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Isomerization of b-glucose (Glc) into p-fructose (Fru) presents an important step in the catalytic valorization
of cellulosic biomass. However, a rational catalyst design for isomerization poses a challenge. In this work,
we studied the catalytic activity of basic salts with low solubility Li,COs, MgCOs, LizsPO,4, SrCOs, CaCOs,
BaCOs, and Mgz(PQOy), for Glc isomerization into Fru. In bulk water, these materials generate OH™ via partial
dissolution and protonation of the anions. The catalysts were tested for isomerization using 10 wt%
aqueous Glc solution at 60 and 80 °C. The initial rate of Fru formation rq g, Shows an excellent correlation
with the initial pH values of the reaction mixtures, indicating in situ generated OH™ anions as catalytically
active species. Filtration and contact tests were performed and their limited applicability for catalysis by
bases with low solubility was shown. Li,COs showed the highest catalytic activity for the isomerization,
resulting in 25% Fru yield in 10 minutes at 80 °C. The selectivity of the isomerization depends on the
catalyst nature. The highest selectivity for Fru formation was observed in the presence of MgCOs, giving
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Introduction

Isomerization of p-glucose (Glc) into p-fructose (Fru) is of
utmost importance for the production of high fructose corn
syrup (HFCS) in the food industry.® This reaction has
attracted significant attention in recent years as a key
transformation of cellulosic biomass into valuable products
via platform chemicals.> Platform molecules derived from
cellulosic biomass represent an attractive alternative for
petroleum-based platform chemicals. Glucose obtained from
cellulose can be transformed into highly valuable platform
chemicals such as 5-hydroxymethylfurfural (5-HMF) or
levulinic acid (LA), with fructose as the key intermediate.'® In
this regard, the development of chemo-catalysts for
isomerization'"™® is highly desired from an economic
perspective. Recent efforts have predominantly focused on
elaborating a solid catalyst aiming at its utilization in a
continuous isomerization process, e.g. using a plug flow
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rise to 27% Fru yield at 80 °C. MgCOs and MgO could be recycled without loss of activity.

reactor'* or a CSTR."” Solid bases'® and solid Lewis acids'’
exhibit comparable catalytic activity for the isomerization
though the Lewis acids catalyze co-formation of p-mannose in
somewhat higher amounts. A broad range of solid bases
exhibit catalytic activity for the isomerization, which includes
MgO'*'®' and other alkaline earth metal (hydr)oxides,*
MgO-doped  ordered  mesoporous  carbon,>  Mg-Al
hydrotalcites,"**>*%2273% Mg- or Ca-impregnated or exchanged
zeolites,*' " attapulgite,*®*” MgO-Nb phosphate,*® Mg-doped
carbon nitride,*® Mg-containing titanosilicates,** CaO-Zr0O,,*!
MgO-Zr0,,** MgO/biochar,** Ca0-Al,0;,** Ca0-Mg0,** CaO/
C,*® alkaline earth metal titanates,”” soluble amines**® and
N-containing solid catalysts,”**"%*3%°9763 giljcates,** SiO,
treated with ammonia,®® zirconium carbonate,*® ZrO,® and
basic hybrid catalysts.®® Nevertheless, establishing structure-
activity and structure-selectivity correlations between the
textural properties of materials and their catalytic
performance remains challenging.®® This hampers the
knowledge-driven development of a catalyst for the
isomerization and results in a rather trial-and-error approach
to seeking a suitable material.

Recently, we utilized MgO, CaO, SrO, and Ba(OH), as solid
catalysts for Glc-Fru isomerization. Our results suggest that
OH  is generated in situ by partial dissolution of the
materials as catalytically active species.”® The oxides are
readily transformed into hydroxides, and the latter release

This journal is © The Royal Society of Chemistry 2022
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hydroxide anions according to eqn (1):

H,0
M(OH), = M>** + 20H (1)

Along with alkaline earth metal (hydr)oxides, basic salts with
low solubility represent another important class of solids,
which are frequently utilized as catalysts for isomerization.
For example, the catalytic activity of phosphates,*®
titanosilicates,*” titanates,” silicates,®® and carbonates®® was
reported.

In this work, we systematically explored basic salts with
low solubility - carbonates and phosphates - to reveal the
nature of catalytically active species and investigate the
relationship between catalyst composition and catalytic
performance. For this purpose, Li,CO;, MgCO;, CaCOj;,
SrCO3, and BaCO; were utilized in this study. These materials
generate hydroxide ions upon contact with the aqueous
phase owing to partial dissolution according to eqn (2),
followed by the protonation of carbonate anions in
accordance with eqn (3).

