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Different Keggin-type polyoxometalates have been synthesized and characterized in order to identify

optimized homogeneous catalysts for the selective oxidation of biomass to formic acid (FA) using oxygen

as an oxidant and p-toluenesulfonic acid as an additive. Applying the optimized polyoxometalate catalyst
system Hg[PVs5Mo0,040] (HPA-5), a total FA-yield (with respect to carbon in the biogenic feedstock) of
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60% for glucose within 8 h reaction time and 28% for cellulose within 24 h reaction time could be

achieved. The transformation is characterized by its mild reaction temperature, its excellent selectivity to
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Introduction

The depletion of fossil resources and concerns about increas-
ing CO, concentration in the atmosphere (accompanied with
negative effects on the climate) are pushing scientists around
the world towards green energy technologies. In this context,
the conversion of biomass to energy carrier molecules and
fuels is most relevant as all the carbon in biomass stems
from CO, that has been previously captured from the
atmosphere.'”

Among the types of biomass available for such energetic
applications, lignocellulosic biomass is of the highest impor-
tance as it is not in direct or indirect competition to food pro-
duction. Lignocellulosic biomass typically contains 40-50%
cellulose, 20-40% hemicellulose and 20-30% lignin.* Conse-
quently, the efficient valorization of cellulose is a very impor-
tant and also a challenging topic.>® In general, cellulose
conversion processes are complicated by the fact that this bio-
polymer is insoluble in water and in most organic solvents.
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FA in the liquid product phase and its applicability to a very wide range of biogenic raw materials includ-
ing non-edible biopolymers and complex biogenic mixtures.

Moreover, cellulose is very resistant to many ways of chemical
and biological transformations.”® Nevertheless, several publi-
cations deal with cellulose conversion catalysed by hetero-
polyacid salts and Ru/C in hydrolytic hydrogenation,’
saccharification,™® production of isosorbide'' and hydrogen-
ation to hexitols."?

Under an industrial view, new biomass-to-energy concepts
must fulfil the following three criteria: (a) low specific invest-
ment cost even at small plant sizes as big plant sizes require
transport of biomass over long distances; (b) low operation
costs, and (c) production of a product or product mixture of
high value.

Low specific investment cost results from a low number of
unit operations, mild operating conditions and simple down-
stream processing (no solids, no dead-end streams, no
complex product fractionation). To realize low operation cost
the use of cheap biomass feedstock (e.g. wet, mixed waste
biomass that is not suitable for fermentation or gasification
processes) and low energy demand is essential. In terms of
product value a clearly defined, large market or a wide range of
different interesting product applications are desired.

It is a matter of fact that many of the options that have
been intensively developed to date to convert lignocellulosic
biomass to energy molecules (like e.g. hydrogen, syngas,
methane or ethanol), do not fulfil all of the named criteria.
While biomass gasification requires high temperature and sig-
nificant efforts for gas purification,"*'* supercritical reforming
suffers from high investment into corrosion resistant equip-
ment.">'® Aqueous reforming, in contrast, has been reported
to be restricted to a small range of biogenic substrates and is
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typically operated in high dilution. Even under these con-
ditions the process is still characterized by the undesired
formation of solid carbohydrate polymers as dead-end pro-
ducts."” Moreover, fermentative processes to convert biomass
to ethanol or methane are typically restricted to carbohydrate
substrates which are in direct or indirect competition with the
food industry.

The numerous attempts to convert biomass into platform
chemicals for further use in industrial chemistry or as fuels
have certainly produced in the recent years a large number of
very important fundamental insights into the nature of cataly-
tic defunctionalisation reactions.'™ However, the direct techni-
cal relevance of these findings is limited, as most of these
studies deal with pure starting materials'® or even use biomass
model compounds to study the general nature of the trans-
formations of interest."?

Catalytic oxidation chemistry of biomass is a growing field
of research. The main effort is to overcome the recalcitrant
nature of the feedstock by acid-catalyzed depolymerization fol-
lowed by oxidative cleavage of the carbon bonds in the bio-
molecule. For this purpose, solid acid catalysts in active
reaction media, such as sulfonated resins in ionic liquids, sup-
ported metal catalysts/heteropolyacids** > or classical hetero-
geneous catalysts like Ru or Pt on acidic surfaces like zeolites
or acidic Al,O; ** have been applied.

Since 2011, our group is active in exploring an alternative
way to convert biomass into energy molecules. In detail, we are
studying the selective oxidation of biomass to formic acid (FA)
using oxygen as an oxidant and polyoxometalate (POM) com-
plexes as a homogeneous catalyst.>**® We could demonstrate
for example that H;PV,Mo0,,040 (HPA-2) converts water-soluble
carbohydrates to FA as the sole product in the liquid phase at
90 °C using 30 bar of oxygen in aqueous solution.** Later, we
demonstrated that complex water-insoluble biomass can be
effectively converted by the same catalyst if organic acids, such
as e.g. p-toluenesulfonic acid (TSA) are used as an additive.>
In this way it was possible to convert cellulose and even wood.
The conversion of cellulose in the presence of TSA was inter-
preted as a two stage process of acid cellulose hydrolysis fol-
lowed by glucose oxidation to FA and CO,.

This “cold and wet” combustion process is restricted to a
reaction temperature of 90 °C as higher temperatures would
lead to a thermal decomposition of FA to CO and water. During
the reaction the oxidation produces heat. The generated FA can
be separated from the aqueous reaction mixture by simple
liquid/liquid extraction. FA yields of 30 kg from 100 kg cellulose
(molar yields of 19% based on carbon in cellulose) could be
realized using HPA-2 within 24 h reaction time.*?

Besides the mild reaction conditions and the very broad
range of useable biogenic substrates, the here described
method has the advantage that all thermally induced side-reac-
tions forming gluey or solid by-products (as typically observed
in reductive biomass conversion processes) are completely sup-
pressed under the applied oxidative conditions. Moreover, the
formed FA is not oxidized further to CO, while all carbon from
the biomass ends up (after appropriate reaction times) as
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either FA or CO,. This facilitates dramatically the downstream
processing of the reaction mixture that essentially contains -
after full feedstock conversion — FA as the only liquid phase
product in the aqueous solution.

