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1 Introduction

Laminaribiose, a 3-8-D-Glucosyl-D-glucose disaccharide, has
application in medicine, food, and agriculture fields and is con-
sidered as a building block for new pharmaceuticals [1,2]. The
conventional synthesis method of laminaribiose is chemical hy-
drolysis of laminarin [2] through which disadvantages such as
low production yields, high consumption of energy and wa-
ter, demand for several organic solvents as well as need for
more sophisticated regulating systems are encountered. There-
fore, an enzymatic approach that provides a more cost efficient
and biodegradable alternative is desirable [3]. A trienzymatic
synthesis method has been suggested by Kitaoka to produce
laminaribiose from sucrose using native sucrose phosphorylase
(SP), laminaribiose phosphorylase (LP) and glucose isomerase
(GI) [4]. However, GI could not be used in this multienzymatic
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system because it needed much higher temperature compared
to the other two enzymes (SP and LP). More specifically, Gl as a
main enzyme in production of high fructose corn syrup (HFCS)
is used at much higher temperatures. Furthermore, the required
amount of glucose for this reaction system (which was initially
supposed to be produced by GI) is produced via partial hydroly-
sis action of SP. But glucose is needed for start of the reaction and
kinetics requirements and for that reason, glucose is added at the
beginning of the reaction [5]. Therefore, a bienzymatic reaction
system using LP and SP immobilized on Sepabeads and encap-
sulated in chitosan with sucrose and glucose as substrates was
applied to produce laminaribiose under mild conditions [6,7].
Although diffusion in chitosan is significantly slower than free
diffusion [8], the impact on overall reaction rate is small [9]
and thermal stability of chitosan-based hybrid immobilizates is
increased by a factor of 10 compared to native enzymes [7].
Hence, in a previous work this biocatalyst system was used to
set-up an enzymatic synthesis in a continuous packed bed pro-
duction system with an operational time of 10 days [10] but
higher productivity in continuous operation comes with a lower
titer and purity of laminaribiose compared to batch mode [7].
Establishing an efficient and selective product recovery system is
thus essential for industrial application of this process.

isomerase; Glc, glucose; Lam, laminaribiose; LP, laminaribiose phos-
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Adsorption is a well-suited unit operation for this first prod-
uct removal or capture step here due to high selectivity espe-
cially in multi-component mixtures and the low operational
temperature, thus avoiding hydrolysis of laminaribiose. Besides
the use of zeolites in chromatographic columns for sugar separa-
tion [11], type BEA zeolites have shown a high selectivity between
different carbohydrates [12] and have already been used to cap-
ture the disaccharide isomaltose in enzymatic reactions [13-16].
Moreover, commercially available BEA 150 zeolite extrudates
have shown advantageous adsorption isotherms for the sepa-
ration of laminaribiose against fructose and glucose as needed
here [17,18] whereas sucrose adsorbs even weaker than the sol-
vent water [19]. Successful combination of enzymatic produc-
tion and adsorption with subsequent downstream processing
has only been shown for a monoenzymatic production system
where enzymatic catalysis and adsorption were integrated in a
set-up comprising of fluidized bed of biocatalysts and a slurry
of zeolite particles [16,20]. In here, a bienzymatic production of
laminaribiose is combined with adsorption in a system compris-
ing of two solid phases (biocatalyst pearls and zeolite particles)
and one fluid phase of reaction solution implemented in two
consecutive fixed beds.

In this study, the combination of a continuous bienzymatic
production of laminaribiose with an adsorption of laminaribiose
in zeolite BEA using two consecutive packed bed columns is in-
vestigated. A feasible combination of washing and desorption
steps to balance yield and purity in downstream processing of
the loaded zeolites is implemented in batch experiments. After
that, the results are transferred to packed bed columns of larger
scale and the occurring challenges like the influence of zeolite
particle size are addressed. Finally, a continuous production sys-
tem is implemented to demonstrate the strengths of the proposed
production system.

2 Materials and methods
2.1 Materials and buffers

All chemicals were of analytical grade and purchased from
Carl Roth GmbH + Co. KG, Germany unless other-
wise stated. Sodium hydroxide, sodium chloride and Chi-
tosan were purchased from Sigma-Aldrich Corporation. Sep-
abeads (Resindion type: EC-EP/S) was purchased from Biokal,
Netherlands.

