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The Role of Brgnsted and Water-Tolerant Lewis Acid Sites
in the Cascade Aqueous-Phase Reaction of Triose to Lactic

Acid
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Aqueous-phase conversion of glyceraldehyde to lactic acid was
investigated over Nb,O;, TiO,, ZrO, and SnO, in a fixed-bed up-
flow reactor. Special attention was given to the catalysts acidity
regarding the type, amount, strength and tolerance to water of
surface acid sites. These sites were assessed by infrared
spectroscopy of pyridine adsorbed on dehydrated and hydrated
catalysts as well as by isopropanol decomposition. It was found
that Nb,O; and TiO, have the highest fraction of water-tolerant
Lewis acid sites (40 and 47 %), while only 6% was estimated for
ZrO,. No relevant Lewis acidity was observed on SnO,, but it

Introduction

Environmental problems caused by human intervention have
been increasingly gained attention. A lot of effort has been
made to minimize these problems by reducing greenhouse
gases emissions, controlling environmental reserves depletion,
and reducing and remediating of environmental pollution. In
this pursuit, the use of biomass to generate biofuels and bio-
based chemicals is attracting much interest since processing
renewable feedstocks can be sustainable and environment-
friendly, paving the way to a green economy within the
concept of a biorefinery.!"
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was noticed the presence of strong base sites. The trans-
formation of glyceraldehyde into lactic acid proceeded via a
cascade reaction in which glyceraldehyde is firstly dehydrated
to pyruvaldehyde, followed by its rearrangement to lactic acid
with the addition of a water molecule. The dehydration step
occurs on Brgnsted acid sites and/or on water-tolerant Lewis
acid sites. These latter sites also determine the selectivity to
lactic acid. Strong base sites promote glyceraldehyde fragmen-
tation leading to formaldehyde with high selectivity.

Among all sort of available biomass, such as triglycerides,
terpenes, carbohydrates and lignin, triglycerides are convenient
compounds since their use is attainable in the industry for fuel
and chemical production in a shorter term.” Indeed, the
production of biodiesel from triglyceride by transesterification
increased significantly in the past few years® Biodiesel is
biodegradable, presents low toxicity and is less polluting than
petrodiesel.* Along with biodiesel, glycerol is formed as a by-
product, corresponding to about 10% of the total volume of
the biofuel produced.® Such a large co-production, which
surpasses the current industrial consumption for the conven-
tional end-use applications, makes glycerol a promising plat-
form molecule that can be converted into value-added
products.  Different  catalytic  transformation  through
dehydrogenation,”  oxidation,”  condensation®  and
etherification” reactions have indeed been exploited as the
base of a glycerol biorefinery.''? Lactic and acrylic acids, diols,
allyl alcohols, epichlorohydrin and glycerol carbonate can be
listed as the most pertinent glycerol-derivatives chemicals in
this scenario."""¥ Lactic acid (2-hydroxypropanoic acid) stands
out mainly because of the rising market of biodegradable poly
(lactic acid)™ and the need for a more robust and alternative
process to the current fermentative industrial route.

Different reaction pathways can lead to lactic acid from
glycerol either in one-pot or multi-stage processes relying on
heterogeneous catalysts. Glycerol can go through hydrogenol-
ysis forming 1,2-propanediol”™ and then be converted into
lactic acid by oxidation."” It can also be initially dehydrated to
acetol over acid catalyst"” followed by oxidation/Cannizzaro
reactions."®' Alternatively, glycerol can be dehydrogenated to
trioses®®?? that are further dehydrated to pyruvaldehyde™ on
acid catalysts, followed by Cannizzaro reaction to lactic
acid.[24,25]
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Scheme 1. Pathways to obtain lactic acid from biomass derived molecules.

Catalytic chemical conversion of trioses to lactic acid or alkyl
lactates has been drawing large interest over the last years.**>¢
Not only does it add value to biodiesel production chain, but it
also opens the way to exploit waste lignocellulose monosac-
charides (pentoses and hexoses). In fact, trioses are found as
intermediates during the chemocatalytic conversion of pento-
ses and hexoses to lactic acid via retro-aldol condensation
reactions (Scheme 1).°4%? Therefore, understanding their con-
version process also aids to widen alternative green routes to
lactic acid production, especially as concerning material supply.

