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ABSTRACT: S-(Hydroxymethyl)furfural (HMF) and levulinic
acid production from glucose in a cascade of reactions using a
Lewis acid (CrCl;) catalyst together with a Brensted acid (HCI)
catalyst in aqueous media is investigated. It is shown that CrCl; is
an active Lewis acid catalyst in glucose isomerization to fructose,
and the combined Lewis and Brensted acid catalysts perform the
isomerization and dehydration/rehydration reactions. A CrCl,
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speciation model in conjunction with kinetics results indicates

that the hydrolyzed Cr(IIT) complex [Cr(H,0);OH]*" is the most active Cr species in glucose isomerization and probably acts as
a Lewis acid—Bronsted base bifunctional site. Extended X-ray absorption fine structure spectroscopy and Car—Parrinello
molecular dynamics simulations indicate a strong interaction between the Cr cation and the glucose molecule whereby some
water molecules are displaced from the first coordination sphere of Cr by the glucose to enable ring-opening and isomerization of
glucose. Additionally, complex interactions between the two catalysts are revealed: Bronsted acidity retards aldose-to-ketose
isomerization by decreasing the equilibrium concentration of [Cr(H,0);OH]*". In contrast, Lewis acidity increases the overall
rate of consumption of fructose and HMF compared to Bronsted acid catalysis by promoting side reactions. Even in the absence
of HCl, hydrolysis of Cr(III) decreases the solution pH, and this intrinsic Bronsted acidity drives the dehydration and
rehydration reactions. Yields of 46% levulinic acid in a single phase and 59% HMEF in a biphasic system have been achieved at

moderate temperatures by combining CrCl; and HCL

B INTRODUCTION

The diminishing availability of petroleum reserves and growing
environmental concerns over greenhouse gas emissions have
spurred research into utilizing biomass as a feedstock for the
production of chemicals and transportation fuels.'™> A major
challenge is developing economic, efficient, and environ-
mentally benign technologies to transform lignocellulosic
biomass into fuels and chemicals. Consequently, cellulosic
biomass conversion to platform chemicals, such as 5-
(hydroxymethyl)furfural (HMF) and levulinic acid, has recently
gained significant attention.™?

HMF is produced from the dehydration of hexose sugars,
such as glucose and fructose, and is envisaged as a potential
platform chemical for the biofuel, biochemical, and biopolymer
industries.>®*?'372> HMF derivatives, such as 2,5-dimethylfuran
and S-(ethoxymethyl)furfural, have been reported as promising
biofuel components.zs’24 2,5-Furandicarboxylic acid, produced
by the oxidation of HMF, can substitute for terephthalic acid in
the production of polyesters such as polyethylene-furanoate

-4 ACS Publications  © 2013 American Chemical Society

3997

and other polymers containing an aromatic moiety.”> HMF
hydrolysis produces levulinic acid, which can be used to
produce a variety of products, e.g., acrylate polymers and fuel
additives such as y-valerolactone, 2-methyl-tetrahydrofuran, and
ethyl levulinate."

High yields of HMF from fructose have been reported in
aqueous media,"***7*® organic solvents,>*™** and ionic
liquids.*****> However, fructose is not an ideal feedstock for
HMF production due to its high cost.’® The cost of glucose is
about half that of fructose; as a result, glucose isomerization to
fructose followed by its subsequent dehydration to HMF in a
one-pot synthesis has recently gained attention. High yields of
HMF from glucose have been reported in ionic liquids®>*” >’
and organic solvents,**™* particularly using various metal salts
as catalysts for the glucose (aldose)-to-fructose (ketose)
isomerization. However, the efficient downstream separation
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of HMF from high-boiling organic solvents or ionic liquids, and
the recycling of the reaction media, pose challenges to the
commercialization of these processes. Consequently, water
appears to be a better choice for HMF production. Recently,
the Sn-f zeolite has been demonstrated to be an efficient
catalyst for the aldose-to-ketose isomerization reaction in
aqueous media.**"*® An HMF yield of ~57% with a glucose
conversion of ~80% at 453 K using a combination of Sn-f and
HCI as catalysts has been reported.*”

Typically, heterogeneous catalysis is preferred over homoge-
neous catalysis because of the ease of catalyst separation and its
reusability. However, the formation of unwanted side products,
such as soluble polymers and humins, which can deposit in the
catalyst pores, requires frequent catalyst regeneration. This
suggests a need to explore homogeneous catalytic processes for
HMEF production from glucose in aqueous media.

In the past, various metal salts have been tested, and some of
them, e.g,, salts of Cr(II), AI(III), Zn(1I), and Sn(IV), have
been found to be active in HMF synthesis from glucose in
aqueous media.**™>* Recently a HMF yield of ~60% was
reported at 443 K using AlCl; and HCI as catalysts in aqueous
media.** However, obtaining a high HMF yield from glucose at
low to moderate reaction temperatures in aqueous media
remains a challenge. Moreover, there is a need to establish a
fundamental understanding of the role of metal salts in these
reactions.

