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Glucose-to-fructose isomerization is the key process in the reaction sequence that can lead to the total
conversion of biomass into valuable fine chemicals. However, it is challenging to find an efficient, cost-
effective- and waste-minimized process to produce High Fructose Corn Syrup (HFCS) without using non-
green approaches. To this end, hydrotalcite (MgAl-layered double hydroxides (MgAl-LDH)) catalyzed glucose
isomerization in ethanol seemed to be one of the most promising processes in the last decade. In contrast to
the well-studied reaction carried out in aqueous solutions, when ethanolic solutions are used, many potentially
important properties of the LDHs cannot be studied in terms of how they affect their own catalytic abilities.
Neither the effect of the basic site distribution, nor the morphological aspects and the role of surface hydration
have been elucidated so far. In this study, the systematic alteration of the textural and structural parameters of
hydrotalcites and hydrocalumites (Ca,Al-LDH) revealed clear structure—activity-selectivity relationships. These
indicate that the rate-determining factor is the hydrophilicity and the LDH surface factors affecting it, which
determine the catalytic performance of the LDH catalyst more than any other factor. This is evidenced by the
fact that the catalytic efficiency of hydrotalcites can be improved by reducing their basicity. When isomeriza-
tions catalyzed by the easily recyclable LDH with suitable surface features are carried out, a truly similar cata-
lytic performance (71% glucose conversion, 83% fructose selectivity, 59% fructose yield) can be achieved as
was previously described, but at a significantly lower reaction temperature (120 °C — 80 °C).

1. Introduction
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Glucose-to-fructose isomerization is the key process to produce
High Fructose Corn Syrup (HFCS)," used in industry and also
in academia,” especially for producing biofuels and platform
molecules.>* Moreover, this reaction is also well-known as a
crucial step for the catalytic valorisation of the lignocellulose,
which is attracting increasing global interest because of the
depletion of fossil resources.”** While industrial catalytic iso-
merizations have thus far largely utilized the high-perform-
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part; representative BET isotherms; XRD patterns of the heat-treated and rehy-
drated Mg;Al- and Mg,Al-LDHs, nitrate- and chloride-containing hydrotalcites
and fresh, treated and spent hydrocalumites; CO,-TPD profiles of calcined
hydrotalcites; plot of the total number of basic sites for heat-treated and rehy-
drated Mg;Al-LDH and Mg,Al- as well as Ca,Al-LDHs; SEM images of calcined
and calcined-rehydrated Mg;Al-LDH and Mg,Al-LDHs; catalytic performance of
the as-prepared and treated Mg;Al-LDHs; basicity, composition and crystallo-
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ance isomerases as actual catalysts,"'* the newly developed
catalytic systems are based on inorganic (nano)materials
because of the strong limitations of the widely used enzymatic
transformations. Particularly, both the low persistence and the
separation of the enzymes from the liquor after the reaction
have remained very challenging and costly."® In addition, fine-
tuning of the catalysts, taking into account the variable feed-
stocks depending on the lignocellulose sources, proved to be
impossible without giving rise to variations in their catalytic
ability. Additionally, the maximum glucose conversions of
50% can be achieved by means of enzymatic catalysis because
of thermodynamic reasons.'*'® Furthermore, isomerases are
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mainly obtained from genetically modified strains, by now,
being under close regulation of, e.g., the European Union.'®

However, thermal catalysis has means of displacing enzy-
matic isomerizations; particularly, two alternative reaction
pathways are also known. Among them, the Lewis acid cata-
lyzed intermolecular hydride shift seems to be the more
efficient in terms of glucose conversion.'”'® But this has
strong limitations in its robustness and selectivity due to the
completion of the side reactions such as intramolecular
carbon shift.'”” Although lower conversion rates can be
achieved via the Bronsted base catalyzed keto-enol tautomeri-
zation, which is the so-called Lobry de Bruyn-Alberda van
Ekenstein rearrangement,'® unique selectivity of these catalytic
processes toward fructose is possible to be obtained that has
made it a possible alternative to enzyme catalysed processes.>’
Hence, the application of pure inorganic bases seems to be
obvious, by its very nature, inorganic bases such as alkali
hydroxides have already been tested as actual catalysts under
homogenous catalytic conditions and each one proved to be
highly active.”’?* For example, upon using NaOH, up to
glucose conversion of 66% can be achieved.>® The application
of strongly alkaline medium and the strong basicity of the cat-
alysts led to the degradation of monosaccharides - in parallel
with the decrease of the fructose selectivity (~maximum value
of 10%) - that produced approximately 50 different by-pro-
ducts, particularly, carboxylic acid derivatives.>* In order to
address these problems in the fructose-selectivity, catalytically
active organic amines and organic bases were used, presenting
almost exclusive fructose-selectivity, however, with poor
glucose conversions (~30%).>*>” The reduced glucose conver-
sion was mainly due to the reversibility of the isomerization.
To shift this equilibrium, the reaction conditions were system-
atically altered, yielding moderate improvement.*®

To find efficient alternatives and guarantee that newly
designed catalytic systems will meet adequately the require-
ments to be complied with the production of renewable
chemicals, recent focus has shifted towards the development
of heterogeneous base catalysts.”®** Among others,
zeolites,>>*! amorphous and crystalline mixed oxides,***
carbon-based materials®® and their composites®® as well as
doped counterparts®” enabled the almost exclusively chemo-
selective fructose production in a recyclable manner, result-
ing in fructose yield of 15-30%. Pioneer works, however,
demonstrated that the ratio of the undesired retro-aldol
reaction markedly improved when glucose conversion was
possible to be increased.>**® These reports shown that this
phenomenon was closely attributed to the presence of the
strong basic sites, at which the retro-aldol condensations
could take place. On the contrary, in the absence of these
strong basic sites, the glucose conversions get closer to the
level of enzyme catalysed reactions. Therefore, it seems to
be obvious that the application of catalyst with tuneable
basic features would be the answer.

