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Cu/CoO catalysts were employed for the selective oxidation of glycerol in the aqueous phase under basic
conditions. The effect of the solvent on the catalytic performance was investigated and the impact on the
catalyst was thoroughly elucidated. Detailed characterization of the catalysts by HR-TEM, XRD, and XPS
analysis before and after the reaction revealed that the addition of co-solvents (ethanol, n-propanol, or
tert-butanol) drastically altered the catalyst properties. In particular, the amount of the catalytically active
CoO(OH) phase generated during the reaction depends on the co-solvent used. Generally, the co-solvent
has a beneficial effect on the catalytic activity and improves the glycerol conversion by a factor of up to
1.8, which could be linearly correlated to the E+(30) solvent polarity.
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Introduction

The inevitable depletion of fossil fuels and other environmen-
tal concerns have boosted the search for alternative sustain-
able processes to generate fuels and chemical feedstocks from
biomass. Biodiesel, as a renewable resource derived from bio-
mass, emerged over the last few decades as a replacement for
fossil fuels. Biodiesel is produced by the transesterification of
fats and oils, where glycerol is concomitantly formed as a
side-product with high amounts (10 wt%) of biodiesel." Con-
sequently, the increased biodiesel production resulted in the
well-known glycerol glut, drastically dropping the market
prices for glycerol.>® Hence, a demand arose to convert glyc-
erol into value-added derivatives in order to make the biodie-
sel production more economically feasible.

Besides the various valorization routes (hydrogenolysis,
dehydration, polymerization, esterification, etc.),"*” the se-
lective oxidation of glycerol plays a crucial role in the scien-
tific field and has been thoroughly investigated.*™'° Even
non-conventional photocatalytic pathways have been studied
to find an efficient and sustainable way to valorize
glycerol.'*™*® Recently, we demonstrated that plasmonic
photocatalysis, utilizing noble metals as light absorbers and
active centers, is a promising alternative to thermocatalytic
glycerol oxidation.'**°
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To date, mainly noble metal catalysts have been investi-
gated for the selective oxidation of glycerol in the aqueous
phase™®'® and only a few reports were published focusing on
cost-efficient transition metal-based catalysts.”’>” McMorn
et al. showed that transition metal-containing silicalite and
aluminophosphate catalysts are capable of glycerol oxidation
in the presence of H,0, with high selectivities for formic acid
and mono-formate-esters.”* More recently, Jin et al. reported
that Co catalysts supported on Mg-Al hydrotalcite structures
show high glycerol oxidation conversion with remarkable se-
lectivities to tartronic acid.*® Davis and co-workers showed
that non-precious metal atoms (M = Fe, Cu, Cr, Co, Ni) dis-
persed on a nitrogen-containing carbon matrix catalyzed the
oxidation of benzyl alcohol and 5-hydroxymethylfurfural.*®
However, they also investigated the oxidation of other alco-
hols over these catalysts and observed that the catalytic per-
formance for glycerol oxidation was poor, emphasizing the
fact that finding active non-noble metal catalysts for glycerol
oxidation is a challenging task.

We previously reported metallic Cu nanoparticles
supported on ordered mesoporous CoO as active catalysts for
glycerol oxidation with decent selectivities for glyceric,
glycolic, and formic acid.*® Intrigued by these results, the
study was extended to CuCo-based materials prepared by a
facile co-precipitation method where the catalysts were fur-
ther investigated in more detail.’® Several post-treatments
were applied to CuCo-based catalysts, resulting in different
crystalline phases, which were investigated for selective glyc-
erol oxidation.

Investigations on the solvent effect for heterogeneous, no-
ble and non-noble metal catalysts are only scarcely
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available.’™> A few studies have been reported where the
role of the solvent was investigated for polyol oxidation over
noble metal catalysts. D'Agostino et al. showed that for 1,3-
propanediol oxidation over Au/TiO,, both adsorption and re-
actant diffusivity have to be considered when selecting the
solvent composition.*" Furthermore, in a study on the cata-
lytic oxidation of 1,4-butanediol over Au/TiO, catalyst, it was
reported that adsorption of the reactant and the solvent are
crucial for improving the catalytic performance.*> Moreover,
Dumeignil and co-workers investigated the impact of crude
glycerol for the selective oxidation over Pt/AlLO; catalyst.>
One conclusion of their studies was that adding methanol as
co-solvent into the reaction medium promoted the catalytic
performance. In stark contrast, by using Au/Al,O; and Ag/
Al O; catalysts, they could show that methanol as the co-
solvent had a detrimental effect on the activity.>* Lately, we
also investigated the effect of co-solvents on the catalytic ac-
tivity of Cu/Al,O3-based catalysts towards the selective oxida-
tion of glycerol and could demonstrate a good correlation be-
tween the solvent polarity and the catalytic activity.>® To
learn more about the effect of the presence of a co-solvent on
the catalytic activity of Cu-based catalysts, we have studied
the solvent-effect on a different Cu-based catalyst, namely
Cu/Co0, and the results are reported herein.

