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Abstract

The hydrogenolysis of glycerol to ethylene glycol and propylene glycol represents an initial system for the development of an i
mechanistic understanding of the conversion of the more complex higher polyhydric alcohols. Previous work in our laboratory dem
the effects that pH, product degradation, and competitive adsorption have on the reaction system. This work is an extension that
effects of temperature and sulfur loading. Batch reactor studies with ruthenium on carbon catalysts were performed at a tempera
of 205–240◦C and a sulfur loading range of 0–1.0 mol S/Ru. Previous Langmuir–Hinshelwood-type models were extended to includ
data. Apparent activation energies for the glycerol reaction and the glycol degradation were determined. Previous studies for this s
focused on the aqueous-phase scission reactions and metal-catalyzed (de)hydrogenation reactions. Analysis of the reaction flu
and without sulfur, however, leads to the conclusion that catalytic dehydration must also be occurring on the solid catalyst.
 2005 Elsevier Inc. All rights reserved.
Keywords: Hydrogenolysis; Glycerol reaction; Propylene glycol selectivity; Sulfur-modified ruthenium
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1. Introduction

Although the hydrogenolysis of sorbitol to propylene g
col and ethylene glycol has been examined for over
years[1–7], the majority of the studies have been empiri
in nature, focusing on varying catalyst compositions and
erating conditions. The practical goal of these studies wa
optimize both glycol production rates and selectivities.
though either goal could be independently achieved, gain
production rate inevitably gave a loss in selectivity and v
versa. The highest combined selectivity for the two glyc
with a reasonable production rate was 65%[1–5], which is
not sufficient to be economically viable. Therefore, achi
ing the necessary improvement in glycol selectivity with
reasonable reaction rate requires a deeper understand
the reaction mechanism, with the goal that a mechanistic
* Corresponding author.
E-mail address: bshanks@iastate.edu(B.H. Shanks).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.03.015
f

derstanding of the reaction will bring about a more ratio
approach to the development of improved catalyst syste

The hydrogenolysis of higher polyols, such as sorbi
xylitol, or glycerol, to form ethylene glycol and propylen
glycol involves multiple steps[8]. In the prevailing literature
mechanism, the polyol is first reversibly adsorbed and de
drogenated by the catalyst, leading to a desorbed aldehy
ketone species. The product of the dehydrogenation rea
can then undergo a C–C scission via either the retro-a
mechanism and/or oxidation followed by decarboxylation
a C–O scission by dehydration. Both of these scissions
through reaction intermediates and are proposed to occ
the aqueous phase by base catalysis. The product(s)
ther of these scission mechanisms contains a total of
unsaturated bonds; the dehydrated species contains two
bonds, and the two species following the C–C scission c
tain one each. The unsaturated bonds are subsequent
drogenated by the metal catalyst. The metal catalyst se

both hydrogenating and dehydrogenating functions; there-
fore, the initial formation of the aldehydes and ketones is
reversible. It is has not been reported previously that the

http://www.elsevier.com/locate/jcat
mailto:bshanks@iastate.edu
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solid catalyst performs other functions under these reac
conditions.

To develop a better understanding of this complex re
tion sequence, efforts need to be directed toward unders
ing the mechanism of the hydrogenolysis reaction and
interactions between the reactants, products, and cata
From the proposed overall model, two types of reacti
occur, metal-catalyzed dehydrogenation/hydrogenation
hydroxyl-catalyzed C–C and C–O scissions. Previous w
has examined the effect of pH, the degradation of produ
and the competitive adsorption of products on the reac
rate of glycerol and selectivity for the glycols[9]. The pH of
the system affected many of the intermediate reactions
occur within the hydrogenolysis reaction network and t
the product distribution. Product degradation was dem
strated to be important because of its impact on the o
all selectivity for the glycols. Competitive adsorption of t
products inhibited the reaction rate of glycerol. Becaus
the complexity of the hydrogenolysis system with high
polyols, these initial reaction studies were performed w
glycerol, propylene glycol, and ethylene glycol.

