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On the basis of hydrogen peroxide decomposition process occurring in the bioreactor with fixed-bed
of commercial catalase the optimal feed temperature was determined. This feed temperature was ob-
tained by maximizing the time-average substrate conversion under constant feed flow rate and temper-
ature constraints. In calculations, convection-diffusion-reaction immobilized enzyme fixed-bed biore-
actor described by a coupled mass and energy balances as well as general kinetic equation for rate
of enzyme deactivation was taken into consideration. This model is based on kinetic, hydrodynamic
and mass-transfer parameters estimated in earlier work. The simulation showed that in the biotrans-
formation with thermal deactivation of catalase optimal feed temperature is only affected by kinetic
parameters for enzyme deactivation and decreases with increasing value of activation energy for de-
activation. When catalase undergoes parallel deactivation the optimal feed temperature is strongly
dependent on hydrogen peroxide feed concentration, feed flow rate and diffusional resistances ex-
pressed by biocatalyst effectiveness factor. It has been shown that the more significant diffusional
resistances and the higher hydrogen peroxide conversions, the higher the optimal feed temperature is
expected.

Keywords: fixed-bed (bio)reactor, hydrogen peroxide decomposition, optimal feed temperature, hy-
drogen peroxide conversion, parallel and thermal enzyme deactivation, diffusional resis-
tances

1. INTRODUCTION

The use of immobilized enzymes is more advantageous than native ones, as it offers an easy product sep-
aration, increased thermal, chemical and operational stability of enzymes, protection against harmful en-
vironmental (mechanical or chemical) stress, and a better process control (Maria, 2012). In such cases the
application of fixed-bed reactor (FXBR) seems to be a good choice. However, when working with immo-
bilized enzymes internal and/or external diffusional resistances (IDR/EDR) are likely to occur regardless
of the method of immobilization (Illanes, 2013). Thus, design and optimization of such reactors are not an
easy task and often involve an inherent trade-off between different and conflicting objectives (Maria and
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Crisan, 2015). Particularly, in case of bioprocesses, optimal conditions assurance can be a very challeng-
ing task because of enzyme deactivation which is not always taken into account to properly predict a real
bioreactor behavior. It should be noted that the factors responsible for enzyme deactivation characteristics
in relationship to the main enzyme catalyzed reaction can be decisive in choosing the reactor operating
mode and optimal operating strategy for the biotransformation course. It can be observed based on the
application of catalase in the decomposition process of residual hydrogen peroxide (HP) (Farkye, 2004;
Soares et al., 2011). In industrial practice hydrogen peroxide decomposition (HPD) usually is carried out
under isothermal conditions at temperatures above 323 K (Horst et al., 2006), and at HP concentration
lower or equal to 2 x 1072 kmol-m~3 (Costa et al., 2002). During this biotransformation usually deactiva-
tion of the catalase by the substrate is dominant. Nevertheless, at low concentrations of hydrogen peroxide
(lower than 1.5 x 1073 kmol-m~3), and at temperatures above 308 K thermal deactivation could also be
important (Mitek et al., 2014). Thus, feed HP concentration, and process temperature can adopt a crucial
role in the course of enzyme deactivation. It is worth noting that the first factor is dependent on the course
of industrial process in which hydrogen peroxide as a bleaching and bactericidal agent has been applied.
Thus, the key problem is to determine the optimal temperature strategy adequate for the HPD process.
This temperature strategy can be simply accomplished by searching for a suitable feed temperature that
under a constant feed flow rate yields the maximum bioreactor productivity, and provides a compromise
between the rate of reaction and that of (bio)catalyst deactivation. Analogical analysis was performed pre-
viously (Grubecki, 2018) for HPD process occurring in the presence of Terminox Ultra catalase (TUC)
immobilized onto the non-porous glass beads and undergoing parallel deactivation. However, this analysis
does not take into account the course of the HPD process at feed HP concentrations lower or equal to
1.5 x 1073 kmol-m~—3, and consequently the selection of optimal feed temperature (OFT) for the HPD by
TUC undergoing the thermal deactivation.

Hence, the objective of the present study was to search for the OFT of the fixed-bed bioreactor for HPD
process occurring in the presence of immobilized TUC undergoing thermal deactivation (independent of
substrate concentration), and in the light of the previous analysis (Grubecki, 2018) to determine the effect
of enzyme deactivation mechanism on optimal strategy under consideration. The optimal feed tempera-
ture has been achieved by maximizing time-averaged substrate conversion accounting for the lower and
the upper temperature constraints as well as diffusional resistances expressed by the global effectiveness
factor.