In this work we investigate the Lewis acid (CrCl;)-catalyzed
glucose transformation in aqueous media combined with a
Bronsted acid (HCI) to produce HMF and levulinic acid. The
glucose consumption kinetics in both single-phase and biphasic
systems are reported, and the effect of intrinsic and extrinsic
Bronsted acidity on the product of isomerization is elucidated.
The effect of CrCl; on Brensted acid-catalyzed fructose
dehydration and HMF hydrolysis is also investigated. The
CrCl; speciation in water is explored, and the glucose-to-
fructose (or aldose-to-ketose) isomerization is correlated with
various Cr species for the first time. Further, we report the first
results of an extended X-ray absorption fine structure (EXAFS)
study and Car—Parrinello molecular dynamics (CPMD)
simulations to investigate the interaction of the key chromium
ion, indicated from the kinetics experiments and speciation
model, with the glucose molecule.

B METHODS

Experimental Details. The reactions were conducted using 10 mL
thick-walled glass vials (Sigma-Aldrich) heated in a temperature-
controlled oil bath on a digital stirring hot plate (Fisher Scientific).
Glucose, fructose, mannose, HMF, levulinic acid, formic acid,
CrCl;-6H,0, and CrCl, were purchased from Sigma-Aldrich and
were used as received. In a typical experiment, 2 mL of an aqueous
solution of reactant (10 wt %) was added to the reactor that was then
sealed. A Cr-to-reactant molar ratio of 3:100, which corresponds to a
CrCl; concentration of ~18.6 mM for 10 wt % glucose solution, was
used in the kinetics measurements. The HCI concentration was fixed
at 0.1 M when used with CrCl;. Tetrahydrofuran (THF) was used as
an extracting medium with an organic-to-aqueous volume ratio of 2:1
when biphasic systems were studied. An extra vial filled with heating
oil was placed along with the reaction vials to record temperature
during the reaction. Magnetic stirrers were used for mixing during
reactions. The kinetics experiments were carried out using multiple vial
reactors, which were taken out from the oil bath at specified times and
immediately quenched to room temperature in water.

The liquid samples were analyzed with high-performance liquid
chromatography (HPLC) using a Waters Alliance System instrument
(e2695). The chromatograph is equipped with a refractive index
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detector and a photodiode array detector. Sugars were separated using
two Biorad HPX87C (300 X 7.8) columns in series at a column
temperature of 348 K with HPLC-grade water as mobile phase at a
flow rate of 0.50 mL/min. Glucose, mannose, and fructose eluted at
23.3, 27.2, and 31.1 min, respectively. HMF, levulinic acid, and formic
acid were separated from the reaction mixture using a Biorad HPX87H
(300 x 7.8) column, with water (0.005 M sulfuric acid) as the mobile
phase at a flow rate of 0.65 mL/min and a column temperature of 338
K. Formic acid, levulinic acid, and HMF eluted at 13.1, 14.7, and 28.1
min, respectively. During the HPLC analysis, the typical relative
standard error was ~1% for multiple injections from the same sample
and ~5—8% for replicate samples. Conversion of the reactant, yield,
and selectivity of the products were calculated as follows:

(Creactant,t=0 - Creactant)

% conversion of reactant = X 100
Creactant,t:O
. . G
% yield of product i = ———— X 100
reactant,t=0

.. . G

% selectivity of product i = X 100
reactant,t=0 reactant)

Here, C; is the molar concentration of species i.

The Cr K-edge EXAFS analyses of aqueous CrCl; solutions with
and without glucose were carried out at beamline X19A of National
Synchrotron Light Source, Brookhaven National Laboratory. Samples
were kept in a Kapton foil pouch, and the fluorescence signal was
detected by a passivated implanted planar silicon detector (Canberra,
USA). The monochromator was calibrated with a Cr foil, and the
EXAFS data were analyzed using the IFEFFIT software package.*>
Theoretical EXAFS data for analyzing the nearest coordination
environment around the central Cr atom in CrCl; solutions were
constructed using FEFF6 code.”” The atomic coordinates used in
theoretical modeling were based on the structure of solid Cr,O;. It is
assumed that the CrCl;-6H,O salt, since it is crystallized from a
solution in which there are strong solute—solvent interactions, has
Cr—O nearest-neighbor bonds in the local envinroment around Cr,
thus resembling that in Cr oxide. Hence, the Cr,O; compound can be
used as the model structure for the local environment of the Cr(III)
cations in solution. In the Cr,O; structure, chromium is coordinated to
six oxygen atoms in the first shell, in which three oxygen atoms in the
first subshell are slightly closer than the three oxygen atoms from the
second subshell (1.965 vs 2.016 A). From the fit to the experimental
data of bulk Cr,0; oxide powders, the parameter S2 was obtained, and
its value (0.71) was used in further fittings of the solution data. It was
also assumed that each Cr(III) ion remains coordinated to six water
molecules with their oxygen end oriented toward the cation. Finally, to
reduce the number of adjustable parameters, it was further assumed
that the spread of Cr—O distances was small, and only one type of
Cr—O bond, weighted by a coordination number, was used for the fit.

