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Abstract 

Reactive chromatography is a special topic in chemical reaction engineering, consisting in the 

combination of chemical reaction and chromatographic separation. The main idea is to avoid further 

separation unit, performing reaction and separation in one unique equipment, allowing process 

intensification. This technology is usually applied in hydrolysis (or esterification) reactions, that 

undergoes through the reaching of chemical equilibrium. The chromatographic reactor application 

would lead to complete conversion, by separating reactants and products as the reaction proceeds. 

Modelling is certainly a delicate issue for chromatographic reactor to optimize the operation 

conditions, thus different approaches were published. The aim of the present work is to show a 

novel chromatographic reactor model, were all the physical and chemical phenomena involved and 

described by a rigorous approach. The model was tested on literature data with satisfactory results. 

Keywords: Chromatographic reactor, carboxylic acid hydrolysis, modelling, mass-transfer. 

 

1. Introduction 

Reactive chromatography is a hot topic for chemical reaction engineering science, consisting the in 

the combination of reaction and chromatographic separation in the same unit [1-3], allowing the 

process intensification of chemical reactions. The chromatographic reactor is a packed bed reactor 

where reaction and chromatographic separation occur in the same equipment, thus the solid phase 

must act both as catalyst and stationary phase. It is evident that the solid must be characterized by 

reactivity and selective adsorption to reactants/products. 

The comparison between packed-bed reactors and chromatographic reactors shown that for 

equilibrium reactions the separation of the products is responsible for an increase of conversion, as 

chromatographic reactor concept can offer several advantages: (i) the enhancement of conversion, 

(ii) the possibility of full separation of pure products, (iii) potential to influence the selectivity of 

complex reaction networks [4]. The concept finds interesting industrial applications when shifted to 

the simulated moving bed chromatographic technology, often used to increase conversion and 

separation of the products [5-7]. 

The modelling of chromatographic reactors is still an opened issue, as the efforts published in the 

literature are still simplified, thus characterized by a low predictive power. A summary of the main 

modelling approaches on the reactive chromatography models is reported in Table 1. 
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Table 1 – Literature survey on chromatographic reactor modelling. 

Year Ref. Application/approach 

1978 [8]  Application: cyclohexane dehydrogenation. 

 Approach: simplified model as semi-batch reactor; each component shows 

different flow velocity. 

 Drawbacks: no fluid-dynamics, low predictivity. 

1996-1999 [9,10]  Application: acetic acid esterification with ethanol. 

 Approach: liquid-solid model working under kinetic regime. 

 Drawbacks: low predictive power 

 No mass transfer limitation: fluid/solid, intraparticle 

 No axial dispersion 

 Solid phase pseudo-homogeneous 

2011 [12,13]  Application: methyl formate and methyl acetate hydrolysis. 

 Approach: liquid-solid model where axial dispersion fixed by the number of 

theoretical plates. 

 Drawbacks: good predictive power only in the adopted operation conditions 

 Different axial dispersion coefficient for each component: fluid/solid 

affinity and diffusion lumped in one parameter 

 No mass transfer limitation: fluid/solid, intraparticle 

 

The first model, published in 1978, was applied to cyclohexane dehydrogenation, treating the 

reactor as a semi-batch reactor where each component was characterized by a different flow 

velocity [8]. For instance, this simplification leads to a low predicting power of the model. The 

breakthrough came in 1990s, where Mazzotti et al. published a new liquid-solid model, operating in 

kinetic regime, for acetic acid esterification reaction. The model shown good performances, but it 

can not be extended in predicting industrial reactors where mass-transfer phenomena can dominate 

the system [9,10]. In 2000s more advanced models were published in the literature, including heat 

transfer aspects but simplifying the fluid-dynamics to plug flow model [11]. More advanced models 

were published including axial dispersion, defining an axial dispersion coefficient for each chemical 

compound involved in the reaction, calculating it from the number of theoretical plates. These 

models were a real breakthrough as it was possible to simulate peaks of different width, depending 

on the interaction between reactants/products and the solid surface [12,13]. The models were 

characterized by good predictive power only in the adopted range of operation conditions. No 

fluid/solid external mass transfer limitation was considered, and intraparticle diffusion effects were 

lumped in an apparent axial dispersion coefficient. 

