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ABSTRACT 

 

Kinetic models are an essential part of modern computer simulation based process 

design. The goal of the work presented here was to develop models for two types of 

industrially important hydrogenation reactions, namely the hydrogenation of mono- 

and diaromatic compounds and the hydrogenation of isooctenes. The studied 

reactions are important in the production of new, environmentally friendly fuels. 

Saturation of aromatics is needed to limit the undesired particle emissions in the 

exhaust gases of diesel engines, and isooctane could be used to replace methyl-tert-

butyl ether (MTBE) in gasoline as an octane rating increasing component. 

 The hydrogenation of aromatics was studied on a commercial Ni/Al2O3 catalyst 

using three model compounds: toluene, 1,2,3,4-tetrahydronaphthalene (tetralin), and 

naphthalene. The results showed that the first ring of the diaromatic compound 

(naphthalene) is considerably more reactive than the second, whereas the 

hydrogenation rate of the monoaromatic compounds (toluene and tetralin) is only 

slightly affected by the structure of the substituent. In addition, an inhibition effect 

induced by competitive adsorption was observed in the hydrogenation of 

multicomponent mixtures. The most reactive compound adsorbs most strongly on the 

catalyst and inhibits the other reactions. Hydrogenation was assumed to proceed by a 

mechanism of stepwise addition of dissociatively adsorbed hydrogen. Langmuir–

Hinshelwood type rate equations were able to describe the reaction kinetics 

successfully, including the inhibition effect. The estimated adsorption parameters in 

the mixtures increased with reactivity (Ktoluene = 1.0 × 10−3 m3/mol, Ktetralin = 4.4 × 

10−3 m3/mol, Knaphthalene = 7.8 × 10−3 m3/mol). Additionally, the estimated activation 

energies were in the physically meaningful range of 26–59 kJ/mol. 

The hydrogenation of the isooctenes 2,4,4-trimethyl-1-pentene (TMP-1) and 

2,4,4-trimethyl-2-pentene (TMP-2) to “isooctane” (IO; 2,2,4-trimethylpentane) was 

examined on commercial Ni/Al2O3, Co/SiO2, and Pt/Al2O3 catalysts. Qualitatively, 

the hydrogenation proceeded in the same way on the different catalysts in that TMP-1 

(terminal double bond) was more reactive than TMP-2 (internal double bond), 

isooctane was the sole product, and double bond isomerization did not play an 

important role under the conditions used. Kinetic models were formulated on the 

basis of the two-step Horiuti–Polanyi mechanism, assuming rate limitation by the 
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first hydrogen insertion. The difference in the activities (Ni > Co > Pt) of the three 

catalysts was concluded to be due to the number of active sites because turnover 

frequencies (TOFs) were of the same order of magnitude. However, in some features, 

Pt was found to deviate from Ni and Co in the hydrogenation of TMP-1 and TMP-2. 

Activation energies were higher (Eapp,TMP-1 = 49 kJ/mol on Pt and 34–35 kJ/mol on Ni 

and Co; Eapp,TMP-2 = 65 kJ/mol on Pt and 43–49 kJ/mol on Ni and Co) and hydrogen 

adsorption equilibrium constants were larger by two orders of magnitude (KH = 38 × 

10−4 m3/mol on Pt, 0.16 × 10−4 m3/mol on Ni, and 0.30 × 10−4 m3/mol on Co). In 

addition, catalyst deactivation through the formation of carbonaceous deposits was 

considerably faster on Pt. 

The kinetic equations developed in this work are applicable as such in reactor 

design because mass transfer, hydrogen solubility, and solvent effect were taken into 

account in the parameter optimization. In the hydrogenation of aromatics, valuable 

information was obtained on how to describe hydrogenation reactions in 

multicomponent mixtures, such as real diesel fractions. The results from the 

hydrogenation of TMP-1 and TMP-2 provide information that can be applied to the 

selection of an optimal catalyst material as well as in the design and optimization of 

industrial-scale reactors. 



 4 

LIST OF PUBLICATIONS 

 

This thesis is derived from the following publications, which are referred to in the text 

by the corresponding Roman numerals: 

 

I  Rautanen, P. A.; Lylykangas, M. S.; Aittamaa, J. R.; Krause, A. O. I. Liquid 

Phase Hydrogenation of Naphthalene on Ni/Al2O3. Stud. Surf. Sci. Catal. 133 

(2001) 309−316. 

 

II  Lylykangas, M. S.; Rautanen, P. A.; Krause, A. O. I. Liquid-Phase 

Hydrogenation Kinetics of Multicomponent Aromatic Mixtures on Ni/Al2O3. 

Ind. Eng. Chem. Res. 41 (2002) 5632−5639. 

 

III Karinen, R. S.; Lylykangas, M. S.; Krause, A. O. I. Reaction Equilibrium in 

the Isomerization of 2,4,4-Trimethyl Pentenes. Ind. Eng. Chem. Res. 40 (2001) 

1011−1015. 

 

IV  Lylykangas, M. S.; Rautanen, P. A.; Krause, A. O. I. Liquid-Phase 

Hydrogenation Kinetics of Isooctenes on Ni/Al2O3. AIChE J. 49 (2003) 

1508−1515. 

 

V Lylykangas, M. S.; Rautanen, P. A.; Krause, A. O. I. Liquid-Phase 

Hydrogenation Kinetics of Isooctenes on Co/SiO2. Appl. Catal. A: Gen. 

(2004), in press. 

 

VI Lylykangas, M. S.; Rautanen, P. A.; Krause, A. O. I. Hydrogenation and 

Deactivation Kinetics in the Liquid-Phase Hydrogenation of Isooctenes on 

Pt/Al2O3. Ind. Eng. Chem. Res. (2004), accepted for publication. 



 5 

Contribution of the author to the publications: 

 

I Mikko Lylykangas participated in the research planning and experimental 

work and contributed to the writing of the manuscript. 

 

II, IV Mikko Lylykangas participated in the research planning, performed the 

experiments, interpreted the results together with the co-authors and wrote the 

manuscript. 

 

III Mikko Lylykangas contributed to the interpretation of the results and to the 

writing of the manuscript. 

 

V, VI Mikko Lylykangas made the research plan, performed the experiments, 

interpreted the results, carried out the kinetic modeling and wrote the 

manuscript. 



 6 

CONTENTS 

 

PREFACE......................................................................................................................1 

ABSTRACT...................................................................................................................2 

LIST OF PUBLICATIONS ...........................................................................................4 

CONTENTS...................................................................................................................6 

1. INTRODUCTION .....................................................................................................7 

2. EXPERIMENTAL...................................................................................................11 

2.1. Catalysts ............................................................................................................11 

2.2. Test Reactor ......................................................................................................13 

2.3. Mass-Transfer Experiments ..............................................................................13 

2.4. Kinetic Experiments..........................................................................................14 

3. KINETIC MODELING ...........................................................................................15 

3.1. Models for Mass and Heat Transfer..................................................................15 

3.2. Reactor Model...................................................................................................17 

3.3. Minimization of the Objective Function...........................................................18 

4. HYDROGENATION OF AROMATIC COMPOUNDS ........................................19 

4.1. Qualitative Hydrogenation Results ...................................................................19 

4.2. Catalyst Deactivation ........................................................................................21 

4.3. Hydrogenation Kinetics ....................................................................................22 

4.4. Validation of the Kinetic Models......................................................................25 

5. HYDROGENATION OF ISOOCTENES ...............................................................27 

5.1. Thermodynamic Equilibrium between Isooctenes............................................27 

5.2. Qualitative Hydrogenation Results ...................................................................27 

5.3. Catalyst Deactivation ........................................................................................28 

5.4. Hydrogenation Kinetics ....................................................................................30 

5.5. Usability of Ni, Co, and Pt Catalysts on the Industrial Scale ...........................35 

6. COMMON FEATURES IN HYDROGENATION.................................................37 

7. CONCLUSIONS......................................................................................................39 

8. LIST OF ABBREVIATIONS AND SYMBOLS ....................................................40 

9. REFERENCES ........................................................................................................42 

 

APPENDICES: PUBLICATIONS I–VI 



 7 

1. INTRODUCTION 

 

The increased attention paid to catalytic hydrogenation in the oil refining industry is 

due in part to legislation regarding the maximum contents of sulfur, aromatic 

compounds, and alkenes in traffic fuels.1,2 Aromatics in diesel increase the particle 

emissions in exhaust gases3 and they have the further effect of lowering the fuel 

quality.2 Alkenes in gasoline are undesired in larger amounts because of higher NOx 

and CO formation and the higher reactivity of evaporative emissions in comparison to 

their saturated counterparts.4 The specifications for diesel and gasoline quality that 

will come into effect in 2005 in the EU are shown in Table 1. 

