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Abstract

Dimerisation of isobutene produces diisobutenes that can be hydrogenated to isooc-

tane (2,2,4-trimethyl pentane). Isooctane can be used as a high octane gasoline

component. The aim of this work was to study the selective production of di-

isobutenes through the dimerisation of isobutene on ion-exchange resin catalysts

and to construct kinetic models for the reactions in the system for reactor design

purposes.

High selectivities for diisobutenes were obtained in the presence of polar compo-

nents such as methanol and tert -butyl alcohol (TBA). The effects of these polar

components were found to be basically the same, i.e. the selectivity for diisobutenes

increases with the content of the polar component while the activity of the cat-

alyst decreases. Because TBA does not react with isobutene and because small

amounts are sufficient to obtain high selectivities, TBA was concluded to be a good

selectivity-enhancing component and was used in further studies of the system.

Different ion-exchange resin structures in the dimerisation of isobutene were stud-

ied and it was observed that good accessibility to the active sites gives high

isobutene conversions and medium crosslinking high selectivies for diisobutenes.

When linear butenes were added to the feed of the system, they were found to

react with isobutene to codimers especially at low TBA contents and at high tem-

peratures. In these experiments some 2-butanol was formed from the linear butenes

and the water from TBA dehydration.
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In the kinetic modelling, it was observed that a basic Langmuir–Hinshelwood-type

kinetic model describes the diisobutene formation rates well. Similar model was

constructed for the codimerisation of isobutene and 2-butenes. The trimerisation

of isobutene was found to proceed via diisobutenes and an additional free catalyst

active site participates in the reaction. TBA dehydration was well described by

Langmuir–Hinshelwood-type kinetics where the formed isobutene does not adsorb

on the catalyst and only one active site is needed. In the simulation of miniplant-

scale reactors these models were found to represent the experimental data well and

thus they can be used in reactor design.
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Chapter 1

Introduction

Gasoline for fuel engines needs to be of high octane number. This number describes

the knocking resistance of the gasoline and, by definition, isooctane (2,2,4-trimethyl

pentane) has octane number 100 and n-heptane 0. Lead components were once

added to gasoline to increase the octane number, but in the 1980s, when they

became recognised as environmentally harmful, they were gradually replaced by

various ethers. Methyl tert -butyl ether (MTBE) was one of these ethers.

MTBE has a high blending octane number (RON/MON=118/100 [1]) and as an

oxygen-containing compound it promotes clean burning of fuel. Generally it is pro-

duced from isobutene (iB) and methanol (MeOH) under mild reaction conditions

(below 100 ◦C) on ion-exchange resin catalysts. Dimethyl ether and diisobutenes

(diB) are produced in the main side reactions of the process [2].

Although MTBE is an excellent gasoline component, one property has caused

problems: its water solubility is 4.3 wt-% [3] and it has occasionally found its

way into ground water from leaking storage tanks. Although MTBE has not been

found carcinogenic in studies of its health effects [4], its foul taste and smell have

caused it to be banned in California [5, 6].

8



In addition to finding new octane-enhancing components for gasoline, new uses

need to be found for the isobutene feedstocks formerly used in the MTBE produc-

tion. Both problems can be solved by producing high-octane components insolu-

ble in water by the dimerisation of isobutene. In the dimerisation diisobutenes,

i.e. 2,4,4-trimethyl-1-pentene and 2,4,4-trimethyl-2-pentene (RON/MON=100/89

[7]) are formed. Diisobutenes can be used as such to replace MTBE in gasoline, or,

if alkene limitations are exceeded, they can be hydrogenated to isooctane. Hydro-

genation can be carried out for example with a nickel catalyst below 100 ◦C [8].

Another approach is diisobutene etherification with various alcohols [9, 10] as a

means of producing good gasoline components.

1.1 Characteristics of the isobutene dimerisation

In an oil refinery isobutene for the dimerisation process is available from fluid

catalytic cracking (FCC), steam cracking (SC) and isobutane dehydrogenation.

The butenes from FCC are washed with sodium hydroxide solutions and thus traces

of sodium hydroxide may enter the isobutene dimerisation process and deactivate

the catalyst. Feeds from FCC and SC include also linear butenes that may react

with isobutene to codimers [7, 11].

In the ion-exchange resin catalysed isobutene etherification low alcohol-to-alkene

molar feed ratios have been shown to favour isobutene dimerisation [2, 12, 13].

Under ether synthesis conditions without the alcohol, however, higher oligomers

are formed in addition to diisobutenes [7]. Adding even small amounts of polar

components noticeably increases the selectivity for diisobutenes.

Polar components in the feed increase the selectivity for diisobutenes, but also

decrease the activity of the resin. This results in easier control of the process,

because isobutene dimerisation and oligomerisation reactions are highly exothermic

[14]. Reliable kinetic models are important in the design and optimisation of the

process.
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1.2 Commercial technologies for the production

of diisobutenes

Many of the currently available commercial technologies for the production of

diisobutenes or isooctane employ alcohols to obtain diisobutenes selectively. These

technologies are presented in Table 1.1 together with the catalyst and additive type

used in the isobutene dimerisation. The most common additives are methanol,

which reacts with isobutene to MTBE, and tert -butyl alcohol (TBA), which does

not form an ether with isobutene [15] but dehydrates to water and isobutene.

Table 1.1: Commercial technologies for the production of diisobutenes.

Ref. Company Technology Catalyst Additive

[16] Neste Oil and NExOCTANE acid resin water/TBA

Kellogg Brown & Root

[17] CDTECH and CDIsoether acid resin water/TBA or

Snamprogetti MeOH/MTBE

[18] UOP InAlk SPA∗ or water/TBA

acid resin

[19] IFP Dimersol nickel -

[20] Lyondell Alkylate 100 acid resin water/TBA

∗ solid phosphoric acid

Most of the technologies use acidic ion-exchange resin catalysts. Only IFP’s Dimer-

sol process [19] converts linear butenes selectively to diisobutenes on a nickel cata-

lyst dissolved in ionic liquid. Products of this process are easily separated because

they are poorly soluble in the ionic solvent. In UOP’s InAlk process, solid phos-

phoric acid (SPA) catalyst can be used instead of an acidic resin [18]. Water is

then added to control the conversion and the selectivity.

