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ABSTRACT  

The hydration process of 1-butene to secondary butanol catalyzed by strong acidic 

ion exchange resins is an alternative route to the conventional homogeneous indirect 

hydration process catalyzed by sulfuric acid. Secondary butanol – a commercially 

interesting alcohol is used mostly for MEK (methyl ethyl ketone) production. Although the 

direct hydration of butene is realized on industrial scale since 1983, only few kinetic data 

are found in the literature. 

This PhD thesis introduces a new laboratory plant concept with a special multiphase 

laboratory reactor (advancement of Carberry type) that enables a visible control of the 

phases and is endow with a well defined place for the catalyst. The analytical system is 

equipped with a sample injector (ROLSI) enabling to evaporate lµ -sized liquid samples 

directly in a carrier gas stream, by this it is possible to analyze the phases present in the 

laboratory reactor, allowing good reproducibility of the analyses. This is essential for the 

investigations on the kinetics of the direct hydration of butene on an ion exchange resin 

catalyst. A thermodynamic model, suitable for prediction of the phase equilibria involved in 

the butene hydration systems, presented in this PhD thesis has to be considered since the 

actual analytical system allows the measuring of only one of the liquid phases present in the 

reactor. The composition of the second liquid phase is computed based on the presented 

model. 

The limited miscibility of the components is the main issue in an olefin hydration 

process. In this thesis the problem of low butene miscibility with water was exceeded by 

supercritical conditions. Since the operating parameters for the butene hydration process 

were selected to have the butene in supercritical state, the extractive behavior of butene is 

also considered. 

Emphasizing the importance and the necessity of supplementary kinetic 

investigations on butene hydration catalyzed by solid acid catalysts, the author presents a 

comprehensive study that leads to the development of the reaction rate equation. 

Investigations on the external and internal diffusion limitations, chemical equilibrium 

measurements and also experiments that lead to the calculation of the Arrhenius 

parameters were obviously necessary for an ample kinetic study.  

The author gives several engineering solutions with direct industrial application, 

information that could guide to the optimization of the industrial process. 
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1. Introduction 
 

The hydration of light olefins, one of the most commercially routes to lower alcohols, 

is also the main method used for the production of secondary butanol (SBA). 

Secondary butanol, an interesting alcohol is used mostly (90% from the global 

production) as raw material in methyl-ethyl-ketone (MEK) synthesis. MEK is a world wide 

solvent used in paints and coatings industries. Although since 2001 the global MEK 

demand dropped, and the secondary butanol production consequently slowed down, a new 

SBA unit was built in China to serve local demands. In 2002 the global MEK capacity was 

1,116,000 tons per year, 1,021,000 tons being produced via butene hydration and 

dehydrogenation of the secondary butanol (European Chemical News, 2002).  

Two hydration technologies are used in parallel to produce secondary butanol: an 

indirect process promoted by sulfuric acid and a direct process catalyzed by strong solid 

acid catalysts. Friendly environmental technologies are nowadays desired due to the 

intensive preoccupations focused on environmental protection worldwide, and 

consequently a significant attention has been given to the olefin hydration direct process. 

Although the industrial process of direct n-butene hydration was realized at industrial 

scale in 1983, only few kinetic data are available. Douglas (1956) and Petrus (1982) were the 

first ones to publish the results of their kinetic investigations on butene hydration catalyzed 

by solid acid catalysts. 

The present PhD thesis was possible thanks to an excellent co-operation with 

SASOL Germany GmbH, the owner of an industrial plant for butene hydration on ion 

exchange resin. 

This PhD will focus on obtaining reliable kinetic data and also on finding 

explanations for few impediments coming out during the operation of the industrial plant. 

The understanding of the phenomena which occur during the direct hydration of the 

liquid butene, together with the alcohol extraction by butene and the sorption of the 

secondary butanol on the active sites of the catalyst, can make another step forward. 

Three issues are involved in this research: 

1. Test and operation of a new multiphase reactor suitable for the direct 

hydration of butenes, that enables a visible control of the phases and is 

endowed  with a well defined place for the catalyst; 
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2. Development of a robust analytical system able to analyze the phases present 

in the laboratory reactor, taking into account that for reliable results it is 

mandatory to have a very good reproducibility for the analyses with relative 

errors smaller than 3%. 

3.  Investigations on the kinetics of the direct hydration of the butene on an ion 

exchange resin, completed by a reaction rate equation.  
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2. State of the art and thesis objectives 
2.1. General aspects concerning the butene hydration process 

 

For a long time, since 1931, the hydration of linear butenes has been realized by 

indirect hydration process using concentrated sulfuric acid as catalyst 

(www.shellchemicals.com). Because of many drawbacks concerning the corrosive nature of 

the reaction medium and the necessity to concentrate the sulfuric acid, which demands a 

large amount of energy, the direct technology using solid acid catalyst has been used at 

industrial scale since the beginning of the ’80s. Although the indirect process shows many 

drawbacks compared with the selectivity of the direct process (e.g. the lower selectivity), it 

is still used at industrial scale due to few advantages: the low level of the temperatures and 

pressures between 0-96°C and 8-35 bar, and the capability to use hydrocarbons feed at low 

olefin content. 

 

Specific reactions for the indirect process 

 

The so called indirect hydration process is taking place in two steps: the first one is 

the absorption of the butene in concentrated sulfuric acid that leads to the formation of 

alkyl-hydrogen sulfate, followed by the dilution with water and hydrolysis.  

 

CH3 HC

OSO3H

H2C CH3CH2 HC C H2 CH3 H2SO4

CH3 HC

OSO3H

H2C CH3 H2 O

H
+

H
+

H
+

H
+

CH3 HC H2C H2SO4CH3

OH

+

+ +

 

 

The reactions in both indirect and direct processes are acid catalyzed, but the indirect 

process is homogeneously catalyzed while the direct process is heterogeneously catalyzed.  

The conditions used in the direct process are more rigorous because of a relatively 

low activity of the catalysts demanding to use higher temperatures (100-300°C) to obtain 

http://www.shellchemicals.com
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reasonable reaction rates. But a higher temperature has as consequence a shift in the 

equilibrium position of the exothermic hydration reaction to lower olefin conversions. 

High pressures must be used to compensate the effect of high temperatures and to obtain 

acceptable conversions. 

Specific reaction for the direct process 

 

The direct process is one step process since the main product - secondary butanol - 

is formed directly from hydration of butene promoted by solid acid catalyst. 

 

CH2 HC C H2 CH3 H2 O CH3 HC H2C CH3

OH

H
+

solid acid catalysts
+

 

The major advantage of the direct process over the indirect process is the elimination 

of the sulfuric acid and all the consequences derived from its utilization in the process 

(Petrus, 1982). 

A techno-economic comparison between the two processes for the production of the 

secondary butanol using n-butenes as raw material shows the advantages of the direct 

hydration process over the sulfuric acid hydration process, including a reduction of the 

capital investment by 22-33%, the elimination of continuous acidic effluent from the 

process, elimination of corrosion, and the necessity for the waste-gas treatment and for 

fewer by-products. In addition, the direct process was found to be more efficient regarding 

raw material consumption, requiring 1.24 tones of n-butenes per tone secondary butanol, 

compared with 1.56 tones for the sulfuric acid hydration (Cheng, 1992). 

 

2.2. Raw materials 
 

The raw materials used for the synthesis of secondary butanol are butenes and water. 

Using only 1-butene as raw material at industrial scale is non-economical, thus the feeding 

flow in our butene hydration process is a mixture of 1-butene, cis-2-butene, trans-2-butene, 

and iso-butene (the composition of the butene feed used for the experimental 

investigations is given in table I.3 in Appendix I). 
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The necessary butenes for the hydration process are obtained in many industrial 

processes from the chemical and petrochemical industry (thermal cracking, catalytic 

cracking, pyrolysis, etc). The second raw material, the water, does not generate any 

problems concerning the availability. The only factor to be taken into account is the 

content of Ca, Mg and Na ions that in the direct process could cover the active sites of the 

catalyst. 

Secondary butanol is the main product in the chemical reactions of the linear butenes 

(1-butene, cis-2-butene and trans-2-butene) with water. 

 

2.2.1. The main reactions of the n-butenes with water 

 

CH2
CH3

CH3

CH3

CH3CH3

CH3
CH3

OH

CH3
CH3

OH

CH3
CH3

OH

+

+

+ OH2

OH2

OH2

H+

H+

H+

H+

H+

H+

1-Butene

trans-2-Butene

cis-2-Butene

2-Butanol

2-Butanol

2-Butanol

 

 

Small quantities of iso-butene could be found in the feed mixture. The reaction 

between iso-butene and water leads to tertiary butanol, as presented below. 

 

CH3 CH2

CH3

CH3 CH3

CH3

OH

+ OH2

H+

H+

Isobutene Isobutanol
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The main product obtained in the butene hydration process is secondary butanol. 

The synthesis of the methyl-ethyl-ketone represents 90% from the secondary butanol 

world production and the other 10% are used for the production of acetates, glycols, ethers 

and acrylates, as a solvent for lacquers and for printer inks, and in fungicides and 

disinfectants industry.  

 

2.2.2. Side reactions 

 
Etherification 

Di-secondary-butyl-ether is the main by-product obtained in the butene hydration 

process. 

Few percents from the butene feed are converted into di-secondary-butyl-ether. Di-

secondary-butyl-ether can be converted back to secondary butanol by absorption in 75% 

sulfuric acid at temperatures between 70-90°C and by subsequent dilution of the acid with 

water (Petrus, 1982). 

 

The side reactions of the n-butenes 

CH3

CH3

OH

CH3

CH3

OH

CH3

CH3

OH
CH3

CH3

O

CH3

CH3

+

CH3

CH3

O

CH3

CH3

+ CH2

CH3

+ OH2

H+

H+

H+

H+

1-Butene2-Butanol

2-Butanol 2-Butanol

Di-sec-butyl-ether

Di-sec-butyl-ether

 

 

Isomerization 

The butene hydration is more complex than the hydration of ethene or propene 

because the three butenes are likely to isomerize under the acidic conditions existing in a 

hydration reactor. 
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The isomerization of 1-butene to cis-2-butene and trans-2-butene is also catalyzed by 

acid catalysts and it is an unavoidable side reaction. Most of the literature data available in 

the butene isomerization deals with the vapor phase reaction either with ion-exchange resin 

catalysts or with zeolites (Petrus et al., 1986; Slomkiewicz, 1997 Mahajani et al., 2001). 

Experiments performed on the isomerization of gaseous butenes over dry Amberlyst 15 

showed that both isomers are formed, and the rate of isomerization towards trans-2-butene 

is slightly greater than the corresponding cis isomer. However, both rates of isomerization 

from trans-2-butene to 1-butene as well as cis-2-butene to 1-butene are very slow. 

Isomerization is a side reaction, but it is not a draw back for the process because the 

product of the reaction of the isomers with water is also secondary butanol. 

 

Oligomerization 

The oligomerization of the butenes is another inevitable side reaction that takes place 

in the presence of acid catalysts. Oligomers may further be reduced to carbonaceous 

material. This reaction is especially significant for catalysts with small pore size like zeolites 

taking into account that the oligomers formed cannot escape from the intra-catalyst space 

thereby blocking the active sites. It is more probable that this happens at higher 

temperatures in the gas phase, not in the liquid phase processes for butene.  

 

2.3. The mechanism 
 

Although the mechanism of alcohol dehydration catalyzed by acids was very 

intensively studied, the mechanism of the inverse reaction - the solid acid catalyzed 

alcohols hydration - was barely investigated. One reason might be the fact that this requires 

for the lower olefins a high pressure laboratory reactor whereas the dehydration can be 

investigated at low pressure with much cheaper equipment. 

Olefins have a double bond built by a σ  bond and a π  bond. In the addition 

reactions, as the olefin hydration, the π  bond is unbound and two new σ  bonds at each 

carbon are formed, while the old σ  bond C-C is kept. 
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C C + X Y
R

C C

X Y

R
σ
π

σ
σ σ

σ

 
(R could be H, CH3-, C2H5-) 

 

Nowlan and Tidwell (1977) give a review of the historic development of the 

mechanism of the linear olefin hydration catalyzed by strong acids in solution. On the basis 

of the mechanistic criteria like the kinetic isotopic effects in H2O-D2O mixtures, 

dependence of the reaction rate constants on the acidity function, activation parameters, 

isotopic labeling, and substituent effects they conclude to the occurrence of general acid 

catalysis. The reaction follows an ASE2 (acid catalyzed electrophilic substitution of 2nd 

order) mechanism. The rate determining step in this mechanism is the protonation of a 

carbon atom to give the carbenium ion.  

According to the ASE2 mechanism, the same sec-butyl carbenium ion is formed 

during the formation of 2-butanol from all three isomeric linear butenes (Kresge et al., 

1971; Petrus, 1982; Petrus et al., 1986).  

C H2CH3 C H2CH H
+

C H2CH3 C H3CH
+

1-butene sec-butyl-carbenium ion

+

 

H
+

C H2CH3 C H3CHCH3
C H3

H H

H
+

CH3 C H3

H

H

C H2CH3 C H3CH

C C

C C +

trans-butene sec-butyl-carbenium ion

+

cis-butene

+
sec-butyl-carbenium ion

+
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The carbenium ion may be reconverted to any of the butenes; hence substantial 

isomerization of the butenes may take place. It may also react with water to give the desired 

product 2-butanol: 

 

C H2CH3 C H3CH
+

sec-butyl-carbenium ion

H2 O C H2CH3 CH(OH) CH3 H
++ +

sec-butanol

 

 

In principle, the carbenium ion may also react with 2-butanol to form the di-sec-butyl 

ether. 

In conclusion, it is generally accepted that the mechanism of the butene hydration 

follows an ASE2 mechanism. The steps usually considered as rate determining in olefin 

hydration are those involving either (i) a proton transfer from water to olefin with the 

formation of an unstable carbenium ion intermediate; (ii) the reaction of a carbenium ion 

with water forming the conjugate acid of the resulting alcohol (preceded by a fast reversible 

step as in (i)); or (iii) a concerted process involving an electrophilic attack by H3O+ at one 

of the unsaturated carbons and a nucleophilic attack by H2O at the other carbon. The 

following mechanism is proposed as being consistent with the rate data and theory (Taft, 

1952; Taft et al., 1954; Kresge et al., 1971; Mihalyi and Kallo, 1984; Kallo and Mihalyi, 

1995). 

 

CH2
CH3

H
+

CH3
CH

+
CH3

OH2

CH3
CH3

OH

H
+

slow fast

 

 
2.4. Chemical equilibrium 

 

The hydration of butenes mainly leads to the formation of the corresponding alcohol. 

The reaction is reversible. The overall reaction equation of butene hydration can be written 

as: 
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C H2CH3 C H2CH H2 O
K1

C H2CH3 CH(OH) CH3+
 

The alcohol formation is generally accompanied by the reversible production of di-

sec-butyl-ether according to: 

KE,1
(CH3)2 CH2 CH O CH CH2 (CH3)2C H2CH3 CH(OH) CH3 H2 O+2

 

or, 

C H2CH3 C H2CH CH3 CH2 CH O CH CH2 (CH3)2C H2CH3 CH(OH) (CH3)2

K ,2E+
 

The relationship between the equilibrium constants is 2,1,1 EE KKK =⋅ . 

Extensive calculations on the equilibria in the hydration of the lower olefins are 

presented by Cope (1959, 1964, and 1966) and Petrus (1982, 1986). The equilibrium 

constants of the reactions between butenes (1-butene, cis-2-butene and trans-2-butene) and 

water in the gas phase based on fugacities were calculated by Cope from thermodynamic 

data.  

Figure 2.1 gives the results together with the corresponding value of Kf for the 

hydration of the propene.  

 
Figure 2.1. Equilibrium constants of the hydration of the linear butenes and propene 
based on fugacities Kf (P=propene, B=1-butene, C=cis-2-butene, T=trans-2-butene) 

(Petrus, 1982) 
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It is obvious that the equilibrium for the 1-butene is slightly more favorable than the 

one for the propene, whereas for the cis-2-butene and trans-2-butene the equilibrium 

constant is lower. From the slope of the lines it can be also concluded that the reactions are 

exothermic. Therefore higher conversions of the olefins to the corresponding alcohols may 

be expected at lower temperatures. 

Figure 2.2 gives the calculated Kf values of the equilibrium between ethers and 

alcohols. The temperature dependence of these values indicates that the ether formation is 

slightly endothermic, except the case of di-tert-butyl-ether, whose formation is exothermic.  

 
Figure 2.2. Equilibrium constants of ether hydrolysis bases on fugacities Kf (1=di-ethyl 
ether, 2=di-isopropyl ether, 3=di-sec-butyl ether, 4=di-tert-butyl-ether) (Petrus, 1982) 

 

The ether content at equilibrium tends to decrease with increasing number of carbon 

atoms. As the number of moles decreases in the reaction, the equilibrium conversion of the 

butenes is improved by an increase in pressure. A liquid phase process at a high pressure 

seems therefore to be more attractive than a gas phase process to increase the solubility of 

the butenes in the water phase. Chemical equilibrium constants for the butene hydration 

system based on liquid phase concentrations, necessary to establish the position of the 

chemical equilibria essential for the design of the reactor for the butene hydration, were 

measured and calculated at several temperatures by Petrus (1982, 1986). The results of 

Petrus measurements are depicted in figure 2.3.   
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Figure 2.3. Dimensionless equilibrium constants based on liquid phase concentrations 
(KB, KC and KT are the equilibrium constants for 1-butene (B), cis-2-butene (C) and trans-
2-butene (T) with KB=AL/BL, KC=AL/CL and KT=AL/TL where BL, CL and TL are the 
concentration of butene isomers in the liquid phase while AL is the concentration of the 
alcohol in the liquid phase; K =the overall equilibrium constant, K =KB

-1+ KC
-1+ KT

-1) 
(Petrus, 1982)  

 

 

The value of K  is interesting for practical situation, since the overall conversion of 

the butenes to secondary butanol can be calculated from this equilibrium constant.  

Petrus compared the values of the enthalpies of secondary butanol formation in the 

vapor phase calculated from the thermodynamic data with the enthalpies in the liquid 

phase and concluded that the hydration reaction of the butenes are slightly less exothermal 

in the liquid phase.  

 

2.5. Suitable catalysts for the n-butenes hydration process 
 

The hydration of n-butenes is an acid catalyzed process and since n-butenes have 

very low solubilities in water a relatively strong acid catalyst is required to achieve the 

desired kinetics. For a long time (since 1931), the hydration of butene on industrial scale 

has been catalyzed by sulfuric acid. Nowadays, the direct hydration of butenes catalyzed by 

solid acid catalysts is applied with success on industrial scale since 1983. Both technologies 

are in use, but more attention in this thesis is given to the direct hydration process because 
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this is the more modern one and nowadays the trend is to replace the old technologies with 

a process more “friendly” to the environment.  

 

2.5.1. Strong acid ion exchange resins 
 

The most used solid catalysts in the heterogeneous hydration of the lower olefins are 

ion exchange resins.   

Ion exchangers are insoluble solid materials which carry exchangeable cations or anions 

and consist of three parts: (i) the framework, the so-called matrix, (ii) the functional group, 

and (iii) the fixed ion. The matrix consists of an irregular, macromolecular, three-

dimensional network of hydrocarbon chains and is usually build of polystyrene 

divinylbenzene (the styrene is polymerized with itself and with divinylbenzene into a 

polymeric molecule as in figure 2.4) or polymethacrylate divinylbenzene copolymer. The 

polymer is made in a suspension polymerization or polycondensation process leading to 

millimeter sized particles (beads). At present, polymerization resins have become more 

important than polycondensation resins, as they have a higher chemical and thermal 

stability.  

 

CH CH2 CH CH2

CH CH2

CH2CH CH CH2 CH CH2

CH2CH

CH2CH2CH CH

+

Figure 2.4. A polymeric molecule, the matrix for the ion exchange resins 

The matrix carries ionic groups such as: 

-SO3
-; -COO-; -PO3

2-; -AsO3
2- in cation exchangers 

and  

-NH3
+; (-NH2) groups in anion exchangers. 

The fixed ions could be H+ or Na+ for the acidic resins types and OH- or Cl- for the 

basic resin types. 
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In the case of strong acid ion exchangers (like the catalysts used in the butene 

hydration), the matrix is built of polystyrene divinylbenzene copolymer and the functional 

groups (-SO3H) are introduced in a sulfonation step. Sulfuric acid, sulfur trioxide, fuming 

sulfuric acid or chlorosulfonic acid are used as sulfonating agents. After the polymerization 

process the matrix has a gel structure or a macroporous (macroreticular) structure.  