The exploration of the role of different solvents can
shed light on the reaction mechanism and determine the
influence that the solvent can have. Furthermore, crude
glycerol contains impurities like methanol or ethanol. The
development of catalysts that are resistant to these or
other solvents is an important step for valorizing glycerol
by heterogeneous catalysts without purification pre-treat-
ments. Hence, the examination of the solvent effect for
non-noble metal catalysts cannot be neglected if these cat-
alysts shall be regarded as promising materials for glycerol
oxidation.

From an industrial point of view, it is most interesting to
investigate the effect of methanol and ethanol on the cata-
lytic performance of glycerol oxidation catalysts, since these
alcohols are used for the transesterification process to yield
biodiesel.***” On the other hand, from the academic perspec-
tive, the use of a homologous series of alcohols, deduced
from methanol (such as ethanol and n-propanol) and mono-
functional alcohols with different structures (like
tert-butanol), can give further insight into the reaction mech-
anism and the enhancing or impeding effects of the solvent.
Hence, these solvents were selected in order to investigate
the solvent effect for glycerol oxidation over CuCo-based
catalysts.

Herein, we investigate the solvent effect on glycerol oxida-
tion in the aqueous phase over Cu/CoO catalysts. The de-
tailed characterization of the materials before and after glyc-
erol oxidation experiments shed light on the role of the
solvent in the catalytic performance. Moreover, the solvent ef-
fect on the change of crystal phase and surface species of the
catalysts, the Cu leaching, and the catalytic activity of leached
Cu species was investigated.
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Experimental section
Catalyst preparation

Co(NO3),:6H,O (>98%, Sigma-Aldrich), Cu(NOj3),-3H,O (99-
104%, Sigma-Aldrich), NaOH (pellets, VWR Chemicals), H,O,
(35 wt%, J. T. Baker) were used without further purification.

The detailed preparation of Cu/CoO -catalysts was de-
scribed previously.*® An aqueous NaOH solution (3.2 M, 20.8
mL) was prepared in a 250 mL beaker and heated up to 50
°C under stirring. Co(NO3),:6H,0 (1.21 g) and Cu(NO3),-3H,0
(0.502 g) were dissolved in DI water (10.4 mL) and added
dropwise into the NaOH solution and stirred for 20 min.
Afterwards, H,0, (35 wt%; 29.7 mL) was added dropwise into
the solution within 20 min. The solution was further stirred
for 20 min at 50 °C. Then, the precipitated black powder was
filtered and washed with DI water (500 mL). The material
was dried for 24 h at 110 °C and further calcined at 350 °C
for 2 h with a heat ramp of 5 °C min~". Finally, the calcined
powder was treated with an ethanol reduction procedure de-
veloped in our group.>*?**° High-temperature ethanol de-
composition (similar to steam reforming process) results in
H, over copper-cobalt oxide and reduces the material selec-
tively to Cu/CoO in the process of producing metallic CuCo.
The sample was placed in a tube oven and calcined at 270 °C
for 4 h with a heating ramp of 5 °C min™". N, was used as
the carrier gas with a gas stream of 100 mL min™". Prior to
reaching the sample in the oven, the gas stream was bubbled
through a round bottom flask (500 mL) containing 250 mL of
pure ethanol.

Catalyst characterization

Transmission electron microscopy (TEM) studies were
performed on a Hitachi H-7100 with 100 kV acceleration volt-
age. High-resolution TEM analysis was performed on an HF-
2000 field emission electron microscope with an acceleration
voltage of 200 kV. Analysis of the reaction solution for the de-
termination of the Cu content was performed by
“Mikroanalytisches Laboratorium Kolbe” in Miilheim an der
Ruhr, Germany. The X-ray powder patterns for qualitative
phase analysis for glycerol oxidation experiments were col-
lected on a Stoe STADI P transmission diffractometer using
Mo radiation (0.7093 A). The instrument was equipped with a
primary Ge (111) monochromator (MoKa,) and a position
sensitive Mythen1K detector. Data were collected in the range
between 5 and 50° 26 with a step width of 0.015° 26. Measur-
ing times per step were varied between 20 and 60 s. For each
sample, 8 scans were collected and summed after data collec-
tion. For the measurements, the samples were filled into
glass capillaries (& = 0.3 mm). The measured patterns were
evaluated qualitatively by comparison with entries from the
ICCD PDF-2 powder pattern database and by comparison
with simulated data (crystal structure data were taken from
the ICSD database). XPS measurements were performed with
a Kratos HSi spectrometer with a hemispherical analyzer. The
monochromated Al K, X-ray source (E = 1486.6 e€V) was oper-
ated at 15 kV and 15 mA. For the narrow scans, analyzer pass
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energy of 40 eV was applied. The hybrid mode was used as
the lens mode. The base pressure during the experiment in
the analysis chamber was 4 x 10”7 Pa. To account for charg-
ing effects, all spectra were referred to C1s at 284.5 eV.

