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Development of a catalytic process for isomerization of D-
glucose into D-fructose presents a crucial step for valorization
of lignocellulosic feedstocks. This review focuses on basic
catalysts as highly catalytically active and readily commercially
available molecules and materials. The recent publications
report that the solid bases catalyze the isomerization mainly
heterogeneously with only a minor contribution of catalysis by
OH−. For catalysis by amines, the hydroxide ions are on the
contrary believed to be catalytically active species, though
selectivity for D-fructose seems to depend on the amine
structure. Buffers present another type of soluble basic cata-
lysts which can be readily coupled with a facile separation of D-
fructose from the reaction mixture via anionic extraction or
adsorption upon complexation with phenylboronic acids.
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Isomerization of D-glucose (Glc) into D-fructose (Fru)
presents a key transformation of Glc, readily obtained

upon hydrolysis of cellulose, into valuable platform
chemicals, for example, 5-hydroxymethylfurfural
(HMF). The isomerization requires a catalyst and can
be promoted by an enzyme, a base, or a Lewis acid [1e4].
This opinion piece specifically focuses on the latest re-
sults on the isomerization in the presence of base cata-
lysts as highly catalytically active and inexpensive
materials. Comprehensive reviews on the isomerization
can be found elsewhere [1e4].
The chemically catalyzed isomerization of saccharides was
uncovered by Lobry de Bruyn and Alberda van Ekenstein
www.sciencedirect.com C
at the end of the 19th century [1]. During the 20th cen-
tury themechanismof the isomerization in the presence of
bases was intensively studied. The up-to-date version of

the reaction mechanism was formulated by de Wit et al. in
1979 [5]. The proposed mechanism (Figure 1S in
electronic supplementary information) includes (1)
deprotonation of Glc in a pyranose form into cyclic Glc
anion; (2) fast equilibrium between the cyclic Glc anion
and a pseudo-cyclic carbonyl anion accompanied with a
transfer of the negative charge onto O5; and (3) a rate-
limiting formation of an enediol anion intermediate via
an intramolecular proton shift from C2 to O5. Reversal of
these steps led after conformational changes to Fru.NaOH
or KOH were used as catalysts in the last century in the

majority of works on the isomerization, and literally no
focus was placed on a catalyst development.
In 2000, Moreau et al. published for the first time on the
catalytic activity of hydrotalcites, alkali- and alkali-earth
metal exchanged zeolites as solid catalysts for the isomer-
ization [6]. This publication appeared to be the first one in
the series of papers aiming at a design of a solid catalyst for
the isomerization. In recent years, materials making use of
alkalinity of Mg and Ca have been intensively explored,
including MgO [7e9], MgeAl hydrotalcites [7,9e17],
Mg- or Ca-impregnated or exchanged zeolites [18e22],
attapulgite [23], MgOeNb phosphate [24], Mg-
containing titanosilicates [25], CaOeZrO2 [26], MgOe
ZrO2 [27], MgO/biochar [28], CaOeAl2O3 [29], CaOe
MgO [30], CaO/C [31], and alkaline earth metal tita-
nates [32]. Soluble amines [33e43] recently attracted
attention of researchers, and corresponding N-containing
solid catalysts were fabricated [35,36,39,40,44e47]. Cata-
lytic activity of solid bases, such as silicates [48], SiO2

treated with ammonia [49], zirconium carbonate [50],
ZrO2 [51], and basic hybrid catalysts [52], was reported.
Most frequently, the reaction is conducted in aqueous

medium, in the temperature range of 80e120�C. Under
these conditions, Fru yield is typically limited to ca. 30e
35%, and selectivity for Fru declines upon increase of Glc
conversion. Table 1 summarizes the recently published
data on Glc isomerization into Fru in the presence of base
catalysts.
Upon immersion in water, the bases react with H2O
generating hydroxide ions OH� according to various
reactions, such as protonation (Eq. (1)) [34], dissocia-
tion (Eq. (2)) [53], or hydrolysis (Eq. (3)) [48].
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b test conducted by the authors to uncover contributions of homogeneous and heterogeneous catalysts, namely filtration test (FT) or contact test (CT). In FT, the catalyst is removed by filtration
from the reaction medium, and the filtrate is allowed to react further; in CT, the catalyst is set in contact with a solvent under the reaction temperature, then the solid catalyst is filtered off, the
substrate is dissolved in the filtrate, and is allowed to react.
c a conclusion drawn by the authors regarding the nature of catalysis.
d classical Langmuir–Hinshelwood mechanism is deduced.
e HT in hydroxide form also showed promising results.
f prepared by co-precipitation in aqueous medium at pH 10 or in aqueous–EtOH medium at pH 9.5.
g AMOST stands for aqueous miscible organic solvent treatment.
h NaX and KX were indicated by the authors as the best catalysts showing the highest selectivity for Fru, though the highest yield of 22% was obtained with CsA.
i MgK-zeotype catalyst showed the highest stability against leaching, whereas a somewhat higher Fru yield was obtained in the presence of CaK-DZSM-5.
j parent NaY zeolite was treated with 0.02 M NaOH.
k in a continuous flow reactor.
l mixed oxides with molar ratio of Ca to Al of 3.0.
m yields of Fru in DMSO, DMSO/H2O mixture, DMA, DMA/H2O mixture, and sulfolane/H2O mixture were lower than in H2O.
n MgO is the best solid catalyst; in the presence of NaAlO2, 52.1% Fru yield was obtained.
o the authors proposed a mechanism including surface species.
p this conclusion was drawn by the authors based on the statistical analysis and on a stronger correlation of Fru yield with Mg content in the MgO-biochars than Mg concentration in solutions.
q the amines are abbreviated as follows: 1,8-diazabicyclo [5.4.0] undec-7-ene (DBU), 1,5,7-triazabicyclo [4.4.0] dec-5-ene (TBD), 2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-
diazaphosphorine (BEMP), polyethylenimines (PEI), 1-(3-aminopropyl) imidazole (API), imidazole (IMD), and tris(2-aminoethyl)amine (TREN).
r Glc conversion in THF/H2O, DMF/H2O, and DMSO/H2O mixtures was lower than in H2O.
s Glc conversion in 50:50 water/ACN, water/EtOH, water/DMSO, and water/THF mixtures was lower than in water.
t reaction rate in acetone-water mixture was higher than in water.
u this conclusion was drawn by the authors based on the initial pH of the reaction mixture in H2O of 7.24.
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MðOHÞ2#M2þ þ 2OH� (2)
(3)

