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separation of sucrose-derived glucosides
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The disaccharide sucrose (a-b-glucopyranosyl-1,2-p-p-fructofuranoside) is a highly efficient donor sub-
strate for enzymatic glucosylation reactions. A large number of commercially relevant glucosides are pro-
duced via this general route. Every sucrose-based glucosylation involves co-production of p-fructose in
amounts corresponding to the target glucoside. A separation technology for selective removal, and efficient
recovery, of the p-fructose co-product would be highly desirable as a generic platform for downstream
process development. Here, we demonstrate organoboronate-complex reactive extraction of p-fructose
into an 1-octanol/hexane (4/1, v/v) solvent using methyltrioctyl ammonium chloride as phase transfer cata-
lyst and extractant. We show separation of the p-fructose co-product (100 mM) from equimolar mixture
with 2-a-b-glucosyl-glycerol, a cosmetic ingredient that is manufactured industrially from sucrose and gly-
cerol using sucrose phosphorylase. With the main parameters of extraction, stripping and organic phase re-
cycling identified and their effect on product/co-product yield and purity characterized, we developed a
three-step extraction process with alternating extraction and stripping stages that removed the p-fructose
efficiently at 50 ml operating scale. 2-a-b-glucosyl-glycerol and p-fructose were cleanly separated and
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obtained in excellent purity (>90%) at a recovery of 90% and 83%, respectively. Reactive extraction appears
to be faster and more selective and resource-efficient than applicable alternatives for separation, including
chromatography and membrane nanofiltration. Thus, the established extraction process is promising for
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Introduction

With around 200 million tons produced annually worldwide,"
the disaccharide sucrose (a-p-glucopyranosyl-1,2-p-p-fructofura-
noside; Fig. 1(a)) represents an important industrial commod-
ity,. When compared to other carbohydrates produced at
similar scale (e.g:, maltodextrins), bulk-grade sucrose offers
the advantage of being highly pure (>95%) and representing a
well-defined, single chemical entity. Due to its unique glyco-
side structure, sucrose exhibits internal energy higher than
that of common disaccharides (e.g., maltose).” Glycoside clea-
vage liberates the internal energy and can thus promote
chemical transformations immediately connected to it.
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industrial application. It could be generically useful to separate p-fructose from glucosides.

Sucrose is therefore an excellent donor substrate for glycosyla-
tion reactions.>® Glycosylation involves the p-glucosyl or
p-fructosyl moiety of sucrose transferred to an acceptor mole-
cule.® Our focus here is on the transfer of the p-glucosyl part.
Considering reactivity and selectivity of the reaction, glycosyla-

(@) ., Sucrose (b) OH
o HO 0,
H?‘lo CH,OH HO OH

3
CH,0H o
OH

D-Fructose Glucoside

Fig. 1 (a) Generic reaction scheme of an enzymatic glycosylation using
sucrose as the donor substrate. p-Fructose is formed as a co-product to
the target glucoside. (b) 2-a-p-Glucosyl-glycerol, a cosmetic ingredient,
is shown as an example of an industrial glucoside synthesized by glyco-
sylation from sucrose.
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tion from sucrose is preferably performed using enzymatic cat-
alysis.* The relevant enzymes are glycosyltransferases,*® glyco-
side hydrolases and trans-glycosidases (e.g., glucansucrases™?),
as well as glycoside (sucrose) phosphorylases.'®"" Although
often specific for the sucrose donor, many of the enzymes
mentioned will use a broad range of acceptor substrates. This
“acceptor promiscuity” provides the basis for a large number
of sucrose-derived glucosides with important uses in the food,
cosmetic and pharma sectors''™** of industry, synthesized via
enzymatic (trans)glycosylation. Glucosides of a non-sugar
residue (e.g., stevia,'**? 1,"* arbutin'®>*®), disacchar-
ides (e.g., nigerose,'” kojibiose'®) and oligo/polysaccharides
(e.g., glucan,’ dextran'®) fall into this diverse category of
industrially important products.

Defining feature of any sucrose-based glucosylation is the
p-fructose (Fru) released as the co-product of the overall reac-
tion. Generally (i.e., side reactions of the Fru excluded), the
Fru accumulates in exact correspondence to the sucrose con-
verted. The Fru released is equal to or greater than the target
glucoside formed, depending on the actual selectivity of the
glucosylation.’® For high-value commercial applications, the
Fru must be separated from the product. Strategy for efficient
product/co-product separation is thus a central pillar of
process development for every sucrose-derived glucoside. A
modular separation technology for selective removal, and
efficient recovery, of the Fru would be highly desirable. This
could serve as a generic platform for the downstream proces-
sing in different glucoside production processes.

