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A series of bimetallic Pd-Cu/solid-base catalysts were prepared via thermal decomposition of
Pd,Cup4Mgs6_xAl,(OH);16CO5 layered double hydroxides precursors and used in hydrogenolysis of glyc-
erol to 1,2-propanediol (1,2-PDO). X-ray diffraction (XRD), scanning electron microscopy (SEM) and N,O
oxidation and followed H, titration characterizations confirmed that well structured layered double
hydroxides PdyCug4Mgs¢_xAl>(OH)16CO3 crystals could be prepared when the amount of added Pd was
less than x < 0.04. Pd and Cu dispersed highly in reduced Pd,Cug 4/Mgs¢_xAl;0g6_x and Pd improved the
reduction of Cu. Hydrogenolysis of glycerol proceeded easily on bimetallic Pd-Cu/solid-base catalysts
than separated Pd and Cu. On Pdg04Cug4/Mgs56Al20s56, the conversion of glycerol and selectivity of
1,2-PDO reached 88.0 and 99.6%, respectively, at 2.0 MPa H;, 180°C, 10h in ethanol solution. And this
catalyst is stable in five recycles. It was concluded that H,-spillover from Pd to Cu increased the activity
of Pd,Cup4/Mgs6_xAl,0s6_x in hydrogenolysis of glycerol.
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1. Introduction

Recently, there is an increasing interesting on using biodiesel
as an alternative fuel [1,2]. The rapid rising production of biodiesel
has led to a drastic surplus of glycerol [2]. Many biodiesel produc-
tion factories now view crude glycerol as a waste. Many efforts have
been reported on the conversion of glycerol into value-added prod-
ucts, such as catalytic oxidation of glycerol to glyceric acid [3-6] and
dihydroxyacetone [4-6], dehydration of glycerol to acrolein [7-10]
and hydrogenolysis of glycerol to propanediols [11-16]. Among
these reported technologies, catalytic synthesis of propanediols
from glycerol instead of the expensive hydration of petro-based
propylene oxide is more favorable in green chemistry and industrial
application [2,11-24].

In published papers, hybrid Rh/C+H,;WO,4 [12], Ru/C (or
Rh/SiO, )+ Amberlyst [13,14], Pt/SiO,-Al,03 [11] and ruthenium-
doped acidic heteropoly salt Cs; 5Hg5[PW12049] were studied in
detail in hydrogenolysis of glycerol to propanediols. It was sug-
gested that glycerol hydrogenolysis performed in consecutive
glycerol dehydration to acetol (on acid sites) and acetol hydrogena-
tion to propanediols (on metal particles) in acidic conditions (see
Scheme 1) [25-43]. But the conversion of glycerol was low and
mainly noble metals were reported in acidic conditions. On the
other hand, it was reported that NaOH can accelerate the conver-
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sion of glycerol in combined Pt/C+NaOH [31,32], Ru/TiO, + NaOH
[44] and Cu/ZnO +NaOH [45] catalytic solutions. It was deduced
that glycerol hydrogenolysis proceeded in a distinct dehydrogena-
tion-dehydration-hydrogenation mechanism in base solutions
(see Scheme 2) [31-42]. But NaOH also catalyzed the cleavage of
C-C bond and increased the formation of undesired products like
ethylene glycol, ethanol and methanol [31,32]. And the addition of
NaOH inevitably resulted in other drawbacks such as the reaction
mixture needs further neutralization and environmental pollution.

According to these mechanisms, we thought that a solid bi-
functional catalyst consisting of both metal and acid/base sites
should be capable for this reaction. Choosing solid-base and/or
solid-acid as a co-catalyst and support would be a good substitute
for the reported hybrid catalysts. Because crude glycerol derived
from biodiesel production contains a variety of impurities (such as
unreacted catalysts, NaOH or other alkali metal hydroxides) and
these contaminants are poisons to solid-acid [33-35], solid-base
should be a good co-catalyst and support in industrial application.

In our previous works, hydrotalcite, MgO, Al,03, HZSM-5 and
H-Beta supported Pt catalysts were first tested in hydrogenolysis
of glycerol. It was found that solid-base (such as hydrotalcite and
MgO) supported Pt catalysts exhibited predominant activity and
higher 1,2-propanediol (1,2-PDO) selectivity than that of solid acids
(Al,03, H-ZSM-5 and H-Beta) [36]. And MgO supported copper is
also active in this reaction [37]. More recently, we found that a
homogenously dispersed copper on layered solid-base catalyst is
more effective in the hydrogenolysis of glycerol in aqueous solu-
tion. The best yield of 1,2-PDO reached 78.5% at 180°C, 3.0 MPa
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Scheme 1. Glycerol hydrogenolysis in acidic conditions.
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Scheme 2. Glycerol hydrogenolysis in base solutions.

H, and 20h [38]. In these works, it was disclosed that the activity
of bi-functional Cu/solid-base catalysts increased with the alkali
strength of solid-base. However, the influence of active metals
(hydrogenation center in Scheme 2) in bi-functional metal/solid-
base catalysts has not been specified.

