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bstract

Partial hydrogenation of sunflower oil was carried out in a membrane reactor in pore-flow-through mode in n-heptane as solvent. The membrane
eactor consisted of a porous �-Al2O3 membrane impregnated with Pd or Pt as the active catalyst and was constructed as a loop of saturation vessel
nd membrane module. Hydrogenation experiments were performed at different temperatures, hydrogen pressures and noble metals as catalysts.
he experiments in the membrane reactor were compared with experiments in a slurry reactor with a powder catalyst for benchmarking.
The stearic acid content at an iodine value (IV) of about 80 was 10–15% in the membrane reactor and 45% in the slurry reactor, respectively.

he selectivity for the monoene fatty acids could be improved with decreasing hydrogen pressures. The content of trans fatty acids at IV ≈ 80

as 30–45% in the membrane reactor, whereas in the slurry reactor 12% were obtained. For the trans-isomer formation, the influence of hydrogen
ressure and temperature in the membrane reactor was rather low. Pd showed a higher activity and selectivity compared to Pt, but promoted the
rans-isomerization to a greater extent.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The hydrogenation of vegetable oils is an important process
n the modification of fats and oils. Typically, common vegetable
ils contain a low percentage of saturated fatty acids and a high
ercentage of mono- and polyunsaturated fatty acids with the
ouble bonds in the cis-configuration. The hydrogenation pro-
ess saturates part of these double bonds which increases the
elting point and the oxidative stability of the vegetable oil. The

roducts are largely used in the alimentary industry and include
argarines, shortenings, frying fats, salad and cooking oils [1].
here are also increasing industrial applications in pharmacy,
osmetics, lubricants, detergents, plastics etc. because of their
ow toxicity and their biodegradability and as they are renew-
ble resources [2]. The degree of hydrogenation which leads
o a hardening of the oil depends from the application but it is
lways desired to reduce the level of polyunsaturated fatty acids

ike linolenic and linoleic acid (C18:3 and C18:2) because they
re very sensitive to oxidation [3]. From the nutritional point the
evel of the saturated fatty acids like stearic and palmitic acid

∗ Corresponding author. Tel.: +49 30 314 24973; fax: +49 30 314 79552.
E-mail address: schomaecker@tu-berlin.de (R. Schomäcker).
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alladium

n an edible fat should be as low as possible for they have an
dverse influence on health. On the other hand a certain consis-
ency and handling characteristics are required for functionality
f the fat. An undesired product at the partial hydrogenation of
ils are trans-isomers of fatty acids which increase the melting
oint and are suspected to correlate with cholesterol diseases as
ell [4]. For these reasons the demand and control for lower

evels of trans fatty acids (<5%) in hydrogenated edible oils has
ncreased.

In spite of a long history of hydrogenation processing of oils
ts mechanism is not completely understood [5]. The chemistry
s complex because of simultaneous reactions that occur: (1)
aturation of double bonds, (2) cis-/trans-isomerization of dou-
le bonds and (3) shifts of double bonds. The hydrogenation of
ils can be influenced by control of the operating variables tem-
erature, hydrogen pressure, agitation and catalyst [1,3]. Most
ommonly used in edible-oil industry are batch processes in
lurry reactors (5–20 m3), at high temperatures (140–225 ◦C),
ow pressures (0.1–0.4 MPa), long reaction times (2 h) and sup-
orted Ni catalysts or Raney nickel [3]. By varying the operation

onditions it is possible to affect the selectivity of a hydro-
enation process in order to form high-melting or low melting
roducts. Selectivity means the saturation with hydrogen of the
ouble bonds in the most unsaturated fatty acid before that of a

mailto:schomaecker@tu-berlin.de
dx.doi.org/10.1016/j.molcata.2007.02.052
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ess unsaturated fatty acid [3]. However, it has not been possible
o produce a partially hydrogenated oil with a low trans fatty acid
ontent in common industrial hydrogenation processes. A fur-
her problem is the difficult separation of the suspended catalyst
rom the product because the filtration of the catalyst is costly
nd time-consuming and results in a loss of the catalyst. Several
lternatives to conventional hydrogenation processes have been
roposed in the past few years. Most of them describe new cata-
yst development and modification [2,6–8]. Some investigators
tudy the hydrogenation process under supercritical conditions
9,10]. Mathematical models were developed in order to pre-
ict the formation of trans-isomers and unsaturated fatty acid
hanges during vegetable oil hydrogenation [11,12]. A new reac-
or type for this reaction is the membrane reactor [13,14]. One
f the problems in the oil hydrogenation process is the low sol-
bility of hydrogen in the oil which results in a low hydrogen
oncentration at the catalyst surface. Furthermore, the reaction
s heavily limited by the hydrogen transfer to the catalyst sur-
ace due to diffusion within the catalyst pores. Zieverink et al.
nvestigated how kinetic aspects and diffusion limitations deter-

