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a  b  s  t  r  a  c  t

The  catalytic  hydrodeoxygenation  of C3 alcohols  (1-  and  2-propanol,  1,2-  and  1,3-propanediol,  and  glyc-
erol)  on  Pt/Al2O3 has  been  mechanistically  explored  in the  aqueous  phase.  Dehydrogenation  on Pt  and
dehydration  on  alumina  are  the  main  elementary  reaction  pathways.  In  water,  carbon–carbon  bond  cleav-
age  for  alcohols  with  terminal  hydroxyl  groups  occurs  via  decarbonylation  of  aldehydes  (generated  by
dehydrogenation  of alcohols)  and  decarboxylation  of  acids,  the  latter  being  formed  by  disproportionation
from  aldehydes.  The  presence  of  water  as  solvent  suppresses  the dehydration  for  mono-alcohols  mainly
eywords:
queous phase
ecarbonylation
ecarboxylation
isproportionation
ydrodeoxygenation of alcohols

via blocking  of Lewis  acid  sites  by water.  Dehydration  is  still the  dominating  primary  reaction  for  1,3-
propanediol  and  glycerol,  as the higher  number  of hydroxyl  groups  weakens  the  C–O  bond  strength.  The
overall reactivity  of C3 alcohols  decreases  in  the  order  of 1,3-propanediol  ≈ glycerol  > 1,2-propanediol  ≈  1-
propanol.

© 2011 Published by Elsevier B.V.

lycerol

. Introduction

Selective conversion of biomass resources such as polysaccha-
ides [1,2], lignin [3,4], bio-ethanol, and glycerol [5–11] requires
ighly efficient catalysts. Within these biomass feedstocks, glyc-
rol is a very attractive option due to its relatively low cost and
ide availability as a by-product of bio-diesel production. It is con-

idered to be, therefore, one of the top 12 building block chemicals
f a biorefinery process [12].

Glycerol can be either converted to high value-added oxy-
enated chemicals such as propanediols via hydrodeoxygenation,
r can be used to produce hydrogen through aqueous phase
eforming process. The aqueous phase deoxygenation of glycerol
o propanediols requires selectively cleaving one of the C–O bonds,
ut preserving the C–C bonds. It occurs catalytically on dual func-
ional catalysts via consecutive dehydration and hydrogenation in
he presence of H2 at moderate temperatures (453–543 K) and rel-
tively high pressures (20–150 bar) [13–17].  On the other hand,

he parallel route of aqueous phase reforming (APR) also occurs
t identical conditions used for hydrodeoxygenation of alcohols
9–11]. The bifunctional catalyst Pt supported on Al2O3, which had

∗ Corresponding author. Tel.: +49 89 289 13540; fax: +49 89 289 13544.
E-mail address: johannes.lercher@ch.tum.de (J.A. Lercher).

1 Permanent address: Área de Ingeniería Química, Universidad A. Metropolitana-
ztapalapa, México, D.F. 09340, Mexico.

920-5861/$ – see front matter ©  2011 Published by Elsevier B.V.
oi:10.1016/j.cattod.2011.10.022
potential hydrodeoxygenation ability on alcohols and exhibited
exceeding 90% hydrogen selectivity from APR of alcohols [18,19],
was selected in this work.

The competing pathways of aqueous phase hydrodeoxygena-
tion and reforming have been extensively explored by Dumesic
[9–11], Davis [20,21],  Tomishige [14,22],  and ourselves [23]. The
key feature in determining the selectivity is the way and the extent
of C–C and C–O bond cleavage. The pathway for C–O bond cleavage
was suggested to occur either through dehydrogenation to form
surface adsorbed species followed by direct cleavage catalyzed by
metallic sites or via dehydration reactions catalyzed by acid sites
associated with catalyst support [9]. The mechanism for C–C bond
cleavage in aqueous phase reforming of alcohols producing smaller
alkanes, CO2, and H2 has not been unequivocally explained. While,
the C–C bonds in alcohols were speculated to be cleaved by the
metal catalyzed direct hydrogenolysis [9,18],  we showed first evi-
dence in a recent paper that direct hydrogenolytic cleavage of C–C
bonds does not occur [23].