In this work, a series of bimetallic Pd-Cu/solid-base
catalysts were prepared via thermal decomposition of
PdyxCup 4Mgs6_xAlo(OH)15CO3 layered double hydroxides precur-
sors. And these catalysts were used in hydrogenolysis of glycerol to
1,2-PDO in different solvents at low hydrogen pressure (2.0 MPa)
and short time (10 h). These catalysts were characterized by N,-
adsorption, X-ray diffraction (XRD), scanning electron microscopy
(SEM), temperature-programmed reduction with H, (H,-TPR) and
N, O oxidation and followed H, titration. The structure-property
relationships of these bimetallic Pd-Cu/solid-base catalysts in
hydrogenolysis of glycerol to 1,2-PDO were discussed.

2. Experimental
2.1. Catalyst preparation

A series of Pd-containing PdxCug 4Mgs s_xAl>(OH)15CO3 layered
double hydroxides precursors were first prepared by coprecipita-
tion. Calculated amount of PdCl,, Cu(NOs),-3H,0, Al(NO3)3-9H,0
and Mg(NO3),-6H,0 (AR, Shanghai Chemicals, China) were dis-
solved together in 400 mL deionized water, which was referred
as solution A. Solution B was the mixture of Na;CO3; and NaOH
(AR, Shanghai Chemicals, China) with concentration of 0.25 and
0.8 mol/L, respectively. Solutions A and B were simultaneously
added into a glass reactor under vigorous stirring at room tem-
perature and a pH value of 9.5. The slurry was aged at 120°C for
20h, filtered off, and washed thoroughly with distilled water until
free of Cl~. The precipitate was then dried at 80°C overnight and
identified as PdyCug 4Mgs 6_xAl,(OH)15CO3, in which x referred to
amount of added Pd. The layered double structure of prepared
PdyxCug 4Mgs6_xAlo(OH)15CO3 sample was confirmed by XRD (see
Fig. 1).

Secondly, these Pd-containing layered double hydroxides were
calcined at 400 °Cin a stationary air for 4 h and the product catalysts
were identified as PdyCug4Mgss_xAl;,09 and used for characteri-
zation. After hydrogen reduction at 300°C for 1h, these catalysts
were identified as PdyCug 4/Mgs 6_xAl;Og 6_x, in Which x referred to
amount of added Pd.

2.2. Characterizations

Actual composition of the prepared PdxCupsMgse_x
Al;(OH)16CO3 precursors was checked and confirmed by

inductively coupled plasma-atomic emission spectroscopy (ICP,
plasma-Spec-II spectrometer). Samples were first dissolved with
aqua regia, and the mixtures were further oxidized with 30%
hydrogen peroxide in order to make Pd dissolved completely. N,
adsorption was measured at its normal boiling point using an
ASAP 2010 analyzer (Micromeritics) after pretreated at 250°C for
4h in vacuum. BET surface area and BJH pore size distribution
were calculated using their desorption isotherms. XRD patterns
were detected at room temperature on a Rigaku D/WAX-2500
diffractometer using Cu Ko radiation (A =1.5406 A) with a 20 step
of 0.02°. SEM images of these hydrotalcite-like samples were
taken on a microscope (Leo Series VP 1430, Germany) having
silicon detector equipped with energy-dispersive X-ray (EDX)
facility (Oxford instruments). Samples were coated with gold using
sputter coating to avoid charging. Analysis was carried out at an
accelerating voltage of 15kV. H,-TPR studies were carried out in a
quartz reactor. Samples were first pretreated at 450 °C for 1 h under
N, at a flow rate of 30 mL/min and cooled to room temperature. A
reduction agent (10% Hy /N, mixture, 30 mL/min) was shifted and
the reactor was heated to 450°C at a ramp of 10°C/min. Effluent
gas was dried by powder KOH and the consumption of hydrogen
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Fig. 1. XRD patterns of fresh PdyCupsMgses xAlo(OH);6CO3  LDHs.

Pdo 008 Cio.4Mgs 502Al2(OH)16CO3;  (c)
Pdo04Cuo4Mgs56Al2(0H)16CO3;  (e)

(@) CupaMgseAl(OH)16CO3;  (b)
Pdo024Cu04Mgs 576A2(OH)16C03;  (d)
Pdo 08 Cuo.4Mgs 52Al2(OH)16CO3.



S. Xia et al. / Applied Catalysis A: General 403 (2011) 173-182 175

Table 1
The structure of the calcined catalysts and Cu dispersion in reduced catalyst.

Catalyst Crystallite size (nm)? Structure? Cu dispersion®
MgO CuO Pore volume Pore size Sger (M2/g) Dispersion® (%)° Cu surface Cu particle
(cm?3/g) (nm) area® (m?/g Cu) size® (nm)
Cug 4Mgs Al 09 39 2.7 0.860 16.8 204.6 43.2 (+£6%) 584.5 2.3
Pdg_oggCUo_4Mg5_592A12 Og 3.6 1.8 - - 176.0 58.7 (:(:6%) 794.2 1.7
Pd0.024Cui0.4Mgs 576 Al2 09 3.7 3.9 - - 158.2 32.3 (£6%) 437.0 3.1
Pdg,04Cup4Mgs 56Al,09 4.2 2.6 0.436 14.2 145.1 46.0 (+£6%) 622.4 2.2
Pdg.0sCup.4Mgs 52Al,09 5.7 53 0.601 15.5 154.8 21.4 (+6%) 289.5 4.7

a All of the catalysts are calcined at 400°C, 4 h.