Although the study gave insight into the reaction me
anism, further mechanistic development must necess
consider the important role of sulfur modification on t
ruthenium catalyst during the production of glycols fro
glycerol. Many groups have reported two primary effe
that sulfur modification of the ruthenium has on the re
tion [2,7,10]. The first effect is the reduction in the overa
reaction rate, as sulfur is a well-known metal catalyst p
son. However, in the case of the polyol products, a sec
effect occurs: the selectivity for specific products increa
For example, the selectivity for propylene glycol increa
dramatically as sulfur loadings increase. Montassier e
reported an increase in selectivity for propylene glycol fr
10% without sulfur to 80% with 1 mole of sulfur per mo
of ruthenium[5]. The work was performed at pH 6, whic
lowered the overall glycerol reaction rate.

The goal of the current work was to continue the dev
opment of a more detailed model for the portion of the
drogenolysis process beginning with glycerol to ultimat
help maximize yields to the desired glycols from high
polyols. The effect sulfur has on the reaction system and
sights derived from these effects will be discussed. The w
presented will discuss causality for the increased select
for propylene glycol from glycerol when the sulfur loadin
increases and the catalyst requirements for commercia
plication of this process.

2. Experimental

Glycerol, ethylene glycol, 1,2-propylene glycol (a
99+%), calcium oxide (96%), and sodium sulfide hydr

(60%) were purchased from Acros Organics. High-purity
hydrogen (99.992%) was used to pressurize the reactor. The
catalyst (Activated Metals & Chemicals, Inc.) was 5 wt%
Catalysis 232 (2005) 386–394 387
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ruthenium supported on activated carbon. The catalyst
received in a reduced state with a metal dispersion of
proximately 30% and was handled as a wet powder wi
water content of about 50 wt%.

All reactions were performed in a 100-ml batch reac
(Autoclave Engineers) equipped with a stirrer, an elec
temperature controller, and a sample port for liquid sa
ples. For a typical reaction, 0.4–1.5 M solutions of glyce
ethylene glycol, and/or propylene glycol were added w
a 5 wt% Ru/C catalyst, 0–1.0 mole of sodium sulfide p
mole of ruthenium, and a base for maintaining a cons
pH. The predominant base used was 0.4 M CaO. The ex
pH was measured after the reaction samples were stor
room temperature (20◦C) for 2 h to reduce the variance
pH measurements due to temperature. CaO in the 20◦C
experiments resulted in an average pH in the cooled s
ples of 11.7, whereas in the 240◦C experiments the averag
measured pH was 11.2. Measurements on the samples
throughout a reaction study showed that the measured e
pH did not vary significantly with time.

Initially, the reaction vessel was flushed consecutiv
with low-pressure nitrogen and low-pressure hydrogen.
system was then pressurized with 50 bar H2 and heated to re
action temperature, which ranged from 205 to 240◦C. Two
initial samples were taken, and the hydrogen pressure
subsequently increased to 100 bar. The stirring speed wa
to 500 rpm. Experiments at higher mixing speed showed
change in reaction performance; therefore, there were n
ternal mass transfer limitations. The temperature, press
and mixing speed were held constant during the reaction

Samples were taken in 15-min intervals for 75 min. T
samples were cooled to less than 40◦C, as they were take
through a cooling loop. After the pH was measured, the s
ples were diluted with 60 wt% acetonitrile in water to a fin
value of 40 wt% acetonitrile. We then analyzed the sam
with a Hewlett–Packard HC-75 HPLC, using a Ca2+ cation
exchange column from Hamilton with an RI detector. T
column was run with a mobile phase of 40 wt% acetonit
in water.

