Catalysis
Science &
Technology

ROYAL SOCIETY

OF CHEMISTRY

View Article Online
View Journal

Role of alkali earth metals over Pd/Al,O3 for
decarbonylation of 5-hydroxymethylfurfuralt

CrossMark
& click for updates

Cite this: DOI: 10.1039/c5cy02248g

Qingwei Meng,?® Chengwu Qiu,?® Guogiang Ding,© Jinglei Cui,?® Yulei Zhu*3© and
Yongwang Li*

A series of Pd/ALLOs catalysts with different alkali earth metals (Mg, Ca, Sr, Ba) and varying Sr loadings (1.8,
3.5, 53, 7 and 8.8 wt%) were investigated for 5-hydroxymethylfurfural (HMF) decarbonylation. The alkali
earth metal and content were demonstrated to have profound influences on the metal dispersion, electron
density of the metal, acid-base properties of the catalyst, and catalytic performance. The Pd3Sr/Al,O5 cata-
lyst exhibited the highest initial activity and furfuryl alcohol selectivity, achieving a yield of 92%. The key to
high decarbonylation selectivity is the suppression of hydrogenolysis and etherification side reactions
through the attenuation of the acidity of catalysts. Successful catalytic activity not only lies in the increased
metallic surface area, but is also affected by the adsorption properties of the carbonyl group and the poi-
soning CO produced. The catalytic activity is linearly correlated to the surface metallic area at low modifier
loading over PAM/A,O3 catalysts. But along with further increased metallic surface area over PdXSr/Al,Os,
HMF conversion initially increased, reaching a plateau over Pd3Sr/Al,Os and then decreased with increasing
Sr loading. A synergistic effect between the Sr species and metallic Pd was proposed, which promoted the
migration of carbonyl adsorption from the support to the surface Pd through the electron donation of Sr
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1. Introduction

Fossil energy depletion and global warming have stimulated
extensive attention to the conversion of biomass to fuels' and
chemicals.? The technology of utilizing biomass is based on
the development of a versatile and selective catalytic
defunctionalisation processes.'”*%* In general, the highly ox-
ygenated carbohydrates put severe constraint on the conver-
sion of biomass to fuels. In order to reduce the oxygen con-
tent, hydrogenation and hydrogenolysis, usually sequentially,
are often performed.* However, selective decarbonylation and
decarboxylation are far less developed at present.

Furfuryl alcohol (FOL) is widely used in the fine chemical
and polymer industries. The main applications of FOL are
the production of resins, synthetic fibers, farm chemicals,
fine chemical products such as Vitamin C and tetra-
hydrofurfuryl alcohol, etc.® Presently, FOL is produced by hy-
drogenation of furfural (FAL). Furfural is already produced
on an industrial scale from hemicelluloses (polymers of Cs
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sugars) depending on the well developed conversion
technology.>***® Given the greater availability and versatility
of Cs over Cs sugars in biomass feedstock, it seems critical to
establish an integrated process network to utilize Cq sugars.
HMF, which is an important platform chemical for the con-
version of Cg sugars, is converted from cellulose.?*” The pro-
spective availability of large scale and cheap HMF necessi-
tates further development in its process chemistry.
Conversion technology for oxidation,® hydrogenation® and
etherification'® of HMF has been reported. HMF
decarbonylation to FOL can be envisaged as another way to
utilize the Cq sugars.

HMF decarbonylation was first reported by Larry D.
Lillwitz in alkali systems containing alkali metal or alkaline
earth metal salts to modify the homogenous or heteroge-
neous catalysts at subatmospheric pressure,"* which suffer
from the need for a stoichiometric amount of active metal
species or low selectivity. Recently, Leitner et al.'> reported a
highly selective decarbonylation by using a homogeneous
compound [IrCl(cod)],PCy; at 220 °C in the presence of com-
pressed CO, (50 bar). Later, Fu et al."® carried out the same
reaction using a heterogeneous Pd/SBA-15 catalyst at 140 °C
necessarily in the presence of molecular sieves. Whereafter,
Rauchfuss et al. decreased the decarbonylation temperature
to 120 °C by using an open system over Pd/C."* But the open
system involving the highly active HMF and the reduced
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catalyst may be threatened by oxygen in air. A simple and
universal catalytic system involving conventional catalysts is
desired. Pd/Al,O; is the most effective and widely used
supported Pd catalyst for decarbonylation reactions though it
has not been used for HMF decarbonylation."> But as HMF
and the decarbonylation product FOL are highly reactive and
the functional groups are sensitive to acidic environment,"
the acidic Al,O; may restrict its application for HMF transfor-
mation. Based on this consideration, the decarbonylation
performance in a closed system over Pd/Al,O; is expected to
be promoted by modulating the surface acidity.

The Ca in the PtSn/ZSM-5 catalyst weakened the acidity
and suppressed coke deposition.'® Zhang et al. found that
the acid sites of the Cu/SiO, catalyst were neutralized by the
addition of alkali earth metals (Ca, Sr, Ba) and the dispersion
of metal was also improved resulting in increased catalytic
activity."” Nieuwenhuys et al.*® found that alkali earth metals
decreased the size of gold particles and prevented the small
particles from sintering. Besides their influences on acid-
base properties and metal dispersion, alkali earth metals also
impact on the electronic structure. Musolino et al'® have
found that the promoters K, Ca, Ba affect the reducibility and
the electronic properties of the Ru/SiO, sample. It is revealed
by a report from our group that the doping of K to Pd/Al,O3
promoted the furfural decarbonylation because of the differ-
ent adsorption mode and adsorption intensity of furfural on
doped and undoped samples caused by electron intensity
changes."® Thus, not only the acid-base properties, but also
the metal dispersion, electronic structure and the adsorption
properties of catalysts may be modified by addition of alkali
earth metals to Pd/Al,O; and the decarbonylation perfor-
mance is expected to be improved.

In this work, Pd/Al,O;, which has potential for industry
but is not beneficial to the conversion of HMF, was firstly
used for HMF decarbonylation. We focus on the effect of dif-
ferent alkali earth metals (Mg, Ca, Sr, Ba) as well as varying
Sr loading on both surface characteristics of Al,O; supported
Pd catalyst and its catalytic performance. It can be shown
that the doping of Sr species to Pd/Al,O; exhibits the best cat-
alytic performance among the different kinds of additives. In-
troducing an optimal Sr amount to Pd/Al,O; can enhance sur-
face Pd dispersion, increase metallic surface area, balance
moderate adsorption strength of CO and carbonyl group on
metallic Pd, attenuate the surface acidity of the catalyst to a
rather low extent, and therefore, greatly improve the catalytic
activity and FOL selectivity.

