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a b s t r a c t

Dehydration of 1,2-propanediol has been investigated over a range of zeolite catalysts with different
pore structures and acidity. The reaction forms part of a two-step process for the conversion of glycerol
to propionaldehyde. The effects of reaction temperature, concentration, space velocity, and SiO2/Al2O3

ratio have been studied. The medium pore size, unidirectional channel zeolites ZSM-23 and Theta-1
showed high activity and selectivity to propionaldehyde (exceeding 90 wt% at 300–350 ◦C). Selectivity to
the intermolecular dehydration product 2-ethyl-4-methyl-1,3-dioxolane was high at lower temperatures
eywords:
,2 Propanediol
ehydration
ropionaldehyde
lycerol
eolite

for all the zeolites, but decreased to a low value at higher temperatures and lower GHSV. The results
are discussed in relation to the reaction mechanism and zeolite structures. Significant deactivation was
observed for higher 1,2-propanediol partial pressures, which was partially mitigated by the addition of
steam.

© 2011 Elsevier B.V. All rights reserved.

atalyst

. Introduction

Biomass conversion to fuels and chemicals has been develop-
ng quickly [1–3]. The utilization of biomass improves security of
nergy supply and as a renewable resource it benefits the environ-
ent by lowering the overall CO2 emissions. Nowadays glycerol is

roduced on significant scale as a by-product of biodiesel manu-
acture and as such it is a promising alternative feedstock for the

anufacture of valuable bulk chemicals from a bio-derived source
3]. Many processes for glycerol utilisation have been investigated
n the last few years [3–6]. Derived chemicals include: glycerol
arbonate, telomers, selective oxidation products, branched alkyl
thers, propanediols, epoxides, hydrocarbons and syngas, which
an be converted to bulk chemicals and fuels. Glycerol hydrogenol-
sis to produce 1,2-propanediol has been widely studied [7–14].
u based catalysts are reported to show very high selectivity to
,2-propanediol [11–14] and both gas phase and liquid phase pro-
esses for glycerol hydrogenolysis have been claimed [15]. These
rocesses have the potential to provide a renewable and economic
ource of 1,2-propanediol.

Propionaldehyde is an important chemical intermediate used
xtensively in the manufacture of rubbers, plastics, paints, and
esticides. Currently, propionaldehyde is produced by petroleum-

erived processes such as ethylene hydroformylation, propylene
xide isomerisation, and acrolein hydrogenation or as a by-product
f acetone [16–19]. The ready availability of a process to produce

∗ Corresponding author. Tel.: +44 0 20 7594 5579; fax: +44 0 20 7594 5637.
E-mail address: d.chadwick@imperial.ac.uk (D. Chadwick).

926-860X/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.apcata.2011.04.028
1,2-propanediol from glycerol, provides the opportunity for a two-
step process to propionaldehyde from glycerol.

1,2-Propanediol dehydration readily occurs over electrophilic,
nucleophilic and lanthanide oxide catalysts [20–31]. This reaction
has been studied in the gas phase and in sub-, or supercritical water.
Different products are obtained over the various catalysts according
to the corresponding reaction mechanisms. Electrophilic catalysts
are active in 1,2 elimination and favour propionaldehyde and ace-
tone. Examples are catalysts such as heteropoly acids, Nafion-H, and
NaHX. Mori et al. reported 100% conversion and 93 mol% selectiv-
ity to propionaldehyde for 1,2-propanediol dehydration over silica
supported silicotungstic acid [24]. Nucleophilic catalysts can dehy-
drate 1,2-propanediol to propene oxide by attack on the primary
hydroxyl proton. For example, 70% selectivity to propene oxide
was reported over alkali metal loaded silica. In sub- and super-
critical water, 80 mol% propionaldehyde yield was reported for
1,2-propanediol dehydration at 360 ◦C and 34 MPa with the addi-
tion of ZnSO4. Zeolite catalysts as solid acid catalysts have been
widely studied for the dehydration of alcohols especially methanol
and ethanol [32–35]. More recently, we have shown that zeolites
are effective catalysts for dehydration of n-butanol [36], and in
particular that the product distribution can be controlled by the
shape selectivity arising from the unidirectional channel structure
of ZSM-23 and Theta-1 (ZSM-22). In the context of glycerol con-
version, zeolites have been used for dehydration to acrolein [37],
and it has been reported recently that Theta-1 is also a highly selec-

tive catalyst for this reaction [38]. However, zeolite catalysts have
not been studied previously for the dehydration of 1,2 propanediol
to propionaldehyde although it is to be expected that they would
prove to be efficient catalysts for this reaction.

