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Abstract: An enzyme membrane reactor is an attractive tool for producing oligosaccharides from
biomass-based polysaccharides. However, kinetic modeling and reactor design based on the rate
equations have rarely been reported for enzyme membrane reactors because of the difficulty in
tracing the depolymerization process. In this study, a simplified reaction model based on Michaelis—
Menten-type kinetics has been built to simulate the enzyme membrane reactor. Ramping various
species into reactant, target, and byproduct worked well for discussing reactor performance. The use
of a membrane with a molecular weight cut-off (MWCO) of 10 kDa with continuous feeding of the
reactant was suggested for the efficient production of chitosan hexamer and pentamer by enzymatic
hydrolysis of chitosan.
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1. Introduction

An enzyme membrane reactor uses an ultrafiltration membrane with an enzyme. An
ultrafiltration membrane has two synergetic benefits for oligosaccharides production by
enzymes. First, the membrane enables the separation of the product and enzyme. Second,
the molecular weight distribution of the product can be controlled by the membrane, which
rejects undesirable larger molecules to permeate. Thus, enzyme membrane reactors have
been intensively studied for the production of oligosaccharides [1]. Target products are
usually biomass-based oligomers, such as cello-oligosaccharides [2], galactooligosaccha-
rides [3,4], chitosan oligosaccharides [5], oligodextrans [6], fructooligosaccharides [7,8],
and pectin [9]. These oligosaccharides have various applications in the food and feed
industry [10-12].

Previous studies on the enzyme membrane reactor often featured optimizing en-
zyme properties or operating parameters. For example, Qin et al. investigated the gene
cloning and expression of a novel chitosanase from Bacillus amyloliquefaciens to produce
chitosan oligosaccharides in a membrane reactor [13]. Su et al. immobilized dextranase
on a polyethersulfone membrane surface and discussed its effect on molecular weight
distribution of the product [6]. The influence of the operating conditions, such as flow
rate, reactant concentration, enzyme loading, pH, and temperature, have been intensively
studied for each reaction system [3,5,9].

Regarding scale-up for industrial production, modeling and simulation of the reaction
system are very important [14-16]. However, such modeling study is rarely reported for
enzyme membrane reactors [17,18]. One possible reason is the difficulty in simulating
the depolymerization of biomass-based polysaccharides. They show a wide variety in
molecular weight, chain branching, composition variations, and different crystallinity.
Even if a strict characterization of a particular feedstock and mechanistic analysis of its
hydrolysis process were achieved, such a fine-tuned model lacks generality and practicality
for industrial usage.

Fermentation 2022, 8, 701. https://doi.org/10.3390/fermentation8120701

https://www.mdpi.com/journal /fermentation


https://doi.org/10.3390/fermentation8120701
https://doi.org/10.3390/fermentation8120701
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com
https://orcid.org/0000-0001-6297-057X
https://doi.org/10.3390/fermentation8120701
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com/article/10.3390/fermentation8120701?type=check_update&version=1

Fermentation 2022, 8, 701

20f11

In this study, we have built a kinetic model for chitosan oligosaccharide production
with a simplified reaction scheme. The reaction model was built as simply as possible,
focusing on the reaction profile regarding the target oligomers of hexamer and pentamers.
Chitosan hexamer and pentamer production using enzyme membrane reactors have been
intensively studied [5,13,19] because these oligomers have attractive antibacterial activities,
antitumor activities, and immunoenhancing effects. Based on the reaction and permeation
model, we achieved quantitative performance comparison of enzyme membrane reactors.

2. Methodology
2.1. Materials

Chitosanase, Streptomyces sp. N174, was obtained from EMD Millipore Corp (Burling-
ton, MA, USA). The molecular weight of the chitosanase is 95 kDa [19]. Chitosan from
Chionoecetes opilio (Chitosan 100, over 80 mol% deacetylated) was purchased from Wako
Pure Chemical Industries (Tokyo, Japan). Chitosan oligosaccharides were obtained from
TCI (Tokyo, Japan). Acetic acid, sodium hydroxide, and sodium acetate were purchased
from Wako and used as received. Ultra-purified water was prepared using a Milli-Q water
purification system and was used throughout the experiment. Commercial membrane
modules (Minimate™ Tangential Flow Filtration Capsule, Pall, MA, USA) with an effec-
tive membrane area of 50 cm? were used. They contain ultrafiltration membranes made
of polyethersulfone with a molecular weight cut-off (MWCO) of 1 k, 3 k, 10 k, or 30 k.
Polyethersulfone is exclusively employed for the ultrafiltration of chitosan due to its high
fouling resistance and durability [5,20,21].

