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ABSTRACT 

A mathematical model was developed to interpret a liquid-liquid-solid 

heterogeneous reaction system using valeric acid (pentanoic acid) perhydrolysis 

as model. Kinetic, thermodynamic and mass transfer parameters were included in 

this model. Perhydrolysis of valeric acid (pentanoic acid) on Amberlite IR-120 

catalyst experiments were carried out in the temperature range of 40-60°C and 

with an initial valeric acid concentration of 50 wt.%. The influence of water and the 

acid catalyst was taken into account to develop a suitable kinetic model. The 

thermodynamic parameters, such as the reaction enthalpy ( 0

RΔH ) and the molar 

equilibrium ratio (m) were determined experimentally. The kinetic parameters were 

determined by non-linear regression analysis and they were statistically well-

identified. The standard reaction enthalpy was estimated to -13.84 kJ.mol-1 and 

the activation energy of the reaction was estimated to 64.5 kJ.mol-1.  

Keywords: Kinetics, mathematical modelling, liquid-liquid-solid system, solid acid 

catalyst.  



1. Introduction  

 

Peroxycarboxylic acids are widespread in industry, for instance 10,000 tonnes 

worldwide were produced in 2002 [1]. Three application domains for 

peroxycarboxylic acids can be distinguished: disinfecting agents, bleaching agents 

and as intermediates in fine chemistry. All these applications are based on the 

oxidative properties of these compounds, due to the chemical bond

O

O

OH

. The 

literature concerning the synthesis of short-chain peroxycarboxylic (3-1 carbon 

atoms) acid is relatively extensive with homogeneous [2-9] and heterogeneous 

catalysts [10-18]. Indeed, they are the main peroxycarboxylic acids used in 

industrial scale, mainly because of their high reactivity and so lower stability. On 

the other hand, studies of peroxycarboxylic acids with long carbon chains (higher 

than 4 carbons) are rare [19-20]. These long-chain peroxycarboxylic acids can be 

used, when the solubility of a short-chain peroxycarboxylic acid or hydrogen 

peroxide in the organic phase is limited. An application of peroxyfatty acid 

concerns washing powders, in which their role is to release hydrogen peroxide to 

allow its bleaching action in the organic phase.     

 

The synthesis of peroxycarboxylic acids is based on the oxidation of the parent 

carboxylic acid. In industry, such oxidation reactions are fundamental, but many of 

these reactions are carried out by using conventional heavy-metal oxidants, which 

form toxic waste, application of nitric acid, which form the greenhouse gas N2O; 

and utilization of molecular oxygen, which requires safety precautions and could 

cause over-oxidation. According to Noyori [21], an elegant way to surmount these 



problems is the use of aqueous hydrogen peroxide, as hydrogen peroxide is a 

powerful oxidant. The production of peroxycarboxylic acid involves the use of 

hydrogen peroxide and carboxylic acid as reactants, thus avoiding the use of 

oxygen. This liquid-phase reaction is called perhydrolysis, and can be described 

as follows:  

 

This reaction is governed by thermodynamics; a typical value of the equilibrium 

constant is 2.39 for acetic acid at 30°C. As illustrated by Figure 1, increasing the 

carbon chain length, the kinetics of this reaction becomes retarded [18]. The 

shortest peroxycarboxylic acid, peroxyformic acid is formed spontaneously from 

formic acid and hydrogen peroxide, but an added acid catalyst is needed for the 

synthesis of long-chain peroxycarboxylic acids. 
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Figure 1. Blank experiments carried out with acetic and valeric acid at 60ºC. 



 

The motivation of such study is that long chain carboxylic acid and derivates are 

produced from biomass valorization leading to liquid heterogeneous reaction 

system in presence of aqueous phase. In such system, equilibrium study is an 

important issue to understand the distribution of the chemicals between phases; 

mass transfer study allows characterizing the interfacial flux of chemical and a 

kinetic study is needed to follow the course of the reaction. The goal of this paper 

was to include all these parameters in a mathematical model to describe a liquid-

liquid-solid heterogeneous reaction system.     

The synthesis of peroxyvaleric acid from hydrogen peroxide and valeric acid 

(pentanoic acid) was selected as a model system, because the kinetic mechanism 

of carboxylic acid perhydrolysis has been studied by our research group [9, 16, 

18]. The clear benefit of this acid is to be non-miscible in aqueous phase allowing 

a simple and rapid separation of the aqueous and organic phases. 



2. EXPERIMENTAL SECTION  

 

2.1 Reactor and system  

 

The experiments were carried out in a batch reactor equipped with a mechanical 

stirrer and a temperature probe. On top of the reactor, a cooling condenser was 

placed, and adjusted at 0°C to avoid volatilization of the liquid-phase compounds. 

In case that decomposition of peroxyvaleric acid (PVA) or H2O2 appeared, a 

carrier gas (Helium) was led into the reactor through one of the reactor necks to 

prevent accumulation of oxygen in the gas phase. A pitched blade impeller (PTFE 

coated) was used to ensure vigorous mixing during the reaction. 