 
Figure 2.5. The gel structure of a sulfonated styrene/DVB resin (Rehfinger, 1988) 

 

The macroporous structures having large internal surface area can be easily 

sulfonated and are more resistant to osmotic shock than gel type resins. Furthermore, they 

are extremely uniform in their external shape and opaque in contrast with gel types. Pore 

sizes of several hundred nanometers in diameter and surface areas of up to 100 m2/g and 

more can be obtained. A larger portion of crosslinking agent and a pore forming agent has 

to be used to prevent collapse of the structure. However, in connection with the large 

internal porosity, this leads to a number of advantages such as a smaller swelling difference 

in polar and nonpolar solvents, a smaller loss of volume during drying, and a higher 

oxidation resistance. Because of their higher porosity, larger molecules can also penetrate 

the interior. The economy of macroporous ion exchangers is somehow limited by their 
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lower capacities and higher regeneration costs, but their suitability for catalytic purposes is 

unique (Helfferich, 1962; Dorfner, 1991; Collin and Ramprasad, 2004). 

 In aqueous solvents, as used in the butene hydration, both gel type and 

macroreticular type ion exchangers can be used. Macroreticular resins are preferred if large 

substrate molecules are involved.  

 

 

Figure 2.6. The model of a macroporous structure (Rehfinger, 1988) 

 

2.5.2. Zeolites 

 
Until now only different ion exchange resins types are known to be used as catalysts 

for butene hydration on industrial scale. On laboratory scale other catalysts as dealuminated 

zeolites containing Ca, Ni, Cr and rare earth (RE) cations were investigated in the butenes 

hydration process by Minachev et al. (1976) and Tsybulevskii et al. (1979). They studied the 

hydration of C2-C4 olefins over Y, FAU exchanged for Ca, Cr and RE.  

Mahajani et al. (2001) investigated the behavior of ZSM-5 in the butene hydration. 

The general conclusion is that the zeolites get rapidly deactivated during the course of the 

hydration although the zeolites were found to be more active catalysts than ion exchange 

resins.  

The rate of deactivation increases with temperature and although the reaction takes 

place in supercritical conditions the use of zeolites did not provide many advantages. The 

only available information on catalysis with zeolites for the C3-C4 olefins hydration in the 

liquid phase is given in the patents of Mobil Oil Corp. (Marler et al., 1990). Zeolites that 

microparticle 
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provide constrained access to olefins have been claimed to be suitable for the hydration of 

C2-C4 olefins. Zeolites as ZSM-5, ZSM-22, ZSM-35 and Ferrierite have been qualified as 

good catalysts for hydration of the C2-C4 olefins. The other zeolites will either yield side 

products and deactivate very fast or do not have enough activity for the concerned 

reaction. Since zeolites combine cation-exchange properties, high surface acidity, and good 

thermal stability they could permit an updating of the industrial hydration processes 

(Gelbard, 2005). 

 

 

2.5.3. Other possible catalysts for the hydration of lower olefins 

 
High thermal stability is required for the solid catalyst in the direct hydration. Rohm 

and Haas have dedicated extensive research effort to developing suitable hydration catalysts 

for olefin hydration processes. A patented catalyst (Amberlyst 70), ideal for SBA and IPA 

production, with a high thermal stability, high catalytic activity, especially at higher flow 

rate conditions, with low chloride leaching, is already on the market. The maximum 

operating temperature is 190°C. More details on Amberlyst 70 are given in Appendix I 

(www.rohm&haas.com). 

Other possible alternative to macroreticular or gel type resins for the butene or low 

olefin hydration could be the resins in the fibrous form, already used for the hydration of 

isobutene into tert-butyl-alcohol (Mitsubishi, 1981). Although macroporous or swollen 

resins could allow the diffusion of large molecules and their approach to the reactive sites, 

the bead form of the resins may introduce some kinetic limitations; therefore fibers have 

been successfully experienced as another physical form for ion-exchange resins. Different 

types of such fibers in the form of nonwoven fabrics are known: (i) linear polystyrene 

fibers imbedded in a polypropylene matrix (Radkevich et al. 2001; Banno et al., 2002;), (ii) 

polypropylene  fibers which were surface grafted by polystyrene oligomers (Peltonen et al., 

1993; Marki-Arvela et al., 1999; Paakkonen and Krause, 2003) and (iii) polypropylene and 

cellulose fibers grafted with sulfopropyl or  aminopropyl groups (Morgan, 1997). 

The resins in fibrous form were obtained via co-polymerization of styrene monomers 

in the presence of a pulp of fibrous polyethylene, followed by sulfonation. The 

polymerization was done with special surfactants to give pores 10-15 µ m in size and a 

porous volume of 8 mL/g, instead of volumes of 0.6-1.7 mL/g for usual resins. After 

http://www.rohm&haas.com
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sulfonation, the material exhibited improved cation exchange rate and electric conductivity 

(Inoue et al., 2004). 
 

2.6. Industrial processes for the hydration of n-butenes  
 

Secondary butanol, a commercially interesting alcohol, has been produced for many 

years on industrial scale via indirect hydration. Due to the many drawbacks of the indirect 

hydration process (presented in the subchapter 2.1), it was obviously necessary to develop a 

more “environmentally friendly” process. The direct hydration of n-butenes was first 

technically achieved on industrial scale in 1983. 

The industrial commercial direct hydration process for IPA and SBA with ion 

exchange resins was developed by Deutsche Texaco AG (Neier et al., 1984, 1986; Carls and 

Osterburg, 1988; Henn and Neier, 1989;). Both processes, indirect and direct, are nowadays 

used at industrial scale in parallel due to different advantages and disadvantages. A 

comparison between the direct and the indirect process shows that the indirect process 

works at less severe conditions. These affirmations are sustained by the data given in table 

2.1.  

 

Table 2.1. The operating conditions for the indirect and direct hydration of n-butenes (Petrus, 

1982)  

indirect process 

olefin main 

product 

by-product catalyst temperature 

°C 

pressure 

atm 

n-butenes SBA DSBE H2SO4* 40-50 10 

direct process 

olefin main 

product 

by-product catalyst temperature 

°C 

pressure 

atm 

n-butenes** SBA DSBE ion exchange 

resins 

120-180 50-70 

* the concentration of H2SO4 in absorber should be around 79 wt% 

** concentrated butenes feeds should preferably be used 

In figure 2.7 the flowsheet of the industrial plant for the direct hydration of n-

butenes developed by Deutsche Texaco AG is depicted. 
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Figure 2.7. Flowsheet of the 2-butanol production by direct hydration (1-reactor; 2-

separation columns) (Dorfner, 1991) 

 
Three reactor types were found to be suitable for the n-butenes hydration; a trickle 

reactor, a sump reactor and a fixed bed reactor. The trickle and the sump reactors are 

operated with controlled ether recycling. It is known that the ether formation can be 

repressed by recycling the ethers distilled off from the alcohols (Neier et al., 1986). Water 

may also be added by sections, as depicted for the trickle and for the fixed bed reactors to 

have a better control of the reaction heat. Some undesirable operation problems which 

occur during the operation of the industrial plant; as a gradually increase of the differential 

pressure between the head and the bottom of the sump reactor or the presence of hot 

spots in the trickle bed reactor, could be avoided if a small amount of a cationic surfactant 

is added to or maintained in the process water for the reactor (Henn and Neier, 1989).  
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2.7. Summary and thesis objectives 
 
Although the direct process for the butene hydration has been realized on industrial 

scale for more than 20 years, only few kinetic data are available in the literature and all of 

this data are investigations done in laboratory plants. Until now, probably because of their 

confidentiality, no data obtained in industrial reactors were published. 

Only two detailed studies on butene hydration on solid acid catalysts are available, an 

early study belongs to Douglas (1958) and a newest one was published by Petrus (1982). 

Both researchers are “the pioneers” in the field of light olefin hydration catalyzed by strong 

acid ion exchange resins. Their investigations were done before the butene hydration 

process was sized up at industrial scale in 1983 under a Deutsche Texaco patent (Neier et 

al. 1984).  

Douglas was among the first ones to study the kinetics of the butene in a fixed-bed 

reactor and in liquid-liquid mode. The catalyst used was a strong ion exchange resin 

(Dowex 50WX8), the temperature range was 115-145 °C and the pressure 41 bar. The two 

phases stream leaving the reactor was analyzed only for secondary butanol. However, lack 

of data for the distribution of the butanol in the two phases does not allow to study the 

intrinsic kinetics of the reaction.  

Petrus studied the hydration by pre-dissolving butene in water and then passing it 

over a bed of cationic-exchange resin (XE-307). The investigations were done in a fixed-

bed reactor under a temperature range of 75-150°C. A kinetic model based on formation of 

carbenium ion was proposed and the rate and equilibrium constants involved were 

determined. 

Some information on this reaction is also available in the patents of Veba Chemie, 

BP and Deutsche Texaco. All these patents claim the use of ion exchange resins as 

catalysts.   

The analysis of the data reported in these patents is presented by Petrus et al. (1986) 

and it was found that the rates obtained are significantly lower than those reported by 

Douglas (1958) and Petrus (1982 and 1986). The main reason for this discrepancy appears 

to be the possible mass transfer limitations and/or deactivation of the catalyst because of 

the hot-spots in the catalyst bed (Mahajani et al., 2001). 

The present PhD thesis was possible thanks to an excellent co-operation with 

SASOL Germany GmbH, the owner of an industrial plant for butene hydration on ion 
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exchange resin. Due to this collaboration, the research in the laboratory plant from the 

Institut für Chemische Verfahrenstechnik of TU Clausthal was based on using the same 

operating conditions as in the industrial plant, and more, the same catalyst as used in the 

industrial reactor was used for the kinetic investigations.  

Because the status of the catalyst in the industrial reactor is not well defined (it is not 

known if the catalyst is placed into the water or into the olefinic phase), the PhD thesis 

focuses on the test and application for kinetic investigations of a laboratory reactor that 

enables a visible control of the two-phases separation line, as well as the attachment of the 

catalyst in a well defined place. 

The designed laboratory reactor was fed with both reactants, water and butene, and 

not only with pre-dissolved butene in water as Petrus did. The constructive shape of the 

reactor allows also the investigations of the butanol extraction.   
Since in the literature is a lack of kinetic data, this PhD thesis will focus on kinetic 

investigations in the butene hydration field. Reliable kinetic data are obtained only in a 

domain unaffected by transport phenomena thus diffusion will be also consider. Finally the 

study will be completed by an adequate rate equation essential for the design of a full scale 

reactor for direct hydration of butene. 
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3. Supercritical fluids (SCFs) 
3.1. Introduction 

 

The critical point (CP) marks the end of the vapor-liquid coexistence curve. A fluid is 

termed supercritical when its temperature and pressure are higher than the corresponding 

critical values (the critical properties for all compounds involved in the butene hydration 

investigated in this PhD thesis are given in Appendix I). Above the critical temperature 

gaseous component cannot be liquefied regardless of the applied pressure. The critical 

pressure is the vapor pressure of the gas at the critical temperature. Only one phase exists 

in the supercritical environment. The fluid, as is termed, is neither gas nor liquid and is best 

described as an intermediate between the two extremes. This phase retains solvent power 

approximating liquids as well as the transport properties common to gases (Wandeler, 

2000). 

In figure 3.1 a phase diagram of a pure compound in P-T coordinate, showing solid, 

liquid, gaseous and supercritical domains, is depicted. 

Supercritical
state

T.P.

S
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Liquid

Vapor

Gas

P
ressure

Temperature
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Figure 3.1. Phase diagram of a pure compound in P-T coordinate (T.P. and C.P. indicate 

the triple point and the critical point of the compound) (Atkins, 1996)  
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3.2. Properties of supercritical fluids 

 

Impetus for the utilization of supercritical fluids as media for chemical reactions 

originates from their unique solvent properties which have been convincingly applied and 

are now well-established in separation technology. This technology takes advantage of the 

unusual properties of SCFs in the region near the critical point where densities are a 

significant fraction of the liquid density. Under these conditions, the fluid exists as a single 

phase, possessing favorable properties of both a liquid and a gas. 

The unique property of an SCF is its pressure-dependent density, which can be 

continuously adjusted from that of a vapor to that of a liquid. The density in supercritical 

state is sufficient to afford substantial dissolution power, but the diffusivity of solutes in 

SCFs is higher than in liquids and the viscosity is much lower, more gas like, while its 

surface tension and heat of vaporization have completely disappeared. 

SCFs readily penetrate porous and fibrous solids and consequently can offer good 

catalytic activity. 

SCFs have also unique properties meaning that compounds which are insoluble in a 

fluid at ambient conditions can become soluble in the fluid under supercritical conditions, 

or conversely, compounds which are soluble at ambient conditions can become less soluble 

under supercritical conditions.  

Conducting chemical reactions under supercritical conditions gives opportunities to 

tune the reaction environment, to eliminate transport limitations on reaction rate, and to 

integrate reaction and product separation (Baiker, 1999; Sander, 2001). 

 

3.3. Mass transfer in supercritical fluids 

 

An interesting feature of using supercritical conditions for catalytic reactions is that 

all reactants can exist in a single homogenous fluid phase, which eliminates mass-transfer 

resistances through interphases as encountered in multiphase systems.  

 In heterogeneous catalysis information on transport properties such as diffusivity, 

viscosity, and thermal conductivity are crucial for understanding a reaction system. A well 

known advantage of SCFs compared to ordinary liquids is that diffusion coefficients in 

supercritical fluids are higher than in liquid. That, together with the elimination of 
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interphases which may exist in multicomponent systems under ordinary conditions, results 

in significantly enhanced mass transfer under supercritical conditions compared regular 

liquid systems. 

A comparison between the mass transfer limitations that are observed in subcritical 

and supercritical conditions is presented in figure 3.2.  

 

 Mass transfer resistances    Mass transfer resistances 
under subcritical conditions    under supercritical conditions 
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Figure 3.2. Sequence of physical and chemical steps occurring in heterogeneous catalytic 
gas/liquid (the catalytic process can be broken down into several steps; (1) transfer of 
gaseous reactant A from bulk gas phase to the gas/liquid interface (diffusion); (2) from 
there to bulk liquid (absorption and diffusion); (3) transfer of both reactants (gas and 
liquid) from bulk liquid to external surface of the catalyst particle (diffusion through 
stagnant external film surrounding catalyst particle); (4) transfer of the reactants into 
porous catalyst (internal diffusion); (5) adsorption of the reactants following either step 3 
or 4; (6) surface reaction; (7) desorption and transfer of products by (8) internal and (9) 
external diffusion to bulk liquid or gas phase (Baiker, 1999) 
 

 

The combination of heterogeneous catalysis and supercritical fluids as reactants 

and/or solvents has a great potential for optimizing a chemical process, and is currently the 

object of growing interest in chemical technology. 

The extractive feature of n-butene in conjunction with its reactive attribute is the 

subject of recent investigations. No studies of the extractive behavior of n-butenes and 

their direct hydration are known, because Petrus (1982) investigated the hydration of the 

butene by feeding the reactor with pre-dissolved butene in water, so only small amounts of 

butene are currently in his reactor, governed by the low solubility of butene in water. He 
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could only investigate the reaction in one homogeneous liquid phase. This is a much easier 

method of operating a reactor, but gives no insight into the liquid-liquid phenomena 

encounter in the real technical process. 

The laboratory reactor used for the kinetic investigations on butene hydration 

described in this PhD thesis is operated as a real two phases liquid-liquid reactor. It has a 

special design (depicted more detailed in chapter 5) that enables a visible control of the 

two-phases (organic and water) separation line, and the attachment of the catalyst in a well 

defined place as well. The mass transfer phenomena and the extractive behavior of butene 

taking place simultaneously in the multiphase laboratory reactor are illustrated in figures 3.3 

and 3.4. 

 

 

 

 
 
 
 
 
 
 
 
 
 

Figure 3.3. Mass transfer in the multiphase laboratory reactor 
 

 

The catalyst is placed in the baskets located in the water phase. The chemical reaction 

between water and butene takes place on the internal surface area of the catalyst on its 

active sites. The chemical reaction is promoted by the transport steps: the mass transfer of 

the butene from the organic phase, through the boundary between the phases, to the water 

phase and further to the external and then to the internal surface area of the catalyst. The 

main product, secondary butanol, formed in the hydration reaction is desorbed and then 

transported into the water phase. Secondary butanol is extracted from the water phase by 

supercritical butene.  
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Figure 3.4. Formation and transport phenomena of secondary butanol between the liquid 
phases in the butene hydration process  

 
 

A general description of the mass transport limitations involved in the hydration of 

the n-butenes in a multiphase reactor is depicted in figure 3.5. 

 

 

 

 
Figure 3.5. The resistances involved in the transport of SBA from the water to butene 

phase (where activity a is a = ii x⋅γ ) 
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Three mass transport phenomena seem to occur during the butene direct hydration 

process in a multiphase reactor: (i) a mass transport inside the catalyst particles, (ii) across 

the film surrounding the catalyst particles and (iii) across the phases boundary. 

The rate of every step involved in the catalytic process is very important for the 

kinetic investigations, therefore the first extraction experiments were done in order to 

investigate the rate of the secondary butanol extraction.  

 

3.4. Supercritical vs. subcritical extraction  
 

It is well known that the extraction of secondary butanol occurs in parallel with the 

hydration of the butenes, the supercritical butenes being the extraction agent. For the 

kinetic experiments it is necessary to know if the extraction step is faster than the chemical 

reaction, and if the extraction does not become competitive with the chemical reaction. 

Some authors (Yamada and Muto, 1991) assume that the distribution of alcohol is 

quite favourable under supercritical conditions and has several benefits to the entire 

process, such as enhanced rate and ease of separation. They also reported that under 

supercritical conditions the solubility of butene in water increases sharply.  

In the same time, Mahajani et al. (2001) proved that an increasing of the reaction 

temperature switching the state of the system from liquid-liquid to liquid-supercritical, will 

increase the rate of the catalyst deactivation as well, and in the same time it will compensate 

the anticipated enhancement in the rate, due to the rise of the intrinsic hydration rate and 

of a higher butene solubility in water. 

They also compared the two-phase distribution of the 2-butanol in liquid-liquid 

system with the alcohol distribution in liquid-supercritical system and no better product 

recovery was found for supercritical conditions. 

 To investigate how fast is the extraction of the product, SBA - water mixture of well 

known composition (5 wt% SBA in water) was fed into the reactor to determine the rate of 

the extraction step. The butene was fed into the reactor after the operating parameters, 

temperature and pressure, were reached.  

All the extraction experiments were performed without catalyst in the reactor. The 

experiments were performed under supercritical conditions (butene was the compound in 

the supercritical state), at different residence times (30, 25 and 5 min), and at three different 
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stirring speeds (250, 500 and 750 rot/min), given that the stirring speed enhances the mass 

transfer between the water and the olefin phases. 

Own experiments in subcritical conditions were performed in order to prove or to 

refute the affirmation of Mahajani et al. (2001). Reaching the subcritical state is possible by 

keeping the pressure constant and decreasing the temperature or vice versa, keeping the 

temperature constant and diminishing the pressure. These experiments may help us to 

conclude what the influence of those factors over the alcohol extraction is. 

Given economical reasons, the inlet feed is a mixture of the n-butene isomers and it 

was first necessary to calculate the critical temperature and pressure for the butenes 

mixture to determine the supercritical domain.  

 

3.4.1. Critical properties of the butene feed 

 
The critical temperature of the mixture was calculated with the equations 3.1 and 3.2 

(Reid et al., 1987). 

∑ ⋅Θ= jTcrmixTcr j ,,          [3.1] 

∑ ⋅

⋅
=Θ

iVcry
jVcry

i

j
j ,

,
         [3.2] 

The critical pressure was calculated with the equation 3.3 

∑ ⋅= iyiPcrmixPcr ,,         [3.3] 

All the results are summarized in the table 3.1. 

 

Table 3.1.  Critical parameters of the butene feed 

compound M, 

kmole
kg  

yi 
mol fr. 

Tcr, 
°C 

Vcr, 

kmole
l  

Pcr, 
atm 

iiTcr Θ⋅,  iyiPcr ⋅,  

1-butene 56.108 0.520 146.4 240 39.7 76.56 20.64 
cis-butene 56.108 0.134 162.4 234 41.5 21.27 5.56 

trans-butene 56.108 0.336 155.5 238 39.3 52.09 13.20 
iso-butene 56.108 0.010 144.7 239 39.5 1.447 0.395 

Total - 1.000 - - - 151.4 39.80 
 

The critical temperature and pressure of our technical butenes feed, calculated based 

on equations 3.1-3.3 from (Reid et al., 1987), are Tcr,mix = 151.4 °C and  
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Pcr,mix = 39.8 atm, above this conditions the butene mixture is in supercritical state, any 

decreasing in temperature or in pressure under this values will place the butene mixture in a 

subcritical state. 