ine the detailed composition of partially hydrogenated fatty
cid methyl esters. They found that mass transfer limitations are
more likely explanation for the detailed product composition

n fat hardening than previously reported kinetic arguments [15].
In this contribution the partial hydrogenation of sunflower

il was studied in a membrane reactor in pore-flow-through
ode with the aim to improve the fatty acid selectivity for oleic
cid and to prevent the trans fatty acid development. The reac-
ion mixture (solvent, oil, saturated with hydrogen) was pumped
hrough the pores of a catalytically active membrane with a con-
ective flow in order to avoid mass transfer limitation by pore

b
a
b
o

ig. 1. Scheme of membrane reactor: (1) saturation vessel; (2) pump; (3) membran
7) sample outlet; (8) thermostat; (9) heating jacket; (10) thermocouple; (11) pressure
ressure; (14) gas chromatograph.
Catalysis A: Chemical 271 (2007) 192–199 193

iffusion. Due to short contact times of the reactants at the cat-
lyst it was expected to suppress the complete hydrogenation to
aturated fatty acids and to produce a partial hydrogenated oil
ith a high content of mono unsaturated fatty acid. The control of

electivities for partial hydrogenation reactions in a membrane
eactor in pore-flow-through mode could be shown recently for

number of unsaturated olefines [16]. On the other hand, it
as investigated how the use of Pd and Pt based membranes
nder high hydrogen pressures (0.3–2 MPa) and low temper-
tures (50–80 ◦C) would affect the trans level of the product.
oble metals as catalysts are more active than Ni catalysts and

llow mild reaction temperatures for the hydrogenation. Fur-
hermore, the Pd and Pt is immobilized in the membrane. A
eparation and recovery of the catalyst after the reaction is not
ecessary.

. Experimental

The experimental set-up for the catalytic membrane reactor
s shown in Fig. 1. It was constructed as a loop of stainless steel
aturation vessel equipped with a gas dispersion stirrer and a
ubular membrane reactor. The liquid phase (sunflower oil and
-heptane as solvent) was saturated with hydrogen in the satu-
ation vessel and recirculated by means of a gear pump (Ismatec
VP-Z) through the reactor system. The saturation vessel was
eated on the desired temperature with an oil bath, the membrane
odule with a heating jacket. Sample analysis was performed
y gas chromatography (Siemens Sichromat 3, equipped with
Restek RTX 5 MS column). The tubular, �-Al2O3 mem-

ranes, supplied by HITK, Hermsdorf, Germany, had a length
f 250 mm, an outer diameter of 2.9 mm, an inner diameter of

e reactor; (4) stirrer; (5) hydrogen reservoir cylinder; (6) temperature plotter;
transformer; (12) hydrogen blocking valve; (13) computer for monitoring the
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.9 mm and a mean pore diameter of 3 �m. Palladium or plat-
num was used as catalyst and deposited in the membrane by
et impregnation with an aqueous PdCl2 and H2PtCl6 solution,

espectively. Following, the membranes were activated with an
queous reducing agent solution (NaH2PO2·H2O). The impreg-
ation was performed by pumping the solutions through the
embrane in order to obtain a homogeneous distribution of the
etal in the whole membrane matrix. The characterization of the
embranes by different techniques (AAS, SEM, TEM, EPMA)

s described elsewhere.
For the experiments the saturation vessel was filled with a n-

eptane solution of customary sunflower oil (5 vol.% oil) which
as pumped through the heated reactor system in order to obtain