In our view FA is a very interesting product from biomass
conversion processes. FA is a commodity chemical that is
widely used in the chemical, agricultural, textile, leather,
pharmaceutical and rubber industries.*® So far, commercially
available FA is entirely based on fossil raw materials. Its indus-
trial production is based on the hydrolysis of formic acid
methyl ester that is accessible via carboxylation of methanol.*®
Alternatively, FA is also produced by partial oxidation of
naphtha or butanes.”” Hydrogenation of CO, is an alternative
route to FA that has attracted a lot of interest in the recent
years but has so far not been industrially realized.*® Alternative
ways to produce FA from biomass include thermal cracking of
biomass (FA is only a byproduct),® wet oxidation with
Fe,(S04)5/CuS0, at 200 °C,*° with NaOH under hydrothermal
conditions,*' or with H,0, > or OH /H,0, ** in supercritical
water. Moreover, the group of Li and co-workers has published
a paper in 2012 dealing with the oxidation of biomass by
different water-soluble vanadium-compounds.** All these pro-
cesses suffer, however, from a modest selectivity to FA or from
thermal degradation of the product.

Recently, FA has been proposed by the groups of Beller and
Dyson as a suitable hydrogen storage compound®>*® in the
context of future hydrogen economy.’” FA contains a 4.4 wt%
share of hydrogen®® that can be easily and selectively liberated
through metal catalyzed processes under very mild conditions
(<100 °C) forming CO, as the only by-product.’**' It is
obvious that an FA-based hydrogen transport and storage
concept would greatly benefit from new and innovative ways to
produce FA from renewable resources.

For the here described selective oxidation of biomass to FA,
selection of the right homogeneous catalyst is critical. Since
complete combustion of biomass to water and CO, is always
the thermodynamically favoured reaction in biomass oxidation
with molecular oxygen, the applied catalyst must promote fast
oxidation of all carbon in biomass to FA while preventing oxi-
dation of FA to CO,. This challenging task is fulfilled remark-
ably well by the Keggin-POM H;PV,Mo,,0,, (HPA-2) reported
in our previous papers. For this particular POM catalyst an
interesting electron-oxygen transfer chemistry including the
ability to insert oxygen into a carbon-carbon bond has been
described in the literature.*?

One major drawback of the HPA-2 catalyst is however, its
relatively slow biomass conversion rate and the need for high
oxygen partial pressures (typically 30 bar) for the re-oxidation
of the catalyst. Moreover, the relatively low redox potential of
HPA-2 (0.68 V vs. NHE at pH = 1)*® in comparison with FA
(0.61 V vs. NHE)** implies the risk of over-oxidation of FA to
CO,. Remarkably, the rate determining step of the biomass
conversion to FA with HPA-2 is clearly not the biomass oxi-
dation itself but the re-oxidation of the reduced catalyst with
molecular oxygen after oxygen has been transferred to the
biomass substrate.

This journal is © The Royal Society of Chemistry 2013
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In this contribution, we present the results of our attempts
to identify a more readily re-oxidizable catalyst system for the
selective conversion of carbohydrates to formic acid. For this
purpose, we synthesized different Keggin-type polyoxometa-
lates (HPAs) and characterized them by photophysical and
electrochemical techniques. In order to compare the catalytic
performance of different HPAs with solubility aspects
excluded, we applied glucose as model substrate and used
NMR and in situ UV-Vis electrochemical methods to monitor
the FA formation. The so identified, best catalyst system was
later investigated in the oxidation of the main components of
lignocellulosic biomass with TSA as an additive.

Results and discussion

To define the exact requirements for the catalytic systems
under investigation it is helpful to divide the whole reaction
mechanism into three basic reaction steps: (a) acid hydrolysis
of the water-insoluble substrate to water-soluble fragments
(not required in the case of water soluble feedstock); (b) oxi-
dative cleavage of C-C-bonds in the substrate; (c) re-oxidation
of the in situ reduced POM-catalyst by molecular oxygen. Step
(c) is rate determining at low oxygen pressure. Steps (b) and (c)
are schematically illustrated in Fig. 1.

From these three key steps the requirements for a suitable
catalyst can be derived. The catalyst should be re-oxidizable
with molecular oxygen at partial pressures as low as possible
(to allow e.g. the use of air), the catalyst should effectively
promote oxidative C-C-bond cleavage without oxidising FA to
CO,, the catalyst should be stable and active in acidic aqueous
solutions (pH = 0-3), have a redox potential between 0.61 V
(FA) and 1.23 V (0,) vs. NHE, and finally, the catalyst should
be insensitive against typical impurities in real biomass.

The here presented catalyst optimization study is entirely
based on the use of Keggin-type polyoxometalates. These form
the most widely used class of POMs. They have the general
formula [XYmM(lz_m)O40](3+m)_, where X is the heteroatom and
M and Y are the addenda atoms. The tetrahedral XO, (X = P,
Si) and via the sharing corner or edge oxygen atom bridged 12
octahedral MOy (M = W, Mo) and YO¢ (Y = V, Cr, Mn) units
form their structure.”™*” These POMs are characterized by
strong Brgnsted acidity, high proton mobility, fast multi-elec-
tron transfer, high solubility in various solvents and excellent
resistance against hydrolytic or oxidative degradations in solu-
tion.*®*® These properties make them very attractive catalysts
for the oxidative conversion of biomass.

Substrate

HPA-n,
Oxidant (O,)

HCOOH+CO,+H,0 HPA-n

red

Fig. 1 Schematic illustration of the HPA-n redox cycle.
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As stated above, the re-oxidation of the reduced form of
POM is in most cases the rate determining step in the oxi-
dation reaction. This step is strongly dependent on the avail-
able oxygen concentration in solution where the reaction takes
place.’® As oxygen availability in solution is a function of
oxygen partial pressure and of oxygen mass transfer from the
gas-phase into the liquid phase, we conducted all our experi-
ments in a 600 mL Parr reactor equipped with a gas entrain-
ment stirrer. As already shown in our former work,>***> POM
re-oxidation becomes significantly faster under higher oxygen
partial pressure. At 30 bar oxygen pressure the re-oxidation of
the catalyst is clearly faster than the oxidation of the substrate.
Thus under these conditions the biomass oxidation becomes
the rate determining step.