H,0
M, (CO3), = 2M"" 4 nCO,>" ()
CO;* + H,0 = HCO; + OH~ (3)

In addition, the catalytic properties of the phosphates with
low solubility Li;PO, and Mg;(PO,), were investigated. These
catalysts release OH species via a partial dissolution and
protonation of the phosphate anion according to eqn (4)
and (5).

H,0
M;(PO,), = 3M™ + nPO,> (4)
PO,* + H,0 = HPO,> + OH~ (5)

Magnesium oxide MgO was used as a reference catalyst.

Experimental
Chemicals

All chemicals were used as received without further
purification. MgO (>99.0%), bp-glucose (=99.5%), Li,CO;
(299.0%), SrCO; (=99.0%), CaCO; (=99.0%), BaCO;
(=99.0%), Dowex® 66 free base, and Amberlyst® 15 H-form
were purchased from Sigma Aldrich. Li;PO, (99.0%) was
obtained from BLD Pharmatech Ltd. Na,CO; (99.8%),
acetone (99.8%), NaOH (99.5%), and NaNO; (99.5%) were
supplied by Chemsolute. Anhydrous MgCl, (99.0%) was
obtained from Alfa Aesar. Phosphoric acid (=85 wt% H,O)
was purchased from Fluka. Ammonia solution (25.0%) was
supplied by Supelco. Sulfuric acid (98.0%) was obtained from
Merck. n-Tetradecane (99.5%) was purchased from J&K.
MgNO;-6H,0 (99.0%) was received from Fluka and NaHCO;
(299.0%) by Roth. All solutions were prepared in distilled
water.

This journal is © The Royal Society of Chemistry 2022
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Synthesis of MgCO;

MgCl, (3.75 g, 39.3 mmol) was dissolved in 75 mL water and
Na,CO; (3.97 g, 37.5 mmol) was dissolved in 75 mL water.
The product was obtained via precipitation by dropwise
addition of the MgCl, solution to the Na,CO; solution. The
solution was added over a time period of 20 min. It is of
utmost importance that the solution is added slowly at room
temperature. A faster addition of the MgCl, solution can
result in a change of the catalyst composition, which leads to
a significantly lower pH, in the catalytic tests. The obtained
white slurry was stirred for 1 h at RT. The white powder was
filtered off and dried in a drying oven at 80 °C for 2 days.
Mg;5(C0;)4(OH),(H,0), was obtained in a yield of 2.60 g (0.56
mmol, 72%). The structure was confirmed by XRD (ESI;} Fig.
S3).

Synthesis of Mg;(PO,),

Mg;(PO,), was synthesized according to the procedure
described by Mousa et al.®® Mg(NO;),-6H,0 (12.82 g, 50
mmol, 1 eq.) and phosphoric acid (1.93 mL, 33.3 mmol, 0.6
eq.) were dissolved in H,O (500 mL). The product was
precipitated by dropwise addition of aqueous 3M NaOH
solution (100 mL). After the precipitation, the white gel was
allowed to stand overnight without stirring. The white slurry
was filtered and washed with H,O. The white precipitate was
dried in air overnight and then calcined for 6 h at 850 °C
(temp ramp 10 K min™"). Mg;(PO,), was obtained as a white
powder (3.0 g, 11.4 mmol, 69%). The structure was confirmed
by XRD (ESL; Fig. S1).

Catalyst characterization

The tested catalysts were explored by N, physisorption at
-196 °C using a Quadrasorb SI automated surface area and
pore size analyzer. The samples were degassed under vacuum
prior to the analysis at 150 °C for 2-3 h wusing a
Quartrachrome Instruments FloVac degasser. The specific
surface areas Sppr were determined using the BET model
(Brunauer-Emmett-Teller) in a range of 0.05 < p/p, < 0.2.
The total pore volumes were determined by the N, adsorbed
at the highest relative pressure point, p/p, = 0.95-0.98.

The solids were characterized by X-ray diffraction analysis
(XRD) without any pre-treatment. A Bruker D2 Phase
diffractometer with a CuKa X-ray tube was used for the
measurements. The tube voltage was 40 kv, and
diffractometer patterns were collected in the 10-90 °C 26
range with 0.02° intervals and a step time of 1 s.