dx.doi.org/10.1016/j.apcata.2011.04.028
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:d.chadwick@imperial.ac.uk
dx.doi.org/10.1016/j.apcata.2011.04.028
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The present paper reports a study of the catalytic dehydration of
,2-propanediol over a range of zeolite catalysts with different pore
tructures and acidities. Medium pore zeolites with unidirectional
hannels (ferrierite, Theta-1, ZSM-23) are compared with ZSM-5,
hich has 10-ring two-dimensional intersecting channels, and Y-

eolite, mordenite, and silica–alumina. All the zeolite catalysts are
hown to be highly active for 1,2-propanediol dehydration. How-
ver, only the medium pore zeolites with unidirectional channels,
amely Theta-1 and ZSM-23, are found to be highly selective for
ropionaldehyde.

. Experimental

.1. Catalysts

The H-form or NH4 form of ferrierite (SiO2/Al2O3 = 20 and 55),
SM-5 (SiO2/Al2O3 = 50 and 280), Y (SiO2/Al2O3 = 60) and Mor-
enite (SiO2/Al2O3 = 20) were purchased from Zeolyst. ZSM-23
SiO2/Al2O3 = 68) and Theta-1 (SiO2/Al2O3 = 63) were synthesized
ccording published literature [39,40]. The as-synthesised samples
ere calcined at 550 ◦C using a very slow temperature ramp rate,

xchanged with ammonium nitrate solution three times, and cal-
ined again at 550 ◦C to convert to the H-form. XRD was used to
onfirm the zeolite structures. These zeolite samples contained no
inder and were granulated for the catalytic testing reported below.
RF was used to confirm the SiO2/Al2O3 ratios. Silica–alumina and
ordenite (SiO2/Al2O3 = 3.3) were commercial catalysts containing

inder.
The SiO2/Al2O3 ratio of each of the zeolites was confirmed

irectly on the powder using a Bruker S4 explorer X-ray Flu-
rescence spectrometer. Surface areas and pore volumes were
easured on a Micromeritrics TriStar instrument using BET
ethod. The pore volumes were calculated according to the proce-

ure of Remy and Poncelet utilising the Dubinin and Radushkevich
quation [41].

Ammonia temperature program desorption (TPD-NH3) was
arried out using a mass spectrometer detector. The desorbing
mmonia was identified by m/z = 16. 0.1 g catalyst granules were
oaded in a stainless steel reactor and pre-treated at 660 ◦C in
0 ml/min He for 30 min. The temperature was decreased to 110 ◦C,
nd ammonia was adsorbed to saturation over the catalyst. Ammo-
ia was desorbed from 110 to 660 ◦C at 10 ◦C/min in 40 ml/min
e.

.2. Catalyst activities

The catalysts were evaluated in a fixed-bed continuous flow
icroreactor system operating at ambient pressure. The zeolite

owders were pressed (without addition of binder or lubricant)
nd sieved to form granules between 0.50 and 0.85 mm. A certain
mount of the catalyst granules (0.05 g or 0.5 g) were diluted with
nert silicon carbide granules of approximately the same size to

ake up a volume of 7.0 ml. The diluted catalyst was loaded into a
ubular reactor (11 mm internal diameter), sandwiched between
eds of inert granules. SiC was used as diluent because of its

nertness and heat transfer properties, and the particle size, dilu-
ion ratio and pre/post packing were used to maintain plug flow
nd isothermality. The reaction was carried out between 200 and
00 ◦C. The reactant was fed into the catalyst bed via an evapora-
or at 160 ◦C, through which the gas diluent (argon) was passed. In
ome cases, a flow of steam was added to the inlet gas to the reac-

or. GHSV was defined with respect to the total gas volumetric flow
nd the undiluted catalyst volume. The WHSV of 1,2-propanediol,
here given, was defined as mass flow of 1,2-propanediol/weight

f undiluted catalyst. After passing through the catalyst, the prod-
Fig. 1. Ammonia temperature programmed desorption (TPD NH3) from the acid
form of the zeolites.

uct was collected in a condenser kept at 0 ◦C and the gas effluent
was analysed by GC/FID using a Plot Al2O3 capillary column. The liq-
uid product was collected and analysed by GC/FID using a HP-FFAP
capillary column. A blank reaction at 300 ◦C with only SiC diluent
found a conversion of less than 1%. Carbon balances were ±5%.