The experimental conditions for own experiments on the extraction of secondary 

butanol by subcritical or supercritical butene are given in the table 3.2.  

 

Table 3.2. The experimental conditions for the extraction of SBA by butene in super and 

subcritical state 

 supercritical state subcritical state 
temperature 

°C 
155 155 120 

pressure 
bar 

60 35 60 

residence time* 
min 

5 15 25 5 25 5 25 

stirring speed 
RPM 

250 500 750 250 500 750 250 500 750 

* the residence time 
Q
VR=τ , where VR is the reactor volume (77 ml) and Q is the 

volumetric flow (
min
ml ) 

 
 
3.4.2. Results 
 

The results of the secondary butanol extraction experiments by supercritical butene 

are depicted in the table 3.3 

 

Table 3.3. The results of the extraction of SBA by supercritical butene  

temperature 
°C 

155 

pressure 
bar 

60 

residence time 
min 

5 15 25 

stirring speed 
RPM 

250 500 750 250 500 750 250 500 750 

SBA 
mole fr 210⋅  

3.36 3.28 3.22 5.71 5.68 5.67 5.74 5.73 5.73 
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Supercritical extraction (155°C, 60 bar)
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Figure 3.6. The evolution of the SBA mole fr. extracted by supercritical butene at different 
residence time in dependency of the stirring speed 

 
The experimental investigations of the secondary butanol extraction by supercritical 

butene show that the longer the residence time is the more SBA quantity is extracted from 

the water phase by supercritical butene, but after the thermodynamic equilibrium was 

reached, no enhancement in alcohol extraction was observed (see figure 3.6).  

Although an increasing quantity of the extracted alcohol was expected for higher 

stirring speed, no enhancement was noticed in the mass transfer for stirring speeds from 

250 to 750 RPM. 

For a complete investigation of the extractive feature of the butene, experimental 

extractions of the alcohol by subcritical butene were performed as well. As already 

described at the beginning of this chapter, reaching the subcritical state is possible in two 

ways: by keeping the pressure above the critical pressure of the butene, but decreasing the 

temperature under its critical temperature, and vice versa. Thus, the first set of the 

subcritical extractions was performed at 155°C and 35 bar, while the second one was 

carried out at 120°C and 60 bar. 

The results of this investigation are depicted in the tables 3.4 and 3.5. 
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Table 3.4. The results of the extraction of SBA by subcritical butene  

temperature 
°C 

155 

pressure 
bar 

35 

residence time 
min 

5 25 30 

stirring speed 
RPM 

250 500 750 250 500 750 250 500 750 

SBA 
mole fr 210⋅  

2.17 2.34 2.36 5.53 5.54 5.53 5.62 5.63 5.63 

 
 

Table 3.5. The results of the extraction of SBA by subcritical butene  

temperature 
°C 

120 

pressure 
bar 

60 

residence time 
min 

5 25 30 

stirring speed 
RPM 

250 500 750 250 500 750 250 500 750 

SBA 
mole fr 210⋅  

2.48 2.56 2.57 5.55 5.57 5.58 5.62 5.65 5.65 

 

The results of the subcritical extractions proved the same trend as for the 

supercritical extractions; no enhancement in the mass transfer between the phases with the 

stirring speed was observed and no higher quantity of alcohol was extracted after the 

thermodynamic equilibrium was reached. 

A comparison between the results of the SBA extraction by butene under 

supercritical and subcritical state at the same residence time before the thermodynamic 

equilibrium was achieved illustrates that the rate of the extraction is higher in supercritical 

conditions (figure 3.7).  
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Supercritical vs. subcritical extraction
 (residence time, 5 min)
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Figure 3.7. The evolution of the SBA mole fr. extracted by supercritical and subcritical 

butene at 5 minutes residence time 
 

The evaluation of the results of the SBA extraction by supercritical and subcritical 

butene at a residence time long enough to reach the thermodynamic equilibrium proved 

what Mahajani et al. (2001) already observed; that there is no better product recovery under 

supercritical conditions. 
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Figure 3.8. The evolution of the SBA mole fr. extracted by supercritical and subcritical 

butene at 25 minutes residence time 
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3.5. Conclusions 

 

Two liquid phases occur during the direct hydration of liquid butene in the laboratory 

reactor. The main product, the secondary butanol, is formed in the water phase and it is 

extracted by butene into the organic phase. In order to investigate the extraction rate of 

secondary butanol by butene, experiments were performed at different temperatures and 

pressures to keep the butene in a supercritical or subcritical state. 

The experiments illustrate that far from thermodynamic equilibrium the extraction is 

enhanced by supercritical conditions, while at a residence time long enough to reach the 

thermodynamic equilibrium no better product extraction was noticed under supercritical 

conditions. 

In the range of 250 to 750 RPM stirring speeds no enhancement was observed in the 

mass transfer between the phases. That means that the transfer of the alcohol into the 

organic phase is a slow step (probably because the alcohol molecules are surrounded by a 

water shell and it takes time to penetrate this shell) which can not be improved by offering 

more phase boundary surface area (figure 3.9).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. The solvation effect 
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In principal in the industrial practice if the residence time is long enough to approach 

the thermodynamic equilibrium the operating pressure could be decreased since no 

enhancement in the product extraction was observed for supercritical conditions. The only 

argument for supercritical state is the improvement in the solubility of butene in water. 
 

Nomenclature 
Symbols and abbreviations 
Symbol Unity Meaning 
   
P [atm] Pressure 
T [°C] Temperature 
V [l/kmol] Critical volume 
M [kg/kmol] Molecular weight 
a [-] Activity 
x [-] Molar fraction (liquid phase) 
y [-] Molar fraction (vapour phase) 
 
Greek Symbols 
Symbol Units Meaning 
   
γ  [-] Activity coefficient 
τ  [min] Residence time 

Θ  [-] Surface fraction 
 
 
 
Indices  
Symbol Meaning 
  
cr Critical  
mix Mixture 
i Counting variable 
j Counting variable 
 
Abbreviations 
Abbreviation Meaning 
  
CP Critical point 
RPM Rotations per minute 
SCFs Supercritical fluids 
TP Triple point 
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4. Phase equilibria 
4.1. Introduction 

 

The synthesis and design of separation processes, the selection of suitable selective 

solvents, the choice of the optimal separation sequence and the conditions for the different 

separation columns require a reliable knowledge of the phase equilibrium behavior as a 

function of temperature, pressure and composition. The real behavior of fluid mixtures can 

be calculated with the help of activity coefficients or fugacity coefficients. The correct 

description of the dependence on temperature, pressure and composition in 

multicomponent systems requires reliable thermodynamic models (gE-models, equations of 

state), which allow the calculation of these properties from available experimental data. 

When experimental data are missing, group-contribution methods can be successfully 

applied to predict the phase equilibrium behavior or to supplement the existing data base 

(Gmehling et al., 1979). 

The butene hydration process is realized on industrial scale by indirect hydration 

(using H2SO4 as catalyst) or by direct hydration (catalyzed by solid acid catalysts). The PhD 

thesis is focused on the direct process, so it was necessary to study the phase equilibria of a 

multi-phase system. Under reaction conditions, excepting the solid catalyst, a water-rich 

phase and a liquid butene-rich phase are present in the reactor. Knowledge concerning 

phase equilibria is necessary to calculate the mass transfer effects on the overall rate of the 

reaction. It is important to establish the phase equilibria at temperatures and pressures used 

in industrial practice. Because the equilibrium data on this multi-component system under 

reaction conditions are not available in the literature, it was essential to obtain these data 

via experimental way. The composition of both liquid phases in equilibrium at 160°C was 

measured by LTP Oldenburg (Fischer et al., 2003) and the results are presented in the table 

II.1 in Appendix II. 

Based on equilibrium composition at a certain temperature and with help of well 

known thermodynamic models (UNIFAC, UNIQUAC, etc) and equations of state it was 

possible to predict the thermodynamic behavior of the multicomponent system at different 

temperatures. This chapter illustrates the thermodynamic aspects and models suitable for 

our system characterization and describes the model development able to simulate the 

phase equilibria. The use of this model makes possible to plot the ternary diagram specific 
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for the reaction temperature. Furthermore the composition of the water phase in 

equilibrium with the olefin phase can be calculated also based on the ternary diagram.  

 

4.2. Literature data 
 

In many cases multicomponent equilibria can be computed from the phase equilibria 

of the composing binary systems. Some literature data concerning the mutual solubilities 

are depicted for a better understanding of the binary systems behavior. 

Butene-Water system 

Brooks and McKetta (1955 a) measured the phase equilibria of the system 1-butene-

water. Their data were taken at temperatures of 38-138°C and the studied pressure ranged 

from 1.5 bar to 350 bar. The mol fraction of butene in water at 138°C and 100 bar is 0.63 

10-3. The corresponding mol fraction of water in the butene-rich phase is 2.5 10-2. 

Diagrams of the 1-butene solubility in water and the water solubility in 1-butene are 

given in figures 4.1 and 4.2 (Brooks and McKetta, 1955 a and b). 

  

 
Figure 4.1. Solubility of 1-butene in water         Figure 4.2. Solubility of water in 1-butene  

(Brooks and McKetta, 1955) 

 

2 Butanol-Water- system 

At temperatures above 115°C 2-butanol and water become completely miscible. 

 

 



Chapter 4. Phase equilibria 

 41 

Butene-2 Butanol- system 

Liquid butenes are completely miscible in all proportions with the corresponding 

alcohols. Data on the solubilities of several gaseous alkenes in linear C1-C5 alcohols at 20 

°C and 1 atm were published by Narasimhan et al. (1977). The solubilities of the alkenes in 

these alcohols are much larger (about 100 times) than the corresponding solubilities in 

water (Petrus, 1982). 

 

Multicomponent system (butene-water-2 butanol) 

Based on the literature data concerning the binary systems presented above, the 

ternary diagram for 1 butene-water-2 butanol is expected to have the shape presented in 

figure 4.3, under typical conditions used in a hydration reactor (T=140-170°C and P=50-70 

bar). 

The ternary diagram for the reaction temperatures smaller than 115°C in presented in 

figure 4.4. 

 
2-Butanol

Water Butene          

2-Butanol

Water Butene  
Figure 4.3. Ternary diagram for                           Figure 4.4. Ternary diagram for  

1 butene-water-2 butanol at 140°C                      1 butene-water-2 butanol under115°C  
 

As shown in the diagram 4.3, the mutual solubilities of butene and water are expected 

to increase with increasing alcohol content of the mixture and consequently with rising 

alcohol concentration increases the amount of butene in the water phase and by this higher 

concentration the butanol formation will lead to an increasing in reaction rate.  The 

“butene corner” and the tie lines are of special interest for the kinetics of the butene 

hydration. 

The “butene corner”, that gives the composition of the butene-rich phase, allows the 

calculation of the water–rich phase composition. In own laboratory plant, described in 

„butene corner“ 

Tie line 
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detail in chapter 5, only the butene-rich phase can be analyzed (the sampler analyzer could 

be also connected to the water-rich phase line, but in order to analyze both samples in the 

same time two sample injectors and two separation columns for the gas chromatograph are 

required) (Pfeuffer, 2004, 2005). 

The sample injector was connected to the butene-rich phase line because the main 

product-2 butanol is extracted by supercritical butene and the alcohol is concentrated into 

this phase (Petrus et al., 1986). 

 

4.3. Thermodynamic bases 
 

The operating conditions for the hydration of butene were chosen to correspond to 

the supercritical butene (see Appendix I for physical properties of compounds). 

Consequently, two liquid phases appear into the reactor and the LLE (liquid-liquid-

equilibrium) must be investigated for a complete overview of the phase equilibria. 

The general condition for two phases to be in thermodynamic equilibrium can be 

described in terms of fugacity with the equation 4.1. 
'''

ii ff =           [4.1] 

The fugacity itself in the liquid phase can be expressed by fugacity coefficients or in 

terms of activity coefficients as shown in equations 4.2. and 4.3. 

pxf iii ϕ=          [4.2.] 

0
iiii fxf γ=          [4.3.] 

In the vapor phase the fugacity can be described only as a function of fugacity 

coefficients, as in equation 4.4. 

pyf iii ϕ=          [4.4.] 

VLE (vapor-liquid equilibrium) could be described by the equality between the 

fugacity corresponding to the liquid phase and the fugacity related to the vapor phase. 

 0
iii fx γ py iiϕ=          [4.5.] 

px iiϕ py iiϕ=          [4.6.] 

LLE (liquid-liquid equilibrium) is expressed by the equality between the fugacity 

related to the liquid phase but written for two liquid phases. 

( ) ( )''0'0
iiiiii fxfx γγ =         [4.7.] 
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( ) ( ) ''' pxpx iiii ϕϕ =         [4.8.] 

Liquid-liquid equilibria are less pressure dependent than vapor-liquid equilibria, but 

certainly not pressure independent. For LLE the mutual solubilities depend on temperature 

and pressure. Solubilities can increase or decrease with increasing or decreasing of 

temperature or pressure. The trend depends on thermodynamic mixture properties but 

cannot be predicted a priori. Immiscible phases can become miscible with increasing or 

decreasing of temperature or pressure. In that case a critical point occurs. Near the critical 

point most of the thermodynamic models fail, this phenomenon can not be accurately 

predicted (Buck, 1984; Gmehling and Kolbe, 1992). 

  

 4.4. Thermodynamic models  
 

Two different approaches can be used to describe phase equilibria. In the so-called 

ϕγ −  approach, activity coefficients iγ  are used to describe the real behavior in the liquid 

phase, while the fugacity coefficients iϕ  are required to account for the real behavior in the 

vapor phase (Gmehling, 1998). 

Different gE-models are used to describe the composition and temperature 

dependence of the activity coefficients. 

In the equation of state approach, the real behavior is described with the help of 

fugacity coefficients iϕ . In order to calculate the required fugacity coefficients the PVT-

behavior of the vapor and the liquid as a function of composition must be known for the 

whole pressure range. This behavior, for example, can be described using equation of state 

as van der Waals and further developments of this equation of state as Soave-Redlich-

Kwong (SRK) and Peng-Robinson (PR).  

Both approaches allow calculation of phase equilibria of multicomponent systems 

using binary parameters only. When comparing the different approaches, there are great 

advantages for the equation of state approach, since with this approach it is possible not 

only to calculate the phase equilibria, but also other important properties such as 

enthalpies, densities, etc.  for a given temperature, pressure and composition. 

For a reliable application of both approaches across the whole composition and a 

large temperature range, great care is required for fitting the required binary parameters. 



Chapter 4. Phase equilibria 

 44 

It can be shown that the most reliable gE-model parameters are obtained when 

temperature dependent parameters are fitted simultaneously to all reliable phase 

equilibrium and excess property data. 

When no experimental data are available to fit the required binary parameters, it is 

possible to use group-contribution methods to predict reliably the real behavior of such 

systems.  

 

4.4.1. Group-contribution methods 

 
There are many different group-contribution methods. Only the methods suitable to 

predict the real behavior of butene-water-2 butanol system are described in this chapter. 

The butene-water-2 butanol mixture under reaction conditions causes same 

difficulties in the prediction of the phase behavior due to the supercritical state of butene 

and also due to a very low mutual solubility between butene and water. More than that, 

water and 2-butanol are strongly polar species and form an azeotrop with maximum 

temperature. 

 Because of the problems presented above only the group-contribution methods able 

to predict the real behavior of high non-ideal mixture with polar compounds were taken 

into account. The UNIFAC and UNIQUAC methods are frequently applied methods in 

the chemical industry due to a very high number of interaction parameters presented in 

many data banks (the most famous equilibrium data bank is the Dortmund data bank, and 

consecrate simulation programs as ASPEN, PRO/II, etc also use data from the Dortmund 

data bank).   

 

UNIFAC method 

 UNIFAC is an activity coefficient model (like NRTL or UNIQUAC) based on 

group contributions. The great advantage of the “solution of groups” concept is that the 

number of functional groups is much smaller than the number of the possible compounds. 

In UNIFAC and UNIQUAC the required activity coefficients are calculated by a 

combinatorial and a residual part.  
R
i

C
ii lnlnln += γγ         [4.9.] 

In table 4.1 the matrix of the functional groups for UNIFAC method specific to  

1 butene-water-2 butanol system is depicted. 
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Table 4.1. The functional groups for UNIFAC method specific to 1 butene-water-2 

butanol  

Functional groups Species 
CH3 CH2 CH CH2=CH OH H2O 

1-butene 1 1 0 1 0 0 
water 0 0 0 0 0 1 
2-butanol 2 1 1 0 1 0 
 

The UNIFAC method can predict VLE and LLE using two sets of parameters, 

therefore there are two property methods based on the UNIFAC model, one using the 

VLE data and the other one using the LLE data set.  

Although the UNIFAC method is used worldwide it still shows some weaknesses. 

For example, only poor results are obtained for activity coefficients at infinite dilution 
∞γ or excess enthalpies hE, and for systems with compounds with different size. 

That is the reason why mainly VLE data have been used for fitting the required group 

interaction parameters for UNIFAC method. 

 

Modified UNIFAC method 

To eliminate most of the above mentioned weaknesses, two modified UNIFAC 

methods have been developed. They are named after the location of the universities where 

they were developed (Lyngby in Denmark and Dortmund in Germany). In both modified 

UNIFAC methods the combinatorial part has been slightly changed, new main groups have 

been defined and temperature dependent parameters introduced, the methods can predict 

VLE and LLE with a single set of parameters. These modified methods can predict the 

heat of mixing better than the original UNIFAC. In the Dortmund modification, the 

prediction for activity coefficients at infinite dilution is improved.  

The UNIFAC and modified UNIFAC models can handle any combination of polar 

and non polar compounds. The main drawback of these thermodynamic models is the 

impossibility to predict the behavior of the compound close to its critical point 

(Schwartzentruber and Renon, 1989; Gmehling et al., 1993; Gmehling, 1998). 

 

UNIQUAC method 

The model is able to describe strongly nonideal solutions, liquid-liquid equilibria and 

can handle any combination of polar and non-polar compounds, up to very strong non 
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ideality. The model requires binary parameters for VLE and LLE (many binary parameters 

are included in data banks, as Dortmund data bank, and other parameters could be fitted 

based on experimental data. The parameters should be fitted in the temperature, pressure 

and composition range of operation. As previous model UNIQUAC cannot predict the 

behavior near the critical point.  

 

4.4.2. The equations of state 

 
An equation of state describes the pressure, volume, and temperature (p, V, T) 

behavior of pure compounds and mixtures. Most equations of state have different terms to 

represent the attractive and repulsive forces between the molecules. Any thermodynamic 

property, such as fugacity coefficients and enthalpy, can be calculated from the equations 

of state.  

The equations of state can be used over wide ranges of temperature and pressure, 

including subcritical and supercritical regions. For ideal and for slightly non-ideal systems, 

thermodynamic properties for both vapor and liquid phases can be computed with the 

minimum amount of component data. For the best representation of non-ideal systems, 

the binary interaction parameters must be obtained from regression of experimental vapor-

liquid equilibrium (VLE) data (Beret and Prausnitz, 1975; Donohue and Vimalchand, 1988; 

Pires et al., 2001). 

Simple equations of state (Redlich-Kwong-Soave, Peng-Robinson, Lee-Kesler-

Plöcker) are not capable of representing highly non-ideal chemical systems, such as 

alcohol-water systems. Activity coefficients options sets are recommended for those 

systems at low pressures, but, at high pressures the flexible and predictive equations of 

state are the best options. 

The liquid-liquid-phase-equilibrium of the n-butenes, water and 2-butanol system 

cannot be calculated by the classical routes (e.g. equations of state, UNIQUAC), since the 

butene is under usual conditions in supercritical state for the hydration process and strong 

polar compounds are present at the same time. 

There are new concepts combining the advantages of an equation of state (EOS) 

with those of the models for the free excess Gibbs energy gE. Those concepts are based on 

equations of state using a mixing rule, wherein strong mixing effects like liquid-liquid-

separations are described by gE.  
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The PSRK-Model (Predictive Soave-Redlich-Kwong) is a concept using normally 

UNIFAC to calculate gE. But any activity coefficient model can be used to determine the 

activity coefficient. 