 

To prevent contamination induced by alkaline and metal components, which 

could initiate the catalytic decomposition of peroxyvaleric acid and hydrogen 

peroxide, all parts of the reactor system being in contact with the reaction solution 

were washed with hydrochloric acid followed by another washing, with a 

phosphate-free detergent solution. 

 

Two different addition procedures were tested to reveal their influence on the 

reaction kinetics. In the first procedure, valeric acid (Acros, 99 wt.%) and the dried 

catalyst were added into the reactor until the desired reaction temperature was 

reached, and then aqueous hydrogen peroxide solution (Merck, 30 wt.%) was fed 

through the dropping funnel. The second procedure consisted to add the aqueous 

hydrogen peroxide solution and the dried catalyst into the reactor, and when the 

desired temperature was reached, the valeric acid solution was fed rapidly into the 



reactor. The time “zero” was defined when the dropping funnel was opened. The 

solution was fed in 30 seconds from the funnel in the reactor. 

 

Table 1 introduces the experimental matrix for the synthesis in the presence of 

heterogeneous catalysts.  

 

Table 1. Experimental conditions  

Reaction temperature 40-60°C

Rotator speed 200-800 rpm

Initial amount of valeric acid 20-84 wt.%

Initial amount of (H2O + H2O2) 16-80 wt.%

Catalyst (Amberlite) loading on dried basis 0-29 g

Reaction volume 250 ml

 

2.2 Sampling  

 

In order to follow the reaction kinetics, several samples from the liquid mixture 

were withdrawn and analyzed at different times. Due to the short time of 

separation (ca. 1 min) of the different phases after stopping the agitation, it was 

possible to analyze a sample from the aqueous and organic phases.       

 

2.3 Chemical analysis  

 

The liquid phase was analyzed off-line by titration with the Greenspan and 

Mackellar methods [22]. The concentration of hydrogen peroxide was determined 

by titration using a standard solution of ammonium cerium sulfate (0.1 N). The 

concentrations of carboxylic and peroxycarboxylic acids were determined by 



titration with an automatic titrator (Metrohm 751 GPD Titrino) by using a standard 

solution of sodium hydroxide (0.2 N).   

 

2.4 Catalyst analysis  

 

Cation exchange resins were used as solid acid catalysts, namely Amberlite IR-

120 and Dowex. These resins are cation exchange resins with a styrene-divinyl 

benzene matrix bearing sulfonic acid groups, and they are very similar (Table 2). 

The catalyst was used in the form of beads. Amberlite IR-120 was used for the 

kinetic and equilibrium experiments, and Dowex to study the influence of the 

internal mass transfer. 

Table 2. Properties of the cation exchange resin 

Polymer type Cross linking Moisture content Capacity Particle size range

% DVB % mass meq/g mm

Amberlite IR-120 Gel type 8 45 4,4 0.3-1.2

Dowex 50Wx8-400 Gel type 8 54 4,8 0.04-0.08

Dowex 50Wx8-50 Gel type 8 55 4,8 0.3-0.84  

Prior to the experiment, the native resin was washed with a hydrogen peroxide 

solution (10 wt. %) and de-ionised water. Then, the catalyst was dried for 24 hours 

at 99C. The purpose of this pre-treatment was to remove the impurities from the 

resins and to know the exact mass of catalyst, i.e., based on dried basis, 

introduced into the reactor.  

At the end of the experiments, the catalyst was filtrated a first time to remove the 

residual interstitial liquid between the particles. Then, the catalyst was filtrated 

several times with deionised water, and the filtrated fluid was analyzed. By using 

this method, it was possible to estimate the average concentration of carboxylic 

acid, peroxycarboxylic acid and hydrogen peroxide remaining inside the catalyst. 



3. Results and discussions  

 

The determination of the continuous and dispersed phases is crucial in such a 

system. By using the conductivity method, it was found that for a weight 

percentage of valeric acid less than 45 %, the continuous phase was the aqueous 

one. On the opposite, when the weight percentage of valeric acid exceeded 45 %, 

then the continuous phase was the organic one.  

 

Experimental results show that the consumed reactants were valeric acid from 

the organic phase and hydrogen peroxide from the aqueous one, but not valeric 

acid from the aqueous phase and hydrogen peroxide from the organic phase, 

whose concentrations remained practically constant during the reaction. By using 

the analytical method described in the previous section, peroxyvaleric acid was 

detected only in the organic phase. These observations were noticed in the 

presence and absence of the catalyst, at any temperature and composition of the 

continuous phase.  

Preliminary analysis indicated, which reactant from which phase was consumed 

and the composition of the continuous phase with respect to the initial amount of 

the valeric acid. The amount and nature of the dispersed phase can play an 

important role on the interfacial tension, leading to different drop size distribution, 

on the polarity of the reaction mixture, leading to different equilibrium stage, and 

on the swelling of the catalyst particle leading to different particle size distributions 

[16-17]. For the sake of simplicity, these parameters, i.e., polarity, interfacial 

tension and swelling effect were kept constant by using the same initial ratio of 

valeric acid and the aqueous solution. Thus, only the ratio H2O2:H2O was different.  



