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Abstract

The one-pot production of a relevant chemical such as 1,5-pentanediol (1,5-PDO) from sustainable sources (furfural) is a key
reaction to compete with existing fossil sources. This work provides new evidence on the influence of the starting reagent,
the features of layered double hydrotalcite (LDH)-derived catalysts in the form of mixed metal oxides (MMO) and of reac-
tion conditions on the productivity of 1,5-PDO under batch conditions. Unlike reported studies, these results suggest the
direct pathway through furfuryl alcohol intermediates, allowing the one-pot production from furfural at lower temperature
than analogous systems. Productivity is maximized when Co®* species partially substitute Mg>" species in parent LDH,
yielding promising pentanediol yields under mild reaction conditions. MMOs containing Co** sites show marked differ-
ences compared to analogous bivalent metals, which is here attributed to the position in which reaction intermediates such as
furfuryl alcohol are adsorbed onto surface specie. This is consistent with characterized surface species by XRD, temperature
programmed reduction under H,, and chemisorption experiments using CO or CO, as probe molecules, indicative of a proper
balance between metal and basic sites onto MMOs. The reported data aim to provide new reaction evidence to contribute
into the search of sustainable 1,5-PDO sources.

Graphical Abstract

Tuning metal functions onto hydrotalcites to produce 1,5-pentanediol from furfural
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THFA Tetrahydrofurfuryl alcohol
1,5-PDO 1,5-Pentanediol

1,2-PDO 1,2-Pentanediol

2-MF 2-Methylfuran

MMO Mixed metal oxide

LDH Layered double hydrotalcite

TPR Temperature-programme reduction
XRD X-ray diffraction

1 Introduction

1,5-Pentanediol (1,5-PDO) is a compound of notable inter-
est in the polymer industry, as it allows the manufacture
of polyesters and polyurethanes via a more economic and
sustainable pathway than analogues, such as 1,4-butanediol
and 1,6-hexanediol [1, 2]. In this context, furfural (FUR) is
a key platform bio-chemical to search alternative 1,5-PDO
production routes [3-7]. 1,5-PDO can be formed via two
main routes from FUR derivatives: (i) ring-opening hydrog-
enolysis of tetrahydrofurfuryl alcohol (THFA) via furfuryl
alcohol (FAL) hydrogenation, or (ii) the direct ring-opening
hydrogenolysis of FAL. The direct route presents several
advantages, especially as it enables the one-step 1,5-PDO
production from FUR using less reaction and intermediate
purification stages. In addition, tailored catalysts avoid the
possible presence of side-products from THFA affecting
downstream 1,5-PDO purity.

Among the heterogeneous catalysts of interest, hydro-
talcites in the form of Layered Double Hydroxides (LDH)
offer numerous advantages for such purpose. LDH consist
of positively charged laminar layers (generally Mg>* and
another trivalent metal) [8] and contain H,O and compensa-
tion anions such as OH™, CO32_ or NO;™ [9, 10]. For APPY,
LDH are named hydrotalcites [11]. They present multiple
structural versatility by substituting cationic charge and great
adsorption capacity after converting LDHs into mixed metal
oxides (MMO) via calcination. The nature of the M2+/M>*
ions allows tuning their stability and catalytic performance
[12] in reactions such as aldol condensation, transesterifica-
tion or alkylation.

The use of these catalytic systems in the hydrogenation
of FUR derivatives into 1,5-PDO is still under development
[3-6, 13—17]. The reported systems often use THFA as start-
ing reagent. Even when 1,5-PDO yields are over 60%, such
reagents limit their direct implementation within the FUR
platform. Among LDH-based supports, Cu and Ni species
form undesired products [FAL and cyclopentanones (CPOs)]
[18] and thus lead to 1,5-PDO yields at <30% [19-21].
Remarkable yields were obtained when Co species cata-
lyze such reactions. Noble metals such as Rh contribute to
remarkable FUR hydrogenation/hydrogenolysis activity, but

predominantly form 1,2-PDO (85%) compared to 1,5-PDO.
(22]

