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Abstract

Process analysis and optimization of an EMR system used for producing oligodextran are critical to improving EMR operating
stability and cost effectiveness. We developed a mathematical model to evaluate the effects of operating conditions and
membrane properties on the reaction-separation behavior of an EMR. Our analysis shows that tailoring a membrane with large
porosity and uniform pore size distribution can simultaneously improve product quality and production efficiency. The optimum
parameters of operating pressure and agitation speed depend on the selection of operating mode. A higher operating pressure
was preferable for increasing the production efficiency of the EMR system under a water feeding mode. However, since the
membrane suffered more severe fouling under a substrate feeding mode, extensive agitation was required to inhibit membrane
fouling and enhance production yield. Our work paves the way for a new approach towards design of highly effective and

low-consumptive EMR systems for oligodextran productio
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Introduction

Oligodextran is a dextran derivative with a relatively low molecular weight (Mw) (< 70 kDa), which has been
widely used as a prebiotic in food and as an antiphlogistic and antioxidant in pharmaceutical applications 2.
Production of oligodextran through enzymatic hydrolysis of industrial grade dextran is a safe and efficient
process that minimizes secondary pollution (e.g. the generation of large amounts of organic wastewater
in traditional acid hydrolysis) **. The combination of ultrafiltration (UF) with an enzymatic reactor,
however, could purify the resulting oligodextran and narrow its Mw distribution which in turn would enhance
oligodextran bioactivity ®. Compared with the traditional enzymatic reactor and membrane separation
hybrid process, which are performed separately, an enzymatic membrane reactor (EMR) that simultaneously
performs enzymatic reaction and membrane separation enables enzyme reuse, reduces product inhibition,
and avoids excessive hydrolysis of target products 5. Several researchers have investigated the feasibility of
EMR for oligodextran production “'°. For example, Torras et al.” successfully fabricated a UF membrane
loaded with dextranase for manufacturing oligodextrans. The Mw of oligodextran can be controlled by the
loading amount of enzyme 7 and the molecular weight cut-off (MWCO) of the membrane 8. In our own
previous study %'° the membrane fouling that resulted from the enzyme was found to enable narrowing of
membrane pore size distribution while oligodextran products of uniform Mw distribution were obtained.
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In spite of extensive experimental investigation of EMR performance, few efforts have been devoted to
understanding the interaction between enzymatic reaction and membrane filtration, yet these are critical for
the performance of the overall EMR process. Establishment of a reliable model, which describes the transport
phenomena of oligodextran and enzymatic hydrolysis reactions, enables us to systematically investigate the
influences of operating conditions and membrane properties on the performance of EMR and to optimize
reactor design and membrane fabrication. However, most of previous studies dedicated to modelling EMR
have focused on kinetic modeling and have considered only mass-transfer mechanisms "3 in which the
membrane only serves as a barrier or carrier of enzymes. In these studies the effect of membrane sieving
on the transport mechanisms of the product has therefore not been taken into account. This is a critical
knowledge gap that needs to be systematically addressed to guide the optimization of EMR for oligodextran
production because the membrane also functions as a selective barrier in tailoring the molecular weight of
the product. To the best of our knowledge no mathematical model regarding the EMR for oligodextran
production has so far been reported.

The aim of the current study was therefore to develop a mathematical model to characterize the transport
phenomena in EMR and predict EMR oligodextran production performance on the basis of the kinetics
of dextran hydrolysis, the force balance model, and the stagnant film model as an approach for achieving
process optimization. Our model evaluates membrane properties (pore size and porosity) and operating
conditions (operating pressure and agitation speed) in relation to filtration performance. Furthermore,
feeding modes (water feeding vs. substrate feeding) were also explored. Our work elaborates the inherent
relationship between the operating parameters of EMR and its production efficiency, which can provide
important insights into fundamental understanding and designing of EMR systems.

Theoretical simulation

The schematic diagram of a EMR for hydrolysis of dextran is shown inFigure 1 . An initial fouling layer is
rapidly formed at the start of the experiment and is assumed to be caused by the deposition of dextranase due
to its strong hydrophobic interaction with the membrane®. Since the size of dextranase (13 nm)'# is larger
than the membrane pore size (10 nm)!Y used in this study, a cake layer would be formed on the membrane
surface. After this stage, the dextran and enzyme would attach to each other for dextran degradation
and then be deposited on the initial fouling layer. The hydrolyzed small dextran molecules would penetrate
through the membrane. The entire filtration stage is therefore assumed to be dominated by the cake filtration
mechanism. To facilitate model calculation, the following assumptions were used:

1. Complete mixing in bulk solution.

2. Uniform distribution of enzyme and dextran.

3. The activity of free enzyme is the same as that of the enzyme deposited on the membrane surface. In
addition, the enzyme activity is independent of operating conditions.