Catalytic glycerol oxidation

Glycerol oxidation experiments were performed as follows.
Stainless steel autoclaves (ca. 36 mL total volume) with Tef-
lon inlets were loaded with the catalyst (15 mg), the reaction
solution (0.05 M aqueous glycerol solution (DI water), 4:1
mol mol™ = NaOH : glycerol, 15 mL) and a stirring bar. The
sealed autoclaves were purged with pure O, at 10 bar three
times before they were pressurized at 10 bar, unless other-
wise indicated. The autoclaves were positioned in preheated
heating mantles at 90 °C and the stirring speed was adjusted
to 750 rpm unless otherwise indicated. The reaction was
performed for 1 h and subsequently, cooled to 0 °C in an ice
bath and depressurized. The reaction solution was
centrifuged (9000 rpm, 15 min) to separate the catalyst from
the solution. Blank glycerol oxidation experiments without
catalyst, but otherwise identical reaction conditions, showed
no conversion. The catalysts were recovered by hot filtration
for the recycling experiments. For the investigation of the sol-
vent effect, different amounts of co-solvents (methanol, etha-
nol, n-propanol, tert-butanol) were mixed with the aqueous
glycerol solution, thereby maintaining the total reaction vol-
ume of 15 mL. Product analysis in the liquid phase was
performed via HPLC (Shimadzu) with a 300 x 6.5 mm Meta-
carb 67H with guard cartridge. Aqueous 0.1% trifluoroacetic
acid solution was used as the eluent with a flow rate of 0.8
mL min~" at 323 K. Each sample (10 pL) was injected and
peaks were detected with a refractive index detector. Products
were identified by comparison with reference samples.

Results and discussion

CuCo-based materials were modified by different post-
treatments and used for glycerol oxidation in the aqueous
phase; we provided a detailed characterization and relevant
reaction mechanism in our previous report.>® Herein, we se-
lected the most active catalyst, Cu/CoO with a Co/Cu atomic
ratio of 2, prepared via a facile co-precipitation method and a
thermal post-treatment, to explore the effect of the co-solvent
for the glycerol oxidation reaction. As shown in Fig. 1, the
catalyst consisted of metallic Cu nanoparticles in close con-
tact with CoO and small amounts of an unknown phase,
which might be a composite based on copper and cobalt. N,
physisorption analysis revealed a BET surface area of 65
m> g™\

In order to investigate the role of the solvent in the cata-
Iytic performance of Cu/CoO for glycerol oxidation, different
solvents with diverse solvent/water ratios were used to dilute
glycerol. The homologous series from methanol to
n-propanol and additionally tert-butanol were investigated
with Cu/CoO as the solid catalyst. As presented in Fig. 2a),
catalytic reactions with 50 vol% solvent content for ethanol,
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Fig. 1 a) HR-TEM micrographs and b) XRD diffractogram (MoKo, radi-
ation) of the Cu/CoO catalyst with a Co/Cu ratio of two.

n-propanol, and tert-butanol over Cu/CoO showed remarkable
increases in glycerol conversion compared to the reaction
performed in water. The conversion continuously increased
with higher solvent content. At 50 vol% solvent content,
n-propanol and ethanol exhibited the highest conversion. In
stark contrast, methanol as the co-solvent had a detrimental
impact on the catalytic performance even at low concentra-
tions. It has been reported that by using AuPd/TiO, as the
catalyst, glycerol can be oxidized preferentially in comparison
to 1,3-propanediol or n-propanol.’® Several reasons were
suggested for this behavior based on the promoting effect of
the secondary hydroxyl group present in glycerol. The vicinal
diols could improve the formation of a complex with the cat-
alyst surface or simply weaken the C-H bond due to an im-
proved electron withdrawal effect of the secondary OH-group.
This is in line with our observation that mono-functional al-
cohols were not oxidized and only glycerol was converted
(Fig. 2b).