3. Results and discussion

The catalysts and their properties are listed in Table 1. In gen-
eral, the zeolites used had SiO2/Al2O3 ratios in the range of 50–68.
Samples outside this range were included for the purposes of
comparison. The mordenite and amorphous silica–alumina (ASA)
compositions were as supplied commercially. The zeolites used
were in the form of granulated powder and contained no binder,
except for the mordenite (3.3) and the ASA which were commercial
samples and contained a binder. The surface areas of the zeolites
reported in Table 1 are consistent with literature values and the
supplier data sheets. The micropore volumes are consistent with
the structure of the zeolites and their framework densities [42–44].

The acid site densities were calculated from the SiO2/Al2O3
ratios and are given in Table 1. The strength of the acid sites was
determined by TPD-NH3. Profiles of the H-forms of the zeolites are
shown in Fig. 1. All the zeolites exhibited two peaks, one at low
temperature (LT) and the other at high temperature (HT). The HT
was due to ammonia adsorbed on the Bronsted acid sites on the sur-
face of the frameworks. The LT corresponded to ammonia hydrogen
bonded to those adsorbed and contained within the micropores of
the channels [45]. The temperatures corresponding to the HT peaks
were characteristic of the strength of the acid site. As seen, the
strength of the acid sites from TPD-NH3 had the following trend:
Mordenite � Ferrierite > ZSM-23 ≥ ZSM-5 ≈ Theta-1 > Y.

The zeolite composition and structural properties along with the
reaction conditions strongly influenced the observed selectivities
and thus the yield of propionaldehyde, which dominated at tem-
peratures of 300 ◦C and higher. 1,2-Diols are known to undergo the
pinacol rearrangement to give the corresponding aldehyde [30]. A

mechanism for 1,2-propanediol dehydration over acidic catalysts
via E1 elimination is presented in Scheme 1. Protonation of either of
the hydroxyl groups and rearrangement can produce three reactive
carbenium intermediates (I, II, and III, Scheme 1), which yield ace-
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Table 1
Catalysts and their properties.

Catalyst Type SiO2/Al2O3 Channelsc SBET (m2/g) Pore volume (cm3/g) Acid site conc.
(mmol H+/g)d

Silica–aluminab – 1.3 – 364 0.082 –
Ferrierite(20) FER 20 1D 367 0.148 1.54
Ferrierite (55) FER 55 1D 323 0.130 0.59
ZSM-23(68) MTT 68 1D 204 0.071 0.48
Theta-1(63) TON 63 1D 208 0.079 0.52
Mordenite(20) MOR 20 1D 399 0.158 1.54
Mordenite(3.3)b MOR 3.3 1D 439 0.166 2.27a

ZSM-5(50) MFI 50 3D 408 0.175 0.64
ZSM-5(280) MFI 280 3D 389 0.175 0.12
Y-zeolite(60) FAU 60 3D 814 0.352 0.54

a Assuming there is 25 wt% alumina binder.
b Commercial and contains binder.
c 1D 1 dimensional; 3D 3 dimensional.
d Calculated based on SiO2/Al2O3.
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one, propionaldehyde and allyl alcohol respectively. Carbenium

on (II) will have the highest concentration because the secondary
arbenium ion is more stable than the primary carbenium ion. Thus,
he main product of 1,2-propanediol dehydration is propionalde-
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hyde. At much higher temperatures the activity for rearrangement
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ig. 2. 1,2 Propanediol dehydration over ZSM-23(68); T = 300 ◦C, GHSV = 45,000 h−1,
,2-propanediol mole fraction = 0.027.