Usually TBA or water is added to increase the selectivity for diisobutenes with

acidic ion-exchange resin catalysts. Exceptionally, in the CDIsoether technology
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developed by Snamprogetti and Catalytic Distillation Technologies (CDTECH),

methanol may be used [17] in addition to TBA. Then isobutene can be partially

dimerised and partially etherified, as desired. Pure TBA or water is used in the

NExOCTANETM process developed by Neste Oil and Kellogg Brown & Root [16],

in UOP’s InAlk process [18] and in the Alkylate 100 process by Lyondell [20].

Diisobutenes are thus produced free of MTBE and in high yield.

1.3 Aim of this work

Even though several commercial technologies exist for the dimerisation of isobutene,

the scientific understanding of the reaction is limited. Furthermore, detailed kinetic

models are important in the optimisation of this challenging process. The purpose

of this thesis was to thoroughly study the selective production of diisobutenes via

the ion-exchange resin catalysed dimerisation of isobutene and to construct kinetic

models for the reactions in the system.

Isobutene dimerisation experiments carried out without polar components resulted

in very low diisobutene selectivities. Because both methanol and TBA are used to

enhance the selectivity in commercial processes, paper I compared the effects of

these two polar components. Because TBA performed better, it was used as the

selectivity enhancing component in further studies.

Various ion-exchange resins and resins ion-exchanged with sodium were tested as

catalysts in the dimerisation of isobutene to study the effect of catalyst properties

on catalyst performance in the system [II]. In paper III kinetic rate equation for the

isobutene dimerisation in the presence of TBA was proposed. The kinetics of three

side reactions (trimerisation of isobutene [III], the codimerisation of isobutene and

2-butenes (2B) [IV] and the dehydration of TBA [V]) were studied to supplement

the kinetic knowledge on the system. In paper VI some of the kinetic models were

used in the simulation of miniplant-scale reactors to test their ability to represent

the system.

11



Chapter 2

Experimental

2.1 CSTR reactor system

Isobutene dimerisation experiments were carried out in a continuous stirred tank

reactor (CSTR, 50 cm3) operating in liquid phase. Two feeding tanks were used,

one containing the alkene feed as a liquid, and the other a mixture of the polar

component and the solvent (isopentane, iP). The feeding tanks were pressurised

with nitrogen to 1.8 MPa. The flow through the reactor was achieved with a

pressure difference as the pressure in the reactor was kept at 1.5 MPa. The reactor

was heated with hot oil flowing through the reactor jacket.

At the beginning of each experiment the alkene, isopentane and additive flow was

analysed by gas chromatography. After the flow had stabilised and had been

accurately analysed, it was fed to the reactor. The flow from the reactor was

analysed and the reaction at each temperature was allowed to continue until a

steady state was reached. The temperature was then changed. An automation

system was used to gather measured data and to control the reactor temperature.
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The flows to and from the reactor were analysed with an on-line Hewlett-Packard

5890 Series II gas chromatograph, which was equipped with an HP-1 capillary

column (length 60 m, film thickness 1.00 µm and diameter 0.25 mm) and a flame

ionisation detector. The products were quantified by an internal standard method.

Water could not be measured with the used detector and thus TBA dehydration

was studied based on the TBA balance.

2.2 Batch reactor system

TBA dehydration experiments were carried out in a stainless steel batch reactor (80

cm3). The catalyst was placed in the reactor in a metal gauze basket. The reactor

was pressurised with nitrogen to about 1.3 MPa to keep the reaction mixture

in liquid phase. The reactor was held in a thermostated water bath with which

various temperatures could be maintained. Samples were taken manually through

a sample valve.

The samples were analysed off-line with a Hewlett-Packard 5890 Series II gas

chromatograph equipped with a DB-1 capillary column (length 60 m, film thickness

1.00 µm and diameter 0.25 mm) and a flame ionisation detector. Products were

quantified by an internal standard method and the amounts of water and isobutene

were calculated from the TBA molar balance.

2.3 Chemicals

The alkenes studied were isobutene (Aga, 99%) 1-butene (1B, Aga, 99%), cis-2-

butene (c-2B, Aga, 99%) and a isobutene–cis-2-butene mixture (49.5 wt-% iB and

49.4 wt-% c-2B). TBA (MERCK-Schuchardt, >99%; Riedel-de Haën, >99.5%),

methanol (Riedel-de Haën, >99.8%), MTBE (supplied by Neste Oil, >95%) and
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2-butanol (2-BuOH, Riedel-de Haën, >99%) were used as additives. Isopentane

(Fluka Chemika AG, >99%) was used as a solvent and isooctane (Fluka Chemika

AG, >99.5%) was added to the reaction mixture in the batch experiments to study

the reliability of the sampling.

2.4 Catalysts

The catalyst in the study of the polar components [I] and in the kinetic studies [III-

V] was a commercial ion-exchange resin that consisted of a styrenedivinylbenzene-

based support to which sulphonic acid groups had been added as active sites.

Before use the catalyst was dried overnight in an oven at about 100 ◦C.

In the catalyst comparison study [II] several ion-exchange resins by Rohm & Haas

were tested in the dimerisation of isobutene with the CSTR equipment. These

resins included surface sulphonated XE586, highly crosslinked (divinylbenzene

(DVB) content 85% [21]) XN1010, monosulphonated A15 and A16 and correspond-

ing hypersulphonated A35 and A36 and gel-type (8 DVB-% [22]) A39. Details of

these resins are given in paper II. Ion-exchange resin A15 treated with sodium

hydroxide solutions to acid capacities of 3.9, 3.1 and 2.1–2.3 mmolH+ g−1 was also

tested in the system [II].

2.5 Experiments

The components in the feed, the catalyst and the reactor system in the experiments

that have been carried out for papers I-V are summarised in Table 2.1. The details

of the miniplant-scale reactor experiments are presented in paper VI.

In the CSTR experiments the total mass flow was about 36 g h−1 and the amount of

dry catalyst 1 g. The molar feed ratios (alkene/(solvent+additive)) were between

14



Table 2.1: Performed experiments.

