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Abstract Gold-based catalysts, monometallic Au/
CeO, or bimetallic AuCu/CeO,, evaluated on the glyc-
erol conversion to lactic acid, demonstrated to be active
and selective at a reaction temperature of 220 °C in
aqueous basic medium at low base concentration. The
concentration of NaOH slightly modified the activity of
AuCu/CeO, for converting glycerol, while selectivity
toward lactic acid increased on AuCu/CeQO, catalyst but
had no influence on Au/CeO, catalytic performance.
Recyclability tests demonstrated that AuCu/CeO, kept
high conversion for up to the fourth catalytic cycle and
selectivity remained stable, while conversion on Au/
CeO, significantly decreased in the second cycle. For
instance, copper stabilized gold on AuCu/CeO, cata-
lysts for converting glycerol to lactic acid in aqueous
medium at relatively high temperature of 220 °C. Char-
acterization of AuCu/CeO, catalyst using H,-TPR
showed that the presence of Au modified the reduction
events of Cu species, while HRTEM analysis of nano-
particles showed particles of an average size of 6.3 nm
and lattice fringes for metallic Au and Cu. These results
suggest that Au and Cu might be in close proximity.
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Introduction

Glycerin is a byproduct obtained during transesterification
reactions to produce biodiesel; it is generated in up to
10 wt% in the final mixture of the products (Monteiro
et al. 2018). Glycerin formation is a downside in the
industrial biodiesel production generating a surplus of
glycerol in the global market. Selectively converting glyc-
erin (crude glycerol) or glycerol (1,2,3-propanetriol) into
valuable oxygenated chemical compounds is interesting
for economical, industrial, and basic research (Behr et al.
2008; Johnson and Taconi 2007; Pagliaro et al. 2007,
Ramirez-Lopez et al. 2010; Zhou et al. 2008). Despite
the recent global concerns and skepticism about biodiesel
production and consequences in its utilization as fuel, the
continuous increase in the worldwide production of bio-
diesel will continue in the next decade (Dodekatos et al.
2018); biodiesel reached an estimated 30.8 million m>
production in 2016, thus generating roughly 3.08 million
m® of crude glycerol (Anand and Saxena 2012; Monteiro
et al. 2018). The high cost for purification of crude glyc-
erol creates new needs for finding practical applications,
one being its chemical transformation into added value
and renewable chemical products. Among the wide vari-
ety of chemicals that can be obtained from glycerol, lactic
acid is of significant importance because it is considered
as one of the top chemical platforms (Bozell and Petersen
2010; Werpy et al. 2004), from which valuable industrial
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oxygenates can be synthesized, such as acrylic and
pyruvic acids, 1,2-propanediol, acrylate esters, or
polylactic acid (Auneau et al. 2012; Bozell and Petersen
2010; Castillo Martinez et al. 2013; Datta and Henry
2006; Dusselier et al. 2013; Fan et al. 2009; Katryniok
et al. 2013; Miki-Arvela et al. 2014; Pereira et al. 2011).

Glycerol conversion to lactic acid was initially re-
ported under hydrothermal conditions at high tempera-
tures (250-300 °C) and high base to glycerol molar
ratios (Hisanori Kishida 2005; Ramirez-Lépez et al.
2010; Shen et al. 2009). Recently, homogeneous cata-
lysts have been reported as an alternative to the harsh
reaction conditions used during the hydrothermal con-
version, leading to the production of lactic acid and also,
hydrogen can be obtained (Li et al. 2015; Lu et al. 2016;
Sharninghausen et al. 2014). Using different Ir com-
plexes at 115 °C with 1.1 KOH equivalent with respect
to glycerol during 24 h under N, atmosphere led to a
maximum conversion of 94% with a selectivity of 97%,
but still high concentration of base and long reaction
times were needed to obtain a satisfactory catalyst per-
formance (Sharninghausen et al. 2014). Using Ru com-
plexes at 140 °C with 1.08 NaOH equivalent (6.0 M) led
to a complete conversion of glycerol with a lactic acid
yield of 62% (Li et al. 2015). Ir or Ru complexes bearing
alkyl- and arylsulfonate-functionalized N-heterocyclic
carbene were active for glycerol selective conversion
to lactic acid at 150 °C in aqueous basic medium, using
KOH (Finn et al. 2018). In general, Ir complexes
showed higher activity than Ru complexes, and the best
catalytic performance was observed for a catalyst con-
taining Ir(I), with a TOF reaching 42,592 h™! and
heating under microwave radiation for 3 h, while under
conventional heating a TOF of 3477 h™' was obtained.
The catalyst showed a comparable activity using crude
glycerol. On the other hand, Ir-prydine-carbene com-
plexes demonstrated to be active for neat glycerol con-
version to lactate (Lu et al. 2016). The best catalyst of
the prepared series of complexes showed a TOF of 4 x
10* h™! at 145 °C within the first hour reaction time,
besides the catalyst was tolerant to some strong poison
compounds.

