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Saccharides and polyols play key roles in emerging biomass-based value chains, though recovery of these
compounds from product streams remains challenging. This Review addresses the application of materials
bearing boronate groups for separation and recovery of saccharides and polyols via affinity adsorption
processes. First, the representative, industrially important product mixtures are considered, along with the
design of separation processes exploiting the affinity adsorption. Thereafter, the structure-performance
correlations are critically discussed for gel-type functionalized polymers, macroporous resins, molecularly
imprinted polymers, and materials bearing grafted phenylboronate moieties and grafted polymer brushes.
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Finally, the separation processes based on functional materials bearing boronate groups are compared
with the state-of-the-art chromatographic separation over Ca?* ion-exchange resins. This analysis aims
at identifying guidelines for rational material synthesis and knowledge-driven process design for novel

rsc.li/greenchem economically viable and environmentally benign separation processes.
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1. Motivation

Transition from exhaustible fossil resources to renewable feed-
stocks presents a key aspect of sustainable development.
Lignocellulose is not digestible by humans and belongs thus
to biomass sources of the second generation. Lignocellulose is
available as a component of waste streams in forestry, agricul-
ture, paper, and pulp production. On average, a cell wall con-
sists of 35-50% cellulose, 20-40% hemicelluloses, 5-30%
lignin, and 1-10% other extracted substrates." An interest in
lignocellulose as industrial organic raw material is caused by
its abundance, availability from waste streams, and high
carbohydrate content of 60-70%.

Comparison of typical naphtha components, mainly rep-
resented by linear alkanes C,H,,.,, with lignocellulose of an
average formula C;H,0,,”> suggests significant differences in
chemical structures, physical and chemical properties of the
fossil and bio raw materials. Transformation of alkanes into
custom products requires functionalization, whereas biomass-
based raw materials and intermediates frequently require
rather de-functionalization than functionalization.® These
compounds contain high content of oxygen, exhibit high
boiling points, low vapor pressures, and/or decompose upon
heating. A simple and energy-efficient integration of biomass
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into existing value chains to produce conventional base chemi-
cals and intermediates poses a challenge.

A complete re-design of the value chains upon the shift
from naphtha to biomass feedstocks presents an alternative
for an integration into the existing value chains. A concept of
converting sugars into fuels and chemicals via novel 12 “build-
ing block chemicals” rather than conventional base chemicals
was proposed by the US Department of Energy (DoE) in 2004."
In 2010, this list was revisited, and only 10 “building block
chemicals”, which are also referred to as “platform chemicals”,
were proposed (Fig. 1).°> This approach combines depolymeri-
zation of the complex biomass-derived polymers and selective
defunctionalization of the obtained monomers into novel plat-
form chemicals.**®> High density of the functional groups
available in the platform molecules opens numerous possibili-
ties for tailored chemical transformations.'®

Remarkably, separation and purification costs account for
the major production and operating costs in biorefineries.
Robust separation technologies are therefore critical to have
biomass-based industry economically viable."” Diluted and
complex product streams are responsible for costly separations
in biorefineries. Liquid crude oil, which is currently used as
the main feedstock in industry, requires no dilution for proces-
sing. In contrast, pulp mill receives a feedstock that is solid
and consists out of 50% water. To process the fiber into
desired products, size reduction, and further dilution are
required. Finally, multi-component streams containing the
target product in the concentration range of 1-5 wt% are
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Fig. 1 Structures of ten molecules indicated by DoE as platform
chemicals.®

obtained. High dilution rates result in high recovery costs,
which are usually inversely proportional to the product con-
centration in streams.'® The products and intermediates in
biorefineries frequently exhibit high polarity, high boiling
points along with low thermal stability. Consequently, appli-
cation of conventional separation methods, such as
distillation'®?° or liquid-liquid extraction,*" is either imposs-
ible or not economically feasible.

This Review Article focuses on recovery of sugar alcohols
and saccharides from product streams in biorefineries. Section
2 addresses the role of saccharides and sugar alcohols in novel
value chains. Processes which are based on adsorptive uptake
of materials bearing boronate moieties are considered in
section 3. Advances in preparation of adsorbents with boro-
nate functionalities are summarized in section 4. Finally,
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section 5 provides a critical comparison of the currently used
chromatographic separation over Ca®* ion-exchange resins
with adsorptive separation exploiting boronate-bearing
materials and lists further steps which would facilitate appli-
cation of adsorbents with boronate functionalities for separ-
ation in biorefineries.

2. Polyols and saccharides as
elements of value chains

The current list of DoE “building block chemicals” contains
three polyols, namely glycerol, p-sorbitol, and p-xylitol (Fig. 1).

- Glycerol is a co-product of fatty acid methyl ester (FAME)
obtained as crude glycerol, a solution containing water and
salts. Costly vacuum distillation is the state-of-the-art separ-
ation technology commercially used for purification of
glycerol.*>*?

- Starch is used as a raw material for production of
p-sorbitol. First, starch is enzymatically hydrolyzed to yield
p-glucose, which is further hydrogenated in the presence of a
Ni catalyst. Purification of b-sorbitol includes numerous
stages of treatment with ion-exchange resins to perform
desalination.”*

- Production of p-xylitol resembles the production of
p-sorbitol : p-xylose is obtained from hydrolysates of hemicellu-
loses and is catalytically hydrogenated in the presence of Ni.>*
Strikingly, p-xylitol is significantly more costly than p-sorbitol,
i.e. their prices were estimated as 3900 $ per ton vs. 650 $ per
ton, respectively.>®> Hemicelluloses present heteropolymers,
whose hydrolysis results in a number of monosaccharides:
p-xylose, p-galactose, L-arabinose, p-glucose, and p-mannose as
well as glucuronic acid and acetic acids.?® Two alternatives to
produce p-xylitol are possible: either the monosaccharides are
separated to isolate p-xylose prior to hydrogenation or a
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mixture of the hemicellulosic monosaccharides is hydrogen-
ated and the obtained sugar alcohols are thereafter separated
to yield pure p-xylitol. These chromatographically performed
separations are mainly responsible for a high price of
p-xylitol.>®

Noteworthily, potentially industrially relevant polyols are
not limited to the platform chemicals designated by DoE.
Further examples of commercially relevant saccharides and
sugar alcohols, whose separation presents a bottleneck of the
process, are known. For instance, biotechnologically produced
2,3-butanediol”””*® or ethylene glycol and propylene glycol® as
products of hydrogenolysis can hardly be recovered from the
obtained aqueous product streams.

Separation of monosaccharides as intermediates for pro-
duction of platform chemicals is another important challenge.
For example, commercial production of furanics as versatile
platform molecules requires certain saccharide substrates dis-
solved in an appropriate solvent in a high concentration.
Numerous attempts to develop a profitable method for syn-
thesis of 5-(hydroxymethyl)furfural (HMF) have been under-
taken. Acid-catalyzed dehydration of p-glucose and p-fructose
in water as solvent results in 10%°° and 50%°'* yields of
HMF, respectively. A method for acid-catalyzed rehydration of
p-fructose to obtain a mixture of HMF and 5-(methoxymethyl)
furfural (MMF) in up to 70% combined yield using methanol
as a solvent was recently developed. Application of methanol
instead of water results in suppression of HMF dehydration
into levulinic acid and formic acid.*®

Avantium explored bp-fructose-based production of MMF
and HMF as well as selective oxidation of these molecules to
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p-Fructose is produced nowadays as a part of high fructose
corn syrup (HFCS; 42-55% fructose, rest glucose, and 1-4%
oligosaccharides), a liquid alternative sweetener to sucrose
made from corn. This is by far the largest synthetic biocatalytic
process.*® The major applications of HFCS are now carbonated
beverages and raised bakery products.®® Starch is nowadays
used as a starting material for production of HFCS.
Comparing the scales of polyester production — 24.23 Mt poly-
ethylene terephthalate (PET) were produced in 2021 - with the
available supply of 14 Mt of HFCS, it becomes obvious that an
increase in demand of p-fructose is expected in the near
future.

Profitable conversion of hemicellulosic pentoses (p-xylose
and r-arabinose) into furfural shown in Fig. 3 presents another
difficult task. Acid pre-treatment of lignocellulose results in
highly diluted streams of hemicellulosic saccharides, whose
concentration typically does not exceed 2 wt%. Economically
efficient separation and concentration of saccharides from
hydrolysates of hemicelluloses poses another challenge.?”