,3-dioxolane (referred to here as dioxolane for brevity) at the
ower temperatures. Dioxolane is produced from reaction of 1,2-
ropanediol with propionaldehyde [24]. The probable reaction
echanism is presented in Scheme 2. Hemiacetal can be produced

rom addition of the primary hydroxyl group of 1,2-propanediol to
he formed propionaldehyde. The formed hemiacetal can undergo
ntra-molecular addition with the secondary hydroxyl group to
orm acetal (2-ethyl-4-methyl-1,3-dioxolane). Propanol is believed
o form by hydrogen addition, most probably via hydrogen transfer
rom a diol or intermediate to propionaldehyde and, as the forma-
ion of dioxolane, it is a bi-molecular reaction. When intermolecular
ydrogen transfer occurs, highly unsaturated hydrocarbons are

ormed such as dienes, alkynes and coke.
1,3-Propanediol can also form the carbenium intermediates I,

I, and III, Scheme 1. 1,3-propanediol dehydration is more dif-
cult than 1,2-propanediol dehydration because of the relative
tabilities of carbenium ions (III) and (II). Product selectivity for 1,3-
ropanediol depends on competition between deprotonation and
arbenium ion rearrangement: at lower temperatures carbenium
on (III) mainly deprotonates directly to form allyl alcohol, but at
igher reaction temperatures carbenium ion rearrangement leads
o a range of other products including propanol, propene, acrolein
nd propionaldehyde.

.1. Effect of reaction temperature on 1,2-propanediol
ehydration

The time-on-stream performance at a 1,2-propanediol partial
ressure of 0.027 was studied over a period of 7 h for ZSM-23.
esults at 300 ◦C are given in Fig. 2. The conversion was stable over
his time period and selectivity to propionaldehyde only dropped

arginally. Consequently, data was collected at this partial pres-
ure as a function of temperature.

Alcohol dehydration is favoured at higher temperatures. Fur-
hermore, some side reactions such as self-reaction of aldehydes
nd ketones as well as olefins/dienes polymerisation are less
avoured at high temperature. Fig. 3 shows the conversions and
roduct distributions of 1,2-propanediol dehydration over ZSM-
3 from 200 to 400 ◦C. As seen the conversion rapidly increased
ith increasing temperature approaching 100% at a tempera-

ure > 250 ◦C. At low temperature (200 ◦C) the conversion was low
nd most of the selectivity was to the formation of dioxolane. Very

◦
igh selectivity to propionaldehyde was obtained at 300–350 C.
urther increase in the temperature (to 400 ◦C) resulted in forma-
ion of acetone at the expense of the propionaldehyde, although
t all the studied temperatures the selectivity to acrolein, allyl
Fig. 3. Effect of temperature on 1,2-propanediol dehydration over
ZSM-23(68); GHSV = 45,000 h−1, 1,2-propanediol mole fraction = 0.027, tem-
perature = 200–400 ◦C.

alcohol, and acetone were always low. Similar trends of temper-
ature dependency of selectivity were shown by all the catalysts
although the absolute level of selectivity to propionaldehyde
depended strongly on the zeolite structure as discussed in more
detail below and the onset of deactivation at the highest tem-
perature for the more acidic catalysts probably takes place. The
overall behaviour is consistent with the mechanisms presented in
Schemes 1 and 2.

3.2. Influence of the zeolite type on the performance

The performance over the catalysts at the same temperature
was found to depend primarily on the pore structure of the cat-
alyst. Results obtained at 250 and 300 ◦C and a 1,2-propanediol
partial pressure of 0.027 are given in Table 2. At these tempera-
tures and partial pressure the effect of deactivation was minimal
over the reaction time except for the most acidic catalyst (mor-
denite(20)). All the zeolites were more active than the commercial
silica–alumina reflecting the higher acidity provided by the zeolitic
structure. The conversion levels over the zeolites reached in excess
of 95% and mostly approached complete conversion at the higher
temperatures applied. The selectivity, on the other hand, was
strongly influenced by the pore structure and acid strength of the
zeolite. The best selectivities for the production of propionalde-
hyde were obtained over zeolites with intermediate acidity (acid
strength as evaluated from the TPD-NH3, see Fig. 1 and trend above)
and medium pore, unidirectional channels as shown in Table 2.
These are represented by Theta-1 and ZSM-23 which gave selectiv-
ities in excess of 93 wt%. ZSM-5(50) which had similar acid strength
to Theta-1 but with intersecting channels, gave a high, but lower
selectivity. The differences in conversion and selectivity between
Theta-1, ZSM-23 and ZSM-5(50) may also reflect the subtle changes
in channel shape from elliptical or pear-shape to more circular
respectively. Zeolites with higher acidity and near circular chan-
nels such as Ferrierite or large pores such as mordenite gave lower
selectivities. Y zeolite with lower acidity and larger pores also gave
inferior selectivity.

