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with parallel enzyme deactivation using dispersion model:
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Ireneusz Grubecki1*, Katarzyna Kazimierska-Drobny2

1UTP University of Science and Technology, Department of Chemical and Biochemical Engineering, 3 Seminaryjna Street, 
85-326 Bydgoszcz, Poland
2Kazimierz Wielki University, Department of Mathematics, Physics and Technical Science, 1 Copernicus Street, 85-074 
Bydgoszcz, Poland
*Corresponding author: e-mail: ireneusz.grubecki@utp.edu.pl

The problems of process costs and pollution of residual waters in the textile industry require increasing attention 
due to the new ecological regulations and also those resulting from an economic point of view. Hence, the behavior 
of non-isothermal fi xed-bed reactor applied for hydrogen peroxide decomposition by immobilized Terminox Ultra 
catalase attached onto the outer surface of glass beads was studied to determine the operational conditions at 
which hydrogen peroxide decomposition is most effectively. A dispersion model for bioreactor applied in this work, 
and verifi ed experimentally, took into account the coupled mass and heat balances as well as the rate equation for 
parallel enzyme deactivation. The effect of feed temperature, feed fl ow rate, feed hydrogen peroxide concentration, 
and diffusional resistances were analysed. In the calculations the global effectiveness factor based on the external 
mass-transfer model developed previously was employed to properly predict the real bioreactor behavior.

Keywords: Hydrogen peroxide decomposition, Fixed-bed rector, Parallel deactivation, Terminox Ultra 
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INTRODUCTION

 Fixed-bed reactors (FXBR) are important workhorses 
in biochemical industry because of their effi ciency, low 
cost, and numerous construction, operation, and main-
tenance advantages. Such reactors are widely employed 
when the use of immobilized enzymes offers an easy 
product separation (with less allergenic enzyme impuri-
ties), less enzyme loss, increased thermal and operational 
enzyme stability, enzyme protection against harmful 
environmental stress, and better control of the process1. 
Thus, design and optimization of such reactors are not 
an easy task and often involve an inherent trade-off 
between different confl icting objectives2. Especially in 
case of bioprocesses, optimal conditions assurance can 
be a very challenging task (even if the process model is 
available) because of enzyme deactivation which leads 
to a decrease of the reaction rate and is not always 
taken into account when predicting proper bioreactor 
behavior3. The factors related to enzyme deactivation 
characteristics in relationship to the main relation can 
be decisive in choosing the reactor operating mode2 and 
the optimal operating conditions for biotransformations 
course4. Especially, it can be observed in the biotrans-
formations with biocatalyst deactivation dependent on 
substrate concentration (parallel deactivation). This 
deactivation mechanism occurs in the case of catalase, 
which has intensively been applied for elimination of 
residual hydrogen peroxide (HP) in various domains such 
as textile, food, semiconductors industries, treatment of 
the waste waters as well as cosmetics and pharmaceutical 
formulations in biosensor system5.

Catalase can be immobilized on the natural and 
the synthetic carrier materials based on polymers or 
low molecular compounds, organic or inorganic one6. 
However, when working with the immobilized enzymes 
(especially catalase), the mass-transfer resistances, i.e. 

internal and/or external diffusional resistances (IDR/
EDR), are likely to occur no matter which method of 
immobilization is used. It was shown in the hydrogen 
peroxide decomposition (HPD) by immobilized catalase 
where transport of substrate through the stagnant layer 
surrounding the solid biocatalyst particle should not 
be ignored and the combined effect of EDR and IDR 
should be taken into account7.

It is well known that the catalase deactivation rate is 
high enough at the higher HP concentration, and the 
use of fi xed-bed reactors with immobilized catalase can 
be inoperable, requiring frequent biocatalyst regenera-
tion/replacement. However, the operational conditions 
can be pointed out at which the immobilized catalase 
deactivation rate is not fast. Although, hydrogen pero-
xide decomposition by catalase has theoretically been 
studied8–11 and verifi ed experimentally12–14, yet in any 
of these papers the effect of the operating conditions, 
such as the hydrodynamic conditions, axial dispersion 
fl ow, the EDR or/and IDR as well as the rate of enzy-
matic reaction and biocatalyst deactivation (especially 
parallel deactivation), on bioreactor behavior have not 
been considered. 

Hence, the objective of the present study was to analyze 
and simulate the behavior of a non-isothermal fi xed-bed 
reactor performing HPD by a commercial Terminox 
Ultra Catalase (TUC) immobilized onto the non-poro-
us glass beads at the various operational conditions to 
determine those at which decomposition process of HP 
is most effective.

