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Chemical	  2040	  themes	  at	  a	  glance

Chemicals	  are	  an	  integral	  part	  of	  modern	  daily	  life.	  There	  is	  hardly	  any	  
industry	  where	  chemical	  substances	  are	  not	  used	  and	  there	  is	  no	  single	  
economic	  sector	  where	  chemicals	  do	  not	  play	  an	  important	  role.	  

Produc:ons	  of	  bulk	  chemicals	  (Projec:on	  2012-‐2040)
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Chemical	  2040	  themes	  at	  a	  glance

Demand	  growth	  in	  Asia	  –	  Asian	  chemical	  markets	  are	  clearly	  the	  center	  
of	  gravity	  for	  chemical	  industry	  growth	  and	  investment.	  A	  disciplined	  and	  
realis:c	  strategy	  to	  achieve	  profitable	  growth	  is	  key	  to	  success.	  

Petrochemical	  supply	  growth	  in	  the	  Middle	  East	  –	  Middle	  East	  economic	  
advantage	  in	  petrochemicals	  will	  decline	  over	  the	  next	  decade	  as	  low	  
opportunity	  cost	  ethane	  is	  commiKed.	  Understanding	  feedstock	  costs	  
and	  posi:oning	  will	  be	  cri:cal	  to	  future	  business	  and	  investment	  
planning.	  

“Greening”	  of	  the	  chemical	  industry	  –	  Sustainability	  has	  moved	  beyond	  
corporate	  social	  responsibility	  and	  regulatory	  compliance	  to	  become	  a	  
strategic	  issue	  driving	  business	  growth.	  Businesses	  are	  beginning	  to	  
integrate	  sustainable	  development	  principles	  into	  top-‐line	  growth	  and	  
investment	  plans.



Biomass

“Biomass”	  is	  biological	  material	  derived	  from	  living,	  or	  recently	  living	  
organisms.	  More	  in	  general,	  we	  can	  define	  biomass	  as	  a	  biological	  
material	  with	  a	  organic	  matrix.	  	  

Promo/on	  of	  the	  use	  of	  energy	  from	  renewable	  sources:	  the	  Direc:ve	  
2009/28/EC	  establishes	  a	  common	  framework	  for	  the	  use	  of	  energy	  from	  
renewable	  sources	  in	  order	  to	  limit	  greenhouse	  gas	  emissions	  and	  to	  
promote	  cleaner	  transport.	  To	  this	  end,	  na:onal	  ac:on	  plans	  are	  defined,	  
as	  are	  procedures	  for	  the	  use	  of	  biofuels.



Green	  Chemical	  Markets	  2011-‐20



Lignocellulosic	  biomass

The	  term	  “biomass”	  most	  oWen	  refers	  to	  
plants	  or	  plant-‐based	  materials	  which	  are	  
specifically	  called	  lignocellulosic	  biomass.	  

!

Plant	  material	  consists	  of	  lignocellulose	  
cellulose	  (40-‐50%)	  (a	  polymer	  of	  glucose)	  	  

hemicellulose	  (10–20%),	  a	  polymer	  of	  various	  
sugar	  monomers	  including	  glucose,	  xylose,	  
mannose,	  galactose,	  rhamnose,	  and	  
arabinose,	  	  

lignin	  (20–30	  %),	  an	  aroma:c	  polymer



Lignocellulosic	  Biomass



Valoriza/on	  of	  plaJorm	  chemicals	  -‐	  Oxygen	  removal

Pla[orm	  chemicals	  coming	  from	  
biomass	  usually	  contain	  higher	  O/
C	  ra:o	  than	  most	  commodity	  
chemicals	  	  

The	  high	  presence	  of	  oxygen,	  
makes	  biomass	  derived	  chemicals	  
acidic	  and	  unstable	  (high	  
reac:vity	  of	  the	  oxygenated	  
func:onal	  groups);	  thus	  main	  
valoriza:on	  processes	  require	  the	  
removal	  of	  oxygen.	  	  

This	  is	  a	  significant	  aspect,	  be-‐	  
cause,	  in	  those	  processes	  where	  
the	  star:ng	  and	  target	  molecule	  
have	  the	  same	  number	  of	  carbons	  
it	  is	  important	  to	  use	  cataly:c	  
systems	  that	  present	  high	  ac:vity	  
in	  C-‐O	  bond	  cleavage	  while	  low	  
ac:vity	  in	  C-‐C	  bond	  breaking!



Hydrogenolysis	  Reac/on

In	  terms	  of	  an	  exact	  defini:on,	  hydrogenolysis	  describes	  a	  chemical	  
reac:on	  whereby	  carbon–carbon	  or	  carbon–heteroatom	  single	  bonds	  are	  
cleaved	  or	  undergo	  “lysis”	  by	  hydrogen.	  	  

The	  defini:on	  does	  not	  imply	  any	  mechanis:c	  considera:ons,	  but	  refers	  to	  the	  
stoichiometry	  of	  the	  reac:on,	  which	  may	  be	  summarized	  as:	  

!

R-‐X	  	  +	  	  H2	  	  →	  	  R-‐H	  	  +	  	  H-‐X	  

!

where	  X	  can	  represent	  an	  alkyl	  chain	  or	  other	  func4onal	  group	  containing	  heteroatoms,	  
for	  example,	  OH,	  OR,	  SH,	  NH2,	  NR,	  etc.



Cellulose	  as	  feedstock

Cellulose	  is	  the	  major	  part	  of	  lignocellulose	  and	  the	  most	  abundant	  
biopolymer.	  Consequently,	  its	  u:liza:on	  for	  the	  produc:on	  of	  chemicals	  
and	  fuels	  would	  be	  highly	  desirable.	  

Cellulose	  is	  a	  polymer	  composed	  of	  glucose	  units	  linked	  by	  β-‐1,4-‐glycosidic	  
bonds.	  Glucose	  can	  be	  easily	  obtained	  via	  the	  hydrolysis	  of	  cellulose.
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Scheme 3. Hydrolytic hydrogenation of cellulose to sorbitol via glucose.

polymerization (DP) of cellulose decreased by treating it with phos-
phoric acid [43]. The parameters depended on the concentration of
H3PO4 and the temperature and time of treatment. For example,
the treatment in 43% H3PO4 at 298 K for 1 h decreased the CrI from
85 to 79 and the DP from 221 to 209, and the CrI and DP of cellulose
diminished to 33 and 106 by 85% H3PO4 at 323 K for 40 min. Tsao
et al. demonstrated that supercritical CO2 reduced the CrI to ca. 50%
for 1 h [44]. The amorphous cellulose thus prepared is expected to
show higher reactivity than crystalline one [45].

Although cellulose is almost insoluble in water [46] except for
at very high temperatures (>593 K) [47], solvents of cellulose have
been explored to handle it as a soluble substrate and to increase
the reactivity [48]. Lithium chloride/N,N-dimethylacetamide
(LiCl/DMAc) is well known to dissolve cellulose, where chlo-
ride ions cleave hydrogen bonds of cellulose [49,50]. Schweizer’s
reagent forms a complex with cellulose [51] and dissociates hydro-
gen bonds to dissolve cellulose. In recent years, ionic liquids
(ILs) such as 1-butyl-3-methylimidazolium chloride ([BMIM]Cl)
have received a significant attention as new solvents of cellu-
lose [52], because ILs are chemically and thermally stable and
their physicochemical properties are tunable [53]. The dissolution
mechanism of cellulose into ILs is almost the same as that into
LiCl/DMAc [53]. It was indicated that the depolymerization of cellu-
lose occurred during the dissolution in ILs because of the formation
of acids from ILs such as [BMIM]Cl, 1-ethyl-3-methylimidazolium
chloride  ([EMIM]Cl), and 1-ethyl-3-methylimidazolium acetate
([EMIM]OAc) [54,55].

3.  Catalytic transformation of cellulose to renewable
chemicals

3.1. Hydrolytic hydrogenation of cellulose to sorbitol

Glucose is a versatile precursor to valuable chemicals as
described above (Scheme 1), but the hydrolysis of cellulose to
glucose has remained a challenge. This reaction requires harsh
conditions, whereas glucose is easily decomposed owing to the
aldehyde group in its linear structure. In contrast, sorbitol is one
of the twelve building block chemicals produced from biomass
resources [14], and it is thermally more stable than glucose and
a good precursor to various chemicals (Scheme 2). Thus, the
hydrolytic hydrogenation of cellulose to sorbitol (Scheme 3) has
been studied using catalysts, and typical works are summarized in
Table 1.

In  the 1950s, Balandin et al. showed that Ru/C combined with
mineral acids gave sorbitol from cellulose under 7 MPa  of hydrogen
[56,57] (Table 1, entry 1). In this process, mineral acids hydrolyze
cellulose to glucose, and then glucose is hydrogenated to sorbitol by
Ru/C. Later, Jacobs used Pt/USY for the hydrolytic hydrogenation of
starch [58], which was a polymer of !-glucose soluble in hot water
with significantly higher reactivity than cellulose [59]. Hence, the

degradation of solid cellulose by solid catalysts has remained an
issue for a long period. In 2006, we reported the first hydrolytic
hydrogenation of cellulose using only solid catalysts [60], in which
Pt/"-Al2O3 produced sorbitol and mannitol in 25% and 6% yields,
respectively (Table 1, entry 2). This reaction contains two  steps:
hydrolysis of cellulose to glucose via cellooligosaccharides and
hydrogenation of glucose to sorbitol. Interestingly, the former reac-
tion is also accelerated by the solid catalyst. The hydrolysis step was
proposed to be accelerated by proton produced via heterolysis of
hydrogen over Pt [60–62]. The residual Cl on the catalysts derived
from catalyst precursors such as H2PtCl6 also affected the catalytic
performance. The rates of the hydrolysis of cellulose and side reac-
tions were enhanced by HCl or Al3+ species [63,64]. This problem
can be avoided by using Cl-free precursors and carbon supports.
In contrast, Liu et al. proposed that protons from hot-compressed
water promoted the hydrolysis step [65,66]. It seems that the major
active species for the hydrolysis alters by catalysts and reaction
conditions employed.

