and [Al3Cl10]- 

with physisorbed-water on the support’s surface (this is however less likely after calcination 

of the support materials). The second possible factor is the acidic ionic liquid reaction with 

the surface hydroxyl (OH-) groups of the support materials. Such undefined reaction of the 

catalytic anionic species with the support’s surface leads to an undefined SILP catalyst acidity 

and thus the product selectivity that would vary from one SILP preparation to another. 

 

4.4.2. Development and characterization of highly defined acidic SILP catalyst 

for slurry phase Friedel-Crafts alkylation reaction 

Obviously, catalyst-surface interaction in the acidic SILP systems need to be eliminated in 

order to have a well defined acidity i.e. catalytic properties. The following section will be 
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dedicated to cover various efforts to suppress such interaction. This was carried out in the 

SILP-slurry phase isomerization of non-equilibrium DIPB mixture in batch mode using Lewis 

acidic SILP (see Chapter 3.3 for details). The DIPB mixture contains 30 %-mol meta-DIPB, 15 

%-mol ortho-DIPB and 55 %-mol para-DIPB. Lewis acidic SILP catalysts were chosen due to 

their activity in both alkylation and isomerization reactions. Moreover, any loss in Lewis 

acidity will be directly marked by the decrease in isomerization activity and thus a less 

significant change of the DIPB composition. 

The acidic SILP catalyst development will be considered successful if the prepared SILP 

material could achieve the suggested DIPB equilibrium composition by ASPENPLUS® 12 (70 

%-mol meta-DIPB and 30 %mol para-DIPB) or as observed by Olah [117]. 

 

Ionic liquid loading and support variations 

The first approach to deal with the loss of acidity towards the solid support was to increase 

the amount of acidic ionic liquid layer immobilized on the support. In this way, the amount 

of “free”, acidic anions [Al2Cl7]- and [Al3Cl10]- is increased in the system as only the first layer 

of acidic ionic liquid should react with the basic surface sites of the support. 

 

Table 4.15. Isomerization results of non-equilibrium DIPB isomers mixture for various SILP a.  

Ionic Liquid Loading (α) 

α = Volume IL / Total Pore Volume 

SiO2 support materials 

φpore
b) = 10 nm φpore

b) = 6 nm φpore
b) = 3 nm 

0.1 32 : 12 : 56 31 : 14 : 55 31 : 14 : 55 

0.2 47 : 1 : 52 32 : 13 : 55 36 : 9 : 55 

0.3 56 : 0 : 44 50 : 1 : 49 35 : 10 : 55 

Liquid c) 65 : 0 : 35 

0.1T d) 60 : 0 : 40 

a) Treact = 150 °C; Solvent = Decalin; [EMIM]Cl:AlCl3 = 1 : 2; Organic : Acid = 10 :1;Reaction time = 90 
min; Starting DIPB feedstock composition (meta : ortho : para) = 30 : 15 : 55. Figures given above 
represent meta-, ortho- and para- DIPB mole fraction at the end of experiments  
b) Nominal mean pore diameter as supplied by provider. SiO2-100, SiO2-60 and SiO2-30 corresponds to 
nominal φpore of 10, 6 and 3 nm respectively  
c) Liquid-liquid biphasic isomerization without SiO2. All reaction conditions are identical with SILP 
experiments. 
 d) SILP catalyst using pretreated SiO2 (φpore = 10 nm) support. IL loading (α) = 0.1 
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Table 4.15 shows the results of these isomerization experiments using SILP slurry systems of 

different ionic liquid loadings corresponding to 10 – 30 % (α = 0.1 - 0.3) of theoretical pore 

volume filling. Moreover, three different silica supports have been selected to study at the 

same time the effect of mean pore diameter and BET-surface of the support on the catalytic 

activity (and thus on the overall acidity) of the SILP systems. Interestingly, the results 

indicate the existence of a critical loading value (αcritical) of the acidic ionic liquid on the 

support which is required to observe any isomerization activity at all (for SiO2-100 α>0.1, for 

SiO2-60 α>0.2, for SiO2-30 α>>0.3). This finding strongly supports the idea of a kind of 

neutralization reaction between the basic surface sites of the support and the contact layer 

of the ionic liquid on the support. Consequently, the value of αcritical was found to increase 

with increasing BET surface area of the support (see Table 4.15). With ionic liquid loading 

above αcritical isomerization activity of the SILP-slurry system was indeed observed with 

increasing share of meta-DIPB and consumption of ortho-DIPB towards the thermodynamic 

distribution. However, even the SILP system with the highest loading of ionic liquids and the 

smallest surface area failed to reach the acidity of the liquid-liquid biphasic system as can be 

seen from the corresponding comparison result in Table 4.15. 

 

 

Figure 4.26. Leaching rate of acidic SILP system at different loading (α) values.  T= 150 °C; Solvent = 
decaline; [EMIM]Cl/AlCl3 =1 /2; Organic : Acid = 10 : 1; Support = SiO2-100; Reaction time = 90 min. 
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Attempts to enhance the SILP material’s acidity by further increase in ionic liquid loading 

were found to be unreasonable for two distinct reasons:  

1. ICP-AES analyzes of the organic product clearly indicated that the amount of Al-leaching 

from the SILP material in slurry phase reactions was a strong function of the ionic liquid 

loading with unacceptably high leaching being observed at ionic liquid loadings (α) 

greater than 0.2 (see Figure 4.26). 

2. With ionic liquid loadings α ≥ 0.4 the SILP materials became a moist catalyst mass rather 

than a dry powder which resulted in difficult handling of the material.  

Taking all these aspects into account it can be concluded that the acidity of SILP materials 

can be increased by higher ionic liquid loadings but increasing leaching and handling 

problems limit this approach at least for potential technical application scenarios. 

Furthermore, it is very important to be mentioned at this point that the observed critical 

loading value (αcritical) is not only surface specific but also material specific. Figure 4.27 

exemplified this case when using the aluminium oxide-based SILP material.  

 

 

Figure 4.27. Isomerization activity of acidic SILP  catalyst using different support materials.  T= 150 °C; 
Solvent = decaline; [EMIM]Cl/AlCl3 =1 /2; Organic : Acid = 10 : 1; IL loading (α)= 0.2. 
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One can see from the Figure that for a constant ionic liquid loading (α) value and a 

comparable specific surface area to SiO2-100, the Pural-TH60-based SILP does not show 

isomerization activity. Further reducing of the aluminium oxide specific area (Pural-TH100) is 

required before isomerization activity can be observed.  

 

Chemical pretreatment of support material 

Since physical treatment of the support material during the preparation of SILP proved to be 

unable to effectively avoid catalyst to support’s surface interaction, alternative SILP 

preparation routes to avoid all support – anion interactions would be very attractive.  

To avoid the introduction of an additional chemical to the system, it was decided to perform 

the chemical pre-treatment procedure with exactly the same ionic liquid as later used for the 

acidic SILP preparation. The applied pre-treatment procedure is schematically shown in 

Figure 4.28.  

 

 

 

Figure 4.28. Schematic representation of support pre-treatment process post-calcination of SiO2.  (1) 
Fresh calcined SiO2 containing basic surface hydroxyl group; (2) Loading of support’s surface with 

acidic chloroaluminate ionic liquids; (3) Washing of excess and un-reacted acidic species with fresh 
non-reacting solvent (CH2Cl2); (4) Evacuation of wash solvent residue giving an interacting-free 

support surface ready for acidic ionic liquid immobilization; (5) Reutilization of pre-treated support 
for a more defined SILP acidity. 
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The pre-calcined support (Figure 4.28, step 1) was immersed into a solution of 

[EMIM]Cl/AlCl3 = 1:2 (excess with respect to number of basic surface sites as estimated from 

the αcritical values of earlier experiments) in CH2Cl2. Dichloromethane was applied to reduce 

the ionic liquid’s viscosity to allow quicker penetration of the ionic liquid into the pores of 

the support. This step was carried out under rigorous stirring for two hours in an ice bath 

(see Figure 4.28, step 2). After reaction of the ionic liquid’s acidic anions with the basic 

surface sites the excess of the acidic ionic liquid was removed with a large excess of 

continuously flowing fresh CH2Cl2. The washing process was continued to a point where no 

aluminium oxide precipitation was observed during addition of distilled water to a sample of 

the washing solution. After the washing process dichloromethane was recovered from the 

washing solution by simple evaporation. 

 

 

Figure 4.29. Temperature programmed desorption (TPD) of ammonia from calcined SiO2 (calcination 
at 370 °C for 24 hrs) and the same support after pre-treatment with the acidic chloroaluminate ionic 

liquid.  
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The modification of the support material during this chemical pre-treatment was monitored 

by Temperature Programmed Desorption (TPD) of ammonia. The measurements were 

carried out for both the calcined SiO2 and the chemically pre-treated support material (see 

Figure 4.29). The first ammonia desorption peak of the calcined silica between 50 and 120 °C 

can be attributed to the presence of surface hydroxyl group [127]. Obviously, these surface Si-

OH groups are completely removed during the chemical pre-treatment process as this 

desorption peak is not found for the pre-treated sample. Instead, a broader peak appears at 

higher desorption temperature that can be linked to the fact that the support is significantly 

more acidic after the pre-treatment (thus more thermal energy is needed to desorb the 

ammonia). 

Furthermore, the BET surface, total pore volume and mean pore diameter have been 

determined for the chemically pre-treated support and the values were compared to those 

for the calcined starting material and for a SILP-material with an ionic liquid loading of α=0.1 

(Table 4.16). These data indicate that the chemically pre-treated support is somewhat in-

between the calcined started material and the SILP materials with the loading α=0.1 

 

Table 4.16. Surface analysis of SiO2 before and after pre-treatment.  

Material 
Total Pore Volume 

cm3 gr-1 

BET surface area

m2 gr-1 

Calculated Mean Pore Diameter (φcalc) 
a 

nm 

Calcined SiO2 0.966 335 11.5 

SILP (α = 0.1) 0.636 222 11.5 

Pre-treated SiO2 0.764 280 11.0 

a) Calculated mean pore diameter φcalc = 4 x Total Pore Volume / BET area 

 

Before applying the chemically pre-treated supports to prepare SILP catalysts, a benchmark 

run was performed between the pre-treated supports with an active acidic SILP (α = 0.2) on 

calcined SiO2 in the same isomerization experiment of diisopropylbenzenes as described in 

the previous chapter. It can be seen from Figure 4.30 that the chemically pre-treated 

support alone clearly behaved like an inert material and no isomerization reaction took 

place. In contrast, when the pre-treated support was used to prepare SILP material of α = 

0.1, the SILP catalyst showed a very attractive catalytic activity and transformed a mixture of 
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55 % para-DIPB, 14 % ortho-DIPB and 31 % meta-DIBP to a mixture of 40 % para-DIPB and 60 

% meta-DIPB with practically no ortho-DIPB within 90 minutes. This is very close to the 

selectivity of the liquid-liquid biphasic system with the same reaction time (para-DIPB/meta-

DIPB= 35:65, see Table 4.15). It is also noteworthy that the results of the isomerization 

experiments were indeed very well reproducible using the SILP catalyst materials based on 

the chemically pre-treated support.  

 

 

Figure 4.30. Comparison of pre-treated support material with active SILP catalyst in the isomerization 
of a non-equilibrium DIPB isomer mixture. T= 150 °C; Solvent = Decalin; Organic : Acid = 10 : 1. 

 

The advantage of applying SILP materials prepared with the chemically pre-treated support 

is even more pronounced with regard to the leaching rate of the acidic species into the 

organic phase. At a comparable isomerization activity (which is given for a SILP system on 

calcined SiO2 with α = 0.3 and for a SILP system on chemically pre-treated support with α = 
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0.1, see also data in Table 4.15) aluminium leaching in the liquid slurry system is reduced 

from 5.8 %-wt (calcined support) to 2.0 %-wt (chemically pre-treated support). 

 

Recycling process of the pretreated SILP catalyst 

The experiments described so far have demonstrated that the pre-treatment of the support 

leads to catalysts of higher acidity and lower aluminium leaching (especially when compared 

with the simple impregnation method of calcined support material). Since the here 

suggested support pretreatment also represents an extra step in catalyst preparation, the 

recyclability of the prepared systems becomes even more an issue of practical relevance. 

Therefore, recycling experiments of SILP systems based on the isopropylation of cumene 

were carried out.  

 

Figure 4.31. Recycling experiment in isopropylation of cumene using [EMIM]Cl / AlCl3= 1/2 on 
pretreated SiO2 as slurry SILP system. IL loading (α)= 0.2. p = 7 bar; T = 150°C; τR = app. 3.5 min; 

solvent = cylclohexane; [cumene]= 3.8 10-3 mol mL-1; cumene: catalyst per batch = app. 36:1 
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After each recycling experiment, the SILP catalyst was isolated from the reaction products by 

simple decantation after 30 minutes settling time at ambient conditions. The residual SILP 

catalyst in the autoclave was loaded again with cumene and solvent. It is important to note 

that during the decantation process strictly inert conditions could not be realized for 

practical reasons of our set-up. The result of these experiments is shown Figure 4.31. 

Only minor changes were observed in the total cumene conversion over the three recycling 

runs. Moreover conversion of up to 84% of cumene in only 3.5 min reaction time was still 

possible even after the catalyst was recycled for three consecutive times. While catalytic 

activity stayed almost constant over recycling, selectivity to meta-DIPB decreased from run 

to run indicating a change in the nature of acidic species in the SILP system. This observation 

becomes understandable in the light of the short air contact of the SILP-material during 

recycling that leads to increasing contamination of the SILP catalyst with moisture from air 

from run to run. Another source of small amounts of moisture is water in the applied 

cumene (which was approx. 80 ppm in the recycling experiments). Both, moisture contact 

during recycling and moisture in the cumene, lead to the transformation of Lewis-acidic 

anions to acidic protons combined with a change in selectivity. 
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4.5. Gas phase Friedel-Crafts alkylation reactions using acidic SILP catalysts 

The use of acidic Supported Ionic Liquid Phase (SILP) catalyst has proven so far to be a very 

suitable alternative to effectively overcome practical limitations encountered in the liquid-

liquid biphasic system i.e. mass transfer influences and catalyst leaching. By further pre-

treatment of the applied support materials, a similar and comparable behavior between the 

biphasic system and the SILP catalyst could be obtained. Nevertheless, application of the 

here developed acidic SILP system in slurry reaction system is still affected by potential 

catalyst leaching problems over longer reaction time periods. Although this was appreciably 

low for the Lewis acidic SILP (see discussion in 4.4.2 recycling experiment) a more 

pronounced effect was observed for the Brønsted acidic SILP catalyst e.g. 

[HMIM][OTf]/Trifluoromethanesulfonic acid as observed in the SILP recycling experiment in 

isobutylation of toluene (see Figure 4.32). The more severe leaching might be caused by the 

appreciably higher solubility of the trifluoromethanesulfonic acid in the organic phase. 

 

 

Figure 4.32. Recycling experiment in toluene isobutylation using [BMIM][OTf] / HCF3SO3 = 1/1 on 
calcined SiO2 as slurry SILP system. IL loading (α)= 0.2. p = 3.2 bar; T = 130°C; τR = app. 300 min; 

[toluene] = 9.4 10-3 mol mL-1; solvent = decaline; toluene: catalyst per batch = app. 58:1 
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An alternative that completely eliminates the problem of catalyst leaching is to apply the 

acidic SILP material in a continuous gas phase reaction. In the gas-phase alkylation reaction 

system it is expected that the dissolved acidic substance will be effectively retained even at 

elevated temperature whereas the formed, less miscible alkylated product will be 

evaporated from the catalyst. In this way, a continuous and stable process could be realized. 

In the following chapters, application of acidic chloroaluminate ionic liquid as well as mixture 

of [HMIM][OTf]/Trifluoromethanesulfonic acid will be further expanded to gas phase 

alkylations in a gas –SILP contact.  

 

 

Figure 4.33. Experimental setup for studying sublimation rate of the acidic SILP catalyst material.  

 

4.5.1. Stability investigation of the acidic SILP catalyst systems 

Since both acidic substances to be used in the continuous process are quite corrosive, it is 

very important to know how the acidic SILP behaves at higher temperature with regard to 

the release of the acidic substance from the catalyst into the gas phase.To observe this, 

experimental set-up as shown in Figure 4.33 is used. 
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A certain amount of the acidic SILP material is placed in a round bottom schlenk flask. The 

flask is placed in an oil bath and heated up to 150 °C. Once the desired temperature is 

reached, 200 mL/min helium is set to flow through the solid catalyst material. Note that 

ambient pressure condition is applied for all experiments. The gas outlet stream is directed 

into a distilled water column with glass pearl packing and the pH change of the aqueous 

solution is monitored continuously. Should any of the acidic substance be carried into the 

gas stream, a change in pH value should be directly observed according to the reaction in 

Equation 4.8. 