For that reason, layered double hydroxides (LDHs), one
family of the most promising solid bases with two-dimen-
sional, ion-intercalated, anisotropic layered structure have
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attracted significant interest.*®** These anionic clays consist
of octahedrally coordinated metal hydroxide layers in which
the bivalent cations are partially substituted by trivalent
cations, generally.*>** As a result of the isomorphous substi-
tution, the hydroxide layers are positively charged which is
compensated by the interlamellar, solvated anions.***’
Because of their basic sites with different bonding structures
and base strengths, hydrotalcites (MgxAl-LDHs) proved to be
useful promoters for particularly high fructose-selective
glucose-to-fructose reaction that even yielded considerable
amount of fructose (25-56% yield).***® Moreover, the appli-
cation of these catalysts seemed to be more favourable from an
industrial point of view than any other solid catalysts consider-
ing their long-term stability, durability as well as ability for cat-
alysing recyclable, rapid isomerizations under variable reaction
conditions.*® Both numerous morphological and structural
aspects of these bases in relation to the fructose yield could be
revealed under aqueous conditions with the key contributions
by Palkovits,*®*>** Shang®® and Jung.>>*>*®% It can be con-
cluded that in determining the total number of strong and
weak basic sites, it is mainly the actual ratio of Mg(u) and Al
(m) that determines the efficiency.*® This efficiency can be
changed by introducing a dehydration-rehydration process,
which leads to an increase in the number of weak basic sites.”
However, the accessibility of the basic sites depends strongly
on the particle size of LDH, so that the glucose conversion/
fructose yield increases with decreasing particle size.’® On the
other hand, the hydrophilicity of hydrotalcites increases in
parallel with the decrease in particle size, which inhibits the
sorption of glucose at the active sites and thus prevents
efficient isomerization. Therefore, the particle size of the LDH
catalyst has been shown to be the most important aspect
affecting isomerization besides the distribution of the basic
sites.

Although notable progress has been realized, no compre-
hensive studies can be found as yet reporting on the role of
the interlamellar anions of the prepared LDHs (not dehydrated
ones). Moreover, the deep understanding of the catalytic pro-
cesses promoted by LDHs in ethanol, one of the most promis-
ing recent advances in the field, has not yet been fully
described.””*® Although the report by Hwang and Fukuoka
was detailed in some respects and showed very competitive
catalytic isomerization with fructose up to 56% yield, many
essential aspects (particle size, hydration, composition, etc.)
were neglected.

The current study aims to find the key parameters of an
LDH-catalysed glucose-to-fructose isomerization in ethanol
to gain exclusive fructose selectivity. It is shown that vari-
ations in the basic strength distribution of hydrotalcites
(MgxAl-LDH) can lead to remarkable differences in their
catalytic activity and selectivity for isomerizations in ethanol.
The unique role of interlamellar anions, the remarkable
influence of crystallinity and water content, and the key role
of the hydrophilicity of LDHs on their own catalytic behav-
iour and the catalytic ability of hydrocalumites (Ca,Al-LDH)
are also demonstrated.

This journal is © The Royal Society of Chemistry 2023
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2. Results and discussion

2.1. Catalyst characterisation

In order to focus solely on the catalytic properties of the LDHs,
it seemed obvious that the disturbing effect of all undesirable
structural features (phase impurities, amorphous features,
defect sites, etc.) should necessarily be detached. For this
reason, attempts were made in all cases to synthesize highly
crystalline, phase-pure, carbonate-containing (in the case of
Ca,Al-LDH, nitrate-containing) layered double hydroxides
(LDHs) with well-defined compositions. Using a simple co-pre-
cipitation method carried out at constant pH (pH = 10 for
MgxAl-LDH and pH = 13.1 for Ca,Al-LDH),”” this goal was
readily achieved. XRD analysis revealed that highly crystalline,
phase-pure solid products with a rhombohedral structure were
produced (Fig. 1). The XRD patterns of these rhombohedral
structures were analogous to those of the corresponding inor-
ganics, which were identified as carbonate-containing layered
double hydroxides in space group 3R (JCPDS card: PDF#89-
0460).°® It is noteworthy that due to the variable coulombic
attraction between the positively charged layers and the inter-
lamellar anions, it can be observed that the calculated interla-
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(Experimental part S1f) - increased with increasing alu-
minium content (from 7.7 to 8.1 A, Table 1).°° The primary
crystallite sizes calculated according to Scherrer equation
(Experimental part S27) are found in the range of 14-18 nm
(Fig. 1 and Table 1), which should be considered as the
medium crystallite size.®® For hydrocalumite, a larger interla-
mellar gallery (8.6 A) can be observed beside the same crystal-
lite size (Fig. S1D and Table S11).®! Indeed, the increase of the
interlamellar distance is due to the nitrate ions in the interla-
mellar region, which were inserted instead of carbonate
anions for practical reasons (see in the Experimental part).®?
F-Mg;Al-LDH, which was prepared for a comparison (it was
prepared by the method used by Fukuoka et al.),*® had almost
the same crystallite structure as Mg,Al-LDH (Fig. 1), however
with significantly lower crystallite size (9.3 nm, Table 1).
Besides, all as-prepared brucite-like structures possessed a
positive surface charge (+19-41 mV, Table 1), but its magni-
tude clearly depended on the aluminium content.®® Notably,
the surface charge is inversely proportional to the aluminium
content. Furthermore, both the specific surface area and the
morphology of the LDHs are under direct control of the pH
applied during the synthesis process.®* As expected, the as-pre-
pared hydrotalcites and hydrocalumites exhibit a regular, hexa-
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Fig. 1 XRD patterns of the as-prepared hydrotalcites (MgxAl-LDH): Mg,Al-LDH (a); MgsAl-LDH (b), Mg4Al-LDH (c) and F-MgzAl-LDH (LDH prepared

by using Fukuoka’s recipe*®) (d).