Dynamic light scattering (DLS) experiments on freshly prepared
and heat-treated CrCl; solutions were carried out using a Brookhaven
Instruments ZETAPALS instrument. The freshly prepared CrCl;
solution was filtered using a syringe filter (200 ym), and then a
portion of it was heated at 413 K for 3 h. DLS measurements were
carried out both before heating and after heating of these samples
without any further treatment. The autocorrelation functions were
analyzed using the Multimodal Size Distribution algorithm of the
accompanying software, assuming that the viscosity of the solutions
was equal to that of water.

Speciation Model. CrCl; speciation in aqueous media was
generated using the mixed-solvent electrolyte model of Wang et
al,*® %' as implemented in the OLI Systems’ Stream Analyzer software
(OLI Systems, 2012). The details of these calculations are summarized
in the Supporting Information.

Car—Parrinello Molecular Dynamics Simulations. The first-
principles CPMD calculations were performed using the planewave—
pseudopotential implementation of the density functional theory.®>
The simulation system consisting of Cr(OH)*, glucose molecule,
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Figure 1. (a) Glucose conversion using CrCl; as a catalyst in an aqueous medium. (b) Arrhenius plot based on initial rate of glucose conversion. The
estimated apparent activation energy (E) is 15.3 kcal/mol. Reaction conditions: initial reactant ~10 wt %, Cr to glucose molar ratio of 3:100, 413 K.

chloride ions, and water molecules was equilibrated for 0.5 ps at 350 K.
Further technical details of CPMD simulations are included in the
Supporting Information.

B RESULTS AND DISCUSSION

Glucose Conversion Using a Lewis Acid Catalyst.
Figure la shows the time evolution of glucose consumption
using a Lewis acid (CrCly) as a catalyst in aqueous media.
CrCl; catalyzes glucose isomerization and forms fructose as the
primary product together with a small amount of mannose.
With time, the fructose concentration passes through a
maximum, and HMF, levulinic acid, and formic acid are
observed. HMF is produced by fructose dehydration and
subsequently hydrolyzes to form levulinic and formic acids, as
shown in Scheme 1. Both of these reactions are typically

Scheme 1. Glucose Isomerization to Fructose and Its
Transformation to HMF and Levulinic Acid

Lewis acid catalyzed Brensted acid catalyzed
f s Y
-3H,0 +2H,0 P .
Glucose Fructose 2 2 Levulm_lc ac.1d
\ / + Formic acid
Mannose

catalyzed by Brensted acids. In order to understand why these
products form, the pH of the solution was measured. The pH
of the reaction solution was ~2.9 at the beginning of the
reaction and ~1.6 at the end (measured by quenching the
reaction sample to room temperature). It is clear that typical
metal salts used for isomerization as Lewis acids render the
solution fairly acidic. As a result, we hypothesize that the actual
chemistry in these systems happens in a combined Lewis and
Bronsted environment; the implications of this are discussed
below. The source of this (intrinsic) Brensted acidity when
using CrCl; as a catalyst in water is investigated by modeling
the CrCl; speciation in water, as discussed below in detail.

As typical in these reactions, significant carbon loss to
unknown products was noticed. Most of the carbon loss during
HMEF and levulinic acid synthesis from hexoses is attributed to
the formation of soluble polymers and insoluble humins, dark-
colored tarry solids. Understanding and controlling these side
reactions is a big challenge. Recently, some efforts have been
made to analyze humins using infrared spectroscopy. It was
suggested that aldol addition or condensation of 2,5-dioxo-6-

3999

hydroxyhexanal, an intermediate produced from HMEF, is
primarily responsible for the growth of humins.*>**

An apparent activation energy barrier of 15.3 kcal/mol is
estimated for glucose isomerization from the initial kinetics, as
shown in Figure 1b. This value agrees with our recently
reported activation barrier (15.5 kcal/mol) for the isomer-
ization of xylose, a pentose, using CrCl; as a catalyst in aqueous
media;® it can be inferred that the activation barrier for CrCl,-
catalyzed aldose-to-ketose isomerization is nearly unaffected by
the size of the sugar.

Effect of Lewis Acidity on Fructose Dehydration and
HMF Rehydration. The chromium chlorides appear to be
efficient catalysts for glucose isomerization; however, they alone
do not appear to be very selective in the subsequent formation
of HMF and levulinic acid. Therefore, a systematic study was
conducted to understand the effect of CrCl; on the Bronsted
acid-catalyzed fructose dehydration to HMF and HMF
rehydration to levulinic acid.