 𝐁𝐫ø𝐧𝐬𝐭𝐞𝐝 𝐚𝐜𝐢𝐝 ∶ HCF SO + H O → H O + CF SO                               𝐋𝐞𝐰𝐢𝐬 𝐚𝐜𝐢𝐝 ∶ AlCl + 3H O → 3H +  3Cl + Al(OH)   (Equation 4.8) 

 

Later on, the amount of the corresponding acidic substance can be recalculated based on 

the observed pH change. The results of these experiments are summarized in Table 4.17.  

 

Table 4.17. Sublimation stability of various acidic SILP catalyst materials a.  

Catalyst Cat Amount Temp pH initial pH end time %acid/dt %acid
[-] Gr °C [-] [-] hr %acid/min % mol
Chloroaluminate SILP b 10 150 5.65 3.29 1 0.112% 6.73%
Chloroaluminate SILP c 10 150 5.76 1.78 2 0.032% 3.86%
Brønsted acidic SILP d 10 100 5.65 3.29 2.5 0.003% 0.43%

a) Carrier gas = Helium; Gas flowrates = 250 mL min-1; Wash solution = 50 mL. 
b) Support = pretreated SiO2-100; [EMIM]Cl/AlCl3 = 1/2; IL loading (α) = 0.2. 
c) Support = calcined SiO2-100; [EMIM]Cl/AlCl3 = 1/2; IL loading (α) = 0.2. 
d) Support = calcined SiO2-100; [BMIM][OTf]/HCF3SO3 = 1/2; IL loading (α) = 0.2. 
 
 

Only a very small amount of trifluoromethanesulfonic acid was found in the gas phase during 

2.5 hours observation with a rate loss of 1.2 10-5 mol min-1. Compared to the 

trifluoromethanesulfonic acid system, the acidic chloroaluminate system showed a larger 

tendency of acid sublimation at the investigated temperature. Moreover, SILP material using 

the pretreated support material as described in Chapter 4.4.2 released a higher amount of 

aluminium chloride in the gas phase. This can also be understood in the sense that at the 

same ionic liquid loading (α) value, larger amount of “free” aluminium (III) chloride exists on 
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the surface of the catalyst for the pretreated system. This leads to larger probability to loose 

the acidic substance into the gas phase.  

Despite the fact that a certain amount of acidic substance was found in the gas phase at 150 

°C, it is very important to remember that all the results in Table 4.17 were obtained under 

normal / ambient pressure condition. The figures in Table 4.17 should be lowered 

significantly when pressure is applied to the system which is relevant to the process and 

experimental conditions in the continuous rig. 

 

4.5.2. The importance of pretreated supports for SILP gas phase alkylations 

The use of immobilized acidic ionic liquid in a gas phase alkylation of benzene and dodecene 

has been demonstrated by Hölderich in 2000 [105]. However, only very low conversion (up to 

3%-mol) was observed. These authors attributed this behavior to the strong adsorption of 

the reactant that blocked the active catalytic center and water traces of the applied 

experimental setup. Such a low activity of the acidic SILP was also observed if calcined silica 

gel (SiO2-100) was used as support material in gas phase cumene isopropylation experiments 

despite all measures to work under inert atmosphere (see Table 4.18).  

 

Table 4.18. Effect of SILP pretreatments in continuous gas phase cumene isopropylation a.  

Treatment  

Cat 
Amount 

Cumene Conversion 
(%-mol) 

Product Selectivity 
(%-mol) 

DIPB Product 
Distribution 

(%-mol) 

gr Start 10 hrs DIPB TIPB TeIPB meta ortho par
a

Calcinated 20 < 1 <1 - - - - - -

Silanised b  4 5 2 8 92 d 0 27 0 73

Pretreated c  4 71 45 24 76  e 0 60 1 39

a) T = 130 °C; pTot = 5 bar; cumene:propylene = 1.1; Support = SiO2-100; [EMIM]Cl/AlCl3 = 1/2; IL 
loading (α) = 0.2. 
b) Support = SiO2-60 silylated. 
c) Pretreatment as described in Figure 4.28. 
d) 1,3,5-TIPB:1,2,4-TIPB = 65:35. 
e) 1,3,5-TIPB:1,2,4-TIPB = 93:7 
 



RESULTS AND DISCUSSIONS / ERGEBNISSE UND DISKUSSION 

121 

Interestingly, the use of silylated silica gel (silanizing agent: trimethylchlorosilane), which 

supposedly aimed to reduce effectively the surface basicity showed only slight improvement 

in the catalytic performance. This result suggests that hydroxyl surface groups were not the 

only surface groups that interacted, thus lowering the SILP’s acidity. It was assumed that the 

bridging oxide group (Si-O-Si) of silica gel was not “covered” in the silanization step and 

could be accounted for the catalyst deactivation as well. Remarkably, the use of our 

suggested method in preparing acidic SILP material exhibited a very high activity. Moreover, 

the near-to-equilibrium isomers distribution within the DIPB showed exactly that practically 

no loss of acidity to the support surface took place after the pre-treatment first described in 

this work. 

 

4.5.3. Liquid biphasic continuous vs. SILP gas phase continuous alkylation 

Once the suitability of the pretreated SILP system had been demonstrated to give highly 

active and defined catalytic species in gas phase reaction, the system was compared to the 

liquid-liquid continuous loop reaction. The use of the liquid-liquid continuous loop reactor 

had been demonstrated by Brausch and Ladnak for the isopropylation reaction of toluene 
[114, 128] (refer to Scheme 2.5 for reaction network). Just like in cumene isopropylation case, 

formation of meta-cymene was expected to dominate the monoalkylated toluene. Decrease 

of this particular isomer would be a direct indication of catalyst deactivation or loss in Lewis 

acidity during the process. The comparison of the two reaction systems is summarized in 

Table 4.19. 

From the residence time in Table 4.19 (65 %-mol conversion for SILP system and aaprox. 90 

%-mol conversion for liquid-liquid biphasic system), one could see that the pretreated acidic 

SILP gave a significant improvement in catalytic activity compared to a continuous biphasic 

reaction system. This stems from the fact that in the gas phase-SILP reaction system easy 

accessibility of the acidic species can be realized in the thin ionic liquid layer of SILP catalyst 

material and therefore mass transfer limitation to the catalyst phase is effectively avoided. 

The thermodynamic equilibrium compositions of cymene mixture (shown as star symbol in 

Figure 4.34) were calculated for 50 and 130 °C using ASPENPLUS® 12. The relative stability of 

each cymene isomer is sorted as meta-cymene > para-cymene >> ortho-cymene. 
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Table 4.19. Comparison of SILP reactor and Loop reactor for toluene isopropylation reaction.  

SILP reactor Loop reactor [128] 

Catalyst phase Gas-SILP system Liq-liq biphasic 

Catalyst system [EMIM]Cl/AlCl3/pretreated SiO2 [BMIM]NTf2/AlCl3 

Acid/IL ratio 2:1 2.5:1 

Temperature 130°C 50°C 

Pressure 5 bar 40 bar 

Residence timea 1.3 minutes 32 minutes 

Toluene-Propene ratio 2 : 1 3.4  : 1 

Total molar toluene/Cat 131 216 

Toluene/Cat ratio per pass 0.02 mol mol-1cat min-1 0.2 mol mol-1cat min-1 
a) Observable final conversions are 64%-mol for SILP system and approx. 90%-mol for the loop reactor 

 

 

Figure 4.34. Cymene selectivity changes for SILP-gas phase and liquid loop reactor system (conditions 
see Table 4.19).  Solid dots: loop reactor, hollow stars: SILP gas phase.  
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Due to the relatively high instability of ortho-cymene, one could imagine that, in the 

presence of isomerization-active catalyst, transformation of ortho-cymene to para-cymene 

would be very easy to initialize compared to the transformation of para-cymene to meta-

cymene. Therefore, slight loss of catalyst’s acidity in the toluene isopropylation should be 

marked by increase in para-cymene in the mono-alkylated product. Increase of ortho-

cymene isomer in the monoakylated would consequently mean a strong acidity loss. In 

Figure 4.34, it can be seen that even at the beginning of reaction, the loop reactor system 

was unable to reach the expected equilibrium cymene isomers distribution and this was 

despite a higher residence time and AlCl3 concentration (refer to Table 4.19). This behavior 

might be addressed to the fact that strong back-mixing is expected in the loop reactor. This 

inherent property of a loop reactor resulted in an overall lower conversion per pass. The 

relatively lower product concentration favors alkylation over isomerization. 

The most interesting phenomenon depicted in Figure 4.34 was how the isomers distribution 

changed within the cymene products over operation time. While the cymene isomers 

composition could be considered to only move parallel to the para-cymene axes over 90 

hours of reaction time in the SILP-gas phase reaction, a strong change along both para- and 

ortho-cymene axes was observed for the liquid loop reactor over 18 hours on stream. The 

latter suggest that stronger catalyst deactivation or catalyst loss by leaching was observed in 

the liquid loop reactor. This was however not the case for the SILP gas phase alykation 

reaction. However, the fact that cymene isomers composition changed along the para-

cymene axes for the SILP gas phase reaction system undoubtly indicates also some slight loss 

in acidity. Our efforts to improve such deactivation will be covered in Chapter 4.5.6. 

 

4.5.4. Characterization of the gas phase SILP alkylation process 

The use of acidic pretreated SILP catalyst material in the gas phase alkylation reaction gives 

us a higher flexibility to adjust the product distribution as well as the isomer distribution 

within a certain product share. This is an important advantage for future industrial 

application as it will provide a flexible reaction system that can adjust to the market’s actual 

demand. This flexibility will be demonstrated in the following for the cumene isopropylation 

reaction. 
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Ionic liquid loading (α) effect 

To investigate the effect of the amount of ionic liquid loading, a variation of loading value α 

between 0.1 (total ionic liquid volume = 10% of the total pore volume) and 0.3 (total ionic 

liquid volume = 30% of the total pore volume) was carried out. The results are summarized 

in Figure 4.35. 

 

 

Figure 4.35. Effect of ionic liquid loading (α) values towards conversion in isopropylation of cumene.  
Treact = 130°C; pTot = 5 bars; [EMM]Cl/AlCl3= 1/2; Support = pretreated SiO2; Cumene:propylene = 2:1; 

τR = approx. 38 sec. 

 

All acidic SILP catalysts in Figure 4.35 show a relatively fast deactivation over the first 20 

hours. While the initial deactivation seemed to be independent from the ionic liquid loading, 

stronger deactivation over longer reaction time was observed only for the SILP catalysts 

having α = 0.1 and 0.3. This observation can be explained in the light of the alkylation 

product selectivity profile and the diisopropylbenzene isomers distribution profile as 

displayed in Figure 4.36. 
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(a) 

 

 
(b) 

 
Figure 4.36. Effect of ionic liquid loading (α) values towards alkylation selectivity.  (a) Alkylation 
product selectivity (b) Isomers distribution within diisopropylbenzene (DIPB). Treact = 130°C; pTot = 5 
bars; [EMM]Cl/AlCl3= 1/2; Support = pretreated SiO2; Cumene:propylene = 2:1; τR = approx. 38 sec. 
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At α = 0.3, a very fast reaction can be expected as more acidic species in the film are 

available for the reaction. Therefore, fast formation of the higher alkylation products (tri-

isopropylbenzene, tetra-isopropylbenzene) and other by-products take place. These heavier 

products are expected to accumulate in the ionic liquid layer thus effectively reducing the 

concentration of the acidic anions and the specific contact area (due to swelling in the 

pores). Both effects lead to the observed deactivation for the SILP materials with α = 0.3. 

For the SILP material with α = 0.1, another deactivation mechanism is concluded from our 

results (discussed further in Chapter 4.5.6). As the number of acidic ionic liquid sites in this 

case is much smaller, a greater effect of feedstock impurities can be expected. Later, it was 

confirmed that the water content of the aromatic feedstock in these experiments was 80-90 

ppm. The loss in SILP acidity over time for the loading of α = 0.1 can also be nicely studied 

from the di-isopropylbenezene isomers distribution (see Figure 4.36b). At the very beginning 

of the reaction an almost identical isomer distribution could be observed in the DIPB 

products for the SILP systems of all different loadings α = 0.1 to 0.3. However, continuous 

delivery of water traces by the reactant flow slowly and continuously transforms the strongly 

Lewis acidic chloroaluminate film into a much less acidic protic system. As a consequence, 

the resulting system is not acidic enough to isomerize the kinetic mixture of 

diisopropylbenzenes into the thermodynamic mixture containing a large amount of meta-

DIPB. In full accordance with this interpretation, the SILP systems with α = 0.2 and 0.3 ionic 

liquid loading  show a significantly higher meta-DIPB share over time compared to the 

material with α = 0.1 for which an immediate drop in meta-DIPB is observed. 

 

The SILP acidity effect 

It was mentioned earlier that chloroaluminate acidity thus SILP acidity can be tuned by 

modifying the molar ratio between the ionic liquid ([EMIM]Cl) and the Lewis acid (AlCl3). 

Table 4.20 demonstrates the acidity effect in the continuous gas phase cumene 

isopropylation. 

As expected, running the gas phase cumene isopropylation using a SILP catalyst of lower IL 

acidity gave a relatively lower conversion when compared to higher ionic liquid acidity. 

Furthermore, for the SILP catalyst of lower ionic liquid acidity a shift towards para-
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diisopropylbenzene and ortho-diisopropylbenzene was observed within in the 

diispropylbenzenes. This fact can be again explained by taking into consideration that meta-

diisopropylbenzene is the thermodynamic product of the reaction and its formations 

requires an alkylation and an isomerization step.  

 

Table 4.20. SILP’s acidity effect on the catalyst’s performance in gas phase cumene isopropylation a.  

[EMIM]Cl/AlCl3 

Conversion 

(%-mol) 

Alkylation product (%-mol) DIPB isomers distribution (%-mol) 

DIPB TIPB TeIPB meta ortho Para 

1 / 2 95 84.9 15.1 0 60.1 4.6 36.3 

1 / 1.5 83 75.2 24.8 0 49.3 5.1 45.6 

a) Treact = 150°C; pTot = 5 bars; [EMM]Cl/AlCl3= 1/2;Support = pretreated SiO2;α= 0.2; τR = 52 sec; 
[cumene] = 1.8 10-5 mol mL-1 

 

It was, however, surprising for us to see that at lower catalyst acidity more of the double 

alkylated i.e. tri-isopropylbenzene was produced. Although this seemed to be contradictory 

at a glance, it can be explained in the following consideration: A lower chloride salt/Lewis-

acid ratio results in the formation of less acidic chloroaluminate anions. A less acidic anion 

will form a less active electrophile in its interaction with propylene. The less active 

electrophile will preferentially react with the more active aromatic ring. Thus – after reaction 

time and conversion – the less acidic SILP catalyst will prefer isopropylation of 

diisopropylbenzene over cumene isopropylation. 

 

Aromatic to propylene ratio effect 

By changing the cumene to propylene molar ratios the selectivity towards 

diisopropylbenzene (DIPB) and triisopropylbenzene (TIPB) can be modified easily (see Figure 

4.37). As expected, feeding cumene in excess resulted in a higher di-isopropylbenzene share 

in the product stream. This effect is more pronounced at cumene-to-propylene ratios below 

7:1. A kind of asymptotic behavior was observed for high cumene-to-propylene ratios. It is 

also noteworthy that the formation of benzene (approx. 6 %-wt) was detected in the 

product stream at cumene-to-propylene ratios greater than 10. This indicates that trans-

alkylation of cumene becomes a relevant reaction at very high cumene-to-propylene ratios. 
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Therefore, the optimum cumene-to-propylene ratio - giving considerably high di-

isopropylbenzenes products with negligible trans-alkylation - is between 6:1 and 7:1. 

 

Figure 4.37. Reactant’s ratio effect on alkylation product selectivity in gas phase cumene 
isopropylation reaction.  T = 150 °C; pTot = 5 bar; [EMIM]Cl/AlCl3 = 1/2; Support =pretreated SiO2; τR = 

approx. 52 seconds. 
 

Acidic species variation 

When varying the acidic species in the SILP catalyst material one  basically “switches on and 

off“ the isomerization step towards the most stable thermodynamic product (refer to 

Chapter 4.2 for discussion). Applying this unique properties of the related acidic species, one 

could basically adjust the isomers distribution within the investigated alkylated product i.e. 