In the present work, a new Dynamic Adsorptive Chromatographic Reactor model (DACR) will be 

presented. The model is based on the description of the physics in detail, focusing the attention on 

all the possible mass transfer mechanisms steps occurring in the chromatographic reactor. Axial 

dispersion will be measured with dedicated experiments; external mass transfer resistance will be 

evaluated from existing correlations; intraparticle diffusivity will be considered the sum of two 

contributions: (i) pore diffusivity; (ii) surface diffusivity). The model will be tested on literature 

data and used to predict the behavior of the chromatographic reactor performances in a sensitivity 

study. 
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2. Materials and methods 

2.1. Materials 

All the reactants/catalyst used in the present work were purchased by Sigma Aldrich, at the highest 

purity level available. 

 

2.2. Methods 

A chromatographic reactor equipment was designed and tested to determine the axial dispersion 

coefficients. The device consists in a HPLC pump (flowrate range <10 mL/min) connected to a 

HPLC injector (loop volume = 10μL). The reactor consists in a jacketed pipe of 0.3m length and 

0.78cm diameter. The detector is a RD4: 250-280-RI-Cond purchased by REACH Devices. The 

detector allows the simultaneous of refractive index (RI), conductivity and UV (at both 250 and 

280nm). A sketch of the installed equipment is reported in Figure 1. The experimental data are 

acquired via RS232 to a PC. 

 

Figure 1 – Chromatographic reactor set-up. 

 

The PDE system has been solved with the method of lines already implemented in gPROMS Model 

Builder v. 4.0. The axial coordinate of the reactor was solved with an asymmetrical backwards 

finite difference approximation (150 grid points transformed by log10), to achieve a better 

resolution of the chromatographic peak in the initial part of the reactor where the peaks are 

approaching a δ-Dirac function due to the injection. The particle radial coordinate was 

approximated to a 2nd order central finite difference method (CFDM) with 20 discretization points. 
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3. Results and discussion 

3.1. Chromatographic reactor model 

The chromatographic reactor model, namely Dynamic Adsorptive Chromatographic Reactor model 

(DACR), was developed to describe carboxylic acid hydrolysis experiments in the presence of a 

solid phase acting both as catalyst and stationary phase. The model considers that the excess 

reactant is fed continuously to the reactor inlet (i.e. water in hydrolysis reactions), while the second 

reactant (methyl acetate) is pulsed trough the injector. The reaction occurs in a liquid-solid system; 

hence it is necessary to write mass balance equations related to both phases. The balance schemes 

are reported in Figure 2. 

 

Figure 2 – Mass balances scheme with related coordinates. 

 

The model was written in dynamic form, to simulate the evolution of the concentration profiles 

along the reactor. The liquid phase flows in the z coordinate, namely axial. The fluid-dynamics was 

described in simple form, considering both axial dispersion and liquid film mass transfer, Eq. 1. 
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Solving Eq. 1, implies to fix two boundary conditions (BCs), defined at the reactor inlet and outlet 

for both the continuous stream and the pulse, Eq. 2-4. 
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The pulsed-stream BCs take into account that a small quantity of a i reactant flows in the reactor 

with an injection time that is proportional to the volume of the injection loop and the volumetric 

flow-rate of the main stream. The stream composition at the inlet of the reactor was considered 

constant with reactor radius. This assumption is valid for a fluid-dynamic characterized by high 

Péclet numbers, assumption always real for packed beds packed by particles characterized by small 

dimension (i.e. 38.5μm for Dowex 50W-X8 catalyst), acting as static mixer elements. This will be 

demonstrated in the next paragraphs related to the axial dispersion determination. Finally, at the 

reactor outlet, a mass flux equal to zero was considered. 
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The intraparticle mass balance equation was written to consider both liquid inside pores and surface 

diffusion phenomena. As it was previously demonstrated by the authors [14-17], adsorption can be 

described by calculating the diffusion path in a solid particle as the sum of two parallel 

contributions: (i) the porous diffusion, depending on the porosity and tortuosity of the particle; (ii) 

surface diffusion, depending on the interaction between one component present in the fluid phase 

and the solid surface. It is possible to write the general intraparticle mass balance equation as in Eq. 