The results from starting with fructose as a reactant using
CrCl; as a catalyst are shown in Figure 2a. The initial fructose
disappearance rate (0.043 min~") is faster than that of glucose
(0.036 min™"), as shown in Table 1. It should be noted that
fructose not only isomerizes to glucose and mannose but also
dehydrates to HMF in a parallel path. Moreover, CrCl; also
catalyzes undesired side reactions involving fructose; this is
further discussed below. The maximum HMEF yield is higher
(~21%) when starting with fructose than with glucose (~16%).
Note that the glucose and mannose formation rates are very
similar to each other when starting with fructose. This can be
explained with our earlier proposed mechanism for aldose-to-
ketose isomerization that suggests that the formation of glucose
and mannose from fructose follows similar reaction pathways,
and the only difference is which hydrogen atom on the Cl1-
carbon of fructose is transferred to the C2 position in the
isomerization pathway.*®

Fructose dehydration was also carried out using HCI only,
and HCI with CrCl;, and the results from the two kinetics
experiments are shown in Figure 2b and ¢, respectively. In these
experiments, the pH was about 1. The presence of CrCl; does
not alter the pH of the solution at these low values. It is evident
(see Table 1) that the initial rate of fructose disappearance is
faster in the presence of CrCl; with HCl (0.073 min™)
compared to the only HCI case (0.035 min™"). However, the
maximum yield to HMF and levulinic acid drops from 39% to
28% and 60% to 47%, respectively. This indicates that CrCl,
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Figure 2. Fructose transformation to HMF and levulinic acid using (a) CrCl;, (b) HCl, and (c) CrCl; with HCI as catalysts. Reaction conditions:
initial reactant ~10 wt %, HCI (0.1 M, when used), Cr (when used)-to-fructose molar ratio of 3:100, and 413 K.

Table 1. Reaction Rate Constants Associated with the
Disappearance of Reactants in Various Reactions Carried
Out at 413 K*

reactant catalyst k (min™')  corresponding concentration profile
glucose CrCly 0.036 Figure la

glucose CrCl,;, HCI 0.024 Figure 4a

glucose AlCl, 0.014 Figure S1b

glucose AICl;, HCI 0.007 Figure S1b

fructose CrCly 0.043 Figure 2a

fructose HCI 0.035 Figure 2b

fructose CrCl;, HCI 0.073 Figure 2¢

HMF HCI 0.012 Figure 3a

HMF CrCl;, HCI 0.016 Figure 3b

“The rate constants were obtained by fitting the initial concentration
profiles (up to 15 min) of the reactant to a first-order reaction rate
expression.

also catalyzes side reactions involving fructose, and hence
adversely affects the yields of the desired products. In the case
of only CrCl; (Figure 2a), the rate of fructose disappearance
(0.043 min™") is faster than the only HCI case (Figure 2b) but
slower compared to the combined CrCl; and HCI case (Figure
2¢).

In order to understand the effect of CrCl; on HMF
hydrolysis to levulinic and formic acids, a similar set of
experiments was conducted starting with HMF, as shown in
Figure 3. The addition of CrCl; accelerates the rate of HMF
consumption compared to the HCI only case (see Table 1),
and the maximum levulinic acid yield decreases from 82% in
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the only HCI case (Figure 3a) to ~72% in the case of HCl with
CrCl; (Figure 3b).

Our data underscore that the intrinsic Brensted acidity
generated by CrCl; drives sufficient dehydration and
rehydration reactions without external addition of Brensted
acid, and this needs to be accounted for in understanding the
chemistry of sugars in water. This is consistent with the remarks
made above in glucose chemistry. The above experiments
indicate that the addition of CrCl; adversely affects both
fructose conversion to HMF and HMF rehydration to levulinic
and formic acids. These observations partly agree with an
earlier reported observation that Lewis acidity in zeolites
adversely affects xylose dehydration to furfural.®® However, it
should be noticed that not all Lewis acid sites are active for the
aldose-to-ketose isomerization, and in that case, the Lewis
acidity primarily catalyzes the undesired side reactions and
adversely affects the formation of furfural and HMF from xylose
and glucose, respectively.