Ref. Alkene Additive Catalyst Reactor system

I iB - basic∗ CSTR

” MeOH ” ”

” TBA ” ”

” MTBE ” ”

II iB TBA various resins CSTR

” ” NaOH treated ”

III iB TBA basic∗ CSTR

IV 1B TBA basic∗ CSTR

c-2B ” ” ”

c-2B 2-BuOH ” ”

iB ” ” ”

iB+c-2B TBA ” ”

V - TBA basic∗ batch

∗ a commercial acidic ion-exchange resin

0.6 and 1.1, the additive contents 0–18 mol-% and the temperatures 60-120 ◦C.

In separate TBA dehydration experiments [V] the reaction conditions were chosen

so that the isobutene that was formed would not react further to diisobutenes, and

thus dehydration equilibrium and kinetics could be studied in the absence of the

dimerisation of isobutene. These batch reactor experiments were carried out with

TBA contents 2–18 mol-% at temperatures 60–90 ◦C.

2.6 Reaction products

Diisobutenes and triisobutenes were the main products of the isobutene dimeri-

sation experiments. Tetramer content was less than 2 mol-% even without TBA.
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The main diisobutenes were 2,4,4-trimethylpent-1-ene and 2,4,4-trimethylpent-2-

ene, the ratio of which was very close to the thermodynamic equilibrium obtained

by Karinen et al. [23]. In the kinetic modelling, all the diisobutenes were considered

as one pseudocomponent, and all the triisobutenes as another.

In addition to dimerisation and oligomerisation reactions, MTBE formation from

methanol and isobutene occured in the experiments with methanol [I]. TBA dehy-

dration to water and isobutene was observed in the isobutene dimerisation exper-

iments at higher temperatures [III]. In the experiments with the isobutene–cis-2-

butene mixture, isobutene and 2-butenes formed codimers [IV].
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Chapter 3

Effect of reaction conditions

3.1 Polar components

Isobutene dimerisation in the absence of polar components [I] gave very low di-

isobutene selectivity (24% at 80 ◦C) as was expected from the studies of Di Giro-

lamo et al. [7] and Scharfe [11]. Although the selectivity was this low in the steady

state, diisobutenes were the main products in the beginning of the experiment

before the steady state was reached. This suggests that triisobutenes form in a

consecutive reaction via diisobutenes.

Further experiments were carried out with both TBA and methanol to study the

effect of polar components on the selectivity [I]. The results showed that the conver-

sion decreases and the selectivity increases with the increasing content of the polar

component. Conversion increased with temperature in the TBA experiments, but

temperature had no clear effect in the methanol experiments. In later studies the

conversion was observed to increase with the isobutene-to-solvent molar feed ratio,

while the selectivity decreased [III].
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Figure 3.1: Isobutene conversion and diisobutene selectivity with the

various additives. The dotted curve for methanol shows the conversion

and selectivity in the methanol experiments when MTBE formation is

not included in the calculations [I].
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MTBE was used as an additive in some experiments so that the extent and the

effect of the MTBE formation in the methanol experiments could be assessed. Fig-

ure 3.1 shows that the total isobutene conversion is lower and the selectivity for

diisobutenes higher with MTBE than with methanol. This is understandable, be-

cause in the methanol experiments isobutene is consumed in the MTBE formation.

When the conversion of isobutene to oligomers and the selectivity for diisobutenes

were calculated without MTBE formation, the values for the methanol and MTBE

experiments were the same. Methanol was observed to react almost entirely to

MTBE and thus MTBE, not methanol, is present on the catalyst in the methanol

experiments and increases the selectivity for diisobutenes.

Comparison of the various polar components is shown in Figure 3.2. The results of

the experiments with 2-butanol in the feed (paper IV) have been included in the

figure, too. The additives give the same selectivity with the same conversion level,

which suggests that their effects are in principle the same. The only difference is

in the amount needed for the same results and thus in the strength of the effect.
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MeOH
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Figure 3.2: Selectivity for diisobutenes as a function of the isobutene

conversion in the experiments with the various additives at 80 ◦C

[I,IV].
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The differences between the effects of the various polar components can be ex-

plained by their different polarity. Comparison of the properties of TBA and

MTBE shows that TBA has a higher dielectric constant (for TBA at 30 ◦C 10.9 [24]

and for MTBE at 20 ◦C 2.6 [25]), and thus is more polar than MTBE. Higher po-

larities suggest higher concentrations on the catalyst, which is why less TBA is

needed to increase the selectivity for diisobutenes. Much more MTBE is required

to achieve the same conversion and selectivity.

The effect of polar components in the dimerisation of isobutene was also studied

by Di Girolamo and Marchionna [26]. They compared the results of experiments

with methanol, ethanol and isopropanol (alcohol/isobutene molar ratio 0.2) and

isopropanol, sec-butanol and TBA (alcohol/isobutene molar ratio 0.05). Their

results showed that the conversion is lower and the selectivity higher with higher

alcohols such as ethanol than with methanol. This is because the etherification

does not proceed as far with ethanol as with methanol and thus more ethanol

stays on the catalyst and decreases the activity. Since TBA does not form an

ether but rather dehydrates to water, which adsorbs more strongly on the catalyst

than any of the alcohols, its effect is the strongest. The study of Di Girolamo and

Marchionna was made by comparing the results with constant alcohol to isobutene

ratio and thus it does not show the similarity of the effects of the alcohols that we

observed.

The results obtained with the sodium hydroxide treated resins were used to study

whether the increase in the selectivity can be obtained by reducing the activity of

the resin by deactivating part of the active sites [II]. The selectivity for diisobutenes

as a function of the isobutene conversion in these experiments is presented in

Figure 3.3. The TBA contents were 0.5, 1.0 and 2.0 mol-%. Different selectivities

with the same conversion level are obtained with the resins deactivated to various

capacities. It was also noticed that the selectivities decrease with the decreasing

acid capacity. This means that the activity decrease does not result in increased

selectivity in these experiments, and the influence of the sodium ions and of the

polar components on the catalyst is different.
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Figure 3.3: Selectivity for diisobutenes as a function of the isobutene

conversion in the experiments with the sodium hydroxide treated

resins at 80 ◦C (TBA contents 0.5, 1.0 and 2.0 mol-%) [II].