Currently, saccharides are not recovered from industrial
streams, with a few exceptions for separation of value-added
products, such as p-fructose or r-arabinose. For instance, mol-
asses consist of concentrated aqueous sugar solutions -
sucrose and sometimes invert sugar — available as by-products
at sugar mills. Molasses are composed of up to 50% of sugars
and up to 17% of dissolved salts and are used without separ-
ation as animal feed or feedstock for fermentation.*® Stepwise

produce 2,5-furandicarboxylic acid (FDCA) on a pilot plant CHO CHO
scale. Moreover, Avantium provided promising results for HO——H HO——H 0 0
polymerization of FDCA with ethylene glycol - the latter is H——OH H——OH —_— | p /
already available on an industrial scale based on bioethanol®>  HO——H HO——H
- to obtain polyethylene 2,5-furnadicarboxylate (PEF), a poly- CH,0H CH,OH
ester suitable for packaging, fibers, and films (Fig. 2).
. P & g,. ! (Fig. 2) D-xylose L-arabinose furfural
Recently, an upscaling to Flagship Plant based on p-fructose as
a starting material was announced by Avantium.** Fig. 3 Conversion of p-xylose and L-arabinose into furfural.
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Fig. 2 A production chain of polyethylene 2,5-furandicarboxylate (PEF) based on starch. Abbreviations: 5-(hydroxymethyl)furfural (HMF), 5-(meth-

oxymethyl)furfural (MMF), and 2,5-furandicarboxylic acid (FDCA).
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hydrolysis of starch is performed via gelatinization, liquefac-
tion, and enzymatic hydrolysis giving rise to highly pure
p-glucose syrup, which is in demand in food industry.*®
Hydrolysis of cellulose starts with the pre-treatment of ligno-
cellulosic feedstock to break apart the tightly connected com-
posite of cellulose, hemicelluloses, and lignin. Enzymatic fer-
mentation of the pre-treated lignocellulose results in sacchari-
fication of cellulose yielding an aqueous solution of p-glucose.
The obtained p-glucose hydrolysate is not as pure as the one
prepared based on starch due to the presence of degradation
products formed during the pre-treatment. Since these impuri-
ties inhibit fermentation of p-glucose, they are removed via so-
called detoxification procedure. Finally, p-glucose hydrolysate
is fermented without an intermediate separation of p-glucose.
Cellulosic bioethanol is mainly the target fermentation
product at lignocellulosic biorefineries, though production of
other value-added compounds is also possible.*®*!

3. Interaction of phenylboronates
with saccharides

Boronic acids are remarkable in such a way that they do not
donate protons in aqueous solution but rather act as Lewis
acids, accepting OH™ and releasing H" (Fig. 4a).*> Acidity con-
stant of a boronic acid depends on its structure and deter-
mines the concentration ratio of a neutral boronic acid to bor-
onate anion at a certain pH value. The neutral and the anionic
forms contain trigonal (sp>-hybridized) and tetragonal (sp’-
hybridized) boron, respectively. For the simplest phenyl-
boronic acid, a pK, of 8.8 was reported.”> Boronates are
capable of reversible esterification with molecules bearing vic-
diol moieties as shown in Fig. 4. The complexation constant
depends primarily on the stereochemistry of a substrate:
polyols and saccharides with cis-diol moieties form stronger

32 R3
@ HO OH Ry—R!
HO. 5, -OH PH>pK,  HO.-.OH RO—CR! 0.50
+H,0, -H* "OH R® R2? "OH
N N T M0 N
L | “2H; e
R R R
boronic acid boronate boronate-substrate
complex
for R=H (phenylboronic acid) pK, = 8.8
32 R3 32 R3
4 4
(b) HO OH RS>—R RS—(R
HO._,.OH 4 1 0.,.0 pH < pK, 0.;.0
B R R B BZ
R R? +H,0, -H* OH
. » Q)
X -2H,0 P e
R R

boronic acid boronic acid-substrate boronate-substrate

complex complex

Fig. 4 Two modes of complexation via (a) ionization of the boronic
acid and (b) its direct complexation with a diol.
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complexes than the substrates with ¢rans-moieties. The pK,
value of a boronic acid enables an approximate prediction of
an optimum pH value for formation of a boronate-substrate
complex. According to the scheme in Fig. 4a, a pH value above
the pK, value of a boronic acid facilitates its conversion into
the boronate anion, which in turn reacts with the substrate to
yield the boronate-substrate complex. Nevertheless, several
publications report optimal complexation at pH below the pkK,
value of the boronic acid. The reason for this discrepancy is
complexation of a substrate with neutral boronic acid moiety
to form a boronic acid-substrate complex as depicted in
Fig. 4b. Acidity constants of boronic acid-substrate complexes,
where the substrate is a saccharide or a polyol, is frequently
below the pK, value of a parent boronic acid. This results in
the formation of a boronate-substrate complex according to
the equation in Fig. 4b which takes place at pH values some-
what below the pK, values of the boronic acid.**™°

Quick and highly specific complexation of boronate with
molecules bearing cis-diol moieties became the basis of
numerous applications. For example, carbohydrate sensors
with boronic acid groups were developed.?” *° Boronic acids
have been incorporated in polymeric particles, both as stimuli-
responsive functional group and as targeting ligand.***®
Boronate affinity chromatography is used to isolate a wide
variety of cis-diol containing compounds in life science: cate-
chols, nucleosides, nucleotides, nucleic acids, glycoproteins,
and enzymes.*®*°® Organoboron compounds are used as
activating groups for diol motifs found in carbohydrates.*®
Extraction via anionic complexation with boronic acids has
been explored as means to recover saccharides from the biore-
finery streams.>*>*

Immobilization of boronic acid groups onto cellulose as
support to obtain stationary phases for boronate-affinity
adsorption was first performed in the 1970s.>® Since then,
various boronate-functionalized materials were prepared and
tested for separation of sugar alcohols and saccharides in bior-
efineries (Table 1).

The adsorbents bearing boronate groups were tested for
separation under different modes:

Simultaneous recovery of few sugars or sugar alcohols from
complex solution presents one example. For instance,
p-glucose and p-xylose are simultaneously adsorbed from the
hydrolysate of lignocellulose. p-Glucose and p-xylose exist pre-
dominantly in pyranose form possessing identical structures.>®
As a result, p-glucose and p-xylose exhibit similar complexation
constants with phenylboronate: 65 and 158.>” Cyclic processes
are typically considered for such applications, i.e. adsorption
at high pH value which favours complexation (Fig. 4 and the
description in section 2) followed by desorption taking place
under acidic conditions, i.e. at pH below pK,.

Adsorption of substrates with high and medium complexa-
tion constants - for instance, ketoses, aldoses, pentitols, or
hexitols - can be readily performed under pH values slightly
above pK, values of a boronic acid. Desorption of these sub-
strates requires addition of molecular acids or at least CO,.>%>°
Adsorption of substrates with low affinity — such as diols or

Green Chem., 2024, 26, 720-738 | 723
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Table 1 Boronate-functionalized adsorbent materials, separation process description, and boron contents
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Entry Process description Adsorbent Boron content Adsorbate loading Ref.
Gel-type materials
1 Chromatographic separation  “Boric acid gel” Ca. 1.3 mmolg No data 74
of sugars (t-rhamnose, 3-Acrylamidophenylboronic acid cross- Zpolymer
p-mannose, p-galactose, linked with tetramethylene
p-glucose, p-ribose, maltose, dimethacrylate
isomaltose, lactose, and
raffinose) using 0.1%
aqueous ammonia at pH
10.5 as eluate
2 Chromatographic separation ~ Gel 4-vinylbenezeneboronic acid- Ca. 4.4 mmolg No data 71
of sugar mixture (p-glucose,  divinylbenzene co-polymer gpolymer’lb
p-mannose, p-fructose,
p-xylose) with NaOH at pH
9.6 or with pure water
3 Recovery of r-erythrulose Affi-Gel 601 for adsorption Ca. 0.13 mmolg 6 M, crythrulose ngefl 67
from fermentation broths ngel_l
using frontal
chromatography at pH 9.5
4 Recovery of p-fructose from Cross-linked 4-vinylphenylboronic acid 2.9-4.7 mmolg 540 M, fructose gpolyme,’l 58
its mixture with p-glucose; with 5-40 mol% of a cross-linker gpolymer_l
adsorption at pH 10,
desorption with CO, or acid
5 Recovery of diols, polyols, Cross-linked 4-vinylphenylboronic acid 3.5-3.7 mmolg Up to 600 Mg Zpolymer | 59
and saccharides; adsorption  with 20 mol% of DVB or EDMA as a gpolymer_l
at high pH, desorption with  cross-linker”
acid or water
6 Recovery of 2,3-butanediol Cross-linked 4-vinylphenylboronic acid 2.6 mmolg gpolymer’l 250 Mg 3-butanediol gpolyme,’l 60
from fermentation broths with 20 mol% of DVB as a cross-linker”
7 Chromatographic separation Commercial boronate Affi-Gel 1.2-2.5 mmoly No data 75
of p-glucose, p-fructose, and gpolymer_l
oligosaccharides
Macroporous resins
8 Recovery of lactulose and Poly(3-acrylamidophenylboronic acid-co-  Ca. 1.1-1.45 mmolg 120-170 Mgactulose gpol)l,mer’l, 68,
p-tagatose; adsorption at pH  ethylene dimethacrylate), 71 or 83 mol%  gpolymer d 54 Mg, tagatose Epolymer 69,
> 10, desorption at pH 1.5 cross-linker 72,
76
and
69
9 Recovery of 1,2,4-butanetriol Macroporous resin with phenylboronic 5.5-6.4 mmolg Up to 148 mg gpolyme,’l 61
from fermentation broths; acid, 2- and 4-naphtalene boronic acid Zpolymer
adsorption in NaOH or 4-biphenylboronic acid as functional
solution, desorption with monomers with 1,3,5-tris(bromomethyl)
EtOH or water benzene as a cross-linker, 50 mol%
cross-linker
Molecularly imprinted polymers
10 Separation of p-glucose from Molecularly imprinted polymer based 0.25 mmoly Up to 236 Mgy glucose 77
mixtures with p-xylose; on methacrylamidophenylboronic acid gpolymer’l gpolyme,’l
adsorption at pH 11, as functional monomer, methacrylic
desorption with 0.5 M HCI acid as monomer, ethylene glycol
dimethacrylate and methylene-bis-
acrylamide as cross-linkers
Grafted boronate moieties
11 Chromatographic separation Boronate acid groups grafted at 0.2-0.6 mmolg No data 55
of sugars (sucrose, cellulosic matrix gcenulose_l and
p-glucose, p-ribose, and 78
p-fructose) and polyols
(erythritol, ribitol, L-arabitol,
xylitol, p-mannitol,
galactitol, and sorbitol)
12 Recovery of lactulose; Grafted boronate groups groups on 2.0 mmolg gpolymer_l 85 MGlactulose gpolymer_l 79
adsorption at pH 8, amino macroporous resin AR-0 (AR-1M), 0.66 mmolg
desorption at pH 1.5 Zpolymer  (AR-2M)
13 Recovery of p-glucose at pH  Boronic acid functionalized iron oxide No data Up t0 260 Mg, giucose 80
8.5 gmaterial_l
14 Recovery of p-fructose from Boronic acid grafted at magnetic No data Up to 14.14 Mg, fructose 81