 

Table 1. The EU specifications for diesel (left) and gasoline (right).5 

Diesel EU 2005 

Density [kg/m3] < 845 

Cetane no. [–] > 51 

Distill. T95 [°C] < 360 

PAH [w %] < 11 

Sulfur [w %] < 0.005 

 

Gasoline EU 2005 

Aromatics [vol %] < 35 

Alkenes [vol %] < 18 

Benzene [vol %] < 1.0 

Oxygen [vol %] < 2.7 

Sulfur [w %] < 0.005 

 

Key objectives in the development of new hydrogenation processes include the 

development of more active catalysts as well as accurate kinetic models that are based 

on reaction mechanisms. When carried out on the industrial scale, the reactions 

related with this work are performed in the liquid phase, in order to avoid excessive 

energy consumption during the vaporization of the reactants. Using the liquid phase 

complicates kinetic studies and makes most of the in-situ techniques for mechanistic 

determinations impossible. Higher concentrations and equilibrium limitation in the 

hydrogen solubility in the liquid phase may, however, substantially change the 

hydrogenation and deactivation rates. With this in mind, it appeared prudent to 

perform the experiments under conditions as close to the industrial operating 

conditions as possible, that is in the liquid phase at moderate temperatures and 

elevated pressures. 

Despite the large extent to which the hydrogenation of aromatic compounds has 

been studied no consensus exists about the reaction mechanism. In principle, two 
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types of mechanisms have been proposed. The first suggests that the hydrogenation of 

the aromatic ring proceeds through sequential additions of adsorbed hydrogen 

atoms.6–9 The other involves addition of molecular hydrogen from the bulk gas or 

liquid to the aromatic ring and subsequent complex formation. This complex retains 

its aromatic nature through the second hydrogenation step, after which it isomerizes to 

the corresponding cyclohexene. The cyclic alkene is then hydrogenated to the fully 

saturated product.10–12 The nature of hydrogen that is active in hydrogenation varies 

thus from dissociated H atoms to the H2 that undergoes an Eley–Rideal type of 

addition reaction. 

The first part of the present study concerned the hydrogenation of mono- and 

diaromatic compounds to model the dearomatization of diesel (Papers I and II). 

Kinetic models were developed that can be used in the design and optimization of 

industrial-scale reactors. Rate equations (generalized Langmuir−Hinshelwood type) 

were based on the assumption of a stepwise addition mechanism of adsorbed 

hydrogen atoms. Kinetic parameters were optimized from the data obtained on a 

commercial Ni/Al2O3 catalyst. Traditionally, sulfided NiMo, CoMo, and NiW 

hydrotreating catalysts have been used, which act both as desulfurization and 

dearomatization catalysts. However, in order to meet the tightening limitations for 

diesel (Table 1), high temperature, high hydrogen pressure, and low space velocities 

are required.13 The increased temperature leads to thermodynamic equilibrium 

limitation especially in the hydrogenation of aromatic compounds,13,14 and high 

hydrogen pressure and low space velocities are not always economically viable. 

Therefore, a two-stage process has been developed, in which heteroatom compounds 

are removed in the first stage with a sulfided hydrotreating catalyst and aromatic 

compounds are hydrogenated in the second stage with a supported noble metal or 

nickel catalyst.13–16 Nickel has the advantage of low price and reaction temperatures 

compared to noble metal catalysts, but it is less tolerant to feed impurities, sulfur 

compounds in particular. The forthcoming legislation requires more efficient removal 

of sulfur compounds in the hydrotreating stage, and therefore nickel seems as a 

favorable hydrogenation catalyst in the processing of future diesel fractions. 

Three compounds toluene, tetralin, and naphthalene were used as models for the 

mono- and diaromatic compounds in diesel. The model compounds were 

hydrogenated both separately and as mixtures because the feed to an industrial-scale 
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hydrogenation reactor contains several types of mono- and polyaromatic compounds. 

In such multicomponent mixtures, competitive adsorption is expected to affect the 

hydrogenation rates.17,18 Furthermore, the applicability of kinetic equations based on 

single-compound experiments was examined using these equations to simulate the 

reaction kinetics in mixtures (Paper II). 

In contrast to aromatics, there is little dispute in the literature about the 

mechanism of alkene double bond hydrogenation on supported metal catalysts. A 

two-step addition mechanism of chemisorbed H atoms, as first proposed by Horiuti 

and Polanyi in the 1930s19 is generally accepted.20,21 Recently, the focus has been on 

IR-spectroscopic measurements to determine the different adsorption modes of 

alkenes on the catalyst surface.22–25 These studies have shown that at least three 

different forms are present: π-bonded, di-σ-bonded, and ethylidyne species. It appears 

that the hydrogenation rate of the alkene is practically uncorrelated with the surface 

concentration of the both ethylidyne (hydrogen-deficient) and di-σ-bonded 

(dissociatively adsorbed) species.26–29 This has led to the conclusion that the 

hydrogenation path includes π-bonded alkene attached to a single metal atom on both 

nickel and noble metal catalysts,30–32 which agrees well with the description of 

double-bond hydrogenation as a structure-insensitive reaction.33–35 

In the second part of this thesis, the hydrogenation of isooctenes, 2,4,4-trimethyl-

1-pentene (TMP-1) and 2,4,4-trimethyl-2-pentene (TMP-2), to the isooctane, 2,2,4-

trimethylpentane (IO), was studied (Papers III–VI). Isooctane, due to its high octane 

number and low vapor pressure, is an attractive choice to replace MTBE in 

gasoline.36–38 This has led to the introduction of process configurations for isooctane 

production through dimerization of isobutene and hydrogenation of isooctene 

(dimerization product).39,40 Isooctene has almost equally good fuel properties as 

isooctane, but because of the limitations imposed upon the alkene content in gasoline 

(Table 1), it must be hydrogenated. The kinetic models developed for this thesis for 

the hydrogenation were based on the Horiuti−Polanyi mechanism. The role of double-

bond isomerization in the course of hydrogenation reactions was also established. For 

this, the thermodynamic equilibrium of TMP-1 and TMP-2 was determined prior to 

the hydrogenation experiments (Paper III). Hydrogenation was then performed using 

non-equilibrium feeds of TMP-1 and TMP-2. Different commercial catalysts were 

tested: Ni/Al2O3 (Paper IV), Co/SiO2 (Paper V), and Pt/Al2O3 (Paper VI). The 
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comparative study of these catalysts can help to choose the most suitable catalyst 

material to be used on the industrial scale. 
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2. EXPERIMENTAL 

 

2.1. Catalysts 

Three different commercial catalysts were applied to the hydrogenation: Ni/Al2O3 

(16.6 wt %) in Papers I−II and IV, Co/SiO2 (21.5 wt %) in Paper V, and Pt/Al2O3 

(0.3 wt %) in Paper VI. The number of active sites per gram of each catalyst was 

measured using hydrogen chemisorption. Additionally, the BET-surface area and pore 

volume of the Pt/Al2O3 catalyst was measured using nitrogen physisorption. These 

measurements were carried out with a static chemisorption/physisorption equipment 

(Omnisorp 100CX). 

In the chemisorption measurements, a sample of catalyst was evacuated and 

heated (10 °C/min) in a quartz glass U-tube to 150 °C, after which it was purged with 

helium for 30 min. Thereafter, the sample was again evacuated and heated (10 

°C/min) to the reduction temperature of 400 °C. This reduction temperature was 

experimentally determined to result in the highest possible active surface area. The 

catalyst was reduced in flowing hydrogen for a period of 4 h (2 h for Ni/Al2O3
41), then 

evacuated at 450 °C for 4 h (2 h for Ni/Al2O3
41) to remove any traces hydrogen. The 

catalyst was then cooled under vacuum to the chemisorption temperature (30 °C for 

Ni and Pt, 100 °C for Co), at which the isotherm of total adsorption was determined 

up to 3.3 × 104 Pa. The measurement of total adsorption was followed by an 

evacuation period of 60 min to remove reversibly adsorbed hydrogen and to allow the 

measurement of the reversible adsorption isotherm. The irreversible chemisorption 

was obtained by subtracting the amount of reversibly adsorbed hydrogen from the 

total hydrogen uptake. 