The use of heterogeneous catalysts has also been
proposed for transforming glycerol into lactic acid. No-
ble metal-based catalysts were among the first used,
monometallic or bimetallic particles were dispersed on
supports of different chemical nature and reaction was
performed under different reaction conditions (see
Table 3 for additional information in the results and
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discussion section). Monometallic Pt (Maris and Davis
2007) or bimetallic PtRu and AuRu (Maris et al. 2007)
catalysts, using carbon as an inert support, led to a
selectivity toward lactic acid of 60—62% at 20-21%
glycerol conversion at 200 °C with a NaOH/glycerol
molar ratio around 7.36 and under 40 bar of H, pressure.
Platinum supported on a basic support, Pt/CaCOs,
allowed to obtain a 46% glycerol conversion, with a
56% lactic acid selectivity at 200 °C, pH 12, and in
presence of boric acid and H, (ten Dam et al. 2011);
however, under N, atmosphere, a 86% glycerol conver-
sion with a 58% lactic acid selectivity was obtained. In
contrast, platinum supported on reducible titanium or
zirconium oxides reached higher selectivity to lactic
acid, 83-84%, at higher glycerol conversion of 76%
on Pt/TiO, and 95% on Pt/ZrO,, reaction performed at
180 °C with a NaOH/glycerol molar ratio of 1.8, 40 bar
He pressure and 24 h reaction (Ftouni et al. 2015).
Iridium supported on an inert support, Ir/C, also dem-
onstrated to be active in glycerol conversion to lactic
acid (Auneau et al. 2012; Auneau et al. 2011). It/C in
alkaline medium (1 M NaOH) at 180 °C produced 1,2-
propanediol and lactic acid, the yield depending on the
atmosphere of the reaction (inert He or reducing H»).
Rh/ZnO catalyst in alkaline medium and under H, at-
mosphere at 200 °C, under 20 bar of H,, led to 68%
selectivity toward lactic acid at ~100% glycerol con-
version (Checa et al. 2012).

Non-noble metal oxides or metallic particles have
also been reported as active phases for converting glyc-
erol into lactic acid at high copper or cobalt loadings
(Palacio et al. 2018a; Palacio et al. 2018b; Roy et al.
2011; Yang et al. 2016; Yin et al. 2016). Copper-based
catalysts demonstrated to be active for activating glyc-
erol toward lactic acid formation at 240 °C, under 14 bar
of N, pressure with NaOH to glycerol molar ratio of 1.1
(Roy et al. 2011). Lactic acid selectivity reached 78—
80%, although conversion was dependent on the chem-
ical nature of the support, reaching 75% over silica and
98% over Al,O; (Roy et al. 2011). Metallic copper has
been supported on MgO, ZrO,, and hydroxyapatite
(HAP) (Yin et al. 2016), with Cu/HAP exhibiting a
selectivity toward lactic acid of 90% at 91% glycerol
conversion (reaction performed at 230 °C and under N,
atmosphere). More recently, it has been reported that
CuO/CeO, catalyst led to a 74.4% lactic acid selectivity
at 87.3% conversion of glycerol at 220 °C, under N,
atmosphere at 8 h reaction and a NaOH to glycerol
molar ratio of 1.0, with catalyst showing high stability
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(Palacio et al. 2018b). At low copper loadings, copper
promoted with palladium supported on reduced
graphene oxide (CuPd/rGO) led to a 53.1% glycerol
conversion at 16 h reaction with a lactic acid selectivity
around 85.6% (reaction performed at 140 °C, 1.4 MPa
of N,, with NaOH to glycerol molar ratio of 1.1) (Jin
et al. 2013). On the other hand, cobalt oxide supported
on CeO,, C0304/Ce0,, demonstrated activity in glycer-
ol selective conversion to lactic acid (250 °C and 60 bar
of N,) (Palacio et al. 2018a). Glycerol conversion
reached more than 70% at 8-h reaction time, while
selectivity toward lactic acid reached 79.8% depending
on the preparation method of the catalyst, but the cata-
lysts showed poor stability under the reaction condi-
tions. However, a drawback of copper- and cobalt-
based catalysts is that they are active at high metal
loadings, in general 15 wt% to 35 wt%.