 

Predictive Soave-Redlich-Kwong (PSRK) equation of state 

The PSRK equation of state is a development of Soave-Redlich-Kwong (SRK) 

equation of state (4.10), which yields good results for vapor-liquid-equilibria (VLE) of non 

polar or slightly polar mixtures. The PSRK equation of state is able to predict 

multicomponent VLE data from binary information. 

 
           [4.10] 
 
 

with  

 

           [4.11] 

 

 

           [4.12] 

 

In which the αi(Tr,i , ωi) is the modification of Soave and describes the vapor pressure 

behavior of a pure compound: 
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The parameters a(T) and b for a mixture are commonly computed by the following 

mixing rule: 
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with  

 

           [4.15] 

and  

 

           [4.16] 

 

with      and    

 

With the molar volume determined by the equation of state, the fugacity coefficient can be 

calculated by: 

 

           [4.17] 

 

 

The PSRK equation of state is modified by replacing the αi and a(T) by: 

 

[ ]23
3

2
211 iiiiiii DcDcDc +++=α  with         iri TD ,1−=     [4.18] 

 

 

           [4.19] 

 

The equation 4.18 is a substitute improving the description of the vapor pressure of 

polar compounds by the Mathias-Copeman approach; while the equation 4.19 is the gE 

mixing rule (shows the deviation from the Raoult law). The equation 4.18 is more flexible 

and describes better the temperature influence on the attractive reciprocal effects than the 

SRK equation, because in PSRK equation three parameters are available instead of one.  

Thereby the Mathias-Copeman constants cmi with m=1, 2, 3 are fitted exclusively to 

vapor pressure data. Hence, for the description of the supercritical domain it is still 

recommended to use the acentric factor.  
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The Mathias-Copeman constants and the acentric factor for butene, water and 2 

butanol are presented in the table 4.2. 

 

Table 4.2. The Mathias-Copeman constants and acentric factor (Holderbaum, 

1991) 

i Stoff c1i c2i c3i ωi          (mi) 

1 Wasser 1.0783 -0.5832 0.5462 0.344  (1.001) 

2 1-Buten 0.7682 -0.2460 0.9846 0.191  (0.774) 

3 2-Butanol 1.0794 2.0884 -3.1289 0.577  (1.330) 

  

The PSRK equation of state is especially suited for the condition where the use of the 

ϕγ − -approach is difficult (i.e. when the real behavior of the vapor phase is unknown and 

not negligible) or inadequate (i.e. when supercritical compounds are present). The PSRK 

equation serves as supplementary model for predicting vapor-liquid-equilibria or gas-

solubilities and is not designed to replace well known and useful methods like UNIFAC, 

UNIQUAC, etc. 

The main advantage of equations of state in comparison with ϕγ − -approaches is 

their ability to calculate phase equilibria of systems containing supercritical components. 

 

4.5. Implementation of simulation in MATLAB  
 

In this subchapter the practical simulation of the phase equilibria for the binary 

mixtures (butene-water, butene-secondary butanol and secondary butanol-water) and for 

the ternary mixture (butene-secondary butanol-water) is presented. 

MATLAB was selected for the practical simulation of the phase equilibria. MATLAB 

is a high-level technical computing language and interactive environment for algorithm 

development, data visualization, data analysis, and numeric computation. MATLAB can 
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solve technical computing problems faster than traditional programming languages, such as 

C, C++, and FORTRAN (MATLAB, 1998). 
  

4.5.1. The used algorithms  
 

Two algorithms are typical for the simulation of the phase equilibria. The first 

algorithm called bubble and dew pressure computation makes possible the computation of 

the vapor-liquid equilibria (VLE). The second algorithm, called flash algorithm, allows the 

simulation of vapor-liquid equilibria (VLE) as well as liquid-liquid equilibria (LLE). 
 

The bubble and dew pressure computation algorithm  

The flow chart of this algorithm is depicted in Appendix II. During the iterative 

computation, the system temperature and the molar fractions of the compounds in the 

liquid phase must be kept constant. As input data, the physical properties of pure 

compounds and the interaction parameters are necessary. In this algorithm, the activity 

coefficients are calculated by the UNIFAC model (could also be calculated by the 

UNIQUAC model) and the fugacity coefficients are calculated by the PSRK model. The 

iterative procedure is finished when the equilibrium conditions are reached. 
 

The Flash algorithm 

The flash calculation is based on the supposition that a global mixture is immediately 

split in two phases in equilibrium (see figure 4.5). In this case of computation temperature 

and pressure are kept constant, while the molar fractions of both phases are alternated to 

gain the equilibrium composition (Pfeuffer, 2004).  

 

pT ,iz

ii xy ′′,
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Figure 4.5. Balancing of an equilibrium stage  
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4.6. Results 

 

The background of this chapter was the modeling of the liquid-liquid equilibrium for 

butene-water-2 butanol to give a complete overview of the system behavior for any 

operating point. For a better understanding of the ternary system, the vapor-liquid 

equilibria and binary systems were regarded. With the simulation algorithms described in 

previous subchapters, it was possible to figure out the binary diagrams for the compounds 

involved in the butene hydration process (Holderbaum and Gmehling, 1991; Gao and Yu., 

1998). Finally, based on the equilibrium data given by LTP Oldenburg, it was possible to 

outline the equilibrium diagram for the ternary system butene-water-2 butanol.  
 

4.6.1. The binary systems 
 

UNIFAC was used to determine gE for the mixing rule of the PSRK model because 

binary interaction parameters are not available for UNIQUAC. 
 

Secondary butanol-water 

Due to the fact that secondary butanol and water are not in supercritical state under 

reaction conditions, the binary diagram can be easily computed by the UNIFAC model, 

although the alcohol and the water form an azeotrop with maximum temperature, as it is 

presented in figure 4.6. 
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Figure 4.6. The p-x-y equilibrium diagram for secondary butanol-water at 160°C (Pfeuffer, 2004) 
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Butene-secondary butanol 

Under reaction conditions both compounds are in the liquid phase and it is well 

known that liquid butenes are completely miscible with the corresponding alcohols. The 

equilibrium diagram for butene-secondary butanol is depicted in figure 4.7.  
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Figure 4.7. The p-x-y equilibrium diagram for butene-secondary butanol at 160°C (Pfeuffer, 2004) 
 

Butene-Water 

Due to the supercritical state of the butene and a very low mutual solubility, a 

miscibility gap was observed after simulation of the butene-water mixture behavior, as 

shown in figure 4.8. 
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Figure 4.8. The p-x-y equilibrium diagram for butene-water at 160°C (Pfeuffer, 2004) 
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4.6.2. The ternary system 
 

The vapor-liquid equilibrium for the ternary system can be described very accurate 

with PSRK in connection with UNIFAC, but the liquid-liquid equilibrium for the ternary 

system is more precisely described by PSRK associated with UNIQUAC. For this purpose 

the UNIQUAC parameters were fitted to the experimental data of the LTP Oldenburg. 
 

Liquid-liquid equilibrium 

The liquid-liquid equilibrium is of essential importance in this work, since the 

reaction between water and butene is operated under such conditions that a homogeneous 

region is expected. For the computation of the phase behavior by the PSRK method the 

pressure was set to 100 bar. This pressure was recommended by the developers of the 

PSRK model to be sure that EOS computes liquid and not vapor molar volumes. The 

approximation does not have an influence on the results since the pressure influence on the 

incompressible liquid is insignificant (Rodosz, 1986; Gregorowicz et al., 1991, 1996). 

For the direct comparison of the modeling with experimental data, feed 

concentrations that lay exactly on the experimental conodes were specified for the 

simulation. The results of the simulation of the liquid-liquid equilibria are depicted in figure 

4.9. 

 
Figure 4.9. The isotherm-isobar LLE for butene-secondary butanol-water at 160°C and 100 bar 

(Pfeuffer, 2004) 
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As already seen in figure 4.9, using the PSRK equation together with the UNIFAC 

model was unsatisfactory. Hence, the UNIQUAC model was chosen to determine gE 

wherefore the unknown interaction parameters Δui,j had to be fitted to the experimental 

data of LTP Oldenburg. A comparison between UNIFAC and UNIQUAC shows a better 

concordance of the absolute deviations of the experimental data to PSRK-UNIQUAC than 

to PSRK-UNIFAC (see table 4.3) 

%100exp ⋅−=∆ calcabs xxx         [4.21] 

 
Table 4.3. Comparison of the deviations of UNIQUAC and UNIFAC to the experimental 

results (Pfeuffer, 2004) 

absx∆  % PSRK-UNIQUAC absx∆  % PSRK-UNIFAC 
Water butene Sec-butanol Water butene Sec-butanol 

upper phase 
2.63 
2.35 
0.58 
0.30 
2.97 
5.61 
5.51 
3.34 

2.35 
1.89 
0.16 
0.95 
2.76 
3.89 
3.63 
2.35 

0.28 
0.46 
0.74 
0.65 
0.21 
1.71 
1.88 
0.99 

14.06 
14.27 
15.42 
15.46 
14.77 
12.91 
13.01 
14.46 

12.59 
12.35 
11.20 
10.54 
8.45 
6.29 
6.08 
5.81 

1.47 
1.92 
4.21 
4.92 
6.32 
6.62 
6.92 
8.65 

lower phase 
0.01 
0.14 
0.58 
0.78 
1.39 
2.01 
2.07 
2.86 

0.01 
0.01 
0.05 
0.07 
0.12 
0.19 
0.20 
0.28 

0.02 
0.13 
0.53 
0.71 
1.27 
1.82 
1.87 
2.58 

0.77 
0.92 
1.37 
1.51 
1.87 
2.15 
2.09 
2.51 

0.62 
0.64 
0.70 
0.71 
0.74 
0.75 
0.74 
0.74 

0.15 
0.28 
0.67 
0.80 
1.14 
1.40 
1.35 
1.77 

 

4.7. Conclusions 
 

With the PSRK model the prediction is possible for both VLE and LLE of polar and 

supercritical compounds under high pressure. 

During the simulation of LLE the UNIQUAC model should calculate the activity 

coefficients for the PSRK mixing rule, whereby the interaction parameters have to be 

determined before. 
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The gained interaction parameters of the PSRK-UNIQUAC model can only be used 

in a limited domain of temperature (around the temperatures corresponding to the given 

experimental data). For a significant variation of the temperature new interaction 

parameters should be fitted to corresponding experimental data. 

The figure 4.10 shows the temperature influence on the equilibrium diagram. As 

expected, the partial miscibility domain decreases with increasing of the temperature. 
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Figure 4.10. The temperature influence on the equilibrium diagram (Pfeuffer, 2004) 

 

Furthermore, the chemical equilibrium has to be included into the simulation. The 

calculation will be done simultaneously with the phase equilibrium calculations. 

The simulation of the phase equilibria for the binary mixtures was also done by a 

simulation program-PRO/II (a product of SIMCI-Simulation Sciences Inc. Company, 

PRO/II is a “mature” program which integrate powerful routines, properties data banks, 

calculation procedures and mathematic models, suitable to simulate with a high accuracy 

many processes from chemical and petrochemical industry) (PRO/II, 1998).  

 140°C   160°C 
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The results of the simulation are presented in Appendix II and these diagrams prove 

a very good concordance between the results obtained using MATLAB simulation and 

consecrate programs dedicated to phase equilibria simulations as PRO/II.  

 
NOMENCLATURE 
 
Symbols and abbreviations 
Symbol Unity Meaning 
   
a [-] Parameter of SRK-equation of state 
a [-] Activity 
b [dm³/mol] Molar Volumes for the most dens packing 
c [-] Mathias-Copeman-Constants 
f [bar] Fugacity 
g [J/mol] Molecular free (Gibbs) enthalpy 
k [-] Reciprocal effect energy (SRK with square 

mixture rule) 
p [bar] Pressure 
R [dm³bar/mol/K] General gas constant 
T [K] Absolute Temperature 
v [dm³/mol] Molar Volume 
x [-] Molar fraction (liquid phase) 
y [-] Molar fraction (vapour phase) 
z [-] Inlet ratio 
 
Greek Symbols 
Symbol Units Meaning 
   
ϕ [-] Fugacity coefficient  
γ [-] Activity coefficient 
ω [-] Acentric factor 
α [-] Temperature function of ω 
∆u [K] Reciprocal effect energy (UNIQUAC) 
 
Indices  
Symbol Meaning 
  
c Critical  
i Counting variable 
k Counting variable 
m Counting variable 
0 Standard state (pure component) 
C Combinatorial (combinatorial portion) 
E Excess portion 
r Reduced sizes (general.) 
R Residual (remainder portion) 
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Abbreviations 
Abbreviation Meaning 
  
UNIQUAC Universal Quasi Chemical 

UNIFAC Universal Quasi Chemical Fractional Group Activity Coefficients 
PSRK Predictive Soave Redlich Kwong 
SRK Soave Redlich Kwong 
EOS Equation of state 
LLE Liquid-Liquid Equilibrium 
VLE Vapor-Liquid Equilibrium 
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5. The laboratory plant  
5.1. Introduction  
 

A schematic representation of the laboratory plant used to investigate the kinetics of 

the hydration of butene is presented in figure 5.1. The laboratory plant consists of two 

important modules: the reaction system and the analytical system. The reactant, water, is 

kept in a tank (B-03) and the olefin is kept in a bottle (B-02), pressurized by nitrogen (B-

01). Due to the reasons explained in detail in the subchapter 5.2 the reactor (R-01) is two-

phases operated. It is necessary to control the hold-up of both phases independently of the 

inlet composition. This is realized by two magnetic valves (V-03) and (V-04). Another two 

magnetic valves (V-01) and (V-02) are installed on the olefin and the water pipes in the 

suction lines of the HPLC pump (P-01). The magnetic valves can be switched 

independently.  

Different volumetric water/olefin ratios can be achieved by this arrangement. The 

reactants are then combined and fed by means of a high pressure HPLC-pump (P-01) into 

the reactor (R-01). Directly in front of the pump a filter (F-01) is connected to protect it 

against suspended solids. In the reactor the olefin and water are converted to alcohol, 

whereby the alcohol is extracted by the olefin phase. The reactor has two outlet lines.  

In both lines two filters (F-02) and (F-03) are inserted to protect the downstream 

equipment against catalyst particles. Small but representative samples are taken out off the 

reactor outlet line by a sample injector (ROLSI-Rapid On-Line Sample Injector). The rest 

of the products is sent to a phase-separation vessel (A-01) and the not consumed butene is 

fed to a burner. Qualitative analyses of the reaction products are finally made by a gas 

chromatograph HP 5890 series II model.  

 
5.2. The experimental reactor 

 
The central part of the reaction system, the so-called “heart” of every chemical plant, 

is the chemical reactor. In this work a newly developed reactor designed for liquid-liquid-

solid reactions (Kunz and Hoffmann, 2003) was tested and operated to receive kinetic data. 

The chemical reaction of butene with water is a reaction between two reactants with a 

low solubility. To increase the solubility of butene in water it is obviously necessary to 
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chose reaction conditions to keep the reactants in liquid phase. The reactants have a partial 

miscibility due to their low solubility. Therefore the reactor has two liquid phases: the 

olefin phase (as the upper one) and the water phase (as the lower one).  

Because in the industrial reactor the status of the catalyst is not well defined (it is not 

known to what extend the catalyst is contacted by water or olefin) and taking into account 

all these drawbacks of the butene hydration system, it was necessary to design a laboratory 

reactor that enables a visible control of the two-phases separation line (Kunz and 

Hoffmann, 2003; Sajdok, 2004), of the attachment of the catalyst in a well defined place 

and adjustment of hold-up independently from the feed ratio and the progress of the 

chemical reaction as well (Communications, 1990; Albers et al., 1998; Levenspiel, 1999). In 

addition, the PhD thesis is focused on determining the kinetics for butene hydration 

reactions, but for kinetic investigations a gradientless reactor seems to be more attractive 

due to its features: a constant reaction rate in all the reaction volume and the absence of 

concentration and temperature gradients due to its hydrodynamics (Bohaltea, 1996; 

Hoffmann, 2003). 

A laboratory reactor able to fulfil all these requirements is the basket-type mixed flow 

reactor also known as Carberry reactor. This reactor is designed for heterogeneous catalyzed 

gas phase reactions or liquid reactions in one homogeneous phase. 
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 Figure 5.1. Schematic representation of the laboratory plant for olefin hydration
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The essential feature of the Carberry reactor is the location of the catalyst in a special 

cage rotating with the shaft. For the reactor used in this study this concept was extended to 

8 baskets, arranged in such a way, that 4 baskets rotate in the water phase whereas the 

other 4 rotate in the organic phase (Hoffmann and Kunz 2003). A sketch of a Carberry 

basket-type experimental mixed flow reactor is given in figure 5.2. In this picture the flow 

pattern for one catalyst basket is depicted.  

 

 
Figure 5.2. Sketch of a Carberry basket-type experimental mixed flow reactor (Carberry, 

1964) 

 

Own reactor is a development of the Carberry reactor due to its suitability for more 

complicated reaction systems like heterogeneous liquid/liquid/solid reaction. Each of eight 

cages, containing one layer of pellets, behaves like a differential reactor which is swept 

through the fluid environment some thousand times per minute. 

The laboratory reactor used in this work has two windows made of high pressure 

resistant glass, allowing the observation of the mixing behaviour inside the reactor. In 

addition, the windows allow the control of the hold-up and if necessary the windows can 

be also dismantled and replaced with a measuring sensor for FTIR spectrometer (Fourrier 

Transformed Infra Red spectrometer) used to measure the changes of the reactants and 

products concentrations in time. This reactor has one feeding tube near to the separation 

line level and two outlet tubes, arranged at different height. One is on top of the organic 

phase the other is located at the bottom in the water phase. A schematic representation of 

the laboratory reactor is depicted in figure 5.3. 
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Figure 5.3. Schematic representation of the laboratory reactor (based on Kunz and 

Hoffmann, 2003) 

 

The stirrer (figure 5.4.) is divided in two identical sections, one rotating in the organic 

phase, the other in the water phase. This ensures well defined conditions for the catalyst. 

The reactor can be operated up to 200 bar and temperatures up to 200°C and has a 

free volume of 100 ml and the reaction volume is approximately 80 ml. The material for 

gaskets of the windows is made of fluorinated elastomer (Kalrez) while the material for the 

sealing of the reactor cover is Teflon. 
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Figure 5.4. Schematic representation of the laboratory reactor stirrer 

 

The operation of this reactor requires an adapted feed ratio control and 

simultaneously a control of the reactor outlet flow, independently from each other. This 

can be achieved with a pulse-width modulation of the two reactants (Kunz, 1991). A high 

pressure HPLC-pump was used to feed the reactants into the reactor. To achieve the 

desired feed ratio the inlet side of the pump is separated in two tubes, the first is connected 

to the butene bottle, the second to the water tank. To ensure the same pressure inside the 

two liquid reservoirs, the water tank and the butene bottle are connected to a cylinder with 

pressurised nitrogen. The butene bottle is under pressure keeping the butene in the liquid 

state, avoiding cavitations problems in the pump during suction. In figure 5.5 the method 

of the reactor feeding and the reactor outlet control are depicted.  

Two magnetic valves, alternately switched allow the control of the desired feed ratio 

just by setting the on/off-ratio to an electronic device. A similar arrangement of two 

magnetic valves is used to set the reactor outlet flow ratio of the two phases. This 

arrangement allows feed ratio control independent by hold-up and progress of the chemical 

reaction during the residence time in the reactor with only one single high pressure pump.  

Both outlet streams lead to the analytical equipment; the main stream passes a back 

pressure regulator that allows to adjust the desired operation pressure of the reactor 

(Sajdok, 2004). 

More details about the reactor design are given in Appendix III. 
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Figure 5.5. Method of feed control and outlet flow control by independent pulse-width 

modulation of the two streams (Kunz, 1991) 

 

 

5.3. The analytical system 

 

For the measurement of the composition of the reaction mixture a Hewlett-Packard 

5890 Series II gas chromatograph was used. This gas chromatograph is equipped with a 

separation column SPB-1 type of the Supelco Company, suitable to separate the olefins and 

the corresponding alcohols. A heat conductivity detector (TCD) able to detect not only 

alcohols and olefins but also water was applied. The temperature program of the gas 
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chromatograph for the olefin hydration and more details about the separation column are 

presented in Appendix III (Rood, 1991). 

To investigate the kinetics in the olefin hydration systems was mandatory to have a 

very good reproducibility of the outlet composition analyses with relative errors smaller 

than 3%. 

