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Abstract

In this work, the enzymatic hydrolysis reaction of sucrose through invertase
under unsteady-state conditions has been investigated. The aim is to evaluate
the inhibition phenomena influence on the reaction rate and, then, on the
concentration and temperature profiles by simulating the process in a tubular
reactor, varying the enzyme concentration and the reactant mixture velocity.
The transport phenomena considered during the enzymatic hydrolysis
process have been described by means of unsteady-state momentum, mass
and energy balance equations, taking into account molecular and convective
transport and generation terms. Interpretation and discussion of the results
obtained by FEM resolution of PDEs involved allow to understand the relev-
ance of the operating parameters.
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1. Introduction

Sucrose is often hydrolyzed to produce invert sugar, a mixture of its two mono-
saccharides, glucose and fructose, as the latter shows a higher sweetening power
respect to the sucrose itself [1]. Sucrose is hydrolyzed with either acidic or en-
zymatic hydrolysis [2]. The latter, carried out with invertase enzyme, is preferred
to the acidic one because it prevents the formation of polluting colored com-
pounds and the resulting sugar has a more pleasant taste. Invertase, called dis-
accharidase or S-fructofuranosidase, is a protein that belongs to the class of hy-
drolytic enzymes and it can be produced by many microorganisms that can use
sucrose as a nutrient [3]. Commercially, the invertase is mainly biosynthesized
by yeast strains of Saccharomyces cerevisiae [4] or Saccharomyces carlsbergensi.
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The kinetics of this reaction has been studied in different works, in particular
the activity of the invertase, the inhibitory effects caused by the products and/or
the substrate, and/or other factors such as viscosity and water concentration and
sucrose diffusion were analyzed. All these equations were derived from Michae-
lis-Menten kinetics, taking into account inhibitory effects. D. Combes and P.
Monsan found that the increase in viscosity does not affect either the efficiency
or the activity of the invertase [5]. Kertesz realized the importance of water con-
centration as a determining parameter in the hydrolysis rate of sucrose by inver-
tase [6]. Also, by considering the reduction in water concentration throughout
the reaction, Bowski, Saini, Ryu & Vieth showed that the reaction rate gradually
increases by increasing the sucrose concentration until a certain value, after
which the reaction velocity decreases with increasing sucrose concentration [7].

From the above discussions, it appears that preserving the invertase perfor-
mance in all its applications is of great importance. The researches showed that
the most important and influential parameters in this regard are pH of the reac-
tion medium, temperature and the cumulative effect where all of these are a
function of time in which the enzyme is used. Temperature slightly increases due
to the exothermicity of the reaction (heat of reaction AH, =-14930J/mol [8]).

Simulations under unsteady state conditions of the transport phenomena in-
volved in the enzymatic hydrolysis process in a tubular reactor are performed.
Then, evaluation of the influence of enzymatic concentration and reactant mix-
ture flow rate is carried on. This can be useful for a better understanding of the

process, improving industrial applications.

2. Mathematical Model

Sucrose (S) enzymatic hydrolysis into glucose (G) and fructose (F) has been
modeled as an unsteady-state process, providing a pressure drop between inlet
and outlet sections of a tubular reactor of radius R = 0.04 m and length Z= 0.3
m, causing a laminar flow with average velocity v,,. In such a way, besides the
time dependence, only the axial component of fluid velocity results to be dif-
ferent from zero and dependent on the radial direction Vv, (r,t), while the su-
crose concentration and the temperature both on the radial and axial direc-
tion, C,(r,z,t) and T(r,zt). A scheme of the physical system is reported
in Figure 1.

Unsteady-state momentum, mass and energy equations, including molecular
and convective transport, developed on a differential volume AV =2nrArAz,
considering a cylindrical coordinate system (r,6,z) [9], are reported in
Table 1.

As initial condition, the fluid is still, with a sucrose concentration equal to ze-
ro, and presents uniform temperature. As boundary conditions for the radial di-
rection, the symmetry condition respect to the z-axis is considered, while no-slip,
impermeability and thermal insulation conditions of the reactant mixture are

applied at the wall, respectively for momentum, mass and energy equations. For
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Figure 1. Physical system.
Table 1. Equations system.
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the z direction, uniform sucrose concentration and temperature of the reactant

mixture in the inlet and Danckwerts’s condition in the outlet section are im-

posed.

3. Materials and Methods

The simulations were carried out using the thermodynamic, transport and ki-
netics parameters values reported in Table 2.

The value of 834 mM, corresponding to 30% by weight, has been used for the
inlet sucrose concentration. To solve the partial differential equations with initial

and boundary conditions of mathematical model, COMSOL Multiphysics code
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has been used, based on a Finite Elements Method (FEM). According the FEM
approach, the tubular reactor has been divided in subdomains (Finite Elements)

assembled like in Figure 2.