Isomerization reaction

A 10 wt% p-glucose solution (40 mL) was heated in a 50 mL
two-neck flask equipped with a reflux condenser for the
isomerization of p-glucose to p-fructose. The reaction was
started by the addition of the appropriate amount of catalyst.
The samples (2.5 mL) were taken using a syringe at different
time intervals, filtered through a syringe filter (CHROMAFIL,

Catal. Sci. Technol., 2022, 12, 4118-4127 | 4119
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medium polar, 0.25 um), and cooled in an ice bath to stop
the reaction. The pH values were measured with a pH-
electrode (Hannah instruments® HI1230).

Filtration and contact tests

For the filtration tests, a 10 wt% glucose solution (40 mL)
was heated in a 50 mL two-neck flask until 60 or 80 °C. The
reaction was started by adding the catalyst to the heated
solution. At a low conversion of 4-20%, the catalyst was
removed by filtration through a syringe filter (CHROMAFIL,
PA-20/25, 0.25 um). The solution was allowed to further react
at the corresponding temperature.

For the contact tests, the catalyst was stirred in distilled
water (40 mL) for 30 min at 60 or 80 °C. The catalyst was
filtered off through a syringe filter (CHROMAFIL, PA-20/25,
0.25 um), and the solution was again heated to the desired
temperature. As the reaction temperature was reached, 10
wt% glucose was added to the solution, and samples were
taken at different time intervals and cooled in an ice bath to
stop the reaction. The pH of the solution was measured with
a pH-electrode (Hannah instruments® HI1230).

Recycling

Recycling tests with MgO and MgCO; were performed. After
the isomerization experiment, the catalyst was washed several
times with deionized water and acetone. The catalyst was
dried for two days in the drying oven at 80 °C. MgO was also
calcined for 3 h at 500 °C (5 K min™").

Analysis of the product mixture

The concentrations of b-glucose and bp-fructose were
determined by GC analysis. Prior to measurement, the
samples were 10-fold diluted with distilled water. Ionic
species were removed by ion exchange resins. Therefore, at
room temperature, the diluted samples were stirred for 0.5 h
with 400 mg Amberlyst® 15 in the H'-form. Next, the samples
were allowed to stir for 1 h with 1000 mg of Dowex® 66 free
base at room temperature. The treatment with the ion
exchange resins was repeated twice. Importantly, no
adsorption of Gle or Fru onto Amberlyst® 15 in the H'-form
takes place during the treatment. About 6-11% of the
saccharides were adsorbed on Dowex® 66 free base with
approximately the same amounts for Glc and Fru.

After treatment with the ion exchange resins, samples
were analyzed according to the modified GC analysis method
proposed by Ekeberg et al.”’®’® In this procedure, the aldoses
and ketoses are converted into their isopropylidene
derivatives by derivatization. Therefore, 1 mL of deionized
samples was freeze-dried in a desiccator, yielding saccharides
as solids. n-Tetradecane (15 pL) was added as an internal
standard. The derivatization reagent was prepared by the
addition of sulfuric acid (98%, 1.76 mL) to acetone (100 mL).
The derivatization agent (2.5 mL) was added to the dried
sample and shaken for 2.5 h at a shaking plate. Then,
NaHCO; (800 mg) was added, and the samples were
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neutralized for 1 h. After neutralization, the samples were
filtered through a syringe filter (CHROMAFIL, PTFE-20/25,
0.25 pm).

Analysis by GC was performed with an HP 6890 gas
chromatograph, equipped with a Machery-Nagel Optima 17-
MS column (30 m x 0.25 mm). For the measurement, the FID
and the temperature programmed detector were combined
upon increasing the temperature from 80 to 250 °C with a
heating rate of 12 K min™". Based on the areas of the
derivatives in combination with the peak area of the
standard, the concentrations of monosaccharides were
determined. The signal of n-tetradecane was obtained at 6.3
min. The peak at 10.6 min corresponds to b-glucose.
p-Fructose showed two signals at 10.1 and 10.7 min, and the
concentration was calculated by combining the areas of both
peaks.

