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A microreactor—separator system constructed of thin channel filled with an enzyme and mi-
croparticulate solid adsorbent immobilized in hydrophilic gel was studied by numerical simulations
using a mathematical model of the reactor system. A substrate-inhibited enzyme reaction producing
two nonionic products from nonionic substrate (e.g. sucrose hydrolysis by invertase) was considered.
Electroosmotic flux and molecular diffusion were considered as mass-transport processes in the gel,
as no electrophoretic migration was possible. The mathematical model involved the mass balances
of all reaction components in liquid and solid phases, enthalpy balance, and equation describing
the enzyme inactivation. A periodic switching of the substrate concentration at the reactor inlet,
resulting in periodic alternation of reaction and separation periods, was applied. Dependences of
the microreactor—separator operating measures (e.g. separation efficiency of the products) on basic
operational parameters (switching period, electric current density, channel length, substrate inlet

concentration) were analyzed.

Biotransformations based on application of immo-
bilized enzymes are frequently used in industrial pro-
duction of pharmaceuticals, food products, and bulk
chemicals. There is, however, a wide range of high-
value added products that are produced by means of
immobilized enzymes in quite low quantities. These
products can be obtained in an inexpensive and sim-
ple way using a new kind of manufacturing devices:
micro(bio)reactors. The microreactor systems are uti-
lized in many applications ranging from inorganic cat-
alytic reactions with high heat production rates, where
system miniaturization brings about strong improve-
ment of heat removal, to biochemical and biological
applications. The microsystems in biochemical and
biological applications enable to obtain huge amount
of data (e.g. for screening of biologically active sub-
stances) that can be produced by parallel processing
(1, 2]. The unique properties of the micro(bio)reactors
result from their ability to combine a large number of
components and functions within small volume.

An electroosmotic flux is commonly adopted in
microreaction systems for fluid transport. The elec-
troosmotic flux can be easily controlled by intensity
of an externally imposed electric field and both elec-
trically charged and uncharged solutes can be trans-
ported [3]. Pronounced effects of the electroosmotic
and electrophoretic transport of reaction components

within a gel with immobilized enzyme on enzyme reac-
tions in macro- and microreactor systems were demon-
strated in our previous papers [4, 5]. Certain aspects
of a product-inhibited enzyme reaction performed in
a microreactor—separator system with the enzyme
and adsorbent attached to the channel walls were also
studied by Stépdnek et al. in [6] where the benefits of
the system periodic operation were pointed out.
Mathematical modelling of selected operational as-
pects of the enzymatic microreactor with electroos-
motic pumping of the reaction mixture (that is used
as a new tool in capillary electrochromatography [7])
where simultaneous substrate-inhibited enzyme reac-
tion and separation of reaction components via ad-
sorption take place is the subject of this paper.

THEORETICAL
Microbioreactor—Separator

A microreactor—separator system considered in
this paper is schematically depicted in Fig. 1. Main
part of the reactor is a thin channel (CH) filled with
a hydrophilic gel (e.g. polyacrylamide, agarose, algi-
nate) with the entrapped enzyme and dispersed mi-
croparticulate adsorbent. The flow-through substrate
well (S) delivers substrate (and buffers) solution to the
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Fig. 1. Schematic depiction of microbioreactor—separator. CH
- channel filled with a hydrophilic gel with immobilized
enzyme and with dispersed adsorbent; S — substrate
well; P-1, P-2 — product wells; SW - channel switch.
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gel boundary. A periodic (pulsed) switching of sub-
strate concentration (substrate “ON” and “OFF” pe-
riods) in the substrate well is supposed. The reaction
period and the separation period of reactor perfor-
mance therefore periodically alternate. The substrate
within the gel is transported via molecular diffusion
and electroosmosis. The simultaneous enzyme reac-
tion and reaction components separation (via adsorp-
tion) take place within the gel. The gel-filled channel
branches to the outlet channels terminating in prod-
uct wells (P-1, P-2). Electrodes located in the sub-
strate well and in the product wells allow for switch-
ing of the electroosmotic fluid flow to selected out-
let well by means of channel switch (SW). The entire
microbioreactor—separator system is manufactured in
an inert support matrix (typically glass) [1].