Because the reaction mixture contains compounds with different boiling 

temperatures (for physical properties of reaction compounds see Appendix I) the 

compound with the lowest boiling point starts to boil before the others, producing bubbles 

on the liquid phase that is being vaporized, and as a result a random fluctuation of the 

pressure and a small substance separation effect occur. This effect is a consequence of low 

reproducibility of the analyses (Pfeuffer, 2005). 

The solution for these drawbacks was a rapid on-line sample injector (ROLSI) (a 

description of ROLSI is given in Appendix III), able to take a small sample under reaction 

conditions and to evaporate it in a flow carrier gas for the gas chromatograph (Richon, 

2003). By applying ROLSI the reproducibility was significantly improved. The average of 

the relative error concerning the concentration measurement of the sec-butyl-alcohol was 

about 1 %. 

A flow sheet of the analytic system is depicted in figure 5.6. The sample injector is 

inserted directly behind the reactor on the olefin phase outlet, due to the bigger quantity of 

the main product concentrated into this phase (the alcohol is extracted from the water 

phase by supercritical butene). 
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Figure 5.6. Schematic of the analytic system for the olefin hydration laboratory plant (Pfeuffer, 2005)
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6. Kinetic investigations on direct hydration of 
n-butene 

 

6.1. Introduction 

 

Most of the industrial chemical processes are catalytic, especially with solid catalysts 

and understanding of catalysis from both theoretical and practical point of view is essential 

to chemists and chemical engineers. In such processes with solid catalysts (heterogeneous 

processes), the chemical reactions take place on the catalyst surface. The principal effect of 

the interaction between the molecules of the reactants and the active sites of the catalyst 

surface, still not completely elucidated, is a decrease of the energetically barrier, in this way 

the activation energy decreases, making possible a rising of  the reaction rate. In addition to 

this, a new reaction path can lead to other selectivity. 

The thermodynamic equilibrium of the system is not influenced by the catalyst; only 

the rate to reach equilibrium is influenced. The catalyst acts on the forward reaction as well 

as on the reverse reaction. 

Heterogeneous catalytic reactions, by their nature, involve a separate phase of 

catalyst, embedded in a phase of reacting species. Therefore, the chemical transformation 

relies on a number of physical transport processes which may have a strong influence on 

the observed rate of the overall process and which may introduce an additional dependence 

on the operating conditions. 

In the industrially important situation when the catalyst is a porous solid and the 

reactants form either a gaseous or a liquid phase, the following seven steps can be 

observed: 

1. Diffusion of the reactants through a boundary layer or film adjacent to the external 

surface of the catalyst (film diffusion or interphase diffusion); 

2. Diffusion of the reactants through the porous interior of the catalyst to the point at 

which the chemical transformation occurs (pore diffusion or intraparticle 

diffusion);   

3. Adsorption of the reactants on the inner surface; 

4. Surface reaction on specific active sites; 

5. Desorption of the products from the inner surface; 
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6. Diffusion of the products through the porous structure to the external surface 

(intraparticle diffusion); 

7. Diffusion of the products through the external boundary layer into the bulk fluid 

phase (interphase diffusion). 

The steps 1, 2, 6 and 7 (diffusion) are the physical steps of the process. 

Adsorption, surface reaction, and desorption (the steps 3, 4, 5) are sequential steps 

constituting the chemical transformation. Interphase and intraparticle diffusion occur in a 

serial manner as well. However, intraparticle diffusion and chemical transformation 

(adsorption, surface reaction, and desorption) take place simultaneously.  

The net kinetics of the overall reaction (steps 1-7) are normally called effective 

kinetics or macrokinetics, in contrast to the kinetics of the chemical transformation (steps 

3-5) which are termed intrinsic kinetics or microkinetics (Knözinger and Weitkamp, 1997).  
In figure 6.1 the steps of a solid catalyzed reaction are illustrated. 

If one of these steps put up a higher resistance than the others, the other resistances 

can be neglected and the total rate will be equal with the rate of the step with the highest 

resistance. This is called the rate determining step (Hoffmann and Kunz, 1998). 

 
Figure 6.1. Individual steps of a simple, heterogeneous catalytic fluid-solid reaction 

21 AA → carried out on a porous catalyst (Ertl, 1999) 
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In addition to these basic principles, special effects can have an influence on the 

observed reaction rate if resin particles are used as catalysts. The information given by the 

properties of the ion exchange resins and the reaction mechanism corresponding to the 

direct butene hydration leads to the conclusion that will be beneficial for the SBA synthesis 

if the catalyst - ion exchange resin - will be well wetted by water. 

The process occurs in a two liquid phase system. This can lead to another limiting 

step, the mass transfer between the supercritical olefin and the liquid water phase (figure 

6.2.).  
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 Figure 6.2. Sketch showing the resistances involved in butene hydration catalyzed by a 
strong acid resin (1-the mass transfer across the phases boundary, 2-mass transfer across 
the film surrounding the catalyst particles and 3- mass transfer inside the catalyst particles  

 

Three mass transport phenomena occur in the direct hydration of butene developed 

in a multiphase reactor: (i) across the phases boundary, (ii) across the film surrounding the 

catalyst particles and, (iii) a mass transport inside the catalyst particles (figure 6.2). 

The catalyst used in the butene hydration process is a macroporous ion exchange 

resin. 

Macroporous ion exchange resins are an agglomeration of microparticles having a 

diameter of a few nanometers up to 540 nm. These microparticles are the gel phase with 

micropores of atomic size between 0.5 and 1.5 nm and the intersections between these 

micro beads give the macropores of about 10 nm up to 50 nm. 
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Hence, at least the reactants have to enter the gel phase to come to the active sites 

(figure 6.2). This can also be a rate determining step that interacts with the sorption 

equilibria and the chemical reaction. 

The active sites are the sulfonic acid groups bound to the aromatic rings of the 

crosslinked polystyrene matrix (Rehfinger, 1988). In table 6.1 the mass transport 

phenomena in some types of resin catalysts are presented. 
 

 

Table 6.1. Mass transport phenomena for different type of catalysts 

Type of resin 
catalyst 

Gel Macroporous Perfusion Composite ICVT 

Shape beads beads beads Rashig rings  
Monoliths   

Pore 
diameter 

0.5-1.5 nm 10-50 nm >> 5o nm < 400 mµ  60-300 mµ   

Transport 
phenomena 

Gel phase diffusion Pore diffusion; 
Gel phase diffusion. 

Convective flow 
inside megaporous 
polymer particles; 
Pore diffusion; 
Gel phase diffusion; 

Convective flow between 
the polymer particles and 
gel phase grains; 
Gel phase diffusion; 

 
 
6.2. Mass transfer limitations 

 

The kinetic studies should be performed in conditions of neglected temperature and 

concentration gradients. Heat and mass transfer processes always proceed with finite rates. 

Thus, even when operating under steady state conditions and temperature profiles may 

exist across the phase boundary and within the porous catalyst pellet as well (figure 6.3). 
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Figure 6.3. Stationary concentration (reactant) and temperature profiles inside and around 
a porous catalyst pellet during an exothermic, heterogeneous catalytic fluid-solid reaction: 
(a) without transport influence; (b) limited only by intraparticle diffusion; (c) limited by 
interphase and intraparticle diffusion; (d) limited only by interphase diffusion (dense pellet) 
(Ertl, 1997). 

 

As a consequence, the observable reaction rate may differ substantially from the 

intrinsic rate of the chemical transformation under bulk fluid phase conditions. Changes of 

the effective reaction rate, the apparent activation energy, and the apparent order of 

reaction during the transition from the kinetic regime to the diffusion-controlled regime are 

of great importance for the technology of heterogeneously catalyzed reactions. These 

effects must be considered in practical situations, as otherwise wrong predictions with 

respect to selectivity and yield of the catalyst may result (Ertl, 1997). Moreover, the 

transport of mass inside the porous catalyst pellet and across the external boundary layer is 

governed by mechanisms other than the chemical reaction, a fact that suggests a change in 

the dependence of the effective rate on the operating conditions (i.e. concentration and 

temperature). 

That means experiments should be done in the kinetic domain where the resistances 

of the transport steps (external and internal diffusion) are neglected comparison to the 

chemical reaction. 
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To determine the kinetic domain it is necessary to test the diffusion resistances (the 

resistance of external and of internal diffusion). 
 

6.2.1. External mass transfer-effect depending on stirring speed 
 

In order to look into the rate of the external transport processes the stirring speed 

was varied. It is well known that an increasing of the stirring speed affects the transport of 

the reactants to the outer surface of the catalyst and by this to the active sites of the 

catalysts and the diffusion of the products from the active sites to the bulk fluid.   

The diffusion tests of the secondary butanol synthesis were studied in a gradientless 

reactor (advanced Carberry type - for more detailed information see chapter 5 and 

Attachment III of this work). The reaction volume of the laboratory reactor is 77 ml. The 

solid catalyst - Amberlyst DT (3 g) - was placed in the baskets attached to a rotating shaft. 

To avoid the side reaction, the catalyst was placed only in the baskets located in the water 

phase. The temperature of the reaction medium (120-155 °C) was controlled by a 

temperature controller. The pressure was set at 60 bar to keep the reaction medium over 

the whole temperature range in the liquid phase. The space time Wwater phase/F was 47.9 

gcat/mole/min for all experiments.  
 

Catalyst 

A modified ion exchange resin, Amberlyst DT type was used as a catalyst for 

diffusion tests. Since the first investigations done in the presence of the fresh catalyst 

showed high fluctuations in the secondary butanol production, the deactivation of the 

catalyst was studied. In figure 6.4 the deactivation of the catalyst is depicted (Rozek, 2001). 
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Figure 6.4. The deactivation of the Amberlyst DT (Rozek, 2001) 
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As shown in figure 6.4 the catalyst lost in the first 200 operating hours 15 % of the 

active sites, in the following 200 operating hours only 7 %, therefore already aged catalyst 

(with capacity 1.52 meq/g) was chosen for the next experiments due to a higher stability. 
 
Experimental procedure 

The experimental examination of the butene hydration was done at three different 

temperatures (120, 140 and 155°C), at constant pressure (60 bar), using the same quantity 

of the catalyst (3 g), having the same space time (47.9 gcat/mol/min), but 5 different 

stirring speeds (250, 400, 550, 700, 850 RPM). The butene:water mixtures (80:20 

volumetric ratio) were fed into the reactor. The stirrer was started after achieving the 

reaction temperature and pressure. For each stirring speed 4 to 5 significant results (the 

mean relative error was less than 3%) were registered. The average value of these results 

was the experimental point corresponding to the stirring speed.  

 

Results 

The influence of the stirring speed on the reaction rate is given in the figures 6.5 to 

6.7. 
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Figure 6.5. Effect of the stirrer speed on reaction rates in SBA synthesis on Amberlyst DT 

(T=120°C, p=60 bar, 80:20 vol. butene:water) 
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Figure 6.6. Effect of the stirrer speed on reaction rates in SBA synthesis on Amberlyst DT 

(T=140°C, p=60 bar, 80:20 vol. butene:water) 
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Figure 6.7. Effect of the stirrer speed on reaction rates in SBA synthesis on Amberlyst DT 

(T=155°C, p=60 bar, 80:20 vol. butene:water) 
 

In principle all these three diagrams (6.5-6.7) show that the rate of the forward 

reaction is independent of the stirring speeds above 700 RPM. These results are in 

agreement with those of Rehfinger and Hoffmann (1990) done on a similar catalyst 
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(modified Amberlyst 15) with ours. Therefore, to be sure that we are in a domain free of 

external diffusion influence, all further experiments were performed at 800 RPM. 
 

6.2.2. Internal mass transfer-effect depending on catalyst particle size 
 

There are few important factors internal diffusion depends on: the catalyst particle 

size, the intrinsic activity of the catalyst, the reaction temperature and the catalyst texture. 

Only two of these factors are essential in the kinetic study of the catalytic process, the size 

distribution of the catalyst particles and the reaction temperature. The other two factors are 

basic characteristics of the catalytic system, the kinetic study being made with a catalyst 

with fixed catalytic activity and texture. With increasing temperature, intraparticle mass 

transfer limitations are expected to occur in first instance, as the effective diffusion 

coefficients in the resin particles are much smaller than the diffusion coefficients in the 

water, the particle size is considerably larger than the thickness of the mass transfer film 

around the particles (Petrus, 1982). 

Petrus predicted that for a common resin (XE-307) used in the butene hydration, at a 

particle size of 0.8 mm (typical size of commercial ion exchangers), intraparticle diffusion 

limitations have to be taken into account at temperatures over about 115°C. 

In the literature only few data are available to predict the degree of diffusional 

resistances in ion exchange particles. The theoretical bases of such predictions are the well 

known Wheeler-Thiele model and Wei model. 
 

Experimental procedure 

The region where the internal mass transfer is the rate limiting step was determined 

by varying the catalyst particle size. The experiments were done under the same conditions 

of temperature, pressure, space time and volumetric butene:water ratio. 

In order to avoid the effect of external diffusion, all experiments were carried out at 

800 RPM stirring speed. For the internal diffusion tests, 4 particle sizes of the catalyst were 

used. The same investigations were done for the entire distribution of the particle sizes of 

the catalyst as is used in the industrial reactor.  

The observed reaction rates shown in the figures 6.5 to 6.7 still depend on the 

particle size of the catalyst. Since the temperatures were constant during the investigations, 

only internal mass transfer by diffusion in macroporous catalyst affects the observed rates 
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of reaction. The goal of the following experiments was to eliminate the influence of 

diffusion by decreasing the size of resin particles. The experimental results are depicted in 

figure 6.8.  
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Figure 6.8. Effect of the catalyst particle size on reaction rates in SBA synthesis on 

Amberlyst DT (T=120, 140, 155°C, p=60 bar, 80:20 vol. butene:water) 

 
6.3. Kinetic modeling 

 

It is frequently observed that if attempted to express the rate as a simple power 

function for example, the equation 6.1, a and b may not be integers and their values, as well 

as the value of E (activation energy), may change with temperature. 

 

b
B

a
A

RT
E

CCekr ⋅⋅⋅=−
−

0         [6.1] 

 

This is partially because it has been assumed that the driving force for reaction is a 

function of the concentration of reacting species in the fluid phase. A more logical driving 

force is the concentration of adsorbed species on the catalyst or, even better, the chemical 

potential of the adsorbed species. However, in most cases neither the exact nature of these 

species nor their concentrations are known. In spite of this lack of knowledge it is clear 

that a model should be somewhat closer to reality if it is possible on some rational basis to 
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formulate rates in terms of concentrations to those existing in the bulk phase. It should 

allow the rate to be formulated in terms of readily measurable concentrations. These 

relationships are developed from knowledge of adsorption phenomena. 

For tractability in mathematical analysis and in theoretical understanding it is 

customary to assume that one step in the reaction is rate-limiting. This may be the rate of 

adsorption of one reactant, the rate of a surface reaction between adsorbed species, or the 

rate of desorption of a product. All the other steps are assumed to be in equilibrium with 

one another. 

In figure 6.9 the analogy to the electrical circuit is shown.  

Adsorption Surface
reaction

Desorption

 
Figure 6.9. Electrical analog to heterogeneous reactions (Fogler, 1999) 

 

A given concentration of reactants is analogous to a given driving force or 

electromotive force. The current I is analogous to the reaction rate and a resistance Ri is 

associated with each step in series. Since the resistances are in series, the total resistance is 

just the sum of the individual resistances, so the current I (respectively the reaction rate) is: 

 

I = 
desorpreactionadsorp RRR

E
++

       [6.2] 

 

In many cases it appears that the rate of reaction of one or more chemisorbed species 

is the rate limiting step, rather than the rate of adsorption or desorption. The kinetic 

formulations based on this assumption usually bear the term Langmuir-Hinshelwood. The 

term Langmuir-Rideal, Rideal or Rideal-Eley is applied if reaction is assumed to be between 

a chemisorbed species and a molecule reacting with it directly from the fluid phase or from 

a physically adsorbed layer (Satterfield, 1980). 
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6.3.1. Calculation of the reaction rate 

 
The hydration of butene was carried out in a modified Carberry reactor that is a 

gradientless reactor. The main feature of this reactor is the fact that the reaction rate is 

considered to be constant in all points within the reactor. The reaction between butene and 

water is a slow reaction and the conversion level in the industrial reactor is around 8 mole 

% (the conversion is related to the amount of the stoechiometric limiting reactant - butene 

– in our case) (Deutsche Texaco, 1978) thus, higher conversion level in the laboratory 

reactor is not expected.  

For each run in a gradientless reactor the reaction rate equation becomes: 

 

)()( 0
AinAout

A
A XX

W
F

r −=−        [6.3] 

 

from which the average rate for each run is found. 

Thus each run gives directly a value for the reaction rate and a series of runs gives a 

set of rate-concentration data which can then be analyzed for a rate equation (Levenspiel, 

1999).  

The system we study involves two reactions in series, the hydration of the butene to 

secondary butanol and the etherification of the secondary butanol to di-secondary-butyl-

ether, while each of them is reversible. The etherification can be neglected for the reason 

that no side reaction product was detected during the kinetic investigations. Taking into 

account that the butene hydration, under laboratory reactor conditions, is a multiphase 

reaction, and two liquid phases occur in the reactor, it is mandatory to write the suitable 

mass balance for this system. 

As already explained more detailed in the previous chapters, two liquid phases 

emerge in the laboratory reactor: an olefin phase - the upper one and a water phase - the 

lower one. 

During the kinetic investigations, the catalyst was placed into the water phase while 

the hydration takes place in the water phase. The main product - secondary butanol - is the 

result of the chemical reaction between the adsorbed reactants on the active sites of the 

catalyst. After desorption, secondary butanol is transported into the water phase. The 

supercritical butene extracts the secondary butanol and for this reason the alcohol will be 
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split in both phases, the main part being concentrated in the olefin phase. In this case, the 

observed reaction rate could be calculated with the equation 6.4. 
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The equation 6.4 has the following assumption: 0
24 ,, == inOHSBAinCSBA xx (in the 

water phase and butene phase inlets the product – SBA is not present. 

The analytical system allows to measure only one phase of the laboratory reactor. 

Because the secondary butanol is concentrated in the olefin phase, the sample injector 

(ROLSI) was connected on its phase outlet line. The composition of the water phase will 

be calculated from the ternary diagram, developed and described in chapter 4, as a function 

of olefin phase composition measured by the GC. For more accurate results a second 

ROLSI connected on the water phase outlet is essential. 

Since in this thesis the chemical reaction and sorption are studied together, different 

mixtures of secondary-butanol in water are added in the inlet feed. In this case, the 

concentration of the secondary butanol in the water phase is much lower than the 

concentration of the alcohol in the olefin phase, and the first one can be neglected.  

The equation 6.4 becomes: 
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with  

inCSBAoutCSBAprodCSBA xxx
444 ,,, −=        [6.6] 

Equation 6.6 gives the SBA quantity (found in the organic phase) produced during 

chemical reaction. From the reasons explained before, the SBA quantity produced is 

calculated as a difference between the SBA quantity from the outlet and the SBA quantity 

from the inlet.  
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6.3.2. Determination of rate equation 

 
The rate laws developed for surface catalysis are based on the following assumptions 

of Langmuir and later developed by Hinshelwood: 

1. Adsorption in heterogeneous catalysis is a chemical process and takes places in 

monomolecular layer; 

2. There are no interactions between the adsorbed molecules on the surface; 

3. The adsorption surface is homogeneous; 

4. The number of the active sites is constant during the adsorption process.  

The activities of these sites depend only on temperature. They do not depend on the 

nature or amounts of reactants and products present on the surface during the chemical 

reaction. 

Langmuir-Hinshelwood (L-H) kinetics is derived by assuming that the surface 

exposure in catalytic rate laws is given by the equilibrium coverage, which exists in the 

absence of the surface reaction. The resulting rate expressions find wide use in the 

chemical industry because they include many of the commonly observed features of 

surface-catalyzed reactions. 

n-Butene hydration can be represented by the following mechanism: 

sbutenesbutene bb kk
• →←+ −+ ,

    [6.7] 

swaterswater ww kk • →←+ −+ ,      [6.8] 

sSBAsSBA aa kk • →←+ −+ ,       [6.9] 

ssSBAswatersbutene kk +• →←•+• −11 ,    [6.10] 
 

The L-H model assumes that the reaction takes place between reactants adsorbed on 

two active sites. If reaction takes place between adsorbed butene and adsorbed water and 

these species are immobile, they must be adsorbed on neighboring sites in order for 

reaction to occur. 