Later,  we  found that "-Al2O3 support was  transformed into
boehmite [AlO(OH)] in hot water, and the catalytic activity reduced
in repeated reactions [63]. Thus, the development of more active,
selective, and durable catalysts has been a target. Carbons such
as activated carbon (AC) and carbon nanotubes (CNT) are known
as heat- and water-tolerant supports. For this reason, carbon
supported metal catalysts have been extensively studied. Liu
et al. conducted the hydrolytic hydrogenation of cellulose by
Ru/C, which produced 39% yield of hexitols with 86% conver-
sion with good reusability (entry 3) [66]. According to the results
of ICP and TEM analyses, neither leaching nor sintering of Ru
occurred. Wang et al. reported that the yield of sugar alco-
hols was improved to 73% by using Ru supported on CNT and
H3PO4-pretreated cellulose (entry 4) [43]. The Ru/CNT catalyst
also yielded sugar alcohols in 40% yield from microcrystalline cel-
lulose (entry 5). We used a carbon black (BP2000, Cabot) as a
support, and Pt/BP2000 afforded sugar alcohols in 58–65% yields in
reuse experiments (entry 6) [63]. The rate-determining step of the
hydrolytic hydrogenation is the hydrolysis of cellulose to glucose
[63], and a mixture of Ru/C and heteropoly acid H4SiW12O40was
used to enhance the hydrolysis rate [67]. This strategy gave 85%
yield of sugar alcohols from ball-milled cellulose (entry 7) and
36% yield from crystalline cellulose (entry 8). Palkovits et al.
showed that similar catalysts gave side reactions such as fur-
ther transformation of sorbitol with higher concentration of acids
for longer reaction time, in which C2–C6 polyols such as erythri-
tol, xylitol, sorbitan, and isosorbide were obtained as by-products
[68].

Recently, Ni catalysts have been studied instead of precious met-
als. Nickel phosphides have both acidic and metallic sites, and they
can promote not only the hydrolysis of cellulose but also the hydro-
genation of glucose. Microcrystalline cellulose was  converted to
sorbitol (48% yield) and mannitol (5%) by a Ni2P catalyst supported



Cellulose	  as	  feedstock

Cataly/c	  hydrolysis	  of	  cellulose
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Scheme 4. Hydrolytic transfer-hydrogenation of cellulose to sorbitol with 2-propanol.

HPAs such as H3PW12O40, H4SiW12O40, and Sn0.75PW12O40 [81].
The total yield of reducing sugars was ca. 40% by Sn0.75PW12O40
at 423 K for 16 h (entry 21). The authors also conducted the
screening of counter cations of PW12O40

3- for  the hydrolysis of
cellobiose and found that there was a volcano-type correlation
between TOFs for glucose formation and the Lewis acidities. Thus,
both Brønsted and Lewis acidities were important for the cat-
alytic activity of HPAs, although the Lewis acidity was  not checked
in water. Mizuno et al. found that H5BW12O40 showed a good
performance for the conversion of crystalline cellulose to give
glucose in 77% yield (entry 22) [76], and that various types of
HPAs such as H3PW12O40 (glucose yield 8%) and H4SiW12O40 (37%)
were less active than H5BW12O40. They remarked that the acid-
ity and the function of decreasing CrI were the important factors
for the catalytic activity of HPAs. In fact, the order of the H0
function was H3PW12O40 < H4SiW12O40 < H5BW12O40 in the same
order of catalytic activity. The H0 functions were correlated with
the concentration of acids and the number of negative charge of
anions. Hence, HPAs containing highly negatively charged anions
were preferable. The anions also dissociated hydrogen-bonding
between cellulose molecules to decrease the CrI. Furthermore, pro-
tons of HPAs also weakened the hydrogen bonds of cellulose, and
higher concentration of proton was effective for this purpose. Thus,
H5BW12O40 worked as a highly active catalyst for the hydrolysis of
cellulose. H5BW12O40was recovered by the extraction and recycled
for 10 times.

Heterogeneous catalysts working under aqueous conditions
have also been developed in recent years. Hara et al. applied a
sulfonated carbon to the hydrolysis of cellulose in water at 373 K
and obtained glucose (4% yield) and water-soluble oligosaccharides
(64%) (entry 23) [82–84]. Sulfonic groups on large graphene sheets
are usually decomposed in hot-compressed water [85], but they
are stabilized by electron-withdrawing groups such as carboxylic
acids on graphene with a small size (ca. 1 nm). The sulfonated car-
bon showed no decline in catalytic activity in reuse runs more
than 25 times. The authors proposed that neutral or weakly acidic
OH groups such as phenolic groups on carbon adsorbed 1,4-!-
glucans by forming hydrogen bonds, and then glycosidic bonds
were cleaved by the sulfonic groups [86,87]. Nevertheless, we  sup-
pose that some mechanocatalytic process might be involved in this
catalytic system.

Onda  et al. demonstrated that a sulfonated carbon prepared
from commercial activated carbon (AC–SO3H) gave 41% yield of
glucose at 423 K for 24 h (entry 24) [88,89]. After the hydrolysis of
cellulose by AC–SO3H, they added fresh cellulose into the filtrated
solution, and then the 2nd reaction was tested without the solid
catalyst. However, glucose yield was  as low as that in the blank
reaction, indicating that the hydrolysis was not enhanced by soluble
species derived from the catalyst. Furthermore, AC–SO3H showed
similar catalytic activity in the repeated reactions. Hence, they
concluded that AC–SO3H worked as a durable solid acid catalyst
under the reaction conditions. It is noteworthy that they conducted

Table 2
Hydrolysis of cellulose to glucose.

Entry Catalyst Pretreatment of cellulose S/Ca (wt/wt) T/K Time/h Conv./% Yield/% Ref.

Glcb Olgc

19d Amberlyst 15DRY Microcrystalline 5.0 373 5 29 0.9 0.6k [78]
20e C–SO3H-IL Microcrystalline 2.0 363 2 ndi 33j ndi [80]
21  Sn0.75PW12O40 Ball-milled 0.9 423 2 23 23j ndi [81]
22  H5BW12O40 Microcrystallinef 0.3 333 48 ndi 77 5k [76]
23  C–SO3H Microcrystalline 0.083 373 3 ndi 4 64 [82]
24  AC–SO3H Ball-milled 0.9 423 24 ndi 41 ndi [88]
25  SiO2–C–SO3H Ball-milled 1.0 423 24 61 50 2 [90]
26  CMK-3–SO3H Ball-milled 0.9 423 24 94 75 ndi [91]
27  Fe3O4–SBA–SO3H [BMIM]Cl 0.7 423 3 ndi 50 ndi [92]
28  Fe3O4–SBA–SO3H Microcrystalline 1.0 423 3 ndi 26 ndi [92]
29  CoFe2O4/SiO2–SO3H [BMIM]Cl 1.0 423 3 ndi 7.0 30j [94]
30  CP–SO3H Microcrystalline 0.2 393 10 ndi 93 ndi [95]
31  2.0 wt%  Ru/CMK-3 Ball-milled 6.5 503 0.83g 56 24 16 [96]
32  CMK-3 Ball-milled 6.5 503 0.83g 54 16 5 [96]
33  MC  Ball-milled 3.3 518 0.75h 71 41 0.9k [73]

a Ratio of substrate and catalyst based on weight.
b Glucose.
c Cellooligosaccharides.
d The reaction was conducted in [BMIM]Cl.
e Microwave (350 W)  was  used.
f Cellulose was  immersed in the solution for 1 h before reaction.
g Total time including heating and cooling.
h The reaction mixture was heated from room temperature to 518 K in 45 min  and rapidly cooled down to room temperature.
i No data.
j Total yield of reducing sugars.
k Cellobiose.



Hydrogenolysis	  of	  sugars

Two	  types	  of	  sugars	  are	  can	  be	  easily	  obtained	  from	  cellulose	  and	  
hemicellulose:	  hexoses	  (six-‐carbon	  sugars),	  of	  which	  glucose	  is	  the	  most	  
common	  one,	  and	  pentoses	  (five-‐carbon	  sugars),	  of	  which	  xylose	  is	  the	  
most	  common	  one.	  	  

Glucose	  and	  xylose	  can	  be	  easily	  hydrogenated	  to	  yield	  sorbitol	  and	  xylitol.
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OH OH
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OHOH
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OH OH

OH

OH
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Sorbitol	  and	  xylitol	  hydrogenolysis

Sorbitol	  and	  xylitol	  hydrogenolysis:	  These	  two	  molecules	  can	  undergo	  C-‐C	  and	  C-‐O	  
hydrogenolysis	  in	  the	  presence	  of	  hydrogena:on	  catalysts,	  leading	  mainly	  to	  a	  mixture	  of	  
ethyleneglycol,	  glycerol,	  and	  1,2-‐propanediol.	  Other	  (butanediols,	  lac:c	  acid,	  methanol,	  
ethanol	  and	  propanol)	  can	  also	  be	  formed.

calls them). It is claimed that they influence the course of the
reaction towards the desired products by assisting the
cleavage of long molecules and limiting further destructive
hydrogenation (e.g. to PG and hydrocarbons). The reaction
conditions are 150–300 8C, 25–300 bar H2 (most typically
235 8C and 100 bar), and a pH value of about 7 is recom-
mended. In general, high yields of glycerol and glycol (85%)
were obtained. Interestingly, although this is an early study, it
is already mentioned that it can be used to convert the waste
into valuable chemicals, for example, for the conversion of
xylanes present in agricultural waste (corn, cotton, hulls,
wheat straw) into xylitols.