An initial value of 50 wt.% of valeric acid was used, because the reaction 

kinetics and the equilibrium conversion of valeric acid were found to be optimal 

(Figure 2), and the two liquid phases were rapidly separated after the end of the 

agitation.     

 

Figure 2. Conversion of valeric acid in the organic phase at 40ºC catalysed by 

Amberlite IR-120.  

 

By using an initial weight percent of valeric acid equal to 50 %, the dispersed 

phase was the aqueous phase, while the continuous phase was the organic one.  

 

 

 



3.1. Equilibrium analysis   

 

3.1.1. Chemical equilibrium 

 

Perhydrolysis reactions, such as esterificiation reactions, are governed by the 

equilibrium constant. Bucalà et al. [23] have demonstrated that in case of a liquid-

liquid system, the thermodynamic equilibrium constant in the organic and aqueous 

phases are equal: 

 

  

  

Kor g
T =Kaq

T =
a

or g
Pr oduct s

aor g
React ant s

=
a

aq
Pr oduct s

aaq
React ant s       (1) 

where a stands for the activity of compounds.   

To determine the thermodynamic parameters, e.g., the equilibrium constant and 

the reaction enthalpy, the methodology described in the previous papers of our 

group was followed [9, 16]. The other aim of such experiments was to determine 

the distribution parameter (m) of the different compounds between the organic and 

aqueous phases at different temperatures.   

The true thermodynamic constant KT follows the law of Van’t Hoff:  

2RT

o
rH

dT

TdlnK 
=            (2) 

where o

rΔH  stands for the standard reaction enthalpy. Approximating that o

rΔH  is 

independent of T, integration of eq 2 from a particular temperature (Tref) to an 

arbitrary one (T) leads to  
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To check the validity of eq 3 at different temperatures, the polarity of the 

experiments was the same by keeping the same initial amount of valeric acid (50 

wt.%), aqueous compounds (H2O+H2O2) and catalyst loading (49 g/l). 
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Figure 3. Plot ln( ) versus -1/RT.   

Figure 3 shows that valeric acid perhydrolysis follows the law of van’t Hoff similarly 

to the perhydrolysis of acetic and propionic acid perhydrolysis [9, 16]. With an 

initial amount equal to 50 wt.% of valeric acid, the reaction enthalpy was found to 

be -13.84 kJ/mol. However, it should be kept in mind that the equilibrium constant 

displayed by Figure 3 was obtained by using the concentrations of the compounds 

in the organic phase and not their activities. The concentration-based equilibrium 

constant, denoted by KC, was used in the kinetic model, using eq 3. This 

simplification was possible, because all the experiments were carried out with the 

same amount of valeric acid, and thus the polarities of these solutions were the 

same. 

 



3.1.2. Determination of the distribution coefficients 

 

The distribution coefficients or equilibrium molar ratios depend on the temperature 

and polarity of the reaction system, as the thermodynamic equilibrium constants. 

The distribution coefficients of the different species were defined as  
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The liquid-liquid equilibrium is a thermodynamic equilibrium. Thus, the distribution 

constants m(i) can be related to the Gibbs energy of distribution:  
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By applying the law of Van’t Hoff, it is possible to obtain  
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This approximation evolves that ( )Tim ln  versus 
RT

1−
is a straight line (Figure 4). 

 



 

Figure 4. Plot of ( )Tim ln  versus 
RT

1−
 with a solution of 50 wt. % of valeric acid and 

catalyst loading of 45 g.l-1. 

Figure 4 shows that the distribution of hydrogen peroxide, water and valeric acid 

between organic and aqueous phase are antagonist. Indeed, increasing the 

temperature leads to decrease the concentration of valeric acid in the organic 

phase, and vice-versa for hydrogen peroxide and water. The equations for the 

equilibrium constant (eq 3) and distribution coefficient (eq 6) were included in the 

model.  



3.2. Catalyst concentration 

 

It was found that the concentrations inside the catalyst particle were not affected 

by the reaction temperature or catalyst loading up to the value of 110 g/l. 

However, these values are strongly dependent on the organic and aqueous bulk-

phase concentrations as illustrated by Figure 5. A linear dependence between the 

hydrogen peroxide concentration in the bulk and particle phases was detected. 

The initial amount of valeric acid was maintained constant during the experiments; 

thus, the concentration variations are less pronounced. The concentrations inside 

the particle can thus be approximated by the following relation:   

   

[H2O2]p = α [H2O2]aq 

[H2O]p = α [H2O]aq 

[VA]p = β [VA]aq 

[PVA]p = β [PVA]aq 

 

In the system of eqs 7, valeric-peroxyvaleric acids and water-hydrogen peroxide 

were assumed to have similar behaviour towards absorption, for that reason they 

were approximated to have the same coefficient of absorption α and β. These 

parameters were assumed to be temperature independent within the range of 40-

60°C.  

 

 

(7) 



[H2O2]p = 0.65*[H2O2]aq-bulk
R2 = 0.99
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Figure 5. Relationship between the bulk aqueous and bulk organic phase 

concentrations and particle concentrations with [VA]o: 50 wt.%. 