In recent decades, heterogeneous gold-based cata-
lysts have gained attention because at the nanoscale,
gold species are active in a wide number of reactions,
including glycerol activation to produce different oxy-
genated molecules (Haruta 2014; Hutchings and Haruta
2005; Prati and Rossi 1998; Shen et al. 2010; Zope et al.
2010). AuCu/CeO, materials have well-known oxida-
tion properties (Ma et al. 2017; Wilson et al. 2015).
Supported AuCu catalysts have demonstrated activity
for alcohol oxidation, among which glycerol has also
been studied (Della Pina et al. 2008; Sobczak and
Wolski 2015). However, lactic acid production from
glycerol on AuCu-based catalysts is scarcely reported.
Unsupported bimetallic AuCu nanoparticles, with dif-
ferent Cu/Au ratios showed activity in glycerol selective
conversion to lactic acid using high catalyst loading
(reaction performed at 200 °C, 100 mL of aqueous
solution with a NaOH/glycerol molar ratio of 1.1 and
0.736 g of catalyst for 2 h) (Shen et al. 2017), conversion
of glycerol reaching more than 99% with a lactic acid
selectivity higher than 93.8%. Activity of catalyst
AuCu, remained high after 6 catalytic cycles, demon-
strating a high stability of the bimetallic nanoparticles
under the reaction conditions. For instance, studies with
supported AuCu nanoparticles are interesting for evalu-
ating the potential of such catalysts for obtaining lactic
acid from glycerol.

In this work, Au and Cu were selected as active
phases because both have shown activity for converting
glycerol to lactic acid, copper species are active only at
high loadings (> 10 wt%) and can lead to the production
of hydrogen during lactic acid formation; for instance, in

this work, we studied its potential at lower loading
combined with gold for obtaining bimetallic AuCu
nanoparticles stabilized in CeO, support. Au species
are not stable under different reaction conditions, thus
combining Au with Cu could result in improving stabil-
ity of gold and modified surface properties (Liu et al.
2008b; Wilson et al. 2015), favoring selectivity toward
lactic acid and hydrogen formation from glycerol. CeO,
was selected as support because it has been reported in
some of our previous research publications (Palacio
et al. 2018b) that it is not active for converting glycerol
to lactic acid and besides; it is stable under the selected
catalytic reaction conditions which have demonstrated
that copper oxide is stabilized on cerium oxide avoiding
leaching. Under the catalytic reaction conditions, Au/
CeO, and AuCu/CeO, catalysts are both active and
selective for converting glycerol into lactic acid under
inert atmosphere in alkaline media. The presence of
copper improves recyclability and stability in ceria sup-
ported gold-based catalyst.

Experimental section
Preparation of CeO, support

27.09 g of Ce (NO3);-6H,0 and 57.8 g of NaOH are
mixed in 720 mL of ultrapure H,O, and the resulting
mixture is stirred during 15 min at 20 °C. Thereafter, the
resulting solution is transferred into a teflon-lined stain-
less-steel autoclave, sealed and placed in an oven at
100 °C for 14 h. The precipitate is recovered by filtra-
tion, washed with ultrapure H,O, and dried at 90 °C for
24 h.

AuCu/CeO, composite preparation

Following a similar procedure as described in previous
works (Chang et al. 2009; Haruta 1997), 2.75 mL of a
HAuCl4-3H,0 solution (containing 1 g of
HAuCl,-3H,0 in 50 mL solution, with ultrapure water)
is mixed with 40 mL ultrapure water under magnetic
stirring at room temperature (around 20 °C). Then,
0.11 g of Cu (NO3),3H,0 (nominal Cu loading of
1 wt%) is added under magnetic stirring. The tempera-
ture is then increased to 60 °C and the pH raised to 9.0
by dropwise addition of a 0.1 M NaOH solution. After
pH and temperature both stabilized at the target values,
3.0 g of as-synthesized CeO, powder is added and the
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magnetic stirring is continued for 4 h at 60 °C, keeping
the pH at 9.0. The powder is recovered by filtration and
washed with ultrapure water, dried at 60 °C for 72 h
under vacuum, and further calcined at 400 °C during 4 h
in a muffle oven (temperature rate of 2 °C min ). Sam-
ples were prepared containing Cu or Au following sim-
ilar conditions as previously described. The samples are
denoted as: Cu/CeQ,, Au/CeQ,, and AuCu/CeQ,.

