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ABSTRACT: The possibility of combining dehydration and
isomerization of castor bean oil as a means to obtain CLA as
TAG forms was studied. First, dehydration was carried out using
various catalysts and reaction parameters. Best results were ob-
tained using phosphoric acid (0.1% w/w) at 280°C for 5 h.
Under such conditions, satisfactory proportions of CLA were
obtained (54% of total FA) with a majority of 9-cis, 11-trans iso-
mer (61% of total CLA). Other catalysts such as bisulfate-bisul-
fite, sulfuric acid, tungstic and phosphotungstic acids, or resins
and zeolites were also tested. With the exception of resins and
zeolites, these catalysts also led to CLA production but in lim-
ited amounts in comparison with phosphoric acid. In a second
step, an isomerization reaction was carried out to transform the
residual nonconjugated linoleic acid also produced during de-
hydration into CLA. Using Wilkinson catalyst [RhCI(PPh,),] in
ethanol solvent, dehydrated castor bean oil was isomerized in
high yields (>98%), allowing a complete disappearance of non-
conjugated linoleic acids. The resulting dehydrated/isomerized
oil contained more than 87% CLA with the 9-cis, 11-trans iso-
mer being predominant (40% of CLA fraction). Finally, urea
fractionation was also applied on dehydrated/isomerized castor
bean oil FA to obtain FFA products containing about 93% CLA.
Paper no. J10927 in JAOCS 82, 261-269 (April 2005).

KEY WORDS:
tion.

Castor bean oil, CLA, dehydration, isomeriza-

CLA are a group of FA isomers with a chain length of 18 car-
bons and two nonmethylated interrupted double bonds. De-
pending on the double-bond positions and their configuration
(cis or trans), different isomers can be found. CLA are natu-
rally present in milk fat in quantities varying from 6 to 16
mg/g and in lesser amounts in various meats (1,2). For a few
years now, CLA have been the subject of a growing interest
owing to their suspected nutritional and therapeutic proper-
ties. Indeed, since the first study by Pariza et al. (3) showing
an inhibitory effect of CLA on mutagen formation in rat liver
cells, many other studies have demonstrated the beneficial ef-
fect of CLA isomers on human and animal health (4). In par-
ticular, the 9-cis,11-trans isomer, also known as rumenic acid,
seems to be the most active against cancer cells. For exam-
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ple, it was observed that a CLA supplementation in rats’ diet
led to a reduction of mammalian or skin tumors (5,6). Simi-
larly, Lavillonniere and Bougnoux (7) and Ochoa et al. (8)
concluded that increased levels of CLA in mammalian tissues
resulted in a decrease, respectively, of breast or prostate can-
cer risk. Moreover, it appears that CLA formation also may
have some very advantageous nutritional properties. Several
studies tend to show that some isomers can contribute to the
reduction of body fat (9-13). This property is largely attrib-
uted to the 10-trans,12-cis isomer. Finally, CLA are said to
be involved in immune function preservation (14-16), arthri-
tis and inflammatory diseases (17-21), and atherosclerosis in
animals (22-24).

Endogenous production of CLA isomers by humans from
vaccenic acid (18:1, 11-trans) is very limited (25). Therefore,
a very large proportion of CLA found in body tissues is from
dietary origin. At present, the interest in CLA as commercial
nutritional supplements is great, and different products are
now commercially available (26). In most cases, these com-
mercial products contain about 50 to 80% CLA and corre-
spond to a complex mixture of isomers, the 9-cis,11-trans and
10-trans,12-cis isomers being the most abundant. Various
methods are available to produce synthetic CLA. The alka-
line isomerization of linoleic acid is the most common. Gen-
erally, this reaction cannot be carried out on natural linoleic
vegetable oils such as sunflower, soy, or safflower, but instead
must be produced from their corresponding soaps, which,
once conjugated through the action of a strong base, are then
transformed into FFA by dilute acid. The reaction tempera-
ture is around 200 to 250°C, and the FFA obtained are gener-
ally purified by distillation at the end of the process. Such iso-
merization reactions also can be applied to methyl esters. For
example, using potassium hydroxide, Chin et al. (27) ob-
tained a mixture of methyl esters containing nearly 90% CLA
with a majority of 9-cis,11-trans and 10-trans,12-cis isomers
in equivalent quantities. Nowadays, alkaline isomerization of
linoleic acid is often performed in propylene glycol in order
to limit reaction temperature (<100°C) and catalyst quantities
(2%). Under such conditions, the formation of undesired iso-
mers, such as 8-trans,10-cis and 11-cis,13-trans is limited
(26,28) More recently, new methods have been described in
which transition metal catalysts are used that allow satisfac-
tory CLA production (29-31). For example, Larock et al.
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(32), using rhodium or ruthenium transition metals at 60°C,
could produce high CLA yields (90%) from the conjugation
of soy methyl esters.