Trioses, glyceraldehyde and dihydroxyacetone, have both
been used since they are readily interconvertible via isomer-
ization. Indeed, the same lactic acid yield was reached on Sn-
Beta zeolite using either glyceraldehyde or dihydroxyacetone as
feedstock.” Nonetheless, most studies are limited to the use of
alcohols as solvents, which leads to the formation of alkyl
lactates.”*>% The preferable synthesis in alcoholic medium is
driven by the higher stability of trioses in alcohol while the
formation of carbonaceous deposits is seen in water, leading to
catalyst coking.”®*” Furthermore, strong structural damage has
been reported on ordered catalysts when reaction is run in
water.?5?7353% As a consequence, a wide number of catalysts,
such as zeolites (Y, USY,*? 7ZSM-52"* Beta®®? and
Mordenite™), substituted zeolites (Zr-® Ti-** and Sn-Beta, %
Sn-ZSM-5%% and Sn-MCM-22"%)), hierarchical zeolites (Sn-** and
Nb-FAU,*? Sn-#4 and Nb-BEA"), ordered mesoporous substi-
tuted-silicates (Al-, Ga- and Sn-MCM-41%"), montmorillonite,*’*?
sulphated zirconia,”” ZrO,~TiO, mixed oxide,*® and alumina-
supported Sn0O,B***4” have been investigated so far in short-
chain alcohols (C1-C4), mostly methanol or ethanol. From these
studies, some authors reported that Lewis acid sites?>?3¥
catalyze the production of alkyl lactates from trioses while
Bronsted acid sites®®*® promote the formation of undesired
side-products (dialkyl acetals), following a different reaction
path, or carbonaceous deposits. Others argued that Lewis acid
sites are the ones promoting lactate yields despite recognizing
the helpful role of weak Brgnsted acid sites in the initial triose
dehydration step.”**'*® They suggested that only the strong
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Brensted acid sites catalyze the formation of alkyl acetals and
these sites should thus be avoided in the catalyst formulation.
Kinetic and mechanistic studies have also been performed, and
the reaction in alcohols was shown to proceed through a
complex network. A pseudohomogeneous mechanism and first
order rate expressions were reported for obtaining alkyl
lactates.”*®*”!

There are only a few studies in the literature that used water
as solvent to produce lactic acid, and they focused on the
performance of zeolites (Y, USY, ZSM-5, Beta and Mordenite),*”
substituted zeolites (Zr-"% Ti-?® and Sn-Beta,”® and Sn-MCM-
223, tin phosphates™® and carbon—silica composites.*® These
authors concluded that the Lewis acid sites can catalyze the
formation of lactic acid from trioses®?” and that the catalyst
activity was associated with the strength of such sites; the
stronger the Lewis acid sites the more active the catalyst.*®

The well-known susceptibility of Lewis acid sites to water
has not been discussed in detail, probably due to the short
number of studies concerning aqueous-phase transformations
of trioses.’®?*3% |ndeed, the lack of a better understanding of
the active sites for lactic acid production prevents the develop-
ment of suitable catalysts for technological applications. More-
over, it should be considered that biomass-derived monosac-
charides are generally available in water; therefore, dealing with
aqueous-phase reactions is imperative for the establishment of
a biorefinery.””!

Previous studies on the conversion of biomass-derived
monosaccharides with water-tolerant Lewis acid catalysts in
water or water/organic solvent mixtures have focused on the
use of both homogeneous (rare earth triflates®") and
heterogeneous systems, mostly Sn-Beta®*" and Nb,O,.***%3
Despite the activity of rare earth triflates,®” heterogeneous
catalysts present the additional advantages of being easily
recovered, regenerated and reused, increasing the sustainable
aspect of these processes.

Recently, we reported the behavior of metal oxides in the
Cannizzaro reaction of pyruvaldehyde, the very last step in the
cascade conversion from trioses.”” It was shown that Lewis acid
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sites are fundamental to the Cannizzaro reaction, while
Brognsted sites play no role. In this contribution, we focus on the
direct aqueous-phase cascade conversion of glyceraldehyde
into lactic acid over some simple metal oxides (Nb,O., TiO,,
ZrO, and Sn0,) in a fixed-bed flow reactor. Special attention is
given to the water-tolerance of the catalyst surface acid sites.
The acidity was characterized on both hydrated and dehydrated
catalyst surfaces to monitor how the amount and the strength
of the active sites change in presence of water.

Results
Catalysts Acid-Base Properties

Structural and textural properties of all commercial and
synthesized catalysts were formerly investigated and the results
are reported and discussed elsewhere™ It was shown that,
apart from hydrated niobia (Nb,O;) and calcined Nb,O:-400
(89m?g™"), ZrO, (103m?g™"), TiO, (54m?g™") and SnO,
(28 m?g™") are all crystalline powders. ZrO, presents essentially
a monoclinic structure (96 %), while TiO, is characterized by its
anatase phase (83%). Total acidity was also previously deter-
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mined by titration in aqueous medium, and it was found that
SnO, exhibits the lowest concentration of acid sites
(1100 molg™") while Nb,Os holds the highest (4700 molg™),
which decreased around 40% after thermal treatment (Nb,Os,
2800 molg™). ZrO, and TiO, had similar concentrations of acid
sites (3000 and 2900 molg~").”*! Even though such assessment
was successfully correlated to catalyst activity in Cannizzaro
reaction, it does not allow to discuss the nature and the
strength of acid sites. Furthermore, the impact of the well-
known interaction of water with surface acid centers cannot be
assessed either, limiting any further discussion on the role of
each site in aqueous-phase reactions. Therefore, in this current
contribution the characterization of acid-base properties was
expanded to address such issues.