Characterization of supports and catalysts

Atomic absorption spectroscopy was used to determine
the copper and gold loadings, using a Thermo instru-
ment 3000-series instrument. For analysis, powders
were dissolved in a solution of aqua regia containing
HF during 12 h.

The specific surface area was determined using N-
physisorptio at 77 K, on a Micromeritics ASAP 2020
instrument. The powders were heated under vacuum at
250 °C during 12 h before the analysis. The Brunauer-
Emmett-Teller was applied to determine the specific
surface area, for P/P, range of 0.05 to 0.35.

Scanning electron microscopy (SEM) images were
obtained using a JEOL JSM-6490 LV instrument. For
analysis, the powders were deposited on a graphite
ribbon. The microscope is equipped with an EDX ana-
lyzer, allowing performing element mapping.

High-resolution transmission electron microscopy
(HRTEM) images were recorded on a Tecnai F20 Super
Twin TMP instrument. The powders were dispersed in
ethanol and sonicated for 30 min and then dropped on a
carbon-coated nickel grid for analysis.

Temperature programmed reduction (TPR) analysis
was carried out in an AUTOCHEM2010 Micromeritics.
For analysis, 120 mg of powder was placed in a U-tube
and treated under Ar flow (50 mL min*, ramp of
5°C min") at 400 °C during 60 min. Then, the temper-
ature was adjusted to 50 °C, and the powder was finally
heated from 50 °C to 900 °C (ramp of 10 °C min ")
under H, flow (10 vol% diluted in Ar, 50 mL min ).

Catalytic tests

Evaluation of the catalytic properties of the catalysts is
conducted in a 250 mL batch Parr reactor autoclave
(Palacio et al. 2018b). One hundred twenty milliliters
of 0.47 M aqueous NaOH solution and 7.67 g of glyc-
erol solution (85 wt%) are mixed into the autoclave
(NaOH to glycerol (GLY), NaOH/GLY, molar ratio is
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0.8). Six hundred milligrams of catalyst were then
added, and the autoclave was sealed, flushed with N,
and heated up under autogenous pressure until the reac-
tion temperature, 220 °C. The increasing temperature
from ambient temperature to 220 °C took 40 min on
average. Once the temperature of the autoclave reached
220 °C, the pressure is immediately adjusted with 42 bar
of N, and the stirring settled to 650 rpm (initial time for
reaction, 7). After 8 h reaction, the reaction mixture was
analyzed by taking 0.35 mL of the solution and
quenched with 1.0 mL H,SO,4 aqueous solution
(0.5 M). Isopropanol was added as internal standard
(0.05 mL). Sample was then filtered, and reaction prod-
ucts were analyzed by using liquid chromatography
(Agilent 1200 series chromatograph using a refractive
index (RI) detector, equipped with an ICSep ICE-
COREGEL-87H3 column—mobile phase 0.005 M
H,SO,, flow 0.5 mL min '—7,gjumn =70 °C). Addi-
tionally, the gas phase was analyzed by using gas chro-
matography, using an Agilent Technologies instrument
model 6890 N, equipped with a TCD and a FID detec-
tor, using a Carboxen 1010 PLOT fused silica capillary
column (30 m % 0.53 mm) and an Agilent DB-PETRO
column (50 m length, 0.2 mm diameter).

The conversion of glycerol is calculated according to
the following equation:

CoLy(%) = ((nLy.innery.ou) /nGLy.n)x 100 (1)

where ngyin and ngyyou are the GLY initial amount
and the residual GLY amount at time ¢, respectively.

The product selectivity is calculated according to the
following equation:

Si(%) = (ni/ (nLy in—nGLY 0ut) )x 100 (2)

where 7, represents the number of moles of product i
formed.

Carbon balance is determined according to the fol-
lowing equation:

Chalance (%) = (EnC product i +nc GLY‘out) /nC GLY ,in > x 100
(3)

where 7¢ product 7 represents the number of mole of
carbon (C) in product i formed and n¢ gryi, and ne
GLYout Tepresents the number of mole of carbon (C) in
the initial amount of glycerol and the number of mole of
carbon (C) in residual GLY amount at time ¢,
respectively.
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Results and discussion
Catalyst characterization

The metal loading is determined using atomic absorp-
tion and the results showed the copper metal content
reached the nominal one (1 wt%) in both monometallic
and bimetallic composites (Table 1), while gold loading
is slightly lower than the expected one (Table 1). These
results indicated a successful deposition of gold and
copper species in both monometallic and bimetallic
composites. Besides, the copper and gold loadings are
similar between both composites, which is important
because differences in physicochemical properties or
reactivity cannot be attributed to a different loading of
the active phases in the catalytic materials.

