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Abstract: Glycerol is the main by-product of biodiesel production; its upgrading to more valuable
products is a demanding issue. Hydrogenolysis to 1,2-propanediol is one of the most interesting
processes among the possible upgrading routes. In this study, we propose novel copper/zirconia
catalysts prepared by advanced preparation methods, including copper deposition via metal-organic
framework (MOF) and support preparation via the sol-gel route. The catalysts were characterized by
N, physisorption, X-ray diffraction, Scanning Electron Microscopy, Hp-TPR and NH;3-TPD analyses
and tested in a commercial batch reactor. The catalyst prepared by copper deposition via MOF
decomposition onto commercial zirconia showed the best catalytic performance, reaching 75%
yield. The improved catalytic performance was assigned to a proper combination of redox and
acid properties. In particular, a non-negligible fraction of cuprous oxide and of weak acid sites
seems fundamental to preferentially activate the selective pathway. In particular, these features
avoid the overhydrogenolysis of 1,2-propanediol to 1-propanol and enhance glycerol dehydration to
hydroxyacetone and the successive hydrogenation of hydroxyacetone to 1,2-propanediol.

Keywords: glycerol; 1,2-propanediol; copper; zirconia; MOF; MOF-mediated synthesis route (MOFMS);
sol-gel; hydrogenolysis; biodiesel

1. Introduction

Glycerol is the main by-product of biodiesel production, accounting for about 10 wt%
of produced biodiesel [1].

In order to be used for food and / or pharmaceutical applications, crude glycerol should
be upgraded and purified to almost 100% purity. However, refining is quite complex due
to the presence of methanol [2].

Alternatively, glycerol valorization processes to added-value products have been
proposed in order to improve the sustainability of biodiesel production [3-9].

In this framework, the conversion of glycerol to 1,2-propanediol (1,2-PDO) has been re-
ceiving great attention due to the broad use of 1,2-PDO as a chemical platform [10], which is
largely employed as a deicing additive, cosmetic solvent, and hydraulic fluid as well as reac-
tant in polymer synthesis including unsaturated polyester resins and polyurethanes [11,12].
1,2-PDO is currently produced at an industrial scale by the hydrolysis of propylene oxide,
which is a building block derived from non-renewable oil resources.

In this context, the conversion of glycerol to 1,2-propanediol enables the valorization of
a largely abundant by-product into a high-value substrate for chemical processes, ensuring a
promising green and sustainable route to promote a transition toward circular economy [13,14].
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The glycerol hydrogenolysis reaction to 1,2-PDO needs a catalyst to enhance both the
activity and the selectivity to the desired product. To this purpose, noble (Pt, Ru, Rh) [15-20]
or transition metals (Cu, Ni, Co) [21,22] have been proposed. The former exhibit high ac-
tivity but poor selectivity toward 1,2-PDO because of their overactivity causing parallel
undesired C-C bond leakage [15,22]. On the other hand, transition metals-based catalysts
are less active, but they have a higher selectivity and a lower cost [22,23] than noble metals.
In particular, Cu has been raising great interest [24] because of its superior activity toward
selective C-O bond breaking, which is required for 1,2-PDO production [24]. Thus, huge
efforts have been spent toward the design of copper-based catalysts combining improved
stability with significant activity and selectivity toward 1,2-PDO production.

Notably, Guo et al. showed that the catalyst support has a significant role in affecting
both the activity and the selectivity of Cu species [25]. Different supports for Cu-active
species were investigated, including ZnO [26], Al,O3 [27], SiO; and some aluminosili-
cates [28-31], ZrO; [32], and MgO [33]. It has been assessed that the support acidity-basicity
plays a key role in catalyst activity and selectivity for glycerol hydrogenolysis [34].

Notably, Yuan et al. (2010) showed that basic oxide supports (hydrotalcite and MgO)
promoted the catalytic activity of Cu-based catalysts in terms of both activity and selectivity
with respect to acid supports (i.e., Al,O3, H-ZSM5) [35].

However, among the investigated compositions, Cu/ZrO; catalysts combine good
stability with relevant performances, which strongly depend on CuO loading. At 10 wt%
CuO loading, conversion increased almost linearly, yielding 1,2-PDO as the main product
with a selectivity of about 95% [36]. Yet, glycerol conversion is still to be optimized.

Recent studies prove that a uniform and fine dispersion of copper species onto the
support [32,37] enhances the catalytic performance, improving both glycerol conversion and
selectivity [29]. To this purpose, the metal-organic framework (MOF)-mediated synthesis
route (MOFMS) has been emerging as an effective and extremely versatile approach [38-40]
to produce metal-based functional materials. Following this method, MOFs, a sub-class of
coordination polymers [41], are used as a solid precursor and sacrificial template. According
to the desired functional material, the MOF organic network is completely or partially burnt
away at high temperature and controlled conditions (atmosphere, temperature, heating
rate, and holding time), establishing a new metal ions/clusters matrix with finely tuned
structural properties such as porosity, particle dimension, and carbon content (in the case
of pyrolysis or partial combustion).

At the same time, sol-gel synthesis provides for the chance of making homogeneous
high surface area catalytic supports, which strongly contribute to achieve the fine distribu-
tion of active species [42].