The acidity of different metal oxides was initially inves-
tigated by monitoring pyridine adsorption with infrared spec-
troscopy. FTIR spectra of pyridine adsorbed on dehydrated
catalysts are depicted in Figure 1a—c. Dehydrated Nb,O; (Fig-
ure 1a) displayed absorption bands at ~1445, 1575 and
1608 cm™', which are typically assigned to pyridine coordinated
to Lewis acid sites,”**¥ while the band recorded at ~1540 cm™’
reveals the presence of Brgnsted acid sites, since this vibration
corresponds to the formed pyridinium ions.”*** On the other
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Figure 1. FTIR of dehydrated (a) Nb,Os, (b) TiO, and (c) ZrO, and hydrated (d) Nb,Os, (e) TiO, and (f) ZrO.,.
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hand, the other catalysts (TiO, and ZrO,) exhibit only those
bands related to Lewis acid sites (Figure 1b,c). No adsorbed
pyridine spectra could be collected for SnO, since pyridine was
completely desorbed from the oxide surface as soon as the
sample was evacuated (Figure S1).

Performing pyridine adsorption in the presence of water
(Figure 1d-f) revealed that all the bands associated with Lewis
acid sites are still present in the samples spectra, indicating the
existence of water-tolerant Lewis acid sites in all three catalysts.
The density of all acid sites is summarized in Table 1.

Table 1. Concentration of Brgnsted and Lewis acid sites and water-tolerant
Lewis acid sites, and selectivities to propene (Sprpene) and acetone (Spcetone)
from isopropanol decomposition over all catalysts at 240 °C.

Catalyst Brensted Lewis Water-tolerant Shropene  SAcetone
acid sites acid sites  Lewis acid sites [%] [%]
[umolg™] [umolg™] [umolg™']

Nb,O; 9 81 31 100 -

TiO, - 47 22 94 6

ZrO, - 79 5 920 10

SnO, - - - 6 94

On both hydrated and dehydrated catalysts, the bands at
~1450 cm™' (Lewis acid sites) were registered even after
desorption at 450°C under vacuum. Their intensities decreased
though, because only a fraction of the acid sites was strong
enough to bind pyridine in vacuum at elevated temperature.

Isopropanol decomposition was used as a typical model
reaction to estimate the catalysts acid-base surface
properties.”>*" Dehydrogenation of isopropanol leads to the
formation of acetone and hydrogen, while dehydration produ-
ces propene and water. The first pathway has been related to
the basicity of a solid, whereas the dehydration reaction, which
occurs over acid sites, is associated to the acidity of oxides.®>>”
Table 1 summarizes the results obtained for isopropanol
decomposition reaction over all the studied catalysts. The
selectivities to propene and acetone, the two main products of
the possible parallel reactions, summed up to 100% for all
samples.

Over Nb,Os, isopropanol was solely converted to propene.
In contrast, TiO,, ZrO, and SnO,, produced both propene and
acetone. Nevertheless, TiO, and ZrO, drove the conversion of
isopropanol mainly to propene, with selectivities of more than
90%, whilst the formation of acetone was much more
significant (94 %) over SnO,.

Catalytic Activity and Stability

In a first experiment, the temperature effect on the continuous
aqueous-phase transformation of glyceraldehyde was assessed
by monotonically increasing the temperature from 130°C to
180°C. This preliminary assessment was performed over Nb,Os
catalyst, and lactic acid, pyruvaldehyde and formaldehyde were
the main products identified, accounting for around 80-95 % of
the carbon balance.
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Figure 2. Evolution of glyceraldehyde conversion and selectivity to pyruval-
dehyde (PA), lactic acid (LAc) and formaldehyde (FA), and carbon balance
(CB) over Nb,Os as a function of reaction temperature. Conditions: 10 bar,
flow of 0.3 mLmin~" and W/F=1 gminmL™". Data were collected after 1 h
on stream.