The acidities of the active sites change when additives such as polar components or

sodium ions are in contact with the resin. The relative average acidities of the acid

groups of the resins were measured by 13C cross-polarisation magic angle spinning

(CP-MAS) NMR [II]. These measurements showed that TBA and ion-exchanged

sodium decrease the acidity of the acid groups similarly. This means that although

in the dimerisation of isobutene the influence of TBA and of the sodium ions on the

selectivity for diisobutenes is different, their influence on the acidity of the resin is

similar. Different interaction with the protons of the catalyst is a possible explana-

tion for their different behaviour in the isobutene dimerisation experiments. The

polar components are strong proton acceptors, and may participate in the chain

scission by claiming the proton of the intermediate carbonium ion [27]. Sodium

ions, on the other hand, adsorb strongly on the acid sites and also decrease the

swelling of the catalyst [28]. Thus they hinder the mobility of the protons and of

the products. These diffusion problems give the components more time to react

to higher oligomers and thus result in decreased selectivity.
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Results presented in Paper I show that polar components increase the selectivity

for diisobutenes in the dimerisation of isobutene. When in contact with the resin,

polar components decrease the activity of the resin which results in increased

selectivity. Furthermore, because activity decrease caused by sodium ions gives low

selectivities [II], polar components may assist in the chain scission also separately

and not only through the activity decrease. TBA is a good selectivity-enhancing

component, because it does not form ethers with isobutene and small amounts give

high selectivities for diisobutenes.

3.2 Catalyst structure

The polymer supports of the ion-exchange resins used in this study were built of

polystyrene chains linked with divinylbenzene (DVB). These components form a

macroporous structure which can be described to consist of gel-type microspheres

[29]. The DVB content determines the surface area and the pore size distribution

of the resin [30], and also specifies the rigidity of the structure and the extent of

swelling in the presence of a polar component.

In this study the polymer support had a charge caused by SO−

3 groups. This

charge was neutralised with positive labile and exchangeable H+ ions. In nonpolar

conditions the sulphonic acid sites function as active sites, but with high water (or

alcohol) contents the reactions proceed on the less active solvated protons [31,32].

The sulphonic acid sites are situated on the easily accessible macropores, but also

inside the gel-type microspheres [33].

The dependence of the isobutene dimerisation rates on the acid capacity were

studied with the sodium hydroxide treated ion-exchange resin A15. The conversion

was found to decrease with the increasing sodium content and fitting the rate data

with the acid concentration gave the average reaction order of 2.3. The isobutene

dimerisation was concluded to be a second order reaction with respect to the acid
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capacity and in the comparison of the catalysts the diisobutene formation rates

were calculated based on the square of the acid capacity.

Catalysts A15, A16, A35, A36 and A39 had similar acid capacities (4.7–5.4 mmolH+

g−1 [34]) and thus they could be compared based on the mass of the catalyst. The

results showed that there are only minor differences between the activities of these

resins.

Ion-exchange resins XE586 and XN1010 had acid capacities 1.3 mmolH+ g−1 [35]

and 3.3 mmolH+ g−1 [36], respectively. In the experiments the TBA contents

(2 mol-%) and the amounts of catalyst (1 g of dry catalyst) were the same in-

dependent of the acid capacity of the catalyst. Thus there are differences in the

TBA contents relative to the acid capacities, and because XE586 and XN1010 had

lower acid capacities than the other resins, they had even higher TBA contents

relative to the acid capacity. The selectivities as a function of the conversion for

XE586, XN1010, A35 and A36 at 90 ◦C are presented in Figure 3.4. With cata-

lysts A35 and A36 similar selectivities as a function of the conversion are obtained

as observed with various polar components in Figure 3.2. With the different polar

components the same selectivities were obtained with the same conversion levels

when the amount of the polar component and thus the content of the polar com-

ponent relative to the acid capacity was changed (section 3.1). Now XE586 and

XN1010 give lower selectivities with the same conversion levels as the other cata-

lysts, which suggests that their different behaviour does not only result from their

different TBA to acid capacity ratios.

XE586 and XN1010 showed clearly higher diisobutene formation rates based on

the square of the acid capacity than the other resins. Ion-exchange resin XE586

is surface sulphonated and XN1010 has high crosslinking degree (85 DVB-% [21])

and thus most of the active sites on the surface of the macropores. With these

two catalysts the high activity based on the acid capacity can be explained by the

good accessibility of the acid sites.
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Figure 3.4: The selectivities for diisobutenes as a function of the

isobutene conversion in experiments with A35, A36, XE586 and

XN1010 as catalysts at 90 ◦C [II].

The best diisobutene selectivities as a function of the temperature were obtained

with the surface sulphonated ion-exchange resin XE586, while at 110 ◦C both

XN1010 and A39 displayed lower selectivities than the other resins. XN1010 has

high crosslinking degree, A39 low (8 DVB-% [22]) and the other resins medium

crosslinking (12–20 DVB-% [21]). With XE586 fast diffusion from the active

surface prevents oligomerisation and results in good selectivity for diisobutenes.

XN1010 has higher surface area and crosslinking and thus more rigid structure

and smaller pores than XE586. A39, on the other hand, has low crosslinking de-

gree which is why it requires a polar solvent to swell and allow good accessibility

to the active sites. This low TBA contents (2 mol-%) are perhaps not sufficient

for it to function properly. Similarly as with the sodium exchanged resins (section

3.1) the compact structures of XN1010 and A39 hinder the positive effect of TBA.

The results suggest that it is benefitial to have the active sites near the surface,

because this increases the accessibility of the sites and decreases diffusion problems.

The catalyst structure, however, should not be too rigid nor too flexible, because

medium crosslinking gives the best selectivities.
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3.3 Linear butenes

Linear butenes are present in the feed for the isobutene dimerisation system es-

pecially if it is from fluid catalytic cracking or steam cracking [7, 11]. Earlier

studies have shown that 1-butene and 2-butenes in these feeds increase the selec-

tivity for dimers, because they adsorb on the active sites more preferably than the

dimers [7]. Further experiments were now carried out with linear butenes to study

their reactivity under the isobutene dimerisation conditions with TBA present.