In contrast, in our measurements, CrCl; is very active for
aldose-to-ketose isomerization, as discussed above. Thus, using
CrCl; in the aldose (glucose or xylose) conversion to its
respective furan exhibits a trade-off between accelerating the
rate of aldose-to-ketose isomerization and increasing the rate of
formation of the undesired products. It should also be noticed
that the selectivity to HMF increases in fructose dehydration
with increasing temperature, indicating that the apparent
activation energy associated with the HMF formation from
fructose is higher compared with the side reactions.'”*”®” An
earlier study reported apparent activation barriers of 38.4, 27.5,
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Figure 3. HMF transformation to levulinic and formic acids using (a) HCl and (b) HCl with CrCl; (Cr-to-HMF molar ratio of 3:100). Reaction

conditions: initial reactant ~1 wt %, HCI (0.1 M), and 413 K.
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Figure 4. Glucose conversion and yield to various products using CrCly and HCl in a single aqueous phase (a) and in a biphasic system (b).
Reaction conditions: initial reactant ~10 wt %, HCI (0.1 M), Cr-to-glucose molar ratio of 3:100, and 413 K. In the biphasic system, THF was used as
the organic solvent with the organic-to-aqueous phase volume ratio of 2:1, and 20 wt % NaCl in the aqueous media.

and 22.9 kcal/mol for HMF formation from fructose, levulinic
acid formation from HMF, and HMF decomposition to the
unknown side products, respectively.”® Thus, it appears that
HMEF selectivity can be improved by either lowering the
solution pH (increasing Bronsted acidity) or increasing the
reaction temperature. We provide data in the next section that
support this hypothesis.

Effect of Extrinsic Brgnsted Acid on Lewis Acid-
Catalyzed Conversion of Glucose to HMF. Next, we used
HCI together with CrCl; in the glucose transformation to
accelerate the fructose dehydration to HMF. Figure 4a shows
the time evolution of the reactant and products in a single-
phase aqueous medium. A yield of ~46% to levulinic acid is
achieved in 360 min at 413 K in a single-phase aqueous system.
This is the highest reported yield so far of levulinic acid from
glucose at moderate reaction temperature in aqueous media.
This shows that the use of a Lewis acid (in this case CrCl,,
which is active for aldose-to-ketose isomerization) in
combination with a Brensted acid can significantly improve
yields of dehydration or rehydration products at the expense of
side reactions driven by CrCl,.

To further maximize the yield of HMF from glucose, we used
an extractive-reaction process, where an organic solvent is used
to extract HMF continuously from the aqueous media in a
biphasic system.*'* It has also been reported earlier that
addition of NaCl in the aqueous phase improves HMF
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partitioning between the organic and aqueous phases.”” The
glucose transformation using HCI and CrCl; as catalysts in the
biphasic system with THF as the extracting medium and 20 wt
% of NaCl in the aqueous phase is shown in Figure 4b. The
glucose consumption rate in the biphasic system is similar to
that in the single-phase reaction (e.g.,, ~41% glucose conversion
(biphasic) compared to ~44% (single phase) in 30 min). The
HMF partition coefficients (the ratio of the HMF concen-
trations in the organic media to the aqueous media) for various
reaction samples were estimated to be about 7 from samples
taken from the organic and aqueous phases. Overall, a high
HMF yield of ~59% along with a ~7% yield of levulinic acid
from glucose have been achieved in 180 min at a moderate
reaction temperature of ~413 K in this biphasic system. When
using a biphasic system, the aqueous phase can be recycled, so
that the catalyst can be reused.

CrCl; Speciation in Aqueous Media: Insights into the
Combined Lewis and Brensted Acid-Catalyzed Reac-
tions. To gain further insight into CrCl;-catalyzed glucose-to-
fructose isomerization and, more generally, into aldose-to-
ketose isomerization (e.g., xylose to xylulose), we next
considered the CrCl; speciation in water. In aqueous media,
CrCl; dissociates to form ions. These ions are solvated by water
and form complex ions, such as [Cr(H,0)¢]** (see next section
about the first coordination sphere of the Cr ion as determined
from EXAFS experiments). These ions can be further
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hydrolyzed, releasing H', resulting in a drop in the solution pH
(for simplicity only a key reaction is shown here).”®

[Cr(H,0),P’* + H,0 < [Cr(H,0);0H]*" + H,0"

(1)
The generated protons catalyze the fructose dehydration to
HMEF, and its subsequent hydrolysis to levulinic and formic
acids, even when only CrCl; is used as a catalyst. Equation 1
provides, for the first time, the rationalization as to how Lewis
acid catalysts (various salts) used for isomerization of aldoses to
ketoses***% drive Bronsted acid-catalyzed dehydration of
ketoses to their corresponding furans. Since CrCl; dissolution
results in the formation of various complex ions, understanding
the speciation of CrCl; in aqueous media is required. Figure 5
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Figure 5. Comparison of the measured pH of aqueous solutions
(symbols) of varying CrCl; concentrations with the pH values
calculated using OLI software at 295 and 413 K.