Previously, chromatography,”®*" nanofiltration
tive fermentation®* was applied to remove Fru from reaction
mixtures. However, important limitations on the applicability
of each method can arise. Chromatography is high in energy
and solvent consumption and leads to a diluted product. In
addition, it needs to be adapted, at least in its operational
details, to each glucoside product anew. For nanofiltration to
be usable efficiently, the glucoside product must be larger in
mass by about 2.5 to 3-fold than the Fru. Selective fermenta-
tion is slow and post-treatment of the fermentation products is
necessary. A promising alternative is reactive extraction of the
Fru.>>*” Reactive extraction was previously intensively exam-
ined for the recovery of carboxylic acids (e.g., lactic and citric
acid).”®° This method can be highly selective,*’ generally
avoids product dilution®* and has already been used for Fru
recovery from different product mixtures.>> Moreover, pro-
cesses of reactive extraction are usually simple to operate and
can be implemented well within existing process lines.*!
Reactive extraction was shown for monosaccharide isolation in
earlier studies,>*™°® but its application to separate Fru from
sucrose-derived glucosides was not explored. The goal of the
current study was the development of a dedicated separation
process based on reactive extraction. The separation should be
able to provide reasonably pure streams of the product (gluco-
side) and the by-product (Fru). It should furthermore be
broadly applicable and show suitable scalability.

As shown in Fig. 2, reactive extraction can overcome the low
solubility of carbohydrates in organic solvents through
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Fig. 2 Principle and generic process scheme for reactive extraction to
separate and isolate the target glucoside and the p-fructose co-product
from enzymatic reaction. Complex formation between organoboronic
acid carrier and the vicinal diol group of the carbohydrate is driven by
ionization of the organoboronic acid at the aqueous—organic interface.
The anionic complex ion pairs with an organic cation (Q*) that is suitably
hydrophobic to be dissolved in the organic phase. Q* serves as a phase
transfer catalyst and extractant. Methyltrioctyl ammonium ion (as chlor-
ide salt; trade name Aliquat 336%?) is often used. Proton release into the
aqueous phase requires buffering/pH control.?° Acidic stripping recovers
the p-fructose and allows for recycling of the organic phase.?533-3562

complex formation with a carrier that is admixed to the
organic phase.’” Hydrophobic organoboronic acids®*~3*?%7*°
are widely used carriers. The anionic boronic acid-carbo-
hydrate complex is stabilized in the organic phase by ion
pairing with an organic cation (Fig. 2).>* For the complexation
to be efficient, the carbohydrate should exhibit a vicinal diol to
interact with the boronic acid.>® Such diol group is present in
Fru but not in p-glucose (Gle), with consequent effect on the
relative stability of the corresponding complex with boronic
acid. Moreover, disaccharides and larger oligosaccharides,
apart from some exceptions like lactulose, are generally less
well extracted than monosaccharides.>®*"** This is due to the
occurrence of steric hindrance in disaccharides, preventing the
complexation with organoboronic acids.*' These consider-
ations lent strong support to the idea that, by exploiting differ-
ential complexation with an organoboronic acid -carrier,
efficient separation of Fru and sucrose-derived glucoside
might be achieved. Through selective extraction of the Fru into
the organic phase, a purified aqueous solution of the gluco-
side would be obtained. The Fru co-product might be recov-
ered, now also purified, from the organic phase. Delidovich
and Palkovits have carefully studied reactive extraction to sep-
arate Fru from Gle.>® The extractable complex of Fru was only
stable at a pH above the pK, of the organoboronic acid used.
Therefore, to avoid pH drop in the aqueous phase due to
proton release during extraction (Fig. 2), pH stabilization (e.g.,
buffering) was necessary.>* Stripping with acid solution was
used for back-extraction of the Fru and concomitantly to

This journal is © The Royal Society of Chemistry 2020
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recycle the organic phase (Fig. 2).>***?> Repeated usage of the
organic phase would thus be enabled for a multi-stage extrac-
tion effectively removing all of the Fru. Resource consumption
and waste formation would so be minimized and the perform-
ance of the whole production process could be increased.
Fig. 2 depicts the complete process of Fru separation, com-
prised of reactive extraction and acidic stripping.