Figure 1. Schematic diagram of an enzymatic membrane reactor for oligodextran production.
Kinetics of Dextran Degradation

A typical model to describe the changes in molecular weight (Mw) during polymer degradation is shown in
eq. (1) 1. Thus, the reaction rate of the hydrolysis of dextran, i.e. the changes in the average Mw of the
hydrolyzed dextran, can be described as

M, — My;
My = =gl + M (1)

where M; , M, , and My, represent the Mw at any reaction timet , the initial Mw, and the limiting Mw,
respectively. k is the rate constant which is calculated using experimental data. The final product of
dextranase-catalyzed dextran degradation is isomaltose'®, and thus the theoretical My, is 342 Da.

Permeate flux

The filtration equation can be expressed using cake filtration theory as follows 17,
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where J is the permeate flux, u is viscosity, P is the operating pressure, R, is the overall filtration resistance,
and R,, is the membrane intrinsic resistance calculated using the Kozeny-Carman equation'®

1—em)?K,
Ry, = U=510 (3)
where €, is the membrane porosity, and K, is membrane specific constant which was determined experimen-
tally to be 8 x10?m™!.

The average specific filtration resistance of the cake layer (a, ) can be calculated by eq. (4)
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where k, is the Kozeny constant,p. is the particle density, and.S, is the specific surface area of particles. For
spherical particles, the values of k, andS, are equal to 5.0 and6 /d, , respectively, whered, is the particle
diameter 1. Since enzyme and dextran coexist in the cake layer, the flow channel of the liquid is made up
of the porous spaces formed by both enzyme and dextran. Therefore a, was assumed as the connection of
each resistance in parallel 17, and can be expressed as

0w = [ +122] 7 5)

(7]

where a. and a5 are the average specific filtration resistances of enzyme and dextran, respectively, and w is
the effective volume fraction of enzyme in the cake layer.

The cake mass, w,. , is obtained from
we = ps (L —¢) L (6)

where L is the cake thickness, and ¢ is the average cake porosity which can be calculated from following
equation

c=1-(1—¢,) (‘;ng)s(?)

where 6 is the stern layer thickness, ande, is the porosity and is assumed to be 0.42°. The equilibrium
distance between neighboring particles, D , can be evaluated based on the force balance at which the net
interparticle force (F, ) is equal to the solid compressive force (Fy ).Fs is generated from the fluid flowing
through the cake, and can be calculated as

J(dp+28)(3+2r°
Fy = —2WWW(8)

r=YT—¢ (9)

The F,, can be estimated by using (DLVO) theory, and mainly consists of van der Waals force (F, ) and
electrostatic force (F. ). TheF, can be calculated as

dpA
F, = -7 (1 - :AP ) (10)
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where A, is the characteristic wavelength of the particle and is assumed to be 100 nm, Ay is the Hamaker
constant, and the constant ¢ is equal to 5.322°.

The F. , calculated based on the Poisson-Boltzmann equation, is a function of an electric double layer
thickness, and its reciprocal, k , can be estimated by

- [7622"”?]1/2(11)
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where kg is the Boltzmann constant, e is the electrical charge (=1.6x1071 C),e, is the absolute permittivity
(=8.85x10712 C2J! m™!), e, the dielectric constant, z; andn; are the valence of ions and the number of ions



per unit volume in the bulk solution, respectively, and T, is the absolute temperature. As the thickness of
an electric double layer is less than particle radius, theF, can be calculated as

Fe = 2TF€O€T<2I{ [w — 1:| (12)
where ( is the particle zeta potential.

F, can be also simplified as:
d2
F, = weoerﬁﬁ exp (—kD) [1 4+ k(D +dp)](13)
The force balance model for determining particle deposition

The force balance model is used to determine the deposition possibility of particles (Fig. 1 ). The tangential
drag force,F; , induced by the tangential velocity in a stirred cell can be estimated by the modified Stokes
law

where (' is a correction factor resulting from the membrane and the cake. The value of C} is equal to 1.7009
19y is the shear rate at the membrane surface, y=t; /j . For a stirred cell, the shear stress (t; ) can be
calculated by?!

{
(15)
where w, is the stirring angular velocity, andR is the radius of the stirred cell, d.represents the thickness of

momentum boundary layer,d. = , /p%, andR, is the critical radius and can be expressed as?!
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where D; is the diameter of the impeller,h is the blade height, Re is the Reynolds number and is defined as

Re = W:j, andny is the number of blades. For the Millipore stirred cell (Amicon 8050) used in this study,

D;=38cm, R =2.1cm, h =0.9 cm, andn;, = 2.

The normal drag force, F), , induced by permeate flow can also be calculated by the modified Stokes law
because of the very small Reynolds number:

F, = 3nOud,Cs (17)

The correction factor, Cs , in the equation can be obtained by

P (18)

Co = 0.36 (ReLd /4)
Similarly, the modified Stokes law was used to calculate the inertial lift force F; as follows,
Fy = 3mupd,Cs (19)

where v; is the inertial lift velocity of particle and can be evaluated by the equation proposed by Vasseur
and Cox 22

w=(22) (%) @0

where » is the kinematic viscosity.