DIPB. By means of the multipoint sampling line of the gas phase reactor, it was able to 

monitor the change in product distribution of a particular alkylated product (see Figure 4.38) 

along the length of the reactor. For the Lewis acidic SILP, meta-DIPB progressively 

dominated the monoalkylated product (60:4:36 meta-:ortho-:para-DIPB was observed at the 

reactor outlet). The Brønsted acidic SILP catalyst material showed a constant product 

distribution along the length of the reactor with para-DIPB as the main isomer in the 

monoalkylated product stream (28:12:60 meta-:ortho-:para-DIPB was observed at the 

reactor outlet).  
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(a) 

 

(b) 

Figure 4.38. DIPB  isomers distribution profile along reactor length using different acidic SILP catalyst.  
(a) [EMIM]Cl / AlCl3 (1/2); (b) [BMIM][OTf]/HCF3SO3 (1/2). mCat = 4 gr total; T = 130 °C; pTot = 5 bar; IL 

loading (α) = 0.2; Cumene : propylene = 1:1; τR = 38 seconds; [cumene] = 1.1 10-4 mol mL -1. 
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It is also interesting to note in Figure 4.36b how the Lewis acidic SILP on the first reactor bed 

(inlet) lost its acidity, i.e. isomerization activity, over 40 hours reaction time and produced 

mainly para-DIPB. This mixture was isomerized by the next, more active, catalyst bed. These 

observations will later help us to identify the source of the acidic SILP catalyst deactivation 

(see Chapter 4.5.6).  

 

 

Figure 4.39. Reaction rate dependency on propylene concentration in cumene isopropylation.  T = 
130 °C; pTot = 3 bar; pCumene= 0.5 bar; [EMIM]Cl/AlCl3 = 1/2; IL loading (α) = 0.2; mCat = 3 gr; τR = 40 

seconds. 

 

4.5.5. Kinetic investigation in gas phase SILP cumene isopropylation reaction 

The kinetic investigation of the liquid-liquid biphasic cumene isopropylation in semi-batch 

mode revealed unusually low activation energy for such alkylation reaction (see Chapter 

4.3.1). Although this value cannot be directly compared to other reported alkylation 

systems, the low activation energy values were nevertheless remarkable. It is of course 

interesting for this work to study the kinetics of cumene alkylation also in the form of gas-
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phase SILP catalysis. Unlike the biphasic system, kinetic studies in the gas phase SILP system 

enables us to vary both cumene and propylene concentrations and thus determining the 

reaction order for both reactants. 

 

 

Figure 4.40. Determination of effective activation energy (EA,eff) in cumene isopropylation reaction 
rate.  pTot = 3 bar; pC3H6 = 0.06 bar; pcumene = 0.5 bar; [EMIM]Cl/AlCl3 = 1/2; IL loading (α) = 0.2; mCat = 3 

gr; τR = 40 seconds. 

 

Figure 4.39 shows the reaction rate dependencies on propylene concentration. In this 

experiment, cumene was fed well over propylene and therefore excess of aromatic 

components over propylene can be guaranteed. If the observable reaction rates were 

calculated based on the yield of DIPB or TIPB production, reaction order of 0.6 and 1.3 were 

observed respectively. This can be explained by the fact that propylene has a larger tendency 

to react with DIPB molecule to form TIPB rather than to react with cumene to form DIPB. 

This could be indeed the case knowing the fact that a higher pi-electron density exists for 

DIPB molecules. However, reaction rates based on propylene depletion (overall alkylation) 

showed an approximately first order dependency with propylene concentration. The latter 
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obviously came from the overlapping of propylene’s reaction order in the first and second 

alkylations. Furthermore, these results could be used to explain the relatively sharp increase 

of TIPB selectvity as observed in the lower region of cumene to propylene ratio (see Figure 

4.37). 

 

 

Figure 4.41. Reaction rate dependency with cumene concentration in cumene isopropylation.   
T = 150 °C; pTot = 3.3 bar; pC3H6 = 0.9 bar; [EMIM]Cl/AlCl3 = 1/2; IL loading (α) = 0.2; mCat = 3 gr; τR = 30 

seconds. 
 

By varying the reaction temperature, it was possible to evaluate the observable activation 

energy through plotting the observable reaction rate with reaction temperature in an 

Arrhenius type diagram (see Figure 4.40). Observable activation energy of 44 kJ mol-1 was 

obtained. A direct comparison with activation energy values obtained in the liquid-liquid 

biphasic system will be inappropriate. The presence of completely different organic phase 

and the corresponding solubility properties are some major factors that could be attributed 

to the different activation energy values observed in both reaction systems. 
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The same investigation could also be performed based on the variation of initial cumene 

concentration. The dependency of the observable reaction rate on the cumene 

concentration is given in Figure 4.41. The slightly below first order reaction can be attributed 

to the difficulties in evaluating the observable reaction rates.This was particularly difficult 

since in the presence of high excess propylene, a near to complete cumene conversion was 

observed regardless of the cumene initial concentration. 

 

4.5.6. Investigation of the acidic SILP catalyst long-term stability 

As recycling is an important practical issue in the SILP-slurry liquid phase reaction system, so 

is the long term stability for the acidic SILP in the continuous gas phase alkylation. To study 

the application of the here proposed acidic SILP material, the gas phase cumene 

isopropylation reaction was carried out in the presence of Lewis and Brønsted acidic SILP for 

over 50 hours on stream (see Figure 4.42). For the first 10 hours on stream, Figure 4.42 

shows a comparably high conversion of cumene for acidic SILP catalyst systems containing 

Lewis and Brønsted acidity respectively. However, after reaching 15 hours operation, a sharp 

decrease in cumene conversion can be seen for the Brønsted acidic SILP catalyst. Although 

the Lewis acidic SILP system seemed to deactivate more slowly, a stationary value in the 

cumene conversion was not observed after 16 hours on stream. The Brønsted acidic SILP 

however, leveled the conversion values in the first 10 hours on stream to 30 %-mol 

conversion at the reactor outlet. 

Two aspects were identified and need to be discussed with regard to the observed acidic 

SILP catalyst deactivation. Due to the alkylation and isomerization activity, the Lewis acidic 

SILP system would be the best system to demonstrate this (see Figure 4.42a). In the first 10 

hours of operation, deactivation of the SILP catalyst was observed the strongest at the 

reactor’s outlet and travelled back to the first reactor bed with time (back-to-front 

deactivation behavior). This strongly indicates a deactivation process caused by the 

formation of heavies that could not readily leave the SILP’s ionic liquid layer. The second 

aspect that influences the acidic SILP deactivation was observed earlier in the DIPB 

selectivity profile (see Figure 4.38a). From the Figure one can see a very similar di-

isopropylbenzene isomers distribution is observed for the first 10 hours time-on-stream in 

which meta-DIPB dominated.  



RESULTS AND DISCUSSIONS / ERGEBNISSE UND DISKUSSION 

134 

 
                                             (a) 

 
                                          (b) 

 
Figure 4.42. DIPB  isomers distribution profile along reactor length using different acidic SILP catalyst.  
(a) [EMIM]Cl / AlCl3 (1/2); (b) [BMIM][OTf]/HCF3SO3 (1/2). T = 130 °C; pTot = 5 bar; IL loading (α) = 0.2; 

mCat = 4 gr Total; Cumene : propylene = 1:1; τR = 38 seconds; [cumene] = 1.1 10-4 mol mL -1. 
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Afterwards, the selectivity towards meta-DIPB constantly diminished with time starting from 

the first reactor bed and then moving towards the last catalyst bed (reactor’s outlet). This 

front-to-back change in DIPB isomer distribution can be associated with a constant reduction 

of Lewis acidity over time starting from the first reactor bed and thus indicating a negative 

influence of a feedstock impurity (most probably traces of water) on the catalyst acidity over 

time. 

 

 
Figure 4.43. Acidic SILP stability in cumene isopropylation on long term experiment at different 

cumene to propylene ratio values.  T = 130 °C; pTot = 5 bar; IL loading (α) = 0.2; mCat = 5 gr; τR = 44 
seconds. 

 

In order to check these effects in more detail, gas phase cumene isopropylation with 

cumene-to-propylene ratios of 2:1 and 7:1 molar ratio have been compared (see Figure 

4.43). In the Figure the two deactivation processes can be clearly distinguished. In the first 

deactivation zone (A), a steep drop of conversion was observed for the reaction system with 

low cumene-to-propylene (2:1) ratio. This behavior can be attributed to the suggested fast 
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formation of heavies that stick in the catalyst pores in the early operation. As a higher 

cumene-to-propylene (7:1) ratio effectively avoids the formation of heavies, such 

deactivation process in zone A was not observed when cumene was fed in excess. Following 

phase A, a constant and slow deactivation was observed for both reaction systems (B). One 

can correlate this similar behavior to the fact that same cumene feed and catalyst amount 

were used and it will be shown in the next section that water impurities in the two feedstock 

components play the crucial role for this second deactivation mechanism. 

 

Optimum operating conditions to achieve longer acidic SILP lifetime 

To check the above-mentioned arguments, it was aimed to continue the investigation with a 

feedstock that lead to less heavy products in the case of higher alkylation and that is 

available in highest purity. For this reason toluene isopropylation was selected as a model 

reaction (reaction network see Scheme 2.5).  

 

 

Figure 4.44. Acidic SILP stability over 210 hours on stream using high purity and dried reactants in 
toluene isopropylation reaction.  T = 130 °C; pTot = 5 bar; [EMIM]Cl/AlCl3 = 1/2; Support = pretreated 

SiO2; IL loading (α) = 0.2; mCat = 7 gr; τR = 1.2 minutes 
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The continuous gas phase isopropylation of toluene was carried out in two modifications. A 

first run used technical grade reactants (toluene has water content of 90 ppm and propylene 

2.8) with low toluene to propylene ratio (2:1 molar ratio). The second experiment used 

highly pure and dried reactants (toluene water content < 40 ppm; propylene 4.0 or 99.99%-

vol) with high toluene to propylene ratio (7:1 molar ratio). The results of the two runs can be 

seen in Figure 4.44. 

With technical grade reactants at low toluene-to-propylene ratio, the catalyst system loses 

approximately 30 % of its initial activity within the first 60 hours on stream. However, with 

very dry feedstock at high toluene-to-propylene ratio, a very stable system over at least 210 

hours on stream could be obtained. Regarding the alkylation product selectivity, a very 

constant selectivity towards mono-alkylated product i.e. cymene could be achieved over the 

210 hours on stream (see Figure 4.45). 

 

 

Figure 4.45. Alkylation products selectivity over 210 hours on stream using high purity and dried 
reactants in toluene isopropylation reaction.  T = 130°C; pTot = 5 bars; [EMIM]Cl/AlCl3 = 1/2; Support = 

pretreated SiO2; IL loading (α) = 0.2; mCat = 3 gr; τR = 1.2 minutes. 
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Figure 4.46 represents the cymene isomers distribution over time. The isomers distribution 

can be directly associated to the available Lewis acidity in the SILP catalyst system. As the 

point of reference, the isomers equilibrium composition at the corresponding reaction 

temperature was calculated using ASPENPLUS ® 12 (equation of state for calculation: Soave-

Redlich-Kwong).  

 

 

Figure 4.46. Improvent in cymene selectivity for SILP-gas phase toluene isopropylation using high 
purity and dried reactants (conditions see Figure 4.45). (Blue stars) toluene : propylene = 2:1; toluene 
(>80 ppm water); Propylene 2.8; (Green stars) toluene : propylene = 7 : 1; toluene (< 40 ppm water); 

propylene 4.0. 
 

For the reaction with technical grade at low toluene-to-propylene ratio, a cymene isomer 

composition similar to the equilibrium composition could be achieved initially. However, the 

observable composition continuously slid away from the equilibrium point with enhanced 

formation of para-cymene and ortho-cymene over time. Of course, this behavior reflects the 

continuous loss in Lewis-acidity and with that the ability to isomerizes cymenes.  
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For the reaction with dry feedstock at high toluene-to propylene ratio, the selectivity in the 

cymenes stayed much more stable over the 210 hours time-on-stream. Remarkably, even 

some over-equilibrium meta-cymene formation could be achieved (approx. 10%-mol more 

than predicted) in this experiment. As the thermodynamic equilibrium should not be 

influenced by a more acidic catalyst, one could explain the enhanced formation of meta-

cymene in this experiment with a preferential evaporation of meta-cymene from the catalyst 

(meta-cymene has the highest vapor pressure among all cymenes). 
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5. CONCLUSIONS / ZUSAMMENFASSUNG  

The here presented work deals with the development of a generic technology platform for 

Friedel-Crafts alkylation processes. This platform is based on the application of acidic ionic 

liquid phase catalysts. Isopropylation of cumene, meta-xylene, toluene and isobutylation of 

toluene have been investigated (see Scheme 5.1) due to their relevancy for real commercial 

processes.  

 

 

Scheme 5.1. Summary of the investigated alkylation reaction systems.  
 

In the scope of this work, both Lewis acidic ionic liquid and molten salt (e.g. [Cat]Cl/AlCl3, 

[Cat]Cl/GaCl3 and [Cat][NTf2]/AlCl3) and Brønsted acidic ionic liquids (e.g. 

[RMIM][OTf]/Trifluoromethanesulfuric acid, [BBSulfIM][OTf] /Trifluoromethanesulfuric acid 

and [EMIM][NTf2]/HNTf2) are investigated. These acidic catalysts were tested in a liquid-
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liquid reaction system or as immobilized acidic ionic liquid on support materials known as 

Supported ionic Liquid Phase (SILP). The latter was tested both in slurry-SILP and continuous 

gas phase SILP processes. Due to the catalytically active nature of the applied acidic ionic 

liquid, investigation on the alkylation reactions could be carried out at relatively mild 

reaction condition in all cases. Typical reaction temperature range from 80 to 150 °C and 

total reaction pressure up to 10 bars were used. Moreover, in each stage of the 

development, catalytic lifetime i.e. leaching was monitored and ways to its optimization are 

presented here. In the following, important findings of the work are summarized for each 

corresponding development step. 

 

I. Acidic Ionic Liquids Characterizations  

As initial efforts to develop the acidic ionic system, several important process parameters 

have been identified in a semi-batch reaction system. These parameters include the reaction 

temperature effect, the reaction pressure effect, catalyst leaching rate and the effect of 

additional solvent to the reaction. Investigation in both meta-xylene and cumene 

isopropylation showed that near to complete conversion can be achieved when using acidic 

ionic liquids of type [cation]cl/AlCl3 and [cation][NTf2]/AlCl3. A typical mixture dominated by 

meta-diisopropylbenzene (up to 65 %-mol) and 1,3,5-dimethylcumene (up to 85 %-mol) was 

found in the mono-alkylated products for cumene and meta-xylene isopropylation 

respectively. The distribution of the alkylated products is dependent on reaction 

temperature and pressure for both reaction but in different manners. 

Various acidic molten salt systems were identified and showed an attractive catalytic activity 

for alkylation reactions especially when for relatively high reaction temperature application. 

LiCl-AlCl3, NaCl-AlCl3 and LiNTf2-AlCl3 are several examples for this molten salt class. With 

regard to acid catalyst leaching, it was found that organic cation such as [EMIM]+ leads to 

higher catalyst leaching when compared to inorganic cation. Despite that [cation][NTF2] ionic 

liquid was reported to be able to dissolve larger amount of AlCl3 
[82], a significant increase in 

acidic catalyst leaching was observed in this system compared to the conventional [cation]Cl 

ionic liquids. 

In this work, a numerical approach is introduced using COSMO-RS [113] to estimate the 
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distribution coefficient of a certain aromatic molecule between organic phase and ionic 

liquid phase. This was used in order to modify the alkylation product distribution by addition 

of suitable solvents. This estimation was later justified in a liquid-liquid biphasic cumene 

isopropylation reaction system. 

 

II. Mechanistic studies  

Mechanistic aspects of the cumene isopropylation reaction were discussed in order to 

explain the observed reaction’s selectivity. Through combination of reaction mechanism, 

equilibrium thermodynamic states and energetic stability information of the involved 

molecules, a general approach is introduced to explain and predict the alkylation product 

distribution. This proposed procedure is depicted in Figure 5.1. 

 

 

Figure 5.1. Simplified diagram of the proposed procedure to analyze/predict alkylation product 
distribution. 
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The universality of the proposed procedure was tested in meta-xylene isopropylation and 

toluene isobutylation reaction. Remarkably, the estimated alkylation product distribution 

trends were very well in accordance with the experimental results.  

Competition of alkylation and isomerization step was identified to be very determining in 

giving the final observable product selectivity. While Lewis acidic ionic liquid i.e. SILP systems 

are found to be both active in alkylaton and isomerization, Brønsted acidic ionic liquid i.e. 

SILP systems are only active in the alkylation step. Consequently, at sufficient reaction time, 

the earlier systems will give the thermodynamically stable isomers in the product mixture 

while the latter preferred isomers described in the kinetic arenium reaction mechanism [34]. 

The effect of pressure and reaction temperature could be seen and interpreted as process 

parameters that accelerate or decelerate one reaction step relative to another. 

Finally, the proposed procedure could serve as a versatile tool for future catalyst selections 

and other developments of Friedel-Crafts reaction processes. 