Another attempt to achieve the selective hydrogenolysis
of polyols to specific products is described in a patent by
Conradin,[157] which discloses the hydrogenolysis of sugar
alcohols to glycerol and glycols at 200 and 300 8C and at 500 to
1000 bar H2 over silica- and alumina-supported nickel cata-
lysts. The necessary pH value of 8 to 10 was attained by the
addition of calcium hydroxide. It was found that the high
pressure helps to achieve a high selectivity for glycerol.

A relatively large amount of research has been dedicated
to the hydrogenolysis of sorbitol, the most popular sugar
alcohol. Thus, in the patent by Conradin et al. , this polyol was
the starting material for the hydrogenolysis catalyzed by Ni,
Co, and Cu, usually supported on MgO.[158] In one example,
copper chromite activated with silver was used as a catalyst.
The main product was in most cases 1,3-PG, but also 1,2-PG
and glycerol, and sometimes EG or erythritol, were formed.
The reaction was preferably carried out at a temperature of
200–220 8C and the H2 pressure was preferably 140–160 bar.
The achieved conversions were moderate to high (up to 92%)
and the highest 1,3-PG selectivity was obtained over the
copper chromite/silver catalyst (61%), although at the cost of
lower conversion.

At the same time, a very interesting, in-depth research of
the hydrogenolysis of sorbitol, which included a kinetic study,
was published by Clark.[159] Nickel supported on kieselguhr
together with Ca(OH)2 was used as a catalyst. The reactions
were carried out in aqueous solutions at 215, 230, and 245 8C
and 140–290 bar H2. The experiments indicated that the
splitting of sorbitol into two glycerol fragments (3,3) is the
predominant reaction of the initial cleavage reactions. The 5,1
(xylithol and methanol) and 4,2 (erythritol and EG) cleavages
also occur. Propanediols, primary alcohols, hydrocarbons, and
water can be formed in the reactions that follow. Hence, the
concentrations of glycerol, erythritol, and xylitol start
decreasing with time following the initial increase. One of
the most interesting results was obtained by running the
hydrogenolysis of glycerol alone, in which 1,2-PG and EG
were formed in a 2:1 ratio. Thus, under the reaction
conditions used, the cleavage of a primary hydroxy group is
only about half as difficult as the cleavage of a C!C bond. The
kinetics of the hydrogenolysis turned out to be first order in
most cases, except at higher pressures when hydrogen
apparently occupies most of the active sites of the catalyst
and slows the reaction rates. Thus, optimum hydrogen
pressures were found to depend on the reaction temperature,
for example, about 230–280 bar for 230 8C. The reaction rate
and glycerol yield also depended on the amount of Ca(OH)2.
Overall, this study provided a very interesting new insight into
this reaction, which would soon become increasingly popular.
Several years later, the influence of the reaction temperature
and pressure[160] as well as basic co-catalysts (Ca(OH)2,
Ba(OH)2, and NaOH)[161] was also examined by Vasyunina
et al. in the Ni-catalyzed hydrogenolysis of xylitol. While the
reaction rate increased with temperature, increasing the
temperature too much diminished the yield of glycerol at
the expense of 1,2-PG. At lower pressures, the cleavage of
terminal OH groups in polyols became more significant. The

Table 3: Catalyst systems and reaction conditions utilized for the hydrogenolysis of sugar alcohols. Conversions and selectivities are omitted for the
sake of brevity, because of the large number of starting materials and formed products.

Catalyst Conditions Starting materials Products Ref.
T
[8C]

p
[bar]

CuO-Cr2O3 250 300 sorbitol, mannitol 1,2-PG [82]
metallic Ni 235 100 pentitols, hexitols glycerol, EG [156]
Ni/SiO2, Ni/Al2O3 200–300 500–1000 sugar alcohols glycerol, glycols [157]
Ni, Co and Cu on MgO 200–220 140–160 sorbitol glycols, glycerol, erythritol [158]
Ni/SiO2 with Ca(OH)2 215–245 140–290 sorbitol xylitol, erythritol, glycerol, EG, methanol [159]
Ni/SiO2 200–245 100–250 xylitol glycerol, glycols, erythritol [160,161]
Ni/SiO2-Al2O3, base 240–315 140–480 polyols EG, PG [162]
Ru/Al2O3-TiO2 with BaO 150–250 35–350 sorbitol EG, 1,2-PG [163]
Ru, sulfur-modified Ru 210 60 sorbitol, xylitol glycerol, 1,2-PG [48]
Ru/C 220–270 75–150 sugar alcohols EG, PG, glycerol, butanediol [164]
Ru/C, Ru/Al2O3, Ru/TiO2 180–250 34–140 sorbitol, xylitol glycerol, PG, EG [166]
Ru/C 220 80 sorbitol glycols [167]
Pt/SiO2-Al2O3 220–245 29 sorbitol shorter polyols [8]

.Angewandte
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Glycerol

Glycerol	  can	  be	  obtained	  from	  hydrogenolysis	  of	  sorbitol.	  However,	  it	  is	  
also	  a	  byproduct	  of	  the	  produc:on	  of	  biodiesel	  via	  transesterifica:on.	  
This	  form	  of	  crude	  glycerin	  is	  oWen	  dark	  in	  appearance	  with	  a	  thick,	  
syrup-‐like	  consistency.	  Triglycerides	  are	  treated	  with	  an	  alcohol	  
(methanol)	  with	  cataly:c	  base	  to	  give	  ethyl	  esters	  of	  faKy	  acids	  and	  
glycerol.
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Biodiesel

Biodiesel	  produc/on	  and	  use	  
Biodiesel	  is	  an	  alterna:ve	  fuel	  similar	  to	  ‘fossil’	  diesel.	  	  

Biodiesel	  can	  be	  used	  in	  pure	  form	  (B100)	  or	  may	  be	  blended	  with	  petroleum	  
diesel	  at	  any	  concentra:on	  in	  diesel	  engines.	  

Today	  over	  200	  major	  fleets	  of	  the	  United	  States	  (including	  the	  United	  States	  Post	  
Office,	  the	  US	  Military	  and	  the	  metropolitan	  transit	  systems)	  run	  on	  biodiesel.	  

European	  legisla:on	  (EU)	  making	  mandatory	  to	  mix	  the	  products	  of	  fossil	  fuels	  
with	  biofuel:	  2%	  in	  2008,	  3%	  in	  2009	  and	  5.75%	  in	  2010.	  

Biodiesel	  has	  higher	  produc:on	  costs	  than	  conven:onal	  fuels	  -‐	  tax	  reduc:ons

BIODIESEL DIESEL
Pure	  sales	  price $	  1 $	  0,8
Excise	  duty $	  0,08 $	  0,4
Vat $	  0,22 $	  0,22
Total	  Price $	  1,29 $	  1,32



Glycerol

The	  “case”	  of	  glycerol	  	  
For	  every	  9	  kg	  of	  biodiesel,	  about	  1	  kg	  of	  glycerol	  is	  formed	  

Glycerol	  produc:on	  in	  the	  United	  States	  already	  reaches	  more	  than	  350,000	  tons	  
per	  year	  and	  in	  Europe	  its	  produc:on	  has	  tripled	  within	  the	  last	  ten	  years.	  By	  
2005	  the	  price	  of	  glycerol	  is	  in	  free	  fall.	  

Today,	  glycerol	  surplus	  is	  dispersed	  by	  incinera:on



Glycerol	  hydrogenolysis

Glycerol	  hydrogenolysis	  
The	  selec:ve	  conversion	  of	  glycerol	  to	  glycols	  leads	  the	  forma:on	  of	  different	  
valuable	  products	  such	  as	  1,2-‐propanediol	  (1,2-‐PDO),	  1,3-‐propanediol	  (1,3-‐PDO)	  
or	  ethylene	  glycol	  (EG)

1,2-‐PD	  is	  an	  important	  chemical	  
commodity	  used	  for	  polyester	  
resins,	  liquid	  detergents,	  
pharmaceu:cals,	  cosme:cs,	  
tobacco	  humectants,	  flavours	  and	  
fragrances,	  etc.	  

1,3-‐PD	  is	  mainly	  used	  in	  specialty	  
polyester	  fibres,	  films	  and	  coa:ngs.	  	  