The specific surface area for CeO, support is
122 m* g ! and after copper, gold, or gold-copper spe-
cies deposition, the values remained close to the value
for the parent support, 114-131 m? g~' (Table 1). The
CeO, support shows a type IV isotherm with a wide
pore size distribution (Fig. S1) and even after deposition
of 5.7 wt% of copper, the isotherm and pore size distri-
bution do not show significant changes; thus, the depo-
sition of gold and copper do not modify the textural
properties of the support. These results suggest the
monometallic or bimetallic metal species are well-
distributed on the CeO, support surface; thus, the dif-
ferent composites exhibit a high specific surface area.

SEM images after copper, gold, or gold-copper de-
position (Fig. S2) showed that the powder contains
amorphous and aggregated particles of CeO,, without
a well-defined particle shape and size (Palacio et al.
2018b). SEM-EDX characterization of Cu/CeO, and
Au/CeO, composites after reduction of the calcined
powder at 400 °C (Fig. 1) indicated that both copper
and gold species are observed all around the area

Table 1 Loading of gold and copper and textural properties of
Au/Ce0,, Cu/Ce0,, and AuCu/CeO, composites

Composite Au and Cu loading (wt%) SBET (m2 gﬁl)
Au Cu

CeO, - - 122

Au/CeO, 0.7 - 131

Cu/CeO, - 1.0 123

AuCu/CeO, 0.8 1.0 114

analyzed, thus showing a rather homogeneous distribu-
tion on the CeO, support. For AuCu/CeO, composite
(Fig. 2), Au species are well distributed on the compos-
ite, indicating that the presence of copper does not
modify distribution of gold species. In the case of cop-
per, the species are observed all around the analyzed
area (Fig. 2b, d, f); however, the intensity of the copper
signal appeared more intense in some areas suggesting
that copper slightly agglomerated during calcination and
reduction steps at 400 °C.

HRTEM characterization of the AuCu/CeO, com-
posite after reduction of the calcined powder at 400 °C
(Fig. 3) shows few small particles on the CeO, surface,
with a particle size distribution centered at 6.3 nm.
Consequently, these results might suggest a high distri-
bution of small sized nanoparticles of AuCu on CeO,
support. The length of the fringes measured on these
nanoparticles, mainly 0.16 and 0.2 nm, are close to the
reported for (i) cubic Cu: Cu(111), Cu(002) planes
(Fiche 98-005-3755), and (ii) cubic Au: Au(002) planes
(Fiche 98-004-4362). For instance, in agreement with
TPR characterization (see results below), gold and cop-
per might be in close proximity and interaction between
both species is possible. In the case of Au/CeO, com-
posite, particles were even more difficult to observe (not
shown). TEM images showed that CeO, is composed of
aggregated amorphous particles and in some extend by
nanorods (Fig. 3). However, that rod-like shaped CeO,
particles were observed only in few areas of the ana-
lyzed powder. The characterization of textural and mor-
phological properties indicated that CeO, support to-
gether with the deposition-precipitation method,
allowed to disperse tiny gold-copper species in the
composites.

The TPR profile of CeO, support shows two main
signals for hydrogen consumption in the temperature
range of 200 to 850 °C (Fig. 4), in agreement with
previous published results (Cargnello et al. 2010; Liu
et al. 2008a; Zhang et al. 2014). The reduction peak at
448 °C has been attributed to the reduction of surface
oxygen species on CeO,, and the shoulder at 340 °C
attributed to the formation of non-stoichiometric CeOy
oxides (Zhang et al. 2014). The reduction peak at 721 °C
is commonly attributed to the reduction of bulk oxygen
species. The lower temperature reduction peak for CeO,
powder is not observed after Cu, Au, or AuCu species
deposition, therefore indicating that the presence of
these metal species modified the reduction properties
of the CeO, support. The TPR profiles of Au/CeO, and
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Fig. 1 EDX-mapping analysis of
a, b Cu/Ce0O, and ¢, d Au/CeO,
composites after reduction at

400 °C of the calcined powder

c.