B W SBA

 
Figure 6.10. A dual-site mechanism-the reaction between two adsorbed species  
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All of these elementary reaction steps are given in the equations 6.7-6.10, one step is 

considered to be rate-determining, and all other steps are considered to be at equilibrium. 

When surface reaction [6.10] is the rate determining step, the overall rate of hydration can 

be expressed in terms of butene formation rate using the fraction of sites occupied by 

adsorbed components as: 

wbvab kkr θθθθ ⋅⋅−⋅⋅= − 11        [6.11] 

The rate of adsorption of component i is given by the Langmuir model as: 

iideaiviadsiads KCKr θθ ⋅−⋅⋅= )()()(       [6.12] 

 

where the fraction of active sites which are vacant, vθ , can be expressed as: 

bwav θθθθ −−−= 1         [6.13] 

The rates of adsorption of all the components are considered to be at equilibrium. 

Setting equation 6.12 to zero yields: 

ivii CK ⋅⋅= θθ          [6.14] 

The equilibrium adsorption constant for component i, Ki, is defined as: 
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The fraction of active sites occupied by component i can be written as: 
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then the formation rate of alcohol is: 

2
11

)1( wwbbaa

aawbwb
a CKCKCK

CKkCCKKkr
⋅+⋅+⋅+

⋅⋅−⋅⋅⋅⋅
= −      [6.17] 

 

Eley-Rideal (E-R) (this model is based on the Langmuir-Hinshelwood assumptions) 

model assumes that the reaction takes place between one molecule adsorbed on active site 

and one nonadsorbed molecule from the liquid phase: 

 

sSBAswaterbutene kk • →←•+ −11 ,      [6.18] 
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Figure 6.11. The reaction between one adsorbed molecule and a molecule from the liquid 

phase 
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In these models the summation in the denominator accounts for all the adsorbed 

species that share the largest portion of acid sites. L-H type and E-R type models with 

adsorption as rate-determining step can be obtained using the same procedure. Taking 

adsorption as rate determining step, reaction rate can be written as equation 6.12. 

According to Helfferich (1962), the adsorption of the strongly polar components on 

ion exchange resin is much stronger than the adsorption of the less polar components. 

Rehfinger (1988, 1990) performed studies on adsorption behavior of n-butane, 1-butene 

and methanol on ion exchange resins. Sorption and swelling experiments confirmed the 

highly selective methanol adsorption into the gel microspheres. Over the whole 

concentration range of interest, only the alcohol was in the gel phase and the other 

components were displaced. In pure liquids the amount of methanol adsorbed is about 3.5 

times larger than 1-butene. The ratio was independent of the degree of cross linking of the 

resin. Liquid phase adsorption experiments conducted for methanol, ethanol, C5 and C6 

olefins and dibutyl-ethers on ion-exchange resin by Zhang and Datta (1995) provided 

direct experimental evidence validating the most abundant surface species assumption for 

ethanol and the neglect of the olefin and ether adsorption in rate expressions. 

To simplify the equations, the term bb CK ⋅ is neglected from equations. The rate 

equations can be simplified to: 

L-H type: 

2
11

)1( wwaa

aawbwb
a CKCK

CKkCCKKkr
⋅+⋅+

⋅⋅−⋅⋅⋅⋅
= −      [6.20] 
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E-R type 

wwaa

aawbw
a CKCK

CKkCCKkr
⋅+⋅+

⋅⋅−⋅⋅⋅
= −

1
11       [6.21] 

 

6.3.3. Experimental procedure 

 
In a typical kinetic reaction run, the catalyst is placed in the baskets attached to a 

rotating shaft located into the water phase. Given that in our experimental set up the effect 

of the adsorption and chemical reaction cannot be separated; the cumulated effect of these 

steps will be studied together; therefore three 2-butanol concentration levels were used in 

these experiments: 5, 8 and 20 wt%. At the beginning, the reactor was filled with water-

SBA mixtures and the operating pressure was set. The reactor was heated to the desired 

reaction temperature, between 117-130°C. After the desired temperature was achieved, the 

butene starts to be fed into the reactor, until the separation line between the phases reaches 

the middle of the reactor. After the volumetric butene:water ratio was set and 

corresponding to this the volumetric flow was adjusted, the stirrer was started. The 

operating parameters are given in table 6.2.  

After a time, long enough to reach the steady state, samples from the olefin phase 

were analyzed by the GC. For each set of operating parameters, at least three analyses were 

done, the mean value being used for the reaction rates calculations. 

 
Table 6.2. The experimental parameters for kinetic investigations 

Temperature, °C 117, 120, 125, 130 
Pressure, bar 60 

Volumetric ratio Butene:Water 75:25, 80:20 
SBA wt% in the feed 5, 8, 20 

Space time, gcat/mol/min 47 
Catalyst weight, g 3 

Stirring speed, RPM 800 
 

 

The reaction rates were calculated with equation 6.5, the numeric values could be 

found in Appendix IV in the tables from IV.8 to IV.11. In the figures 6.12 to 6.14 the 

steady state rates at different 2-butanol concentration levels versus 1/T are given. 
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Figure 6.12. Observed reaction rate, ri, of the butene hydration reaction versus 1/T 
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Figure 6.13. Observed reaction rate, ri, of the butene hydration reaction versus 1/T 
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Figure 6.14. Observed reaction rate, ri, of the butene hydration reaction versus 1/T 

 
The reaction rate was found to increase with increasing temperature and with the 

water quantity in the inlet. Small concentration levels of the secondary alcohol in the feed 

are beneficial for the process; secondary butanol acts as a cosolvent and increases the 

solubility of the butene in water, as a consequence the reaction rates increase. 

When higher concentrations of secondary butanol (i.g.20% wt) are fed into the 

reactor, a decreasing in the reaction rate with increasing temperature was observed. The 

possible explanation is that a close approach to the miscibility gap causes this decrease in 

the overall reaction rate. 

 
6.3.4. Experimental results discussion 
 

The classical route to calculate the reaction rates from experiments with few wt% 

SBA in the feed leads to unacceptable high values for reaction rates (100 times bigger than 

the rates calculated from experiments without SBA in the feed). The reaction rates were 

found to increase with increasing temperature and with the secondary butanol quantity 

from the inlet. Small concentration levels of the secondary butanol in the feed seem to be 
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beneficial for the process; secondary butanol acts as a cosolvent and increases the solubility 

of the butene in water. But this increased solubility can not explain the increase in rate. 

To check if impurities are responsible for these results, secondary butanol was 

analyzed with respects to acids. Since no acid impurities were found, the increases of 

reaction rate cannot be explained by chemical effects.  

The high increase of the rates could be explained based on the molar fluxes of the 

species present in the laboratory reactor caused by superimposed extraction. 

In absence of other gradients (such as temperature, electric potential, or gravitational 

potential), a molecule of a given species will always diffuse from regions of higher 

concentrations to regions of lower concentrations. This gradient results in a molar flux of 

the species Wi ( timearea
moles

⋅
), in the direction of the concentration gradient.  

In own laboratory reactor two liquid phases (an organic phase – the upper one and a 

water phase – the lower one) are present. Both phases contain all compounds (butene, 

water and secondary butanol) but in different concentrations. The chemical reaction is 

taking place in the water phase therefore secondary butanol is formed in that phase but is 

extracted by butene and accumulated in the organic phase. A schematic representation of 

the diffusion in own multiphase reactor described in terms of molar fluxes is given in figure 

6.15. 

 

 

Figure 6.15.  Molar fluxes in the multiphase reactor (
•

tW =
•••

−+ buteneOHSBA WWW 2 ) 

(
••

≠ oBinl VV and 
••

≠ wOHinl VV 2 ) 
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Unfortunately, we do not have equimolar counter diffusion in the butene hydration 

system therefore the equation  

buteneOHSBA WWW
•••

−=+ 2        [6.22]  

is not valid. 
•

tW  is always different from zero that means the volumetric flow of the outlet 

olefin phase is greater than the inlet olefin phase. 

So, in our case the equation 6.22 becomes: 

buteneOHSBA WWW
•••

−≠+ 2        [6.23] 

 

from chemical reaction and extraction 

BoBinl FF ≠          [6.24] 

OHwOHinl FF 22 ≠         [6.25] 

but 

jijBwBoBinl rFFF ⋅−+= ν        [6.26] 

jijOHoOHwOHinl rFFF ⋅−+= ν222       [6.27] 

 

As described in this work, with own laboratory equipment it is possible to analyze 

only the olefin phase. After analyses the molar fractions of the compounds present in the 

organic phase and the volumetric flow ratio between the organic and water phases are 

known (from the on-off times of the magnetic valves). The molar fluxes can be calculated 

with equation 6.28. 

iF = ii CV ⋅
•

         [6.28] 

 

From the feed, the molar fluxes can be given exactly, due to the total volumetric flow 

rate, by the adjustment of the pump and the switching times of the inlet valves. But for the 

outlet the total volumetric flow rate can not be determinate easily.  

Unfortunately, the results of these calculations lead to big errors because the value of 

the volumetric flow from the outlet is still missing and the assumption that the volumetric 

flow from the outlet is the same with the volumetric flow from the inlet is unacceptable 



Chapter 6. Kinetic investigations on direct hydration of n-butenes 

 91 

since the partial molar volumes depend on pressure, temperature and composition 

therefore, the volumetric flow changes from inlet to outlet. 

In figure 6.16 the variation of the partial molar volumes of the mixtures from both 

liquid phases present in the laboratory reactor with temperature are depicted.  

The partial molar volumes depicted in the following figures correspond to a certain 

phase equilibrium composition. 

 

 
Figure 6.16. Molar volume of organic phase vs. temperature 

In figure 6.17 the evolution of the molar volume with molar fraction is presented. 

 

 
Figure 6.17. Molar volume of organic phase vs. molar fraction 
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Based on these circumstances only the measured values for experiments without 

the addition of secondary butanol in the feed can be used to develop a rate equation 

(because in these cases the conversion in the reactor is low and not influenced by high 

concentration of SBA). 

Since we are not able to use the results of own measurements to develop the 

reaction rate equation which takes into account the coupled effect of the chemical reaction 

and adsorption, an improvement in the laboratory plant is obligatory. One of the 

possibilities to have complete information useful to develop the rate equation is a mass 

flow meter (a Coriolis force mass flow meter is recommended) connected to the water 

phase outlet line. 

With such a device the mass flow can be measured accurately without influence of 

changes in the volumetric flow rate and composition. By this the mass balances and the 

molar fluxes for each component can be calculated with the help of the measured 

concentrations.  

A schematic of the improved outlet system of the laboratory plant is depicted in 

figure 6.18.  

 

Figure 6.18. Schematic of the improved outlet of the laboratory plant 
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By this arrangement it is possible to measure the mass flow of the water phase 

while the mass flow of the olefin phase will be calculated by the mass balance. 

Since for the moment the laboratory plant can not be improved, the results of own 

measurements presented in Appendix IV can be used later for recalculation after the flow 

meter will be applied in the laboratory plant. Only few additional measurements are 

necessary to recalculate the reaction rates. It is mandatory to measure the mass flow of the 

water phase in the same conditions as we establish for the kinetic measurements and 

further to calculate the mass flow of the olefin phase.  

In the present work for the development of the reaction rate equation only the 

measurements with water and butene in the inlet will be used since the conversion in the 

reactor is very small and the secondary butanol formed in the reaction will not affect the 

final results.  

 

6.3.5. Microkinetic model 
 

There are few findings observed during the experiments or found in the literature 

that must be mentioned since are giving special requirements for the mathematic model 

which lead to a proper reaction rate equation: 

- the intrinsic reaction data useful for development of the reaction rate equation are 

available from experiments; 

- under the operating conditions only the main reaction proceeds; 

- the chemical conversion takes place in a pseudo-homogeneous manner within the 

gel phase of the microparticles (between the molecules in the sorbed state). The 

chemical reaction of sorbed molecules is the rate-limiting kinetic step; 

- the organic phase is strongly nonideal which is very important in the formulation of 

chemical and sorption equilibria; 

- the kinetic reaction rate equation will be developed using Langmuir-Hinshelwood 

model. 

Langmuir-Hinshelwood isotherms are assumed for describing the sorption behavior 

of the components of the reaction mixture (1-butene, water and secondary butanol) in the 

catalytic active gel phase of the resin. Therefore the sorption equilibria of 1-butene, water 

and secondary butanol on one active site s is given by the equations 6.7-6.9 and the 

fraction of the actives sites occupied by component i can be written as equation 6.16 with 



Chapter 6. Kinetic investigations on direct hydration of n-butenes 

 94 

the observation that the liquid phase concentration of the species i (Ci) can be replaced by 

the activities of the species i (ai) in liquid phase ( iii xa γ⋅= ) or by the fugacities if  

( iii xpf ⋅⋅= ϕ ), or by the fugacity coefficients ( iϕ ). Since our reaction system is strongly 

nonideal and the operating pressure is very high, the behavior of this system can be better 

described in terms of fugacities. Due of this reason the fraction of the active sites occupied 

by the component i and the reaction rate equation are formulated in terms of fugacities. 

∑
=

⋅+

⋅
=⋅⋅= N

i
ii

ii
ivii

fK

fKfK

1
1

θθ       [6.29] 

The rate-determining step, the chemical reaction of sorbed molecules, was 

formulated according to the homogeneous catalysis (Rehfinger and Hoffmann, 1990) as 

first order in all species (as was presented in equation 6.10). 

According to the equation 6.10 and 6.11 the rate of the chemical reaction can be 

written as: 

vawb kkr θθθθ ⋅⋅−⋅⋅= −11        [6.30] 

Inserting equation 6.29 into equation 6.30 leads to an expression for the reaction rate, 

where the fractions of occupied sites are controlled by the fugacities of the components: 

 

2

1

11

1 







⋅+

⋅⋅−⋅⋅⋅⋅
=

∑
=

−

N

i
ii

aawbwb

fK

fKkffKKkr       [6.31] 

 

6.3.6. Adjustment of the kinetic model  
 

The kinetics for the forward reaction between butene and water were very well 

described by a model equation with three adjustable parameters based on Langmuir-

Hinshelwood kinetics expressed in fugacities.  

The expression for the reaction rate equation that fit own experimental results is 

presented by equation 6.32. 

( )2
1

1 wwbb

wbwb

fKfK
ffKKkr

⋅+⋅+

⋅⋅⋅⋅
=        [6.32] 

with  
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⋅
−

⋅=
TR

E
kk aexp01         [6.33] 

For the adjustment calculation of the three quantities shown in table 6.3 

 

Table 6.3. Model parameters for equation 6.32 

Parameter Unit Value 

k0 (fitted) mole/eq/s 1.466 1011 

k0 (calculated) mole/eq/s 1.140 1011 

Kb l/bar 0.038 

Kw l/bar 1.075 

Ea* kJ/mole 110.16 

* Ea was calculated in subchapter 6.6  

The parameter ko is only 1.28 times greater than the calculated one and the objective 

function F(x) is 03107.5 −⋅ . 

03

2

exp,

,exp, 107.5)( −⋅=
−

= ∑
i

calii

r
rr

xF       [6.34] 

 
6.3.7. Comparison with literature models 

 
In literature only two studies about kinetics of the direct hydration of butene are 

available. Unfortunately, own kinetic model can not be compared with none of these 

studies since the investigations of Douglas (1958), although were obtained in a multiphase 

system are not complete because the compositions of the co-existing phases present in the 

laboratory reactor were missing. The second investigation in the direct hydration of butene 

field belongs to Petrus (1982). These experiments were done with butene saturated water in 

one homogeneous liquid phase, not taking into account the two phases transport 

phenomena. 

Petrus found that the kinetics of the butene hydration system can well be described by a 

reaction scheme based on a carbenium ion intermediate.  
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6.4. Influence of the feed ratio water:butene 
 

For a quantitative evaluation of the butene hydration process, experiments to 

investigate the effect of the feed ratio water:butene were done. The experimental 

conditions were chosen to be in the domain free of diffusional phenomena. Experiments 

to measure the influence of the feed ratio on secondary butanol yield were performed by 

feeding a 5 wt% solution of secondary butanol in water, in different molar ratios with 

butene ( 0.95:1; 1.34:1; 1.79:1 and 2.3:1 molar ratio mixtures water+secondary 

butanol:butene). The influence of the feed ratio was considered at three temperatures (117, 

120 and 130°C) and 60 bar. The numeric results of these investigations are given in table 

IV.5 from Appendix IV. In figure 6.19 the effect of the feed ratio on secondary butanol 

yield is depicted.  
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Figure 6.19. Effect of the feed ratio on SBA production ( 20≈τ  min., inlet composition  

5 wt% SBA in water) (ICVT)  

 

The figure 6.19 shows that the yield of secondary butanol reaches a maximum for 

1.79:1 molar ratio water:butene. Operations of the plant at higher water/butene feed ratio 

values are not justified. The same trend, a maximum yield of secondary butanol for a 

certain feed ratio, was found in the literature (Deutsche Texaco, 1978). In figure 6.20, 

former results of Deutsche Texaco are depicted.  
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Figure 6.20. Effect of the feed ratio on SBA production ( ∞→τ ) (Deutsche Texaco) 

 
From the theoretical point of view, the optimum (the maximum yield of the product) 

is expected at ∞→τ  for a stoechiometric ratio 1:1 mole water:butene as found in the 

Deutsche Texaco investigations, while at ∞<τ  the optimum is anticipated for mole 

water/mole butane<1. 

In our investigations we found the optimum SBA yield for 1.79:1 mole water:butene. 

A possible reason for the value of the inlet mole ratio corresponding to the maximum 

SBA yield can be explained based on the drawback that appear because of a non equimolar 

diffusion.   

The comparison between our results and Texaco results should be seen like a trend 

and not like a quantitative evaluation since the order of magnitude for secondary butanol 

yield is dissimilar. A higher reaction temperature (155°C) simultaneously with a long 

residence time ∞→τ  and another type of catalyst for the Texaco investigations are the 

factors that lead to a bigger amount of secondary butanol. The influence of the pressure 

(for Texaco and also in our case) was insignificant since the pressure was high enough to 

keep the butene in the liquid phase.   

 

 
 



Chapter 6. Kinetic investigations on direct hydration of n-butenes 

 98 

6.5. Chemical equilibrium 
 

In chapter 2 of this work a review of the chemical equilibrium data found in the 

literature is given. Extensive calculations on the equilibria in the hydration of propene and 

butene are presented by Cope (1958, 1964, and 1966). Cope calculated the equilibrium 

constant based on the fugacities of the compounds involved in lower olefin hydration only 

from thermodynamic data, while the equilibrium constants calculated by Petrus (1982) for 

the same hydration reactions are based on experimental measurements. The equilibrium 

constants determined by Petrus are expressed in liquid phase concentrations.  

 
Experimental procedure 

In order to be able to approximate the position of chemical equilibrium for butene 

hydration, the experiments were performed in the multiphase laboratory reactor. 5 wt% 

solution of secondary butanol in water was fed into the reactor at a very low flow rate (0.5 

ml/min). The reactor pressure was 60 bar and the “equilibrium conversions” were 

measured in the temperature range of 120-150°C. After the operation parameters 

(temperature and pressure) were achieved, the butene was fed into the reactor until the 

separation line between the water and the olefin phase was located in the middle of the 

reactor.  

Finally, the stirrer was started after the feed ratio was set at 75:25 volumetric 

butene:water.  

After 180 minutes, since the stirring was started, the first samples were analyzed. In 

order to check if the reaction mixture was at equilibrium, the flow rate was halved for some 

experiments. A constant composition was the evidence that the chemical equilibrium had 

been reached (with the observation that our results depends on the accuracy of our 

measurement devices). The formation of the by-product, di-sec-butyl-ether, was never 

observed in these experiments. The measured composition data are given in table IV.7 

from Appendix IV. These values were used to calculate the equilibrium constant ( K ) (the 

equilibrium constant was calculated as function of molar fractions of the reactants and 

product) with the equation 6.35. 

 

K = [ ]
[ ][ ]WB
SBA           [6.35] 
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A logarithmic plot of the experimentally determined equilibrium constant vs. 1/T is 

given in the figure 6.21. 
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 Figure 6.21. Dimensionless equilibrium constant ( K ) based on liquid phase 

concentrations 
The shape of the slope from figure 6.21 indicates that the formation of secondary 

butanol from butene is an exothermic process. The overall equilibrium constant of the 

hydration reaction of butene in the liquid phase calculated based on our experimental data 

is of a similar order of magnitude to that of Petrus (1982, 1986). The value of K  is of 

special interest in a practical situation, since the maximum overall conversion of the butene 

to secondary butanol can be calculated from the equilibrium constant.  