Results and discussion
Kinetic study of the base-catalyzed isomerization reaction

The following solid bases were purchased: MgO, Li,CO;,
CaCOj;, SrCO;, BaCO;, and LizPO,. MgCO; and Mg;(PO,),
were synthesized. The materials were characterized via X-ray
diffraction and low temperature physisorption of N,. The
results of the characterization are presented in the ESI{ (Fig.
S1-S4 and Table S1). Upon dispersion in water, the materials
release hydroxide anions according to eqn (1)-(5). In this
regard, the high alkalinity of the aqueous phase is expected
for the materials with large solubility product constants
(Ksp)-** The highest concentration of the OH  anions in the
liquid phase upon contact with the materials can be
predicted from the thermodynamic data, ie. the solubility
product constants and protonation constants. However, low
solid-to-liquid loadings can lead to undersaturated
solutions.'®** In order to obtain the liquid phases with the
maximum alkalinity for each material, we prepared
suspensions upon a systematic variation of solid-to-liquid
ratios and measured the pH of the aqueous phase. We used
either water or 10 wt% aqueous Glc solution as the liquid
phase. The pH values of the Glc solution were always
somewhat lower than those of pure water due to the acidity
of Gle.”* The results are shown in Fig. S5. Finally, we found
the saturation conditions corresponding to the highest
alkalinity for each material. As expected, the pH values
correlated with the Ky, in the range from pH 7.8 for CaCOj;
(Ksp = 3.36 x 10™°) to pH 10.6 for Li,CO; (K, = 8.15 x 107%).7?
Table 1 lists the pH values of the Glc slurries in the presence
of the materials.

According to our knowledge, Li,COjz;, MgCOj;, LizPO,,
SrCO;, CaCO;, BaCO;, and Mg;(PO,), have not been
examined as catalysts for Glc isomerization yet. We tested the
materials for the isomerization using the solid-to-liquid
ratios corresponding to the saturation conditions (Table S27)
in a batch reactor at 60 or 80 °C. Formation of Fru as the
main product was observed. p-Mannose and p-allulose were
detected in minor amounts for highly active catalysts, though

This journal is © The Royal Society of Chemistry 2022
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Table 1 Results of the catalytic tests. Reaction conditions: 40 mL 10 wt% Glc solution, 500 rpm, pHo were measured directly prior to the reaction

Catalyst Maximum Fru yields

loading,
Entry Catalyst gmL™”’ T, °C pH, ting,” <S15-30>," % Yonax, % Xx,% % Time,® h [M™]/ mM
1 Li,CO; 0.022 60 10.6 0.08 56 21 45 2 280
2 Li,CO; 0.022 80 10.5 0.02 64 25 48 0.15 230
3¢ MgO 0.054 40 10.2 0.75 50 10 20 24 5
4 MgO 0.004 60 10.2 0.5 63 22 44 22 48
5 MgO 0.004 80 10.2 0.05 65 25 55 5 57
6 MgCO; 0.042 60 9.6 2 77 27 24 30 16
7 MgCO; 0.042 80 9.8 0.08 72 27 36 5 16
8 Li;PO, 0.0116 60 9.7 1 76 14 16 26 65
9 LizPO, 0.0116 80 9.7 0.08 77 17 20 3 20
10 SrCo; 0.007 80 8.1 2 47 11 22 30 7
11 BaCO; 0.010 80 8.1 1 40 7 16 30 26
12 Mg;(PO,), 0.053 80 7.9 1.5 45 4 9 22 11
13 CaCO; 0.010 80 7.8 2 71 11 16 26 9

“ Induction time: for this time lapse, no Fru formation occurred. ” An average selectivity for the conversion range of 15 to 30%. ¢ Maximum
yield of Fru. ¢ Gle conversion, at which the maximum Fru yield was observed. ¢ Reaction time, at which the maximum yield of Fru was

detected./ Concentration of the leached metal in the solution. ¢ Previously reported data.

the yield of either did not exceed 3%. During the catalytic
experiments, the pH values were decreasing constantly owing
to the formation of acidic by-products. The pH value is
mostly affected by the formation of lactic acid which was
detected in the presence of earth alkaline metal oxides.
Minor amounts of glycolic acid were also observed.'*?’ In
addition, oxidation of enediol species with atmospheric
oxygen cannot be excluded. We measured the initial rates of
Fru formation to estimate its dependency on the
concentration of OH  anions. Noteworthily, materials with
low basicity, such as CaCOj;, BaCO3z;, Mg;(PO,),, and SrCO3,
showed no catalytic activity at 60 °C even after a few hours of
incubation.