Either double distilled water (for batch experiments) or
deionized water (MilliQ-Water) (for all other experiments) was
used. 0.05 M phosphate buffer, referred to as reaction buffer (RB)
in the following, was prepared by dissolving 7.1 g of sodium di-
hydrogen phosphate in 1 L of pure water and adjusting the pH
value to 6 with sodium hydroxide. 0.3 M Sgrensen phosphate
buffer (SB) was prepared by dissolving 21.3 g of sodium hydro-
gen phosphate and 21 g of potassium dihydrogen phosphate in
1 L of water resulting in a pH of 7. Solutions with a concen-
tration of 5 and 20% (v/v) ethanol in water were prepared for
desorption. Laminaribiose phosphorylase (LP) was produced in
our lab from Euglena gracilis based on the cultivation method
described before [21]. Sucrose phosphorylase (SP) was kindly
donated by Bitop AG.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.2 Immobilized enzymes

LP and SP were immobilized through a hybrid-immobilization
procedure developed in previous studies following a two-pearl
concept [6,7,10]. In this procedure, a covalent linkage on Sep-
abeads (EC-EP/S with 0.1-0.3 mm particle size) was performed
first. For that purpose, 1 mL of native enzyme solution in 1 M
sodium phosphate buffer at pH 7 was incubated with 0.1 g Sepa-
beads at room temperature for 24 h and then washed three times
with reaction buffer (RB). Secondly, encapsulation in chitosan
was achieved by suspending 0.1 g Sepabead-enzyme in 30 mL of
an acetic acid chitosan solution (1.5%) at pH 4.75 and mixing
at 30°C in a water bath shaker. This homogenous slurry was
then poured down into a pressurized cylinder where chitosan
pearls were dropped out from nozzles at the bottom and stirred
in sodium polyphosphate buffer (10%) at pH 6.5 for 20 min
on ice. In the two-pearl concept, the hybrid immobilizates of
LP- and SP-Sepabeads were encapsulated in separate chitosan
pearls.

2.3 Zeolite preparation

Zeolite H-BEA 150 extrudate with a module of 150 from Clari-
ant International Ltd. were used (trade name CZB 150). To
avoid a pH-shift during use of protonated zeolites, a cation
exchange was performed. For this purpose, 100 g of the pro-
tonated zeolites were mixed in 500 mL of a 0.2 M sodium
chloride solution at 70°C and sodium hydroxide was added
frequently until a constant pH of 6 was reached. Afterward,
zeolites were washed twice with 1 L pure water to remove chlo-
ride ions. The first washing step was done at 4°C for 5 min
and the second step at 70°C for 1 h. Zeolites were then dried
at 80°C for 16 h and activated at 400°C in ambient atmosphere
for 4 h.

The rod-shaped extrudates had a uniform width of 1.4 mm
and a mean length of (4.1 £ 1.4) mm. As crushing has no
influence on the adsorption equilibrium of BEA 150 [22],
extrudates were crushed with mortar and pestle and classified
in five fractions from 200 to 400 wm, 400 to 650 wm, 650 to
800 1vm, 800 to 1000 wm and 1000 to 1600 ;m by sieving. These
particles were then applied consecutively during a continuous
operation in five different beds. The maximum particle size of
each fraction was used to calculate the ratio of column diameter
(30 mm) to particle diameter (d./d,) resulting in 75, 50, 37.5,
30, and 18.8, respectively. The wall effect in packed beds can be
neglected when the ratio d./d, is above 7 [23], which is the case
here for all five fractions.

Purity, P of laminaribiose was calculated as gram of lami-
naribiose per gram of all sugars:

CLam

PLam = (1)
CLam F CFru F €Glu + Csuc

with the concentration of the respective sugar, c. Purity ratio
was then calculated based on the purity of laminaribiose in the
fraction from last desorption step compared to the purity of
laminaribiose in the reaction solution.