Due to the low HP concentrations occurring in in-
dustrial practice, the considerable reaction heat of the 
enzymatic HPD does not signifi cantly increase the reactor 
temperature. However, the presented analysis allows us to 
predict its distribution in the biocatalyst bed in a situation 
where the HP concentration and/or thermal effect are 
much higher than those analysed in this study. Moreover, 
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when the concentration of the enzyme inside the particle 
is relatively low, the majority of the enzyme should be 
immobilized at or close to the particle surface15. Thus, 
the use of model solutions showing the reactor behavior 
can improve the knowledge of the HP decomposed by 
TUC and the selection of operating conditions for the 
industrial applications enabling to achieve the maximal 
bioreactor productivity.

MATHEMATICAL MODEL DEVELOPMENT

Kinetic rate equations for reaction and enzyme deac-
tivation

The rate of changes in the substrate concentration 
(rS) of any enzymatic reaction running in the presence 
of immobilized enzyme can be described by the classical 
Michaelis-Menten kinetics16

 (1)

Each biotransformation is accompanied by diminishing 
activity of biocatalyst the rate of which as a function 
of substrate concentration17 and temperature can be 
expressed as follows

 (2)

Equation (2) describes the rate of enzyme deactivation 
dependent on the substrate concentration (parallel deac-
tivation), and particularly can be related to deactivation 
of catalase by HP.

Bioreactor model
To formulate and then solve the mathematical model 

of FXBR in which the HPD by immobilized TUC is 
carried out the following assumptions have been made: 
1) catalyst particles are spherical and uniformly packed 
inside the reactor, 2) the volume and density of the 
reacting medium are constant, 3) the effective diffu-
sivity does not change throughout the particles and is 
independent of the HP concentration, 4) the process is 
diffusion-controlled, 5) the feed and pellets tempera-
tures remain constant, 6) the radial concentration and 
temperature gradients in the bulk liquid are assumed to 
be negligible, 7) in industrial practice HPD is carried 
out at low HP concentration (lower than or equal to 
2×10–2 kmol . m–3), 8) the substrate (HP) transport rate 
(rm) from the bulk liquid (CS) to the outer surface of 
the immobilized bead (CSS) is controlled by equimolar 
diffusion described by Eq. (3)

rm = kmLam(Cs – Css) (3)

Mass and energy balances with enzyme deactivation 
rate equation

Accounting for the above assumptions and introducing 
dimensionless state variables

 (4)

a dimensionless axial coordinate variable (h) and a di-
mensionless biocatalyst age (τ)

 (5)

as well as the dimensionless process parameters

 (6a)

 (6b)

 (6c)

the mathematical expressions of the mass and energy 
balances in the bulk liquid phase as well as an equation 
for the enzyme deactivation rate describing the course 
of HPD process in fi xed-bed bioreactor with external 
heat exchange can be written in form of Eqs. (7)–(9)

 (7)

  (8)

  (9)

The initial (τ = 0) and boundary conditions for Eqs. 
(7)–(9) at the entry (h = 0) and the exit (h = 1) from 
bioreactor are given by

 (10)

 (11)

 (12)

The term of  describing the heat transfer 
between the bioreactor wall and the bulk liquid phase 
has been introduced into Eq. (8) due to assumed one-
-dimensional model.

The formulated mathematical model allows to predict 
the real behavior of the fi xed-bed bioreactor for HPD 
process occurring in the presence of a commercial ca-
talase applied in industrial practice.

Evaluation of the eff ectiveness factor
It was proved7 that in the HPD process occurring in 

the presence of immobilized TUC the EDR should not 
be neglected (Table 1).

Then, to properly assess the real bioreactor behavior, 
the global effectiveness factor appearing in Eqs. (1), (2) 
and (7)–(9) should be introduced2

 (13)

where Bi (=kmLdP/6Deff), and φ (=dP/6(kRam/Deff)0.5) 
represent the Biot number and Thiele modulus for 
biochemical reaction of fi rst-order kinetics, respectively, 
and calculated using external mass-transfer model deve-
loped previously7 as well as the kinetic parameters for 
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reaction and deactivation describing the process free of 
diffusional resistances. The behavior of the effectiveness 
factors under EDR, and the combined effect of EDR 
and IDR (Eq. (13)) have been depicted on Fig. 1.

obtained from the solution of the convection-diffusion-
-reaction equations has been introduced.

