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Aluminum-Containing Metal-Organic Frameworks as
Selective and Reusable Catalysts for Glucose Isomerization

to Fructose

Mohammad Shahinur Rahaman,” Sarttrawut Tulaphol,” Anwar Hossain,”” Jacek B. Jasinski,

[c]

Shashi B. Lalvani,” Mark Crocker,” Thana Maihom,"” and Noppadon Sathitsuksanoh*™

Fructose is a versatile precursor for food and chemicals.
Currently, catalytic production of fructose is achieved by
enzymatic isomerization of glucose from renewable lignocellu-
lose. Although the catalyst, glucose isomerase, is selective, it is
not stable. Here, aluminum-containing metal-organic frame-
works (AI-MOFs) are shown to be active, selective, stable, and
reusable for glucose isomerization in ethanol. AI-MOFs achieved
64% fructose selectivity with 82% glucose conversion at 120°C,
superior performance compared with most other solid catalysts.

Introduction

Fructose is an essential precursor for food/beverages," such as
fructose syrup and soft drinks, and for chemical feedstocks,
such as 5-hydroxymethylfurfural, levulinic acid, and lactic
acid.” Currently, sugar mills produce fructose by enzymatic
isomerization of glucose catalyzed by immobilized glucose
isomerase. The glucose isomerase yields 42% fructose (>84%
fructose selectivity), 50% glucose, and 8% other saccharides.”!
Although selective, enzyme-based production has several draw-
backs, particularly a requirement for narrow operating con-

[al M.S. Rahaman, A. Hossain, Prof. N. Sathitsuksanoh
Department of Chemical Engineering
University of Louisville
Louisville, KY 40292 (USA)
E-mail: n.sathitsuksanoh@louisville.edu
Homepage: http://tikgroup.org
Dr. S. Tulaphol
Department of Chemistry
King Mongkut'’s University of Technology Thonburi
Bangkok 10140 (Thailand)
[c] Dr. J. B. Jasinski
Conn Center for Renewable Energy Research,
University of Louisville
Louisville, KY 40292 (USA)
Prof. S. B. Lalvani
Department of Chemical, Paper, and Biomedical Engineering,
Miami University
Oxford, OH 45056 (USA)
Prof. M. Crocker
Department of Chemistry
University of Kentucky
Lexington, KY 40506 (USA)
[fl Dr. T. Maihom
Department of Chemistry
Kasetsart University
Nakhon Pathom 73140 (Thailand)

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cctc.202200129

[b

[d

[e

ChemCatChem 2022, €202200129 (1 of 9)

The amino groups in Al-MOFs enhance Lewis acid strength,
which is responsible for the high fructose selectivity at high
glucose conversion. Moreover, the AI-MOF catalyst is stable and
reusable at least four times without losing either activity or
fructose selectivity. These findings illustrate compelling oppor-
tunities for AI-MOFs in fructose production and other organic
reactions, such as fructose conversion to 5-hydroxymeth-
ylfurfural and levulinic acid.

ditions (pH and temperature),®® a high cost of the enzymes,"”

and enzyme inactivation.® Homogeneous catalysts, such as
chromium and aluminum chloride salts, are effective glucose
isomerization agents. However, homogeneous catalysts require
an extra step of separating the catalyst from the product. Sn-
containing B, MFI"" and MCM-41 zeolites," are effective
for glucose isomerization and showed >50% fructose selectiv-
ity. However, zeolite synthesis is complex and requires long
crystallization times.”” Moreover, the instability of these zeolites
is a major challenge.” Thus, the industry needs efficient and
stable heterogeneous catalysts for glucose isomerization.

Metal-organic frameworks (MOFs) have drawn attention as
heterogeneous  catalysts for  biomass transformation
reactions.™ MOFs are constructed by coordination linkages
between secondary building unit (SBU)/metal clusters and
organic linkers."*'® The presence of coordinatively unsaturated
metal sites within MOFs provides Lewis acid sites that catalyze
various reactions, such as acetalization,"’'® hydrogenation,!'*"
esterification,”"™ and isomerization.”** Researchers have
used various MOF catalysts for glucose isomerization (Table S1).
For example, Mello et al.*® used UiO-66(Zr) in 1-propanol and
obtained 72% fructose selectivity at 82% glucose conversion at
90°C. Oozeerally et al.”” applied UiO-66(Zr) that yielded < 60%
fructose selectivity at 16% glucose conversion in water at
140°C. Akiyama et al.?® showed that MIL-101(Cr)-SO;H was
active in the water with 27% selectivity to fructose at 78%
glucose conversion. Yabushita etal?” used NU-1000(Zr) for
glucose isomerization in water at 140°C for 5 h and observed
19% fructose yield at 60% glucose conversion (32% fructose
selectivity). Oozeerally etal.®’” used ZIF-8 for the glucose
isomerization in water and observed 65% fructose selectivity at
24% glucose conversion at 100 °C.