The analysis presented here is a continuation and generalization of considerations reported previously
(Grubecki, 2018). It offers an insight into the majority of the continuous processes with enzyme deactiva-
tion independent of the substrate concentration that could be encountered in industrial practice.

2. MATHEMATICAL PROBLEM APPROACH

2.1. Kinetic rate equations for reaction and enzyme deactivation

The rate of changes in substrate concentration (rg) of any enzymatic reaction running in the presence

of immobilized enzyme, especially HPD, can be described by the classical Michaelis-Menten kinetics
(Ogura, 1955) cc
/ ELS

rs = Nettkr (T) (1+Cs/Kn) (1)

Each biotransformation is accompanied by diminishing activity of biocatalyst, the rate of which as a

function of substrate concentration (Vasudevan and Weiland, 1990) and temperature can be expressed in

the form

dCg

C
—— = [neff( S
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Equation (2) describes the rate of enzyme deactivation both independent of (¢ = 0, thermal deactivation)
and dependent on substrate concentration (¢ = 1, parallel deactivation), and particularly can be related
to thermal deactivation of catalase (Mitek et al., 2014) as well as deactivation of catalase by hydrogen
peroxide, respectively. The simple model of thermal catalase deactivation (Eq. (2) for ¢ = 0) accounts for
the complexity of the enzyme molecule and has been validated for such enzymes as glycosylases (Ricca et
al., 2009; Shao-Wei and Da-Nian, 2008), proteases (Katsaros et al., 2009a; 2009b; Wilinska et al., 2008),
and more (Mohapatra et al., 2007; Naidu and Panda, 2003).

2.2. Fixed-bed (bio)reactor model

A schematic diagram of fixed-bed bioreactor for HPD process and its characteristics are shown in Fig. 1.
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Fig. 1. Schematic diagram of fixed-bed bioreactor for HPD process with initial and boundary conditions

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) volume and density of the reacting medium are constant, 3) the effective
diffusivity does not change throughout the particles and is independent of the HP concentration, 4) process
is diffusion-controlled, 5) the feed and pellet temperatures 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 or equal to 0.02 kmol-m~?), therefore, it can be assumed that
Cs; < Ky and C; < Kp, 8) substrate (HP) transport rate (ry, ) from the bulk liquid (Cs) to the outer surface
of the immobilized bead (Css) is equimolar diffusion described by the Eq. (3)

rm = kmr, dm(Cs — Css) 3)

2.2.1. Mass and energy balances with enzyme deactivation rate equation

Accounting for the above assumptions and introducing dimensionless state variables

— Cg — Cs T
e L N “
. CEO > CS,ln TIn
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dimensionless axial coordinate variable (z) and dimensionless biocatalyst age (7)

Us

= % N (5)

as well as dimensionless process parameters
Peyy = ZIS)FLI . Peg=" %I\UXSH . Sty= Diiwcp 55 (62)
K| =kr amlI;IS , Ko =kp Cg’I“lIZ (6b)

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

855 _ 8265 aES -~ ~
EW = Pemi azz - aZ - neff(l - S)Kl CE CS (7)
R _,0*% 9% _
8% :PequTZZ_TZ+StH(19W_ﬁ)_neff(l_S)KIHRCECS (8)
oC — —
_TTE = (1 —€)(NefrCs ) K, Cr )

The initial (7 = 0) and boundary conditions for Egs. (7)—(9) at the entry (z = 0) and the exit (z = 1) of the
(bio)reactor are illustrated in Fig. 1.

The formulated mathematical model allows to predict the real behavior of the fixed-bed bioreactor for
HPD process occurring in the presence of commercial catalase in industrial practice.