The temperature increase mainly affects the product
selectivities with no relevant impact on carbon balance up to
160°C (Figure 2). Lactic acid selectivity steadily increased with
increasing temperature, reaching the highest value of ~75% at
160°C, exhibiting a drop at higher temperature. Pyruvaldehyde
was the second major product, but its selectivity decreased
from 30% to around 10% within the temperature range
evaluated. Formaldehyde was also produced, but at a much
lower concentration, resulting in selectivity values about 1-3%.
The catalyst performance at 180°C worsened because of the
occurrence of degradation/polymerization side reactions. In
fact, lactic acid and pyruvaldehyde selectivity dropped at high
temperature.

All acid catalysts were then tested at 130°C, and the time-
dependent curves for glyceraldehyde conversion and selectivity
to different products are depicted in Figure 3. Despite distinct
activities, all catalysts were active to convert glyceraldehyde.
Nb,O; and ZrO, presented the highest conversions, while SnO,
showed an initial conversion of ~90%, but dropped to 75% in
the first 4 h of reaction. The least active catalyst was TiO, with
an initial conversion of 75%, which progressively decreased to
65% over the time on stream. Besides the distinguished initial
activities, these catalysts also showed different deactivation
behavior.

The product distribution was also different for all catalysts
(Figure 3). Nb,Os; presented higher selectivity to lactic acid,
although it dropped with increasing time on stream, while
pyruvaldehyde selectivity increased (Figure 3a). No other prod-
uct was formed with significant concentration as only traces of
formaldehyde were detected. TiO, exhibited a similar behavior
with an initial high lactic acid selectivity that decreased with
time on stream, while pyruvaldehyde production gradually
increased (Figure 3b). However, a more significant formation of
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Figure 3. Glyceraldehyde conversion, products selectivity to lactic acid (LAc), pyruvaldehyde (PA) and formaldehyde (FA), and carbon balance (CB) evolution
obtained for (a) Nb,Os, (b) TiO,, (c) ZrO, and (d) SnO,. All reactions were performed at 130°C, 10 bar, flow of 0.3 mLmin~" and W/F=1 gmin mL™".
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Figure 4. Glyceraldehyde conversion, products selectivity to lactic acid (LAc), pyruvaldehyde (PA) and formaldehyde (FA), and carbon balance (CB) evolution
obtained for (a) Nb,Os, (b) Nb,0s-400 and (c) Amberlyst 35. All reactions were performed at 160 °C, 10 bar, flow of 0.3 mLmin~" and W/F=1 gminmL™".

formaldehyde was noticed, outlining an important distinction in
product distribution between TiO, and Nb,Os. The performance
of ZrO, was even more distinct, since formaldehyde was the
main product obtained with a steady selectivity of 40% over
the whole reaction period monitored. However, like TiO, and
Nb,O;, ZrO, showed a decrease in lactic acid selectivity along
with an increase in pyruvaldehyde selectivity with time on
stream (Figure 3¢). Finally, formaldehyde was essentially the
only reaction product formed over SnO, (Figure 3d), since the
selectivities towards lactic acid and pyruvaldehyde did not
surpass ~5% in line with a previous report of aqueous-phase
conversion of dihydroxyacetone into lactic acid.”®
Glyceraldehyde conversion was also carried out at 160°C
over Nb,Os to examine the dynamics of lactic acid formation at
higher temperatures. This catalyst was selected since it showed
the most promising performance among the catalysts studied
here. The time-resolved conversion and selectivity curves
displayed in Figure 4a show a behavior similar to that observed
for Nb,O; catalyst at 130°C. Lactic acid was the main product
with 85% selectivity up to 3 h on stream, after its selectivity
started decreasing while the pyruvaldehyde one started increas-
ing. These changes were much more pronounced than the

ChemCatChem 2019, 11,1-11 www.chemcatchem.org

corresponding ones at 130°C (Figure 3a). Only a very low
concentration of formaldehyde was formed. These product
distribution patterns were found to be alike no matter the
reaction temperature or the temperature at which Nb,Os was
thermally treated. Indeed, lactic acid formation at 160°C over
Nb,O;-400 (Figure 4b) was lower than that obtained on Nb,O;
at the same reaction temperature (Figure 4a) but higher than
that accomplished over Nb,Os; when the reaction was carried
out at 130°C (Figure 3a). For the sake of comparison, these
curves are compared in Figure S2.

The poorer product distribution of Nb,0,-400 at 160 °C
could be related to a lower density of Brgnsted acid sites, since
it is well known that their density gradually diminishes when
hydrated Nb,O; is calcined.®**® Therefore, a catalyst containing
only Bronsted acid sites, Amberlyst 35, was tested to fully
understand their importance for the reaction pathway, and the
results are shown in Figure 4c. Pyruvaldehyde was the main
product with a steady selectivity of ~55%. Lactic acid was
produced with selectivity of only ~10%. It should be noted that
the carbon balance was the lowest among all catalysts studied,
70-75%.
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Discussion

Processes for conversion of biomass-derived oxygenates are
expected to be performed in the liquid phase since the vapor
pressure of these molecules is typically very low. Water is the
most convenient solvent and thus the interaction of water
molecules with the catalyst surface is very relevant.***¥ This is
particularly true when acid-catalyzed reactions are involved as
there are usually different possible reaction pathways from an
oxygenate compound that can be promoted on acid sites.
Therefore, acid-catalyzed conversion of oxygenates in water
strongly depends on differences of the nature of the acid sites,
turning the discussion on catalyst acidity quite important.