AuCu/CeO, composites only showed one reduction
step at low temperature. For Au/CeO,, the reduction
peak is observed at 104 °C. This peak has been corre-
lated to (i) a decrease in the reduction temperature of
surface oxygen species of CeQ,, indicating that the
presence of Au modified CeO, reduction properties
(Liu et al. 2012; Si and Flytzani-Stephanopoulos 2008;
Zhang et al. 2014), because of gold species strongly
bounded on CeO, surface weaken the Ce-O bond, and
(i) reduction of Au™" species. The TPR profile of Cu/
CeO, composite on the other hand exhibited two major
signals at temperatures lower than 300 °C. The lower
temperature reduction peak at 142 °C might indicate, as
observed for Au/CeQ,, a decrease in the reduction tem-
perature of surface oxygen species of CeO,; the peak at
higher reduction temperature of 186 °C can be attributed
to the reduction of clusters of oxidized copper species.
In the case of AuCu/CeO,, only one reduction peak is
observed at low temperature, centered at lower reduc-
tion temperature than for Au/CeO, (78 °C), indicating as
in the case of Au/CeO, a modification of the reduction
properties of surface oxygen species on CeO, because
of the presence of Au and Cu species on the surface.
Additionally, the reduction step of oxidized copper spe-
cies is not observed on the AuCu/CeO, composite,
suggesting that interaction between Au and Cu led to
the formation of reduced copper species. Consequently,
the presence of Au species modified the chemical
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properties of CuOy species on the CeO, surface and
suggested a possible close interaction between gold
and copper species, generating AuCu species with cop-
per in a reduced state (Cu®) in the composite.

Catalytic reaction

The catalytic tests were performed for 8 h, such time
being a good compromise between conversion and se-
lectivity toward the target product, lactic acid (Palacio
et al. 2018b). As a first remark, carbon balance ap-
proaches 98% indicating that adsorption on catalyst
surface or carbon containing byproducts in the gas phase
remained negligible under the catalytic reaction condi-
tions. As a matter of fact, the analysis of the gas phase
using gas chromatography allowed the identification of
hydrogen gas, thus during the formation of lactic acid
from glycerol hydrogen is also produced.

The glycerol conversion at 8 h reaction in N,
atmosphere at 220 °C reached 18.8% without catalyst
and with a NaOH to glycerol molar ratio of 0.8, while
in presence of CeO, support, reached 20% (Table 2).
For instance, there is not significant influence of the
CeO, support on the conversion of glycerol under the
catalytic reaction conditions. In presence of Cu/CeO,
catalyst, the glycerol conversion reached 20.1%;
therefore, the presence of copper at low loadings
does not show catalytic activity. It has been reported
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Fig. 2 EDX-mapping analysis of
AuCu/CeO, composite after
reduction at 400 °C of the
calcined powder for a, ¢, e gold
species and b, d, f copper species

10um Au La1l 1opm Cu Ka1

10um Au La1 10pm Cu Ka1

- PSS |
10um Au La1 10pym Cu Ka1
that unsupported or supported copper oxides or metal acid and pyruvaldehyde when compared to the reac-
copper species on different supports are active at high tion performed without catalyst or in presence of

copper loadings (Palacio et al. 2018b; Roy et al. CeO, support. On Au/CeO, catalyst, the glycerol
2011; Yang et al. 2016; Yin et al. 2016). The presence conversion reached 74.5% while when using
of copper slightly modifies selectivity toward lactic AuCu/CeO, catalyst reached 70.2% (Table 2). These

Fig. 3 HRTEM images for
AuCu/CeO, sample after
calcination at 400 °C and further
reduction at 400 °C
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Fig. 4 TPR profiles of CeO, support, Cu/CeO,, Au/CeO,, and
AuCu/CeO, composites after calcination at 400 °C

results indicate that gold species are active for
adsorbing, activating, and thus converting glycerol
under the catalytic reaction conditions, high temper-
ature, and in basic aqueous medium, and are more
than three times more active than copper species.