he desired temperature. A flow rate of 200 mL/min was adjusted
y the pump. The stirrer was operated at a high rotational speed
1600 rpm) in all experiments in order to achieve a good mix-
ng and mass transfer. The reaction was started by introducing
ydrogen in the system with the desired initial pressure. The
eaction could be monitored by the hydrogen pressure decrease.
amples of the reaction mixture were taken in regular inter-
als. The fatty acid composition in the samples was determined
y GC analysis. For GC anaylsis the reaction product has to
e converted into their methyl esters by transesterification with
he following procedure: 1 mL of the sample was mixed with
.5 mL methanolic potassium hydroxide solution and stirred for
0 min. The mixture was left for 10 min for phase settling; then
mL HCl (1 mol/L) and one drop of methylorange was added.
fter centrifugation the organic phase could be separated and
as applicable for the GC analysis. The slurry experiments were

arried out in a stirred stainless steel vessel (volume 110 mL) at
.5 MPa and 50 ◦C with Pd/�-alumina catalyst pellets which
ere ground and sieved to a fine powder with 100–200 �m par-

icle size. Samples were taken in intervals and prepared for GC
nalysis as described above.

. Results and discussion

The study of sunflower oil hydrogenation was done using

d- and Pt- containing �-Al2O3-membranes with a mean pore
iameter of 3 �m at reaction temperatures in the range from 50
o 80 ◦C and hydrogen pressures from 0.3 to 2 MPa. The activ-
ty of the catalytic membrane is depicted by the time dependent

a
w
d
i

ig. 2. Reaction mechanism for the hydrogenation of fatty acids in sunflower oil: (
tearic acid.
Catalysis A: Chemical 271 (2007) 192–199

onversion of linoleic acid (C18:2). The development of stearic
cid (C18:0) and elaidic acid (C18:1 trans) during the reaction
s demonstrated as a function of linoleic acid conversion. The
odine value (IV) which expresses the degree of unsaturation
n the oil is used for comparing different results. It was cal-
ulated from the composition determined by GC. The results
re compared at an IV of about 80 which corresponds to a
roduct composition in our experiments that is obtained when
third of linolenic acid is consumed. With the GC analysis

he double bond migration with the formation of conjugated
ienes that would occur before hydrogenation could not be fol-
owed. This phenomen is reported in detail by Santacsaria et al.
17].

The typical fatty acid composition in sunflower oil is 63–68%
inoleic acid (C18:2), 18–23% oleic acid (C18:1 cis), 3–4.5
tearic acid (C18:0) and 5–7% palmitic acid (C16:0) [3,18]. The
ompostion of sunflower oils can vary from region to region and
ear to year. The level of linolenic acid (C18:3) in sunflower oil
s very low (<1%). Consequently, the hydrogenation reaction
nvolves consecutive saturation of C18:2 cis to C18:1 cis and
ubsequent C18:1 cis to C18:0. The ratio of the reaction rate con-
tants k2 to k1 controls the selectivity for the monoene fatty acid.
arallel reactions are the isomerization of C18:2 cis to C18:2

rans and of C18:1 cis to C18:1 trans (Fig. 2). The aim of this
tudy was to reduce the level of trans fatty acid below 5% (a level
onsistent for butter [9]) and the level of stearic acid below 10%
hrough hydrogenation. This means selective hydrogenation of
inoleic acid to oleic acid by suppressing the complete hydro-
enation to stearic acid and the trans-isomerization to elaidic
cid.

Fig. 3 shows exemplarily the change in fatty acid composi-
ion during the hydrogenation in a membrane reactor at 80 ◦C
nd 1 MPa hydrogen pressure for a Pd containing alumina mem-
rane. Linoleic acid depletes within 60 min. The content of oleic
cid initially increases first, then levels off, and subsequently
ecreases, while the elaidic acid content steadily increases to
final value of 42%. The level of stearic acid increases from

% to 26%. From this figure it becomes obvious that the par-

llel reaction, the isomerization to trans fatty acids, competes
ith the hydrogenation reaction. An experiment with a pow-
er catalyst in a slurry reactor is performed in order to get
nsight into possible mass transfer limitations. The powder cat-

1) linoleic acid, (2) trans linoleic acid (3) oleic acid, (4) elaidic acid, and (5)



A. Schmidt, R. Schomäcker / Journal of Molecular

F
r

a
r
r
t
h
t
u
t
c
b
b
r
c
m
t
b
fl
b
i
a

F
r
p

c
s
c
a
0
i
o
t
c
n
i
o
h
m
r
p
e
o

3

t
b
c
a
t
s
A
a
p
i
i
v

ig. 3. Content of fatty acids in sunflower oil during hydrogenation in membrane
eactor at 80 ◦C, 1 MPa H2-pressure, 0.03 wt.% Pd in porous Al2O3 membrane.