 

Figure 5 shows that y-intercept term is not equal to zero in case of valeric acid 

absorption equation. This is due to the fact that the concentration of valeric acid 

was in the same range of order during this study. The equation system (7) was 

included in the kinetic model to get the intrinsic rate constant. 



3.3 Mass transfer study  

 

According to the experimental results, peroxyvaleric acid (PVA) was detected 

only in the organic phase. From the kinetic curves, it was observed that valeric 

acid from the organic phase and hydrogen peroxide from the aqueous phase were 

consumed during the reaction.  

 

In the case of peroxyvaleric acid synthesis from valeric acid and hydrogen 

peroxide by resins, there are two distinguished mechanisms of catalysis the 

homogeneous one (rhom) and the heterogeneous one (rhet). The homogeneous 

mechanism is due to the dissociation of valeric acid producing hydroxonium ions 

and the heterogeneous one is due to the active sites of the sole resin catalyst. The 

initial amount of valeric acid was fixed to be 50 wt. %, thus the continuous phase 

is the organic phase. To study the mass transfer effect in such a liquid-liquid-solid 

system, the mass transfer coefficient for the continuous phase (kc), the dispersed 

phase (kd) and the solid phase (kp) should be taken into account. From literature 

[24-26], it is well known that several parameters could affect the kinetics of a 

liquid-liquid-solid heterogeneous reaction system, such as the shape of the 

impeller, the impeller-diameter-to-reactor-diameter, the position of the impeller 

towards the reactor bottom, baffled or un-baffled reactor, the viscosity of the 

reaction mixture, etc. In the present case, the influence of the rotating speed and 

catalyst particle size was investigated.  

 

 



In order to establish the different mass balance equations governing the system, 

the following assumptions were done:  

- production of PVA due to the dissociation of the valeric acid occurs in the organic 

and aqueous phase (homogeneous catalysis), 

- production of PVA due to the dissociation of the valeric acid was considered to 

be negligible inside the particle (homogeneous catalysis in the catalyst pores),  

- water and hydrogen peroxide from the aqueous phase diffuse to the organic 

phase and to the particle,  

- valeric acid from the organic phase diffuses to the aqueous phase and to the 

particle,  

- peroxyvaleric acid from the particle diffuses to the organic bulk phase.  

 

Figure 6 shows the different mass transfer phenomena, which take place during 

the reaction based on the film theory.   

 

Figure 6. Concentration profiles of hydrogen peroxide and valeric acid in the liquid-

liquid-solid system.  

 



3.3.1 Influence of the rotating speed on the reaction velocity 

 

As described in the Experimental section, a pitched blade impeller was used to 

ensure a vigorous mixing. To suspend the particles, a rotating speed exceeding 50 

rpm was necessary. Similar experiments were carried out at different rotating 

speeds ranging from 200 to 800 rpm. Based on this experiment, it was found that 

the influence of the agitation speed on the kinetics can be assumed negligible.  

 

3.3.2 Influence of the internal mass transfer  

 

To measure the importance of the internal mass transfer, which is different from 

the swelling effect, different catalyst particle diameters were used. Instead of using 

Amberlite IR-120, two different size ranges of Dowex 50Wx8 were used: Dowex 

50Wx8-400 (0.04-0.08 mm) and Dowex 50Wx8-50 (0.3-0.84 mm). By using 

Dowex and Amberlite catalysts, it was possible to determine the influence of the 

internal mass transfer resistance. Both catalysts are chemically similar (Table 2). It 

was found that the effect of internal mass transfer is negligible for this reaction 

system. In the case of the synthesis of peroxyacetic and peroxypropionic acid 

carried out with the same heterogeneous catalyst, internal mass transfer limitation 

was found to be non-negligible [16-17]; this might be due to the faster kinetics with 

short carbon-chain carboxylic acids perhydrolysis [18]. The absence of internal 

mass transfer resistance does not imply that there might not be a gradient of the 

concentrations between the bulk and particle phases. In case of resins, a swelling 

effect is present [14, 27], which is caused by the fact that water is preferentially 

adsorbed than other compounds, leading to an increase of the particle size.   



3.4. Kinetic study  

 

Based on the previous study [16], the perhydrolysis reaction in the presence of 

cation exchange resins consists of two different parts: the self-catalyzed reaction 

due to the protolysis of carboxylic acid (homogeneous catalysis) and the Eley-

Rideal mechanism with the adsorption of the carboxylic acid on the sulfonic group 

(heterogeneous catalysis).  
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Figure 7. Conversion of valeric acid in the presence and absence of the 

heterogeneous acid catalyst at 60ºC.  

 

Figure 7 shows that one cannot neglect the influence of the self-catalyzed reaction 

during the synthesis of peroxyvaleric acid from valeric acid and hydrogen 

peroxide.  

 

 



A detailed derivation of the kinetic equations can be found in the previous paper of 

our group [16], in which an Eley-Rideal mechanism was used assuming the 

adsorption of the carboxylic acid molecules on the active site of the catalyst.     