5. 
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The two contributions to the intraparticle diffusion path are summed and proportional to different 

diffusion parameters. To calculate the solid concentration, the adsorption isotherm must be 

considered. As the pulsed component gets diluted in the continuous stream, the adsorption isotherm 

can be approximated in a linear form. Four sets of boundary conditions are needed to calculate the 

evolution with both time and particle radius of both liquid and solid concentrations, Eqs. 6-7. 
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As revealed, at the reactor inlet, a steady state-condition was considered, thus the flux due to the 

fluid-solid mass transfer is equal to the intraparticle diffusion. Derivative equal to zero was set for 

all the components at the reactor outlet. Symmetry conditions was imposed for the particle center, 

while a continuity equation for the catalyst surface (rp=Rp), where the flux coming from the liquid 

film is equal to the diffusion rate in the first elements of the solid phase. 
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3.1.Kinetics and adsorption 

In the present work, literature data were simulated with the developed DACR model. The kinetic 

and adsorption parameters were directly taken from literature [13] for the methyl acetate hydrolysis. 

The kinetic rate law was fixed as in Eq. 8. 
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As revealed, the authors used a simplified approach, where the liquid phase concentration was used. 

Modified Arrhenius and van’t Hoff equations were considered to calculate respectively the kinetic 

and equilibrium constants dependency with temperature, Eqs. 9-10. 
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The parameters, taken from the literature, are reported in Table 2. 

Adsorption parameters were calculated by the authors from the retention time at the 

chromatographic peak maximum (tMAX,i) in agreement with Eq. 11. 
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From the obtained results, the dependence with temperature can be calculated as in Eq. 12. 

1 1
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The parameters used in the present paper are listed in Table 2. 

 

Table 2 – Kinetic and adsorption parameters. 

 Value Units 

k(298K) 6.24·10-9  

Ea 67.58 kJ/mol 

K(298K) 0.14 - 

ΔHr 12.20 kJ/mol 

bMA 1.13 - 

ΔHMA -2.70 kJ/mol 

bM 0.51 - 

ΔHM 1.50 kJ/mol 

bA 0.70 - 

ΔHA -1.65 kJ/mol 
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3.2.Physical properties 

Several physical properties were fixed to perform the simulation activities reported in the present 

paper. Water density and viscosity changes temperature were calculated as in Eq. 13-14 [18]. 
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Molecular diffusivities were calculated using the Wilke-Chang correlation [19], as reported in Eq. 

15. 
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Where, molar volumes at the standard boiling points were calculated in agreement with Eq. 16 [18, 

20]. 
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The coefficients and the boiling temperatures for each component are reported in Table 3. 

 

Table 3 – Molar volume coefficients and boiling temperature for each component for the methyl 

acetate hydrolysis. 

Component Ai Bi Ci Di Tb, i [K] 

Water (W) -13.851 0.64038 0.0019 1.82·10-6 373.1 

Methyl acetate (MA) 1.130 0.2593 506.55 0.2764 330.1 

Acetic acid (A) 1.449 0.2589 591.95 0.2529 391.1 

Methanol (M) 2.327 0.2707 512.50 0.2471 337.7 

 

Pore diffusivity was calculated with classical correlation, adjusting water molecular diffusivity by 

the porosity and tortuosity of the catalyst, Eq. 17. 

,

p

p mol WD D



           (17) 

A porosity of εp=0.5 was considered from literature findings [21] while tortuosity factor was fixed 

to τ=1 being Dowex 50W-X8 a macroreticular resin. Particle diameter was fixed at 38.5μm [13] and 

shape factor at s=2 being the particles spherical. 
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Surface diffusivity was considered to be dependent with temperature as in Eq. 18 [15,22]. 
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This parameter indicates the affinity of one component to the solid phase. As the pre-exponential 

factor and the surface energy are not determinable a priori, they can be considered the unique 

adjustable parameters of the model. 