The isomerization of Glc in the presence of bases occurs
via deprotonation of the substrate, followed by formation of
an enediol anion intermediate.”® Since the concentration of
the highly reactive enediol (ED) anion can hardly be
measured, it is usually omitted in the kinetic modeling.
Fig. 1 shows the simplest reaction network used to describe
the reaction kinetics.>>”*

Based on this network, Kooyman et al proposed the
following equation for the initial reaction rate of Fru
formation:”*

KGlc-[OHi]

N d[Fru] o
= ~ "VKge[OH ] +1

o dt

[Glc] (6)

where k; is an apparent rate constant and Kg. stands for the
dissociation constant of Glc. A dependence of the initial
reaction rate on the concentration of the hydroxide ions can
be expressed in the logarithmic form according to eqn (7):

KGIc\ ki R KFru\
Gle + OH €= Gl —= Fu &= Fu + OH
K

Fig. 1 Kinetic reaction network proposed by Kooyman et al.”*

This journal is © The Royal Society of Chemistry 2022

20

Koie:[OH"]

Inr=In—?®r———
KGlc-[OH ] +1

+ const. (7)

This expression was shown to hold true for NaOH as the
catalyst.”" We recently demonstrated that the dependency of
ro on [OH | in the presence of MgO, CaO, SrO, and Ba(OH),
also follows eqn (7). Based on this, we concluded that OH"
ions generated in situ via partial dissolution according to
eqn (1) are catalytically active species for catalysis by alkaline
earth metal hydr(oxides).”® In this work, we also used eqn (7)
to obtain a dependency of ry rry On the concentration of OH™
in the presence of the basic salts with low solubility. We
considered changes of the pH values during the reaction and
used the average values of [OH] for the initial time lapse.
Fig. 2 shows the obtained plots. For both 60 and 80 °C, linear
dependencies were observed. Moreover, linearization
coefficients of (0.9 + 0.1) at 60 °C and (0.8 + 0.04) at 80 °C
were very close to unity, as expected from eqn (7). The results
for the reference catalyst MgO are also in agreement with
those for the basic salts with low solubility. Based on these
data, we conclude that the OH anions released via partial
dissolution of the materials followed by protonation (eqn (2)-
(5)) are the catalytically active species. The isomerization of
Glc is catalyzed thus homogeneously.

This conclusion is further supported by the results
obtained in the presence of Li,CO; with different loadings of
the catalyst. We performed the isomerization of Glc catalyzed
by Li,CO; using 0.008, 0.012, or 0.016 mol of the material.
Under these conditions, the pH, value was 10.5 in all three
cases, and the aqueous phase remained saturated. The same
initial reaction rate was observed in all three experiments
(Fig. S6t). This indicates that the reaction rate is dependent
on the pH value rather than on the amount (i.e. the surface
area) of the materials, supporting the homogeneous nature
of the catalysis.*®

Catal. Sci. Technol., 2022,12, 4118-4127 | 4121
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® MgO 4 MgCO; » CaCO, = BaCO;,
» SrCO; v Li,CO; ® MgyPO,), ¢ Li;PO,
—— Linear regression
Fig. 2 Initial rates of Glc isomerization into Fru plotted in linearized

coordinates according to eqn (7) at 60 and 80 °C. Reaction conditions:
40 mL 10 wt% Glc aqueous solution, 500 rpm.

Structure-selectivity relations

For all the catalysts, the induction period for Fru formation
was observed. De Wit et al. explained this induction period
by the accumulation of ED anions until the pseudo-steady
state concentration of the latter is reached.”” The induction
time has been previously published for other base catalysts,
ie. KOH,”® Mg-Al hydrotalcite,®® phosphates,”* MgNa-ZSM-
5,%* and alkaline earth metal (hydr)oxides.?® Table 1 lists the
durations of the induction period for different catalysts and
temperatures. Apparently, high alkalinity along with high
temperature facilitates reduction of the induction period.
Thus, catalysts with low activity, generating low alkalinity,
such as SrCO;, BaCOs;, Mg;(PO,),, or CaCOs, exhibit 1-2
hours induction period, whereas accumulation of Fru was
detected in the presence of Li,COj; at 80 °C in only 1 minute.
For practical application, the short induction time is
beneficial.

Interestingly, selectivity for Fru is typically low for the
conversion below ca. 15%. The substrate predominantly
decomposes during the initial period of time. Once the
concentration of ED attains its pseudo-steady state, the
reaction diverts from the destruction to the isomerization.*
At Glc conversion over 30%, selectivity for Fru drops again

4122 | Catal Sci. Technol., 2022, 12, 4118-4127
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due to decomposition processes. Thus, the highest selectivity
for Fru formation is typically reached for 15-30% Glc
conversion. The average selectivities for the conversion range
of 15-30% were denoted as <S;5 3> and are listed in
Table 1. For all the catalysts, <S;5_30> was somewhat higher
at 80 °C than at 60 °C.