Finally, the net gravitational force, F'y , is obtained by

Fy=%g(ps — p)d (21)

where p and p. are the densities of the fluid and particle, respectively.



For a deposited particle, the external forces can be divided into normal and tangential directions as presented
in Figure 1 . If the net force (F, +F, -F; ) is attractive (positive sign) in the normal directions and the
friction force (Fy ) is larger thanF; in the tangential directions, the particles are deposited on the membrane
surface. If not, the particles will be swept back into the bulk solution. Thus the condition for the particles
to stably stick on the membrane surface is given as

{

Fg + Fp > I (22)
Fr= Hopax (Fg +F, - F)>F
where ;¢ is the maximum friction coefficient.
Solute flux

According to the study of Zydney et al. 23, the solute flux (N, ) across a porous membrane is defined by
contributions from both convective and diffusive transport

N, = K.JCy — e KqDoo %< (23)
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where K, and K; are convective and diffusive hindrance factors, respectively, C,, is the concentration of
solute near the membrane surface, and D) is the diffusion coefficient of the solute. The diffusion coefficient
of the dextran is calculated using the following correlation 2

Dy = 7.667 x 1079 x M 047752 (24)
where M, is the molecular weight in Da.

The observed sieving coefficient of solute (S, =C, /Cf, where C, and Cy are concentrations in the permeate
and feed, respectively) can be calculated by using a stagnant film model with the actual membrane sieving
coefficient (S, =C,, /Cy, )*®

p— Sa
So = (1-5a) exp( 2 ) +Sa (25)

where k,,, is bulk mass transfer coefficient, and the value of k,, in a stirred cell is calculated using the following
correlation 26

o g2\ 0867 /1 \0.33
B =023 (222) 77 (32) 7 B (26)
For a membrane with one layer, that is no fouling layer, theS, can be obtained with eq. (27)
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Once a fouling layer forms on the membrane surface, that is the membrane has two layers, the expression of
S, is modified as 27

= Scoof exp(Pems)Sood exp(Pema)
Sa = {Soor[Secatexp(Pemd)—1]+Sscd exp(Pemd)|exp(Pems) —1]} (28)

where the subscripts ‘f * and ‘d ’ denote the fouling and dense layers of the membrane, respectively. Pe,and
Srep are the Peclet number and asymptotic sieving coefficient, respectively, and can be calculated as follows

Pe,, = 7@;3;2"’ (29)
S = K, (30)

where t is tortuosity, 8,, is the thickness of functional layer. For the fouling layer, the value ofo,, is equal to
the cake thickness, = (1-A )? is the equilibrium partition coefficient, A is the ratio of the solute radius (R,
) to the pore radius (R, ). For the irregular pore structures, e.g. the cake layer consists of different pore
geometries, the A can be obtained as 2%

)" )

A= R, (%



where V), is the pore volume andS, is the pore surface area.

The radius of dextran is evaluated using the following experimental correlation 24

Rs = 3.1 x 1071 (M,,)**7"? (32)

K. and K, can be calculated using following expressions 28

3—(1—X)2 2
K, = U (12 37) (33)
Kq=1—1.004)\ + 0.418)\3 4+ 0.21\* — 0.169\°(34)

Energy consumption

The energy consumption for a stirred dead-end filtration cell consists of the power dissipated by a stirrer
(Ps ) and the power for generating the applied pressure (P, ). Thus the specific energy consumption (E )
in kWh per a kilogram of product during the filtration process is presented by

po B ron o

where T is the filtration time, M), is the product mass in the permeate, M; is the substrate mass added in
the filtration system, Y is the yield.

Pa = QP (36)

p

where () is permeate flow rate.

Power dissipated by a stirrer (Ps ) depends on the diameter of the impeller (D; ), dimensionless power
number (N7 ), the stirring angular velocity (o, ), and the density of the fluid (p ) 2°. P4 can be calculated
using eq. (37)

Py = Nrpw3D? (37)

To generate high surface stress for alleviating membrane fouling, the minimum stirrer speed used in our
system was 100 rpm, which gave a Reynolds number of 1130. As the Reynolds number is larger than 100,
theNt of the Rushton impeller is independent of the Reynolds number and can be approximated to 5.0 3°.

Simulation algorithm

The equations were solved by the finite difference method using Matlabs software. The basic parameters
used in the model calculation are summarized in Table 1 . The simulation methodology, summarized
schematically in Figure 2 , was as follows:

1. The operating conditions (P , w, ,Cr, T ) and membrane properties (R, , €, , 7,5 ) were input in
the Matlab program.

2. The initial permeate flux J (0) at ¢ =0 was calculated using eq. (2) without deposition of foulants.

3. The average Mw of dextran was determined based on the kinetics of dextran degradation using eq.
(1).

4. The deposition possibility of particles was determined by the force balance model using eq. (22) to
achieve the calculation of the total membrane filtration resistance R; .