Nitrogen physisorption measurements for the platinum catalyst were performed at 

the temperature of liquid nitrogen. Before taking the measurement, the sample was 

outgassed at 90 °C for two hours and then at 350 °C until the pressure in the sample 

holder was 4 × 10−4 Pa. Thereafter, the sample was cooled down to the temperature of 

liquid nitrogen at which both the adsorption and desorption isotherms were measured. 

On Ni/Al2O3, the number of active sites was determined from the amount of 

irreversibly adsorbed hydrogen.41 The results corresponded to a specific surface area 

of 108 m2/gNi and a number of active sites of 2.7 × 1020 atoms/gcat. The reason for 

choosing the higher chemisorption temperature on Co/SiO2 was that hydrogen 
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chemisorption on cobalt is reported to be an activated process.42–44 Indeed, 

measurements at various adsorption temperatures revealed that the amount of 

adsorbed hydrogen was higher at 100 °C than at 30 °C on Co, in contrast to Ni and Pt 

catalysts on which the adsorption isotherms did not vary markedly across the same 

temperature range. Furthermore, the active surface area on Co was calculated 

differently from Ni and Pt catalysts. The calculations for Co were based on the total 

chemisorption because the amount of irreversibly adsorbed hydrogen was dependent 

upon the duration of the evacuation period between the total and reversible isotherm 

measurements. The specific surface area and the number of active sites on Co were 

11 m2/gCo and 3.5 × 1019 atoms/gcat, respectively. On Pt/Al2O3 the metal surface area 

was determined similarly to the Ni catalyst. According to the measurements, the 

specific surface area was 214 m2/gPt, which corresponds to a number of active sites of 

8.8 × 1018 atoms/gcat. A summary of the chemisorption methods and results is 

presented in Table 2. 

 

Table 2. Hydrogen chemisorption results for the catalysts. 

Catalyst 
Adsorption T 

[°C] 

Adsorption 

type 

Area 

[m2/gmet] 

No. of sites 

[atoms/gcat] 

Ni/Al2O3 30 irreversible 105 2.7 × 1020 

Co/SiO2 100 total 11 3.5 × 1019 

Pt/Al2O3 30 irreversible 214 8.8 × 1018 

 

In order to model internal mass-transfer effects, knowledge of the structure of the 

catalyst particles is essential (see section 3.1). The quantities needed for the catalyst 

particles are the density (ρp), porosity (εp), and tortuosity (τp). For the nickel catalyst, 

the density was measured (ρp = 2200 kg/m3) and typical values from the literature 

were used for the porosity and tortuosity (εp = 0.50, τp = 4.0).45 In the study with the 

cobalt catalyst, the density was measured (ρp = 2100 kg/m3) and a literature value was 

used for the tortuosity (τp = 3.8).45 The porosity value (εp = 0.60) was based on the 

density and mean pore volume 0.30 cm3/g given by the catalyst manufacturer. In the 

study with the platinum catalyst, the density and tortuosity values (ρp = 1250 kg/m3, 

τp = 4.0) were obtained in the same manner as for the Ni and Co catalysts. The 



 13 

porosity value was calculated from the results of the nitrogen physisorption 

measurements. These results showed that the BET-area of the platinum catalyst was 

192 m2/g and the total pore volume was 0.54 cm3/g, which corresponds, together with 

the density of the particle, to a porosity, εp, of 0.68. Values of the physical properties 

of the catalysts are presented in Table 3. 

 

Table 3. Physical properties of the catalysts. 

Catalyst 
ρp  

[kg/m3] 

τp 

[–] 

εp 

[–] 

Ni/Al2O3 2200a 4.0b 0.50b 

Co/SiO2 2100a 3.8b 0.60c 

Pt/Al2O3 1250a 4.0b 0.68a 
a Measured value. b Average value.45 c Value given by the catalyst manufacturer. 
 

2.2. Test Reactor 

Hydrogenation experiments were performed in a continuous stirred laboratory-scale 

three-phase reactor equipped with a fixed catalyst basket and a magnetic stirrer. The 

gas (258 cm3
NTP/min in Papers I and II, 70 cm3

NTP/min in Papers IV–VI) and liquid 

(50 g/h) feeds were regulated using mass flow controllers. The reaction pressure was 

maintained at the desired level by regulating the gas outlet stream, which was 

separated from the liquid product in a high-pressure separation unit. The liquid 

product samples were analyzed on-line using a gas chromatograph with a fused silica 

capillary column and an FI detector. 

 

2.3. Mass-Transfer Experiments 

The gas–liquid and liquid–solid mass-transfer resistances were determined 

experimentally by varying the catalyst loading in the reactor. An estimate of the 

external mass-transfer limitations could be made by plotting the reciprocal of the 

conversion rate (mol/h) as a function of the reciprocal of catalyst mass and 

extrapolating the catalyst mass to an infinitely high value (intercept with the 1/mcat 

axis). The mass-transfer rates thereby obtained were considerably higher than the 

maximum reaction rates observed in the kinetic experiments. Thus, it was concluded 

that external mass transfer did not have an effect on the observed rates in the 

hydrogenation experiments.  
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Experiments with various particle sizes and high values of the Weisz–Prater 

criterion (Φ >> 1) showed, however, that internal mass-transfer limitations could not 

be avoided with the available experimental setup. The size of the screen opening in 

the catalyst basket meant that only particles above 0.5 mm in diameter could be used. 

Therefore, in the optimization of kinetic parameters, a model for the diffusion 

resistance inside the catalyst particles had to be included in the reactor model. 

 

2.4. Kinetic Experiments 

Each experiment was carried out with fresh catalyst that had first been dried at 110 °C 

in N2. Prior to starting the liquid feed, the catalyst was reduced in situ at 400 °C for 

two hours with mixing in flowing hydrogen. Experiments in the continuously 

operating reactor were typically divided into periods of 4–5 h with different reaction 

conditions (temperature, pressure, and feed concentrations). In addition, a standard 

period with reference conditions was included at the beginning and end of the 

experiment to monitor the catalyst activity. This arrangement enabled collection of 

extensive data sets and elimination of the effect of catalyst deactivation on observed 

hydrogenation rates.  

In the hydrogenation of aromatic compounds (Papers I and II), the pressure range 

was 20–40 bar, and temperatures of 85–160 °C (Paper I) and 80–140 °C (Paper II) 

were used. The total content of aromatic compounds varied between 1 and 36 mol % 

in n-decane solvent. In the hydrogenation of isooctenes the temperature range was 

35–95 °C for the Ni and Co catalysts (Papers IV and V) and 80–140 °C for Pt (Paper 

VI). With each catalyst, the pressure ranged from 10 to 40 bar, and the feed contained 

5–15 mol % isooctenes with varying ratios of TMP-1 and TMP-2 in cyclohexane 

solvent. 
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3. KINETIC MODELING 

 

3.1. Models for Mass and Heat Transfer 

The mass-transfer rate between the gas and liquid phases was described using the 

two-film theory: 

GLGGLL

GL,

L,GL,G,
GLGL, 1

aa

K
cKc

aN
i

iii
i

κκ
+

−
=              (1) 

Since experiments with various catalyst loadings had shown that the external mass 

transfer did not limit the rates of the reactions, high values were assigned for the 

mass-transfer coefficients in the gas and liquid films (κGaGL = 1.0 × 104 s−1 and κGaGL 

= 1.0 × 102 s−1). The equilibrium constants at the phase interface (KGL,i) were 

evaluated using the Soave–Redlich–Kwong (SRK) equation of state in Papers I and II 

and the Peng–Robinson (PR) equation of state in Papers IV–VI. Both have been 

experimentally proven to be accurate methods for the calculation of vapor–liquid 

equilibrium between hydrogen and hydrocarbons.46–48 The reason for choosing the PR 

instead of the SRK equation of state in Papers IV–VI was that it is reported to produce 

a slightly better fit for mixtures of hydrogen and alkanes with a carbon number less 

than 20.47 

Diffusion inside the porous catalyst particles was described using the effective 

diffusion coefficients, Deff,i, which account for the mass-transfer restriction due to 

porous matter in accordance with 

p

p
eff, τ

ε
ii DD =                   (2) 

where Di is the molecular diffusion coefficient, and εp and τp stand for the porosity 

and tortuosity inside of the particles, respectively. Molecular diffusion coefficients 

were estimated by the Wilke–Chang method,49 and the values of εp and τp for the 

different catalysts were obtained by the methods described in section 2.1 (see Table 

3). The mass-transfer rate between the liquid phase and the porous catalyst (observed 

reaction rates, NLS,iaLS) was obtained from the solution of the mole balance for the 

catalyst particles: 
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where λ stands for the dimensionless position inside the catalyst particles (0 ≤ λ ≤ 1) 

and rp and ρp for the radius and density of the catalyst particles, respectively (see 

section 2.1). Parameter B is the shape factor of the catalyst particles, which is defined 

by 

 p
p

p r
V

A
B =                   (4) 

where Ap and Vp stand for the outer surface area and volume of the particles, 

respectively. Crushed and sieved fractions of the Ni/Al2O3 and Co/SiO2 catalysts were 

used, and therefore B had a value of 3 in Papers I–II and IV–V (spherical geometry). 