In the present paper, the kinetics in the catalytic conversion of C3
alcohol molecules with different position of the hydroxyl group and
number of hydroxyl groups (mono-alcohols, i.e., 1-propanol and 2-
propanol; diols, i.e., 1,2-propanediol and 1,3-propanediol; and triol,
i.e., glycerol) were systematically studied over Pt/Al2O3 in order to

elucidate the reaction pathways and fundamental chemistry that
lead to the C–C and C–O bond cleavage in the aqueous phase alcohol
transformation. In addition, the different activity performances of
2-propanol in the gas phase and in the aqueous phase over Pt/Al2O3

dx.doi.org/10.1016/j.cattod.2011.10.022
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:johannes.lercher@ch.tum.de
dx.doi.org/10.1016/j.cattod.2011.10.022
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molPt-surf atom
−1). The apparent activation energies for dehydration

and dehydrogenation of 2-propanol over 3 wt.% Pt/Al2O3 were 71
and 44 kJ/mol, respectively.
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ave also been compared to elucidate specific effects of the aqueous
nvironment.

. Experimental

.1. Catalysts preparation

The 3 wt.% Pt/Al2O3 catalyst was prepared by the incipient wet-
ess impregnation method, with platinum(II)-ammonium nitrate
[Pt(NH3)4](NO3)2, Strem chemicals) as precursor and �-Al2O3
Aeroxide Alu C-Degussa, specific surface area: 105 m2/g) as car-
ier. After impregnating the carrier with the aqueous solution of Pt
recursor at ambient temperature, the catalyst was  dried in air at
93 K for 12 h and calcined in synthetic air for 2 h at 673 K. Prior to
he reaction and characterization, the catalyst was reduced in H2
t 573 K for 2 h.

.2. Catalyst characterization

Atomic absorption spectroscopy (AAS) was used for analyz-
ng the metal loading. The nitrogen adsorption–desorption was
dopted for measuring BET surface area and pore size distribu-
ion. The fraction of accessible Pt atoms was detected by hydrogen
hemisorption. The temperature programmed desorption (TPD) of
mmonia and carbon dioxide was used for acid and basic sites mea-
uring. The characterization methods have been described in detail
n a previous publication [23].

.3. Catalyzed reactions

.3.1. Gas phase reaction
The dehydrogenation/dehydration of 2-propanol was per-

ormed in a continuous fixed bed flow reactor at atmospheric
ressure and temperature ranging from 393 to 523 K. The quartz
ubular reactor (4 mm diameter) was packed with 20 mg  catalyst
iluted in 100 mg  SiC. After the catalyst activation in H2 at 573 K for

 h, the reaction was performed by introducing a H2 flow saturated
ith 2-propanol at 286.2 K (the 2-propanol partial pressure was

5 mbar) into the reactor. The effluent products were analyzed by a
as chromatography equipped with FID detector and Supelco-Wax
olumn.

.3.2. Aqueous phase reaction
Experiments with 1-propanol, 2-propanol, 1,2-propanediol, 1,3-

ropanediol, and glycerol were conducted in a 300 ml  batch
utoclave (Parr Instrument). The reactants and the catalyst loaded
n a closed glass vial were charged into the reactor, and then
he reactor was purged with N2, which was also used as inter-
al standard for vapor phase products analysis. When the required
emperature and pressure were reached, the reaction was  started
fter breaking the glass vial by stirring. The vapor phase was ana-
yzed online by a gas chromatograph with TCD detector and two
apillary columns (MS-5A and HP-Plot Q). Liquid samples were
anually collected during the run and analyzed in a gas chromato-

raph equipped with an FID detector and a CP-Wax 57CB column.
ypical reactions were conducted under the following conditions:
73 K, 40 bar total pressure of H2, 100 g of 10 wt.% reactant aque-
us solution, 0.3 g of 3 wt.% Pt/Al2O3, and 600 rpm stirring speed.
ll results were calculated and reported based on carbon basis.