Skrzynska et al. used Pt/Al,O; as the catalyst and observed
a beneficial effect on glycerol conversion by adding methanol
to the aqueous solution, which is in contradiction to our re-
sults.*> They concluded that a higher O, solubility was
achieved by adding methanol, which increased the conver-
sion. This beneficial effect of higher O, solubility was also
generally attributed to other solvents like ethanol, n-propanol
and tert-butanol.***> On the other hand, the same group
reported elsewhere that the addition of methanol as co-
solvent resulted in decreased conversions for Au/Al,O; and
Ag/AlLO; catalysts.** However, we can exclude the explanation
based on the improved O, solubility caused by methanol ad-
dition due to this being the reason for the increased

Catal. Sci. Technol., 2018, 8, 4891-4899 | 4893
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Fig. 2 a) Glycerol conversions and b) selectivities for glycerol
oxidation experiments over Cu/CoO catalysts with a Co/Cu ratio of 2.
GLA: glyceric acid; GLCA: glycolic acid; AA; acetic acid; OA: oxalic
acid; TA: tartronic acid; LA: lactic acid; FA: formic acid. The indicated
solvent content is related to the added amount of the specified
alcohol in the aqueous phase. Reaction conditions: 1 g L™ catalyst, 15
mL of 0.05 M aqueous glycerol solution, 4:1 NaOH to glycerol ratio,
90 °C, 10 bar pure O, 1 h reaction time, 750 rpm stirring speed.

conversions. We performed glycerol oxidation experiments
over Cu/CoO with different O, pressures up to 20 bar and
could not observe any change in activity or selectivity above
10 bar.*® A linear relationship between the applied pressure
in the gas phase and the dissolved O, in solution is assumed
to be plausible, according to the literature;**** thus, we could
show that a higher O, solubility could not be the origin of
the increased conversions. The solvent polarity or the change
in the nature of the catalyst during the reaction could play
some role for the higher conversion, which is discussed later.

The selectivities for the different reactions are illustrated
in Fig. 2b) (see Table S1, ESLj for listed values). Note that ad-
ditional reactions with the different solvent mixtures were
performed without glycerol in order to determine the selectiv-
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ities for glycerol oxidation without falsified values by oxidized
solvent products. No significant amounts of typical glycerol
oxidation or solvent oxidation products were detected. Hence,
all selectivities determined for reactions with solvent mix-
tures originated from the oxidation of glycerol and not from
the solvent. It is remarkable that the Cu/CoO catalyst is not
capable of oxidizing any solvent even at high concentrations,
emphasizing the fact that CuCo-based catalysts preferentially
oxidized glycerol.

Generally, a decrease in the glyceric acid and glycolic acid
selectivity was observed with higher solvent content, while se-
lectivities toward oxalic acid and formic acid increased. This
indicates that glyceric and glycolic acids were further oxi-
dized to oxalic and formic acid. In the case of methanol and
ethanol as co-solvents, the oxalic acid selectivity decreased at
50 vol% solvent content, whereas the selectivity toward
formic acid increased more steeply compared to the reactions
conducted with n-propanol and tert-butanol. This means that
the further oxidation of oxalic acid to formic acid was more
favored with methanol and ethanol as co-solvents. The
changes in the selectivities with increased conversions are in
good accordance with a consecutive reaction pathway for
glycerol oxidation.*® Glyceric and glycolic acid were formed
as primary products. The formation of C, products (glycolic
acid) concomitantly led to C; products, i.e., formic acid and
CO,; carbon mass balances were well above 95% so we can
exclude large amounts of CO, formation.

The trend and role of co-solvent are in good agreement
with our previous study on the Cu/Al,O; catalyst where the
enhanced activity was attributed to the varied solvent polarity
upon the addition of a co-solvent. The same behaviour was
also found for the reaction performed over the Cu/CoO cata-
lyst reported in this study. Fig. 3 shows a plot of the glycerol

60 o 2
: 50 “« n-propanol | ethanol

55 1 s *
e 1 80 S ~
~ 504 ~{ tert-butanol . ®20
S T \\
» N
g 451 s " \
2 Se o N w20
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O 404 TR e