2. Experimental
2.1. Catalyst preparation

All the catalysts were prepared by the incipient wet impregna-
tion method. Firstly, M/AL,O; (M = Mg, Ca, Sr, Ba) and XSr/
ALO; (X = 2, 3, 4, 5) supports were prepared by impregnating
the parent Al,O; powders (Aluminum Co., Ltd, of China) with
an aqueous solution of alkali earth metal nitrate (Sinopharm
Chemical Reagent Co., Ltd) for 5 h, followed by drying at 80
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°C for 16 h and calcinating at 400 °C for 2 h. Then, the pow-
ders obtained were respectively impregnated with calculated
Pd(NO;), aqueous solution. PAM/AlL,O; and PdXSr/Al,O; cata-
lysts were obtained by repeating the above drying and
calcinating procedures. The molar amount of the alkali earth
metals in PAM/ALO; catalysts were 0.2 mmol g™'. X denotes
the folds of Sr content in PdXSr/Al,O; compared to that in
PdSr/Al,O;. Other catalysts were prepared a single impregna-
tion step. The nominal Pd loading of all the catalysts except x
(x=0.5, x = 2, x = 3) % Pd/AlL,0; is 1 wt%.

2.2. Catalyst characterization

The BET surface area (Sggr), pore size (Dp) and pore volume
(Vp) were determined via N, physisorption at —196 °C using a
Micromeritics ASAP 2420 instrument. The samples were
degassed under vacuum at 90 °C for 1 h and 350 °C for 8 h
prior to the measurement.

The concentration of the metal in the catalysts was deter-
mined by induced coupled plasma-optical emission spectro-
metry (ICP-OES, Thermo iCAP 6300, USA).

Pd dispersion and surface metal area were measured by
CO chemisorption using dynamic pulse technique on Auto
Chem. II 2920 equipment (Micromeritics, USA) at 50 °C using
a pulse of 5% CO in He. Prior to the measurement, the sam-
ples were reduced in situ by flowing H, at 200 °C for 2 h and
heated to 250 °C in He for 30 min to remove hydrogen spe-
cies adsorbed on the surface. The Pd dispersion was calcu-
lated assuming an adsorption stoichiometry of one CO per
exposed palladium atom.

Temperature programmed reduction (TPR) was conducted
on a TP-5080 (Tianjin Xianquan Industry and Trade Develop-
ment Co., LTD) with a TCD detector. In a typical experiment,
30 mg of the catalyst were placed in a quartz microreactor
and were heated from 20 °C to 600 °C in 5% H,/N, mixture
after baseline stabilization.

The in situ CO-FTIR was performed on an infrared spectro-
meter (VEREX70, Bruker, Germany). Prior to the adsorption
of CO, the catalysts were reduced in H, flow (20 ml min™") at
200 °C for 2 h, purged with He for 0.5 h and cooled down to
30 °C. Then the samples were purged with helium and the
CO-FTIR spectra were recorded.

The in situ Furfural-FTIR was collected on the same infra-
red spectrometer with the CO-FTIR. Prior to the tests, the cat-
alysts were reduced in situ at 200 °C for 2 h and then cooled
to 30 °C. Furfural vapor was pulled through the chamber by a
vacuum pump for the measurement and the spectra were
recorded. After that, Furfural-FTIR spectra were again
recorded after applying a vacuum and at different
temperatures.

The acidity and basicity of the catalysts were measured
with thermal programmed desorption (TPD) of NH; and CO,
respectively on Auto Chem. II 2920 equipment (Micro-
meritics, USA) with a mass spectrometer. Prior to each mea-
surement, 200 mg of sample was reduced in situ by flowing
H, at 200 °C for 2 h, and then purged with He for 1 h. After

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/c5cy02248g

Published on 02 February 2016. Downloaded by University of Massachusetts - Amherst on 11/02/2016 05:23:22.

Catalysis Science & Technology

cooling to 100 °C under a continuous flow of helium, the
sample was adsorbed with NH; or CO, until saturation.
Then, the catalyst was subsequently flushed with helium at
100 °C for 0.5 h to remove the physisorbed NH; or CO,. TPD
was conducted from 100 °C to 800 °C at a heat rate of 10 °C

min .

2.3. Activity test and analysis method

Decarbonylation of HMF was performed in a 50 mL stainless
steel autoclave at a stirring speed of 300 rpm. All the catalysts
were used in the particle form with a granule size of 20 to 40
mesh. Prior to each test, the samples were reduced with an
H, flow at 200 °C for 2 h. In a typical run, 1.2 g HMF (Shang-
hai DEMO Medical Tech. Co., Ltd, China), 25 g 1,4-dioxane,
and 0.25 g catalysts were introduced into the autoclave. After-
wards, the reactor was purged with N, seven times to replace
the air in the autoclave, and then heated to 180 °C. After the
reaction, the autoclave was cooled down rapidly using an ice-
water bath. The gas was collected and analyzed off-line by
two gas chromatographs (GCs) (models 6890N, Agilent, USA)
equipped with a flame ionization detector (FID) and a ther-
mal conductivity detector (TCD) respectively. The liquid prod-
ucts were separated by removing the catalyst with filtration
and analyzed by a GC (model 6890N, Agilent) equipped with
a FID detector. The furan-derived products in the gaseous
phase can be neglected with a content of less than 1% as de-
termined by the gaseous analysis. The conversion and the se-
lectivity were determined based on the area normalization
method. The content of FOL, 2-methylfuran (2-MF), FAL,
5-methylfurfural (MFAL) and HMF were also tested by an ex-
ternal standard method which was normalized by the area of
the solvent. The results calculated by the two methods were
consistent.