2.1. Effect of temperature and sulfur on ethylene glycol and
propylene glycol degradation

A previous glycerol hydrogenolysis study, which w
performed under isothermal conditions, demonstrated
knowledge of the kinetics of the ethylene glycol and pro
lene glycol degradation kinetics was a necessary step in
derstanding the overall glycerol hydrogenolysis reaction[9].
Therefore, further extension of the model required kine
characterization of temperature and sulfur effects in
degradation of these products. The evaluation of the appa
activation energies and variation in competitive adsorp
as a function of temperature for the product degradation

actions as determined from temperature studies allowed for
the subsequent elucidation of the role of sulfur in the kinet-
ics.
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Table 1
Relative glycol degradation rates

Temperature
(◦C)

Individual glycol reaction Equimolar reaction

Ethylene glycol
degradation rate
(mmol/min)

Propylene glycol
degradation rate
(mmol/min)

Relative individual
degradation rate
EG/PG

relative degra-
dation rate
EG/PG

205 2.5 3.0 0.8 4.2
ra-
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220 4.0 4.3
240 7.2 6.6

Experiments were first performed in which the tempe
ture was varied with no sulfur introduction. When indivi
ually reacted, the degradation rate for both ethylene gl
and propylene glycol remained constant throughout the
centration range at each temperature level. Therefore
zero-order reaction rate found for degradation of these c
pounds previously at 205◦C was found throughout the tem
perature range. The apparent activation energies mea
for the degradation of the two glycols across the 205–240◦C
temperature range were 62 kJ/mol for ethylene glycol and
45 kJ/mol for propylene glycol. The rate data for the tw
pure-component systems are listed inTable 1, as is their rel-
ative pure-component degradation rate.

The degradation rate for the two glycols when b
are present depends on the pure component intrinsic
and their relative adsorption behaviors. Therefore, degr
tion rate data were also obtained for an equimolar mix
(0.75 M) of each of the glycols. The results for the relat
degradation rates of an equimolar glycol mixture are lis
in the last column inTable 1.

The Langmuir–Hinshelwood model developed pre
ously under the base case conditions of 205◦C [9] was
extended to the nonisothermal conditions. The degrada
reactions for the two glycols were modeled as a set of
equations:

(1)−riG = k′
iG(iG)

kEGEG+ kPGPG+ 1
,

whereriG is the degradation rate for the glycol (i = E for
ethylene glycol and P for propylene glycol),k′

iG is the degra-
dation rate coefficient for each glycol,iG represents th
respective concentrations of the glycols, andkEG and kPG
are the respective adsorption constants for the glycols.
two glycol equations have eight parameters resulting f
expressing each of the two degradation rate coefficients
the two adsorption coefficients in the Arrhenius form. Rat
than fitting all of the experimental data with a multiple p
rameter regression, several constraining relationships
invoked.

Since the pure component degradation rates were zer
der, two relationships were used to describe the limiting c
of a single adsorbing glycol species, assuming complete
uration of the glycol adsorption sites:
(2)k′
PG= kPGrPG,

(3)k′
EG = kEGrEG,
0.9 4.1
1.1 4.1

d

s

-

-

Table 2
Calculated rate constants for the glycol degradation and glycerol reac

Parameter Preexponential
factor

Units of
PF

Apparent activation
energy (kJ/mol)

k′
G 25000 (L3/2/(min mol)1/2) 45

k′
EG 4000 (L/min) 45

k′
PG 1000 (L/min) 45

kG 230 (L/mol) 1

kEG 0.27 (L/mol) −17

kPG 4 (L/mol) 0

wherek′
iG are the degradation rate coefficients for the t

glycols, kiG are the inhibition constants for the two gl
cols, andriG are the degradation zero-order rates for e
glycol as a function of temperature. In addition, the c
stant relative degradation rate for the glycols added one m
constraint. Dividing the rate equations for the two glyco
which have the functional form given in Eq.(1), gave the
competitive degradation ratio:

(4)kr = k′
EGEG

k′
PGPG

,

where kr is the competitive degradation ratio, which w
found to be 4.1 from the equimolar reactions.

Between the degradation rate equations for the two
cols and the constraining Eqs.(2)–(4), there is a set of five
equations for fitting the eight kinetic parameters. With
available rate data, a statistically significant unique se
parameters could not be determined for the parameter
The parameter estimation was insensitive to combination
the pre-exponential and activation energy for the two gly
inhibition constants. From the previous isothermal exp
ments,kPG equaled 4, so a further constraint imposed in
parameter estimation was to setkPG equal to this constan
value. This did not affect the quality of fit. Setting eitherkPG
or kEG equal to a constant value while letting the other be
did not affect the quality of the overall parameter fit. The
lection ofkPG as the parameter to remain constant rather t
kEG was arbitrary. The values obtained from fitting the p
exponential constants and the apparent activation ene
for the ethylene glycol and propylene glycol degradation
actions are given inTable 2. The R2 value resulting from

fitting the 19 reaction points used in the estimation was 0.94.