30 T ¥ T 3 T T T T T
52 54 56 58 60 62 64
E, (30)

Fig. 3 Glycerol conversion in water/co-solvent mixtures with different
vol% of the co-solvent (indicated as numbers next to data point) as a
function of the solvatochromic parameter E+(30) together with the lin-
ear regression lines. Reaction conditions: 1 g L™ catalyst, 15 mL of 0.05
M aqueous glycerol solution, 4:1 NaOH to glycerol ratio, 90 °C, 10 bar
pure O, 1 h reaction time, 750 rpm stirring speed.
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conversion against the E(30) solvent polarity, in which the
glycerol conversion in the individual co-solvent/water mix-
tures with different ratios showed good linear correlations
with the solvent polarity. The decreased solvent polarity can
result in a lower degree of solvation of the polar reactant glyc-
erol, which facilitates the interaction between glycerol and
the catalyst surface. It should be kept in mind that if the sol-
vent polarity was the only factor that impacts the catalytic ac-
tivity, similar conversions at similar solvent polarities would
be expected for all solvents. However, in the case of metha-
nol, a lower conversion was observed. Thus, the solvents were
expected to have an additional effect, which will be evaluated
in detail in the following section.

CuCo-based catalysts undergo drastic changes in crystal
phases during glycerol oxidation reactions, which are benefi-
cial for the catalytic activity. In particular, we could deter-
mine that CoO(OH) in contact with Cu species are the active
phases for glycerol oxidation.*® Cu/CoO is not stable under
oxidative and alkaline reaction conditions and it is trans-
formed to its oxide and oxyhydroxide counterparts. Accord-
ingly, it was investigated herein whether the reaction me-
dium had an effect on the formation of different crystal
phases and if this could be the reason for the higher conver-
sion and for the diminished conversion in the presence of
methanol. As shown in Fig. 4, the fresh Cu/CoO catalyst con-
sists of metallic Cu, and CoO and small amounts of an un-
known phase. Generally, after 1 h reaction time in various
solvent mixtures, CoO(OH) and CuO were formed, whereas
the amount of metallic Cu diminished. Additionally, small
amounts of Co;0, and/or Cu,CoyO, spinel were formed. It
should be kept in mind that due to the very similar lattice pa-
rameters, it is not possible to distinguish between the Co;0,
and Cu,Co,0, spinel phases solely by XRD analysis.*>*° It is
evident that the various crystal phases were formed to differ-
ent extents depending on the nature of the solvent. Moreover,

4+ +CoO(OH) - Cu,Co,0,
*CuO *CoO
*Cu 4 unknown phase

50 vol% n-propanol

50 vol% ethanol

50 vol% tert-butanol

50 vol% methanol

fresh catalyst

8 12 16 20 24 28 32
20/°

Fig. 4 XRD diffractograms (MoKo, radiation) for freshly prepared Cu/

CoO and after glycerol oxidation experiments in pure water and in

different solvent mixtures. For reaction conditions see the caption of

Fig. 2.
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the XRD analysis revealed that the extent of diminished me-
tallic Cu also varied depending on the solvent. Pure water as
the reaction solvent retained the highest amount of metallic
Cu in the sample, while XRD patterns for reactions
performed in methanol or tert-butanol as co-solvent showed
no reflections for metallic Cu, whereas the patterns for etha-
nol and n-propanol still had small reflections.

Remarkably, in 50 vol% methanol as the reaction solvent,
Cu/CoO catalysts exhibited intense reflections of Co;0, and/
or Cu,Co,0, spinel but no reflections of the catalytically ac-
tive CoO(OH) phase, as evidenced by the missing reflection
at 22.5°. As mentioned before, the CoO(OH) phase is impor-
tant to obtain an active catalyst for glycerol oxidation. Indeed,
by employing solely the spinel phase of Cu,Co,0, (obtained
by only using the calcined sample; see Experimental section)
for glycerol oxidation in water under the same conditions as
depicted in Fig. 2, only 5% conversion was obtained. This is
in line with the poor catalytic activity observed for the cata-
lyst suspended in methanol as co-solvent (Fig. 2a). Conse-
quently, the lower conversion in the presence of methanol
can be explained by the suppression of the formation of the
active CoO(OH) phase.

Materials suspended in 50 vol% n-propanol and
tert-butanol showed a noticeably higher CoO(OH) content af-
ter 1 h reaction time compared to the catalyst suspended in
water. This might be an indication of the improved catalytic
performance in these co-solvents. On the other hand, in the
case of 50 vol% ethanol as co-solvent, the XRD pattern was
comparable to the pattern obtained after 1 h reaction in wa-
ter, except for the stronger diminished reflections for metallic
Cu. Thus, the solvent polarity and the influence of the co-
solvent on the formation of the catalytically active phases
both play important roles in the Cu/Co system. Fresh cata-
lysts and catalysts used for glycerol oxidation experiments in
water, 50 vol% methanol/water, 50 vol% ethanol/water, and
50 vol% n-propanol/water mixtures were further analyzed by
XPS (Fig. 5) in order to examine any changes in the catalyst
surface induced by the solvent. A detailed deconvolution of
the XPS signals in order to quantify the amount of each sur-
face species can lead to ambiguous results due to the overlap
of the signals from different species present in the catalyst.
Hence, no quantification of the various species was
performed in this study.