Formation of dioxolane from propionaldehyde and 1,2-
propanediol is a bi-molecular reaction which appears to require
cage-like channels, since ferrierite, ZSM-5, mordenite and Y zeolite
all gave higher selectivity for dioxolane production at 250–300 ◦C

than ZSM-23 and Theta-1, Table 2. This was particularly evident
at 250 ◦C, as the concentration of the 1,2-propanediol was higher
and its reaction with the propionaldehyde was more favourable.
Theta-1 and ZSM-23, on the other hand, restrict the production
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Table 2
1,2-Propanediol dehydration over zeolite catalystsa.

Catalystb T, ◦C Conversion, % Selectivity, wt%

Propionaldehyde Acetone Acrolein Propanol Allyl alcohol Dioxolane Propene Other hydrocarbons Others

Silica–alumina 300 57.6 62.8 7.1 0.3 3.9 1.4 5.4 1.8 0.1 17.2
Ferrierite(20) 300 98.9 77.8 4.1 0.5 2 1.3 6.8 0.7 – 6.8

250 83.2 29.1 1.2 0.4 25.5 1.3 39.1 0.1 – 3.3
Ferrierite(55) 300 81.7 64.9 2.5 0.3 8.1 2.5 10.3 1.1 0.1 10.1

250 51.4 29.7 0.5 0 29.5 0.2 36 0.3 – 3.8
ZSM-23(68) 300 100 93.8 2.6 0.2 0.2 0.6 0.4 1.3 – 0.9

250 96.2 73.5 2.4 0.3 8.8 1.4 13.1 0.3 – 0.2
Theta-1(63) 300 100 93.4 2.2 0.3 0.1 0.4 0.2 2.1 – 1.3

250 99.1 80.6 2.3 0.2 5.3 1.3 8.5 0.6 – 1.2
ZSM-5(50) 300 99.2 88.1 2.3 0.2 1.2 1.4 2.3 1.2 0.1 3.2

250 92.4 67.6 0.8 0 10.3 0.1 13 0.3 0.1 7.8
ZSM-5(280) 300 90.4 70.6 1.9 0.1 4.0 2.1 7.4 1.3 – 12.6

250 82.4 43.7 1.5 0.1 20 0.2 25.8 0.3 – 8.4
Mordenite(3.3) 300 95.3 64.3 9.3 0.5 2.6 2.9 4.2 0.3 0.1 15.8

250 17.5 23.6 4.4 0 20.2 3 31.4 0.1 0.1 17.2
Y-zeolite(60) 300 96.9 70.9 3.8 0.3 5.3 1.7 12.7 1.2 0.1 4.0

250 81.5 30.7 1.8 0.3 22.3 0.3 30.9 1 0.1 12.8
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the effects of configurational diffusion and shape selectivity and it
is expected that the direct protonation/dehydration route becomes
the main pathway to propionaldehyde.
a GHSV = 45,000 h−1; WHSV (1,2-propanediol) = 8.2 g g−1 h−1; 1,2-propandiol mol
b SiO2/Al2O3 ratios given in parentheses.

f dioxolane owing to their transition state shape selectivity. A
ompeting reaction is the formation of acetone, which requires pro-
onation of the alcohol group on the primary carbon and formation
f primary carbenium ion as in Scheme 1 and discussed above. The
electivity for acetone production was similar in Theta-1, ZSM-23,
SM-5(50) and ferrierite(55) and highest in the case of morden-
te, silica–alumina and ferrierite(20) catalysts, as shown in Table 2.

ith the exception of Y zeolite, it suggests that increased selectiv-
ty to acetone is associated with a high density of acid sites on the
urface of the catalysts.

It is worth noting that the formation of propanol requires hydro-
en transfer activity, which is, as in the formation of dioxolane, a
i-molecular reaction. It is normally promoted by low SiO2/Al2O3
i.e. denser acid sites) and relatively larger pore size. The levels of
ropanol reported in Table 2 for the various catalysts are consis-
ent with this trend, as the highest propanol levels were achieved
ith Y, silica–alumina, mordenite, and ferrierite. Zeolite Y and

ilica–alumina are known for their high hydrogen transfer activ-
ty, a property which makes them good commercial catalyst for FCC

here hydrogen redistribution is highly desirable. As the formation
f dioxolane and propanol require similar catalyst characteristics,
heir formation is linked to the same catalyst properties. Graphical
orrelation of the two products confirmed this as shown in Fig. 4(a).
ropanol can be converted further by dehydration to propene. A
lot of dioxolane versus propanol + propene is shown in Fig. 4(b).
gain it shows a good correlation except that in some cases signif-

cant propene is observed when the dioxolane selectivity falls to a
ery low value. This suggests the further conversion of dioxolane
hich is discussed below.