In Paper VI, strong deactivation on Pt/Al2O3 (see section 5.3) forced the use of 

industrial-size particles, which were long, cylindrical in shape and had a B parameter 

value of 2. The partial differential equation 3 was solved by discretizing it with 

respect to the position inside the particle (λ) using a five-point central difference 

formula. The mass-transfer rates at the liquid–solid interface (apparent rates), NLS,iaLS, 

were then calculated by summing up the rates in each discretization interval. 

The gas and liquid bulk phases were assumed to be isothermal because the 

temperature of the stirred reaction vessel was controlled using external heating and 

cooling (± 0.5 °C). Furthermore, the maximum temperature difference inside the 0.5 

mm Ni/Al2O3 and Co/SiO2 catalyst particles according to 

 ( )
( )[ ]

t

i
iii

k

DHc
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=∆

eff,R,

max              (5)  

was less than 0.3 °C. Therefore, the heat transfer in the catalyst could be ignored in 

the kinetic models in Papers I–II and IV–V. However, in Paper VI, because the 

industrial particle size (diameter 1.2 mm, length 5.1 mm) was used, isothermal 

particles could not be assumed. For this reason, the dynamic energy balance described 

by equation 6 was used to describe the temperature profile inside the catalyst 

particles: 
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In equation 6, the values of –113 kJ/mol and –117 kJ/mol were used for the heats of 

reaction (∆HR) in the hydrogenation of TMP-1 and TMP-2, respectively (Paper III). 
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For the heat conductivity (kt) and specific heat capacity (cp) of the catalyst particles, 

the values of 0.13 W/(m K)50,51 and 0.85 J/(g K)52 were assumed. 

 

3.2. Reactor Model 

The continuous stirred tank reactor was modeled with dynamic mole balances for the 

gas and liquid phases (Figure 1): 

G
out,GLGL,R

G
,

G

iiiin
i FaNVF

dt
dn −−=              (7) 

and 

L
out,LSLS,RGLGL,R

L
in,

L

iiii
i FaNVaNVF

dt
dn −++=           (8) 

where the mass-transfer terms, NGL,iaGL and NLS,iaLS, were calculated using the 

equations presented in section 3.1. 

 

 
 

Figure 1. The reactor model applied in the estimation of kinetic parameters. 

 

Inlet flow rates were known (regulated by mass flow controllers), whereas outlet 

flow rates had to be estimated for use in equations 7 and 8. For this, a P-controller 

simulation was applied: 

 ( )2G
exp,

G
calc,P

G
out, iii VVKF −=                (9) 

and 

( )2L
exp,

L
calc,P

L
out, iii VVKF −=                (10) 
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where the calculated volumes were obtained using the Soave–Redlich–Kwong 

(Papers I and II) or Peng–Robinson (Papers IV–VI) equation of state and 

experimental volumes were determined by step response experiments. 

The linear system of ordinary differential equations 7 and 8 was integrated 

numerically using the Flowbat flowsheet simulator.53 In Papers I,II, and IV, a routine 

based on the semi-implicit Runge–Kutta method (Stiff 9)54 was used. In Papers V and 

VI, the integrator was developed further in order to minimize the computation time. A 

hybrid integrator was implemented, which alternated dynamically between two 

calculation routines: one based on the semi-implicit Runge–Kutta (Stiff 9)54 and the 

other on the Gear and Adams–Moulton method (VODE).55 

 

3.3. Minimization of the Objective Function 

The objective function to be minimized was the sum of the squares of the differences 

between the experimental and calculated molar fractions of the liquid product: 

( )2

calc,exp,RSS � −=
i

ii xx               (11) 

Equation 11 was minimized using the Levenberg–Marquardt routine, which was 

implemented using the in-house parameter estimation program Kinfit. 
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4. HYDROGENATION OF AROMATIC COMPOUNDS 

 

4.1. Qualitative Hydrogenation Results 

Methylcyclohexane was the only observed hydrogenation product of toluene, whereas 

the hydrogenation of naphthalene gave partly hydrogenated intermediates in addition 

to the fully hydrogenated cis- and trans-decahydronaphthalene (decalin). These 

intermediates were 1,2,3,4-tetrahydronaphthalene (tetralin) and ∆1,9- and ∆9,10-

octahydronaphthalene (-octalin). A typical product composition of the GC analysis is 

presented in Figure 2. Tetralin and decalins were the main hydrogenation products, 

whereas only small amounts of ∆9,10-octalin (< 0.5 mol %) and traces of ∆1,9-octalin 

were observed. The fraction of cis-decalin was typically 40% of the decalins virtually 

regardless of temperature, pressure, or initial concentration. On noble metal catalysts, 

higher contents of the cis-product have been reported.56,57 In experiments with pure 

cis- or trans-decalin under the same conditions as the other experiments, 

isomerization was not observed. Therefore it can be concluded that the 

stereochemistry was governed by chemical kinetics.  

 

Figure 2. Product composition in the hydrogenation of naphthalene (Paper I). 

 

On the basis of the product compositions, a reaction mechanism was proposed in 

Paper I for the aromatic model compounds (Figure 3). The mechanism involves 

naphthalene
 

tetralin
 

∆9,10-octalin

 

cis-decalin

 

∆1,9-octalin
 

trans-decalin
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stepwise addition of two hydrogen atoms. This was supported by the observed 

product compositions, namely the presence of partly hydrogenated intermediates 

(∆1,9- and ∆9,10-octalin) in tetralin hydrogenation and the formation of tetralin as the 

sole product in naphthalene hydrogenation at low conversions. The fact that 

methylcyclohexene was not observed in the hydrogenation of toluene can be 

explained by kinetic coupling, i.e. the high reactivity of methylcyclohexene relative to 

toluene. Similarly, the reaction mechanism includes the formation of both di- and 

hexahydronaphthalene. Even though not detected in these studies, the presence of 

isomers of these intermediates on noble metal catalysts have been reported.56  

 

 

naphthalene tetralin ∆9,10-octalin

∆1,9-octalin trans-decalin

cis-decalin

+ 2 H* * * * *

* *

*

toluene methylcyclohexane

** **+ 2 H + 2 H + 2 H + 2 H

+ 2 H

+ 2 H+ 2 H+ 2 H+ 2 H

 
 

Figure 3. The proposed reaction scheme for the hydrogenation of the aromatic model 

compounds. 

 

The irreversibility of the reaction from octalins to decalins was deduced from the 

absence of any traces of octalins when pure cis- or trans-decalin was fed to the reactor 

in the normal hydrogenation conditions. Comparison of the hydrogenation rates of 

octalin isomers on PtO showed that the rate for ∆1,9-octalin is 25 times that for ∆9,10-

octalin,58 and the difference is even higher on reduced noble metals.56 Therefore, we 
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assumed irreversible isomerization from ∆9,10-octalin to ∆1,9-octalin and that the main 

hydrogenation route goes via ∆1,9-octalin. The fact that the ratio of the octalins was 

close to 1:1 supports this assumption because the hydrogenation of ∆9,10-octalin would 

give cis-decalin as the only product. Finally, the high content of cis-decalin at the 

start-up of the experiments implied that hexahydronaphthalene is first hydrogenated to 

∆9,10-octalin, which, after start-up, reacts to decalins for the most part via ∆1,9-octalin. 