Dehydration of castor bean oil acid is another well-known
process that was extensively studied about 60 years ago
(32-34). Indeed, this oil contains about 85 to 90% ricinoleic
acid (12-hydroxy-9-cis 18:1), which can be easily dehydrated
at high temperatures under acid catalysis to form an additional
double bond in the aliphatic chain. Depending on the dehydra-
tion conditions, this newly formed double bond can be conju-
gated or not with the one initially present, leading to various
CLA isomers and nonconjugated linoleic acid. It is worth not-
ing that the main objective of these early publications was to
obtain CLA-enriched TAG for painting and varnishing appli-
cations, not for the nutritional benefits of CLA isomers. More-
over, owing to the limited resolution capacity of chromato-
graphic techniques at that time, data regarding the repartition
of the different CLA isomers formed during the process are
unavailable. However, dehydration of ricinoleic acid still ap-
pears to be a good strategy to obtain CLA in satisfactory
yields. For example, Berdeaux et al. (36) showed that methyl
ricinoleate could be transformed into the corresponding mesy-
late (12-mesyloxy-octadec-9-enoate), which was then reacted
with a base (1,8-diazabicyclo [5.4.0]-undec-7-ene, or DBU) to
give a product containing 66% of the desired 9-cis, 1 1-trans
CLA isomer. Recently, a similar process was applied in which
DBU was replaced by potassium hydroxide to reduce the eco-
nomic costs of the process (37). A 77% CLA production was
observed at 80°C, with the mixture composition correspond-
ing to 72% 9-cis,11-trans and 26% 9-cis,11-cis.

Some other methods have used microbiological processes
to produce CLA. For example, Propionibacterium freuden-
reichii ssp. has been employed to transform linoleic acid into
CLA with conversion yields ranging from 57 to 87%. The
main isomers formed were 9-cis,11-trans and 9-trans, 11-cis
(38). Similarly, all 9,11 isomers were produced using Lacto-
bacillus acidophilus with 80% conversion yield (39). Gener-
ally, lactic bacteria species are good catalysts for CLA syn-
thesis using linoleic or ricinoleic acid substrates (40—43).
However, although these microbiological techniques appear
attractive, they are not yet economically competitive with
classical chemical processes such as the alkaline isomeriza-
tion of linoleic acid or the dehydration of castor bean oil.

In the present paper, we have investigated and combined
these two strategies to produce CLA as TAG since it was re-
cently shown that the absorption and bioavailability of such
CLA products is improved in comparison with CLA FFA or
FAME (40).

MATERIALS AND METHODS

Materials. (i) Oils. Castor bean (Ricinus communis) and sun-
flower oils were purchased from Sigma-Aldrich (Saint
Quentin, France). The typical FA composition of castor bean
oil was the following: C16:0 (1.2%), C18:0 (1.1%), C18:1n-9
cis (2.8%), C18:1n-9 cis, n-7 OH (ricinoleic, 90.0%), 18:2n-6
cis (linoleic, 4.3%), C18:3n-6 (0.4%), and C20:0 (0.2%).

JAOCS, Vol. 82, no. 4 (2005)

P. VILLENEUVE ET AL.

(ii) Dehydration catalysts. Sodium bisulfate, sodium bisul-
fite, sulfuric acid, phosphoric acid, tungstic and phospho-
tungstic acids, Amberlyst IR 120 and IR 400 resins, and zinc
were all purchased from Sigma-Aldrich (Saint Quentin,
France). Zeolite CBV 712 and CBV 600 were obtained from
Zeolyst International (Valley Forge, PA). Lewatit K2629 resin
was from Bayer-Sybron Chemical (Pittsburgh, PA). Dowex
50 WXS resin was purchased from Acros Organics (Noisy le
Grand, France). All resins and zeolites were dried at 110°C
for 48 h before use. For recycling, Zeolite CBV 712 was re-
covered from reaction medium by simple filtration and
washed with 5 x 50 mL chloroform to eliminate traces of de-
hydrated castor bean oil.

(iii) Chemicals. Wilkinson catalyst [RhCI(PPh;),],
SnCl,-2H,0, tri-O-tolylphosphine, urea, sodium methylate,
and acetyl chloride were from Sigma-Aldrich. Potassium hy-
droxide, sodium sulfate, HCI, phenolphthalein, methanol, oc-
tanol, ethanol, 2-methyl 2-propanol, chloroform and hexane,
all analytical grades, were from Carlo Erba (Montpellier,
France).

Methods. (i) Castor bean oil dehydration. Castor bean oil
(250 mL) was magnetically stirred (250 rpm) and heated in a
500-mL three-necked round-bottomed flask placed in a ther-
mostated mineral oil bath at the selected temperature in the
presence of zinc powder (1 g) as antipolymerization agent.
After 20 min equilibration at the selected temperature, the
studied catalyst was added, and the dehydration reaction was
then initiated. The reaction medium was maintained under
vacuum to allow the removal of water formed during the
process, and gentle bubbling with nitrogen was used to limit
the presence of oxygen and possible oxidation reaction. Sam-
ples (50 mg) were periodically taken from the reaction
medium using a syringe and transformed into FAME for GC
analysis and determination of FA composition. In subsequent
experiments with the final selected catalysts, a three-order ex-
perimental design (temperature, reaction time, amount of cat-
alyst) was carried out to optimize CLA production and espe-
cially 9-cis, 11-trans isomer formation.

(ii) Isomerization of dehydrated castor bean oil. In a her-
metically sealed 50-mL round-bottomed flask under nitrogen
atmosphere, dehydrated castor bean oil (10 g) was mixed in
ethanol (or octanol or 2-methyl 2-propanol) in the presence
of the selected weight amounts of Wilkinson catalyst,
SnCl,-2H,0, and tri-O-tolylphosphine. Samples were period-
ically removed from the reaction mixture and analyzed by GC
for FA composition.