3. Results

3.1. HMF decarbonylation over different supported Pd
catalysts

Initially, several metal oxides including Al,O;, TiO,, ZnO and
SiO, were applied as the supports of Pd catalysts (Table 1 en-
tries 1-4). Besides the decarbonylation product FOL, a lot of

View Article Online

Paper

side products were also detected due to the high activity of
HMF itself, such as difurfuryl ether (DFE), 2-MF, 2,5-
dimethylfuran (DMF) and MFAL, which has not been reported
for HMF decarbonylation. As shown in Scheme 1, the main
byproducts could be attributed to four pathways: (1) ether-
ification of FOL forming DFE, (2) generation of 2-MF, DMF
and MFAL through hydrogenolysis of C-O bond, (3) dehydro-
genation of FOL or hydrogenolysis of the C-CH,OH bond in
HMF producing FAL, (4) opening or connecting of the furan
ring. The H, involvement in the side reactions may be de-
rived from (1) the water-gas shift (WGS) reaction (trace water
could be derived from the solvent and the moisture in HMF),
(2) H, adsorption on catalysts during reduction, or (3) dehy-
drogenation of the reaction system. Hydrogen from WGS and
adsorption on catalysts were detected (data see Table S1%).
Among the different supported Pd catalysts, the Pd/Al,O; cat-
alyst exhibits the best catalytic activity and FOL selectivity.
Pd/ZnO shows almost no activity, while the initial activity of
Pd/TiO, is also quite low compared with Pd/Al,O;. The FOL
selectivity over Pd/SiO, is a lot lower than that over Pd/Al,O;
as a large amount of hydrogenolysis and etherification
byproducts were formed. XRD and TEM were performed to
investigate the relationship between the activity and disper-
sion. No diffraction peak due to Pd for the four reduced sam-
ples (Fig. S1t) implies that Pd is highly dispersed on the four
supports.

However, TEM results (Fig. S27) after reduction show that
Pd nanoparticles on Pd/SiO, (with an average crystal size of
5.5 nm) and Pd/TiO, (6.5 nm) are larger than that on Pd/
Al O3 (4.5 nm), resulting in the lower activity of. Pd/SiO, and
Pd/TiO,. Small particles were found to be beneficial to
decarbonylation.”® The particle size of Pd on Pd/ZnO (4.5
nm) is the smallest but with uneven dispersion (Fig. S27).
The low activity of Pd/ZnO may result from the uneven dis-
persion and the weak acid-base properties. Conclusively, ap-
propriate acid-base properties and smallest particle size
resulted in the highest activity of Pd/Al,O;.

Moreover, the effect of metal loading was also investigated
as shown in Table 1 entries 4-7. An increase of 0.5-1 wt% in
the Pd loading causes the dramatic promotion of the catalytic
activity. The further elevation of metallic loading only results

Table 1 Effects of supports and metallic loading on catalytic decarbonylation of HMF*

Selectivity” (%)

Conv. w
Entry Cat. (%) FOL FAL DFE 2-MF+DMF+MFAL Others
1 Pd/SiO, 53.0 40.9 6.4 3.0 31.4 18.4
2 Pd/ZnO 2.9 19.9 6.8 4.5 25.7 25.3
3 Pd/TiO, 23.3 56.1 10.2 2.4 27.5 3.3
4 Pd/AlLO; 61.8 65.7 11.2 9.1 8.2 5.8
5 0.5% Pd/Al,O; 47.8 60.8 12.9 114 9.2 5.7
6 2% Pd/Al,O3 63.5 76.1 7.1 3.4 10.8 2.6
7 3% Pd/Al,O3 71.0 74.2 8.7 3.1 9.6 4.4

“ Conditions: 1.2 ¢ HMF, 25 g 1,4-dioxane, 0.25 g catalyst, N, atmospheric pressure (room temperature), T = 180 °C, ¢ = 16 h. ” FOL = furfuryl
alcohol, FAL = furfural, DFE = difurfuryl ether, 2-MF = 2-methylfuran, DMF = 2,5-dimethylfuran, MFAL = 5-methylfurfural, others mainly include

furan, ring-opening products and oligomers.

This journal is © The Royal Society of Chemistry 2016
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Scheme 1 Reaction pathways for the conversion of HMF over Pd
catalysts.

in slight increase of conversion. Different from the tendency
of activity, the FOL selectivity increased gradually from 60%
to 76% with increased Pd loading in the range 0.5-2 wt%.
The FAL selectivity shows an adverse trend with that of FOL.
The selectivity of FOL and FAL over 2 wt% Pd/Al,O; is similar
with that over 3 wt% Pd/Al,O;. Besides the target FOL, the
main side products were produced through hydrogenolysis
and/or etherification which can be facilitated by the acid cen-
ters over the surface.>’ So suppression of the side reactions
was conceived of by addition of alkali earth metals to Pd/
Al,O; through the modification of the surface acidity.

3.2. Doping effects of alkali earth metals on Pd/Al,O; for
HMF decarbonylation

A comparative test over Sr-modified AL,O; (2 wt% Sr loading
on Al,0;) was also carried out at 180 °C, showing no

View Article Online

Catalysis Science & Technology

observable conversion of HMF. The results of the alkali earth
metal-added PdM/AL,O; (M = Mg, Ca, Sr, Ba) and PdXSr/AlL,O;
catalysts are displayed in Table 2. Not only the catalytic activ-
ity but also the product selectivity is influenced significantly
by the doping of alkali earth metals. Depending on the differ-
ent additives, the catalytic performance of the PAM/AL,O; cat-
alyst is improved to different extents. The HMF conversion
increases in the order: Pd/Al,O; < PdMg/Al,O; < PdCa/Al,O;
< PdSr/Al,0; < PdBa/Al,0;. However, the selectivity of the
hydrogenolysis/etherifization products and FAL selectivity
shows an adverse trend with the activity, indicating that the
side reactions are suppressed upon the increase of the basic
strength of the pure alkali earth metal oxides. As a result,
FOL selectivity gradually increases. Though the conversion of
PdBa/Al,O; is higher than that of PdSr/Al, O3, the FOL selectiv-
ity of PdBa/Al,O; is lower because of more ring-opening prod-
ucts. Thus, the addition effect of Sr was further investigated.
To further improve the catalytic performance, the effect of
the dopant loading was investigated. The catalytic activity
and product selectivity of PdXSr/Al,O; catalysts are displayed
in Table 2. The addition of Sr significantly enhances the ini-
tial HMF conversion. There appears to be an optimal Sr load-
ing, beyond which further increases in Sr loading lead to a
decrease in the catalytic activity. Pd3Sr/Al,O; shows the
highest HMF conversion as well as the highest level of FOL
selectivity. Different from the tendency of catalytic activity,
the FOL selectivity over PdXSr/Al,O; catalysts initially in-
creases with the elevated Sr loading over Pd/Al,O;-Pd3Sr/
Al O3 (Table 2 entries 1, 4, 6, 7) and remains at the same level
as that over Pd3Sr/Al,O; with a further increase in Sr loading
(Table 2 entries 7-9). On the contrary, the hydrogenolysis,
etherification and FAL selectivity decreases upon increasing
Sr loading until the selectivity of FOL reaches a maximum,
indicating that the excess of Sr could not suppress ether-
ification and hydrogenolysis further. As the produced CO
is poisoning and hinders decarbonylation, gas exchange
was conducted during the reaction to complete the