In this context, this study aims at investigating the effect of Cu/ZrO; catalyst prepa-
ration methods on the 1,2-PDO productivity. To this purpose, Cu/ZrO; materials were
prepared following different approaches. Notably, both commercial and sol-gel produced
ZrO, were selected as supports for Cu species. These were deposited onto the supports fol-
lowing the conventional impregnation route as well as through an unprecedented approach
exploiting the performances of MOFMS. To this purpose, a Cu-based MOF—HKUST-1—
was used as copper oxide precursor. HKUST-1, characterized by high pore volumes, large
surface area, tunable pore size, and surface chemistry upon suitable hybridization [43,44],
was allowed to grow directly on the ZrO; particles, and the corresponding material was
further calcined under suitable conditions to Cu species. MOF decomposition is expected
to produce metal oxides structures better dispersed on the supported materials (ZrO5),
thus limiting metal oxides nanoparticle aggregation.
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The as-prepared samples were labeled as Cu(X)-Zr(Y), where X indicates the approach
for copper deposition (I: impregnation with copper acetate; M: metal-organic-framework-
mediated synthesis route), and Y indicates the type of zirconia (C: commercial; S: prepared
by the sol-gel method).

The effect of the most important process parameters (pressure, Hy concentration,
temperature) was also investigated. Furthermore, a detailed characterization through
X-ray diffraction (XRD), Temperature-Programmed Reduction in hydrogen (H,-TPR) and
Desorption of ammonia (NH3-TPD), N, physisorption, and Scanning Electron Microscopy
(SEM) provided key information to assess the influence of the preparation method on the
distribution of Cu species as well as on acid properties, thus accounting for the different
catalytic behavior.

2. Results
2.1. Physicochemical Characterizations

Physicochemical characterizations were carried out on both fresh and used samples,
i.e., before and after catalytic tests. Each catalyst was used for several reaction tests before
recovering; the overall working time of the samples was not shorter than 100 h. Accordingly,
the used catalyst was stable over a long period.

2.1.1. N, Physisorption, Inductively Coupled Plasma Mass Spectrometry, X-ray Diffraction,
and Scanning Electron Microscopy

Table 1 shows the specific surface areas (SSA) of fresh and used samples. Fresh samples
prepared with commercial zirconia (Cu(I)-Zr(C) and Cu(M)-Zr(C)) show comparable SSA,
which was significantly lower than the bare support (49 m?/g [45]), because of copper
oxide deposition. The used samples show a further SSA reduction, which was probably
due to the sintering of copper particles [46,47]. As expected, fresh catalysts supported
on sol-gel zirconia (Cu(I)-Zr(S) and Cu(M)-Zr(S)) show higher SSA, especially the one
produced by impregnation (Cu(I)-Zr(S)). Interestingly, this sample shows the largest SSA
reduction after reaction, while the one produced by MOF decomposition (Cu(M)-Zr(S))
shows negligible SSA changes after use.

Table 1. Sample names, copper sources, approach for copper deposition, type of support, and specific
surface areas (m?/g) of fresh and used samples.

Sample Cu Source Approach ZrO; Source  SSA (Fresh) SSA (Used)
Cu(I)-Zr(C) Cu(CH3COO);  Impregnation = Commercial 18.1 8.4
Cu(I)-Zr(S) Cu(CH3COO),  Impregnation Sol-Gel 914 11.5

Cu(M)-Zr(C) HKUST-1 MOFMS Commercial 15.6 6.4
Cu(M)-Zr(S) HKUST-1 MOFMS Sol-Gel 25.8 23.2

ICP-MS analysis (Table S1) shows that the actual copper contents of fresh samples
correspond to the theoretical one within the experimental error. Slightly more copper is
detected in the catalysts prepared by MOFMS, while the Cu(I)-Zr(C) catalyst shows the
lowest copper content. The analysis carried out on the used samples reveals that copper
leaching under reaction conditions is negligible; Cu(M)-Zr(S) shows the highest Cu loss
equal to 3.1%.
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Figure 1 shows XRD patterns for the used samples. Only reflections related to zirconia
and copper oxide were detected in the XRD profiles of fresh samples (not reported). The
XRD patterns of all the used samples show the typical reflections of zirconia lattice with few
differences depending on the preparation method. Notably, the commercial ZrO; employed
to make Cu(M)-Zr(C) and Cu(I)-Zr(C) samples exhibits a tetragonal ZrO; lattice, whereas
both tetragonal and monoclinic phases are present in the sol-gel ZrO, of the Cu(I)-Zr(S)
and Cu(M)-Zr(S) samples [48]. Moreover, the XRD reflections of m-ZrO, are more evident
in the XRD pattern of Cu(M)-Zr(S), suggesting a tetragonal-monoclinic phase transition
during calcination. Furthermore, CuO and Cu,O diffraction peaks can be observed in
all the samples except for Cu(M)-Zr(S), whereas the used Cu(M)-Zr(S) sample shows a
significant peak associated to metallic copper.

Cu(M)-Zr(C)

S R I Y S

Cu(l)-Zr(C)
40 60

Signal, a.u.

20 80

20, °
Figure 1. XRD patterns of used samples. *: ZrO,; t: Cu; t: CuyO; @: CuO.

Figure 2 shows the SEM images of both fresh and used samples, evidencing that
commercial-based systems (Cu(x)-Zr(C)) have a more granular/lamellar structure, whereas
that of the samples based on sol—gel zirconia (Cu(x)-Zr(S)) looks more compact and ho-
mogeneous. In all the cases, it seems that the reaction conditions did not induce any
modifications to the sample morphology.
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Cu(1)-Zr(C)

Cu(l)-Zr(S)

Figure 2. SEM images of both fresh and used samples.
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2.1.2. Temperature-Programmed Reduction in Hydrogen (H;-TPR) and
Temperature-Programmed Desorption of Ammonia (NH3-TPD)

Since the catalytic activity is strongly influenced by the acidity and the reducibility
of the catalyst, H,-TPR and NHj3-TPD tests on fresh and used samples were carried out
according to the procedure reported in Section 4.2.