The Co 2p spectra are depicted in Fig. 5a). The co-
existence of Co;0,/Cu,Co,0, and CoO(OH) (as determined by
XRD analysis) and, with this, the overlap of Co** and Co*"
species in the photoelectron spectra complicate the accurate
and reliable fitting of the spectra. For the identification of Co
oxidation states, not the main Co 2p photopeaks but the sat-
ellite peaks are essential. Despite the fact that the samples
experienced different solvent environments, the spectra
obtained for all four samples after the reaction were nearly
identical. On the other hand, distinct differences were ob-
served for the fresh catalyst. The surface of the fresh catalyst
consisted of Co*" in the form of CoO, as determined by XRD
analysis (Fig. 4). This became clear by comparing the profiles

Catal. Sci. Technol,, 2018, 8, 4891-4899 | 4895
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Fig. 5 XPS spectra of Cu/CoO catalysts (Co (a), Cu (b) and O (c)) before (fresh) and after glycerol oxidation experiments in water, 50 vol%

methanol/water, 50 vol% ethanol/water and 50 vol% n-propanol/water mixtures.

with the Co(OH), reference material where Co”>* is present
(ESL} Fig. S1) and with the XPS spectra for CoO reported by
Biesinger et al.*> Furthermore, the peak at 778.4 eV reveals
that Co was present in small amounts on the surface most
probably in the form of metallic Co, which could not be ob-
served in the XRD pattern. Apparently, metallic Co was
formed in small crystallites that were below the detection
limit of the XRD analysis. In the case of the spent catalysts, it
was concluded by comparing the XPS spectra with results
reported in the literature*>™*’ and with reference materials
that the surfaces consisted of a mixture of Co>" and Co®" spe-
cies as expected for Co;0,. Due to the similar Co 2p spectra
of Co;04 and Cu,Co,0,, it is not possible to distinguish the
phases by XPS analysis.”®" The presence of CoO and
Co(OH), in the spent catalysts can be excluded due to the
shape of the Co®"/Co*" shake-up satellites between 785 and
790 eV (reference XPS spectra of neat Co;04, CoO(OH), and
Co(OH), are presented in the ESL} Fig. S1). Indeed, the oxi-
dizing conditions during the reaction make it unlikely that
CoO and Co(OH), could persist on the surface. This was also
confirmed by the XRD results, which also do not show any re-
flections of these phases (reference patterns of samples
consisting of neat Co(OH),, CoO(OH), and Co30, crystalline
phases are presented in the ESLj Fig. S2). It is important to
emphasize that the XRD results for the spent catalysts show a
higher CoO(OH) content for samples used in n-propanol than
for the samples used in ethanol mixtures. XPS analysis con-
firmed that the surface composition of the catalyst changes
slightly after catalytic reactions. The reaction in water
resulted in a cobalt to copper atomic ratio of 2.1, while this
ratio increased for water-alcohol mixtures, which indicates
that surface copper was leached out significantly in the pres-
ence of alcohol as co-solvent.

The comparison of the Cu 2p XPS spectra showed no sig-
nificant changes in the Cu 2p;/,, 2p1/2, and satellite signals
collected for catalysts used in water and in the solvent mix-
tures (Fig. 5b). By comparison with the XPS spectra of Cu/
Cu,0, CuO, and Cu(OH), and fitted Cu 2p3, signals reported
by Biesinger et al.,*® it can be concluded that the surface of
the spent catalysts consisted of a mixture of Cu®>" incorpo-
rated in CuO and in Cu(OH),. The 2p;/, binding energies for
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both species are very close to each other but the shapes of
the satellites are significantly different. Beside Cu**, Cu® or
Cu"’ were also present as the shoulders of the main Cu 2p;,
peak at around 932.4 €V. Cu” and Cu® can only be distin-
guished unambiguously by their Auger peaks but the Auger
peak overlaps with the signal coming from Cu**. This makes
the assignment difficult. The fresh catalyst contained higher
amounts of Cu’/Cu* on the surface, which is consistent with
the XRD pattern where metallic Cu was detected. For the
fresh catalyst, the surface also contained CuO or Cu(OH), as
revealed by the weak satellite peaks.