In order to measure the total porosity of the packed zeolite bed
in the columns, a volumetric and weighing test was performed
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Table 1. Overview of downstream processing procedures
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DSP procedure A B C D
Scale Batch Batch Packed bed Packed bed
Washing Two times Five times Three times Three times

SB/RB SB SB SB

2mLg~! for 1 min 2mL g~! for 1 min 2mL g~! for 5 min / 20 min 2mL g~! for 20 min
Pre-desorption 1 Pure water Pure water Pure water Pure water

ImLg! for22 h ImLg! for22h 2mLg! for1h I1mLg™! for 1h
Pre-desorption 2 See above See above Pure water Pure water

2mLg ! for2h ImLg ! for2h

Final desorption 5% ethanol 5% ethanol - 20% ethanol

ImLg !for22h

ImLg! for22h

ImLg!for18h

All washing steps were carried out at 4°C, pre-desorption and final desorption at 50°C.

for 30 g of zeolites in the glass column as used in the continuous
experiments. Water was pumped slowly to the column until the
surface of zeolite bed was covered and all zeolite particles were
completely soaked. Afterwards, the column outlet was opened
to let the excessive water exit the column while collected in mea-
suring cylinder. By deducting this eluted volume from pumped
volume, the water holdup by this 30 g zeolite was determined to
be (22 £ 1) mL. Furthermore, measuring dry and wet zeolite af-
ter this test showed 21.1 g difference. Therefore, a mean volume
of 22 mL was considered resulting in 0.73 mL liquid per gram
zeolite.

2.4 Washing and desorption procedure

In batch experiments, washing and desorption were performed
in 5 mL micro reaction tubes (Eppendorf AG). Solid/liquid sep-
aration was done by decanting before every washing and desorp-
tion step. Zeolites were then mixed manually with 2 mL washing
solution per gram zeolite (dry mass). Desorption steps were
conducted with 1 mL eluent per gram zeolite in a shaking in-
cubator (3032 from GFL Gesellschaft fiir Labortechnik mbH).
Samples of 300 uL were regularly taken.

In fixed bed experiments, washing was done directly in the
column. Therefore, 2 mL washing solution per gram zeolite was
pumped through the column with a washing time of 5 or 20 min.
Then, desorption was performed in 500 mL laboratory glass bot-
tles (DWK Life Sciences) using a TER 2 heating bath with mag-
netic stirrer (IKA Werke GmbH & Co. KG). The specifications of
the different downstream processing (DSP) procedures are listed
in Table 1.

The yield, Y; in each step i of DSP was calculated as mass
of laminaribiose exiting this and all following streams until the
last step p divided by the mass of laminaribiose exiting with all
streams:

_ Zﬁ:i Clam,k * Vk

Y, = ksl e R
Z][::] Clam,k ° Vk

(2)
with the mass calculated from the concentration ¢ of lami-
naribiose and the volume Vj of an exiting stream k. Assuming
that all sugars were desorbed in the last desorption step p, a theo-
retical purity Pyeo,; of a washing or desorption step i was defined
as sum of laminaribiose mass exiting with all elution solutions

from i to p divided by the sum of all sugar masses exiting those
streams:

m
Clam,k * ‘/k

k=i (CLam,k + CFru.k + CGlu,k + CSuc.k) : Vk

3)

Pthen,i =

2.5 Batch production of laminaribiose

Batch production and adsorption of laminaribiose was con-
ducted in 5 mL cylindrical micro-reaction tubes with L x ID
= 55 mm X 15 mm. To prepare the substrate solution, su-
crose and glucose were added to the reaction buffer with final
concentrations of 0.25 M and 0.15 M respectively. 0.8 g of LP
immobilizates together with 0.8 g of SP immobilizates were in-
cubated with 0.65 g of zeolites in 3.2 mL of substrate solution up
to 160 h at 35°C in a shaking incubator. For desorption, zeolites
were manually separated from the enzyme immobilizates after
solid/liquid separation.

2.6 Continuous production and adsorption of
laminaribiose in packed bed reactors

A cylindrical glass column packed bed reactor with dimensions
L x ID =51 mm x 30 mm packed with 25 g of immobilizate
(36 mL bed volume, packing density 0.7 gmL™") and LP:SP ratio
of 2 was used to continuously produce laminaribiose. Substrate
solution comprising of sucrose 0.2 M and glucose 0.04 M in
reaction buffer was pumped upward through the packed bed
using a peristaltic pump (ISMATEC model: ISM831C) at a flow
rate of 0.1 mL min~! resulting in a superficial bed velocity of
0.14 mm min~!. The whole set up was operated in a temperated
chamber at 35°C [10].