2.2. Batch Hydrolysis

Buffer solution (pH 6.0) was prepared from acetic acid and sodium hydroxide. Chi-
tosan was dissolved in the buffer solution by a vigorous stirring of 8 h. The concentration
of chitosan was adjusted to 10 g/L. A total of 5 mL of the chitosan solution was mixed with
0.036 mL of chitosanase solution containing 1 U of the enzyme. Soon after the mixing, the
reaction was carried out at 40 °C with stirring by a magnetic stirrer (KPI, Itami, Japan).
After a reaction time of 0.5-24 h, the solution was boiled to terminate the enzymatic reaction.
The concentrations of chitosan oligosaccharides from dimer to hexamer were measured by
high-performance liquid chromatography (HPLC, Shimadzu). A refractive index detector
(RID-10A) was employed. A CAPCELL PAK NH;, SG80 column (Shiseido, Tokyo, Japan)
was used at 45 °C. The mobile phase was an acetonitrile/water mixture (75/25 in volume).
The flow rate was 1 mL/min. The concentration of each oligosaccharide was calculated
from each peak area. Chitosan oligosaccharide reagent was used as the standard. The
chitosan sample was diluted with the mobile phase, and precipitated chitosan polymer
was filtered out before analysis. One experiment and analysis were performed for each
condition in this study, following the relevant studies [3,5,22].

2.3. Membrane Permeation

The fundamental permeation property of the membrane against chitosan oligosac-
charides and chitosan polymers was evaluated in a filtration process without a chemical
reaction (Figure 1). Stock solution of chitosan oligosaccharide (1, 5, or 10 g/L) or chitosan
polymer solution after 1 h batch hydrolysis was fed to the ultrafiltration membrane mod-
ules. The permeate flow rate was set at 10, 25, or 100 mL/h. The retentate flow rate was
adjusted to be the same as the permeate flow rate by using the back pressure regulator.
The permeate solution was analyzed by HPLC. The permeation of chitosan polymer was
quantified by precipitating out the polymer from the permeate solution with HPLC mobile
phase. Rejection rate R was calculated as follows:

permeate concentration
stock solution concentration
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Figure 1. Permeation test system.

2.4. Continuous Hydrolysis with Membrane Reactor

An enzyme membrane reactor was composed, as shown in Figure 2. A total of 10 g/L
of chitosan solution containing chitosanase with a concentration of 100 U/L was charged
in a beaker. The charging volume was 100-600 mL. A plunger pump carried the reacting
solution to the membrane module at the flow rate of 600 mL/h. A back pressure regulator
adjusted the product stream flow rate at 100 mL/h. The pressure at the pump head was less
than the pressure limit of the membrane module of 4 bar in all conditions. The retentate
solution was recycled into the reactor. Chitosan 10 g/L solution without chitosanase was
continuously fed to the reactor at the flow rate of 100 mL/h to realize the continuous
operation. Throughout the operation, the reaction mixture was stirred by a magnetic stirrer,
and the reactor temperature was kept at 40 °C. A steady state was typically reached after
three times the mean residence time had passed.

Recycle Back pressure
500 mL/h regulator

==

Feed c | Q' ,
100 mL/h P Plunger P Product
 — Ultrafiltration 100 mL/h

um
V{mL) PR membrane

Stirred Reactor
Chitosanase 100 U/L

Figure 2. Enzyme membrane reactor setup.

3. Results and Discussion
3.1. Reaction Modeling and Permeation Evaluation

Figure 3 presents the reaction profile in a batch reactor. Streptomyces sp. N174 hy-
drolyzes chitosan in an endo-splitting manner [23]. It has no ability to produce a monomer.
Thus, dimers and trimers are not hydrolyzable by chitosanase. In contrast, the target
product of hexamers and pentamers can be further hydrolyzed to dimers, trimers, and
tetramers. The concentration of the hexamers and pentamers increased and then decreased
after peaking by the overreaction. The concentration of dimer and trimer, the final products
of the enzymatic hydrolysis, increased monotonically. The overall tendency agrees well
with the previous report [5]. An ultrafiltration membrane is attractive for the selective
separation of the intermediate hexamer and pentamer from the reaction mixture containing
the chitosanase to avoid further degradation of the target products.
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Figure 3. Profile of chitosan oligosaccharide concentration in a batch reactor. Numbers indicate the
degree of polymerization of the oligosaccharides.