 

III. Kinetic Studies  

This work provides first detailed kinetic information on liquid-liquid biphasic alkylation 

reactions catalyzed by acidic ionic liquids. It was found that the model of pseudo first order 

consecutive reactions could be fitted satisfyingly to the experimental data only after taking 

into account the product share dissolving into the acidic catalyst medium. Since measuring 

the product solubility in the highly reactive catalyst phase was not possible in a direct 

manner, the product distribution in the acidic ionic liquid phase can be calculated by 

estimating the partition coefficient using the COSMO-RS model. Two major conclusions can 

be drawn from the good agreement that was found between the kinetic model and the 

corrected experimental data.  

a) COSMO-RS does indeed represent a useful tool to predict the relative solubilities of the 

different alkylated aromatic compounds in acidic chloroaluminate ionic liquids. The COSMO 

RS calculations allow correcting the data from the experimental analysis of the organic 

product phase in a reasonable manner.  

b) The large difference in the solubilities of the alkylated aromatic compounds in the acidic 
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chloroaluminate ionic liquid is indeed the major reason for the observed “delay behaviour” 

when taking into account only the product analyses from the organic phase.  

The COSMO-RS calculations showed a significantly lower solubility of aromatic compounds 

with increasing degree of alkylation thus providing a reasonable forecast for the 

experimentally observed enhanced selectivity to monoalkylated products in the liquid-liquid 

biphasic ionic liquid system.  

Despite the fact that a low formal activation energy was observed for the investigated 

isopropylation reactions (21 kJ mol-1 for cumene alkylation and 14 kJ mol-1 for meta-xylene 

isopropylation), mass transfer effects on the observed reaction rate can be ruled out for our 

experiments as the estimated Hatta number for the reaction system is significantly smaller 

than 0.3. A reasonable explanation for the observed low formal activation energies is given 

by the known fact that propylene solubility in acidic chloroaluminate ionic liquids increases 

with decreasing temperature [126]. 

 

IV. Development of improved catalytic materials  

Immobilization of acidic ionic liquids as acidic SILP catalyst phase was introduced in this 

work. These SILP materials were tested in cumene isopropylation and toluene isobutylation 

reactions in slurry-SILP reaction systems. Reaction rate enhancement was observed in both 

test systems. Moreover, a significantly lower leaching rate was observed when compared to 

the conventional liquid-liquid biphasic system. This is attributed to the fact that the acidic 

ionic liquid was caged within the pore networks of the support materials. Consequently, this 

class of acidic catalysts offers obvious opportunities for catalyst separation and recycling. 

Significant decrease in acidity was observed in normal untreated SILP materials. This work 

demonstrated a convenient way to chemically pre-treat silica based support materials to 

obtain highly acidic chloroaluminate based Supported Ionic Liquid Phase (SILP) catalysts. The 

chemical pre-treatment was achieved by contacting a solution of [EMIM]Cl/AlCl3= 1/2 in 

dichloromethane with the calcined support, followed by a careful washing procedure that 

removed all acid excess from the support. The pre-treated supports showed themselves no 

catalytic activity in the isomerization of diisopropylbenzenes (DIPBs) but provide a very 

suitable support material for the immobilization of a defined amount of acidic 
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chloroaluminate ionic liquid. SILP materials obtained in this way proved to be highly 

attractive heterogeneous catalysts for the slurry-phase isomerization of DIPBs and for the 

isopropylation of cumene, including high reaction rates and low Al-leaching into the organic 

product phase. Obviously, the here presented approach for optimized, acidic SILP catalysts 

provides distinct advantages over traditional homogeneous, zeolite based or liquid-liquid 

biphasic reactions.  

 

V. Process development and simulation  

In this work, the use of highly acidic SILP catalysts in the continuous, gas-phase 

isopropylation of cumene and toluene was also successfully demonstrated. The application 

of pre-treated supports for the SILP preparation was proven to be essential to obtain 

systems of high Lewis-acidity and stability. Variation of ionic liquid loading and the aromatic 

to propylene ratio showed that a moderate ionic liquid loading (α = 0.2) with considerably 

high aromatic to propylene ratio (7:1 molar ratio) were best to suppress consecutive 

alkylation reactions that fill the catalyst pores with low-volatile heavies. Moreover, it was 

demonstrated that a higher acidity of the ionic liquid film on the support has a beneficial 

effect on the selectivity to mono-alkylated products.  

With the specially designed multiple catalyst beds and their corresponding tap lines, it was 

able to observe two distinct acidic SILP catalyst deactivation behaviors on a long term 

operation. A back-to-front alkylation deactivation behavior was observed in the first 20 to 30 

hours on stream. This deactivation was attributed to the fast formation of heavies that 

formed mostly at the end of the reactor (last reactor bed). On the other hand, a front-to-

back decrease in isomerization activity over 90 hours on stream clearly indicates a constant 

deactivation by impurities contained in the feedstocks. 

Continuous gas phase toluene isopropylation using higher feedstocks’ quality (i.e. toluene 

with water content less than 40 ppm and propylene 4.0) and a relatively high aromatic to 

alkene ratio was applied to avoid the above-mentioned deactivation sources. The 

experiment successfully demonstrated for the first time a SILP-catalyzed, fully stable, 

continuous, gas-phase Friedel-Crafts alkylation for more than 210 hours on stream. The 

system showed constant and high selectivities toward the mono-alkylated product (> 95%). 
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Excellent selectivity to meta-cymene within the cymenes (up to 80%) was obtained. Based 

on these results it is anticipated that the here presented class of highly acidic SILP catalysts 

will be of interest to develop future alkylation processes of higher efficiency and 

sustainability. 
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Die vorliegende Arbeit befasst sich mit der Entwicklung eines Friedel-Crafts-

Alkylierungsprozesses mittels saurer ionischer Flüssigkeiten. Auf Grund ihrer Relevanz für 

einen kommerziellen Prozess wurden die Isopropylierung von Cumol, meta-Xylol, Toluol und 

die Isobutylierung von Toluol genauer untersucht (siehe Schema 5.1). 

 

 

Schema 5.1. Zusammenfassung der untersuchten Reaktionssysteme zur Alkylierung. 
 

Im Rahmen dieser Arbeit wurden Lewis-saure ionische Flüssigkeiten und Salzschmelzen (z.B. 

[Kation]Cl/AlCl3, [Kation]Cl/GaCl3 und [Kation][NTf2]/AlCl3 und Brønsted saure ionische 

Flüssigkeiten (z.B. [RMIM][OTf] / Trifluoromethansulfonsäure, [BBSulfIM][OTf]/ 

Trifluoromethansulfonsäure und [EMIM][NTf2]/HNTf2) untersucht. Diese sauren 

Katalysatoren wurden in einer Flüssig-Flüssig-Reaktion verwendet oder als immobilisierte 
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Phase auf einem Trägermaterial (SILP) implementiert. Der SILP-Katalysator wurde im SILP-

slurry sowie in einem kontinuierlichen Gasphasen-SILP-Prozess verwendet. Durch die hohe 

katalytische Aktivität der genutzten sauren ionischen Flüssigkeiten konnten relativ milde 

Reaktionsbedingungen in allen Experimenten verwendet werden. Typische 

Reaktionstemperaturen liegen zwischen 80 – 150 °C bei einem Reaktionsdruck von weniger 

als 10 bar. In jeder Entwicklungsstufe wurde die Lebensdauer des Katalysators ständig 

überwacht und optimiert. Die wichtigsten Ergebnisse und Entdeckungen aus dieser Arbeit 

sind im Folgenden für die jeweilige Entwicklungsstufe zusammengefasst. 

 

I. Charakterisierung der sauren ionischen Flüssigkeiten  

Zur Entwicklung der sauren ionischen Flussigkeiten wurden Charakterisierungen von 

mehreren wichtigen Prozessparametern in einem Semi-Batch-Reaktionssystem 

durchgeführt. Zu diesen Parametern zählen der Einfluss von Reaktionstemperatur und 

Reaktionsdruck, das Katalysator-Auslaugungsverhalten und der Einfluss von zusätzlichen 

Lösungsmitteln. Sowohl Untersuchungen zur meta-Xylol- als auch Cumol-Isopropylierung 

zeigten, dass annähernd Vollumsatz erreicht werden kann, wenn mit sauren ionischen 

Flüssigkeiten vom Typ [Kation]Cl/AlCl3 und [Cation][NTf2]/AlCl3 gearbeitet wird. Eine 

Hauptfraktion meta-Diisopropylbenzol (bis zu 65 mol %) und 1,3,5-Dimethylcumol (bis zu 85 

mol %) wurde unter den einfach alkylierten Produkten der Cumol und meta-Xylol- 

Isopropylierung beobachtet. Die Abhängigkeit der Produktverteilung in beiden Systemen war 

deutlich unterschiedlich bezüglich der Reaktionstemperatur und des Drucks. 

Verschiedene saure Salzschmelzen wurden untersucht und zeigten eine hohe katalytische 

Aktivität in Alkylierungsreaktionen, insbesondere für die Anwendungen bei hohen 

Reaktionstemperaturen. LiCl-AlCl3, NaCl-AlCl3 und LiNTf2-AlCl3 sind einige Beispiele für solche 

Salzschmelzen. Bezüglich der Auslaugung des sauren Katalysators haben wir festgestellt, 

dass organische Kationen wie [EMIM]+ zu stärkerer Auslaugung führen als anorganische 

Kationen. Obwohl bekannt ist, dass in ionischen Flüssigkeiten des Typs [Kation][NTF2]  

größere Mengen AlCl3  gelöst werden können [82], wurde für diese Systeme eine stärkere 

Auslaugung des Katalysators im Vergleich zu den konventionellen ionischen Flüssigkeiten 

vom Typ [Kation]Cl ermittelt. 
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In dieser Arbeit wurde ein numerischer Ansatz mit COSMO-RS [113] vorgestellt, um die 

Verteilung der Koeffizienten bestimmter aromatischer Moleküle zwischen organischer und 

ionischer Phase abzuschätzen. Durch die Zugabe von geeigneten Lösungsmitteln zu dem 

zweiphasigen Reaktionssystem konnte die Produktverteilung gezielt modifiziert werden. 

 

II. Mechanistische Untersuchungen  

Mechanistische Aspekte der Cumol-Isopropylierungsreaktion werden diskutiert, um die 

beobachtete Selektivität der Reaktion zu erklären. Durch Kombination der Informationen 

bezüglich Reaktionsmechanismus, thermodynamischen Gleichgewichtszuständen und 

relative innere Energie wurde eine allgemeine Methode entwickelt, um die 

Produktverteilung zu erklären und vorherzusagen. Die vorgeschlagene Methode ist in 

Abbildung 5.1. dargestellt. 

 

Abbildung 5.1. Schematische Darstellung der Methode zur Analyse/Vorhersage der 
Produktverteilung der isomeren Alkylierungsprodukte.
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Die allgemeine Anwendbarkeit der vorgeschlagenen Methode wird an der meta-Xylol-

Isopropylationsreaktion und der Toluol-Isobutylierungsreaktion getestet. Es ist 

bemerkenswert, dass die geschätzten Trends der Produktverteilung sehr gut mit den 

experimentellen Ergebnissen übereinstimmten. 

Die Konkurrenz zwischen Alkylierungs- und Isomerisierungschritt ist entscheidend für die 

beobachtbare Produktselektivität. Während Lewis-saure ionische Flüssigkeiten bzw. SILP-

Systeme Aktivität sowohl bezüglich Alkylierung- als auch Isomerisierung zeigen, sind 

Brønsted-saure ionische Flüssigkeiten nur während des Alkylierungschrittes aktiv. Bei 

ausreichender Reaktionszeit erzeugen die Lewis-sauren ionischen Flüssigkeiten in der 

Produktmischung hauptsächlich die thermodynamisch stabilsten Isomeren. Demgegenüber 

entstehen hauptsächlich Isomere, die durch einen Arenium-Reaktionsmechanismus [34] 

gebildet werden, wenn Brønsted-saure ionische Flüssigkeiten eingesetzt werden. Die 

Auswirkung von Reaktionsdruck und -temperatur kann als Prozessparameter betrachtet 

werden, der zu Beschleunigung oder Verlangsamung eines bestimmten Reaktionsschrittes 

im Vergleich zu einem anderen führt. 

Zusammenfassend kann die vorgeschlagene Methode als ein vielseitiges Verfahren 

verwendet werden, um die katalytische Substanz für Friedel-Crafts-Prozesse zu entwickeln. 

III. Kinetische Untersuchung  

In dieser Arbeit wird zum ersten Mal eine detaillierte kinetische Untersuchung für eine 

Flüssig-Flüssig-Zweiphasen-Alkylierungsreaktion mittels saurer ionischen Flüssigkeiten 

vorgestellt. Es wurde festgestellt, dass das kinetische Modell einer Reaktion nach pseudo-

erster Ordnung nur dann mit den experimentellen Daten übereinstimmt, wenn die 

Auflösung der alkylierten Produkte in dem sauren Katalysator berücksichtig wird. Da die 

Messung der Produktlöslichkeit in den hoch reaktiven Katalysatorsystemen experimentell 

nicht möglich war, wurden Verteilungskoeffizenten der Alkylierungsprodukte in den sauren 

ionischen Flüssigkeiten mittels eines COSMO-RS-Modells abgeschätzt, um die Löslichkeit zu 

berechnen. Zwei wichtige Schlussfolgerungen lassen sich aus der ausgezeichneten 

Übereinstimmung zwischen kinetischem Modell und den korrigierten experimentellen Daten 

ziehen: 
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a) COSMO-RS erwies sich als ein nützliches Instrument, um die relativen Löslichkeiten der 

verschiedenen alkylierten Aromaten in sauren Chloroaluminat ionischen Flüssigkeiten 

vorherzusagen. Die COSMO-RS-Berechnungen ermöglichen die Korrektur der 

experimentellen Daten aus der organischen Phase in angemessener Weise. 

b) Der große Unterschied der Löslichkeit der alkylierten Aromaten in den sauren 

Chloroaluminat ionischen Flüssigkeiten war wie vermutet der Hauptgrund für das 

beobachtete zeitverzögerte Profil bei der Produktanalyse. 

Die COSMO-RS-Berechnungen ergaben eine deutlich geringere Löslichkeit des Aromaten mit 

zunehmendem Alkylierungsgrad und bieten damit eine vernünftige Erklärung für die 

beobachtete Selektivitätsverbesserung von einfach alkylierten Produkten in dem 

zweiphasigen Flüssig-Flüssig-System. 

Trotz der Tatsache, dass relativ kleine formale Aktivierungsenergien bei den untersuchten 

Isopropylierungsreaktionen (21 kJ mol-1 für die Cumol-Alkylierung und 14 kJ mol-1 für die 

meta-Xylol-Isopropylierung) beobachtet wurden, konnten Stoffübergangeinflüsse auf die 

beobachtete Reaktionsrate ausgeschlossen werden, da die  Hattazahl für alle Experimente 

auf einen Wert kleiner 0,3 abgeschätzt werden konnte. Eine plausible Erklärung für die 

beobachtete geringe formale Aktivierungsenergie ergibt sich aus der bekannten Tatsache, 

dass die Propenlöslichkeit in sauren Chloroaluminat ionischen Flüssigkeiten mit 

abnehmender Temperatur ansteigt [126]. 

 

IV. Entwicklung von verbesserten Katalysatoren  

Die Immobilisierung von sauren ionischen Flüssigkeiten in Form von sauren SILP 

Katalysatoren wurde in dieser Arbeit vorgestellt. Diese SILP-Materialien wurden  für die 

Cumol-Isopropylierung und Toluol-Isobutylierung als SILP-slurry-Systeme getestet. Eine 

Verbesserung der Reaktionsgeschwindigkeit wurde in beiden Testsystemen beobachtet. 

Darüber hinaus wurde eine deutlich geringere Auslaugung des Katalysators im Vergleich zu 

den herkömmlichen zweiphasigen Flüssig-Flüssig-Systemen ermittelt. Dies ist auf die 

Tatsache zurückzuführen, dass die saure ionische Flüssigkeit  innerhalb der Porennetzwerke 

des Supportmaterials eingeschlossen wurde. Daher bieten diese sauren SILP-Katalysatoren 

eine einfache Trennungs- und Rezyklierungsmöglichkeit des sauren Katalysators. 
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Eine deutliche Abnahme der Acidität des Katalysators wurde bei normalen unbehandelten 

SILP-Materialien beobachtet. Daher wurde hier eine Methode zur chemischen 

Vorbehandlung des Trägermaterials (Kieselgel) vorgestellt. Dieses führte zu sehr sauren 

Chloroaluminat-basierten SILP- Katalysatoren. Während der chemischen Vorbehandlung 

wird das kalzinierte Trägermaterial mit einer Lösung aus [EMIM]Cl/AlCl3 = 1/2 in 

Dichlormethan zusammengebracht. Der Überschuss an Säure wird durch sorgfältiges 

Waschen entfernt. Die vorbehandelten Trägermaterialien zeigten keine katalytische Aktivität 

in der Isomerisierung von Diisopropylbenzol (DIPB), und sind geeignet für die 

Immobilisierung einer definierten Menge von sauren Chloroaluminat ionischen Flüssigkeiten. 

