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work over a range of heterogeneous catalysts. Magnesium aluminates with different ratios between oxides
resulting in materials with a Mg/Al ratio from 0.2 to 0.9 were prepared, characterized and evaluated in
terms of their catalytic behavior. The catalyst with a Mg/Al ratio close to hydrotalcites was the most effi-
cient considering activity, selectivity and stability. The sugar structure was shown to have a minor influence
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Introduction

Interconversion of aldose to ketose has attracted a lot of atten-
tion recently as research efforts have been focused on valoriza-
tion of carbohydrates derived from lignocellulosic biomass
within the framework of the so-called biorefinery concept.’™

Formation of fructose from glucose in fact is a well-known
reaction practiced on a million-tons-per-year scale in the pro-
duction of high-fructose corn syrup (HFCS) using an
immobilized enzymatic catalyst - glucose isomerase.* This
enzyme can be also used for interconversion of a C5 sugar -
xylose to xylilose.* The final equilibrium mixture of fructose
and glucose contains ca. 55% of the former.

Chemical conversion of glucose to fructose can be also
performed under alkaline conditions and at a temperature
higher than that typically used (55-60 °C) for the enzymatic
process. Transformations in an alkaline environment follow-
ing the so-called Lobry de Bruyn-Alberda-van Ekenstein
rearrangement® are nonspecific leading to formation of side
products. Conversion is typically limited resulting in fructose
concentration of 40%.* It should be mentioned, that higher
fructose concentrations, i.e. 55% fructose, 41% glucose, and
4% mannose, have been recently reported using NaAlO, in
water.® In situ complexation of fructose under basic condi-
tions by applying the concept of anionic extraction can in-
crease the yield of fructose and as mentioned in ref. 7 could
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reach 72%. Aldose-ketose rearrangement is accompanied by
epimerization which occurs in parallel to the main reaction.
Other reactions, such as aldolization/retro-aldolization,
B-elimination and benzylic rearrangement®** also contribute
to formation of side products. The mechanism of isomeriza-
tion reaction (Fig. 1) is thought'? to occur in the case of glu-
cose via formation of glucose anions followed by generation
of an ene-diol intermediate, which is then converted to fruc-
tose anions and finally into fructose.

Besides homogeneous bases (alkali or alkaline earth hy-
droxides) heterogeneous base catalysts would be of high
interest being devoid of the apparent drawbacks of their
homogeneous counterparts, such as low selectivity, and chal-
lenges with separation.

In connection with heterogeneous catalysts, several types of
them could be mentioned. Hydrotalcite (HT) with different Mg/
Al molar ratios was studied in isomerization of glucose,*™®
while zeolites modified with basic metals were investigated for
the same reaction. Commercial Mg-Al hydrotalcites prepared
as hydroxide, carbonate and mixed hydroxide-carbonate were
reported in ref. 14 to be prone to deactivation after 15%
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conversion. Hydrotalcite with the atomic ratio Mg/Al equal to 3
afforded a 25% yield of fructose at 42% glucose conversion.™
The same ratio between Mg and Al was used in calcined and
rehydrated Mg-Al hydrotalcite in ref. 15.

In contrast to ref. 13, when water was used as a solvent, in
ref. 15, application of dimethylformamide instead of an aque-
ous solution, resulted in a ca. 35% yield of fructose at ca. 50%
conversion for the rehydrated sample. The same solvent was
used in ref. 19. Nevertheless water seems to be the preferred
solvent. It was applied in the recent work of Delidovich and
Palkovits'” where a fructose yield of up to 30% with 89% se-
lectivity was reached in glucose isomerization to fructose and
the optimal molar content of aluminum was reported to be
0.23 < Al/(Mg + Al) < 0.30."7 Glucose conversion was seen to
be linearly proportional to the basicity of hydrotalcite. The au-
thors suggested that weak sites of hydrated hydrotalcites are
more selective than the medium strong and strong sites.
Moreover, HT in its carbonate or hydrated form was suggested
to be catalytically active for glucose isomerization to fructose.
As a consequence noncalcined HT was proposed to be more
beneficial for the reaction than its calcined counterparts.'”

Hydrotalcites were compared with other catalytic materials
in a detailed review covering the applications of homoge-
neous and heterogeneous catalysts for isomerization of glu-
cose.” A viable alternative to hydrotalcites is magnesia. This
implies that the presence of magnesium aluminate (MgAl,0,)
or (M'AlO,") formed during synthesis of hydrotalcites might
not be needed to afford an active catalyst.

Commercially available MgO with increased basicity was
reported as an efficient catalyst for glucose isomerization at
90 °C giving a yield of 33.3% fructose at a conversion of
44.1%.% 1t should be noted that at the same time its selectiv-
ity was ca. 75% resulting not only in fructose but also in
mannose, as well as oxidation products, such as glycolic,
acetic, lactic and formic acids. Since the reaction conditions
do not favor oxidation, formation of these products is most
probably due to retro-aldol reactions.