  (16)

Distribution of biocatalyst activity
Distribution of biocatalyst activity allows to indicate the 

moment in which an enzyme catalyst must be discarded 
and replaced. It is a major issue in biotransformations 
being a crucial decision in process economics, at the 
same time.

MATERIAL AND METHODS

Enzyme immobilization
Terminox Ultra catalase (E.C. 1.11.1.6; 50,000 U . g–1) 

was covalently immobilized onto non-porous glass beads 
modifi ed with 3-aminopropyltriethoxysilane followed by 
a treatment with glutaraldehyde as it was described in 
the previous report7. Glass beads, glutaraldehyde (50% 
(w/w) aqueous solution) as well as 3-aminopropyltrietho-
xysilane were purchased from Sigma-Aldrich (Steinheim, 
Germany). All the other chemical reagents of analytical 
grade, including commercial hydrogen peroxide (30% 
(w/w) aqueous solution), were products of Avantor 
Performance Materials (Gliwice, Poland).

Packed-bed reactor studies

Apparatus 
Three glass columns with a jacket of water recirculation 

were each fi lled with identical 11 g of immobilized TUC 
established earlier. These three reactors were combined 
in series with provisions for taking an effl uent sample 
from each of them. Thus, this system may be considered 
as a single long packed-bed reactor (Table 2) enabling 
controlling substrate (especially HP) conversion as 
a function of biocatalyst age t (τ = tQρU/W), and reactor 
position z (h = z/L). More details can be found in the 
study presented previously7. The feed solution with HP 
concentration of CS,In = 5×10–3 kmol . m–3 was pumped 
through the bed by a peristaltic pump (Model 7518-00, 
Cole Parmer Ltd., USA) at the fi xed volumetric fl ow Q 
ranging from 166.7×10–8 m3 . s–1 to 1.67×10–8 m3 . s–1 
and controlled by a fl owmeter.

Figure 1. Effectiveness factor ηeff under EDR, ηeff = ηEDR, 
(upper surface), as well as combined effect of EDR 
and IDR, ηeff = ηG, (lower surface) as a function of 
feed fl ow rate (Q) and temperature (T)

Table 1. The value of Biot number, Bi, estimated at different 
values of feed fl ow rate, Q, as well as for lower Tmin 
and upper Tmax temperature constraints

Table 2. Characteristics of the model reactor and biocatalyst 
employed in calculations

Calculation of eff ective diff usion coeffi  cient
To represent the role of porosity on diffusion, free 

diffusivity in a fl uid without obstacles must be scaled with 
tortuosity, i.e. the diffusion path of species accounting 
for the deviation from straight line. In this paper, the 
frequently used tortuosity-porosity relation18 was applied 
to estimate the effective diffusivity

 (14)

where τ is tortuosity factor expressed as follows19

 (15)

and εP is the effective, transport-through porosity of the 
considered structure assumed to be 0.520.

Criteria for bioreactor performance

Time-average HP conversion
Conversion is a convenient variable and is often used 

instead of concentration in engineering work. Hence, to 
assess the reaction progress, and consequently, bioreac-
tor performance the time-average substrate conversion 
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Estimation of intrinsic kinetic constants for reaction and 
enzyme deactivation

The intrinsic rate constants for reaction (kR) and 
deactivation (kD) were determined according to the 
method described previously7 yielding the activation 
energies and frequency factors for reaction and deactiva-
tion, respectively, to be ER = 12.6 ± 0.3 kJ mol–1, and 
kR0am  = 48.00 ± 5.38 s–1 as well as ED = 49.7 ±1.2 kJ 
mol–1, and kD0 = (2.77 ± 1.08) × 107  m3 . kmol–1 . s–1. 
These kinetic parameters of the immobilized TUC rep-
resent its proper behaviour when the external diffusional 
restrictions can be disregarded. Such conditions (feed 
fl ow rate) have been established by monitoring the HP 
concentration at the outlet stream under the various feed 
fl ow rates, Q, and invariable residence time.