Table 2. Values of parameters used in the simulations.

k 0.6 [W/(m'K)]
c 3510 [J/(kg'K)]
P 1100 [kg/m®]
u 1.8x07° [Pa-s]
D 49x 1071 [m?/s]
ko, 2.8 [mol/m?]
ky 3.27 [mol/(kg's)]
k 8.7 [mol/m?]
ki 400 [mol/m?]

Mesh vertices . . .3574 . . .

Triangle elements 5921

Quadrilateral elements 430

Edge elements 365

Vertex elements 4

Number of elements 6351

Minimum element quality 0.4615

Average element quality 0.8782

Element area ratio 0.06913

Mesh area 0.012 m?

Figure 2. Mesh type and mesh statistics.

4. Results and Discussion

In Figure 3, time parametric line graphs of velocity (a), substrate concentra-
tion (b) and temperature (c) are reported against r and z coordinates [cm],
with v,,= 1 cm/s and C, = 15 kg/m’.

In the first 70 seconds, it can be observed that in the output section the sub-
strate concentration profiles are practically zero, since the velocity profiles have
not yet reached the values that would allow the particles to go through the entire
reactor length; consequently, in the outlet section, the reaction does not take
place and, therefore, the temperature profile in this time interval is practically

constant and equal to the value 7; = 303 K.
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Figure 3. (a) Time parametric line graphs of velocity v,(r,z=L,t) and v,(r=0,z,t); (b) Time parametric

line graphs of substrate concentration C,(r,z=L,t) and C,(r=0,zt); (c) Time parametric line graphs of

temperature T(r,z=L,t) and T(r=0,zt) with , z[cm].
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From 80 to 100 seconds, the velocity profiles continue to increase, more to the
axis and less towards the reactor wall, while the substrate concentrations and
temperatures at the reactor outlet both decrease from the center towards the
reactor wall. The concentration profile in the outlet section of the reactor de-
creases because a lower concentration arrives and it is not due to a higher con-
version of the substrate, which would have caused a temperature rise, due to the
exothermicity of the reaction.

In the time interval between 100 and 200 seconds, in the outlet section, the
velocity profiles continue to evolve, the concentration profiles consolidate the de-
creasing trend, while the temperature profiles change, showing a maximum that,
over time, moves towards the reactor wall. This maximum can be explained on the
basis of the different velocities of the fluid elements: particles near the axis are
able to reach the outlet section, reacting and developing heat; particles near the
wall are too slow to run across the whole tube and for this reason they can’t have
reacted in the outlet section and heat has not been released. In particular, at =
200 s, the velocity and substrate concentration profiles in the outlet section clearly
decrease along the radius, while the temperature shows the maximum value for r
= 0.03 m and then it decreases up to the reactor wall. Right now, the reactant
mixture between the axis and 75% of the reactor radius has a velocity that is suf-
ficient to reach the outlet section and to react, with increasing residence times
due to the decreasing velocity. Therefore, while the concentration decrease and
the temperature increase up to the position r = 0.03 m denote a greater conver-
sion, the following concentration drop, according to the temperature decrease
up to the wall, indicates that the mixture had no way to react in that zone.

Beyond the 200 seconds, the velocity profiles assume the parabolic shape of
the steady-state laminar flow, while concentration and temperature, still under
unsteady-state, always have opposite trends; in particular, the temperature in-
crease, corresponding to the concentration decrease, denotes that all the reactant
mixture passes through the reactor and reacts, with residence times inversely
proportional to the velocity.

Figure 4 shows the steady-state maps of substrate concentration and temper-
ature, for two different fluid velocities with C_ =15Kkg / m® (a) and two differ-
ent enzyme concentrations with v, =1cm/s (b).

At steady-state conditions, with the same enzyme concentration (C; = 15
kg/m?), the higher the average velocity, the lower the residence time of the mix-
ture in the reactor and, therefore, the lower the sucrose conversion and the tem-
perature rise (top of Figure 4(a)); on the other hand, with the same average ve-
locity of 1 cm/s, the higher the enzyme concentration, the higher the reaction
rate and, therefore, the sucrose consumption and the temperature rise (bottom
of Figure 4(b)). Of course, the lower the average velocity, the greater the effect
of the enzyme concentration, while the higher the concentration of enzyme, the
smaller is the effect of the average velocity; in other words, at steady-state, this
two parameters have an opposite effect on the consumption of sucrose, so the

effect of the variation of one parameter can be neutralized by varying the other.
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Finally, being the velocity profile parabolic, the central area around the tube axis
(r=0) is more affected by the effect of the velocity, which involves a variation of
the residence time, while the area near the tube wall (r = R) is more influenced
by the change in concentration of the enzyme.