The type of heterogeneous catalyst influences substantially
selectivity. For instance non-acidic LiNbMoO,s and strongly
acidic HNbMoOs efficiently catalyze epimerization of glucose
to mannose without any isomer formation.>® In contrast, glu-
cose isomerization into fructose via an intramolecular 1,2-hy-
dride shift mechanism with Lewis acid catalysts such as Sn-f8
zeolites can be very efficient giving a 55% glucose conversion
and a 32% yield of fructose in water at 110 °C.>" Besides fruc-
tose, an epimer - mannose - was also formed. The same type
of catalyst was used for isomerization of the C5 sugar xylose
resulting in an 18% yield of xylulose at 85% xylose conver-
sion at 110 °C in water.>*

There is a limited amount of experimental data available
for the isomerization of other sugars. Isomerization of lactose
to lactulose using a range of homogeneous and heteroge-
neous catalysts was reported by Hajek et al>* Commercial
hydrotalcite with a Mg/Al ratio equal to 3 in its noncalcined
form was inactive, while the calcination at a temperature in
the range 643-923 K had a minor influence on either its ac-
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tivity or selectivity. For the same reaction Sn-MFI zeolites
were reported in ref. 24.

Less is even known about isomerization of r-arabinose to
L-ribulose (an intermediate for antiviral nucleosides) using
heterogeneous catalysts, since the existing literature covers en-
zymatic and homogeneous catalysis. The same is valid for the
isomerization of galactose (C4 epimer of glucose) to tagatose.

One of the very few reports on applications of hydrotalcites
for isomerization of arabinose and galactose is related to one-
pot synthesis of furanic compounds from arabinose and lac-
tose (disaccharide of galactose and glucose) using a physical
mixture of commercial HT with a Mg/Al ratio of 3 and acid cata-
lysts of Amberlyst and Nafion types.>® No information was pro-
vided in ref. 25 about the influence of the basicity, Mg to Al ra-
tio or calcination temperature on the activity and selectivity.

Besides homogeneous and heterogeneous catalysts
containing magnesia, there are also reports on utilization of
cobalt compounds as catalysts®® or co-factors in regard to
homogeneous and enzymatic isomerization of glucose.”” Ap-
plication of cobalt and magnesium ions as co-factors in enzy-
matic transformations of glucose with glucose isomerase®” is
not necessarily related to their involvement in the binding of
the reactant to the active site. However, according to ref. 26
Co(m) phthalocyanine species generated in situ from Co(u)
phthalocyanines react with glucose giving a five membered
ring chelate complex, which subsequently isomerizes to fruc-
tose. No reports are available on heterogeneous catalytic
isomerization of carbohydrates with Co catalysts and it was
therefore interesting to test if Co containing catalysts are ac-
tive in this reaction.

The current work aims to explore isomerization of arabi-
nose and galactose over heterogeneous catalysts, which con-
tain MgO as such or as part of magnesium aluminates or
CoMnAIMg mixed oxides. To this end besides commercial
magnesia, several catalysts covering a broad range of magne-
sia to alumina ratios were synthesized, characterized, cal-
cined at different temperatures and evaluated in the isomeri-
zation of carbohydrates. For the sake of comparison glucose
isomerization was also performed with some catalysts.

A special emphasis was put on the evaluation of catalyst sta-
bility against leaching. The latter is especially important be-
cause catalyst deactivation due to its contact with aqueous reac-
tion mixtures is often disregarded in the available literature.

Results and discussion
Catalyst characterization results

The elemental composition of monometallic cobalt catalysts
was determined by ICP and corresponded well to the nomi-
nal loadings. The surface area (BET) decreased with increas-
ing Co loading. For 10 wt% Co it decreased in the order Co/
SBA-15 > Co-Al,O; > Co/TiO, and the BET values were 470,
215 and 98 m* g™,

The elemental composition of the CoMnAIMg catalyst is
given in Table 1, while characterization data for magnesium
aluminates are presented in Fig. 2 and 3 and Tables 2-4.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 displays the XRD data for the synthesized magne-
sium aluminate materials. As can be seen from Fig. 2 the
samples with a higher content of alumina are X-ray amor-
phous, while an increase of MgO content affords crystalline
materials. Already the (MgO),.45(Al,03),.55 material calcined at
680 °C contains reflections typical for MgAl,O, spinels which
is in agreement with the phase diagram. Further increase of
MgO content in magnesium aluminates ((MgO),,(Al;03)0.3
and (MgO),(Al,03)01 calcined at 680 °C) results in reflec-
tions, which can be attributed to the cubic structure of MgO,
which somewhat shifted in terms of 26 values compared to
neat magnesia. The reason for the shift can be attributed to
replacement of some Mg by Al. Reflections typical for the
basal planes of double layer hydroxide (hydrotalcite) at 26
values of 11.4°, 22.9° and 34.7° were not observed not only in
the samples with a low Mg content, but also in materials with
a high Mg content. According to XRD analysis there were no
significant differences in the values of the coherent scattering
region (CSR) for the studied samples. The CSR values
obtained by the Rietveld method varied within 3-6 nm. The
range of CSR values is within the error of the method (signifi-
cant deviation of ~5 nm).