Die SILP Katalysatoren, die auf diese Art hergestellt wurden, erwiesen sich als äußerst 

attraktive heterogene Katalysatoren für die DIPB Isomerisierungsreaktion und Cumol-

Isopropylierung in einem SILP-Slurry-Reaktionsystem. Ganz offensichtlich bietet das hier 

vorgestellte Konzept für die optimierten sauren SILP-Katalysatoren diverse Vorteile 

gegenüber den traditionellen homogenen, Zeolith- oder Flüssig-Flüssig-Zweiphasen-

Systemen. 

 

V. Verfahrensentwicklung und Automatisierung  

In dieser Arbeit wurde die Verwendung von hoch sauren SILP-Katalysatoren für die 

kontinuierliche Gasphasen-Isopropylierung von Cumol und Toluol gezeigt. Bei der SILP-

Herstellung ist die Verwendung von vorbehandelten Trägermaterial entscheidend, um 

Katalysatoren mit möglichst hoher Lewis-Acidität und Stabilität zu erhalten. Eine Variation 

der Beladung mit der ionischen Flüssigkeit und des Aromaten-zu-Propen-Verhältnis haben 

gezeigt, dass ein moderater Beladungswert (α = 0,2) und ein relativ hohes Aromaten-zu-

Propen-Verhältnisses (7:1 Molverhältnis) die besten Bedingungen sind, um ungewünschte 

Folgereaktionen zu unterdrücken. Darüber hinaus konnte auch gezeigt werden, dass höhere 

Acidität der ionischen Flüssigkeiten auf dem Trägermaterial eine positive Auswirkung auf die 

Selektivität  der einfach alkylierten Produkte hat. 

Im speziell für diese Versuche ausgelegten Mehrfachfestbettreaktor konnten bei 

Langzeitversuchen zwei verschiedene Arten der Deaktivierung beobachtet werden. Während 

der ersten 20 bis 30 Stunden wurde Back-to-front Deaktivierung beobachtet. Dies wurde auf 
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die Bildung von hoch-siedenden Komponenten zurückgeführt, die sich zum Großteil am Ende 

des Reaktors bildeten. Andererseits wurde ein Front-to-Back decrease der Isomerisierungs-

Aktivität über 90 Stunden beobachtet. Diese zeigt deutlich dass eine durchgehende 

Deaktivierung aufgrund von Verunreinigungen der Substrate stattgefunden hat. 

Die kontinuierliche Gasphasen-Toluol-Isopropylierung mit Rohstoffen höherer Reinheit (z. B. 

Wassergehalt in Toluol kleiner 40 ppm und Propen 4,0) und einem relativ hohen Aromaten-

zu-Alken-Verhältnis wurde durchgeführt, um die oben aufgeführte Ursachen der 

Deaktivierung des Systems zu bekämpfen. Zum ersten Mal, wurde eine kontinuierliche SILP-

katalysierte und sehr stabile Friedel-Crafts-Alkylierung über mehr als 210 Stunden gezeigt. 

Das System zeigte ebenfalls konstante und hohe Selektivität gegenüber dem mono-

alkylierten Produkt (> 95%). Hervorragende Selektivität für meta-Cumol in der gesamten 

Cumol-Fraktion (bis zu 80%) wurde erreicht. Wir gehen davon aus, dass die hier vorgestellte 

Klasse von sehr sauren SILP-Katalysatoren von Interesse für die Entwicklung künftiger 

Alkylierungsprozesse mit höherer Effizienz und Nachhaltigkeit ist. 
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aph of alkylation products. 
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APPENDIX B:  HPLC Pump Calibration lines. 

Calibration of the HPLC pump used in the liquid-liquid isobutylation of toluene as well in the 

gas phase alkylation reaction system was carried out by weighing the amount of actual mass 

flow on an analytical balance at different nominal volumetric flow rates. In ideal condition 

the slope of the mass flow – volume flow graph should be linear and approximately equals to 

the investigated fluid’s density at given temperature. Calibration of liquid isobutylene, 

toluene and cumene are given below respectively: 

 

(a) 

 

(b) 
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(c) 

B.1.  Mass calibration of the HPLC pump (Knauer K-120) for various component. (a) Isobutylene; T = 0 
°C; ΔP = 5 bar (b) toluene; T = 25 °C; ΔP = 5 bar (c) cumene; T = 25 °C; ΔP = 5 bar.
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APPENDIX C: GC-FID calibration lines.  

Calibration of off-line and on-line GC was needed to be able to normalize the calculated 

integration area of a chromatogram for a given sample and used later on to calculate the 

actual conversion of the reaction. The calibration was done for cumene, DIPB, TIPB, meta-

xylene, DMC, toluene, cymene and additionally propylene for the gas phase alkylation 

reaction. Each substance was injected 5 times, with a predefined amount, into the GC and 

the resulting integration area is the average values. This averaged integration area was plot 

against the actual molar amount of the substance to give a slope (molar correlation factor). 

The ratio of molar correction factor of a substance with that of a reference is defined as the 

relative correction factor (CF). As example CF value determination of cyclohexane, cumene, 

diisopropylbenzene and triisopropylbenzene are shown in Figure C.1 to Figure C.4. 

 

 

C.1.  GC-FID calibration for cyclohexane. 
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C.2.  GC-FID calibration for cumene.

 

C.3.  GC-FID calibration for diisopropylbenzene. 
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C.4.  GC-FID calibration for triisopropylbenzene. 

 

The complete correction factor of all the substance used in this work is listed in Table C.5 to 

Table C.7 for the liquid-liquid alkylation reaction and the gas phase reaction respectively. 

 

Table C.5. GC-FID correction factor of aromatics in liquid phase alkylation reaction. 

 

 

 

 

 

 

 

 

Component Relative Correction Factor (CF) 

Cyclohexane (reference) 1.00 

Cumene 1.10 

Toluene 1.04 

Meta-xylene 1.12 

Diisopropylbenzene 1.07 

Triisopropylbenzene 1.11 

Dimethylcumene 0.98 

Tert-butyl-toluene 0.99 

Decaline 1.01 
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Table C.6. GC-FID correction factor of aromatics in gas phase cumene isopropylation reaction. 

 

 

 

 

 

 

Table C.7. GC-FID correction factor of aromatics in gas phase toluene isopropylation reaction. 

 

 

 

 

 

Component Relative Correction Factor (CF) 

Cumene (reference) 1,00 

Propylene 7.83 

Diisopropylbenzene 0,76 

Triisopropylbenzene 071. 

Component Relative Correction Factor (CF) 

Toluene (reference) 1,00 

Propylene 6.00 

Cymene 1.00 
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APPENDIX D: Code listing for Kinetic fitting using MATLAB®.  

The following MATLAB® codes were used to solve the ordinary differential equations in the 

kinetic investigation of cumene isopropylation in liquid-liquid biphasic reaction system. 

KineticFit.m %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% %%%% Estimation of kinetic's parameters of multiple series reactions                                                  %%%% %%%% Case : isopropylation of Cumene                                                                                                           %%%% %%%% Component : A = Cumene ; B = DIPB ; C = TIPB ; D = TeIPB                                                           %%%% %%%%                        Q = Propene                                                                                                                          %%%% %%%% Reaction I   : A + Q --> B; r1= k1 CA^a CQ^q1                 %%%% %%%% Reaction II  : B + Q --> C; r2= k2 CB^b CQ^q2                 %%%% %%%% Reaction III : C + Q --> D; r3= k3 CC^c CQ^q3                 %%%% %%%% input array containing molar amount of each components in txt               %%%% %%%% array should be t(sec) /tab nA(mol) /tab nB /tab nC                                                                     %%%% %%%% by : Joni                                                                                                                                                        %%%% %%%% Date : 09.10.2006                    %%%% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%  clc clear  %1. Ask for text file [InputFileName,InputPath] = uigetfile(('*.txt','Text Files (*.txt)'),'Select Kinetic Input File');  %proceed if a file selected if ~isequal(InputFileName,0) | ~isequal(InputPath,0)     InputFilePathName=strcat(InputPath,InputFileName);     clc     %2. Ask for initial amount of Component A, B and C     aAmountInit=input('Enter initial amount of Cumene,DIPB, TIPB and TeIPB respectively (mol) : ');          clc     %3. Ask for total volume of the reaction mixture     Vr = input('Enter reaction volume (mL) :' );     Vr=Vr/1e3; %Liter          clc     %4. Ask for first estimation of reaction order     disp('Reaction lists : ')     disp('Rx I   : Cumene + Propene --> DIPB')     disp('Rx II  : DIPB   + Propene --> TIPB')     disp('Rx III : TIPB   + Propene --> TeIPB')     aOrderRx=input('Reaction order array for Reaction I, II and III respectively :');          clc     %5. Ask for first estimation of reaction rate constant     disp('Reaction lists : ')     disp('Rx I   : Cumene + Propene --> DIPB')     disp('Rx II  : DIPB   + Propene --> TIPB')     disp('Rx III : TIPB   + Propene --> TeIPB')     aConstantRx=input('Reaction rate constant array for Reaction I, II and III respectively :');          clc     %6. Open input text file 
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    [at,aNA,aNB,aNC,aND]=textread(InputFilePathName,'%f%f%f%f%f');      %7. Start iterations     %ask for method to use     MethodChoose=input('Choose method to use : (1) Unconstrained direct search or (2) Constrained? Enter: ' );     if MethodChoose ==1         options=optimset('MaxIter',5000,'MaxFunEvals',5000,'TolX',1e-3,'TolFun',1e-3,'Display','iter');         [aKineticParameter,ErrVal,ExitFlag,OUTPUT]=fminsearch('FOBJKinetic',[aOrderRx,aConstantRx],options,aAmountInit,Vr,at,aNA,aNB,aNC,aND);         %[aKineticParameter,ErrVal,ExitFlag,OUTPUT]=fminsearch('FOBJKinetic',[aOrderRx,aConstantRx],options,aAmountInit,Vr,at,aNA,aNB,aNC);         aKineticParameter=abs(aKineticParameter);     else         options=optimset('MaxIter',5000,'MaxFunEvals',5000,'TolX',1e-3,'TolFun',1e-3,'Display','iter','LargeScale','On');         [aKineticParameter,ErrVal,ExitFlag,OUTPUT]=fmincon('FOBJKinetic',[aOrderRx,aConstantRx],[], ,[],[],[0,0,0,0,0,0],[inf,inf,inf,inf,inf,inf],[],options,aAmountInit,Vr,at,aNA,aNB,aNC,aND);         %[aKineticParameter,ErrVal,ExitFlag,OUTPUT]=fmincon('FOBJKinetic',[aOrderRx,aConstantRx],[],[],[],[],[0,0,0,0,0,0],[inf,inf,inf,inf,inf,inf],[],options,aAmountInit,Vr,at,aNA,aNB,aNC);     end          %8. Write output file     OutputString1=mat2str(strcat('Output file for : ' ,InputFilePathName,'. Created on : ', datestr(now)));     OutputString2=mat2str(strcat('Rx I   : Cumene + Propene --> DIPB ', '  k1 : ', num2str(aKineticParameter(4)), ', Reaction order (Cumene) : ', num2str(aKineticParameter(1))));     OutputString3=mat2str(strcat('Rx II  : DIPB   + Propene --> TIPB ', '  k2 : ', num2str(aKineticParameter(5)), ', Reaction order (DIPB)   : ', num2str(aKineticParameter(2))));     OutputString4=mat2str(strcat('Rx III : TIPB   + Propene --> TeIPB', ' k3 : ', num2str(aKineticParameter(6)), ', Reaction order (TIPB)   : ', num2str(aKineticParameter(3))));     OutputString5=mat2str(strcat('Relative Average Error : ',num2str(ErrVal),' Iteration : ' ,num2str(OUTPUT.iterations)));     OutputString=mat2str(strvcat(OutputString1,'================================================================================================================================',OutputString2,OutputString3,OutputString4,OutputString5,OUTPUT.message));     clc     disp(OutputString)     %9. End     WARNDLG('Optimation converged!','KineticFit') end   
FOBJ.m  Function FOBJ=FOBJKinetic(aKineticParameter,aAmountInit,Vr,at,aNA,aNB,aNC,aND)  %aKineticParameter  %1. Solve the differential equation for reaction I with the given kinetic parameters aEpsilon=[0 0 0]; %initial reaction coordinates for each reaction  %2. Solve differential equations for every reaction [atCalc,aEpsCalc]=ode23('DiffKineticSerial',at,aEpsilon,[],aAmountInit,Vr,aKineticParameter);  %coordinate aNACalc=aAmountInit(1)-aEpsCalc(:,1); 
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aNBCalc=aAmountInit(2)+aEpsCalc(:,1)-aEpsCalc(:,2); aNCCalc=aAmountInit(3)+aEpsCalc(:,2)-aEpsCalc(:,3); aNDCalc=aAmountInit(4)+aEpsCalc(:,3); %new aNCalc=[aNACalc aNBCalc aNCCalc aNDCalc];  %4. Calculate R2 NAmean=mean(aNA); R2A=1-(sum((aNACalc-aNA).^2)/sum((aNA-NAmean).^2));  NBmean=mean(aNB); R2B=1-(sum((aNBCalc-aNB).^2)/sum((aNB-NBmean).^2));  NCmean=mean(aNC); R2C=1-(sum((aNCCalc-aNC).^2)/sum((aNC-NCmean).^2));  NDmean=mean(aND); R2D=1-(sum((aNDCalc-aND).^2)/sum((aND-NDmean).^2));  %5. Plot cumene FigHandle=figure(1); set(FigHandle,'WindowStyle','docked')  subplot(2,2,1); plot(at,aNA,'o',at,aNACalc,'-') hold on XLABEL('Reaction Time / sec') YLABEL('Cumene Molar Amount / mol') Title(['R2 =' num2str(R2A)]) hold off  %5. Plot DIPB subplot(2,2,2); plot(at,aNB,'o',at,aNBCalc,'-') hold on XLABEL('Reaction Time / sec') YLABEL('DIPB Molar Amount / mol') Title(['R2 =' num2str(R2B)]) hold off  %6. Plot TIPB subplot(2,2,3); plot(at,aNC,'o',at,aNCCalc,'-') hold on XLABEL('Reaction Time / sec') YLABEL('TIPB Molar Amount / mol') Title(['R2 =' num2str(R2C)]) hold off  %6A. Plot TeIPB subplot(2,2,4); plot(at,aNC,'o',at,aNCCalc,'-') hold on XLABEL('Reaction Time / sec') YLABEL('TIPB Molar Amount / mol') Title(['R2 =' num2str(R2C)]) hold off  %8. Wait untill plot finished its job pause(0.1)  %9. Calculate least square value for Cumene LSNA=sum(sqrt((aNACalc-aNA).^2));  %10. Calculate least square value for Cumene 
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LSNB=sum(sqrt((aNBCalc-aNB).^2));  %11. Calculate least square value for Cumene LSNC=sum(sqrt((aNCCalc-aNC).^2));  %12. minimized average R2 values FOBJ=mean([LSNA LSNB LSNC]); %FOBJ=(abs(R2A)+abs(R2B)+abs(R2C))/3;   
DiffKineticSerial.m 
 Function h=DiffKineticSerial(t,aEpsilon,FLAG,aAmountInit,Vr,aKineticParameter)  %1. Extract initial molar amount NAo=aAmountInit(1); NBo=aAmountInit(2); NCo=aAmountInit(3);  %2. Extract reaction coordinate values Epsilon1=aEpsilon(1); Epsilon2=aEpsilon(2); Epsilon3=aEpsilon(3);  %3. Extract kinetic parameters na=aKineticParameter(1); nb=aKineticParameter(2); nc=aKineticParameter(3);  k1=aKineticParameter(4); k2=aKineticParameter(5); k3=aKineticParameter(6);  %4. Solve differential equations for Cumene de1dt=k1*(Vr^(1-na))*((NAo-Epsilon1)^na);  %5. Solve differential equations for DIPB de2dt=(k2*(Vr^(1-nb))*((NBo+Epsilon1-Epsilon2)^nb));  %6. Solve differential equations for TIPB %de3dt=de2dt-(k2*(Vr^(1-nb))*(NBo+Epsilon1-Epsilon2))+(k3*(Vr^(1-nc))*(NCo+Epsilon2-Epsilon3)); de3dt=(k3*(Vr^(1-nc))*((NCo+Epsilon2-Epsilon3)^nc)); h= [de1dt;     de2dt;     de3dt];  
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APPENDIX E: Code listing for ERMT078 plant automation modules.  