Figure 3 shows the profiles of Hp-TPR tests performed over the fresh catalysts, whereas
Table 2 reports quantitative analysis results. Except for Cu(I)-Zr(C), the consumed Hj
amounts correspond to the complete reduction of Cu?* to metallic copper (within the
experimental error); for Cu(I)-Zr(C), only 71% of the copper is reduced, suggesting a lower
reducibility and/or accessibility of CuO particles. It is worth noting that unsupported CuO
reduction occurs at high temperature (350-400 °C [49]), while both copper dispersion and in-
teraction with the support shift the H,-TPR peak at lower temperatures [46,50-52]. Accord-
ingly, peak temperatures can be considered as an index of copper dispersion. Cu(I)-Zr(C)
shows a broad reduction peak centered at about 350 °C, suggesting a wide distribution
of copper oxide particles. Cu(I)-Zr(S) shows a main reduction peak at about 340 °C and
a low peak at about 200 °C; the copper fraction reduced at low temperature corresponds
to about 15%. Accordingly, this sample might be characterized by a detectable fraction
of highly dispersed copper oxide particles. This fraction increases by using MOF as the
copper precursor, being about 18% on Cu(M)-Zr(C) and 100% on Cu(M)-Zr(S). It should be
underlined that the use of a Cu-based MOF as the copper precursor improves the overall
reducibility on Cu(M)-Zr(C), as suggested by the lower reduction temperatures of both
peaks (190 and 300 °C respectively).
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Figure 3. Profiles of Hy-TPR tests over fresh samples.
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Table 2. NH3 and H, amounts (mmol/g) and H, /Cu ratios measured during NH3-TPD and H,-TPR
tests over fresh and used samples.

Sample NH3;—First TPD H, H,/Cu NH3;—Second TPD

Fresh

Cu(I)-Zr(C) 1.64 1.338 0.74 0.37

CuM)-Zr(C) 1.79 1.777 0.92 191

Cu(I)-Zr(S) 2.02 1.901 1.02 0.99

Cu(M)-Zr(S) 2.38 1.980 1.02 0.86
Used

Cu(D)-Zr(C) 3.83 0.113 0.06 1.02

Cu(M)-Zr(C) 3.33 0.379 0.19 1.23

Cu()-Zr(S) 9.69 0.065 0.04 3.89

Cu(M)-Zr(S) 2.80 0.005 0.003 0.63

Figure 4 shows H,-TPR profiles of used catalysts. It is worth noting that the reduction
temperature can be related to copper dispersion [32,53,54], even if H,-TPR does not provide
its straight assessment. In particular, the lower the reduction temperature, the smaller the
copper particles, and the higher the copper dispersion. It should be noted that all samples
were pre-treated in Hj before the reaction. The most reducible sample, i.e., Cu(M)-Zr(S),
is fully reduced under reaction conditions, as evidenced by the negligible H, consump-
tion during TPR treatment. The samples prepared by impregnation show very low but
detectable H, consumptions. Cu(I)-Zr(S) exhibits a peak at about 240 °C with a wide
reduction phenomenon even spanning throughout the isotherm step and an H, /Cu ratio
equal to 0.04. Conversely, Cu(I)-Zr(C) is mainly reduced during the isotherm at 450 °C, and
the Hy consumption corresponds to the reduction of about 6% copper species, which are
assumed as CuO. Interestingly, Cu(M)-Zr(C) is the only one showing a significant reduction
peak at about 340 °C, corresponding to about 20% of available CuO. This implies that under
the reaction conditions, copper is not fully reduced.

500
.04 AN __
/
/
/ - 400
0.08 A
Q
g Cu(M)-Zr(C) Q
g 300 o5
o o
= 0.06 - / =
© =
c [
=) / o
0 Q
a / Cu(l)-Zr(C) L 200 E
O 0.04 4 / £
= cu(l)-zr(S)
0.02 + 100
______ )
0.00 : 0
0 20 40 60 80 100 120 140

Time, min

Figure 4. Profiles of H>-TPR tests over used samples.
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From the analysis of TPR results, it may be inferred that the use of MOF as the copper
precursor provided the most reducible samples, thus indicating that MOF guarantees a
better Cu dispersion. However, copper in the Cu(M)-Zr(C) sample does not undergo a
complete reduction under reaction conditions, which is probably due to the interaction
with the support.

Figure 5 shows the results of NH3-TPD tests obtained over both the fresh and the used
samples, whereas Table 2 reports desorbed NH3 amounts, which were evaluated before
and after the H,-TPR tests.
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Figure 5. Profiles of NH3-TPD tests over fresh and used samples before (dark green lines) and after
(dark red lines) Hp-TPR tests.



Catalysts 2022,12, 72

9o0f23

Two types of acid sites are detected on all the samples, the relative distribution mainly
depending on the support preparation method. More specifically, the NH3-TPD profiles
of all samples, except Cu(M)-Zr(S), exhibit two desorption peaks, the first one at low
temperature (about 120 °C) and the second one at 300 °C differing in intensity among the
different samples, which suggests, as reported by Garcés et al. [32], the presence of acid
sites of weak (120-300 °C) and moderate (300-450 °C) intensity.