its mixture with p-glucose;
adsorption at pH 8,
desorption at pH 2
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Table 1 (Contd.)
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Entry Process description Adsorbent

Boron content Adsorbate loading Ref.

15 In situ recovery of p-fructose
and p-xylulose during
isomerization of p-glucose
and p-xylose, respectively

onto Eupergit C

3-Amino phenylboronic acid grafted

No data 17 EInOlp-fructoseose MLpacked 46

bed

16 Chromatographic separation ~ Silica particles bearing grafted boronate  0.25 mmolg ggilica No data 82
of p-glucose and p-fructose groups
using sodium
pyrophosphate at pH 8.25 as
eluate
Grafted polymer brushes
17 Recovery of p-glucose and Grafted 3-aminophenylboronic acid and  0.26 mmolg gmaterial_l Maximum loadings for 56
p-xylose grafted brushes with boronate moieties  (grafted boronate); grafted boronates:
on SBA-15 1.60 n/HnOlB gmaterial_l 32 MZy-xylose gmaterial_1)
(gfafted POlymel‘ 45 Mgy-olucose gmz\terialil;
brushes) Maximum loadings for
grafted polymer brushes:
372 Mg, xylose gmaterial_ly
381 Mgy-glucose gmateriaf1
18 Adsorption of p-fructose in ~ Polymer brushes on silica particles 0.78 MMOlg Eaterial © 72 ME, fructose Ematerial 83
PBS at pH 7.4%
Miscellaneous
19 Sugars (p-glucose, Cr-based MOF MIL-100 with Up to 0.65 mmolg Up to 85 Mg, galactose 84
p-mannose, p-galactose, 5-boronobenzene-1,3-dicarboxylic acid gmaterial_l gmaterial_l

p-xylose); adsorption at pH ligand”
9, desorption by 0.1 M
HNO,

“Boron content estimated based on data provided in reference.®® ?

Boron content estimated based on data provided in ref. 71. ¢ DVB designates

divinylbenzene, EDMA refers to ethylene glycol dimethacrylate. ¢ Boron content estimated based on data provided in reference.”® ¢ Estimated by
the authors based on energy-dispersive X-Ray spectroscopy (EDS) analysis in reference.®! /Estimated based on the composition of the polymer
provided by the authors of reference.”” ¥ PBS designates phosphate-buffered saline. " MOF refers to metal-organic framework, MIL refers to

Materials of Institute Lavoisier.

triols - require addition of more equivalents of NaOH.
However, these weakly bonded substrates can be readily des-
orbed by washing with water, ethanol, or water-ethanol
mixtures.>® "

Isolation of a target product from a mixture of similar mole-
cules has been the goal of numerous studies. Most frequently,
the separation is based on differences of complexation con-
stants of the adsorbates.’® Separation of an aldose and a
corresponding 2-ketose presents a classic example of sub-
strates suitable for separation by adsorption on boronate-
bearing materials. Isomerization of p-glucose into p-fructose is
of great interest as a method for production of HFCS (Fig. 5a).
Isomerization of p-glucose into p-fructose results in ca. 42%
product yield in a commercial process performed at 60 °C
owing to thermodynamic and kinetic limitations; conse-
quently, the obtained reaction mixture requires separation.®
p-Glucose is an aldose which takes up pyranose forms in
aqueous solution. Aldopyranoses in general and p-glucose in
particular do not exhibit any cis-diol moieties, which leads to
weak complexation of aldopyranoses with boronate moieties.
Complexation of ketoses is typically significantly stronger than
of aldoses (¢f complexation constants of 65 and 1698 for
p-glucose and p-fructose, respectively, since p-o-fructofuranose
and p-o-fructopyranose conformers exhibit cis-diol moieties,
Fig. 5b).>° The presence of cis-diol groups enables a selective
adsorption of p-fructose, whereas p-glucose remains in solu-
tion.>® Exploration of molecular boronate complexes suggested

This journal is © The Royal Society of Chemistry 2024

formation of 2,3-fructofuranose and 1,2-fructopyranose com-
plexes (Fig. 5¢).°> In addition to 1:1 complexes between
p-fructose and the boronate moiety, MAS NMR of the adsorbed
p-fructose species suggested complexation of saccharide and
boronate moiety with 1: 2 stoichiometry.”®

Ketoses of commercial interest which can be selectively
recovered from the corresponding reaction mixtures are shown
in Fig. 6. The aldodisaccharide lactose is readily available as
by-product from dairy industry. Isomerization of lactose
(Fig. 6a) into the corresponding ketodisaccharide lactulose has
received considerable attention in recent years due to its
increasing commercial value in the pharmaceutical, nutraceu-
tical, and food industries. Lactulose has been registered in
over 100 countries as a medicinal drug and is on the World
Health Organization Model List of Essential Medicines, a data-
base of the most important medications required in a basic
health system.®®* p-Galactose (Fig. 6b) presents an aldohexose
readily available as a monomer of hemicellulosic polysacchar-
ides®® or a disaccharide lactose.®® Isomerization of p-galactose
gives rise to a rare sugar p-tagatose with sweetness similar to
that of sucrose. Importantly, p-tagatose presents a low-caloric
sweetener, exhibits a low glycemic index, and shows prebiotic
effect. Isomerization of p-xylose results in p-xylulose, which is
in demand for synthesis of fine chemicals and can be con-
sidered as intermediates for synthesis of bio-based bulk
chemicals such as furfural (Fig. 6¢).""®° 1-Erythrulose is a rare
C4 ketose which can be produced via the Escherichia coli trans-
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Fig. 5 (a) Isomerization of p-glucose into p-fructose; (b) equilibrium
forms of [2-1*C]-p-fructose determined by **C NMR at 25 °C in D,O as
solvent;”® (c) complexes between boronate anions and anomers of
p-fructose.%?

ketolase-catalyzed condensation and
B-hydroxypyruvate (Fig. 6d).”