Here, we investigated the proposed strategy of reactive
extraction for separation of Fru from 2-a-p-glucosyl-glycerol
(2-GG) (Fig. 1(b)). The 2-GG is a natural compatible solute that
has been commercialized as Glycoin® natural for cosmetic use.
Industrial production of 2-GG proceeds according to
Fig. 1(a),"** using sucrose and glycerol as substrates of a
highly efficient trans-glycosylation reaction catalysed by sucrose
phosphorylase.*® Beside Fru and 2-GG, there is also glycerol
present in the product mixture. It was previously shown that
glycerol can be easily removed with diafiltration.”” The remain-
ing separation problem is thus the separation of Fru from
2-GG. Product specifications of Glycoin® natural demand that
the Fru is removed to <10 wt% of the active ingredient 2-GG.
Fru impurity in larger degree can cause a yellowish discolor-
ation of the product mixture during formulation and storage.
Ligand exchange column chromatography*® and nanofiltra-
tion"” were previously applied with limited success to remove
the Fru in requested degree. Both approaches involved rather
cumbersome multi-step procedures that resulted in strong
dilution of an originally well-concentrated product (>100 mM)
from the enzymatic synthesis. Losses of 2-GG were substantial
(>40%). The Fru got even more diluted, thus generating large
volumes of waste from which co-product recovery was not an
option. In this study, therefore, we demonstrate reactive extrac-
tion to overcome these major limitations and develop an
efficient process for the product/co-product separation and
recovery of 2-GG and Fru. We show results of a systematic
approach in which the main parameters of extraction, stripping
and organic phase recycling were identified and their effect on
product/co-product yield and purity were characterized. We
found operation conditions that might fulfil requirements of
process efficiency for industrial use, which was not usually the
case in previous studies. 2-GG and Fru were cleanly separated
and recovered in excellent purity and yield. The herein devel-
oped separation technology can be generically useful to separ-
ate, and recover, Fru from product mixtures of enzymatic gluco-
sylation processes across all scales.

Experimental
Chemicals

Naphthalene-2-boronic acid (97%) was from Matrix Scientific
(Columbia, South Carolina, USA) and Aliquat 336 was from
Thermo Fisher Scientific (Kandel, Germany). Other chemicals
were of reagent grade from Carl Roth (Karlsruhe, Germany),
Merck (Darmstadt, Germany) or Honeywell (Charlotte, North
Carolina, US). Raw and purified Glycoin® natural were from
bitop AG (Dortmund, Germany). The raw Glycoin® natural is a
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solution containing around 1885 mM glycerol, 325 mM Fru
and 320 mM 2-GG. The purified Glycoin® natural contains
52.8 wt% 2-GG, 1.4 wt% Glc, 0.7 wt% Fru, 6.6 wt% 1-a-p-gluco-
syl-glycerol and 38.5 wt% water.

Extraction of Fru

Basic system for reactive extraction. First extraction experi-
ments were done with aqueous solutions of individual com-
pounds (i.e., 10 mM Fru or 10 mM 2-GG, respectively) or mix-
tures thereof (i.e., 10 mM Fru and 10 mM 2-GG). The solutions
were buffered with Na,CO3;-NaHCO; (pH ~ 10.5).>* Unless men-
tioned, mixture of 1-octanol and hexane (4/1, v/v) was used as
the organic phase. 1-Octanol is a good solvent for boronic
acids,?*! however it exhibits a high viscosity, exacerbating the
blending of aqueous and organic phase, which hampers the
phase contact. Hexane is added to overcome this limitation.*?
Initially, 55 mM naphthalene-2-boronic acid and 170 mM
Aliquat 336 were dissolved in the organic phase. Naphthalene-
2-boronic acid, referred to simply as organoboronic acid later
in the paper, was already shown to be a useful carrier for Fru
extraction. It provides a highly conjugated system that ensures
a stable complex with Fru.*>** The two phases were combined
in a 2 mL microtube. Each phase had a volume of 1 mL. The
microtube was fastened on a vortex-mixer (REAX top, Heidolph
Instruments, Schwabach, Germany) and intensively mixed to
provide the proper phase contact. Extraction was performed for
2 h. Ambient temperature was used in all experiments. After
centrifugation (Jouan BR4i) at 14 000 rpm for 3 min, the two
phases were separated with a pipette.

The extraction was then tested at higher carbohydrate con-
centrations. The aqueous phase contained around 110 mM
Fru and 110 mM 2-GG and was made of raw Glycoin® diluted
3-fold with 0.3 M Na,CO3;-NaHCO; buffer (pH ~ 10.5). Raw
Glycoin® is a reaction mixture that is directly obtained from
biosynthesis. The organic phase contained 300 mM organo-
boronic acid and 200 mM Aliquat 336. As negative control,
extraction was carried out with an organic phase containing
either 300 mM organoboronic acid, 200 mM Aliquat 336 or
none of both compounds. Mixing and phase separation was
performed as described above. The aqueous phases were ana-
lysed by HPLC.

Optimization of the extraction process. The extraction time
(5, 10, 20, 30 & 60 min), the organoboronic acid concentration
(100, 300 & 500 mM) and the Aliquat 336 concentration (100,
200 & 300 mM) in the organic phase and the aqueous to
organic phase ratio (1/1 & 1/2) were altered. The aqueous
phase was made of raw Glycoin® diluted 3-fold with 0.3 M
Na,CO;3;-NaHCOj; buffer (pH ~ 10.5). Mixing and phase separ-
ation were performed as described above. The aqueous phases
were analysed by HPLC.