.4. Equilibrium and CO2 solubility calculation
The reaction equilibrium compositions were calculated using
he HSC software. Under reaction temperature and pressure, CO2
ould be produced and partially dissolved in water. This part of
O2 cannot be detected by gas chromatograph, but needs to be
day 183 (2012) 3– 9

considered for an accurate analysis. The solubility of CO2 in water
was, therefore, calculated according to the published literature [24].
At 473 K and a relatively low CO2 partial pressure, the solubility of
CO2 in water approximately equals to 10−2 ∗ pCO2 (mol/kg water,
pCO2 in unit of bar).

3. Results and discussion

3.1. Catalysts characterization

The physicochemical properties of the 3 wt.% Pt/Al2O3 are sum-
marized in Table 1. The BET specific surface area was 88 m2/g, while
the dispersion of Pt was  90%. The acid and base site concentra-
tions of 3 wt.% Pt/Al2O3 were 0.160 and 0.015 mmol/g, respectively.
It should be noted that the acid–base properties only represent
the starting catalyst, as the alumina support transforms during the
reaction under hydrothermal environment into aluminum hydrox-
ide (Böhmite).

3.2. Conversion of 2-propanol on Pt/Al2O3 in the gas phase

In order to compare the catalytic conversion of an alcohol at the
gas–solid interface with the conversion at the aqueous–solid inter-
face, we firstly explored the reactions of 2-propanol on Pt/Al2O3
in the gas phase. It is known that the catalyst acidity is related to
its ability to dehydrate 2-propanol to propene, while its dehydro-
genation to acetone is catalyzed by a catalytic function that is able
to abstract a proton by a strong basic site and the hydride anion
by a Lewis acid site or a metal function [25,26]. The results of 2-
propanol conversion over 3 wt.% Pt/Al2O3 at 1 bar in the gas phase
are shown in Fig. 1.

It shows that the dehydrogenation and dehydration com-
peted over the whole conversion range. Dehydrogenation of
2-propanol to acetone over 3 wt.% Pt/Al2O3 was the dominat-
ing reaction at relatively low temperatures (below 473 K), while
propane formed via consecutive dehydration and hydrogenation
became the major product at higher temperatures. In addition,
pure Al2O3 selectively dehydrated of 2-propanol to propene at
identical conditions. Therefore, it can be concluded that dehy-
dration was catalyzed by the Lewis acid sites of Al2O3 (reaction
rate at 473 K: 69.0 mmol  s−1 molacid site

−1) and Pt was responsi-
ble for the dehydrogenation (reaction rate at 473 K: 96.0 mmol s−1
Fig. 1. Conversion of 2-propanol (�) and yield of acetone (�) and propane (�)
as  a function of temperature on 3 wt.% Pt/Al2O3 in gas phase reaction. (Reaction
conditions: 3 wt.% Pt/Al2O3 20 mg, 2-propanol partial pressure 25 mbar, H2 flow
40  ml/min.)
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Table  1
Physicochemical properties of Pt/Al2O3 catalyst.

Catalyst Pt loading
(wt.%)

Surface
area (m2/g)

Dispersion
(H/Pt)

Acidity
(mmolNH3/g)

Basicity
(mmolCO2/g)
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the occurrence of Cannizzaro reaction requires basic sites of the cat-
Pt/Al2O3 2.93 88 

.3. Conversion of 2-propanol on Pt/Al2O3 in the aqueous phase

The dehydrogenation to acetone was the dominating primary
eaction of the conversion of 2-propanol on Pt/Al2O3 at 473 K
n the aqueous phase (see Fig. 2). The initial rate of dehydro-
enation (48.0 mmol  s−1 molPt-surf atom

−1) was reduced to 50% of
he rate found in the gas phase (96.0 mmol  s−1 molPt-surf atom

−1).
s the hydrogen concentration (0.023 mol/L, calculated from

he solubility of hydrogen in water [27]) in aqueous phase
eaction is comparable with that in the gas phase reaction
0.026 mol/L), the activity coefficient of hydrogen is close to one.

e  speculate that the slower dehydrogenation rate in aqueous
hase is, therefore, mainly related to the competitive adsorp-
ion of water and 2-propanol on Pt active sites. Only a small
raction was converted to propane, presumably via the slow
ehydration of the alcohol on the Al2O3 support (initial rate:
.4 mmol  s−1 molacid site

−1) and the following hydrogenation on
t.