The following codes exemplified how the ERM T078 handles digital communication protocols 

and give a common interface for all equipments and controllers to interact. A full list of the 

codes for each equipments and controllers can be found in the companion CD-ROM of this 

work.  

 

 

 

Option Explicit On 
Imports system.io 
Public Class FrmMainERM 
    'Main windows for ERM-T078 automation 
    '========================= 
    'CLASS LEVEL VARIABLE 
    '========================= 
    Private Enum DeviceType As Integer 'type of device contained in this project 
        HPLC = 1 
        EurothermTIC = 2 
        EurothermPIC = 3 
        MFC = 4 
        Vici = 5 
    End Enum 
    'declare the total number and the order of the device that will be declared 
    Private pNumberPump As Double = 2 'number of HPLC pump 
    Private pNumberTIC As Double = 18 'number of TIC 
    Private pNumberPIC As Double = 1 'number of PIC 
    Private pNumberMFC As Double = 2 'number of MFC 
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    Private pNumberValve As Double = 1 'number of Vici valve 
 
    'declare all equipment pTICIndex(i) =device Index 
    Private pUCIndex As Integer = 0 
 
    'declare timer object to show time in the main window 
    'Private pIsPooling As Boolean = False --> 18.06.2008 change to public variable 
where it can be accessed by FrmLogging 
    Private pClockTimer As New Timer 
    Private pPoolInterval As Double = 1000 'default pool innterval setting 
 
    '========================= 
    'CLASS ERROR HANDLE 
    '========================= 
 
    Friend Sub ErrorHandleMain(ByVal ErrorNumber As Long, ByVal ErrorDescription As 
String, ByVal ErrorLine As Long, ByVal RoutineName As String) 
        Dim ErrorHeader, ErrorOutputMessage As String 
 
        If ErrorNumber < 513 Then 
            ErrorOutputMessage = "Run-Time error: " & "Error No. " & ErrorNumber & 
vbCrLf & "In " & RoutineName & " at line: " & ErrorLine & vbCrLf & ErrorDescription 
        Else 'case 513-599 reserved for user object 
            Select Case ErrorNumber 
                Case 600 
                    ErrorHeader = "Run time error" 
                    ErrorDescription = "Error during pooling. Next pooling will be 
started" 
                Case Else 
                    ErrorHeader = "Generic Error" 
            End Select 
 
            ErrorOutputMessage = ErrorHeader & vbCrLf & "Error in " & RoutineName & 
"(" & ErrorLine & ")" & vbCrLf & ErrorDescription 
        End If 
 
        FrmMessage.TxtWarn.Text = FrmMessage.TxtWarn.Text & vbCrLf & Today & " " & 
TimeOfDay & ">>" & ErrorOutputMessage 
 
    End Sub 
 
    '============================ 
    'CLASS PROCEDURES & FUNCTIONS 
    '============================ 
    Private Sub ShowStatus(ByVal StatusMessage As String, ByVal IsProcessing As 
Boolean, ByVal IsDone As Boolean) 
        'generic routine to show progress on the Toolstripstatus object and frm 
message window log 
        'status message is the string to be shown 
        'IsProcessing a flag showing whether processing is being carried out and show 
busy icon 
        'IsDone a flag showing whether no processing is being carried out  
 
        'add date and time to status message 
        StatusMessage = Today & " " & TimeOfDay & ">>" & StatusMessage 
        If IsDone = True Then 'show normal icon and display the word ready 
            Me.Cursor = Cursors.Default 
            Me.ToolStripStatus.Text = "Ready" 
            FrmMessage.TxtWarn.Items.Add(StatusMessage) 
        Else 
            If IsProcessing = True Then 'processing and disable form 
                Me.Cursor = Cursors.AppStarting 
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                Me.ToolStripStatus.Text = StatusMessage 
                FrmMessage.TxtWarn.Items.Add(StatusMessage) 
            Else 
                Me.ToolStripStatus.Text = StatusMessage & "..." 
                FrmMessage.TxtWarn.Items.Add(StatusMessage) 
            End If 
        End If 
        'refresh text 
        Application.DoEvents() 
    End Sub 
    Private Sub CreateMDIChild(ByVal FormName As String, ByVal Size() As Double, 
ByVal Position() As Double, ByVal IndexDevice As DeviceType) 
        'create new form containing device in it 
 
        'prepare new form 
        Dim lNewForm As Form 
        lNewForm = New Form 
        lNewForm.Name = "Frm" & FormName 
        lNewForm.Text = FormName 
        lNewForm.Width = Size(0) 
        lNewForm.Height = Size(1) 
        lNewForm.WindowState = FormWindowState.Normal 
        lNewForm.FormBorderStyle = Windows.Forms.FormBorderStyle.FixedToolWindow 
        lNewForm.MdiParent = Me 
        lNewForm.Tag = "UC" & CInt(IndexDevice) 
 
        'prepare new UserControl control 
        Dim lNewUC As UserControl 
        Select Case IndexDevice 
            Case DeviceType.EurothermTIC 
                lNewUC = New UCEurothermTIC 
            Case DeviceType.EurothermPIC 
                lNewUC = New UCEurothermPIC 
            Case DeviceType.HPLC 
                lNewUC = New UCKnauerHPLC 
            Case DeviceType.MFC 
                lNewUC = New UCMFC 
            Case DeviceType.Vici 
                lNewUC = New UCViciValve 
            Case Else 
                lNewUC = Nothing 
        End Select 
 
        lNewUC.Name = FormName 
 
 
        'put user control in the form 
        lNewForm.Controls.Add(lNewUC) 
        lNewUC.Location = New Point(Position(0), Position(1)) 
 
        'assign the dynamic event for form.formclosing event 
        AddHandler lNewForm.FormClosing, AddressOf OnMDIFormClosing 
 
        'add the new form to the menu list 
        Dim lNewMenuItem As New ToolStripMenuItem 
        lNewMenuItem.Text = lNewForm.Name 
 
        Me.DeviceToolStripMenuItem.DropDownItems.Add(lNewMenuItem) 
 
        'assign the dynamic event for each dropdownitems added to the menu bar 
        AddHandler lNewMenuItem.Click, AddressOf OnDeviceToolStripMenuItem_Click 
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        'save form in array 
        ReDim Preserve gUCArray(pUCIndex) 
        gUCArray(pUCIndex) = lNewForm 
 
        'add index array 
        pUCIndex = pUCIndex + 1 
 
        'hide new device window in background 
        lNewForm.Hide() 
 
    End Sub 
    Private Sub LoadSettings(ByVal PathName As String) 
        'load setting connection in path name 
 
        On Error GoTo SubError 
 
        'read data from line 
        Dim lStrLine As String 
 
 
        'Pass the file path and the file name to the StreamReader constructor. 
        Dim lObjStreamReader As StreamReader 
        lObjStreamReader = New StreamReader(PathName) 
 
        'Neglect the first line of text. 
        lStrLine = lObjStreamReader.ReadLine 
 
        'Continue to read until you reach the end of the file. 
        Dim lUCIndex As DeviceType 
        Dim lUCIndexArr() As String 
        Dim lTextLineArr() As String 
        Dim lFormName As String = "" 'MDIchild form name 
        Dim lUCControlName As String = "" 'UCcontrol object name 
        Dim lUCcontrolArr As Array 'array containing search result in a MDIChild form 
 
        Do 
            'Read the next line. 
            lStrLine = lObjStreamReader.ReadLine 
 
            'check if header separator is active (#UCn) 
            lUCIndexArr = Split(lStrLine, "#UC") 
            If UBound(lUCIndexArr) = 1 Then 'new UC header found 
                lUCIndex = lUCIndexArr(1) 
                Select Case lUCIndex 
                    Case DeviceType.HPLC 
                        lFormName = "FrmPMP" 
                        lUCControlName = "PMP" 
                    Case DeviceType.EurothermTIC 
                        lFormName = "FrmTIC" 
                        lUCControlName = "TIC" 
                    Case DeviceType.EurothermPIC 
                        lFormName = "FrmPIC" 
                        lUCControlName = "PIC" 
                    Case DeviceType.MFC 
                        lFormName = "FrmMFC" 
                        lUCControlName = "MFC" 
                    Case DeviceType.Vici 
                        lFormName = "FrmVLV" 
                        lUCControlName = "VLV" 
                End Select 
            Else 'search MDI Children form 
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                'split lines by vbtab character 
                lTextLineArr = Split(lStrLine, vbTab) 
 
                'search for the form 
                For Each lMDIForm As Form In Me.MdiChildren 
 
                    If lMDIForm.Name = lFormName & CStr(lTextLineArr(0)) Then 'form 
found set properties 
 
                        'create uccontrol according to the lucindex number and set 
the properties 
                        Call ShowStatus("Loading " & lUCControlName & 
CStr(lTextLineArr(0)) & " setting", True, False) 
 
                        Select Case lUCIndex 
                            Case DeviceType.HPLC 
                                Dim lUCControl As UCKnauerHPLC 
                                lUCcontrolArr = lMDIForm.Controls.Find(lUCControlName 
& CStr(lTextLineArr(0)), True) 
                                lUCControl = lUCcontrolArr(0) 
 
                                'set parameter for HPLC 
                                lUCControl.PortName = CStr(lTextLineArr(1)) 'set 
PortName (no Id needed for hplc since it doesnot support RS485) 
 
                                'set user index 
                                If CStr(lTextLineArr(2)) <> "Def" Then 'apply user 
defined equipment index 
                                    lUCControl.PumpID = CStr(lTextLineArr(2)) 
                                End If 
 
                                'set timer independency mode 
                                If LCase(CStr(lTextLineArr(6))) = "y" Then 'timer 
pooling independent 
                                    lUCControl.IsTmrIndependent = True 
                                Else 'timer pooling not independent 
                                    lUCControl.IsTmrIndependent = False 
                                End If 
 
                                'set viewer 
                                If CStr(lTextLineArr(4)) <> "None" Then 
                                    Dim lUCViewerArr As Array 
                                    Dim lUCViewer As UCViewer 
 
                                    'set viewer in flowsheet to display the right 
units 
                                    lUCViewerArr = 
FrmFlowsheet.Controls.Find(lTextLineArr(4), True) 
                                    lUCViewer = lUCViewerArr(0) 
                                    lUCViewer.ViewerType = lUCIndex 
 
                                    'Connect the control form with the viewer 
                                    lUCViewer.ObjectName = lMDIForm.Name 
 
                                    
lUCControl.ViewerName(UCKnauerHPLC.ViewerSetting.Name) = CStr(lTextLineArr(4)) 
'viewer name 
                                    
lUCControl.ViewerName(UCKnauerHPLC.ViewerSetting.Parent) = FrmFlowsheet.Name 'form 
where viewer object is placed (flowsheet) 
                                End If 
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                            Case DeviceType.EurothermTIC 
                                Dim lUCControl As UCEurothermTIC 
                                lUCcontrolArr = lMDIForm.Controls.Find(lUCControlName 
& CStr(lTextLineArr(0)), True) 
                                lUCControl = lUCcontrolArr(0) 
 
                                'set parameter for TIC 
                                lUCControl.PortName = CStr(lTextLineArr(1)) 'set 
PortName 
 
                                'set device ID 
                                lUCControl.Node = CInt(lTextLineArr(3)) 
 
                                'set user index 
                                If CStr(lTextLineArr(2)) <> "Def" Then 'apply user 
defined equipment index 
                                    lUCControl.TICID = CStr(lTextLineArr(2)) 
                                End If 
 
                                'set timer independency mode 
                                If LCase(CStr(lTextLineArr(6))) = "y" Then 'timer 
pooling independent 
                                    lUCControl.IsTmrIndependent = True 
                                Else 'timer pooling not independent 
                                    lUCControl.IsTmrIndependent = False 
                                End If 
 
                                'set read or read/write type 
                                If LCase(lTextLineArr(5) = "y") Then 'set device as 
controller 
                                    lUCControl.IsControler = True 
                                Else 'set device as indicator 
                                    lUCControl.IsControler = False 
                                End If 
 
                                'set viewer 
                                If CStr(lTextLineArr(4)) <> "None" Then 
 
                                    Dim lUCViewerArr As Array 
                                    Dim lUCViewer As UCViewer 
 
                                    'set viewer in flowsheet to display the right 
units 
                                    lUCViewerArr = 
FrmFlowsheet.Controls.Find(lTextLineArr(4), True) 
                                    lUCViewer = lUCViewerArr(0) 
                                    lUCViewer.ViewerType = lUCIndex 
 
                                    'Connect the control form with the viewer 
                                    lUCViewer.ObjectName = lMDIForm.Name 
 
 
                                    
lUCControl.ViewerName(UCEurothermTIC.ViewerSetting.Name) = CStr(lTextLineArr(4)) 
'viewer name 
                                    
lUCControl.ViewerName(UCEurothermTIC.ViewerSetting.Parent) = FrmFlowsheet.Name 'form 
where viewer object is placed (flowsheet) 
                                End If 
 
                            Case DeviceType.EurothermPIC 
                                Dim lUCControl As UCEurothermPIC 
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                                lUCcontrolArr = lMDIForm.Controls.Find(lUCControlName 
& CStr(lTextLineArr(0)), True) 
                                lUCControl = lUCcontrolArr(0) 
 
                                'set parameter for PIC 
                                lUCControl.PortName = CStr(lTextLineArr(1)) 'set 
PortName 
 
                                'set device ID 
                                lUCControl.Node = CInt(lTextLineArr(3)) 
 
                                'set user index 
                                If CStr(lTextLineArr(2)) <> "Def" Then 'apply user 
defined equipment index 
                                    lUCControl.PICID = CStr(lTextLineArr(2)) 
                                End If 
 
                                'set timer independency mode 
                                If LCase(CStr(lTextLineArr(6))) = "y" Then 'timer 
pooling independent 
                                    lUCControl.IsTmrIndependent = True 
                                Else 'timer pooling not independent 
                                    lUCControl.IsTmrIndependent = False 
                                End If 
 
                                'set viewer 
                                If CStr(lTextLineArr(4)) <> "None" Then 
 
                                    Dim lUCViewerArr As Array 
                                    Dim lUCViewer As UCViewer 
 
                                    'set viewer in flowsheet to display the right 
units 
                                    lUCViewerArr = 
FrmFlowsheet.Controls.Find(lTextLineArr(4), True) 
                                    lUCViewer = lUCViewerArr(0) 
                                    lUCViewer.ViewerType = lUCIndex 
 
                                    'Connect the control form with the viewer 
                                    lUCViewer.ObjectName = lMDIForm.Name 
 
                                    
lUCControl.ViewerName(UCEurothermPIC.ViewerSetting.Name) = CStr(lTextLineArr(4)) 
'viewer name 
                                    
lUCControl.ViewerName(UCEurothermPIC.ViewerSetting.Parent) = FrmFlowsheet.Name 'form 
where viewer object is placed (flowsheet) 
                                End If 
 
                            Case DeviceType.MFC 
                                Dim lUCControl As UCMFC 
                                lUCcontrolArr = lMDIForm.Controls.Find(lUCControlName 
& CStr(lTextLineArr(0)), True) 
                                lUCControl = lUCcontrolArr(0) 
 
                                'set parameter for MFC 
                                lUCControl.PortName = CStr(lTextLineArr(1)) 'set 
PortName 
 
                                'set device ID 
                                lUCControl.Node = CInt(lTextLineArr(3)) 
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                                'set user index 
                                If CStr(lTextLineArr(2)) <> "Def" Then 'apply user 
defined equipment index 
                                    lUCControl.MFCID = CStr(lTextLineArr(2)) 
                                End If 
 
                                'set timer independency mode 
                                If LCase(CStr(lTextLineArr(6))) = "y" Then 'timer 
pooling independent 
                                    lUCControl.IsTmrIndependent = True 
                                Else 'timer pooling not independent 
                                    lUCControl.IsTmrIndependent = False 
                                End If 
 
                                'set viewer 
                                If CStr(lTextLineArr(4)) <> "None" Then 
                                    Dim lUCViewerArr As Array 
                                    Dim lUCViewer As UCViewer 
 
                                    'set viewer in flowsheet to display the right 
units 
                                    lUCViewerArr = 
FrmFlowsheet.Controls.Find(lTextLineArr(4), True) 
                                    lUCViewer = lUCViewerArr(0) 
                                    lUCViewer.ViewerType = lUCIndex 
 
                                    'Connect the control form with the viewer 
                                    lUCViewer.ObjectName = lMDIForm.Name 
 
                                    lUCControl.ViewerName(UCMFC.ViewerSetting.Name) = 
CStr(lTextLineArr(4)) 'viewer name 
                                    lUCControl.ViewerName(UCMFC.ViewerSetting.Parent) 
= FrmFlowsheet.Name 'form where viewer object is placed (flowsheet) 
                                End If 
 