!
EG	  widely	  used	  as	  automo:ve	  
an:freeze	  and	  as	  polymers	  
precursor.	  Is	  also	  a	  raw	  material	  for	  
synthe:c	  fibres,	  explosives,	  etc.
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Glycerol	  hydrogenolys

Glycerol	  hydrogenolysis	  to	  PDOs	  consists	  of	  hydrogen	  addi:on	  and	  
removal	  of	  one	  oxygen	  atom	  in	  the	  form	  of	  H2O.	  In	  order	  to	  design	  
efficient	  catalysts,	  it	  is	  fundamental	  to	  understand	  the	  mechanism	  of	  this	  
reac:on.	  Three	  main	  reac:on	  mechanisms	  have	  been	  proposed	  in	  the	  
literature,	  depending	  on	  whether	  the	  reac:on	  runs	  on	  acid	  or	  basic	  
cataly:c	  sites	  and	  with	  or	  without	  the	  forma:on	  of	  intermediate	  
compounds:	  

!

dehydrogena:on	  –	  dehydra:on	  –	  hydrogena:on	  (glyceraldehyde	  route),	  	  

dehydra:on–	  hydrogena:on.	  

direct	  glycerol	  hydrogenolysis



Glycerol	  Hydrogenolysis

Glyceraldehyde	  route	  

One	  of	  the	  first	  studies	  related	  to	  glycerol	  hydrogenolysis	  was	  developed	  by	  
Montassier	  et	  al.	  in	  the	  late	  1980s.	  They	  suggested	  that	  over	  Ru/C	  catalyst	  glycerol	  is	  
first	  dehydrogenated	  to	  glyceraldehyde	  on	  the	  metal	  sites.	  Next,	  a	  dehydroxyla:on	  
reac:on	  takes	  place	  by	  a	  nucleophilic	  reac:on	  of	  glyceraldehyde	  with	  water	  or	  with	  
adsorbed	  -‐OH	  species.	  Finally,	  hydrogena:on	  of	  the	  intermediate	  yields	  1,2-‐PDO.	  	  

!
!
!
The	  main	  controversial	  point	  of	  this	  mechanism	  is	  the	  ini:al	  dehydrogena:on	  step,	  
which	  is	  thermodynamically	  unfavored	  due	  to	  the	  high	  hydrogen	  pressures	  used.	  
Therefore,	  in	  order	  to	  shiW	  the	  equilibrium,	  glyceraldehyde	  dehydra:on	  should	  be	  
faster	  than	  glycerol	  dehydrogena:on.	  Otherwise	  glyceraldehyde	  would	  be	  
hydrogenated	  back	  to	  glycerol	  on	  the	  metal	  sites.	  Several	  authors	  observed	  that	  the	  
addi:on	  of	  a	  base	  notably	  increased	  glycerol	  conversion,	  and	  this	  was	  related	  to	  the	  
fact	  that	  bases	  enhance	  glyceraldehyde	  dehydra:on.



Glycerol	  hydrogenolysis

Dehydra/on-‐hydrogena/on	  route	  

Dasari	  et	  al.	  observed	  the	  forma:on	  of	  acetol	  (hydroxyacetone)	  together	  with	  1,2-‐PDO	  using	  
copper-‐chromite	  catalyst	  at	  473	  K	  and	  15	  bar	  hydrogen	  pressure.	  Moreover,	  glycerol	  
hydrogenolysis	  to	  1,2-‐PDO	  occurred	  even	  in	  the	  absence	  of	  water.	  Since	  the	  copper-‐chromite	  
catalyst	  was	  reduced	  in	  a	  stream	  of	  hydrogen	  prior	  to	  the	  reac:on,	  no	  surface	  hydroxyl	  
species	  were	  present	  to	  take	  part	  in	  the	  reac:on.	  Therefore,	  the	  mechanism	  suggested	  by	  
Montassier	  et	  al.	  was	  not	  able	  to	  explain	  these	  results.	  Dasari	  et	  al.	  proposed	  a	  new	  
mechanism	  in	  which	  glycerol	  is	  first	  dehydrated	  to	  acetol,	  which	  is	  further	  hydrogenated	  to	  
1,2-‐PDO.	  	  

!
!
!
!
Based	  on	  their	  findings,	  a	  two	  step	  process	  was	  developed.	  In	  the	  first	  step,	  acetol	  is	  
generated	  from	  glycerol	  dehydra:on	  by	  a	  reac:ve	  dis:lla:on	  process,	  opera:ng	  at	  513	  K,	  
slight	  vacuum	  and	  using	  copper-‐chromite	  catalyst.	  The	  acetol	  obtained	  is	  then	  hydrogenated	  
at	  15	  bar	  H2	  pressure	  using	  the	  same	  catalyst.	  The	  process	  was	  patented	  in	  the	  USA	  in	  2005



Glycerol	  hydrogenolysis

Direct	  glycerol	  hydrogenolysis	  

A	  direct	  glycerol	  hydrogenolysis	  mechanism	  was	  recently	  proposed	  by	  
Yoshinao	  et	  al.	  The	  experiments	  were	  carried	  out	  using	  Rh-‐ReOx/SiO2	  and	  
Ir-‐ReOx/SiO2	  catalysts	  at	  393	  K	  and	  80	  bar	  H2	  pressure.	  The	  low	  reac:on	  
temperature	  implies	  that	  the	  dehydra:on-‐hydrogena:on	  route	  was	  not	  
further	  possible,	  due	  to	  the	  endothermic	  character	  of	  glycerol	  
dehydra:on	  and	  the	  required	  ac:va:on	  energy,	  and	  suggests	  the	  
energe:cally	  more	  favored	  direct	  hydrogenolysis	  reac:on.	  They	  
suggested	  a	  direct	  hydride-‐proton	  mechanism.	  



Glycerol	  hydrogenolysis

Direct	  glycerol	  hydrogenolysis	  

A	  different	  direct	  glycerol	  hydrogenolysis	  mechanism	  was	  established	  by	  Chia	  et	  al.	  trying	  to	  
explain	  the	  hydrogenolysis	  of	  different	  polyols	  and	  cyclic	  ethers	  over	  a	  Rh-‐ReOx/C	  catalyst.	  They	  
concluded	  from	  DFT	  calcula:ons	  that	  the	  -‐OH	  groups	  on	  Re	  associated	  with	  Rh	  are	  acidic.	  Such	  
acidic	  Re	  sites	  can	  donate	  a	  proton	  to	  the	  reactant	  molecule	  and	  form	  carbenium	  ion	  transi:on	  
states.	  In	  the	  case	  of	  glycerol	  hydrogenolysis,	  the	  first	  step	  involves	  the	  forma:on	  of	  a	  
carboca:on	  by	  protona:on-‐dehydra:on	  reac:on.	  This	  carboca:on	  is	  stabilized	  by	  the	  forma:on	  
of	  a	  more	  stable	  oxocarbenium	  ion	  intermediate	  resul:ng	  from	  the	  hydride	  transfer	  from	  the	  
primary	  -‐CH2OH	  group.	  Final	  hydride	  transfer	  step	  leads	  to	  1,2-‐PDO	  or	  1,3-‐PDO.	  The	  authors	  
also	  reported	  that	  the	  secondary	  carboca:on	  is	  more	  stable	  than	  the	  primary	  carboca:on.	  
Nevertheless,	  higher	  selec:vity	  to	  1,2-‐PDO	  was	  obtained	  (1,3-‐PDO/1,2-‐PDO	  ra:o	  =	  0.65).



Glycerol	  hydrogenolysis

Glycerol	  hydrogenolysis	  promoted	  by	  heterogeneous	  catalysts

lowering of the BET surface area, an increasing Cu particle
size, and difficulties in CuO reduction. However, a certain
amount of sodium proved to be beneficial as it ensures some
weak basic promotion of the activity and also prevent
leaching of the copper. The tested catalysts reached high
1,2-PG selectivities of 94–99%, while no formation of 1,3-PG
was reported.

One of the most interesting developments in Cu catalysts
for this reaction was a recent study by Akiyama and co-
workers, who carried out the gas-phase hydrogenolysis of

glycerol at an ambient pressure of H2.
[35, 36] They used

commercial copper catalysts supported on Al2O3, Cr2O3,
ZnO, and SiO2, as well as nickel on SiO2. The Cu/Al2O3 and
Cu/Cr2O3 catalysts resulted in quantitative conversion of
glycerol and high selectivity for 1,2-PG. A temperature
gradient within the catalyst bed was used, as the initial
dehydration of glycerol to hydroxyacetone (acetol) requires a
higher temperature than the subsequent hydrogenation of the
latter. The hydrogenation of hydroxyacetone was also exam-
ined separately using Cu/Al2O3.

Table 1: Overview of catalyst systems and reaction conditions utilized in the hydrogenolysis of glycerol.[a]

Catalyst Conditions Main product(s) Conversion
[%]

Selectivity
[%]

Ref.

CuO-Cr2O3 250 8C; 200 bar 1,2-PG – 85 (yield) [24]
Raney Cu 240 8C, 30 bar 1,2-PG 85 78 [25]
Cu/C 260 8C, 40 bar, 65 h 1,2-PG 43 85 [26]
Cu-ZnO, H2WO4 180 8C, 80 bar, 90 h 1,2-PG 21 81 [28]
Cu-ZnO 180 8C, 80 bar, 90 h 1,2-PG 19 100 [28]
Cu/g-Al2O3 200 8C, 36 bar, 10 h 1,2-PG 34 94 [30]
Cu-H4SiW12O40/SiO2 210 8C, 5.4 bar 1,3-PG 84 32 [33]
Na-CuO/SiO2 180 8C, 90 bar, 12 h 1,2-PG 41 94 [34]
Ru/Al2O3 (from RuCl3·H2O) 240 8C, 80 bar, 5 h 1,2-PG 69 38 [43]
Ru/SiO2 (from RuCl3·H2O) 240 8C, 80 bar, 5 h 1,2-PG 25 50 [43]
Ru/ZrO2 (from [RuNO(NO3)3]) 240 8C, 80 bar, 5 h 1,2-PG 40 60 [43]
Ru/SiO2 (from [RuNO(NO3)3]) 240 8C, 80 bar, 5 h 1,2-PG 22 60 [43]
Ru/hydrotalcite 180 8C, 25 bar 1,2-PG 59 86 [45]
Ru/NaY 180 8C, 50 bar, 12 h 1,2-PG 10 37 [47]
Ru/g-Al2O3 180 8C, 50 bar, 12 h 1,2-PG 34 47 [47]
Ru/SiO2 180 8C, 50 bar, 12 h 1,2-PG 3 55 [47]
Ru/TiO2 180 8C, 50 bar, 12 h 1,2-PG 66 47 [47]
Ru/Cs2.5H0.5[PW12O40] 3–14 bar, no external heating 1,2-PG 21 96 [32]
Ru/C, Nb2O5 180 8C, 60 bar, 8 h 1,2-PG 45 61 [50]
Ru/TiO2 180 8C, 60 bar, 8 h 1,2-PG 46 63 [51]
Ru/C 190 8C, 90 bar, 7 h 1,2-PG 20 22 [52]
Ru/TiO2 190 8C, 90 bar, 1 h 1,2-PG 20 45 [52]
Ru/C 200 8C, 40 bar, 5 h EG 40 47 [53]
Ru/C, NaOH 200 8C, 40 bar, 5 h LA 100 34 [53]
Ru/C, CaO 200 8C, 40 bar, 5 h LA 85 48 [53]
PtRu/C 200 8C, 40 bar, 5 h EG 42 49 [54]
PtRu/C, NaOH 200 8C, 40 bar, 5 h LA 100 37 [54]
Ru-Re/SiO2 160 8C, 80 bar, 8 h 1,2-PG 51 45 [56]
Ru/C+ Re2(CO)10 160 8C, 80 bar, 8 h 1,2-PG 59 57 [57]
Ru-Cu(3:1)/BEN-TMGL 230 8C, 80 bar, 18 h 1,2-PG 100 86 [58]
Rh-ReOx/SiO2 120 8C, 80 bar, 5 h 1,2-PG