The heterogeneously catalyzed reaction rate is expressed with the particle 

concentrations as 
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where the subscript (p) states for the catalyst particle. The concentration [-SO3H]p 

is the amount of sulfonic acid groups per liquid volume inside the particle (Table 

2). The concentrations of the carboxylic and peroxcarboxylic acid, hydrogen 

peroxide and water were calculated by using the equation system (7). The value 

for the adsorption coefficient of water C
adsorption water

K  was calculated based on 

the equation developed by Altiokka [28]. The kinetic constant 
het

k and the 

adsorption coefficient of valeric and peroxyvaleric acid C
adsorptionPVA  andVA 

K  

were estimated by the model. Due to a similar structure of the peroxycarboxylic 

acid and the corresponding carboxylic acid, the adsorption coefficients 

C
adsorptionVA 

K and C
adsorptionPVA 

K  were approximated to be equal. 

The homogeneous reaction rates in the organic and aqueous phase were 

expressed by [9, 16]  
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where C
ondissociatiVA 

K is the dissociation constant of valeric acid calculated based 

on the equation of Sue et al. [29]. The concentration of peroxyvaleric acid in the 

aqueous phase was too low to be detected and thus it was assumed that 

  0aqPVA  . Consequently, eq 10 becomes:  
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The kinetic parameters aqhom,
k  and orghom,k were estimated by the model. The main 

assumption is that the global equilibrium constants in case of the homogeneous 

system C

homK  and in case of the heterogeneous system C

hetK  are equal. The 

homogeneously catalyzed reaction was assumed to be negligible inside the 

particle, since the amount of liquid inside the pores is small compared to the 

amount of bulk liquid. Since peroxyvaleric acid is a much weaker acid than valeric 

acid, the contribution of peroxyvaleric acid to the homogeneous catalysis was 

neglected.   

 

 

 

 



3.5. Mathematical model of the system  

 

The goal of mathematical modelling was to establish the relation between the 

kinetic, thermodynamic and mass transfer parameters. As illustrated by Figure 6, 

hydrogen peroxide and water were assumed to diffuse from the bulk aqueous 

phase to the catalyst particle and from the bulk aqueous phase to the organic 

phase; valeric acid was assumed to diffuse from the bulk organic phase to the 

catalyst particle and from the bulk organic phase to the aqueous phase; the 

product peroxyvaleric acid was assumed to diffuse from the particle to the bulk 

organic phase.  

 

3.5.1 Mass balance in the aqueous phase  

The mass balance of an arbitrary component (i) in the aqueous liquid phase is  

( ) ( ) ( )
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Because it is a batch system, thus, the inlet and outlet terms are due to the 

interfacial phase transfer.   

The interfacial component flux 
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where  
*

Xi  is the concentration at the interface from the organic or aqueous side, 

iXk − is the mass transfer coefficient of the compound (i) in the X phase, and  pi  is 

the concentration inside the catalyst particle.  

(13) 



 

After introducing ao as the interfacial area between the organic and aqueous 

phase expressed as  

  

 

ao =
Aaq /org

Vo,tot
         (14) 

The calculation of the parameter ao is explained in Appendix A. The mass balance 

of peroxyvaleric acid in the aqueous phase was not taken into account due to the 

absence of data, i.e., very low concentration.  

 

The mass balance on the species present in the aqueous phase gives  
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3.5.2 Mass balance of the organic phase  

The mass balance of an arbitrary component (i) in the organic liquid phase is 

given by  
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Analogously with the treatment of the aqueous phase, the mass balance of the 

species present in the organic phase can be written as:  
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3.5.3 Mass balances of the solid phase  

The mass balance for a compound (i) in the solid phase is 

() () ()
()

dt

idn
inVεirin p

out p,pphetin p, +=+         (18) 

where rhet is the reaction rate catalyzed by the resin; Vp is the volume of the 

catalyst particle and εp is the porosity of the particle.   

 

The mass balance of the species present in the solid phase gives 

 

 
   ( )

 
   

 
   

 
   ( )

het
rpPVAorgPVA

p
V

p
ε

liq/p
A

PVAp
k

dt

pPVAd

het
r

p2
O

2
H

aq2
O

2
H

p
V

p
ε

liq/p
A

2
O

2
Hp

k
dt

p2
O

2
Hd

het
r

p
O

2
H

aq
O

2
H

p
V

p
ε

liq/p
A

O
2

Hp
k

dt

p
O

2
Hd

het
rpVAorgVA

p
V

p
ε

liq/p
A

VAp
k

dt

pVAd

+−
−

−=

−







−

−
=

+







−

−
=

−−
−

=

                    (19) 

The parameter Aliq/p is the external area of the resin particles which are in contact 

with the bulk-liquid mixture.  

 



3.5.4 Estimation of mass transfer coefficients  

Correlations found in the literature were used to estimate the different mass 

transfer coefficients included in the mathematical model, korg-i, kaq-i and kp-i.  