Even after 24 h of reaction, the total concentration of chitosan oligomers was 8.5 g/L,
indicating that 15 wt% of the input chitosan was unconvertable to oligomers. The deacety-
lation ratio of the chitosan reagent was over 80 mol%. Because the chitosanase cannot
split GIcNAc-GlcNAc linkages [23], the remaining 15 wt% component can be attributed
to the N-acetyl-D-glucosamine units. The yield of each oligosaccharide is, thus, defined
as follows:

obtained oligomer amount _ obtained oligomer amount
total amount of hydrolyzable unit ~ input chitosan amountx (1—0.15)

oligomer yield =

With the definition above, the sum of the hexamer and pentamer yield was around
39 wt% after 1 h reaction.

We considered a simplified chitosan hydrolysis reaction model shown in Figure 4. Be-
cause our focus was the selective production of a specific range of oligomers, the hydrolysis
products were ramped into desired oligomers (B) and undesired smaller oligomers (C).
Oligomers and polymers larger than desired oligomers were ramped into the reactant (A).
A series-parallel type reaction was considered. Additionally, C generation pathways from
A and B were considered.

Chitosan
(reactant, A)

ry

I3 5-6 oligomer
(desired product, B)

)

2—4 oligomer
(undesired product, C)

Figure 4. Simplified reaction pathways in a series-parallel type reaction scheme.
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For the reaction rate expression, the Michaelis-Menten-type equations were used. Be-
cause chitosanase can bind not only to digestible chitosan but also to undigestible chitosan
trimer and dimer [24], all the reactants and products were included in the denominator.

" = Umax,1 [A]

' Kou + ([A]+ B[+ [C])
P OUmax,2 [B]

? 7 Ko+ ([A]+ [B] + [C])
ry = Umax,3 [A]

Kms + ([A] + [B] +[C])

Boucher et al. reported the Michaelis constant K, of the chitosanase Streptomyces sp.
N174 for chitosan hydrolysis as 0.0293 g /L [25]. This value is employed for K1, Kmn2, and
K3 in this study. Although the actual values of the above Michaelis constants would differ
for each reaction, the reactant concentration in this study is 10 g/L. Industrial applications
would also employ the same range or even higher reactant concentrations. Thus, errors in
the Michaelis constants are unimportant for the kinetic modelling of our interests. Values of
Umax,1, Umax,2, and Umax 3 were obtained (Table 1), by parameter fitting with the Levenberg—
Marquardt method. For the parameter fitting, the following ordinary differential equations
were solved with the backward differentiation formula:

L[A] = —11 — T
a7 1—13
@ =1 —1
dt !
dic =ry+7r3
dt

Table 1. Kinetic parameters for the enzymatic hydrolysis of chitosan.

Value Standard Error Correlation Coefficient

() (h1) (%) Umax 1 Umax,2 Vmax3
Omax,1 9.64 0.502 5.2 1 - -
Vmax2 291 0.273 9.4 0.49 1 -
Umax3 478 0.436 9.1 ~0.318 —0.797 1

Figure 5 shows the fitted curves with the experimental results. Note that [A] was
based on the D-glucosamine unit (85 wt% of the initial amount). The fitting curve matched
well with the experimental results.

Concentration (g/L)

O =_2NWHAOTO N ®O©

Reaction time (h)

Figure 5. Model fitting to the reaction profile in a batch reactor. Markers indicate the experimental
values. Lines indicate the simulated value. [A], [B], and [C] is a concentration of reactant, desired
product, and undesired product, respectively.