(iii) Urea fractionation. Dehydrated/isomerized castor bean
oil (50 g) was refluxed for 90 min in a 1 N ethanolic KOH so-
lution (1000 mL). After cooling to ambient temperature, 1 L
of 4 N HCI was added and the resulting FFA were extracted
by 3 x 350 mL hexane. FFA extracts were then washed with
water to neutrality. The organic phase was dried over anhy-
drous sodium sulfate and filtered, and the solvent was evapo-
rated under vacuum. A fraction of the recovered FFA (5 g) was
then added to an equivalent weight of urea previously dis-
solved in hot methanol (1 g of urea/3 mL of MeOH). After
urea inclusion, the reaction mixture was cooled to ambient
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temperature and stored at —25°C overnight. Then the urea
adduct fraction was separated from the mother liquor by vac-
uum filtration. To extract FFA from the mother liquor, 50 mL
of water was added to this latter, and medium was acidified to
pH <2 by 6 N HCI (50 mL). FFA were then extracted by 2 X
50 mL hexane. The organic phase was subsequently washed
by 25 mL water, 3 x 50 mL aqueous MeOH (30% vol/vol),
and then by 3 x 50 mL water. The hexane fraction was then
dried over anhydrous sodium sulfate, filtered, and the solvent
evaporated under vacuum. FA composition was then deter-
mined by transformation into FAME and GC analysis. FFA
were extracted from the urea fraction by adding 50 mL of
water and heating to complete urea dissolution. FFA then ap-
peared in the upper phase. After cooling to ambient tempera-
ture, the medium was acidified to pH <2 by 6 N HCI (50 mL).
FA were then extracted by 2 X 50 mL of hexane, then washed
according to the same procedure as for the mother liquor. Sam-
ples were analyzed by GC for FA composition.

Transformation into FAME and GC analysis for FA composi-
tion. In 25-mL round-bottomed flasks, samples (10 mg) were
added to 3 mL sodium methylate solution with phenolphthalein.
The reaction medium was refluxed for 10 min. Then 3 mL
methanolic HCI was added to phenolphthalein discoloration, and
the mixture was refluxed again for 10 min and then cooled to am-
bient temperature. Next, 8 mL of hexane and 10 mL of water
were added and the organic phase was recovered, dried over an-
hydrous sodium sulfate, and filtered for the subsequent GC
analysis: Agilent 6890 series using a SUPELCOWAX 10 capil-
lary column (SGE, Courtaboeuf, France) with the following
characteristics: length, 30 m; internal diameter, 0.32 mm; film
thickness 0.25 um. FAME were directly injected into the GC.
Carrier gas: helium, flow 2.2 mL/min; split ratio: 1:80. Injector
temperature: 250°C; FID detector temperature: 270°C. The tem-
perature settings were as follows: 150 to 225°C at 5°C/min,
225°C for 20 min. CLA isomers were identified in comparison
with commercially available CLA standards.

All assays concerning castor bean oil dehydration, isomer-
ization, and urea fractionation or FA compositions were run in
triplicate with less than 3% deviation. Data presented in the
tables correspond to the average value of three determinations.

TABLE 1
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RESULTS AND DISCUSSION

Among the different CLA products that are commercially
available, a very large majority correspond to FFA or alkyl
ester mixtures of various isomers. However, some recent find-
ings showed that TAG forms were the most suitable for in-
corporation into functional foods and for bioavailability of
CLA isomers in comparison with the alkyl ester forms (44).
Therefore, we decided to study methods that allow the pro-
duction of CLA isomers preferably as TAG. Such CLA TAG
are usually obtained through the lipase-catalyzed production
of restructured TAG (45). However, these technologies gen-
erally require particular enzyme selectivities and multistep
product synthesis and purification. Moreover, they often lead
to TAG containing limited amounts of CLA (<50%). In this
context, we estimated that the combination of ricinoleic acid
dehydration with new methods of linoleic acid isomerization
with transition metal catalysis was attractive for the purpose
of producing TAG highly enriched in CLA and especially the
9-cis,11-trans isomer.

Castor bean oil dehydration. Although several recent pub-
lications described the dehydration of ricinoleic acid as FFA
or FAME (36,37), we considered that direct dehydration of
castor bean oil was more attractive since the recovered final
products would be as TAG forms. In the presence of a Lewis
or Bronsted acid catalyst and heat, castor bean oil can be eas-
ily dehydrated with good conjugation yields. The effects of
three factors on the dehydration process were tested: type and
quantity of catalyst, temperature, and reaction time. No dehy-
dration reaction occurred in the absence of catalyst.

The first trials were carried out with a mixture of sodium
bisulfate—sodium bisulfite following the experimental proce-
dures described in the early literature (35). The catalyst effi-
ciency was evaluated at 230°C with 1.5% w/w sodium bisul-
fate and 0.5% w/w sodium bisulfite for a 2% catalyst total
amount. In this case, sodium bisulfite plays the role of an anti-
polymerizing agent. CLA formation was followed by GC
over the course of the dehydration reaction (Table 1). The de-
hydration reaction was very fast since residual ricinoleic acid
was only 38.4% after the first hour. After 24 h, dehydration

FA Composition over Reaction Course of Dehydrated Castor Bean Oil at 230°C with 2% Sodium Bisulfate (1.5 %)-Sodium Bisulfite (0.5%) Catalyst

Formed CLA isomer repartition (%)?