What are the roles played by homogeneously distributed
OH� species and surface basic sites? An answer to this
question is still needed to be found. Interestingly, the pH
values of the reaction mixtures are reported in the
research papers very rarely, though OH� is a well-known
catalyst for the isomerization [1,2,5]. Leaching of metals
during the reaction takes place literally for all the inor-
ganic solid catalysts, and this leaching is accompanied
with the formation of the hydroxide species (Eqs. (2) and

(3)). Typically, a filtration test is utilized to access cata-
lytic activity of the OH� anions. Based on the results of
this test, either no or a minor contribution of dissolved
OH� as catalyst was reported, and the catalysis was
concluded to be (predominantly) heterogeneous
[10,11,18e22,24,25,27,29,30,32,35,49,50,52]. Despite
this, establishing correlations between textural properties
of materials and their catalytic activity remains chal-
lenging [48]. Qi et al. monitored the isomerization of Glc
in the presence of NaX zeolite using operando solid state
NMR technique [54]. The authors distinguished the

resonance signals corresponding to adsorbed and dissolved
Glc, and observed the same rates of conversion for Glc in
the catalyst pores and mobile Glc molecules in the solu-
tion phase. This was explained by a rapid exchange of
these two populations on the time scale of the reaction.
Basicity of the catalysts correlates rather well with the
outcome of the isomerization reaction. Increasing the
catalyst basicity leads to an enhanced initial rate of the
isomerization [6,10,12,26,27]. In the presence of base
catalysts, a full conversion of Glc is rarely observed;
typically the reaction stops upon reaching a certain

conversion value (Figures 1 and 2a)). The maximum
conversion seems to increase upon enhancing catalyst
basicity [27], amount of the catalyst [10,37,46], and
temperature [37,45,46]. Delidovich and Palkovits
addressed this phenomenon for Glc isomerization in the
presence of MgeAl hydrotalcites [10]. Adsorption of
organic byproducts and partial neutralization of hydro-
talcite were hypothesized as the reasons for the deac-
tivation. An increase of the catalyst stability could be
achieved under continuous conditions, i.e., upon a per-
manent withdrawal of the byproducts. Nevertheless, a

rational design of a catalyst, which is stable under the
reaction conditions, is still required.
A number of recent works focus on amines as commer-
cially available organic bases with versatile structures. In
general, the rate of Glc isomerization correlates with the
basicity of the amines, i.e., with pKa values of their con-
jugated acids [33]. Carraher et al. studied kinetics and
mechanism of Glc isomerization in the presence of
trimethylamine [34]. Based on the similarity of the
apparent rate constants for the isomerization of Glc in the
presence of triethylamine and NaOH, the authors
Current Opinion in Green and Sustainable Chemistry 2021, 27:100414
concluded that the hydroxide ions generated in aqueous
solutions (Eq. (1)) serve as catalytically active species.
The latest results indicate though that the catalytic
properties of some amines, such as rate of isomerization or
conversioneselectivity curves, dramatically depend on
their structure. Deshpande et al. reported that the initial
reaction rate and a maximum Glc conversion significantly
differ for trimethylamine, diisopropylethylamine, tri-n-

propylamine, and quinuclidine, though these amines
have similar basicity and pH values in their solutions
(Figure 2a) [35]. Chen et al. recently screened a number
of amines and reported an increased selectivity for Fru in
the presence of some amines, for example, meglumine
[38]. The authors hypothesized stabilization or destabi-
lization of an enediol anion intermediate upon interaction
with BHþ, a conjugated acid of the corresponding amines,
which apparently promotes isomerization. A very
impressive result was published by Zhang et al. who ob-
tained Fru in yield of 33% with selectivity as high as 93.5%

using 2,20,200,2000-(((2-hydroxy-5-methyl-1,3-phenylene)
bis (methylene))-bis(azanetriyl))tetraacetic acid (BBTA)
as a catalyst (Figure 2b) [43]. BBTA was designed by the
authors aiming at mimicking phosphoglucose isomerase, a
glucose isomerase that catalyzes the interconversion of
glucose 6-phosphate and fructose 6-phosphate. The
isomerization in the presence of BBTAwas efficient under
very mild reaction conditions, 80�C and 4 h. The apparent
activation energy of 65.9 kJ/mol observed in the presence
of BBTA was far below the activation energy in the
presence of NaOH (ca. 120 kJ/mol) [55]. Importantly,