The glucose isomerization reaction proceeds over Lewis
acid catalysts.®'>* Aluminum-containing MOFs (MIL-53 and
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MIL-101) have Lewis acidic Al centers for catalyzing glucose
isomerization to fructose. Thus, we expected that aluminum-
containing MOFs would generate active Lewis acidic Al sites for
glucose isomerization. However, the catalytic performance of
Al-containing MOF (AI-MOF) catalysts for glucose-fructose
isomerization in alcohols was unknown.

The objective of this work was to evaluate aluminum-
containing MOF (AI-MOF) catalysts for glucose isomerization in
ethanol (Scheme 1). Among AI-MOFs, MIL-101(Al)-NH, gave a
high fructose selectivity of 64% at 82% glucose conversion. The
presence of amino groups enhanced medium-to-strong Lewis
acid strength, fructose selectivity, and glucose conversion.
Moreover, MIL-101(Al)-NH, MOF was stable and reusable up to
four times without losing catalytic performance. The knowledge
gained from this work will guide the design of MOF catalytic
systems for active and selective glucose-fructose isomerization
by biorefineries.

Results

We synthesized three aluminum-containing metal-organic
frameworks (AI-MOFs), MIL-101(Al)-NH,, MIL-53(Al)-NH,, and
MIL-53(Al). Then we evaluated their catalytic performance for
glucose isomerization in ethanol. We chose ethanol as a solvent
because ethanol shifted the isomerization equilibrium to the
fructose side,***? which enabled us to evaluate and compare
isomerization ability of different AI-MOF catalysts.

Characterization of physiochemical and acidic properties of
Al-MOFs

To characterize the physiochemical properties, we analyzed the
synthesized AI-MOFs by XRD, TGA, FTIR, HRTEM, and N,
adsorption-desorption measurements (Figure 1 and Figure S1).
The metal content was determined by ICP-OES (Table S2).
Figure 1A shows the XRD patterns of MIL-101(Al)-NH,, MIL-
53(Al), and MIL-53(Al)-NH,. The XRD patterns for the prepared
Al-MOFs were similar to reported patterns”“*? The N,
adsorption isotherm of the synthesized MIL-101(Al)-NH, showed
a type IV isotherm (Figure S1),"*! which suggested that the MIL-
101(Al)-NH, was a mesoporous material. The calculated surface
area and pore volume were 1487 m’g and 0.92 cc/g,
respectively, similar to reported values.*™¥ To determine the
thermal stability of the AI-MOFs, we performed TGA (Figure 1B).
The TGA profile of MIL-101(Al)-NH, exhibited three mass loss
zones, namely at 30-150°C (~10 wt.%), 150-400°C (14 wt.%)

OH HO OH
- - (0]
HO o] MIL-101(Al)-NH, 0o
HO Isomerization OH
OH {4 HO
Glucose Fructose

Scheme 1. Glucose isomerization to fructose by MIL-101(Al)-NH,.
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Figure 1. Physicochemical properties of MIL-101(Al)-NH,, MIL-53(Al) and MIL-
53(Al)-NH, by XRD (A), TGA (B), FTIR (C and D) HRTEM image of MIL-101(Al)-
NH, (E), and aluminum mapping of MIL-101(Al)-NH, (F)