Reaction Total 9¢,11tfrom Linoleic Residual ricinoleic
time (h) 9¢,11 & 10t12c¢ 10¢,12¢ 9t 11t CLA (%) total CLAC (%) acid? (%) acid (%)

1 9.6 0.4 6.7 5.0 21.5 44.7 29.6 39.4

2 11.8 1.3 8.7 7.1 28.9 41.0 37.6 24.2

4 14.5 1.6 10.1 10.3 36.5 39.6 47.0 7.0

6 14.4 2.0 9.5 12.5 38.4 37.6 48.1 4.8

8 14.2 1.8 9.0 13.3 38.4 37.1 49.2 3.7

24 14.7 2.2 6.1 15.1 38.0 38.6 51.3 1.9

“% given from total FA composition. This table does not mention other nonreacting FA: C16:0 (1.2%), C18:0 (1.1%), C18:1n-9 cis (2.8%), C18:3n-6 (0.4%),

C20:0 (0.2%).
bgc, 11t is the abbreviated term for 9-cis, 11-trans isomer.

“This value corresponds to the ratio (%) of 9¢,11tisomers in the fraction of total CLA.
9Data correspond to total methylene-interrupted linoleic acid as 9-trans,12-cis and 9-cis,12-cis forms.
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was nearly complete, as there was a minimal content (1.9%)
of unreacted residual ricinoleic acid. However, the reaction
produced not only conjugated isomers but also methylene-in-
terrupted (nonconjugated) linoleic acid in higher proportions
(29.6%) than the total CLA. Moreover, we observed that both
nonconjugated linoleic acid isomers, namely, 9-trans,12-cis
and 9-cis,12-cis, were formed. The typical molar ratio be-
tween these two isomers was about 7:3 in favor of 9-cis, 12-
cis. For prolonged reaction times, nonconjugated linoleic acid
remained the FA that was predominantly produced. After 24
h, it accounted for 51.3% of the total FA. Concerning CLA
formation, a significant quantity (21.5%) was produced
within the first hour, with 9-cis,11-trans being predominant
(44.7% of total CLA). At the completion of the reaction, total
CLA was 38%. However, the proportion of 9-cis,11-trans iso-
mers decreased to 38.6% of total CLA following prolonged
reaction times. We observed that prolonged reaction times fa-
vored the formation of 9-trans,11-trans, which increased
from 5.0% (60 min) to 15.1% when dehydration was com-
plete. Finally, the 10-trans,12-cis isomer was produced in
very small quantities (<3%).

Metallic oxides have been described in the literature as
powerful catalysts for castor bean oil dehydration. These cat-
alysts were initially tested at 200°C and 0.5% quantity using
zinc powder as an antipolymerizing agent. From these experi-
ments, we concluded that phosphotungstic acid was not a
suitable catalyst since total polymerization of castor bean oil
was observed within 15 min. Similar results were obtained
with higher catalyst amounts. On the contrary, no polymer-
ization was observed with tungstic acid. However, dehydra-
tion was very slow. After 24 h, residual ricinoleic acid was
still 75% of total FA, and CLA production did not exceed 7%.
Increasing the catalyst amount to 2% did not result in signifi-
cant improvement in dehydration yields. After 24 h, whereas
55.4% of unreacted ricinoleic acid remained, total CLA for-
mation was only 12.8%, with equivalent production of four
isomers: 9-cis,11-trans, 10-trans,12-cis, 10-cis,12-cis, and 9-

TABLE 2
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trans,11-trans. We estimated that both temperature and cata-
lyst quantities had to be increased to favor CLA production.
Therefore, additional reactions were carried out with tungstic
acid at 250°C using higher catalyst amounts (Table 2). With
2% tungstic acid catalyst, about 5.7% residual ricinoleic acid
was present after 24 h. Total CLA production reached 34.4%
whereas nonconjugated linoleic acid accounted for 49.9%.
Concerning the repartition of CLA isomers, 9-cis,11-trans
was preferentially produced with a maximum of 59.8% when
the reaction was stopped at 24 h. Interestingly, CLA reparti-
tion was somewhat different with 5% catalyst. In that case,
both 9-cis,11-trans and 9-trans,11-trans were synthesized
predominantly. In terms of CLA production, although the de-
hydration was faster with 5% catalyst, final total CLA
amounts were very comparable (34.4%). However, with 5%
tungstic catalyst, the formation of nonconjugated linoleic acid
was favored and reached 55.5% after 24 h. At that time, the
dehydration reaction was complete and residual ricinoleic
acid was very low (<1%). These results with tungstic acid
showed that total CLA production and isomer repartition
were clearly dependent on the catalyst amount, operating
temperature, and reaction time.