though the similar mechanism via enediol anion is
generally accepted for the isomerization of Glc in the
presence of amines, the apparent activation energies for
catalysis by amines vary in a large range of 30e60 kJ/mol
[34,36,37] and seem to depend on the structure of an
amine.
Solid nitrogen-containing catalysts were synthesized for
heterogeneous isomerization, e.g., by immobilization of
the amines onto Merrifeld’s peptide resin [45,46] or
silica supports [35,44,46]. In both cases, an influence of
supporteamine interaction onto the catalytic activity
appeared to be significant. Deactivation of catalysts due

to the leaching of grafted amines from silica support
[35,44] and adsorption of side products onto the resins
[46] were reported. Other strategies of heterogenization
of the amines include synthesis of cross-linked poly-
ethylenimines [36] or utilization of nitrogen-decorated
carbon [40,47].
Very promising results were recently obtained with
hydrotalcites as catalysts using alcohols as solvents. The
yields of Fru were 56% and 51% in ethanol [15] and 1-
butanol [16], respectively. Acceleration of the isomeri-
zation reaction in alcohols compared to aqueous

medium can be explained by greater ionization con-
stants of saccharides in alcohols [56]. Interestingly,
selectivity for Fru in alcohols depends on the composi-
tion of the applied catalyst, and the best results were
reported for hydrotalcite in carbonate form [15,16].
www.sciencedirect.com
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Figure 1

Isomerization of Glc into Fru under batch conditions in the presence of
Mg–Al hydrotalcite (HT). Increase of the catalyst mass results in the
enhanced initial isomerization rate as well as in the maximal product
yield. Reproduced from Refs. [10] with permission from The Royal So-
ciety of Chemistry.
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Buffer solutions present another type of catalysts for
isomerization of saccharides. Delidovich and Palkovits
demonstrated an efficiency of the phosphate buffer
NaH2PO4þNa2HPO4 at pH 7.5 for the isomerization of
Glc [57]. This catalyst was also applied for isomerization
of other aldoses into ketoses [58e61]. Specific base
Figure 2

Amines used for isomerization of Glc into Fru. (a) Isomerization of Glc into Fru
basicity, the formulae of the amines and pKa of their conjugate acids [35]. Repro
[43]. Reproduced with permission from John Wiley and Sons.

www.sciencedirect.com C
catalysis in the presence of phosphates was observed,
indicating OH� ions as catalytically active species [57].
Interestingly, a dependence of catalytic activity on the
nature of buffer was recently reported for isomerization
of D-galactose, another biomass-derived aldose [59].
This result does not corroborate with a conclusion on a
specific base catalysis, for which a dependence of the
reaction rate on the nature of buffer is not expected.

Thus, a deeper insight into reaction mechanism of
isomerization of saccharides by buffers and its compar-
ison with other base catalysts is required.
The isomerization in buffer solutions at basic pH values
can be readily coupled with recovery of Fru using a
principle of “molecular recognition” [62]. This
approach is based on a preferable complexation of
phenylboronic acids with Fru even in the presence of its
isomer Glc, i.e., a phenylylboronic acid “recognizes”
Fru. Delidovich and Palkovits proposed a recovery of Fru
using anionic extraction into an organic medium

comprised of a phenylboronic acid, Aliquat 336� as a
quaternary amine anion for charge balancing of the
anionic complex, and 1-octanol as a diluent (Figure 3)
[57]. After extraction of Fru, the aqueous phase
containing Glc and phosphates can be re-used for
catalysis. Fru can be back-extracted into acidified
aqueous medium. Schroer et al. proposed adsorption of
Fru instead of extraction, using cross-linked function-
alized polymers bearing phenylboronate moieties [63].
under batch conditions in the presence of amines of similar structure and
duced with permission from Elsevier. (b) The chemical structure of BBTA
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Figure 3

Isomerization of Glc into Fru coupled with a product recovery via anionic extraction. Reproduced from Refs. [57] with permission from The Royal Society
of Chemistry.
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Adsorption procedure does not require utilization of an
organic diluent or Aliquat 336�, improving an envi-
ronmental impact of this separation strategy. Impor-

tantly, CO2 can be used for desorption of Fru, i.e., no
molecular acids are required. Isomerization of Glc into
Fru in carbonate buffer was successfully coupled with
Fru adsorption. Nevertheless, the proposed cross-linked
polymers suffer from relatively slow adsorption accom-
panied with significant swelling of the materials, which
complicates the continuous adsorption. Thus, despite
the obtained proof-of-concept for the separation of Fru
via adsorption, further improvement of material struc-
ture is required.
In summary, a number of promising directions for devel-

opment of base-catalyzed Glc-Fru isomerization processes
have been recently identified. For catalysis by inorganic
materials, the questions on relationships between struc-
ture of materials and their stability, as well as the nature of
catalytically active species, remain open. Recent results
indicate that a potential contribution of general base
catalysis into catalysis by amines and buffers cannot be
excluded. Moreover, tailoring the structure of the catalyst
along with the reaction conditionsdespecially utilization
of alcohols as solvents seems to be promisingdenables
reaching outstanding yields of Fru. The obtained results

build a solid basis for the future work aimed at develop-
ment of amore stable and selective catalyst coupled with a
facile product separation.

Acknowledgement
Financial support of the DFG (Deutsche Forschungsgemeinschaft,
German Research Foundation, Germany) (Projects 391305926 and
397970309) is greatly acknowledged.
Current Opinion in Green and Sustainable Chemistry 2021, 27:100414
Appendix A. Supplementary data
Supplementary data to this article can be found online
at https://doi.org/10.1016/j.cogsc.2020.100414.