The hydrogenation rates of the aromatic model compounds decreased in the 

following order: naphthalene >> tetralin > toluene. It seems therefore that the 

electronic density of the aromatic ring determines the hydrogenation reactivity rather 

than steric effects. This conclusion is supported by the fact that the first ring of 

naphthalene, which has the highest C−C bond electron density,59 was the most 

reactive. Furthermore, tetralin was more reactive than toluene despite the larger 

substituent attached to the aromatic ring of tetralin. These observations are consistent 

with the reported data according to which the differences in the hydrogenation rates 

due to steric restraints arising from the size and shape of the alkyl substituents are 

relatively small.60,61 

The reactivity of the model compounds decreased in the same order, regardless of 

whether they were hydrogenated separately or as mixtures. In mixtures, the 

hydrogenation rates were, however, affected by the competing reactions. The 

hydrogenation rates of toluene and tetralin were low when naphthalene was present in 

the mixture, while the rate of reaction from naphthalene to tetralin was only slightly 

affected by toluene and tetralin. This was explained in terms of competitive 

adsorption and subsequent inhibition. Similar observations on the effect of 

competitive adsorption have been made earlier with mixtures of monoaromatic 

compounds with different alkyl substituents.18 

 

4.2. Catalyst Deactivation 

Standard periods at the beginning and end of the experiments showed that the 

catalyst’s activity decreased during the experiments, which was assumed to be caused 

by the formation of hydrogen-deficient species. The benzene ring is known to 

chemisorb on metal catalysts via its π-bonds such that the plane of the aromatic ring is 

parallel to the metal surface. Such π-bonded chemisorbed species can lose hydrogen 

and form less reactive σ-bonded surface species. Further dissociation of these surface 
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species leads to the formation of coke precursors and loss of the active metal 

surface.62,63 It has been reported that saturated C–H bonds (present in toluene and 

tetralin but not in naphthalene) are more easily dissociated than the corresponding 

aromatic bonds.64 The results in Papers I and II support this finding in that the 

deactivation rate was lower with naphthalene as the sole reactant (Paper I) than with 

multicomponent mixtures (Paper II).  

The amount of carbonaceous deposits could not be measured during the 

experiments, and therefore empirical power-law equations were applied in the 

modeling of deactivation: 

 δδ a
RT
E

Aak
dt
da

�
	



�
�


−==− D
DD exp             (12) 

In Paper I, the temperature dependence of the deactivation coefficient kD was 

observed to be moderate (ED of about 4 kJ/mol). This encouraged us to assume a 

deactivation coefficient independent of temperature in Paper II. 

 

4.3. Hydrogenation Kinetics 

The reaction scheme presented in Figure 3 was simplified in order to reduce the 

number of kinetic parameters and thus avoid excess correlation. Since quantitative 

determination of ∆1,9-octalin was not possible with the methods of analysis applied, 

this isomer was excluded from the kinetic model and decalins, together with ∆9,10-

octalin, were described as one pseudo-component. Consequently, the reaction 

schemes in Papers I and II could be described by three rate equations for the 

conversions toluene to methylcyclohexane (13), naphthalene to tetralin (14), and 

tetralin to the combined products (∆9,10-octalin, cis-, and trans-decalin) (15): 

 

 

                   (13) 

 

 

 

                   (14) 

 

 

  
r1

+ 3 H2

toluene methylcyclohexane

 

naphthalene tetralin

 

 

+ 2 H2

r2
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                     (15) 

 

 

 

The hydrogenation kinetics of the reactions (equations 13−15) were described by 

the generalized Langmuir–Hinshelwood equations30  
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in which the temperature dependencies of the rate and adsorption equilibrium 

constants were described with the Arrhenius and van’t Hoff equations, respectively. 

In Paper II, because of the complex nature of the reaction system, in which three 

model compounds were hydrogenated simultaneously, it was assumed that the 

reaction orders with respect to the two monoaromatic compounds were the same, and 

that the orders with respect to hydrogen in each of the reactions were also the same. 

Furthermore, in Paper II, the adsorption enthalpy of the aromatics and hydrogen was 

assumed to be zero. This simplification was supported by the estimated low values for 

∆Hads (< 9 kJ/mol for naphthalene, tetralin, and hydrogen) in Paper I. The weak 

temperature dependence of the adsorption parameters can probably be explained in 

terms of the high surface concentrations associated with reactions in the liquid phase. 

Adsorption enthalpy is known to decrease as the surface coverage increases,65 and the 

temperature dependence of Ki is therefore quite often ignored in the modeling of 

liquid-phase hydrogenation reactions.66–68 

Parameter estimation results showed that the reaction rate constants and 

adsorption equilibrium constants increase with reactivity in both Paper I and Paper II 

(naphthalene > tetralin > toluene). This is consistent with the qualitative observations 

in that the most reactive component adsorbs most strongly on the catalyst and thus 

inhibits the other reactions. Relative hydrogenation rates (free of mass-transfer 

effects) of the model compounds are presented at two temperatures in Table 4. The 

rates are calculated with the kinetic parameters from Paper II and correspond to the 

experiment in which the hydrogen pressure was 20 bar and the feed contained 20 mol 

% of toluene, 10 mol % of tetralin, and 6 mol % of naphthalene in n-decane. 

 

tetralin trans-decalin cis-decalin ∆9,10-octalin

 
+ 3 H2

r3
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Table 4. Relative hydrogenation rates of the aromatic model compounds. 

Relative rate 
Reaction 

80 °C 140 °C 

   

  

 

1.0 22 

 

 
69 150 

Products  
 

2.5 38 

 

The adsorption equilibrium constants of both tetralin and naphthalene were of the 

same order of magnitude, regardless of whether they were estimated from single- or 

multicomponent data. At the average temperature (110 °C) the values of the 

adsorption parameters were 5.2 × 10−3 m3/mol for naphthalene and 3.2 × 10−3 m3/mol 

for tetralin in Paper I, compared with the values 7.8 × 10−3 m3/mol (naphthalene) and 

4.4 × 10−3 m3/mol (tetralin) in Paper II. For toluene, the estimated values differed 

markedly, however. In the single-compound and mixture models, Ktoluene had the 

values of 1.1 × 10−4 m3/mol69 and 1.0 × 10−3 m3/mol (Paper II), respectively. The 

possible reason for this large difference is that in the study with pure toluene,69 ideal 

Langmuir adsorption was assumed in the formulation of the kinetic equations. 

However, as the high reaction order toward toluene (1.43) in mixture models 

(generalized Langmuir−Hinshelwood equations) indicates this assumption is most 

likely not well founded, and the physical meaning of the corresponding parameters is 

uncertain. 

  The estimated activation energies of toluene and tetralin were rather close to one 

another in the single-compound and multicomponent hydrogenation experiments. The 

estimated values for toluene were 49 kJ/mol69 and 53 kJ/mol (Paper II), and for 

tetralin 41 kJ/mol (Paper I) and 40 kJ/mol (Paper II). These values are also well in 
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accordance with other gas- and liquid-phase hydrogenation studies.6,13,14 However, the 

estimated activation energies for naphthalene in Papers I and II differ significantly 

from one another. A value of 26 kJ/mol was estimated from the data when 

naphthalene was hydrogenated separately, whereas a value of 59 kJ/mol was 

estimated when naphthalene was hydrogenated in aromatic mixtures. The difference 

was more likely caused by uncertainties in the parameter estimation than by physical 

differences in the reaction systems, because naphthalene content was typically low in 

the product streams, which made its error least significant in the objective function. 

 

4.4. Validation of the Kinetic Models  

Competitive adsorption between different aromatics complicates the scale-up and 

optimization of dearomatization reactors (trickle beds) because, as was seen in the 

present study, the rates in mixtures differ from the rates when the same compounds 

are hydrogenated separately. In Paper II it was examined whether these mixture 

effects can be modeled simply by applying kinetic equations from the single-

compound experiments and describing the competitive adsorption according to the 

Langmuir−Hinshelwood equations. For this, experiments with multicomponent feeds 

were simulated using the kinetic equations and parameter values from Paper I for the 

hydrogenation of naphthalene and tetralin, and earlier published models for the 

hydrogenation of toluene.69 The rates predicted by these models agreed rather well 

with the rates recorded experimentally in mixtures, if the surface concentration terms 

Kici for all the aromatics, were included. This can be seen from Figure 4, which shows 

the results of a kinetic experiment with multicomponent aromatic feeds. The outlet 

composition is almost equally well predicted by the single-compound based models 

(RSS = 1.0 × 10−2) as by the mixture models (RSS = 0.74 × 10−2). The difference is 

small considering that this particular experiment was used in the parameter estimation 

of the mixture models, whereas the parameters of the single-compound models were 

estimated independently. Thus we conclude that models based on laboratory 

experiments with single model compounds are applicable in the simulation of 

aromatic mixtures if excessive correlation in parameter estimation is avoided and all 

parameters, especially adsorption equilibrium constants, have physically meaningful 

values. 
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Figure 4. Experimental (open symbols) and calculated (solid lines) molar fractions of 

toluene, tetralin, and naphthalene in a typical kinetic experiment according to the 

mixture and single-compound models. The feed composition (mol %) is shown at the 

top of the graphs in the order (1) toluene, (2) tetralin, and (3) naphthalene. 
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5. HYDROGENATION OF ISOOCTENES 

 

5.1. Thermodynamic Equilibrium between Isooctenes 

It is essential to know the thermodynamic equilibrium composition of the isooctene 

mixture in order to distinguish between the hydrogenation and isomerization kinetics. 