5. The permeate flux and solute flux at any time could be calculated step-by-step using the above proce-
dures.

Figure 2. Schematic diagram of the methodology used in this work.
Table 1. Parameters used for model simulation
Experimental materials and methods

Materials



Dextran substrate with Mw of 40 kDa was obtained from Sinopharm Co Standard, China. The Bradford
reagent and enzyme of dextranase (EC 3.2.1.11, dry powder from Penilisilium. Sp.) was obtained from Sigma-
Aldrich Co. Ltd. The polyether sulfone UF membrane with MWCO of 20 kDa (PES20) was purchased from
AMFOR INC, USA. Milli-Q water was used for dissolving enzyme and substrate in the experiment.

Experimental procedures

An enzymatic hydrolysis experiment using EMR for producing oligodextran was conducted to validate the
established model. The detailed experimental procedures have been described in our previous study'® and a
brief description is provided here. A piece of PES20 membrane was placed in a 50 ml dead-end stirred cell
(Amicon 8050, Millipore, U.S.A) with an effective membrane surface area of 14 cm?. A constant pressure
mode was achieved by filling the cell with nitrogen gas. A mixture of 0.05 g/L dextranase and 50 g/L dextran
substrate was added to the cell. DI water was continuously added to the cell to maintain the feed volume
constant of 50 ml for an operation duration of 120 min at different agitation speeds and operating pressure.
The permeate flux was measured every 30 min. The permeate samples were heated in boiling water for 1
min and then stored at 4 °C for further analysis.

The total dextran concentration in the permeate was measured using the phenol-sulfuric acid method. All
samples were diluted 500 times with DI water. Next, a mixture of 2 ml diluted sample, 5 ml of sulfuric acid,
and 1 ml of 6% (v/v) phenol was added to a glass tube. The mixture was shaken for 1 min and then allowed
to stand for 30 min. The sample was tested at an absorbance of 490 nm in a UV-2100 Spectrophotometer to
determine the dextran concentration. Glucose solutions with concentrations in the range of 0.01 g/L - 0.07
g/L were used for calibration.

Results and Discussion
Kinetics analysis and model validation

The kinetic analysis of the changes in Mw of the hydrolyzed dextran was modelled using eq. (1). The rate
constant, k , is related to the concentrations of substrate and enzyme 34, which could be obtained by fitting
with experimental data as presented inTable S1 . The simulated results in reasonable agreement with the
experimental data (Figure 3a ). The obtained value ofk decreased with increasing concentration of dextran
substrate (Figure 3b ). The curve-fitting results show that the values ofk follow an exponential relationship
with dextran concentration (¢4 ), with a correlation coefficient R?>0.99 as shown in Figure 3b , and its
values can be expressed with following equation:

k = 0.0001¢=0-017¢a (3g)

The Mw of dextran can be predicted when the dextranase concentration is fixed as 0.05 g/L by combing egs.
(1) and (38).

To validate the developed model, the simulated permeate flux and the oligodextran concentration in the
permeate were compared with the experimental data at different operating pressures as presented inFigure 4,
where the simulated permeate flux can be seen to agree well with the experimental data. Increasing operating
pressure enhanced the permeate flux as a result of higher driving force. It is noteworthy that the permeate
flux decreased significantly in the initial stage but also gradually increased with prolonged operation time.
This was a result of the dextran being hydrolyzed into small molecules which could penetrate through the
membrane into the permeate and thus alleviate concentration polarization. Similarly, the simulated permeate
concentration was in relatively good agreement with the experimental results (Figure 4b ). The relatively
large discrepancy in the initial 30 min may have resulted from non-uniform distribution of membrane pore
size and the wider molecule weight distribution of dextran substrate 3°, which allowed some smaller dextran
molecules to penetrate through the large membrane pores into the permeate in the initial filtration stage. The
permeate concentration increased as the operation proceeded due to generation of a large amount of smaller
oligodextran molecules following sufficient hydrolysis. However, increasing operating pressure reduced the
permeate concentration because the denser fouling layer, the shorter the retention time for dextran hydrolysis,
and with enhanced water convection transport at higher pressure, oligodextran rejection improved and its



concentration in the permeate fell 6. These observations therefore indicate that the developed model is an
efficient tool for simulating the filtration characteristics of an EMR.

Figure 3 . Effect of dextran concentration on (a) the variation of average Mw with reaction time and (b)
the values of rate constant (k ) in a batch system with free enzyme. The simulated results are plotted as
curves, while the experimental results are presented as discrete symbols.

Figure 4. Experimental (solid line) and simulated (discrete symbols) profiles of (a) permeate flux and (b)
permeate concentration versus operation time with membrane pore size of 10 nm and membrane porosity of
0.8. Substrate concentration: 50 g/L, enzyme concentration: 0.05 g/L, agitation speed: 160 rpm, and feeding
mode: water feeding.