References
Papers of particular interest, published within the period of review,
have been highlighted as:

* of special interest

1. Speck JC: The Lobry de bruyn-alberda van Ekenstein trans-
formation. In Adv. Carbohydr. Chem.. Edited by Wolfrom ML, Ed,
New York: Academic Press; 1958:63–103.

2. Angyal S: The Lobry de Bruyn-Alberda van Ekenstein trans-
formation and related reactions. In Glycoscience. Springer
Berlin/Heidelberg; 2001:1–14.

3. Delidovich I, Palkovits R: Catalytic isomerization of biomass-
derived aldoses: a review. ChemSusChem 2016, 9:547–561.
https://doi.org/10.1002/cssc.201501577.

4. Li H, Yang S, Saravanamurugan S, Riisager A: Glucose isom-
erization by enzymes and chemo-catalysts: status and cur-
rent advances. ACS Catal 2017, 7:3010–3029. https://doi.org/
10.1021/acscatal.6b03625.

5. de Wit G, Kieboom APG, van Bekkum H: Enolization and
isomerisation of monosaccharides in aqueous, alkaline so-
lutions. Carbohydr Res 1979, 74:157–175.

6. Moreau C, Durand R, Roux A, Tichit D: Isomerization of glucose
into fructose in the presence of cation-exchanged zeolites
and hydrotalcites. Appl. Catal. A Gen. 2000, 193:257–264.
https://doi.org/10.1016/S0926-860X(99)00435-4.

7. Murzin DY, Murzina EV, Aho A, Kazakova MA, Selyutin AG,
Kubicka D, Kuznetsov VL, Simakova IL: Aldose to ketose
interconversion: galactose and arabinose isomerization over
heterogeneous catalysts. Catal. Sci. Technol. 2017, 7:
5321–5331. https://doi.org/10.1039/c7cy00281e.

8. Marianou AA, Michailof CM, Pineda A, Iliopoulou EF,
Triantafyllidis KS, Lappas AA: Glucose to fructose isomeriza-
tion in aqueous media over homogeneous and
www.sciencedirect.com

https://doi.org/10.1016/j.cogsc.2020.100414
http://refhub.elsevier.com/S2452-2236(20)30111-5/sref1
http://refhub.elsevier.com/S2452-2236(20)30111-5/sref1
http://refhub.elsevier.com/S2452-2236(20)30111-5/sref1
http://refhub.elsevier.com/S2452-2236(20)30111-5/sref2
http://refhub.elsevier.com/S2452-2236(20)30111-5/sref2
http://refhub.elsevier.com/S2452-2236(20)30111-5/sref2
https://doi.org/10.1002/cssc.201501577
https://doi.org/10.1021/acscatal.6b03625
https://doi.org/10.1021/acscatal.6b03625
http://refhub.elsevier.com/S2452-2236(20)30111-5/sref5
http://refhub.elsevier.com/S2452-2236(20)30111-5/sref5
http://refhub.elsevier.com/S2452-2236(20)30111-5/sref5
https://doi.org/10.1016/S0926-860X(99)00435-4
https://doi.org/10.1039/c7cy00281e
www.sciencedirect.com/science/journal/24522236


Isomerization of D-glucose into D-fructose Delidovich 9
heterogeneous catalysts. ChemCatChem 2016, 8:1100–1110.
https://doi.org/10.1002/cctc.201501203.

9. Souzanchi S, Nazari L, Rao KTV, Yuan Z, Tan Z, Xu C: Catalytic
isomerization of glucose to fructose using heterogeneous
solid Base catalysts in a continuous-flow tubular reactor:
catalyst screening study. Catal. Today 2019, 319:76–83.
https://doi.org/10.1016/j.cattod.2018.03.056.

10. Delidovich I, Palkovits R: Catalytic activity and stability of hy-
drophobic Mg-Al hydrotalcites in the continuous aqueous-
phase isomerization of glucose into fructose. Catal. Sci.
Technol. 2014, 4:4322–4329.

11. Delidovich I, Palkovits R: Structure–performance correlations
of Mg–Al hydrotalcite catalysts for the isomerization of
glucose into fructose. J. Catal. 2015, 327:1–9. https://doi.org/
10.1016/j.jcat.2015.04.012.

12. Lecomte J, Finiels A, Moreau C: Kinetic study of the isomeri-
zation of glucose into fructose in the presence of anion-
modified hydrotalcites. Starch - Stärke 2002, 54:75–79. https://
doi.org/10.1002/1521-379x(200202)54:2<75::aid-
star75>3.0.co;2-f.

13. Lee G, Jeong Y, Takagaki A, Jung JC: Sonication assisted
rehydration of hydrotalcite catalyst for isomerization of
glucose to fructose. J. Mol. Catal. Chem. 2014, 393:289–295.
https://doi.org/10.1016/j.molcata.2014.06.019.

14. Yu S, Kim E, Park S, Song IK, Jung JC: Isomerization of
glucose into fructose over Mg–Al hydrotalcite catalysts.
Catal. Commun. 2012, 29:63–67. https://doi.org/10.1016/
j.catcom.2012.09.015.

15
*
. Yabushita M, Shibayama N, Nakajima K, Fukuoka A: Selective

glucose-to-fructose isomerization in ethanol catalyzed by
hydrotalcites. ACS Catal. 2019, 9:2101–2109. https://doi.org/
10.1021/acscatal.8b05145.

High yield of D-fructose in ethanol with Mg–Al hydrotalcite in carbonate
form was reported.