Since the degradation rate for ethylene glycol increased
with temperature relative to the propylene glycol, the model
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Fig. 1. Effect of sulfur loading on the apparent activation energy of ethy
glycol degradation.

Fig. 2. Effect of sulfur loading on the apparent activation energy of pro
lene glycol degradation.

suggested that the relative adsorption coverage of ethy
glycol on the catalyst must have decreased to account fo
lack of change in the competitive degradation ratio. The
reactive propylene glycol then occupied more active s
as the temperature increased, negating the higher rel
reaction rate of ethylene glycol. Therefore, the glycol deg
dation reaction was a relatively simple system. The glyc
adsorbed on the same sites and more sites were covered
propylene glycol as the temperature increased becaus
the lower relative reactivity of propylene glycol. Despite
reduced coverage, the higher reaction rate for ethylene
col caused the relative degradation rate to remain cons
Therefore, the glycols were independent of each other on
catalyst.

Glycol degradation experiments were then performe
the presence of sulfur with sulfur/ruthenium molar (S/Ru)
ratios of 0–0.8. Within the experimental temperature ra
the rate of degradation for the glycols became immeasur
for S/Ru ratios greater than 0.5. For both glycols at a su
loading of 0.4, the reaction rate decreased to less than
of the original sulfur-free reaction rate. The apparent a

vation energies found for the pure component studies with
ethylene glycol and propylene glycol are shown inFigs. 1
and 2. As can be seen from the figures, the apparent acti-
Catalysis 232 (2005) 386–394 389

h
f

.

Fig. 3. Parity plot for the ethylene glycol degradation reaction.

vation energies for the degradation reactions appeared
independent of the S/Ru ratio used. When equimolar in
tial glycol concentrations were used, the relative degrada
rate for the glycols was also independent of the S/Ru ratio.
Therefore, Eq.(1) was modified by a linear sulfur factor a
follows:

(5)−riG = k′
iG(iG)(1− 2S)

kEGEG+ kPGPG+ 1
,

whereS is the molar ratio of sulfur to ruthenium. This equ
tion, which fit the degradation data without further adju
ment to the sulfur-free parameters given inTable 2, was
valid only to a ratio of 0.5, as higher ratios led to no g
col degradation.Fig. 3 shows a parity plot of the observe
ethylene glycol degradation rate versus the predicted
which confirms the independence of the apparent activa
energy from the S/Ru ratio. A parity plot for propylene gly
col degradation rates gave a similar result.

Since the apparent activation energies and relative r
for glycol degradation remained constant as sulfur w
added, sulfur was not affecting the reaction chemistry
was merely acting to block active sites for the glycol de
drogenation reactions. If sulfur had a broader affect on
reaction, such as interacting with the glycols or changing
surface chemistry of the catalyst, the apparent activation
ergy of the degradation reaction would have changed. O
the glycol degradation reactions were thoroughly charac
ized, the hydrogenolysis reaction behavior of glycerol w
determined.

2.2. Effect of temperature and sulfur on the glycerol
reaction

In a fashion similar to that of the glycols, the glycer
was reacted over a range of temperatures and sulfur l

ings at an initial molar concentration range of 2.5–10 wt%
(0.3–1.1 M) under mixing with no external mass transfer
limitation. Unlike the glycols, the glycerol reaction was not
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Fig. 4. Glycerol reactivity as a function of glycol concentration at 240◦C.