The importance of reaction temperature was confirmed
when using strong acidic resins as ion exchangers, such as
Dowex 50W X8, Amberlyst IR 120 and IR 400, or Lewatit
K2629. Castor bean oil dehydrations were carried out at the
maximal stability temperature of these resins (150°C) using a
2% catalyst load. CLA formation was very limited after 24 h
with a 5% maximum for Lewatit K2629. As ricinoleic acid
amounts remained constant (around 89.3%), we concluded that
dehydration did not occur. The reaction was tried at higher tem-
perature (250°C) using Lewatit K2629 catalyst (Table 3). In
that case, reasonable amounts of CLA had formed after 24 h
(31.6%). However, dehydration was not quantitative since
14.9% residual ricinoleic acid remained. Moreover, nonconju-
gated linoleic acid formation was slightly higher than CLA for-
mation. Finally, concerning the repartition of CLA isomers, we

FA Composition over Reaction Course of Dehydrated Castor Bean Oil at 250°C with 2% and 5% Tungstic Acid Catalyst*

Formed CLA isomer repartition (%)

Reaction Total 9¢,11tfrom Linoleic Residual ricinoleic
time (h) 9c, 11t 10t12c¢ 10¢,12¢ 9t 11t CLA (%) total CLA (%) acid (%) acid (%)
Catalyst amount = 2% w/w
1 1.8 0.9 1.5 1.5 5.6 31.6 11.9 74.9
2 8.6 0.0 4.5 4.2 17.4 49.5 27.4 47.1
4 11.5 0.0 5.5 5.2 22.3 51.6 33.0 36.8
6 12.1 0.0 5.0 7.2 24.2 50.0 33.6 32.5
8 14.0 0.0 5.5 6.0 25.6 54.9 40.0 26.2
24 20.6 0.4 4.6 8.8 34.4 59.8 499 5.7
Catalyst amount = 5% w/w
1 2.6 1.3 1.9 2.0 7.7 32.2 14.5 70.4
2 5.1 2.0 4.2 4.3 15.7 32.4 37.2 38.9
4 8.9 3.5 7.5 9.2 29.1 30.5 44.0 16.4
6 9.2 3.9 7.3 10.5 31.0 29.8 49.0 9.3
8 10.0 3.6 7.8 11.0 32.5 30.9 51.0 6.1
24 13.6 2.5 6.1 12.4 34.4 38.6 55.5 0.5

IFor footnotes see Table 1.
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TABLE 3
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FA Composition over Reaction Course of Dehydrated Castor Bean Oil at 250°C with Lewatit K2629 or Zeolite CBV 7127

Formed CLA isomer repartition (%)

Reaction Total 9¢,11tfrom Linoleic Residual ricinoleic
time (h) 9¢, 11t 10t,12¢ 10¢,12¢ 9,11t CLA (%) total CLA (%) acid (%) acid (%)
Lewatit K2629 (2% w/w)
1 3.8 1.4 1.5 10.5 17.2 22.1 20.5 50.3
2 6.3 1.3 2.2 12.0 21.9 29.0 22.7 41.4
4 7.6 1.6 2.5 14.0 25.6 29.6 27.0 33.8
24 10.8 1.9 3.4 15.4 31.6 34.3 35.7 14.9
Recycled Lewatit K2629 (2% w/w)
1 0.0 0.0 0.0 0.0 0.0 0.0 5.1 87.5
2 0.3 0.0 0.1 0.2 0.7 47.7 5.7 85.9
4 0.6 0.0 0.3 0.5 1.4 44.6 5.8 85.7
24 2.0 0.0 0.9 1.8 4.8 41.6 9.5 77.9
Zeolite CBV 712 (2% w/w)
1 1.6 0.0 0.7 1.8 4.0 38.7 10.2 78.2
2 1.9 0.0 0.8 2.1 4.7 38.5 10.7 771
4 2.0 0.0 0.8 2.3 5.2 40.0 11.3 76.2
24 3.7 0.0 0.8 2.8 7.3 51.3 13.9 69.9
Zeolite CBV 712 (5% w/w)
1 3.4 0.5 1.5 4.5 9.8 34.2 17.7 64.2
2 3.8 0.6 1.3 4.5 10.3 37.3 20.7 60.0
4 5.5 0.7 1.5 5.6 12.5 44 .4 20.8 58.6
24 6.9 1.1 1.2 6.0 15.1 45.4 25.0 48.4

IFor abbreviations see Table 1.

observed that 9-trans, 11-trans formation was favored in com-
parison with 9-cis,11-trans, which was only 34.3% of total
CLA. However, since Lewatit K2629 was used here at a tem-
perature above its maximal thermal stability, we checked the
impact of such thermal treatment on the catalyst recyclability
and efficiency. The same Lewatit K2629 was filtered from the
reaction medium and washed by organic solvent to remove any
traces of dehydrated castor bean oil. Then it was recycled for
another dehydration reaction that was carried out at 250°C. A
drastic decrease in the catalyst efficiency was observed with
very low CLA formation (<5%) and limited ricinoleic acid de-
hydration (Table 3). These experiments demonstrated that resin
catalysts were inefficient owing to their limited thermal stabil-
ity, which did not allow carrying out reactions at sufficiently
high temperatures for castor bean oil dehydration. In further
experiments, we selected strongly acidic zeolites with better
thermal stability and evaluated their ability to catalyze the de-
hydration process at 250°C. Zeolite CBV 600 was not a satis-
factory catalyst, and no CLA production was possible with this
material whatever quantity of it was used in the process (from
2 to 5%). Results were better with Zeolite CBV 712 but still
limited. Only 7.3% CLA formation was observed after 24 h
with 2% catalyst. Increasing the catalyst quantity (5%) resulted
in additional CLA formation (15.1%), but it was still insuffi-
cient (Table 3).