and 380-800°C (35 wt.%). These zones corresponded to mass
loss resulting from: (1) the evaporation of water molecules, (2)
the degradation of organic linkers, and (3) the degradation of
the organic 2-aminoterephthalic acid-A’** complexes. The TGA
profile of MIL-53(Al) exhibited two mass loss zones, namely at
30-150°C (~7.8 wt.%), and 550-700°C (57 wt.%). The TGA
profile of MIL-53(Al)-NH, exhibited two mass loss zones, namely
at 30-150°C (~7.2 wt.%), and 430-650°C (41 wt.%). These two
zones corresponded to mass loss resulting from: (1) the
evaporation of water molecules, and (2) the degradation of
organic linker-AF* complexes which matched the literature.”"
To characterize their surface functional groups, we analyzed
AI-MOFs by ATR-FTIR (Figure 1C—D). The shoulder at 1336 cm™'
can be assigned to the C—N stretching absorption of aromatic
amines. These bands confirmed the presence of —NH, groups in
MIL-101(Al)-NH, and MIL-53(Al)-NH,.*? The ATR-FTIR spectrum
showed bands that corresponded to the symmetric and
asymmetric stretching of primary amines (3390 and 3500 cm™)
(Figure 1D), which indicated the presence of —NH, functional
groups that were uncoordinated. As a control, MIL-53(Al) was
evaluated by FTIR and did not show any -NH, and C—N bands.
HRTEM measurements with elemental mapping demonstrated
that MIL-101(Al)-NH, was porous with well-dispersed aluminum
species (Figure 1E—F). The Al content measured by ICP-OES was
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11.6 wt.% (Table S2). Overall, these characteristics matched
reported values**™® and confirmed the formation of the MIL-
101(Al)-NH, structure.**®

To probe the acid properties, we performed DRIFTS with
adsorbed pyridine on three AI-MOF catalysts. We chose pyridine
as an in-situ titrant for probing the Lewis acid site density of
MOFs because of previous success in measuring Lewis acid sites
in MOFs.'"”#-% To avoid degradation of these three MOFs, we
performed DRIFT in the range of 30-150°C according to their
thermal stability in TGA analysis. After pyridine adsorption, the
DRIFT spectra of these MOFs had characteristic bands at 1067
and 1050 cm™' (Figure 2), which corresponded to the coordina-
tion between pyridine and coordinated unsaturated sites
(CUSs).5>Y This coordination provided the vital Lewis acid sites
(LAS) that interacted with pyridine. Determination of acid
properties of MOFs can be difficult. Common acid titration
techniques, such as NH;-TPD,®? TGA-TPD,***** and dynamic
IR®>% using various titrants (pyridine,*>*” acetonitrile,”® 2,6-di-
tert-butylpyridine®®) typically require high desorption temper-
atures (>400°C). However, MOFs decompose at such high
temperature.

The numbers of MOF Lewis acid sites were calculated from
the integrated area of the bands (after background subtraction)
of adsorbed pyridine at 1067 cm™'. An increase in the
desorption temperature from 30-150°C enabled identification
of weak and medium-to-strong Lewis acid sites of MOFs. The
intensity of this band decreased with increasing desorption
temperature for all the MOFs. The 1067 cm™' band almost
disappeared completely at 150°C for MIL-53(Al), which indi-
cated that this MOFs had weak Lewis acid sites. Conversely, the
amino-functionalized MOFs displayed a stronger 1067 cm™'
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Figure 2. DRIFTS spectra with temperature programmed desorption of
pyridine from MIL-53(Al) (A), MIL-53(Al)-NH, (B), MIL-101(Al)-NH, (C) and
normalized Lewis acid site density (D).
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band at 150°C, which suggested that they had stronger Lewis
acid sites compared with their amino-free isostructural
counterparts.”’*® We calculated the Lewis acid site density of
MOFs using the peak area of 1067 cm™'. The calculated total
Lewis acid site density was in the order MIL-101(Al)-NH,
(90 a.u./g) > MIL-53(Al)-NH, (52 a.u./g) > MIL-53(Al) (44 a.u./qg).
Interestingly, the —NH, groups of MIL-53(Al)-NH, and MIL-
101(Al)-NH, gave a high density of medium-to-strong Lewis
acid sites, compared with that of MIL-53(Al).

Catalytic performance of amino-functionalized metal-organic
frameworks

Because we expected that a high density of medium-to-strong
Lewis acid sites improved the fructose selectivity, we conducted
glucose isomerization using the synthesized AI-MOFs in ethanol
at 120°C (Table 1). The catalyst loading was based on their
aluminum content to understand the meaning of metal sites in
catalytic performance. As a control, a blank experiment (no
added catalyst) showed 8.1 wt.% glucose conversion. However,
we did not observe fructose in the control reaction after 2 h,
which suggested that glucose isomerization required a catalyst.
The synthesized AI-MOFs were active for glucose conversion.
Among all the MOFs tested, MIL-101(Al)-NH, demonstrated the
highest specific activity and productivity of 36 h™' and 20 h™",
respectively. Interestingly, we observed that amino groups
(-NH,) in MIL-53(Al)-NH, increased both specific activity and
productivity compared with the amino-free isostructural
MOF(MIL-53(Al)). The orders of specific activity and productivity
were the same as the order of Lewis acid strengths (Figure 2).