Correlations for the dispersion coeffi  cients

Péclet number from exit age distribution
The method based on measuring the longitudinal 

spreading of the tracer concentration (CS) in the exit 
stream as a function of time (t) was employed, enabling 
to estimate a value of the Péclet number (PemL), and 
hence, a value of the dispersion coeffi cient DL. A solu-
tion of hydrogen peroxide with concentration of 7.8×10–2 
kmol . m–3 was used as a tracer. After a steady liquid 
fl ow was attained, 1×10–3 m3 of the tracer was quickly 
injected. The tracer injection time was kept as low as 
possible, so as to achieve almost ideal pulse input condi-
tions. The response (HP concentration vs. time) for the 
reactor outlet was spectrophotometrically monitored. The 
relationship between the variance of the concentration 
versus the dimensionless time (θ = t/tm) curve and the 
Péclet number (PemL) for a closed-closed system can be 
expressed by21

 (17)

Based on the response curve, the values of the mean 
residence time tm and variance  were assessed to cal-
culate PemL for each analysed feed fl ow rate. In conse-
quence, a dependence PemL vs. Re was developed to be

 (18)

The developed model (Eq. (18)) offers quite a good fi t 
to the experimental data, and can successfully be applied 
to properly predict the bioreactor behavior (the model 
equations (7)–(12)).

The longitudinal thermal dispersion coeffi  cient
The experimental correlation describing the effect of 

Reynolds (Re) and Prandtl (Pr) numbers on the thermal 
dispersion coeffi cient (Λx) and developed by Testu et 
al.22 was used in calculations

 (19)

Equation (19) is applicable for a water/glass and air/
glass beads systems in the 0 < R ≤ 130 range.

Determination of hydrogen peroxide concentration
The concentration of HP in the feed and effl uent stre-

ams of the reactor was monitored spectrophotometrically 
making use of a UV-Vis Jasco V-530 spectrophotometer 
(Artisan T.G., Champaign IL, USA) equipped with a qu-
artz cuvette Q11020 (Gallab, Warsaw, Poland) with optical 
light path of 20 mm, until the tracer concentration was 
reduced to near zero. The measurements were carried 
out at 240 nm (ε240 = 39.4 dm3 . mol–1 . cm–1).

RESULTS AND DISCUSSION

There are many parameters that signifi cantly infl uen-
ce the HPD in the presence of immobilized TUC. In 
industrial practice, the most important parameters are 
the feed temperature, TIn, the feed HP concentration, 
CS,In, as well as the feed fl ow rate, Q, corresponding to 
diffusional resistances expressed by the effectiveness 
factor, ηeff. Hence, the performance of a non-isothermal 
tubular reactor packed with spherical enzyme particles 
has been modeled in terms of these parameters. The for-
mulated mathematical model described by Eqs. (4)–(12) 
with Eqs. (13)–(15), (18) and (19) has been solved with 
MATLAB using Partial Differential Equations Toolbox 
(Mathworks Inc., Natick MA, USA).

Hydrogen peroxide conversions obtained during ki-
netics assays in the model reactor (Table 1) with TUC 
immobilized on non-porous beads as a function of the 
biocatalyst ages (t), feed fl ow rate (Q), and axial positions 
(h) have been shown in Figs. 2(a) and 2(b). Moreover, 
the theoretical values represented by the solid lines 
were predicted using the same experimental conditions. 
In this analysis, the lower and the upper temperature 
constraints equal to Tmin = 293K and Tmax = 323K, 
respectively, have been taken into account owing to the 
optimal operational activity of Terminox Ultra catalase4.

As it can be observed (Fig. 2(a)), the lower feed fl ow 
rates, Q, the higher HP conversion can be obtained. 
Furthermore, for the feed fl ow rate Q of 5×10–8 m3 · s–1 
and biocatalyst age of tf = 16 h, HP conversion values 
higher than 92% and 99% were obtained after attaining 
1/3 and 2/3 of the total bioreactor length, respectively, 
while these values reached approximately 87% and 97%, 
for 10×10–8 m3 · s–1 as well as 71% and 93% for 20×10–8 
m3 · s–1, respectively. In view of the results presented in 
Figs. 2(a) and 2(b) it can be stated that the theoretical 
model expressed by (Eqs. (4)–(15)) predicts the experi-
mental behavior with a smaller error, less than 3.0%.

It has been mentioned that assurance of the optimal 
strategy in FXBR for decomposition process of HP can 
be a very challenging task. However, such an operating 
strategy can be simply accomplished by searching for 
a suitable feed temperature that under a constant feed 
fl ow rate yields the maximum bioreactor productivity. 
Thus, bearing in mind good consistency of the experi-
mental data with those obtained as a result of theoreti-
cal prediction, the analysis was performed to search for 
a suitable feed temperature yielding the maximum value 
of the time-average HP conversion at the reactor outlet, 
and providing a compromise between the rate of reaction 
and that of enzyme deactivation. This feed temperature 
was obtained using a constrained non-linear minimiza-
tion with MATLAB Optimization Toolbox (Mathworks 
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Inc., Natick MA, USA). In the optimization procedure, 
the MATLAB Partial Differential Equation Toolbox 
was employed to solve the set of non-linear partial 
differential equations (Eqs. (7)-(9)). The calculations 
were performed for the reaction heat of HPD equal to 
(-∆HR) = 93 kJ . mol–1 23 as well as for the coeffi cient 
of heat transfer between wall and bulk liquid phase αW 
= 330 W . m–2 . K–1, and calculated according to the 
correlation of Dixona and Cresswell 24.