Table 2 HMF decarbonylation over different alkali earth metal-doped Pd/Al,O5"

Selectivity” (%)

Conv. M

Entry Cat. (%) FOL FAL DFE 2-MF+DMF+MFAL Others
1 Pd/Al,O4 61.8 65.7 11.2 9.1 8.2 5.8
2 PdMg/Al,O; 66.6 72.0 10.4 4.6 6.4 6.6
3 PdCa/Al, 03 71.9 75.5 8.9 2.8 5.3 7.5
4 PdSr/AlLO; 76.9 80.7 8.3 1.9 4.9 4.2
5 PdBa/AL,O, 79.0 77.8 7.4 2.1 4.2 8.5
6 Pd2Sr/Al, O3 83.7 84.2 6.7 0.8 3.3 5

7 Pd3Sr/Al,O5 91.1 91.1 3.7 1.2 1.9 2.1
8 Pd4Sr/Al, O3 84.9 92.0 3.6 0.8 1.8 1.8
9 Pd5Sr/Al,O4 82.3 91.8 4.3 0.7 1.8 1.4
10° Pd3Sr/Al, O3 100 92.3 3.6 1.0 1.2 1.9
11°¢ Pd/Al,O4 70.2 70.5 10.1 8.7 7.8 2.9

“ Conditions: 1.2 ¢ HMF, 25 g 1,4-dioxane, 0.25 g catalyst, N, atmospheric pressure (room temperature), T = 180 °C, ¢ = 16 h. ” FOL = furfuryl
alcohol, FAL = furfural, DFE = difurfuryl ether, 2-MF = 2-methylfuran, DMF = 2,5-dimethylfuran, MFAL = 5-methylfurfural, others mainly include
furan, ring-opening products and oligomers. ¢ Reaction for 8 h, cooled down and purged with fresh N,, reaction for another 8 h.
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conversion of HMF. After purging with fresh N, once at the
middle of the reaction, Pd3Sr/Al,O; achieved a FOL yield of
92% (Table 2 entry 10). The CO poisoning effect on Pd/Al,O;
was also demonstrated by purging with fresh N, in the mid-
dle reaction as shown in Table 2 entry 11. Decarbonylation of
FAL was also performed over PdXSr/Al,O; catalysts, exhibiting
a similar conversion tendency with that of HMF (see Table S21).

Pd3Sr/Al,O; was reused for several runs successively
(Fig. 1) and maintained the initial activity and FOL selectivity,
indicating good stability and reusability.

3.3 Characterization of catalysts

3.3.1 Physicochemical properties of catalysts. The physico-
chemical properties of the PAM/AL,O; and PdXSr/Al,O; cata-
lysts are summarized in Table 3. The Al,O; shows a high BET
surface area, while a slight decrease is observed for the Pd/
Al,O; catalyst due to the deposition of metal Pd. The Sggr
and the pore volume of the PdBa/Al,O; catalyst is apparently

P IHMF conversion
U FOL selectivity

iy 2

Z

75

50

0 Z , W77
1 2 3
Run number
Fig. 1 The stability of the Pd3Sr/Al,O3 catalyst. Conditions: 1.2 g HMF,
25 g l1,4-dioxane, 0.25 g catalyst, N, atmospheric pressure (room
temperature, RT), T = 180 °C, t = 16 h.

Table 3 Main physicochemical properties of the catalysts
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decreased in comparison with that of the Pd/Al,O; catalyst,
while no noticeable changes in the textural characteristics
can be observed for other PAM/AlL,O; catalysts. This may be
the reason that Ba contains the biggest atomic radius
resulting in the most obvious covering and blocking effect.
With an increase in Sr content in the range of 2-10%, the
surface area and pore volume of the catalysts shows a gradual
decrease. Pd5Sr/AlO;, specifically, shows a significant de-
crease and has the lowest values of surface area and pore vol-
ume. The decrease is probably due to surface covering and
pore blocking of support caused by addition of Sr additive,
similar to previous reports of different additive content on
the textural properties of the support.>> Pd loadings of all cat-
alysts determined by ICP analysis is similar (=0.85%) and is
slightly lower than the nominal value of 1%. The loading of
the additives in PdM/AL,O; is similar to the nominal value,
while Sr content in PdXSr/Al,O; is lower than the nominal
loading of 2%, 4%, 6%, 8%, and 10%. XRD experiments were
conducted (Fig. S31), but all the reduced samples only
exhibited a diffraction peak due to Al,O;, implying the fine
dispersion of metal Pd or the poor crystallinity. CO chemi-
sorption is an important method to characterize metal dis-
persion and metallic surface area, which are closely related to
the catalytic performance of supported metal catalysts.>* The
Pd dispersion and metal area were calculated from the vol-
ume of the pulse chemisorption of CO. It has been demon-
strated that the amount of CO consumed over the catalysts is
adsorbed solely on the surface Pd component.**” The Pd dis-
persion and metal area increases with the basic strength of
the additives for PdM/Al,O; catalysts and increases continu-
ously with elevated Sr loading, reaching the maximum level
over Pd4Sr/Al,O; and Pd5Sr/Al,O;. Generally, sintering is the
main reason for the agglomeration of metal component and
results in a decrease in metal dispersion and surface area.
Depending on different additives and adding content, the
sintering resistance of the catalyst can be improved to some
extent under reduction conditions.

3.3.2 H,-TPR. TPR experiments are generally used to inves-
tigate the reducibility of the species present on the support.
It is possible to determine whether the dopants have inter-
acted with the supported Pd*>" precursor or not (before or

Metal loading®

Sgpr’ Vpb pr Dispersion® Metallic surface

Catalysts Pd (wt%) Promoters (wt%) (m>g™ (em® g™ (nm) (%) area’ (m?> g~' metal)
Al,O4 — — 199 0.7 10.8 — —

Pd/ALO, 0.9 — 179 0.7 11.4 19 75

PdMg/Al,O; 0.8 0.6 178 0.7 11.2 23 90

PdCa/Al,0; 0.8 1.2 182 0.7 11.1 27 105

PdSr/AlL,O; 0.8 2.0 179 0.6 11.1 29 115

PdBa/Al,O; 0.8 3.0 156 0.5 10.9 30 118

Pd2Sr/AL,O0; 0.8 3.8 163 0.6 11.0 34 132

Pd3Sr/Al, O3 0.8 5.8 156 0.6 10.7 36 141

Pd4Sr/Al, O3 0.8 7.2 151 0.6 10.7 38 150

Pd5Sr/Al, O3 0.8 8.6 138 0.5 10.7 39 150

“ Determined by ICP-OES. ? Determined by BET method. ¢ Determined by CO-chemisorption.