In the previous section, we showed that OH anions
catalyze the isomerization, and the reaction rate is
determined by the ability to generate alkalinity owing to
partial dissolution and protonation. Here, we would like to
discuss the relationships between the selectivity and
structure of the tested catalysts. For this purpose, we
tentatively organize the materials in three groups, namely:

- materials with high alkalinity Li,CO; and MgO, which
generate a pH, of 10.2-10.5;

- materials with medium alkalinity MgCO; and LizPOy,
generating a pH, of ca. 9.7;

- materials with low alkalinity SrCO3;, CaCOj;, BaCOj3, and
Mg;(PO,),, generating a pH, of ca. 8.

Li,CO; and MgO induce high pH values in the range of
10.2-10.5 catalyzing the isomerization. Fig. 3 shows the
results for catalysis by Li,CO; and MgO. Li,CO; is the most
catalytically active material generating the highest pH value.
A Fru yield of ca. 25% was obtained in the presence of Li,CO;
in only 10 minutes at 80 °C. However, Li,CO; exhibits the
highest leaching compared to the other catalysts (Table 1). In
general, Li,CO; and MgO showed similar selectivity-
conversion curves at 60 and 80 °C (Fig. 3 and S15 and S16).
The same maximum Fru concentration was obtained in the
presence of Li,CO; and MgO.

MgCO; and Li;PO, are designated here as “medium-
alkaline materials”, generating a pH, of ca. 9.5-9.7. MgCO;
catalyzes Fru formation at a very high selectivity up to ca.
90%, also at a low conversion of a few percentages. This
dramatically differs from other catalysts, such as Li,CO; and
MgO (Fig. 3) or Li;PO, (Fig. 4). Noteworthily, this result was
reproducible. The high selectivity for Fru formation in the
presence of MgCO; resembles the high selectivities for Fru
reported for catalysis by Mg-Al hydrotalcites in the carbonate
form,'>2*2426:32 [nterestingly, carbonate as the counter-anion
seems to play a crucial role in catalysis by hydrotalcites.>®

This study also suggests a combination of Mg®" and CO,>"
counterparts as the key for the outstanding selectivity.
Catalysts bearing only carbonate (e.g. Li,CO;z) or solely
magnesium (e.gz MgO) do not exhibit such favorable
selectivity-conversion curves. As a result, the highest Fru
yield of 27% was obtained in this study in the presence of
MgCO; at 80 °C. The reason for the high Fru selectivity in the
presence of the catalyst bearing both carbonate and
magnesium remains unknown. It was proposed that Mg>"
ions interact with carbonate and hydrocarbonate anions in
aqueous solution.”” These complexes can probably react with
the intermediates during the isomerization, e.g. with the ED
anion. Moreover, coordination of an ED intermediate to Mg>*
ions was proposed for enzymatic catalysis.”® Further
experimental work is required to uncover the reason for the

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Concentrations of Glc and Fru, selectivity-conversion curves, and pH values during the conversion of b-glucose in the presence of MgO
(circles) and Li,COs (triangles) at 80 °C. Reaction conditions: 40 mL 10 wt% Glc aqueous solution, 4 mmol MgO, 12 mmol Li,CO3, 80 °C, 500 rpm.
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(circles) and LisPO4 (triangles) at 80 °C. Reaction conditions: 40 mL 10 wt% Glc aqueous solution, 4 mmol MgCOs, 4 mmol LizPO4, 500 rpm.
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high selectivity for Fru formation in the presence of
magnesium-carbonate containing materials. Contrary to
magnesium carbonate, Li;PO, exhibits worse selectivity for
Fru formation, especially at low conversions of the substrate
(Fig. 4 and S17t). The pH value drops in the presence of
Li;PO, significantly quicker than over MgCO; probably due
to the formation of acidic by-products in a higher amount.
This dramatic difference for catalysis by MgCO; and LizPO,
points to the great importance reaction selectivity.

The effect of the leached Li" ions on the isomerization of
Glc to Fru has not been examined. Based on the results of
Angyal et al., complexation of Li" with saccharides is unlikely.
They reported no complexation of p-allose with LiCl,”> and,
in general, concluded that the cations smaller than Ca®"
(1.05 nm radius) do not tend to complex with polyols.”® The
radius of Li" is 0.76 nm. Nevertheless, formation of labile
complexes between Li* and anionic intermediates can
potentially impact the isomerization rate.