Moreover, the EDR assessment is crucial to properly 
predict the behavior of the fi xed-bed reactor. Hence, it 
was proved that in the HPD process occurring in the 
presence of immobilized catalase the EDR should not 
be neglected compared to IDR7. Thus, in this analysis 
the effect of EDR as well as combined effect of EDR 
and IDR have been taken into account.

As noted, the decomposition process of HP in industrial 
practice progresses in the range of low HP concentrations 
CS,In (lower or equal to 2×10–2 kmol . m–3). Thus, fi gures 
3(a) and 3(b) depict the effect of the feed temperature 
(TIn) and the volumetric fl ux (Q) on the time-average 
substrate conversion at the reactor outlet for the feed 
HP concentration of CS,In = 5×10–3 kmol . m–3. Varia-
tions of (Q×108) ranging from 20 m3 . s–1 to 1.67 m3 . s–1 
cause a decrease of the effectiveness factors from 0.456 
to 0.163 for the HPD under EDR as well as from 0.188 
to 0.074 for the process under the combined effect of 
EDR and IDR, respectively.

It can be said that for the analyzed values of the kinetic 
and mass-transfer parameters such a feed temperature 
can be indicated, that maximizes the time-averaged HP 
conversion at the reactor outlet. This feed temperature 
(say optimal feed temperature, OFT) exists only for 
a certain value (at least one) of the feed fl ow rate Q• 
(corresponding to the effectiveness factor ). For the 
feed fl ow rates higher than Q• (Q > Q•), the average 
HP conversion decreases with raising temperature, and 
then the OFT becomes equal to the lower temperature 
constraint, Tmin. On the contrary, for the feed fl ow rates 
lower than Q• (Q < Q•), the average HP conversion 
increases with the raising temperature, and the OFT 
should be equal to the upper allowable temperature, 
Tmax. Thus, there exists such a feed temperature value 
for which the time-average HP conversion is maximal 
(Figs. 3(a), lines 7–9, and 3(b), lines 2–8). The more 
signifi cant diffusional resistances, the higher the OFT 
ensuring the time-average maximum HP conversion is.

Distributions of the HP concentration , and 
TUC activity  calculated for Q = 20×10–8 
m3 . s–1 and corresponding to the OFT equal to 293K 
for the HPD process under EDR, and 308K for the 
process under combined effect of EDR and IDR, have 
been shown on Figs. 4 and 5. Due to the clarity of the 

Figure 2. Theoretical prediction (solid lines) and experimental 
data (open symbols) for HP conversion obtained in 
the process under EDR for CS,In = 5 . 10–3 kmol m–3: 
(a) at the reactor outlet (h = 1) for different feed 
fl ow rates (Q), (b) for Q = 20 . 10–8 m3 s–1 and 
various axial positions (h) in the bioreactor

Figure 3. Effect of feed temperature TIn and feed fl ow rate, 
Q, on time-average HP conversion in the process 
under: a) EDR, b) combined effect of EDR and 
IDR occurring in FXBR with heat exchanger for 
W = 1, and CS,In = 5 . 10–3 kmol m–3. Open symbols 
represent the maximum (or the highest) 
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mentioned fi gures the calculation results for the fi rst 
step have been disregarded.

In general, it can be observed that in the biotransfor-
mations with parallel enzyme deactivation the biocata-
lyst activity distribution, , is the refl ection the 
changes of substrate concentration, . The high 
biocatalyst activity results in the fast HP decomposition. 
In effect, the low HP concentration leads to slow TUC 
deactivation. Thus, the highest HP conversion (the 
lowest TUC activity) is achieved only during the initial 
run of the bioreactor. Furthermore, the lower the feed 
HP concentration, and the shorter the biocatalyst age, 
the higher the HP conversion can be obtained (Table 3).