16
*
. Upare PP, Chamas A, Lee JH, Kim JC, Kwak SK, Hwang YK,

Hwang DW: Highly efficient hydrotalcite/1-butanol catalytic
system for the production of the high-yield fructose crystal
from glucose. ACS Catal. 2020, 10:1388–1396. https://doi.org/
10.1021/acscatal.9b01650.

High yield of D-fructose in 1-butanol with Mg–Al hydrotalcite in car-
bonate form was reported.

17. Yu IKM, Hanif A, Tsang DCW, Shang J, Su Z, Song H, Ok YS,
Poon CS: Tuneable functionalities in layered double hydrox-
ide catalysts for thermochemical conversion of biomass-
derived glucose to fructose. Chem. Eng. J 2020, 383:122914.
https://doi.org/10.1016/j.cej.2019.122914.

18. Graça I, Bacariza MC, Chadwick D: Glucose isomerisation into
fructose over Mg-impregnated Na-zeolites: influence of
zeolite structure. Microporous Mesoporous Mater 2017. https://
doi.org/10.1016/j.micromeso.2017.07.015.

19. Graça I, Iruretagoyena D, Chadwick D: Glucose isomerisation
into fructose over magnesium-impregnated NaY zeolite cat-
alysts. Appl. Catal. B. Environ. 2017, 206:434–443. https://
doi.org/10.1016/j.apcatb.2017.01.037.

20. Graça I, Bacariza MC, Fernandes A, Chadwick D: Desilicated
NaY zeolites impregnated with magnesium as catalysts for
glucose isomerisation into fructose. Appl. Catal. B. Environ.
2018, 224:660–670. https://doi.org/10.1016/
j.apcatb.2017.11.009.

21
*
. Antunes MM, Fernandes A, Falcão D, Pillinger M, Ribeiro F,

Valente AA: Optimized preparation and regeneration of MFI
type base catalysts for d-glucose isomerization in water.
Catal. Sci. Technol. 2020, 10:3232–3246. https://doi.org/10.1039/
d0cy00188k.

Zeolites exchanged with alkali- and alkali-earth metals were synthe-
sized and systematically studied for D-glucose isomerization.

22
*
. Antunes MM, Falcão D, Fernandes A, Ribeiro F, Pillinger M,

Rocha J, Valente AA: Catalytic isomerization of d-glucose to d-
fructose over BEA base zeotypes using different energy
supply methods. Catal. Today 2020. https://doi.org/10.1016/
j.cattod.2020.03.024.
www.sciencedirect.com C
A systematic work on catalytic activity of Beta-zeolite impregnated with
alkali- and alkali-earth metals for the isomerization.

23. LiB,Li L,ZhangQ,WengW,WanH:Attapulgiteasnatural catalyst
for glucose isomerization to fructose in water. Catal. Commun.
2017, 99:20–24. https://doi.org/10.1016/j.catcom.2017.05.011.

24. Gao D-M, Shen Y-B, Zhao B, Liu Q, Nakanishi K, Chen J,
Kanamori K, Wu H, He Z, Zeng M, Liu H: Macroporous niobium
phosphate-supported magnesia catalysts for isomerization
of glucose-to-fructose. ACS Sustainable Chem Eng 2019, 7:
8512–8521. https://doi.org/10.1021/acssuschemeng.9b00292.

25. Antunes MM, Fernandes A, Ribeiro MF, Lin Z, Valente AA:
Modified versions of AM-4 for the aqueous phase isomeri-
zation of aldo-saccharides. Eur. J. Inorg. Chem. 2020, 2020:
1579–1588. https://doi.org/10.1002/ejic.202000038.

26. Kitajima H, Higashino Y, Matsuda S, Zhong H, Watanabe M,
Aida TM, Smith RL: Isomerization of glucose at hydrothermal
condition with TiO2, ZrO2, CaO-doped ZrO2 or TiO2-doped
ZrO2. Catal. Today 2016, 274:67–72. https://doi.org/10.1016/
j.cattod.2016.01.049.

27. Rabee AIM, Le SD, Nishimura S: MgO-ZrO2 mixed oxides as
effective and reusable base catalysts for glucose isomeriza-
tion into fructose in aqueous media. Chem Asian J 2020, 15:
294–300. https://doi.org/10.1002/asia.201901534.

28. Chen SS, Cao Y, Tsang DCW, Tessonnier J-P, Shang J, Hou D,
Shen Z, Zhang S, Ok YS, Wu KCW: Effective dispersion of
MgO nanostructure on biochar support as a basic catalyst for
glucose isomerization. ACS Sustainable Chem. Eng. 2020, 8:
6990–7001. https://doi.org/10.1021/acssuschemeng.0c00278.

29. Ventura M, Cecilia JA, Rodríguez-Castellón E, Domine ME:
Tuning Ca–Al-based catalysts' composition to isomerize or
epimerize glucose and other sugars. Green Chem 2020, 22:
1393–1405. https://doi.org/10.1039/c9gc02823d.

30. Marianou AA, Michailof CM, Ipsakis DK, Karakoulia SA,
Kalogiannis KG, Yiannoulakis H, Triantafyllidis KS, Lappas AA:
Isomerization of glucose into fructose over natural and syn-
thetic MgO catalysts. ACS Sustainable Chem. Eng. 2018, 6:
16459–16470. https://doi.org/10.1021/acssuschemeng.8b03570.

31. Shen F, Fu J, Zhang X, Qi X: Crab shell-derived Lotus rootlike
porous carbon for high efficiency isomerization of glucose to
fructose under mild conditions. ACS Sustainable Chem Eng
2019, 7:4466–4472. https://doi.org/10.1021/
acssuschemeng.8b06512.