Filtration and contact tests

The results of the kinetic study strongly suggest that the
isomerization of p-glucose to p-fructose is homogeneously
catalyzed by OH  ions in solution. The hydroxide anions are
generated by partial dissolution of the catalyst and
protonation of the anions. These hydroxide anions catalyze
the isomerization reaction according to the reaction
mechanism proposed by De Wit et al.”® In this mechanism,
OH ions deprotonate Glc followed by an intramolecular

View Article Online
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proton abstraction. Besides the kinetic study, filtration and
contact tests present a potent and straightforward tool for
the exploration of the catalytically active species. In filtration
tests, the catalyst is removed at low conversion, and the
filtrate is further incubated. In contact tests, the catalyst is
stirred in water and removed, and then p-glucose is added.
Filtration and contact tests were already performed for the
isomerization of p-glucose in the presence of alkaline earth
metal (hydr)oxides. The authors concluded that it might be
challenging to distinguish between truly heterogeneous
catalysis and catalysis by in situ generated OH based on the
filtration tests - especially for the low-soluble catalysts
generating hydroxide ions at low concentration.>”

Here, we performed filtration tests (Fig. 5) and contact
tests (Fig. S22+) for the isomerization in the presence of Lis-
PO, and Li,CO;. As a reference, a filtration test for MgO was
also performed. The results of the filtration test for MgO at
80 °C are similar to the results of the tests performed at 40
°C.*® After removing the catalyst, the reaction rate
significantly decreased as well as the pH of the solution
(Fig. 5). For the filtration test with LizPO,, less Fru is formed
after removal of the catalyst. The pH of the solution also
decreases but the difference is not as significant as for MgO
(Fig. 5). Upon catalyst removal, the source for the generation
of the active species is also removed. Consequently, the pH
decreases due to the missing in situ formation of OH ions,
and the hydroxide anions are partially neutralized by acidic
by-products. The leaching results of the catalysts also confirm
this reaction mechanism during the isomerization reaction
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Fig. 5 Filtration tests of the conversion of p-glucose in the presence of MgO, LizPO,4, and Li,COs. Reaction conditions: 40 mL 10 wt% aqueous

solution; MgO (80 °C), 4 mmol LizPO4 (80 °C), 12 mmol Li,COs (60 °C), 500 rpm.
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(Fig. S20 and S217). The leaching vs. time plots for MgO and
LizPO, showed that the metal contents increased during the
dissolution reaction, accompanied by in situ generation of
OH’ species. For the contact tests with MgO (ref. 20) and Li,-
PO,, the same results as for the filtration tests were found. In
the absence of the catalyst, a significant decrease of the
reaction rate of the isomerization could be observed.

The results of the filtration and contact tests for Li,COj;
are consistent with the results of the kinetic data. After
removing the catalyst, p-glucose consumption and p-fructose
formation were observed. According to the metal leaching
results (Fig. S20 and S217), the OH™ ions are directly released
into the aqueous solution after immersion of the catalyst into
water and do not significantly increase during the reaction.
Fru formation could also be observed in the absence of the
catalyst through the prior generation of the OH™ species in
aqueous solution by stirring of the catalyst in water. The
filtration and contact tests of Li,CO; correspond to the
results of Ba(OH), obtained by Drabo et al.>® The results of
this study are in excellent agreement with the previously
reported data on catalysis by alkaline earth metal (hydr)
oxides. For the materials with higher solubility, such as Li,-
CO; or previously reported Ba(OH),, OH and carbonate ions
are generated at a high concentration (pH, 10.6 for Li,CO3)
directly upon the catalyst immersion into an aqueous phase.
Due to a high concentration of hydroxide species,
deactivation owing to neutralization of OH by acidic by-
products is negligible. In this case, filtration and contact
tests clearly indicate homogeneous -catalysis by leached
species.

The situation for Li;PO, is more complex (pH, 9.7). Since
this material is significantly less soluble than Li,CO;, lithium
phosphate constantly generates OH during the reaction
owing to dissolution and protonation of phosphate anion.
Importantly, a contact test with Li;PO, shows literally no
formation of Fru (Fig. S227), whereas a significant deceleration
of the isomerization was observed in the filtration test. The
same results were obtained for MgO (Fig. 5).*° Such results
are often interpreted as “heterogeneous” or “partially
heterogeneous™ catalysis."® This study provides evidence that
the results of filtration and contact tests must be interpreted
with caution. Investigation of the reaction kinetics as well as
monitoring of the leached species during the reaction is of
great importance for drawing valid conclusions.