It is important to note that the dehydration rate of 2-propanol
n the aqueous phase was two orders of magnitude slower than
hat in the gas phase (see Table 2). This could be attributed either
o the decrease in Lewis acidity caused by the transformation of �-
l2O3 to aluminum hydroxide (Böhmite) [28,29], or to the fact that
ater essentially blocks the Lewis acid sites active in dehydrating

-propanol in the gas phase. As it has been established that the
ransformation of �-Al2O3 in water is a relatively slow process [29],
nd the decrease of 2-propanol dehydration rate is substantial even
t initial time when alumina is still not measurably converted, we
onclude the drastic activity change of Pt/Al2O3 in aqueous solution
s mainly caused by the competitive adsorption of water on Lewis
cid sites.

Experiments with pure �-Al2O3 showed a significantly lower
onversion, which confirmed again that Pt is essential for 2-
ropanol dehydrogenation. It is noted that the potential products
f C–C or C–O bond cleavage from 2-propanol were not observed,
uggesting that Pt/Al2O3 is not able to cleave these bonds in 2-
ropanol under the reaction conditions. It shows unequivocally

hat hydrogenolysis reactions do not occur.
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ig. 2. Yield of acetone (�) and propane (�) on conversion of 2-propanol over
 wt.% Pt/Al2O3 as a function of time in aqueous solution. (Experimental conditions:

 = 473 K, total pressure 40 bar H2, 2-propanol concentration 10 wt.%.)
0.90 0.16 0.015

3.4. Aqueous phase conversion of 1-propanol

The products of 1-propanol conversion versus reaction time
over 3 wt.% Pt/Al2O3 are plotted in Fig. 3. In contrast to 2-propanol
conversion, the reaction of 1-propanol mainly led to CO2 and ethane
(initial rate: 1.1 mmol s−1 molPt-surf atom

−1). The ratio of ethane to
CO2 was approximately 2.0 based on carbon basis. The presence
of H2 (cannot be detected in H2 atmosphere) is inferred from the
reaction stoichiometry. Similar to the reaction of 2-propanol, only
small amounts of propane (not shown at here) were formed from
the C3 alcohol dehydration–hydrogenation on Al2O3. The dehy-
dration rate of 1-propanol (0.3 mmol  s−1 molacid site

−1) was  slightly
lower than the rate of 2-propanol (0.4 mmol  s−1 molacid site

−1) (see
Table 2), which is in agreement with the literature [30] that the sec-
ondary hydroxyl group exhibits higher dehydration activity than
the primary hydroxyl group.

Propanal was  only observed in traces (concentration < 0.02%),
which suggests rapid decarbonylation to ethane and CO or dis-
proportionation of the formed propanal to propanol and propionic
acid followed by decarboxylation to ethane and CO2. Propanal and
propionic acid were clearly detected as reaction intermediates in
relatively large amounts for 1-propanol conversion in the absence
of hydrogen [23]. The direct pathway of hydrogenolysis of 1-
propanol can be excluded, as the C–C bond strengths in 1-propanol
and 2-propanol are quite similar (see Table 3, i.e., 357 kJ/mol for
1-propanol and 368 kJ/mol for 2-propanol). This indicates that the
formation of hydrogen, ethane, and CO2 follows a reaction path-
way characterized by dehydrogenation, decarbonylation (–CO) or
disproportionation (Tishchenko or Cannizzaro type reactions), and
decarboxylation (–CO2).