Finally, nonoxidizing mineral acids such as sulfuric and
phosphoric acid were also tested at 250°C at various catalyst
levels. Concerning sulfuric acid, we observed that the dehy-
dration reaction was very fast with only 5.3% residual ricin-
oleic acid after 60 min and 1.3% after 6 h (Table 4). Total
CLA formation was very comparable to that obtained with
sodium bisulfate—sodium bisulfite catalysis. However, some
disadvantages appeared in the case of sulfuric acid. Indeed,

the CLA isomer repartition showed that 9-cis,11-trans iso-
mers represented only 25-26% whereas 9-trans,11-trans was
predominant. Moreover, after 2 h, it was observed that pro-
longed reaction times lead to isomer rearrangement, resulting
in a slight increase of 10-trans,12-cis and 10-cis,12-cis iso-
mers as well as an increase in the nonconjugated linoleic acid
ratio. No further experiments were carried out with this cata-
lyst. For phosphoric acid, the initial assays were run using a
2% catalyst load. The reaction was almost complete within 6
h according to the minimal unreacted ricinoleic acid content
(3.3%), with 46.7% maximal CLA formation. For the first
hours, formation of the 9-cis,11-trans isomer was favored
with a 63.4% maximum at 4 h. For prolonged reaction times,
the 9-trans, 11-trans isomer was preferably produced, thus
lowering the 9-cis,11-trans content in the total CLA (54.4%).
No 10-trans,12-cis formation was detected. To accelerate the
dehydration reaction and try to favor 9-cis,11-trans produc-
tion, experiments were carried out with increased phosphoric
acid content (5%) (Table 4). The reaction kinetics then im-
proved: Residual ricinoleic acid was 5.2 and 1.9% for 60 min
and 2 h reaction time, respectively. Only traces of ricinoleic
acid were noted after 6 h. However, total CLA formation was
lower in comparison with the 2% catalyst quantity. Only
31.9% total CLA was obtained. Moreover, formation of the
9-trans,11-trans isomer was favored throughout the reaction.
In parallel, we observed that a strong castor bean oil polymer-
ization occurred (increase in viscosity and discoloration). Fi-
nally, as increased phosphoric acid quantities were not advan-
tageous for CLA production, reactions were repeated with
0.5% catalyst amount (Table 4). This resulted in slower dehy-
dration kinetics, but a satisfactory CLA formation was ob-
served after 24 h (47.5%). Moreover, 9-cis,11-trans forma-
tion was greatly favored, reaching around 70% of total CLA
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TABLE 4
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FA Composition over Reaction Course of Dehydrated Castor Bean Oil with Sulfuric or Phosphoric Acid at 250°C?

Formed CLA isomer repartition (%)

Reaction Total 9¢,11t from Linoleic Residual ricinoleic
time (h) 9¢,11t 10t,12¢ 10¢,12¢ 911t CLA (%) total CLA (%) acid (%) acid (%)
Sulfuric acid (2% w/w)
1 9.4 2.6 3.9 20.3 36.2 26.3 47.3 5.3
2 9.7 2.7 4.0 20.6 37.0 26.2 48.8 2.3
4 9.1 2.8 4.0 19.5 35.5 25.8 48.9 1.5
6 9.0 2.9 4.1 19.5 35.6 25.4 49.3 1.3
Phosphoric acid (0.5% w/w)
1 3.5 0.0 1.6 0.2 5.3 66.0 9.7 76.0
2 7.4 0.0 3.0 0.8 11.3 66.0 13.8 65.1
4 17.0 0.0 6.5 1.1 24.8 69.0 22.4 42.2
6 24.0 0.0 8.9 1.9 34.8 69.0 29.4 25.8
8 29.4 0.0 9.8 2.8 41.9 70.0 34.5 14.0
24 30.8 0.0 8.1 9.6 47.5 64.9 39.2 3.6
Phosphoric acid (2% w/w)
1 4.6 0.0 2.5 1.2 8.3 55.3 13.1 67.1
2 13.0 0.0 5.9 1.6 20.6 63.3 21.5 48.5
4 26.7 0.0 11.8 3.7 42.2 63.4 37.3 11.2
6 25.4 0.7 11.9 8.8 46.7 54.4 40.7 3.3
Phosphoric acid (5% w/w)
1 6.2 3.1 4.8 19.1 33.3 18.9 48.3 5.2
2 6.3 2.8 4.2 22.7 35.8 17.1 44.7 1.9
4 8.1 2.5 4.0 21.2 36.5 22.1 43.7 1.9
6 7.1 2.3 2.8 19.1 31.9 23.8 41.0 0.5

IFor footnotes see Table 1.

after 8 h. The production of the 10-trans,12-cis isomer was
very limited (<1%) as observed with 2% catalyst.