Data collected from infrared spectra of adsorbed pyridine
and isopropanol decomposition evidenced that the catalysts
studied herein possess very different acidity in terms of three
important properties: type, strength and tolerance to water.
Nb,O; contains both Lewis and Brensted acid sites that are well
characterized by the absorption bands at around 1446 and
1540 cm™' in the infrared spectra of adsorbed pyridine/
pyridinium ions, while only Lewis acidity is present in the other
metal oxides, as expected.”**® The observation of bands
ascribed to pyridine adsorbed on Lewis acid sites of metal
oxides that were saturated with water illustrates that such sites
are still active despite the expected formation of stable Lewis
acid-water adducts. The susceptibility of the Lewis acid sites on
these different oxides to water was obvious though, as
indicated by the differences in the fraction of water-tolerant
Lewis acid sites (Table 1). TiO, showed the highest fraction of
water-tolerant Lewis acid sites (47 %), closely followed by Nb,Os
(40%). ZrO, revealed to be very sensitive to water, containing
only ~6% of water-tolerant Lewis acid sites, while most of them
are unable to adsorb pyridine under ‘wet’ conditions. While it is
possible that pyridine and biomass-derived oxygenates are
affected by competition with water in different ways, these
results are at least a qualitative metric for the water-tolerance
of Lewis acid sites. Similar observations were reported in the
literature for some of the same metal oxide catalysts.F**”
However, the fraction of water-tolerant Lewis acid sites on
Nb,Os and TiO, determined in these contributions differs from
those reported before.P**” These differences are likely attrib-
uted to the synthesis procedures of the metal oxides, leading to
distinct structural and textural properties. Indeed, it was shown
that the fraction of water-tolerant Lewis acid sites on an
amorphous and a large surface area, defect-rich orthorhombic
Nb,O; is different.* Distinct experimental procedures may also
contribute for these different results.

In addition, isopropanol decomposition indicated noticeable
differences in the acid-base properties among the different
catalysts. The acid-base properties of Nb,O; are defined by its
acid sites since propene was essentially the only product
formed (Table 1). Over TiO,, ZrO, and SnO,, simultaneous
dehydration and dehydrogenation reactions took place, pro-
ducing both propene and acetone, indicating that on these
catalysts, both acid and base sites play a kinetically significant
role. However, the high selectivity to acetone (94%) over SnO,
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shows that reactions over basic surface sites dominate over this
catalyst.

The catalysts were investigated in the aqueous-phase
conversion of glyceraldehyde, a three-carbon monosaccharide
commonly found as an intermediate during the conversion of
glycerol, hexoses, or pentoses in biorefining processes. Glycer-
aldehyde can be converted to lactic acid through a cascade
reaction starting with its dehydration to pyruvaldehyde. In the
second step, a water molecule is added to pyruvaldehyde, and
a rearrangement occurs (Scheme 1). No triose conversion is
expected to proceed without a catalyst.”’**

The first reaction step - glyceraldehyde dehydration - is
favored over Nb,O; at even the lowest temperature used. It was
seen that lactic acid is the main product at 130°C and its
production is pushed up as temperature rises (Figure 2). The
concomitant drop in pyruvaldehyde selectivity evidences that
the Cannizzaro reaction in the end of the cascade reaction path
is accelerated. Albuquerque et al®” have indeed shown that
pyruvaldehyde rearrangement to lactic acid is improved at high
temperature. At elevated temperature, side reactions contribute
more significantly to the conversion of glyceraldehyde (Fig-
ure 2), in particular, when the temperature increased to 180 °C.
Indeed, the decrease of both lactic acid and pyruvaldehyde
selectivity (Figure 2) suggests that high molecular weight
compounds or carbonaceous deposits are formed with increas-
ing temperature.