32. Ohyama J, Zhang Y, Ito J, Satsuma A: Glucose isomerization
using alkaline and alkaline earth titanates. ChemCatChem
2017. https://doi.org/10.1002/cctc.201700068.

33. Liu C, Carraher JM, Swedberg JL, Herndon CR, Fleitman CN,
Tessonnier J-P: Selective base-catalyzed isomerization of
glucose to fructose. ACS Catal 2014, 4:4295–4298. https://
doi.org/10.1021/cs501197w.

34. Carraher JM, Fleitman CN, Tessonnier J-P: Kinetic and mech-
anistic study of glucose isomerization using homogeneous
organic brønsted base catalysts in water. ACS Catal. 2015, 5:
3162–3173. https://doi.org/10.1021/acscatal.5b00316.

35
*
. Deshpande N, Cho EH, Spanos AP, Lin L-C, Brunelli NA: Tuning

molecular structure of tertiary amine catalysts for glucose
isomerization. J. Catal. 2019, 372:119–127. https://doi.org/
10.1016/j.jcat.2019.02.025.

Amines of different structures but of similar basicity exhibit different
catalytic properties for the D-glucose isomerization into D-fructose.

36. Yang Q, Runge T: Polyethylenimines as homogeneous and
heterogeneous catalysts for glucose isomerization. ACS
Sustainable Chem. Eng. 2016. https://doi.org/10.1021/
acssuschemeng.6b01880.

37. Yang Q, Sherbahn M, Runge T: Basic amino acids as green
catalysts for isomerization of glucose to fructose in water.
ACS Sustainable Chem. Eng. 2016. https://doi.org/10.1021/
acssuschemeng.6b00587.

38
*
. Chen SS, Tsang DCW, Tessonnier J-P: Comparative investi-

gation of homogeneous and heterogeneous Brønsted base
urrent Opinion in Green and Sustainable Chemistry 2021, 27:100414

https://doi.org/10.1002/cctc.201501203
https://doi.org/10.1016/j.cattod.2018.03.056
http://refhub.elsevier.com/S2452-2236(20)30111-5/sref10
http://refhub.elsevier.com/S2452-2236(20)30111-5/sref10
http://refhub.elsevier.com/S2452-2236(20)30111-5/sref10
http://refhub.elsevier.com/S2452-2236(20)30111-5/sref10
https://doi.org/10.1016/j.jcat.2015.04.012
https://doi.org/10.1016/j.jcat.2015.04.012
https://doi.org/10.1002/1521-379x(200202)54:2<75::aid-star75>3.0.co;2-f
https://doi.org/10.1002/1521-379x(200202)54:2<75::aid-star75>3.0.co;2-f
https://doi.org/10.1002/1521-379x(200202)54:2<75::aid-star75>3.0.co;2-f
https://doi.org/10.1016/j.molcata.2014.06.019
https://doi.org/10.1016/j.catcom.2012.09.015
https://doi.org/10.1016/j.catcom.2012.09.015
https://doi.org/10.1021/acscatal.8b05145
https://doi.org/10.1021/acscatal.8b05145
https://doi.org/10.1021/acscatal.9b01650
https://doi.org/10.1021/acscatal.9b01650
https://doi.org/10.1016/j.cej.2019.122914
https://doi.org/10.1016/j.micromeso.2017.07.015
https://doi.org/10.1016/j.micromeso.2017.07.015
https://doi.org/10.1016/j.apcatb.2017.01.037
https://doi.org/10.1016/j.apcatb.2017.01.037
https://doi.org/10.1016/j.apcatb.2017.11.009
https://doi.org/10.1016/j.apcatb.2017.11.009
https://doi.org/10.1039/d0cy00188k
https://doi.org/10.1039/d0cy00188k
https://doi.org/10.1016/j.cattod.2020.03.024
https://doi.org/10.1016/j.cattod.2020.03.024
https://doi.org/10.1016/j.catcom.2017.05.011
https://doi.org/10.1021/acssuschemeng.9b00292
https://doi.org/10.1002/ejic.202000038
https://doi.org/10.1016/j.cattod.2016.01.049
https://doi.org/10.1016/j.cattod.2016.01.049
https://doi.org/10.1002/asia.201901534
https://doi.org/10.1021/acssuschemeng.0c00278
https://doi.org/10.1039/c9gc02823d
https://doi.org/10.1021/acssuschemeng.8b03570
https://doi.org/10.1021/acssuschemeng.8b06512
https://doi.org/10.1021/acssuschemeng.8b06512
https://doi.org/10.1002/cctc.201700068
https://doi.org/10.1021/cs501197w
https://doi.org/10.1021/cs501197w
https://doi.org/10.1021/acscatal.5b00316
https://doi.org/10.1016/j.jcat.2019.02.025
https://doi.org/10.1016/j.jcat.2019.02.025
https://doi.org/10.1021/acssuschemeng.6b01880
https://doi.org/10.1021/acssuschemeng.6b01880
https://doi.org/10.1021/acssuschemeng.6b00587
https://doi.org/10.1021/acssuschemeng.6b00587
www.sciencedirect.com/science/journal/24522236


10 Special Issue Young Ideas in Green and Sustainable Catalysis (2022)
catalysts for the isomerization of glucose to fructose in
aqueous media. Appl. Catal. B. Environ. 2020, 261:118126.
https://doi.org/10.1016/j.apcatb.2019.118126.

A large number of amines as catalysts for the D-glucose isomerization
were screened. The catalysts exhibiting a high selectivity for D-fructose
were identified.