To evaluate the catalytic activity, we performed glucose
isomerization for 4 h with the three AI-MOFs (Figure 3A—C). We
observed glucose conversion and fructose selectivity with a
trend similar to the trends for specific activity and productivity.
MIL-101(Al)-NH, yielded 64% fructose selectivity at 82% glucose
conversion after 4 h. To compare the quality of aluminum sites
of these AI-MOF catalysts, we plotted the fructose selectivity vs.
glucose conversion (Figure 3D). MIL-101(Al)-NH, and MIL-53(Al)-
NH, had the highest selectivity of fructose (50-64%) at ~25-
82% glucose conversion. Whereas the MIL-53(Al) had lower
selectivity to fructose compared with MIL-101(Al)-NH, and MIL-
53(Al)-NH, at all conversions. These results suggested that (1)
MIL-101(Al)-NH, and MIL-53(Al)-NH, had similar quality of
aluminum active sites, and (2) amino groups improved glucose
conversion and fructose selectivity. Overall, these results

Table 1. Catalyst screening for glucose isomerization.

Catalyst Specific activity® [h™'] Productivity® [h~"]
MIL-101(Al)-NH, 35.92 19.80
MIL-53(Al)-NH, 5.16 1.89

MIL-53(Al) 0.79 0.15

Blank (no catalyst) 8.1"

[a] Calculated at conversion <15%. [b] Blank yielded 8.1 wt.% glucose
conversion after 2 h. Reaction condition: 5wt.% glucose (0.059), 19
ethanol, 120°C.

© 2022 Wiley-VCH GmbH
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Figure 3. Glucose isomerization by selected Al-containing metal-organic
frameworks. Glucose conversion (A), fructose selectivity (B) and relationship
between fructose selectivity versus glucose conversion (C). Reaction
condition: 5 wt.% glucose in ethanol (1 g), catalyst (glucose:metal molar ratio
of 25:1), 120°C.

indicated that amino-functionalized MOFs enhanced the cata-
lytic activity and fructose selectivity. Given that the MIL-101(Al)-
NH, exhibited the highest selectivity to fructose and glucose
conversion, we examined MIL-101(Al)-NH, further.

Effects of AI-MOF precursors on glucose isomerization

To decouple the contribution of precursors of AI-MOF, we
performed glucose isomerization with 2-aminoterephthalic acid
(2-ATA, linker) and aluminum precursor (AICL;) in the form of a
physical mixture at 120°C for 2 h (Table 2). As a control, we
conducted the same glucose isomerization experiment using
1,4-benzenedicarboxylic acid, the amino-free version of 2-
aminoterephthalic acid. We found that 1,4-benzenedicarboxylic
acid yielded 6% glucose conversion, which indicated that free —
COOH groups were not active for glucose isomerization.
Compared with 1,4-benzenedicarboxylic acid, 2-aminotereph-
thalic acid gave 79% glucose conversion. We observed a trace
of fructose, 4.2% 5-hydroxymethylfurfural selectivity, and brown
particles in the reaction mixture. These results suggested that
the amino group made 2-aminoterephthalic acid more active

Table 2. Catalytic activity of linker and ligands for the glucose isomer-
ization in ethanol.

Entry Catalyst Conversion Product selectivity
[mol%] [mol%]
HMF Fructose
1 AICl;.6H,0% 96.6 1.1 26.0
2 2-ATA® 785 42 1.2
3 BDC™ 6.0 0 0
4 AICI, 4 2-ATAM 46.0 2.5 3.5
5 MIL-101(Al)-NH, 68.2 0 60.9

[a] AICI; and 2-ATA were loaded with a similar Al and 2-ATA content to
MIL-101(Al)-NH,. [b] BDC (1,4-benzenedicarboxylic acid) was loaded based
on similar terephthalic acid equivalent to 2-ATA. [c] AICl;+2-ATA were
physically mixed with similar content to MIL-101(Al)-NH,. Reaction
condition: 5 wt.% glucose in ethanol (1 g), catalyst (glucose:metal molar
ratio of 25:1), 120°C, 2 h.
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and promoted side reactions, such as dehydration and degrada-
tion. The AICI; catalyst showed 97% glucose conversion with
26% fructose selectivity. A physical mixture of AICl; and 2-
aminoterephthalic acid gave a moderate glucose conversion of
46% with slight fructose formation (3.5% fructose selectivity),
whereas MIL-101(Al)-NH, exhibited 60.9% fructose selectivity at
68.2% glucose conversion. These results demonstrated the
importance of coordinately unsaturated Al sites (CUS) in the
amino-functional groups in MIL-101(Al)-NH, for good activity
and selectivity in glucose isomerization.