The experiments with the linear butenes showed that their dimerisation is slow

under the studied conditions. The isomerisation of 1-butene to cis- and trans-2-

butenes was fast, while cis-2-butene isomerised to trans-2-butene but hardly at

all to 1-butene. Previously S lomkiewicz [37], too, observed that the isomerisation

rates of 2-butenes to 1-butene are low and when Nierlich et al. [38] studied the

oligomerisation of 2-butenes, they observed that the product composition did not

change when 2-butenes were partly replaced by 1-butene. The isomerisation reac-

tions did not reach thermodynamic equilibria [39, 40] in our experiments and the

reaction rates decreased considerably at high TBA contents.

In the experiments with the mixture of isobutene and cis-2-butene, cis-2-butene

isomerised to trans-2-butene. 2-Butenes were more reactive when isobutene was

present than when pure 2-butene feed was used. Codimers were formed from

isobutene and 2-butenes. Figure 3.5 shows that the fraction of diisobutenes from

the formed dimers increased with the increasing TBA content and decreasing tem-

perature. Naturally the conversion of 2-butenes follows the opposite trend and

their reactivity increases with the decreasing TBA content and increasing temper-

ature.

In the experiments with the pure linear butenes TBA dehydrated almost com-

pletely and the formed water reacted with the linear butenes to 2-butanol. All

the linear butenes give the same sec-butyl carbonium ion which may react with
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Figure 3.5: Fraction of diisobutenes from dimers as a function of the

TBA content in the feed in the experiments with the isobutene–cis-2-

butene mixture feed.

water to 2-butanol [41]. Also in the experiments with the mixture of isobutene

and cis-2-butene part of the TBA dehydrated and formed 2-butanol. 2-Butanol

has similar effect on the selectivities as TBA as shown in Figure 3.2, but may form

ethers with alkenes.

In the absence of polar components 1-butene in the feed to the isobutene dimerisa-

tion system has been found to decrease the conversion of isobutene and to increase

the total selectivity for C8 dimers [42] and in the presence of methanol linear

butenes have been found to increase the selectivity for C8 dimers [7]. Now in the

presence of TBA its effect on the conversion of isobutene is significant and intro-

ducing 2-butenes to the feed of the system hardly affects the conversion. Also the

selectivity for C8 dimers remains unaffected.

Based on the results it can be concluded that the reactivities of the pure linear

butenes under the isobutene dimerisation conditions are low. The rate of isomeri-

sation of linear butenes and the rate of codimerisation of isobutene and 2-butenes

depend on the amount of TBA. Furthermore, water from the dehydration of TBA

reacts partly with the linear butenes to corresponding alcohols.
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Chapter 4

Kinetics

On the basis of paper I, TBA could be considered a good selectivity-enhancing

component. The isobutene dimerisation system with TBA was accordingly studied

further, to obtain kinetic equations for the reactions.

Experiments were carried out to study if internal or external mass transfer limi-

tations existed, but no limitations were observed [III,V]. No catalyst deactivation

was observed in any of the experiments.

Dortmund modified UNIFAC method [43,44] was used to calculate the activities in

the kinetic and thermodynamic analyses that were carried out with Kinfit software

[45]. In the modelling of the data the sum of squares of the residuals between the

measured and calculated inlet compositions (mol h−1, CSTR, [III, IV]) or the

measured and calculated compositions (mol, batch, [V]) was minimised.
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4.1 Isobutene dimerisation and trimerisation

Several earlier studies on isobutene dimerisation kinetics exist and most of them

consider the dimerisation as a side reaction of ether production. It has been sug-

gested that the reaction order changes with isobutene concentration [46], and

Eley–Rideal-type reaction [2, 47] has been proposed. Haag [47] found that the

triisobutenes form through both consecutive and parallel reactions, i.e. via di-

isobutenes and directly from isobutene. Tetramer formation was confirmed to

proceed only after all isobutene had been converted. In these previous studies,

isobutene dimerisation has mostly been studied in the absence of polar compo-

nents and thus these models cannot be used to describe an isobutene dimerisation

system where the selectivity for diisobutenes is increased with a polar component.

The measured data for the kinetic study in paper III showed some interesting

features. The rate of diisobutene formation reached a maximum at about 1 mol-%

TBA content. Furthermore, the triisobutene formation rate decreased rapidly

with increasing TBA content. TBA dehydration occurred at higher temperatures

(100 and 120 ◦C), but even then the conversion to water was less than 30%.

Because TBA is the only source of water, the amounts of TBA and water are

correlated. Furthermore, the amount of isobutene formed from TBA is small.

TBA dehydration was not, therefore, included in the kinetic models in paper III,

but rather a new series of experiments were carried in the absence of isobutene in

a batch reactor, and the results are presented in paper V.

Although previous publications suggest Eley–Rideal-type isobutene dimerisation

under certain conditions, the present data do not support this kind of mechanism.

These earlier studies were carried out in the absence of polar components and thus

it is possible that polar components change the order of the isobutene dimerisation

reaction, as was suggested by Hauge [42]. Langmuir–Hinshelwood-type reaction

equations were now derived for both the dimerisation and the trimerisation of

isobutene. The formation of triisobutenes both directly from isobutenes and via
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diisobutenes was considered, as well as the number of active sites needed in the

reaction.

Although TBA dehydration was not included in the kinetic models, the effect of the

polar components (TBA and water) was taken into account in the rate equations

for isobutene dimerisation and trimerisation. The effect of the polar components

was simplified to result from their adsorption on the active sites of the catalyst.

The adsorption decreases the amount of free active sites resulting in decreased

conversion. The amount of TBA in the feed was used as the combined amount of

TBA and water in the reactor.

