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ABSTRACT 

Rapid methods are very valuable in the determination of the kinetic and mass transfer effects 

for heterogeneously catalyzed reactions. The total pressure method is a classical tool in the 

measurement of the kinetics of gas-phase reactions, but it can be successfully applied to the 

kinetic measurements of gas-phase processes enhanced by solid catalysts. A general theory 

for the analysis of heterogeneously catalyzed gas-phase kinetics in gradientless batch reactors 

was presented for the case of intrinsic kinetic control and combined kinetic-diffusion control 

in porous catalysts. The concept was applied to gas-phase synthesis of methanol from carbon 

monoxide and hydrogen on a commercial copper-based catalyst (CuO/ZnO/Al2O3 R3-12 BASF). 

The reaction temperature was 180-210°C and the initial total pressure was varied between 11-

21 bar in a laboratory-scale autoclave reactor equipped with a rotating basket for the catalyst 

particles. The initial molar ratios CO-to-H2 were approximately 1:2, 1:3 and 1:4. The 

experimental data from methanol synthesis were compared with numerical simulations and 

a good agreement between the experiments and model simulations was achieved. The 

predicted equilibrium agrees with previously reported values. 

 

Keywords: kinetics, total pressure method, modelling, methanol synthesis, solid catalyst, 

gradientless reactor 

 



1 INTRODUCTION 

The total pressure method is well-known for the measurement of the kinetics of homo-

geneous gas-phase reactions and it has been successfully applied since the times Cyril 

Hinshelwood as discussed in textbooks, for example by Hill and Root (2014). If the number of 

molecules change in a gas-phase process, the total pressure in a closed reactor vessel changes 

indicating the progress of the reaction. For instance, if the ideal gas law is presumed to prevail 

for a homogeneous gas-phase system, the pressure in an isothermal constant-volume reactor 

is P0=n0RGT/V (ideal gas law) in the beginning of the reaction but it increases or decreases to 

P=nRGT/V after the reaction has progressed for some time. The reason is the change of the 

total amount of substance from n0 to n. Depending on the specific reaction stoichiometry, 

P>P0 if n>n0 and vice versa. An increase of the amount of substance due to chemical reactions 

leads to a pressure increase, and a decrease of the amount of substance leads to pressure 

decrease. For reactions, where the total number of molecules does not change, the isothermal 

total pressure method cannot be applied. 

The total pressure method can be applied to heterogeneously catalyzed gas-phase reactions, 

too. The progress of a kinetic experiment can be described as follows. Solid catalyst particles 

are placed in a basket (e.g. rotating basket according to the Carberry design) of an autoclave, 

which is filled with an inert gas giving the initial pressure (P0). Well-specified amounts of 

reacting gases (A, B, C,…) are added instantaneously, the valves of the reactor are closed and 

the total pressure is recorded as a function of time. Very accurate pressure sensors are 

available nowadays and precise kinetic curves can be obtained. It should however kept in mind 

that any real system is very sensitive for micro-leaks which can complicate the interpretation 

of the experimental data. A uniform and high enough temperature should be mentioned in 

each part of the reactor system to avoid condensation of the gases. 

The crucially important issue is the quantitative interpretation of the experimental data. In 

the use of an experimental device sketched in Figure 1, a high-speed rotating catalyst basket 

might remove the external mass transfer resistance around the porous catalyst particles, but 

the issue of the internal mass transfer resistance in the pores of the catalyst particle remains, 

which is crucial for rapid reactions and large catalyst particles. Here the theory of 

simultaneous reaction and diffusion in porous media should be used to describe the system. 

The reaction-diffusion problem is treated in many classical textbooks, e.g. Satterfield 1970, 

Aris 1975, and Levenspiel 1990. 