The formation of dioxolane and the loss of selectivity to diox-
lane is an interesting feature of the product distributions in
able 2. In addition to the catalyst structure and temperature
ependence seen in Table 2 and discussed above there is a general
rend to lower selectivity to dioxolane with increasing conversion.
o investigate this aspect, the selectivity to dioxolane at a lower
pace velocity was investigated over ferrierite(20), bound mor-
enite(3.3) and commercial silica–alumina, as these catalysts had
elatively high selectivity to dioxolane even at 300 ◦C (see Table 2).
he lower GHSV of 4500 h−1 was achieved by increasing the vol-
me of catalyst (decreasing the dilution to keep the same catalyst

ed total volume) at the same feed partial pressures and flow rate.
he results are given in Table 3. As expected, the conversion of 1,2-
ropanediol increased at lower GHSV reaching 100% over all three
tion = 0.027.

catalysts. At the lower GHSV the selectivity to dioxolane decreased
almost to zero while the selectivity to propionaldehyde increased.
The disappearance of dioxolane from the products was most prob-
ably due to a combination of two factors: the low concentration
of 1,2-propanediol at such a high conversion and the further reac-
tion of any dioxolane that formed. The presence of 1,2-propanediol
is essential for the formation of dioxolane as shown in Scheme 2.
The parallel rise in selectivity to propionaldehyde (and to a lesser
extent acetone) at the longer residence time suggests that diox-
olane decomposes over acidic catalysts to yield propionaldehyde
(also noted by Mori et al. [24]). At lower reaction temperatures,
propionaldehyde appears to be formed by two routes: by direct
protonation/dehydration as shown in Scheme 1, and via the decom-
position of dioxolane which formed according to Scheme 2. As the
reaction temperature is increased to 300 ◦C and above, the produc-
tion of dioxolane is suppressed. This is probably associated with
Fig. 4. Correlation of selectivity to dioxolane with (a) propanol, (b)
propanol + propene; GHSV = 45,000 h−1, 1,2-propanediol mole fraction = 0.027,
temperature = 200–400 ◦C.
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Table 3
Dehydration of 1,2-propanediol at lower GHSVa.

Catalyst T, ◦C Conversion, % Selectivity, wt%

Propionaldehyde Acetone Acrolein Propanol Allyl alcohol Dioxolane Propene Other hydrocarbons others

Silica–aluminab 250 100 53.8 5.3 0.2 15.6 2.9 6.5 1.9 – 13.8
300 100 70.2 8.4 0.3 6.1 0.3 0 7.3 0.3 7.1

Ferrierite(20) 250 100 92.1 6.0 0.1 0.8 0 0 0.8 0.2 0
300 100 82.9 11.8 2.7 1.0 0 0 1.2 0.3 0.1

Mordenite(3.3)b 250 100 63.7 12.5 0 10.3 0 0 0.8 0.2 12.5
300 100 70.0 15.7 0.1 4.9 1.1 0.1 2.4 1.0 4.7
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a GHSV = 4,500 h−1, 1,2-propandiol mole fraction = 0.027.
b Commercial samples containing binder.

Similar results on the space velocity dependence of the selec-
ivity to dioxolane were reported by Mori et al. for heteropoly acid
atalysts [24]. The study was done mainly at a lower space veloc-
ty (GHSV of approximately 6000 h−1). Allowing for the generally
ower reaction temperatures used in their study, it would appear
hat the zeolite catalysts have broadly similar activity while achiev-
ng a similar maximum selectivity to propionaldehyde. Zeolites and
n particular ZSM-23, Theta-1 and ZSM-5 offer in addition inherit
electivity and stability to cyclic regeneration.

Binderless mordenite(20) gave a similar trend in terms of diox-
lane/propionaldehyde selectivities as a function of temperature,
ut gave a poor mass balance suggesting greater coke formation
nd consistent with the high acidity of this catalyst, Fig. 1.

