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Abstract

The aldol condensation of citral with acetone catalyzed by a Mg,Al-mixed oxide derived from hydrotalcite with an Al/(Al+Mg) molar
ratio equal to 0.2 was studied. The influence of reaction parameters such as acetone/citral molar ratio (1-5), temperature (343-398K), and
reaction time (30—240 min) was evaluated aiming at their optimization to increase pseudoionone production with high selectivity. The best
results were obtained for an acetone/citral molar ratio of 5 with 5wt.% of catalyst (based in the total weight of reactants). The highest
pseudoionone selectivity (90%) was achieved at 343 K after 4 h of reaction, with a citral conversion close to 50%. The observed trends suggest
that higher conversions and selectivities should be attained at longer reaction times at 343 K. GC-MS analyses confirmed pseudoionone
isomers as the main reaction products, the by-products being those from the aldol condensation between pseudoionone and acetone and fror
the self-condensation of citral. A general reaction scheme is proposed.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Citral; Pseudoionones; Basic catalysts; Hydrotalcite; Mg,Al-mixed oxides; Aldol condensation

1. Introduction of aqueous sodium hydroxid2,3], sodium alcoxidd3] or
lithium hydroxide[4] as catalysts. Pseudoionone (PSI) selec-
a- and B-lonone (4-(2,6,6-trimethyl-1-cyclohexenil)-3- tivities close to 80% are reported for citral conversions near
buten-2-one) are products derived from essentials oils with 60%. The second step is the cyclization of pseudoionones
extensive use in soap and fragrances industidenone is forming the ionones. Depending on the strength of the acid
also important as precursor in the synthesis of vitamin A used as catalyst; or 3-ionone is produced. The alphaisomer
and other carotenoids. lonones are commercially producedis obtained in the presence of weak acids, such as phosphoric
from homogeneous catalytic processes involving several unitacid, and when a strong acid is the catalyst, such as sulfuric
operations. The first stefrig. 1) is the production of pseu-  acid,B-ionone is formed5].
doionone (6,10-dimethyl-3,5,9-undeca-trien-2-one) fromthe  With these homogeneous catalysts some undesired reac-
aldol condensation of citral (3,7-dimethyl-2,6-octadienal) tions such as the self-condensation of citral and secondary
with acetone (propanone) catalyzed by alkaline hydroxides reactions involving the pseudoionones produced are also ob-
such as aqueous barium hydroxide, alcoholic sodium ethox-served, making it necessary the purification of the latter by a
ide, metallic sodium (which is pre-dissolved in alcohol), and laborious and costly washing operation followed by a care-
alcoholic sodium hydroxidgl]. Some patents claim the use ful fractional distillation to remove by-products with close
boiling points. The distillation step exposes the product to
mpondmg author. Fax: +55 21 2562 6300, prqlonged heating in the_presence of traces_ of either the_ al-
E-mail addressmonteiro@peq.coppe.ufrj.br (J.L.F. Monteiro). kaline catalyst or any acid used to remove it, thus favoring
1 Present address: Universidade Estadual daGairapolis, GO, Brazil. its decomposition with the formation of more by-products.

1381-1169/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2005.02.001



84 C.N. Rérez et al. / Journal of Molecular Catalysis A: Chemical 233 (2005) 83—90

O o 0]
P B P
©
acetone
S
o o® o o° +HB Q
‘ + @, ) e * B@
) e
S R H R -—HO R
citral (PSD)
R = ~ = 1-(2,6-dimethyl-1,5-heptadienyl)

Fig. 1. Mechanism of aldol condensation between citral and acetone.