compares the calculated pH with the measured pH as a
function of CrCly concentration at room temperature (295 K).
The pH was measured after stirring the solution for 3 h at room
temperature. The calculations are in good agreement with the
measurements; the deviations in the pH values are slightly
higher at high CrCl; concentrations. A notable observation is
that, when the CrCly solution is heated at 413 K for 1 h and
then cooled to room temperature, the solution pH drops
significantly and then remains unchanged, even after 192 h.
Moreover, these pH values compare very well with the
calculated values at 413 K, particularly at lower CrCl;
concentrations, as shown in Figure S. These observations
suggest that the decrease in pH of the CrCl; solution at higher
temperatures is largely an irreversible effect and can be
attributed to the precipitation of Cr(OH); as predicted by
the CrCl, speciation calculations (see Supporting Information).
We were not able to observe any Cr(OH); particles with the
naked eye. However, DLS measurements of heat-treated CrCl,
solution revealed the presence of suspended particles. Since it
was not possible to identify such particles in a freshly prepared
sample, we can infer that the particle population observed in
the heat-treated sample could be the Cr(OH); predicted by the
model. Importantly, our experiments and calculations predict
that, as the CrCl; concentration increases, the intrinsic
Brensted acidity increases (eq 1), contributing to dehydration
(of fructose) and rehydration (of HMF) reactions.

The CrCl; speciation was predicted at varying CrCl,
concentrations (0.01—-30 mM) at 295 and 413 K. The
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concentrations of various species, such as oxides, hydroxides,
and chlorides of the chromium ion, are estimated; the
thermodynamic distribution of these species strongly depends
on the initial CrCl; concentration and the system temperature.
The complete speciation results are tabulated in the Supporting
Information. It is found that [Cr(H,0),]**, [Cr(H,0),CI]*,
and [Cr(H,0);OH]*" account for most of the Cr (>99%) as
shown in Figure 6, where these ions are represented as Cr'*,

100 , : . ;
Egof ©o—— o 1
2 E—

-
o
w
260 o 1
z
< Ealeety
< 40r <~ CroH* 1
=
£
204 g —-—0
=P -
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0 M el Ry Y
0 005 01 015 02 025 03 035
HCI (M)

Figure 6. Effect of HCIl addition on the species distribution in the
CrCl, speciation (calculated using the OLI software) in aqueous media
at 413 K.

CrCI**, and CrOH?Y, respectively. It is predicted that the
concentration of CrCI** and CrOH*" will increase with an
increase in the solution temperature, except at very low CrCl,
concentration (<3 mM), and is compensated by a decrease in
the Cr’* concentration. The dominant complex ions of
chromium in solution are shown in Scheme 2. It should be

Scheme 2. Schematic Representation of the Key Cr(III)
Cations Generated from the Dissolution of CrCl; in
Aqueous Media

OH, 3+ OH, 2+ OH, 2+
HZO\ E L, OH, HZO\ i /C| HZO\ i /OH
e o &
H0" | TOH, H0" | TOH, H,0" | TOH,
OH, OH, OH,
(a) (b) (c)

noticed that the chromium is present in the 3+ oxidation state
in the aqueous solutions, which is a nontoxic state, and is in fact
considered as an essential nutrient.”"

The effect of HCI addition on the CrCl, speciation is shown
in Figure 6. With increasing HCI concentration, the CrCI**
concentration increases monotonically, and that of CrOH>*
decreases monotonically, whereas that of Cr** first rises and
then drops. The change in CrCl; speciation can be explained on
the basis of the shifts in the thermodynamic equilibrium among
various Cr species with increasing the concentration of H* and
Cl7, associated with an increase in HCl concentration. For
example, an increase in H' concentration would shift the
thermodynamic equilibrium toward the left (Le Chatelier’s
principle) in eq 1, and suppress the formation of CrOH*". In
the kinetic experiments, the rate of glucose consumption drops
significantly in the presence of CrCl; with the addition of HCI
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Figure 7. Correlation of initial rate of glucose consumption vs the CrCl; concentration and vs the associated concentrations of various Cr ions
predicted from the speciation model using the OLI software. Reaction conditions: initial reactant ~10 wt % and 413 K.

(~24% conversion in 10 min; see Figure 4a) compared to the
CrCl; only case (~32% conversion in 10 min; see Figure la).
That is, Brensted acidity inhibits the Lewis acid-catalyzed
isomerization of aldoses. This experimental observation
combined with the above-discussed trends in the CrCl;
speciation in the presence of HCI suggests that CrOH>"
could be the most active species for the isomerization, as it is
the only Cr species whose formation is suppressed in the
presence of HCI (in the range 0—0.1 M).

To further correlate the rate of glucose consumption with the
various Cr species, a series of kinetics experiments starting with
glucose and varying CrCl; concentrations was conducted. The
initial rates (at t = 0) of glucose consumption were obtained by
fitting the glucose concentration profiles at short times with a
first-order rate expression. These rates are plotted in Figure 7 as
a function of the concentrations of various Cr species calculated
using the OLI software at the CrCl; concentration and
temperature of the reaction. It is apparent that the rate of
glucose consumption scales linearly with the CrOH**
concentration (Figure 7d), whereas nonlinear trends are
found with the concentration of the other Cr species (Figure
7a—c). The linear scaling of glucose consumption rate with the
concentration of CrOH*" further corroborates that CrOH*" is
the most active Cr species for glucose isomerization.