.3. Effect of zeolite silica/alumina ratio

The number of acid sites is determined by the silica/alumina
atio, whereas the strength of the acid site depends on its degree
f isolation and structural environment. The effect of zeolite sil-
ca/alumina ratio was studied for two zeolites with unidirectional
hannels and intersecting channels respectively for which a wide
ange values is readily available commercially, namely ferrierite
(20) and (55)), and ZSM-5 ((50) and (280)). Figs. 5 and 6 show
onversion and selectivity to selected products as a function of
emperature. Both ferrierite and ZSM-5 show that the higher

iO2/Al2O3 ratio catalyst was less active than the zeolite with lower
iO2/Al2O3 ratio at all temperatures, which was consistent with the
ower density of acid sites. However, the impact on the conversion is
ot so great and suggests that the turnover per acid site is greater for

ig. 5. Effect of silica/alumina ratio of ferrierite on 1,2-propanediol dehydration.
HSV = 45,000 h−1, 1,2-propanediol mole fraction = 0.027. (A) Ferrierite(20), (B) Fer-

ierite(55), temperature = 200–400 ◦C.
the zeolites with higher SiO2/Al2O3 ratio. Higher propionaldehyde
selectivity is observed over the zeolite with lower SiO2/Al2O3 ratio
at the same temperature, but the selectivity to propionaldehyde
reaches a maximum at a higher temperature for the higher acid
concentration catalysts. The bi-molecular reaction to dioxolane is
suppressed at higher temperatures as discussed above and at 400 ◦C
and above the selectivity to a range of products including acetone,
allyl alcohol, acrolein, propene and higher hydrocarbons increased
as expected from Scheme 1, but the onset of deactivation cannot
be excluded.

3.4. Effect of steam and oxygen on 1,2-propanediol dehydration

ZSM-23 and Theta-1 which have similar channel structure were
found to be the most selective and active catalysts for propi-
onaldehyde production. Consequently, ZSM-23 was used to study
conversion at a higher partial pressure of 1,2-propanediol, and the
effect of added steam and/or oxygen. The time-on-stream perfor-
mance of ZSM-23 at the low 1,2-propanediol partial pressure of
0.027 was found to be stable as reported above. However, with an
almost 10 fold increase in the partial pressure (from 0.027 to 0.22),
significant deactivation with time-on-stream took place as seen in
Fig. 7: the conversion dropped from 100% to 20% in 3 h at 300 ◦C
and the propionaldehyde selectivity also decreased. The selectivity
to dioxolane and propanol increased, probably in the former case

due to the increased partial pressure providing 1,2-propanediol
for the reaction with propionaldehyde. Catalyst deactivation also
resulted in higher formation of hydrocarbons, propene and most
probably dienes and alkynes. Increasing the temperature to 400 ◦C

Fig. 6. Effect of silica/alumina ratio of ZSM-5 on 1,2-propanediol dehy-
dration. GHSV = 45,000 h−1, 1,2-propanediol mole fraction = 0.027, tempera-
ture = 200–400 ◦C. (A) ZSM-5(50), (B) ZSM-5(280).
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ig. 7. 1,2-Propanediol dehydration over ZSM-23(68) at higher reactant par-
ial pressure. GHSV = 56,000 h−1, 1,2-propanediol mole fraction = 0.22, tempera-
ure = 300 and 400 ◦C.

ad an impact on the performance increasing the conversion and
he selectivity to propionaldehyde. This suggested that the initial
eactivation was partly associated with relatively low molecular
eight hydrocarbons, which evaporated or gasified in the product

team at higher temperature. At 400 ◦C the deactivation rate contin-
ed but not quite as steeply as experienced at lower temperature.
hile the higher temperature resulted in a decrease in the selec-

ivity to dioxolane and propanol, the selectivity to hydrocarbons
oticeably increased. ZSM-5 had a similar time-on-stream trend to
SM-23. At 300 ◦C the level of dioxolane and propanol were found
o be higher as expected from the more open structure of ZSM-5
elative to ZSM-23.