 

3.3.Fluid-solid mass transfer 

The fluid-solid mass transfer coefficient was calculated in agreement with Dweivedi and Upadhyay 

correlation, originally published and tested for values obtained using a packed-bed reactor, Eq. 19 

[23]. 
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The exponent α depends on the Rep value. From this correlation, it is possible to calculate the 

fluid-solid mass transfer value substituting the JD and Sc definitions, Eq. 20. 
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As the diameter of the solid particles is very small, the influence of the eventual fluid-solid mass 

transfer resistance was found to be negligible. However, to keep the model more general, the 

equation was implemented in the model. 

 

3.4.Axial dispersion determination 

Axial dispersion values were determined with dedicated experiments performed in a 

chromatographic reactor built as the one used in the literature for the methyl acetate hydrolysis 

experiments. Yellow naphthol was used as a tracer, being a sulfonated molecule, performing pulse-

experiments. The presence of sulfonic groups warranties a low interaction between the tracer and 

the sulfonated solid surface of the Dowex 50W-X8 catalyst, thus, axial dispersion can be 

determined with high precision neglecting eventual adsorption contributes. 

Several experiments were performed by investigating the effect of both temperature and fluid 

velocity. A summary of the adopted experimental conditions is reported in Table 4, while an 

example of experimental output in Figure 3A. The results were interpreted with the analytical 

solution of the residence time distribution function, Eq. 21 [24]. 

2( )
exp

44

z z

zz

u L u t
E  

D tD t

 
  

 
        (21) 

 

 



9 
 

Table 4 – Experimental conditions adopted to determine the axial dispersion coefficients in the 

chromatographic reactor. Axial dispersion values are reported together with the error. 

Test Q [mL/min] T [K] Dz·107 [m2/s] 

1 0.6 298 2.60 ± 0.05 

2 0.7 298 1.50 ± 0.01 

3 0.8 298 1.41 ± 0.08 

4 0.9 298 1.58 ± 0.05 

5 0.6 298 2.80 ± 0.03 

6 0.7 308 1.48 ± 0.04 

7 0.8 308 1.46 ± 0.07 

8 0.9 308 1.52 ± 0.01 

9 0.6 323 2.30 ± 0.02 

10 0.7 323 1.54 ± 0.06 

11 0.8 323 1.40 ± 0.05 

12 0.9 323 1.45 ± 0.04 

 

The obtained fits were in every case satisfactory (see example in Figure 3A). From the data 

elaboration, the axial dispersion coefficient (Dz) were determined. The Péclet number (Pe=uzL/Dz) 

trend with Rep are reported in Figure 3B. As revealed, Pe is highly influenced by the fluid velocity 

but practically invariant with temperature. 

 

Figure 3 – A. Experimental results and data fit for the pulse-experiment performed at 298K with a 

flow-rate of 0.9 mL/min. B. Pe vs Rep plot. 

 

A general equation was derived by parameter estimation analysis on the Pe vs Rep plot, Eq. 22, and 

implemented in chromatographic reactor model. 
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3.5.Description of literature data 

The developed DACR model was applied as described to interpret literature data. Methyl acetate 

hydrolysis (to acetic acid and methanol) experiments were taken from the literature [13]. The 

authors performed different experiments by fixing the stream flow-rate at 0.75mL/min, injecting 

100μL of a 0.5mol/L solution of methyl acetate in water. The experiments were conducted at 

different temperatures (from 298 to 328K), analyzing continuously the output stream. The results 

are reported in Figure 4. The symbols were reduced in number for reading purposes. 

 

Figure 4 – Methyl acetate hydrolysis experiments performed in a chromatographic reactor loaded 

with Dowex 50W-X8 [13]. Symbols represent the experimental data, reduced in number for reading 

purposes, lines the calculated values. 

 

As revealed, a temperature increase corresponds to an increase of the reaction conversion (MA area 

decreases) with the related formation of the two products (methanol and acetic acid). A parameter 

estimation activity was conducted to obtain the surface diffusivity for each component. Water 

surface diffusivity was considered equal to methanol for simplicity. This value could be obtained by 

reversing the reaction (esterification), thus feeding continuously methanol and pulsing water. 