Table 1 Characteristics of the as-prepared hydrotalcites

Interlamellar Crystallite Actual M(x) : M(m) Intrinsic basicity? Speciflc surface Zeta potential/
Composite distance® (A) size? (nm) ratio® (mmol g™) area® (m” g™) (mv)
Mg,Al-LDH 7.7 14.3 1.98 0.34 £ 0.01 71 +40
Mg;Al-LDH 8.0 15.1 3.01 0.49 + 0.06 64 +29
Mg,Al-LDH 8.1 18.4 3.99 0.60 £ 0.03 56 +19
F-Mg;Al-LDH 7.7 9.3 1.80 0.29 + 0.02 132 +38

d(003), calculated by using the Bragg’s law. ® D(003), calculated by using the Scherrer equation. ° Determined by ICP-MS. ¢ Determined by non-
aqueous acid-base titration. ¢ Determined by N, sorption (BET).” Determined by DLS measurements. Last row: LDH prepared by using Fukuoka’s

recipe.*®

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 SEM micrographs of the as-prepared hydrotalcites. Mg,Al-LDH (A), MgzAl-LDH (B), Mg4Al-LDH (C) and F—MgsAl-LDH (D). Scale bars rep-

resent 500 nm.

gonally shaped morphology (Fig. 2A-C) and a relatively low
specific surface area due to the non-porous lamellar structure
(Table 1 and Fig. S2%). Furthermore, by introducing ICP-MS
measurements, it was possible to verify the actual M(u) : M(1)
ratios, which technically matched the nominal ratios (Table 1).
On the contrary, F-Mg;Al-LDH differs greatly from others.
Non-defined, grain-like morphology (Fig. 2D) and, as a result,
almost two times higher specific surface area (132 m> g™';
Table 1) can be associated with this structure. Interestingly,
the measured actual Mg-to-Al ratio (Table 1) showed that using
this synthesis procedure, as opposed to the nominal ratio of
3:1, an LDH structure with an Mg-to-Al ratio of 1.8:1 can be
produced, which is in good agreement with the results of Lee
and co-workers.®> However, this fact also clearly pinpoints that
the previously published results with regard to the activity—
composition relationship of hydrotalcites in the glucose-to-
fructose reaction in ethanol should definitely be revised.

In order to optimize the surface parameters of LDHs to
promote the efficiency of isomerization, it was necessary to
carry out dehydration and dehydration/rehydration (recon-
struction) processes.®® After heat treatment, the characteristic
Bragg reflections of the LDH derivatives with shifted 00! reflec-
tions could be identified on the XRD patterns of the partially
dehydrated samples (135, 200 °C, Fig. 3, S3 and S4,f Tables 2,

5744 | Green Chem., 2023, 25, 5741-5755

S2 and S37). This shift showed that in both cases some of the
interlamellar water content was released, resulting in a
reduction of the interlayer space. At higher temperatures, the
collapse of the long-range ordered layer structure can be
observed in parallel to the formation of a mixed oxide phase
(PDF#75-1525; Fig. 3d and e). However, these mixed oxide
phases can be converted to LDH-s via rehydration. As a result,
the original layered structure can be almost fully restored, but
with larger interlayer distances due to the variable water and
hydroxyl contents (Fig. 3f). Throughout the process, the mor-
phology and specific surface area also changed with the
change in water content. On one hand, the mixed oxides had a
spherical, non-defined morphology (Fig. 3e (SEM micro-
graphs)) in contrast to the hexagonally shaped morphology of
the LDH-like structures (Fig. 3f (SEM micrographs)). On the
other hand, the oxide phase had the largest specific surface
areas, the exact values of which were in the range of
315-370 m> g~ (Tables 2, S2 and S31).

When interlamellar anions other than carbonate ions were
intercalated, there were no significant differences in the
texture of the solids, apart from variations in the interlamellar
region (Fig. S1 and Tables S1, S471). In particular, when nitrate
ions were introduced into the interlamellar space, the interla-
mellar gallery expanded in all cases, as expected based on the

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 XRD patterns of the heat-treated as well as rehydrated Mg,Al-LDH:
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“LDH: PDF#89—0460
"mixed oxide: PDF#75-1525
*carbonates: PDF#37-0451

as-prepared (25 °C) (a); dehydrated at 135 °C (b); dehydrated at 200 °C

(c); dehydrated at 330 °C (d); calcined at 500 °C (e) as well as calcined-rehydrated (f). SEM micrographs of the calcined (e) and calcined-rehydrated
(f) LDHs. JCPDS cards of the identified phases can be seen. Scale bars represent 500 nm.

Table 2 Characteristics of the heat-treated and rehydrated Mg,Al-LDH

Heat treatment Interlamellar distance®  Crystallite size”

Actual M(u) : M(1x)

Intrinsic basicity? (mmol  Specific surface area® (m>

(°C) N (nm) ratio® B g
135 7.6 13.9 — 0.36 —

200 7.5 13.1 — 0.41 101
330 7.5 4.2 (5.8%) — 0.53 175
500 — 7.8 1.98 0.61 320
500 (rehydrated) 7.7 14.1 1.97 0.48 172

“d(003), calculated by Bragg’s law. ? D(003), calculated by Scherrer equation. ¢ Determined by ICP-MS. ¢ Determined by non-aqueous acid-base

titration.  Determined by N, sorption (BET)./Mixed oxide.

literature.®” In addition, the 004 reflection of hydrocalumite
containing chloride as charge-balancing anions doubled due
to slight variations in the hydration of the different double
hydroxide layers. This is a well-known phenomenon for chlor-
ide-containing hydrocalumites.>”