The MgO and Al,O; composition in the synthesized mate-
rials was evaluated by XRF. The results presented in Table 2
clearly demonstrate that calcination did not influence the
composition of magnesia—alumina materials.

The measured mass ratios displayed some deviations from
the theoretical ones which can be at least partially explained
by the presence of some organic leftovers in the catalysts
even after calcination and inherent errors of the applied
methods associated with for example high concentration of
elements (ICP-AES).

The values of surface areas for the tested magnesium alu-
minates given also in Table 2 are in line with the characteri-
zation data typical for these types of materials."®

Basicity data presented in Table 3 and Fig. 3 clearly show
that the basicity of magnesium aluminates increases by in-
creasing the content of MgO. All catalysts displayed well-
defined CO, TPD peaks with the peak maxima at ca. 450 K.
This could be assigned to weak and medium basic sites,
while some additional peaks present at the high temperature
domain could be related to strong basic sites. In ref. 16 the
activity for isomerization was related to the weak base sites;
therefore for calculations of weak and medium basic sites,
the cut-off temperatures mentioned in Table 3 were applied.
The strong sites present in the catalyst might lead to the for-
mation of degradation products as mentioned in ref. 16. A
special case was 20 wt% MgO/MWNT displaying a more com-
plicated TPD pattern, which could be related to the proper-
ties of the support only, in particular, the decomposition of

Table 1 Elemental composition of the CoMnAlMg catalyst in atom%
according to XPS

Mg Ni Co Mn o N C Al

15.6 0.3 4.2 5.0 59.5 0.8 4.7 9.9

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 XRD of the (MgO),(Al,O3), samples after calcination at 560 °C
or 680 °C.

various functional groups present in MWNTs during TPD. In
particular, decomposition of carboxylic (-COOH) and more
stable keto groups (-C=0) occurs respectively at 250-300 °C
and 680-720 °C.
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Fig. 3 CO, TPD for the catalysts in Table 3.
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Table 2 Analysis of the MgO-Al,O3 catalysts by XRF, ICP-AES and nitrogen physisorption

MgO, Al O3, MgO/Al,O; mass MgO/Al,O; mass MgO/Al,O; mass MgO/Al, O3 mole SBET,
Sample wt% wt% ratio (XRF) ratio (XRF)* ratio ICP-AES ratio (XRF) m* g
MgO 560 °C 99.2 176
(Mg0)y.2(A1,05)0.5 T=560°C 11.0 87.2 0.126 0.319 165
T =680 °C 0.116 0.091
(Mg0)o53(AL05)o.6;  T=560°C  19.7 78.5 0.251 0.634 97
T = 680 °C 0.233 nm
(Mg0)0.45[A1203)0_55 T =560 °C 29.3 69.0 0.425 1.075 130
T =680 °C 0.397 0.318
(Mg0),5(AL,05)0.3 T=560°C 54.0 43.8 1.233 3.118 132
T =680 °C 1.215
(Mg0)o 5(A1,05),. T=560°C  69.7 29.6 2.354 5.956 205
T =680 °C 68.5 30.9 2.217 1.55 5.607 272
(Mg0)0.6(A1,05)0.1 T=560°C 829 16.4 5.055 12.784 276
T=680 °C 3.59 nm

“ After hydrothermal stability tests at 110 °C; nm - not measured.

Catalytic results: screening

None of the monometallic cobalt catalysts displayed any
meaningful activity in the isomerization of galactose at 110
°C and 5 bar of nitrogen with a catalyst loading of 0.2 g.

The results for the activity tests with commercial hydro-
talcite and MgO are presented in Table 4. As follows from
Table 4 besides the desired ketoses, some by-products, such
as oligomers, epimers and degradation products were also ob-
served with different selectivities depending on the catalyst.