Figure 4. Distributions of HP concentration  (lower surface), and TUC activity  (upper surface) in the HPD process 
under EDR (left), as well as under combined effect of EDR and IDR (right) for CS,In =5 . 10–3 kmol . m–3, and various 
feed fl ow rates: (a) Q = 20 . 10–8 m3 . s–1, τf = 640, (b) Q = 5 . 10–8 m3 . s–1, τf = 160. Calculations have been made for 
OFT of 308 K (W = 1)

Figure 5. Distributions of HP concentration  (lower surface) and TUC activity  (upper surface) as a functions of 
dimensionless bioreactor length (h) and biocatalyst age (τ) in the HPD process under combined effect of EDR and IDR, 
for feed fl ow rate of Q = 10 . 10–8 m3 . s–1, and feed concentrations equal to: a) 1 . 10–3 kmol . m–3, b) 1 . 10–2 kmol . m–3. 
Calculations have been made for OFT of 308 K (ρW = 1)

Table 3. Exemplary values of average HP conversion, αm, at 
the reactor outlet for various feed HP concentration, 
and biocatalyst ages, τf
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be indicated that at   , the OFT is equal to Tmin 
(TIn,opt =Tmin), while at  , TIn,opt =Tmax. Flow 
slowdown gives rise to a shift of the  values toward 
the higher values. Especially, for the HPD process, the 
value of ηIDR = 0.354 has been assumed for the kinetic 
and mass-transfer parameters considered in this work and 
calculated for a moderate temperature of 303K. It can 
be seen that when in the HPD process the biocatalyst 
is applied for which ηIDR = 0.354, the OFT maximizing 
the time-average HP conversion at the reactor outlet 
corresponds to the lower allowable temperature equal 
to Tmin = 293 K. Then, the average HP conversion, and 
TUC activity in the bed are assumed to be 0.872 and 
0.495, respectively, for Q = 25×10–8 m3 · s–1, 0.916 and 
0.575 for Q = 20×10–8 m3 · s–1, 0.954 and 0.666 for Q 
= 15×10–8 m3 · s–1, 0.982 and 0.768 for 10×10–8 m3 · s–1, 
as well as 0.997 and 0.878 for 5×10–8 m3 · s–1. It should 
be noted that the predicted values of HP conversion for 
the HPD process under IDR take the values between 
those calculated for the process under EDR, and the 
combined effect of EDR and IDR, while the average 
TUC activity in the bed – due to the lower value of OFT 
(less signifi cant diffusional resistances) – is the higher.

The use of biocatalyst of ηIDR value lower than 0.354 
increases the OFT (Fig. 6) yielding the lower HP conver-
sions, and consequently, the higher biocatalyst activity 
in the bed.

Inclusion the energy balance equation (Eq. (8)) in the 
mathematical model allows predicting the temperature 
conditions existing in bulk of the liquid phase. It has 
been mentioned that in industrial applications the HPD 
process runs at the HP concentrations lower than 2×10–2 
kmol · m–3. Such a low concentration makes the tempe-
rature rise along the length of bioreactor negligible so 
the temperature conditions in the reactor can be consi-
dered as isothermal. On the other hand, more detailed 
analysis showed that the temperature distribution in the 
bed, (h,τ), is independent of the reaction heat. What 
does change is the value of the maximum temperature 
reached in the reactor and at higher substrate concen-
tration it may be higher by a few to even dozen or so 
degrees in comparison with the feed temperature, TIn. 
The occurrence of the maximum temperature is mostly 
dependent on the feed fl ow rate, and the feed HP con-
centration (see Figs. 7(a) and 7(b)). The higher the feed 
HP concentration, the faster TUC deactivation arises. 
As a result, the most signifi cant temperature growth 
compensating the loss of TUC activity can be expected 
in the initial part of the bioreactor, while the higher 
the feed HP concentration, the more rapid temperature 
increase is, with a maximum appearing closer to the 
reactor inlet. Additionally, the lower the feed fl ow rate, 
the temperature maximum more pronounced is. These 
regularities can be particularly useful in determining the 
optimal feed temperature, which provides the maximum 
performance of the reactor25.