The separation of ketoses is often performed in a cyclic
batch adsorption mode: at elevated pH values in the range of
7.5-12, ketoses are adsorbed, whereas the rest of the com-
ponents, i.e. the remaining substrates, catalysts, and eventually

auxiliaries, remain in the liquid phase. Desorption of the

of glycolaldehyde

(@ oH CH,OH
OH
0 OH
HO o) - (] 0 OHy
HO o
lactose lactulose
b
(b) OH OH o
o T HgU A,
HO OH (I)-IO OH
O
D-galactose D-tagatose
Fig. 6
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ketoses under acidic conditions is possible. Frequently, small
portions of aldose are co-adsorbed with ketose. Thus, desorp-
tion of such a binary mixture can be performed in two steps to
improve their purity. Wang et al. explored desorption of less
strongly adsorbed p-galactose and more strongly adsorbed
p-tagatose. The first step of desorption presents treatment of
the loaded resin with distilled water at pH ca. 6; under these
conditions, p-galactose (complexation constant with phenyl-
boronate 126)° is readily desorbed, whereas p-tagatose (com-
plexation constant with phenylboronate 1995)°” remains
mostly adsorbed. The second step of desorption is treatment
with an acid at pH below 2, leading to desorption of p-tagatose
of high purity.® The same approach was applied to produce
high-purity lactulose.®

Selective adsorptive uptake of ketoses offers an opportunity
for process intensification via development of adsorption-
assisted synthetic methods. In situ product removal facilitates
an equilibrium shift towards the product and mitigates the
product inhibition of biocatalyzed processes. Materials
bearing boronate moieties can be added directly into a reactor:
improvement of yield of p-fructose from below 30% to 50.1%
upon isomerization catalyzed by NaOH at pH 12 was
reported.””! Similarly, a 56% yield of p-fructose was obtained by
performing isomerization-adsorption cycles.”® In situ and re-
cycling experiments enabled adsorption-assisted processes
with high yields of lactulose of up to 72%°"7> and of
p-tagatose of 53%.°% A circulating set-up containing a reactor
operating at elevated temperature and an adsorption column
at room temperature enabled 56.7% yield of b-fructose.”*
Adsorption onto boronate-bearing materials was used for
in situ product isolation for isomerization of p-glucose into
p-fructose and p-xylose into p-xylulose catalyzed by glucose iso-
merase. In situ adsorption improved the yields of p-fructose
from 45% to 73% and of p-xylulose from 23% to 52%.%°
t-Erythrulose was adsorbed by in situ product removal during
the Escherichia coli transketolase-catalyzed condensation of gly-

colaldehyde and lithium p-hydroxypyruvate resulting in
improved productivity of the bioconversion.®”
(c) o 10 CH,0H
Hg - .
O —_—
OHoH oy o
D-xylose D-xylulose
(d)
CHO O, OLi CHOQOH
| + o ~~  HO
CHZOH CH20H CH,0H
glycol aldehyde lithium L-erythrulose

B-hydroxy pyruvate

(a) Isomerization of p-lactose into p-lactulose; (b) isomerization of b-galactose into p-tagatose; (c) isomerization of p-xylose into p-xylulose;

(d) conversion of glycoaldehyde and -hydroxypyruvate into L-erythrulose in the presence of Escherichia coli transketolase.
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Importantly, not only affinity of a particular substrate
towards boronate moieties but also other factors, for instance,
a porous structure of an adsorbate, can be employed to control
the selectivity of uptake. The concept of molecular imprinting
implies creation of an artificial keyhole which exhibits an exact
match to geometrical dimensions of the target molecule.”® A
selective recovery of p-glucose from its mixture with p-fructose
and bp-xylose via selective adsorption on a molecularly
imprinted polymer functionalized with phenylboronate moi-
eties has been recently reported. Section 4.3 provides more
details on synthesis and structural peculiarities of molecularly
imprinted polymers.

Chromatographic separation over materials functionalized
with boronate groups as stationary phases was investigated.”*
A potential separation and recovery of all components of the
complex mixture is a significant advantage of chromatographic
separation compared to the adsorption method described
above. In general, chromatographic separation remains the
most frequently used separation technique for recovery of
sugar alcohols and sugars in industry.”® Dilution of the recov-
ered product with an eluate, which should be removed by evap-
oration, presents the major drawback of chromatography. A
few authors reported a correlation between the substrate struc-
ture and its tendency to complexation. An increase in the
number of cis-hydroxyl groups results in more extensive
complex formation and, consequently, larger retention times
at the stationary phases bearing boronate groups.”>”"7*

4. Adsorbent

Table 1 summarizes different boronate-functionalized adsor-
bent materials and the corresponding separation procedures.
The adsorbent types are discussed in detail in this section.

4.1. Gel-type polymers

Gel-type polymers (Table 1, entries 1-7) can be readily pre-
pared via radical polymerization of 4-vinylphenylboronic acid
with addition of a small amount of a cross-linker. Commercial
availability of 4-vinylphenylboronic acid as well as of the cross-
linkers presents an advantage of this method (Fig. 7).
Moreover, gel-type polymers contain high amount of boron
and exhibit therefore high maximal adsorption capacity: the
boron content of up to 4.7 MMOlyoron Epolymer ~ Was reported.”®
Alternatively, boron-containing Affi-Gel with as high boron
content as 1.2-2.5 mmolpgron gpolymer_l in dry state is commer-
cially available from Bio rad.”® Though these gels are produced
via immobilization of boronate moieties, they exhibit a gel-
type matrix and will be considered in this section.

Adsorption affinity of diols, polyols, and saccharides can be
readily predicted based on their well-documented molecular
complexation constants with phenylboronic acid.”” In line
with this, elution order of the saccharides on the column was
reported to be dependent on the complexation ability.

Gel-type polymers are nonporous in dry state and can swell
in different solvents. Schroer et al. synthesized gel-type poly-

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Synthesis of a cross-linked gel-type polymer. This figure has
been adapted from ref. 58 with permission from the Royal Society of
Chemistry, copyright 2020.

mers with various types of linkers (Fig. 8a) and examined
adsorption of p-fructose and p-glucose on the adsorbed poly-
mers. p-Fructose presents an adsorbate with high affinity
towards complexation (complexation constant is 1698).>” It is
readily adsorbed on the outer shell of the polymer particle,
and the polymer chains get negatively charged. Repulsion of
the negatively charged polymer chains results in further swell-
ing, making the boronate groups in the polymer core accessi-
ble, and further adsorption of p-fructose occurs. Maximum
capacity of the polymer depends on the structure of the cross-
linker: long aliphatic or stiff aromatic cross-linkers were
favourable for an efficient transport of p-fructose towards the
boronate sites (Fig. 8b). Thus, equimolar uptakes of p-fructose
were possible for the materials bearing these cross-linkers, i.e.
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Fig. 8 (a) Structures of the cross-linkers used to synthesize gel-type
polymers with boronate moieties and (b) dependency of loadings of
p-fructose (left) and p-glucose (right) on the nature of the cross-linker.
This figure has been adapted from ref. 58 with permission from the
Royal Society of Chemistry, copyright 2020.
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Fig. 9 Scheme of swelling upon adsorption of b-fructose and p-glucose. This figure has been adapted from ref. 58 with permission from the Royal

Society of Chemistry, copyright 2020.

1 mol p-fructose for 1 mol boron (Fig. 9). It is noteworthy that
the capacity depends on the amount of a cross-linker: an
increase of DVB content from 5 mol% to 40 mol% resulted in
a decrease of a maximum uptake of p-fructose of 1 mol, fryctose
mMOlporon + to 0.5 MOl fructose MOlporon ~.°° This result is
expected since the pore size of gel-type microporous polymers
is determined by the percentage of the used cross-linking
monomer.*® Smaller pore size leads to lower uptake owing to
worse accessibility of the boronate sites.

p-Glucose exhibits a significantly lower affinity to polymers
functionalized with boronate moieties, which corroborates
with its lower molecular complexation constant with phenyl-
boronic acid of 65.>” Consequently, p-glucose is adsorbed on
the outer shell of polymer in lower amount, leading to a lower
charge of the polymer chains and, consequently, a lower swell-
ing degree. As a result, most of the boronate sites remain inac-
cessible for p-glucose (Fig. 9).”®

Schroer et al. investigated adsorption of 18 diols, sugar alco-
hols, and saccharides on gel-type poly(4-vinylphenylboronic
acid) cross-linked with 20 mol% DVB or 20 mol% EDMA. The
authors concluded that the adsorption mechanism schemati-
cally shown on Fig. 9 can be generalized: the adsorbates with
high complexing constants readily induce swelling of the poly-
mers and exhibit loadings of 1 mol substrate per 1 mol boro-
nate group which corresponds to maximum loadings of up to
600 MEsubstrate gpolymer_l in carbonate buffer at pH 10, esti-
mated using Langmuir adsorption model. Very high loadings
were observed for instance, for p-sorbitol (complexation con-
stant 10232), bp-xylitol (complexation constant 2399),
p-mannitol (complexation constant 2089), or p-tagatose (com-
plexation constant 1995).>°

The adsorbates with low complexation constants adsorb on
the outer shell of the polymer particle and low density of the
negative charge on the polymer chains does not cause a sig-
nificant swelling. An example of such adsorbates is glycerol
with a complexation constant of 16, which exhibits a moderate

728 | Green Chem., 2024, 26, 720-738

loading of ca. 80 mggiycerol gpolymer_l in carbonate buffer at pH
10. It is nevertheless possible to reach high loadings of adsor-
bates with low affinity by adding more equivalents of a base.
As Fig. 4a suggests, increase of OH™ concentration results in a
shift of the equilibrium to the right. For 2,3-butanediol, the
complexation constant is 3.5. In carbonate buffer at pH 10,
only 160 Mg, 3 putanediol gpolymer_l was obtained. However, the
capacity could be increased to 250 Mg, 3 putanediol gpolymefl
corresponding to an equimolar loading with respect to boron
content upon addition of at least 1 equivalent of NaOH to one
equivalent of substrate.®®