Comparing all catalysts at 130°C revealed different behav-
ior, as shown by the time-dependent conversion curves
depicted in Figure 3. These performances are likely associated
with the type of acid sites on these catalysts. In the literature it
is reported that dehydration of monosaccharides is generally
kinetically favored in the presence of Brgnsted acid sites,
though it can also proceed on Lewis acid-base site pairs.®"
Nb,O; was the only catalyst with Brensted acidity used in this
study (Figure 1a), and it was indeed the most active catalyst.
The high activity of Brensted acid centers in dehydrating
glyceraldehyde was also illustrated by using Amberlyst 35 as
catalyst in a control experiment, in which glyceraldehyde was
fully converted into pyruvaldehyde (Figure 3c). These findings
are also in line with the seminal work of Lookhart and Feather
on trioses dehydration in the presence of H,SO, as a
homogeneous Brensted acid catalyst/®® Nevertheless, the
formation of pyruvaldehyde over TiO, and ZrO, shows that
dehydration of glyceraldehyde can also take place on the less
active Lewis centers. A contribution of Brgnsted sites generated
by enhanced water dissociation following the interaction of
hydroxyl ions from water molecules with the exposed coordina-
tively unsaturated cationic sites (Lewis centers) is also conceiv-
able. This modification of the intrinsic nature of acid surface
sites due to hydration effects when a catalyst works in water is
an issue of major interest for biomass conversion processes that
requires further attention.”%63%%

The different product distribution noted when comparing
all catalysts at 130°C (Figure 3) can be also ascribed to the
differences in the nature of their acid sites. As reaction is carried
out in water, the annihilation of Lewis acidity by irreversible
formation of water-Lewis acid adduct is a major concern.
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Essentially only those sites that can maintain their Lewis acidity,
the so-called water-tolerant Lewis acid sites, can promote the
acid-catalyzed Cannizzaro cascade step producing lactic acid.
Therefore, the efficiency of a catalyst would be expected to be
determined mostly by the amount of active water-tolerant
Lewis acid sites on its surface. One should bear in mind though
that the activity of water-tolerant Lewis acid sites will also be
defined by the nature of the oxygenate molecule being
converted. Copeland et al.** studied the competitive adsorp-
tion of oxygenates with water on metal oxides and showed that
the structure of the oxygenate molecule - carbon chain size
and type, number and position of functional groups - can alter
its interaction strength with the solid surface and its ability to
replace water on surface sites. Water molecules (Lewis base) in
the water-Lewis acid adducts can be displaced from the acid
sites by a more basic oxygenate molecule, rendering an active
Lewis acid site. In addition, there could be an entropic driving
force when multiple water molecules are replaced by a single
oxygenate molecule on a surface site.*

The formation of lactic acid decreased in the order Nb,O;
(53%) >TiO, (44%)>7rO, (16%), and being negligible over
Sn0,. Taarning etal® also reported that SnO, -either as
nanopowder or supported on siliceous beta zeolite, was
inactive for lactic acid production from dihydroxyacetone in
water. This trend of lactic acid selectivity can be correlated to
the concentration of water-tolerant Lewis acid sites on the
catalysts studied here (Figure 5), evidencing that these sites are
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Figure 5. Correlation between lactic acid selectivity after 2 h on stream and
water tolerant Lewis acid sites at 150 °C.

indeed required for the final Cannizzaro reaction step. Despite
the co-existence of Brgnsted acidity on Nb,Os, their contribu-
tion to the activity for the Cannizzaro reaction appear to be
limited, since only small amounts of lactic acid were formed
over solely Brgnsted acidic Amberlyst 35 (Figure 4c) in line with
previous studies focused specifically on pyruvaldehyde Canni-
zzaro reaction into lactic acid.””

The significant production of formaldehyde over the
catalysts with no or low concentration of water-tolerant acid
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sites, SnO, and ZrO,, demands some attention as well.
Formaldehyde has not been observed as a product in
pyruvaldehyde conversion at this reaction temperature,*** and
thus, the reaction pathway leading to it could start as a
sequential reaction from lactic acid or as a parallel reaction path
for glyceraldehyde conversion. No conversion was observed at
all over these two catalysts when lactic acid was used as
starting material under the same reaction conditions (130°C,
10 bar, flow of 0.3 mLmin~" and W/F=1 gminmL™") in a control
experiment (Figure S3). Similar results were previously reported
on a H-USY zeolite catalyst.”” These findings show that lactic
acid is neither further transformed to other chemicals over ZrO,
and SnO, nor reverse reaction takes place, substantiating the
conclusion that formaldehyde is being produced from glycer-
aldehyde molecule cleavage.