Moreover, for satisfactory yields, these processes demandan Al/(Al+Mg) of 0.33, calcined under Nat 723K and
the use of a large excess of acetone, typically 10-20 molesrehydrated at 303 K with decarbonated w48r For an ace-
per mole of citral, thus requiring a large and costly plant for tone/citral molar ratio close to 250 and 1 wt.% of catalyst, a
commercial productiofd]. citral conversion of 65% and a PSI selectivity of 90% were
The substitution of this conventional homogeneous pro- obtained after 24 h at 273 K. The authors claim that the re-
cess by a heterogeneous one is a matter of great interest duaction is inhibited over this catalyst by higher concentrations
to the possibility of reducing the consumption of reactants of citral since no reaction was observed for an acetone/citral
and the number of operations involved. For example, neu- ratio of 20 even with 10 wt.% of catalyst. When the water in
tralization and washing stages can be substituted by a singlethe pores of the rehydrated catalyst was replaced by ethanol,
filtration. In addition, selecting the most active and/or the a higher activity was obtained (citral conversion of 92%), but
most selective catalyst can increase the total yield of desiredthe selectivity to PSI was lower (79%9]. At 296 K the se-
products and can also reduce by-products formation, therebylectivity to PSI was 87% for a citral conversion of 88%, after
simplifying the distillation step. Besides, the heterogeneous 24 h of reaction.
catalysts are more easily separated from the reaction mixture The aldol condensation between citral and acetone cat-
and can be reutilized, so giving rise to more environmentally alyzed by activated hydrotalcites (Al/(Al + Mg) = 0.25) was
friendly processes. also evaluated by Climent et §1.0]. These authors showed
Different groups have studied the heterogeneization of the that the inhibiting effect of citral on the catalytic activity re-
aldol condensation of citral and acetone. Noda d6kvere ported by Roelofs et al8] can be avoided by increasing
the firstto report the excellent performance of a Mg,Al-mixed the reaction temperature from 273 to 333 K. Moreover, citral
oxide (Al/(Al+Mg)=0.27) derived from hydrotalcite as a conversion and PSI selectivity were both favored by increas-
catalyst for this reaction under autogenous pressure, at 398 King the acetone/citral molar ratio and the reaction tempera-
with an acetone/citral molar ratio equal to 1 and a catalyst ture, reaching 90% and 99%, respectively, after 4 h at 353 K
content of 10 wt.% (with respect to the total weight of reac- with a ratio equal to 19 and 4.5 wt.% of catalyst. The rate of
tants). After 4 h of reaction, a citral conversion of 98% was reaction was also improved by the direct addition of water
obtained with selectivity to pseudoionones close to 67%. (36 wt.%) to the freshly calcined hydrotalcite. For this rehy-
Recently, Mg,Al-mixed oxides with different composi- drated catalyst both citral conversion and selectivity of PSI
tions and physico-chemical properties obtained from hydro- equal to 99% were observed after 1 h of reaction at 333K
talcites by thermal treatment at 723 K were evaluated at thewith acetone/citral molar ratio of 2.7 and 40 wt.% of cata-
same conditions as described above, using 5 wt.% of catalystlyst.
(with respect to the total weight of reactantd). The results As shown by different authors, the surface basic proper-
showed that the Mg,Al-mixed oxide derived from a hydro- ties and consequently the catalytic performance of the mixed
talcite with an Al/(Al+Mg) ratio equal to 0.20 and aged at oxides derived from hydrotalcites depends on chemical com-
333K was the most active and selective catalyst. After 4 h position, the optimum Mg/Al ratio depending on the basic site
of reaction, a PSI selectivity of 70% for a citral conversion density and strength required to activate the reactant of the
close to 65% was obtained. These values are quite similar toreaction under studyt 1,12—15] As to the nature of the active
those reported for homogeneous media. basic sites, itis often accepted thatin the case of Mg, Al-mixed
Roelofs et al[8,9] also studied this reaction using as cat- oxides they are associated to hydroxide groups and different
alyst a mixed hydroxide obtained from a hydrotalcite with O>~—Mg?* acid—base pairfl6,17] Concerning the Lewis
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basic sites associated t¢Oanions, their basicity depends The textural characteristics (BET specific area, external
on their coordination. Those oxygen atoms located in the area, microporous and mesoporous volumes) of the Mg,Al-
corner of the crystals (low coordination number) should have Mixed oxide were determined by,Ndsorption—desorption

a stronger basicity than oxygen atoms located on the edgest 77 K in an ASAP 2000 from Micromeritics.

or on crystal facefl5,17] On the other hand, the results of

Guida et al[18] suggest that the active sites for condensation 2.4. Catalytic tests

reactions are mainly hydroxyl groups.

This work continues our systematic study of the firststep ~ The reaction was carried out in liquid phase employing
of the ionone synthesis process, the production of pseu-a 50 ml stainless steel batch reactor magnetically stirred and
doionones by aldol condensation of citral and acetone overheated in an oil bath. The active form of the catalyst was ob-
Mg,Al-mixed oxides as basic catalysts. The influence of ace- tained by calcination ex situ under the conditions mentioned
tone/citral molar ratio, temperature and reaction time on cat- above (Sectior2.2). After activation, it was rapidly trans-
alytic activity and selectivity was evaluated within ranges ferred to the reactor containing the mixture of acetone and
consistent with a commercial process. The Mg,Al-mixed ox- Citral. The system was then heated up until the reaction tem-
ide used as catalyst was that with the best catalytic perfor- perature. The final temperature was always reached within
mance in our previous WOT[W] less than 5 min from the addition of the catalyst.