A glass column with dimensions L x ID =70 mm x 30 mm
packed with 30 g zeolite BEA of different particle size (pack-
ing density 0.6 g mL™') was used to continuously adsorb the
produced laminaribiose (Fig. 1).

Operation started with only enzymatic reactor in line and
continued this way for 24 h until steady state was reached. The
first zeolite bed was then implemented in line and after speci-
fied durations of time, a new freshly packed zeolite column re-
placed this zeolite column. These exchanges continued until end
of operation while in the meantime, used zeolite batches were

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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processed further through washing and desorption procedure
(Section 2.4).

The normalized concentrations after zeolite bed was calcu-
lated using concentrations upstream the zeolite bed at process
time t as inlet concentrations and after the bed at process time
t + 4 h as outlet concentration since the residence time in the
zeolite bed was approximately 4 h:

x Ci, outlet (t+ 4h)
Ci,inlet (t)

(4)

0,

2.7 Analysis

For batch experiments, concentrations of sucrose, glucose, fruc-
tose and laminaribiose were determined using an YMC-Pack
Polyamine II column at 35°C with acetonitrile/water (75/25
(v/v)) as eluent and a Shodex RI-101 detector.

Concentration of sucrose, glucose, fructose and laminaribiose
in continuous experiments were measured by anion ex-
change chromatography using pulsed amperometric detection
(HPAEC-PAD). Carbopac PA1 (4 mm x 250 mm) column with
a guard column Carbopac PA1 (4 mm x 50 mm) were used to
perform the chromatography. A 41 min-long gradient program
comprising of 100 mM sodium hydroxide as the main eluent
(A) and 1 M sodium acetate in 100 mM sodium hydroxide as
co-eluent (B) was used to elute sugars at 25°C using a gradient
pump (SYKAM, model S2100) at a flow rate of 1 mL min~!.
Gradient elution started with 100% (A) and after 1 min, (B) was
increased to 20% over 6.3 min and stayed so until minute 16.
Over the next 20 min, (B) was lowered to zero and 100% (A) was
applied again until the end. Samples were filtered using 0.22 pm
filters before injection.

3 Results and discussion
First, zeolites are loaded in a bienzymatic batch process to
gain a representative mixture of laminaribiose, fructose, glu-

cose and sucrose adsorbed on zeolite BEA and the subsequent
downstream processing of these loaded zeolites is investigated.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Schematic of the se-

Effluent|  rial set up for production and
adsorption of laminaribiose in a
packed bed reactor.

Second, the established protocol is transferred to the larger scale
of fixed bed adsorption. Finally, continuous enzymatic produc-
tion of laminaribiose is combined with adsorption on zeolite
BEA as first capture and purification step.

3.1 Optimization of washing and desorption
procedure

Laminaribiose was produced in batch experiments to gain a
representative mixture of sugars adsorbed on zeolite BEA, see [7]
for details. The loaded zeolites were then washed and desorbed
with DSP A (two washing steps, two pre-desorption steps and
one final desorption) to evaluate the influence of the washing
bulffer.

The yield, Y; and theoretical purity Py.,; of a washing or
desorption step i of DSP are calculated based on Egs. (2) and
(3) respectively. These values are shown in Supporting Informa-
tion Fig. 1 together with the concentrations of glucose, fructose,
sucrose and laminaribiose in both washing solutions. Initially,
theoretical purities of 0.29 gram Zsugar * and 0.25 Gram Zsugar
were achieved for zeolites washed with reaction buffer (RB) and
Serensen buffer (SB), respectively. The use of RB increased the
theoretical purity by 26% to 0.37 grum gsugafl in two washing
steps. SB led to a higher relative increase in theoretical purity of
32% t0 0.33 8ram Geugar - This is in line with the observation that
ions, which strengthen hydrophobic interactions like Na*, K*
or PO;*~ lead to an increased adsorption of carbohydrates on
zeolites [24] as those ions are present in a higher concentration
in SB. Hence, SB was used for further downstream processing
(DSP B, DSP C and DSP D).