This catalyst screening for castor bean oil dehydration
showed that the choice and quantity of catalyst, in association
with the reaction temperature and duration, were of crucial im-
portance for CLA production and isomer repartition. From our
experiments, phosphoric acid seemed to be the most promis-
ing catalyst. Therefore, we selected this catalyst for further ex-
periments and applied experimental design strategy to opti-
mize total CLA production, especially of the 9-cis,11-trans
isomer. The influence of three parameters, namely, catalyst
quantity (0.1 to 5%), reaction temperature (180 to 300°C), and
reaction time (60 min to 24 h) was studied. Temperature was
observed to be the most important parameter. Below 200°C,
the dehydration reaction was not possible. At the 200°C mini-
mal value, CLA total production was directly correlated with
catalyst amount. For 0.2% catalyst, CLA total production was
very limited (<3%) after 24 h. For higher catalyst quantities
(2.5 and 5%), we observed a fast disappearance of ricinoleic
acid, which represented, respectively, 6.7 and 4.3% after 24 h.
However, in such conditions, CLA production only reached a
40% maximum. Moreover, 9-cis, 1 1-trans was only 20.3% of
the total CLA, trans-trans isomers being produced preferen-
tially. For reactions carried out at 300°C, dehydration was very
fast whatever the catalyst amount. For example, with 5%
phosphoric acid, the reaction was complete after 2 h. Interest-
ingly, at such temperature, 9-cis,11-trans isomer production
was inversely correlated with catalyst quantities. Indeed, it
was 20% for a 5% catalyst load and increased to 70% of total
CLA when using 0.2% phosphoric acid. For prolonged reac-
tion times, a sigmatropic rearrangement (26) was observed be-
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tween CLA isomers, leading to a decrease in 9-cis,11-trans
isomer and an increase in trans-trans CLA. Finally, we esti-
mated that a 300°C reaction temperature was not suitable for a
dehydration reaction owing to the elevated risk of polymeriza-
tion side-reactions. Such reactions were indeed observed at
this temperature. In our experimental design, a 280°C reaction
temperature was shown to be the most appropriate. At this
temperature, 0.1% catalyst amount gave the best results. After
5 h, dehydration was almost complete and the dehydrated cas-
tor bean oil obtained contained about 54% CLA, with the 9-
cis, 1 1-trans isomer accounting for 61% of the total CLA. In
parallel, we also found that prolonged reaction times had to be
avoided to limit sigmatropic rearrangement and drastic modi-
fication of CLA repartition. Typically, under optimized condi-
tions (phosphoric acid 0.1%, 280°C, 5 h), the FA composition
of the obtained dehydrated castor bean oil was C16:0 (1.2%),
C18:0 (1.1%), C18:1n-9 cis (2.8%), ricinoleic acid (<2%),
nonconjugated linoleic acids (33%), C18:3n-6 (0.4%), C20:0
(0.2%), and total CLA (54%) with 61% of 9-cis,11-trans iso-
mer/total CLA.

Isomerization of dehydrated castor bean oil. The dehydra-
tion of castor bean oil allowed us to obtain TAG containing
around 54% CLA and 33% of nonconjugated linoleic acid
both cis, cis and cis,trans isomers. We then evaluated the feasi-
bility of transforming in situ the remaining nonconjugated
linoleic acids into CLA isomers by isomerization reaction to
produce highly CLA-enriched TAG. For such isomerization
reactions, classical alkaline catalysis with KOH (26-31) can-
not be applied on TAG. However, some recent work demon-
strated that rhodium or ruthenium transition metals could be
used as catalysts for isomerization of TAG (32). Following the
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experimental procedure described in this study, we studied the
efficiency of Wilkinson catalyst [RhCI(PPh;);] to isomerize
dehydrated castor bean oil. After 24 h of reaction, isomeriza-
tion of nonconjugated linoleic acid was determined by GC
(Table 5). The addition of phosphine ligand (methoxy tri-
phenylphosphine) was not advantageous, as could be con-
cluded from trials 6 and 7, whereas reactions conducted in the
absence of the Lewis acid SnCl, were unsuccessful, giving no
isomerization (data not shown). In the absence of solvent, iso-
merization was not possible whatever the temperature and cat-
alyst quantity used (trials 1 to 5). We evaluated the influence
of the solvent nature using ethanol, octanol, and 2-methyl 2-
propanol (Table 6). Best results were obtained with ethanol.
The isomerization reaction was very fast and almost complete
within 24 h (yield 98.8%). The final dehydrated/isomerized
castor bean oil contained about 8§7.8% CLA. Concerning the
repartition of isomers, reaction favored the formation of full

TABLE 5
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trans 9,11 isomer. Consequently, the amount of 9-cis,11-trans
in the CLA fraction decreased throughout the reaction time.
Such 9-trans, 11-trans-favored production could be explained
by the presence of both cis,cis and cis,trans nonconjugated
linoleic acid in the initial dehydrated castor bean oil. During
isomerization, the cis,trans would be transformed into fully
trans CLA. This was verified when the isomerization reaction
was carried out under the same conditions with sunflower oil,
which contains only cis,cis nonconjugated linoleic acid. In this
case, we observed a preferred synthesis of 9-cis,11-trans and
10-trans,12-cis isomers in comparable amounts, whereas pro-
duction of all-frans isomers was very limited (data not shown).
Reaction with octanol as solvent was much slower and only
reached 82.4% isomerization yield after 24 h with a CLA iso-
mer repartition in favor of trans,trans isomer. Finally, reaction
with 2-methyl 2-propanol tertiary alcohol was unsatisfactory,
with a very low yield (1.5%). Therefore, ethanol was selected

In situ Isomerization of Dehydrated Castor Bean Oil (10 g scale) with Wilkinson Catalyst*

Wilkinson SnCl,2H,0  (O-CH,CH,),P Solvent Isomerization

Trial catalystb (mg) (mg) (mg) (10 mL) Temp. (°C) yield (%)
1 50 40 20 None 60 0

2 50 None None None 60 0

3 50 40 20 None 120 0

4 200 160 80 None 60 0

5 50 None None None 120 0

6 50 40 20 EtOH 60 95.4

7 50 40 None EtOH 60 98.8

8 50 40 None EtOH 25 0

9 50 40 None Octanol 60 82.4
10 50 40 None  2-Methyl 2-propanol 60 1.5
11 10 40 None EtOH 60 92.7

9Reactions were run under a nitrogen atmosphere for 24 h in 10 mL of solvent.

bRhCI(Pph,),.