We started the here presented catalyst optimization study
based on the published observation that HPA-n with n > 3 are
especially easy to re-oxidise.”’*> While Keggin-type HPA-n (n =
1-3) are typically prepared from solutions of their salts,>® this
method is not applicable for higher substituted HPA-n. An
alternative literature method prepares the Na-salts instead of
the free HPA-n by using different Na-precursors.>”>> However,
lower catalytic activities have been reported for these Na-salts
compared to the free heteropoly acids.’®

Using a synthesis method published by Odyakov et al in
2008,”” we were able to prepare HPA-n solutions with n = 2-6.
In this method water-insoluble V,Os is first dissolved in cooled
H,0, to form peroxyvanadic compounds which decompose
quickly to unstable HgV;00,g solutions. The latter are sub-
sequently stabilized with H;PO, to yield a stable HoPV;,0,,
vanadium(v) intermediate. Independently, the molybdenum(vi)
precursor is prepared by mixing a boiling aqueous suspension
of MoOj; and H3PO,. To yield the final HPA-n solution, the two
vanadate and the molybdate solutions are combined under
boiling conditions followed by water removal under vacuum.

This method was further modified by our working group to
make it applicable for the synthesis of HPA-n (n = 0-6) solid
heteropolyacid hydrates without deficiency of vanadium in the
crystals by elimination of pervanadyl cations from the HPA-n
solutions, a synthetic problem described in the literature.>®>°
This was carried out by slow evaporation of water at 80 °C in
the presence of an additional PEG solvent followed by crystalli-
zation of the Keggin-POM overnight in the refrigerator. The
received crystals were finally dried at 10> mbar by keeping a
constant low temperature of max. 4 °C.

The characterization of the different HPA-n (n = 0-6) cata-
lysts obtained in this way was performed via ICP-OES, *'P- and
*1Y-NMR, UV-Vis and FT-IR measurements. Additionally, the
content of hydration water was determined via TGA. A detailed
description of the analytical procedures is found in the Experi-
mental section below.

Table 1 shows the list of prepared HPAs together with the
results of the respective ICP-OES and TGA measurements of
the completely dried compounds. All compounds have been
obtained in very good yields (>95% with respect to the applied
metal compounds) and in very good purity (relative error of
ICP-OES elemental determination <3%).
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Table 1 Results for the ICP and TGA-analysis of the different synthesized
heteropolyanions

Molecular P/V/Mo Hydration
Compound composition ratio®?* water? [mole]
HPA-0 H;3[PMO04,040] 1/0/11.83 8
HPA-1 H4[PVMo0,,0,0] 1/0.82/11.14 9
HPA-2 H;[PV,M01(04] 1/2.01/10.12 10
HPA-3 Hg[PV3M040,0] 1/2.94/9.20 10
HPA-4 H,[PV,Mo0gO,0] 1/4.18/7.95 11
HPA-5 Hg[PV5M0,0,0] 1/4.87/7.21 12
HPA-6 Ho[PVeMO0gO,0] 1/5.95/5.87 13

“P/V/Mo ratio determined via ICP-OES, 20 mg of the HPA-n catalyst
dissolved in 250 mL of double distilled water. ?Yield of synthesis for
vanadium calculated by Y(V) = n(vanadium in HPA-n)/n(vanadium in
V,0;5). “Yield of synthesis for molybdenum calculated by Y(Mo) =
n(molybdenum in HPA-n)/n(molybdenum in MoO3). ¢ Moles of hydration
water determined via TGA with a three-step temperature programme
up to 350 °C with helium as a carrier gas.

Furthermore, TGA analyses up to 350 °C showed no
thermal degradation of the POM complexes. Only hydration
water was removed during heating resulting in a mass loss of
about 10 wt%. Up to 140 °C, the dry hydrated compounds are
present. On raising the temperature further to 350 °C, also
constitutional water is removed without destroying the Keggin
structure. These observations fit well with the results pub-
lished by Jerschkewitz et al®® Interestingly, the content of
hydration water in the POM complexes rises with a higher degree
of substitution. This could be due to the higher basicity of the
compounds going along with higher vanadium content.

In the following, we describe analytic methods to character-
ize POM complexes of the general type HPA-n exemplified for
the HPA-2 compound. Fig. 2 shows the *'V- and *'P-NMR
spectra of the synthesized HPA-2 in acidic (pH = 1.3) D,O solu-
tion. All detected resonances can be assigned to individual
isomers of the Keggin structure of decamolybdodivanadophos-
phate according to the literature.®>®" This confirms that our
modified synthesis of the isolated HPA-2 complex results in

03 04 05 06 07

0 01 02

“abundance

600 4700 4500 4900 5000 5100 5200 5300 5400 5500 5600 5700 <580,
X : parts per Million : 51V

‘abundanc

40 30
X : parts per Million : 31P.

Fig. 2 °"V-NMR (top) and 3'P-NMR spectra of the 1 mmol HPA-2 solution at
pH = 1.3 and 25 °C without resolution enhancement.
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the same structure as the literature known synthesis protocol
via the corresponding Na-salts.>® With a higher degree of sub-
stitution and thus an increasing vanadium content, the reso-
nances of the different positional isomers become broader
which makes the interpretation of the spectra more compli-
cated. The corresponding *'P-NMR spectra also show the
signals of all five positional isomers at the appropriate shifts
and, in addition, the peak for the free [PO,J~ anion at
+0.5 ppm (see Fig. 2).

Apart from HPA-2, all other POMs of the general type
[XYmM(12_m)O40](3+’")_ have been investigated by NMR as well.
The corresponding spectra also agree well with the references
published in the literature for the same POM structures syn-
thesised in more complex ways (see ESI{).>>*®* This confirms
that the here applied synthetic method is appropriate for the
preparation of the full series of HPA-n (n = 0-6) heteropolyacid
hydrates. Identity and purity of the synthesized compounds
were further confirmed by UV-Vis spectroscopy and the data
obtained were again identical to literature reports (see
ESIT).63’64

As mentioned before, the primary structure of the hetero-
polyanions of the general type HPA-n (n = 0-6) studied in this
work is the Keggin structure. The oxygen atoms of the Keggin
structure can be subdivided into four different types (O,: inner
oxygen; Oy: corner-sharing oxygen, O.: edge-sharing oxygen,
Oq: terminal oxygen). These show four well-defined infrared
bands that can be applied for the identification and discrimi-
nation of different HPA-n catalysts. The four classes of oxygen
atoms can be described as follows: the central oxygen X-O,
establishes a connection between the central heteroatom of
the XO, tetrahedron and the transition metal atoms of a tri-
metallic MO; structure. The M-Op,-M oxygen atoms connect
two M30;; units by corner sharing. Furthermore, M-O.-M
oxygen links two transition metal atoms by edge sharing of
two MO units and finally the terminal oxygen atom M-Og4
binds to only one transition metal atom.®>®” To the best of
our knowledge, this is the first time where the full series of
HPA-n (n = 0-6) has been completely characterized and the
same complexes have been applied in catalysis.