Predicting influence of membrane properties on filtration performance

This section evaluates the role of membrane properties (i.e., membrane pore size and porosity) in determining
the filtration performance of an EMR. As discussed in the section on theoretical simulation, the membrane
pore size determines the convective and diffusive hindrance factors (i.e., K. in eq. (33) and Ky in eq. (34)) and
thus affects the sieving efficiency of solutes. Figure 5 shows the permeate flux and permeate concentration
of an EMR as a function of membrane pore size. It is evident that the tighter membrane (smaller pore
size) suffers from more severe concentration polarization leading to lower permeate flux®” (Figure 5a ).
The flux difference becomes smaller in the later stage, which is attributed to the reduction of degree of
concentration polarization as more products passed through the membrane. Since the tighter membrane
rejects more dextran, it has a low permeate concentration compared to the membrane with larger pore size
at the same operation time in the initial stage (Figure 5b ). Although the membrane with large pore size
has a higher filtration efficiency, the membrane with small pore size benefits from prolonged retention time
which enables sufficient hydrolysis of substrate and in turn produces more uniform and smaller oligodextran
molecules'®. However, further increase in operation time leads to decrease of permeate concentration (Figure
5b ) because substrate concentration decreases with increase of the operation time under the water feeding
mode.

The membrane porosity is also of particular significance because, on one hand, it affects the relationship
between the convection and diffusion transportation of solutes (i.e, Pe,, in eq. (29)) and, on the other hand,
it determines the membrane intrinsic resistance (i.e, R,, in eq. (3)) and retention time that relate to sepa-
ration efficiency. Figure 6 presents the variations of permeate flux and permeate concentration at different
membrane porosities. The membranes with different porosities present a similar filtration performance in
the initial filtration process. However, as more oligodextran products are collected in the permeate, the
concentration polarization decreases and the role of membrane resistance in the total filtration resistance
is enhanced. A higher membrane porosity causes a decrease of the membrane resistance (i.e. smaller R,,
in eq. (3)). As a result, the membrane with higher porosity has larger permeate flux in the later filtration
process, which leads to decrease of the permeate concentration (Figure 6 ). This result is explained by the
increase in oligodextran rejection due to the dilution effect at higher lux®®. The developed model elaborates
the inherent relationship between membrane properties and reaction-separation efficiency and shows that
selection of a membrane with large porosity and uniform pore size distribution in an EMR is beneficial for
the improvement of filtration efficiency and quality of products.

Figure 5. Simulation investigation of the effect of the pore size of membrane on (a) permeate flux and (b)
permeate concentration with membrane porosity of 0.8. Substrate concentration: 50 g/L, enzyme concentra-
tion: 0.05 g/L, operating pressure: 3 bar, agitation speed: 1000 rpm, and feeding mode: water feeding.

Figure 6. Simulation investigation of the effect of membrane porosity on (a) permeate flux and (b) permeate
concentration with membrane pore size of 10 nm. Substrate concentration: 50 g/L, enzyme concentration:
0.05 g/L, operating pressure: 3 bar, agitation speed: 1000 rpm, and feeding mode: water feeding.

Predicting influence of operating conditions on filtration performance

We systematically investigated the influence of agitation speed, operating pressure and feeding mode on the



filtration performance of an EMR. As expected, the permeate flux increases at high agitation speed (Figure
7a ). This positive phenomenon is attributed to a thinner concentration polarization layer at higher agitation
(a strong shear force on the membrane surface) 6. There were no changes of the permeate flux when agitation
speed is less than 1000 rpm because the shear force generated by lower agitation is not enough to mitigate
concentration polarization (Figure S1 ). The increased concentration polarization caused higher solute flux
(Figure 7b ). A similar trend is observed with the permeate flux with increasing operating pressure, which
is attributed to a greater driving force at higher operating pressure (Figure 8a ). The intensified driving
force could accelerate the penetration of oligodextran products through the membrane and thus result in
higher solute flux (Figure 8b ). However, increasing the agitation speed and operating pressure decreases
the permeate concentration due to a dilution effect at higher permeate flux under the water feeding mode
(Figure 7c and 8c ).