Table 2 Catalyst reactivity at 220 °C

Lactic acid is the main product formed in presence of
copper- or gold-based catalysts; however, selectivity
with gold-based catalysts is higher and is slightly higher
on Au/CeO, than on AuCu/CeO, catalyst, 92.4% and
87.5%, respectively. Increasing the reaction temperature
t0 250 °C on AuCu/CeO, catalyst resulted in an increase
of glycerol conversion and a slightly decrease on the
lactic acid selectivity, 87.2% and 76.5%, respectively.
On the other hand, performing the reaction in presence
of H; instead of N, decreased the glycerol conversion to
40.1% and selectivity toward lactic acid to 68%. Thus,
reducing H, atmosphere is detrimental for the catalytic
activity of AuCu/CeO, catalyst for converting glycerol
into lactic acid while generating hydrogen gas. The high
pressure of hydrogen gas since the beginning of the
reaction inhibits the conversion of glycerol because it
shifts the balance toward the reactive avoiding product
formation. An increase in the NaOH concentration to
0.6 M, NaOH/GLY molar ratio equal to 1, at 220 °C and
N, atmosphere, led to a slightly increase on the glycerol
conversion with Au/CeO, catalyst while the increase
was more important for AuCu/CeO, catalyst, from
70.2% with a NaOH/GLY of 0.8 to 77.8% with a
NaOH/GLY of 1 (Table 2). Increasing the NaOH/GLY
molar ratio to 1 did not modify selectivity toward lactic
acid on Au/CeQ, catalyst, while on AuCu/CeO, selec-
tivity increased from 87.5 to 91.2%. Therefore, the
presence of copper does not modify catalytic activity
of the AuCu/CeQO, catalyst, but the increase in NaOH
concentration led to a better catalytic performance of the

Catalyst NaOH/GLY Cery (%) Selectivity (%)
molar ratio
LA 1,2-PDO PYR GLA AA HDA

Without catalyst 0.8 18.8 14.2 0 14.4 0 0 0
CeO, 0.8 20.0 13.9 0 14.5 0 0 0
Cu/CeO, 0.8 20.1 20.3 0 17.8 1.8 0 0
Au/CeO, 0.8 74.5 92.4 1.9 2.6 0 1.7 0.8
Au/CeO, 1.0 75.5 92.6 1.9 2.6 0 1.9 1.0
AuCu/CeO, 0.8 70.2 87.5 45 5.7 0 1.5 0.8
AuCu/CeOy* 0.8 87.2 76.5 3.7 6.9 0 2.6 1.0
AuCu/CeO," 0.8 40.1 68 6 6.7 0 0 0
AuCu/CeO, 1.0 77.8 91.2 2.4 3.8 0 2.1 0.4

GLY glycerol, LA lactic acid, 1,2-PDO 1,2-propanediol, PYR pyruvaldehyde, GLA glyceraldehyde, AA acetic acid, HDA hidroacetone

*Reaction at 250 °C

+Reaction in presence of H, instead of N,
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Table 3 Catalytic results of different Au-, Pt-, Ru-, and Cu-based heterogeneous catalysts

Catalyst Metal Cory (%)  Spa (%) NaOH/GLY  Atmosphere  7'(°C)  Time (h)  Ref.

loading (Wt%)
AuRu/C Au: 0.85 21 60 7.36 H,/40 bar 200 5 Maris et al. 2007
PtRu/C IP}tu .15.9 22 41 7.36 H,/40 bar 200 5 Maris et al. 2007

Ru: 4.7
AuCu, (bulk) - 99 93.8 1.1 N, 200 2 Shen et al. 2017
Pt/CaCOs Pt:5 0.001 N,/20 bar 200 18 ten Dam et al. 2011
Pt/TiO, Pt: 0.9 76 83 1.8 He/30 bar 180 24 Ftouni et al. 2015
Pt/ZrO, Pt: 1.2 94 84 1.8 He/30 bar 180 24 Ftouni et al. 2015
Cu/MgO Cu: 16 99 83 1.1 N, 230 8 Yin et al. 2016
Cu/ZrO, Cu: 16 64 50 1.1 N, 230 8 Yin et al. 2016
Cu/HAP Cu: 16 99 87 1.1 N, 230 8 Yin et al. 2016
AuCu/CeO, Au: 0.8 77.8 91.2 1 N,/42 bar 220 8 a

Cu: 1.0

GLY glycerol, LA lactic acid
#This work

AuCu/CeO, catalyst in terms of increasing glycerol
conversion and lactic acid selectivity.

For comparison, a summary of representative results
on glycerol conversion to lactic acid reported in the
literature over noble metal- and copper-based heteroge-
neous catalysts is presented in Table 3. The catalytic
results reported in this work are among the best in terms
of moderate glycerol conversion with high selectivity
toward lactic acid on bimetallic AuCu/CeO, catalyst.
The high selectivity toward lactic acid is comparable to
that reported for bulk AuCu, catalyst.

