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The work presents a simulation study of a pilot scale catalytic distillation unit for tert-amyl-methyl-ether synthesis using 

HYSYS simulation environment. A model having the parameters estimated from our own experimental data is used 

to describe the kinetics chemical reactions on the catalyst surface. The simulation model can be used as decision 

support in plant operation, the simulation times being small compared with the operation time scale. The reactive 

distillation column simulation was described using modules available in HYSYS package. Three Hysys software 

modules were considered to simulate the column: a reboiled absorber (for the stripping zone), a refluxed absorber (for 

the rectifying zone) and a catalytic reactor (for the reaction zone). The validation of results was made comparing 

calculated and experimental values of iso-amylenes conversion and temperature profiles along a catalytic distillation unit. 

INTRODUCTION 

Methyl ethers replace lead-based additives in ecological gasoline. t-Amyl-methyl-ether (TAME), one 

of these ethers largely used nowadays, is obtained by the etherification of 2-methyl-1-butene (2-M1B) and 

2-methyl-2-butene (2-M2B) with methanol catalysed by cationic exchange resin Amberlyst-15. Consequently, 

modelling and simulation of kinetics and operation of TAME synthesis is an important practical problem. 

Catalytic distillation (CD) techniques (reactive distillation with solid catalyst as a third phase) perform 

reaction and separation in the same process unit. This process is possible and beneficial for systems with 

close volatility of reactants, quite different from the volatility of products, when conversion is limited by 

chemical equilibrium.1 Synthesis of TAME, as considered above, fits to these conditions. The reaction takes 

place on the surface and/or in the pores of catalyst grains. Commercial process simulators have scarce means 

to simulate easy catalytic distillation columns. In this paper a solution to adapt the resources of HYSYS 

2.4.1 simulation environment is presented. A conceptual model for a catalytic distillation column with 

Sulzer KATAPAK structured packing, containing Amberlyst-15 ion exchange resin was created. The 

simulated catalytic distillation unit includes a pre-reactor (adiabatic tubular fixed bed reactor) and the 

reactive distillation column. The pre-reactor for TAME synthesis allows partial transformation of reactants 

to chemical equilibrium, before CD column, creating the necessary amount of TAME for column feed. At 

the same time, in the real process, the pre-reactor transforms poison compounds, protecting the CD column. 

–––––––––––––– 
* Corresponding author. 
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Topological proposal for the CD column was made, as presented in Fig. 1. Three zones were considered: 

the  
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stripping zone (simulated as the reboiled absorber standard HYSYS operation), the reaction-separation 

zone and the rectifying zone (simulated as refluxed absorber standard HYSYS operation). The reaction-

separation zone was modelled considering the back-flow cell model (BCM) with forward flow for liquid and 

backward flow for vapour. The BCM consisted of a number of continuous stirred tank reactor units (CSTR) 

of the same geometry and size. In each cell of the reaction-separation zone vapour-liquid equilibrium was 

assumed, the increase of conversion being calculated as in a CSTR reactor. Diffusional limitations on the 

process kinetics inside the catalyst pellets were taken into account. Both stripping and rectifying zones were 

considered non-reactive, packed with Sulzer Mellapack structured packing. The simulation was performed 

using UNIQUAC-UNIFAC model property package to calculate the activity coefficients in the liquid phase. 

In the vapour phase Peng-Robinson property package was considered. 

PILOT  PLANT  STRUCTURE 

In order to validate simulation results a pilot plant operation data was used. The following main 

characteristics of the pilot plant were considered. The column was 0.4 m diameter, with 2 m height packing 

for the column rectifying zone, 3.5 m height for the column stripping zone and 1.7 m height for the column 

reactive zone. Volume of catalyst in the pre-reactor was 0.2 m3. Volume of catalyst in the CD column was 

0.21 m3. Amberlyst-15 catalyst pellets were 1 mm diameter. The pilot plant was equipped with temperature, 

flow rate and pressure measurement instrumentation. The composition was measured off-line by sampling 

and laboratory analysis. Due to the limited accuracy of instruments for flow rate measurement, the accuracy 

of experimental data was limited as well. An error of about 10% in the evaluation of pilot plant iso-amylenes 

conversion was considered reasonable. 

REACTION  KINETICS  AND  THERMODYNAMICS 

For methanol/iso-amylenes ratios close to stoichiometry, usually the following chemical reactions are 

taken into account: 
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Both etherification reactions take places in the liquid phase and are exothermic, i.e. the equilibrium 

isoamylenes conversion to TAME decreases with temperature. The isomerisation reaction at operation 

temperature (between 60°C and 120°C) favours 2-M2B formation which had greater concentration in the 

reaction mixture. From the kinetic point of view, this situation was not advantageous because a higher 

reactivity amylene (2-M1B) is replaced by a lower reactivity one (2-M2B). Both olefins (2-M1B and 2-M2B) 

used in the synthesis were contained in the C5 fraction separated in the Fluid Catalytic Cracking (FCC) unit. 