Recovery of Fru and the organic phase

First, extraction was performed with an organic phase, con-
taining 100 mM organoboronic acid and 200 mM Aliquat 336.
For the aqueous phase, raw Glycoin® was diluted 3-fold with
0.3 M Na,CO;-NaHCO; buffer (pH ~ 10.5). Second, the organic

Green Chem., 2020, 22, 4985-4994 | 4987
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phase was stripped with HCI solutions. The stripping solutions
contained 0, 50, 100, 150, 500 or 1000 mM of HCI, respectively.
The ratio of stripping to organic phase was either 1/1 or 2/1.
Extraction and stripping were carried out for 5 min each.
Mixing and phase separation of both extraction and stripping
were carried out as described above. Extraction and stripping
trials were performed in duplicate. The aqueous and stripping
phases were analysed by HPLC.

Recycling of the organic phase

An organic phase, compromising 100 mM organoboronic acid
and 200 mM Aliquat 336, was mixed with raw Glycoin®
diluted 3-fold with 0.3 M Na,CO;-NaHCO; buffer (pH ~ 10.5).
The organic phase was then stripped with 150 mM HCI. Of
this recovered organic phase, 0.9 mL were mixed with a new
fraction of the diluted Glycoin® solution and stripped again
with 150 mM HCI. Extraction and stripping were performed
for 5 min each. The ratios of aqueous to organic phase and
stripping to organic phase were 1/1, respectively. Mixing and
phase separation were done as described above. Extraction and
stripping trials were performed in duplicate. Aqueous and
stripping phases were analysed by HPLC.

Extraction process

Separation of Fru from 2-GG was performed with a three-step
extraction cascade at a scale of 50 ml (25 ml per phase). The
experimental set-up was that of a mixer-settler. Mixing was per-
formed in a glass beaker on a magnetic stirrer (MR 3001K,
Heidolph Instruments) at maximum speed for 5 min. Phase sep-
aration was achieved by gravity in a 100 ml separation funnel.
The aqueous to organic and stripping to organic phase ratios
were 1/1. In a first step, the aqueous phase made of raw
Glycoin® diluted 3-fold with Na,CO;-NaHCO; buffer (pH ~ 10.5)
was mixed with an organic phase, containing 100 mM organo-
boronic acid and 200 mM Aliquat 336. The organic phase was
then stripped with 150 mM HCI. The recovered organic phase
was recycled and again mixed with the already extracted aqueous
phase. The organic phase was then again stripped with 150 mM
HCI. The same was conducted for a third time to have three
extraction and three stripping steps in total. In-between the
extraction steps, the pH of the aqueous phase was adjusted to
around 10.5 with 5 M NaOH. The whole process is depicted in
Fig. 3. Aqueous and stripping phases were analysed by HPLC.

Extraction parameters

The relative amount of Fru extracted (Eg.,) from the aqueous
into the organic phase was calculated with eqn (1):

c XV,
Epry = <1 _ fua © 2 a) x 100% (1)
CFru,f X Vi

The relative amount of Fru stripped (Sg;,) from the organic
into the stripping phase was calculated with eqn (2):

CFruﬁs X Vs
(CFru,f - CFruia) X Vo

Skra = x 100% (2)
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Fig. 3 Flow sheet of the three-step extraction process, including the
three extraction steps and the three stripping steps to recover
p-fructose and to recycle the organic phase.

As general performance parameters, the 2-GG recovery Y, gg
(eqn (3)) and the purity Pu (eqn (4) & (5)) of 2-GG and Fru were
used.

Y, = My-GG,a (3)
my-GgaG.f
mMy-GG
Puyygg=—""— 4
ae Mpry + MGG “)
m
PUpr, = _ ThFrw (5)

MEry + MGG

¢ and m are concentration and mass, V is the volume of the
specific phase and the subscripts a, f, o and s stand for
aqueous, aqueous feed, organic and stripping phase,
respectively.

HPLC analysis

Samples were analysed by HPLC on a Shimadzu LC-20AD
(Kyoto, Japan) equipped with an autosampler (SIL-20AC HT)
and a Rl-detector (RID-20A). A YMC-Pack Polyamine II/S-5 um/
12 nm column (250 x 4.6 mm) (YMC, Kyoto, Japan)*° equipped
with a guard column (20 x 4.0 mm) or a Bio-Rad Aminex
HPX-87C column (300 x 7.8 mm) (Bio Rad, Hercules, US)*°
equipped with a guard column (30 x 4.6 mm) was used.
Elution was performed isocratically with 75/25 acetonitrile/
water (YMC column) or water (Aminex column). The sample
injection volume was 20 pl. The YMC column was operated at
1 ml min™, ambient temperature and the run time was
20 min. The Aminex column was operated at 0.5 ml min™",
80 °C and the run time was 25 min.