Table 2 Results of the recycling tests
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Benefits of solid basic catalysts for Glc-Fru isomerization
include the simple recycling of the catalyst by filtration. In
the literature, several recycling tests of MgO for the
isomerization of b-glucose to bp-fructose were already
performed and showed a possibility to reuse MgO." Table 2
shows the results of the recycling tests for the isomerization
of p-glucose with MgO and MgCOj;. The recycling tests for
MgO were performed according to the procedure by
Marianou et al.'® The catalyst was either washed or calcined
after the first run. After the 1st cycle, the color of MgO
changed from white to dark orange, indicating the
adsorption of dehydrated by-products (Fig. S23 and S247). In
addition, the XRD data showed that after the first cycle, the
composition of the material changed, containing a higher
amount of Mg(OH),. After calcination at 500 °C, the catalyst
could be regenerated with MgO as the main phase. The
calcined catalyst could generate the same pH, in the 2nd
run, leading to approximately the same initial reaction rate
for fructose formation (entries 1 and 2 in Table 2). We made
an attempt to avoid calcination of MgO and perform
regeneration of MgO by washing of used MgO with acetone
to remove adsorbed organic species (entries 3 and 4,
Table 2). The pH value after the first run for the washed MgO
is about 0.3 lower compared to the pH generated by the fresh
MgO, resulting in a somewhat lower 7oy, though a
comparable yield of Fru. These results suggest that the
calcination of MgO after the 1st cycle gives somewhat better
results.

For the isomerization of p-glucose with MgCOj;, the results
show that washing with acetone presents a suitable method
for catalyst regeneration (entries 5 and 6, Table 2). The same
initial reaction rates as well as pH values could be obtained
for fresh and recycled MgCO;. XRD data also confirmed that
there are no structural changes after the 1st and 2nd cycle of
the isomerization. Thus, MgCO; could be successfully
separated and reused for the isomerization of Glc to Fru.

MgCO; exhibits promising catalytic performance, the
highest activity and selectivity for Fru among the tested
catalysts. Nonetheless, leaching of Mg>" poses a question on
the long-term stability of this catalyst. Calculations
considering the concentration of the leached Mg>" (16 mM,
entries 6 and 7 in Table 1) as well as a catalyst loading of

Entry Catalyst Cycle T, °C n, mmol pH, 7o, mmol L™ min* Yinax,” % Xnax,” % Time,  h
1 MgO 1 80 25 9.9 2.08 15 49 2
2 MgO calcined? 2 80 25 10.0 2.20 14 53 2
3 MgO 1 60 4 10.3 0.97 23 28 5
4 MgO washed’ 2 60 4 10.0 0.53 21 18 5
5 MgCO; 1 80 4 9.5 2.07 26 30 4
6 MgCO; washed® 2 80 4 9.4 2.07 27 34 4

¢ Maximum yield of Fru. ” Gle conversion, at which the maximum Fru yield was observed. ¢ Reaction time, at which the maximum yield of Fru

was detected. ¢ Catalyst calcined after the 1st cycle. ¢ Catalyst washed with water + acetone and dried after the 1st cycle.

This journal is © The Royal Society of Chemistry 2022
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0.042 ¢ mL™" allow us to roughly assess the applicability of
the catalyst for 28 cycles. In future research, recovery of the
leached Mg** from the reaction solution and recycling of the
metal for catalyst synthesis should be addressed.

Conclusion

In this study, we propose a series of basic salts with low
solubility as catalysts for Glc isomerization into Fru and
systematically investigated their catalytic performance. We
focused on the crucial parameters such as catalytic activity
and reaction selectivity. Li,CO;, MgCOj, LizPO,4 SrCO;,
CaCO;, BaCO;, and Mg;(PO,), were tested with MgO as the
reference catalyst. The dependency of the initial reaction rate
on the pH, strongly suggests hydroxide ions released by
partial dissolution and protonation as catalytically active
species. Thus, the rate of Glc isomerization in the presence
of a low-soluble base can be predicted in a straightforward
way based on the pH, value.

The selectivity of Fru formation depends strongly on the
temperature and nature of the catalyst. The most promising
results were obtained for MgCO;. Based on our data, a
synergistic effect of magnesium and carbonate species
facilitating the high selectivity of Fru formation can be
concluded. Despite leaching of Mg”*, MgCOj; can be recycled.

The results of filtration and contact tests can be
misleading, especially for moderately soluble catalysts. These
materials generate OH™ as catalytically active species in low
concentrations. These diluted bases tend to quickly
deactivate via neutralization with acidic by-products leading
to incorrect conclusions on the contribution of homogeneous
and heterogeneous catalysis.
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