b Calculated from N, O chemical adsorption after the catalysts were reduced in H; at 400°C.
¢ Data in parentheses are estimated standard deviation that were calculated on the deviation of H, consumption in repeated TPR experiments.

were recorded by thermal conductivity detector (TCD). Calibration
of the instrument was carried out with CuO of known amount.
The number of surface metallic copper sites was determined by
N,O oxidation and followed H, titration using the procedure
described by Van Der Grift et al. [46], Gervasini and Bennici [47].
Catalysts were first reduced in the procedure described in above
TPR experiment in 10% Hy /N, mixture at a flow rate of 30 mL/min
until 450°C. The amount of hydrogen consumption in the first
TPR was denoted as X. And then the reactor was purged with He
to 50°C. 20% N,O/N, (30 mL/min) was shifted to oxidize surface
copper atoms to Cu,0 at 50°C for 0.5 h. The reactor was flushed
with He to remove the oxidant. Finally, another TPR experiment
was performed in 10% Hy /N5, 10 °C/min at a flow rate of 30 mL/min.
Hydrogen consumption in the second TPR was denoted as Y. The
dispersion of Cu and exposed Cu surface area were calculated
according to the equations reported by Van Der Grift et al. [46],
which are shown below:
Reduction of all copper atoms:

CuO + Hy —» Cu + H;0, hydrogen consumptionin the first TPR =X
Reduction of surface copper atoms only:

Cu;0 + Hy — 2Cu + H,O0, hydrogen consumptioninthisTPR =Y

Vol.adsorbed (cms/g)

Fig. 2. N, adsorption isotherms at -196°C. (a) Cup4MgscAl;09; (b)

Pd.04Cu0.4Mgs 56A1200; () Pdo,0s Clip.4Mgs 52Al2Og.

And the dispersion of Cu and exposed Cu surface area were
calculated as:
2y

D 7><100%

2Y x Nay 1353y, ,
= = m<-Cu/g-Cu
X x Mcy x 1.4 x 1019 X /8:Cu)

where Ny is the Avogadro’s constant, Mc, is the relative atomic
mass (63.456 g/mol), 1.4 x 10!° comes from that an equal abun-
dance of an average copper surface atom area of 0.0711nm?,
equivalent to 1.4 x 10!° copper atoms/m?.

Average volume-surface diameter can be expressed as a func-
tion:

6 X
dys. = m ~ 0-5?(nm)
where, pcy is the density of copper (8.92 g/cm?3).

The structure of the reduced catalysts was further detected by
XRD and transmission electron microscopy (TEM). Before analy-
sis, catalysts were reduced in a stream of H, at 300°C for 1h; the
reduced powders were poured into alcohol under the protection of
H,. In TEM analysis, the reduced samples were suspended in alco-
hol with an ultrasonic dispersion for 10 min, and then the resulted
solution was dropped on carbon film of nickel grid.
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Fig. 3. H-TPR profiles of calcined samples. (a) CupsMgsgAl20q; (b)
Pdo.00s Clo.4Mgs.502A1209; (€) Pdo.024Cui0.4Mgs.576A1209; (d) Pdo.04Cuo4Mgs56A1200;
(e) Pdo,08Cug.4Mgs 52Al2 Og.
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Fig. 4. XRD patterns of the reduced catalysts. (a) Cupa/MgseAl20s6;
(b)  PdooosCuoa/Mgs592A208502; ()  Pdoo24Cuoa/Mgs576Al208576;  (d)
Pdo,04Cuo.4/Mgs56Al20s 56 (€) Pdo,os Cuio.4/Mgs.52Al20 52.

The acidity, alkalinity and H, activation activity of reduced cata-
lysts were carried out via temperature-programmed desorption of
NH3, CO, and Hy (NH3-TPD, CO,-TPD and H,-TPD). Sample was first
reduced at 300 °Cin H; flow of 30 mL/min for 1 h, purged by purified
Ar and further treated at 450 °C for 0.5 h in Ar. And then the reactor
was cooled to 50°C in Ar, exposed to 20% NH3/Ar (or 20% CO,/Ar
or 10% Hy/Ar) for 30 min, purged by Ar for 5h at 50°C in order to
eliminate the physical adsorbed NH3 (or CO; or H;). Temperature-
programmed desorption was conducted by ramping to 550°C at
10°C/min and NH3 (m/e=16) (or CO, (m/e=44) or Hy (m/e=2))
in effluent was detected and recorded as a function of tempera-
ture by a quadrupole mass spectrometer (OmniStarTM, GSD301,
Switzerland).