For example, the FT-IR spectrum of HPA-2 in the range of
1100-600 cm™" is shown in Fig. 3. Intense IR bands are found
that we assigned to the characteristic stretching vibrations of
the Keggin oxoanion observed at 1051 cm™' (v P-0,),
951 em™" (vas M=0g), 877 em™' (vys M—Op-M) and a broad
band at 766 cm™" (v,s M~O.~M), respectively (M = Mo, V).

Table 2 presents an overview of the results obtained from
the FT-IR measurements of all POM complexes synthesised in
this study. The comparison of the FT-IR spectra of the
different HPA-n (n = 0-6) shows that the characteristic bands
of the Keggin ion shift to lower wavenumbers proportional to
the number of introduced vanadium atoms. This shift is due
to the presence of vanadium atoms in the structure and hence
gives a further indication for the incorporation of V in the
Keggin structure.®®

After the successful characterization of all prepared HPA-n
complexes, we aimed to test first their efficiency for the

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 Solid-state ATR-FT-IR spectrum of HPA-2.

Table 2 Characteristic vibrations (in cm™") of HPA-0 and related compounds
containing vanadium HPA-n (n = 1-6)?

Vas Vas Vas Vas
Compound (P-0,) (Mo-0q4) (Mo-0,-Mo) (Mo-0.-Mo)
HPA-0 1054 952 878 ~740
HPA-1 1052 952 877 ~740
HPA-2 1051 951 873 ~740
HPA-3 1048 948 871 ~735
HPA-4 1046 948 870 ~735
HPA-5 1045 948 864 ~730
HPA-6 1041 948 864 ~730

“ Measurements: Infrared (IR) spectra of the different HPAs were
accomplished with a FT-IR spectrophotometer Prestige-21 (Shimadzu)
by using a Golden Gate ATR unit with a diamond crystal (LOT) in the
range between 1100 and 600 cm ™",

oxidation of the water-soluble model substrate glucose in
analogy to our first publication on the topic in 2011.>* To
allow the calculation of yields based on the carbon atoms
available in the substrate, we used quantitative NMR- and GC-
measurements for product analysis. The yield of FA was deter-
mined by means of "H-NMR using benzene as an external
standard and calculated as n(FA)/n(C-atoms feedstock). The
yield of CO, was determined by GC-analysis and is obtained as
n(CO,)/n(C-atoms in the feedstock). In each experiment, the
glucose substrate was processed with a different HPA complex
as a catalyst. Deionized water was used as a solvent and the
oxidation was carried out for 8 h at 90 °C under 30 bar of pure
oxygen pressure. The reaction time was set to eight hours to
guarantee full conversion of the substrate in all the experi-
ments. For the higher substituted HPAs, the reactions
approach complete conversion at shorter reaction times. The
reaction temperature was selected to be 90 °C, as lower temp-
eratures would have resulted in a much lower reaction rate (E,
=150 kJ mol™") while temperatures over 100 °C would have led
to loss of FA by thermal decomposition to CO and water. Fig. 4
shows a comparison of the combined FA + CO, yields over
time for the glucose oxidation catalysed by the two different
catalysts HPA-2 and HPA-5.

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 Time-dependent FA + CO, yields in the glucose oxidation catalysed by
the two different polyoxometalates HPA-2 and HPA-5. 5.0 g (27.8 mmol)
glucose and 0.8 mmol catalyst (initial weight depending on molar mass of the
HPA) dissolved in 100.0 mL H,0, 30 bar O,, 90 °C, 8 h, 1000 rpm.

The two curves show clearly the faster kinetics of the higher
substituted HPA-5 catalyst while both curves follow the same
general trend. The results of our complete HPA-n catalyst
screening are given in Table 3.

Additionally, we used vanadylsulfate (VOSO,) as water-
soluble vanadium species. This compound showed good cata-
Iytic activity with a FA-yield of 62% at a conversion of 93% for
glucose as a substrate within 24 h reaction time. However, the
major drawback of this homogeneous vanadium oxide is its
non-re-oxidability under the applied reaction conditions. After
the reaction, the solution showed a blue colour of reduced
V(iv)-species together with little green-black solid residue at
the bottom. The *'P-NMR-spectra showed only peaks for
vanadium(wv). The solid was separated and further character-
ized via ICP-OES as VO,. Thus it could be demonstrated that
the heteropolyacid cage and especially the presence of molyb-
denum in it is necessary for stability and re-oxidability of the
vanadium complex.

Table 3 Oxidative conversion of glucose to formic catalysed by different
heteropolyacids

Combined yield pH pH Selectivity
No. Catalyst FA+CO,” (%)  before® after’ FA+CO,? (%)
1 HPA-0¢ 10 3.32 1.54 40:60
2 HPA-1“ 12 3.34 1.52 50:50
3 HPA-2 91 3.51 1.30 52:48
4 HPA-3 100 3.39 1.27 56:44
5 HPA-4 97 3.45 1.41 54:46
6 HPA-5 94 3.45 1.41 61:39
7 HPA-6 97 3.24 1.41 58:42
8 HoPV,,0,," 88 3.68 1.88 58:42

Reaction conditions: 5.0 g (27.8 mmol) of glucose as a substrate and
0.8 mmol of catalyst (initial weight depending on molar mass of the
HPA) dissolved in 100.0 mL H,O, at 30 bar O,, 90 °C, 8 h, 1000 rpm.
“processed for 24 h because of lower conversion. ” Combined yield
determined by means of 'H-NMR (FA) and GC analysis (CO,)
considering the two being the only products; combined yield was
calculated as (n(FA) + n(CO,))/n(C-atoms feedstock) with a relative error
of +1%. “pH measurements performed directly in solution at 20 °C
with an accuracy of +0.01. “Selectivity determined by means of
'H-NMR using benzene as an external standard according n(FA)/n-
(C-atoms feedstock).

Green Chem.


http://dx.doi.org/10.1039/c3gc41320a

Published on 17 September 2013. Downloaded by University of Missouri at Columbia on 05/10/2013 10:19:02.