The substrate feeding mode is an alternative for enhancing the concentration of oligodextran in the permeate.
Unlike the water feeding mode where pure water is continuously fed into the system, in the substrate feeding
mode the dextran at constant concentration is continuously fed into the reaction system to maintain a
constant feed volume. The simulations on the influence of feeding mode are summarized in Figure 9 . It is
no doubt that the membrane suffers from more severe fouling under the substrate feeding mode '°, which
thus leads to an obvious decrease of permeate flux (Figure 9a ). The decreased permeate flux under the
substrate feeding mode reduced the oligodextran passing through the membrane, as is evidenced by the lower
solute flux (Figure 9b ). The solute flux increases monotonically with prolonged operation duration under
the substrate feeding mode, while the solute flux gradually decreases in the later stages under the water
feeding mode owing to reduced substrate concentration in the EMR (Figure 9b ). This phenomenon is
more prominent in the variation of permeate concentration with operation time (Figure 9c ). The increased
permeate concentration is beneficial in terms of decrease in energy consumption (based on eq. (35)). This
analysis was confirmed by the finding that the substrate feeding mode exhibits a lower specific energy
consumption (2.4 kWh/kg) compared to the water feeding mode (3.5 kWh/kg) (Figure 9d ). However,
the oligodextran yield obtained under the substrate feeding mode (28.2 %) is obviously lower than that
obtained under the water feeding mode (89.6 %) (Figure 9d ), which is attributed to the higher substrate
concentration in the feed of the former mode so that the enzyme is not enough to achieve a high conversation
rate 3°. The lower permeate flux under the substrate feeding mode causes a smaller permeate volume, and
even with a higher permeate concentration, the mass of product is still smaller. Therefore optimization of
system operating conditions is of great significance for the stable and efficient operation of an EMR system.

Figure 7. Simulation investigation of the effect of agitation speed on (a) permeate flux, (b) solute flux,
and (c) permeate concentration with membrane pore size of 10 nm and membrane porosity of 0.8. Substrate
concentration: 50 g/L, enzyme concentration: 0.05 g/L, operating pressure: 1 bar, and feeding mode: water
feeding.

Figure 8. Simulation investigation of the effect of operating pressure on (a) permeate flux, (b) solute flux,
and (c) permeate concentration with membrane pore size of 10 nm and membrane porosity of 0.8. Substrate
concentration: 50 g/L, enzyme concentration: 0.05 g/L, agitation speed: 1000 rpm, and feeding mode: water
feeding.

Figure 9. Simulation investigation of the effect of feeding mode on (a) permeate flux, (b) solute flux, (c)
permeate concentration, and (d) yield and specific energy consumption with membrane pore size of 10 nm
and membrane porosity of 0.8. Substrate concentration: 50 g/L, enzyme concentration: 0.05 g/L, agitation
speed: 1000 rpm, and operating pressure: 3 bar.

Process operating optimization

For a fuller appraisal of the impact of operating conditions on productivity, we performed simulations to
evaluate the dependency of the yield and energy consumption on agitation speed and operating pressure.
Under the water feeding mode, the production yield increases gradually and then reached a plateau with
increase of agitation speed and a fixed operating pressure (Figure 10a ). This increase can be ascribed



to the enhanced transportation of solute across the membrane, which is the result of less concentration
polarization at higher agitation speed®. Higher permeate flux would increase the product retention due to a
dilution effect 3% that would lead to the existence of a plateau of production yield. At the same time, specific
energy consumption increases monotonically owing to the greater power consumption at higher agitation
speed (based on eq. (37)). Since the agitation speed is fixed, increasing operating pressure enhances the
yield monotonically (Figure 10a ) and thus decreases specific energy consumption (Figure 10b ), which
is attributed to the monotonic increase of solute flux with operating pressure (Figure 8b ). Although the
higher operating pressure together with lower agitation speed would lead to serious membrane fouling, it is
beneficial in enhancing the production efficiency of the EMR system within an acceptable range of degree of
fouling with the water feeding mode.

Additional simulations on the effects of agitation speed and operating pressure under the substrate feeding
mode are summarized inFigure 11 . The variation trends of yield and energy consumption with agitation
speed obtained under the substrate feeding mode are consistent with those observed under the water feeding
mode. However, when the agitation speed is fixed, the yield decreases gradually with increasing operating
pressure under the substrate feeding mode, which is different from what is observed under the water feeding
mode (Figure 11a ). The reason is that the membrane surface suffers from more serious fouling which
results in a lower flux under the substrate feeding mode as demonstrated in Figure 9a . In addition, the
solute flux first increases then decreases with increase in operating pressure from 1 bar to 5 bar under the
substrate feeding mode (Figure S2 ). This observation correlates well with the variation of the specific energy
consumption as shown in Figure 11b . The specific energy consumption decreases first then increases to
result in an optimal specific energy consumption at each given agitation speed (Figure 11b ). For instance,
the optimal specific energy consumption of 13.2 kWh/kg is obtained at an operating pressure of 2 bar because
the agitation is fixed at 1800 rpm. In conclusion, selection of a higher agitation speed and an optimal operating
pressure can promote production of oligodextran and simultaneously decrease energy consumption under the
substrate feeding mode.

From a practical perspective, the substrate feeding mode is a better alternative in large scale applications
because of easy continuous operation and low energy consumption, but severe membrane fouling hinders its
industrial implementation 6. The extremely low permeate flux resulting from membrane fouling decreases
the filtration efficiency and thus leads to increased operating costs. In addition, the substrate is easily
overly hydrolyzed because the products cannot be removed in a timely manner due to low permeate flux.
Consequently, development of membrane fouling control strategy in EMR systems deserves further attention
for its potential to be fully realized.