Cyclic adsorption operations with boronate materials typi-
cally imply adsorption under basic and desorption under
acidic conditions. However, placing the swollen loaded gel-
type polymers into an acidic or neutral solution causes shrink-
age of the materials.*” As a result, the adsorbate molecules
located at the core of the polymer bead experience significant
diffusional hindrances which leads to “trapping” of part of the
desorbed adsorbate in the core of the shrunk resin and
hinders a full recovery.>®>°

A narrow peak shape and a good separation factor at high
loading of the adsorbate are important factors for preparative
chromatography. Barker et al. explored elution of p-glucose
and p-fructose on a gel-type column using NaOH solution at
pH 9.6 as a mobile phase. For low-concentration samples,
sugars were eluted as symmetrical peaks, but the peak of
p-fructose was broad with respect to p-glucose and p-mannose.
Increase of a sugar loading from 250 pg to 500 mg resulted in
a significant decrease of the retention factor of p-fructose and
a peak tailing. The authors explained this effect by a consider-
able local increase in acidity due to complex formation at high
concentration of p-fructose (Fig. 4b).”" At the same time,
neutralization owing to injection of highly-concentrated
p-fructose, which also exhibits acidic properties, cannot be
excluded. Very high swelling degrees of the functionalized
with boronates loaded gel-type polymers are well documented.

This journal is © The Royal Society of Chemistry 2024
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Vente et al. observed volume increase of an adsorbent swollen
in NaOH by a factor of 2.57 for commercial Boronate Affi-Gel.”
Schroer et al. reported 212% swelling degree in the presence of
p-fructose in carbonate buffer at pH 10 for a gel-type 4-vinyl-
phenylboronic acid polymer cross-linked with 20 mol% DVB.®
Such high swelling degrees suggest high elasticities and poor
mechanical strength hampering large scale applications.
Moreover, Vente et al. conducted column separation using gel-
type Boronate Affi-Gel as a stationary phase, which was pre-
swollen by washing with a NaOH solution at pH 9. Injection of
p-fructose resulted in a decrease of pH to 6, a partial conver-
sion of boronate groups into boronic acid groups (Fig. 4), and
a shrinkage of the chromatographic bed.”®

Though gel-type polymers with an optimized structure and
an appropriate content of cross-linker are capable of high load-
ings of adsorbates with high complexation affinities, the rates
of the adsorption are low. Thus, it takes typically 5-7 h to
reach saturation loading of p-fructose on the poly(4-vinylphe-
nylboronic acid) cross-linked with 20 mol% DVB at room
temperature. The unfavourable kinetics may be explained by
the time required for the polymer to swell as well as a slow
substrate diffusion in the micropore structure of the swollen
gel 589

Gel-type polymers bearing phenylboronic acid moieties are
hydrophobic and not wettable by aqueous solutions of the
adsorbates. Batch adsorption experiments required addition of
an organic solvent, e.g. ethanol, as a co-solvent to improve
wettability.’®° Vente et al. performed column experiments
and reported on improvement of hydrophilicity upon trans-
formation of boronic acid groups into boronate groups.”®

4.2. Macroporous resins

Macroporous resins are prepared with higher contents of
cross-linkers than gel-type polymers (Table 1, entries 8 and 9).
Macroporous (also referred to as macroreticular or isoporous)
polymer particles constitute of an agglomerate made of sec-
ondary particles representing agglomerates of microspheres
themselves.”

The adsorption sites located inside of these microspheres
become unavailable due to a high degree of cross-linking®®
resulting in lower capacities of macroporous resins compared
to gel-type materials. Transport of adsorbates into meso- and
macropores between the agglomerates is quicker than into the
microporous gel. Moreover, higher mechanic stability of
macroporous resins than of highly elastic microporous gels is
an advantage for their large-scale application.

The groups of Hua and Yang synthesized macroporous
resins by radical polymerization using 3-acrylamidophenyl-
boronic acid as a functional monomer, ethylene dimethacry-
late as a cross-linker, and DMSO as a porogen (Fig. 10).”® A
series of adsorbents varying the content of a cross-linker in the
range of 50 to 93 mol% was prepared. The authors reported
that the two materials containing 71 and 83% of the cross-
linker, respectively, exhibited the best performance in terms of
lactulose loading. Boron content was in the range of ca. 1.1 to
1.45 mmolygron gpolymer_l, whereas the maximal loading of lac-

This journal is © The Royal Society of Chemistry 2024
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Fig. 10 A method to produce a macroporous resin bearing boronic
acid groups developed by Wang et al. This figure has been reproduced
from ref. 76 with permission from the Elsevier, copyright 2019.
Abbreviations: 3-acrylamidophenylboronic acid (AAPBA), ethylene glycol
dimethylacrylate (EGMA), and dimethylsulfoxide (DMSO).

functional monomer

tulose was 120-170 mmoOlj,¢tulose gpolymer_l. This suggests that
30-50% of the total boronate groups are complexed at
maximum loading of lactulose. Very quick adsorption of lactu-
lose required less than 15 minutes at pH 10 and an almost
instant (<5 min) desorption at pH below 2 was reported. The
prepared macroporous materials were used for in situ recovery
of lactulose from the mixture obtained after isomerization of
lactose catalyzed by Na,HPO, + NaOH as well as for separation
of p-tagatose from a reaction mixture after isomerization of
p-galactose with NaOH at pH 128597276

Meng et al. explored Friedl-Crafts alkylation reaction to
prepare macroporous resins functionalized with boronate moi-
eties. The authors used phenylboronic acid, 1-naphthalene-
boronic acid, 4-biphenylboronic acid, or 2-naphthalene
boronic acid as functional monomers and 1,3,5-methyl-
boronate benzene as a cross-linker (Fig. 11).

A functional monomer and a cross-linker were taken in
equimolar amounts and polymerized in DCM using AICl; as a
catalyst. The resin prepared based on 2-naphtaleneboronic
acid exhibited the highest saturated adsorption capacity of
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Fig. 11 (a) Functional monomers for the manufacture of the polymers;

(b) Friedel-Crafts method to synthesize boronate containing micro-
porous resins.%*
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1,2,4-butanetriol of 148.2 mg gpolymer_l. The authors estimated
the boron content based on Energy-dispersive X-ray spec-
troscopy (EDS) analysis as 6-7%. Thus, for the resin based on
2-naphtaleneboronic acid, the highest loading of 1,2,4-butane-
triol corresponded to 0.25 mol adsorbate per mol boron. The
materials exhibited permanent porosity and specific surface
area of 800-1200 m> g~ ". A quick establishment of an equili-
brium in a time shorter than 10 minutes was reported. 1,2,4-
Butanetriol could be recovered by desorption with water or
ethanol.®!

4.3. Molecular imprinting

The concept of molecular imprinting was introduced by
Mosbach and Wullf in the 1970s.”®> Molecularly imprinted
materials are prepared via cross-linking of a functional
monomer complexed with a target adsorbate. Washing out the
adsorbate enables formation of a cavity of certain geometry
resulting in a shape selectivity for adsorption. Keeping the geo-
metrical parameters of the artificial keyhole constant under
adsorption and desorption conditions requires a high rigidity
of the polymer matrix, which can be reached by a very high
content of a cross-linker. Nevertheless, application of molecu-
larly imprinted polymers found limited application in prepara-
tive chromatography owing to a few disadvantages. High
content of a cross-linker results in a low content of a func-
tional monomer and, consequently, in low adsorption
capacities. Typical adsorption capacities of molecularly
imprinted materials are in the range of 0.5-10 Mg, fructose
Spolymer - °° Moreover, a highly cross-linked matrix of the
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polymer leads to serious diffusion limitations resulting in sig-
nificant peak tailing.”®