The total acidities determined for the samples range from 1.64 to 9.69 mmol/g; these
values are higher than those reported for Cu-Zr catalysts [32], alluminosilicate supported
heteropolyacids (0.2-0.4 mmol/g [55]) or for H-ZSM-5 (0.2-0.9 mmol/g [56]); the last two
catalysts are typically used for glycerol dehydration.

The high-temperature peak significantly decreases after H, reduction for all the sam-
ples, suggesting that either it is related to oxidized copper (Cu?* and/or Cu*) or acid sites
are decomposed at high temperature; on the other hand, the low temperature peak seems
quite independent from the reduction degree of the sample, suggesting that it is more re-
lated to the support. ZrO; generally shows Lewis acid properties [57], even if the formation
of Bronsted acid sites as ZrOH, showing weak acidity, cannot be excluded [58]. At the same
time, copper ions act as Lewis acid centers, whereas OH groups are associated to copper
as Brosted acid ones [57]. Indeed, previous studies evidenced that the concentration of
Lewis acid sites is far higher than the concentration of Bronsted centers, the former being
responsible for catalytic activity [57]. Notably, the strong interaction of finely dispersed
copper species onto ZrO; produces a high abundance of high-strength Lewis acid sites at
the interface, which could account for the improved catalytic activity in the investigated
systems. Actually, despite the hydrogen treatment, it was assessed that a fraction of copper
atoms is still present, as Cu* and Cu?* ions. They were stabilized by the ZrO, matrix and
cause the increase in oxygen vacancies and improve the Lewis acid features, as confirmed
by the increase in the second peak in NH3-TPD profiles for the used samples.

Moreover, the used Cu(M)-Zr(S) is the only sample that does not show any low-
temperature peak and an increase in the high-temperature peak after reaction.

Very interestingly, acidity gets higher under reaction conditions with the formation of
a well-defined high-temperature peak, except for the Cu(M)-Zr(S) sample, which exhibits
similar profiles, with a depletion of the low-temperature peak. The samples with increased
acidity after reaction are those with a measurable oxidized copper fraction. According to
the XRD and H,-TPR results, the larger amount of acid sites can be related to the larger
Cu* fraction detected after reaction on all the sample, except on Cu(M)-Zr(S).

2.2. Activity Tests
2.2.1. Effect of Support and Preparation Routes

Figure 6 shows glycerol conversion and the yield to 1,2-PDO for the different catalysts
as obtained at 240 °C, 20 bar(g) initial pressure, 20% Hj in the gas phase, and 500 rpm
after 24 h reaction. The most active catalyst is Cu(M)-Zr(C), exhibiting both the highest
conversion and selectivity to 1,2-PDO, while the less active sample is Cu(I)-Zr(C). Thus,
the use of MOF as a Cu precursor and/or sol-gel zirconia improves glycerol activation,
as suggested by the higher conversions. However, Cu(M)-Zr(S), prepared by Cu MOF
deposition onto sol-gel zirconia, shows the lowest yield to the desired product despite the
significant conversion.
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Figure 6. Glycerol conversion (black bars) and yield to 1,2-propanediol (gray bars) for the different
catalysts. T =240 °C; initial P = 20 bar(g); Hp = 20 vol%; reaction time = 24 h; rotation speed = 500 rpm.

Figure 7 shows the selectivity to 1,2-PDO and to by-products. Samples prepared with
commercial zirconia show the highest selectivity to 1,2-PDO. The main by-product for
Cu(I)-Zr(C) is hydroxyacetone (HA), while only traces of 1-propanol (PO) are detected.
The selectivity to PO increases as the catalytic activity grows, i.e., at higher conversion,
suggesting the occurrence of 1,2-PDO hydrogenolysis to PO. Ethylene glycol (EG) selectivity
is generally lower than 5%, except for the Cu(I)-Zr(S), which shows about 8% selectivity
to EG. According to the reaction scheme proposed by Gabrysch et al. [46], this result
suggests that these catalysts promote the dehydrogenation of glycerol to hydroxyacetone
rather than its hydrogenation to ethylene glycol. The detection of a significant fraction
of 1-propanol indicates the occurrence of the 1,2-PDO overhydrogenolysis; this reaction
seems faster on samples prepared with MOF as a Cu precursor, especially on Cu(M)-Zr(S).
The lower conversion on this sample can be due to a faster H, consumption related to
the simultaneous occurrence of both glycerol and 1,2-PDO hydrogenolysis, leading to a
low (and limiting) Hy concentration in the liquid phase. A low H; concentration can also
explain the significant selectivity to HA. The product distribution obtained with Cu(I)-Zr(S)
appears to be related to a lower activity, to an excessive overhydrogenolysis, and to a lower
selectivity toward glycerol dehydration.

100
EEE PDO
I EG
(i HA
80 PO
I Others
(=]
S 60 A
2
=
i3]
Q
© ]
3 40
20 1

Cu(l)-Zr(C)  Cu(M)-Zr(C)  Cu(l)-Zr(S)  Cu(M)-Zr-(S)

Figure 7. Selectivities to products for the different catalysts. T = 240 °C; initial P = 20 bar(g); H, = 20 vol%;
reaction time = 24 h; rotation speed = 500 rpm. (PDO = 1,2-propanediol, EG = ethylene glycol,
HA = hydroxyacetone, PO = 1-propanol).
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2.2.2. Effect of the Operating Conditions on Cu(M)-Zr(C)

The effect of the operating conditions has been studied on the most interesting sample,
ie.,, Cu(M)-Zr(C), showing the best performance in terms of both glycerol conversion
and selectivity to 1,2-PDO. In the liquid phase, EG and methanol were generally found
in a molar ratio equal to about 1, which is in agreement with the stoichiometry of the
glycerol hydrogenation. Accordingly, in the following, the yield and the selectivity to EG
are intended as the sum of the corresponding values for EG and methanol and, thus, such a
sum represents the yield and the selectivity of the glycerol hydrogenation reaction.