                            Case DeviceType.Vici 
                                Dim lUCControl As UCViciValve 
                                lUCcontrolArr = lMDIForm.Controls.Find(lUCControlName 
& CStr(lTextLineArr(0)), True) 
                                lUCControl = lUCcontrolArr(0) 
 
                                'set parameter for VICI 
                                lUCControl.PortName = CStr(lTextLineArr(1)) 'set 
PortName 
 
                                'set device ID 
                                lUCControl.Node = CInt(lTextLineArr(3)) 
 
                                'set user index 
                                If CStr(lTextLineArr(2)) <> "Def" Then 'apply user 
defined equipment index 
                                    lUCControl.ValveID = CStr(lTextLineArr(2)) 
                                End If 
 
                                'set timer independency mode 
                                If LCase(CStr(lTextLineArr(6))) = "y" Then 'timer 
pooling independent 
                                    lUCControl.IsTmrIndependent = True 
                                Else 'timer pooling not independent 
                                    lUCControl.IsTmrIndependent = False 
                                End If 
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                                'set viewer 
                                If CStr(lTextLineArr(4)) <> "None" Then 
 
                                    Dim lUCViewerArr As Array 
                                    Dim lUCViewer As UCViewer 
 
                                    'set viewer in flowsheet to display the right 
units 
                                    lUCViewerArr = 
FrmFlowsheet.Controls.Find(lTextLineArr(4), True) 
                                    lUCViewer = lUCViewerArr(0) 
                                    lUCViewer.ViewerType = lUCIndex 
 
                                    'Connect the control form with the viewer 
                                    lUCViewer.ObjectName = lMDIForm.Name 
 
                                    
lUCControl.ViewerName(UCViciValve.ViewerSetting.Name) = CStr(lTextLineArr(4)) 'viewer 
name 
                                    
lUCControl.ViewerName(UCViciValve.ViewerSetting.Parent) = FrmFlowsheet.Name 'form 
where viewer object is placed (flowsheet) 
                                End If 
                        End Select 
                        Exit For 'exit and search other equipment 
                    End If 
                Next 
            End If 
        Loop Until lObjStreamReader.EndOfStream 
 
        'close objstream reader 
        lObjStreamReader.Close() 
        lObjStreamReader = Nothing 
 
        Call ShowStatus("Ready...", False, True) 
 
        Exit Sub 
SubError: 
 
        'close lobjstream in case any error happen 
        lObjStreamReader.Close() 
 
        Call ShowStatus("Ready...", False, True) 
 
        Call ErrorHandleMain(Err.Number, Err.Description, Err.Erl, "LoadSettings") 
 
    End Sub 
    Private Sub ShowControlClasses(ByVal UCIndex As String) 
 
        'showing all the control of the given classes to front window 
        For Each MDIChildForm As Form In gUCArray 
            If MDIChildForm.Tag = UCIndex Then 'bring the selected form to front 
                MDIChildForm.Show() 
                MDIChildForm.SendToBack() 
            Else 
                MDIChildForm.Hide() 
            End If 
        Next 
 
        'send flowsheet as background 
        If FrmFlowsheet.Visible = True Then FrmFlowsheet.WindowState = 
FormWindowState.Minimized 
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    End Sub 
    Private Sub SetPoolInterval(ByVal PoolInterval As Double) 
        'set new pooling interval 
        pPoolInterval = PoolInterval 
 
        'unchecked every menu items in pooling interval menu 
        For Each Tstmenu As ToolStripMenuItem In 
Me.PoolingIntervalToolStripMenuItem.DropDownItems 
            Tstmenu.Checked = False 
        Next 
 
        'checked the appropriate menu item 
        Select Case PoolInterval 
            Case 1000 
                Me.Pool1ToolStripMenuItem.Checked = True 
            Case 5000 
                Me.Pool2ToolStripMenuItem.Checked = True 
            Case 10000 
                Me.Pool3ToolStripMenuItem.Checked = True 
        End Select 
 
    End Sub 
 
    '--> added 18.06.08 
    Private Sub LoadConfigurations(ByVal PathName As String) 
        'read configuration data given in PathName file and apply it if the device is 
connected 
 
        On Error GoTo SubError 
 
        'read data from line 
        Dim lStrLine As String 
 
 
        'Pass the file path and the file name to the StreamReader constructor. 
        Dim lObjStreamReader As StreamReader 
        lObjStreamReader = New StreamReader(PathName) 
 
        'read until you reach the end of the file. 
        Dim lUCIndex As DeviceType 
        Dim lUCIndexArr() As String 
        Dim lTextLineArr() As String 
        Dim lFormName As String = "" 'MDIchild form name 
        Dim lSetValue As Double 'the setpoint value 
 
        Do 
            'Read the next line. 
            lStrLine = lObjStreamReader.ReadLine 
 
            'split lines by vbtab character 
            lTextLineArr = Split(lStrLine, vbTab) 
 
            lFormName = lTextLineArr(0) 
            lUCIndex = CInt(lTextLineArr(1)) 
            lSetValue = CDbl(lTextLineArr(2)) 
 
            'search for the form 
            Call ShowStatus("Loading Configurations", True, False) 
 
            For Each lMDIForm As Form In Me.MdiChildren 
 
                If lMDIForm.Name = lFormName Then 'form found, set values        
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                    'create uccontrol according to the lucindex number and set the 
properties 
                    Select Case lUCIndex 
                        Case DeviceType.HPLC 
                            Dim lUCControl As UCKnauerHPLC 
                            lUCControl = lMDIForm.Controls(0) 
 
                            'set value 
                            lUCControl.SetValue = lSetValue 
 
                        Case DeviceType.EurothermTIC 
                            Dim lUCControl As UCEurothermTIC 
                            lUCControl = lMDIForm.Controls(0) 
 
                            'set value if the device is not an indicator 
                            If lUCControl.IsControler Then lUCControl.SetValue = 
lSetValue 
 
                        Case DeviceType.EurothermPIC 
                            Dim lUCControl As UCEurothermPIC 
                            lUCControl = lMDIForm.Controls(0) 
 
                            'set value 
                            lUCControl.SetValue = lSetValue 
 
                        Case DeviceType.MFC 
                            Dim lUCControl As UCMFC 
                            lUCControl = lMDIForm.Controls(0) 
 
                            'set value 
                            lUCControl.SetValue = lSetValue 
                    End Select 
                    Exit For 'exit and search other equipment 
                End If 
            Next 
        Loop Until lObjStreamReader.EndOfStream 
 
        'close objstream reader 
        lObjStreamReader.Close() 
        lObjStreamReader = Nothing 
 
        Call ShowStatus("Ready...", False, True) 
 
        Exit Sub 
SubError: 
 
        'close lobjstream in case any error happen 
        lObjStreamReader.Close() 
 
        Call ShowStatus("Ready...", False, True) 
 
        Call ErrorHandleMain(Err.Number, Err.Description, Err.Erl, 
"LoadConfigurations") 
    End Sub 
    '--> end add 18.06.08 
 
    '========================= 
    'CLASS USER EVENT 
    '========================= 
 
    Private Sub FrmMainERM_Load(ByVal sender As System.Object, ByVal e As 
System.EventArgs) Handles MyBase.Load 
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        'load all child form before showing the main program's window 
 
        'show clock on status bar 
        AddHandler pClockTimer.Tick, AddressOf OnpClockTimer_Tick 
        pClockTimer.Enabled = True 
 
        'load status message window 
        FrmMessage.MdiParent = Me 
        FrmMessage.Show() 
 
        'Added on 22.09.08 
        'check if app\msg\ folder exist if not create one to save warning messages 
periodically 
        If My.Computer.FileSystem.DirectoryExists(Application.StartupPath.ToString & 
"\msg") = False Then 
            My.Computer.FileSystem.CreateDirectory(Application.StartupPath.ToString & 
"\msg") 
        End If 
        gMsgFilePath = Application.StartupPath.ToString & "\msg" 
        'end added 22.09.08 
 
        'load flowsheet 
        Call ShowStatus("Load flowsheet", True, False) 
        FrmFlowsheet.MdiParent = Me 
 
        'prepare global array to contain all device 
        ReDim gUCArray(pNumberTIC + pNumberPIC + pNumberMFC + pNumberValve + 
pNumberPump - 1) 
 
        'Load devices' windows 
        Dim i As Long 
        Dim lSizeMdi(1) As Double 'user form size 
        Dim lPositionMdi(1) As Double 'device position in the form 
 
        'prepare global variable to share the device's window name with other 
MDIchild form 
        ReDim gUCArray(UBound(gUCArray)) 
 
        'load pumps 
        Call ShowStatus("Load dosing pump", True, False) 
        If pNumberPump > 0 Then 
            Dim lPumpIndex As String 'Valve device index 
 
            lSizeMdi(0) = 291 
            lSizeMdi(1) = 386 
            lPositionMdi(0) = 2 
            lPositionMdi(1) = 1 
 
            For i = 0 To pNumberPump - 1 
                lPumpIndex = "PMP" & CStr(i + 1) 
                Call ShowStatus("Load " & lPumpIndex, True, False) 
                Call CreateMDIChild(lPumpIndex, lSizeMdi, lPositionMdi, 
DeviceType.HPLC) 
            Next 
        End If 
 
 
        'load eurotherm TIC 
        Call ShowStatus("Load temperature device", True, False) 
        If pNumberTIC > 0 Then 
            Dim lTICIndex As String 'TIC device index 
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            lSizeMdi(0) = 288 
            lSizeMdi(1) = 341 
            lPositionMdi(0) = 2 
            lPositionMdi(1) = 1 
 
            For i = 0 To pNumberTIC - 1 
                lTICIndex = "TIC" & CStr(i + 1) 
                Call ShowStatus("Load " & lTICIndex, True, False) 
                Call CreateMDIChild(lTICIndex, lSizeMdi, lPositionMdi, 
DeviceType.EurothermTIC) 
            Next 
        End If 
 
        'load eurothermPIC 
        Call ShowStatus("Load pressure device", True, False) 
        If pNumberPIC > 0 Then 
            Dim lPICIndex As String 'PIC device index 
 
            lSizeMdi(0) = 288 
            lSizeMdi(1) = 341 
            lPositionMdi(0) = 2 
            lPositionMdi(1) = 1 
 
            For i = 0 To pNumberPIC - 1 
                lPICIndex = "PIC" & CStr(i + 1) 
                Call ShowStatus("Load " & lPICIndex, True, False) 
                Call CreateMDIChild(lPICIndex, lSizeMdi, lPositionMdi, 
DeviceType.EurothermPIC) 
            Next 
        End If 
 
        'load MFC 
        Call ShowStatus("Load digital MFC", True, False) 
        If pNumberMFC > 0 Then 
            Dim lMFCIndex As String 'MFC device index 
 
            lSizeMdi(0) = 288 
            lSizeMdi(1) = 348 
            lPositionMdi(0) = 2 
            lPositionMdi(1) = 1 
 
            For i = 0 To pNumberMFC - 1 
                lMFCIndex = "MFC" & CStr(i + 1) 
                Call ShowStatus("Load " & lMFCIndex, True, False) 
                Call CreateMDIChild(lMFCIndex, lSizeMdi, lPositionMdi, 
DeviceType.MFC) 
            Next 
        End If 
 
 
        'load valve 
        Call ShowStatus("Load valve control", True, False) 
        If pNumberValve > 0 Then 
            Dim lValveIndex As String 'Valve device index 
 
            lSizeMdi(0) = 288 
            lSizeMdi(1) = 375 
            lPositionMdi(0) = 2 
            lPositionMdi(1) = 1 
 
            For i = 0 To pNumberValve - 1 
                lValveIndex = "VLV" & CStr(i + 1) 



APPENDIX E 

186 

                Call ShowStatus("Load " & lValveIndex, True, False) 
                Call CreateMDIChild(lValveIndex, lSizeMdi, lPositionMdi, 
DeviceType.Vici) 
            Next 
        End If 
 
        'load data logging windows 
        Call ShowStatus("Load Data Logging Window", True, False) 
        FrmLogging.MdiParent = Me 
 
        'check if app\log\ folder exist if not create one to save logging file 
        If My.Computer.FileSystem.DirectoryExists(Application.StartupPath.ToString & 
"\log") = False Then 
            My.Computer.FileSystem.CreateDirectory(Application.StartupPath.ToString & 
"\log") 
        End If 
 
        'load RS232 communication tools 
        Call ShowStatus("Load RS232 direct communication tool", True, False) 
        FrmRS232.MdiParent = Me 
 
        '--> Added on 17.07.2008 
        'load scheduling form 
        Call ShowStatus("Load Scheduling Preconfig Window", True, False) 
        FrmScheduling.MdiParent = Me 
        '--->end add 17.07.2008 
 
        'set openflag to be true. No child form can be closed until the parent form 
is closed 
        gIsMainFormOpen = True 
        Me.Tag = gIsMainFormOpen 
 
        'show flowsheet 
        FrmFlowsheet.Show() 
 
        'hide logging form 
        FrmLogging.Hide() 
 
        'enable form 
        Call ShowStatus("Ready...", False, True) 
    End Sub 
    Private Sub FrmMainERM_FormClosing(ByVal sender As Object, ByVal e As 
System.Windows.Forms.FormClosingEventArgs) Handles Me.FormClosing 
        'execute when main form window is closing 
        'set the open tag to be false when the main window will be closed so that 
children form can be closed 
 
        '------added on 18.06.08 
        'Ask user confirmation for shutting down 
        Dim lAns As MsgBoxResult 
        lAns = MsgBox("Do you really want to exit ERMT078 console?", 
MsgBoxStyle.YesNo, "Close application") 
 
        If lAns = MsgBoxResult.No Then 'abort process 
            e.Cancel = True 
            'show flowsheet again 
            FrmFlowsheet.Show() 
            Exit Sub 
        End If 
        '-------------------------- 
 
        'disable pooling timer 
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        Me.ERMTimer.Enabled = False 
 
        'wait until close pooling thread if opens 
        Call ShowStatus("Wait..", True, False) 
        Do 
            My.Application.DoEvents() 
        Loop Until Me.ThreadPooling.IsBusy = False 
 
        gIsMainFormOpen = False 
        Me.Tag = gIsMainFormOpen 
 
        For Each lChildForm As Form In Me.MdiChildren 
            lChildForm.Close() 
        Next 
 
        e.Cancel = False 
    End Sub 
    Private Sub FlowsheetToolStripMenuItem_Click(ByVal sender As System.Object, ByVal 
e As System.EventArgs) Handles FlowsheetToolStripMenuItem.Click 
        'execute if flowsheet item in menu strip is clicked 
        'show flowsheet windows 
        FrmFlowsheet.Show() 
        FrmFlowsheet.WindowState = FormWindowState.Normal 
    End Sub 
    Private Sub OnDeviceToolStripMenuItem_Click(ByVal sender As Object, ByVal e As 
System.EventArgs) 
        'execute if device item in menu strip is clicked 
        'dynamic user event for each menu item added in the device menu tab. bring 
the selected item to front 
 
        'search the MDIformchild having the same name as selected item 
        For Each FrmMDIChild As Form In Me.MdiChildren 
            If FrmMDIChild.Name = sender.ToString Then 'MDIchild found, show the form 
                FrmMDIChild.Show() 
                FrmMDIChild.BringToFront() 
                Exit For 
            End If 
        Next 
    End Sub 
    Private Sub OnMDIFormClosing(ByVal Sender As Object, ByVal e As 
Windows.Forms.FormClosingEventArgs) 
        'execute when closing any of the children window 
        'dynamic handler to avoid MDI child device form being unloaded during 
operation 
 
        If gIsMainFormOpen Then 'main form open cancel command 
            e.Cancel = True 
            ' hide the control instead 
            For Each FrmMDIChild As Form In Me.MdiChildren 
                If Sender.Equals(FrmMDIChild) Then 'MDIchild form found, hide it 
                    FrmMDIChild.Hide() 
                    Exit For 
                End If 
            Next 
        Else 'proceed with closing 
            e.Cancel = False 
        End If 
    End Sub 
    Private Sub OnpClockTimer_Tick(ByVal sender As Object, ByVal e As EventArgs) 
        'execute every time pclock timer elapsed 
 
        'show current time on status bar 
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        Me.ToolStripTime.Text = Today & " " & TimeOfDay 
 
    End Sub 
    Private Sub DataLoggingToolStripMenuItem_Click(ByVal sender As System.Object, 
ByVal e As System.EventArgs) Handles DataLoggingToolStripMenuItem.Click 
        'show data logging window to front added in version 1.1.0.5 
        FrmLogging.Show() 
        FrmLogging.BringToFront() 
    End Sub 
    Private Sub LoadToolStripMenuItem_Click(ByVal sender As System.Object, ByVal e As 
System.EventArgs) Handles LoadToolStripMenuItem.Click 
        'load all setting for the device 
 