zero order. The reaction order at 240◦C as determined from
initial rate data was 0.5, which was consistent with t
reported previously for 205◦C [9]. The reaction order re
mained constant with all sulfur loadings as well. The rela
inhibition effect of the glycols on the glycerol reaction
240◦C is shown inFig. 4. The effect shown in this figure i
very similar to what was found previously at 205◦C. In both
cases, ethylene glycol affected the reaction rate of glyc
in proportion to the amount of ethylene glycol added. In c
trast, the addition of propylene glycol had a minimal eff
on the reaction rate of the glycerol. Analogous to the de
opment of Eq.(1), parameters for the glycerol reaction we
found:

(6)−rG = k′
GG1.5

kGG+ kEGEG+ kPGPG+ 1
,

whererG is the glycerol reaction rate,k′
G is the glycerol re-

action rate coefficient, andkG is the adsorption constant fo
glycerol. As seen for ethylene glycol and propylene gly
degradation, the relative rates for glycerol reaction and
col degradation did not vary with temperature. Since the
parent activation energy for the glycerol reaction was lo
than that for the degradation of glycols, the fraction of
sorbed glycerol compared with that of the glycols increa
with temperature.

The values for the glycerol reaction rate and adsorp
constants, which are listed inTable 2, were found from fit-
ting Eq. (6) to glycerol reaction data. In this fitting proc
dure, the ethylene glycol and propylene glycol adsorp
constants were held fixed at the values determined from
pure component degradation reactions. The resulting fi
80 glycerol reaction data points gave anR2 of 0.94 for the
parameter set listed inTable 2. In a separate parameter es
mation, the values inTable 2were taken as initial guesse
and the glycerol reaction data were refit while all of t
parameters were allowed to float. The resulting regresse
rameters were not significantly different from those listed

2
Table 2and gave anR of 0.94, which was identical.
Eq. (1) gave the rate equations for the degradation of the

glycols. The overall rate expressions used to determine the
Catalysis 232 (2005) 386–394
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Table 3
Calculated selectivities of propylene and ethylene glycol

Temperature
(◦C)

Selectivity Data
points

R2

Propylene
glycol

205 0.19 120 0.79
220 0.27 27 0.92
240 0.34 37 0.79

Ethylene
glycol

205 0.09 120 0.74
220 0.11 27 0.67
240 0.07 37 0.79

glycol selectivities must also include a generation term
sulting from glycerol conversion. It was shown previou
that a form of Eq.(6) suitable for the glycols is as follows:

(7)−riG = kiGiG− siGk′
GG1.5

kGG+ kEGEG+ kPGPG+ 1
,

where theiG concentrations correspond toi = E for ethyl-
ene glycol and P for propylene glycol and thesiG factors are
the respective selectivity factors[9]. The selectivity factors
were defined simply as the fraction of the glycerol conver
into either ethylene glycol or propylene glycol. Since gly
erol could also react to form chemical species other than
desired glycols, the selectivity factors for the glycols will n
necessarily sum to a value of one. The only glycerol reac
products that were measured were the two glycols. The
lectivity factors represent the fraction of glycerol that for
each glycol, separate from the degradation of the glyc
Within the scatter of the data, no change in the selecti
factors was observed over the course of a reaction.

A regression fit of the selectivity factor at the each of
three temperatures studied is given inTable 3. As can be
seen, the selectivity for propylene glycol increased as
temperature increased, whereas the ethylene glycol sele
ity was essentially constant. At 205◦C, the selectivity for
propylene glycol was 0.19, and, at 240◦C, it was 0.34. In
contrast, the selectivity for ethylene glycol remained at ab
0.09 across the temperature range.

The glycerol reaction was also characterized upon
fur addition to the reaction system. Unlike with the glyc
degradation reactions, sulfur affected the apparent activa
energy for the glycerol reaction; the apparent activation
ergy increased with sulfur concentration, as shown inFig. 5.
The Weisz–Prater number was estimated to be 1.4 a
highest reaction rate, which would correspond to the tra
tion to internal diffusion limitation. However, a concomita
decrease in the observed reaction order from 0.5 to 0
not observed, indicating kinetic control. Similar to glyc
degradation, the glycerol reaction rate decreased with
creasing sulfur. However, the glycerol reaction rate was
diminished to the extent that was found for glycol deg
dation. At a sulfur level of 0.4 S/Ru, the glycerol reaction
rate was about 50% relative to the sulfur-free base case

about 30% at a S/Ru of 1.0. Whereas the sulfur effect on
glycol degradation could be explained by sulfur blocking
only active sites, sulfur played a more complex role in the
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Fig. 5. Apparent activation energy of th

Fig. 6. Effect of sulfur loading on propylene glycol selectivity at 205◦C.