This journal is © The Royal Society of Chemistry 2016
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during reduction) by comparing the TPR results of the
undoped with doped samples.>* The H,-TPR profiles for dif-
ferent alkali earth metal-doped PdM/Al,O; catalysts and for
different Sr loadings of PdXSr/Al,O; samples are shown in
Fig. 2. All the samples (except Pd5Sr/Al,O;3) show a single low
temperature reduction peak, which is assigned to the Pd*" —
Pd° reduction peak.'® But a peak at 192 °C appears over the
Pd5Sr/ALLO; catalyst, which could be ascribed to the reduc-
tion of nitrates due to a high loading of Sr nitrate (see Fig. S4
and S51 for detail). The hydrogen consumption, quantita-
tively measured from TPR, is approximately equivalent to the
Pd loading amount (see Table S3f). The negative H, con-
sumption peak according to the decomposition of the B-PdH
formed after reduction of bulk PdO* is not observed in our
TPR experiments. This could be because large Pd particles
readily lead to the formation of B-PdH,>® while a good disper-
sion was achieved and small Pd particles were formed in
these reported catalysts at a low loading of 0.8%. Pd/Al,O; ex-
hibits the lowest reduction temperature of Pd>" species. The
reduction profiles of PdM/AL,O; catalysts migrate toward
higher temperatures upon the increasing electropositivity of
the additives, while the reduction temperature of PdXSr/Al,O;
samples shifts to higher temperatures more noticeably with
an increase of Sr loading, implying that the doping of addi-
tives lowers the reducibility of Pd** species. The reduction
temperature of Pd5Sr/Al,O; is increased to 126 °C from 76 °C
over the Pd/Al,O; catalyst. From the reported data here, it is
evident that a chemical interaction between the alkali earth
metal ions and the supported Pd** precursor already exists at
the low loading in PdM/Al,O; catalysts, while this interaction
becomes stronger with increasing Sr loading. Furthermore,
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Fig. 2 TPR curves of the as-prepared PdM/Al,Oz and PdXSr/Al,Oz
catalysts.
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this chemical interaction also accounts for the promotion ef-
fect of the alkali earth metals for the Pd dispersion.

3.3.3 Acid-base properties: NH;-TPD; CO,-TPD. To mea-
sure the effect of alkali earth metals on surface acidity and ba-
sicity, NH;-TPD (Fig. 3) and CO,-TPD (Fig. 4) were performed.

The acid centers over the surface are believed to influence
the catalytic performance of hydrogenolysis and ether-
ification.>! NH,-TPD measurements were carried out to exam-
ine the total acidity of the catalysts (Fig. 3). Normally, the area
of a specific peak can be used to estimate the amount of am-
monia desorbed from a sample, and it can be used as a stan-
dard to quantify the acidity of a sample.”” A semi-quantitative
comparison of the adsorption strength distribution was
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Fig. 3 NH3-TPD profiles of the reduced catalysts.
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Fig. 4 CO,-TPD profiles of the reduced catalysts.
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achieved by deconvolution of peaks using a Gaussian func-
tion. The semi-quantitative results after multi-peak fitting are
exhibited in Table 4. The addition of alkali earth metals to
Pd/Al,O; leads to a different extent of decrease in the amount
of acid sites and acid strength. All samples showed a broad
desorption peak with a maximum at 175-185 °C, which could
be attributed to weak and medium acid sites. A shoulder on
the high temperature side (320-350 °C) was observed over Pd/
Al,O; and PdMg/AlL,O; catalysts and was almost invisible over
the PdCa/Al,O; catalyst, which could be assigned to strong
acid sites.”® It can be observed in Fig. 3 that the addition of
Mg reduces the intensity of strong acid sites, while the Ca-
doping nearly neutralizes the strong acid sites completely
judging from the high temperature desorption peak of NH;.
Furthermore, the high temperature desorption peak of NH; is
attenuated further and disappears completely over PdBa/Al,03
and PdXSr/Al,O;. The intensity of the broad peak is also re-
duced upon increasing the basic strength of the additives and
is attenuated further with increasing Sr loading. In the
deconvolution results displayed in Table 4, weak, medium
and strong acids are designated as I, II, III respectively. All the
peak temperatures over PdMg/Al,O; are lower than those over
Pd/AL,O; indicating decreased acid strength. The peaks for
strong acid sites took up too large a fraction in the
deconvolution results, making direct comparison of the peak
temperature of the weak and medium acid sites over PdMg/
Al,O; and PdCa/Al,O; samples difficult. But the acid strength
over PdCa/Al,O; is weaker than that over PdMg/Al,O; (Fig. 3),
while the peaks of weak and medium acids shift to lower tem-
peratures in the order: PdCa/Al,O; > PdSr/Al,O; = PdBa/Al,O;
> Pd3Sr/Al,05 = Pd5Sr/Al,O5 (Table 4), indicating the decrease
in acid strength. The total amount of acid sites reduces
roughly in the same trend with the acid strength as estimated
by the total area of NH; desorption peaks (Table 4). Upon in-
creasing the Sr loading, the acid strength remarkably de-
creased initially (from PdSr/Al,O; to Pd3Sr/Al,O;) and then
remained nearly unchanged. The excess of Sr dopant could
not weaken the acid strength further and only led to a slight
decrease in the amount of acid sites. As the acidity of the cata-
lysts is attributed to the lewis acid sites of Al,O; which accept
electrons as evidenced by Pyridine-FTIR (see Fig. S67 for de-
tail), the acidity changes of the samples could be ascribed to
electron donation of the alkali earth metals to the Lewis acid
sites in the Al,O; support.