39. Chen SS, Carraher JM, Tuci G, Rossin A, Raman CA, Luconi L,
Tsang DCW, Giambastiani G, Tessonnier J-P: Engineered
nitrogen-decorated carbon networks for the metal-free cata-
lytic isomerization of glucose to fructose. ACS Sustainable
Chem. Eng. 2019, 7:16959–16963. https://doi.org/10.1021/
acssuschemeng.9b04067.

40. Chen SS, Yu IKM, Cho D-W, Song H, Tsang DCW, Tessonnier J-
P, Ok YS, Poon CS: Selective glucose isomerization to fruc-
tose via a nitrogen-doped solid base catalyst derived from
spent coffee grounds. ACS Sustainable Chem Eng 2018, 6:
16113–16120. https://doi.org/10.1021/acssuschemeng.8b02752.

41. Li X, Zhang X, Li H, Long J: Glucose isomerizes to fructose
catalyzed by the eco-friendly and biodegradable ionic liquids.
Chemistry 2019, 4:13731–13735. https://doi.org/10.1002/
slct.201904192.

42. Zhang X, Li H, Li X, Liu Y, Li X, Guan J, Long J: Glucose
aqueous isomerization catalyzed by basic ionic liquids, ACS
Sus. Chem. Eng. 2019, 7:13247–13256. https://doi.org/10.1021/
acssuschemeng.9b02495.

43
*
. Zhang N, Meng X-G, Wu Y-Y, Song H-J, Huang H, Wang F, Lv J:

Highly selective isomerization of glucose into fructose cata-
lyzed by a mimic glucose isomerase. ChemCatChem 2019, 11:
2355–2361. https://doi.org/10.1002/cctc.201900143.

An amine catalyst for a highly selective isomerization of D-glucose into
D-fructose was designed.

44. Deshpande N, Pattanaik L, Whitaker MR, Yang C-T, Lin L-C,
Brunelli NA: Selectively converting glucose to fructose using
immobilized tertiary amines. J. Catal. 2017, 353:205–210.
https://doi.org/10.1016/j.jcat.2017.07.021.

45. Yang Q, Lan W, Runge T: Salt-promoted glucose aqueous
isomerization catalyzed by heterogeneous organic base. ACS
Sustainable Chem. Eng. 2016. https://doi.org/10.1021/
acssuschemeng.6b01132.

46. Yang Q, Zhou S, Runge T: Magnetically separable base cata-
lysts for isomerization of glucose to fructose. J. Catal. 2015,
330:474–484. https://doi.org/10.1016/j.jcat.2015.08.008.

47. Wang Y, Wang J, Zhang Y, Song F, Xie Y, Wang M, Cui H, Yi W:
N-doped carbon materials as heterogeneous catalysts for
high efficiency isomerization glucose to fructose in aqueous
media. Catal. Lett. 2020, 150:493–504. https://doi.org/10.1007/
s10562-019-03020-1.

48. Lima S, Dias AS, Lin Z, Brandão P, Ferreira P, Pillinger M,
Rocha J, Calvino-Casilda V, Valente AA: Isomerization of d-
glucose to d-fructose over metallosilicate solid bases. Appl.
Catal. A Gen. 2008, 339:21–27. https://doi.org/10.1016/
j.apcata.2007.12.030.

49. Otomo R, Fujimoto M, Nagao M, Kamiya Y: Ammonia-treated
metal oxides as base catalysts for selective isomerization of
glucose in water. Mol. Catal. 2019, 475:110479. https://doi.org/
10.1016/j.mcat.2019.110479.

50. Son P, Nishimura S, Ebitani K: Preparation of zirconium car-
bonate as water-tolerant solid base catalyst for glucose
isomerization and one-pot synthesis of levulinic acid with
solid acid catalyst. React Kinet Mech. Catal. 2014, 111:
183–197. https://doi.org/10.1007/s11144-013-0642-6.

51. Watanabe M, Aizawa Y, Iida T, Nishimura R, Inomata H: Cata-
lytic glucose and fructose conversions with TiO2 and ZrO2 in
water at 473K: relationship between reactivity and acid–base
Current Opinion in Green and Sustainable Chemistry 2021, 27:100414
property determined by TPD measurement. Appl. Catal. A
Gen. 2005, 295:150–156. https://doi.org/10.1016/
j.apcata.2005.08.007.

52. Souza ROL, Fabiano DP, Feche C, Rataboul F, Cardoso D,
Essayem N: Glucose–fructose isomerisation promoted by
basic hybrid catalysts, Catal. Today Off 2012, 195:114–119.
https://doi.org/10.1016/j.cattod.2012.05.046.

53. Pokrovsky OS, Schott J: Experimental study of brucite disso-
lution and precipitation in aqueous solutions: surface
speciation and chemical affinity control. Geochem Cosmochim
Acta 2004, 68:31–45. https://doi.org/10.1016/S0016-7037(03)
00238-2.

54. Qi L, Alamillo R, Elliott WA, Andersen A, Hoyt DW, Walter ED,
Han KS, Washton NM, Rioux RM, Dumesic JA, Scott SL: Oper-
ando solid-state NMR observation of solvent-mediated
adsorption-reaction of carbohydrates in zeolites. ACS Catal.
2017, 7:3489–3500. https://doi.org/10.1021/acscatal.7b01045.

55. Kooyman C, Vellenga K, De Wilt HGJ: The isomerization of D-
glucose into D-fructose in aqueous alkaline solutions.
Carbohydr Res 1977, 54:33–44. https://doi.org/10.1016/S0008-
6215(77)80003-7.