Effects of solvents on glucose isomerization by
MIL-101(Al)-NH, catalyst

To determine the effect of solvents on catalytic performance,
we performed glucose isomerization by MIL-101(Al)-NH, in (1)
polar protic solvents (1-propanol, 2-propanol, 1-butanol, 2-
butanol, methanol, ethanol, and water) and (2) polar aprotic
solvents (dimethylacetamide (DMA), dimethyl sulfoxide (DMSO),
and ethyl acetate) (Figure S2). The reaction in ethyl acetate
gave the lowest fructose selectivity of 10.6% at 55.6% glucose
conversion. The reaction by MIL-101(Al)-NH, in water gave a
moderate fructose selectivity (35.4%) at 40.3% glucose con-
version (see Supporting Information for detail, Table S3). Other
polar aprotic solvents (DMA, DMF, and DMSO) and secondary
alcohols (2-propanol and 2-butanol) gave inferior fructose
selectivity and glucose conversion compared with those results
from primary alcohols. Among primary alcohols, glucose
isomerization in ethanol gave the highest fructose selectivity of
61% and glucose conversion of 68%. These results suggested
that the coordination environment of solvents and acid sites of
MIL-101(Al)-NH, affected its catalytic performance.

Stability and reusability of MIL-101(Al)-NH, in glucose
isomerization

The ability to reuse catalysts is important for their practical use.
We recovered the MIL-101(Al)-NH, by centrifugation and
washing with water to remove the residual products, intermedi-
ates, and unreacted glucose. The catalyst was then dried in a
vacuum oven at 130°C to remove moisture. We selected this
temperature based on our TGA results to minimize the
decomposition of MIL-101(Al)-NH,. The MIL-101(Al)-NH, catalyst
maintained the catalytic performance with <9% drop in
glucose conversion, and the catalyst retained its fructose
selectivity (61%) for four cycles (Figure 4A). Further, after the 4™
reuse cycle, we characterized the used MIL-101(Al)-NH, catalyst
by ICP-OES, XRD, and FTIR (Figure S3). The aluminum content of
the used catalyst, measured by ICP-OES, was 10.5 wt.%,
essentially identical to that of the fresh catalysts (11.6 wt.%);
thus, minimal aluminum leaching occurred even after 4 cycles.
The XRD and FTIR spectra of the used catalyst exhibited
chemical structure and functionality similar to fresh AI-MOF,
which suggested minimal changes in chemical structure of the
AI-MOF after reuse. Together, these recovery and character-
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Figure 4. Reusability and stability of MIL-101(Al)-NH, for the glucose isomer-
ization. Recycle test of MIL-101(Al)-NH, catalyst at 120°C, 4 h (A), and
filtration test after 1 h at 120°C (B). A dashed line with orange highlight
represents the reaction data after filtering the catalyst. An undashed line
represents the reaction data without filtering the catalyst. Reaction
condition: 5 wt.% glucose in ethanol (1 g), catalyst (glucose:metal molar ratio
of 25:1), 120°C.

ization results demonstrated catalyst stability under the present
experimental conditions. Overall, MIL-101(Al)-NH, maintained
high selectivity to fructose for all the cycles and structural
integrity after four recycles.

To evaluate the catalyst stability under the reaction
condition, we performed filtration experiments. Glucose isomer-
ization was conducted for 1 h at 120°C with MIL-101(Al)-NH,,
followed by filtering the MIL-101(Al)-NH, catalyst from the
reaction mixture, and heating the filtrate under the same
reaction condition (120°C) for 4 h (Figure 4B). We sampled the
reaction mixture three times during 4 h and monitored changes
in glucose and fructose concentrations. The glucose conversion
increased ~16%, in agreement with our blank experiment (no
catalyst), which showed glucose conversion under the same
experimental condition (Table 1). Whereas the fructose selectiv-
ity slightly decreased. These results suggested that little to no
Al species leached from MIL-101(Al)-NH, into the reaction
mixture.