2.2.2. Evaluation of the effectiveness factor

It has been mentioned that when working with immobilized enzymes diffusional resistances are likely to
occur and can be expressed by effectiveness factor. Moreover, it was proved (Grubecki, 2017) that in the
HPD process occurring in the presence of immobilized TUC the EDR should not be neglected. Then, to
properly assess real bioreactor behavior, the global effectiveness factor (1. = n¢) appearing in Egs. (1),
(2) and (7)—(9) should be introduced (Maria and Crisan, 2015)

Bi [tanh ' (39) — (3¢9) ']
¢ [Bi—1+3¢tanh~'(39)]

NG = (10)

where Bi and ¢ represent the Biot number and Thiele modulus for biochemical reaction of first-order
kinetics, respectively, and calculated using external mass-transfer model developed previously (Grubecki,
2017) as well as kinetic parameters for reaction and deactivation describing the process free of diffusional
resistances. Behavior of the effectiveness factors under EDR and the combined effect of EDR and IDR
(Eq. (10)) have been described elsewhere (Grubecki, 2018).
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2.2.3. Estimation of film mass transfer coefficient

External mass transfer limitations have a significant effect on the performance of immobilized enzyme
reactor for HPD. Thus, to predict the mass-transfer coefficient (kpr.) for HP the correlation developed by
Chilton and Colburn (1934) and experimentally verified by Grubecki (2017) was used

2/3 n—1/3)
Dis (p (

Kt = K — () Ul (11)
di"\n S

with n and K values assessed to be equal to 0.632 and 0.972, respectively. Equation (11) is applicable
for 0 < Re < 20.

2.3. Optimization

2.3.1. Performance index

An optimizing problem has been formulated as a searching for the feed temperature that under constant
feed flow rate would provide maximum time-averaged HP conversion
T
1

amz?fo [1-Cs(z=1,x)] dx (12)

To ensure safe operation the process temperature and feed flow rate, Q, are bounded as below

Omin < U < Onax and Omin < QO < Omax (13)

2.3.2. Optimization calculus

The optimal feed temperature maximizing the time-averaged HP conversion was obtained using con-
strained non-linear minimization with MATLAB Optimization Toolbox (Mathworks Inc., Natick MA,
USA). In optimization procedure the MATLAB PDE Toolbox was employed to solve a set of non-linear
partial differential equations (Egs. (7)—(9)).

3. OPTIMIZATION RESULTS

To perform the calculations the kinetic parameters for reaction and enzyme parallel deactivation deter-
mined earlier (Grubecki, 2017) from data collected during a laboratory study for the process of HPD by
TUC immobilized onto non-porous glass beads running in the model reactor were adopted. Activation en-
ergy and frequency factor for thermal deactivation of catalase with the commercial name Terminox Ultra
were 140.93+0.63 kJ-mol~! and (3.21 +0.87) x 10'7 s~!, respectively (Mitek et al., 2014).

Péclet numbers for mass Pey, and heat Peyy, transfer, effective diffusion coefficient Degr as well as the other

parameters necessary to perform the calculations have been described earlier (Grubecki, 2018). More-
over, in the computations the heat transfer coefficient between wall and bulk liquid phase of
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o = 330 W-m~2-K~! calculated according to the correlation of Dixona and Cresswell (1979) as well
as the jacket fluid temperature corresponding to the feed temperature were adopted.

The effect of the feed flow rate, O, and feed temperature, T1,, on the changes of time-average HP con-
version (Eq. (12)) at the bioreactor outlet in the HPD process with thermal deactivation (solid lines) and
parallel one (dasched lines) has been shown in Fig. 2.
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Fig. 2. The effect of the feed temperature (7i,) and a) feed flow rate (Q), b) initial enzyme activity expressed by K;

parameter value on time-average HP conversion at the reactor outlet in the HPD process with thermal deactivation of

catalase (solid lines) for Cs 1 = 5 X 10~* kmol-m—> and parallel one (dashed lines) for Csin=5x 10~3 kmol-m 3.

Open symbols (O for ¢ =0, O for ¢ = 1) represent the maximum values of time-average HP conversion. Line 1 on
the left represents the dependences oy, vs T, for both analyzed deactivation mechanisms

In the decomposition process of hydrogen peroxide with catalase deactivation both independent of and
dependent on HP concentration — for the analyzed values of kinetic and mass-transfer parameters — the
feed temperature can be indicated, which maximizes the time-average HP conversion at the reactor outlet.
The higher the difference between the upper and the lower permissible temperatures, the more OFT is
likely to occur.