Mathematical Model

An enzyme reaction with substrate inhibition in-
cluding only nonionic reaction components is chosen
for modelling. The enzyme (E) converts nonionic sub-
strate (S) to two nonionic products (G, F)

S—L4G+F (A)

differing in their adsorption parameters. Sucrose hy-
drolysis by invertase [8] is an example of such reaction.
The mathematical model of the enzymatic separat-
ing microreactor consists of mass balances of all reac-
tion components both in liquid and solid phases (the
adsorbent), enthalpy balance, and equation describ-
ing enzyme inactivation. Temperature dependences of
reaction rate and enzyme inactivation rate are in-
volved in the model. Hydrodynamic convection in
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the gel-filled channel is not considered as no pres-
sure difference across the channel is supposed. The
reaction-separation channel of the reactor was consid-
ered as spatially one-dimensional system (radial gra-
dients were neglected) with the spatial coordinate 2
identical to the axis of the channel (the channel diam-
eter is small compared to its length, 4).

The mass balance equation of component i in liquid
phase (within the gel pores) in the channel is

. ;0 = y
% =-V (j{’ + ’;) —le—e%wir (i=S,G,F)
(1)
where ¢; is the concentration of component i in lig-
uid phase, 7 is time, ¢ is the void fraction of the gel
in the channel (volume of the gel without adsorbent
particles), ¢; is the concentration of component i in
solid phase and v; is the stoichiometric coefficient of
component i. The second term on the right-hand side
represents the accumulation of the adsorbed compo-
nent in the solid phase and the last term is the reac-
tion rate for the component i. The diffusional (j¢) and
electroosmotic (j?) fluxes in eqn (1) are given as
jd=-DiVe  j?=kiic (2)
where D; is the diffusion coefficient of the component i
and k;, is an electroosmotic coupling coefficient [2—5].

The mass balance equations for the reaction com-
ponents in solid phase (the adsorbent), assuming the
linear adsorption isotherm and the rate of adsorp-
tion/desorption expressed by the linear driving force
law, are

%% — haalKuei — @) €
ir
where k,a is the mass transfer coefficient and Kj;
is the adsorption equilibrium constant of the compo-
nent i.

The enthalpy balance includes heat accumulation
in the channel, heat conduction, electroosmotic heat
convection, heat production due to the enzyme reac-
tion, Joule heating, and heat transfer at the channel
surface (external cooling or heating)

pcpg—z = szT - pcpkioi VT + (_AHRT) +

2
+—Z—2-+a(Tc—T)Av (4)
KE

where p is the density, ¢, specific heat capacity, T'
intrachannel temperature, A heat conductivity, AHgr
reaction heat, i electric current density, & electrolytic
conductivity, a heat transfer coefficient, Tc channel
wall (cooling) temperature, and Ay surface to volume
ratio. Considering one-dimensional geometry and in-
troducing dimensionless variables: spatial coordinate
¢ = z/6, time § = 7Ds/4?, liquid-phase concentra-
tion C; = ¢;/ci, solid-phase concentration @Q; = ¢;/ ciS“
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and intrachannel temperature © = T /Ty 4., the model
equations can be converted to the following dimen-
sionless form:

The mass balance equations in dimensionless form
for components in liquid phase are (cf. e.g. Pribyl et
al. [5])

66 _ Di&C _p, 3G
86 ~ Ds 8¢2 8¢
1-—
: £ Bia (KaiCi — Qi) +euDa  (5)

The dimensionless mass balance equations for com-
ponents in solid phase (the adsorbent) are

9Qi

86
and the enthalpy balance equation in dimensionless
form is

= Bia (KaiCi — Qi) (i=S,F,G) (6)

00 %0 6@  Da,
W = LC—aF —Peo% + 62

-0)

Dimensionless parameters: Peclet number Pe,, Biot
number for adsorption Bi,, Damkohler number for
enzyme reaction Dae, Damkohler number for heat pro-
duction by enzyme reaction Day, Biot number for heat
transfer Biy, Lewis number Le, and Damkshler num-
ber for heat production due to Joule heating Da, are
defined by the following relations

+ e Day + Biyg ( T
Tvar

The reaction rate of enzyme reaction r involves sub-
strate inhibition and is given by the relation (dimen-
sional) (8]

kiweces

= 1+ kocs + kgcg (10)

r

where cg is the substrate concentration, wg enzyme
concentration, and k;, k2, k3 are kinetic parameters
(k; is supposed as temperature-dependent according
to Arrhenius relation [8]).

The mass balance equation for dimensionless con-
centration of the active enzyme wg, assuming the first-
order kinetics of the enzyme inactivation and Arrhe-
nius form of the dependence of inactivation rate con-
stant kq on temperature, is

dwg _ OkF'ws [ ABg (1 1
40 = Ds TP | RTua \© Oref
(11)

where AE4 is the activation energy of enzyme inacti-
vation and R is universal gas constant.