Fermentation 2022, 8, 701 6of 11

Next, the permeation performance of the membrane was evaluated. Figure 6 summa-
rizes the results. In all cases, increased permeate flux resulted in higher rejection due to the
concentration polarization effect [26]. The hexamer and pentamer have molecular weights
of 823.8 and 985.0, respectively. A MWCO of 1k is the best for rejecting the permeation
of the polymers larger than the target range based on the molecular weight. However,
the rejection of chitosan was 89-93% with 1k MWCO (Figure 6a). These values differed
only 1% from those with 3 k MWCO. Slight permeation of molecules with much higher
molecular weights than MWCO was commonly reported [27,28]. The membrane pore
size distribution or dynamic behavior of polymer molecules might be responsible for the
permeation. In contrast, the permeation of the target oligomers was significantly affected
by MWCO (Figure 6b). Rejection of target oligomers with 1 k MWCO reached 36% at the
highest permeate flux of 5.6 mL/(m? s). A MWCO of 10k achieved a 15% smaller rejection
at the same flux than a MWCO of 1 k. Enlargement of MWCO to 30 k did not further
improve the permeability. Permeation resistance would shift from the membrane’s pore
to the boundary layer in the solution [29]. According to these results, it is expected that
neither 1k MWCO nor 30 k MWCO is suitable for a membrane reactor. High resistance
to the product permeation or leaching of a large polymer will cause troubles with these
membranes. Since enzyme activity can be affected by pressure applied for the membrane
permeation [17], using a 10 k membrane might be the best choice to retain the reactant and
separate the products.

@ 7 : (b) 11
()
S 01k o3k
—~ 0.8 - % 0.8
z - 010k A30k
f_ 0.6 & 06
= ©
E 0.4 A .5 0.4 - o
S G o
g 1K 2024 O 8 ra
L 0.2 4 01k ©3k 9 5
vd 010k A30k 0 , . |
0 - - - 0 2 4 6
0 5 4 6 ]
Permeate flux, Jv (mL/(m?-s)) Permeate flux, Jv (mL/(m?:s))
() 17
01k ©3k
L C10k  A30k

0.6 1

Rejection rate, R (-)
o
N

0.2-g 8 ®

0 T T 1
0 2 4 6

Permeate flux, Jv (mL/(m?*s))

Figure 6. Permeation characteristics of membranes. (a) Chitosan polymer after 1 h hydrolysis,
(b) target oligosaccharides (hexamer and pentamer), and (c) undesirable smaller oligosaccharides
(dimer, trimer, and tetramer).
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3.2. Reactor Modeling and Comparison

Based on the established reaction model and permeation performance, we have simu-
lated reactors with different operation modes and membrane MWCOs. Figure 7 illustrates
the operation modes. A membrane reactor can be operated in a semi-batch mode [13,18]
(Figure 7b) or a continuous mode [3,5] (Figure 7c). In the semi-batch mode, the product
solution flows out continuously. Buffer solution without reactant flows in at the same
flow rate as the product so that the reaction volume is constant. The operation continues
until only a small amount of reactants and products are in the reactor. In the continuous
mode, the reactant solution without enzyme flows in. If the membrane performance and
the enzyme activity are constant, the reactor can be in a steady state. Mean residence time
(reactor volume/reactant flow rate) is crucial for continuous operation.

(b) Ultrafiltration ~ (©) Ultrafiltration
membrane membrane
b Buffer cb i Product Chitosan [ ! Product
solution i solution in buffer —— | solution
e | — i :

solution

Figure 7. Reactor operation modes. (a) Batch reactor, (b) membrane reactor of semi-batch mode with
feeding buffer solution, (¢) membrane reactor of continuous mode with feeding reactant solution.

The mass balance equations for a semi-batch reactor are as follows:

%V = —rV —r3V —(1—Ra)[A]F
dc[llj] V=rV-rnV-— (1 - RB)[B}F
d[C]

dr V= 7’2V—|—1’3V — (1 - Rc)[C]F

where R; is the rejection rate of species i, V is the reactor volume, and F is the product flow
rate. These equations were solved numerically.

Concentrations of the continuous membrane reactor can be solved analytically from
the following mass balance equations:

F[A]in = F[A]out + F[B}out + F[C]out
F[A]out - F[A]in = -1V —-rV
FBl,u =1V —nV
F[C]out =nrV4+rV

where [i];, is the concentration of species i in the feed flow, and [i]oyt is the concentration of
species I in the product flow. Furthermore, [i]out can be calculated from the concentration
in the reactor as follows:

[i]out = (1 - Ri)[i]

Figure 8 presents the simulated yield against the operation time or the mean residence
time. The initial concentration and the feeding concentration of chitosan was 1 wt%. The
product flow rate was 100 mL/h for semi-batch and continuous operations. In the batch
reactor, the B yield reaches the maximum at around 1.2 h and then decreases due to the
overreaction. In the simulation of a semi-batch operation, the reactor volume was 100 mL,
and the product flow rate was 100 mL/h. The yield was defined from the total amount
of the target product recovered from the permeate solution. It increased monotonically