In fact, all tested HPA-n compounds were active in the
glucose oxidation to FA and CO, under the applied conditions.
The major drawback of the unsubstituted species HPA-0 and
the monosubstituted HPA-1 was found to be their low catalytic
activity with only 4 and 6% yield of FA after 24 h reaction time.
This mediocre catalytic activity is attributed to the slow re-
oxidisability of HPA-0 and HPA-1 under 30 bar oxygen pressure
at 90 °C. The reason for this phenomenon is that the one-elec-
tron oxidation of V(i) to form the HO, radical is thermodyna-
mically unfavourable.®® This behaviour was further confirmed
by the dark blue colour of the reaction solution. Moreover, *'P-
and *'V-NMR analyses showed that the largest part of
vanadium stayed in its reduced form as vanadium(v) during
the reaction. Therefore, these two compounds are not appro-
priate as catalysts for biomass oxidation. Nevertheless, it is
noteworthy that the re-oxidation of HPA-0 and HPA-1 by O,
proceeds readily at temperatures over 200 °C.°°

Interestingly, the pure vanadium complex HoPV,;,0,,
showed also a remarkable catalytic activity (Table 3, entry 8).
The combined yield reaches 88% after 24 h with FA and CO,
being the only products. The reaction solution had a clear
yellow colour and no solid residues were found. Before the
reaction, the *'V-NMR spectrum showed five peaks for the
different positional isomers of vanadium. The spectrum after
the reaction, however, showed only one broad peak at
—535 ppm indicating that the initial catalyst species is not
stable under the applied reaction conditions. It is also fair to
state that the catalytic activity of HoPV,,0,, is much lower
than that of the active HPA-n complexes (n = 2-6) as 24 h reac-
tion time was required to reach yields compared to 8.

In fact, all other tested HPA-n with n = 2-6 are stable and
re-oxidisable under the applied reaction conditions. All these
HPAs showed a clear orange colour without any solid residues
after eight hours reaction time in glucose oxidation. Hence,
the presence of a certain number of V ions in the heteropoly-
anion complexes seems to be essential for suitable re-oxidabil-
ity. The selectivity was for all HPA-n (n = 2-6) complexes higher
than 50% for FA while the combined yields after 8 h reaction
time were in the range of 90 to 100%. The highest selectivity
was 61% and reached with HPA-5 as a catalyst. The stability
and reversibility of the HPA-5 could be demonstrated via
>ly- and *'P-NMR and absorption spectroscopy. The *'P-NMR
spectra of HPA-5 before (top) and after (bottom) the reaction
are shown in Fig. 5.

Remarkably, we found a clear tendency that a higher degree
of vanadium substitution in the Keggin structure increases the
catalytic activity. At the same pH, the stability of HPA-n in solu-
tion decreases with an increasing number of vanadium atoms,
especially for n > 5.”° Heteropolyacids in aqueous solution are
extremely complex systems, and the higher the V content, the
more complex becomes the system. Details regarding these
structural questions are found in a publication by Kozhevnikov
and Matveev.”!

As already shown in Fig. 1, once the biogenic substrate is in
aqueous solution, the next step in the reaction mechanism is
the oxidation of the organic substrate. The required electron
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Fig. 5 >'P-NMR of HPA-5 before (top) and after (bottom) the reaction at
pH = 1.41 and 25 °C without resolution enhancement.

transfer from the substrate to the oxidant cannot be carried
out directly by molecular oxygen because the energy barrier is
too high. In this context the HPA-n complex acts as a reversible
oxygen transfer catalyst. The HPA-n complexes are catalytically
active under very mild conditions (<100 °C) preventing ther-
mally induced side-reactions of the substrate. The mechanism
can be explained via two different active species. The dis-
sociation of the parent HPA-n leads to a monomeric pervana-
dyl (VO,") cation and complexes thereof. This step has been
described by Matveev et al.”" as an individual observation for
HPA-n with n = 4-6 in strongly acidic media (such as our reac-
tion system). In addition, the parent heteropolyanions can be
the active species in step 1. This is likely the case for more
stable polyanions with a lower V-content, e.g. HPA-2 or HPA-3.
As the parent heteropolyanions are multi-electron oxidants,
they can in principle react via multi-electron transfer.

The results in Table 3 clearly show that for higher substi-
tuted HPA-n, the selectivity to FA is higher than for the lower
substituted ones. Thus our results indicate that the formation
of the pervanadyl cation has a positive effect on selective FA
formation. The free pervanadyl cation has a higher redox
potential (0.87 V vs. NHE)*® and hence a higher catalytic
activity than the parent HPA-n with 0.68-0.71 V vs. NHE at
pH = 1.”% This pH dependency of different vanadium clusters
in aqueous solution was already investigated by Murmann
and Giese”® in 1978 for the vanadyl oxoanion V;00,5°". The
description of the dissociation equilibrium was further investi-
gated by Zhizhina et al.>"
be transferred to the formation of the pervanadyl cation at low

The results from these studies can

pH values in our reaction system and help to understand the
observed differences in reactivity.

The proposed mechanism is shown in Fig. 6. It comprises
two alternative ways for the dissociation of HPA-n. On the one
hand, before the oxidation reaction starts, the fully oxidized
HPA-n with a reduction degree of m = 0 dissociates to free per-
vanadyl and the residual degenerated lacunary species. On the
other hand, the fully reduced HPA-n after the substrate
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(HPA-n), o === (HPA-n-1), o+ VO,

(HPA—n)m:n s (HPA'n'I)m=n-1 +VO*

Fig. 6 Dissociation equilibria for HPA-n in aqueous solution.

oxidation with a reduction degree of m = n dissociates to
vanadyl (VO>") and the lacunary species.

In an acidic solution, the free vanadyl (VO*") ion cannot be
oxidised by molecular oxygen. Instead, the V** formed in the
reaction returns into the heteropolyanion either by an electron
transfer or by association with the lacunary species (HPA-n —
1). Consequently, V** is re-oxidised by oxygen inside the HPA-n
as shown in Fig. 7.

One major effect of the above described equilibria is that
the pH of the reaction solution does not only decrease by the
formation of FA, but also with the increasing re-oxidation of
HPA-n. Hence the pH not only influences the dissociation and
therefore the substrate oxidation, but also the second re-oxi-
dation step of the POM catalyst and thus the rate-determining
step of the whole reaction. This interplay was further investi-
gated by electrochemical and in situ UV-Vis-electrochemical
methods.

Another mechanism was offered by Khenkin et al in
1999.”* These authors used aldehydes as reducing agents in
the HPA-2 catalysed oxidation of alkanes with molecular
oxygen. In this study, they describe an acyl-peroxo radical
mechanism for the formation of an aldehyde-polyoxometalate
intermediate as an active species. Furthermore, the HPA-2
compound was identified as an inhibitor for the oxidation
reaction presumably due to its ability to capture the active acyl
peroxo radical intermediate.