In this article, the general theory for the interpretation of kinetic data in gradientless spinning 

basket reactors is presented. As a relevant demonstration, the concept will be applied to the 

synthesis of methanol from carbon monoxide and hydrogen on a commercial copper-based 

catalyst, but relevant potential applications of the method are several, for instance, catalytic 

hydrogenation, dehydrogenation, hydration oxidation, chlorination and hydrochlorination 

reactions. The total pressure method is principally valid for systems of several simultaneous 

chemical reactions, but it should be kept in mind that the total pressure is only one 



measurement signal. In multireaction systems, the number of independent measurement 

signals should preferably be at least equal to the number of reactions. Therefore, additional 

measurement methods should be applied, for example in-situ infrared analysis. The great 

benefit of the total pressure method is that no sampling is needed, the method is very 

inexpensive and it can be combined with on-line sensors coupled to the reaction system. 

 

 

Figure 1. Schematic view of the experimental device: spinning basket reactor. This 

experimental device was used in the kinetic experiments of methanol synthesis (Section 3.2). 

 

2 THEORY: HETEROGENEOUS CATALYTIC REACTION IN A GRADIENTLESS BATCH REACTOR 

2.1 General principles 

A schematic view of the gradientless batch reactor is provided in Figure 1. The catalyst 

particles are placed in a spinning basket (SpinChem), which rotates in high speed, typically 

200-1000 rpm. The volumes of the autoclave reactor and the gas phase are assumed to be 

constant. Catalyst particles of equal sizes arere placed in the spinning basket and isothermal 

conditions prevailed. Because the catalyst particles can vary a lot in size and the rates of 

chemical processes can vary from very rapid to very slow, also the role of internal diffusion in 

the catalyst pores can be very different. The classical modelling approach, based on 



simultaneous chemical reactions and diffusion in porous media will be applied in the sequel. 

This implies that that separate mass balances are valid for the gas-phase components in the 

gas bulk and in the catalyst pores. The catalyst particles are presumed to be chemically 

(activity, number of active sites) and physically (particle size, porosity, tortuosity, surface area) 

equal. Thus the aspects of particle size distribution and chemical inhomogeneity are ignored. 

This hypothesis is justified, because equally-sized catalyst particles were used in the kinetic 

experiments of methanol synthesis. In general, equally-sized particles or very narrow particle 

fractions are recommendable for this kind of experiments to keep the interpretation of the 

experimental data unambiguous. 

2.2 Porous catalyst layer 

The transient mass balance for an arbitrary component (i) in a porous catalyst layer can be 

written as 
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where Ni denotes the diffusion flux in the pores of the particle. The general shape factor is 

defined as s+1=(AP/VP)R where AP and VP denote the outer surface and the volume of the 

particle and R is the characteristic dimension. For instance, for a perfect spherical particle is 

valid AP/VP =3/R giving s=2. For a long cylinder s=1 and for a slab (flake) s=0. For non-ideal 

geometries, the shape factor can obtain non-integer values. 

The exact description of diffusion in porous media is based on the theories of molecular and 

Knudsen diffusion as well as an assumption of the pore structure. The concept is described in 

detail e.g. by Fott and Schneider (1984), who presented the complete set of Stefan-Maxwell 

equations and the simplified concept of Fick’s law. A numerical comparison of different 

diffusion models in porous catalysts has been presented by Salmi and Wärnå (1991). The 

conclusion was that the simplified concept based on individual effective diffusion coefficients 

(Dei) can be adopted provided that the numerical value of the diffusion coefficient is updated 

inside the catalyst particle using the local concentrations in the pores. The use of diffusion 

coefficient values based on the bulk-phase concentrations can lead to erroneous results (Salmi 

and Wärnå 1991).     

By assuming that the law of Fick can be applied for the diffusion flux Ni, 

dr

dc
DN i

eii        (2) 

equation (1) becomes 
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Provided that the effective diffusion coefficient (Dei) can be approximated locally constant, 

equation (3) is modified to 
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After introducing the dimensionless coordinate x=2/R, the final form of the balance equation 

is obtained, 
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The model equation has the following initial condition (IC) 
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i.e. bulk-phase conditions prevail in the pores in the beginning of the process. 

The boundary conditions (BC) are 
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The latter boundary condition implies that the external mass transfer resistance is neglected, 

which is justified because of vigorous stirring in spinning basket reactors. The numerical 

solution of the model equation (5) gives the concentration profiles inside the catalyst layer. 