Therefore, the equilibrium composition of mixtures of TMP-1 and TMP-2 was 

determined prior to the hydrogenation experiments in a temperature range of 50–100 

°C (Paper III). Contrary to the general rule for alkene stability, an excess of α-alkene 

(TMP-1) was observed. The experimentally determined reaction enthalpy and entropy 

for the isomerization of TMP-1 to TMP-2 were 3.51 ± 0.03 kJ/mol and –0.47 ± 0.10 

J/(mol K), respectively. Thus, in the temperature interval used, the ratio of TMP-1 to 

TMP-2 varied between 4.1 (50 °C) and 3.4 (100 °C). 

 

5.2. Qualitative Hydrogenation Results  

Qualitatively the hydrogenation of isooctenes proceeds in the same way on the 

applied platinum, nickel, and cobalt catalysts in that isooctane was the sole product 

and the hydrogenation rate of TMP-1 to isooctane was higher than that of TMP-2 on 

each catalyst. For example, in the first standard period of the experiments with Pt (100 

°C, 20 bar, 5 mol % isooctene equilibrium mixture in cyclohexane) the conversions 

with respect to TMP-1 and TMP-2 were 32% and 14%, respectively. The rate of 

TMP-1 relative to TMP-2 was similar on the other two catalysts. The overall 

conversions were 3–40% (WHSV ≈ 1400 h–1) on Ni, 4–55% (WHSV ≈ 330 h–1) on 

Co, and 6–60% (WHSV ≈ 200 h–1) on Pt. Comparison of the observed rates is, 

however, not straightforward because of the different conditions and particle size for 

Pt. 

Double bond shift isomerization between TMP-1 and TMP-2 had no importance 

in the applied reaction conditions on any of the catalysts. This was verified with 

experiments where either pure TMP-1 or TMP-2 was used as the reactant. The 

amount of isomerization product (TMP-1 or TMP-2) in these experiments was always 

low. For example, the feed that contained 5 mol % of TMP-2 resulted in a TMP-1 

(isomerization product) concentration of only 0.3 mol % at 140 °C and 20 bar on Pt, 

whereas the concentration of isooctane (hydrogenation product) was 5 times greater. 

Slow double-bond isomerization in the liquid-phase hydrogenation of 1-butene on 
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Pt/Al2O3 has been reported,70 and the present study showed a similar trend for Ni and 

Co catalysts. However, Pecque and Maurel observed that isomerization does play an 

important role in the hydrogenation of TMP-1 and TMP-2, when the pure isomers are 

used as reactants on Raney nickel at 25 °C and under 1.0 bar hydrogen pressure.71 The 

most likely explanation for this dissimilarity is the different conditions under which 

the experiments were performed. Since the hydrogenation rates increase faster than 

the isomerization rate with hydrogen pressure, it is expected that the role of 

isomerization will be less pronounced at elevated pressures than at ambient pressure. 

 

5.3. Catalyst Deactivation 

Catalyst deactivation during the experiments was observed on all the catalysts. 

Deactivation was assumed to be due to the formation of hydrogen-deficient species. 

On Ni and Co the original activity was completely recovered by flushing the used 

catalyst with hydrogen at 400 °C, whereas on Pt such regeneration was not observed. 

In addition, the deactivation rate was the highest on Pt. After the typical 30-h runs, the 

activity on Pt was less than 20% of the original, compared to the values of 80% on Ni 

and 55% on Co. This is illustrated in Figure 5, where the formation rates of isooctane 

during the first and last standard periods are plotted. 
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Figure 5. Initial formation rate of isooctane and rate at the end of typical 30-h 

experiments. Feed: 5 mol % of isooctenes in cyclohexane, p = 20 bar, and T = 75 °C 

(Ni, Co) and 100 °C (Pt). 
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No tools were available for the quantitative analysis of the carbonaceous residue, 

and therefore the effect of catalyst deactivation was eliminated from the results by the 

empirical first order equation: 

ak
dt
da

D=−                 (17) 

Because temperature had no notable effect on the deactivation rate, the deactivation 

rate constant kD was assumed to be independent of temperature on all catalysts. 

However, on Pt a correlation between the feed composition and deactivation rate was 

observed in that on increasing the alkene to hydrogen ratio, the deactivation rate also 

increased. This can be seen in Figure 6, where the formation rates of isooctane in two 

typical kinetic experiments are shown. In addition, average hydrogen to alkene molar 

ratios during the second and third periods is indicated by the numerical values. A 

lower H2/alkene-ratio leads to more severe deactivation (more significant decline in 

the rate) during these periods, as can be seen in the right hand side of Figure 6. 
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Figure 6. The results of two typical kinetic experiments to measure the formation rate 

of isooctane in the hydrogenation of TMP-1 and TMP-2 on Pt/Al2O3. 

 

On Pt, due to the dependence of the deactivation rate on the reaction mixture 

composition, kD was described in Paper VI according to 
d

c
cc

kk ��
	



��
�


 += −−

H

2TMP1TMP
D,0D             (18) 

Thus the deactivation model in Paper VI included two parameters: kD,0 and d. 

It is reported that the main path in the hydrogenation involves π-bonded alkene, 

which is bonded to a single Pt atom.22,23 The reactions of the π-bonded alkene to the 

di-σ-bonded form and then to ethylidyne through cleavage of one hydrogen atom, are 

0.68 
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much slower than the hydrogen addition to the π-bonded alkene and can eventually 

lead to catalyst deactivation as ethylidyne species polymerize to form hydrogen-

deficient species.72 Therefore, the hydrogenation and deactivation mechanisms 

presented in Figure 7 were presumed. 
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Figure 7. Proposed hydrogenation and deactivation mechanism in the hydrogenation 

of TMP-1 and TMP-2. 

 

5.4. Hydrogenation Kinetics 

In this work, it was presumed a hydrogenation mechanism that involves π-adsorbed 

alkene to which dissociatively adsorbed H atoms are inserted in two consecutive steps 

(Figure 7). In Figure 8 the proposed mechanism is applied to hydrogenation of TMP-1 

and TMP-2. It was assumed that the double bond isomerization between TMP-1 and 

TMP-2 takes place via a common half-hydrogenated intermediate (Y). Isomerization 

experiments (Paper III) supported this assumption, in that a strongly acidic ion-

exchange resin (H+ 5.2 equiv/kg) was needed in order to establish the equilibrium 

between TMP-1 and TMP-2, whereas in the absence of either hydrogen or acid sites, 

the equilibration did not occur. The observed slow isomerization rate compared to the 

hydrogenation rates suggests rate limitation by the first rather than the second 

hydrogen addition. Rate limitation by the second hydrogen addition is associated with 

equilibrium in the formation of the half-hydrogenated intermediate and a high 

isomerization rate, contrary to our findings. 
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Figure 8. Proposed mechanism for the hydrogenation of TMP-1 and TMP-2. 

 

The following equations can be derived for TMP-1 and TMP-2 from the 

mechanism presented in Figure 8, if the first hydrogen addition is assumed to be the 

rate-limiting step: 
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Equations 19 and 20 correspond to the competitive and non-competitive adsorption of 

the alkenes and hydrogen, respectively. Because rate limitation was assumed by the 

first hydrogen addition, both models reduce to the form with no rate constants for 

either reversible reactions or equilibrium constant between TMP-1 and TMP-2. The 

observed slow isomerization on all catalysts supported this assumption (see section 

5.2). Temperature dependence within the rate equations was expressed completely by 

the rate constants ki, which were described using the Arrhenius law and apparent 
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values for the activation energies. The adsorption constants Ki were assumed to be 

independent of temperature under the conditions used in this study. 