Table 4 Results of NH3-TPD experiments over the catalysts

T (°C) Total area Peak fraction (%)
Catalyst I i m  (au) I i 11
Pd/ALLO; 170 223 350 23.0 19.4 25.9 54.8
PdMg/AlZO3 163 212 320 17.8 14.4 35.2 50.5
PdCa/Al, O3 173 240 — 16.1 40.9 59.2 —
PdSr/Al,O; 171 223 — 14.3 37.7 62.3 —
PdBa/ALO, 173 222 — 8.4 376 624 —
Pd3Sr/Al,O4 168 209 —_ 6.5 37.5 62.5 —
Pd5Sr/Al,O5 168 207 — 4.8 39.7 60.3 —
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In the CO,-TPD profiles of the PdXSr/Al,O; catalysts
(Fig. 4), only one broad peak is obtained around 110-120 °C,
corresponding to the weak basic sites. As the area of a specific
peak could be used to evaluate the amount of base sites, it can
be observed that the base amount increases upon an increase
in Sr loading. Meanwhile, the peak due to CO, desorption
shifts to a higher temperature (from 107 °C over Pd/Al,O; to
115 °C over Pd5Sr/Al,0;), indicating a slight increase in base
strength. As is expected, the acid strength and amount of acid
sites decreased with increasing electropositivity of the doped-
alkali earth metal and decreased further upon increasing Sr
loading. On the contrary, the base strength and base amount
increases with increasing Sr loading.

3.3.4 Adsorption characteristics: in situ CO-FTIR and fur-
fural-FTIR. TPR experiments (vide supra section 3.3.2), which
monitor the formation of Pd particles during the reduction
process under H,, manifest that the alkali earth metals have
already interacted with the precursor Pd** phase. But still the
question of whether the interaction still exists on the reduced
Pd metal particle remains to be answered.>* Furthermore, the
adsorption properties of the poisoning CO on the metal sur-
face is significantly important for the catalytic activity as CO
is also produced during decarbonylation. In order to find out
whether the doping phases still interact with the Pd particle
and to understand in which way, CO was used as a probe
molecule to examine the adsorption strength of CO and
electronic states of Pd.

As showed in Fig. 5, the FTIR spectra exhibits four main
peaks near 2086, 1989, 1936 and 1800-1900 cm™', which
could be assigned to linear (band I), compressed-bridged
(band 1I), isolated-bridged (band III)** and three-coordinated
(band IV)*® adsorption species of CO respectively. As band IV
(1800-1900 cm™) is unusually broad, it can be attributed to
different types of CO species on 3-fold hollow sites. The
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Fig. 5 In situ FTIR spectra of CO adsorbed on reduced catalysts: (a)
Pd/Al,O3, (b) PdMg/Al,O3, (c) PdCa/Al,Os, (d) PdSr/Al,Os, (e) PdBa/
Al,O3, (f) Pd2Sr/Al,O3, (g) Pd3Sr/Al,O3, (h) Pd4Sr/Al,Os3, (i) Pd5Sr/AL,O5.
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changes in CO spectra of PAM/AL,O; with respect to Pd/Al,O3
can be rationalized in two main phenomena: (1) the additives
result in a slight and gradual red shift of 3 cm™ upon the ba-
sic strength (Mg < Ca < Sr < Ba) for band I (from 2089 in
Pd/ALO; to 2086 cm™' in PdBa/AlL,0;). (2) A broad peak at
1866 cm ™' indicating three-coordinated CO adsorption spe-
cies appears over PdCa/Al,O;. This picture of the modifica-
tion effect is enlarged by elevating the additive loading. The
red shift upon increasing Sr loading is more obvious: (1)
band II underwent a gradual downward shift of 4 cm™ (from
1990 em™ in Pd/ALO; to 1986 cm™' in Pd5Sr/ALO;), whereas
band I underwent a progressive shift of 8 cm™ (from 2089
em™ in Pd/ALO; to 2081 cm™' in Pd5Sr/ALO;). (2) The
isolated-bridged CO adsorption (1936 cm ™) in Pd/Al,O; trans-
formed to stronger adsorption of CO on 3-fold hollow sites
(1813-1819 ecm™) upon increasing Sr loading and with a red
shift of 6 cm™ from Pd2Sr/ALO; to Pd5Sr/ALO;. It is evidently
verified that the addition of low loading of alkali earth metals
leads to a slight red shift of CO-FTIR and the elevated Sr
loading results in increased red shift, which implies more re-
markable strengthening of the Pd-CO bond.

Increased electron density on Pd was observed due to the
addition of alkali ions to the Pd/SiO, catalyst,"’1 which caused
increased red shift of all carbonyl bands, through a decreased
bond order of C-O linkage resulting from the increased back-
donation of electron density from Pd-3d orbits to the anti-
bonding n© molecular orbital of coordinated carbonyls. In-
versely, the gradual red shift of CO-FTIR upon increase of Sr
loading indicates the gradually increased electron intensity
on metal Pd. A shift of 0.37 eV from Pd° in Pd/Al,O; (335.08
eV) to that in Pd3Sr/Al,O; (334.71 eV) was observed by XPS
(Fig. S7t). Electron donation from Sr or Ba species to the
Pd© (ref. 32) or Pd™ (ref. 33) was observed by XPS characteri-
zation. In summary, the electron intensity of metal Pd was
gradually increased and the adsorption of CO was progres-
sively strengthened upon increase of Sr loading while it was
unnoticeable at low loadings of alkali earth metals.

The decarbonylation activity is also closely related to the
adsorption properties of the carbonyl group. Moreover, the
carbonyl group adsorption of HMF could also be influenced
by the electron enrichment of metal Pd. But as HMF is diffi-
cult to vaporize with a high boiling point of 290 °C, furfural,
which has a similar structure to HMF, was selected as a
probe molecule to investigate the adsorption properties of
the acyl group on PdXSr/Al,O; catalysts. The profiles of
furfural-FTIR are displayed in Fig. 6. To determine whether
furfural could adsorb on the Al,O; support and the added Sr
species or not, and further to differentiate the C—=0 vibration
of furfural adsorbed on different parts of the catalysts, we
also carried out comparative tests over Al,O; and 10% Sr
loaded Al,O; (designated as 5Sr/Al,O3) respectively. The as-
signment of the carbonyl-vibration peaks could be achieved
as shown in Fig. 6a. The peak at 1718 cm™ is attributed to
the carbonyl vibration of gaseous furfural, which could be
regarded as being due to the physisorbed mode, similar to
the dissolved cyclohexanone in the in situ ATR-IR.**
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Fig. 6 In situ FTIR spectra of neat furfural and furfural adsorbed on
reduced samples, adsorption for 10 min and evacuation for 5 min at 30 °C.