Figure 8 shows the effect of reaction temperature as a function of reaction time,
operating at 20 vol% Hj; concentration in the gas phase (initial pressure = 20 bar(g)).
Glycerol conversion steadily increases as the temperature increases and is quite linear with
the reaction time. The 1,2-PDO yield grows as well; interestingly, it increases more than
linearly with the reaction time as well as its selectivity. The HA yield shows a sublinear
growth at 200 °C, while it shows a volcano shape at higher temperatures; its selectivity
steadily decreases by increasing both the reaction time and temperature. This behavior
is typical of the reaction mechanism involving the formation of intermediate species in
a series reaction scheme, as suggested by Gabrysch et al. [46]. The reaction rate of the
hydrogenation of HA to 1,2-PDO increases as the temperature grows; this increase is even
higher than that of glycerol dehydration to HA, as suggested by the reduction of selectivity
at high temperature. EG yield is very low-independent from the temperature and the
reaction time, and it increases as conversion increases. Accordingly, EG selectivity is quite
constant with reaction time; a slight decrease is detected by increasing the temperature.
Thus, it can be inferred that glycerol dehydration is preferred to the direct hydrogenation
of glycerol to ethylene glycol and methanol, which occurs at a quite constant rate at a fixed
temperature. The reaction rate of glycerol dehydration to HA increases more than that of the
direct hydrogenation of glycerol to ethylene glycol and methanol. The overhydrogenolysis
to the 1-propanol reaction step follows the trend of series reactions; the corresponding yield
and selectivity increase with both the reaction time and the temperature.

Figure 9 shows the effect of the hydrogen concentration in the gas phase at a fixed
temperature (240 °C). Glycerol conversion increases as the Hy partial pressure in the gas
phase (and, thus, H, concentration in the liquid phase) increases, as expected. On the
other hand, products distribution is not trivially affected by the increasing H; content.
Due to the increased H; concentration, the reaction rate of HA hydrogenation increases;
as a consequence, HA selectivity decreases, and its consumption becomes faster as a
function of the reaction time. Even the conversion of glycerol to ethylene glycol by direct
hydrogenation increases as the H; partial pressure increases, especially up to 100 vol% Hp.
Interestingly, both yield and selectivity to 1-propanol decrease as the H; partial pressure
increases; this behavior is unexpected. On the other hand, the significant improvement in
the yield to 1,2-PDO is not only related to higher conversions but also to a higher selectivity.
The above results suggest that on Cu(M)-Zr(C), the HA hydrogenation reaction shows a
stronger dependence on Hj concentration than glycerol hydrogenation to EG and methanol
and, above all, on the overhydrogenolysis of 1,2-PDO to 1-propanol. This behavior is
not obvious; for instance, Cu(M)-Zr(S), showing a significant overhydrogenolysis activity
(see previous section), shows a reduction of the selectivity to 1,2-PDO and an increase in
selectivity to 1-propanol by increasing the H, partial pressure (not reported). This can
be due to the different physicochemical features of the samples and, in particular, to the
different amount of metallic copper, which is generally responsible for H; activation [46].
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Figure 8. Cu(M)-Zr(C) glycerol conversion, yields, and selectivities to products as a function
of the reaction time at different reaction temperatures. Initial P = 20 bar(g); Hp = 20 vol%;
rotation speed = 500 rpm (PDO = 1,2-propanediol, EG = ethylene glycol, HA = hydroxyacetone,
PO = 1-propanol).
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Figure 9. Cu(M)-Zr(C) glycerol conversion, yields, and selectivities to products as a function of the re-
action time at different Hj partial pressures. Initial P = 20 bar(g); T = 240 °C; rotation speed = 500 rpm
(PDO = 1,2-propanediol, EG= ethylene glycol, HA = hydroxyacetone, PO = 1-propanol).

Figure 10 shows the effect of the rotation speed at the most promising reaction condi-
tions (i.e., T = 240 °C, initial pressure = 20 bar(g), H, concentration = 100%). Both glycerol
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conversion and yield to 1,2-PDO significantly increase up to about 80% after 24 h reaction.
Selectivity to 1,2-PDO is 92-95% in all experiments. At low reaction times, the main by-
product is HA, while at the end of the experiments, PO is detected. Thus, the pathway to EG
is suppressed at high recirculation. This behavior could be related to the peculiar configura-
tion of the used reactor (see Section 2). The Supplementary Information (Section 52) shows
calculations on the fluid regime and on the mass transfer regime. Accordingly, external
mass transfer is not limiting independently from the rotation speed. At low rotation speed,
the instant contact time (i.e., catalyst mass divided by flow rate passing through the catalyst)
is higher, suggesting a higher conversion per pass. This phenomenon can negatively affect
activity and selectivity. Moreover, a significant role could be played by the H, concentra-
tion; in particular, the mean H; concentration can be affected by mass transfer between
the liquid and solid phase (affected by rotation speed), while local H; concentration at the
catalytic bed is affected by the instant contact time due to a larger H, consumption at low
rotation speed. A full explanation of this behavior is under investigation.