Contrasting the behavior of the metal oxide catalysts in
glyceraldehyde conversion with isopropanol decomposition
results, it is possible to note that the production of
formaldehyde correlates well with the formation of acetone
(indicative of basic sites®>>")), whereas the production of lactic
acid correlates to the production of propene (associated with
the acidic sites®>") from isopropanol (Figure 6). These results

100
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o] -

Nb,Og TiO, ZrO, SnO,
[ Propene [ Acetone

@ Lacticacid v Formaldehyde

Figure 6. Correlation between propene and acetone formation from iso-
propanol decomposition and lactic acid and formaldehyde production from
glyceraldehyde transformation.

support the conclusion that formaldehyde selectivity is deter-
mined by the existence of relevant surface basic sites, which
promote C—C cleavage in the glyceraldehyde molecule. On the
other hand, lactic acid selectivity increased along with propene
formation, corroborating the previous discussion that lactic acid
production is driven by the catalyst acidity, more specifically
the water-tolerant Lewis acid sites as shown in Figure 5.

The reaction mechanism of the cascade transformation of
glyceraldehyde could thus be rationalized as involving two
steps with pyruvaldehyde as the intermediate as proposed
before.**?*¢”! The first step is claimed to involve a keto-enol
tautomerization followed by dehydration promoted by both
Brgnsted and Lewis acid sites.*®® Pyruvaldehyde is then
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rearranged to lactic acid via a hydride-shift mechanism with
addition of a water molecule on Lewis acid sites.?*2>78

The Nb,O; catalyst presented the highest lactic acid
formation but also showed a decline on its selectivity, while the
pyruvaldehyde yield increased with increasing time on stream
(Figure 4a). This behavior suggests that the water-tolerant Lewis
acid sites catalyzing the second cascade step - transformation
of pyruvaldehyde into lactic acid - might be suffering from
some deactivation. The performance of TiO,, the second best
performing catalyst concerning lactic acid selectivity (Figure 3b),
corroborates this suggestion. Since the water-tolerant Lewis
acid sites have activity for both glyceraldehyde dehydration
and the Cannizzaro reaction of pyruvaldehyde over this metal
oxide, the deactivation of such sites impacts both lactic acid
selectivity and glyceraldehyde conversion. As for ZrO, and SnO,,
the base sites are likely the ones more affected by deactivation.
Deactivation is probably caused by the blockage of surface sites
upon formation of carbonaceous compounds as reported
elsewhere.?*?"!

A regeneration test was then performed with TiO,. The
spent catalyst was collected after the first 6 h on stream,
calcined at 500°C and a new run was carried out. The catalyst
activity was recovered as seen in Figure 7, corroborating the

100
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%] Il regenerated TiO,

80
70

60
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Conversion Lactic acid  Pyruvaldehyde Formaldehyde

Figure 7. Comparison of the catalytic performance of fresh and regenerated
TiO,. Conditions: 10 bar, flow of 0.3 mLmin~' and W/F=1 gminmL™". Data
compared after 1 h on stream.

suggestion that deactivation is likely associated with carbona-
ceous deposits. Indeed similar conversion patterns were
observed for both fresh and regenerated catalysts within the
whole period of 6 h on stream (Figure S4).

A decrease in lactic acid and pyruvaldehyde selectivities
along with a proportional increase in formaldehyde was noticed
though. This disturbance in product selectivity might be related
to the activation of more basic sites of TiO, upon calcination at
such high temperature (500 °C).
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Conclusions

It was shown that transformation of glyceraldehyde into lactic
acid proceeds via a cascade reaction, in which glyceraldehyde is
initially dehydrated to pyruvaldehyde, followed by the Canni-
zzaro reaction that involves the addition of a water molecule
and molecular rearrangement to lactic acid. The dehydration
step is claimed to occur on Brgnsted acid sites and/or on water-
tolerant Lewis acid sites. These later sites also determine the
selectivity to lactic acid. Nb,O; and TiO, were the metal oxide
catalysts holding the largest fractions of water-tolerant Lewis
acid sites, rendering them more selective catalysts. Nb,Os,
however, is a more promising system due to the synergy
between its Brgnsted acid sites, which promote the first cascade
step, and the water-tolerant Lewis acid sites that catalyze the
final Cannizzaro reaction. The presence of strong base sites
promotes glyceraldehyde fragmentation to formaldehyde with
high selectivity.

All in all, the results shown herein reveal that a good
catalyst for direct aqueous-phase conversion of glyceraldehyde
to lactic acid should have the right ratio of Brgnsted and water-
tolerant Lewis acid sites to assist each reaction step and avoid
the presence of strong base sites.

Experimental Section

Catalysts

Commercial ZrO, (Saint Gobain Norpro), TiO, (Evonik) and
Nb,Os-nH,O (CBMM) oxides were used in this work. Nb,Os-nH,0
was used both without any treatment, i.e. as niobic acid hereinafter
labeled simply as Nb,O;, and after calcination in a muffle at 400°C
(Nb,05-400) following a heating rate of 10°Cmin~' for 4 h. All
oxides were ground and sieved to obtain particles size ranging
between 53 and 63 um to avoid any effect of mass transfer
limitations.””