Concerning the basicity of the structures of the LDH-deriva-
tives, it can be stated that each structure has a measurable
basicity, the extent of which depends on both the actual cat-
ionic ratios and the hydration of the structures (Fig. 4 and
S5t). The as-prepared structures had both weak and strong
basic sites (Fig. 4A).°® It is also clear that all the structures
have a higher proportion of strong basic sites than weak ones.
Furthermore, the proportion of strong basic sites increased
further when the dehydration treatment was applied (Fig. 4B
and S51). Moreover, the highest overall basicity is associated
with the mixed oxide phases, which, however, have the highest
proportion of strong basic sites (Fig. 4B).°® During the rehydra-
tion process, the proportion of strong basic sites decreased sig-
nificantly. In addition, in all cases, medium basic sites also
appeared on the surfaces (Fig. 4B). Systematically changing the
M(u) : M(m) ratio in the case of hydrotalcites, one can see that
the trends also change with hydration (Fig. 4C). While a clear
sequence Mg,Al-LDH < Mg;Al-LDH < Mg,Al-LDH can be seen

This journal is © The Royal Society of Chemistry 2023

for the as-prepared hydrotalcites and the dehydrated (calcined)
hydrotalcites, exactly the opposite order can be observed for
the dehydrated/rehydrated samples.®® In the latter case, the
appearance of the excess hydroxide ions caused the formation
of coordinatively unsaturated anions on the surface, whose
polarizability affects their basicity.”® Thus, the basicity of the
coordinatively unsaturated anions is at maximum on the most
positively charged LDH surface (Mg,Al-LDH). To confirm our
findings, a CO,-TPD study was performed on calcined LDHs
(Fig. S6 and Table S5t). This demonstrated that the trends
determined by CO,-TPD were consistent with those observed
by titrations. Although the TPD measurement is more accurate
one than titration it cannot be used for hydrated, carbonate-
containing samples because adsorbed and “structural” carbon-
ates cannot be distinguished by commercial TPD methods.*’
Furthermore, it was observed that the basicity of the LDH
structures has a measurable dependence on the quality of the
charge-balancing anions (Fig. 4D). The observed order of the
contribution of interlamellar anions to the overall basicity
(CO3>~ > NO;™ > CI7) showed good agreement with previously
determined results.®®”" Taking into account this sequence, it
was expected that carbonate-containing LDHs should be
superior to other hydrotalcites. Finally, it can be concluded

Green Chem., 2023, 25, 5741-5755 | 5745
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Fig. 4 Plot of the total number of basic sites for (A) as-prepared hydrotalcites, (B) heat-treated and rehydrated Mg,Al-LDH. Total number of basic
sites of as-prepared (a), calcined (b) and calcined-rehydrated (c) hydrotalcites as a function of the actual Mg(n) : Al(m) ratio of the structures (C) and
(D) hydrotalcites (F-MgzAl-LDH (a); Mg,Al-LDH (b), MgzAl-LDH (c) and Mg,Al-LDH (d)) intercalated with different charge-compensating anions.

(Lines are just to guide the eye.)

that hydrocalumites possess a higher intrinsic basicity relative
to their corresponding hydrotalcite counterparts (Fig. S7 and
Table S1}). However, this excess is closely related to the over-
represented strong basic sites.””

2.2. Hydrotalcite catalysed glucose-to-fructose reaction - the
role of the basic strength

Since the number of basic sites and their distribution can
determine the efficiency of thermal catalytic glucose-to-fruc-
tose isomerization, the influence of the composition of LDHs
on catalytic performance was first investigated (Fig. 5).*° Both
glucose conversions and fructose selectivities were found to
depend on the actual molar ratios of the building block
cations. When the aluminium content in the hydrotalcites was
reduced, both markers decreased monotonically, which is in a
good agreement with Fukuoka’s results obtained under
similar reaction conditions.*® However, they identified LDH
with a Mg-to-Al ratio of 3:1 as the most efficient candidate

5746 | Green Chem., 2023, 25, 5741-5755

capable of heterogeneously promoting the isomerization of
glucose to fructose. In contrast, in our study, Mg,Al-LDH
proved to be the most efficient which is in apparent contradic-
tion to the previous results. Indeed, the synthesis method
used in the Fukuoka’s study allowed LDH structures to be syn-
thesized with Mg-to-Al ratios different from the theoretical
ones. In particular, when a nominal Mg-to-Al ratio of 3:1 was
set, an LDH with an actual cationic molar ratio of 1.82:1 was
precipitated, as presented by Lee and co-workers (this study
was cited in Fukuoka’s paper).®® This was also confirmed by
our ICP-MS measurement of the F-Mg;Al LDH (1.8 : 1 Mg-to-Al
ratio, Table 1). In spite of the similar structure and compo-
sition, the most efficient one of our as-prepared LDHs (that is
the Mg,Al-LDH) gives a higher overall fructose yield than that
was observed by Fukuoka under similar conditions (Table 3).
The reasons for this probably lie in the striking differences in
the morphology of the catalysts mentioned above (Fig. 2). This
will be discussed detail in section 2.4.

This journal is © The Royal Society of Chemistry 2023
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Crystallite size (nm)  Mg2Al MgsAl MgsAl

As-prepared 14.3 15.1 18.4
Alcohol-treated 11.5 12.2 14.8
Stirred with glucose 15.2 16.3 17.9

B As-prepared @ Alcohol-treated
A Sstirred with glucose

Fig. 5 Specific surface area of the as-prepared (black squares), alcohol-treated (wine-coloured circles) and glucose-treated hydrotalcites as a func-
tion of the actual Mg(i) : Al(m) ratio of the structures (A). SEM micrographs of alcohol-treated (B) and glucose-treated (C) Mg,Al-LDH. Scale bars rep-
resent 500 nm. Crystallite size of the solids obtained can also be seen in the figure that sizes were calculated by Scherer equation (D(003)). (The

dash-dotted lines are just a guide to the eye.)