Therefore, no physisorbed mode of furfural on any of the
samples exists as the carbonyl vibration shifts downward ob-
viously on all the samples. The main peak at 1668 cm™ could
be assigned to n' (O) adsorption on Al,O; as is observed in
the profile of Al,O3, which is similar to the reported adsorp-
tion of acetophenone on Al,0;.>* By comparing with the
profile of Al,0;, we favor the assignment of 1696 cm™" over
5Sr/Al,O; to adsorption of carbonyl on Sr species. The
electronegative carbonyl oxygen should bond to the electron-
withdrawing Al,O; more strongly than to the electron-enriched
Sr species, leading to a higher vibration wavenumber over Sr
species (1696 cm™') than over Al,O; (1668 cm ™). Compared
with the profile of 5Sr/Al,0;, the newly appeared peak at
1605 cm ™' over Pd5Sr/ALO; is attributed to the carbonyl ad-
sorption on surface Pd, which may be tentatively assigned
to the acyl adsorption through the n' (C) mode. A similar
assignment was made for the peak at 1600 cm ™" in the IR of
acetophenone adsorption on Pd/Al,O; when heated to 120 °C.*
The acetyl species adsorbed on Pt (111) also exhibited a CO
stretching frequency at 1600 cm™'.>® The n” configuration of the
adsorbed acetophenone has been assigned at 1388 cm™ by the
IR experiment with isotope-labeled acetophenone.®” Fig. S8
shows the furfural-FTIR profile of Pd5Sr/Al,O; evacuation at dif-
ferent temperature, with the n> adsorption of the carbonyl at
1365 cm™". A higher wavenumber indicates weaker adsorption
of carbonyl group. With increase of evacuation temperature, the
intensity of peaks at 1365 and 1605 cm ™" increases, while peak
at 1668 cm™ " shows the adverse tendency, indicating gradual
transformation of the carbonyl adsorption to stronger mode.

It is interesting to see that in Fig. 6b, the band at 1605
em™ is nearly invisible over Pd/Al,O; and PdSt/Al,O; cata-
lysts, while a clear signal is observed over Pd3Sr/Al,O; and
Pd5St/ALO; catalysts. What is more, the peak at 1605 cm ™"
intensifies with the increase of Sr loading, while the peak at
1668 cm ™ shows the opposite trend. The band at 1696 cm™
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is very weak over all PdXSr/Al,O; catalysts. We can conclude
that a large amount of furfural is adsorbed on the AL,O; sup-
port in ' (O) configuration initially, but gradually migrates
to the Pd surface when heated, transforming to a stronger ad-
sorption mode, namely ' (C) to n> (C, O). However, the
added Sr species promoted the carbonyl adsorption on the
Pd surface at low temperature probably through n' (C) con-
figuration, which might be because of the increased electron
density of Pd, thus the electronegative Pd is more liable to
interact with the electropositive carbonyl carbon. Meanwhile,
the increased electron enrichment on the Al,O; support
caused by Sr species (as discussed in 3.3.3) in turn weakens
the carbonyl adsorption, as it is harden for the more electron
rich Al,O; to accept the lone pair donated from the carbonyl
oxygen. Thus, a synergistic effect between the Sr species and
metallic Pd is observed, that is, the electronic effect of the Sr
species promotes the migration of furfural from the Al,O;
support to the Pd surface.

It was demonstrated that the decarbonylation process of
aldehyde underwent C-H dissociation to form an acyl inter-
mediate initially and then release CO.>” As the metallic Pd
with more electron enrichment could interact with the
electropositive acyl carbon more strongly, the acyl intermedi-
ate of decarbonylation could be stabilized and thus its forma-
tion could be facilitated. In summary, the Sr species could
promote the carbonyl migration from the support to the me-
tallic Pd surface and facilitate the abstraction of the H atom
to form the acyl intermediate (Scheme 2), which could lead
to the promotion of decarbonylation activity.

4. Discussion

4.1 The effect of metallic surface area and the adsorption
characteristics of metal Pd on the catalytic activity

Interaction between the alkali earth metals and Pd**/Pd spe-
cies before or after reduction is respectively evidenced by H,-
TPR (Fig. 2) and CO-FTIR (Fig. 5). As a result, Pd dispersion
and metal surface area is promoted by addition of alkali
earth metals as shown in Table 3. The electronic effect of the
additives at low loading (over PdM/AL,O; catalysts) is very
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Scheme 2 Addition effect of Sr species on carbonyl adsorption and
C-H dissociation.
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weak as demonstrated by the CO-FTIR results. Therefore, the
influence of the adsorption properties of CO and carbonyl
group on the catalytic activity is negligible and the Pd disper-
sion or metal area would dominate over PAM/AL,O; catalysts.
The HMF conversion (in Table 2) and Pd dispersion (in
Table 3) of PAM/AL,O; show the same tendency: Pd/AL,O; <
PdMg/Al,0; < PdCa/Al,0; < PdSr/Al,0; < PdBa/Al,O3;. The
promoted activity may be attributed to the increased metallic
dispersion. This point is illustrated by the good linear corre-
lation between the metallic Pd surface area and the catalysts'
activity at low conversion (Fig. 7). The reaction rate at low
conversion level could be roughly regarded as the initial ac-
tivity. Among the different alkali earth metal-added catalysts,
PdBa/Al,O; with the highest metallic surface area (Spq = 117.8
m?* g') shows the highest HMF conversion. In contrast, Pd/
Al,O; shows the lowest HMF conversion due to its lowest me-
tallic surface area (Spq = 75.2 m”> g '). These results suggest
that active sites for the decarbonylation reaction are located
on reduced Pd and catalytic activity is closely associated with
the amount of exposed metal area. Higher Pd dispersion or
exposed metallic area would create more active sites, leading
to higher initial activity over the catalyst.