Furthermore, power-law models were applied to the modeling of kinetic data on 

the Co/SiO2 catalyst in Paper V. The results showed that the reaction orders with 

respect to the alkenes and hydrogen were 0.38 and 0.43, respectively. However, the 

mechanistic models expressed by equations 19 and 20 were preferred over the power-

law equations, because they described the experimentally recorded data as well. 

Parameters with a physical meaning probably give a better fit, if the models are 

extrapolated outside the conditions used in the present study. The estimated values of 

the kinetic parameters for the competitive adsorption model (equation 19) are 

presented in Table 5 for all the catalysts tested, and examples of the corresponding 

model fits in Figure 9. The competitive and non-competitive adsorption models 

resulted in very similar fits, and therefore discrimination between the adsorption 

mechanisms can not be made on the basis of statistical analysis. 

 

Table 5. Kinetic parameters and 95% confidence intervals in the hydrogenation of 

TMP-1 and TMP-2, competitive adsorption model (equation 19). 

 Ni/Al2O3 Co/Al2O3 Pt/Al2O3 

kref,TMP-1 × 104 

/ mol/(gcath) (m3/mol)3/2 
5.1 ± 0.2a 1.6 ± 0.1a 3.2 ± 0.1b 

kref,TMP-2 × 104 

/ mol/(gcath) (m3/mol)3/2 
2.2 ± 0.3a 0.37 ± 0.02a 0.64 ± 0.02b 

Eapp,TMP-1 / kJ/mol 34 ± 2 35 ± 1 49 ± 1 

Eapp,TMP-2 / kJ/mol 49 ± 6 43 ± 2 65 ± 2 

KTMP-1 × 104 / mol/m3 6.0 ± 0.5 13.0 ± 0.5 18.8 ± 0.7 

KTMP-2 × 104 / mol/m3 1.8 ± 0.3 3.8 ± 0.2 13.0 ± 0.3 

KH × 104 / mol/m3 0.16 ± 0.03 0.30 ± 0.01 38 ± 1 

a Reference temperature 65 °C. b Reference temperature 110 °C. 

 



 33 

TOS / h

0 5 10 15 20 25 30

r IO
 / 

m
ol

/(
g ca

th
)

0.00

0.05

0.10

0.15

0.20 100 oC
20 bar

5%

100 oC
20 bar

5%

120 oC
40 bar
10%

140 oC
40 bar
10%

100 oC
40 bar
15%

80 oC
40 bar
15%

Pt/Al2O3

TOS / h

0 5 10 15 20 25 30

r IO
 / 

m
ol

/(
g ca

th
)

0.00

0.05

0.10

0.15

0.20

0.25 75 oC
20 bar

5%

75 oC
20 bar

5%

75 oC
20 bar
15%

35 oC
20 bar
10%

55 oC
20 bar
10%

95 oC
20 bar
15%

Co/SiO2

TOS / h

0 5 10 15 20 25 30

r IO
 / 

m
ol

/(
g ca

th
)

0.0

0.2

0.4

0.6

0.8

1.0 75 oC
20 bar

5%

75 oC
20 bar

5%

75 oC
20 bar
15%

35 oC
20 bar
15%

55 oC
20 bar
15%

95 oC
20 bar
15%

Ni/Al2O3

 
Figure 9. Examples of the model fit in the hydrogenation of TMP-1 and TMP-2 on 

the Ni/Al2O3, Co/SiO2, and Pt/Al2O3 catalysts. Open circles and continuous lines 

correspond to the experimental and calculated rates, respectively. 

 

The parameter values in Table 5 show some common trends on all the catalysts 

tested. The estimated rate and adsorption equilibrium constants of TMP-1 were higher 

than those of TMP-2, implying a stronger adsorption and a higher hydrogenation 
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reactivity for TMP-1. Additionally, the activation energy of TMP-2 relative to TMP-1 

is higher on each catalyst. These effects are probably caused by steric hindrance by 

the tert-butyl group that is closer to the C−C double bond in TMP-2 than in TMP-1. 

In addition to the steric effects, electron donation by the tert-butyl group into the 

activated complex can contribute to the lower reactivity of TMP-2. The complex for 

TMP-2 will be less stable than that for TMP-1 because in TMP-1 the −CH2− group 

distances the tert-butyl group from the unpaired electrons. Electronic substituent 

effects on the bond order73 and on the hydrogenation rate of alkene double bonds74 

have been reported to be rather small, however, and it appears therefore that the lower 

reactivity of TMP-2 is mostly attributable to the steric effects. 

Despite the above mentioned common trends, platinum differs from nickel and 

cobalt in the magnitude of activation energies. Eapp values for both isomers are higher 

on Pt (48–49 kJ/mol for TMP-1 and 64–65 kJ/mol for TMP-2) than on Ni or Co (34–

35 kJ/mol for TMP-1 and 40–48 kJ/mol for TMP-2). These parameters are in a 

physically meaningful range,75 and they also agree with the reported data for the 

double-bond hydrogenation on nickel.67,76 Activation energies on platinum are, 

however, somewhat higher in the work presented here than in other studies found in 

the literature (25–37 kJ/mol).77−79 No literature values for the hydrogenation of alkene 

double bonds on cobalt could be found. 

However, the most significant difference in the parameters between different 

catalysts is found in KH, which has the value of 0.16 × 10–4 m3/mol on Ni/Al2O3, 0.30 

× 10–4 m3/mol on Co/SiO2, and 38 × 10–4 m3/mol on Pt/Al2O3. The two orders of 

magnitude higher adsorption equilibrium constant on Pt corresponds to the higher 

hydrogen surface coverage on Pt. The calculated hydrogen coverages are 3−6% (Ni), 

3−8% (Co), and 21−46% (Pt) in the applied conditions. Despite this, deactivation 

through the formation of carbonaceous deposits was the fastest on Pt. There are two 

reasonable explanations for this seemingly inconsistent result: 

i) The low metal content and small number of active sites make the Pt catalyst 

more sensitive to deactivation due to carbonaceous deposits. The number of active 

sites (determined by hydrogen chemisorption) decreases in the same order as the 

deactivation rate increases: Ni/Al2O3 (2.7 × 1020 atoms/gcat), Co/SiO2 (3.5 × 1019 

atoms/gcat), and Pt/Al2O3 (8.8 × 1018 atoms/gcat). Additionally, because the rate per 

active site (turnover frequency, TOF) is approximately the same (Figure 10), the 
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number of active sites seems to explain the differences in activity between these 

catalysts. 

ii) More strongly bonded and less mobile reaction intermediates on Pt, as 

indicated by the higher activation energies, are more susceptible to losing hydrogen 

and forming ethylidyne species and therefore carbonaceous residue. This assumption 

is supported by the fact that the TOF values are not higher on Pt than on Ni or Co 

even though the calculated surface concentrations of the reactants are the highest. 
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Figure 10. Turnover frequencies (TOFs) on different catalysts as a function of 

temperature (cTMP-1 = 500 mol/m3, cTMP-2 = 150 mol/m3, cH = 200 mol/m3). Figure 

taken from Paper VI. 

 

5.5. Usability of Ni, Co, and Pt Catalysts on the Industrial Scale 

All tested catalysts were active and selective in the hydrogenation of TMP-1 and 

TMP-2. Therefore, any of them could in principle be applied to the industrial-scale. 

However, differences between the studied catalysts arise from different activity, price, 

and deactivation rate. Nickel was the most active of the studied catalysts, and 

deactivation caused by the carbonaceous deposits was the least. Also, nickel catalysts 

are inexpensive, especially compared to the noble metals. The problem with nickel is 

its low resistance towards sulfur and nitrogen compounds.72,80 These compounds form 

nickel sulfide and nitride, which are considerably less active in hydrogenation, and the 

regeneration of the poisoned catalysts is usually not possible. Cobalt is also cheaper 
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than the noble metals, but it suffers from the same problem as nickel in that sulfur and 

nitrogen compounds deactivate it rapidly.72 Also, the active surface area 

(reducibility/dispersion) is lower than on Ni, which leads to lower reaction rates. Pt 

requires higher temperatures and deactivates due to the formation of carbonaceous 

deposits. It is, however, more resistant towards sulfur impurities. For the liquid-phase 

hydrogenation of isooctenes, it has been suggested that for feeds with less than 1 ppm 

of sulfur, nickel is a better choice, but if more sulfur is present (1−10 ppm), a noble 

metal catalyst should be used.81 However, it is possible to significantly improve sulfur 

resistance of Ni and Co catalysts with catalyst additives such as Mo and B which 

selectively adsorb sulfur.72 

From the present study and the reports referred to above, it is concluded that 

nickel is the best catalyst to use with sulfur-free feeds. Likewise, in the presence of 

sulfur, either Ni or Pt (or other noble metal) should be chosen depending on the 

precise nature of the impurities in the industrial application. 
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6. COMMON FEATURES IN HYDROGENATION 

 

For both the aromatics and alkenes, a mechanism of stepwise addition of 

dissociatively adsorbed hydrogen was proposed. This mechanism includes formation 

of cycloalkenes as intermediates in the hydrogenation of aromatic compounds. 