 

6.6. Arrhenius parameters 
 

Experiments for determination of the reaction rates were performed in the 

temperature range of 117-130°C, at 60 bar, with 0.5<x<0.71 particle size of Amberlyst DT, 

and 800 RPM. For bigger particle sizes and higher temperatures, diffusional resistances 

were predicted to occur. Since the maximum SBA content is reached for 75:25 volumetric 

butene:water ratio, this feed ratio was chosen for the experimental evaluation of the 

reaction rates. The Arrhenius equations (6.36) together with Arrhenius plot (figure 6.22) 

were used for the calculation of the Arrhenius parameters (E and k0). 
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k = )/(
0

RTEek −           [6.36] 
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Figure 6.22. Observed reaction rates as function of temperature 

 

Table IV.6 from Appendix IV gives the values of the reaction rates. The activation 

energy for the butene hydration on Amberlyst DT, in temperature range of 117-130°C is 

about 110 kJ/mole and the preexponential factor k0 is 1.14 1110⋅ . 
 

Table 6.4. Comparison of the Arrhenius parameters found in ICVT and Petrus 

(1982)  

 ICVT Petrus 
temperature, °C 117-130 130 

E, kJ/mole 110.16 99-118 
k0, mole/eq/s 1.14 1110⋅  7.6 710⋅ -2.2 1010⋅  

 

Petrus investigated the hydration of each butene isomers (1-butene, cis-2-butene and 

trans-2-butene) that lead to SBA, and for all reactions he calculated the Arrhenius 

parameters. The highest value of the activation energy (118 kJ/mol) corresponds to the 

trans isomer. 

In our case the butene feed was a mixture of n-butene and butene isomers similar 

with the feed used in the industrial plant. Although the catalysts used in ICVT and that 

used by Petrus were different, the values for the activation energy are similar. 
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A comparison of our rates and the rates found in different literature sources is 

depicted in the figure 6.23.  
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Figure 6.23. Literature data on the hydration of butenes catalyzed by strong acid ion-

exchangers (the corresponding values of the rates found in literature are given in table 

IV.12 from Appendix IV) 

 
The reaction rates based on our data are lower than the reaction rates calculated by 

Douglas (1958) and Petrus (1982 and 1986), but higher than the initial rates found in the 

patents of Veba Chemie (1971) and BP Chemicals (1972). This is only a rough comparison 

since the experimental conditions described in the patents differ with respect to the 

butene-water feed ratio, the type of phases passing through the resin bed (upflow or 

downflow) and the catalyst type. Different reaction rates were observed given that we used 

in our investigations a multiphase liquid/liquid/solid catalytic reactor that allows the 

presence of both liquid phases, water and olefin, not only of water saturated with butene as 

Petrus did in his study. 

The difference between our results and Petrus’ results can be also probably explained 

by the smaller capacity of our catalyst since we used in our investigations an aged catalyst 

due to the reasons explained at the beginning of this chapter.  

The experiments described in this thesis were carried out to obtain fundamental data 

for the hydration of the butenes, in consequence the reaction rates were obtained in the 

domain unaffected by diffusion phenomena. 
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NOMENCLATURE 
 
Symbols and abbreviations 
Symbol Unity Meaning 
   
a [-] partial reaction order 
a [-] activity 
b [-] partial reaction order 
f  [bar] fugacity 

k [s-1] reaction rate constant 
k0 [s-1] Arrhenius parameter 
F inl,B (H2O) [mol/min] molar flow of butene or water in inlet 
F o,B (H2O, SBA) [mol/min] molar flow of butene, water or SBA in 

olefin phase 
F w,B (H2O, SBA) [mol/min] molar flow of butene, water or SBA in 

water phase 
r [mol/eq/h] reaction rate 
x [-] molar fraction 
dp [mm] catalyst particle size 
C [mol/l] liquid phase concentration 
CAP [eq/g] catalyst capacity 
E [J/mol/K] activation energy 
F [mol/min] molar flow 
K [-] adsorption rate constant 
N [-] number of species 
P [bar] pressure 
R [dm³bar/mol/K] general gas constant 
T [K] absolute temperature 

•

V inl, B (H2O) 
[ml/min] volumetric flow of butene (water) in inlet 

W [g] catalyst weight 
•

W SBA, H2O, B 
[mol/cm2 min] molar flux of SBA, water and butene 

•

tW  
[mol/cm2 min] total molar flux 

X [-] conversion 
   
 
Greek Symbols 
Symbol Units Meaning 
   
ϕ  [-] fugacity coefficient 
γ  [-] activity coefficient 

iΘ  [-] fraction of actives sites occupied by 
component i  

0Θ  [-] fraction of vacant sites 
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Indices  
Symbol Meaning 
  
i counting variable 
in inlet 
out outlet 
 
Abbreviations 
Abbreviation Meaning 
  
B Butenes 
W Water 
SBA Secondary butanol 
RPM Rotation per minute 
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7. Conclusions and objectives for future research 
 

The hydration of 1-butene to secondary butanol with cation exchange resins as 

catalysts is an alternative to the conventional hydration process, the hydrogen form ion 

exchange resin catalyst replacing the sulfuric acid normally used.  

The aim of the study described in this thesis was to operate a new multiphase reactor, 

suitable for investigation on the kinetics of n-butene hydration on strong acid ion exchange 

resins. 

While in the literature most of the kinetic studies were done in trickle, slurry or fixed 

bed reactors fed by water saturated with butene, it was interesting to investigate the 

hydration of butene in a special high pressure reactor that enables a real two phase liquid-

liquid operation and a visible control of the phases that occur during the reaction between 

butene and water. 

In chapter 2 a review of the butene hydration process is given. General aspects 

concerning the direct and the indirect butene hydration like chemical reactions, the reaction 

mechanism, the chemical equilibrium, the catalysts suitable for the hydration and the 

industrial realization of the butene hydration process, are the topics described in detail in 

this chapter. 

Successful low olefin hydration processes depend on how the problem of limited 

miscibility of the components is overcome. The low miscibility problem could be handled 

in different ways: 

• by using a co-solvent (a proper solvent is not easily found; it has to be completely 

miscible with water, it must be really inert under strongly acid reaction condition 

and should not have any proton affinity which would decrease the acidity of the 

resin); 

• by recycling in a certain amount the produced alcohol; 

• rising the pressure or working under supercritical conditions.  

In this study the problem of low miscibility of butene in water was exceeded by 

supercritical conditions. Since the operating parameters for the butene hydration process 

were selected to have butene in supercritical state, in the 3rd chapter the extractive behavior 

of butene is considered. 
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In order to investigate the rate of the secondary butanol extraction by butene, 

experiments at different temperatures (120 and 155°C) and pressures (35, 60 bar) that keep 

the butene in supercritical or in the subcritical state, were performed. 

The experiments illustrate that far from the thermodynamic equilibrium, the 

extraction is enhanced by supercritical conditions while at a residence time long enough to 

reach the thermodynamic equilibrium no better product extraction was noticed under 

supercritical conditions. 

Also, no enhancement in the mass transfer between the phases was observed with 

increased stirring speeds.   

 In chapter 4, a model for prediction of the phase equilibria involved in the butene 

hydration systems is presented.  

The liquid-liquid-phase-equilibrium of the system n-butenes, water and 2-butanol 

cannot be calculated satisfactorily using classical routes (e.g. equations of state, 

UNIQUAC), since the butene is in the supercritical state and strong polar compounds are 

present at the same time. 

New concepts exist combining the advantages of an equation of state (EOS) with 

that of models for the free excess Gibbs energy gE. These concepts are based on equations 

of state using a mixing rule, wherein strong mixing effects like liquid-liquid-separations are 

described by gE. The PSRK-Model (Predictive Soave-Redlich-Kwong) is such a concept 

normally using UNIFAC to calculate gE. But any activity coefficient model can be used to 

determine the activity coefficients. Using the model described in this chapter and based on 

equilibrium data experimentally determined, it is now possible to predict the liquid-liquid-

equilibrium of  

1-butene, water and 2-butanol with high accuracy.  

Furthermore, the activity coefficients can now be estimated, that is very important in 

the modeling of the reaction and reactors respectively. 

For distinctive investigations it was essential to built up a reactor with a special 

design. While the main characteristic of this thesis is to offer several basic engineering data 

and, since in the industrial reactor the status of the catalyst is not well defined (it is not 

known if the catalyst is placed into the water or into the olefinic phase) and taking into 

account all the drawbacks of the butene hydration system, it was necessary to prove a 

laboratory reactor that enables a visible control of the two-phases separation line, the 

attachment of the catalyst in a well defined place and the adjustment of the hold-up 
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independently from the feed ratio and the progress of the chemical reaction as well. In 

addition, the PhD thesis is focused on determining the kinetics for butene hydration 

reactions. For kinetic investigations a gradientless reactor seems to be more attractive than 

i.g. simple packed bed tubular reactors due to its features: a constant reaction rate in all the 

reaction volume and the absence of the concentration and temperature gradients due to its 

hydrodynamics. A laboratory reactor able to fulfil all these requirements was the basket-

type mixed flow reactor for simple heterogeneous gas-solid reactions, known as Carberry 

reactor. The reactor used in this study was an improved basket type reactor with the 

features mentioned above.  

Taking into account that the aim of this thesis is to investigate the kinetics of the 

direct butene hydration, reliable results are essential. For this purpose, a robust analytical 

system able to analyze both liquid phases present in the laboratory reactor was developed.  

Finally, in the chapter 6 kinetics experiments on the hydration of butene are 

described. Since reliable kinetic data are only obtained in a domain unaffected by transport 

phenomena preliminary experiments were done to check the influence of the film diffusion 

and the internal mass transfer. 

Experiments to determine the influence of the external mass transfer have been 

performed at 60 bar and temperatures in the range of 120-155°C. The external mass 

transfer limitations were evidenced by varying the stirring speed. In principle the general 

trend showed that the global reaction rate was independent of the stirring speed above 700 

RPM. Therefore all further experiments were performed at an upper setting of 800 RPM to 

avoid external diffusion limitations.  

Experiments to determine the influence of the internal mass transfer have been 

performed at 60 bar and temperatures in the range of 120-155°C. The internal diffusion 

limitations were evidenced by varying the diameter of the catalyst particles.  

After the determination of the mass transfer limitations from the slope of the curves 

in the diagrams from 6.5 to 6.8 we conclude that for stirring speeds higher than 700 RPM 

we are in a domain free from external diffusion and the effect of internal diffusion for 

catalyst particle size between 0.5<x<0.71 mm can be neglected at temperatures below 

155°C.  

In this chapter, the chemical equilibrium constant expressed in liquid phase mole 

fractions has been determined in the temperature range of 120-150°C and 60 bar. The 

chemical equilibrium constant calculated based on our experimental data has the same 
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order of magnitude as that found in the literature. The slope K vs 1/T plot indicates that 

the formation of secondary butanol from butene is an exothermic process. 

The activation energy of the butene hydration reaction in the temperature range of 

117-130°C and 60 bar is 110 kJ/mol, similar with that was found by Petrus. 

An adequate reaction rate equation is a must for the design of a full scale reactor for 

SBA production through butene hydration. 

Since we are not able to use the results of own measurements to develop the 

reaction rate equation which takes into account the coupled effect of the chemical reaction 

and adsorption, an improvement in the laboratory plant is obligatory. One of the 

possibilities to have complete information useful to develop the rate equation is a mass 

flow meter connected to the water phase outlet line. With such a device the mass flow can 

be measured accurately without influence of changes in the volumetric flow rate and 

composition. By this the mass balances and the molar fluxes for each component can be 

calculated with the help of the measured concentrations.  

The results of own measurements presented in Appendix IV can be used later for 

recalculation after the mass flow meter will be applied in the laboratory plant and further 

the kinetic reaction rate equation using Langmuir-Hinshelwood model or Eley-Rideal 

model could be developed.  

The kinetics for the forward reaction between butene and water were very well 

described by a model equation with three adjustable parameters based on Langmuir-

Hinshelwood kinetics expressed in fugacities.  

Finally some of the consequences of the investigations described in this work that 

could lead to the optimization of the industrial process are discussed. 

In principal in the industrial practice if the residence time is long enough to approach 

the thermodynamic equilibrium the operating pressure could be decreased (the decreasing 

of pressure will lead to smaller operating costs) since no enhancement in the product 

extraction was observed for supercritical conditions. The only argument for supercritical 

state is the improvement in the solubility of butene in water. 

Another beneficial factor for the process is the recycling of a small part of the 

product into the industrial reactor since it is know and it was proven by own investigations 

that the secondary butanol increases the miscibility of butene with water.  

In the industrial reactor the status of the catalyst is not well defined (it is not known 

if the catalyst is contacted properly by the water or the olefin phase) thus, it is possible to 



Chapter 7. Conclusions and objectives for future research 

 110 

have preferential flow directions in some regions of the reactor, as a consequence the 

catalyst is not well wetted and the water surrounding the catalyst is consumed in the 

chemical reaction so the catalyst become dry because of the reaction. By this, the undesired 

side reaction is promoted. A possible way to avoid this is removal of a certain catalyst 

quantity from the industrial reactor. 
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APPENDIX I 
 

I.1. Physical properties of pure compounds 

Table I.1. The physical properties of pure compounds (PRO/II V.5) 

Compound Formula Molecular 
weight 

 kg/kmole 

Standard liquid 
density at 20°C 

kg/m3 

Normal boiling 
point 
 °C 

water H2O 18.0150 998.2 100.0 

1-butene C4H8 56.1080 595.1 -6.3 

cis-2-butene C4H8 56.1080 621.3 3.7 

trans-2-butene C4H8 56.1080 604.2 0.9 

iso-butene C4H8 56.1080 599.8 -6.9 

2-butanol C4H10O 74.1240 806.3 99.5 

di-sec-butyl ether C8H18O 130.2303 778.0 121.05 

Critical properties 

Compound Critical 
temperature 

 °C 

Critical pressure 
atm 

Critical volume 
L/kmole 

Critical 
compressibility 

factor 
water 374.20 218.3 55.40 0.22768 
1-butene 146.40 39.70 240.00 0.27677 
cis-2-butene 162.40 41.50 234.00 0.27172 
trans-2-butene 155.50 39.30 238.00 0.26593 
iso-butene 144.70 39.48 239.00 0.26421 
2-butanol 262.80 41.39 268.00 0.25223 
di-sec-butyl-ether 285.85 24.96 494.00 0.26900 

Molecular constants and miscellaneous properties 
Compound Van der Waals area 

parameter 
Van der Waals 

volume parameter 
Acentric factor 

water 1.4000 0.9200 0.34800 

1-butene 2.5640 2.9209 0.19100 

cis-2-butene 2.5630 2.9189 0.20219 

trans-2-butene 2.5630 2.9189 0.21860 

iso-butene 2.6840 2.9196 0.19590 

2-butanol 3.0480 3.4535 0.57850 

di-sec-butyl-ether 5.1680 6.0909 0.43193 
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I.2. Properties of the catalysts used in process 

Table I.2. Properties of the resins (the technical data are given by the Amberlyst DT suppliers-Rohm & Haas) 
Water-swollen resins Dry 

resins 

Resin Supplier  Matrix Functional 

groups 

particle size  

dp 

(mm) 

density 
ρ  

(kg/m3) 

specific 

capacity 

(meq/g) 

surface 

area 

(m2/g) 

pore 

size 

(nm) 

porosity 

(mL/gcat) 

water 

content 

(wt%) 

specific 

capacity 

(meq/g) 

Amberlyst 

DT 

(fresh) 

Rohm&Haas macroreticular  SO3H 0.5<x<0.71 

0.71<x<0.8 

0.8<x<1 

1<x 

880 1.77 38 20 0.24 50.4 3.57 

Amberlyst 

DT 

(aged-used 3 

months in the 

SASOL pilot 

plant) 

Rohm&Haas macroreticular  SO3H 0.5<x<0.71 

0.71<x<0.8 

0.8<x<1 

1<x 

880 1.52 38 20  49.8 2.99 
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Table I.3. The mass composition of the butene feed 

Compound wt % 
n-butane 0.68 

iso-butane 0.08 
cyclo-butane 0.02 

1-butene 51.53 
cis-2-butene 13.29 

trans-2-butene 33.23 
iso-butene 1.02 

others 0.15 
Total 100 

 

Table I.4. Amberlyst 70- technical data* 

Physical form Dark brown beads 
Ionic form as shipped Hydrogen (98 %) 
Concentration of acid sites > 2.55 eq/kg - 0.9 eq/L 
Moisture holding capacity 53 to 59 % (H+ form) 
Shipping weight 770 g/L (48.0 lbs/ft3) 
Fines content < 0.425 mm : 0.5 % max 
Surface area 36 m2/g 
Average pore diameter 220 Å 
Maximum operating temperature 190°C (375 °F) 

 * the technical data are given by the Amberlyst 70 suppliers-Rohm & Haas 
 
 

Table I.5. Amberlyst 16- technical data* 

Physical form opaque beads 
Ionic form as shipped Hydrogen  
Concentration of acid sites > 4.8 eq/kg  
Moisture holding capacity 52 to 58 % (H+ form) 
Shipping weight 780 g/L (48.7 lbs/ft3) 
Harmonic mean size 0.600-0.800 mm  
Surface area 30 m2/g 
Average pore diameter 250 Å 
Maximum operating temperature 130°C (265 °F) 

* the technical data are given by the Amberlyst 16 suppliers-Rohm & Haas 
 
References 
 
PRO/II V5 Data base, Simulation Sciences, Inc., 1998. 

www.rohm&haas.com 
 
 
 

http://www.rohm&haas.com
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APPENDIX II 
II.1. Algorithms  
II.1.1. Bubble and dew pressure computation (Pfeuffer, 2004)  

 

 

Input data: 
Default T, xi  
 
PSRK pure compound data Tc,i  , pc,i ,c1i, c2i , c3i 
UNIFAC functional group data Rk, Qk, vik 
UNIFAC interaction parameter anm 
 
Initial supposed values for p, yi  
 

Calculate the activity coefficients 

iγ with UNIFAC 

Calculate LV vv , and L
i

V
i ϕϕ , for the 

pressure p with PSRK/EOS 

Calculate the distribution coefficients 

V
i

L
i

iK
ϕ
ϕ

=  

Approximation parameter S 

∑= ii KxS  

Calculate new values for p, yi 

S
xKy

pSp

ii
i
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⋅
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Result p, yi 

ε<−1S  

YES 

NO 
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II.1.2. Flash algorithm (Pfeuffer, 2004) 

 

Input data: 
Default T, p,    
 
PSRK pure compound data Tc,i  , pc,i ,c1i, c2i , c3i 
UNIFAC functional group data Rk, Qk, vik 
UNIFAC interaction parameter anm 
 
Initial supposed values 5.0, === Lzyx iii   
 

Calculate the activity coefficients 

iγ with UNIFAC 

Calculate LV vv , and L
i

V
i ϕϕ , for the 

pressure p and temperature T with 
PSRK/EOS 

Calculate the distribution coefficients 

V
i

L
i

iK
ϕ
ϕ

=  

Approximation parameter S 
( )∑ −= ii yxS  

Calculate new values for xi, yi 
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xKy
KLK
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II.2. Equilibrium curves (The equilibrium curves from below were computed 

by the author of this study using PRO/II-SIMSCI) 

II.2.1.The equilibrium curves computed with UNIQUAC method (PRO/II 

V.5) 

 

Figure II.1. P-x-y for butene-water at 160°C                  Figure II.2. x-y for butene-water at 160°C 

 

 

Figure II.3. P-x-y for butene-2 butanol at 160°C        Figure II.4. x-y for butene-2-butanol at 160°C 

 

Figure II.5. P-x-y for 2 butanol-water at 160°C         Figure II.6. x-y for 2-butanol-water at 160°C 
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II.2.2. The equilibrium curves computed with UNIFAC method (PRO/II V.5) 

 

Figure 
II.7. P-x-y for butene-water at 160°C                  Figure II.8. x-y for butene-water at 160°C 

 

Figure II.9. P-x-y for butene-2-butanol at 160°C   Figure II.10. x-y for butene-2-butanol at 160°C 

 

 

Figure II.11. P-x-y for 2 butanol-water at 160°C         Figure II.12. x-y for 2-butanol-water at 160°C 
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Table II.1. Experimental VLLE data for butene (1) + 2-Butanol (2) + Water (3) system at 160°C  

 Water phase (liquid) Olefinic phase (liquid) Vapour Phase 

T / °C P / bar x1' x2' x3' x1'' x2'' x3'' y1 y2 y3 

Binary points:          