56. Vuorinen T, Sjöström E: Kinetics of alkali-catalyzed isomeri-
zation of D-glucose and D-fructose in ethanol-water solu-
tions. Carbohydr Res 1982, 108:23–29. https://doi.org/10.1016/
S0008-6215(00)81886-8.

57. Delidovich I, Palkovits R: Fructose production via extraction-
assisted isomerization of glucose catalyzed by phosphates.
Green Chem. 2016, 18:5822–5830. https://doi.org/10.1039/
c6gc01712f.

58. Delidovich I, Gyngazova MS, Sánchez-Bastardo N, Wohland JP,
Hoppe C, Drabo P: Production of keto-pentoses via isomeri-
zation of aldo-pentoses catalyzed by phosphates and re-
covery of products by anionic extraction. Green Chem. 2018,
20:724–734.

59
*
. Onishi Y, Furushiro Y, Hirayama Y, Adachi S, Kobayashi T:

Production of tagatose and talose through isomerization of
galactose in a buffer solution under subcritical water condi-
tions. Carbohydr Res 2020, 493:108031. https://doi.org/10.1016/
j.carres.2020.108031.

Catalytic performance of buffers for the isomerization of D-galactose
depends on the chemical composition of the buffer at the same pH
value.

60. Wang M, Ye F, Wang H, Yang R, Hua X: Highly efficient pro-
duction and simultaneous purification of lactulose via isom-
erization of lactose through an innovative sustainable anion-
extraction process. ACS Sustainable Chem Eng 2020, 8:
3465–3476. https://doi.org/10.1021/acssuschemeng.9b07779.

61. Drabo P, Delidovich I: Catalytic isomerization of galactose into
tagatose in the presence of bases and Lewis acids. Catal.
Commun. 2018, 107:24–28. https://doi.org/10.1016/
j.catcom.2018.01.011.

62. Li D, Chen Y, Liu Z: Boronate affinity materials for separation
and molecular recognition: structure, properties and appli-
cations. Chem. Soc. Rev. 2015, 44:8097–8123. https://doi.org/
10.1039/c5cs00013k.

63
*
. Schroer G, Deischter J, Zensen T, Kraus J, Pöppler A-C, Qi L,

Scott S, Delidovich I: Structure-performance correlations of
cross-linked boronic acid polymers as adsorbents for re-
covery of fructose from glucose–fructose mixtures. Green
Chem. 2020, 22:550–562. https://doi.org/10.1039/c9gc03151k.

D-Fructose production via coupling of isomerization in carbonate buffer
and product recovery with adsorption onto a polymer bearing phenyl-
boronic moieties was published.
www.sciencedirect.com

https://doi.org/10.1016/j.apcatb.2019.118126
https://doi.org/10.1021/acssuschemeng.9b04067
https://doi.org/10.1021/acssuschemeng.9b04067
https://doi.org/10.1021/acssuschemeng.8b02752
https://doi.org/10.1002/slct.201904192
https://doi.org/10.1002/slct.201904192
https://doi.org/10.1021/acssuschemeng.9b02495
https://doi.org/10.1021/acssuschemeng.9b02495
https://doi.org/10.1002/cctc.201900143
https://doi.org/10.1016/j.jcat.2017.07.021
https://doi.org/10.1021/acssuschemeng.6b01132
https://doi.org/10.1021/acssuschemeng.6b01132
https://doi.org/10.1016/j.jcat.2015.08.008
https://doi.org/10.1007/s10562-019-03020-1
https://doi.org/10.1007/s10562-019-03020-1
https://doi.org/10.1016/j.apcata.2007.12.030
https://doi.org/10.1016/j.apcata.2007.12.030
https://doi.org/10.1016/j.mcat.2019.110479
https://doi.org/10.1016/j.mcat.2019.110479
https://doi.org/10.1007/s11144-013-0642-6
https://doi.org/10.1016/j.apcata.2005.08.007
https://doi.org/10.1016/j.apcata.2005.08.007
https://doi.org/10.1016/j.cattod.2012.05.046
https://doi.org/10.1016/S0016-7037(03)00238-2
https://doi.org/10.1016/S0016-7037(03)00238-2
https://doi.org/10.1021/acscatal.7b01045
https://doi.org/10.1016/S0008-6215(77)80003-7
https://doi.org/10.1016/S0008-6215(77)80003-7
https://doi.org/10.1016/S0008-6215(00)81886-8
https://doi.org/10.1016/S0008-6215(00)81886-8
https://doi.org/10.1039/c6gc01712f
https://doi.org/10.1039/c6gc01712f
http://refhub.elsevier.com/S2452-2236(20)30111-5/sref58
http://refhub.elsevier.com/S2452-2236(20)30111-5/sref58
http://refhub.elsevier.com/S2452-2236(20)30111-5/sref58
http://refhub.elsevier.com/S2452-2236(20)30111-5/sref58
http://refhub.elsevier.com/S2452-2236(20)30111-5/sref58
https://doi.org/10.1016/j.carres.2020.108031
https://doi.org/10.1016/j.carres.2020.108031
https://doi.org/10.1021/acssuschemeng.9b07779
https://doi.org/10.1016/j.catcom.2018.01.011
https://doi.org/10.1016/j.catcom.2018.01.011
https://doi.org/10.1039/c5cs00013k
https://doi.org/10.1039/c5cs00013k
https://doi.org/10.1039/c9gc03151k
www.sciencedirect.com/science/journal/24522236

	Recent progress in base-catalyzed isomerization of D-glucose into D-fructose
	Acknowledgement
	Appendix A. Supplementary data
	References