It follows from Table 4 that commercial hydrotalcite with a
Mg/Al ratio equal to 3 in its noncalcined form was rather inac-
tive in isomerization independent of the type of substrate, while
calcination at 500 °C was sufficient to boost the catalytic activ-
ity. Although the results in terms of conversion are like those
for glucose to fructose isomerization at the same temperature
reported in ref. 17, the influence of calcination seems to be dif-
ferent. In ref. 17 noncalcined HT was proposed to be more ben-
eficial for the reaction than the calcined counterparts based on
a suggestion that hydrotalcite in its carbonate or hydrated forms
are the catalytically active species. In the current work as well as
in the previous study on lactose isomerization* calcination was
found to be beneficial for catalytic activity. Inactivity of
noncalcined HT compared to that of the calcined counterpart in
general could be related to basicity. As it is challenging to per-
form TPD-CO, for samples when carbonates are decomposed
at ca. 200-300 °C, a comparison of the pH value of water sus-
pensions with HT prior to and after calcination was performed.
It was observed that the pH value of the water suspension with

Table 3 Basicity data by CO, TPD for the samples calcined at 680 °C

Cut off T, Weak and medium
Catalyst K basic sites, pumol g™
20 wt% MgO/MWNT 600 218
(Mgo)o.z(AIzOs]oAs 700 118
(Mg0)o.33(A1,03)0.67 650 125
(Mg0)o.45(A1,03)0.55 650 140
(Mg0)o.5(Al,05)0.3 650 268
(Mg0)y.9(AL,03)0.1 750 350
MgO 750 507

5324 | Catal Sci. Technol., 2017, 7, 5321-5331

the noncalcined hydrotalcite being equal to 8.95 was slightly ele-
vated when hydrotalcite was calcined for 4 h at 680 °C reaching
9.55. Apart from these small differences which probably in itself
cannot be responsible for the differences in the catalytic behav-
iour, it should be noted that the noncalcined sample was clearly
hydrophobic in contrast to its calcined counterpart. This is
probably the reason for their different performances in isomeri-
zation of sugars occurring in aqueous solutions.

Similar to ref. 8 where glucose to fructose isomerization
with commercially available MgO was studied, in the current
work isomerization of galactose was investigated. The catalyst
is also active in isomerization allowing high conversion ex-
ceeding 50%. At the same time selectivity to ketose clearly de-
creased with conversion as the reaction resulted not only in
tagatose, but also in oligomers and degradation products
(Fig. 4). Another serious issue is catalyst deactivation through
leaching. In a separate experiment on leaching of magnesia
in galactose solution at 110 °C severe dissolution of MgO in
the solution was observed.

Thus, even if magnesia is superficially active in the isomeri-
zation of sugars there is still a need for obtaining an active and
at the same time stable and selective catalyst which, on the one
hand, would be stable against leaching and on the other would
avoid or at least minimize formation of oligomers or degrada-
tion products. It was thus interesting to test catalysts where
MgO was deposited on an inert support: multiwall carbon
nanotubes. Fig. 5 displays the results illustrating that applica-
tion of supported MgO resulted in limited conversion, thereaf-
ter the reaction stopped completely. The hydrothermal stability
was very moderate and will be discussed below.

Synthesis of carbon nanotubes is typically performed using
a suitable growth catalyst. One such catalyst is the CoMnAIMg
mixed oxide which was synthesized following ref. 28. The con-
tent of magnesium oxide in this catalyst was enough to expect
non-negligible catalytic activity. Experiments were conducted
with three sugars (arabinose, galactose and glucose) at three
temperatures allowing a straightforward comparison between
different substrates and calculations of activation energies.
The results are presented in Fig. 6. Due to a narrow temperature

This journal is © The Royal Society of Chemistry 2017
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Table 4 Isomerization of sugars with MgO and hydrotalcite (HT)*

Catalyst Substrate T, °C m x t, (g x min) Caldose Cretose’ Conv.% Selec%
MgO Gal® 110 12.0 0.05 0.03 55 50
MgO Gal 110 48 0.03 0.02 73 25
MgO Gal 90 12.0 0.07 0.03 36 75
MgO Gal 90 48.0 0.05 0.03 45 50

HT, noncalcined Gal 110 48.0 0.10 0.00 9 0

HT, calcined at 500 °C Gal 110 24.0 0.07 0.02 36 50

HT, calcined at 500 °C Gal 110 48.0 0.07 0.02 36 50

HT, calcined at 500 °C Glu® 120 48.0 0.07 0.03 36 75

HT, noncalcined Ara? 110 48.0 0.12 0.00 8 0

HT, calcined at 500 °C Ara 110 6.0 0.08 0.01 38 20

HT, calcined at 500 °C Ara 110 48.0 0.06 0.01 54 14

4 Mear = 0.2 g b The rest of the oligomers, epimers and degradation products. ¢ Ciyigia1 = 0.11 M. 4 Cinitial = 0.13 M. Gal, Glu and Ara stand for
galactose, glucose and arabinose, respectively. Concentrations are given in M.

interval it was challenging to establish very precisely the tem-
perature dependence. For example, while some of the data
points for glucose might coincide at 100 and 110 °C there was
still a difference. For instance, a concentration of 0.09 M is
reached within 50 min at a higher temperature, while at 100 °C
the same concentration is obtained after 100 min. There is also
a clear difference for arabinose. In order to have a more reliable
evaluation of the temperature dependence the kinetic con-
stants for first order reactions were calculated by numerical
data fitting for respective kinetic curves across the whole exper-
imental duration (Fig. 6d). The apparent activation energy for
all sugars can be in fact considered the same being equal to 99
+ 8 k] mol™. Information about the activation energy of sugar
isomerization on magnesium aluminate, available in the litera-
ture, is limited. In ref. 16 data of the final conversion after 5 h
in glucose to fructose isomerization are presented as a function
of temperature. By using the conversion values in the tempera-
ture range 80-100 °C reported in ref. 16 the value of activation
energy equal to 100 kJ mol™* can be calculated.