Since high concentrations of sucrose, glucose and fructose re-
mained in the eluent after two washing steps, washing procedure
was extended to five washing steps. Corresponding concentra-
tions of sugars in eluent solutions using DSP B (five washing
steps, two pre-desorption steps and one final desorption) are
shown in Fig. 2 A and B. Here, theoretical purity increases from
initially 0.48 g14m Gougar ' 10 0.70 8ram Gsuger - The eluted quan-
tity of sucrose, glucose, fructose and laminaribiose decreases with
every washing step. Concurrently, increase in theoretical purity
decreases, too. With the first three washing steps, theoretical
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Figure 2. (A) Concentration of glucose, fructose, sucrose and laminaribiose in eluent solutions during five times washing with 2 mL SB
per gram zeolite, two desorption steps with 1 mL pure water per gram zeolite and final desorption with 1 mL 5% ethanol per gram zeolite.

(B) Corresponding yields and theoretical purity of laminaribiose.

purity increased by approximately 10% each step, but with fourth
and fifth washing step, purity increased less than 5% each. As the
first desorption step leads to significantly higher concentrations
of glucose, fructose, sucrose and laminaribiose than the fourth
washing step and increases theoretical purity again by more than
10%, three washing steps were found to be sufficient for the
following packed bed experiments (DSP C and DSP D).

Concentrations in different desorption steps show that pu-
rity of laminaribiose is strongly influenced by co-desorption of
fructose and glucose especially for the first two desorption steps
in pure water (Fig. 2B). Hence, it seems reasonable to evaluate
the first two steps within the meaning of pre-desorption steps to
improve the final purity in the last desorption step. Then, it can
be seen that laminaribiose desorbs slower than the other sug-
ars with the highest concentration of laminaribiose measured
after 22 h. Hence, theoretical purity is 0.81 gram Gsugar = after 2
h of the first desorption step and decreases to 0.77 gam gsugafl
after 22 h as more laminaribiose is lost in the eluent of the pre-
desorption with increasing desorption time. The same is true for
the second desorption step where theoretical purity is increased
t0 0.87 gram gmgar" after 3 h of desorption and then decreases to
0.81 Gram Gougar | after 22 h (Note that the starting point of the
second pre-desorption is a theoretical purity of 0.77 gy am gsugafl
after 22 h of desorption in the first pre-desorption.) Hence, pre-
desorption to remove sucrose, fructose and glucose is carried
out for approximately 2 h in the packed bed experiments (DSP C
and DSP D). The final desorption step with 5% ethanol solution
desorbed remaining sugars. Here again 22 h were needed for
complete desorption equilibrium of laminaribiose.

While most findings from batch experiments like the ratio
of eluent to zeolite or desorption times and temperatures can
readily be transferred to downstream processing of packed beds,
the proper implementation of washing needs special attention.
This is due to two facts. First, the concentrations of glucose and
especially sucrose in the reaction solution are much higher than
in batch experiments whereas the concentration of laminaribiose

is much smaller (by a factor of app. 25). This increases the in-
fluence of washing on final purity. Second, the hydrodynamic
mixing behavior is different in packed beds while the objec-
tive to provide sufficient contact time for the exchange between
washing solution and interstitial liquid but as short as possible to
avoid desorption stays the same. Hence, DSP C (three washing
steps, two desorption steps) uses two different washing times of
5 and 20 min for two packed beds each. Sucrose is used as marker
for dilution during different steps since it showed no measurable
adsorption. A contact time of 5 min is not enough as the con-
centration of sucrose even increases by a factor of 4 in the first
desorption step (Supporting Information Fig. 2). In contrast, a
contact time of 20 min enables a smooth dilution by a factor
(Csuc,i/Csuc, i-1) of 0.33 £ 0.09 over all washing and desorption
steps which is in line with batch experiments (dilution factor
of 0.49 & 0.26 in five washing steps) and the expected dilution
factor of 0.26 (Viotdup/( Violdup + Viwash)). Note that the dilution
factor in batch shows a higher standard deviation due to the limit
of quantification for sucrose in the HPLC system used. As the re-
quired contact time for washing is larger and desorption in batch
already took 22 h, ethanol concentration was increased to 20% in
the final desorption step of DSP D, to increase the driving force.
In conclusion, the final downstream processing procedure DSP
D (three washing steps, two pre-desorption steps and one final
desorption) is specified for downstream processing of packed
beds and used in the following.