At present, it is not possible to differentiate between these two
latter mechanisms (Tishchenko or Cannizzaro) for the dispropor-
tionation of aldehyde into an acid and an alcohol. The Tishchenko
reaction is catalyzed by acid catalysts, and an ester (propylpropi-
onate) is formed in the first step, which is subsequently rapidly
hydrolyzed at the current reaction conditions. On the other hand,
alysts, and it can be strongly enhanced by transition metals [32].
Both disproportionation pathways are possible with Pt/Al2O3, as
the Böhmite compound contains both acid and base sites.
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Fig. 3. Yield of ethane (�), carbon dioxide (�) on conversion of 1-propanol over
3  wt.% Pt/Al2O3 as a function of time in aqueous solution. (Experimental conditions:
T  = 473 K, total pressure 40 bar, 1-propanol concentration 10 wt.%.)
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Table  2
Comparison of reaction rates for conversion of C3 alcohols in aqueous phase at 473 K.

Reaction pathways, products and reaction rates

Reactants Dehydrogenation
(mmol  s−1 molPt-surf atom

−1)
Dehydration
(mmol s−1 molacid site

−1)
Decarbonylation/decarboxylation
(mmol s−1 molPt-surf atom

−1)

2-Propanola 96.0b 69.0 –
Acetone Propane –

2-Propanol 48.0b 0.4 –
Acetone Propane –

1-Propanol –  0.3 1.1*
–  Propane Ethane, CO2

1,2-Propanediol 8.5b 0.2 1.0
Hydroxyacetone 1-Propanol, 2-propanol Ethanol, methane, CO2

1,3-Propanediol – 11.5b 1.0
–  1-Propanol Ethanol, ethane, CO2

Glycerol – 4.6b 1.4
–  Hydroxyacetone,

1,2-propanediol
Ethylene glycol, ethanol,
methanol, CO2

a Reaction performed under gas phase.
b Primary reaction pathway and main products.

Table 3
C–C and C–O bond energies in C3 alcohols [31].

Compounds 1-Propanol 2-Propanol 1,2-Propanediol Glycerol Glycerol

Structure C2H5CH2—OH
OH
|

CH3-CH-CH3

OH   OH
|        |

CH3-CH-CH2

OH   OH  OH
|       | |

CH2-CH-CH2

OH   OH  OH
|        |       |

CH2-CH-CH2

C–O bond energy (kJ/mol) 392.0 397.9 – 335.6 333.0

Structure C2H5—CH2OH
OH
|    

3

OH     OH
|         |

OH   OH   OH
|       |     |
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CO2 (calculated by (ethanol + 2× methane)/(CO2–methane) accord-
ing to stoichiometry) was very close to 2.0 on carbon basis, clari-
fying that ethanol is involved to some extent in decarboxylation
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CH3—CH-CH

C–C bond energy (kJ/mol) 356.9 367.8 

In the potential route of propanal decarbonylation to ethane
nd CO, the produced CO is converted further to CO2 and hydro-
en through the water gas shift reaction. It has been observed
hat the concentration of CO in the products was slightly higher
0.015 C%) than the expected equilibrium value (0.007 C%, cal-
ulated from the observed CO2 concentration). Therefore, it can
e concluded that the parallel reaction of decarbonylation also
ontributes to 1-propanol conversion. However, quantitative dif-
erentiation between the reaction pathways of disproportionation
ollowed by decarboxylation of the acid and decarbonylation fol-
owed by water gas shift is not attempted here.

.5. Aqueous phase conversion of 1,2- and 1,3-propanediols

The reactions of 1,2-propanediol having a primary and a sec-
ndary hydroxyl group, and 1,3-propanediol with two primary
ydroxyl groups were studied at identical reaction conditions
see Figs. 4 and 5). Hydroxyacetone, ethanol, and CO2 were the

ain products of 1,2-propanediol conversion, and small amounts
f 1-propanol, 2-propanol, and methane were also formed. The
ield of hydroxyacetone formed through dehydrogenation of 1,2-
ropanediol (initial rate: 8.5 mmol  s−1 molPt-surf atom

−1) rapidly
eached a constant value, which is determined by the high hydro-
en pressure limiting further conversion.