Numerical Methods

Spatial derivatives in dimensionless model equa-
tions were replaced by finite differences and the re-
sulting sets of ordinary differential equations were
solved using the moving grid algorithm-based software
package MOVGRD (Blom and Zegeling [9]) in order
to get temporal evolution of the reaction component

kioi d kaa 62 h . .
Pe, = la = concentrations, the active enzyme concentration, and
2 B Ds the temperat ithin the mi tor— t
» 5 perature within the microreactor—separator
Da = “5 5 By == “_—Afi) r (8) channel. The values of model parameters used in sim-
cd Dg pcpDsTigr ulations are listed in Table 1.
9 Zero concentrations of the substrate and both re-
Biy = ad” Ay Le = A action products along the entire channel length were
pcpDs pcpDs considered as initial conditions for eqns (5) and (6)
D 262
b= o D 9) C0=0,0<C<1)=0 (i=S,FG) (12
Table 1. Values of Model Parameters
Parameter Value Unit Parameter Value Unit
Ay 2000 m~! KaF 0.8 -
cp 4187 Jkg~1 K™! Kag 0.2 -
Df 10.0 x 10~10 m? s~1 Kas 0.0 -
Dg 10.0 x 10-10 m? s~! R 8.314 J mol—! K-!
Ds 7.0 x 10-10 m? s~! Todr 343.15 K
ERr 35000 J mol—? T. 343.15 K
Eq4 250000 J mol—! wEo 50.0 kg m~3
AHg 13500 J mol—! XonN 0.05 -
kaa 0.5 s1 a 2000 W m-2K-!
kref 1.0 x 1077 g € 0.4 -
kio -5.0 x 10~8 m3 A-1 5! K 0.5 Sm~!
kst 0.1 m3 kg~! 51 A 0.65 Wm! K™!
k2 3.0 x 103 m3 mol~! p 1200 kg m~3
k3 5.0 x 10~4 m® mol—2 Osw 0.005 —
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Flat initial temperature profile (T' = Tpq,) in the chan-
nel was used as initial condition for the enthalpy bal-
ance (7), i.e. in dimensionless form

©Ol=0,0<¢<1)=1 (13)
Homogeneous distribution of the enzyme in the chan-
nel was used as initial condition for eqn (11)

wg(@=0,0<¢<1)=1 (14)
Following boundary conditions were used

Cs=(6,¢(=0)=C¥
aCi(0,(=0) _ -~

ac =0, i=S,F,G (15)
aCi(6,¢=1) _ _

ac =0, i=S,FG
06,(=0)=0(,¢=1)=1 (16)

RESULTS AND DISCUSSION

The effects of basic operational parameters of the
microreactor—separator system (electric current den-
sity, reaction channel length, substrate inlet concen-
tration) on its reaction and separation efficiency were
studied. An example of spatio-temporal evolution of
the intrachannel component concentrations in the lig-
uid phase is shown in Fig. 2. The substrate (dosed
to the channel entry in a form of short concentration
pulses, cf. Fig. 3) is transported into the gel with im-
mobilized enzyme and is completely consumed by the
reaction before it reaches half the length of the chan-
nel. The products formed are transported via diffusion
and electroosmotic flux to the channel outlet. Due to
the different sorption strength of the products F and
G on adsorbent particles in the gel, the product sepa-
ration occurs.

An example of reaction products separation is
shown in Fig. 3, where also the substrate-pulsed input
to the channel inlet is depicted. Satisfactory separa-
tion of products G and F is obvious. The efficiency
of reaction products separation was quantified by the
efficiency of separation ESFof components G and F
defined as [10]

tc — 1
EnglG Fl

\/SGSF

where #; and s; are the mean elution times and peak
widths of respective components at the channel outlet.

Dependence of the separation efficiency on electric
current density i, channel length § , and substrate inlet
concentration ¢ was analyzed (Fig. 4). The influence
of electric current intensity i on the ESFvalue was

(17)
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Fig. 2. Spatio-temporal evolution of dimensionless concentra-
tions of reaction components in liquid phase in reac-
tion channel. a) Substrate S; b) product G; c) product
F. Parameters: channel length § = 1 x 10~2 m; elec-
tric current density i = —500 A m~2; substrate in-
let concentration ¢ = 1 kmol m~3; total period of
substrate concentration switching fsw = 0.005; ratio of
substrate “ON” sub-period duration to total switching
period Xon = 0.05.

studied for negative values of i, when the electroos-
motic flux supports the reaction components trans-
port in the channel towards the product well. The
ESFvalue increases with increasing electric current in-
tensity up to i ~ —225 A m~2, where it reaches its
maximum value of about 4.93. The increase of EST
value in Fig. 4a is due to deceleration of the electroos-
motic flux with increasing electric current density (it
should be kept in mind that the values of ¢ are nega-
tive). The deceleration of the electroosmotic flux, i.e.
the deceleration of the rate of products transport out
of the channel, results in improved separation of the
products G and F because of extension of the separa-
tion time. Positive electric current densities cannot be
applied to the channel as then the electroosmotic flux
direction is oriented towards the substrate well and
no reaction products can be transported to any of the
product wells.