 

Mass transfer coefficient in the continuous organic phase  

The relation of Calderbank and Moo-Young [30] was used to estimate the value 

of the mass transfer coefficient in the continuous organic phase:  
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where, μc (kg.m-1.s-1), Vc (m3) and ρc (kg.m-3) are the viscosity, volume and 

density of the continuous phase, respectively; the parameter P (kg.m2.s-3) is the 

power dissipated by the agitator and Dm-i (m2.s-1) is the diffusion coefficient in the 

multicomponent liquid mixture (Appendix B). The factor P is equal 

to
5

a

3

am Dnψρ=P , where ψ  is the agitator power consumption number equal to 1.5 

[31], ρm (kg.m-3) is the density of the mixture equal to ddcc ρρ  + , na is the stirring 

velocity and Da the stirrer diameter. The viscosity of the continuous phase μc 

(kg.m-1.s-1) was assumed to be equal to that of valeric acid [32]. 

 

Mass transfer coefficient of the dispersed aqueous phase 

The value of the mass transfer coefficient of the dispersed phase depends on the 

droplet behaviour: mostly upon whether the drop is rigid or not. To be able to 

evaluate the latter phenomenon, the diameter number (d*) must be calculated [33-

34]: 
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where d32 is the Sauter number (m) equal to 
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ii

3

ii

dn

dn
 where ni represents the 

number of drops with diameter di, g is the gravity constant (9.81 m.s-2), cρ the 

density of the continuous phase, dρ the density of the dispersed phase and 

dc ρ-ρρ= . To be considered as a rigid sphere, the value of d* should be less 

than 10. Based on eq 21, it was found that the aqueous droplet can be assumed 

to be rigid in our system. For a rigid sphere, Treybal [35] gives the following 

relation:  
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Mass transfer coefficient in the particle phase 

The mass transfer coefficient in the solid can be estimated by using Kolmogoroff’s 

theory, which assumes isotropic turbulence. The mass transfer coefficients were 

calculated by using the Calderbank and Jones relation [36],  
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where dp is the diameter of the resin particle, which was assumed to be equal to 

500 μm [16].  

Figure 8 shows the value of the mass transfer coefficients in the organic phase, 

aqueous and solid phase with an initial weight percent of valeric acid equal to 50 

wt. %.  
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Figure 8. Mass transfer coefficients of compounds for the continuous, dispersed 

and particle phase at 40°C. 

Figures 8 indicates that kaq-i > kp-i > korg-I, and that the mass transfer coefficient for 

water is always the highest one.  

 

3.5.5 Simplifications 

From the different correlations used, one can notice that the mass transfer 

coefficients for the aqueous phase are around one hundred fold compared to 

those of the organic and particle phases. Thus, one can assume that there is no 

mass transfer resistance in the aqueous film, i.e.,    aq

*

aq ii  . Eq 4 becomes,  
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Thus, the equation system (15) becomes,  
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And the equation system (17) becomes, 
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By assuming that the diffusion flux through the liquid-solid interface is identical to 

the chemical rate, the system of eqs 25 and 26 can now be simplified to  
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The system of eqs 27 and 28 were included in the model to estimate the kinetic 

parameters.  

 

3.6. Kinetic modelling and results 

 

The set of ordinary differential eqs 27 and 28 were solved out by a special 

software MODEST [37]. The objective function Q was minimized by using Simplex 

and Levenberg-Marquardt algorithms. The objective function was defined as 

follows 
2
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 where 
iC   is the experimental concentration and 



C   is the 

estimated concentration obtained from the model. The concentrations of VA, PVA, 

water and H2O2 were included in the objective function with equal weights. 

Two different models were developed, one to estimate the kinetics parameters 

for the homogeneously catalyzed reaction (eqs 9 and 10) and the other one to 

estimate the kinetic parameters for the heterogeneous reaction (eq 8).   

The temperature dependences of the rate constants were described by a modified 

Arrhenius equation:  
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where 










−

= a v eRT

Ea

ave Aek , Tave is the average temperature of the experiments. The 

goal of this modification was to minimize the correlation between the frequency 

factor and the activation energy during the parameter estimation.   

In these models, the equilibrium parameters CK and rH determined in Section 

3.1 were used, i.e., 2.1 at 40°C and -13.84 kJ/mol. The distribution coefficients for 

valeric acid, hydrogen peroxide and water were determined by using eq 6.   

 

Homogeneous catalysis  

The experiments carried out without any added catalyst were taken into account 

in this model. Thus, the term rhet disappears in the system of eqs 27 and 28. The 

kinetics of formation of peroxyvaleric acid in such liquid-liquid system is very slow, 

for that reason only the parameters khom_aq and khom_org were estimated and 

assumed to be constant in the temperature range 40-60°C. 

The explanation coefficient of this model was defined by  
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where iC  is the experimental concentration value, 


C  is the estimated 

concentration value and 
_

C  is the mean concentration value of the observations.  

The explanation coefficient of this model became 98.77 %, which shows a good 

agreement between the experimental and calculated values.  

 



The results of the kinetic modelling are summarized in the Table 3.  