Figure 10. Simulation investigation of the effect of agitation speed and operating pressure on (a) production
yield and (b) specific energy consumption with membrane pore size of 10 nm and membrane porosity of 0.8.
Substrate concentration: 50 g/L, enzyme concentration: 0.05 g/L, operation duration: 240 min, and feeding
mode: water feeding.

Figure 11. Simulation investigation of the effect of agitation speed and operating pressure on (a) production
yield and (b) specific energy consumption with membrane pore size of 10 nm and membrane porosity of 0.8.
Substrate concentration: 50 g/L, enzyme concentration: 0.05 g/L, operation duration: 240 min, and feeding
mode: substrate feeding.

Conclusions

In this study, a mathematical model is proposed to simulate the filtration performance of an EMR system
for oligodextran production. The model was validated by a series of bench-scale experiments. Our modeling
study evaluates the influence of selected membrane properties and operating conditions on EMR performance.
The simulations demonstrate that uniform membrane pore size distribution and larger membrane porosity
can significantly improve filtration efficiency and the quality of products;. Furthermore, although higher
permeate flux may decrease energy consumption, it also reduces permeate concentration possibly due to a
denser fouling layer, shorter retention time for hydrolysis, and more water convection transport (dilution

10



effect). Different feeding modes resuls in different mechanisms of solute transport and thus affect the choice
of operating pressure and agitation speed. Under the water feeding mode a more favorable performance
can be obtained by applying a greater driving force together with a lower agitation speed to reduce fouling
tendency. In contrast, the major challenge of the substrate feeding mode is more severe membrane fouling,
therefore intense agitation together with medium operating pressure is beneficial for enhancing production
efficiency. Our study theoretically highlights the technical feasibility as well as the practical constraints of
an EMR system while providing important insights for its further development. Additional investigations
can be performed on the pilot-scale EMR system operating in continuous mode. Other studies may be
also required to explore EMR, performance using various membrane module configurations (e.g. hollow fiber
membrane modules, dynamic filtration modules with rotating or vibrating membranes etc.) to optimize
system operation.
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List of Symbols

Latin symbols

Ay Hamaker constant (-)

¢ a constant (-)

C; correction factor of tangential drag (-)

Cy correction factor of normal drag (-)

cq dextran concentration (g L)

Cf feed concentration (g L)

C, permeate concentration (g L!)

C,, concentration of solute near the membrane surface (g L)
D equilibrium distance (m)

D; diameter of impeller (m)

d, particle diameter (m)

Dy diffusion coefficient of the solute (m? s™)
e electrical charge (C)

E specific energy consumption (kWh kg!)
e, absolute permittivity (C2J1 m™)

e, dielectric constant (-)

F. electrostatic force (N)

Fy friction force (N)

F, net gravitational force (N)

Fj inertial lift force (N)

F,, net interparticle force (N)

F, normal drag force (N)
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Fs solid compressive force (N)

F; tangential drag force (N)

F, van der Waals force (N)

h blade height (m)

J permeate flux (m® m=2s1)

k rate constant (Da’! min!)

kg Boltzmann constant (J K1)

K. convective hindrance factor (-)

K4 diffusive hindrance factor (-)

k., bulk mass transfer coefficient (m s!)
k, Kozeny constant (-)

K, membrane specific constant (m™)

L cake thickness (m)

M, initial molecular weight (Da)

My mass of dextran substrate in the feed (kg)
M limiting molecular weight (Da)

M, dextran mass in the permeate (kg)

M; molecular weight at a certain reaction time (Da)

M, molecular weight (Da)

np number of blades (-)

n; number of ions per unit volume (-)

N, solute flux (g m2s!)

Nr dimensionless power number (-)

P operating pressure (Pa)

P, power for generating the applied pressure (W)
Pe,, Peclet number (-)

P, power dissipated by a stirrer (W)

Q permeate flow rate (m? s!)

r a constant with a function of cake porosity (-)
R radius of the stirred cell (m)

Re Reynolds number (-)

R, critical radius (m)

R,, membrane intrinsic resistance (m!)

R, pore radius of membrane (m)
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R, solute radius (m)

Ry overall filtration resistance (m™)

S membrane effective area (m?)

S, actual membrane sieving coefficient (-)

S, pore surface area (m?)

S, observed sieving coefficient (-)

S, specific surface area of particle (m?)

Sre; asymptotic sieving coefficient (-)

t reaction time (min)

T filtration time (h)

T, absolute temperature (K)

vy inertial lift velocity of particles (m s™!)