From the computed concentration profiles inside the catalyst layer, the effectiveness factor 

can be obtained by numerical integration (Aumo et al 2006), 
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where cb denotes the bulk-phase concentration vector of the compounds.  

 

2.3 Gas bulk 

For the turbulent bulk phase of the gas, the component mass balance is 
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where A’P is the total outer surface area of the catalyst particles, 
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The flux at the outer surface of the particle is 
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The amount of substance in the gas bulk phase is 
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The gas volume is constant which gives after combination of equations (9)-(12) 
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at x=1. 

In summary, the model consists of eqs (5) and (13). 

For the numerical accuracy, it is very important to obtain a very accurate solution for the 

concentration profiles inside the catalyst particle, i.e. the concentration gradients dci/dx at 

x=1. 

The numerical accuracy can, however, be improved by assuming a pseudo-steady state in the 

particle and carrying out the formal integration of the balance equation. Pseudo-steady state 

is assumed for the particle (dci/dt=0). The result becomes 
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i.e. the derivative can be replaced by the integral appearing in the right-hand side of equation 

(13). We obtain 
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For instance, for spherical catalyst particles nPAPR=nP4πR3 and ρPnP4πR3=3mcat. For an 

arbitrary geometry, equation (15) can be generalized to 
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where ρB=mcat/VG, i.e. the catalyst bulk density. 



If the internal diffusion resistance is negligible, ri is constant and the integral in equation (16) 

becomes xs+1/(s+1), which gives after taking into account the integration limits [0,1] becomes 

iB
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In fact, equation (17) is the pseudo-homogeneous model for the gradientless batch reactor. 

The initial condition of the differential equations (15) and (16) is 
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The concentration-based model for the system consists of equations (5) and (16) 

(heterogeneous model) or equation (17) (pseudo-homogeneous model).  

 

2.4  Objective function 

The total amount of a component (i) is the sum of the amounts in the bulk phase and in the 

pores of the particles. It can be shown that the total average concentration of a component 

(c’’i) is given by 
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where ϵG is 
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The total volume of the particles is 
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which is inserted in equation (20) giving finally 
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For small amounts of the catalyst, ϵPρB/ρP <<1 and becomes negligible. 

The total pressure predicted by the model is calculated from 
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where I denotes the inert compound(s) being present in the system. The average 

concentrations are calculated from eq. (19). 

The kinetic parameters can be determined from experimental data by minimizing the 

objective function which is formulated with the total pressure. The objective function (Q) for 

the non-linear regression is expressed as 

2

exp )(  PPQ
      (24) 

where P is the total pressure predicted by the model equations (19) and (23) and Pexp is the 

experimentally recorded total pressure. 

 

2.5 Numerical aspects  

The mathematical modelling consists of coupled ordinary (ODE) (eq. 16) and parabolic partial 

(PDE) (eq. 5) equations. It is an initial value problem (IVP), which is solved by discretizing the 

dimensionless spatial coordinate of the catalyst particle with finite differences. Thus the 

original ODE-PDE system is converted to a large system of ODEs, which is solved repeatingly 

during the parameter estimation to obtain the best possible accordance with the experimental 

data. A stiff ODE solution algorithm (backward difference method) coupled to an optimization 

algorithm (Levenberg-Marquardt method) (Marquardt 1963) was used to solve the numerical 

problem. All the model equations were implemented to the commercial software gPROMS 

which has inbuilt algorithms for the solution of ODEs and PDEs as well as optimization 

routines. 

 

3 EXAMPLE: METHANOL SYNTHESIS IN GRADIENTLESS BATCH REACTOR  

3.1 Background 

Methanol is one of the most important and very versatile platform chemicals of modern 

industry. The global annual production volume of methanol was 45  million metric tons in 2014 

(Thomopoulos 2016), and it is presumed that methanol will preserve an important role even 

in future, when the sources of carbon monoxide and hydrogen become predominantly 

biomass and water splitting by electrolysis. Therefore, the kinetics of methanol synthesis on 

heterogeneous catalysts is a relevant research topic and methanol synthesis is a very suitable 

application of the total pressure method, because the number of molecules decreases during 

the progress of the reaction leading to a considerable decrease of the total pressure. The 

industrially applied methanol synthesis reaction is a classical example of a reversible, 

exothermic gas-phase reaction which is carried out on copper-based heterogeneous catalysts. 