Unluckily, this information is not available. Therefore, after the parameter estimation, a sensitivity 

analysis was performed on this parameter checking that the results change only slightly. The DS 

trend along temperature is reported in Figure 5A, while the linearization of Eq. 18 in Figure 5B. 
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Figure 5 – A. Surface diffusivity trend with reaction temperature for methyl acetate, methanol and 

acetic acid. B. Linearization of DS plot. 

 

The calculated values are consistent and show nice trends with temperature. Form the plots reported 

in Figure 5, it is possible to calculate the DS,0 and ES for each component, values reported in Table 

5. 

 

Table 5 – Surface diffusivity parameter estimation output. 

Component DS,i,0 [m2/s] ES,i [kJ/mol] 

A 1.64·106 83.01 

M 3.16·107 97.14 

MA 4.59·1010 122.63 

 

As revealed, methyl acetate shows the highest surface diffusivity values, resulting by the fact that 

the chromatographic peaks are sharper. This fact is explainable by the low interaction that the ester 

functional group has with the sulfonic pendants on the catalyst surface. Methanol and acetic acid, 

instead, show lower surface diffusivities, being characterized by a certain acidity. As a matter of 

fact, acetic acid shows a lower DS value than methanol, because acetic acid can interact with the 

resin by proton exchange mechanism.  
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3.6.Sensitivity study 

A parametric investigation was conducted to check the sensitivity of the model. All the simulations 

were performed by fixing the shape factor at s=2 (spherical particles). A summary of the study is 

reported in Table 6. 

 

Table 6 – Sensitivity study summary. 

Simulation Legend Q [mL/min] Dp [μm] L [m] T [K] 

1 Reference simulation 0.75 38.5 0.25 298 

2 

Flow-rate effect 

0.60 38.5 0.25 298 

3 1.00 38.5 0.25 298 

4 1.50 38.5 0.25 298 

5 2.00 38.5 0.25 298 

6 

Particle diameter effect 

0.75 77.0 0.25 298 

7 0.75 192.5 0.25 298 

8 0.75 288.8 0.25 298 

9 0.75 385.0 0.25 298 

10 

Reactor length effect (T=298K) 

0.75 38.5 0.50 298 

11 0.75 38.5 1.00 298 

12 0.75 38.5 2.50 298 

13 
Reactor length effect (T=303K) 

0.75 38.5 2.50 303 

14 0.75 38.5 1.00 303 

 

The influence of the volumetric flow-rate on the chromatographic reactor output is reported in 

Figure 6A. Flow-rate increase leads to a lower axial dispersion, thus Pe increase, leading to the 

simulation of sharper peaks. Moreover, the flow-rate increase corresponds to a decrease in the 

residence time, leading to two main effects: (i) shift of the chromatographic peaks at lower times; 

(ii) decrease in the overall conversion. These two phenomena are correctly interpreted by using the 

developed model. 

  

Figure 6 – Sensitivity study results: A. Volumetric flow-rate dependency. B. Influence of the 

particle diameter. 

 

0 5 10 15 20 25

t [s]

 Q=0.60mL/min

 Q=0.75mL/min

 Q=1.00mL/min

 Q=1.50mL/min

 Q=2.00mL/min

A.

0 5 10 15 20 25

B. t [s]

 D
P
=38.5m

 D
P
=77.0m

 D
P
=192.5m

 D
P
=288.8m

 D
P
=385.0m



13 
 

The influence of the solid particle diameter is depicted in Figure 6B. As logical, by increasing the 

catalyst diameter, an increase of the intraparticle diffusion path leads to wider peaks and in general 

lower products content. It was checked that even when the biggest particle diameter was used, 

liquid-solid external mass transfer resistance can be considered negligible. 

The influence of the reactor length on the column performances shows interesting results (Figure 

7A), as by increasing L the system is characterized by higher residence time, that brings to higher 

conversion and shifts of the chromatographic peaks, because the column is characterized by a 

higher number of theoretical plates. 

  

Figure 7 – Chromatographic reactor length effect on the final output: A. T=298K B. T=323K. 