Results and discussion
Reactive extraction of the Fru from mixture with 2-GG

To examine whether reactive extraction is suitable in principle
to separate Fru from 2-GG, we performed a set of extraction
experiments in which complexing agent (55 mM) was present

This journal is © The Royal Society of Chemistry 2020
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in large excess over carbohydrate substrate (10 mM). Phase
catalyst/extractant (170 mM) was added further in excess, to
ensure that all organoboronic acid, complexed and free, could
undergo ion pairing in the organic phase. Solutions of individ-
ual compounds (Fru, 2-GG) and their mixture were used. Fig. 4
shows HPLC chromatograms from the aqueous feed phase
before and after extraction. Using single-compound solutions,
Fru was extracted almost completely (>95%) whereas 2-GG was
not extracted within limits of accuracy in mass balance (<3%).
Using the binary compound mixture, the extraction behaviour
of the individual compounds was exactly the same within
limits of error. The negative controls, lacking the organoboro-
nic acid and/or Aliquat 336, showed no extraction for both Fru
and 2-GG. These results reveal a high degree of selectivity in
reactive extraction of Fru and 2-GG under the conditions used.
Clean separation of the two compounds should thus be feas-
ible with the method in principle. The molecular reason
underlying the effect arguably is that 2-GG shows weak/no
complex formation with the organoboronic acid, in contrast to
Fru that is known to be complexed strongly. To evaluate the
performance of the reactive extraction at industrially relevant
substrate loadings, we increased the concentrations of Fru and
2-GG to 110 mM, respectively. The organoboronic acid
(300 mM) and Aliquat 336 (200 mM) were still used in excess.
Around 42% of the Fru was extracted into the organic phase. A
partition coefficient Py, ( = Cpru,o/Crrua) Of ~0.73 can be calcu-

rom - K iFructose:

(c)

after extraction

before extraction
(b)

after extraction

before extraction

@ T

8 10 12 14 16 18 20
Retention time [min]

Fig. 4 HPLC chromatograms from reactive extraction of Fru, 2-GG or
mixture of Fru and 2-GG. (a) 10 mM Fru, (b) 10 mM 2-GG or (c) 10 mM
Fru and 10 mM 2-GG. The black line is the aqueous feed solution before
extraction, the grey line is the aqueous phase after extraction. The reten-
tion time of Fru was around 12.3 min and of 2-GG around 13.6 min.
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lated from the data. Previous studies of Fru extraction used as
carrier primary amines that were dissolved in organic phase or
ionic liquid. Such carrier-facilitated extractions gave lower P/,
values, typically 0.5 or smaller.*”*" In the conditions used
here, 2-GG was not extracted in detectable amounts. This
result implies importantly that the reactive extraction retained
its near-perfect selectivity at elevated substrate concentrations.
Clean removal of Fru from 2-GG was thus achieved. The nega-
tive controls showed that both organoboronic acid and Aliquat
336 had to be present in the organic phase for any extraction
of Fru to happen. This observation is in line with a previous
study of reactive extraction of Gle, p-xylose and r-arabinose.?®
Extraction was also performed with organic phases made of
1-octanol/heptane and 1-octanol/cyclohexane. Both organic
phases showed a similar extraction potential of Fru as
1-octanol/hexane (see Table S1 in the ESIf). 2-GG was not
extracted in detectable amounts with any of the tested sol-
vents. Organic phases of pure heptane and cyclohexane were
also investigated. Yet, the solubility of organoboronic acid in
these two solvents is much worse than in their mixtures with
1-octanol, making them unsuitable for reactive extraction.

Optimization of the Fru extraction

Having demonstrated the suitability of reactive extraction to
separate Fru from 2-GG in principle, we moved on to challenge
the efficiency of the method. We in particular considered
dependence of the extraction yield (% Fru removed into the
organic phase) on main operational parameters of the extrac-
tion, namely time and concentrations of complexing agent and
phase transfer catalyst/extractant. Previous studies showed that
the reactive extraction may require more than one hour to com-
plete, and organoboronic acid and Aliquat 336 were often used
in high excess.*®”?*?> Long extraction time and requirement
for high loadings of complexing agent and extractant detract
from practicability and economic feasibility of the separation
method. The herein used system was systematically explored in
search of optimum conditions of operation.

We first showed that extraction time in the range 5-60 min
had no effect on the Fru yield (42.6 + 2.3%). Therefore, the
reactive extraction of Fru is achieved considerably faster than
in previous studies.”>** This is a major improvement in view
of a possible industrial application. Then, we analysed the
effect of concentration change for the organoboronic acid
(100-500 mM) and the Aliquat 336 (100-300 mM). Note that
the organoboronic acid was dissolved completely in the
organic phase under all the conditions used. This was incon-
sistent with previous studies, where organoboronic acids only
dissolved when Aliquat 336 was used in a molar ratio >1.>*3%
The aqueous to organic phase ratio used was 1/1. The extrac-
tion yields dependent on compound concentration are sum-
marized in Table 1.