To investigate the idea of a free radical oxidation determin-
ing the outcome of our reactions, we performed comparison
runs with added radical scavenger. For this purpose we added
BHT (2,6-bis(1,1-dimethylethyl)-4-methylphenol) as a scaven-
ger to the oxidation of glucose under the same reaction con-
ditions as described previously in Table 3, entry 6. To trap all
possible radicals, we used an excess of BHT compared to
HPA-5 (1.2 equivalents). The experiment clearly showed that
there was no influence of the BHT scavenger. With the added
scavenger, the conversion reached 99% with a FA-selectivity of
60% after eight hours reaction time. Therefore we can un-
ambiguously conclude that the reaction mechanism is not of
radical nature.

In accordance with the literature, the cyclic voltammogram
of HPA-2 shows peaks at +0.32 V and +0.08 V. These can be

VO + HPA-n + H,0 === VO," + H(HPA-n) + H"

VO?* + (HPA-n-1) + H'<== H(HPA-n)
overall: 4VO** + 0, + 2 H,0 == 4 VO, +4H"

Fig. 7 Re-oxidation equilibria for HPA-n in aqueous solution.
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Fig. 8 Square wave voltammograms of HPA-n (n = 0, 2, 5) in hydrochloric
aqueous solution (pH = 1.0); potential range: +0.6 to —0.6 V.

assigned to the reduction of the V(v) and Mo(vi) in the hetero-
polyacid cage.”” The cyclic voltammogram of HPA-5 was
measured under identical conditions and showed the same
trends (see ESIT). In order to shed light onto the individual
peaks shown in the CVs, square wave voltammograms (SWVs)
of all HPA-n (n = 0-6) complexes were measured.

Fig. 8 shows a comparison of different HPA-n (n = 0, 2 and 5)
indicating significant changes with increasing V-content. While
the main redox-peaks at —0.47, —0.31 and +0.08 V decrease with
increasing V-content, an increase of the peaks at —0.12 and
+0.39 V is observed. These findings imply that the peaks at
+0.32 and —0.12 V belong to the reduction of the different
vanadium species. The other listed peaks in the potential range
from +0.16 to —0.60 V refer to the reduction of molybdenum.
Due to the overlapping electrochemical features of different
vanadium and molybdenum species, an exact assignment of
the individual species renders, however, rather complicated.

To gain a deeper understanding into the redox processes of
the different HPA-n catalysts, we also used in situ UV-Vis
electrochemistry as a further characterization technique. The
respective catalyst was reduced by applying a defined voltage
and simultaneously, the corresponding absorption spectra
were recorded. Fig. 9 and 10 show the UV-Vis spectra of the
spectroelectrochemical measurements of HPA-2 in hydro-
chloric aqueous solution in the potential range from +0.50 to
—0.40 V as well as the corresponding differential spectra.

By applying the required potentials for the reduction of
Mo(vi) and V(v) several changes in the optical features of
HPA-2 could be observed. Concerning the ligand-to-metal-
charge-transfer (LMCT) region of HPA-2 between 200 and
500 nm, a decrease of the absorption bands at 217 and
330 nm as well as the formation of a new absorption band at
around 300 nm is observed (Fig. 9 and 10). The described
alterations are attributable to the reduction of V(v) and Mo(vi)
in the heteropolyacid cage. Especially the decrease of the band
at 310 nm and the simultaneous formation of a new band at
300 nm (Fig. 10) can be assigned to the reduction of V(v) to
V(1v) within the Keggin structure.”®””
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Fig. 9 UV-Vis spectra of the reduction of HPA-2 vs. Ag-wire at (- « «-) no poten-
tial; (- +-) +0.5V; (¢ #+ ) 0.0 V; (- - -) =0.1 V; (—) =0.3 V in hydrochloric aqueous
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Fig. 10 Differential spectra of the in situ UV-Vis electrochemical measurements
(reduction) of HPA-2 at (- « » -) no potential; (-« -) +0.3 V; (+ « ) 0.0 V; (---) =0.1 V;
(—) =0, 3 V in hydrochloric aqueous solution (pH = 1.0), in a spectral range
from 200 to 1000 nm; insert: zoom into the spectral range from 200 to 470 nm.

In the spectroscopic region between 500 and 1000 nm
reduced vanadium and molybdenum exhibit characteristic
intervalence-charge-transfer-bands (IVCT), which could also be
recorded during the spectroelectrochemical measurements. The
spectra show the formation of a broad peak at around 700 nm
indicating the hetero-IVCT of a V-O-Mo group with a weak con-
tribution of the Mo(v) transition system. Another broad peak
around 860 nm is characteristic for the homo-IVCT of Mo-O-
Mo.”” The spectral changes in the IVCT region occur at the
same applied potential as the changes in the LMCT region. This
confirms V(v) and Mo(vi) reduction within the structure.

Fig. 11 and 12 show the spectral changes during the re-oxi-
dation of the afore-reduced HPA-2. The observable recovery
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Fig. 11 UV-Vis spectra of the re-oxidation of HPA-2 vs. Ag-wire at (----)
=03V, (-e2-) =01V, (-+-)00V; (s o) +0.1V; (- - ) 40.3 V; (—) +0.5 V in
hydrochloric aqueous solution (pH = 1.0), in a spectral range from 200 to
1000 nm; insert: zoom into the spectral range from 200 to 470 nm.

04 03V
-1V

0.4 !