Fermentation 2022, 8, 701

8of 11

with the operation time and approaches the plateau. In the simulated case, the final yield
was 60% at around 12 h of operation. The semi-batch mode improved the yield by 15%
compared to the batch reactor. However, productivity per reactor volume per operation
time decreased significantly due to the permeation resistance of the product. Increasing
the product flow rate would help to shorten the operation time but would result in a
diluted product solution. The continuous mode achieved a higher yield than the batch
reactor with enhanced productivity. A larger MWCO value resulted in a lower yield due to
reactant loss. In the case of an ideal membrane with 100% rejection of A and 0% rejection
of B and C, yield and productivity can be further improved, as shown in the red line in
Figure 8. Continuous feeding of the chitosan and recycling of the retentate results in the
accumulation of the chitosan in the reactor. If the residence time is too short, it ends up
with the chitosan concentration higher than the solubility limit of 5 wt%. The left ends of
the curves in the Figure 8 indicate that the chitosan concentration in the reactor reaches
5 wt% at the steady state.

continuous
operation

0.7

semi-batch operation
(MWCO: 3k)

0.6

0.5 4

.......
. .y
. L -
Ly
.
.,

0.4 -

hexamer + pentamer yield (-)

03 7 .:_- batCh "’/ 1k ..............
0.2 4 reactor ’1’ 3k
7 — 10k
0.1 43 o — 30k
;7 ideal membrane
0.0 +== . . . .
0.0 1.0 2.0 3.0 4.0

Operation time or mean residence time (h)

Figure 8. Simulated yield for various reactors and membrane performances. The left ends of the
curves indicate that the chitosan concentration in the reactor reaches 5 wt%.

3.3. Experimental Validation

According to the simulations, continuous operation with a membrane of 3 k or 10 k
MWCO would be desirable. Continuous operation of the membrane reactor was conducted,
as shown in Figure 2. The mean residence time was adjusted by changing the reactor
volume from 100 mL to 600 mL while keeping the feed flow rate. The results are shown in
Figure 9. As in the model calculation, MWCOs of 3 k and 10 k resulted in a similar yield.
Previous studies on chitosan oligosaccharide production with enzyme membrane reactors
employed MWCOs of 2-5 k [5,13,19]. No significant difference in the selectivity by MWCO
is expected in these ranges. However, regarding scale-up for industrial production, a larger
MWCO of 10 k might be better for pressure reduction and fouling prevention.
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Figure 9. Experimental results for continuous membrane reactors with feeding reactant solution.

Although the overall tendency against the residence time was similar, the maximum
yield and optimum residence time differed vastly from the model prediction—a 10% higher
yield than the model prediction was obtained. The rejection rate of chitosan was obtained
using the semi-hydrolyzed solution for 1 h in the batch reactor. The actual rejection of
the chitosan would be much higher at the initial stage of the hydrolysis. The longer
residence time for the maximum yield might be attributed to the binding inhibition by
chitin components. Although GIcNAc-GlcNAc bonding cannot be hydrolyzed, it can
interact with chitosanases [24].

4. Conclusions

Simplified reaction rate equations and membrane permeation performances were
combined to simulate membrane reactors. The optimal operation mode and MWCO value
for selective and efficient production of chitosan oligosaccharides were discussed based on
the simulation and validated experimentally. The following conclusions were drawn:

(1) A tight membrane with a small MWCO value close to the target oligomer does not
necessarily improve the reactor performance. Complete rejection of larger oligomers
is difficult, even with the smallest MWCO. A coarse membrane with a larger MWCO
is recommended to reduce the fouling risks and operating pressure;

(2) Rejection of the membrane permeation concentrates the reacting medium at the
residue side. Thus, a membrane reactor with continuous feeding of the reactant and
recycling of the retentate solution can produce a higher yield in a shorter residence
time than the batch reactor;

(3) A membrane reactor with the semi-batch operation mode can obtain the target
oligomer in a higher yield than with the continuous operation mode. However,
the productivity is lower than the batch reactor because the permeation rate and
concentration of the product are in a trade-off relationship;

(4) Experimental results have an acceptable agreement with the model prediction. The
membrane reactor model with the simplified reaction rate equations helps in designing
the reactor blueprint. The discrepancy in the optimum residence time and yield will
be reduced by considering the binding inhibition effect.

We employed commercial polyethersulfone membranes in this study. Considering
the difficulty of completely rejecting large molecular weight components (Figure 6a), the
development of novel polyethersulfone-based membranes [30-32] is essential for future
studies further to increase the performance of the enzyme membrane reactors.
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