We also investigated AlCl;-catalyzed glucose transformation
to assess whether the observations here can be extended to
other salts (Lewis acids) that are active for the glucose
isomerization. It was found that A** and AI(OH)*" are the
dominant species in the AICl; speciation and the Al(OH)>**
concentration drops upon adding HCI (see Figure S1a), similar
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to the trends observed in the CrCl; speciation. Also, the
addition of HCI to AICl; adversely affects the glucose
disappearance rate (see Figure Slb), similar to the CrCls-
catalyzed glucose transformation, as shown in Table 1. Overall,
these observations clearly indicate that AI(OH)>" is the most
active species for the AlCl;-catalyzed isomerization, analogous
to Cr(OH)*" in the case of CrCl,. Further, it is observed that
the rate of glucose disappearance is slower in the case of AlCl;
(0.014 min™") compared to CrCl, (0.036 min~") under similar
reaction conditions and a metal-to-glucose molar ratio of 3:100
(see Table 1). Here, it should also be noticed that the predicted
concentration of AI(OH)*" is lower than that of Cr(OH)*
under similar operating conditions. This could also explain the
use of a higher reaction temperature (443 K) in an earlier
reported study of AlCl; (with HCl)-catalyzed HMF production
from glucose.”

We expect that the —OH on the metal center can assist in
the deprotonation step in the aldose-to-ketose isomerization
reaction, similar to the Sn-BEA zeolite case.””’*> A plausible
reaction mechanism of Lewis acid-catalyzed glucose (aldose)-
to-fructose (ketose) isomerization is included in the Supporting
Information (see Scheme S1). Deprotonation at the O2
position activates the glucose molecule to form a complex
between glucose and the Lewis acid site, followed by hydride
transfer from the C2 to C1 carbon and back proton transfer to
O1 to complete the catalytic cycle. This Lewis acid—Bronsted
base bifunctional behavior is reminiscent of the open SnOH
site in Sn-f3 zeolite’>”* and could explain the higher activity of
CrOH?** compared with the other Cr species. The speciation
calculations also show that the CrOH?* concentration increases
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Figure 8. EXAFS data showing the effect of glucose addition on the Cr—O distance in water at two different CrCl; concentrations at room

temperature.

with increasing temperature (Supporting Information). This
suggests that the reaction temperature plays a dual role in the
isomerization reaction: it not only helps in overcoming the
activation energy barrier but also generates more catalytically
active species that in turn accelerate the isomerization reaction.
Also, a recent study showed that tungsten acid dissolves at
higher temperature and acts as a homogeneous catalyst in
ethylene §lycol production from cellulose that precipitates upon
cooling.7 In these regards, speciation models, such as the one
employed here, are critical in our ability to quantitatively
describe reaction rates and species concentrations in biomass
processing.

Glucose Coordination with the Chromium lon. To help
elucidate the interaction of the glucose molecule with the metal
center, two sets of CrCl; solutions of concentrations 0.05 and
0.1 M were analyzed using EXAFS spectroscopy, at varying
glucose concentrations. When CrCl; is dissolved in pure water,
the Cr(IlI) cation is surrounded on average by six water
molecules, as obtained by the EXAFS analysis. Coordination
between the negatively charged oxygen atom of water and the
Cr(III) cation is expected at all the times during reaction. For
homogeneous catalysis to occur, it is also reasonable to expect
that the Cr cation should be in close contact with a glucose
molecule, with the glucose molecule replacing water molecules
in the first coordination shell. Similar to what occurs in water,
oxygen atoms of the glucose hydroxyl groups will coordinate
with the metal cation. Since EXAFS cannot distinguish between
the oxygen atoms of water and glucose, it is not possible to
determine the number of water molecules that have been
replaced by glucose. However, since the effective radius (the
Stokes radius) of glucose, at 3.6 A, is larger than that of water
(1.35 A), it is expected that the steric effect from the glucose
molecule disturbs the coordination sphere around the
chromium ion and increases the average Cr(IIl) cation—
oxygen atom (Cr—O) distance. Such expansion can be, in
principle, detected by the EXAFS analysis, and it is evident in
our results. Figure 8 shows the effect of glucose addition on the
average Cr—O distance obtained from the EXAFS analysis. The
Cr—O distance increases with increasing glucose concentration
(in the studied range of 0—2.6 M glucose). This could be
explained by an increasing number of water molecules being
displaced by glucose, indicating the presence of a glucose
molecule in the first coordination shell of the Cr cation.