The overall reaction is 



CO + 2H2 = CH3OH      

As the reaction stoichiometry reveals, the amount of substance (number of molecules) 

decreases dramatically during the course of the reaction: from three moles of a stoichiometric 

mixture of CO and H2 only one mole of product is obtained at complete conversion. However, 

the synthesis reaction is reversible and exothermic and an equilibrium conversion of the 

limiting reactant is approached. A typical reactant conversion of the process is around 30-50%. 

The equilibrium conditions for methanol synthesis are well known, and numerical values of 

the equilibrium constant at different temperatures are available. The equilibrium constant 

decreases with increasing temperature, because the reaction is exothermic. 

The detailed kinetics, however, is very dependent on the catalyst used, and a multitude of rate 

equations has been proposed in literature as reviewed by Mäyrä and Leiviskä (2018). Leonov 

et al. (1973) published a pioneering article on the methanol synthesis kinetics on Cu-Zn-based 

catalysts. Later on, kinetic models have been proposed by Graaf et al. (1990), Graaf and 

Beenackers (1996), by Van den Bussche and Froment (1996), Skrzypek et al. (1991) and 

Coteron and Hayhurst (1994). The role of the internal diffusion resistance in the pores of 

methanol synthesis catalysts was illustrated by Graaf et al. (1990). Most of the models 

presented hitherto are overall models, lumping several elementary steps by assuming either 

quasi-steady state or quasi-equiplibrium hypotheses for selected reaction steps and reaction 

intermediates, but Askgaard et al. (1995), Ovesen et al. (1997) and Grabow et Mavrikakis 

(2011) have proposed microkinetic models comprising several reaction steps. The benefit of 

microkinetic models is the very fundamental approach, but their drawback is the very large 

number of parameters, and several parameters cannot be computed a priori starting from 

theoretical concepts. Therefore, the simpler overall models are still dominant in the 

description of the methanol synthesis kinetics. 

In general, taking into account that adsorption of both reactants (CO and H2) is necessary, a 

rate equation in the spirit of Langmuir and Hinshelwood can be written in the form 
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where the values of the parameters α, β, γ, and δ depend on the molecular-level reaction 

mechanism, for example, is the adsorption of hydrogen dissociative or not, which elementary 

step of the hydrogen addition is rate limiting etc. The denominator in the rate equation (25) 

can be simplified, provided that the adsorption of some of the components can be regarded 

as negligible. In any case, a direct elementary reaction between one CO and two H2 molecules 

is highly improbable on the solid catalyst surface.  

  



3.2 Experimental device and procedure 

The experimental device was a high-pressure stainless-steel gradientless reactor (Parr 4561 

Reactor) equipped a spinning basket (SpinChem), where the catalyst particles were placed. 

The reactor system is displayed in Figure 1. Particles of a commercial methanol synthesis 

catalyst (R3-12 BASF, 40wt.% CuO, 40wt.% ZnO and 20wt.% Al2O3) were placed in the spinning 

basket (cylindrical particles, diameter 5mm, height 3mm). The mechanical catalyst properties 

are summarized in Table 1. On-line pressure (Keller Messtechnik) and temperature (J-type 

thermoelement) sensors were mounted in the reactor to enable a very rapid observation of 

the reaction kinetics. Typical initial pressures were 11-21 bar and the reaction temperature 

was varied between 180°C and 220°C. All the experiments were carried out under isothermal 

conditions. The experimental matrix is reported in Table 2. 