1,3-PG
98 48

20
[59]

Ir-ReOx/SiO2 120 8C, 80 bar, 12 h 1,3-PG 100
20

30
58

[62]

Pt/WO3/ZrO2 170 8C, 80 bar, 18 h 1-propanol
1,3-PG

88 27
24

[67]

Pd/Fe2O3 (transfer hydrogenolysis by ethanol or 2-propanol) 180 8C, 5 bar inert gas, 24 h 1,2-PG 100 94 [68]
Pt/CaCO3, H3BO3 200 8C, 40 bar, 18 h LA 56 60 [69]
Pt/sulfated ZrO2 170 8C, 73 bar, 24 h 1,3-PG 67 84 [70]
Pt-Re/C 170 8C, 40 bar, 2 h 1,3-PG

1,2-PG
20 34

33
[71]

Co/MgO 200 8C, 20 bar, 9 h 1,2-PG 45 42 [73]
Co nanoparticles 220 8C, 30 bar, 7 h 1,2-PG 32 57 [74]
Co nanowires 220 8C, 30 bar, 7 h 1,2-PG 38 54 [74]
Ni/NaX zeolite 200 8C, 60 bar, 10 h 1,2-PG 95 72 [75]
Ni-Ce/C 200 8C, 50 bar, 6 h 1,2-PG 63 77 [76]
Ni/SiO2-Al2O3 200 8C, 25 bar, 8 h 1,2-PG 30 98 [77]
CuO-ZnO-Al2O3 200 8C, 14 bar, 24 h 1,2-PG 52 94 [78]

[a] BEN: bentonite; TMGL: 1,1,3,3,-tetramethylguanidynum lactate; 1,2-PG: 1,2-propylene glycol; 1,3-PG: 1,3-propylene glycol; EG: ethylene glycol;
LA: lactic acid.
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Glycerol	  hydrogenolysis

Are	  palladium	  catalysts	  suitable	  for	  glycerol	  
hydrogenolysis	  ?	  

In	  general,	  Ni,	  Ru,	  Rh	  and	  Cu	  are	  effec:ve	  for	  
hydrogenolysis	  reac:on.	  All	  the	  supported	  Pd	  catalysts	  
exhibited	  very	  low	  ac:vity	  under	  mild	  condi:ons	  
(conversion	  on	  Pd/SiO2≅1%).	  

However,	  co-‐precipita:on	  technique	  generally	  leads	  to	  
a	  beKer	  interac:on	  between	  metal	  and	  support	  than	  
that	  observed	  using	  the	  impregna:on	  method.

!



Glycerol	  hydrogenolysis	  promoted	  by	  Pd	  catalysts

Glycerol	  hydrogenolysis	  promoted	  by	  palladium	  catalysts	  
T=	  453	  K	  -‐	  0.5	  MPa	  H2	  pressure	  for	  24	  h	  -‐	  glycerol	  concentra:on:	  4	  wt%	  -‐	  Solvent:	  
2-‐propanol	  

The	  ac:vity	  changes	  following	  the	  order:	  PdCo	  >	  PdFe	  >	  PdZn	  ~	  PdNi	  >	  PdCo(I)	  >	  
PdFe(I).	  

Generally	  1,2-‐PDO	  is	  the	  main	  product	  and	  only	  a	  low	  selec:vity	  to	  ethylene	  
glycol	  (EG)	  is	  obtained

Catalyst Conv.	  [%] Selec/vity
1,2-‐PDO EG 1-‐PO AC 1,3-‐PDO OP

PdCo 100 10,2 1,9 80,9 -‐ -‐ 7
PdFe 100 71,2 3,4 25,4 -‐ -‐ -‐
PdZn 93,6 59,2 -‐ 3,3 19,4 6,3 11,8
PdNi 90,1 84,5 10,1 -‐ 5,4 -‐ -‐
PdCo(I) 66,2 37,8 34,5 -‐ 27,7 -‐ -‐
PdFe(I) 38,3 26,1 4,9 -‐ 69 -‐ -‐

1,2-‐PDO	  =	  1,2-‐propanediol;	  EG	  =	  ethylene	  glycol;	  1-‐PO	  =	  1-‐propanol;	  AC	  =	  1-‐hydroxyacetone;	  1,3-‐PDO	  =	  1,3-‐propanediol;	  OP	  =	  other	  products.



Temperature	  effect	  
At	  423	  K	  the	  conversion	  of	  PdCo	  is	  
very	  high	  (100%)	  whereas	  that	  of	  
PdFe	  drops	  to	  ~	  75%	  PdCo	  s:ll	  
maintains	  an	  appreciable	  conversion	  
also	  at	  403	  K	  

The	  selec:vity	  to	  1-‐PO	  dras:cally	  
decreases	  at	  423	  K	  whereas	  that	  to	  
1,2-‐PDO	  (~	  80%)	  increases

Solvent	  effect	  

Good	  conversion	  and	  selec:vity	  
with	  all	  inves:gated	  
coprecipitated	  catalyst	  using	  
dioxane	  as	  solvent	  

The	  hydroxylic	  and	  more	  polar	  
2-‐propanol	  favours	  the	  reac:on	  
beKer	  than	  the	  apolar	  dioxane.

! !

Glycerol	  hydrogenolysis	  promoted	  by	  Pd	  catalysts



The	  in/mate	  hydrogenolysis	  mechanism	  

an	  interac:on	  between	  a	  palladium	  bonded	  hydrogen	  and	  a	  primary	  alcoholic	  group	  
leading	  to	  a	  vinylic	  alkoxide,	  that	  rapidly	  converts	  to	  a	  vynilic	  alcohol	  and	  then	  
rearranges	  to	  hydroxyacetone	  through	  a	  keto-‐enolic	  equilibrium	  (route	  a)	  

the	  direct	  subs:tu:on	  of	  the	  carbon	  bonded	  OH	  group	  by	  an	  incoming	  hydrogen	  
affording	  directly	  1,2-‐	  propanediol	  (route	  b)
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Glycerol	  hydrogenolysis	  promoted	  by	  Pd	  catalysts



Large	  scale	  reac/on	  and	  Recycling	  of	  catalysts	  

Ini:al	  molar	  ra:o	  of	  H2/glycerol=1	  at	  4	  MPa	  ini:al	  pressure	  of	  H2	  	  

The	  best	  conversion	  (70,7%)	  was	  obtained	  with	  PdCo.	  	  

A	  good	  selec:vity	  towards	  1,2-‐PDO	  (86,5%)	  was	  also	  detected	  with	  PdCo	  
whereas	  that	  of	  PdFe	  is	  only	  40.2%.	  

Further	  recycles	  of	  the	  catalyst	  demonster	  poten:al	  prac:cal	  applicability	  of	  
the	  co-‐precipitated	  Pd/CoO	  and	  Pd/Fe

Catalyst Conversion Selec/vity

1,2-‐PDO EG 1-‐PO 1,3-‐PDO

PdCo 70,7 86,5 9,2 2,6 1,7

PdFe 42,8 90,2 2,5 5,7 -‐

Glycerol	  hydrogenolysis	  promoted	  by	  Pd	  catalysts



Selec/ve	  transfer	  hydrogenolysis	  of	  glycerol

!
In	  situ	  hydrogen	  
produc:on,	  obtained	  by	  
the	  dehydrogena:on	  of	  
the	  reac:on	  solvent	  

!
costs	  reduc:on	  related	  
to	  the	  purchase,	  
transport	  and	  storage	  of	  
the	  hydrogen;
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Selec/ve	  transfer	  hydrogenolysis	  of	  glycerol

Selec/ve	  transfer	  
hydrogenolysis	  

T=	  453	  K	  -‐	  0.5	  MPa	  N2	  
pressure	  for	  24	  h	  	  

glycerol	  concentra:on:	  4	  
wt%	  	  

Solvent:	  2-‐propanol	  

!

Large	  scale	  reac/on	  
T=	  453	  K	  -‐	  4	  MPa	  N2	  
pressure	  for	  24	  h	  	  

45	  wt%	  glicerol	  	  

Solvent:	  2-‐propanol	  	  

The	  best	  conversion	  (60%)	  
was	  obtained	  with	  PdCo.	  