137.15 36.43 0.00086 0.00000 0.99914 0.97604 0.00000 0.02396 Not analysed 

160.72 51.50 0.00106 0.00000 0.99894    0.94316 0.00000 0.05684 

Ternary VLLE 

points: 
         

160.42 52.52 0.00112 0.00247 0.99641    0.92041 0.02922 0.05038 

160.28 48.02 0.00109 0.00413 0.99478    0.88601 0.03882 0.07516 

160.83 47.56 0.00122 0.00737 0.99142 0.83726 0.09702 0.06571 Not analysed 

160.63 46.44 0.00114 0.00774 0.99112 0.80916 0.11716 0.07368 0.84905 0.06826 0.08270 

160.81 41.31 0.00125 0.01271 0.98604 0.64350 0.22595 0.13055 0.80383 0.09271 0.10346 

159.98 39.44 0.00128 0.01400 0.98472 0.58766 0.25729 0.15504 0.79197 0.09782 0.11020 

159.91 36.37 0.00138 0.01720 0.98142 0.44703 0.32160 0.23137 0.77215 0.10824 0.11961 

160.12 34.16 0.00148 0.01999 0.97853 0.33930 0.35085 0.30986 0.75026 0.11627 0.13346 

160.64 33.72 0.00159 0.02222 0.97619 0.31353 0.35900 0.32746 0.74914 0.11825 0.13262 

159.97 32.79 0.00159 0.02299 0.97542 0.25457 0.38422 0.36121 0.73797 0.12023 0.14180 

160.40 35.69 0.24037 0.38068 0.37895 

160.33 25.93 

Not analysed  

Not analysed 0.12285 0.35332 0.52383 

Not analysed  

Not analysed 

Ternary VLE 

points:  
         

159.43 14.70 0.06831 0.62311 0.30858    0.41601 0.29037 0.29362 

159.43 14.70 0.05161 0.77018 0.17821    0.30254 0.45282 0.24464 

160.31 15.20 0.08049 0.67578 0.24374    0.46974 0.29520 0.23506 

160.48 11.90 0.06093 0.82495 0.11411    0.37759 0.44953 0.17288 

160.02 25.63 0.19208 0.45653 0.35139    0.66963 0.15893 0.17144 

160.48 22.26 0.17773 0.54597 0.27630    0.60693 0.20735 0.18572 

160.06 18.12 0.15170 0.67709 0.17121    0.59982 0.25825 0.14193 

 

 

 



Appendix II 

 119 

Nomenclature  
 
Symbols and abbreviations 
Symbol Units Meaning 
   
a [-] Parameter of SRK-equation of state 
c [-] Mathias-Copeman-Constants 
K [-] Distribution coefficients (phase 

equilibrium constant) 
P [bar] Pressure 
Q [-] van der Waals area (UNIFAC) 
R [-] van der Waals volume (UNIFAC) 
S [-] Approximation parameter for the iterative 

solution search 
T [K] Absolute Temperature 
v [dm³/mol] Molar Volume 
x [-] Molar fraction (liquid phase) 
y [-] Molar fraction (vapour phase) 
z [-] Inlet ratio 
 
Greek Symbols 
Symbol Units Meaning 
   
ϕ [-] Fugacity coefficient  
γ [-] Activity coefficient 
ε [-] Tolerance for the solution of the 

equations system 
 
 
Indices  
Symbol Meaning 
  
c Critical  
i Counting variable 
k Counting variable 
m Counting variable 
n Counting variable 
 
 
Abbreviations 
Abbreviation Meaning 
  
UNIQUAC Universal Quasi Chemical 

UNIFAC Universal Quasi Chemical Fractional Group Activity 
Coefficients 

PSRK Predictive Soave Redlich Kwong 
SRK Soave Redlich Kwong 
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APPENDIX III 
 

III.1. Reactor design (Kunz and Hoffmann, 2003; Sajdok, 2004) 

Material of construction is stainless steel (1.4571). The free volume is 100 ml and the 

reaction volume is around 80 ml. Operation pressure is up to 200 bar at temperatures of 

200°C. The catalyst is arranged in two compartments, each having four baskets. Because of 

the corrosive effect of the catalyst, the lattice of the baskets is made of Hasteloy. The cover 

is fixed by 6 screws, sealing material is Teflon. The reactor is heated by 4 electric cartridges 

each having a power of 500W. Temperature control is achieved by a thermocouple inserted 

in the bottom of the reactor, directly contacting the liquid inside the reactor. All tube 

connectors are Swagelock 1/8”. The windows have a nominal diameter of 28 mm this is a 

compromise between size, prize, mechanical construction and safety. The windows are 

high pressure resistant up to 500 bar and 200°C, having a DN of 28 mm. The windows are 

made from artificial Safire that award special optic feature allowing a very good observation 

of the mixture behavior inside the reactor. The supplier of these windows is 

Sitec/Switzerland. The sealing material for windows is a fluorinated elastomer - Kalrez. In 

figure III.1. the reactor sketch is depicted. 

B-B

A-A

 
Figure III.1. Sketch of the reactor for the hydration of olefins (Sajdok, 2004) 
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The inlet tube is connected to the middle of the reaction chamber. This is done 

because in this position the separation line of the two liquids is expected. At this position 

also the windows are arranged to observe the phase separation line and to control reactor 

hold-up. The outlet for the organic phase is at the top of the reactor. For this the gap 

between the bore to insert the stirrer well and the reactor wall is used. This ensures that 

there is no dead volume. The outlet for the water phase is in the bottom. Figures III.2. and 

III.3. give more details of the design. 
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Figure III.2. Design of the reactor cover (Sajdok, 2004) 
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Figure III.3. Reactor body and view from top (Sajdok, 2004) 
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III.2. The HP 5890 Series gas chromatograph features 

The gas chromatograph is equipped with a SUPELCO separation column SPB-1 

type having a length of 60 m and an internal diameter 0.53 mm, the film thickness is 5 mµ . 

The temperature program of the gas chromatograph for the olefin hydration is depicted in 

table III.1. 

Table III.1. The temperature program* of the GC 

Temperature program Split 

ratio 

Carrier 

gas 

velocity 

through 

the 

column 

s
cm  

Column 

head 

pressure 

kPa Initial 

temperature 

°C 

Final 

temperature  

°C 

min
, C

dt
dT °  

 

Injector 

temperature 

°C 

Detector 

temperature 

°C 

20:1 20 40 40 200 20 200 220 

 * measured at 110°C 

 

III.3. ROLSI (rapid on-line sample injector) 

v ROLSI is an extremely compact system with no dead volume; 

v There is no hazardous mercury to contend with or bulky equipment with its many 

potential leak paths; 

v The gas that sweeps the sample to be analyzed is usually the GC carrier gas; 

v Can be used at 600 bar pressure and working temperature from cryogenic up to 400 

°C; 

v The body is made in high grade stainless steel allowing the ROLSI to be used in 

very arduous conditions, and with reactive or corrosive media; 

v The sample loading, which can be either gas or liquid, is adjustable from 0.01mg 

upwards; 
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v The volume size is a function of time as the ROLSI is pneumatically controlled 

with an ultra fast acting solenoid valve, the longer the needle is open the larger the 

sampler is;  

v It also has the advantage for instantaneous evaporation of liquids due to built-in 

heating. 

ROLSI batches the sample directly into a carrier gas flow through a capillary as seen from 

figure III.4. The capillary is locked by a pneumatic driven needle. 

 

 Figure III.4. The principle scheme of ROLSI (Richon, 2003) 

 

If the pneumatic system releases the pressure, the needle is pushed by the sample 

against a spring, forming an annular gap between the needle and the capillary. The sample 

size is then a function of the adjustment travel and the opening time. 

 

ROLSI (Rapid On-Line Sample Injector) 
 
Patent is held by the Center of Energy and 
Processes, Ecole des Mines, 60, bd. St. Michel, 
Paris 
Distributed in Germany by LTP GmbH, 
Oldenburg 
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The system is heated electrically and the sample is swept by the carrier gas through a 

heated pipe to the GC. The capillary contains the only dead volume of the system with 

only 0.5 ml. 
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Appendix IV 
The effect of stirring speed 
 
Table IV.1. The influence of the stirring speed on the reaction rate, at 120°C and 60 bar 

dp=0.5<x<0.71 
mm 

dp=0.71<x<0.8 
mm 

dp=0.8<x<1 
mm 

dp=1<x 
mm 

stirring speed, 
RPM 

reaction rate, mole/eq/h 

250 0.1330 0.0716 0.0648 0.0546 
400 0.1365 0.0989 0.0853 0.0717 
550 0.1398 0.0818 0.0802 0.0580 
700 0.1365 0.0810 0.0793 0.0550 
850 0.1365 0.0810 0.0791 0.0545 

 
 
 
Table IV.2. The influence of the stirring speed on the reaction rate, at 140°C and 60 bar 

dp=0.5<x<0.71 
mm 

dp=0.71<x<0.8 
mm 

dp=0.8<x<1 
mm 

dp=1<x 
mm 

stirring speed, 
RPM 

reaction rate, mole/eq/h 

250 0.7237 0.6601 0.6111 0.5175 
400 0.7969 0.7494 0.6743 0.5414 
550 0.7451 0.7421 0.6879 0.5277 
700 0.7247 0.6909 0.6393 0.5043 
850 0.7226 0.6901 0.6401 0.5025 

 
 
 
Table IV.3. The influence of the stirring speed on the reaction rate, at 155°C and 60 bar 

dp=0.5<x<0.71 
mm 

dp=0.71<x<0.8 
mm 

dp=0.8<x<1 
mm 

dp=1<x 
mm 

stirring speed, 
RPM 

reaction rate, mole/eq/h 

250 1.8252 1.7729 1.5725 1.4328 
400 1.9532 1.9259 1.7697 1.7265 
550 1.9227 1.9122 1.7288 1.7015 
700 1.8180 1.7890 1.6032 1.5800 
850 1.8140 1.7820 1.5990 1.5810 
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The effect of catalyst particle size 
 
Table IV.4. The influence of the catalyst particle size on the reaction rate, 850 RPM 

dp=0.5<x<0.71 
mm 

dp=0.71<x<0.8 
mm 

dp=0.8<x<1 
mm 

dp=1<x 
mm 

temperature, 
°C 

reaction rate, mole/eq/h 

120 0.1365 0.0810 0.0791 0.0545 
140 0.7226 0.6901 0.6401 0.0503 
155 1.8140 1.7820 1.5990 1.5810 

 

The influence of the inlet molar ratio Water:Butene on the SBA yield 
 

Table IV.5. The influence of the inlet molar ratio Water:Butene on SBA yield*** 

molar ratio Water:Butene 
0.95 1.34 1.79 2.3 

temperature, °C 

SBA, mole fr 
117 0.00997 0.01548 0.03438 0.02416 
120 0.01036 0.01796 0.03509 0.02651 
130 0.01181 0.02466 0.03929 0.03051 

*** The experiments were done at 60 bar, at 800 RPM, dp=0.5<x<0.71, space time=47 gcat/mol/min  
 

Arrhenius parameters 
 

Table IV.6. Arrhenius parameters (E, k0) 

temperature, °C SBA, mole fr reaction rate 
ri, mole/eq/s 

E, 
kJ/mol 

k0, 
mole/eq/s 

117 3.3 410−⋅  2.76 510−⋅  
120 4.0 410−⋅  3.35 510−⋅  
125 6.2 410−⋅  5.18 510−⋅  
130 9.6 410−⋅  8.03 510−⋅  

110 1.14 1110  

 

Chemical equilibrium constant 
 
Table IV.7. Equilibrium compositions 

temperature, °C SBA, mole fr. Butene, mole fr Water, mole fr 
xK = [ ]

[ ][ ]WB
SBA  

120 0.0809 0.8897 0.0286 3.18 
130 0.0790 0.8801 0.0376 2.39 
140 0.0731 0.8780 0.0489 1.70 
150 0.0668 0.8439 0.0713 1.11 
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Kinetic investigations 
Table IV.8. The experimental parameters and the reaction rates in SBA synthesis at 117°C 

Constant parameters T= 117 °C, P=60 bar, 0.5<x<0.71, 800 RPM 
Mixtures SBA in water, wt% 5 8 20 
Volumetric ratio 
Butene:Water 

75:25 
 

80:20 
 

75:25 
 

80:20 
 

75:25 
 

80:20 
 

Molar ratio Water:Butene 1.79:1 1.34:1 1.74:1 1.30:1 1.53:1 1.15:1 
Catalyst weight, g 3 
Particle size of the catalyst, 
mm 

0.50<x<0.71 

Capacity of the catalyst, 
eq/g 

0.00152 

Space time, g cat/mole/min 47.06 
Feed ratio, ml/min 3.100 3.462 3.114 3.476 3.170 3.531 
Butene feed ratio, mole/h 1.37 1.63 1.37 1.63 1.4 1.67 
Water (+SBA) feed, mole/h 2.45 2.19 2.45 2.19 2.42 2.2 
SBA, mol fr inlet 0.00811 0.00724 0.01313 0.01171 0.03461 0.03057 

SBA, mole fr,  
 

0.0425 0.0227 0.0562 0.0380 0.2726 0.2234 

Water, mole fr,  
 

0.0601 0.0523 0.0892 0.0424 0.0982 0.0854 

Butene, mole fr, 0.8972 0.9249 0.8541 0.9194 0.6288 0.6903 

mol fr. 
outlet 

Others (TBA), 
mole fr, 

0.0002 0.0001 0.0005 0.0002 0.0004 0.0009 

Reaction rate, mole/eq/h 10.33 5.53 12.99 9.43 73.12 70.4 
Reaction rate, 
mole/eq/s 310⋅  

2.87 1.53 3.61 2.61 20.3 19.5 

 
Table IV.9. The experimental parameters and the reaction rates in SBA synthesis at 120°C 

Constant parameters  T= 120 °C, P=60 bar, 0.5<x<0.71, 800 RPM 
Mixtures SBA in water, wt% 5 8 20 
Volumetric ratio 
Butene:Water 

75:25 
 

80:20 
 

75:25 
 

80:20 
 

75:25 
 

80:20 
 

Molar ratio Water:Butene  1.79:1 1.34:1 1.74:1 1.30:1 1.53:1 1.15:1 
Catalyst weight, g  3 
Particle size of the catalyst, 
mm  

0.50<x<0.71 

Capacity of the catalyst, 
eq/g  

0.00152 

Space time, g cat/mole/min 47.06 
Feed ratio, ml/min 3.100 3.462 3.114 3.476 3.170 3.531 
Butene feed ratio, mole/h 1.37 1.63 1.37 1.63 1.4 1.67 
Water (+SBA) feed, mole/h 2.45 2.19 2.45 2.19 2.42 2.2 
SBA, mole fr inlet 0.00811 0.00724 0.01313 0.01171 0.03461 0.03057 

SBA, mole fr,  
 

0.0432 0.0252 0.0571 0.0422 0.2270 0.1827 

Water, mole fr,  
 

0.0665 0.0839 0.0669 0.0726 0.0558 0.0567 

Butene, mole 
fr, 

0.8899 0.8905 0.8757 0.8848 0.7168 0.7603 

mol fr. 
outlet 

Others (TBA), 
mole fr, 

0.0004 0.0004 0.0003 0.0004 0.0004 0.0003 

Reaction rate, mole/eq/h 10.54 6.43 13.26 10.93 59.1 55.5 
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Table IV.10. The experimental parameters and the reaction rates in SBA synthesis at 125°C 

Constant parameters  T=125 °C, P=60 bar, 0.5<x<0.71, 800 RPM 
Mixtures SBA in water, wt% 5 8 20 
Volumetric ratio 
Butene:Water 

75:25 
 

80:20 
 

75:25 
 

80:20 
 

75:25 
 

80:20 
 

Molar ratio Water:Butene  1.79:1 1.34:1 1.74:1 1.03:1 1.53:1 1.15:1 
Catalyst weight, g  3 
Particle size of the catalyst, 
mm  

0.50<x<0.71 

Capacity of the catalyst, 
eq/g  

0.00152 

Space time, g cat/mole/min 47.06 
Feed ratio, ml/min 3.100 3.462 3.114 3.476 3.170 3.531 
Butene feed ratio, mole/h 1.37 1.63 1.37 1.63 1.4 1.67 
Water (+SBA) feed, mole/h 2.45 2.19 2.45 2.19 2.42 2.2 
SBA, mole fr inlet 0.00811 0.00724 0.01313 0.01171 0.03461 0.03057 

SBA, mole fr,  
 

0.0456 0.0284 0.0602 0.0473 0.1719 0.1361 

Water, mole fr,  
 

0.0665 0.0604 0.0801 0.0567 0.0509 0.0381 

Butene, mole fr, 0.8875 0.9110 0.8593 0.8956 0.7767 0.8254 

mol fr. 
outlet 

Others (TBA), 
mole fr, 

0.0004 0.0002 0.0004 0.0004 0.0004 0.0004 

Reaction rate, mol/eq/h 11.3 7.57 14.20 12.74 42.2 38.52 
       
 
 
Table IV.11. The experimental parameters and the reaction rates in SBA synthesis at 130°C 

Constant parameters  T= 130 °C, P=60 bar, 0.5<x<0.71, 800 RPM 
Mixtures SBA in water, wt% 5 8 20 
Volumetric ratio 
Butene:Water 

75:25 
 

80:20 
 

75:25 
 

80:20 
 

75:25 
 

80:20 
 

Molar ratio Water:Butene  1.79:1 1.34:1 1.74:1 1.03:1 1.53:1 1.15:1 
Catalyst weight, g  3 
Particle size of the catalyst, 
mm  

0.50<x<0.71 

Capacity of the catalyst, 
eq/g  

0.00152 

Space time, g cat/mole/min 47.06 
Feed ratio, ml/min 3.100 3.462 3.114 3.476 3.170 3.531 
Butene feed ratio, mole/h 1.37 1.63 1.37 1.63 1.4 1.67 
Water (+SBA) feed, mole/h 2.45 2.19 2.45 2.19 2.42 2.2 
SBA, mole fr inlet 0.00811 0.00724 0.01313 0.01171 0.03461 0.03057 

SBA, mole fr,  
 

0.0474 0.0319 0.0627 0.0529 0.1351 0.1171 

Water, mole fr,  
 

0.0660 0.0601 0.1244 0.0466 0.0389 0.0351 

Butene, mole fr, 0.8864 0.9080 0.8122 0.8998 0.8255 0.8474 

mol fr. 
outlet 

Others (TBA), 
mole fr, 

0.0002 0.0000 0.0007 0.0007 0.0005 0.0004 

Reaction rate, mole/eq/h 11.8 8.83 14.96 14.77 30.87 31.58 
 
 
 



Appendix IV 

 130 

Table IV.12. Reaction rates calculated based on our data compared with those found in 

literature 

r, mole/eq/s Temp, °C 
ICVT Petrus Douglas VEBA BP 

90 - 2.0 610−⋅  - - - 
100 - 6.5 610−⋅  - - - 
110 - 2.5 510−⋅  - - - 
117 2.76 510−⋅  - 5.0 510−⋅  - - 
120 3.35 510−⋅  7.0 510−⋅  7.0 510−⋅  - - 
125 5.18 510−⋅  - - - - 
130 8.03 510−⋅  1.5 410−⋅  1.5 410−⋅  6.0 510−⋅  - 
140 - 5.0 410−⋅  3.8 410−⋅  8.0 510−⋅  - 
145 - - 5.8 410−⋅  - 1.5 410−⋅  

 
Table IV.13. Olefin phase composition for 75:25 vol. butene:water ratio in inlet 

temperature, °C SBA,  
mole fr 

Water, 
 mole fr 

Butene,  
mole fr 

reaction rate 
ri, mole/eq/s 

117 3.3 10-4 0.0773 0.9223 2.76 510−⋅  
120 4.0 10-4 0.0081 0.9915 3.35 510−⋅  
125 6.2 10-4 0.0098 0.9896 5.18 510−⋅  
130 9.6 10-4 0.0047 0.9857 8.03 510−⋅  

 
Table IV.14. Olefin phase composition for 80:20 vol. butene:water ratio in inlet 

temperature, °C SBA,  
mole fr 

Water, 
 mole fr 

Butene,  
mole fr 

reaction rate 
ri, mole/eq/s 

117 2.6 10-4 0.0087 0.9910 2.51 10-5 
120 3.05 10-4 0.0097 0.9899 2.94 10-5 
125 4.7 10-4 0.0124 0.9871 4.53 10-5 
130 7.2 10-4 0.0213 0.9779 7.75 10-5 
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