 

Table 3. Estimated parameters and values of standard errors  

Parameters Estimated Errors (%)

khom_aq (m
3
.mol

-1
.s

-1
) 0.64 10

-4
311

khom_org (m
3
.mol

-1
.s

-1
) 0.33 10

-5
138.3  

 

The parameter estimation in case of reaction without catalyst is difficult due to the 

lack of data concerning the concentration of peroxyvaleric acid in the aqueous 

phase. Furthermore, the dissociation constant C

ondissociatiVA K  was calculated by using 

Sue et al. equation [29] at infinite dilution, which is not the case in the organic 

phase.  From Figure 7, one can notice that the kinetics depends essentially on the 

solid acid catalyst, i.e., the heterogeneous part, thus the homogeneous part could 

be negligible with a certain amount of catalyst. The main goal of this article is to 

propose a kinetic model for such liquid-liquid-solid system.  

 

Heterogeneous catalysis 

In this model, the kinetic parameters in the presence of the heterogeneous 

catalyst (eq 8) were estimated by using the modified Arrhenius equation (eq 29). 

Two parameters were estimated, namely kave_het and Ea_het. Preliminary results 

from the modelling have shown that a value of 6.19.10-8 m3/mol for C

adsorptionPVA  andVA K  

gave better statistical results. Due to the complexity to estimate this parameter, 

the value of 6.19.10-8 m3/mol was used.  

 



The coefficient of explanation of this model became higher than 99%. Table 4 

gives the value of the estimated parameters and the statistical data.  

Table 4. Estimated parameters, values of standard errors and correlation matrix 

at 45ºC 

Parameters Estimated Errors (%) kave_het (m
3
.mol

-1
. s

-1
) Ea (kJ.mol

-1
)

kave_het (m
3
.mol

-1
. s

-1
) 2.72 10

-12
12.9 1

Ea (kJ.mol
-1

) 64.5 20.4 -0.456 1

Correlation matrix

 

 

The contour plot (Figure 9) shows that there is a clearly visible minimum for the 

activation energy and the rate constant kave_het.  

 

 

Figure 9. Contour plot of kinetic parameters. 

 

Examples of kinetic modelling are illustrated by Figure 10.  



 

Figure 10. Fit of the model to the experiments for the perhydrolysis of valeric acid 

catalyzed by Amberlite IR-120. 

 

The standard errors of the kinetic parameters were relatively low and the 

parameters did not correlate mutually. Figure 10 shows that the model fits properly 

the experimental data.  

 

4. Conclusions 

 

The goal of this work was to develop a kinetic model for a heterogeneous liquid-

liquid-solid reaction system carried out in a well-agitated batch reactor, i.e., the 

synthesis of peroxyvaleric acid from the parent carboxylic acid and hydrogen 



peroxide by using Amberlite IR-120 as a heterogeneous catalyst in the 

temperature range of 40-60°C. This model is valid for a valeric acid concentration 

of 50 wt.%, a catalyst loading range of 0-29 g and hydrogen peroxide 

concentration (in the aqueous phase) in the range of 6-10.5 mol/l.  

By using conductivity measurements, it was found that for an initial concentration 

of valeric acid exceeding 45 wt.%, the continuous phase is the organic phase.  

It was observed that the conversion of valeric acid was three times higher with an 

initial concentration of valeric acid equal to 50 wt.% than 34 or 21 wt.%.  

The thermodynamic phenomena such as equilibrium and distribution constants 

were studied. It was observed that both parameters follow the law of van’t Hoff for 

the valeric acid perhydrolysis. In case of a reaction mixture with an initial 

concentration of 50 wt.% of valeric acid, the reaction enthalpy was found to be -

13.04kJ/mol. This value shows that the reaction is slightly exothermic, similarly to 

the perhydrolysis of acetic and propionic acid. It was found that the distribution 

constant for water and hydrogen peroxide were quasi-constants in the 

temperature range 40-60°C and with [VA]o: 50 wt.%.  

To develop this model, it was assumed that the mass transfer resistance in 

aqueous film was negligible, and that mass flow through the liquid-solid interface 

was identical to the chemical reaction rate. In the absence of the solid catalyst, the 

kinetics of PVA formation was very slow and thus difficult to model quantitatively. 

In the presence of the cation-exchange resin, the reaction mechanism was 

assumed to be of Eley-Rideal type, according to which valeric acid is adsorbed on 

the active site. It was possible to develop a model, which takes into account the 

concentrations inside the catalyst particle, as well as the phase transfer and 

equilibrium phenomena.  



NOTATION 

A pre-exponential factor [l.mol
-1

.s
-1

]

A interfacial area [m
2
]

a activity of compounds

ao interfacial area-to-liquid volume [m
-1

]

C concentration 

d* diameter number 

d32 Sauter number [m]

dp diameter of the resin particle

Di molecular diffusion coefficient [m
2
.s

-1
]

Dei effective diffusion coefficient [m
2
.s

-1
]

Ea activation energy [kJ.mol
-1

]

k rate constant [l.mol
-1

.s
-1

]

K adsorption coefficient [l.mol
-1

]

k mass transfer coefficient [m.s
-1

]

K
c equilibrium constant, based on concentrations

K
T true thermodynamic constant, based on activies

flow of the amount of substance [mol.s
-1

]

n amount of substance [mol]

n number of drops 

N flux [mol.m
-2

.s
-1

]