lyst serves as benchmarking for the process in the membrane
eactor. From Fig. 4 it becomes obvious that the consecutive
eaction to stearic acid is strongly promoted in the slurry reac-
or. The increase of trans fatty acids during the hydrogenation,
owever, is smaller than in the membrane reactor. This is due
o a better availibility of hydrogen in the slurry reactor. The sat-
ration of hydrogen in the liquid and the reaction take place in
he same location while in the membrane reactor the hydrogen
oncentration decreases during every passage through the mem-
rane. The reaction mixture has to be resaturated with hydrogen
efore passing it through the membrane again. The membrane
eactor therefore operates in a differential mode. The hydrogen
onsumption within the pores can be calculated with a simple
aterial balance for the membrane module and the reactor sys-

em. The time for one cycle through the membrane is given
y the ratio of the liquid volume (110 mL) and the circulation
ow rate (200 mL/min) which is 0.55 min. The required num-

er of cycles for complete conversion of linoleic acid therefore
s 109. In our experiments, the initial concentration of linoleic
cid was approximately 0.16 mol/L. Half of the linoleic acid is

ig. 4. Content of fatty acids in sunflower oil during hydrogenation in slurry
eactor with powder catalyst at 50 ◦C, 1 MPa H2-pressure, 0.03 wt.% Pd in
orous Al2O3 membrane.
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onversed after 20 min and 36 cycles, respectively. The conver-
ion divided by the number of cycles yields a conversion per
ycle of 0.002 mol/L. The saturation concentration of hydrogen
t the reaction temperature and the hydrogen pressure is about
.05 mol/L. This means that the conversion of hydrogen dur-
ng every cycle through the membrane is much smaller than the
ffered concentration of hydrogen. Therefore, a complete deple-
ion of hydrogen within the pores does not take place. As the
onsecutive reaction to the saturated fatty acids is also very pro-
ounced it must be caused by the microkinetics of the reaction,
.e. comparable rate constants k1 and k2. A retarded replacement
f the partially hydrogenated oil from the pores because of the
igh viscosity of the solution could be another reason. Experi-
ents with higher flow rates failed because of an increasing flow

esistance at the membrane which leads to a failure of the used
ump. This is a problem of the membrane reactor that concerns
specially substances with relatively high viscosities like natural
ils.

.1. Influence of H2-pressure

The reaction rate of the hydrogenation is strongly limited by
he hydrogen concentration in the oil. Because of the low solu-
ility the hydrogen concentration is substantially lower than the
oncentration of the unsaturated fatty acids. In order to obtain
dequate conversions of linoleic acid in the membrane reactor
he reaction mixture has to be circulated through the reactor
ystem and resaturated with hydrogen up to a hundred times.
n important parameter in this context is the hydrogen pressure

s the hydrogen solubility increases with increasing hydrogen
ressure according to Henrys law. Therefore the reaction rate
ncreases proportional to increasing hydrogen pressure. This
s visible in Fig. 5 where the conversion of C18:2 is plotted
ersus time for different hydrogen pressures. At 80 ◦C reac-
ion temperature the linoleic acid is completely converted after

0 min at 2 MPa and only after 60 min at 1 MPa. At 0.5 MPa
5% conversion is obtained after 120 min.

More important than the reaction time is the level of sat-
rated fatty acids and of trans-isomers, i.e. stearic acid and

ig. 5. Conversion of C18:2 during hydrogenation of sunflower oil in membrane
eactor at 80 ◦C, 0.03 wt.% Pd in porous Al2O3 membrane and different H2-
ressure.
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ig. 6. Formation of C18:0 during hydrogenation of sunflower oil in membrane
eactor at 80 ◦C, 0.03 wt.% Pd in porous Al2O3 membrane and different H2-
ressures.