The described temperature variations appear when 
the feed temperature equals to that of the jacket fl uid 
and correspond to the general regularities which reveal 
when the biotransformations with biocatalyst deactiva-
tion, especially parallel deactivation occur. It is worth 
to mention that the bulk liquid temperature under the 
considered values of the kinetic and transport parame-

Additionally, the lower the feed fl ow rate, the higher 
the time-average HP conversion can be expected (Fig. 5). 
The last regularity is the reason for which in the HPD 
occurring in the presence of TUC undergoing deactiva-
tion the operating strategy should be accomplished in 
such a way that the feed fl ow rate decreases with time 
to compensate the loss of enzyme activity. The lower 
the feed fl ow rate, the more signifi cant EDR (at the 
same time combined effect of EDR and IDR), and 
then the slower the biocatalyst deactivation should be 
expected. Consequently, the higher time-average values 
of HP conversion at the reactor outlet, and biocatalyst 
activity in the bed are required. For example, in the 
HPD process occurring under EDR, the time-average 
HP conversion, αm, and TUC activity, , are 
equal to 0.884 and 0.159, respectively, for Q = 25×10–8 
m3 · s–1, 0.938 and 0.286 for Q = 20×10–8 m3 · s–1, 0.970 
and 0.445 for Q = 15×10–8 m3 · s–1, 0.988 and 0.621 for 
10×10–8 m3 · s–1, as well as 0.997 and 0.804 for 5×10–8 
m3 · s–1. While in the process under combined effect of 
EDR and IDR the mentioned values of the time-average 
HP conversion and average TUC activity in the bed 
are assumed to be 0.746 and 0.289, respectively, for Q 
= 25×10–8 m3 · s–1, 0.812 and 0.380 for Q = 20×10–8 
m3 · s–1, 0.874 and 0.498 for Q = 15×10–8 m3 · s–1, 0.928 
and 0.673 for 10×10–8 m3 · s–1, as well as 0.972 and 0.809 
for 5×10–8 m3 · s–1. It is then obvious that the greater 
the distance from the reactor inlet, h, the lower the HP 
concentration is. Consequently, biocatalyst activity grows 
when, h, increases.

When the effect of external fi lm diffusion can be dis-
regarded then the process course is controlled by IDR 
related to the mass-transport of HP inside the pores of 
the support. Figure 6 shows the dependence illustrating 
the infl uence of effectiveness factor under IDR, ηIDR, 
and the feed fl ow rate, Q, on OFT. Due to clarity of 
Fig. 6, the relationship TIn,opt vs ηIDR has been presented 
only for the selected values of Q×108 (= 5, 10, 20, 25 
m3 · s–1), for which the differences in the curve courses 
are substantial. 

Generally, in a situation when EDR can be negligible 
(similarly when the combined effect of EDR and IDR 
appears), for any value of Q, a certain values of   can 

Figure 6. Effect of effectiveness factor under IDR, ηIDR, and feed 
fl ow rate, Q, on OFT, TIn,opt, ensuring the maximum 
time-average outlet HP conversion, αm
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ters can monotonically decrease (increase) alongside of 
the reactor length when the feed temperature is higher 
(lower or in the case of adiabatic process) than that of 
the jacket fl uid temperature.

The time-average HP conversions (αm) predicted for 
the feed HP concentration of CS,In = 5×10–3 kmol . m–3 

and the various jacket temperatures in the HPD process 
controlled by EDR, as well as combined effect of EDR 
and IDR have been listed in Table 4.

– In the hydrogen peroxide decomposition process 
occurring in a fi xed-bed reactor the feed temperature 
can be indicated, that maximizes the time-averaged HP 
conversion at the reactor outlet; it is closely related to 
the feed fl ow rate, and to diffusional resistances. The 
more signifi cant diffusional resistances (the lower value 
of effectiveness factor), the lower the feed HP concen-
tration, and the higher enzyme activity, the higher the 
temperature is that yields the maximum (or the highest) 
value of the time-average HP conversion.

– The hydrogen peroxide decomposition is the fastest 
in the presence of a fresh TUC, and decreases with in-
creasing distance from the reactor inlet as well as when 
biocatalyst is aging. This is refl ected in the decreasing 
TUC activity, which is the lowest at the highest HP 
concentration. The lower the feed HP concentration, 
and the shorter the biocatalyst age, the higher conversion 
can be achieved.

– The lower the feed fl ow rate, the higher time-average 
HP conversion, and at the same time, the higher average 
TUC activity (higher operational stability) in the bed can 
be achieved. Thus, with lower, Q, and after utilization 
time,τf, a biocatalyst replacement is recommended only 
in the initial part of the bioreactor, while at higher 
feed fl ow rates biocatalyst replacement along the entire 
bioreactor length is recommended.