In Figure 5, reaction rate against substrate concentration is reported in dif-
ferent cases.

It can be observed that both the inhibitions reduce the reaction rate. However,
whereas the product inhibition affects it at low substrate concentration, the sub-
strate inhibition provides a stronger effect at high substrate concentration. The
former can be avoided using a high substrate concentration, while the latter
would require a low substrate concentration. Therefore, to better solution is to
choose an intermediate value (around 300) that gives the maximum reaction rate

in presence of both inhibitions.

0.325 0.325
0.3 0.3
800
0.275 0.275 306
0.25 700 0.25
0.225 0.225
600
0.2 0.2 305
0.175 500 0.175 )
0.15 400 0.15
0.125 0.125
0.1 00 0.1 304
0.075 200 0.075
0.05 0.05
100
0.025 0.025
0 0 303
-0.025 -0.025
-0.025 0 0.025 0.05 0.075 -0.025 0 0.025 0.05 0.075
vy, =05Myg surface concentration [m°l/m3] Vm = 0.5 Mg surface temperature K]
0.325 0.325
0.3 0.3
800 k
0.275 0.275 a6
0.25 700 0.25
0.225 0.225
4600
0.2 0.2 305
0.175 500 0.175 ‘
0.15 400 0.15
0.125 0.125
0.1 gy 300 0.1 304
0.075 200 0.075
0.05 0.05
100
0.025 0.025
0 0 303
-0.025 -0.025
-0.025 0 0.025 0.05 0.075 -0.025 0 0.025 0.05 0.075
vy = 16My surface concentration [m"l/m3] Uy =1 Myg surface temperature [K]
(@)
DOI: 10.4236/eng.2020.124023 286 Engineering


https://doi.org/10.4236/eng.2020.124023

B. Ascione et al.

0.325 0.325
0.3 0.3
800
0.275 0.275 306
0.25 700 0.25
0.225 0.225
600
0.2 0.2
=305
0.175 500 0.175
0.15 400 0.15
0.125 0.125
1300
0.1 0.1 304
0.075 200 0.075
0.05 0.05
0.025 0 0.025
0 0 303
-0.025 -0.025
-0.025 0 0.025 0.05 0.075 -0.025 0 0.025 0.05 0.075
C;=15 kg/m3 surface concentration [mol/m3] C;=15 kg/m3 surface temperature [K]
0.325 0.325
0.3 0.3
800
0.275 0275 306
0.25 700 0.25
0.225 0.225
- 4600
0.2 0.2 305
0.175 500 0.175 -
0.15 400 0.15
0.125 0.125
300
0.1 0.1 304
0.075 200 0.075
0.05 0.05
100
0.025 0.025
0 0 303
-0.025 -0.025
-0.025 0 0.025 0.05 0.075 -0.025 0 0.025 0.05 0.075
C; =30 kg/m3 surface concentration [mal/m3] Cz = 3Ok‘q/m3 surface temperature [K]

(b)

Figure 4. (a) Steady-state substrate concentration and temperature maps, varying the average velocity; (b)

Steady-state substrate concentration and temperature maps, varying the enzymatic concentration.

5. Conclusion

A model for invertase induced sucrose hydrolysis process, with product and

substrate inhibition, has been developed in a tubular reactor, varying the enzyme

concentration and the reactant mixture average velocity. The simulations, ob-

tained solving unsteady-state momentum, mass and energy balance equations,

show the velocity, concentration and temperature profiles in the reactor. To

correctly understand the phenomena involved it is necessary to take into ac-

count and compare all the three profiles. Moreover, enzyme concentration and

reactant mixture average velocity act in an opposite way: the higher the enzyme
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Figure 5. Reaction rate against substrate concentration in case of: No inhibition (green),

Substrate inhibition (blue), Product inhibition (red), Product and substrate inhibitions
(black).

concentration, the higher the sucrose conversion and the temperature rise; the
higher the average velocity, the lower the residence time and so the lower the
sucrose conversion and the temperature rise. Finally, to optimize the process,
high values of enzyme concentration and low velocities should be used.
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Nomenclature
Cs [mol/m?] Sucrose concentration
Cq [mol/m?] Inlet sucrose concentration
Cy [kg/m?] Enzyme concentration
& [J/(kg-K)] Specific heat
[m?/s] Mass diffusivity
k [W/(m-K)] Thermal conductivity
k; [mol/m?] Specific reaction rate
k,, [mol/m?) Michaelis-Menten constant
ki [mol/m?] Product competitive inhibition constant
Ky [mol/m?) Substrate inhibition constant
t [s] Time
T [K] Temperature
(-r) [mol/m?.s] Sucrose consumption rate
u [Pa-s] Dynamic viscosity
P [kg/m’] Density
(AH,) [J/mol] Heat of reaction
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