Indeed, cycloalkenes (∆1,9- and ∆9,10-octalin) were observed in the product mixtures in 

addition to the fully saturated products. The amounts of these intermediates were very 

small, however, which was explained in terms of kinetic coupling caused by high 

reactivity of the cycloalkenes compared with the aromatic compounds. This 

assumption is supported by the fact that on the nickel catalyst the hydrogenation rates 

of the alkenes (TMP-1 and TMP-2) were higher by two orders of magnitude than the 

rates of the monoaromatic compounds. For example, the turnover frequency (TOF) in 

the formation of methylcyclohexane from toluene was 3.0 × 10−2 s−1 compared with 

the value of 4.6 s−1 in the formation of isooctane from isooctene under the same 

conditions (T = 100 °C, ci = 700 mol/m3, cH = 200 mol/m3). Additionally, the slow 

double-bond isomerization in the hydrogenation of TMP-1 and TMP-2 indicates that 

the addition of the first hydrogen atom is the rate-determining step in the 

hydrogenation of alkene double bonds. 

All catalysts (Ni, Co, and Pt) deactivated during the kinetic experiments. This was 

assumed to be due to accumulation of carbonaceous deposit on the active sites. 

Deactivation on the nickel catalyst was very similar both in the hydrogenation of 

aromatics and alkenes. In the study with TMP-1 and TMP-2, we compared different 

catalyst materials and found that deactivation rate increases in the same order as 

hydrogenation rate decreases: 1) Ni, 2) Co, and 3) Pt. This was mostly attributable to 

the differences in the number of active sites: the higher the number of sites the higher 

the reaction rate and better the resistance towards the formation of carbonaceous 

impurities. Despite the different deactivation rates, carbonaceous residue was 

assumed to be responsible for the loss of catalytic activity on Co and Pt, similarly 

with Ni. Evidence of this was obtained on Pt, where the hydrogen to alkene ratio had 

an appreciable effect on the deactivation rate. A low H2/alkene ratio caused more 

severe deactivation than a high one. 

External mass-transfer limitations (G−L and L−S) could be eliminated in the 

CSTR experiments by efficient mixing in the hydrogenation of both aromatics and 
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alkenes. This is favorable, because simultaneous modeling of several phenomena 

induces uncertainties in the parameter optimization. Internal diffusion limitations 

could not be avoided, however. Even in the case of aromatic model compounds, 

whose reaction rates were considerably slower than that of the alkenes, the observed 

rates were subject to pore diffusion resistance with the particle size used (0.5 mm). 

Therefore it seems that on the industrial scale, where a large particle size must be used 

in order to minimize the pressure drop over fixed catalyst beds all the reactions 

described in this thesis occur under severe internal diffusion limitation. In the reactor 

design, internal diffusion must be described separately from the chemical kinetics by 

calculating mole balances inside the catalyst particle. These calculations should be 

carried out considering both diffusion (with effective diffusion coefficients) and the 

intrinsic rates of chemical reactions. 

To summarize, a very similar approach was suitable for both the aromatics and 

alkenes with regard to experimental work and kinetic modeling. 
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7. CONCLUSIONS 

 

The hydrogenation of both the aromatic and alkene compounds presented in these 

studies was presumed to follow a stepwise addition mechanism of dissociated 

hydrogen atoms. Corresponding Langmuir−Hinshelwood type rate equations were 

used to describe the reaction kinetics accurately with physically meaningful and well 

identified parameter values. It appears that the relative rates of the aromatic model 

compounds (toluene, tetralin, and naphthalene) are mainly governed by electronic 

rather than by steric effects in that the first ring of the diaromatic compound 

(naphthalene), which has the highest electron density of the compounds studied, was 

far more reactive than the monoaromatic model compounds (tolune and tetralin). 

Furthermore, tetralin was more reactive than toluene despite the more bulky cyclic 

substituent attached to its aromatic ring. The experiments with the branched alkenes 

showed, however, that steric effects can also affect the hydrogenation reactivity. The 

large tert-butyl substituent next to the double bond in TMP-2 makes it considerably 

less active than TMP-1 in adsorption and hydrogenation, even though the electron 

density in the double bonds of these isomers is not expected to vary appreciably. 

 In the study with the aromatic model compounds it was shown that hydrogenation 

kinetics in multicomponent mixtures can be described with rate equations based on 

single-compound experiments if the adsorption equilibria of all aromatics are included 

in the rate equations. Single-compound models are thus possibly applicable in the 

simulation of dearomatization of real diesel fractions. 

Similar experimental setup and calculation methods were suitable for both the 

aromatics and alkenes. The test reactor’s continuous operation together with the 

standard periods at the beginning and the end of the experiments, enabled the effect of 

catalyst deactivation on the chemical kinetics to be eliminated. This is scarcely 

possible with batch reactor methods. Furthermore, since the effects of mass transfer 

and the reaction matrix (hydrogen solubility) on the observed rates were eliminated in 

the optimization of kinetic parameters, the obtained models are applicable to process 

simulators. 
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8. LIST OF ABBREVIATIONS AND SYMBOLS 

 

AD   frequency factor for the catalyst decay, s−1 

aGL    gas–liquid mass-transfer area / reactor volume, m−1 

aLS   liquid–solid mass-transfer area / reactor volume, m−1 

Ap   surface area of a catalyst particle, m2 

B   shape factor of a catalyst particle 

ci   concentration, mol/m3 

cp   heat capacity of a catalyst particle, J/(g K) 

CSTR   continuous stirred tank reactor 

d   parameter in equation 18 

D   molecular diffusion coefficient, m2/s 

Deff   effective diffusion coefficient, m2/s 

Eapp  apparent activation energy, kJ/mol 

ED   activation energy for the catalyst deactivation, kJ/mol 

F    molar flow rate, mol/s 

GC   gas chromatography 

∆Hads  adsorption enthalpy, kJ/mol 

∆HR   reaction enthalpy, kJ/mol 

k    rate constant, unit dependent on the form of the rate equation 

K    adsorption equilibrium constant, mol/m3 

kD   deactivation rate constant, s−1 

kD,0   parameter in equation 18, s−1 

KGL  vapor–liquid equilibrium constant 

KP   constant in equations 9 and 10, mol/(m6 s) 

kt    thermal conductivity of the catalyst particle, W/(m K) 

l   parameter in equation 16 

m   parameter in equation 16 

n    amount, mol 

NGL   flux at the gas–liquid interface, mol/(m2 s) 

NLS   flux at the liquid–solid interface, mol/(m2 s) 

PAH  polyaromatic hydrocarbon 

PR   Peng–Robinson equation of state 
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ri    reaction rate of compound i, mol/(gcat h) 

rp   radius of a catalyst particle, m 

RSS   residual sum of squares (object function) 

SRK  Soave–Redlich–Kwong equation of state 

t     time, s 

T     temperature, K 

Vp     volume of a catalyst particle, m3 

VR     reactor volume, m3 

x     molar fraction in the liquid phase 

 

Sub- and Superscripts 

calc    calculated (modeled) 

exp    experimental 

G     gas phase 

H   hydrogen 

IO   isooctane (2,2,4-trimethylpentane)  

L     liquid phase 

R     reactor 

TMP-1  2,4,4-trimethyl-1-pentene 

TMP-2  2,4,4-trimethyl-2-pentene 

 

Greek Letters 

δ   parameter in equation 12 

ε    porosity 

Φ   Weisz–Prater criterion 

κ     mass-transfer coefficient, m/s 

λ dimensionless position within a catalyst particle 

ρ   density, kg/m3 

τ tortuosity factor 
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