In deriving the isobutene dimerisation and trimerisation models it was assumed

that the amount of unoccupied active sites on the catalyst is small and that the

surface reaction is the rate-limiting step. Adsorption of the solvent on the catalyst

was found to be significant and it was included in the models. Best represen-

tation of the measured data was obtained with a model where triisobutenes are

formed via diisobutenes, as was also expected based on the experiments in paper

I. Furthermore, because of the maximum in the diisobutene formation rate as a

function of the TBA content, three active sites are needed in the trimerisation

of isobutene. The net reaction rates for a system where the diisobutene forma-

tion proceeds through two adsorbed isobutenes on separate active sites and the

triisobutene formation through adsorbed diisobutene, adsorbed isobutene and an

additional free active site are

riB = −2 ·

kdiB a2

iB

(aiB + KTBA

KiB
aTBA + KiP

KiB
aiP)2

−

ktriB aiB adiB

(aiB + KTBA

KiB
aTBA + KiP

KiB
aiP)3

(4.1)

rdiB =
kdiB a2

iB

(aiB + KTBA

KiB
aTBA + KiP

KiB
aiP)2

−

ktriB aiB adiB

(aiB + KTBA

KiB
aTBA + KiP

KiB
aiP)3

(4.2)

rtriB =
ktriB aiB adiB

(aiB + KTBA

KiB
aTBA + KiP

KiB
aiP)3

, (4.3)

where

kdiB = FdiB exp

[

−
EdiB

R

(

1

T
−

1

Tref

)]

,

ktriB = FtriB exp

[

−
EtriB

R

(

1

T
−

1

Tref

)]
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and Tref = 373.15 K. This type of model explains the maximum in the diisobutene

rate and the strong decrease in the triisobutene rate at low TBA contents.

The optimised parameters for the isobutene dimerisation and trimerisation models

are presented in Table 4.1. The parameters are well identified and only the activa-

tion energy for the isobutene trimerisation has a wide confidence limit (1.8 ± 15.1

kJ mol−1).

Table 4.1: Values of the parameters and their 95% confidence limits

for the isobutene dimerisation and trimerisation models.

Parameter Value

FdiB, mol/(h gcat) 0.82 ± 0.42

EdiB, kJ/mol 30 ± 3

FtriB, mol/(h gcat) 0.065 ± 0.052

EtriB, kJ/mol 1.8 ± 15.1

KTBA/KiB 7.0 ± 2.4

KiP/KiB 0.12 ± 0.06

Measured di- and triisobutene formation rates and those calculated with Equations

(4.1)–(4.3) and the parameters presented in Table 4.1 at 100 ◦C with the molar

feed ratio 0.6 are shown in Figure 4.1. The calculated rates describe the data well;

only at higher TBA contents there is a small deviation between the calculated

and measured diisobutene formation rates. Figure 10 in paper III shows also some

deviations at low reaction rates (low temperatures and/or high TBA contents).

Based on the kinetic study it seems that the effects of the polar components in

the dimerisation of isobutene can be expressed by their adsorption on the ac-

tive sites. The isobutene dimerisation is quite well described by basic Langmuir–

Hinshelwood-type kinetics, while the isobutene trimerisation requires an additional

free active site.
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Figure 4.1: Measured and calculated di- and triisobutene formation

rates at 100 ◦C with the molar feed ratio (IB/(IP+TBA)) 0.6.

4.2 Codimerisation of isobutene and 2-butenes

In paper IV the rate equation for the codimerisation of isobutene and 2-butenes

was added to the previously presented isobutene dimerisation model. In addition

to the assumptions presented in Section 4.1, it was assumed that 2-butenes are

consumed only in the codimerisation and codimers (dim) do not react further to

trimers. These additional assumptions were made because the experimental data

showed that the 2-butene dimerisation was slow with pure cis-2-butene feed and

about the same amount of trimer peaks were obtained with the isobutene–cis-2-

butene mixture as with pure isobutene at 60 and 80 ◦C. The amount of TBA in

the feed was used as the combined amount of TBA, water, 2-butanol and ether in

the reactor.

Reaction rate equations were derived for the dimerisation of isobutene, codimeri-

sation of isobutene and 2-butenes and the trimerisation of isobutene through di-
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isobutenes. The net reaction rate equations for the system are:

riB = −2 · rdiB,j − rdim,j − rtriB,j (4.4)

r2B = −rdim,j (4.5)

rdiB = rdiB,j − rtriB,j (4.6)

rdim = rdim,j (4.7)

rtriB = rtriB,j (4.8)

where

rdiB,j =
kdiB a2

iB

(aiB + K2B

KiB
a2B + KTBA

KiB
aTBA + KiP

KiB
aiP)2

,

rdim,j =
kdim aiB a2B

(aiB + K2B

KiB
a2B + KTBA

KiB
aTBA + KiP

KiB
aiP)2

,

rtriB,j =
ktriB aiB adiB

(aiB + K2B

KiB
a2B + KTBA

KiB
aTBA + KiP

KiB
aiP)3

and

kdiB = FdiB exp

[

−
EdiB

R

(

1

T
−

1

Tref

)]

,

kdim = Fdim exp

[

−
Edim

R

(

1

T
−

1

Tref

)]

,

ktriB = FtriB exp

[

−
EtriB

R

(

1

T
−

1

Tref

)]

.

The equations now include also the adsorption of 2-butenes. The data in the study

of the isobutene dimerisation kinetics [III] and the data obtained with the mixture

of isobutene and cis-2-butene [IV] was used to optimise the parameters of this

model. The optimised parameters are presented in Table 4.2. The parameters

that were optimised in Section 4.1 for isobutene dimerisation and trimerisation

and were presented in Table 4.1 agree well with the parameters in Table 4.2 and

have now even better confidence limits.

Based on the results it seems that with the assumptions made an adequate presen-

tation of an isobutene dimerisation system with 2-butenes and TBA present can

be obtained.
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Table 4.2: Values of the parameters and their 95% confidence limits for

the rate equations of the isobutene dimerisation system with 2-butenes

present described in equations (4.4)–(4.8).

Parameter Value

FdiB, mol/(h gcat) 0.70 ± 0.28

EdiB, kJ/mol 30 ± 2

Fdim, mol/(h gcat) 0.14 ± 0.07

Edim, kJ/mol 29 ± 13

FtriB, mol/(h gcat) 0.053 ± 0.033

EtriB, kJ/mol 1.4 ± 12.6

KTBA/KiB 6.3 ± 1.8

KiP/KiB 0.11 ± 0.04

K2B/KiB 0.071 ± 0.059

4.3 TBA dehydration

The dehydration of TBA is an equilibrium-limited endothermic reaction and thus

more water is produced at higher temperatures. Because water is more polar

than TBA, it may have a significant effect on the diisobutene selectivities. In the

isobutene dimerisation experiments reported in paper III, water production was

negligible, but in industrial scale it is probable that the dehydration of TBA has

a more important role.