Stability of catalysts under the reaction conditions is
studied by using recyclability tests which were

100
90- a
80
70
60
501
40
30
20
10

0

conversion and selectivity (%)

1 2
cycle number

performed for Au/CeO, and AuCu/CeO, catalysts.
The powder was recovered by centrifugation and
washed after the first catalytic cycle. Finally, the pow-
ders were dried and then calcined at 400 °C during 4 h.
Before catalytic test, the catalysts were reduced at
400 °C. The reaction was performed adjusting the mass
of glycerol to the mass of the recovered and calcined
catalyst, keeping constant the NaOH/GLY mole ratio
equal to 1.0 and the volume of the NaOH solution of
120 mL. The results show that on Au/CeO, catalyst
(Fig. 5a), the glycerol conversion decreased from 75.5
to 54.5% in the second cycle while keeping a high
selectivity toward lactic acid 0 92.6-96.4%. A different

u m b
1 l 3 ﬂ L

cycle number

~100
o
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2 904

70+

selectivity
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Fig. 5 Recyclability tests for a Au/CeO, catalyst and b AuCu/CeO, catalyst. Glycerol conversion (black bars) and selectivity to lactic acid

(red bars)
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Fig. 6 EDX-mapping analysis of
AuCu/CeO, catalyst recovered
after reaction: a, b copper species
and ¢, d gold species

10 ym

10 pm

catalytic performance was observed on AuCu/CeO,
catalyst (Fig. 5b); between 1st and 3rd cycle, the glyc-
erol conversion remained in the range 75.1-77.8% with
a high selectivity toward lactic acid in the range 88.4—
93.5%. Thereafter, the glycerol conversion decreased to

Fig. 7 EDX-mapping analysis of
AuCu/CeO, catalyst after the fifth
catalytic cycle (calcined and
reduced at 400 °C): a, b copper
species and ¢, d gold species

10 ym
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67.4% in the 4th cycle but with a selectivity toward
lactic acid of 88.7%. In the fifth cycle however, conver-
sion only reached 18% and the lactic acid selectivity
dropped down to 11.4%. Therefore, the presence of
copper modifies the catalytic properties of gold in the

Cu Ka1

10pm Cu Ka1

Au La1

10 ym



J Nanopart Res (2019) 21: 148

Page 11 of 13 148

glycerol conversion to lactic acid, apparently increasing
the stability of the active Au species. Reported studies
on stability of Au-Cu have suggested that the formation
of the alloy might modify the electronic structure of the
nanoparticles and induce small particles formation,
which are resistant to sintering (Liu et al. 2008b;
Wilson et al. 2015). According to TPR and HRTEM
characterization, copper and gold species might be in
close proximity which increased stability of the
catalysts.

Characterization of AuCu/CeO, catalyst after reaction

After the first catalytic reaction, the recovered
AuCu/CeO, catalyst was analyzed by SEM-EDX
(Fig. 6). SEM-EDX characterization indicated that cop-
per and gold species are identified and observed all
around the area analyzed indicating a rather homoge-
neous distribution on the CeO, support. For instance,
during the reaction, the catalyst is not apparently mod-
ified and CeO, kept homogeneous distributed and sta-
bilized copper and gold species.

The catalyst was also characterized after the fifth
catalytic cycle. The powder was recovered, washed,
dried, and calcined at 400 °C. The metal loading is
determined using atomic absorption and the results
showed that gold metal content decreased to 0.3 wt%.
Thus, the low catalytic activity reached in the 5th cata-
lytic cycle might be attributed to the leaching of gold,
reaching a 0.3 wt% instead of the 0.7 wt% determined in
the fresh catalyst. Characterization of the powder after
calcination and further reduction at 400 °C by SEM-
EDX (Fig. 7) showed that copper and gold species are
rather homogeneous distributed on the CeO, support.
Although gold suffered leaching, copper and gold spe-
cies did not agglomerate and thus, the deactivation of
the catalyst might be attributed to the leaching of gold.

Conclusions

In this work, it is showed that cerium oxide supporting
gold-copper species are highly active catalysts for
converting glycerol to lactic acid at high reaction tem-
perature and in aqueous basic medium. It is also showed
that copper stabilized gold species supported on cerium
oxide, allowing regenerating the catalyst for up to four
catalytic cycles, while catalyst containing only gold
deactivated after the first cycle. Interactions between

Au and Cu are responsible for gold stabilization,
allowing obtaining selective and stable gold catalysts
at high reaction temperatures in aqueous medium. Fur-
ther studies are needed to understand the process of
deactivation of AuCu/CeO, catalysts.
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