In the process with thermal TUC deactivation (¢ = 0, Fig. 2, solid lines) the OFT is independent of feed
flow rate (at the same time EDR associated with diffusional transport through the stagnant layer surround-
ing the solid biocatalyst particle), internal diffusional resistances (IDR), and consequently combined effect
EDR and IDR (Fig. 3) as well as feed HP concentration and initial enzyme activity (Fig. 2b). Moreover,
the lower the feed flow rate, the more significant global diffusional resistances and the higher time-average
HP conversion. It should be noted that the OFT is closely related to the value of activation energy for ther-
mal deactivation, Ep. The higher the Ep value, the faster the enzyme deactivation at higher temperature,
and consequently, the lower conversion. Therefore, the lower OFT is required (Fig. 4).

As proved previously (Grubecki, 2018), in biotransformation with parallel TUC deactivation (¢ = 1, Fig. 2,
dashed lines) the opposite situation appears. Namely, the OFT is closely related to the feed flow rate
and to effectiveness factor at the same time. This means that the OFT exists only for a certain value
(at least one) of the feed flow rate Q°. For the feed flow rates higher than Q° (Q > Q°), time-average
HP conversion decreases with raising temperature Ti,, and then the OFT becomes equal to the lower
permissible temperature. On the contrary, for the feed flow rates lower than Q°® (Q < Q°®), average HP
conversion increases with the raising temperature, and the OFT should be equal to the upper temperature
constraint. Thus, there exists such a feed temperature for which the time-average HP conversion is at its
maximum. Based in Fig. 2 it can be said that the selection of unsuitable temperature makes the HPD
process with parallel TUC deactivation less efficient than the process with thermal one.
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In the hydrogen peroxide decomposition process by TUC undergoing the thermal deactivation the OFT is
equal to 324 K (Fig. 2-4) for all feed flow rates under considerations with time-average HP conversions at
the bioreactor outlet remaining 0, = 0.934 for Q* = 25 x 1078 m?-s~! corresponding to a value of ng=
0.220, oty = 0.948 for Q°* = 20 x 1078 m3-s~! corresponding to a value of ngG = 0.208, oy, = 0.963 for
Q°* =15x 1078 m?-s~! corresponding to a value of NG =0.191, and o, = 0.977 for Q° =10 x 10~8m3.s~!
corresponding to a value of g = 0.167.
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Fig. 3. The effect of feed temperature and diffusional resistances on OFT in
the HPD with thermal deactivation of catalase. Open symbols represent the
maximum values of time-average HP conversion
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Fig. 4. The effect of feed temperature and activation energy for thermal
deactivation on OFT for Q = 25 x 1078 m3.s~!. Open symbols represent
the maximum values of time-average HP conversion

For HPD process with parallel deactivation the feed flow rates (Q®) for maximum conversions of HP are
equal to: Q° = 25 x 1078 m3-s~! corresponding to a value of ng = 0.210 with o, = 0.764,
Q* =20 x 1078 m*-s~! corresponding to a value of NG = 0.198 with o, = 0.817, 0°* =15 x 108 m3.s~!
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corresponding to a value of g = 0.181 with o, = 0.874, Q°* = 10 x 1078 m*.s~! with nG = 0.159 and
Om = 0.932. For Q > Q° (in this case Q > 30 x 1078 m3.s7! ), the average HP conversion decreases with
temperature rise and then, the OFT corresponds to the lower allowable temperature (Tln,opt = Tin)- For
Q < Q° (in this case 0 < 1.67 x 1078 m3-s*1) the average HP conversion increases when feed temperature
(Tin) grows, and then the OFT equals the upper allowable temperature (7in,opt = Tmax)-

It is obvious that application of the biocatalyst with larger size results in the rise of the diffusional resis-
tances, and consequently the decrease of the global effectiveness factor. As a result, the OFT is expected
to be increased in HPD process with parallel TUC deactivation (Grubecki, 2018) or remains constant in
the process with thermal one.

A similar situation appears when the effect of external film diffusion can be disregarded. Then the process
course can be controlled only by IDR related to the mass-transport of HP inside the pores of the support
and independent of the feed flow rate (Q). In such a case the OFT ensuring the maximum time-average
HP conversion should reach the lower value than that required in the biotransformation with global mass-
transport of HP, when enzyme undergoes parallel deactivation, or takes a fixed value in the process with
thermal one.