A
-
80 1500 rpm -
7 - 80
//
60
A e - 60
f/A
40 - A L 40

Conversion - yield, %

0 +A ‘A - ﬁ T T T T é_ M— D T T T $_‘ 0
0 4 8 12 16 20 24 O 4 8 12 16 20 24
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—@—— Conversion

— A — 1,2-PDO

— A — EG
A HA
A PO

Selectivity, %

Figure 10. Cu(M)-Zr(C) glycerol conversion, yields, and selectivities to products as a function of
the reaction time at different rotation speeds. Initial P = 20 bar(g); H, = 100 vol%; T = 240 °C
(PDO = 1,2-propanediol, EG = ethylene glycol, HA = hydroxyacetone, PO = 1-propanol).
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3. Discussion

Advanced preparation methods were successfully exploited to make Cu/ZrO, cata-
lysts. In particular, MOFMS based on MOF HKUST-1 type as a copper precursor allowed
obtaining a higher dispersion degree of copper, as suggested by the H,-TPR results, es-
pecially on high surface area sol-gel zirconia. Due to the high copper load, crystalline
copper species detectable by XRD were formed; copper oxide was identified on the as-
prepared catalysts, whereas used samples (pre-reduced in H; and tested under reaction
conditions) evidenced the presence of metallic copper and cuprous oxide, the relative
fraction depending on the preparation method. Even the amount and the strength of acid
sites were influenced by the preparation method. In particular, our characterization strategy
by NH;3-TPD highlighted the occurrence of acid sites related to the support and acid sites
related to non-metallic copper species.

The obtained catalytic results depicted a similar reaction path to that proposed by
Gabrysh et al. [46] (Figure 11). Accordingly, the activity and the selectivity are related to the
relative reaction rates of glycerol dehydration to hydroxyacetone, its successive hydrogena-
tion to 1,2-propanediol, C-C cleavage by hydrogenation to ethylene glycol and methanol,
and overhydrogenolysis of the above products (hydrogenolysis of 1,2-propanediol leading
to 1-propanol).

o o OH
o} /U\/OH : )\/OH
e -H, l$

+H, HO OH Overhydrogenolysis
HO OH —_— \ / products
-MeOH

OH

\&‘ HO™ >""oH

Figure 11. Reaction pathways of the hydrodeoxygenation of glycerol over Cu/ZrO; catalysts as
proposed by Gabrysh et al. [46] (Copyright © 2022 John Wiley and Sons Reproduced with permission).

The different catalytic performance of samples prepared by different strategies can be
related to the different physicochemical features and, in particular, to the proper combi-
nation of redox and acid properties. According to the XRD and H,-TPR results, the fine
copper dispersion, obtained by changing the support and/or the copper source, improved
the reducibility of the active phase, thus increasing the activity, as observed by Gabrysch
et al. [46]. However, an excessive reducibility, as for Cu(M)-Zr(S), enhanced the overhy-
drogenolysis reaction, leading to both a lower glycerol conversion and a lower selectivity
to 1,2-PDO. In the literature, the key role of metallic copper in both hydrogenation and hy-
drodeoxygenation reactions is widely reported [46,59,60]. Nevertheless, our results suggest
a fundamental role of cuprous oxide. This species seems to promote glycerol dehydration
with respect to the hydrogenolysis of 1,2-propanediol, thus improving both the activity and
the selectivity.

The role of acid sites in the activation of polyols dehydration has been widely re-
ported [61-65]. On the contrary, Gabrysh et al. [46] suggested that acidity does not play a
significant role in the dehydration of glycerol to hydroxyacetone, assigning a dominant
influence to metallic copper in both dehydration and the hydrogenation reactions. Ac-
cording to the NH3-TPD results, the presence of weak acid sites can enhance the selective
path. By comparing the products distribution as a function of the reaction time on the
different catalysts, it can be driven that weak acidity must improve product desorption,
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while an excess amount of strong acid sites, as for Cu(I)-Zr(S), seems to limit the activation
of glycerol.

The catalytic performance of our best catalyst, i.e., Cu(M)-Zr(C), can be improved
by the proper choice of the operating conditions. Higher temperature and higher H;
partial pressure increase both glycerol conversion and selectivity to 1,2-PDO, confirming
that this catalyst preferentially activates the selective pathway (glycerol dehydration to
hydroxyacetone + hydrogenation of hydroxyacetone to 1,2-propanediol). Good conversion
and yield were obtained.

Table 3 reports some literature results in order to compare the catalytic performance
of Cu(M)-Zr(C). In order to compare results obtained in different reactors, with different
catalyst amounts and for different reaction times, a batch contact time (7) has been defined
and calculated as:

W )

T=y (

where W is the catalyst weight, t is the reaction time, and V is the liquid volume. Actually, a
straightforward comparison is difficult due to the different experimental conditions (batch
contact time, temperature, Hy pressure, glycerol concentration, etc.). However, it clearly
appears that Cu(M)-Zr(C) shows interesting performance with respect to the other catalysts
proposed in the literature. Other literature results are reviewed in [63], but there is no
performance more interesting than those reported in Table 3. Accordingly, Cu(M)-Zr(C)
appears to be one of the most interesting catalysts proposed so far.

Table 3. Catalytic performance of different catalysts proposed for glycerol hydrogenolysis to
1,2-propanediol. T: batch contact time (g-h-Lfl); x: conversion (%); s: selectivity to 1,2-PDO (%);
T: operating temperature (°C); xgy: glycerol concentration in the reacting liquid (wt%); ref.: reference.
Values of conversion and selectivity can be indicative in some cases because they are extracted from
graphs and correspond to the best yield to 1,2-propanediol.