– In biotransformation with parallel deactivation of 
enzyme the bulk liquid temperature can monotonically 
increase (decrease) alongside of the bioreactor length 
when the feed temperature is lower (higher) than the 
jacket fl uid temperature or can achieve a maximum 
value when the feed temperature is equal to that of 
the jacket fl uid. This maximum is more noticeable at 
the lower the feed fl ow rate, and the higher the HP 

Figure 7. Distribution of the bulk temperature (h,τ) as a function of dimensionless bed length (h) and biocatalyst age (τ) in the HPD 
process under combined effect of EDR and IDR for OFT of 308 K, feed HP concentration of CS,In = 1 . 10–3 kmol . m–3 
(left) and CS,In = 1 . 10–2 kmol . m–3 (right), as well as for feed fl ow rate of: (a) Q =20 . 10–8 m3 . s–1, τf = 640, (b) Q = 
5 . 10–8 m3 . s–1, τf = 160

Table 4. Exemplary values of time-average HP conversion, αm, 
and TUC activity obtained for various jacket tem-
perature in the HPD process occurring under EDR, 
as well as combined effect of EDR and IDR

It can be said that at the higher values of the heat 
exchanger temperature and the feed fl ow rate conversion 
of HP becomes ineffi cient.

CONCLUSIONS

The following conclusions can be drawn based on the 
presented simulation study carried out for parametric 
values:
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concentration, while an increase in the feed HP con-
centration shifts the maximum temperature occurrence 
towards the shorter biocatalyst age. Thermal effect of 
the industrial decomposition process of HP makes the 
temperature rise along the reactor length negligible so 
the temperature conditions in the reactor can be consi-
dered as being isothermal.

– The results of this study not only provide numerical 
solutions but also a deep understanding of the biotrans-
formation with parallel biocatalyst deactivation. They 
can be indispensable to scale up the bioreactor for HPD 
process without the prior estimation of kinetic and process 
parameters required to select operating conditions for 
which the productivity of the FXBR under consideration 
attains the maximum or is the highest.

NOMENCLATURE

am  − external surface area for mass transfer, 
    m2 . m–3 

Bi − Biot number (= kmLdP/6Deff)
CS − bulk substrate concentration, kmol . m–3

CE − enzyme activity, kg . m–3

CP − heat capacity for the bulk liquid, J . kg–1 . K–1

dP − particle diameter, m
Df − substrate diffusivity, m2 . s–1

Deff − effective diffusion coeffi cient, m2 . s–1

Da − Damköhler number (=kR/kmL)
ER − activation energy for reaction, J . mol–1

ED − activation energy for deactivation, J . mol–1

h − dimensionless distance from reactor inlet 
    (= z/L)
HR − dimensionless heat of reaction 
     
(–∆HR) − heat of reaction, J . mol–1

K1 − dimensionless number 
K2 − dimensionless number 
kmL − mass transfer coeffi cient, m . s–1

kD − modified rate constant for deactivation 
    (=νD/KD), m3 . kmol–1 . s–1

kD0 − pre-exponential factor for deactivation rate 
    constant, m3 . kmol–1 . s–1

 − modifi ed rate constant for reaction (=νR/
    KM), m3 . kg–1 . s–1

kR0 − pre-exponential factor for enzymatic reaction 
rate constant, m3 . kg–1 . s–1

kR − modifi ed rate constant for reaction  
    ( ), m . s–1

L − bed depth, m
PemL − Peclet number for mass transfer 
PeqL − Peclet number for heat transfer
    
Pr  − Prandtl number 
rm − mass transfer rate, kmol . m–3 . s–1

rS − reaction rate, kmol . m–3 . s–1

StH − Stanton number 
t − biocatalyst utilization time (biocatalyst age) 
    or time, s
TIn − feed temperature, K
TW − heat exchanger temperature, K
US − superfi cial velocity, m . s–1

z  − distance from reactor inlet, m

Greek letters
αW − heat transfer coeffi cient, W . m–2 . K–1

αm − time-average substrate conversion at the 
    reactor outlet
βi − dimensionless Arrhenius number defi ned as 
    (= Ei/RTIn) (i = D, R)
ε − porosity of the porous medium (= 0.3)
η − fl uid viscosity, kg . m–1 . s–1

ηeff − effectiveness factor
Λx − axial heat conduction in liquid phase, 
    W . m . K–1

λ  − liquid thermal conductance, W . m . K–1

νD − rate constant for deactivation, s–1

νR − rate constant for reaction, kmol . kg–1 . s–1

ρ − liquid density, kg . m–3

τ  − tortuosity factor (Eq. (15)), dimensionless 
    biocatalyst utili zation time (=tUs/L)
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