AOD (a.u)

200 25 300 350 400
Wavelength (nm)

Wavelength (nm)

Fig. 12 Differential spectra of the in situ UV-Vis electrochemical measurements
(re-oxidation) of HPA-2 at (----) =03 V; (- e ¢ =) =0.1 V; (-« -) 0.0 V; (s » ¢) +0.1 V;
(- - ) +0.3 V; (=) 40.5 V in hydrochloric aqueous solution (pH = 1.0), in a
spectral range from 200 to 1000 nm; insert: zoom into the spectral range from
200 to 470 nm.

and backshift of the LMCT band at 217 nm as well as the
decrease of the homo-IVCTs of Mo-O-Mo confirm the reversi-
bility of the reduction of Mo(vi) to Mo(v). Also the decrease of
the hetero-IVCT of V-O-Mo and a poor increase of the LMCT
band around 330 nm could be observed by applying a voltage
of 0.30 V. Since the increase of the LMCT band is only
minimal, it can be concluded that the re-oxidation of V(i) to
V(v) in a purely electrochemical manner is at best quasi-revers-
ible due to partially decomposing HPA-2 to afford species with
lower vanadium content.”®

Similarly, HPA-5 as a higher substituted catalyst was investi-
gated by spectroelectrochemistry under the same conditions
and the results were compared. The spectra of the HPA-5
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catalyst during reduction show the same trends regarding the
LMCT and IVCT bands. Notably, the individual LMCT bands
of HPA-5 are significantly broader and less resolved compared
to those of HPA-2 (see ESIf). A likely reason is the lower stabi-
lity of HPA-5 in comparison with HPA-2 and consequentially,
the decomposition of the catalyst into less V-substituted
species (HPA-n with n = 1-4) under the applied electrochemical
conditions.

During the gradual re-oxidation (Fig. 13 and 14) of V(v) to
V(v) in HPA-5, a decrease of the band at 300 nm and an
increase of the band at 330 nm is discernable at a voltage of
0.30 V indicating the partial re-oxidation of V(i) to V(v). More-
over, the formation of a band at 325 nm is seen upon applying
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Fig. 13 UV-Vis spectra of the re-oxidation of HPA-5 vs. Ag wire at (----)
—03V;(-+¢-)=01V;(-+-)00V; (s +4)40.1V; (- - +) +0.3 V; (—) +0.5 V in
hydrochloric aqueous solution (pH = 1.0), in a range from 200 to 1000 nm;
insert: zoom into the spectral range from 200 to 470 nm.

03V
041 4 —= 01V

0.6

0.5 5

041} :

AOD (a.u.)

200 250 300 350 400 | 450
Wavelength (nm)

T T T
600 800 1000
Wavelength (nm)

Fig. 14 Differential spectra of the in situ UV-Vis electrochemical measurements
(re-oxidation) of HPA-5 at (----) =0.3 V; (¢« -) =0.1 V; (-« =) 0.0 V; (s « «) +0.1 V;
(- - ) +0.3 V; (=) +0.5 V in hydrochloric aqueous solution (pH = 1.0), in a
spectral range from 200 to 1000 nm; insert: zoom into the spectral range from
200 to 470 nm.
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a potential of 0.50 V. This new absorption band belongs to the
previously mentioned vanadium-peroxo species and reflects
the release of vanadium from the heteropolyacid cage into the
aqueous solution.”®

Thus, we could unambiguously demonstrate that the dis-
sociation of HPA-5 to the pervanadyl cation and different
peroxo species is the crucial point for its observed enhanced
catalytic activity compared to HPA-2. Obviously, HPA-5 com-
bines a fast oxidation of the substrate, on the one hand, with
an efficient re-oxidation behaviour, on the other hand.

To round-up our study we probed the so-optimized polyoxo-
metalate HPA-5 in the transformation of all main components
of lignocellulosic biomass. The conversion of cellulose, xylan
(hemicellulose) and lignin with TSA as an additive was per-
formed for 24 hours reaction time. As cellulose feedstock we
used Vitacel L600 powdered cellulose from J. Rettenmaier &
S6hne & Co. GmbH with a purity of 98%+. The C, H, N, S
elemental gave a molecular composition of
C1.07H1.830:. The applied hemicellulose (xylan from birch-
wood) was of 95%-+ purity and is commercially available from
Carl Roth GmbH. Its molecular composition was determined
as Cop.99H1.7601. The lignin was purchased from Sigma Aldrich
(alkali, low sulfonate content) and has a purity of 95%+. Its
molecular composition as determined by elemental analysis
was Ci.70H1.8401.

The reaction time compared to the conversion of glucose
(Table 3) was extended to allow more time for acid hydrolysis
of the water-insoluble substrates to water-soluble fragments
through the additive TSA. The results of these experiments in
comparison with former HPA-2 catalyzed conversion of the
same substrates® are summarized in Table 4.

The results clearly show that all the three main components
can be converted selectively to FA and CO, both with HPA-2
and HPA-5 catalysts in very high yields. The observed FA yield
from cellulose after 24 h was increased from 19% (HPA-2)** to
28% (HPA-5). Note that the selectivity of the oxidation of cellu-
lose is not independent of conversion. The gradual degra-
dation of the substrate’s carbon framework inplicates that

analysis

Table 4 Transformation of all main components of lignocellulosic biomass to
formic acid using HPA-5 as a catalyst and TSA as an additive in comparison with
HPA-2 catalyzed reactions

Molecular Combined yield Selectivity
No. Substrate Catalyst composition® FA + CO,? (%) FA:CO," (%)

1 Cellulose® HPA-5 C,oH, 0, 76 37:63
2 Cellulose’” HPA-2 C,,H;g0; 39 48:52
3 Lignin® HPA-5 Cyy0H;g0; 100 32:68
4  Lignin® HPA2 Cy;H;40; 95 33:67
5 Xylan®  HPA-5 CggoH,,60; 100 58:42
6 Xylan® HPA2 CyooH,,60; 97 55:45

Reaction conditions: “ 100 mmol substrate, 20 mmol TSA as an additive,
1.82 g (1 mmol) HPA-5 resp. 90 mmol substrate, 17 mmol TSA as an
additive, 1.74 g (0.9 mmol) HPA-2 catalyst; dissolved in 100.0 mL H,O,
30 bar O,, 90 °C, 24 h, 1000 rpm in 600 ml autoclave.  Determined via
C, H, N, S elemental analysis. ?Yields and selectivity determined by
means of 'H-NMR using benzene as an external standard.
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carbon functionalities leading preferentially to FA formation
are oxidised first. For lignin and xylan oxidation, HPA-5 also
shows higher activities than HPA-2. The overall effect is,
however, less pronounced after 24 h reaction time. The major
advantage for converting water-insoluble lignocellulosic
biomass with HPA-5 instead of HPA-2 is the fact that the
higher V substituted catalyst can be completely re-oxidized at
30 bar oxygen pressure and, in turn, the rate-determing step is
still the biomass oxidation to FA. For the HPA-2 catalyst, this is
not the case at 30 bar oxygen pressure - a finding that is con-
cluded from the dark green colour of partially reduced
V-species in the solution. Consequentially, the rate-determin-
ing step in the case of biomass conversion catalyzed by HPA-2
is the re-oxidation of the catalyst. The HPA-5 catalyst proved its
superior performance also with lignocellulosic substrates
underlining its potential for selective biomass oxidation to FA
with enhanced space-time-yields.