Catalyst T X s T Xgly Ref.
18%Cu/ZrO, 160 80 92 200 4 [46]
Cu:Zn 50:50 192 37 92 200 20 [65]
5%(Cu-Ru)/SiO; 375 39.2 85.9 240 100 [47]
Pt/NbyOs5/Al,O3 60 75 85 140 20 [16]
Cu(M)-Zr(C) 120 79 95 240 4 This work

4. Materials and Methods

All the chemicals and solvents were purchased from Sigma-Aldrich (St. Louis, MO, USA)
and used as received.

4.1. Preparation of Catalysts

Copper-based catalysts have good capacity to convert glycerol into 1,2-PDO. In order
to achieve good yield in the desired product, four different CuO/ZrO; catalysts were tested,
as reported in Table 1.

The theoretical copper loading was constant and equal to 15 wt% as CuO. As for
CuO/ZrO, prepared by the impregnation method of copper on commercial zirconia, 3 g of
ZrO, were suspended into a copper acetate monohydrate (Cu(CH3COO),-H,0) solution
containing the required copper amount. The impregnation method was carried out by
rotary evaporation (T = 60 °C, 120 rpm, under vacuum at 200 mbar). Thus, the catalyst
was calcined at 450 °C for 2 h and was sieved in order to obtain the desired granulometry
between 200 and 400 pm, thus ensuring the catalyst holding between the reactor-supporting
grids (d = 100 pum).

For the CuO deposition on sol-gel zirconia by impregnation method, the support was
first prepared by the sol-gel method, and then, the active phase was deposited according to
the procedure reported above. The sol—gel zirconia was prepared according to the following
procedure. A yellow-colored gel was obtained by mixing a solution containing 10.0 mL of
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Zr (IV) propoxide, 1.15 mL of Hacac, and 12.0 mL of 1-propanol with a solution formed
by mixing 2.6 mL of distilled water and 18.0 mL of 1-propanol. The solution obtained was
vigorously stirred at room temperature until gelation occurred. After one day of aging,
the gel was dried at 60 °C in a vacuum stove for an hour and then at 80 °C. Finally, the
gel was calcined in air up to 450 °C with a 10 °C min~! heating rate and held for 2 h at
this temperature.

HKUST-1 crystals were allowed to grow on ZrO; particles (commercial product or
sol-gel product) under solvothermal conditions. The desired amounts of MOF precursors
have been calculated with the aim of obtaining a catalyst containing a final percentage
of CuOx around 15 wt%. To produce the systems MOF(HKUST-1)-ZrO,, the following
amount of reactants has been introduced in a round-bottom flask: 2.5 g of ZrO,, 2 g of
Cu(NOs3)-2.5 HyO, and 1 g of 1,3,5-benzenetricarboxylic acid (BTC). Then, the mixture
of powders was suspended with a mixture of HyO, DMF, and EtOH (1:1:1) by sonication
(30 min) and then treated for 21 h at 85 °C under solvothermal conditions. After the reaction
time, the suspension was cooled down, and the material was recovered by under-vacuum
filtration. The material was washed with pure ethanol and dried under vacuum at 40 °C.
To confirm the formation of the expected HKUST-1 framework on ZrO,, XRD analysis of
the MOF(HKUST-1)-ZrO, system produced by using commercial ZrO, has been carried
out and reported in the Supporting Information (Supplementary Materials, Figure S1).
The material was calcined in air up to 450 °C at 10 °C min~! and held for 2 h at this
temperature to obtain Cu(M)-Zr(C) or Cu(M)-Zr(S). The copper dispersion on the ZrO,
substrate before and after calcination was probed by elemental using energy-dispersive
X-ray (EDX) mapping (Supporting Information, Figures S2 and S3). TG and ultimate
analyses performed on the calcined samples demonstrated the complete burn off of the
organic fraction at the calcination temperature (the TG plots are reported in the Supporting
Information, Figure S4).

4.2. Physicochemical Characterizations

The Cu content in the catalysts was determined by Inductively Coupled Plasma
Mass Spectrometry (ICP/MS) using an Agilent 7500CE instrument. The solid samples
were dissolved by microwave-assisted acid digestion (US-EPA 3051 and 3052 methods).
A solution of 30 analytes at various concentrations (10, 100, and 1000 pg/mL) in diluted
HNO;3; was used for instrument calibration. The quantitative determination of Cu was
achieved extrapolating from a four-point calibration curve.

The catalysts crystal structure was investigated by X-ray diffraction (XRD). X-ray
diffraction patterns of the four fresh and used catalysts were recorded using a Philips PW
1100 diffractometer (Philips, Eindhoven, The Netherlands).

Scanning electron microscopy (SEM) was carried out with an FEI Inspect microscope
equipped with an EDS Oxford AZtecLiveLite probe and Xplore 30 detector for elemental
analysis. Magnifications (24,000 x ) have been used to better define the typical morphologi-
cal structures of the samples.

BET-specific surface areas (SSA) of fresh and used materials were measured by N,
adsorption at 77 K with a Quantachrome Autosorb-1C instrument after degassing the
samples at 150 °C for 1.5 h.

Thermogravimetric analyses were performed in oxidative (air) environments on a
Perkin-Elmer STA6000 thermogravimetric analyzer (gas flux 40 mL min~!, 50-800 °C,
heating rate 10 °C min™1).