This work shows new evidences on the role of the nature
of bivalent metals (Co>*, Cu®*, Zn*, Ni*"), the effects of
the type of reactant, the presence of Pt as hydrogenating
site and reaction conditions on the direct 1,5-PDO pathway
from FUR. Mg?* species were partially substituted by biva-
lent metals in parent hydrotalcite structures, and after being
transformed into MMO, these were tested under batch con-
ditions. Surface Pt sites served to activate H,. The results
indicate the predominance for the direct hydrogenolysis and
ring-opening of FAL intermediates from FUR when using
Co’*-based materials. These results outstand compared to
those obtained using the rest of the studied metals, espe-
cially as 1,5-PDO is effectively produced in one-pot at lower
reaction temperatures [23]. Thus, this work is expected to
contribute to pave the way towards alternative and feasible
pathways to produce sustainable polymers from 1,5-PDO.

2 Experimental Section

The MMO materials were prepared by titrating the corre-
sponding aqueous precursors of M2+ nitrates and NaOH
into a solution of sodium carbonate in a round flask with
agitation. The molar ratio of trivalent (AI*") and divalent
metals (M>") was preserved 1:4 even when Mg was par-
tially substituted by M>* (Co**, Cu**, Zn** or Ni**) within
the parent hydrotalcite. The CO3_:A13+ ratio remained 1:2.
The as-obtained MMOs showed the Mg, ;M**, ,Al, , atomic
composition. The synthesis pH was preserved at 9 for 1 h at
room temperature under stirring. The water in the solution
was evaporated at 333 K overnight. The as-obtained solid
was contacted with abundant water in a funnel to ensure
a filtrate pH of 7. This solid was dried in a static oven at
378 K in air overnight and treated under air flow at 773 K
for 3 h to turn into MMO structures. Pt was introduced, at
different mass contents, using two procedures: (i) impreg-
nated by contacting the MMO with an aqueous Pt solution
of the desired concentration for 1 h at room temperature;
(ii) co-impregnated by including the Pt precursor in the ini-
tial aqueous solution with the other M>* precursors. The
as-obtained solids were filtered, contacted with water and
dried as explained earlier. These were later treated under
air flow at 623 K and subsequently under 5% H,/He flow
for 1 h at 623 K. The materials containing co-impregnated
Pt are included within the MMO nomenclature at the given
molar ratio, and the materials after sequential impregnation
are shown as xPt@, where x refers to the Pt mass content.
XRD measurements were carried out in an automatic
diffractometer (Philips X’pert PRO) at 40 kV and 40 mA,
secondary monochromatic Cu-Ka radiation (A=1.5418 10\)
and PIXcel solid state detector. Data were collected from
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40° to 55° 2 theta. H,-TPR profiles were obtained using
50 mL min~' of 5% H,/He in an Autochem II (Micromer-
itics) equipped with a TCD detector. Samples were pre-
treated at 773 K under Ar atmosphere. The CO chemisorp-
tion experiments of as-reduced catalysts were carried out
at 308 K using 50 mL min~! of He and pulses of CO/He
(0.01788 cm?, 5% CO/He). CO, desorption experiments
were performed after adsorbing CO, at 413 K and treat-
ment in He up to 773 K. N,-physisorption experiments
were performed at 77 K using an Autosorb 1C-TCD unit
(Quantachrome).

Activity tests were carried out in 50 mL stainless steel
autoclaves using 10 mL of 2-propanol as solvent and reac-
tants (1 g per g of catalyst) such as FUR (99.0%, Sigma
Aldrich), FAL (98.0%, Sigma Aldrich) or THFA (99.0%,
Sigma Aldrich). Iso-octane was used as internal standard
for GC analysis. The reactor was purged with H, (99.9%,
Air Liquide) and pressurized at 3.0 MPa in H, for catalysis.
The solution was stirred at 500 rpm and the temperature
controlled at 423 K by means of a hot plate. The reaction
was stopped after 4 h by controlled cooling. Liquid products
were analyzed in an Agilent 7890 gas-chromatograph with
a DB-1 column (60 m X 530 um X 5 um) and a FID detector.