When Aliquat 336 was used about equimolar to Fru
(123 mM), the extraction yield decreased as the concentration
of organoboronic acid increased (operation conditions 1,4 & 7
in Table 1). Similar effect was noted in a study of Griffin and
Shu,* who suggested competition between complexed and
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Table 1 Relative amount of Fru removed to organic phase depending
on operating conditions of the reactive extraction. The extraction time
was 5 min

Boronic Aliquat Phase

oc* acid [mM] 336 [mM] ratio” Egppy [%]

1 100 100 1/1 27.2+04
2 100 200 1/1 41.9+0.6
3 100 300 1/1 43.5+0.6
4 300 100 1/1 21.9+0.3
5 300 200 1/1 38.1+0.5
6 300 300 1/1 38.8+0.5
7 500 100 1/1 13.6 £ 0.2
8 500 200 1/1 39.7+0.6
9 500 300 1/1 49.0+0.7
10 100 300 1/2 59.0 £ 0.8
11 300 300 1/2 63.2+0.9
12 500 300 1/2 61.4+0.9

“ Operating condition. ? Phase ratio of aqueous to organic phase. The
aqueous phase contained ~123 mM b-fructose.

non-complexed anionic species of organoboronic acid for ion-
pairing with Aliquat 336 as the possible reason. Here, the
extraction yield increased considerably (1.54-fold) upon
increase in the Aliquat 336 concentration from 100 to 200 mM.
Further increase in Aliquat 336 to 300 mM was no longer
effective, however. Interestingly, when Aliquat 336 and organo-
boronic acid were increased simultaneously, the extraction
yield was hardly affected. Operating condition 9 in Table 1 was
the exception, giving a slight increase in yield by 5.5% at
maximum loading of organoboronic acid. 2-GG was not
extracted under any of the conditions shown.

The here obtained extraction yields for Fru can be com-
pared to Delidovich and Palkovits*> who used phenylboronic
acid and hydroxymethyl-phenylboronic acid as complexing
agents. They applied similar Fru concentrations (~166 mM)
and used a high excess of boronic acid (400 mM) and Aliquat
336 (400 mM),>® somewhat comparable to our operating con-
dition 9 (Table 1). Their yields were in the range 20-72%.%’

In a last step, we analysed effect of the aqueous to organic
phase ratio (Table 1, operating conditions 10-12). Doubling
the volume of the organic phase caused the Fru yield to
increase ~1.5-fold to around 60%. However, balancing this
increase in Fru yield against the increase in operating costs
resulting from the double amount of organoboronic acid and
Aliquat 336 used in the process, we decided to keep the
aqueous to organic phase ratio at 1/1. From Table 1, we
selected the condition best suited for reactive extraction as
100 mM organoboronic acid and 200 mM Aliquat 336 (entry
2). This represents a notable improvement compared to pre-
vious studies, where sugar extraction was carried out with a
high excess of boronic acid and Aliquat 336.>>*"*> This con-
dition was used further to develop the extraction process.

Recovery of Fru

The Fru is a valuable co-product of the glucoside synthesis
from sucrose. Therefore, a purification technology that allows
for full recovery of the Fru separated from the glucoside
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product would be highly desirable. The previously used
approaches of 2-GG isolation did not include the realistic
option of Fru recovery.””*® There are interesting chemical
(non-food) uses for Fru “waste streams” obtained by down-
stream processing of the product mixtures from sucrose-based
enzymatic glycosylations.”>>* One route that appears promis-
ing in particular is chemical conversion of the Fru into the
platform chemical hydroxymethylfurfural.**” To support this
conversion, a technical-grade purity of the Fru should be
achieved (>90%) and other carbohydrates should not be
present.’®

Stripping of the organic phase post-extraction serves the
dual purpose of recovery of the Fru and re-use of the organic
phase. In comparable studies, the stripping was performed
with acid concentrations much higher than the carbohydrate
concentration in the organic phase.***> Considering the possi-
bility of acid-catalysed degradation of the Fru, we were alert to
the proper selection of the stripping conditions, in view of
further processing of the Fru thus obtained. Generally, the
acidity of the stripping solution should be as low as possible.
The organic phase applied to the stripping was previously
used to extract the Fru (~129 mM) from diluted raw Glycoin®.
Around 54% of the Fru was extracted into the organic phase
which showed a final Fru concentration of 69.5 + 2.7 mM. We
examined effect of the acid concentration from HCI on the
relative amount of Fru stripped from the organic phase.
Results are shown in Fig. 5. There was a steep, effectively
linear increase in the Fru yield upon increase in the HCI con-
centration from 0 to 100 mM. Further increase in HCI to
150 mM caused the Fru yield to increase only slightly by 5%,
thus reaching its maximum value of around 90%. The yield
was unchanged when the HCI concentration was even further
ramped up to 1.0 M. Collectively, these results serve to demon-

100
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2
»
Q
[%]
L
[&]
2
'8
0 1 1 1 1 1
0 200 400 600 800 1000

HCI concentration [mM]

Fig. 5 Relative amount of p-fructose stripped from the organic phase
depending on the HCl concentration used in the stripping phase. Crud
formation (highlighted in the picture with the two microtubes) occurred
at HCl concentrations of 0, 50 and 100 mM (indicated by the three
arrows).