2.3. Catalytic reactions

Hydrogenolysis of glycerol was performed in a custom-designed
50 mL stainless steel autoclave equipped with a thermoelectric cou-
ple. Before reaction, catalyst was pretreated in a stream of H, at
300°Cfor 1 h. The reaction mixture included 8.0 g aqueous solution
of glycerol (75 wt%) and 1.0 g reduced catalyst. Then the autoclave
was purged with H, to 2.0 MPa and placed in an oil bath preheated
to required temperature and maintained at that temperature for a
given time under vigorously stirring with a magnetic stirrer (MAG-
NEO, RV-06M, Japan). After reaction, the reactor was cooled to room
temperature. Vapor phase was collected by a gas-bag and analyzed
with a gas chromatograph (Shimadzu, 8 A) with TCD detector, liquid
phase was centrifuged to remove solid catalyst powder and ana-
lyzed using a FID gas chromatograph (Shimadzu, 14 B) equipped
with a 30 m capillary column (DB-WAX 52 CB, USA). All products
detected in liquid were verified by a GC-MS system (Agilent 6890)
and quantified via external calibration method. The selectivity of
products was calculated on carbon basis.

3. Results and discussion
3.1. X-ray diffraction
Fig. 1 shows the XRD patterns of PdxCug 4Mgs g_xAl(OH)5CO3

precursors dried at 80 °C. All samples had the characteristic reflec-
tions of layered double hydroxides. No diffraction peak of separated

Pd-containing oxide or Cu-containing oxide was observed. Sharp
and symmetrical reflections at 11.7, 23.2, 60.6 and 61.8° are des-
ignated to diffraction of (003), (006), (110) and (113) plane
in layered structure. All characteristic reflection peaks of a well-
crystallized hydrotalcite (JCPDS 41-1428) were detected. But the
intensity of (00 3) reflection decreased with the amount of added
Pd, which means that the orderliness of layered double hydrox-
ide crystallite declined at high Pd content. This decline could be
ascribed to the ionic radii of Pd2* jon (0.64 A) is smaller than that
of Mg2* ion (0.72 A) and Cu2* ion (0.73 A) [48]. SEM images of the
PdyxCug4Mgs6_xAlo(OH)15CO3 precursors also confirmed that the
orderliness of these layered double hydrotalcite crystals decreased
with increasing amount of added Pd (see Fig. S1 in the supplemen-
tary data). The average thickness of solid lamellar is around 20 nm
in Cug 4Mgs sAl>(OH)16CO5 (Fig. S1A), and this thickness decreased
to 14-15nm in Pdo.oogCUQ'4Mg5'592A12(OH)16CO3 (Flg SlB) and
Pdg 04Cug4Mgs 56Al,(OH)15CO3 (Fig. S1C), and further decreased to
10nm in Pd0.08CUQ‘4Mg5.52A12(OH)15CO3 (Flg SlD)

After calcination at 400°C for 4h, separated CuO and MgO
were detected in the calcined PdyCug4Mgsg_xAl;0g catalyst (see
Fig. S2 in the supplementary data), and the calculated crystallite
sizes of CuO and MgO were summarized in Table 1.

3.2. Ny-adsorption

Nitrogen adsorption-desorption isotherms of calcined Cugg4
Mgs 6Al209, Pdgo4Cup4MgsseAl;09 and PdgogCug4Mgs 52Al09
are shown in Fig. 2. All of them are type IV pattern accord-
ing to the IUPAC classification. The closure points of hysteresis
loops of Cug4Mgs6Al,09 located at a relative pressure of 0.6.
However, the hysteresis loops of Pdgg4Cug4MgsssAl;09 and
Pdg0gCug4Mgs52Al,09 closed at 0.5, which suggested that the
pore diameter decreased with the amount of added Pd. The cal-
culated pore diameter of Cug 4Mgs Al;Og, Pdg g4Cug 4Mgs 56Al509
and PdgggCug4Mgs 52Al,09 were 16.8, 14.2, 15.5 nm, respectively.
The calculated BET surface area of these catalysts decreased con-
tinuously from 204.6m?/g (of Cug4MgssAl,00) to 154.8 m?/g
(of PdgggCup4Mgs52Al509) with increasing amount of added Pd
(Table 1). These decreases in pore diameter and surface area
could also be ascribed to that the orderliness of layered dou-
ble hydrotalcite PdxCug 4Mgs g_xAl,(OH)5CO3 precursors declined
with increasing amount of added Pd (see Fig. 1).

3.3. Hp-TPR

Fig. 3 shows the H,-TPR profiles of calcined Cug 4Mgs gAl, 09 and
PdxCug 4Mgs6_xAl;0g. Only one broader peak from 250 to 340°C
was detected in Cug4MgsgAl,0g. This hydrogen consumption
could be designated to the reduction of Cu?* ions in lamellar struc-
ture of Cug4MgssAl,09 [38]. And this reduction temperature is
higher than that of Cug 4Mgs gAl;,Og prepared at 300 °C [38], which
indicated that Cu species in Cug 4Mgs gAl,Og catalyst pretreated at
higher calcination temperature are more stable. It is quite inter-
esting to find that the reduction peak of copper dropped obviously
to 220-270°C in Pdg gogCug 4Mgs.592Al509. And then the reduction
peak dropped continuously to lower temperature with the increas-
ing amount of added Pd. Another separated peak (at 100-120°C)
appeared when added amount of Pd increased to x>0.04, this
hydrogen consumption could be designated to the reduction of Pd2*
ions to Pd in lamellar structure of Pd,Cug 4Mgs _xAl,Og [49-52]. At
the same time, it can be found that the hydrogen consumption peak
became sharp and narrow with the increasing amount of added Pd.
These results indicated that the reducibility of Cu%* ions in lamel-
lar structure of PdyCug 4Mgs6_xAl,Og was improved obviously by
Pd. This improvement could be ascribed to that hydrogen is eas-
ily dissociated on Pd and then spills over to Cu?* ions. That is, the
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Fig. 5. TEM images of the reduced catalysts. (a) Cug4/MgssAl20s6; (b) PdooosCuio.a/Mgs592A1208592; (€) Pdo.024Cuio.a/Mgs576Al120s.576; (d) PdooaCuoa/Mgss6Al20s56; (€)