TABLE 6

Influence of Solvent Nature on Reaction Yields and CLA Repartitions in the Isomerization of Dehydrated Castor Bean Oil with Wilkinson Catalyst

Formed CLA isomer repartition (%)?

Reaction Total 9¢,11tfrom  Residual linoleic Isomerization
time (h) 9c, 11t 10t12c 10¢,12¢ 9t 11t CLA (%) total CLA® (%) acid? (%) yield (%)
Ethanol (Table 5, trial 7)
1 35.0 4.7 7.7 20.1 67.5 51.8 20.3 38.5
2 37.9 6.6 8.9 28.6 82.0 46.2 4.9 85.1
4 38.6 7.1 8.6 333 87.6 44.0 0.9 97.3
6 37.3 7.2 8.5 34.0 87.7 43.0 0.7 97.9
24 35.0 6.8 8.8 36.6 87.8 40.2 0.4 98.8
Octanol (Table 5, trial 9)
1 31.6 2.7 6.1 12.9 54.1 59.2 32.3 2.1
2 31.9 2.8 6.5 13.8 55.0 58.0 31.1 5.8
4 30.9 2.8 6.9 14.7 55.3 559 28.7 13.0
6 30.8 3.0 7.5 17.2 58.7 52.7 24.6 25.6
24H 20.7 4.8 9.5 32.3 67.4 30.8 5.8 82.4
2-Methyl 2-propanol (Table 5, trial 10)
1 31.7 2.8 6.7 14.0 54.1 57.4 33.0 0
2 31.9 2.8 6.3 12.5 54.3 59.8 32.8 0.6
4 30.0 2.6 6.5 12.7 54.5 58.0 32.8 0.6
6 30.6 2.6 6.6 12.6 54.9 58.4 32.7 1.0
24 30.4 2.7 6.3 13.0 55.0 57.9 32.5 1.5

9% given from total FA composition. Initial dehydrated castor bean oil FA composition: C16:0 (1.2%), C18:0 (1.1%), C18:1n-9 cis (2.8%), C18:1 ricinoleic
acid (<2%), nonconjugated linoleic acids (33%), C18:3n-6 (0.4%), C20:0 (0.2%), and total CLA (54%) with 61% of 9-cis,11-trans isomer/total CLA.

b9 ¢, 11tis the abbreviated term for 9-cis, 11-trans isomer.
¢d5ee Table 1 footnotes.
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for further experiments. The feasibility of the reaction was
tested at 250°C and did not show any isomerization (Table 5,
trial 8). Reaction temperatures higher than 60°C were not
tested due to the risk of hydrogenation side-reactions that may
occur with elevated temperatures (32). The reaction was also
carried out with lower Wilkinson catalyst quantities (Table 5,
trial 11). In this case, a good isomerization yield was still ob-
tained; however, it was not quantitative and was slightly lower
than the one previously observed with 50 mg catalyst. In con-
clusion, using the optimized reactions conditions (Table 5, trial
7), the dehydrated/isomerized castor bean oil that was ob-
tained had the following FA composition: C16:0 (1.2%),
C18:0 (1.1%), C18:1n-9 cis (2.8%), ricinoleic acid (<2%),
nonconjugated linoleic acids (<0.5%), C18:3n-6 (0.4%),
C20:0 (0.2%), and total CLA (87.8%) with 40.2% of 9-cis,11-
trans isomer/total CLA.

Urea fractionation. The combined dehydration and iso-
merization of castor bean oil led to an efficient production of
TAG highly enriched in CLA. We were also interested in ap-
plying urea fractionation technology to try to increase this
CLA content even more. Following a recent process describ-
ing CLA purification (46), we evaluated this technology on
FFA of dehydrated/isomerized castor bean oil. Indeed, the
urea fractionation cannot be applied directly on TAG. Results
showed an improvement in CLA content in the mother liquor
(Table 7). Indeed, CLA counted for 93.6% of total FA in this
liquor with a majority of 9-cis, 1 1-trans (60.8%). On the con-
trary, a tendency for 9-trans,11-trans depletion was observed
in the liquor. Concerning the urea fraction, we observed that
all residual saturated FA were located here. Its CLA content
was about 79%, with a majority of trans,trans isomer,
whereas rumenic acid was just 32% of the CLA isomers in
this fraction.

The combination of dehydration and isomerization of cas-
tor bean oil is a promising process for production of TAG
highly enriched in CLA isomers. This is a clear advantage in
comparison with most existing methods, in which CLA are
obtained as FFA or alkyl esters, as it was recently demon-
strated that TAG forms are best for CLA bioavailability (40).
We also showed that urea fractionation of FFA from dehy-
drated/isomerized castor bean oil could lead to products con-
taining more than 93% CLA as FFA. This amount is superior
to most of the commercially available CLA products. De-
pending on the reaction conditions, catalyst choice and
amount, reaction time, and temperature, the repartition of
CLA isomers can be modulated to favor 9-cis,11-trans pro-
duction.

TABLE 7
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