In Table 1 the composition of the feeding mixture used in the simulated process scheme is presented. Since 

methanol associates almost all hydrocarbon components into simple and complex azeotropic pairs, the 
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system presents strong non-ideal behaviour. Property package, based on UNIQUAC-UNIFAC model, was 

used to calculate the liquid phase activities. Peng-Robinson equation of state was used for the vapour phase. 

Table 1 

Plant Feed Composition 

Methanol 0.232584 

2M-1B 0.063166 

2M-2B 0.121623 

TAME 0.000077 

n-Pentane 0.065240 

i-Pentane 0.369887 

1-Pentene 0.028088 

Kinetic studies for TAME synthesis were published by Muja et al.,2 Randriamahefa et al.,3 Piccoli and 

Lovisi,4 Oost and Hoffmann,5 Rihko et al.,6,7 Sundmacher et al.,8 etc. Reaction rate expressions used in this 

study are presented below, as published by Oost and Hoffmann5, valid for Amberlyst-15 cationit as a 

catalyst, characterised by an exchange capacity of 5.2 mgH+/g: 
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The temperature dependence of the reaction rate constants was represented with Arrhenius type 

expressions: 

 k1(T) = 1.215835⋅1017 exp(–13752.9/T) [kmol/ kgcat h] (4) 

 k2(T) = 9.401640⋅1014 exp(–12488.5/T) [kmol/ kgcat h] (5) 

 k3(T) = 2.142878⋅1021 exp(–17040.8/T) [kmol/ kgcat h] (6) 

The based on activities, chemical equilibrium constants, of the three reactions were calculated with 

relations proposed by Syed et al.9. Their dimensions are so that parenthesis terms in equations 1, 2 and 3 be 

dimensionless. Thus: 

 5 2 8 3
1

5018.61ln( ) 39.065 4.6866 ln( ) 0.00773 2.635 10 1.547 10aK T T T T
T

− −
= − + + ⋅ − ⋅ − ⋅ ⋅ + ⋅ ⋅   (7) 

 5 2 8 3
2

3918.02ln( ) 34.798 3.9168 ln( ) 0.01293 3.121 10 1.805 10aK T T T T
T

− −
= − + + ⋅ − ⋅ − ⋅ ⋅ + ⋅ ⋅  (8) 

 3 1 2/a a aK K K=  (9) 

PROCESS  SIMULATION  FLOWSHEET 

TAME synthesis process flowsheet, based on catalytic distillation, was presented, as mentioned above, 

in Fig. 1. A mixture C5 fraction resulted in FCC process and methanol was fed into the pre-reactor (IV). The 
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effluent mixed with recycled methanol entered into the CD column, below the reaction zone. The conversion 

in the pre-reactor is about 64%, nearly at equilibrium. 

Three different units represented the three zones of the CD column. The stripping zone (I) was 

simulated as reboiled absorber, standard operation of HYSYS. The flow and mixing in the reaction zone 

(II) were represented with backflow cell model (BCM): forward flow of the liquid and back flow of vapour 

(Bozga and Muntean10). The BCM consisted in a series of perfectly mixed cells of equal size. The number 

of cells was estimated from the residence time distribution (RTD) data measured on Sulzer KATAPAK 

structured packing (Dima et al.11). It was decided to consider five cells. The calculation of reaction 

conversion, in each cell, was based on equally distributed mass of catalyst in cells. Vapour-liquid 

equilibrium was assumed as a mass transfer hypothesis. The reaction rate was reported to the void fraction 

occupied by liquid phase. The influence of pellet internal diffusion on the process kinetics was evaluated 

integrating the mass balance equations inside the catalyst pellets and calculating the effectiveness factor 

value (Bozga et al.12). Average value of 0.8 for catalyst pellets internal effectiveness factor was estimated. 

The third zone (III), representing the rectifying zone of the column, was also a non-reactive 

module-refluxed absorber HYSYS standard operation. Hydrodynamic performances of both first and third 

zones were calculated considering the dimensions of the pilot plant column packed with Sulzer Mellapak 

structured packing. 

RESULTS  AND  DISCUSSION 

In Table 2 several simulated values of flow rates, temperatures and concentrations are presented, for a 

set of representative operating conditions. Temperature profile in the simulated process of column is 

presented in Fig. 2, and composition profiles in Fig. 3. 