Table 3 Results of catalytic test reactions of carbonate-containing
hydrotalcites. Reaction conditions: glucose (100 mg), ethanol (14 mL),
catalyst (100 mg), T=80°C,t=2h

Glucose Fructose Fructose Intrinsic

conversion  selectivity”  yield” basicity”
Composites (mol%) (mol%) (mol%) (mmol g™)
Mg,Al-LDH 64 +3 82 53+5 0.34 + 0.01
Mg;Al-LDH 53+2 76 40 £2 0.49 + 0.06
Mg,Al-LDH 45+ 2 73 33£3 0.60 + 0.03
F-Mg;Al-LDH 54+ 3 78 42 +4 0.29 + 0.02

“Glucose conversion/fructose yield) x 100%. ” NMR yield. © Determined
by acid-base titration. ITALIC: catalyst prepared by Fukuoka’s recipe.

These results are indeed very surprising. As described in
detail above, the acid-base titrations give a clear sequence of
LDHs with different aluminium content in terms of basicity,
with the basicity of the LDHs increasing with decreasing alu-
minium content. In other words, Mg,Al-LDH should be the
less active catalyst in this reaction as it has the least number of
basic sites. This observation should be taken as an indication
that the change in other properties of LDHs determines the
catalytic performance in alcohols. It is to be mentioned here
that our results related to the basicity of the LDHs cannot be
directly compared with the results of Fukuoka, as their results
were related to non-phase-pure products and the presence of
surface aluminium-pure phases may obscure the actual basic
character of the LDH surfaces. The evaluation of the NMR data
also showed that mannose and acetic acid were produced as
by-products in detectable quantities. This is in a good agree-
ment with the results of Marianou et al. who found similar
selectivities of this reaction in non-aqueous solutions however
using MgO heterogeneous catalyst.”?

This journal is © The Royal Society of Chemistry 2023

2.3. Hydrotalcite catalysed glucose-to-fructose isomerization
- the role of the hydrophilicity

Palkovits and co-workers have shown that LDH has a ratio of
0.23 < Al/(Mg + Al) < 0.30 to work efficiently, which corres-
ponds to an actual Mg-to-Al ratio of ~3 : 1.*® However, they also
made it clear that when isomerization is carried out — notice-
ably in water -, there is no clear relationship between the cata-
Iytic efficiency and the molar ratio of the cations when freshly
prepared LDH specimens are used.’® In this case, the accessi-
bility of the active sites was crucial for the efficiency.
Therefore, changing the crystallite size and specific surface
area can lead to significant differences. So, the focus of this
study at this point was shifted to determining the agglomera-
tion characteristics of LDHs in order to understand the crucial
influence on catalytic efficiency. However, there were no sig-
nificant differences found either in the specific surface areas
(10-19 m” g~* or 105-115 m” g™, Fig. 5A, Table S67) or in the
crystallite sizes (14-18 or 10-13 nm, Fig. 5, Table S61) when
the LDHs were examined after the synthesis procedure or after
ethanolic treatment, which was performed to rule out the
occurrence of an AMO (Aqueous Miscible Organic)-like
effect.”* Remarkably, the specific surface area of all treated
LDHs changed as a result of the ethanolic treatment, but the
effect was the same for all hydrotalcites and their surface areas
did not differ significantly from each other. This expansion
can be closely related to the changes in the morphology
(Fig. 5B), allowing rose-like morphology with well-ordered
hydroxide layers.

When the alcoholic treatment was repeated in the presence
of glucose at 40 °C, remarkable changes were observed. The
specific surface areas decreased to a maximum at the alu-
minium content of the LDHs (Fig. 5A): Mg,Al-LDH (107 m?
¢! > Mg;AI-LDH (88 m> g™') > Mg,AI-LDH: (59 m”® g™"). This
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is probably due to the differences in glucose sorption capacity
of the as-prepared hydrotalcites. In particular, when a large
number of glucose can be adsorbed on the surface of LDH, a
higher degree of aggregation of the LDH particles can be
hypothesized due to the surface charge neutralization associ-
ated with the partial or complete deprotonation of glucose.””
This hypothesis is also strengthened by the SEM micrograph
of “glucose-treated” LDHs, exhibiting solid structures with
aggregated lamellae (Fig. 5C). To test our hypothesis, we per-
formed both time-dependent DLS measurements and adsorp-
tion experiments. For theoretical reasons, it was possible to
use a maximum glucose concentration of 7.5 mg L™ and a
LDH concentration of 7.5 mg L' for the DLS
measurements.”>’® Nevertheless, the final mass ratio of
glucose-to-LDH was the same as for the catalytic reactions. The
aggregation of the different hydrotalcites is varied, but this
cannot be related to the initial differences in surface charge.
In particular, in the presence of glucose, the LDH with the
highest surface charge (Mg,Al-LDH; + 40 mV) can aggregate
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more readily (Fig. 6A) than others (Fig. 6B and C). This was
especially the case when the glucose-to-LDH mass ratio was
the same as in the catalytic tests. Moreover, the sorption
experiments showed that Mg,Al-LDH took up a much larger
amount of glucose compared to Mg;Al-LDH and Mg,Al-LDH
(Fig. 6C). The obtained trends and curves can be readily
described using the Langmuir model,”” which can also be
used to determine the sorption capacity. On this basis, Mg,Al-
LDH (739 mg g ') has twice the glucose sorption capacity of
that of Mg,Al-LDH (342 mg g~') and a 1.5-fold higher capacity
compared to the Mg;Al-LDH system (501 mg g ). It can there-
fore be excluded that the zeta potentials (surface charges)
alone determine the catalytic efficiency. The other important
property that has a significant influence on the sorption
capacity, especially in this case, is the hydrophilicity of the
LDH surfaces.”® It has already been established that the
surface basicity and hydrophilicity of hydrotalcites are almost
linearly proportional.”® Considering that the basicity of hydro-
talcites decreases in the order Mg,Al-LDH > Mg;Al-LDH >
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model.
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Mg,Al-LDH, it seems clear that Mg,AI-LDH is the most hydro-
phobic compared to the other hydrotalcites tested. This
assumption agrees well with the results of the DLS and sorp-
tion experiments, because glucose can be adsorbed quite
reliably on more hydrophobic (Mg,Al-LDH) than on hydro-
philic surfaces (Mg;Al-LDH; Mg,Al-LDH). Indeed, the adsorp-
tion of glucose molecules is more strongly influenced by
hydrophobic interactions than by hydrophilic ones, as
Fukuoka and co-workers have already found.®° Although the
remarkable role of the hydrophilicity of LDH has been high-
lighted before (in aqueous solutions), it proved to be the
crucial feature of the LDH catalyst to work efficiently in the iso-
merization of glucose to fructose in alcoholic solutions.