Because the direct hydrogenolysis of C–C bonds of propanol does
ot occur under the present reaction conditions (see above), and the
–C bond strengths of 1,2-propanediol (359 kJ/mol) is quite close to
hat of propanol (357 kJ/mol) (see Table 3), ethanol and CO2 are con-
luded to be formed via decarbonylation or decarboxylation (initial

ate: 1.0 mmol  s−1 molPt-surf atom

−1). For the reaction pathway, 1,2-
ropanediol is dehydrogenated to 2-hydroxypropionaldehyde (not
etected due to its high reactivity), which is either instantly decar-
onylated to ethanol and CO followed by water gas shift reaction,
CH3-CH—CH2 CH2-CH—CH2

358.9 347.0

or rapidly converted to 1,2-propanediol and 2-hydroxypropanoic
acid via Tishchenko/Cannizzaro type disproportionation followed
by decarboxylation of the acid, leading to ethanol and CO2.

The formation rate of ethanol decreased slightly, while the for-
mation rate of CO2 increased moderately with the reaction time,
leading to a ratio of ethanol to CO2 that is lower than the 2.0
on carbon basis expected for ideal stoichiometry. This indicates
that ethanol underwent further reaction to methane and CO2 via
analogous reaction pathways as described above. If the converted
ethanol was also taken into account, the initial ratio of ethanol to
Fig. 4. Yield of hydroxyacetone (�), ethanol (�), carbon dioxide (�), methane
(©),  1-propanol (�), and 2-propanol (�) on conversion of 1,2-propanediol over
3  wt.% Pt/Al2O3 as a function of time in aqueous solution. (Experimental conditions:
T  = 473 K, total pressure 40 bar, 1,2-propanediol concentration 10 wt.%.)
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Fig. 5. Products distribution for 1,3-propanediol conversion over 3 wt.% Pt/Al2O3
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Fig. 6. Glycerol conversion over 3 wt.% Pt/Al2O3 in the aqueous solution in the pres-

n aqueous solution in the presence of H2; 1-propanol (�), ethanol (�), carbon
ioxide (�), ethane (�). (Experimental conditions: T = 473 K, total pressure 40 bar,
,3-propanediol concentration 10 wt.%.)

r decarbonylation reactions. 1-Propanol and 2-propanol were
roduced through sequential dehydration–hydrogenation of 1,2-
ropanediol over Al2O3 (initial rate: 0.2 mmol  s−1 molacid site

−1),
nd the produced amount of 1-propanol was higher than that of
-propanol, which is attributed to the higher dehydration activ-

ty of secondary hydroxyl group than that of the primary hydroxyl
roup.

The results of the conversion of 1,3-propanediol at 473 K
nd 40 bar hydrogen are compiled in Fig. 5. 1-Propanol was  the
ain product at initial conversion. Ethane, ethanol, CO2, and

race amounts of propane, propanal, propionic acid, methane, and
ethanol were also observed.
1-Propanol is highly selectively produced through the dehydra-

ion of 1,3-propanediol (initial rate: 11.5 mmol  s−1 molacid site
−1)

nd the subsequent hydrogenation, which then further under-
oes the same reaction sequences of dehydrogenation, followed
y either decarbonylation with a subsequent water gas shift
eaction or disproportionation with a subsequent decarboxy-
ation, leading to CO2 and ethane. The observation of trace
mounts of propanal and propionic acid provides strong evidence
or this proposed decarbonylation and decarboxylation reaction
athway. CO2 also can be produced directly from the starting
eactant 1,3-propanediol via the parallel reaction pathway of dehy-
rogenation, decarbonylation and decarboxylation (initial rate:
.0 mmol  s−1 molPt-surf atom

−1). The ratio of C2 compounds (ethanol
nd ethane) to CO2 is approximately 2.0 based on carbon basis,
uggesting that CO2 is produced through both reaction pathways.
ropane is concluded to be formed via the dehydration of 1-
ropanol. We  speculate at present that methane is formed by the
ehydrogenation, decarboxylation/decarbonylation of hydrogena-
ion of CO2.

.6. Aqueous phase conversion of glycerol

The results of glycerol conversion in the aqueous phase at 473 K
n the presence of H2 (40 bar) are compiled in Fig. 6. Hydroxyace-
one, 1,2-propanediol, ethylene glycol, ethanol, and CO2 were the

ain products, and 1-propanol, 2-propanol, and methanol were
ormed in small concentrations.