Interestingly, Liu et al. recently reported a polymer design
based on the monomers shown in Fig. 12 (Table 1, entry 10).
The authors used p-glucose (1 mmol) as a template, methacry-
lamidophenylboronic acid (MAAPBA, 1.2 mmol) as a func-
tional monomer, methacrylic acid (MAA, 6.8 mmol) as a
monomer, ethylene glycol dimethacrylate (EGDMA, 19 mmol)
as a hydrophobic cross-linker, and methylene-bis-acrylamide
(MBAA, 1 mmol) as a hydrophilic cross-linker. The ratio of
hydrophilic-to-hydrophobic cross-linkers was found to influ-
ence the adsorbate uptake. The material was molecularly
imprinted with p-glucose, and a higher adsorption selectivity
for p-glucose than for p-xylose despite similar complexation
constants (complexation constants for p-glucose and p-xylose
are 65 and 158, respectively) was reported.>® Rates of adsorp-
tion were low as the adsorption required 4 hours. A remarkable
uptake of p-glucose of 236 mg;, gjucose gpolymer_l for adsorption
at pH 11 was reported, being significantly higher than typically
observed for molecularly imprinted polymers. Interestingly,
estimation of boron content based on the ratio of monomers
provided by the authors (0.25 mmOlporon Zpolymer ) SUZgESts
the theoretical capacity of p-glucose of ca. 46 mg,gucose
Zpolymer - Moreover, unexpectedly high loadings of p-glucose
on the molecularly imprinted polymer of 76-79 mg, jucose
Spolymer | at acidic pH values of 3-5 were reported.
Understanding the reasons of the observed high capacities
under different adsorption conditions remains of great inter-
est. Liu et al. tested a hollow-fiber membrane system contain-
ing the synthesized molecularly imprinted polymer aiming at
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Fig. 12 Molecularly imprinted polymer for a selective capture of p-glucose from cellulose hydrolysates. This figure has been reproduced from ref.
77 with permission from the John Wiley and Sons, copyright 2022. Abbreviations: 3-acrylamidophenylboronic acid (AAPBA), methacrylic acid (MAA),
N,N’-methylenebisacrylamide (MBAA), ethylene glycol dimethylacrylate (EGMA), azobisisobutyronitrile (AIBN).
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a selective capture of p-glucose from cellulose hydrolysates. A
higher adsorption capacity of p-glucose under static than
under dynamic conditions was reported which was explained
by slow kinetics of adsorption.””

4.4. Grafted boronate moieties

Historically, phenylboronate groups grafted on an inert core
(Table 1, entries 11-16) constructed the first boronate-contain-
ing stationary phase fabricated by Weith et al. in 1970 for sep-
aration of saccharides, polyols, nucleosides, and deoxynucleo-
sides.>® The authors chose cellulose as an insoluble matrix to
avoid diffusion limitations and proposed two multistep
methods for grafting dihydroxyboryl groups shown in Fig. 13.
First, commercially available carboxymethylcellulose was con-
verted in its hydrazide and then to azide. Treatment of the
obtained material with m-aminobenzeneboronic acid resulted
in formation N-(m-dihydroxyborylphenyl)-carbamylmethyl-
enecellulose containing 0.2 mmol boronic acid groups per
gram of dry cellulose (Route 1, Fig. 13). To obtain the second
material, m-aminobenzeneboronic acid was converted into
N-(m-dihydroxyborylphenyl)succinamic acid by reaction with
succinic anhydride, and the condensation of this acid in
aqueous solution with aminoethylcellulose in the presence of
N-cyclohexyl-N'-p-(4-methylmorpholinium)ethylcarbodiimide
p-toluenesulfonate as the activation agent to yield N-[N'(m-
dihydroxyborylphenyl)succinamyl Jaminoethylcellulose bearing
0.6 mmol boronic acid groups per gram of dry cellulose (Route
2, Fig. 13). Interestingly, the material prepared based on
carboxymethylcellulose (Route 1, Fig. 13) contained some
amount of the negatively charged COO™ groups. On the con-
trary, utilization of aminoethylcellulose as a starting material

Synthesis of carboxymethylcellulose azide

QCHchOH QCHZCOOMe

carboxycellulose carboxymethylcellulose

Route 1
OH

H2N\©/B\OH

carboxymethylcellulose azide m-aminobenzene-

boronic acid

Route 2

OH o

(e}

Y H
o
ovo + HZN\©/B\OH — HO)W NOB‘OH

succinic anhydride ~ m-aminobenzene-

boronic acid acid

N-(m-dihydroxyborphenyl)succinamic
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gave rise to the stationary phase contained some amount of
positively charged NH;" groups (Route 2, Fig. 13). The authors
performed column separation of saccharides, polyols, nucleol-
sides, and deoxynucleosides on a column filled with the syn-
thesized stationary phases using solutions at constant pH
values of 7.5 or 8.5. The results suggested that the grafted
negatively charged COO™ caused an increase of pK, of the
grafted dihydroxyboryl groups, whereas the grafted positively
charged NH;' groups led to decrease of the pK, values of
boronic acid moieties. Interestingly, increase of the ionic
strength of an eluate led to diminishing of these effects.>
Wang et al. recently prepared two materials via grafting
boronic acid groups on a macroporous NH,-containing resin
AR-0 with a content of -NH, functional groups of ca.
6.4 mmOlnp, Zary resins - The synthetic methods and the
boron contents reported by the authors are shown in Fig. 14.
The resin was pre-swollen in DMF prior to grafting of the boro-
nate functionalities. The resin AR-1M was obtained by covalent
bonding of p-formylphenylboronic acid to the surface of AR-0
producing the Schiff’s base which was reduced by addition of
sodium cyanohydride powder in methanol. In the second
route, glutaraldehyde was first grafted to AR-0 resin followed
by addition of 3-aminophenylboronic acid yielding the Schiff's
base. The latter was reduced by addition of sodium cyanohy-
dride powder in methanol resulting in the resin AR-2M. The
boron contents of AR-1M and AR-2M were 2.0 and 0.66 mmol-
boron gpolymer_1, respectively. The resins were tested for adsorp-
tion of lactulose, the maximum substrate loading was reported
for the AR-1M material amounting to 85 Mg gsin - This
corresponds to 0.12 equivalents of the adsorbate to 1 equi-
valent of boron. For AR-2M polymer, a higher complexation

Hy @
QN

carboxymethylcellulose azide

H, O H
Q-C-C-N-NH,

carboxymethylcellulose hydrazide

H OH

Q_gN\©/B\OH

N-(m-dihydroxyborylphenyl)-
carbamylmethyicellulose

(@ CH:CHNH,

OH aminoethylcellulose o H OH

QCHZCHZNHJ\/\WN@/B\OH
0

N-[N*-(m-di-hydroxyborylphenyl)succinamyl]-
aminoethylcellulose

Fig. 13 Two different routes for the grafting of boronic acid onto cellulose proposed by Weith et al. This figure has been reproduced from ref. 55

with permission from the American Chemical Society, copyright 1970.
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Fig. 14 Synthetic routes for grafting phenylboronic acid moieties onto

0.66 mMOlyoron/Gpolymer

an amino microporous resin proposed by Wang et al. This figure has been

reproduced from ref. 79 with permission from the American Chemical Society, copyright 2018. Abbreviations: aminated macroporous poly(styrene-

co-divinylbenzene) resin (AR-0), p-formylphenylboronic acid (p-FPBA), 3

degree of 22% could be attained. The reasons of rather low
loadings of lactulose per boron equivalent were not discussed
by the authors and can probably be explained by swelling of
the AR-0 resin in DMF prior to the grafting. Probably, shrink-
ing in aqueous phase led to low accessibility of the grafted
adsorption sites. Slow kinetics of adsorption and acid-induced
desorption requiring 3-4 h and 1-2 h, respectively, support the
hypothesis of not readily accessible boronate groups.
Adsorption under basic conditions resulted in a selective
adsorption of lactulose with separation factors of 2-16.
Dependency of lactulose uptake by AR-1M and AR-2M resins
on pH value is remarkable: the highest lactulose capacity were
observed at pH values of 6 and 8 for the materials synthesized
via grafting of aldehyde and amine, respectively. Further
increase of the pH value till 10 did not result in improvement
of the uptake. The authors explained this effect by the pres-
ence of residual surface -NH, groups responsible for alkaline
microenvironment and capable of forming B-N-coordination
complexes similar to these in Wulff type phenylboronic acids
(Fig. 14).”°

Functionalization of Fe;O, to prepare magnetically
separable nanoparticles bearing boronate groups was con-
ducted according to the scheme shown in Fig. 15.
3-Aminophenylboronic acid was allowed to react with 3,4-dihy-
droxybenzaldehyde; the obtained derivative was grafted onto
Fe;0, nanoparticles to yield functionalized particles of the size
of 8 + 2 nm. The boron content was not reported, but the syn-
thesized nanoparticles exhibited a high uptake of p-glucose of
up to 260 mMg;.giucose Zmaterial - in phosphate buffer at pH 8.5.
Unfortunately, the authors did not report the results of desorp-
tion, which would be of interest since desorption at low pH
values could result in leaching of iron.*°

732 | Green Chem., 2024, 26, 720-738

-aminophenylboronic acid (m-APBA).