2.4. Hydrotalcite catalysed glucose-to-fructose isomerization
- the role of the water-content

In Fukuoka’s work, it was really surprising that the catalytic
markers did not increase when a reconstitution process (de-
hydration/rehydration) was introduced to avoid deactivation of
the LDH surface.*® In aqueous systems, the principle is that
activated LDHs are more useful than fresh ones because their
basic strength distribution changes during the reconstitution
process, which was also established by our acid-base titrations
(Fig. 4 and S5t%). This also highlights the fact that the hydro-
philic properties are probably more important in this system
than in aqueous media. In order to vary the hydrophilicity—
basicity relationship associated with the LDH structures, heat
treatment was performed at 4 different reaction temperatures
(135, 200, 330 and 500 °C).>>”° In addition, rehydration of the
calcined (500 °C) systems was also attempted. When isomeri-
zations were performed with the thus treated samples (Fig. 7
and S8t), the catalytic performance changed significantly and
the efficiency began to be driven by intrinsic basicity in paral-
lel with the decrease in the water content of the LDHs. While
the conversions started to decrease when the treatment temp-
erature of 135 °C was applied, the selectivities remained
unchanged compared to the hydrated samples. The partially
dehydrated samples were found to be significantly less active
overall than their fully hydrated counterparts. On this basis, it
must be assumed that the water content adsorbed on the
surface contributes significantly to the glucose conversions.
Otherwise, glucose conversions should not decrease because
the structural integrity of LDH and the distribution of base
sites are not affected. With continued dehydration (200 °C),
the observed decrease in glucose conversion was found to
enhance compared to the last condition, while the selectivity
data did not vary with changes in hydration of LDHs. This
suggests that fructose selectivity is under the control of the
weak basic sites, the value of which did not change with de-
hydration/calcination (Fig. 4). On the contrary, the extent of
glucose conversion can be related to the efficiency of adsorp-
tion, which thus indirectly depends on the hydrophilicity of
the surface of the LDH derivative. Therefore, the increased
intrinsic basicity of the dehydrated samples exerted a negative
impact on the catalytic performance. These trends continued
in parallel with the increase in temperature of the heat treat-

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Catalytic performances of the as-prepared and treated Mg,Al-
LDH and Mg4Al-LDH. Reaction conditions: glucose (100 mg), ethanol
(14 mL), catalyst (100 mg), T = 80 °C, t = 2 h. Squares indicate fructose
yield. (The dash-dotted lines are just a guide to the eye.)

ment. The mixed oxide phase (500 °C) showed the worst cata-
Iytic performance.

Recognizing the major role of hydrophilicity and water
adsorbed on the surface in this transformation, an attempt
was made to determine the effects of dehydration/rehydration
of hydrotalcites on the catalytic ability of LDHs. Although cata-
Iytic isomerizations were also carried out over reconstructed
structures (Fig. 7), the desired product was obtained with a
reduced level of catalytic markers, particularly in glucose con-
version compared to the performance of the freshly prepared
samples. Moreover, the evolution of the reaction markers did
not follow the trend of intrinsic basicity, which was reversed
for the freshly prepared samples (Mg,Al-LDH > Mg;Al-LDH >
Mg,Al-LDH), in agreement with data published in the
literature.*®°® This result underlines that the catalytic perform-
ance of hydrated (fresh or reconstituted) LDHs is controlled by
hydrophilicity and not by intrinsic basicity.

Moreover, these results with reconstructed samples have
lagged behind those previously published.””*® This obser-
vation is probably due to the morphological aspects of the cat-
alysts. While the Fukuoka’s catalyst had a non-defined, grain-
like morphology with relatively small crystallite size (~10 nm)
and accessible outer sites, our reconstructed samples had a
well-defined, plate-like morphology that allows the basic sites
on the inner surface to be available to a greater extent than
other morphologies. This made the OH groups with strong
basicity, which are enriched on the outer surface after the
reconstruction procedure and are accessible, shifting the reac-
tion towards saccharide degradation.
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Fig. 8 SEM micrographs of calcined rehydrated F—~MgzAl-LDH (A) and Mg,Al-LDH (B). Scale bars represent 500 nm.

Compared to the freshly prepared Fukuoka’s samples, this
morphological aspect probably also leads to significant
changes in the catalytic performance of our structures (Fig. 8).

Table 4 Characteristics and catalytic performance of the as-prepared,
hydrothermal-treated and hot aged Mg,Al-LDH. Reaction conditions:
glucose (100 mg), ethanol (14 mL), catalyst (100 mg), T=80°C,t=2h

Non- Hydrothermal- Hot
Characteristics treated treated aged
Crystallite size (nm)” 14.3 9.9 28.0
Specific surface area (m? ™) 71 172 30
Glucose conversion (mol%) 64 49 62
Fructose yield (mol%)° 53 38 37
Fructose selectivity (%)? 82 77 60

“ Determined by Scherrer equation. ” Determined by N, sorption (BET).
°NMR yield. ? Glucose conversion/fructose yield) x 100%.