In an industrial process, steam is a convenient diluent. Water is
lso a co-product of 1,2-propanediol dehydration, and using steam
s diluent simplifies the separation and recycle processes. Fur-
hermore in view of the deactivation reported above for higher

,2-propanediol partial pressure, addition of steam may suppress
he coke formation and improve performance with the time-on-
tream. Steam has been widely reported to reduce the formation
ate of coke over solid acid catalysts [46–48]. To investigate this, the

ig. 8. Effect of steam on 1,2-propanediol dehydration over ZSM-23(68).
HSV = 56,000 h−1, 1,2-propanediol mole fraction = 0.22, steam mole fraction = 0.27,

emperature = 300 and 400 ◦C.
Fig. 9. Effect of oxygen addition on 1,2-propanediol dehydration over ZSM-
23(68). GHSV = 56,000 h−1, 1,2-propanediol mole fraction = 0.22, oxygen mole
fraction = 0.03, temperature = 300 and 400 ◦C.

effect of steam on 1,2-propanediol dehydration was studied over
ZSM-23(68) and ZSM-5(50). The results for ZSM-23(68) with and
without steam are shown in Fig. 8. In the presence of steam, a sub-
stantial improvement in the performance with time-on-stream was
obtained for both zeolites. The increase in conversion and selectiv-
ity to propionaldehyde over ZSM-23(68) compared to when steam
was not present is clearly seen in Fig. 8. Thus, adding steam into the
reaction system is practical and mitigates the deactivation. Mori
et al. studied the effect of steam on 1,2-propanediol dehydration
over heteropoly acid catalysts [24], and also found that steam at
diol/steam ratios of 0.1–1 was effective in increasing conversion
and also selectivity to propionaldehyde. However, in their study the
addition of steam simultaneously decreased the partial pressure
of 1,2-propanediol in the gas phase, and as we have shown, using
lower 1,2-propanediol partial pressure also increases conversion
and the selectivity to propionaldehyde, and gives improved cata-

lyst stability. The present results with added steam were achieved
at constant 1,2-propanediol partial pressure. However, the effect of
steam was broadly similar to that reported by Mori et al. [24].

Fig. 10. Effect of oxygen and steam addition on 1,2-propanediol dehydration over
ZSM-23(68). GHSV = 56,000 h−1, 1,2-propanediol mole fraction = 0.22, steam mole
fraction = 0.27, oxygen mole fraction = 0.03, temperature = 300 and 400 ◦C.
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Figs. 9 and 10 show the effect of oxygen addition on 1,2-
ropanediol over ZSM-23(68) at the higher 1,2-propanediol mole
raction (0.22) in the absence and in the presence of steam (mole
raction at 0.27) respectively. The total GHSV was kept constant
t 56,000 h−1. Addition of oxygen has been reported to inhibit
ormation of by-products and catalyst deactivation in glycerol
ehydration over solid acid [49]. As seen in Figs. 9 and 10, the
ddition of oxygen does not show the expected beneficial effect.

. Conclusions

Zeolite catalysts were found to be highly active for the dehy-
ration of 1,2-propanediol yielding propionaldehyde with high
electivity at 300–350 ◦C. Zeolites with non-intersecting, unidirec-
ional channels gave the highest selectivity to propionaldehyde
hich is interpreted as being due to their transition state shape

electivity suppressing the bi-molecular side reactions that can lead
o the formation of 2-ethyl-4-methyl-1,3-dioxolane and propanol.
or example, ZSM-23 and Theta-1, gave complete conversion and
ver 93 wt% selectivity to propionaldehyde at 300 ◦C corresponding
o a productivity of about 7.5 kg/kg-cat/h. 2-ethyl-4-methyl-1,3-
ioxolane was the main product at lower reaction temperatures,
round 200 ◦C, and high GHSV. Decreasing GHSV reduced the selec-
ivity to dioxolane which is interpreted as being due to the further
onversion of dioxolane, mainly to propionaldehyde. The formation
f dioxolane and propanol (and propene) was linked to the same
atalyst properties and their production was shown to be correlated
ver the catalysts in this study.

Lower reactant partial pressure gave greater selectivity to propi-
naldehyde. In the catalysts where the SiO2/Al2O3 ratio was varied,
SM-5 and ferrierite, higher SiO2/Al2O3 ratio gave greater selec-
ivity to propionaldehyde. Faster deactivation was observed when
perating at high partial pressures of 1,2-propanediol. Adding
team to the feed mitigated the deactivation to a significant extent,
ut did not suppress it completely. The results suggest that a two-
tep process from glycerol to propionaldehyde via 1,2-propanediol
ould be attractive.
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