The simulation results for the TAME catalytic distillation synthesis, with HYSYS module presented 

above, allowed drawing important conclusions for the configuration of the catalytic distillation column. It 

seemed profitable to place the reaction zone as close as possible to the top of the column, to enable chemical 

transformation. However, above the reaction zone a minimal separation zone was needed to separate the 

inert distillate containing mainly C5. It was recommended to place the column feed bellow the reaction zone 

in order to ensure high reactant concentrations in this zone (as they are more volatile compared with the 

reaction product). The best structure for the CD column, as obtained from this study, included 26 plates 

(5 plates in the rectifying zone – including the condenser, 5 plates in the reactive zone and 16 plates in the 

stripping zone – including the reboiler). Accounting the plates from top to bottom, the best position for the 

reaction zone was between plates 6 and 11. The feed plate was the 13th plate. Simulation provided an 

optimal value 2 for the reflux ratio, as result of the trade-off between separation task and energy saving. 

Table 2 

Simulation results as reported by HYSYS 
 

Name MEOH CATCRK FEED PROD TAME Prod Top Prod 

Vapour Fraction 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Temperature [°C] 65.00 46.78 50.00 78.57 136.8 62.60 

Pressure [baf] 6.500 6.500 6.500 6.000 4.000 3.300 

Molar Flow [kgmole/h] 1.498 4.943 6.441 5.678 0.9020 4.663 

Mass Flow [kg/h] 48.00 352.3 400.3 400.3 91.33 309.0 

Liquid Volume Flow [USGPH] 15.94 146.0 161.9 158.9 31.15 127.3 

Heat Flow [kW] –97.67 –171.0 –268.7 –268.7 –77.21 –192.6 

Comp Mole Frac (Methanol) 1.0000 0.0000 0.2326 0.1295 0.0000 0.1335 

Comp Mole Frac (2M-1-butene) 0.0000 0.0823 0.0632 0.0073 0.0001 0.0094 

Comp Mole Frac (2M-2-buiene) 0.0000 0.1585 0.1216 0.0680 0.0114 0.0558 

Comp Mole Frac (TAME) 0.0000 0.0001 0.0001 0.1344 0.9708 0.0001 
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Comp Mole Frac (n-Pen(ane) 0.0000 0.0850 0.0652 0.0740 0.0051 0.0891 

Comp Mole Frac (i-Pentane) 0.0000 0.4820 0.3699 0.4196 0.0018 0.5105 

Comp Mole Frac (1-Pentene) 0.0000 0.0366 0.0281 0.0319 0.0003 0.0387 

Comp Mole Frac (tr2-Pentene) 0.0000 0.1555 0.1193 0.1354 0.0104 0.1628 
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The measured iso-amylenes conversion values in three runs of the pilot plant, under identical 

experimental conditions (but different control paths) were 70.97%, 81.26% and 78.77%, respectively. The 

simulated value, for the same working conditions, was 76%. The temperature profile along the CD unit, for 

the pilot plant in the experiment with the 78.77% conversion (very close to those from simulation) is 

presented in Fig. 5. The position of the temperature sensors in the pilot plant CD column is presented in 

Table 3. As observed, taking into consideration the accuracy of the measurements, a fairly good agreement 

appears between the simulated and the experimental conversion values. However, further improvements 

seemed to be necessary concerning the kinetic data, the flow model of the reaction zone and the mass 

transfer limitations around the catalyst pellet. 

 

Fig. 4 – Experimental pilot plant flowsheet scheme. 

CONCLUSIONS 

This paper presented a modelling and behaviour simulation study of the CD unit operation in TAME 

synthesis. Comparison with results from pilot plant was made. The simulation results were in a fairly good 

agreement with experimental data obtained in pilot plant at SNP PETROM, INCERP Ploieşti Subsidiary. 

Fig. 4 presents the experimental pilot plant process scheme. 

The quality of the results obtained in this paper was limited by the uncertainty introduced by the phase 

hydrodynamics in the reaction zone and the phase equilibrium hypothesis. The authors foresee additional 

studies in order to describe better phase hydrodynamics, mass transfer outside and inside the catalyst pellets 

and their influence on the process performances. After steady-state model validation, the future step will be 

to develop a dynamic model and design optimal control system for the pilot plant. 
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NOTATIONS 

ai  –  activity of component i; 

Kj  –  chemical equilibrium constant; 

kj  –  reaction rate constant; 

rj  –  reaction rate; 

T  –  absolute temperature, K. 
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Fig. 2 – Simulated CD column and experimental 

temperature profiles (HETP considered: 0.52 m). 

 

 

Fig. 3 – Simulated CD column and experimental composition profiles (0 – the condenser and 25 – the reboiler). 



 

 
 

Fig. 1 – Simplified flowsheet for the RD column. 

 

 

 

 

 



 
 

Fig. 2 – Simulated CD column and experimental temperature profiles (HETP considered: 0.52 m). 

 



 
Fig. 3 - Simulated CD column and experimental composition profiles (0 – the condenser and 25 – the reboiled). 