Pdo.08Cuo.4/Mgs 52A1203 52.

addition of Pd in PdxCug4Mgs6_xAl,0g could provide a high con-
centration of active hydrogen that is susceptible for use in Cu?*
ions reduction. The ratio between the amount of hydrogen con-
sumed and the amount of reducible species (Cu?* and Pd2*) was
determined quantitatively. It was found that the calculated Hy/M
ratio increased from 1.06 (of Pdg gpgCug4Mgs592A1,09) to 1.14 (of
Pdg 0sCup4Mgs52A1,0g9). These results could be attributed to that
active hydrogen formed on the surface of Pd would spillover to the
surface of Cu and catalyst support [49-52]. That is, part amount of

dissociated hydrogen would store on the surface of Cu and support
materials.

3.4. N,0 oxidation and followed H, titration

N,O oxidation and followed H, titration experiments were
carried out in order to identify the dispersion of copper. Cop-
per dispersion, exposed copper area and average volume-surface
diameter were calculated by these equations reported by Van Der
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Grift et al. [46]. These results were summarized in Table 1. It can
be found that the dispersion, exposed area and average diameter
of copper in reduced Cug4/Mgs6Al,0g¢6 (calcined at 400°C) are
43.2%, 584.5m?/g-Cu and 2.3 nm. Small amount of Pd (x<0.04)
improved the dispersion of Cu in PdyCug4/Mgss_xAl;0g6_x
slightly. And the detected dispersion and exposed area of cop-
per in reduced Pdgo4Cug4/Mgs56Al50g 56 increased to 46.0% and
622.4m?/g-Cu. But high amount of Pd decreased the dispersion
of copper. These values are generally in agreement with that
obtained in XRD and Nj-adsorption because the orderliness of
Pdg 9gCug4Mgs.52Al5(OH)15CO3 precursors and the surface area of
calcined Pdg 0gCug.4/Mgs.52Al,0g 50 decreased obviously.

3.5. XRD analysis and TEM images of the reduced catalysts

XRD analysis of the reduced PdxCug 4/Mgs _xAl,Og g_x catalysts
was shown in Fig. 4. It can be found that the diffraction lines of
layered double hydrotalcite disappeared after hydrogen reduction
and separated Cu (JCPDS 04-0836) and MgO (JCPDS 45-0946) were
detected at 43.7 and 63.5°, respectively. The calculated crystalline
size of Cu changed in the same sequence as that detected in N,O
oxidation and followed H; titration (see Table 1). No diffraction line
of Pd was detected in PdxCug 4/Mgs _xAl,Og 6_x catalysts when the
added amount of Pd was less than x < 0.4, which could be attributed
to that Pd dispersed highly and/or the added amount of Pd is low.
But a faint diffraction line of Pd (JCPDS 46-1043) might appear in
Pdg0gCug.4/Mgs5,Al,0g5, at around 40°, which just overlapped
with the diffraction peak of Cu. This result means that separated
Pd particles would form because the added amount of Pd is high
and/or the surface area of this sample is low (154.8 m?/g).

The highly dispersion state of Cu and Pd in the reduced
PdyxCug4/Mgs6_xAl,0g6_x catalysts were also confirmed by TEM
analysis (Fig. 5). No separated Cu particle was detected in the sam-
ples. EDX analysis of these samples (denoted in the dashed circle)
confirmed that the surface compositions of these catalysts are sim-
ilar as their bulk content (see Fig. S3 in supplementary data). On the
other hand, separated Pd particles (sized in 1.5-2.2 nm) appeared
in the TEM images of PdggCug4/Mgs52Al,0g5, (Fig. 5e). These
results are similar as that detected in N,O oxidation and followed
H, titration and XRD analysis. The formation of separated of Pd
particles in PdgogCug4/Mgs52Al;0g5, could be attributed to that
the crystalline structure of Pdg ggCug4Mgs 50Al,(OH)16CO3 is poor,
the surface area of calcined Pdg ggCug4Mgs 52Al;0g is low and the
content of Pd is the highest.

3.6. The acidity and basicity of the reduced
PdxCug.4/Mgs.6-xAl20g.6_x

The acidity of reduced PdxCug 4/Mgs s_xAl;Og g_x catalysts were
detected via NH3-TPD and shown in Fig. 6A. It can be found that
mainly one desorption peak was detected in the temperature
ranged in 140-290°C and the amount of desorbed NH3 decreased
slightly with the added amount of Pd. The detected amount of des-
orbed NH3 decreased in the same sequence as their surface area
(see Table 1). These results indicated that only one kind of very
weak acid site existed on the surface of PdxCug4/Mgss_xAl>0g6_x
catalysts, the acidity is weak and the total amount of acid site is low
[53-56].