3.2 Influence of particle size on adsorption of

laminaribiose in packed beds

At the first 24 h of continuous operation, only the enzymatic
reactor is operated until steady state and the maximum con-
centration of laminaribiose are reached. However, there is an
average decline of 32% in laminaribiose production by the bi-
enzymatic systems presented here (0.37 g/L) compared to the

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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previous study (0.55 g/L) by Abi et al. because of partial decay in
enzyme activity due to storage [10].

After establishing the enzymatic reaction and the DSP of the
zeolites, columns packed with zeolite extrudates (4 mm) were
used in several batches for different operating times in contin-
uous production and adsorption. The breakthrough curves of
first packed beds with mean zeolite particle size of 4 mm showed
clear dispersion as identified by observing high concentration
in the initial effluent of most beds (Supporting Information
Fig. 3). This was considered to be due to inefficient contact be-
tween liquid and zeolite particles since at the same time, obvious
channeling through these beds was observed too. To address this
problem and to evaluate the influence of zeolite particle size on
adsorption efficiency, different zeolite particle sizes were tested,
see Section 2.3.

DSP D was used for washing and desorption of these beds.
As depicted in Fig. 3, the highest increase in purity (calculated
based on Eq. (1)) of laminaribiose is achieved using mean ze-
olite particle size of 1300 uwm with a 78.2 fold improvement in
laminaribiose purity.

100

80 -

60

40+

Purity Ratio [-]
| |

20+ n

O T T T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400
Mean zeolite size [um]

Figure 3. Ratio of purity of laminaribiose in last eluent and
reaction solution for different particle sizes of zeolite using
DSP D.

Suc —o— Glc —o0— Fru—0—Lam

0.8 |

0.6

0.4

Normalized concentration [-]

Eng. Life Sci. 2019, 19, 4-12

Better results achieved for bigger particle sizes can be ex-
plained as follows. Using small particles with a size distribution
could cause blocking of channels inside the bed or macropores
in the zeolite extrudates whereas this effect is expected to be not
very pronounced when using larger particles. This is supported
by the fact that relatively high masses of glucose and sucrose are
carried over from the washing steps, that are conducted in the
packed beds, into the desorption steps for small particles. This
leads to relatively high concentrations of glucose and sucrose in
the last eluent and thus to poor purities of laminaribiose. Hence,
optimum conditions can be defined using the 1300 pum frac-
tion zeolite and DSP D. A stable use of these conditions with six
beds in a 10-day-long continuous production and adsorption of
laminaribiose is shown in the next section.

3.3 Continuous production of laminaribiose and
adsorption in packed beds using optimal
conditions over 10 days

Figure 4 presents results of the optimized continuous production
over 10 days with six zeolite beds.

A good stability of the process and the expected order of
breakthrough with an immediate breakthrough of sucrose fol-
lowed by glucose, fructose and laminaribiose can be seen.

Similar behavior throughout the adsorption process is visible
for all of adsorption fractions in Fig. 4. The very good stability of
the process is also represented in Fig. 5 where the first three beds
with a total bed-operating time of 24 h each and the last three
beds with a maximum bed-operating time of 48 h each are av-
eraged. The differences in breakthrough behavior become more
visible, too. Normalized concentration of each component, ¢*;,
after zeolite bed is calculated based on Eq. (4). Glucose shows a
normalized concentration of about 0.4 in the first effluent after
4 h and reaches a plateau after 12 h. Normalized fructose con-
centration is about 0.2 in the first effluent. The breakthrough
curve is approximately 2 h shifted to longer bed-operating times
compared to glucose but otherwise similar. The breakthrough
of laminaribiose is more complex and differs for the two dif-
ferent groups of zeolite beds. For the first 96 h (comprising
of three beds), the normalized concentration is zero after 4 h
bed-operating time and increases to about 0.2 after 10 h. Then,