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0gc01408g

Open Access Article. Published on 30 June 2020. Downloaded on 4/7/2026 9:53:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

strate that the Fru can be recovered efficiently from its stabil-
ized organoboronic acid complex in the organic phase. This is
potentially quite relevant because a usable/processable Fru co-
product of relatively high purity can add significant value to
the enzymatic production of sucrose-derived glucosides
overall.

When performing the stripping at HCI concentrations
<100 mM, we noticed formation of a whitish gel that accumu-
lated as a crud phase between the aqueous stripping phase
and organic phase (Fig. 5). The appearance of a crud phase is
not uncommon in aqueous-organic extraction of carbo-
hydrates.”® Salt precipitation could be the reason for crud
phase formation.®® The formed crud severely exacerbated the
phase separation and the recovery of the individual phases. Its
formation needs to be absolutely avoided during the extraction
process. Solution of 150 mM HCI was thus used further.

Increase in the phase ratio of organic to stripping phase
from 1/1 to 1/2 was considered, but it did not improve the Fru
recovery. Overall, about 88% of the extracted Fru could be
stripped from the organic phase. With these results, as shown
later, a multi-stage process of Fru extraction was developed
(Fig. 3). The stripping phase had the same volume as the
organic phase. The pH of the resulting strip solution was
around 1.5 and thus by 0.7 pH units higher than the pH of the
150 mM HCI solution. The pH change during stripping was
probably caused by both the transfer of HCI into the organic
phase and the transfer of OH™ ions into the aqueous phase
due to the cleavage of the complex.?” The concentration ratio
of HCI and Fru during the stripping used here was ~2.16. This
is in line with literature,® showing that stripping of xylulose/
xylose from an organic phase was readily achieved for a con-
centration ratio of acid to carbohydrate of around 2. However,
the carbohydrate concentrations used in that earlier study
(210 mM) were much lower than the ones used here.

Recycling of the organic phase

We have shown (see Table 1) that complete removal of the Fru
was not achievable in single-stage extraction. Considering
extraction over multiple stages to that end, the aspect of re-
cycling of the organic phase becomes of particular importance.
We therefore examined repeated extraction of Fru with an
already used and recovered organic phase. Operating condition
2 from Table 1 was used. Using the fresh organic phase, the
Fru yield was 52.5 + 0.3%. Using the recycled organic phase,
the Fru yield was almost identical (48.3 + 0.7%; N = 2).
Capacity of the organic phase for Fru extraction appears to not
have changed due to recycling. Our findings are in accordance
with Sanchez-Bastardo et al.,*® who recycled the organic phase
for Gle, pxylose and tr-arabinose extraction. The authors
observed no loss of boronic acid into the aqueous phase.”> A
toxic contamination of the aqueous phase is thus avoided.
Here, the amount of Fru recovered by stripping was similar for
fresh (88.5 + 0.7%) and recycled (90.9 + 1.4%) organic phase.
The recyclability of the organic phase was thus confirmed.
Organic phase recycling is indispensable for a sustainable and
cost-effective multi-step reactive extraction process.
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Three-stage extraction process

Considering the efficiencies of single-stage extraction and
stripping, we devised reactive extraction in three stages with
intermediate stripping and recycling of the organic phase
(Fig. 3). We estimated from mass balance that removal of Fru
to at least 90% should thus be achievable. The extraction was
performed at 50 ml scale, using an aqueous to organic and an
organic to stripping phase ratio of 1/1, respectively (operating
condition 2, Table 1). The aqueous feed phase contained
123 mM Fru and 114 mM 2-GG. Phase separation by gravity
was complete within 3 min. The pH of the aqueous phase was
dropped from its initial value of 10.5 to around 9.6 after the
extraction. The pH drop can be explained by the release of
protons from water during Fru complex formation and extrac-
tion (see Fig. 2).>> The pH was thus only slightly above the pK,
of the organoboronic acid which is around 9.*° The pH was
therefore re-adjusted in between the extraction steps. To illus-
trate the importance of pH control, we performed the extrac-
tion without a pH adjustment. The extraction of Fru at the
second stage was 20% lower as compared to extraction with
pH adjustment. Decreased efficiency of carbohydrate extrac-
tion at lowered pH was noted previously®® and the requirement
for pH control in between the extraction stages was pointed
out.**

Table 2 presents a summary of extraction at each stage. The
relative amount of Fru extracted was constant, consistent with
the notion that the extraction capacity of the organic phase did
not decrease. Of the total Fru, 89% could be removed by the
three-stage process. The total recovery of the extracted Fru in
all three stripping streams was 93%. In stage 2, the relative
extraction of Fru was even larger than 100%, implying that Fru
not stripped in stage 1 could be recovered in stage 2. The
overall Fru recovery was 83%. The Fru purity in the combined
stripping streams from stage 1-3 (~75 ml) was 92%. The Fru
concentration was 33 mM. The 2-GG remaining in the aqueous
solution after stage 3 meets the market requirements in terms
of Fru content below 10 wt%. The aqueous solution recovered
from the process had a volume of around 24 ml and contained
14 mM Fru and 107 mM 2-GG. The purity of 2-GG was
increased from 57% to 92% in process (Fig. 6). Around 90% of
the 2-GG were recovered. A selective separation of Fru and
2-GG was thus achieved.