CO,-TPD profile of reduced PdyCug 4/Mgs 6_xAl,0g 6_x catalysts
are shown in Fig. 6B. The desorption profile of CO, in effluent can
be deconvoluted into a main peak (at 145°C) and a shoulder peak
at 360°C. The first peak could be assigned to desorption of CO,
on the surface of catalysts, and its amount also decreased with the
added amount of Pd. The second peak could be assigned to the basic
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Fig. 6. NH;-TPD (A) and CO,-TPD (B)
catalysts. (a) Cup4/Mgs Al 0s6; (b)
() Pdo.024Cu.4/Mgs 576A12 03 5765 (d)
Pdo,08Cuo.4/Mgs52A12 05 52.

profiles of the reduced
Pdo.008 Cuio.4/Mgs 502Al2 05 502
Pdo04Cug.4/Mgs56A120s 56, (e)

sites of the MgO containing catalysts [38]. But the total amount of
desorbed CO, changed slightly.

3.7. Hy-TPD

The hydrogen activation and its spillover ability over
PdyCug4/Mgs6_xAl,0g6_x catalysts were tested by H,-TPD
and shown in Fig. 7. It can be found that no desorption peak was
observed in the whole T range over Cug4/MgscAl;0g6. However,
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Table 2
Hydrogenolysis of glycerol on PdyCug4/Mgs_xAl,Og6_x.2

Catalyst (%) Solvent Conversion (%) Activity of exposed Cu Selectivity (%)
(mOI'g]ycerol /(mol‘cu h))b
1,2-PDO EG¢ Others?
CUO_4/Mg5_6A1203_6 H20 56.7 7.5 97.1 1.1 1.8
Pdg_oggCUO_4/Mg5_592A1208_592 H20 59.1 5.8 96.8 2.5 0.7
Pdo.024Cuio.4/Mgs.576Al2 05576 H,0 70.5 12.6 97.9 1.1 1.0
Pdg,04Cug 4/Mgs 56Al,08 56 H,0 76.9 9.7 97.2 1.6 1.2
Pdg_osCUoA/Mgs,szAlz03_52 H20 66.6 18.1 97.5 1.5 1.0
Pdo.04/Mgs 56Al208 56 H,0 1.2 - 79.9 1.2 18.9
Pdo.04Cug.4/Mgs 56Al50g 56 CH30H 89.5 11.2 98.2 1.7 0.1
Pdg_04CUO_4/Mg5_55A1203_55 C2H5OH 88.0 11.0 99.6 0.2 0.2
a Reaction conditions:75 wt% solutions of glycerol 8.0 g, 2.0 MPa H,, 180°C, 10 h. The catalysts have been reduced under H, for 1 h.
b Defined as (mol of converted glycerol)/(mol of exposed Cu atom)/(reaction time, h).
¢ Ethylene glycol.
d Methanol, ethanol and 1-propanol.
Table 3
Hydrogenolysis of glycerol over different amounts of Pdg04Cug.4/Mgs56Al20s 56 in aqueous solution.?
Catalyst weight (g) Conversion (%) Activity of exposed Cu Selectivity (%)
(mOI'g]ycerol [(mol-cy h))h
1,2-PDO EG® Others4
0.25 24.7 124 97.8 1.3 0.9
0.5 48.7 12.2 97.6 1.6 0.8
1.0 76.9 9.7 97.2 1.6 1.2
1.5 91.2 7.6 97.0 1.7 13

a Reaction conditions: 75 wt% aqueous solutions of glycerol 8.0 g, 2.0 MPa H,, 180°C, 10 h.

b Defined as (mol of converted glycerol)/(mol of exposed Cu atom)/(reaction time, h).

¢ Ethylene glycol.
d Methanol, ethanol and 1-propanol.

three obvious H, desorption peaks (at 90-140, 240-300 and
300-360°C) appeared in Pdg g24Cug.4/Mgs576Al50g576 (curve c in
Fig. 7). And these peaks enhanced in Pdgg4Cug4/Mgs56Al50s56
(curve d in Fig. 7) and Pdg 0gCug.4/Mgs.52Al>0g 50 (curve e in Fig. 7).
These results indicated that the addition of Pd contributed to
the ability of adsorbing hydrogen. According to those published
works in this area [49-52], the resolved peak at low temperature
(90-140°C) could be ascribable to the decomposition of PdHy or

30
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Fig. 7. H,-TPD profile of the reduced -catalysts. (a) Cups4/MgssAl20s6;
(b)  PdooosCuoa/Mgs592A208502; ()  Pdoo24Cuoa/Mgs576Al208576;  (d)
Pdo.04Cuo.4/Mgs56A120s 56; (€) Pdo.0s Clig.4/Mgs52A12 05 52.

hydrogen adsorbed on Pd. While a much broader signal in the
range of 240-300 °C monitors the desorption of hydrogen from Cu
particles, and the shoulder peak at 300-360°C would arise from
the split H-H on the surface of Mg-Al-0 oxides [57-60]. These
results suggested that hydrogen activation and spillover phenom-
ena driven by the added Pd markedly influence the adsorption of
H, and also contributed to the non-stoichiometric H, consumption
in H,-TPR profile (see Section 3.3 and Fig. 3). And these enhanced
H, activation ability would improve its activity for glycerol
hydrogenolysis.