laidic acid, respectively, when C18:2 is converted according
o the desired level of iodine value (IV≈ 80). In Fig. 6 the for-

ation of C18:0 during the reaction is plotted for 0.5, 1 and
MPa hydrogen pressure at 80 ◦C and the same membrane. The
rogress of the reaction is followed up to complete conversion
f C18:2. A higher hydrogen pressure affects the selectivity for
he monoene fatty acids negatively which means more C18:0 is
eveloped with increasing conversion of C18:2. While the reac-
ion rate increases due to better supply of hydrogen the complete
ydrogenation to the saturated fatty acid is more promoted. At
V ≈ 80 the stearic acid content is 10% (0.5 MPa), 12% (1 MPa)
nd 15% (2 MPa). In Fig. 7 the content of stearic acid during
he hydrogenation reaction in membrane and slurry reactor are
ompared for 0.5 and 2 MPa at 50 ◦C. It becomes obvious that in
he slurry reactor the overhydrogenation of C18:2 is more pro-
ounced than in the membrane reactor at the same conditions. In
he slurry reactor at 0.5 MPa the stearic acid content is already
2% at 90% conversion of linoleic acid (45% at IV = 80) while

n the membrane reactor at the same temperature and 2 MPa
he stearic acid content is only 11%. The reaction at 50 ◦C and
.5 MPa in the membrane reactor proceeded very slowly and

ig. 7. Formation of C18:0 during hydrogenation of sunflower oil in membrane
eactor and slurry reactor with powder catalyst at 50 ◦C, 0.03 wt.% Pd in porous
l2O3 membrane and different H2-pressures.
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rane reactor at 80 ◦C, 0.03 wt.% Pd in porous Al2O3 membrane and different

2-pressure.

as terminated at lower conversions. Therefore a comparison
ith the slurry reactor is possible only for smaller conversions.
p to 45% conversion the C18:0-content is still under 5% in the
embrane reactor.
A significant impact of the pressure was expected on the

rans-isomer development. In conventional hydrogenation pro-
esses which are performed at low pressures (0.1–0.3 MPa) the
ow solubility of hydrogen in the oil and consequently, an insuf-
cient hydrogen concentration at the catalyst surface promotes

he formation of trans fatty acids. Therefore, the hydrogenation
n the membrane reactor was performed at higher pressures.
he expected results, however, were not obtained. The con-

ent of C18:1 trans increases linearly during the hydrogenation
t 80 ◦C up to 25% until a C18:2-conversion of 60% for all
hree hydrogen pressures (Fig. 8). At IV ≈ 80 a trans-isomer
ontent of 30% (2 MPa), 35% (1 MPa) and 45% (0.5 MPa)
s obtained. The reason for this impact of pressure on the
rans-isomer formation is accounted to the depletion of hydro-
en within the membrane during every membrane passage of
he reaction mixture. The higher concentration of hydrogen
n the liquid phase at higher pressures has only a little effect
egarding the trans-isomer prevention because the hydrogen
s consumed very fast within the catalytic membrane during
he hydrogenation reaction. This shows also a comparison of

embrane and slurry reactor at the same hydrogen pressure. In
he slurry reactor the liquid phase is assumed to be saturated
ith hydrogen at any time of the reaction. Consequently, less
18:1 trans is produced in the slurry reactor (12% at IV = 80)
t 0.5 MPa and 50 ◦C, compared to the membrane reactor at
MPa (45% at IV = 80). In the membrane reactor no pressure

mpact is observed up to a linoleic acid conversion of 48%
Fig. 9).

.2. Influence of reaction temperature
The influence of the temperature on the activity and the
roduct composition was determined in experiments with the
ame Pd membrane at 0.5 MPa. The main effect was obtained
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Fig. 9. Formation of C18:1 trans during hydrogenation of sunflower oil in mem-
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rane reactor and slurry reactor with powder catalyst at 50 ◦C, 0.03 wt.% Pd in
orous Al2O3 membrane and different H2-pressure.

or the reaction rate: at higher reaction temperature the reac-
ion rate was substantially increased. The reaction at 50 ◦C was
ery slow. After 225 min only 45% conversion of C18:2 was
chieved. At 80 ◦C 90% conversion was obtained after 120 min
Fig. 10). The influence of temperature on the development of
aturated and trans fatty acids, however, is low (Fig. 11). This
s unexpected as in literature it is described that low reaction
emperatures suppress trans fatty acids formation [9,19–21]. In
ur experiments up to a C18:2-conversion of 45% there is not
uch difference in the trans and stearic acid content of the reac-

ion runs at different temperatures in the membrane reactor. For
igher conversions no statement can be given. Pore blocking
f the membrane is a technical problem with the membrane
eactor that appears mainly at low temperatures during natural
il hydrogenation. The flow through the membrane decreases
trongly and the reaction slows down, particularly when more
aturated fatty acids develop at the end. This may add to the bad
esults regarding trans fatty acid and stearic acid content because

ass transport limitations cannot be excluded at low flow

ates.

ig. 10. Conversion of C18:2 during hydrogenation of sunflower oil in mem-
rane reactor at 0.5 MPa H2-pressure, 0.03 wt.% Pd in porous Al2O3 membrane
nd different reaction temperatures.