The conclusion that different sugars display almost the
same reactivity was further confirmed by studying the mix-
tures of arabinose and galactose (Fig. 7a) and glucose and ga-
lactose (Fig. 7b). In both cases, there was a non-negligible
formation of oligomers, which eventually deactivates the
catalyst.
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Fig. 4 Isomerization of galactose with commercial MgO at 90 °C.
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Catalytic results: Mg/Al ratio

The influence of the Mg/Al ratio on catalytic activity in isom-
erization of glucose to fructose was studied in ref. 17 for
hydrotalcites. The latter materials being double layer hydrox-
ides have a limited composition range. Namely in ref. 17, the
content of Mg was varied between 0.78 and 0.89. In the cur-
rent work a much broader range of Mg/Al was tested. In the
prepared magnesium aluminates the hydrotalcite phases
were not present, thus it can be suggested that the layered
structure of hydrotalcite is not necessarily needed for cata-
lytic activity.

The experimental data of galactose isomerization are
displayed in Fig. 8 for materials calcined at either 560 or 680
°C. As can be seen from this figure an increase in the concen-
tration of MgO brought along an increase of activity. Eleva-
tion of the calcination temperature did not influence sub-
stantially the catalytic activity.

A simple recycling test with magnesium aluminate having
the composition 0.7 MgO 0.3 Al,O; was performed by just fil-
tering the catalyst after the reaction, washing with water and
subsequent drying at 110 °C for 24 h and demonstrated a
substantial decrease of catalytic activity (Fig. 8b). Therefore,
catalyst regeneration should involve also burning of organic
compounds by calcination similar to the procedure described
in ref. 17. In particular previously performed recycling tests
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Fig. 5

110 °C.

Isomerization of galactose with MgO supported on MWNTs at
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with hydrotalcites having a similar MgO content to that in
the recycling experiment in the present study,
conducted by first regenerating the catalyst by calcination
followed by rehydration in a sodium carbonate solution."’
While the molar ratio of Mg to Al changed from 3.34 to 2.03

were
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mixed oxide catalyst at 110 °C: a) arabinose-galactose, b) glucos-
galactose.

reflecting a substantial loss of Mg during the recycling
tests,"” the conversion did not change much in recycling ex-
periments, being around 18-20%.

The TOF values reported in ref. 17 were in the range of
18-23 h™'. Direct comparison of the TOF values is not
straightforward as this parameter depends on conversion for
first order reactions. Nevertheless, calculation of the TOF for
the (MgO),,(Al,03)0.5 catalyst using XRF values from Table 3
and conversion after 30 min gave a TOF equal to 22 h™,
which is the same as the values reported in ref. 17. To avoid
uncertainties in the determination of TOF values and ratio-
nalize the influence of catalyst composition on the reactivity
the first order kinetic constants have been plotted against
magnesia content and overall basicity (Fig. 9). The errors in
the determination of the rate constants were 15 + 20%
depending on the Mg/Al ratio.

As can be seen from Fig. 9 there is a clear linear correla-
tion between the first order rate constant and the molar con-
tent of MgO or basicity as the latter parameters are related to
each other. Previously glucose conversion in isomerization
was related to the basicity of hydrotalcites with a rather nar-
row range of Mg/Al ratios."” The same conclusion can be also
applied for another sugar - galactose — and can be extended
to a broader range of Mg/Al ratios.

The influence of the sugar structure for magnesium alumi-
nates was tested by conducting experiments with galactose-glu-
cose and galactose-arabinose mixtures using the (MgO), g(Al,-

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Isomerization of galactose over the magnesium aluminates
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temperatures, a) 560 °C and b) 680 °C.

03).» catalyst calcined at 680 °C. Fig. 10 clearly illustrates that
the kinetic behavior was independent of the sugar structure.

Hydrothermal stability tests

Literature data along with the catalytic results presented
above clearly indicate that magnesium based materials (MgO,
hydrotalcite and magnesium aluminate) could be promising
catalysts for isomerization of sugars. A serious issue with this
type of catalyst is leaching of the active phase into the solu-
tion. To address this issue hydrothermal activity tests were
conducted at 110 °C for 2.5 h using 0.215 wt% catalyst load-
ing in 2 wt% galactose solutions. Analysis of the liquid phase
by AAS for several catalyst samples is shown in Table 5.