        'prompt user to choose *.scd (standard connection data) file 
        With Me.OpenFileDialog 
            .Filter = "connection data (scd)|*.scd" 
            .FileName = "" 
            .Title = "Open connection setting data" 
            .Multiselect = False 
            .ShowDialog() 
        End With 
 
        'take input file and set device 
        If Me.OpenFileDialog.FileName <> "" Then 
            Dim lPathFile As String 
            lPathFile = Me.OpenFileDialog.FileName 
            Call LoadSettings(lPathFile) 
        End If 
    End Sub 
    Private Sub MessagesToolStripMenuItem_Click(ByVal sender As System.Object, ByVal 
e As System.EventArgs) Handles MessagesToolStripMenuItem.Click 
        'show message form 
        FrmMessage.Show() 
        FrmMessage.BringToFront() 
    End Sub 
    Private Sub OnUCViewer_MouseDoubleClick(ByVal sender As Object, ByVal e As 
System.Windows.Forms.MouseEventArgs) 
        'execute when the UCviewer is double clicked. SHow the corresponding 
controller form 
        MsgBox(sender.ToString) 
    End Sub 
    Private Sub ERMTimer_Tick(ByVal sender As System.Object, ByVal e As 
System.EventArgs) Handles ERMTimer.Tick 
        'pool data every elapsed time on different process thread if the previous 
pooling process already done 
 
        'start pooling on different process thread 
        If pIsPooling = True Then 'exit sub because pooling process is working 
            Exit Sub 
        Else 
            Me.ThreadPooling.RunWorkerAsync() 
        End If 
 
    End Sub 
    Private Sub StartPoolingToolStripMenuItem_Click(ByVal sender As System.Object, 
ByVal e As System.EventArgs) Handles StartPoolingToolStripMenuItem.Click 
        Call ShowStatus("Start central pooling...", False, False) 
        'execute pooling for the first time 
        Me.ThreadPooling.RunWorkerAsync() 
 
        'start timer 
        Me.ERMTimer.Interval = pPoolInterval 
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        Me.ERMTimer.Enabled = True 
 
        'disable the pooling interval menu setting 
        Me.PoolingIntervalToolStripMenuItem.Enabled = False 
 
        'disable the start pooling button 
        Me.StartPoolingToolStripMenuItem.Enabled = False 
 
        'disable the load setting button 
        Me.LoadToolStripMenuItem.Enabled = False 
 
        'disable the preconfiguration button 
        Me.PreconfigurationToolStripMenuItem.Enabled = False 
 
    End Sub 
    Private Sub StopPoolingToolStripMenuItem_Click(ByVal sender As System.Object, 
ByVal e As System.EventArgs) Handles StopPoolingToolStripMenuItem.Click 
        Call ShowStatus("Stopping pooling", True, False) 
        Me.ERMTimer.Enabled = False 
 
        'disable form if thread pooling is still busy and wait 
        Do 
            My.Application.DoEvents() 
        Loop Until Me.ThreadPooling.IsBusy = False 
 
        Call ShowStatus("Central pooling stopped", False, True) 
 
        'reenable start pooling button 
        Me.StartPoolingToolStripMenuItem.Enabled = True 
 
        'reenable pooling interval menu setting 
        Me.PoolingIntervalToolStripMenuItem.Enabled = True 
 
        'reenable load setting 
        Me.LoadToolStripMenuItem.Enabled = True 
 
        'reenable preconfiguration button 
        Me.PreconfigurationToolStripMenuItem.Enabled = True 
    End Sub 
    Private Sub ThreadPooling_DoWork(ByVal sender As System.Object, ByVal e As 
System.ComponentModel.DoWorkEventArgs) Handles ThreadPooling.DoWork 
        'secondary thread to do data pooling from device in COM4 
 
        On Error GoTo SubError 
 
        Dim lActivateDelay As Boolean 'flag to indicate whether pooling should be 
delayed between device. this is necessary as independent devices do not delay the 
process 
        Dim lWaitTimePool As New Stopwatch 'wait time for each new device to pool 
data 
 
        Call ShowStatus("Now pooling...", False, False) 
        pIsPooling = True 
 
        For Each lMDIForm As Form In gUCArray 
            lActivateDelay = True 
            Select Case lMDIForm.Tag 
                Case "UC1" 
                    Dim lUCcontrol As UCKnauerHPLC 
                    lUCcontrol = lMDIForm.Controls.Item(0) 
                    If lUCcontrol.IsTmrIndependent = False Then 
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                        lUCcontrol.AccessAllow = True 'if the device's timer set to 
dependent then start pooling data 
                    Else 'do not wait for the next device 
                        lActivateDelay = False 
                    End If 
                Case "UC2" 
                    Dim lUCcontrol As UCEurothermTIC 
                    lUCcontrol = lMDIForm.Controls.Item(0) 
                    If lUCcontrol.IsTmrIndependent = False Then 
                        lUCcontrol.AccessAllow = True 'if the device's timer set to 
dependent then start pooling data 
                    Else 'do not wait for the next device 
                        lActivateDelay = False 
                    End If 
                Case "UC3" 
                    Dim lUCcontrol As UCEurothermPIC 
                    lUCcontrol = lMDIForm.Controls.Item(0) 
                    If lUCcontrol.IsTmrIndependent = False Then 
                        lUCcontrol.AccessAllow = True 'if the device's timer set to 
dependent then start pooling data 
                    Else 'do not wait for the next device 
                        lActivateDelay = False 
                    End If 
                Case "UC4" 
                    Dim lUCcontrol As UCMFC 
                    lUCcontrol = lMDIForm.Controls.Item(0) 
                    If lUCcontrol.IsTmrIndependent = False Then 
                        lUCcontrol.AccessAllow = True 'if the device's timer set to 
dependent then start pooling data 
                    Else 'do not wait for the next device 
                        lActivateDelay = False 
                    End If 
                Case "UC5" 
                    Dim lUCcontrol As UCViciValve 
                    lUCcontrol = lMDIForm.Controls.Item(0) 
                    If lUCcontrol.IsTmrIndependent = False Then 
                        lUCcontrol.AccessAllow = True 'if the device's timer set to 
dependent then start pooling data 
                    Else 'do not wait for the next device 
                        lActivateDelay = False 
                    End If 
            End Select 
 
            'delay 500 msec before pooling the next device value 
            If lActivateDelay = True Then 
                lWaitTimePool.Start() 
                Do 
                    My.Application.DoEvents() 
                Loop While lWaitTimePool.ElapsedMilliseconds < 500 
                lWaitTimePool.Reset() 
            End If 
        Next 
 
        Call ShowStatus("Pooling done", False, False) 
        pIsPooling = False 
        Exit Sub 
SubError: 
 
        If pIsPooling Then pIsPooling = False 
 
        Call ErrorHandleMain(Err.Number, Err.Description, Err.Erl, 
"ThreadPooling_Work") 
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    End Sub 
    Private Sub RS232ToolsToolStripMenuItem_Click(ByVal sender As System.Object, 
ByVal e As System.EventArgs) Handles RS232ToolsToolStripMenuItem.Click 
        'show rs232 direct connection window 
        FrmRS232.Show() 
        FrmRS232.BringToFront() 
    End Sub 
    Private Sub ShowAllTemperatureToolStripMenuItem_Click(ByVal sender As 
System.Object, ByVal e As System.EventArgs) Handles 
ShowAllTemperatureToolStripMenuItem.Click 
        'show all listed temperature controller 
        Call ShowControlClasses("UC2") 
    End Sub 
    Private Sub ShowAllPressureControlToolStripMenuItem_Click(ByVal sender As 
System.Object, ByVal e As System.EventArgs) Handles 
ShowAllPressureControlToolStripMenuItem.Click 
        'show all listed pressure controller 
        Call ShowControlClasses("UC3") 
    End Sub 
    Private Sub ShowAllDigitalMFCToolStripMenuItem_Click(ByVal sender As 
System.Object, ByVal e As System.EventArgs) Handles 
ShowAllDigitalMFCToolStripMenuItem.Click 
        'show all listed MFC controller 
        Call ShowControlClasses("UC4") 
    End Sub 
    Private Sub ShowAllHPLCPumpToolStripMenuItem_Click(ByVal sender As System.Object, 
ByVal e As System.EventArgs) Handles ShowAllHPLCPumpToolStripMenuItem.Click 
        'show all listed HPLCPump 
        Call ShowControlClasses("UC1") 
    End Sub 
    Private Sub AboutToolStripMenuItem_Click(ByVal sender As System.Object, ByVal e 
As System.EventArgs) Handles AboutToolStripMenuItem.Click 
        'show about form 
        AboutBox1.Show() 
    End Sub 
    Private Sub ShowAllValveToolStripMenuItem_Click(ByVal sender As System.Object, 
ByVal e As System.EventArgs) Handles ShowAllValveToolStripMenuItem.Click 
        'show all listed HPLCPump 
        Call ShowControlClasses("UC5") 
    End Sub 
    Private Sub Pool1ToolStripMenuItem_Click(ByVal sender As System.Object, ByVal e 
As System.EventArgs) Handles Pool1ToolStripMenuItem.Click 
        Call SetPoolInterval(1000) 
    End Sub 
    Private Sub Pool2ToolStripMenuItem_Click(ByVal sender As System.Object, ByVal e 
As System.EventArgs) Handles Pool2ToolStripMenuItem.Click 
        Call SetPoolInterval(5000) 
    End Sub 
    Private Sub Pool3ToolStripMenuItem_Click(ByVal sender As System.Object, ByVal e 
As System.EventArgs) Handles Pool3ToolStripMenuItem.Click 
        Call SetPoolInterval(10000) 
    End Sub 
 
    '--> added on 18.06.08 
    Private Sub SaveCurrentConfigurationToolStripMenuItem_Click(ByVal sender As 
System.Object, ByVal e As System.EventArgs) Handles 
SaveCurrentConfigurationToolStripMenuItem.Click 
        'save current set points as configuration file 
 
        On Error GoTo SubError 
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        'data pooling has to be stopped before setting can be saved 
        Dim lPathFile As String = "" 'path and file name for the configuration  
 
        'prompt user to provide filename 
        With Me.SaveFileDialog 
            .Filter = "configuration data file (cdf)|*.cdf" 
            .FileName = "ConfigurationFile" 
            .Title = "Save Current Configurations" 
            .ShowDialog() 
        End With 
 
        lPathFile = Me.SaveFileDialog.FileName 
 
        If lPathFile = "" Then 'no file selected, abort 
            Exit Sub 
        End If 
 
        Call ShowStatus("Saving configuration", True, False) 
 
        'take set value for each device 
        Dim i As Long 
        Dim lUCIndex As DeviceType 
        Dim lUCIndexArr() As String 
        Dim lFormName As String = "" 'MDIchild form name 
        Dim lSetValue As Double = 0 
 
        'declare stream object to write to file 
        Dim lObjStreamWriter As StreamWriter 
        lObjStreamWriter = New StreamWriter(lPathFile) 
 
        For i = 0 To pUCIndex - 1 
            'get formname 
            lFormName = gUCArray(i).Name 
 
            'get ucindex number 
            lUCIndexArr = Split(gUCArray(i).Tag, "UC") 
            lUCIndex = CInt(lUCIndexArr(1)) 
 
            'get setpoint if device is connected 
            Select Case lUCIndex 
                Case DeviceType.HPLC 
                    Dim lUCControl As UCKnauerHPLC 
                    lUCControl = gUCArray(i).Controls(0) 
 
                    If lUCControl.PumpOnStatus Then 
                        lSetValue = lUCControl.SetValue 
                    End If 
 
                Case DeviceType.EurothermTIC 
                    Dim lUCControl As UCEurothermTIC 
                    lUCControl = gUCArray(i).Controls(0) 
 
                    If lUCControl.IsControler Then 
                        lSetValue = lUCControl.SetValue 
                    End If 
 
                Case DeviceType.EurothermPIC 
                    Dim lUCControl As UCEurothermPIC 
                    lUCControl = gUCArray(i).Controls(0) 
 
                    If lUCControl.ConnectionStatus Then 
                        lSetValue = lUCControl.SetValue 
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                    End If 
 
                Case DeviceType.MFC 
                    Dim lUCControl As UCMFC 
                    lUCControl = gUCArray(i).Controls(0) 
 
                    lSetValue = lUCControl.SetValue 
            End Select 
 
            'write to file except fot VICI valve setting (format: FormName &Tab& 
TypeOfDevice &Tab& SetValue) this is not applicable for valves 
            If lUCIndex <> DeviceType.Vici Then 
                lObjStreamWriter.WriteLine(lFormName & vbTab & lUCIndex & vbTab & 
lSetValue) 
            End If 
        Next 
 
        'close streaming object 
        lObjStreamWriter.Close() 
 
        'Notify user 
        Dim lAns As MsgBoxResult 
        Call ShowStatus("Ready...", False, True) 
 
        lAns = MsgBox("Configuration saved successfully", MsgBoxStyle.Information, 
"Configuration saved") 
 
        Exit Sub 
SubError: 
        'close lobjstream in case any error happen 
 
        lObjStreamWriter.Close() 
 
        Call ShowStatus("Ready...", False, True) 
 
        Call ErrorHandleMain(Err.Number, Err.Description, Err.Erl, "Save 
Configuration") 
 
    End Sub 
    Private Sub LoadConfigurationToolStripMenuItem_Click(ByVal sender As 
System.Object, ByVal e As System.EventArgs) Handles 
LoadConfigurationToolStripMenuItem.Click 
        'load all set values for devices 
 
        'prompt user to choose *.scd (standard connection data) file 
        With Me.OpenFileDialog 
            .Filter = "configuration data file (cdf)|*.cdf" 
            .FileName = "" 
            .Title = "Open configuration data" 
            .Multiselect = False 
            .ShowDialog() 
        End With 
 
        'take input file and set device 
        If Me.OpenFileDialog.FileName <> "" Then 
            Dim lPathFile As String 
            lPathFile = Me.OpenFileDialog.FileName 
            Call LoadConfigurations(lPathFile) 
        End If 
    End Sub 
 
    '--> added on 17.07.08 



APPENDIX E 

194 

    Private Sub ScheduleConfigurationToolStripMenuItem_Click(ByVal sender As 
System.Object, ByVal e As System.EventArgs) Handles 
ScheduleConfigurationToolStripMenuItem.Click 
        'Execute a given preconfiguration at a given time 
        FrmScheduling.Show() 
        FrmScheduling.BringToFront() 
    End Sub 
End Class 
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APPENDIX F: Abbreviations. 

AES Atomic Elementary Spectroscopy 
α Volumetric ratio between IL and total pore volume of support material 
BBSulfIM 3-Butyl-1-(butyl-4-sulfonyl)imidazolium 
BET Brunauer-Emmet-Teller 
BMIM 1-butyl-3-methylimidazolium 
C Concentration of component i. Unit: [mol mL-1] or [mol L-1] 
COSMO-RS Conductor-like Screening Model for Real Solvent 
d32,max Maximum sauter diameter 
Di,IL Molecular diffusion coefficient of substance i in ionic liquid phase 
DIPB Diisopropylbenzene 
DMC Dimethylcumene 
DMIC Dimethyl-isopropylcumene 
DOSY Diffusion Ordered Spectroscopy 
Dstirrer Average diameter of liquid stirrer 
EA,eff Effective / formal reaction activation energy 
ED Formal diffusion activation energy 
EMIM 1-ethyl-3-methylimidazolium 
ε Reaction coordinates of a reaction 
γinterface Surface tension between two liquid phases 
γI Activity coefficient of substance i 
HPLC High Performance Liquid Chromatography 
ICP Induced Coupled Plasma 
k Reaction rate constant 
ki,IL Mass transfer coefficient of substance i in ionic liquid phase 
LAB Linear Alkyl Benzene 
MFC Mass Flow Controller 
μ Chemical potential of substance i 
μ0 Chemical potential of substance I at standard condition 
N Stirring rate in revolution per seconds (rps) 
NTF2 Bis(trifluormethanesulfonyl)imide 
OTf Trifluoromethanesulfonate 
n (superscript) Formal reaction order 
ni Molar amount of substance i 
P or PR Pressure of reaction pressure 
Pi Partition coefficient of substance i 
R Ideal gas constant = 8.314 J K-1 mol-1 
r Reaction rate 
Si Solubility fraction of substance i in ionic liquid phase 
SPA Supported Phosporous Acid 
T or TR Temperature or reaction temperature 
TBT Ter-butyl-toluene 
TeIPB Tetraisopropylbenzene 
TIPB Triisopropylbenzene 
TPD Temperature Programmed Desorption 
We Weber number for stirrer 
xi Molar fraction of substance i 
 