3.8. Hydrogenolysis of glycerol over PdxCug.4/Mgs ¢_xAl;0g6_x

Table 2 summarized the activity of PdxCug4/Mgs_xAl20g6_x
catalysts for hydrogenolysis of glycerol at 180°C in aqueous solu-
tion. At low hydrogen pressure (2.0 MPa) and short time (10h),
the conversion of glycerol and the selectivity of 1,2-PDO on
Cug.4/Mgs56Al;0g ¢ were 56.7% and 97.1%, respectively. It is inter-
esting to note that the conversion of glycerol increased first with
the amount of added Pd in PdxCug4/Mgs6_xAl,0g6_x catalysts.
Pdg 04Cug4/Mgs.56Al50g 56 has the highest conversion of glycerol
(76.9%) and a 97.2% 1,2-PDO selectivity. But the conversion of
glycerol decreased to 66.6% on Pdg ggCug 4/Mgs 52Al,0g 55 and this
can be ascribed to that the surface area of this sample is low
(154.8 m2/g, see Table 1), the dispersion of Cu is poor and separated
Pd particles formed (see the TEM image in Fig. 5e). As a reference,
Pdg 04/Mgs 56Al,08 56 Was also prepared in the same procedure as
PdxCug.4/Mgs6_xAly0g6_x and used in hydrogenolysis of glycerol.
But the conversion of glycerol on Pdg g4/Mg556Al20g56 was quite
low (1.2%). The activity of per exposed Cu atom was calculated ((mol
of converted glycerol)/(mol of exposed Cu atom)/(reaction time, h))
and summarized in Table 2. Compared with these published works
of hydrogenolysis of glycerol in liquid phase [13-16,31-38,43-45],
the reaction temperature (180°C) of this work is low and the H;
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Table 4

Hydrogenolysis of glycerol on Pdg04Cug4/Mgs 56Al,0s 56 at different temperatures and recycled catalyst.?

Temperature (°C) Conversion (%) Activity of exposed Cu

(mOI'glycerol /( 1Tlol'Cu h ) )b

Selectivity (%)

1,2-PDO 2-Hydroxyacrolein EG¢ Others4
120 10.4 13 96.0 3.0 0 1.0
150 30.8 3.9 99.3 0.2 0 0.5
180 76.9 9.7 97.2 0.2 1.6 1.0
200 95.0 11.9 96.1 0.1 2.6 1.2
180¢° 50.0 6.1 97.9 0.0 2.0 0.1

2 Reaction conditions: 75 wt% aqueous solutions of glycerol 8.0g, 2.0 MPa H», 1.0 g reduced catalyst, 10 h.

b Defined as (mol of converted glycerol)/(mol of exposed Cu atom)/(reaction time, h).

¢ Ethylene glycol.
d Methanol, ethanol and 1-propanol.
¢ Five-times recycled catalyst.

pressure is the lowest (2.0 MPa). The activity of Cu in this work is
higher than that of Pt/MgO [36], Cu/MgO [37], Cu/LDH [38], Cu/ZnO
[45], and Pt/TiO, [44]. These results indicated Pd in bimetallic
Pd-Cu/solid-base catalysts enhanced the activity of mono-metallic
Cu/solid-base and there is a synergistic effect between Pd and
Cu.

It was popularly accepted that the acid and basic sites in
the catalysts play a key role on the hydrogenolysis mechanism
of glycerol and a series of alcohols [3,17-42,61], and the influ-
ence of the acidity of PdyCug4/Mgs6_xAl,0g6_x catalysts cannot
be neglected in these researches. In this work, the acidity and
basicity of PdxCug4/Mgs6_xAlo0g6_x catalysts were detected by
NH3-TPD (Fig. 6A) and CO,-TPD (Fig. 6B), it was found that
these properties changed slightly after the addition of Pd. At
the same time, the addition of Pd decreased the surface area of
PdyCug 4/Mgs6_xAl,0g6_x and the dispersion of copper changed
slightly. These results inferred that the increased hydrogenolysis
ability of PdxCug4/Mgs6_xAl,0g6_x catalysts cannot be explained
by a modification of copper dispersion or the acidity of catalyst
associated with the incorporation of Pd. At the same time, the low
activity of mono-metallic Pdg g4/Mgs 56Al;0g 56 also indicated that
the enhanced activity is not due to additional Pd sites, but to a
synergetic effect of Pd on the active Cu sites. H,-TPR experiments
observed that the reduction of copper in bimetallic Pd-Cu/solid-
base catalyst was improved obviously (Fig. 3) and Pd could provide a
high concentration of active hydrogen. H,-TPD experiments further
confirmed that the hydrogen activation and spillover phenomena
driven by the added Pd markedly influence the adsorption of Hj.
These discussions could be concluded in that the hydrogenolysis of
glycerol over PdyCug4/Mgs6_xAl;0g¢_x catalysts would perform
in a consecutive dehydrogenation-dehydration-hydrogenation
mechanism as that reported in base solutions (see Scheme 2)
[31-42]. And the achievement of this work is that we found that
the bimetallic Pd-Cu (hydrogenation center in Scheme 2) is more
active than that of separated Cuand Pd because of H-spillover from
Pd to Cu (see Scheme 3).