The sample containing only MgO was completely
dissolved during hydrothermal treatment giving the brownish
color of the resulting solution. 20 wt% MgO/MWNT was also
prone to leaching resulting in a relatively high concentration
of magnesium ions after hydrothermal stability tests in a ga-
lactose solution at 110 °C (0.1967 mg ml™). The color of the
solution after hydrothermal stability tests was yellowish. XRD
of the hydrothermally treated 20 wt% MgO/MWNT (not
shown) displayed only the MgO phase with lower intensity,
which can be attributed to the leaching of magnesia from the
catalyst.

Interestingly enough, leaching in the presence of galactose
was much more severe compared to that of the treatment in
neat water at the same temperature (Table 5). XRD data for

This journal is © The Royal Society of Chemistry 2017
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temperature = 680 °C.

the (Mg0),.,(Al,03),.3 catalyst calcined at 680 °C and hydro-
thermally treated at 110 °C for 2.5 h are presented in Fig. 11.
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Fig. 10 Isomerization of sugar mixtures over the (MgO)g g(Al,03)o 2
catalyst for a) galactose-glucose and b) galactose-arabinose mixtures.
Reaction conditions: temperature = 110 °C, calcination temperature =
680 °C, Mg = 0.2 g, 5 bar and 1000 rpm.
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Table 5 Concentration of leached ions after hydrothermal stability tests
in 2 wt% galactose solution for 2.5 h at 110 °C for catalysts calcined at
680 °C

Catalyst Mg content, mg ml ™" Al content, mg ml™
(Mg0)o.2(AL,03).5" 0.0015 0.00002
(Mgo)o.ss(A1203)o,67a 0.0006 0.00002
(Mg0)o.33(A1,03)0.67 0.008 0.00002
(Mg0)p.45(AL03)o 55 0.0017 0.00002
(Mg0)o.7(Al,03)0.5 0.0007 0.0014
(Mgo)o.s(Alzos)o.z 0.213 0.0013
(Mg0)0.9(A1,03)0.1 0.318 0.0013
MgO 0.750 —

5% MgO/MWNT 0.0825 —

20% MgO/MWNT 0.1967 —

“ Hydrothermal treatment was performed in the absence of

galactose.

Comparison of Fig. 11 with XRD data for non-treated cata-
lyst (Fig. 2) clearly shows that the structure of the material
changed significantly after hydrothermal treatment resulting
in a structure close to hydrotalcite. This is an interesting ob-
servation showing that rehydration of magnesium aluminate
results in double layer hydroxide. The activity of calcined
hydrotalcite (Table 5) in galactose isomerization was similar
to that of (Mg0),.,(Al,03)o.5 (Fig. 8b). This and the absence of
any induction period or inflection points can indicate that if
solid phase transformations are slow, different phases pos-
sess similar activities. Therefore catalytic activity can be at-
tributed to the same MgO content in both samples, rather
than to the presence of a HT phase as there was a linear in-
crease of activity as a function of MgO content and even cata-
lysts with low MgO loading not possessing a hydrotalcite
structure were moderately active. Transformation of magne-
sium aluminate to hydrotalcite could have happened during
the initial heating to the reaction temperature of the catalyst
in a water solution, as well as during the reaction.

It was interesting to check if another magnesium alumi-
nate with a much lower Mg content would undergo structural
changes during hydrothermal treatment at 110 °C in galactose
solution. For initially amorphous (MgO), 33(Al,03),.67 calcined

——MgOq 70 Al;03 g 3p T= 680°C after treatment in aqueous solution

700

600

+ AIOOH
* MggAly(OH), H,0,

500
£ 400+
300
200

100

Fig. 11 XRD data for the (MgO), 7(Al,03)o 3 catalyst calcined at 680 °C
and hydrothermally treated at 110 °C for 2.5 h in galactose solution.
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Fig. 12 XRD diffractogram of (MgO) 33(Al,03)067 calcined at 680 °C
prior to and after hydrothermal treatment at 110 °C for 2.5 h in
galactose solution.

at 680 °C, hydrothermal treatment also resulted in the forma-
tion of a crystal structure, which is visible by the appearance
of reflexes attributed to MgAl,O, and AIO(OH) (Fig. 12).

Investigation of the Mg/Al ratio by XRF (Table 2) shows
that the ratio between Mg and Al does not change substan-
tially after hydrothermal treatment. At the same time the
overall content of Mg and Al oxides decreased from 98 wt%
to 87 wt%, which can be related to the appearance of water
in the crystal structure as well as the existence of complex
oxy- and hydroxy-mixed compounds containing Mg and Al.