Discussion

We discovered the amino-based aluminum-containing metal-
organic frameworks (Al-MOFs) as active and selective catalysts
for glucose isomerization to fructose. The current commercial
glucose isomerization process uses the enzyme glucose isomer-
ase. However, as with any enzymic process, the reaction
conditions (pH and temperature) must be strictly controlled to
maintain enzyme activity and stability; this requirement contrib-
utes to a high operating cost. We demonstrated that the MIL-
101(Al)-NH, and MIL-53(Al)-NH, were selective for glucose
isomerization and reached 64% fructose selectivity at 82%
glucose conversion by MIL-101(Al)-NH, and 53% fructose
selectivity at 75% glucose conversion by MIL-53(Al)-NH, at
120°C in ethanol.

The most significant finding was that the incorporation of
the amino group enhanced fructose selectivity of MIL-101(Al)-
NH,. The amino groups in the MOF structure enhanced

ChemCatChem 2022, €202200129 (5 of 9)

decreases the Lewis acid characters of coordinated unsaturated
sites (CUSs) and catalytic activity of the reaction.”*" Because
Lewis acid sites are the active sites for glucose isomerization,
we should have observed lower activity and selectivity in —NH,-
containing MOFs."*%? However, lower activity was not the case
for MIL-53(Al)-NH,, which had a greater activity (glucose
conversion) and fructose selectivity compared with its amino-
free analog, MIL-53(Al).

Our results corroborated previous studies, which showed
that amino groups of MOFs enhanced their catalytic activity for
esterification,”®®  condensation,®®! and photocatalysis
reactions.® However, the origin of this enhancement by amino
groups in MOFs has been debated. Caratelli et al*® and Hajek
et al.® used quantum calculations to investigate the function
of amino groups in UiO-66(Zr) and their contribution in
esterification and aldol condensation reaction. They found that
amino groups did not have a direct effect in the reaction
mechanism. The location/orientation of the functional groups in
the framework in different solvent environments affect the
adsorption of reactants,”® hydrophobicity/hydrophilicity of the
catalytic sites, porosity, and accessibility to the metal sites."%¢”
These attributes contribute to the reactivity of MOFs in glucose
isomerization. Future quantum calculation and molecular
dynamic simulation studies will focus on decoupling the effect
of Al sites and functional groups of AI-MOFs on glucose
isomerization.

Coordination environments around metal centers and
organic linkers significantly affect MOF stability and catalytic
activity.®®*" Guo et al.” used a Cr(OH),/MIL-101(Cr) composite
catalyst and achieved 78% fructose selectivity at ~77% glucose

100
A AICL,.6H,0
X 80 1 610 [
<
% Uio-86(Zn) & e
T 60 4 MIL-107(Al-NH
<o
@ cre 3
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Figure 5. Selected catalysts for glucose isomerization reaction and their
reactivity. These catalysts were used under different reaction conditions
(glucose/catalyst loading, solvent, reaction temperature, and reaction time
(see Supporting Information for detail, Table 51).22'%%
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conversion at 100°C in ethanol. They achieved a high fructose
selectivity and glucose conversion because of the combination
of Lewis acidic MIL-101(Cr) and base-like chromium hydroxide
sites. On the basis of our results and findings from previous
studies, we postulated that the high fructose selectivity of MIL-
101(Al)-NH, was due to the combination of hydride shift and
proton transfer mechanisms. The Lewis acid sites of MIL-101
enabled the hydride shift mechanism to form fructose.”"” The
—NH, group provided the Lewis base properties and hydrogen-
bond donor ability,”? which facilitated the proton transfer
mechanism to produce fructose. In future studies with linker
engineering and Density Functional Theory calculations, we will
focus on elucidating the effect of a combination of Lewis acid
and base sites on activity and selectivity of AI-MOFs on glucose
isomerization.

Coordination environments of solvent molecules around
catalysts’ active sites affect the catalytic performance. Our
reaction by MIL-101(Al)-NH, in primary alcohols yielded a high
glucose conversion and fructose selectivity at 120°C with the
highest fructose selectivity of 61% and glucose conversion of
68% in ethanol. Researchers have investigated the effect of
non-aqueous solvents on glucose-fructose isomerization be-
cause non-aqueous solvents can improve solubilities of reac-
tants/products, conversion rates, and selectivities to desired
products.”> Such non-aqueous solvents include alcohols,?*”
DMSO,” and DMA.""7® Yabushita et al.”® reported superior
fructose selectivity (>78%) and glucose conversion (>55%) by
Mg—Al hydrotalcite in primary alcohols (methanol, ethanol, and
1-propanol) to those in water at 90°C for 2 h. de Mello et al.*
modulated UiO-66(Zr) to create Lewis acid sites for glucose
isomerization in alcohols. They found that reaction in 1-
propanol gave the highest fructose selectivity of 73% at 82%
glucose conversion. The high catalytic activity of these catalysts
in primary alcohols corroborated our results. Although the
fructose selectivity by MIL-101(Al)-NH, in primary alcohols was
slightly lower than modulated UiO-66(Zr) and Mg—Al hydro-
talcite, we demonstrated that AI-MOF catalyst was stable and
reusable at least four times.