P
T
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F
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ig. 11. Formation of C18:0 and C18:1 trans during hydrogenation of sunflower
il in membrane reactor at 0.5 MPa H2-pressure, 0.03 wt.% Pd in porous Al2O3

embrane and different reaction temperatures.

.3. Influence of catalyst metal

The catalysts currently used on industrial scale contain nickel.
hese catalysts require reaction temperatures above 150 ◦C in
rder to show adequate activity. There is some concern regard-
ng the toxicity of traces of nickel leaching out in the oil. Noble

etals like palladium or platinum exhibit an activity 100 times
igher than that of nickel catalysts. They allow milder reaction
onditions for the hydrogenation which should prevent the trans
atty acid production. The immobilization of the noble metal on
he alumina membrane avoids the separation of the catalyst from
he product by time-consuming and costly filtration steps. The
ydrogenation of sunflower oil in a membrane reactor was tested
ith Pd- and Pt-containing membranes. In Fig. 12 the conver-

ion of linoleic acid is plotted for experiments with both metals
s catalysts for a similar metal content in the membrane at 2 MPa
nd 80 ◦C. With Pd a complete conversion is obtained after
0 min. With Pt the reaction runs significantly slower than with
d. After 160 min less than 50% of linoleic acid is converted.

his is in good agreement to the published data from Nohair et
l. [6]. With the Pt-containing membrane more C18:0 is devel-
ped at the same C18:2-conversion than with the Pd membrane

ig. 12. Conversion of C18:2 during hydrogenation of sunflower oil in mem-
rane reactor at 80 ◦C, 2 MPa H2-pressure and different metals as catalyst.
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ig. 13. Formation of C18:0 and C18:1 trans during hydrogenation of sunflower
il in membrane reactor at 80 ◦C, 2 MPa H2-pressure and different metals as
atalysts.

Fig. 13). The trans-isomer formation, however, is slightly less
han with Pd (Pt: 15% and Pd: 18% at a C18:2-conversion of
8%).

. Conclusion

The partial hydrogenation of sunflower oil was performed
n a membrane reactor in pore flow though mode with Pd and
t/�-alumina membranes. By forcing the reactants (hydrogen
nd oil) through the catalytically active membrane with a con-
ective flow it was expected to suppress pore diffusion influence
nd reduce the residence time of desired partially hydrogenated
he products at the catalyst. Consequently, the complete hydro-
enation to the saturated fatty acid (C18:0) should be minimized
nd the selectivity for the monoene fatty acids (C18:1) improved.
ccording to literature the trans-isomerization reaction as unde-

ired side reaction is promoted at high reaction temperature
temperatures of ≥ 150 ◦C which are necessary in conventional
il hydrogenation processes with Ni catalysts). Therefore, it was
xpected to obtain less trans-isomer development with noble
etal catalysts at low temperatures (50–80 ◦C). By performing

he experiments at increased hydrogen pressures (0.3–2 MPa)

t was further expected to influence the trans fatty develop-
ent because a low hydrogen solubility in liquid phase leads

o insufficient supply of hydrogen at the catalyst surface which
romotes the trans-isomerization. The results aimed for were

s
a
t
r

able 1
omparison of catalyst systems for sunflower oil hydrogenation

eference Catalyst system Reactio

wn results Pd/Al2O3-membranes 50–80
14] Pt/polymer membranes (polyether–sulfone,

polyamide–imide)
100 ◦C

8] Pd/SiO2 110 ◦C
7] Pd/Me/Al2O3 (Me = Mo, V, Pb) 100 ◦C
2] Pd/SiO2/amine additives → non-food 40 ◦C;
13] Pd/ZrO2-membranes 74–86
Catalysis A: Chemical 271 (2007) 192–199

ot obtained. The selectivity towards the monoene fatty acids in
he membrane reactor was better than in the slurry reactor. The
tearic acid content at a IV of 80 was 10–15% in the membrane
eactor and 45% in slurry reactor. The strong formation of sat-
rated fatty acids in the slurry reactor was ascribed to a higher
ydrogen supply at the catalyst at any time during the reaction.
his promoted the consecutive reaction to C18:0. In the mem-
rane reactor, however, the hydrogen concentration depleted
hile passing through the membrane. The reaction mixture had