 

Table 1 Catalyst and reactor properties __________________________________________  

Radius of catalyst particle (R)   2.8 mm 

Height of catalyst particle (h)   3.0 mm 

Volume of individual catalyst particle (VP)   58.905 mm3 

Outer surface area of individual catalyst particle (AP)   86.39 mm2 

Mass of individual catalyst particle (mP)   0.0947 g 

Density of individual catalyst particle (ρP= mP/ VP)  1697.65 kg/m3 

Number of catalyst particles in the reactor (nP)  126 

Total catalyst particle volume (V’P=nPVP)   7.4220 cm3 

Total outer catalyst particle area (A’P=nPAP)  108.86 cm3 

Catalyst shape factor (s=AP/VP)R-1)   8/3=2.6667 

Porosity-to-tortuosity ratio (ϵP/τP)   0.5/5=0.1 

Catalyst bulk density in the reactor (ρB=nPmP/VG)  40.48 kg/m3 

Gas volume (VG)    294.74 cm3 

Table 2. Experimental matrix of kinetic measurements 

Experiment 
# 

T (°C) Molar ratio 
H2/CO               

RPM P0,TOT 
bar 

 

1 180 2.0 : 1 600 21.84  
2 190 2.0 : 1 600 21.84  
3 200 2.1 : 1 600 21.58  
4 210 2.0 : 1 600 21.86  
5 220 2.1 : 1 600 21.66  
6 200 3.0 : 1 600 22.08  
7 200 3.5 : 1 600 22.73  
8 200 1.9 : 1 1000 22.43  
9 200 2.2 : 1 600 11.42  
      



The experiments were commenced by flushing the catalyst five times with H2 at room 

temperature and atmospheric pressure, after which the catalyst was heated under hydrogen 

atmosphere to the desired reaction temperature. After attaining the reaction temperature, 

H2 was added through the mass flow controller to reach the desired initial pressure and CO 

was added in an analogous way after H2. The valves to the reactor were closed tightly and the 

agitation was switched on. The progress of the total pressure was recorded by the pressure 

sensor. The rotation speed of the spinning basket containing the catalyst particles was 600 

rpm in most experiments (Table 2). Preliminary experiments with different rotation speeds 

indicated that this rotation speed is high enough to completely suppress the external mass 

transfer resistance around the catalyst particles. The duration of a typical experiment was ca 

24h, which was enough to reach the equilibrium conditions. Typical experimental data 

demonstrating the decrease of the total pressure with time are displayed in Figure 2. 

 

Figure 2. Methanol synthesis kinetics in the gradientless batch reactor, the total pressure 

method. Evolution of the total pressure at three different temperatures. 

3.3. Modelling results and discussion 

3.3.1 Modelling principles and procedures 

Two alternative and supplementary pathways of kinetic modelling were followed. In the 

preliminary studies, the diffusion resistances in the pores of the catalyst particles were 

neglected, and the simple pseudo-homogeneous model, equation (17) was used. In the next 

step, the fully developed reaction-diffusion model, equations (5) and (16) was applied. The 

rate equation (25) was used in both cases. The modelling of the molecular diffusion in the 

catalyst pores, the partial differential equation (5) was applied. The values of the rate and 

adsorption parameters were adjusted in the non-linear regression analysis to obtain the best 

fit to the experimental data, whereas the value of the equilibrium constant, including its 

0

5

10

15

20

25

0 200 400 600 800 1000 1200 1400

PTOT

Time (min)

200 ºC 600 rpm

190 ºC 600 rpm

180 ºC 600 rpm



temperature dependence was obtained from literature (Thomas and Portalski 1958, Temkin 

1984). The numerical values of the binary diffusion coefficients were estimated from the 

Fuller-Schettler-Giddings equation (Salmi et al 2019), and the values of the individual 

molecular diffusion coefficients were calculated from the Wilke-Lee approximation. In the 

estimation of the effective diffusion coefficients (Dei), the simple mean transport pore model 

(MTPM) was used, i.e. Dei=(ϵP/τP)Di. The porosity-to-tortuosity value ϵP/τP was assumed to 

have conservative criterion for the effective diffusion coefficient. The diffusion model is 

summarized below in equations (26)-(28). 
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Before starting the detailed computations, the validity of the ideal gas law was checked by 

using the Soave-Redlich-Kwong equation tto calculate the compressibility factor and the gas-

phase fugacity coefficients (Reid et al 1988). The fugacity coefficients were very close to 1, 

suggesting that the ideal gas approach can safely be used to describe our experimental data.  