Several studies describe TBA dehydration and its reverse reaction isobutene hy-

dration. The main difference in these two type of studies is the initial amount of

water, because in the isobutene hydration the catalyst is often fully swollen [48,49].

Both reactions have been modelled to proceed through carbonium ions [49,50], and

Langmuir–Hinshelwood-type kinetics have been reported [31].
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TBA dehydration experiments were now [V] carried out in the batch reactor under

conditions similar to isobutene dimerisation until it was certain that equilibrium

had been reached. Although the reaction is relatively fast and almost complete

during the first hour, at least six hours was allowed for the whole system to reach

equilibrium on an initially dry catalyst.

Temperature-dependent reaction equilibrium constants and reaction enthalpies

and entropies were calculated from the obtained equilibrium data. The values

were found to agree well with the values reported in the literature. For exam-

ple, the reaction enthalpy here was 26 ± 9 kJ mol−1, while reported values range

between 26.5 and 39 kJ mol−1 [49, 51, 52].

Assumptions made in deriving the kinetic models for the dehydration of TBA

were similar to those made in the modelling of the isobutene dimerisation and

trimerisation data in paper III. Although the three tested TBA dehydration models

resulted in very similar fits, the most reliable parameters were obtained with a

Langmuir–Hinshelwood-type model where the formed isobutene does not adsorb

on the catalyst. The reaction rates for this type of system are

−rTBA =
FTBA exp(−ETBA

R
( 1

T
− 1

Tref,2
))(Ka aTBA − aH2O aiB)

aTBA +
KH2O

KTBA
aH2O

, (4.9)

riB = rH2O = −rTBA, (4.10)

where Ka is the temperature-dependent reaction equilibrium constant

Ka = exp

(

−3111.9
1

T/K
+ 7.6391

)

(4.11)

determined from the data and Tref,2 = 343.15 K. One basic difference when com-

pared with the isobutene dimerisation model is that, in the TBA dehydration the

solvent was found not to adsorb on the catalyst, whereas in the dimerisation of

isobutene its adsorption could not be neglected.

The optimised parameters for the TBA dehydration model are presented in Table

4.3. The measured and calculated molar fractions as a function of time at 60 ◦C
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Table 4.3: Values of parameters and their confidence limits for the

TBA dehydration model.

Parameter Value

FTBA, mol/(h gcat) 0.74 ± 0.37

ETBA, kJ/mol 18 ± 6

KH2O/KTBA 1.5 ± 1.1

for the TBA dehydration model are presented in Figure 4.2. The figure shows that

the model represents the data well.

This model was not used to describe TBA dehydration in the modelling of the

isobutene dimerisation data in paper III, because the water contents in the CSTR

product flow remained low. Both dimerisation and TBA dehydration models were

used in the simulation of miniplant-scale reactors, the results of which are discussed

in Section 4.5.
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Figure 4.2: Measured and calculated molar fractions of TBA as a

function of time in the dehydration of TBA at 60 ◦C.
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4.4 Parameter values

In the rate equations for isobutene dimerisation and trimerisation the adsorption

equilibrium constants for di- and triisobutenes were found to be much smaller than

the adsorption equilibrium constant for isobutene (KdiB/KiB= 74·10−6, KtriB/KiB

=21 ·10−3 [III]). Smaller values for the adsorption of diisobutenes than isobutene

were also found by Haag [47]. In contrast to this, Izquierdo et al. [46] obtained

higher adsorption equilibrium constants for diisobutenes than for isobutene for

their semiempirical Langmuir–Hinshelwood and Eley–Rideal-type model combina-

tion. The adsorption equilibrium constants of Haag [47] and Izquierdo et al. [46]

are presented in Table 4.4. The models of Haag and Izquierdo et al. did not include

polar components.

Table 4.4: Adsorption equilibrium parameters from the literature.

Ref. Catalyst T /K KiB KdiB

Haag [47] Amberlyst 15 293.15 ≥ 40 l/mol 3.5 l/mol

Izquierdo et al. [46] Lewatit K-2631 323.15 0.27 l/mol 0.59 l/mol

333.15 0.031 l/mol 0.22 l/mol

The adsorption equilibrium constants obtained for the rate equations follow the

order K2B < KiP < KiB < KTBA < KH2O. This seems reasonable since the most

polar components adsorb on the catalyst the most strongly [53]. The smaller ad-

sorption equilibrium constant for 2-butenes than for isopentane is still exceptional,

because alkenes should adsorb on the catalyst more than alkanes [53]. Further-

more, because the solvent has a clear effect in the isobutene dimerisation, but can

be omitted in the TBA dehydration kinetics, it is possible that the adsorption equi-

librium constant for isopentane represents some other solvent effect in the system

than merely the adsorption of isopentane on the catalyst.
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In the TBA dehydration model adsorption equilibrium constant of water relative

to that of TBA was 1.5 ± 1.1. This means that the extent of adsorption of both

water and TBA on the catalyst is of the same order of magnitude. In the isobutene

dimerisation model water was not included in the model separately, but both TBA

and water contents in the outlet of the reactor were represented by the TBA content

in the inlet. Adsorption equilibrium constants of the same order of magnitude for

TBA and water give credibility to this assumption.

The activation energy for the isobutene dimerisation is low (30 ± 3 kJ mol−1), but

in agreement with previous studies where activation energies between 40 and 50

kJ mol−1 were obtained for similar systems [54–57]. This low values suggest that

there may be some diffusion problems in the gel-phase as has been suggested by

Rehfinger and Hoffmann [54] and Hauge [42, 57].

Activation energy for codimerisation (29 ± 13 kJ mol−1) was of the same order of

magnitude as the activation energy for isobutene dimerisation. Activation energies

for the isobutene trimerisation were not found in the literature for comparison. The

activation energy is correlated with the other parameters and its value is very small

(1.8 ± 15.1 kJ mol−1).