In addition to the EXAFS analysis presented here, the
coordination of Cr cation [Cr(OH)**] with the glucose
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molecule and water molecules was calculated using CPMD
simulations. It has to be noted that the Cr(OH)**—glucose
configuration for the CPMD simulations was based on our
preliminary calculations with the unhydrolyzed Cr cation. Since
two metal centers are re%uired for the enzyme-catalyzed
glucose-to-fructose reaction, ® we initially placed two unhy-
drolyzed Cr cations coordinated with a glucose molecule
(solvated in water). Upon relaxing the system with CPMD
simulations at 350 K, we observed that only one Cr remained
coordinated to the oxygens (of C1 and C2, as shown in Figure
9a) of the closed-chain glucose molecule. Hence, the

9
(b) 8

7

6

Int[G(R)]

Figure 9. (a) Molecular snapshot from the simulation showing the
coordination of the Cr(OH)?* cation, the glucose molecule, and water
molecules (background waters are not shown for clarity). (b) Radial
pair distribution function, G(R), of the Cr(OH)*" cation with oxygen
atoms and number integral of G(R). Only the portion of the G(R)
showing the first coordination shell is shown here. The number
integral of G(R) gives the coordination number of Cr with oxygens. It
has to be noted that the radial pair distribution function is calculated
on the basis of a short CPMD trajectory of 1 ps.

configuration with one Cr(OH)*" group placed near the C1
and C2 hydroxyl groups of the glucose molecule, solvated in
water, was chosen to investigate the coordination of the
hydrolyzed Cr with the glucose molecule and neighboring
waters. Details of CPMD simulations are provided in the
Supporting Information. The radial pair distribution function
and the coordination number between the metal center and the
oxygen atoms in the system are shown in Figure 9b. Overall,
the metal center is coordinated with six oxygen atoms—
consistent with the EXAFS data—in an octahedral structure:
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one O from the hydroxyl group, two from the glucose
molecule, and the three from water molecules (cf. Figure 9a).
The Cr—O distance for the hydroxyl group is significantly
shorter than the Cr—O distances of glucose or water since the
interaction of the metal cation is much stronger with a
negatively charged hydroxyl group than with the oxygen atoms
of neutral water or glucose molecules. The average Cr—O(H)
distance is 1.89 & 0.07 A, whereas the average Cr—O distances
for Cr and water oxygens and for Cr and glucose oxygens are
2.06 + 0.06 and 2.11 + 0.07 A, respectively. This is in a
qualitative agreement with the EXAFS data reported above.
Our simulation results indicate that the presence of glucose
displaces water from the active Cr ion as an important step in
ring-opening and subsequent isomerization.

B CONCLUSIONS

We have used kinetics experiments, speciation modeling,
EXAFS analysis, and CPMD simulation to gain insights into
the combined Lewis (CrCly) and Brensted (HCl) acid catalysis
of aldoses (glucose) to ketoses (fructose) to furans (HMF) to
levulinic and formic acids. CrCl; is found to be an efficient
catalyst for glucose isomerization to fructose in aqueous media.
The hydrolysis of the Cr(III) ion releases H" and decreases the
solution pH. This Lewis acid-derived (intrinsic) Brensted
acidity is primarily responsible for the fructose dehydration to
HMEF and its subsequent hydrolysis to levulinic acid at low
temperatures when no external Bronsted acids are added. It is
also found that the Lewis acid catalyst promotes side reactions
and thus increases the overall rate of disappearance of ketoses
(fructose) and furans (HMF). As a result, while CrCl; can
isomerize glucose to fructose and drive the Brensted acid-
catalyzed dehydration/rehydration reactions, it is not selective
in the HMF and levulinic acid production when used by itself.

For the first time, we propose that, among the various Cr
ions generated in aqueous media, CrOH?" is the most active for
the aldose-to-ketose isomerization and possibly exhibits a Lewis
acid—Brensted base bifunctional behavior. We also show for
the first time that Bronsted acid catalysts inhibit the Lewis acid-
catalyzed isomerization by decreasing the concentration of the
active Cr species CrOH*" due to a shift in the chemical
equilibrium of hydrolysis of the metal cation. A strong
interaction between the Cr cation and the glucose molecule
in the first coordination sphere of the metal ion is indicated
from EXAFS analysis and CPMD simulation, whereby some of
the water is displaced in order for ring-opening and
isomerization to proceed.

The interplay between the acids indicates that, from a
practical standpoint, optimizing the concentrations of Lewis
and Bronsted acids in the cascade reactions to maximize the
desired products yield is feasible and advisable. For example,
high yields of glucose to levulinic acid in a single aqueous phase
(46%) and to HMF in a biphasic system (59%) were achieved
at a moderate reaction temperature (413 K) by combining
CrCly; (Lewis acid) with HCl (Brensted acid). Further
optimization should be possible by varying additional operating
conditions and amounts of catalysts.

B ASSOCIATED CONTENT
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Comparison between CrCl,- and CrCls-catalyzed glucose
conversion, detailed information about the CrCl; speciation
calculation using the OLI software, complete CrCl; speciation
results, details of the CPMD simulations, results for AlCl,
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