o be resaturated with every cycle. Because of the fast consump-
ion of hydrogen per passage the consecutive reaction in the

embrane reactor was reduced. Due to this fact, the selectiv-
ty towards the monoene fatty acids decreased with increasing
ydrogen pressure. On the other hand, the hydrogen scarcity
n the membrane promoted the isomerization to the trans fatty
cids. In the slurry reactor with its high hydrogen concentra-
ion at the catalyst surface less trans fatty acid formation was
btained. The C18:1 trans-content at an IV = 80 was 30–45%
n the membrane reactor, whereas in the slurry reactor 12%
ere obtained. For the trans-isomer development, the observed

nfluence of hydrogen pressure and temperature in the mem-
rane reactor was rather low. This may be due to the low flow
ate through the membrane at which the experiments were car-
ied out. Technical limitations and pore clogging phenomena
nhibited studies at higher flow rates. Further studies should
e performed with membranes with larger pores that would
llow adjusting higher flow velocities. Pd as catalyst showed
higher activity and selectivity compared to Pt, but promoted

he trans-isomerization reaction in a greater extent. From the
omparison with the slurry experiments with the Pd/�-alumina
owder catalyst it becomes obvious that mass transport limita-
ions are not exclusively responsible for low selectivities and
romotion of the trans-isomerization reaction in the oil hydro-
enation process. The development of saturated fatty acids in
he slurry reactor is strongly advanced already at lower con-
ersions. The existence of intraparticle diffusion limitations in
slurry reactor can be almost excluded with a fine powder

atalyst. In the membrane reactor, however, the complete hydro-
enation is reduced compared to powder catalyst in the slurry
eactor which indicates that the hydrogen supply of the active

urface has also an important impact. The temperature, the cat-
lyst metal and the support may also affect the selectivity and
rans-isomerization reaction as already described in numerous
eferences.

n conditions Content of C18:1
trans at IV ∼ 75–80

Content of C18:0
at IV ∼ 75–80

◦C; 0.5–2 MPa; 30–45% after 20–120 min 10–15%
; 0.4 MPa; 25% after 8 h (IV = 90) 10% (IV = 90)

; 0.5 MPa; 40–42% after 60 min 15–20%
; 0.4 MPa; 35–48% after 60 min 8–14%
1 MPa; 10–15% after 20–120 min 8–10%
◦C; 0.3–0.5 MPa 26% after 98–188 h 25%



A. Schmidt, R. Schomäcker / Journal of Molecular

g
c
c
p
g
I
m
e
V
b
e
I
t
o
b
r
h
s
a
y
m
t
f
p
u
p
t
d

A

t

R

[

[
[

[
[

[

[

[

[
[

Fig. 14. Reaction pathway for the hydrogenation of sunflower oil.

Table 1 summarizes the results of sunflower oil hydro-
enation with different catalyst systems under similar reaction
onditions collected from several references. It shows the diffi-
ulty of a control on selectivity to the monoene fatty acid without
roducing trans fatty acids in a greater extent during the hydro-
enation process. A trans fatty acid content below 15% at a
V of 80 was only achieved by adding amines to the reaction
ixture which had the effect of a catalyst poison [2]. How-

ver, this method is only suitable for the non-food production.
eldsink [13] obtained a trans fatty acid contents of 25–26%
ut at the expense of high stearic acid contents above 20% and
xtremely long reaction times that are necessary for the desired
V (98–188 h). Veldsink reported further of severe catalyst deac-
ivation. Fritsch et al. [14] produced a trans fatty acid content
f 25% and a stearic acid content of only 10% at an IV of 90
ut also after very long reaction times (8 h). Other references
eport of stearic acid contents in the range of 8–20% but all at
igher trans fatty acid contents (35–48%). The mechanism of
unflower oil hydrogenation is a complex network of consecutive
nd parallel reactions which has not been completely understood
et (Fig. 14). It was not the aim of this study to investigate the
echanism and the influences on the sunflower oil hydrogena-

ion reaction but to test the application of the membrane reactor
or this process. It was found that with the membrane reactor in
ore-flow-through mode no improvement for the desired prod-

ct composition can be obtained. Furthermore, some technical
roblems (pore blocking, deactivation) for this type of reac-
ion in the membrane reactor have to be overcome for a further
evelopment.

[

[
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