Activation energies between 67 and 69 kJ mol−1 have been found for the isobutene

hydration on ion-exchange resin Amberlyst 15 [58, 59]. The activation energy

obtained here for the TBA dehydration is 18 ± 6 kJ mol−1, which is quite low

especially when the obtained reaction enthalpy was 26 ± 9 kJ mol−1. Also here

gel-phase diffusion problems might explain the low activation energy.

4.5 Simulation of miniplant-scale reactors

The isobutene dimerisation and trimerisation models [III] and the TBA dehy-

dration model [V] were used in the simulation of experiments carried out in a
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miniplant-scale reactor [VI]. Miniplant-scale systems are used in the process de-

velopment between laboratory and bench scale equipment, the objective being the

reduction of testing stages in the scale-up.

The reactor system now consisted of two tubular reactors (diameters 16 mm) in

series. The length of the catalyst bed in the first reactor was 0.431 m and in the

second 0.592 m and the catalyst was partly predried before use. The average flow

rate applied was 280 g h−1. The feed and product compositions were analysed by

gas chromatography. Diisobutene yields up to 59% were obtained corresponding to

the isobutene conversion of 63% and diisobutene selectivity of 98% (TBA content

2.5 wt-% and temperature 75 ◦C).

For the simulation of the experiments, a 2-dimensional tubular reactor model was

constructed. This model included also the kinetic rate equations presented in pa-

pers III and V. The simulation of the experiments with the derived model gave

good correspondence to the isobutene conversions and diisobutene selectivities ob-

tained in the experiments, and also the maximum temperature in the reactor was

well predicted. Some deviations between the simulated and measured TBA con-

versions were observed possibly because water and TBA had not reached proper

steady state in the experiments.

The successful simulation of a different reactor system and independent experi-

mental results confirms that the obtained kinetic models can be applied in the

process development.
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Chapter 5

Conclusions

In this work the selective production of diisobutenes through the dimerisation

of isobutene was studied. Experiments were carried out on ion-exchange resin

catalysts in the presence of polar components that increase the selectivity for

diisobutenes.

The effects of two selectivity-enhancing components, methanol and TBA, were

compared. Methanol was found to react almost entirely to MTBE on the catalyst

and thus MTBE was the selectivity-enhancing component in the methanol exper-

iments. The effects of the two components were found to be basically the same,

but more MTBE than TBA was needed to reach good selectivity because of its

lower polarity. TBA does not form ethers with isobutene, and high selectivities

are achieved even when its content in the feed is low. In view of this, TBA was

selected for use in further studies.

Deactivation of part of the acid groups of an ion-exchange resin by sodium was

found to decrease the activity of the resin similarly as the polar components.

Still, the selectivities for diisobutenes were also decreased. Sodium was deduced
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to decrease the mobility of the active protons and the diffusion of the produced

components. The polar components, on the other hand, may help in the chain

scission because of their strong proton accepting character.

When various ion-exchange resins were tested as catalysts in the dimerisation

of isobutene, good accessibility of the active sites and thus high level of surface

sulphonation was found to give high activity. Medium crosslinking (12–20 DVB-%)

gave the best selectivities.

Dimerisation of pure linear butenes under the isobutene dimerisation conditions

was found to be slow while the isomerisation proceeded faster. When a mixture of

isobutene and 2-butenes was used as a feed, codimers were formed in addition to

diisobutenes. The codimerisation rate decreased clearly at low temperatures and

high TBA contents. It was further noticed that some water from the dehydration

of TBA reacted with the linear butenes to 2-butanol that increases the selectivity

similarly as TBA.

Kinetic equations were derived for the dimerisation of isobutene and three im-

portant side reactions, i.e. the trimerisation of isobutene, the codimerisation of

isobutene and 2-butenes and the dehydration of TBA. For the isobutene dimerisa-

tion and trimerisation the kinetic analysis gave Langmuir–Hinshelwood-type rate

equations where the effect of TBA was well described by its adsorption on the

active sites of the resin. Similar rate equation was obtained for the codimerisation

of isobutene and 2-butenes. TBA dehydration kinetics were studied in separate

experiments and the equilibrium data obtained agreed well with those reported in

the literature. The best kinetic model was a Langmuir–Hinshelwood-type model

where only one active site participates in the reaction.

The obtained kinetic rate equations for the isobutene dimerisation and trimeri-

sation and the TBA dehydration were used in the simulation of miniplant-scale

reactors. The successful simulation confirms that the kinetic models can be used

in reactor design.
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Abbreviations, IUPAC

names and notation

ai activity of component i

1B 1-butene

2B 2-butenes

2-BuOH 2-butanol

c-2B cis-2-butene

CP-MAS cross-polarisation magic angle spinning

CSTR continuous stirred tank reactor

diB diisobutenes, 2,4,4-trimethyl pentenes

dim C8 dimers other than diisobutenes

DVB divinylbenzene

E activation energy, kJ mol−1

F preexponential factor, mol h−1 g−1
cat

FCC fluid catalytic cracking

iB isobutene, 2-methyl propene

iP isopentane, 2-methyl butane

isooctane 2,2,4-trimethyl pentane

k reaction rate constant, mol h−1 g−1
cat

Ka reaction equilibrium constant based on activities

Ki adsorption equilibrium constant of component i
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MeOH methanol

MON motor octane number

MTBE methyl tert -butyl ether, 2-methoxy-2-methyl propane

R universal gas constant, 8.314 J mol−1 K−1

ri reaction rate of component i, mol h−1 g−1
cat

RON research octane number

SC steam cracking

SPA solid phosphoric acid

t-2B trans-2-butene

T temperature, K

Tref reference temperature, K

TBA tert -butyl alcohol, 2-methyl-2-propanol

tetraB tetraisobutenes, tetramers

triB triisobutenes, trimers
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[33] Jeřábek, K., The effect of inhomogeneity of the polymer structure on catalytic

activity of ion exchangers, Collect. Czech. Chem. Commun. 44 (1979) 2612–

2618.

[34] Web pages of Rohm and Haas Co., Amberlyst strong acid cations. URL

http://www.rohmhaas.com/ionexchange/IP/sac.htm, (accessed Dec 2004).
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