4. CONCLUSIONS

Based on the presented simulation study carried out for parametric values the following conclusions can
be drawn:

* In any fixed-bed reactor, especially in a bioreactor for HPD with fixed-bed of commercial catalase,
a certain value of the feed temperature can be indicated for which the time-average substrate con-
version attains the maximum or is the highest. In the biotransformations with thermal deactivation of
catalase this feed temperature is only affected by the activation energy for deactivation, and with a ris-
ing value of energy the OFT decreases. In HPD process with parallel deactivation of TUC, the OFT is
strongly dependent on diffusional resistances, feed HP concentration, and enzyme activity. The higher
diffusional resistances (the lower value of effectiveness factor), the lower the feed HP concentration,
and the higher enzyme activity, the higher the temperature that yields the maximum (or the highest)
level of the time-average HP conversion at the reactor outlet.

* Hydrogen peroxide conversions predicted in the HPD process with thermal deactivation of catalase are
higher than those expected for HPD with parallel deactivation, while relative increase of conversions
diminishes when feed flow rate decreases and varies from 35% for Q = 50 x 1078 m3-s~! to 0.2% for
0=333x10"3m?s L.

* The results obtained in this work can be indispensable to scale up bioreactors for hydrogen peroxide
decomposition without prior estimation of kinetic and process parameters required to select operating
conditions for which the productivity of the bioreactor under consideration attains the maximum or is
the highest.

SYMBOLS
an external surface area for mass transfer, m?-m—>
Bi Biot number (= ky,,1.dp/6Des)
Cg enzyme activity, kg-m—3
Cp heat capacity for the bulk liquid, J-kg~'-K~!
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bulk substrate concentration, kmol-m—3

H,0, concentration at the inlet (j = In) and outlet (j = Out), kmol-m—>

particle diameter, m

effective diffusion coefficient, m?-s~!

substrate diffusivity, m?-s~!

axial dispersion coefficient, m?-s~!

reactor diameter, respectively, m

activation energy for reaction (i = R) and deactivation (i = D), J -mol~!
distance from reactor inlet, m

bed depth, m

dimensionless heat of reaction (= (—AHR)Cs 1n/PCpTin)

heat of reaction, J-mol~!

modified rate constant for deactivation (= vp/Kp), m*-kmol ~!-s~!

pre-exponential factor for deactivation rate constant, m3-kmol~!-s~!

mass transfer coefficient, m-s !

modified rate constant for reaction (= Vg /Ky), m3-kg=!-s~!

pre-exponential factor for enzymatic reaction rate constant, m-s~!

modified rate constant for reaction (= kg Cgo/am), m-s~!
dimensionless number (= kramH /Us)

dimensionless number (= kpCs 1nH /Us)

Michaelis constant for reaction (i = R) and deactivation (i = D), kmol-m 3

Péclet number for mass transfer (= UsH /€Dy)
Péclet number for heat transfer (= pCpUsH /€A)

feed flow rate, m3-s~!

mass transfer rate, kmolm—3-s~!

reaction rate, kmolm3-s~!

Stanton number (= 404 H /DrpCpUs)
biocatalyst age, s

feed temperature, K

lower and upper temperature constraints, K
superficial velocity, m-s~!

dimensionless distance from reactor inlet (= h/H)

time-average substrate conversion

heat-transfer coefficient, W-m—2.K~!

dimensionless Arrhenius number defined as (E;/RTy,) (i = D, R)
porosity of the porous medium (= 0.3)

Thiele modulus (= dp/(kram /Deir)®)

fluid viscosity, kg-m~!-s~!

effectiveness factor defined by Eqgs. (10)

axial heat conduction in liquid phase, W-m~!.K~!
liquid thermal conductance, W-m~!.K~!

rate constant for deactivation, s !

rate constant for reaction, kmol-kg~!'-s~
liquid density, kg-m 3

dimensionless time (= tUs/H)

1

dimensionless state variable (= 7T /Ti,)

http:/fjournals.pan.pl/dlibra/journal/98834

499



www.czasopisma.pan.pl P N www.journals.pan.pl
N

1. Grubecki, Chem. Process-an\, 2018, 39 (4), 491-501

Abbreviations

CAT Catalase

FXBR Fixed-Bed Reactor

EDR External Diffusional Resistances
HP Hydrogen Peroxide

HPD Hydrogen Peroxide Decomposition
IDR Internal Diffusional Resistances
OFT Optimal Feed Temperature

PDE Partial Differential Equations

TUC Terminox Ultra Catalase
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