Indeed, LDHs with a smaller crystallite size (7-9 nm) were
found to be more hydrophilic than those with medium-size
crystallites (14-20 nm). Accordingly, the latter can perform
well in our hydrophilicity-sensitive system, in contrast to the
basic-controlled systems in aqueous media. To illustrate how
morphology dictates the catalytic efficiency, post-synthetic
treatments on our as-prepared Mg,Al-LDH were performed
(Table 4 and Fig. 9).2"%> While hydrothermal-treatment caused
a significant decrease in crystallite size,®" hot ageing resulted
in a significant growth in crystallite size.®” These changes are
also reflected in the morphologies. In the first case, a grain-
like morphology evolved, while in the second case, a stone-like
morphology was observed. Furthermore, the catalytic markers
also change with the change in hydrotalcite catalyst mor-
phology. On one hand, the decreased glucose conversion pro-
duced by the hydrothermally treated LDH is probably due to
the more hydrophilic surface, similar to the effect observed by

Fig. 9 SEM micrographs of hydrothermally treated (A) and hot aged (B) Mg,Al-LDH. Scale bars represent 500 nm.
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Shang et al. in aqueous media.>® On the other hand, with the
stone-like morphology of the LDH, access to the internal
centres can be excluded in the case of the hot-aged sample.®
Thus, the basic sites at the edge positions with strongly basic
features determine the progress in catalytic performance,
which, however, also enables the performance of sugar degra-
dation and reduces fructose selectivity.

2.5. Hydrotalcite catalysed glucose-to-fructose isomerization
- the role of the charge-balancing anions

Since the accessibility of the basic sites and the hydrophilicity
of the LDH structure play a decisive role in this catalytic
system, it has been arisen that both parameters can be readily
altered by changing the charge-balancing anions (Fig. 10).
Nevertheless, there is no study on the role of anionic com-
ponents in freshly prepared LDHs for isomerizations. For
those reasons, LDHs containing carbonate, nitrate and chlor-
ide were selected for the tests. A clear trend emerged when
catalytic isomerizations were carried out. Carbonate- and
nitrate-containing systems achieved higher glucose conver-
sions and overall higher fructose yield, but the chloride-con-
taining systems showed almost exclusively fructose selectivity.
It can be readily explained by considering the followings. Base
strength in freshly prepared LDH can be increased by replacing
the weak basic interlamellar anion such as chloride with a
stronger base such as nitrate or carbonate.®® Increasing the
base strength increases glucose conversion, but this is what

Mg,Al-LDH
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makes the above-mentioned side reaction, retro-aldol conden-
sation, favourable to isomerization. When chloride-containing
LDHs are used, the absence of the strong basic sites can
almost completely lead to fructose-selective isomerisation.*®%*

Interestingly, the nitrate-containing system proved to be the
most efficient catalyst, offering a glucose conversion of 71%
with a fructose selectivity of 83% (fructose yield: 59%). This is
probably related to the better accessibility of the internal basic
sites due to the relatively large interlamellar distance in the
nitrate-containing system (9.0 A versus 7.7 A (carbonate, chlor-
ide)).%” This finding supported Fukuoka’s statement that the
inner sphere might play a role in isomerization in contrast to
other organic reactions.*® The catalytic performance of NO;-
Mg,Al-LDH is comparable to the efficiency of the homo-
geneous and heterogeneous catalysts used as references
(Table S7t), regardless of whether they are used in aqueous or
in alcoholic media. Moreover, it should be noted here that the
nitrate-containing system works well without requiring a high
reaction temperature (above the boiling point) with autoge-
nous or even higher pressure to shift the equilibrium. The
time-dependent study on the nitrate-containing catalyst
showed that both fructose yield and glucose conversion
increased monotonically in the first regime of the conversion/
yield-time curve (Fig. 11). This range extended from 0 to
60 minutes and after this range the markers became constant.
In other words, 60 minutes is sufficient time for this system to
reach maximum fructose yield. From the linear regime of the

Fructose yield (mol%)
I Glucose conversion (mol%)
B Fructose selectivity (%)

Mg,Al-LDH

Mg,Al-LDH

Cr

o+
[\
(=]

40 60 80 100

Fig. 10 Catalytic performance of the hydrotalcites loaded with different charge-compensating anions. Reaction conditions: glucose (100 mg),

ethanol (14 mL), catalyst (100 mg), T=80°C,t=2h.
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fructose conversion-reaction time curve, the TOF value could
be calculated. This value was lower than that previously
described for the LDH catalyst.”® However, this is a clear conse-
quence of the more accessible basic sites, which are very con-
ducive to reach the goal of selective fructose production.

80 TOF =28 h!
701 .I., /

Optimum reaction time:
t =60 min

Fructose conversion (mol%)

T T T

0 20 40 60 80
Reaction time (min)

100 120

Fig. 11 Fructose conversion as a function of time of a NOs;—-Mg,Al-LDH
catalysed glucose-to-fructose isomerization reaction. Reaction con-
ditions: glucose (100 mg), ethanol (14 mL), catalyst (100 mg), T = 80 °C.
TOF was calculated form the initial isomerization rate marked with
wine-coloured dash-dot line considering the amounts of basic sites of
the catalyst (Fig. 4).
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2.6. Recyclability and heterogeneous feature of the NO;-
Mg,Al catalyst

In order to demonstrate the heterogeneous and recyclable pro-
perties of the as-prepared catalyst, both hot filtration tests
(Fig. 12A) and recycling tests (Fig. 12B) were carried out.
During the hot filtration test, glucose conversion did not
increase after the solid LDH was filtered from the alcoholic
solution. The test thus confirmed that no catalytically active
LDH specimen leached into the ethanolic phase. The final
solution obtained was measured with ICP-MS and no leached
cations could be detected in it. This is an advance of this
method compared to the aqueous systems where significant
magnesium leaching was detected. When the recycling tests
were carried out, the catalytic performance of the as-prepared
LDH was found to be stable for up to 3 cycles, apart from a
slight variation in selectivity. This also means that the accumu-
lation of humic acids on the surface of the catalysts did not
occur as it did earlier when hydrotalcites were used as catalysts
in ethanol. This is probably related to the lower reaction temp-
erature at which our catalyst can work effectively, unlike the
previous ones. Indeed, the higher reaction temperature (and
pressure) favours the production of humic acids. These results
indicate that the as-prepared nitrate-containing Mg,Al-LDH
system can be used as an active, selective and heterogeneous
catalyst for the glucose-to-fructose isomerization in ethanol.