Complementarily, a commercial Amberlyst 35 (Rohm and Haas) was
also tested as Brgnsted acid catalyst, and a SnO, was synthesized in
the laboratory by precipitation.!!: An aqueous solution of
SnCl,-5H,0 at 0.25 molL™" was used as tin precursor and a NH,OH
solution (0.32 molL™") was taken as precipitating agent. Synthesis
was carried out at room temperature. The resulting solid was
recovered by centrifugation, washed with water and dried at 100°C
overnight. Lastly, it was calcined at 500°C (10°Cmin~") for 4 h.

Catalysts Acid-Base Properties

Acidity was assessed by Fourier Transform Infrared Spectroscopy
using pyridine as probe molecule (FTIR-Py) on both dehydrated and
hydrated catalysts surfaces. The experiments were performed using
a Nicolet 8700 FTIR spectrometer with an MCT/A detector. Each
dehydrated sample was loaded into a vacuum transmission cell as
self-supported wafer (diameter 1.25 cm). The sample was activated
at 450°C for 1 h under high vacuum. A background spectrum was
recorded at 150°C. Then, 0.1 mbar of pyridine was dosed in the cell
for 30 min. Subsequently, the cell was evacuated for 1 h to remove
physisorbed pyridine. To determine the strength of acid sites a
temperature programmed desorption was carried out. The sample
was heated to 250, 350 and 450°C for 1 h, and each spectrum was
taken at 150°C. In contrast, the hydrated surface was obtained by
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exposing the sample to ambient air for 2 days before pressing the
wafer. Then, the catalyst wafer was kept in contact with the
atmosphere for 5 h before loading it into the transmission cell. In
this case, the sample was not pretreated before running the
infrared spectroscopy experiment, which was carried out as
reported for the dehydrated sample. Brgnsted and Lewis acid sites
concentration was determined by Lambert-Beer equation [Eq. (1)]:

Apeak X' S
W xe

G = M

Where C, (umolg™), W (g), S (cm? and & (cm*pmol™)
indicate weight-based concentration, sample mass, sample disk
area and integrated molar extinction coefficient as reported by
Tamura et al.®”

In addition, the acid-base properties of the catalysts were
evaluated by isopropanol decomposition.”*™® Experiments
were carried out in a fixed-bed glass reactor at 240°C at
atmospheric pressure and under differential conditions (<
15%). Isopropanol was admitted into the reactor with the aid of
a saturator kept at 10°C and a flow of nitrogen. Isopropanol
conversion and the formation of acetone and propane were
monitored online by gas chromatography in an Agilent 6850A
equipped with a flame ionization detector. Acidity and basicity
were inferred by the selectivities to propene and acetone,
respectively.®=¢

Catalytic Activity

Catalytic conversion of glyceraldehyde was performed in a fixed
bed up-flow reactor (160 mm long and 6.35 mm i.d.). To keep the
catalyst bed in place, glass wool was used in both ends of the
reactor. The reactor was packed with 0.3 g of catalyst (53-63 um). A
glyceraldehyde aqueous solution at 0.22 molL™" was pumped by a
Gilson 307 HPLC pump with a flow rate of 0.3 mLmin™". The
pressure was set at 10 bar using a Swagelok back pressure regulator
and the preheater and reactor temperature was set at the desired
temperature. Reaction samples were collected for products analysis
at various times on stream.

Glyceraldehyde and product concentrations were monitored and
quantified by high performance liquid chromatography (HPLC) in
Waters Alliance 2695 equipped with a refractive index detector
(RID) kept at 50°C and a photodiode array detector (PDA). A Biorad
Aminex HPX-87H ion exchange column was used at 65°C in
isocratic elution mode (0.7 mLmin™") with a 5mmolL™" H,SO,
solution as mobile phase. Before injecting in the chromatograph,
samples were filtered using 0.22 um PVDF filter. Quantification was
done based on calibration curves (R*>0.999) constructed using
aqueous solutions of standards of all identified organic compounds.
All liquid samples were analyzed in triplicate and the data are
reported as the mean values. The calculated error was <2 %.

Glyceraldehyde conversion (Xg), products selectivity (S) and carbon
balance (CB) were determined by [Eq. (2)-(4)]:

x 100 % (2)

nCp

——————x100%
nx (CGLAo - CGLA,)

(©)
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_ nCgy, +3>-nC,

= 0,
cB nCan, x 100 %

Where Cg,, is glyceraldehyde initial concentration, Cg 4, is
glyceraldehyde concentration at the time samples were
collected, t, C, is product concentration and n is the number of
carbon atoms in the chemical molecule.
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Next stop, Acid Sites: Acid-catalyzed
conversion of trioses in water relies
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