3.3.2 Parametric sensitivity study 

The modelling effort was started with a parametric sensitivity study. Simulations were 

performed by fixing the rate expression to the simplest possible form reported in eq. (29). The 

law of Arrhenius was assumed for the forward rate constant and the temperature dependence 

of the equilibrium constant was taken as described by eqs (21)-(32). 
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where Tref = 473.15 K. 
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Equation (31) is based on the overview article of Temkin (1984). The prediction of this 

equation is in agreement with the comparisons provided in the recent review of Graaf and 

Winkelman (2016).  For instance, equation (31) predicts that the equilibrium constant is 

around 0.020bar at 473K and values 0.017bar and 0.025bar are reported in the literature 

reviewed by Graaf and Winkelman. 

 Several numerical simulations were performed by investigating the parameter space and 

related effects on the evolution of the gas pressure. The summary of the numerical values 

used for the simulations are reported in Table 3, while the fixed parameters are listed in Table 

4. 

 

Table 3 – Summary of the parameter used to perform the parametric activity. 

Simulation T [K] cCO,b (t=0) 
[mol/m3] 

cH2,b (t=0) 
[mol/m3] 

H2/CO 
[mol/mol] 

P0 [Pa] 

1 473.15 169.46 338.93 2 20.0·105 
2 483.15 165.96 331.91 2 20.0·105 
3 493.15 162.59 325.18 2 20.0·105 
4 473.15 338.93 677.85 2 40.0·105 
5 473.15 84.73 169.46 2 10.0·105 
6 473.15 127.10 381.29 3 20.0·105 
7 473.15 101.68 406.71 4 20.0·105 

 

Table 4 – Fixed parameter used to perform the parametric activity. 

 Value Unit  Value Unit 

εP 0.5 - kref 1.0·10-10 m6/(mol2·s) 
τP 5 - Ea 80000 J/mol 
R 1.0·10-3 m    
S 2 -    
ρP 1000 kg/m3    
ρB 1000 kg/m3    

 



     

The results of the sensitivity analysis are displayed in Figure 3. 

 

Figure 3. Sensitivy analysis results. Effect of: A. Temperature; B. pressure at t = 0; C. H2/CO 

molar ratio. 

 

As revealed by the numerical simulations, the increase of temperature leads to a faster 

decrease of the overall pressure. Therefore, higher temperature leads to a lower equilibrium 

plateau.  The initial pressure plays an activating role on the reaction kinetics as well. Finally, 

by working at higher H2/CO ratio, a lower rate is observed. 

The intraparticle profiles for H2 and CO2 for simulation 1 are shown in Figure 4. The computed 

concentration profiles inside the particle are very for the catalyst dimension selected. In the 

present case the diffusion resistance inside the particles can be regarded as negligible. 
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Figure 4. Intraparticle concentration profiles of: A. CO, B. H2. 

 

3.3.3. Results from parameter estimation 

Besides the rate constant (equations 29-30), the equilibrium parameter was estimated by 

regression analysis according to equation (33), 
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with Tref = 473.15 K. 

The results from the non-linear regression analysis are displayed in Table 5  and the fit of the 

model to the experimental data is illustrated in Figures 5-7. The continuous lines represent 

the model prediction. 
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Table 5 – Results of the parameter estimation activity. C.I.: conficence intervals calculated at 

95%. M: correlation matrix. 

 
Value C.I. Units M ΔHr Ea Kp,ref kref 

ΔHr -2.45·105 0.02·104 J/mol ΔHr 1    

Ea 27.28·103 0.09·103 J/mol Ea 0.3 1   

Kp,ref 5.22·10-4 4.11·10-6 (m3/mol)2 Kp,ref -0.7 -0.3 1  

kref 1.11·10-9 1.24·10-12 m6/(mol2·s) kref 0.6 0.6 -0.6 1 

 

As revealed by Table 5, the extimated parameters show only a very mutual correlation, which 

indicates that the parameters are reliable and confidence intervals are relatively low. The fit 

is acceptable in each case as can be seen from Figures 5-7. 