Chem. Pap. 55 (6) 339—344 (2001)
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Fig. 3. Dimensionless inlet substrate concentration S (——)
and product outlet concentrations F ( ) and
G (- - -). Parameter values as in Fig. 2.

0.015

The channel length (i.e. the available separation
distance) also remarkably influences the efficiency of
separation (Fig. 4b). It is obvious that the longer the
separation distance ¢ , the greater the ESGF value (the
better separation of products G and F). The increase
of the ESF with the channel length § from 5 to 15
mm is, however, only about 30 % contrary to the
manifold increase shown in Fig. 4a. The separation
efficiency control vie adjustments of the electric cur-
rent density represents therefore an appropriate tool
for microreactor—separator management.

With increasing value of the substrate inlet con-
centration ¢! the EST value decreases (Fig. 4c). High
values of the substrate inlet concentration (i = 1500
mol m~3) bring about substantial deceleration of the
enzyme reaction (due to substrate inhibition). Then,
the unreacted substrate scatters over a wide portion of
the channel and nonzero value of the substrate liquid-
phase concentration at the channel outlet may arise.
This regime of the system performance is obviously
unacceptable in practical systems. Therefore, the in-
let substrate concentration must be properly set (with
regard to the channel length and the electric current
density values) in order to attain both the complete
substrate conversion and the reaction products sepa-
ration.

CONCLUSION

The mathematical model of the enzymatic sepa-
rating microreactor presented in this paper has been
found a suitable tool for analysis of various aspects
of the microreactor performance. The influence of se-
lected parameters of the mathematical model (electric
current density, length of the microreactor—separator
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Fig. 4. Efficiency of the reaction products separation Eg" at
reactor outlet as a function of a) electric current density
i (at constant channel length § = 1 x 10”2 mm and
substrate inlet concentration ¢ = 1 kmol m~3), b)
channel length § (at constant electric current density :
= —500 A m—2 and substrate inlet concentration c"s“ =
1 x 103 mol m—3), and c) substrate inlet concentration
ci? (at constant channel length § = 1 x 1072 mm and
electric current density i = —500 A m~—2). Parameters:
total period of substrate concentration switching fsw =
0.005; ratio of substrate “ON” sub-period duration to
total switching period Xon = 0.05.

channel, substrate inlet concentration) on efficiency of
the product separation is demonstrated. The feasibil-
ity of supposed configuration of the microreaction—
separation system with simultaneous enzyme reaction,
adsorption of the reaction components, and transport
of the reaction components driven by electroosmotic
flux was clearly confirmed.
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SYMBOLS
Ay surface to volume ratio m™!
c liquid-phase concentration mol m~3
¢,  specific heat capacity Jkg ' K!
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dimensionless liquid-phase concentration
diffusion coefficient m? s~
activation energy of enzyme reaction J mol~!
activation energy of enzyme

1

inactivation J mol™!
efficiency of separation

reaction heat J mol™!
electric current density Am™?
intensity of diffusional flux of

component i mol m~? s7!
intensity of electroosmotic flux of

component i mol m~2 5!

mass transfer coefficient s
rate constant of enzyme inactivation S
electroosmotic coupling coefficient m3 A1 s

1
1

-1

kinetic parameter in eqn (10) m? kg1 57!
kinetic parameter in eqn (10) m? mol~!
kinetic parameter in eqn (10) m® mol—2
adsorption equilibrium constant

solid-phase concentration mol m~3

dimensionless solid-phase concentration
reaction rate mol m~3 57!
universal gas constant J mol~! K™!
peak width of component at the channel

outlet st
mean elution time of component g1
intrachannel temperature K
channel wall (cooling) temperature K

3

enzyme concentration
fraction of substrate “ON” sub-period

spatial coordinate m
heat transfer coefficient W m~2 K™!
length of the channel m
void fraction of the gel in the channel
dimensionless intrachannel temperature
electrolytic conductivity Sm™!
heat conductivity W m~1K™?!
stoichiometric coefficient

dimensionless spatial coordinate

density kg m™3
time s

dimensionless time
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w

dimensionless enzyme concentration

Subscripts

o

bdr

E

F, G

1
SwW

S

initial

boundary

enzyme

products

component i

substrate concentration switching
substrate

Superscripts

d
in
o
ref

10.

diffusion

inlet value
electroosmosis
reference value
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