The O 1s spectra do not show distinct differences between
the spent catalysts (Fig. 5c). The profiles show a superposi-
tion of the O 1s signals for Co;04, CoO(OH), CuO, Cu(OH),,
and Cu,O. Thus, an accurate assignment of the signals to
each species is difficult. The shape of the O 1s peak at 529.7
eV resembles the profile reported by Yang et al for
CoO(OH)* and is in good agreement with the assigned spe-
cies derived from the Cu 2p and Co 2p spectra. A comparison
with the O 1s values reported by Biesinger et al.*>*° and the
reference spectra presented in the ESIt (Fig. S1), showed that
the peak at 531.1 eV can be assigned to the O 1s signal of
Cu(OH), and/or CuO. It has to be emphasized that the O 1s
profile for pure Coz0, (ESL} Fig. S1) looks significantly differ-
ent from the O 1s profiles presented in Fig. 5c). Hence, this
is clear evidence that CoO(OH) and Cu(OH), species had to
also be present on the catalyst surface. The fresh catalyst
contained Co(OH), and/or Cu(OH), species on the surface,
which was deduced by comparing the XPS spectrum with the
reference spectra (ESIT) and with the profiles reported in the
literature.”>*” The amount of CoO was expected to be quite
low according to the spectrum. It should be emphasized that
the Co 2p and Cu 2p spectra do not exclude the presence of
Co(OH), and Cu(OH), on the surface. A further impact of the
co-solvent lies in the dissolved ions during the catalytic reac-
tion. Cu ions tend to leach out from solid CuCo-based cata-
lysts to a certain extent during glycerol oxidation experi-
ments, whereas no Co species can be found in the reaction
solution.*® The dissolved ions might contribute to the cata-
Iytic activity resulting in a cocktail-type system of catalysts - a
phenomenon reported in the literature.> Furthermore, the

This journal is © The Royal Society of Chemistry 2018
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Table 1 Leached Cu amounts in ppm during glycerol oxidation (1 h re-
action time) over Cu/CoO catalysts in pure water or solvent mixtures
(50% water/50% solvent). Reaction conditions: 1 g L™ catalyst, 15 mL of
0.05 M aqueous glycerol solution, 4:1 NaOH to glycerol, 90 °C, 10 bar
pure O,, 1 h reaction time, 750 rpm stirring speed

Solvent Cu concentration/ppm
Water 33
Methanol 72
Ethanol 63
n-Propanol 48
tert-Butanol 95

capability of homogeneous Cu complexes in the presence of
oxidants to oxidize glycerol was reported as well.>> Hence, it
is of interest to elucidate whether the different solvent mix-
tures have an influence on the Cu ion dissolution and their
catalytic activity. After the separation of the solid catalyst, the
reaction solution was further analyzed for dissolved Cu spe-
cies. As listed in Table 1, reactions performed in water for 1
h showed a Cu concentration of 33 ppm, whereas reactions
performed in 50 vol% alcohol/water mixtures showed a sig-
nificantly increased Cu concentration of up to 95 ppm. Exper-
iments under the same reaction conditions were performed
with dissolved Cu(NO3), to investigate the contribution of the
homogeneous Cu species (Table 2).

An influence of the counter ion NO; was excluded since
the reactions conducted with CuSO, showed the same cata-
lytic performances. As seen in Table 2, the reactions
conducted in water showed a glycerol conversion of 26%.
Please note that a Cu concentration of 50 ppm was used for
these experiments, which was higher than the determined
concentration of dissolved Cu in pure water for the heteroge-
neously catalyzed reactions (Table 1). Furthermore, it is im-
portant to mention, that the Cu concentrations presented in
Table 1 are the values after 1 h of reaction. Consequently,
since Cu is expected to leach out during the course of the re-
action, the mean concentration of dissolved Cu species is
expected to be much lower. The catalytic results shown in
Table 2 reveal that the solvent indeed had an effect on the
catalytic activity of the dissolved Cu ions. The use of metha-
nol as co-solvent resulted in a total loss in activity with no
glycerol conversion. This supports the conclusions obtained
by XRD analysis. Apparently, the methanol not only alters the
bulk phase of the catalyst into the undesired Co304/Cu,Co,0,
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crystal phase but also hinders the dissolved Cu species to
contribute to the reaction process. It has been shown that
using methanol as solvent (compared to dimethyl sulfoxide,
tetrahydrofuran, and acetonitrile) resulted in a drastic drop
in activity for the oxidative cleavage reactions of secondary al-
cohols to acids over homogeneous Cu catalysts.>® This is in
line with our observations for glycerol oxidation over
Cu(NO;), catalysts.