Figure 4. Normalized concen-
tration of sucrose (light grey
open triangles and line), glucose
(gray open squares and line),
fructose (dark gray open cir-
cles and line) and laminaribiose
(black open diamonds and line)
after the zeolite bed over pro-
cess time (lines as guide to the
eye). Dashed vertical lines indi-
cate integration of a fresh zeo-

T T T T
0 24 48 72 9 120 144
Process time [h]
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the increase is slower until a concentration of 0.3 is reached after
24 h. For the second group of beds, no laminaribiose is detectable
at the zeolite column effluent up to 12 h of bed-operating time.
Then, normalized concentration is about 0.1 after 24 h and in-
creases steadily to 0.6 after 36 h. One reason for this different
behavior for laminaribiose is the decrease in the inlet concentra-
tion of laminaribiose due the loss of activity of the enzymes. The
inlet concentration after 24 h bed-operating time is rather con-
stant for the first three beds (¢ = 0.29 £0.02 gL~") and decreases
afterward to 0.22, 0.15 and 0.07 g L~!for the fourth, fifth, and
sixth bed, respectively. However, no effect of inlet concentration
of laminaribiose on normalized outlet concentration is expected
as the concentration is still in the linear range of the isotherm
according to [15,25]. Moreover, the changes in concentration of
the other adsorbing components are too small to influence the
adsorption of laminaribiose significantly. This may be attributed
to the existence of a high-energy binding site that was already
detected for fructose and sorbitol on this zeolite extrudate [19].
For fructose, the high-energy binding site showed a maximum
loading of gax = 1.2 mg g~" with b= 3 L g~. If this binding
site had similar properties for laminaribiose, it would explain
the differences in breakthrough behavior for different inlet con-
centrations of laminaribiose as the linear range of this binding
site is already left. With this limitation, all beds show a simi-
lar behavior and are thus treated similar in the following using
DSP D.

This subsequent downstream processing is shown exemplar-
ily in Fig. 6 for the first zeolite bed. Obviously, the major impu-
rities are sucrose and glucose in all steps whereas fructose does
not account substantially. Hence, the effects of the different steps
of downstream processing are discussed with a focus on sucrose,
glucose and laminaribiose.

For that purpose, Table 2 additionally states the concentra-
tion ratio of sucrose to laminaribiose and glucose in each step
as well as the concentration ratio of sucrose in each step to
the previous step (dilution). As stated above, sucrose shows
no measurable adsorption and can thus be used as marker for
dilution during different steps. The three washing steps show
an average dilution of 0.33 £ 0.08 which is in line with the
expected value of 0.27. However, standard deviation is rather
high, possibly due to difficulties in liquid handling, mixing
and uncertainties in measurement of concentrations. Desorp-
tion steps show an average ratio of 0.41 & 0.05 what is also
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Figure 6. Concentration of sucrose, glucose, fructose, and lami-
naribiose in the column inlet (reaction) and after different steps
of downstream processing following DSP D. Note the break of the
concentration-axis.

Table 2. Ratios of sucrose concentration in a downstream pro-
cessing step to the sucrose concentration in the previous step
as well as to the laminaribiose and glucose concentrations in the
same step for the different steps

Step CSuc,iJrl/CSuc,i ['] CSuc,i/CLam,i [‘] fSuc,i/CGlc,i [‘]
Reaction - 191.88 7.43
Washing 1 0.24 252.02 5.65
Washing 2 0.39 130.82 5.10
Washing 3 0.35 70.82 3.82
Desorption 1 0.42 4.96 2.34
Desorption 2 0.46 2.61 2.17
Desorption 3 0.36 0.41 1.54

in line with the expected value of 0.42. Overall, the results of
sucrose fit well to the expected values for dilution and can be
used as benchmark for the other substances that are additionally
influenced by adsorption. The ratio of sucrose to laminaribiose

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Yield (triangles) and purity (circles) in different steps of
the downstream processing.

decreases steadily from the first washing step to the last desorp-
tion. On the one hand, the decrease shows that laminaribiose is
adsorbed and the washing procedure preferentially removes su-
crose in terms of total mass thus increasing the purity in the last
step. On the other hand, the steady decrease even in the wash-
ing steps indicates that laminaribiose already desorbs at these
steps underlining the necessity to limit washing steps and to use
high molar buffers at low temperatures. The ratio of sucrose
concentration to glucose concentration decreases similarly. This
indicates that the adsorption of glucose cannot be neglected and
that the desorption steps in water (desorption 1 and 2) are nec-
essary to remove adsorbed glucose and increase the purity in the
last desorption step. However, this increase in purity comes with
a decrease in total yield. Fig. 7 shows this relationship for the
average of all six beds.