OH
BoH

oy ¢

boronic acid imine

@

Fig. 15 Functionalization of FeszO, nanoparticles with boronic acid
moieties performed by Mohapatra et al. This figure has been reproduced
from ref. 80 with permission from the Elsevier, copyright 2009.
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HO -0
3,4-dihydroxy-
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T HN C ~gOH
OH
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boronic acid
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boronic acid functionalized

Fe30,4 nanoparticles

Gu et al. also prepared functionalized Fe;0, magnetic nano-
particles. For these purpose, Fe;O, nanoparticles were first
coated with SiO, using sol-gel reaction, thereafter a thiol-con-
taining moiety was immobilized followed by grafting of 4-vinyl-
phenylboronic acid via a thiol-ene click reaction. The nano-
particles had a mean diameter of 195 nm. Unfortunately, the
authors did not provide information on boron content. The
functionalized nanoparticles exhibited a moderate maximal
adsorption capacity of p-fructose of ca. 14.4 Mg, fructose
Zmaterial -~ at pH 8.0. p-Glucose could be desorbed at pH 2 and
the nanoparticles could be reused 6 times.*' Immobilization
of 3-aminophenylboronic acid on a commercial Eupergit Gel
also resulted in a binding capacity of p-fructose corresponding
to 17 pmol mL™" bed or 3.06 mg mL™" bed at pH 8.0.*° Glad
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et al. proposed a method to load 3-aminophenylboronic acid
on small 10 pm silica particles according to the scheme shown
in Fig. 16.

First, silica was modified with y-glycidopropyltrimethoxy-
silane; 3-aminobenzene boronic acid was grafted onto the
modified surface. The authors fabricated small particles for
HPLC rather than large particles applied for low-pressure
chromatography (typically, the particles size of stationary
phases applied in low-pressure chromatography is in the range
of 50 to 200 pm)°" aiming at reduction of diffusion contri-

H,N
OCH3 o OCH3 o HO‘B‘OH
=Si-OH + H3CO Sl (CH2)30CH,- C CHZ 7S|OS| (CH2)30CH,- C CH2
OCH;, OCH;

epoxy-substituted silica

oH
ESi*(CHg)gOCHZCHCHZNH—Q

B-OH
HO'5h

high pH

QH
=8i-(CH;)30CH,CHCH,NH —_—
(CH2)30CH! 2 Tow pH

B-
HO
boronic acid silica

Fig. 16 Grafting of boronate moieties onto silica support. This figure
has been reproduced from ref. 82 with permission from the Elsevier,
copyright 1980.
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butions. HPLC enables higher flow rates of an eluate associ-
ated with larger pressure drops. The obtained material con-
tained 0.250 mmol boron per gram. The authors reported a
baseline HPLC separation of p-glucose and p-fructose as peaks
without tails with a buffer solution at pH 8.3 used as eluate.®

In summary, grafting of boronate groups results in highly
accessible adsorption sites on tailored support. Low content of
boron and, consequently, low capacity of an adsorbent present
the major disadvantages of this preparative method.

4.4.1. Grafted polymer brushes. Grafted polymer brushes
(Table 1, entries 17 and 18) are similar to grafted boronate
sites though the former exhibit increased boron loadings.
Zhao et al. demonstrated this advantage for the first time by a
comparative study of grafted 3-aminophenyl boronic acid and
grafted polymer brushes with a boronate functionality. The
authors used SBA-15 as support and performed the syntheses
as Fig. 17 shows. In the first route, a coupling agent was used
to link a boronic acid and SBA-15, whereas in the second route
poly(acrylic acid) brushes were generated at the surface of
SBA-15 by surface-initiated atom transfer radical polymeriz-
ation (ATRP) and 3-aminophenylboronic acid was then
immobilized. Remarkably, the materials bearing grafted boro-
nates and polymer brushes exhibited 0.26 mmOlyoron Ematerial
and 1.60 MMOlyeron Ematerial - DOron content, respectively. In
accordance with this, the maximum uptake of p-glucose esti-

\O\ - N i Aol e \O\ s N i /©\
-Si N S i -Si N OH
O OH —OPIN N N B~
anhydrous DMF H ‘
<OH o <—OH 0 OH
SBA-15-g-PBA
succinic anhydride
Route 1
anhydrous DMF
— AN
APTES o\s_,OEt i TEA, BIBB o _OEt H
—OH -Si > ai
toluene O~ anhydrous THF 0 S'\/\/N%Br

—OH —OH —OH 8
SBA-15 SBA-15-NH, SBA-15-Br

NaAc, CuBr;,

CuBr, Bpy Route 2
H,0, MeOH
\o JOEt
/O,S|\/\/N PBA, DCC \o\ JOEt H
< anhydrous DMF B NBr
<—OH o) 0” “oH

SBA-15-g-PPBA SBA-15-g-PAA

Fig. 17 Grafting 3-aminophenyl boronic acid (Route 1) or polymer brushes (Route 2) with boronate moieties onto SBA-15 proposed by Zhao et al.
This figure has been reproduced from ref. 56 with permission from the American Chemical Society, copyright 2011. Abbreviations: 3-aminophenyl-
boronic acid (PBA), N,N'-dicyclohexylcarbodiimide (DCC), N,N-dimethylformamide (DMF), mesoporous silica Santa Barbara Amorphous-15 (SBA-15),
(3-aminopropyl)triethoxysilane (APTES), triethylamine (TEA), 2-bromoisobutyryl bromide (BIBB), tetrahydrofuran (THF), and 2,2’-bipyridyl (bpy).
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mated in the scopes of a Langmuir model for the material
with grafted boronate and for the material with polymer
brushes were 45 mg, giucose Zrmaterial - and 381 ME;-glucose
Zmaterial » Tespectively. An improved uptake of p-xylose on the
material with functionalized grafted polymer brushes was also
reported (Table 1, entry 17). Zhao et al. explored adsorption of
p-glucose and p-xylose in the batch experiments from the solu-
tions at pH of 8.7 adjusted with NaOH. The measured uptake
of the sugars suggested a 1:1 stoichiometry of adsorbate-to-
boron supporting the hypothesis of an improved accessibility
of boron grafted as polymer brushes. Interestingly, the adsorp-
tion was not quick, and ca. 3-4 hours were required until the
equilibrium was reached. It can be explained by location of the
polymer brushes in pores of SBA-15, leading to drop of specific
surface area of SBA-15 from 940 m* g* for the unfunctiona-
lized material to ca. 0 m> g~ for the material with grafted
polymer brushes. Apparently, pore blockage hampers diffusion
into the pores of SBA-15 filled with the grafted polymers.>®

Xu et al. also prepared polymer brushes on the silica par-
ticles using ATRP. The authors aimed at preparation of a fluo-
rescent grafted polymer brush bearing boronic acid polymer.
For this purpose, a fluorescent boronic acid monomer was first
prepared from an azide-tagged boronic acid and an alkyne-
containing acrylate using a CuAAC click chemistry reaction.
Next, the boronic acid monomer was grafted on the surface of
silica gel modified with an ATRP initiator (Fig. 18). The
authors reported boron loading of 0.78 mmolyoron Ematerial -
and observed 72 mg g~ loading of p-fructose in phosphate
buffered saline (PBS) at pH 7.4.%%

4.4.2. Miscellaneous. In 2015, Zhu et al. reported the first
example of metal organic frameworks by integrating Cr-based
MOFs of MIL with boronic acid containing ligands (Table 1,
entry 19]. Boron content of up to 0.6 mmolyoron gMOF_l was
reported. The authors applied the material for adsorption of a
mixture of p-glucose, p-mannose, p-xylose, and p-galactose at
PH 9 reaching the highest loading of p-galactose of 95 mg

(a) y HO
g‘OH b ?ron
©/ + o Cu(l N
HN. NN o
LN A\ o g7
APBA PA APBA-PA
(b) 2

OH

Fig. 18 (a) Synthesis of boronic acid monomer and (b) its polymeriz-
ation using surface-initiated ATRP. Reproduced with permission from
ref. 83. Abbreviations: 3-(2-azido-acetylamino)phenylboronic acid (APBA)
and propargyl acrylate (PA).
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gMOF_1~ This indicates that 85% of boronate moieties partici-
pate in complexation. Desorption was performed by washing
with 0.1 M HNO; and the material was successfully recycled 5
times.®*

5. Performance of boronate-
functionalized materials vs. Ca®* ion-
exchanged resins: state of the art and
outlook

Materials bearing boronate moieties are not the only stationary
phases capable of adsorptive separation of sugar alcohols and
saccharides. Chromatographic separation of saccharides using
other adsorbates, such as materials functionalized with amino
groups,”>** ion-exchange resin in HCO;~ form,”” or anion-
exchange resin in bisulfite form,”>® is well known.
Nevertheless, these types of stationary phases — as well as the
materials with boronate moieties — are not used for large-scale
preparative processes. The reasons for limited application of
these separation methods to laboratory scale are organic co-
eluates required for separation on amine stationary phases®®
or low stability of bisulfites against oxidation by molecular
oxygen leading to conversion of bisulfite groups into sulfate
groups.”> Development of material science opens further
opportunities for synthesis of stationary phases. For instance,
separation of p-glucose and bp-fructose by pore exclusion of
zirconium-based metal-organic frameworks was
reported.®”