Potential reasons for the high catalytic performance in
primary alcohols of our MIL-101(Al)-NH, and other Lewis acidic
catalysts were the following: (1) primary alcohols shifted the
isomerization equilibrium to the fructose side, and (2) primary
alcohols stabilized the transition-state species, which facilitated
the glucose-fructose isomerization and suppressed undesired
side reactions (humin formation).*¥ Angyal et al.®” found that
ethanol changed the anomeric equilibrium of glucose, thereby
changing the apparent chemical equilibrium and facilitating the
isomerization of glucose. Visuri et al.®" reported that adding
ethanol to water shifted the isomerization equilibrium and
increased the fructose concentration in its equilibrium mixture
with glucose. Hu et al®? and Kochemann etal®™® stabilized
glucose/xylose-derived reactive intermediates by adding short-
chain alcohols (methanol and ethanol), which suppressed the
undesired humin formation. These previous results agree with
our finding of the highest catalytic performance of MIL-101(Al)-
NH, in primary alcohols.
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Our findings demonstrated that MIL-101(Al)-NH, was an
active, selective, and stable catalyst for glucose isomerization in
ethanol. In Figure 5, we summarize the activity of selected
catalysts for glucose isomerization to fructose. The MIL-101(Al)-
NH, catalyst was superior to other MOFs because of high
catalytic activity and fructose selectivity.

The synthesis procedures of AI-MOFs are simple with
catalytic performance for glucose isomerization comparable to
the solid catalyst alternative, Sn-containing zeolites.*'? Our
findings offer a new understanding of how amino groups
increase Lewis acid strength, and the findings could guide the
development of reusable selective catalysts for glucose isomer-
ization. Moreover, this new understanding is expected to
extend to other Lewis acid-catalyzed organic reactions,®™ such
as Diels-Alder,®™ Meerwein-Ponndorf-Verley,®*" oxidation,"*?
Friedel-Crafts,®®®”  hydration,®™ and production of 5-
hydroxymethylfurfural from cellulose.'”

Conclusion

We demonstrated the viability of aluminum-containing metal
organic frameworks (AI-MOFs) for glucose isomerization to
fructose in ethanol, and eliminated concerns about selectivity,
stability, and reuse of the catalysts. MIL-101(Al)-NH, yielded
64% fructose selectivity at 82% glucose conversion at 120°C.
The MIL-101(Al)-NH, retained its catalytic performance after
reusing four times. These results provide a new perspective in
the application of AI-MOFs for production of fructose from
renewable glucose for biorefineries. Moreover, the knowledge
gained about the solvent effect will help in designing active
and selective MOF catalytic systems for glucose-fructose isomer-
ization.

Experimental Section

Materials

Table S4 lists the manufacturers, CAS numbers, and purities of
chemicals, reagents, and solvents used in this study. All chemicals,
solvents, and gases were used as received, unless otherwise noted.

Synthesis of metal-organic frameworks

MIL-101(Al)-NH, and MIL-53(Al)-H/NH, were synthesized by solvo-
thermal methods (see Supporting Information for detail).

Characterization of the metal-organic framework

The synthesized MOFs were characterized by X-ray diffraction
(XRD), nitrogen adsorption-desorption, attenuated total reflectance-
Fourier-transform infrared spectroscopy (ATR-FTIR), thermogravi-
metric analysis (TGA), high-resolution transmission electron micro-
scopy (HRTEM), and inductively coupled plasma-optical emission
spectroscopy (ICP-OES) (see Supporting Information for detail).
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Determination of acid sites by diffuse reflectance infrared
Fourier transform spectroscopy