3 Results and Discussion

Figure 1A shows the X-ray diffraction patterns of the par-
ent (bare) hydrotalcite and of the calcined materials modi-
fied with bivalent metals (Co’*, Cu®*, Ni**, Zn>*). The
parent material shows a typical spectrum corresponding to
the MgcAl,(OH),44.5(H,0) structure, indicating the tight
Al-Mg interactions leading to double layered hydrotalcite
structures. After calcination, all modified materials show the
presence of MgO, confirming that developed synthesis and
calcination protocols convert parent LDH into a mixture of
metal oxides (MMO). All M**-containing MMOs present
higher surface areas as well as more accessible pores than
the pristine MMO, increasing pore size from 3 to 6-7 nm
(Table 1). The partial substitution of Mgt by M?* did not
significantly modified the density of basic centers of the
resulting MMO, as obtained via the desorption of chem-
isorbed CO,. FAL hydrogenolysis is preceded by adsorption
onto basic centers and M2, and thus the similar basic site
density among all materials allows to rigorously evaluate the
contribution of M** in catalysis. Catalyst surfaces preserve
accessible basic centers, especially when H, dissociation
species (Pt) are placed in stepwise impregnation methods,
enabling the targeted hydrogenolysis catalytic steps, as
shown later. Such surface speciation is also reflected in the
consumption of H, as a function temperature (Fig. 1B). The
pristine MMO contains strong Mg—Al bonds minimizing
any H, consumption. Such interaction is not altered when
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Fig.1 A XRD patterns of parent LDH and MMOs containing biva-
lent metals; B H, consumption profiles for pristine MMO and for
MMOs modified with different bivalent metals as a function of tem-
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Table 1 Characterization data on Pt-containing MMOs

Catalyst Adsorbed CO Ptdisper-  Crystal Adsorbed CO, Density of basic cent- BET surface Pore size (nm)
(mmol CO g~ 1y sion* (%) size (nm) (mmol CO, g~ 2 ers (umol CO, m™?) area (m? g D)

2Pt@PristineMMO  0.020 20.1 4.7 0.14 0.93 151 3.63
2Pt@Co** 0.020 25.7 39 0.18 0.98 183 7.10
2Pt@Cu** 0.020 19.7 5.1 0.15 0.77 194 6.16
2Pt@Ni** 0.020 22.0 4.6 0.12 0.65 184 6.17
2Pt@Zn** 0.003 3.7 27.3 0.16 0.77 208 6.14
1Pt@Co** 0.010 26.7 3.8 = = = =

4Pt@Co** 0.040 19.3 52 = = = =

*Pt dispersion measured assuming stoichiometric CO adsorption onto Pt sites

“Not measured

Zn** is introduced, indicating the strong Zn affinity to O
species [24]. The rest of MMOs, however, show marked H,
consumption. The reduction of Cu**-derived oxides occurs
at much lower temperatures (400-480 K) than for Co** or
Ni%* (800-1000 K). The smaller temperature shoulder for
Cu?* (400 K) corresponds to small and well-dispersed Cu
clusters, whilst larger clusters require slightly higher tem-
peratures [25, 26]. Such reduction may even take place in
two reduction steps, with Cu* intermediates. Both Co?*-
and Ni**-oxide species are predominantly reduced above
900 K, corresponding to the presence of bivalent metals.
These temperatures seem high for NiO, as compared to bulk
NiO species (reduced at 600 K), indicating that the presence
of MgO may stabilize NiO sites and thus limit their reduc-
ibility at low temperature [27].

Figure 1C shows the H,-TPR profiles of the materials
containing 2 wt% impregnated Pt. All 2Pt@M?** materi-
als nearly preserve the reduction profiles corresponding to
bivalent metals and show an additional reduction peak at
nearly 500 K. The Pt reduction may proceed through H,
dissociation, and spillover phenomena may contribute into
Co** and Ni?* reduction at lower temperatures than in Pt
absence (Fig. 1B). These H, consumption profiles served to
adjust the catalyst pre-treatment in H, to 623 K and ensure