 

Finally, two simulations were performed by varying the reactor length at higher temperature, 

T=323K (Figure 7B). As revealed, by fixing L=2.50m, it is possible to achieve full methyl acetate 

conversion and full product separation. This result demonstrates that by using a chromatographic 

reactor, it is possible to obtain full conversion also with equilibrium reactions, as reactants and 

products are separated in the column. Moreover, as demonstrated, the products are separated, thus 

no other purification units are needed. 
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Conclusions 

In the present work, a novel chromatographic model was developed (DACR). The modelling 

approach consists in the simultaneous solution of both liquid bulk and intraparticle mass balance 

equations. No rate-determining steps were considered, and fluid-dynamics was described in terms 

of axial dispersion model. 

Axial dispersion coefficients were determined with dedicated experiments collected in a 

chromatographic reactor equipment. Péclet number shown high influence on the stream velocity, 

negligible variation with temperature. A semi-empirical equation was derived to be included in the 

chromatographic reactor model. Fluid-solid mass transfer resistance was estimated from literature 

correlations developed for packed bed reactors. Being the catalyst particles relatively small 

(Dp=38.5μm), it was concluded that the external mass transfer is negligible. 

The chromatographic reactor model was tested on literature data, namely methyl acetate hydrolysis 

reaction. The kinetics and adsorption were taken from the literature. The adjustable parameters were 

the surface diffusivities, related to the affinity between each component and the solid surface. The 

results were satisfactory, allowing to properly describe the effect of temperature on the hydrolysis 

reaction. 

A parametric investigation was performed to check the influence of the operation conditions on the 

final output. Optimal operation conditions were calculated, enabling to simulate full methyl acetate 

conversion and product separation. 

In perspective, further experiments will be conducted to collect new experimental data, to validate 

the model predictions. 
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Notation 

Ai, Bi, Ci, Di  Coefficients, - 

asp   Geometrical specific surface area, m2/m3 

b   Adsorption parameter, - 

C   Concentration, mol/m3 

Dmol   Molecular diffusivity, m2/s 

Dp   Pore diffusivity, m2/s 

DP   Particle diameter, m 

DS   Surface diffusivity, m2/s 

Dz   Axial dispersion coefficient, m2/s 

E   Residence time distribution function, - 

Ea   Activation energy, kJ/mol 

ES   Surface energy, kJ/mol 

JD   External mass transfer factor, m2/s 

k   Kinetic constant, m3/mol/s 

K   Equilibrium constant, - 

km   Liquid-solid mass transfer coefficient, m/s 

L   Reactor length, m 

MW   Molecular weight, g/mol 

Pe   Péclet number, - 

Q   Volumetric flow-rate, mL/min 

r   Reaction rate, mol/m3/s 

R   Gas ideal constant, kJ/mol/K 

Rep   Particle Reynolds number, - 

rp   Particle radial coordinate, m 

Rp   Particle radius, m 

s   Shape factor, - 

Sc   Schmidt number, - 

t   Time, s 

T   Temperature, K 

t0   Time for not-retained component, s 

Tb   Standard boiling point temperature, K 

tinj   Injection time, s 

tMAX   Time at the chromatographic peak maximum, s 

Vloop   Loop volume, m3 

V    Volumetric flow-rate, mL/min 

Vmol   Molar volume, cm3/mol 

uz   Free velocity, m/s 

z   Reactor axial coordinate, m 

 

Greek symbols 

α   Mass transfer coefficient, - 

ΔHi   Adsorption heat, kJ/mol 

ΔHr   Reaction enthalpy, kJ/mol 

ε   Bed void fraction, - 

ε’   Volumetric ratio between the bulk volume and the overall particle volume, - 

εp   Solid particle porosity, - 

μ   Viscosity, cP 

ν   Stochiometric matrix, - 

ρ   Density, Kg/m3 

τ   Tortuosity factor, - 
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φ   Association factor, - 

 

Abbreviations 

A   Acetic acid 

B   Liquid bulk 

feed   Feed 

L   Liquid inside porous particles 

M   Methanol 

MA   Methyl acetate 

S   Surface 

W   Water 
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