It is the first time that a multi-step reactive extraction
process was developed that is capable of separating Fru from

Table 2 Overview of the three-stage extraction process. Listed is the
amount of Fru extracted into the organic phase and the amount of Fru
recovered from the organic phase for each stage and the total process,
respectively

Step Fru extracted [mmol] Egry [%] Spru [%]

1 1.58 £ 0.01 51.5+0.9 86.7 +1.3
2 0.83 +0.01 55.4+1.0 105.5 £ 1.6
3 0.34 + 0.00 51.0+0.9 90.4+1.4
Total 2.75+0.02 89.4+1.6 92.8+1.4

Green Chem., 2020, 22, 4985-4994 | 4991
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Fig. 6 Course of the 2-GG purity (®) and the ratio of Fru to 2-GG in the
aqueous phase (#) throughout the three-stage extraction process.
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the sucrose-derived glucoside 2-GG. The whole process can
be considered as very efficient and sustainable. Waste for-
mation is reduced to a minimum, since the organic phase,
including the organoboronic acid and Aliquat 336, can be
effectively recycled. If one is concerned about the usage of
hexane in the organic phase, even though it is recycled, it can
be replaced by less harmful cyclohexane and heptane (see
Table S1 in the ESIf). The amount of applied organoboronic
acid and Aliquat 336 appears to be economically acceptable.
They were considerably than in comparable
studies.>?"?? 26 g of product could be thus purified with
one litre of organic phase in one cycle. This is a major
improvement to chromatography, where around one litre of
solvent is necessary to purify 1 g of product.*® Dilution of the
Fru co-product is not large (3-fold), this is another advantage
over chromatography and nanofiltration. In diafiltration, for
example, Fru is multiple diluted (>10-fold), since many diafil-
tration steps are necessary to remove Fru.”” Besides its acid
content, equivalent to salt load if the pH was changed to a
more neutral value, the Fru stream is highly pure.
Considering literature, its composition seems to meet the
demand for further conversions, in particular dehydration
into hydroxymethylfurfural.>®>®

The process is also low in energy consumption. Heating
energy is not required, since operation is at ambient tempera-
ture. Mixing is the only energy input required. However, since
extraction and stripping occur fast, the energy demand for
mixing is also small. The production of pure 2-GG and Fru
solutions is achieved within about an hour. This is an impor-
tant improvement to previously proposed reactive extraction
processes for sugar separation, wherein already one extraction

step took at least 30 min®****> Moreover, reactive extraction
23,61

lower

works much faster than nanofiltration or selective fermen-
tation,”* which usually need several hours to remove Fru. The

established process can be considered as a new and promising
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downstream process strategy to separate Fru from sucrose-
derived glucosides across all scales.

Conclusions

A reactive extraction process for efficient separation of Fru
from 2-GG was developed. Selective extraction of Fru was poss-
ible due to complex formation with naphthalene-2-boronic
acid dissolved in the organic phase. In contrast, 2-GG was
hardly extracted by this principle. A selective separation of the
two compounds could thus be achieved. Reactive extraction
parameters, including reaction time, carrier and counter-ion
concentration in the organic phase and the phase ratio were
optimised. Economically feasible parameters were found, pro-
viding a fast and selective separation of Fru and 2-GG.
Recovery of the extracted Fru by stripping with an acidic solu-
tion was shown to be well feasible. The overall efficiency of the
enzymatic production of glucoside using sucrose as donor is
thereby increased. The recyclability of the organic phase was
also confirmed. Resource consumption and waste formation
could be thereby minimized. This is important since the
organic phase itself, the carrier and the counter-ion are envir-
onmentally rather unfriendly. Based on these findings a three-
step extraction process was established. It enabled the pro-
duction of both a pure (90%) product (2-GG) and a by-product
(Fru) stream, which is a considerable benefit for the enzymatic
glycosylation process. The recoveries of both compounds were
>80%. The established process could be highly interesting for
industrial application. It is very selective and works much
faster than other separation techniques (e.g., chromatography
or nanofiltration). It is resource- and energy-efficient and can
be considered as sustainable. The biggest asset of the devel-
oped extraction process is that it is not only restricted to the
separation of Fru from 2-GG. The principle could be broadly
applied in the downstream processing of sucrose-derived glu-
coside solutions obtained by enzymatic transglycosylation reac-
tions, taking into account that the glucoside does not form a
complex with the applied carrier. This is a big advantage com-
pared to chromatography or nanofiltration. Since for those
techniques, the operation concept and equipment (e.g., resin
or membrane) have to be adjusted individually for each separ-
ation problem.
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