Fig.2 A FAL hydrogenation A

that Pt sites are reduced prior to catalyst testing. In the case
of Cu?* species, these are also reduced to Cu® at 623 K
in H,. The presence of surface Pt on MMOs is also con-
firmed by evaluating the Pt dispersion after CO adsorption
(Table 1). Among the materials containing impregnated Pt,
all materials except for 2Pt@Zn** show Pt dispersion of
20-25%, consistent with porous structures and accessible Pt
sites. The amount of adsorbed CO is very similar for such
materials, indicative of the presence of similar Pt species
irrespective of the MMO nature. The amount of adsorbed
CO is also nearly proportional to Pt content at 1-4 wt% on
xPt@Co** samples (Table 1), but the Pt dispersion slightly
decreases with Pt content. Even when H,-TPR profile for co-
impregnated materials are analogous to sequentially impreg-
nated materials, the dispersion data are not evident for 2Pt@
Zn* (3.7%) or Co**-based MMO after Pt co-impregnation
(2.7%), mainly due to less accessible and larger Pt crystals
originated from strong Pt and MMO interactions in the bulk
phase, restricting the availability of dissociated H, on Pt
sites intended for FAL hydrogenolysis, as discussed later.
Figure 2A shows the furfuryl alcohol (FAL) hydrog-
enolysis activity for 2Pt@M?>* materials and for 2Pt@
PristineMMO under batch conditions at 423 K. The cata-
lysts tested under these reaction conditions (2-propanol as

conversion and product yields
(left axis) and 1,5-PDO/THFA
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solvent) have a negligible contribution from water, and thus
CPO is not detected as undesired product. The poor activity
for 2Pt@PristineMMO may be attributed to: (i) the adsorp-
tion configuration of FUR or FAL molecules over Mg>*
species, which is inhibited due to the strong basic nature of
Mg?*. The adsorption may be favored at optimal strength
(and not number) of basic centers, mostly favorable when
Mg?* species are partially substituted by Cu®** or Co®™; (ii)
MMOs containing bivalent metals other than Mg?** show
much larger pore size distributions, with an increase from 3.6
to about 6-7 nm (Table 1). Such drastic change may affect
the diffusion of bulky FUR or FAL under liquid solutions,
limiting their catalytic turnover for 2Pt@PristineMMO. It is
worth noting that bivalent metals such as Co**, Ni**, Zn*
are used in their oxidized form prior to catalysis, except for
Cu® (based on H,-TPR in Fig. 1C). The poor dispersion of
impregnated Pt° on 2Pt@Zn** is also reflected on its lack of
catalytic activity during FAL hydrogenation (Fig. 2A). Such
lack of activity may be attributed to the poisoning effect of
Zn** species when titrating oxide materials with Pt, yielding
very poor Pt dispersion and hydrogenolysis activity. REF
Both Co®* and Ni** show marked FAL conversion prod-
ucts, whereas the pristine MMO or Cu° species show much
lower FAL hydrogenolysis activity. These data are consistent
with the configuration angle of adsorbed FAL molecules
on M?* oxides, analogous to those observed for FUR [28,
29]. The overlapping of 3d orbitals on Cu® and the oxygen
anti-bonding orbital on the furanic molecule of FAL lead to
repulsive forces, yielding FAL molecules oriented in per-
pendicular manner and thus weakly interacting (Fig. 2B). On
the contrary, CoOy species allow a horizontal FAL surface
configuration and thus enable the furanic C—O bond hydrog-
enolysis. This configuration may also be valid for 2Pt@Ni*",
but its higher hydrogenating capacity predominantly leads to
the full saturation of the furanic molecule into THFA [30].
The absence of products such as 2-methylfuran in all cata-
lysts is consistent with the basic nature of MMOs, as acid
sites are required for C—OH bond hydrogenolysis in FAL.
In addition, the higher Pt dispersion and smaller crystal size
for Co?* MMOs favors the H, dissociation to proceed with
hydrogenolysis reactions, yielding higher 1,5-PDO yields
than Cu*. It is worth noting that conversion values for Co**
and Ni** are nearly 100%, which may complicate an entirely
correct understanding of the intrinsic kinetic activity of each
specie. However, Fig. 2A clearly highlights the intended dif-
ferences in 1,5-PDO yield in each Pt-containing MMO. In
addition, C-balance (defined as number of detected C-atoms
in products with respect to converted C atoms in FAL) is
90-105% in all cases, indicative of the presence of some
products that were not identified and thus quantified after
reaction.