2.7. Hydrocalumite catalysed glucose-to-fructose
isomerization

Hydrocalumites were also investigated for their ability to
promote this isomerization (Fig. 13). The results obtained
finally confirmed the explanations given below in relation to
hydrotalcites. On one hand, hydrocalumites, which have a
large number of weak and strong basic sites (Fig. $71),”> can
undoubtedly catalyse glucose conversion. On the other hand,
their remarkable hydrophilicity allowed them to produce only

100 1
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50 1
404
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101

0 T T T

st nd rd

Reaction cycle

Fig. 12 Hot filtration test (A) and recycling tests (B) of the as-prepared NOz;—Mg,Al-LDH catalyst. Reaction conditions: glucose (100 mg), ethanol

(14 mL), catalyst (100 mg), T = 80 °C, t = 1 h (for recycling tests).
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Fig. 13 Catalytic performance of hydrocalumites (NO3z™: NO3;—CaAl-LDH; Cl™: Cl-CaAl-LDH; Calc.: calcined hydrocalumite; Reh.: calcined-rehy-
drated hydrocalumite; Reh.*: carbonate-containing calcined-rehydrated hydrocalumite) (A) and recycling tests of NOs—CaAl-LDH (B). Reaction con-
ditions: glucose (100 mg), ethanol (14 mL), catalyst (100 mg), T=80°C,t=2h.

small amounts of fructose, which is consistent with the
relationships described earlier. Furthermore, the application
of dehydration or dehydration/rehydration processes showed
the same trend as the hydrotalcites. Neither the mixed oxide
nor the rehydrated phases can match the performance of the
freshly prepared catalyst in terms of catalytic ability. It is note-
worthy, however, that the catalytic behaviour of the ion-
exchanged hydrocalumites is very different from that of their
hydrotalcite-based counterparts. No remarkable anion depen-
dence is observed for hydrocalumites, suggesting that in this
case the relationship between basicity and hydrophilicity does
not necessarily follow the trend observed for hydrotalcites.
Interestingly, hydrocalumites could not be recycled because
deactivation occurred in the first cycle, which prevented re-
cycling. This is likely to be due to the collapse of the layered
structure, as confirmed by XRD analysis (Fig. S91). This may
be caused by the release of calcium ions in the presence of
glucose/fructose.

3. Conclusions

The most influential structural and surface properties of
hydrotalcites (MgxAl-LDH) and hydrocalumites (Ca,Al-LDH)
have been identified, which allow the isomerization of
glucose-to-fructose in ethanol to work much more efficiently
than those in the works published in the literature. In contrast
to the aqueous system, where activated (dehydrated/rehy-
drated) LDHs were found to be the most efficient promoters,
the pure, as-prepared brucite-like catalysts are superior to both
the heat-treated oxide/oxide-hydroxide phases and their acti-
vated counterparts. Apart from the existence of the weak and
medium basic sites, which are crucial for promoting this iso-
merization, the surface hydrophilicity of the catalyst is the
decisive factor. This can be readily modified by modifying (i)

This journal is © The Royal Society of Chemistry 2023

the actual molar ratio of the cations M(u): M(m) and (ii) the
crystallite size of the solids. Based on these results, it can be
concluded that both the catalytic activity and the fructose
selectivity of the hydrotalcites increase in the order Mg,Al-
LDH > Mg;Al-LDH > Mg,Al-LDH. However, this order is inver-
sely proportional to their intrinsic basicity, because as basicity
increases, so does the hydrophilicity of the LDH surfaces. For
optimal performance, the crystallite size of the catalyst must
be in the medium size range (14-30 nm), otherwise glucose
conversion will decrease in parallel with reducing the glucose
adsorption capability of the LDHs. This is due to the direct
consequence of the increased surface hydrophilicity associated
with the reduction in size of the LDHs. The accessibility of the
basic sites also appears to be a critical factor. Since the plate-
let-like morphology makes the inner sphere positions more
accessible compared to the grain-like morphology, the platelet-
like hexagonally shaped morphology is favourable in the iso-
merizations. At these inner sphere positions are the charge-
compensating anions, which have a remarkable influence on
the actual basicity of the hydrated hydrotalcite-like catalysts.
When these charge-compensating anions are systematically
changed in the interlamellar region, significant differences
can be observed. The efficiency of the actual catalyst changed
by changing the anions in the layer in the order NO;~ > CO;>~
> Cl”. However, chloride-containing LDH derivatives showed
almost exclusive fructose selectivity, which can be readily
attributed to the weaker basic character of the chloride anions
facilitating isomerization. Hydrocalumite analogues behaved
quite similarly to hydrotalcites, but showed lower fructose
selectivity and glucose conversion due to their overly strong
basic character and, as a result, enhanced hydrophilicity.
These allowed undesirable retro-aldol condensation reactions
however they caused lower glucose adsorption. Overall, the as-
prepared nitrate-containing Mg,Al-LDH proved to be the most
efficient catalyst (71% glucose conversion, 83% fructose

Green Chem., 2023, 25, 5741-5755 | 5753


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3gc01860a

Open Access Article. Published on 03 juli 2023. Downloaded on 15-03-2026 07:33:54.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

selectivity, 59% fructose yield) for the isomerization of
glucose-to-fructose in ethanol. This performance was estab-
lished at a much lower temperature (120 °C — 80 °C) than that
at which the benchmark catalysts can operate efficiently for a
useful reaction time (1 hour) in an open system without the
need of argon atmosphere. In addition, this catalyst appears to
be recyclable and stable. Its stable feature is supported by the
fact that there was no leaching of cations or accumulation of
humic acids on its surface during the catalytic processes.
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