V, pore volume (m?)

w, cake mass (kg m2)

Y yield of product (-)

z; valence of ions of type i (-)

Greek Letters

a, average specific filtration resistance of cake layer (m kg™!)
as average specific filtration resistances of dextran (m kg™!)
a. average specific filtration resistances of enzyme (m kgt)
y shear rate (s)

6 Stern layer thickness of particle (m)

d¢ thickness of momentum boundary layer (m)
8, thickness of functional layer (m)

€ cake porosity (-)

€,, membrane porosity (-)

€, porosity of the most compact cake layer (-)
{ zeta potential of particle (V)

K reciprocal of double layer thickness (m™)

A ratio of solute radius to pore radius (-)

A characteristic wavelength of particle (m)

1 feed viscosity (Pa s)

Muee maximum friction coefficient (-)

v kinematic viscosity (m?s)
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p fluid density (kg/m?)

ps particle density (kg/m?)

T tortuosity (-)

¢ shear stress (Pa)

equilibrium partition coefficient (-)

w effective volume fraction of enzyme in the cake layer (-)

w, stirring angular velocity (rad s™)

Subscripts

d dense layer of the membrane

f fouling layer of the membrane
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Figure 1. Schematic diagram of an enzymatic membrane reactor for oligodextran production.
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Figure 2. Schematic diagram of the methodology used in this work.

Table 1. Parameters used for model simulation

Parameters Values

Operating pressure (P) Agitation speed 1-5 bar 100-2000 rpm

Dextran substrate concentration Cr 50 g/L
volume of dead-end stirred cell 50 ml

Mw of dextran substrate 40 kDa
Enzyme of dextranase concentration 0.5 g/L
Mw of dextranase 67 kDa
Membrane area (S) 0.0014 m?
Average pore size of membrane (R,) ' 10 nm
Membrane porosity (e,,) 3! 0.8
Membrane tortuosity (z) 32 1.6
Viscosity of feed solution () 33 3.5x103 Pa-s
Density of feed solution (p) 33 1050 kg/m?
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Figure 3 . Effect of dextran concentration on (a) the variation of average Mw with reaction time and (b)
the values of rate constant (k) in a batch system with free enzyme. The simulated results are plotted as
curves, while the experimental results are presented as discrete symbols.
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Figure 4. Experimental (solid line) and simulated (discrete symbols) profiles of (a) permeate flux and (b)
permeate concentration versus operation time with membrane pore size of 10 nm and membrane porosity
of 0.8. Substrate concentration: 50 g/L, enzyme concentration: 0.05 g/L, agitation speed: 160 rpm, and
feeding mode: water feeding.
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Figure 5. Simulation investigation of the effect of the pore size of membrane on (a) permeate flux and (b)

permeate concentration with membrane porosity of 0.8. Substrate concentration: 50 g/L, enzyme concen-
tration: 0.05 g/L, operating pressure: 3 bar, agitation speed: 1000 rpm, and feeding mode: water feeding.
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Figure 6. Simulation investigation of the effect of membrane porosity on (a) permeate flux and (b) permeate

concentration with membrane pore size of 10 nm. Substrate concentration: 50 g/L, enzyme concentration:
0.05 g/L, operating pressure: 3 bar, agitation speed: 1000 rpm, and feeding mode: water feeding.
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(c)

Figure 7. Simulation investigation of the effect of agitation speed on (a) permeate flux, (b) solute flux, and
(¢) permeate concentration with membrane pore size of 10 nm and membrane porosity of 0.8. Substrate
concentration: 50 g/L, enzyme concentration: 0.05 g/L, operating pressure: 1 bar, and feeding mode: water
feeding.
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Figure 8. Simulation investigation of the effect of operating pressure on (a) permeate flux, (b) solute flux,
and (c¢) permeate concentration with membrane pore size of 10 nm and membrane porosity of 0.8. Substrate
concentration: 50 g/L, enzyme concentration: 0.05 g/L, agitation speed: 1000 rpm, and feeding mode: water
feeding.
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Figure 9. Simulation investigation of the effect of feeding mode on (a) permeate flux, (b) solute flux, (c)
permeate concentration, and (d) yield and specific energy consumption with membrane pore size of 10 nm
and membrane porosity of 0.8. Substrate concentration: 50 g/L, enzyme concentration: 0.05 g/L, agitation
speed: 1000 rpm, and operating pressure: 3 bar.
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Figure 10. Simulation investigation of the effect of agitation speed and operating pressure on (a) production
yield and (b) specific energy consumption with membrane pore size of 10 nm and membrane porosity of 0.8.
Substrate concentration: 50 g/L, enzyme concentration: 0.05 g/L, operation duration: 240 min, and feeding
mode: water feeding.
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Figure 11. Simulation investigation of the effect of agitation speed and operating pressure on (a) production
yield and (b) specific energy consumption with membrane pore size of 10 nm and membrane porosity of 0.8.
Substrate concentration: 50 g/L, enzyme concentration: 0.05 g/L, operation duration: 240 min, and feeding
mode: substrate feeding.
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