For the (MgO),-(Al,05),5 catalyst the leached amount of
MgO was very minor in contrast to the catalysts with higher
MgO content, such as (Mg0)o(Al,03)91 and (MgO),.s(Al,-
03)0., although the latter catalysts were more active in isom-
erization of aldoses that have resulted in a larger amount of
side-products and displayed significant leaching with concen-
tration of magnesium ions being 0.318 and 0.213 mg ml ™,
respectively. It can be thus concluded that the
(Mg0),.7(A1;,03)0 5 catalyst exhibited a Mg/Al ratio close to the
hydrotalcites often reported as efficient base catalysts for
isomerization of aldoses. The TEM images for this material
are illustrated in Fig. 13.

As can be seen from the micrographs the catalyst is rather
heterogeneous featuring particles ranging from 3 to 200 nm.
Large (transparent) particles are spinel species with a large
number of defects and in part are not well crystallized. No
special phase of MgO is visible which can be also related to
the poor leaching behavior of this catalyst as magnesia is
present in the catalyst in a bound form. Smaller particles
could tentatively be assigned to alumina even if the corre-
sponding reflexes were not pronounced in the XRD patterns.

Conclusions

Isomerization of several aldoses (arabinose, galactose, glu-
cose) was performed at 100-120 °C using a range of base cat-
alysts including magnesia, hydrotalcites, magnesium alumi-
nates with varying Mg/Al ratios and mixed oxides containing
magnesia and alumina.

This journal is © The Royal Society of Chemistry 2017
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Fig. 13 TEM of the (MgO)o 7(Al;03)0 3 catalyst.

Experiments with different aldoses showed that the sugar
structure did not influence the catalytic properties. The ap-
parent activation energy for all sugars obtained for a mixed
oxide catalyst containing, in addition to magnesia and alu-
mina, cobalt and manganese oxide was close to 99 kJ mol™.

There was a linear correlation between the catalytic activ-
ity in galactose isomerization and the molar content of MgO
in magnesium aluminates covering a broad range of Mg/Al
ratios. The amount of MgO in the catalysts was closely re-
lated to their basicity.

Even if magnesium based materials (MgO, hydrotalcite
and magnesium aluminate) could be applied for isomeriza-
tion of sugars a serious issue is catalyst leaching. Hydrother-
mal stability tests with galactose solutions demonstrated that
while a sample containing only MgO was dissolved
completely, reasonable hydrothermal stability was displayed
by the (MgO), 5(Al,O3),.5 catalyst calcined at 680 °C. The latter
catalyst was active in isomerization of galactose exhibiting a
TOF equal to 22 h™.

Experimental section
Catalysts

Commercial samples of MgO (Fluka, 63093) and hydrotalcite
(Mg/Al ratio of 3, Aldrich, 652288) were used as-received and
after calcination. The CoMnAIMg mixed oxide -catalyst
(Mn:Co:Al,05:Mg0O) was synthesized from the corresponding
nitrates following the procedure described in ref. 28. This cat-
alyst, as well as several supported cobalt catalysts, was applied
to assess a potential role of cobalt and in combination with
magnesia and alumina. The metal loading was 10 wt% and as
supports alumina, silica, titania and SBA-15 were applied.
Magnesium aluminate (Mg-Al-O) catalysts were prepared
using the polymeric precursor or Pechini method.*
Predetermined amounts of magnesium nitrate (Mg(NOj3),
-6H,0, 98%, Vekton) and aluminum nitrate (Al(NOs);-9H,0,

This journal is © The Royal Society of Chemistry 2017
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98%, Vekton) were mixed and stirred at room temperature in
distilled water. Thereafter, appropriate amounts of citric acid
(99%) and ethylene glycol (>99%) (Sigma Aldrich) were
added to this solution at room temperature. The polymeriza-
tion reaction was conducted at 120 °C until no gas evolution
was visible. The dark solid was calcined at 560 °C for 4 h un-
der air with a heating rate of 10 °C min™" to remove all or-
ganic components. Incomplete removal of organic com-
pounds was observed at 560 °C judging by the color of the
obtained samples; therefore, some samples were calcined at
680 °C for 24 h. It was decided to synthesize catalysts with
the molar ratio MgO/(MgO + Al,O3) equal 0.2; 0.33; 0.45; 0.7;
0.8 and 0.9 which corresponds to different phases in the
phase diagram (Fig. 14).

Multiwall nanotubes (MWNTs) were synthesized by a CVD
method of ethylene decomposition over bimetallic Fe-Co cat-
alysts at 680 °C (surface area of 305 m”> g™, average particle
diameter of 9.4 nm).** The functionalized MWCNTSs
containing surface carboxylic groups (0.76 groups per 1 nm?)
were produced by treatment with boiling in concentrated
nitric acid (denoted as MWNT-Ox-NA).*! Mg-containing sam-
ples were prepared by impregnation of functionalized
MWNTs with the aqueous solutions of magnesium nitrate
(Mg(NO,),-6H,0, 98%, Vekton).>* After impregnation for 6 h
the samples were dried at 110 °C for 4 hours followed by cal-
cination at 350 °C for 4 hours under argon. By varying the
concentration of the magnesium nitrate solutions, samples
of 5 and 20 wt% Mg loadings were obtained. The cobalt cata-
lysts were prepared by an impregnation method using
Co(NO3),-6H,0 (Lach-ner, s.r.0.) described previously.*