As a remarkable result, the 2Pt@Co** catalyst shows a
FAL hydrogenolysis yield of nearly 70% to pentanediols,
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with 1,5-PDO vyield of 47% and a productivity of 1.2
moll’s_PDokng‘1 h™!. These results outstand at lower reac-
tion temperature compared to reported Pt-based hydrotal-
cites, especially, as FUR reactant, as shown later, obtains
very similar yields [23]. In addition, it is worth noting that
the 1,5-PDO yield for Co**-based MMOs synthesized after
Pt co-impregnation is < 1%, indicative of the relevance that
Pt species, made only accessible via sequential impregnation
(Fig. 2B), have in the H, activation for measured hydrogen-
olysis yields. [31, 32]

The literature shows a recurrent controversy on relevant
reaction pathways towards 1,5-PDO from FUR. It is worth
noting that the catalytic FUR hydrogenation into FAL is
faster than the subsequent steps. Both reactants are here used
to rigorously study the intended hydrogenolysis pathways
on MMOs. We provide new evidences on the hydrogena-
tion activity for Co?* and Cu?*-based MMOs using FUR,
FAL or THFA as reactants (Fig. 3). Unlike many reported
catalysts, Co>" and Cu®* species on such MMOs do not ena-
ble the hydrogenolysis of C—O bonds on THFA, leading to
undetectable 1,5-PDO formation rates. The nearly complete
FUR conversion for both active species reflects the rapid
hydrogenation into the primary product (FAL), as depicted
in the reaction network in Fig. 4. The 2Pt@Cu?®" catalyst,
however, proceeds into further hydrogenolysis steps, form-
ing 1,5-PDO as major product. Indeed, 1,5-PDO yields are
identical when FUR or FAL are used as reactants (Fig. 3).
These data indicate the prevalence of Co**-based MMOs to
form 1,5-PDO via the direct ring-opening hydrogenolysis
of FAL as intermediate, enabling the one-pot/step FUR to
1,5-PDO pathway at high catalytic yields. Figure 3B con-
firms the limited FAL hydrogenolysis activity on 2Pt@Cu’",
irrespective of when FAL is formed from FUR or is used as
reactant.

The 1,5-PDO formation rate is here optimized in terms
of impregnated Pt® content and catalysis temperature for
Co**-based MMOs. Figure 5 shows that both FAL conver-
sion and 1,5-PDO yields increase with Pt° content. In the
absence of Pt and Co**-derived MMOs, no reaction product
was detected. 1,5-PDO yield reaches a maximum at 47% for
the 2Pt@Co?" at nearly complete FAL conversion. The 1,5-
PDO/THFA ratio in Fig. 5 shows that higher Pt° contents
favor THFA formation, indicative that the enhanced H, dis-
sociation rate on Pt” sites [33] preferentially leads to furanic
ring hydrogenation. The nearly complete FAL conversion
above 2 wt% Pt indicates that surface basic sites, relevant for
adsorbing FAL molecules through OH groups, are available
even at the higher Pt contents. This is consistent with the
nearly 20% Pt dispersion on 4Pt@Co”" (Table 1), indicative
of the minor formation of larger Pt clusters. The optimal
reaction temperature is also independent of Pt content above
2 wt%. Higher temperatures favor the hydrogenolysis into
1,2-PDO over 1,5-PDO, suggesting that mild conditions at
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423 K are optimal for C—O hydrogenolysis into 1,5-PDO.
Marked product yield differences are detected for 1Pt@
Co?*, which can be especially attributed to the exponential
increase of FAL conversion with temperature. Thus, these
data indicate the relevance for keeping a balanced Pt content
and temperature towards optimal 1,5-PDO productivity.

4 Conclusions

This letter shows the marked effects of bivalent metals and
Pt within double layered hydrotalcite precursors on the direct
formation of 1,5-pentanediol (1,5-PDO) from furfural. The
present study concludes that Co** species outstand com-
pared to other metals and that catalytic pathways proceed
via the direct FAL conversion. Products yields are here
optimized in terms of Pt content and catalysis temperature.
These results contribute to understand the catalytic path-
ways and role of bivalent metals, leading to promising 1,5-
PDO formation rates from furfural and the absence of the
tetrahydrofurfuryl alcohol as reaction intermediate. Thus,
the reported data and conditions aim to contribute towards
the production of renewable diols relevant for the chemicals
industry.
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