P power dissipated by the agitator [kg.(s
3
m

2
)
-1

]

.

n

 



Q objective function 

R gas constant [J.K
-1

.mol
-1

]

R
2

coefficient of explanation [%]

r catalyst particle radius, radial coordinate

ri generation rate 

rj particle radius

average radius

T temperature [K]

V volume

We Weber number

y frequency function for particle size distribution

X dimensionless coordinate

standard enthalpy change of reaction [kJ.mol
-1

]

heat of formation of specie  [kJ.mol
-1

]

Gibbs energy of distribution [kJ.mol
-1

]

o

rΔH

o

fΔH

r

dΔG  



 

Greek letters

α organic species coefficient of absorption 

ϒ interfacial surface tension [N/m]

β aqueous species coefficient of absorption 

εP porosity of particle

μ viscosity [kg.m
-1

.s
-1

]

ρP density of particle

σ surface tension [N.m
-1

] 

tortuosity of particle

ϕ agitator power consumption number 

Ф association factor 

fraction of dispersed phase dΦ

Pτ

 

 



Subscripts

c continuous phase

d dispersed phase

p solid phase 

aq aqueous phase

ave average

eq equilibrium

het heterogeneous catalytic system

hom homogeneous catalytic system

org organic phase

ref reference state

i component i 

0
initial

*
interfacial value  

Abreviations

VA valeric acid

PVA peroxyvaleric acid
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APPENDIX 

 

A. Calculation of interfacial area between the organic and the aqueous phase (ao) 

 

The interfacial area was calculated using the following expression [27, 33, 38]:  

32
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6Φ
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where
dΦ is the fraction of dispersed phase (here: aqueous phase), d32 is the 

Sauter number (m) equal to 
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dn
 where ni represents the number of droplets 

with diameter di.  

The Sauter number d32 can be calculated as [38]:  
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where Da is the stirrer diameter (4 cm), A is a parameter varying between 0.04 and 

0.4[38].  

The Weber number (We) is expressed as:  
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where 
cρ is the density of the continuous phase (kg.m-3) (here: organic phase) (969 

kg/m3), na is the stirring velocity (s-1), (here: na = 6.16 s-1),  is the surface tension 

(N.m-1) of the system.  

The function ( )dΦf  [39] is equal to 
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where C2 is equal to 0.011 and C3 →1 in case of ϕd > 0.3. This function can be 

represented in two ways, both of which account for re-dispersion and coalescence 

effects. 

 

Calculation of the surface tension  

The interfacial surface tension was calculated by using the model of Good and 

Girifalco [40]: 

dcdc  2−+=          (A.5) 

where γc and γd are the surface tensions of the phase. For the sake of simplicity, 

the surface tension of the continuous phase was supposed to be the same as that 

of valeric acid, and the one for the aqueous phase was supposed to be the same 

as that of hydrogen peroxide [32],  
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φ is the interaction parameter calculated from the average of molar volumes of 

continuous phase (Vm,C) and dispersed phase (Vm,d):    
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At 40ºC, the interfacial surface area can be estimated to 0.019 N/m for the 

perhydrolysis of valeric acid. 

 

 

 



B. Estimation of diffusion coefficients in mixed solvents  

 

In a liquid-liquid system, the diffusion coefficient of the solute can be estimated by 

the equation of Perkins-Geankoplis [41],  
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where 0

imD −
 and 0

iXD −  in eq B.1 are the diffusion coefficients in the mixed solvent 

and in the pure solvent, respectively. The viscosity of the solution in eq B.1 is 

calculated from eq B.2,  
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         (B.2) 

For the sake of simplicity, the viscosity of the organic and aqueous were assumed 

to be equal to the viscosity of water and valeric acid [32] 

Based on the study of Liu et al. [43], the correlation of Hayduk-Laudie [44] can be 

used to calculate the diffusion coefficients of the components in the aqueous 

phase (eq B.3), and the correlation of Scheibel [45] (eq B.4) to calculate the 

diffusion coefficients of the component in the organic phase:  
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where Vi is the molar volume at boiling point of the solute.  

 



Estimation of the diffusion coefficients in the catalyst particle  

The diffusion coefficients of the compounds in the particle were estimated by using 

the equation from the random pore model, 

 i

P

P
ei D

τ

ε
D 








=           (B.5) 

where εp is the porosity of the material equal to 0.5 and  τp is the tortuosity factor, 

which was estimated to be 2.2 according to ref. [16]. Di is the molecular diffusion 

coefficient for a component (i) and it was determined by using Wilke-Chang 

equation [42],   
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where Ф is the association factor (equal to 2.6 in case of water as solvent), MB and 

μB denote the molar mass and viscosity of the solvent, which is water [32]. The 

molar volumes were calculated from the atomic increments of Le Bas.   

 

 

 



 

Figure B.1. Diffusion coefficients of the compounds in the pores of the solid phase 

DP, in the multicomponent liquid mixture Dm, in the aqueous phase Daq and in the 

organic phase Dorg at 40°C. 
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