Catalyst characterization

X-ray diffraction. Powder XRD measurements were carried
out using an ARL X'TRA diffractometer (Thermo Electron
Corporation, Switzerland), equipped with a vertical Theta:
theta geometry (Bragg-Brentano), CuKa radiation (4 =
0.15418 nm) and a Peltier cooled Si(Li) solid state detector.
The range of 26 values from 20° to 85° was scanned with a
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Fig. 14 Phase diagram of magnesium aluminates.
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step of 0.05° and counting time of 3 s. The phase analysis
was performed using the ICDD PDF-2 database. XRD analysis
was performed using the Rietveld method in Topas software.

ICP-AES and XRF. The content of Al and Mg in the sam-
ples was determined by atomic emission spectroscopy with
inductively coupled plasma on an Optima 4300 DV spectro-
meter (Perkin Elmer). The relative error in the determination
of Al and Mg turned to be rather high, which could be associ-
ated with the high content of elements and the presence of
carbon, which was released in the form of CO,. Therefore
XRF was also performed.

The metal content in the catalysts was determined by
X-ray fluorescence analysis (XRF) on an ARL Perform’X ana-
lyzer with a Rh-anode X-ray tube. The element content was
assessed by the UniQuant program for standard-less analysis.
Prior to analysis, the samples were ground in an agate mor-
tar, and then mixed with cellulose in a ratio of 1:5 (wt) in or-
der to obtain the required volume for filling the cuvette. The
sample mixed with cellulose was pressed into a tablet and
placed in a cassette for analysis. Thereafter, the cassette was
loaded into the vacuum chamber of the spectrometer and the
measurements were carried out. To cover a range of elements
from F to U, 5 scans were conducted for each sample.

Energy dispersive X-ray spectroscopy. Local elemental
analysis was performed with energy-dispersive X-ray spectro-
scopy using a Phoenix spectrometer (EDAX, USA) equipped
with a Si(Li) detector giving energy resolution not worse than
130 eV. Quantitative EDX measurements were carried out e.g.
using a Pd La line, which is not overlapping with the other
X-ray emission lines.

Nitrogen physisorption. The textural properties of the
samples were measured with an automated flow type sorp-
tion unit Sorbi 4.2 (Meta) allowing the determination of the
specific surface areas. All samples were subjected to thermal
pre-training under argon at 200 °C for 2 hours. The specific
surface area (S, m*> g™') was calculated by the BET method.
The error in determining the surface area values using this
method is +10%.

Reactor set-up

Isomerization of p(+) galactose (Sigma-Aldrich, =99% purity),
L(+)-arabinose (Sigma, >99% purity) and p(+) glucose (Fluka,
>98% purity) over different catalysts was investigated using a
Parr 4561 autoclave. The liquid load was typically 100 ml of
the overall volume of 300 ml. The sugar concentration in
aqueous solution was equal to 2 wt% corresponding to 0.11
(galactose and glucose) and 0.13 M (arabinose). The autoclave
was equipped with a gas entrainment impeller, baffles,
heating jacket and cooling coil, sampling line, pressure, tem-
perature and stirring rate controllers. The sugar solution was
pre-heated under a nitrogen flow in a separate chamber. The
catalyst (0.2-0.4 g) was put in the reactor which was flushed
with nitrogen before heating. The reaction temperature was
in the range 90-120 °C with the major part of experiments
conducted at 110 °C. The stirring rate was 1000 rpm to over-
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come potential influence of external mass transfer, while ap-
plication of fine catalyst powder (below 63 um) ensured negli-
gible influence of internal mass transfer. The -catalytic
experiments were performed under nitrogen with the over-
pressure 5 bar. Samples (1-2 ml) were periodically withdrawn
through a 0.5 pm sinter during the semi-batch experiments.
The experiments were carried out typically for 240 minutes.

The pH of sugar and the catalyst slurry was measured for
some cases after the reaction. As mentioned in the Introduc-
tion section, isomerization of glucose to fructose can occur at
high alkaline pH (ca. 12-13). Much milder conditions in the
present work rule out contribution of the homogeneous base
catalysts to the experimental data.

HPLC analysis

The concentrations of reactants and products were deter-
mined by high-performance liquid chromatography (HPLC)
(HITACHI Chromaster HPLC) equipped with an RI detector. A
Biorad HPX-87C carbohydrate column was used and the mo-
bile phase was 1.2 mM CaSO,. The temperature of the column
was 70 °C, the flow rate of the mobile phase was 0.5 ml min™"
and the detector was at 40 °C. Calibrations were made for all
reacting components as well as potential side products.
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