1,2-Propanediol was  selectively produced from glycerol (75%
electivity). It can be seen from Fig. 6 that the increase of 1,2-
ropanediol nearly equals the decrease of hydroxyacetone in

electivity as a function of time, suggesting that 1,2-propanediol
s produced from the hydrogenation of hydroxyacetone. A con-
rol experiment with hydroxyacetone as reactant shows 98.5%
electivity to 1,2-propanediol under identical conditions, which
ence  of H2. 1,2-PD, 1,2-propanediol; acetol, hydroxyacetone; EG,  ethylene glycol;
EtOH, ethanol; others = 1-propanol + 2-propanol + methanol. (Experimental condi-
tions: T = 473 K, total pressure 40 bar, glycerol concentration 10 wt.%.)

confirms the proposed reaction route. Therefore, the dehydration
to hydroxyacetone is the dominating primary reaction step for glyc-
erol conversion (initial rate: 4.6 mmol  s−1 molacid site

−1).
It is important to emphasize that all the other products

appear to be formed along the same pathways as for other alco-
hols. Glyceraldehyde generated by dehydrogenation of glycerol
is rapidly converted to ethylene glycol and CO2, either through
sequential decarbonylation and water gas shift reaction or via
Tishchenko/Cannizzaro type disproportionation reactions over
acid–base sites of Pt/Al2O3 followed by subsequent decarboxy-
lation of glyceric acid. These intermediates were not detected,
because their concentrations were very low due to their high reac-
tivity and the equilibrium limitations caused by the high hydrogen
pressure. Ethylene glycol can be further converted, either it is dehy-
drated to acetaldehyde, which in turn is hydrogenated to ethanol,
or it is decomposed to CO2 via dehydrogenation, disproportiona-
tion, and decarboxylation reactions (or decarbonylation reaction).
The slight difference (5%) of C–C bond strengths in glycerol and
propanols allows us to exclude direct hydrogenolysis for C–C bond
cleavage pathway (see Table 3). 1-Propanol and 2-propanol were
formed by subsequent conversion of propanediols along the path-
ways discussed above.

It is still not clear, if the acid sites active in the dehydration in
water are of Brønsted or Lewis acid character. The strong absorp-
tion of water onto Lewis acid sites allows the conversion of Lewis
acid sites to surface hydroxyl groups via rehydroxylation (or rehy-
dration). This two-step rehydroxylation transformation involves
nondissociative adsorption of H2O on the Lewis acid sites followed
by the subsequent dissociative chemisorption of H2O and modifi-
cation of the alumina surface [33,34]. Although the transformation
of bulk �-Al2O3 to hydroxide is slow, the surface rehydroxylation is
fairly rapid and thorough and so the concentration of exposed Lewis
acid sites is limited. We  speculate at present that weak Brønsted
acid sites resulting e.g., from some isolated surface hydroxyl groups
and identified by the shift of �OH on CO infrared adsorption [35], act
as active sites for dehydration.

3.7. Summary of reaction pathways and reaction rates for
aqueous phase conversion of C3 alcohols over Pt/Al2O3

Summarizing the aqueous phase reactions with C3 alcohols
over Pt/Al2O3, dehydrogenation of alcohols to ketones on Pt is the

main route for conversion of 2-propanol and 1,2-propanediol, and
dehydration on alumina is the main route for conversion of 1,3-
propanediol and glycerol. It has been demonstrated that the direct
hydrogenolysis of C–C and C–O bonds of the alcohols does not
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ig. 7. Proposed main reaction pathways for C–C bond cleavage in aqueous phase co
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ake place over Pt/Al2O3 under the used reaction conditions. In
omparison, the C–O bonds of C3 alcohols are cleaved by dehy-
ration reaction in the present work, while the C–C bonds of C3
lcohols with terminal hydroxyl groups are cleaved by sequential
ehydrogenation to aldehyde, followed by either disproportiona-
ion (Tishchenko or Cannizzaro type reactions) with a subsequent
ecarboxylation reaction, or decarbonylation with a subsequent
ater gas shift reaction (see Fig. 7).