Table 4
Calculated linear effect of sulfur on propylene glycol selectivity

Temperature (◦C) Slope Intercept R2

205 0.27 0.21 0.86
220 0.22 0.26 0.85
240 0.18 0.30 0.70

glycerol reaction. Because of the change in apparent ac
tion energy, there was a reaction step where sulfur affe
the active intermediate or there were multiple reaction p
ways, one of which is preferentially limited by sulfur.

The propylene glycol selectivity was significantly a
fected by sulfur loading, but the selectivity for ethylene g
col was not. The initial selectivity for propylene glycol as
function of sulfur loading at 205◦C is shown inFig. 6. The
reaction rate at 205◦C with a sulfur loading of 1.0 S/Ru was
too small to produce a measurable selectivity value. The
col selectivities were determined 15 min after initiation o
reaction, thereby limiting the effect degradation or comp
tive adsorption had on the results. For all three temperat
studied, the selectivity for propylene glycol increased w

sulfur loading. The slope and intercept of the lines for propy-
lene glycol selectivity as a function of sulfur loading are
listed inTable 4. For the experimental temperature range, the
erol reaction as a function of sulfur loading.

change in propylene glycol selectivity with sulfur additi
was attenuated as the reaction temperature was increas
a previous study at a low pH of 6, the selectivity for ethyle
glycol decreased with increasing sulfur loading[5]. Since
the selectivity for ethylene glycol decreases with increas
pH and is at a low value under the high pH conditions[9],
a significant change in ethylene glycol selectivity as a fu
tion of sulfur loading was not detectable in the current stu

Although the selectivity for propylene glycol increas
with the S/Ru ratio, the overall flux toward propylene glyc
decreased because of the decreasing glycerol reaction
At a S/Ru of 1.0, the flux toward propylene glycol was 60
of its value without sulfur. The higher selectivity for prop
lene glycol meant that the rest of the products, which w
mostly degradation products with some ethylene glycol,
a flux of only 30% of the sulfur-free flux.

3. Discussion

The overall reaction model that has been proposed fo
glycerol hydrogenolysis reaction is shown inFig. 7. Glyc-
erol is first adsorbed and dehydrogenated reversibly on
metal catalyst to form glyceraldehyde. The glyceraldeh
then desorbs from the catalyst and can react through fou
ferent paths in the basic media: the retro-aldol mechanis
form the precursor of ethylene glycol (glycolaldehyde), o
idation and subsequent decarboxylation to also form gly
aldehyde, dehydration to the precursor of propylene gly
(2-hydroxypropionaldehyde), or degradation to unwan
side products. The two glycol precursors could potenti
also degrade to unwanted side products. Finally, the res
tive glycol precursors are hydrogenated by the metal fu
tion to the product glycols.

Previous studies have demonstrated that sulfur-mod
ruthenium yields higher selectivity for propylene glycol a
that sulfur interacts with metal catalysts such as ruthen

when operating at high pH. Yet, the previously postulated
mechanism would suggest that changes in the relative se-
lectivity for the two glycols would be dictated by solution-
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Fig. 7. Overall reaction pathway f

phase reactions, since it is unlikely that sulfur modificat
of ruthenium would lead to changes in the relative adso
tion and reduction selectivity of 2-hydroxypropionaldehy
compared with glycolaldehyde. However, the relative deg
dation rates of the two glycols did not change with sul
concentration, and the sulfur did not affect the liquid-ph
reactions, since the pH of the solution did not change w
the addition of sulfur. The molar ratio of calcium oxide
sulfur in the reaction system at high sulfur levels was 25
and the solubility of calcium oxide gave a pH 1 unit high
then the molarity of the sodium sulfide added. Therefo
the postulated model must be missing a key reaction m
anism feature, and this feature must be associated with
solid catalyst.