The hydrogenolysis of glycerol over Pdgg4Cug4/Mgs 56Al50g 56
was also performed in the solution of methanol and ethanol. It can
be found that the conversion of glycerol reached 89.5 and 88.0%,
respectively, when methanol and ethanol were used as solvent. And
the selectivity of 1,2-PDO reached 99.6% in ethanol solution. These
results could be ascribed to that the adsorption of water on the
surface of catalyst is stronger than that of methanol and ethanol,
which hindered the accessibility of glycerol [62].

3.9. Hydrogenolysis of glycerol with different amounts of catalyst
in aqueous solution

Table 3 summarized the influence of different amount of added
Pdg 04Cug 4/Mgs56Al50g 56 catalyst on glycerol hydrogenolysis at

180°C and 2.0MPa H,. It can be found that the conversion of
glycerol increased from 24.7 to 91.2% when the catalyst weight
increased from 0.25 to 1.5 g, but the selectivity of 1,2-PDO changed
slightly. These results confirmed that glycerol hydrogenolysis can
perform on Pdgg4Cug4/Mgs56Al1,0g 56 catalyst in a wide ranged
amount of catalyst.

3.10. Hydrogenolysis of glycerol at different temperatures in
aqueous solution

Table 4 summarized the results of hydrogenolysis of glycerol
on Pdgg4Cug4/Mgs56Al;05 56 catalyst at different temperatures.
It can be found that glycerol hydrogenolysis accelerated with
the increasing temperature. The conversion of glycerol increased
quickly from 10.4 (at 120°C) to 95.0% (at 200 °C), but the selectiv-
ity of 1,2-PDO passed it maximum (99.3%) at 150 °C. Intermediates
(2-hydroxyacrolein, with a 3.0% selectivity) appeared at low tem-
perature. These results indicated that this catalyst is more active
and selective for glycerol hydrogenolysis towards 1,2-PDO and no
obvious cleavage of C-C bond occurred even at high temperature.
The high selectivity of 1,2-PDO could be attributed to that products
diffused quickly in the mesopores of Pdgg4Cug4/Mgs56Al50g 56
which restrained its secondary reactions.

At 180°C, the catalyst was recycled simply by filtration. It can
be found that the detected conversion of glycerol in 5th recycle
decreased to 50.0%. In order to seek the reason of decreased glyc-
erol conversion, actual composition of fresh catalyst and 5-recycled
catalyst were checked (and summarized in Table S1 in the sup-
plementary data). It can be concluded that the deactivation of
bimetallic Pd-Cu/solid-base catalyst could be ascribed to the leach-
ing of Cu. That is, improving the stability of active copper against
leaching in polar reaction medium should be paid more attention
in the future.

Scheme 3. Glycerol hydrogenolysis on bimetallic Pd-Cu/solid-base catalyst.
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Fig. 8. Time courses of glycerol hydrogenolysis over Pdgg4Cug.4/Mgs56Al;0s56. (a)
150°C; (b) 160°C; (c) 180°C (reaction conditions: 75 wt% aqueous solution of glyc-
erol 8.0g, 1.0 g reduced catalyst 2.0 MPa Hy).

3.11. Kinetics of glycerol hydrogenolysis in aqueous solution

Fig. 8 shows the time courses of glycerol hydrogenolysis over
Pdg 04Cup4/Mgs56Al,0g56 catalyst at 180, 160 and 150°C. At
180 °C, the conversion of glycerol increased quickly in the first 15 h,
and then increased slowly from to 83.4 (at 15 h) to 90.2% (20 h), the
selectivity of 1,2-PDO decreased slightly from 98.3 to 96.6%. These
results indicated that the conversion of glycerol depended strongly
on the concentration of the glycerol in reaction mixture. On the
other hand, the detected conversion of glycerol increased linearly
at lower reaction temperatures (160 and 150 °C) and the selectivity
of 1,2-PDO remained higher than 98.5%.

According to these time courses at different temperatures, the
relation between In(cgjycerol) and reaction time is found to be in lin-
early (see Fig. S4 in the supplementary data). And the calculated
reaction rate constants are 0.0352, 0.0636 and 0.1527 h~! at 150,
160, and 180°C, respectively (see Fig. S4 and Table S2 in the supple-
mentary data). According to these data, the calculated activation
energy of glycerol hydrogenation over Pdgo4Cug4/Mgs56Al;0g 56
in the temperature range of 150-180°C is 77.1kJmol-! (see
Table S2 in the supplementary data).

4. Conclusion

In summary, this work confirmed that bimetallic Pd-Cu/solid-
base catalysts could be prepared via thermal decomposi-
tion of layered double hydroxides precursors. And these
PdxCug.4/Mgs.6_xAl,0g 6_x catalysts are effective in hydrogenolysis
of glycerol to 1,2-PDO at a wide ranged temperature and reac-
tion time. The high performance of Pd-Cu/solid-base catalysts was
attributed to the H,-spillover from Pd to Cu.
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