 

Figure 5. Effect of the H2/CO on the gas pressure. Experiments conducted at 473.15K, 600rpm 

and roughly 21.5 bar of initial pressure. 
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Figure 6. Experiments conducted at different total pressure, keeping temperature at 473.15K, 

600rpm and a H2/CO molar ratio of 2. 

 

Figure 7.  Effect of temperature on the methanol synthesis kinetics. Experiments conducted 

at 600rpm,  roughly 21.5 bar of initial pressure and keeping H2/CO molar ratio of 2. 
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system. The effectiveness factors of CO2, H2 and CH3OH were estimated by using equation (8). 
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experiments. This value clearly indicates that only 1/4th of the particle is properly accessible 

to the reaction. 

 

 

Figure 8.  Intraparticle concentration profiles for each component at 100 min of reaction time. 

Temperature: 200oC, initial total pressure: 21.85 bar, H2-to-CO2 ratio: 2, rotation speed: 600 

rpm. 

 

The general conclusion is that the methanol synthesis reaction on the commercial catalyst is 

somewhat influenced by diffusion limitation inside the pores of the pellets. Thus the pseudo-

homogeneous model is too optimistic, but the real heterogeneous model is needed. The 

benefit of the experiments carried out in the present work is that they provide reliable kinetic 

data under the combined control of chemical kinetics and internal diffusion, which is useful 

for practical reactor design.  

 

4 CONCLUSIONS  

A general model for the interpretation of kinetic data for gas-phase reactions conducted in 

pressurized gradientless reactors was proposed. The model properties were discussed 

thoroughly and applied on an industrially very relevant process, synthesis of methanol from 

hydrogen and carbon monoxide on the copper-based catalyst. The kinetic data were 

interpreted very precisely with the model developed for the isothermal, batchwise operated 

gradientless reactor. The approach has a good perspective in the scale-up of industrial-scale 

processes, because realistic catalyst particles are used and the measurements of the total 

pressure are very precise and rapid.  
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NOTATION 

A pre-exponential factor, (mol/(kg s))(m3/mol)n, n=total reaction order 
AP outer surface area of a catalyst particle, m2 
A’P total outer surface are of catalyst particles, m2 
c concentration in catalyst pores, mol/m3 
c’ concentration in gas bulk, mol/m3 
c’’ average concentration, mol/m3 
D diffusion coefficient, m2/s 
De effective diffusion coefficient, m2/s 
Ea activation energy, J/mol 
∆H reaction enthalpy, J/mol 
K equilibrium constant, (mol/m3)∏νi, νi = stoichiometric coefficient of component i 
k rate constant, (mol/(kg s))(m3/mol)n, n=total reaction order  
M molar mass, kg/mol 
m mass, kg 
N number of reactive components, - 
Ni flux of component i, mol/(m2s) 
n amount of substance in the pores of catalyst particles, mol 
n’ amount of substance in gas phase, mol 
nP number of catalyst particles, - 
P total pressure, bar= 100kPa 
Q objective function in non-linear regression, bar2 
R reaction rate, mol/(kg s) 
Rg general gas constant, J/(Kmol) 
r radial coordinate of catalyst particle, m 
ri component generation rate of component i, mol/(kg s) 
s shape factor, s 
T temperature, K 
t time, s 
V volume, m3 
α,β,δ,γ parameters in rate equation, - 
ϵG gas void fraction, - 
ϵP particle porosity, - 
ηe effectiveness factor, - 
ν volume increment in eq. (26), - 
ρB catalyst bulk density, kg/m3 
ρP density of catalyst particle, kg/m3 
τP particle tortuosity, - 
 
Subscripts and superscripts 
B bulk property 
cat catalyst 
exp experimental quantity 
G gas 
I inert 



i, j component index 
P particle property 
0 initial state 
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