As manifested by the decreased glycerol reaction
with increasing sulfur loading, sulfur appeared to block s
that led to the reaction of glycerol to glyceraldehydes, wh
subsequently desorbed and reacted further. However
change in apparent activation for the glycerol reaction co
not be explained merely by site blockage. There are
ways in which the sulfur could be interacting with the ca
lyst to produce this result. First, there may be two catal
pathways that produced propylene glycol, one of which
preferentially blocked by sulfur, and the one being bloc
had the lower activation energy. Second, sulfur could af
the active intermediate in the catalytic step that produ
propylene glycol. Since sulfur is electronegative, it may
tract the carbon atoms enough to weaken the carbon–ox
bond, allowing for an easier dehydration.

The previously postulated glycerol hydrogenolysis me
anism had glyceraldehyde as a common reaction interm
ate for either propylene glycol or ethylene glycol. Therefo
if sulfur interaction with the Ru was changing the energe
of the adsorbed intermediate, the selectivity of both g
cols would have been affected. The fact that increased s
loading increased only the selectivity for propylene gly

led to the introduction of a proposed alternative dehydration
reaction pathway on the catalyst. This added speculative re-
action pathway would be represented by direct dehydration
production of glycols from glycerol.

n

of the adsorbed glyceraldehydes, as shown by the arrow
asterisk inFig. 7.

With this modified reaction network, the relative ca
bon selectivity through the desorbed glyceraldehyde p
and the surface dehydration path could be determined
this analysis, the end products were placed in three gro
(a) propylene glycol produced through surface dehydrat
(b) propylene glycol produced through reaction of desor
glyceraldehyde in solution, and (c) all other reactions
occur in solution, one of which is the reaction to produ
glycolaldehyde and eventually ethylene glycol from glyc
aldehyde. The total carbon selectivity of these three p
ways sums to unity:

(8)a + b + c = a′ + b′ + c′ = 1,

where a, b, and c represent the relative selectivities f
the three groups discussed above without sulfur presen
a′, b′, andc′ would represent these selectivities with sul
present. Eq.(8) can be rearranged to separate the propy
glycol-producing reactions from the remaining reactions

(9)
1− a′ − b′

1− a − b
= c′

c
= x,

wherex is the carbon selectivity for non-propylene glyc
products with sulfur relative to the selectivity without sulf
present.

At 205◦C and a sulfur loading of 1.0 S/Ru, x was 0.64.
At this sulfur loading, the selectivity for the non-propyle
glycol-producing reactions, which are presumed to prog
through a common solution-phase glyceraldehye interm
ate, were decreased by 36%. For route (b), propylene g
would also proceed through the solution-phase glycera
hydes, so the carbon flow through this path would also
expected to be attenuated by 36%. At higher temperat
with the same sulfur loading, this value was 0.74.

Assuming theFig. 7flux map is accurate, propylene gl
col could be produced from either a purely catalytic ro

(a) or through a liquid-phase route (b) or a combination of
the two. Determining the relative fluxes through these path-
ways would be useful for catalyst design. Although higher
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Fig. 8. Glycolaldehyde production and reaction.

sulfur loadings caused the relative selectivity through p
(a) to increase, the value of the absolute selectivity thro
each path is important. Both the dehydration and retro-a
mechanisms are known to convert solution-phase gly
aldehyde to the two glycol intermediates under reaction c
ditions; therefore, there is likely to be at least some fl
through (b).

In previous work, the selectivity for ethylene glycol w
found to vary as a function of pH[9]. At a moderate pH of 8
the instantaneous selectivity for ethylene glycol was 0
at a pH of 11, the selectivity dropped to 0.09. Glycolald
hyde, an intermediate in the production of ethylene gly
as shown in theFig. 8reaction sequence, has two labile p
tons on the hydroxyl carbon that are prone to deprotona
Even though the rates of glycolaldehyde production and
duction toward ethylene glycol are increased at higher
the rate of degradation increased more. The degradatio
action is likely more dependent on pH than the produc
reaction or the catalytic adsorption, because of these la
hydrogen atoms.