Gel-type slightly cross-linked cation exchange resins in Ca**
form are most frequently used for recovery of sugars and
polyols,”®® for instance, for separation of p-fructose and
p-glucose after the isomerization (Fig. 5a) as one of the largest
separation  processes of biomass-based compounds.
Separation of saccharides over Ca** - containing materials was
occasionally uncovered by Felicetta et al. in 1959: separating
the sugars from spent sulfite liquors from the lignin sulfonates
using ion-exchange resins, the authors observed separation of
r-arabinose and p-xylose.’® In the 1970s, Ca*>" exchanged resins
were explored and industrialized as stationary phases for large-
scale chromatographic separation of p-fructose and p-glucose.
Ligand exchange presents the main mechanism responsible
for the separation. In aqueous solution, hydroxyl groups of sac-
charides compete with the coordinated water molecules at
Ca”" ion. Single OH™ groups of carbohydrates cannot compete
with the solvent, only a suitably arranged combination of two
(axial-equatorial) or three (axial-equatorial-axial) hydroxyl
groups results in a significant complex formation with Ca®*.'%°
The isomers bear the following numbers of the axial-equatorial
pairs of OH™-groups: glucopyranose (1/0 for /), fructopyra-
nose (1/2 for «/f), and fructofuranose (1/0 for o/p).”®
Consequently, stronger complexation of p-fructose than of
p-glucose results in a larger retention volume of the former.
Tiihonen et al. explored complexation of the saccharides with
Ca®" and concluded on a weak complexation of p-fructose with

recently
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Ca®>" and a very weak complexation of p-glucose with Ca**.**!
This result corroborates with other publications, which
suggest partition into gel matrix of the ion-exchange resin as
the main mechanism responsible for retention of p-glucose,
implying that p-glucose is not really adsorbed in a formal
sense but merely occupies the intraparticle pore space in
direct proportion to its concentration in the fluid."*>

Application of pure water as eluate presents a remarkable
advantage of the separation over the Ca®" ion exchange resins.
It implies a low-cost and an environmentally benign eluate
which requires no desalination. Warm water, typically of
55-60 °C, is used: increase of temperature is necessary to
reduce pressure drop when operating at high concentrations of
the sugars.'® Further advantages of Ca®" ion exchange resins
are low cost and commercial availability of the stationary
phase, high long-term stability of the phase without regener-
ation, and a high column capacity.”® Moreover, the equili-
brium isotherms of p-glucose and p-fructose are linear up to
high concentrations of ca. 260 g L™"."* This is of utmost
importance for preparative chromatography since high concen-
trations and high loadings are typical of preparative mode.
Linear adsorption isotherms are prerequisite for symmetric
peaks without tailing.'® Noteworthily, moderate separation
factors of p-glucose and p-fructose in the range of 2.5-3.5
present a disadvantage of Ca>* ion exchange resins.'®>%°

Traditional batch chromatography implies injection of a
solution to be separated followed by elution. Batch chromato-
graphy is usually characterized by high dilution of the
obtained fractions which requires an energy-intensive evapor-
ation of eluate. In order to reduce the consumption of eluate,
an advanced simulated moving bed (SMB) mode is used on an
industrial scale for separation of p-glucose and b-fructose.
SMB presents a continuous countercurrent fluid-solid separ-
ation developed by UOP under the name of “Sorbex” in the
19708.105’107

The first reports on materials bearing boronate groups as
stationary phases for separation of sugar alcohols and sacchar-
ides were published at the same time as the publications on
separations using Ca®" ion exchange resins. However, adsor-
bents functionalized with boronates have not been commercia-
lized yet. A necessity to use buffer solutions rather than pure
water presents a crucial point limiting applicability of boro-
nate-containing stationary phases. This challenge was
addressed by Barker et al. who examined a boronate gel as a
stationary phase and water as eluate and reported sharp peaks
for non-adsorbed sugars, such as p-glucose and p-mannose,
tailed peaks for p-fructose and p-xylose, and a very broad peak
for p-ribose. The tailing was explained by acidification of the
solution due to complexation of sugars with dihydroxyboro-
nogroups (Fig. 4b).”" Interaction of a specific boronic acid with
cis-diol groups is highly dependent on pH and pK, of the
boronic acid. In most of the applied materials, phenylboronate
or naphthalene boronate were used as adsorption sites
(Table 1), i.e. the acids with pK, of ca. 9. Consequently, the pH
value of ca. 9 for a suitable ionization degree is expected,
whereas in pure water a pH value of ca. 6 is observed.

This journal is © The Royal Society of Chemistry 2024
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Moreover, ionization of a complex of a substrate with a boronic
acid moiety (Fig. 4b) can be responsible for local pH drop.
Barker et al. suggested application of boronic acids with lower
PK, values as functional monomers in order to keep a signifi-
cant part of the boronate ionized at pH close to 6.7. Ionization
constants of boronic acids depend on their structures, and
phenylboronic acids with low pK, values are commercially
available.>® A lack of functionality enabling polymerization of
these commercial phenylboronic acids presents a major chal-
lenge. Fortunately, rapid development of x-omics, particularly
proteomics, metabolomics, and glycomics in recent years,
resulted in an increased interest to boronate affinity materials.
Consequently, syntheses of novel functional monomers, a few
examples of which are shown in Fig. 19 and whose synthetic
routes were recently reviewed,>® were proposed. Barker et al.
suggested that a half-neutralized solution of a boronic acid
will act as a buffer and thus it is possible for a resin to be self-
buffering if the eluent pH is equal to the pK, value for the
acid.”" In addition to application of monomers with lower pK,
values, modification of the materials with amine functional-
ities holds promise to decrease the pH of adsorption.”®

Furthermore, optimization of the porous structure of the
adsorbents bearing phenylboronic acid groups to enable a
quick access to all the boron adsorption sites are required
(Table 1). Gel-type polymers exhibit high swelling degrees of
up to 250% and are therefore of limited mechanical strength;
macroporous resins do not enable access to all the adsorption
sites; and supported boronate groups exhibit low boron load-
ings resulting in low capacities. Polymer brushes of polymer-
ized functional monomers appear to be promising adsorbent
offering high boron loading along with accessibility of the
adsorption centers. However, this type of materials remains
underexplored. Shaping and pelletizing of the adsorbent beads
has been rarely addressed in the literature.®®”®%> At the same
time, shape and size distribution of the adsorbent particles
used in a fixed bed is of great importance for hydrodynamics
and diffusion contribution and, consequently, for efficiency of
the separation.

Process design based on adsorption over materials bearing
boronate groups presents another crucial milestone to develop
convincing and competitive separation processes for biorefi-
neries. Current research activity is mainly focused on cyclic

HO._.OH N HO.,
B HO B OH HO\B& N/ g—Q
i i NH,
0=S=0 NO, NH, COOH
/
pKa 7.0 pKa 7.5 pKa 5.2 pKa 5.2
Fig. 19 Examples of boronate monomers exhibiting low pK,

values, 108111
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adsorption-desorption processes with adsorption under basic
and desorption under acidic conditions. Advances enabling a
continuous separation process, such as SMB chromatography
or cyclic batch adsorption process, and minimizing desalting
of the eluates are necessary for further development. Aqueous
solutions of saccharides and sugar alcohols are commercially
used nowadays in food, cosmetic, or pharmaceutical indus-
tries. Production of saccharides and sugar alcohols as inter-
mediates in novel value chains will probably require other sol-
vents for fractionation demanding a re-design of production
and separation processes. Conversion of p-fructose into a
mixture of HMF and MMF using methanol with a few per
cents of water as a solvent in Avantium process (Fig. 2) pre-
sents one example of saccharide transformation in an organic
solution.

6. Conclusion

Saccharides and sugar alcohols are expected to play important
roles in novel value chains based on biomass raw materials.
Separation of these compounds from complex and frequently
diluted product streams poses a challenge which can be
tackled via selective adsorption of saccharides and sugar alco-
hols on tailored materials. Chromatographic separations on
Ca®" ion exchange resins are the state-of-the-art recovery tech-
niques which sometimes suffer from low separation efficiency
of the components over these stationary phases. Development
of novel materials exhibiting higher separation factors provides
opportunities for design of more efficient separation methods.
In this regard, material bearing phenylboronic acid moieties
are of utmost interest owing to high affinity of the boronate
sites towards saccharides and polyols. An ideal adsorbent
should exhibit a large boron content along with high accessi-
bility of the adsorption sites, high mechanical stability owing
to low tendency to swell, and a tailored porous structure
enabling quick diffusion rates. Molecular structure of an
adsorption site determines the pK, values of the boronic acid
moieties. Synthesis of materials with low pK, values of the
boronic acid sites are of utmost interest since these adsorbents
are potentially capable of adsorption in pure water.
Engineering processes of the adsorptive separation without a
need for desalination of an eluate presents another crucial
task to be solved for development of economically beneficial
and environmentally benign separations. Overall, great versati-
lity of materials bearing boronate moieties opens numerous
opportunities for development of advanced separation
processes.
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