The homogeneously catalyzed reaction with the co-solvent
tert-butanol showed the same glycerol conversion as obtained
in pure water (Table 2) when the same amount of Cu(NO;),
was used. However, the fact that more Cu ions were leached
from the solid catalyst for the reaction performed in
tert-butanol (Table 1) implies that the homogeneously cata-
lyzed reaction had a higher contribution to the glycerol con-
version, compared to the reaction performed in water. On the
other hand, the reaction performed with n-propanol
exhibited a glycerol conversion of only 15% (Table 2), which
is far below the conversion obtained over the solid Cu/CoO
catalyst (Fig. 1a). Also, in the case of pure water as the sol-
vent, the glycerol conversion obtained with Cu(NO;), did not
reach the value obtained with Cu/Co0O. Hence, a solvent effect
that only affects the dissolved Cu species can be excluded.

In addition, by assuming the sole interaction of the sol-
vent with the dissolved Cu species, the reactions performed
with tert-butanol should show higher glycerol conversions
compared to the reactions performed with n-propanol,
which was not observed. We showed in our previous study,
by investigating the recyclability of the materials and by fil-
tration tests, that the solid catalyst is crucial for the cata-
Iytic performance, despite the detected leached Cu species.*
Also, we conducted recycling experiments (ESLt Fig. S3) and
it is clearly shown that for reactions conducted in pure wa-
ter and 50 vol% ethanol/water mixtures, no decrease in glyc-
erol conversion occurred for the first recycling run, which
was performed in water. This implies that the solid catalyst
plays a dominant role in the reaction, although a cocktail
type of catalyst seems to be present for this system. Hence,
it is reasonable to assume that the interaction of the solvent
with the solid catalyst plays an important role. Apparently,
the opposing and in some cases synergistic effects of the
solvents on the solid catalyst and on the leached Cu species
resulted in the observed catalytic performances presented in
Fig. 1.

Table 2 Conversions and selectivities for glycerol oxidation over dissolved Cu(NOs), ions (50 ppm) in pure water or solvent mixtures (50% water/50%
solvent). Reaction conditions: 15 mL of 0.05 M aqueous glycerol solution, 4:1 NaOH to glycerol, 90 °C, 10 bar pure O,, 1 h reaction time, 750 rpm stir-

ring speed
Selectivity/% Carbon
mass

Solvent Conversion/% Glyceric acid Oxalic acid Glycolic acid Tartronic acid Formic acid Lactic acid balance/%
Water 26 27.5 2 53 2 15.5 0 99
Methanol 0 — — — — — — 100
Ethanol 51 13.5 5 34 4 40 3.5 95
n-Propanol 15 25 5 42 3.5 18.5 6 98
tert-Butanol 24 50 0 46 4 0 0 87

This journal is © The Royal Society of Chemistry 2018
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In conclusion, the role of leached Cu species in the reac-
tion medium cannot be neglected for the explanation of the
increased activity of the solid catalysts for glycerol oxidation
depending on the solvent. For instance, a 50 vol% ethanol/
water reaction mixture not only results in higher amounts of
leached Cu species in the reaction solution but also, most
probably, in the improved catalytic performance of the
dissolved Cu species by the solvent. However, the effect of
the reaction medium on the crystal phase changes of the
solid materials also plays an important role. The interplay of
all these influences introduced herein results in the im-
proved catalytic performance of the materials.

Conclusions

We have shown that it is possible to improve the catalytic per-
formance of Cu/CoO catalysts by changing the reaction envi-
ronment. Different monofunctional alcohols (methanol, etha-
nol, n-propanol, and tert-butanol) in various solvent/water
ratios were used to evaluate the improvement in the glycerol ox-
idation reaction. Generally, the catalytic activity relates linearly
to the solvent polarity for the individual co-solvents. In con-
trast, the presence of methanol resulted in a diminished cata-
lytic activity. These contradicting behaviors can be explained by
the formation of catalytically active CuO(OH), which forms in
the presence of ethanol, n-propanol, and tert-butanol, but not
in the presence of methanol and by the disabled catalytic activ-
ity of the dissolved Cu species in methanol containing solvents.
The results presented herein give valuable insights into the ef-
fect of co-solvents on the crystal structure of Cu/Co-based cata-
lysts and its activity towards the selective oxidation of glycerol,
which can be employed to improve the cost-efficiency of transi-
tion metal-based catalysts by alteration of the solvent.
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