The pH dependence on selectivity was not found
propylene glycol[9]. The instantaneous selectivity model
for both pH levels was constant at 0.19 with a standard
viation of 0.06. The hydrogenolysis reaction selectivity
propylene glycol did not vary with pH through the pH ran
of 5–11 (as determined with five bases) at either 205◦C
or 240◦C. The degradation of the propylene glycol interm
diate would likely be pH-dependent; however, this was
found in the regression model, since the selectivity did
change. Thus, two possibilities exist in which there may
little flux toward 2-hydroxypropionaldehyde, or most of t
flux that passes through this intermediate also degrades
at moderate pH. If the second situation occurred, it wo
be difficult to detect a pH dependence on the selectivity
propylene glycol because the ratio of degradation versu
duction of 2-hydroxypropionaldehyde would be high even
moderate pH values. In either situation, the majority of
flux to propylene glycol even without sulfur present m
come via dehydration on the catalyst instead of in solut
or else a noticeable difference in selectivity would exist a

function of pH.

Given the preponderance of propylene glycol production
through the proposed catalytic dehydration pathway, the in-
Catalysis 232 (2005) 386–394 393
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n

creased selectivity for propylene glycol on sulfur-modifi
ruthenium should focus on the absorbed species. At amb
temperatures, the diffusion of hydrogen on a ruthenium
alyst surface was found to decrease by a factor of 30 u
the addition of sulfur[10]. This effect was caused by bo
geometric blocking and other long-range electronic effe
Polyols adsorb to ruthenium through oxygen, and for
hydrogenation to occur two hydrogen atoms must diff
away from the adsorbed polyol. The adsorbed sulfur m
slow such diffusion, allowing the more activated dehydrat
process to occur preferentially. The limiting step in the c
alytic dehydrogenation of polyols was the surface react
whereas the adsorption and desorption steps were fast[9], so
diffusion of hydrogen away from the polyol is required f
the catalytic reaction to occur. Although sulfur would d
crease the recombination of hydrogen atoms because
lower diffusion rate and occupation of recombination sit
the desorption of H2 from ruthenium is not affected by su
fur [11].

The postulate that glycerol can react to form propyle
glycol but not ethylene glycol on the catalyst is reasona
given that different mechanisms are used to convert g
erol into the two glycols. Ethylene glycol can be produc
through either a retro-aldol or decarboxylation reaction,
first step of which involves a deprotonation on the hydro
group on theβ-carbon in relation to aldehyde carbon. Prop
lene glycol can be produced via dehydration, the first s
of which involves a deprotonation of the labile hydrog
for the carbonα from the aldehyde. Whether the cataly
converts an adsorbed glyceraldehyde into propylene gl
through the same mechanism is not known, but it is co
monly known that dehydrogenating catalysts can also fu
tion as dehydration catalysts.

4. Conclusions

Despite significant interest in hydrogenolysis of high
polyols to glycols, little information is available in the li
erature for the reaction system because of its comple
Previous work on the effect of pH on glycerol hydrogeno
sis and the degradation of the product glycols was exten
to include the effects of temperature and sulfur. Emp
cal Langmuir–Hinshelwood-type models were develope
characterize the reaction system to improve the underst
ing of this complex system. Because of competitive ads
tion, the relative degradation rates of the glycols were
dependent of temperature. Sulfur modification of the rut
nium catalysts did not change the activation energy of
degradation reactions, but did dramatically suppress th
actions. Sulfur affected the apparent activation energy o
glycerol reaction, which led to the postulate that dehydra
to propylene glycol may be occurring on the catalyst and

just in solution. Previous models for the reaction systems
could not reconcile the results. It is not known whether the
retro-aldol mechanism is occurring on the catalyst as well
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as in solution. The selectivity for propylene glycol increas
with sulfur loading because of this catalytic reaction. The
sults suggest that selectivity for propylene glycol relative
ethylene glycol and degradation products can be enhanc
the glycerol hydrogenolysis reaction if the catalyst is ac
for dehydration.
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