The reaction rates of individual steps for C3 alcohols conversion
n aqueous phase are compiled in Table 2. For 2-propanol and 1,2-
ropanediol conversion, dehydrogenation is the major step (initial
ates: 48.0 and 8.5 mmol  s−1 molPt-surf atom

−1, respectively), while
ehydration is the minor reaction for mono-alcohols conversion
ith slow dehydration rates (i.e., 0.4 and 0.3 mmol  s−1 molacid site

−1

or 2-propanol and 1-propanol, respectively), which is mainly
ttributed to the blocking of Lewis acid sites by water.

Dehydration, however, is the dominating primary reaction for
oth 1,3-propanediol (initial rate: 11.5 mmol  s−1 molacid site

−1) and
lycerol (initial rate: 4.6 mmol  s−1 molacid site

−1), with the dehy-
ration rates being 10–40 times faster than that of mono-alcohols.
e attribute this to the distinctly weaker C–O bond strengths
ith the increase of hydroxyl group number in alcohol molecule,

.g., 398 kJ/mol for 2-propanol and 333 kJ/mol for glycerol (see
able 3), which supposedly should lower the activation energies
or 1,3-propanediol and glycerol dehydration compared with

ono-alcohols. The C–C bond cleavage through decarbonylation
nd decarboxylation occurs at the C3 alcohols with terminal
ydroxyl groups and produces smaller alkanes and CO2, attaining
he comparable rates of ca. 1.0 mmol  s−1 molPt-surf atom

−1. The
verall reactivity decrease in the sequence of 1,3-propanediol
2.3 × 10−6 mol  s−1 gcatalyst

−1) ≈ glycerol (1.2 × 10−6 mol  s−1

catalyst
−1) > 1,2-propanediol (5.1 × 10−7 mol  s−1 gcatalyst

−1) ≈ 1-
ropanol (2.2 × 10−7 mol  s−1 gcatalyst

−1).

. Conclusions

The catalytic conversion of 2-propanol at the gas–solid and
queous–solid interfaces with Pt/Al2O3 shows that the rate of 2-
ropanol dehydration in the aqueous phase was two orders of
agnitude slower than that in the gas phase. Because the cat-

lytic dehydration in the gas phase is generally accepted to be
nitiated by OH− abstraction from the alcohol, we  conclude that
his step is drastically retarded when the reaction is conducted
n water. As �-Al2O3 slowly transforms into aluminum hydrox-
de (Böhmite) under hydrothermal conditions, the weaker Lewis
cidity due to rehydroxylation is possibly responsible for the rate
ecrease to some extent. However, the substantial decrease of 2-

ropanol dehydration rate even at initial conversion, when alumina

s still not measurably converted, suggests that blocking of Lewis
cid sites by the abundant water is the main reason leading to the
rastic decrease of dehydration rate.

[
[

[

ion of glycerol derived alcohols over Pt/Al2O3 (* either via Tishchenko or Cannizzaro

The C–O bonds of C3 alcohols are cleaved by dehydration,
while the C–C bonds of C3 alcohols with terminal hydroxyl
groups are cleaved by sequential dehydrogenation to aldehyde,
followed by either disproportionation (Tishchenko or Cannizzaro
type reactions) with a subsequent decarboxylation reaction, or
decarbonylation with a subsequent water gas shift reaction. The
presence of terminal hydroxyl group of alcohols is proved to be
critical for C–C bond cleavage in this reaction sequence, as it
allows forming the essential aldehyde intermediate, which opens
the reaction pathway to decarbonylation and decarboxylation. The
overall reaction rates decrease in the sequence of 1,3-propanediol
≈ glycerol > 1,2-propanediol ≈ 1-propanol, which depends on the
number of hydroxyl groups in the molecule, as well as the num-
ber of primary hydroxyl groups. The higher concentration of the
hydroxyl groups in one molecule weakens the C–O bond strengths,
leading to higher dehydration rates.
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