Catalyst Conv.	  [%] Selec/vity

1,2-‐PDO EG 1-‐PO AC OP

PdCo 100 66,5 4,6 28,9 -‐ -‐

PdFe 100 86,6 4,6 9 -‐ -‐

Catalyst Conv.	  [%] Selec/vity

1,2-‐PDO EG 1-‐PO AC OP

PdCo 60 55,4 6,4 8,9 9,5 19,8



Cataly/c	  Transfer	  Hydrogena/on

Cataly:c	  transfer	  hydrogena:on	  (CTH)	  is	  a	  process	  in	  which	  hydrogen	  is	  
transferred	  from	  a	  hydrogen	  donor	  molecule	  to	  an	  acceptor.	  CTH	  
reac:ons	  can	  be	  of	  industrial	  importance	  as	  the	  renewable	  produc:on,	  
transporta:on	  and	  storage	  of	  hydrogen	  donors	  can	  be	  cheaper	  than	  
those	  for	  molecular	  hydrogen.	  	  

The	  best	  hydrogen	  donors	  for	  heterogeneous	  CTH	  include	  simple	  
molecules	  like	  cyclohexene,	  hydrazine,	  formic	  acid	  and	  formates.	  	  

Alcohols	  like	  2-‐propanol	  (2-‐PO)	  or	  methanol	  can	  also	  be	  used	  as	  
hydrogen	  donors;	  primary	  alcohols	  are	  generally	  less	  ac:ve	  than	  the	  
corresponding	  secondary	  alcohols	  due	  to	  the	  smaller	  electron-‐releasing	  
induc:ve	  effect	  of	  one	  alkyl	  group	  as	  against	  two.	  



Hydrogenolysis	  with	  in-‐situ	  genera/on	  of	  hydrogen

Aqueous	  Phase	  Reforming	  (APR)	  

One	  interes:ng	  op:on	  to	  in	  situ	  
generate	  the	  required	  hydrogen	  
for	  hydrogenolysis	  reac:ons	  is	  
through	  aqueous	  phase	  reforming	  
(APR).	  APR	  is	  a	  quite	  well	  known	  
process	  in	  which	  a	  polyol	  is	  
converted	  to	  hydrogen	  and	  CO2	  in	  
the	  presence	  of	  water.	  The	  
hydrogen	  generated	  can	  be	  
further	  used	  in	  the	  hydrogenolysis	  
reac:on.	  The	  specific	  case	  for	  
combined	  glycerol	  APR	  and	  
hydrogenolysis	  to	  1,2-‐PDO	  is	  
shown	  in	  Figure.	  If	  the	  process	  is	  
perfectly	  balanced,	  glycerol	  is	  fully	  
converted	  into	  1,2-‐PDO,	  being	  CO2	  
and	  H2O	  the	  only	  byproduct



Hydrogenolysis	  with	  in-‐situ	  genera/on	  of	  hydrogen

Aqueous	  Phase	  Reforming	  (APR)	  of	  glycerol

this study show deactivation due to sintering. Raney-Ni
performs even better with regard to activity, selectivity and
catalyst stability.

The potential of Ce, Mg, Zr and La to stabilise Ni/Al2O3

catalysts in APR and steam reforming was also investigated

[71]. These promotors offer different functionalities, and the
additions of Ce, La and Zr to the Ni catalyst improve the
initial glycerol conversion (from 25 to 37% for La-Ni/Al2O3).
However, the catalysts deactivate within few hours, caused by
Ni oxidation, and after 30 h, glycerol conversion is less than
3%. On the other side, comparatively high fractions of PDO
from 57 to 75% are present in the liquid effluent.

3.2.4 Bimetallic catalysts

The group of Dumesic developed bimetallic NiSn catalysts
from Raney-Ni (described above) supported on Al2O3 that
are efficient in APR of glycerol and other reactants [89–91].

Raney-Ni14Sn shows comparable activity and selectivity
for production of H2 as Pt/Al2O3 and suppresses alkane
production almost completely [73, 91]. However, the
Al2O3-supported NiSn catalysts exhibit deactivation caused
by sintering. Obviously, the selectivity depends on conver-
sion, as lower operating temperatures and increased space
velocities result in higher selectivities for H2. On the other
side, higher total pressure decreases the catalyst activity,
possibly due to product inhibition. Characterisation of the
solids suggests that the Raney-NiSn samples contain alumina
and Ni particles surrounded by a Ni–Sn alloy. The spent

catalysts consist mainly of Ni3Sn alloy with small amounts of
Sn4þ probably associated with alumina [89]. Addition of Sn
to the Raney-Ni further improves catalyst stability during the
APR tests.

A Ni–Co bimetallic catalyst Ni1Co3 is reported to be
active in glycerol APR [77]. TPR data indicate a synergism
between the metals, however, the catalysts deactivate due
to carbon deposition on the surface and sintering. Cerium
addition leads to higher catalyst stability and highest selec-

tivity is observed with 2Ce–Ni1Co3. With this catalyst, the
maximum H2 yield reaches 68%, but activity steadily
decreases from 45 to 35% within the first 8 h.

Table 2 summarises selected results fromAPR of glycerol.
The catalysts are divided into three main groups: noble
metals (mostly using Pt), other metals (often Ni) and bimet-
allic catalysts.

3.2.5 Glycerol APR and hydrogenolysis to
propanediol without external H2

Dehydration and hydrogenation are among the elementary
steps of glycerol degradation under APR conditions. Tailored

catalysts or catalyst combinations with a proper balance of
metal function and catalyst acidity could shift the selectivity
away from hydrogen production towards other products like
alkanes (as favoured by Dumesic group) or PDOs. In situ
generated hydrogen is then available for hydrogenolysis. The
process then would not need external H2 from fossil sources,
the reaction conditions would be comparatively mild and
overall economics might be improved.

Investigations in our group [77] aimed at the use of H2

generated during APR over metal catalysts (Pt, Ni and com-
binations thereof supported on acidic alumina and basic

hydrotalcite, Table 3) for hydrogenolysis. More results are
summarised in Table 4. The surface areas of 3%Pt/hydro-
talcite catalysts strongly depend on Mg/Al ratio and these
catalysts show comparatively low selectivity to 1,2-PDO

Table 2. Reported results for glycerol APR over various catalysts

Catalyst

T

(K)

p

(bar)

C

(wt%)

t

(s)

Xa)

(%) Y Remarks Ref.

Noble metal catalysts

3Pt3Re/C 498 29 10 89 41 WHSV ¼ 5 h#1; S ¼ 26%, H2 productivity ¼ 1246 l/(lcath) [53]

3%Pt/Al2O3 538 56 99 51 31% alkane selectivity; LHSV ¼ 0.64 h#1 [73]

Pt/Al2O3 523 20 10 n.a. 0.5 mL/min, 300 mg catalyst, S(H2) ¼ 95%;

only TOFs are presented; Ar in feed

[85]

Pt-Re/C 498 10 68 200 mg catalyst 20 mL/min N2, WHSV ¼ 6 h#1 [86]

3%Pt/Al2O3 498 29 20 90 56 50–160 mg catalyst, 3–38 wt% Pt, 26–45 bar [87]

Pt/Al2O3 513 35 5–10 75 1–2 g catalyst, 50–100 mL/min, 30 mL/min N2 [88]

Pt/Al2O3 493 25 5–10 42 40 0.05 mL/min, 1 g catalyst, LHSV ¼ 1.56 h#1 [89]

Other monometallic catalysts

Ni/Al2O3 498 30 Modified with Mg, Ce, La, Zr, WHSV ¼ 1.25 h#1,

data after 2.5 h TOS

[81]

Other bimetallic catalysts

Ce–Ni–Co 493 25 5 58 64 1 g catalyst; feed 50 mL/min [77]

Ra-Ni14Sn/Al2O3 538 51.9 100 76 Alkanes 17%; LHSV ¼ 10.3 h#1 [84]

a) Carbon conversion.

Eur. J. Lipid Sci. Technol. 2013, 115, 9–27 Glycerol hydrogenolysis into propanediols 17
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Lignin	  hydrogenolysis

Selec:ve	  cleavage	  of	  the	  CAr-‐O	  bond	  of	  lignin	  
model	  compounds	  has	  been	  so	  far	  generally	  
limited	  to	  the	  use	  of	  homogeneous	  Ni	  catalysts.	  
The	  molecular	  catalysts	  offer	  a	  good	  
chemoselec:vity	  in	  the	  selec:ve	  cleavage	  of	  CAr-‐O	  
bonds	  under	  mild	  reac:on	  condi:ons	  (80-‐150°C).	  
Unfortunately,	  their	  removal	  from	  reac:on	  media	  
is	  difficult	  and	  uneconomical.	  Moreover	  their	  reuse	  
is	  rarely	  prac:ced.	  