First, it is worth noting again that all six beds show a sim-
ilar behavior in terms of yield and purity although the inlet
concentration of laminaribiose changes by a factor of six from
the first to the last bed. Second, the usual trade-off between
yield and purity can be seen and with the implemented down-
stream processing, about 45% of all laminaribiose exiting the
downstream processing is in the last eluent and interstitial liquid
with a purity of approximately 0.5 grum 8.y, With respect to
the overall process, 58% of all laminaribiose produced is found
in exiting streams of the downstream processing. This brings
the total yield of downstream processing to 26%. This is a sig-
nificant improvement considering the similar titer in reaction
mixture and last desorbate and the increase of purity from ap-
proximately 0.0025 grom Gougar - in the reaction mixture by a
factor of 200 to 0.5 gram g;u;ar in the last desorbate. Moreover, an
additional share of 10% of total laminaribiose is available for a
rather simple recycle as it exists with the first and second desor-
bate with average purities of 0.11 g, g;ufgar and 0.22 gram gs’u}gar,
respectively and titer between 0.03 gr., L™ and 0.15 g, L™!
depending on zeolite bed. The total productivity of the process
shows a maximum of 19.6 mgram (Lensymebea )™ for the first
zeolite bed and an average of 5.6 mg.m (Lenzyme bed h)! for all
six beds.
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4 Concluding remarks

Adsorption-integrated production of laminaribiose from su-
crose and glucose in a bienzymatic system of LP and SP was
implemented in batch and continuous processes. Zeolite BEA
was used to adsorb laminaribiose as the first capture and purifi-
cation step. Particle sizes of zeolite and downstream processing
were optimized. Continuous production and adsorption of lami-
naribiose in packed beds over 10 days showed acceptable stability
with similar adsorption behavior for six beds. Downstream pro-
cessing led to a 200-fold increase in laminaribiose purity with
a similar titer compared to the reaction solution and a yield of
26%. In summary, 1.3 g laminaribiose per liter enzyme bed were
produced with a purity of 0.5 gjam gs’u‘gar in 10 days.

Future work will investigate the implementation of recycle
streams. Especially, the first two desorption steps yield rather
high titer and purities of laminaribiose and are therefore pre-
destinated for recycle. With these recycles, a higher number of
washing steps will allow for high purities of laminaribiose already
in the first desorbate.

Nomenclature

b [Lg™'] Langmuir parameter

[ (g LY concentration

c* [-] normalized concentration
d [mm] diameter

1D [mm)] inner diameter

L [mm] length

P [gg!] purity

q [mgg™!] loading

A% [mL] volume

Y [-] yield

Greek symbols

9 [°C] temperature
Indices

i,m step

k exiting stream
c column

p particle

Fru fructose

Glc glucose

Lam laminaribiose
max maximum
Suc sucrose

theo theoretical
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Practical application

Laminaribiose is a high value oligosaccharide with versatile
applications, e.g. in pharmaceutical industry. Conventional
chemical synthesis of this sugar has many disadvantages
and leads to a current market price for laminaribiose of
3200 Euros per gram. Therefore, an alternative, sustain-
able production without current disadvantages is of inter-
est. This is achieved by a continuous bienzymatic reaction
in packed bed reactors in combination with an adsorption
on zeolite BEA to selectively recover laminaribiose from
the sugar mixture in the reactor outlet. Development and
optimization of downstream processing of loaded zeolites
is crucial to reach high purities and balance the trade-off
between purity and yield. Downstream processing steps
including washing and desorption are characterized and
optimized. As a result, an optimum and operationally sta-
ble continuous production and adsorption system for lami-
naribiose is developed from which laminaribiose solutions
with a purity of 50% are achieved in a scale of several
hundred milligrams per day.
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