Temperature-programmed desorption of ammonia (NH3-TPD) was performed by
a Micromeritics Autochem II 2020 (Micromeritics, Norcross, GA, USA) equipped with a
TC detector (Norcross, GA, USA). For each fresh and used catalyst, NH3-TPD analyses
were carried out, which were followed by a H,-TPR (temperature-programmed reduction
in hydrogen) and finally a further NH3-TPD. The TPD analysis provides an indication
of acidity, while the TPR is used to evaluate the reducibility of samples. The NH3-TPD
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and H,-TPR profiles were deconvolved using Origin software (OriginPro 2015 version)
(OriginLab Corporation, Northampton, MA, USA, 2015).

4.3. Catalytic Tests

Catalytic tests were conducted in a lab-scale test rig, using a batch reactor. A com-
mercial reactor (Parr 4567) was used to carry out the three-phase (solid-liquid-gas) cat-
alytic tests. The reacting system was constituted by a 450 mL stainless-steel vessel and
a stainless-steel flow guide with a 12 mL basket for catalyst hosting; two stainless-steel
grids (100 pm mesh) guarantee that the catalyst (particle size > 125 um) is not recirculated
inside the vessel (Figure 12). This special configuration allows a continuous vertical flow
through the catalyst (Figure 13). The reactor was equipped with two pressure gauges, a
propeller, an electric furnace, a gas and a liquid sampling valve, and a control system of
characteristic parameters. This system was configured to carry out activity tests in a wide
range of operating conditions by controlling and measuring several operating parameters,
such as temperature, rotation speed, operating pressure, and composition of gas and liquid
phases. The flow guide ensures that the liquid flows upstream through the catalyst basket,
reaching the top of the guide, where it enters in contact with the gas phase, and it is then
recirculated to the bottom of the vessel flowing in the annulus of the flow guide.

Figure 12. Pictures of the reactor vessel (a) and of the flow guide (b) with a zoom on the catalyst basket (c).
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Figure 13. Sketch of the flow pattern through the reactor.

About 1 g of catalyst is used and diluted with quartz powder (particle size 125 < d,,
< 300 pm); the catalyst is pre-reduced in situ by hydrogen (20% H;/N,) at 200 °C and
20 bar(g) for 10 h. Then, a water—glycerol solution (4 wt% of glycerol; 200 mL) is inserted
into the reactor. Gases are loaded at the desired pressure and composition, and the reactor is
heated up to the desired temperature. Some withdrawals during tests (1 mL of the reacted
liquid mixture) are performed and analyzed off-line by HPLC and GC. Liquid analysis was
performed by a high-pressure liquid chromatography (HPLC) system (Agilent1100), which
was provided with a refractive index detector (RID) and a diode array type of UV/VIS
Detector (DAD) to evaluate 1,2-PDO, hydroxyacetone, ethylene glycol, and 1-propanol, and
by a gas chromatography system (Agilent Technologies 6850) to evaluate glycerol. Mass
balance was closed within £ 10%.

Catalytic tests were carried out in the temperature range of 200240 °C, at different
rotation speeds (500-1000 rpm), and H; partial pressures (20-100 vol%); the starting
pressure was constant and equal to 20 bar(g).

The same sample of each catalyst was used for all the catalytic tests; accordingly,
each sample worked for more than 100 h (the most used samples, as Cu(M)-Zr(C), for
more than 200 h). Some of the first tests were repeated at the end of the experimental
campaign (i.e., after more than 100 h reaction), and the results were within the experimental
error, suggesting no sign of deactivation. Thus, samples can be considered stable and
reusable. However, copper sintering with lower activity has been reported under reaction
conditions [46,47]. Evidently, copper reorganization on our samples occurs during the first
run (lasting 24 h), thus not affecting the successive reaction tests.

5. Conclusions

Copper—zirconia catalysts were successfully prepared by dvanced preparation meth-
ods, including copper deposition via metal-organic framework thermal decomposition
(MOFMS approach) and support preparation via sol-gel and tested in the hydrogenolysis
of glycerol to 1,2-propanediol.
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Cu(M)-Zr(C), i.e., the catalyst prepared by copper deposition via metal-organic frame-
work decomposition onto commercial zirconia, showed the best catalytic performance,
reaching 75% yield, representing a good performance with respect to those reported in the
scientific literature.

The significant catalytic performance is due to a combination of redox and acid
properties. The presence on the used sample of a non-negligible fraction of cuprous
oxide and of weak acid sites seems fundamental to preferentially activate the selective
pathway. In particular, these features avoid the overhydrogenolysis of 1,2-propanediol
to 1-propanol and enhance glycerol dehydration to hydroxyacetone and the successive
hydrogenation of hydroxyacetone to 1,2-propanediol.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ catal12010072 /51, Section S1: Additional characterization of catalysts precursors, as-prepared
and used catalysts. (Table S1: Elemental analysis of fresh and used samples; Figure S1: XRD analysis of
MOF(HKUST-1)-Zr(C) and Cu(M)-Zr(C) samples; Figure S2: SEM micrograph of MOF(HKUST-1)-Zr(C)
(left panel) and its corresponding O, Zn, Cu combined EDS map (right panel); Figure S3: SEM micro-
graph of Cu(M)-Zr(C) (left panel) and its corresponding O, Zn, Cu combined EDS map (right panel);
Figure S4: TG in air environment on MOF(HKUST-1), MOF(HKUST-1)-Zr(C), and Cu(M)-Zr(C)
samples), Section S2: Fluid dynamics and mass transfer calculations. (Table S2: values used for
calculations; Table S3: results of calculations).
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