Heterogeneous	  catalysts,	  on	  the	  other	  hand,	  are	  
not	  very	  selec:ve	  and	  require	  higher	  reac:on	  
temperatures	  or	  hydrogen	  pressures,	  leading	  to	  
the	  reduc:on	  of	  arene	  func:onali:es	  and	  
subsequent	  hydrogen	  consump:on.	  In	  recent	  
years,	  heterogeneous	  catalysts	  have	  found	  
poten:al	  applica:on	  in	  the	  selec:ve	  cleavage	  of	  
the	  CAr-‐O	  bond	  preserving	  the	  aroma:c	  ring	  
func:onality.	  However	  the	  heavy	  catalyst	  loading,	  
the	  high	  hydrogen	  pressure	  and	  the	  substrate	  
specificity	  limit	  their	  use	  at	  an	  industrial	  scale.	  
Hence,	  the	  selec:ve	  CAr-‐O	  bond	  breaking	  process	  
in	  lignin	  model	  molecules	  remains	  extremely	  
challenging,	  especially	  in	  the	  fine	  green-‐chemical	  
industry	  and	  in	  the	  energy	  industries.
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Lignin	  hydrogenolysis

Selec/ve,	  Nickel-‐Catalyzed	  Hydrogenolysis	  
of	  Aryl	  Ethers	  

This	  process	  is	  catalyzed	  by	  a	  soluble	  nickel	  
carbene	  complex	  under	  just	  1	  bar	  of	  
hydrogen	  at	  temperatures	  of	  80	  to	  120°C.	  	  

Hydrogenolysis	  of	  lignin	  model	  compounds	  
highlights	  the	  poten:al	  of	  this	  approach 
for	  the	  conversion	  of	  refractory	  aryl	  ether	  
biopolymers	  to	  hydrocarbons.

Alexey G. Sergeev, et al. 
Science 332, 439 (2011);

age of unactivated aromatic C-O bonds would
furthermore expand the utility of alkoxy and ar-
yloxy substituents as removable directing groups
(7) that can influence synthetic transformations
of aromatic systems.

In contrast to hydrogenolysis of benzyl ethers,
which proceeds selectively under mild conditions
over heterogeneous catalysts (8), the cleavage of
C-O bonds in aryl ethers requires high temper-
atures and pressures (over 250°C and 30 bar)
and occurs with poor selectivities (1, 2); typical
product mixtures include saturated cyclic hydro-
carbons and cycloalkanols from hydrogenation of
the arene rings and concurrent aliphatic C-O bond
cleavage (1, 2, 9–12). This arene reduction wastes
hydrogen and renders the reaction less useful for
producing aromatic feedstocks (2, 4). Alternative
methods for the cleavage of aryl ethers that avoid
this side reaction require stoichiometric alkali
metals (13) or electrocatalytic hydrogenolysis (14),
both of which are expensive and difficult to con-
duct on a large scale. Here, we report the selec-
tive, reductive cleavage of various aromatic C-O
bonds with hydrogen catalyzed by a single sol-
uble nickel catalyst under mild conditions (15).
Hydrogenolysis with this catalyst proceeds with-
out concurrent arene ring hydrogenation and re-
duction of aliphatic C-O bonds.

To realize a selective hydrogenolysis of ar-
omatic C-O bonds, we envisioned a reaction that
involves insertion of a discrete transition metal
complex into the aromatic C-O bond and reac-
tion of the resulting intermediate with hydro-
gen to yield arene and alcohol. We anticipated
that the low reactivity of homogeneous catalysts
toward hydrogenation of aromatic rings (16)
would prevent competitive formation of cyclo-
alkanes and cycloalkanols from such a process.
Nickel complexes known to activate aromatic
C-O bonds in the presence of aliphatic C-O bonds
(17–21) were the starting point for our catalyst
development.

Catalytic reactions involving aromatic C-O
bond cleavage with nickel complexes were first
reported by Wenkert for cross-coupling of aryl
ethers with Grignard reagents to form biaryl com-
pounds (17, 18). This reactivity has been devel-
oped further in recent years with less aggressive
carbon nucleophiles and improved catalysts (19–21).
However, the extension of such reactivity to the
hydrogenolysis of C-O bonds is challenging be-
cause hydrogen is less reactive than main group
carbon nucleophiles, and the hydrogenolysis or
hydrogenation of typically unreactive moieties
can lead to reduction of the catalyst itself to form

heterogeneous systems (22) that are less selective
than their homogeneous counterparts. Indeed, our
initial attempts to conduct the hydrogenolysis of
aryl C-O bonds in diphenyl ether at 120°C under
1 bar of hydrogen with 20 mole percent (mol %)
of the nickel catalyst generated from Ni(COD)2
(COD, 1,5-cyclooctadiene) and PCy3 (Cy, cyclo-
hexyl), which was used previously for cross-
couplings (19–21), led to very low conversion of
the ether (~1%) (fig. S1) (23). Cyclohexane and
cyclohexenewere formed under these conditions,
implying that cleavage of the C-P bond in the
phosphine ligand to form these products leads to
decomposition of the catalyst (24).

Thus, we evaluated a series of nickel catalysts
containing N-heterocyclic carbenes (NHCs) as
the dative ligands. N-Heterocyclic carbenes typ-
ically bind late-transition metal centers more tight-
ly than do phosphines (25, 26) and lack labile
P-C bonds. The strongermetal-ligand bondswould
discourage formation of heterogeneous nickel.
We initially tested nickel-NHC catalysts for the
reduction of the C-O bond of diphenyl ether in
the presence of the hydride donors, DIBALH
(diisobutylaluminum hydride), LiAl(OtBu)3H,

and Et3SiH in place of H2 because of the con-
venience of evaluating catalysts for reactions with
liquid and solid reagents. These reactions were
conducted with the combination of a nickel(0)
precursor, Ni(COD)2 or Ni(acac)2 (acac, acetyl-
acetonate), and an NHC ligand formed in situ
through deprotonation of the corresponding salt
NHC⋅HX with a base (NaOtBu) (table S1). We
found that high yields of the products from
aromatic C-O bond cleavage were obtained with
Ni(COD)2 as the source of nickel, SIPr⋅HCl (fig. 1)
as ligand precursor, and the aluminum hydrides
DIBALH and LiAl(OtBu)3H (2.5 equiv.) as re-
ducing agents in the presence of an excess of
NaOtBu (2.5 equiv.) as a base in toluene (tables
S1 and S2). These initial studies showed that the
single Ni(0)–NHC system, in tandem with either
aluminum hydrides or silane-reducing agents,
catalyzes the reductive cleavage of the aromatic
C-O bonds of unactivated aryl ethers in diaryl
ethers and alkyl aryl ethers, as well as the benzylic
C-O bonds in benzyl aryl ethers and benzyl alkyl
ethers (table S2) (27).

Having identified Ni(0)–NHC complexes as
unusually active catalysts for the cleavage of a

SIPr HCl

N N

iPriPr

iPriPr
Cl

Fig. 1. A N-Heterocyclic carbene ligand precursor
used in the study.

Table 1. Hydrogenolysis of diaryl ethers. The reactions were conducted in closed glass reaction vessels
filled with hydrogen at 1 bar gauge pressure at 24°C. After the time listed, no further changes in
conversion were observed. The yields of arenes and phenols formed by the bond cleavage shown were
measured with gas chromatography after acidification and aqueous work up.

*Anisole (65%) and benzene (23%). †3-Methoxyphenol (83%) and phenol (3%). ‡Trifluoromethylbenzene (64%)
and toluene (23%); benzene (4%) as a side product. §Trifluoromethylbenzene (68%) and toluene (19%). ‖Anisole
(4%) as a side product. ¶Phenol (17%) as a side product.

O
+ H2

R1 R1

NaOtBu, m-xylene,

R2

+

R2

HO

(1 bar)

5-20% Ni(COD)2,

Entry Diaryl ether Ni, mol% T, °C Time, h Arene, % Phenol, %

O1
2
3

20
10
5

120
120
120

16
32
32

99
82
59

99
87
54

4 20 120 16 96 99
OMe Me

5 20 120 16 88* 86†
OMeO OMe

O

Me Me

6 20 120 48 97 99

O

tBu tBu

7 20 120 48 72 73

O

F3C

8 10 100 16 87§ 99

O

F3C

9 10 100 16 87II 92

10-40% SIPr·HCl

OMe

Conversion, %

100
87
59

100

94

100

74

100

100

O
10 20 120 16 88¶ 80#

OMe

100

O11 20 120 32 85 8585

MeMe

Temp, Time
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age of unactivated aromatic C-O bonds would
furthermore expand the utility of alkoxy and ar-
yloxy substituents as removable directing groups
(7) that can influence synthetic transformations
of aromatic systems.

In contrast to hydrogenolysis of benzyl ethers,
which proceeds selectively under mild conditions
over heterogeneous catalysts (8), the cleavage of
C-O bonds in aryl ethers requires high temper-
atures and pressures (over 250°C and 30 bar)
and occurs with poor selectivities (1, 2); typical
product mixtures include saturated cyclic hydro-
carbons and cycloalkanols from hydrogenation of
the arene rings and concurrent aliphatic C-O bond
cleavage (1, 2, 9–12). This arene reduction wastes
hydrogen and renders the reaction less useful for
producing aromatic feedstocks (2, 4). Alternative
methods for the cleavage of aryl ethers that avoid
this side reaction require stoichiometric alkali
metals (13) or electrocatalytic hydrogenolysis (14),
both of which are expensive and difficult to con-
duct on a large scale. Here, we report the selec-
tive, reductive cleavage of various aromatic C-O
bonds with hydrogen catalyzed by a single sol-
uble nickel catalyst under mild conditions (15).
Hydrogenolysis with this catalyst proceeds with-
out concurrent arene ring hydrogenation and re-
duction of aliphatic C-O bonds.

To realize a selective hydrogenolysis of ar-
omatic C-O bonds, we envisioned a reaction that
involves insertion of a discrete transition metal
complex into the aromatic C-O bond and reac-
tion of the resulting intermediate with hydro-
gen to yield arene and alcohol. We anticipated
that the low reactivity of homogeneous catalysts
toward hydrogenation of aromatic rings (16)
would prevent competitive formation of cyclo-
alkanes and cycloalkanols from such a process.
Nickel complexes known to activate aromatic
C-O bonds in the presence of aliphatic C-O bonds
(17–21) were the starting point for our catalyst
development.