It is noticed that Sr modification causes the decrease of
specific area and pore size of Pd/Al,O; catalyst (Table 3). Yet
the decrease apparently did not reduce the initial activity of
catalysts because all Sr added catalysts show better catalytic
performance than Pd/Al,O;. Therefore, the initial activity of
the catalysts appears to be solely linked to characteristics of
Pd species, such as metal dispersion and electronic states.
The HMF conversion of PdXSr/Al,O; (in Table 2) initially in-
creased with increasing Sr loading and then decreased after
reaching a plateau. The relationship between the metallic Pd
surface area and HMF conversion at low level is also shown
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Fig. 7 Correlation between the metallic surface area and HMF
conversion at low conversion. Conditions: 1.2 g HMF, 25 g 1,4-dioxane,
0.25 g catalyst, N, atmospheric pressure (room temperature), T = 180 °C,
t=1h.
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in Fig. 8. The HMF conversion of PdXSr/Al,O; at low level
shows the same tendency with that at high conversion level
in Table 2. The HMF conversion initially increases until
reaching a plateau at a moderate Sr content and then
decreases with further elevation of Sr loading, while the
metallic surface area increases all the time with an
increase in Sr loading. It can be concluded that besides the
increase of metal area, the initial activity of PdXSr/Al,O; cata-
lysts is meanwhile influenced by other characteristics of
metal Pd. As discussed in 3.3.4, the Sr additive could pro-
mote the carbonyl adsorption and C-H dissociation on the
metallic Pd surface to form the acyl intermediate, the
decarbonylation activity could be increased with increase of
Sr loading initially. However, CO is produced during
decarbonylation and the adsorption of the poisoning CO on
the catalysts strengthens with the increasing Sr content as
evidenced by the CO-FTIR, which would result in the occu-
pancy of the active metal sites. When the strengthening ad-
sorption of CO dominates among the conflicting factors,
decarbonylation activity would decrease. Therefore, a peak
value of HMF conversion appeared at a moderate loading of
Sr species as exhibited in Table 2 and Fig. 8.

4.2 Relationships between the product selectivity and the
catalyst acidity

Hydrogenolysis usually goes through two steps: dehydration
and hydrogenation.*® In some studies, acidic solids for
instance H,WO,,*>® and ion-exchange resins***® were added
to the reaction system to promote the initial dehydration of
glycerol. 1. Gandarias et al.*" have studied the role of acid
and metal sites of Pt/ASA in glycerol hydrogenolysis and
found that ASA acid sites catalyzed the dehydration of glyc-
erol to acetol while Pt metal sites were responsible for acetol
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Fig. 8 Pd surface area and HMF conversion as a function of Sr loading
at low conversion. Conditions: 1.2 g HMF, 25 g 1,4-dioxane, 0.25 g
catalyst, N, atmospheric pressure (room temperature), T=180°C, t=1h.
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hydrogenation. Our group have found that the concentration
of Bronsted acid sites appeared to be a key to the glycerol se-
lective hydrogenolysis to 1,3-propanediol, whereas the con-
centration of Lewis acid sites were related to the formation of
1,2-propanediol.*” In this respect, the acidic support Al,O5
can promote dehydration and consequently hydrogenolysis
over the Pd/Al,O; catalyst. Meanwhile, Lewis acids can also
catalyze the etherification reaction of primary, secondary,
and tertiary alcohols effectively through direct dehydration of
alcohols.”*** For example, diethyl ether can be synthesized
in high yield through vapor-phase dehydration of ethanol on
an alumina catalyst.**

According to the pyridine-FTIR and the NH;-TPD results,
there is an effect of electron donation from alkali earth metal
species to the Lewis acid sites of the Al,O; support. As a re-
sult, both the acid strength and amount of acid sites on the
support is attenuated at different extents dependent on the
basic strength of the additives and the additive (Sr) loading.
As shown in Fig. 9, along with the decrease of total acid
amount brought about by the addition of alkali earth metal,
the hydrogenolysis and etherification selectivity decreases
though with a decreasing slope over PdXSr/Al,O; catalysts.
The decrease of the slope is derived from the decreased acid
strength, as which strong acid could promote hydrogenolysis
and etherification largely and the decrease of medium and
weak acid sites suppresses the side reactions in a slower
speed. Contrary to the side products, FOL selectivity is in-
creased progressively with a decrease of acidity. However,
though the amount of acid sites decreased further over
Pd4Sr/Al,O; to Pd5Sr/Al,O;, the hydrogenolysis and ether-
ification side reactions are suppressed slightly, as the very
small amount of the side products may be solely linked to
the metallic Pd. The selectivity of FAL shows the same ten-
dency as that of hydrogenolysis products (Table 2), which
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Fig. 9 The selectivity of FOL, hydrogenolysis and etherification
products as a function of total amount of acid sites.
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may also be brought about by the acidity changes of the cata-
lysts. In all, the addition of alkali earth metal species
weakens the acid strength and amount of acid sites of Pd/
Al,O; and subsequently suppresses hydrogenolysis and ether-
ification side reactions.

5. Conclusion

Depending on the alkali earth metal category and additive
loading, the modified Pd/Al,O; demonstrates remarkably en-
hanced catalytic performance. In the Pd/Al,O; catalytic sys-
tem, a newly extensive product distribution is formed with
hydrogenolysis and etherification as the main side reactions.
As is expected, the doping of alkali earth metals attenuates
the acid strength as well as the amount of acid sites of the
catalysts, resulting in the suppression of hydrogenolysis and
etherification side reactions. On the other hand, the low load-
ing of Mg, Ca, Sr, Ba improves surface Pd dispersion, leading
to an initial promotion of activity over PdAM/AL,O; catalysts.
The promotion effect increases with increased Sr content.
However, the decarbonylation activity is not only determined
by the metal sites when Sr content increases over PdXSr/Al,O;
catalysts, but also greatly influenced by the adsorption prop-
erties of the carbonyl and the poisoning CO released. We
demonstrate that with an increase in Sr loading, an acyl spe-
cies adsorbed on surface Pd appears, which indicates the mi-
gration of carbonyl adsorption from the support to the sur-
face Pd. A synergistic effect between the Sr species and the
metal Pd on the carbonyl adsorption is clarified through the
electron donation of Sr species to Al,O; and metallic Pd.
Moreover, the increased electron density of Pd could also pro-
mote the C-H dissociation of aldehyde to form the acyl inter-
mediate. Thus, the decarbonylation activity could increase
with increased Sr content. But the adsorption of the pro-
duced CO also strengthens with an increase in Sr loading,
therefore delaying the release of active metal sites, hindering
decarbonylation. As a result, HMF conversion increases with
an increase in Sr loading until it reaches a peak value at a
moderate Sr loading and then decreases with further eleva-
tion of Sr loading. The initial activity and decarbonylation se-
lectivity over Pd3Sr/Al,O; is increased by 30% and 25% re-
spectively, compared with that over Pd/Al,O;. Moreover, an
optimized FOL yield of 92% is achieved by gas exchange in
the period of reaction over Pd3Sr/Al,O;.
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