Conclusions

We have synthesised a series of different heteropolyacids of
the general type Hj.,,[PV,M0;,_,040] (7 = 0-6) and tested them
as homogeneous catalysts in the selective oxidation of biomass
to formic acid. For the higher V-substituted complexes (n =
4-6) we could develop an improved synthetic method. All com-
plexes were successfully characterised via ICP- and NMR-analy-
sis. A screening of all POM complexes with glucose as a
substrate confirmed the general reactivity of all complexes.
Nevertheless, the higher V-substituted complexes (n = 2-6)
showed far better activities than the lower V-substituted com-
plexes (n = 0-1). To explain this trend, the best system, HPA-5,
was compared to the lowest V-substituted system of good
activity, HPA-2, using different optical and electrochemical
methods.

As the most important result of the spectroelectrochemical
investigations the formation of the pervanadyl species was
only discernable for the higher V-substituted species HPA-5.
According to our mechanistic interpretation this species is
responsible for the observed enhanced catalytic activity. As
such, we have shed new light on the mechanism of the POM
catalysed oxidation of biomass and have linked different cata-
lytic activities to the vanadium content in catalytic POM
complexes.

In the end, we could demonstrate superior catalytic per-
formance of the optimized HPA-5 in the conversion of all
main components of lignocellulosic biomass. HPA-5 enables
higher space-time-yields compared to HPA-2 allowing a
reduced reactor size and lower pressure level at the same cata-
lytic productivity of real biomass oxidation to FA.

Experimental details

All reagents and substrates were commercially available and
used as received. The model substrate glucose was supplied by
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Merck KGaA and the model substrate cellulose was purchased
from J. Rettenmaier & Sohne & Co. GmbH. The TSA additive
for cellulose conversion was obtained from Alfa Aesar. Elemen-
tary analysis of the cellulose substrate was performed using a
Euro Vector EA 3000. Gaseous product analyses were per-
formed using a Varian GC 450 equipped with a 2 m x 0.75 mm
ID Shin Carbon ST column. Thermogravimetric analyses (TGA)
were conducted using a SETSYS-1750 CS Evolution from
SETARAM Instruments. For these investigations, 80 mg of the
substance were weighed into a quartz crucible, heated at a con-
stant rate of 10 °C min~" up to 350 °C and kept there for
20 min. Helium was used as a carrier gas. pH measurements
were performed at 20 °C with a Blueline 18 pH electrode from
Schott Instruments Type GC 842 with an accuracy of +0.01.

Catalytic oxidation reactions (results of Tables 3 and 4)

The oxidation reactions were carried out in a 600 mL Hastelloy
C276 autoclave equipped with a gas entrainment impeller.
Water (100.0 mL), POM-catalyst (0.8 mmol) and the substrate
(5.0 g) were charged into the apparatus. The system was
purged with oxygen (2 times), then the stirrer was set to
300 rpm and heating was switched on. When the reaction
temperature of 90 °C was reached, the oxygen pressure was
adjusted to 30 bar and the stirrer was set to 1000 rpm.

For the determination of FA yield and FA selectivity it is
important to note that only two detectable C1-products, FA
and CO,, were found in the system after reaction. The mass
balance of the transformation could be closed by using NMR-
and GC-results. The yield of FA was determined by means of
"H-NMR using benzene as an external standard and was calcu-
lated as Ygs = n(FA)/n(C-atoms feedstock). The yield of CO, was
determined by means of GC-analysis and was calculated as
Yco, = n(CO,)/n(C-atoms feedstock). The combined yield FA +
CO, was calculated by n(FA) + n(CO,)/n(C-atoms feedstock).

Inductive coupled plasma (ICP-OES)

The ICP-OES measurements were conducted using a Perkin
Elmer Plasma 400 by dissolving ca. 20 mg of the HPA-n catalyst
in 250 mL of double distilled water. For calibration on phos-
phorus, molybdenum and vanadium, ICP-standard solutions
(1000 pg mL™") were used.

Nuclear magnetic resonance (NMR) spectroscopy

The NMR spectra were recorded using a Jeol ECX-400 MHz
spectrometer (9.4 Tesla) at 293 K. The *'P NMR spectra were
recorded at 161.98 MHz with 512 scans at a range of —7 to
+5 ppm, resulting in a resolution of 0.24 Hz. The field fre-
quency stabilization was locked to deuterium by placing a
coaxial inner tube with 1 wt% H;PO, in D,O into a 5 mm tube
containing the sample. The >V NMR spectra were measured
with 2024 scans in a range of —580 to —460 ppm with an exci-
tation frequency of 105.25 MHz and a resolution of 0.77 Hz.
The field frequency stabilization was locked to deuterium by
placing a coaxial inner tube with D,O into a 10 mm tube con-
taining the sample.
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Optical spectroscopy

Infrared spectra of the solid catalysts were recorded using
FT-IR spectrophotometer Shimadzu Prestige-21 in combi-
nation with a diamond crystal ATR unit (L.O.T., Golden Gate)
between 4000 and 500 cm™' region. Steady state UV-Vis
measurements of the catalysts in hydrochloric aqueous solu-
tion were performed using a Specord S 600 UV-Vis spectro-
meter (Analytic Jena) at room temperature in a 10 x 10 mm
quartz cuvette between 200 and 1000 nm.

Electrochemistry

Electrochemical data were obtained by cyclic voltammetry and
square wave voltammetry using a FRA 2 pAutolab Type III
Potentiostat/Galvanostat (with impedance unit) (Metrohm).
The usual three-electrode arrangement included a glassy
carbon electrode as a working electrode, Pt wire as a counter
electrode and a silver wire as a pseudo reference electrode, see
ESLT The different voltammetric measurements were carried
out in argon saturated hydrochloric-aqueous solution in a
potential range between —0.60 and +1.00 V.

In situ UV-Vis electrochemistry

Spectroelectrochemical experiments were carried out using a
PGSTAT 101 (Metrohm) and a Specord S 600 UV-Vis spectro-
meter (Analytic Jena). The measurements were performed in a
quartz glass cuvette with an optical path length 1.0 mm in
hydrochloric-aqueous solution under argon atmosphere.
Light-transparent platinum gauze served as a working elec-
trode, a silver wire as a reference electrode and a platinum
wire as a counter electrode.
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