Catalytic reactions involving aromatic C-O
bond cleavage with nickel complexes were first
reported by Wenkert for cross-coupling of aryl
ethers with Grignard reagents to form biaryl com-
pounds (17, 18). This reactivity has been devel-
oped further in recent years with less aggressive
carbon nucleophiles and improved catalysts (19–21).
However, the extension of such reactivity to the
hydrogenolysis of C-O bonds is challenging be-
cause hydrogen is less reactive than main group
carbon nucleophiles, and the hydrogenolysis or
hydrogenation of typically unreactive moieties
can lead to reduction of the catalyst itself to form

heterogeneous systems (22) that are less selective
than their homogeneous counterparts. Indeed, our
initial attempts to conduct the hydrogenolysis of
aryl C-O bonds in diphenyl ether at 120°C under
1 bar of hydrogen with 20 mole percent (mol %)
of the nickel catalyst generated from Ni(COD)2
(COD, 1,5-cyclooctadiene) and PCy3 (Cy, cyclo-
hexyl), which was used previously for cross-
couplings (19–21), led to very low conversion of
the ether (~1%) (fig. S1) (23). Cyclohexane and
cyclohexenewere formed under these conditions,
implying that cleavage of the C-P bond in the
phosphine ligand to form these products leads to
decomposition of the catalyst (24).

Thus, we evaluated a series of nickel catalysts
containing N-heterocyclic carbenes (NHCs) as
the dative ligands. N-Heterocyclic carbenes typ-
ically bind late-transition metal centers more tight-
ly than do phosphines (25, 26) and lack labile
P-C bonds. The strongermetal-ligand bondswould
discourage formation of heterogeneous nickel.
We initially tested nickel-NHC catalysts for the
reduction of the C-O bond of diphenyl ether in
the presence of the hydride donors, DIBALH
(diisobutylaluminum hydride), LiAl(OtBu)3H,

and Et3SiH in place of H2 because of the con-
venience of evaluating catalysts for reactions with
liquid and solid reagents. These reactions were
conducted with the combination of a nickel(0)
precursor, Ni(COD)2 or Ni(acac)2 (acac, acetyl-
acetonate), and an NHC ligand formed in situ
through deprotonation of the corresponding salt
NHC⋅HX with a base (NaOtBu) (table S1). We
found that high yields of the products from
aromatic C-O bond cleavage were obtained with
Ni(COD)2 as the source of nickel, SIPr⋅HCl (fig. 1)
as ligand precursor, and the aluminum hydrides
DIBALH and LiAl(OtBu)3H (2.5 equiv.) as re-
ducing agents in the presence of an excess of
NaOtBu (2.5 equiv.) as a base in toluene (tables
S1 and S2). These initial studies showed that the
single Ni(0)–NHC system, in tandem with either
aluminum hydrides or silane-reducing agents,
catalyzes the reductive cleavage of the aromatic
C-O bonds of unactivated aryl ethers in diaryl
ethers and alkyl aryl ethers, as well as the benzylic
C-O bonds in benzyl aryl ethers and benzyl alkyl
ethers (table S2) (27).

Having identified Ni(0)–NHC complexes as
unusually active catalysts for the cleavage of a

SIPr HCl

N N

iPriPr

iPriPr
Cl

Fig. 1. A N-Heterocyclic carbene ligand precursor
used in the study.

Table 1. Hydrogenolysis of diaryl ethers. The reactions were conducted in closed glass reaction vessels
filled with hydrogen at 1 bar gauge pressure at 24°C. After the time listed, no further changes in
conversion were observed. The yields of arenes and phenols formed by the bond cleavage shown were
measured with gas chromatography after acidification and aqueous work up.

*Anisole (65%) and benzene (23%). †3-Methoxyphenol (83%) and phenol (3%). ‡Trifluoromethylbenzene (64%)
and toluene (23%); benzene (4%) as a side product. §Trifluoromethylbenzene (68%) and toluene (19%). ‖Anisole
(4%) as a side product. ¶Phenol (17%) as a side product.

O
+ H2

R1 R1

NaOtBu, m-xylene,

R2

+

R2

HO

(1 bar)

5-20% Ni(COD)2,

Entry Diaryl ether Ni, mol% T, °C Time, h Arene, % Phenol, %

O1
2
3

20
10
5

120
120
120

16
32
32

99
82
59

99
87
54

4 20 120 16 96 99
OMe Me

5 20 120 16 88* 86†
OMeO OMe

O

Me Me

6 20 120 48 97 99

O

tBu tBu

7 20 120 48 72 73

O

F3C

8 10 100 16 87§ 99

O

F3C

9 10 100 16 87II 92

10-40% SIPr·HCl

OMe

Conversion, %

100
87
59

100

94

100

74

100

100

O
10 20 120 16 88¶ 80#

OMe

100

O11 20 120 32 85 8585

MeMe

Temp, Time
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!

Chemistry	  can	  help	  to	  create	  a	  more	  sustainable	  planet.	  	  

!

Chemist	  will	  play	  a	  crucial	  role	  in	  the	  development	  of	  a	  new	  economy!



Thank you very much for your attention!





‣ Main	  characteris/cs	  of	  supported	  Pd	  catalysts	  
‣ The	  PdCo	  catalyst	  shows	  a	  broad	  size	  distribu:on	  with	  a	  mean	  

diameter	  of	  10.7	  nm	  

‣ other	  co-‐precipitated	  samples	  that	  exhibit	  a	  predominance	  of	  
small	  metallic	  par:cles	  and	  a	  rela:vely	  narrow	  par:cles	  size	  
distribu:on	  

‣ PdCo(I)	  and	  Pd(Fe)	  samples	  show	  a	  narrow	  par:cle	  size	  
distribu:on	  centered	  around	  4	  and	  7	  nm

Catalysts characterization

Catalyst	   Support Pd	  loading	  (wt%) S.A.	  (m d

Nominal XRF

PdCo CoO 5 37 106 10,7

PdFe Fe 5 87 170 2,4

PdZn ZnO 5 52 85 2,7

PdNi NiO 5 50 90 4,2

PdCo(I) CoO 5 45 8 4,3

PdFe(I) Fe 5 55 6 7,1



Catalysts characterization

‣ XRD	  measurement	  
‣ PaKerns	  referring	  to	  metal	  oxides	  carriers	  (NiO,	  ZnO,	  

Fe3O4	  on	  co-‐precipitated	  samples	  and	  CoO	  and	  Fe2O3	  
on	  impregnated	  catalysts)	  are	  easily	  detected.	  

‣ the	  peak	  located	  at	  2t=	  40.1°	  is	  observed	  on	  all	  catalysts	  
with	  the	  excep:on	  of	  PdNi	  and	  PdFe,	  corresponding	  to	  
the	  most	  intense	  diffrac:on	  line	  of	  the	  (111)	  plane	  of	  
metallic	  palladium	  

‣ PdNi,	  aWer	  deconvolu:on	  analysis,	  refer	  to	  both	  metallic	  
nickel	  and	  a	  Pd(0.08)Ni(0.92)	  alloy

!



Catalysts characterization

‣ TPR	  measurement	  
‣ Pre-‐reduced	  at	  473	  K	  for	  2	  h	  

‣ No	  nega:ve	  peak,	  aKributable	  to	  β-‐hydrides	  decomposi:on	  is	  
observed	  on	  the	  TPR	  spectra	  	  

‣ Impregnated	  catalyst:	  	  

‣ Pd2+	  →	  Pd0	  reduc:on	  and	  is	  close	  to	  that	  of	  Pd(acac)2,	  used	  
as	  precursor	  in	  the	  catalysts	  prepara:on.	  

‣ The	  second	  peak	  aKains	  respec:vely	  to	  Co2+	  →	  Co0	  and	  
Fe2O3	  →	  Fe3O4	  	  

‣ Coprecipitated	  catalyst:	  	  

‣ PdFe	  shows	  an	  intense	  peak	  at	  ~	  350	  K	  including	  both	  Pd(II)	  
→	  Pd(0)	  and	  Fe(III)	  →	  Fe3O4	  	  

‣ PdCo	  shows	  a	  broad	  and	  intense	  peak	  including	  palladium	  
and	  cobalt	  simultaneously	  reduced

metal-‐metal	  or	  a	  metal-‐support	  interac/on	  occurs



Catalysts characterization

‣ XPS	  measurement	  

‣ Impregnated	  catalysts	  

‣ PdFe(I):	  haema:te	  structure	  

‣ PdCo(I):	  CoO	  structure	  

Pd	  3d5/2	  binding	  energy	  values	  close	  to	  value	  
reported	  for	  Pd(0)	  →	  a	  lack	  of	  Pd-‐support	  
interac:on	  

!
‣ Coprecipited	  catalysts	  

‣ PdFe:	  magne:te	  structure	  	  

Catalyst Binding	  energy	  (eV)

Pd	  3d Co	  2p Fe	  2p Fe	  2p Fe	  2p Zn	  2p Ni	  2p

PdFe 335.2 710.9 724.4

PdZn 334.9 1021.8

PdNi 335.7 854.6

PdCo(I) 334.8 780.2

PdFe(I) 334.8 710.4 718.4 723.8

Pd	  3d5/2	  binding	  energy	  zone	  for	  PdNi	  and	  
PdFe	  catalysts,	  can	  be	  aiributed	  to	  a	  change	  in	  
electronic	  density	  of	  palladium	  as	  consequence	  
of	  metal-‐metal	  or	  metal-‐support	  interac/on