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
with adsorbed pyridine was performed to characterize the acid
sites. The temperature-programmed desorption was conducted
with the JASCO FTIR equipped with a high-temperature DiffuselR™
cell (PIKE Technology, WI, USA). The sample treatment and DRIFTS
experiments with temperature-programmed desorption were con-
ducted with a slight modification as described.®™ In short, the MOF
sample (~5 mg) was placed in a cylindrical alumina crucible and
treated in N, gas (50 mL/min) at 130°C for 60 min unless otherwise
noted. After the pretreatment, the sample was cooled to 30°C. The
DRIFT spectrum of fresh catalyst was recorded as the background
spectrum. The samples were then saturated with pyridine vapor by
the flow of N, gas (50 mL/min). Then the physisorbed pyridine was
removed by flushing with N, gas (50 mL/min) at 50, 100, or 150°C
for 30 min before recording the DRIFT spectra. Because of the
limited thermal stability of AI-MOF, a lower desorption temperature
(maximum 150°C) was used. All spectra were recorded with 256
scans between 4000-400 cm™' at a 4 cm ™' resolution. The amount
of Lewis acid sites at each desorption temperature was calculated
from the integrated area of bands (after background subtraction) of
adsorbed pyridine at 1067 cm™'. This Lewis acid determination was
adapted from Yu etal®” A cascade increase in the desorption
temperature from 30-150°C enables identification of weak and
medium to strong Lewis acid sites of MOFs. The Lewis acid peaks at
150°C implied the medium-to-strong Lewis acid sites because of a
strong coordination between pyridine and Lewis acid sites at a high
desorption temperature. The Lewis acid peaks at 30°C indicated
the combination of weak and medium-to-strong Lewis acid sites.
To calculate the weak Lewis acid sites, Lewis acid peak area at
150°C was subtracted from that at 30 °C.

Isomerization of glucose

To evaluate the catalysts, the glucose isomerization reaction was
conducted with 25 mL pressure tubes in an oil bath. Briefly, 5 wt.%
glucose in solvent (1 mL) and catalyst (glucose:metal molar ratio of
25:1) were added to pressure tubes, which were sealed and stirred
at 120°C. Xylitol was added as an external standard to the solution
of reactants and products after completing the reaction. The
reaction was stopped by quenching in a cold-water bath followed
by adding water (5mL) to dissolve the remaining glucose and
solvents. The solution was centrifuged, and the solid catalyst was
removed. The liquid sample was then analyzed using High-Pressure
Liquid Chromatography (HPLC).

Product analysis and quantification

The reactants and products were analyzed with an HPLC (Agilent
Technology, Santa Clara, CA, USA) equipped with a refractive index
detector (RID) and diode array detector (DAD). An Aminex HPX-87H
column (300x7.8 mm, Bio-Rad®, Hercules, CA, USA) was used for
reactant and product separation at 60°C with 0.6 mL/min of 4 mM
H,SO, as the mobile phase. Selected samples were separated and
analyzed for mannose by Aminex HPX-87P column (300x7.8 mm,
Bio-Rad®, Hercules, CA, USA) and RID as previously described® (see
Supporting Information and Figure S4 for detail). The concentra-
tions of sugars were determined by the peak area from the RID
signals. The concentrations of hydroxymethylfurfural were deter-
mined by the peak area from the DAD signals at 280 nm
wavelength as described.”” All reactants and products were
calibrated against certified standards (Absolute Standards, Inc.,
Hamden, CT, USA). Mannose was not detected in all reaction
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mixtures. The glucose conversion, product yield, and product
selectivity were calculated as follows:

glucose reacted (mol)

initial glucose (mol) x100

Glucose conversion (%) =

. product formed (mol
Product yield (%) = initial glucose ((mol)) X100

product yield (%)
glucose conversion (%)

Product selectivity (%) = x 100

Specific activity and productivity were used to express the rate per
metal site at which glucose was consumed, and fructose was
formed, respectively. They were calculated at low glucose con-
version (< 15%) to ensure that there were no side reactions;*® the
following expressions were used.

glucose reacted (mol)
metal (mol) x time (h)

Specific activity (h™') =

fructose formed (mol)

.. —1\
Productivity (h™") = metal (mol) x time (h)

Catalyst reusability

For the MOF recycling tests, the spent catalysts were collected by
centrifugation of the reaction mixture, and the liquid portion was
decanted for HPLC analysis. The solid catalyst was washed twice
with 5mL of ethanol and twice with 5 mL of water to remove
residual reactants and products. The solid catalyst was then
separated by centrifugation and dried in a vacuum oven at 120°C
overnight before reuse.
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Amino groups in AI-MOF enhance
the Lewis acid site’s strength and
fructose selectivity. MIL-101(Al)-NH,
is stable and reusable.
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