Two methodologies were used to evaluate the influence of
acetone/citral molar ratio (1, 5 and 10). In the first, a mass of

2. Experimental catalyst corresponding to 7.16 wt.% of the mass of citral was
employed whereas in the second the catalyst concentration
2.1. Reagents was of 5wt.% with respect to the total weight of reactants

(for an acetone/citral molar ratio of 1 the two methodolo-

The citral used, containing 98 wt.% of the isomers geranial 9i€S correspond to the same mass of catalyst). These tests
and neral, was purchased from Aldrich Co. Acetone (techni- Were carried out at 398 K for 4 h under autogenous pressure,

cal grade) was dried and distilled to reduce the water content<€€ping constant the volume of the reaction mixture (12 ml).
to less than 0.07 Wt.%. Once the best acetone/citral molar ratio was defined, the

catalytic tests for evaluating the effect of the temperature
i ) (343, 363, 383 and 398 K) and of the reaction time (30, 60,
2.2. Hydrotalcite synthesis 120, 180 and 240 min) were carried out.
) At the end of each test, the system was cooled down
The hydrotalcite used as precursor was prepared by CO-, y5om temperature and the phases separated by decanta-
precipitation at 333K, as previously described by Noda tion. The liquid phase was analyzed by gas chromatogra-

Perez et al[7]. An aqueous solution (solution_ A) containing phy in a Chrompack 9001 chromatograph equipped with a
Mg(NOs)2-6H20 and Al(NG)s-9H20 (1.5M in (Al +Mg) 50 m Carbowax 20 M capillary column and FI detector. The
and with an Al/(Al +Mg) atomic ratio of 0.20) was slowly g5 pies were dissolved imhexane (technical grade) before
dropped under vigorous stirring on a highly basic carbon- o anaysis. The reaction products were identified by gas

ate solution (solution B), prepared by dissolving appropriate chromatography-mass spectrometry in a GC-MS Shimatzu
amounts of NaCOz and NaOH in distilled water to give QP 2000A.

[COs2~] equal to 1.0 M and a pH equal to 10 during the ag-
ing of the gel for 18 h. The solid obtained was then filtered
and washed with distilled water (363 K) until pH 7.

To obtain the Mg—Al-mixed oxide the hydrotalcite sample
was calcined under air from room temperature up to 723K 3.1. Physico-chemical characterization
at 1 K/min and held at this temperature for 10 h.

3. Results and discussion

The chemical analysis of the hydrotalcite sample showed
2.3. Catalyst characterization an Al/(Al+Mg) atomic ratio of 0.2, identical to that of the
synthesis gel. This result associated to that of TGA/DTA

The chemical composition was determined by atomic ab- indicated that the chemical formula of the sample was
sorption spectrometry (AAS) using a Perkin-Elmer AAS Mgg 4Al 1.6(C0O3)0.8(OH)16:6.4H,0.
1100B spectrometer. X-ray powder diffraction patterns ofthe ~ The X-ray diffractogram of the synthesized sample indi-
samples were recorded in a Rigaku X-Ray generator equippedcated that diffraction lines corresponding to a hydromagne-
with a graphite monochromator using Cu Kadiation, 40 kV site phase were also present besides the hydrotalcite pattern.
and 40 mA. Thermal decomposition of the hydrotalcite sam- The presence of a small quantity of a phase different from
ple was evaluated by TGA and DTA analyses carried out hydrotalcite was also observed by TGA/DTA and was asso-
in a Rigaku Thermo balance TAS 100 under flow of air at ciated to the high concentration of GO and to the variation
10K/min up to 1273 K. of the pH from 14 to 10 during the preparation of the [7l
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The formation of magnesium hydroxycarbonate (hydromag- sites is increasingly insufficient to abstract protons from the
nesite) along with hydrotalcite was also reported by R&y acetone molecules and the rate decreases. This suggests that
for Al/(Al+ Mg) molar ratios lower than 0.25 and pH lower the abstraction of the proton from the acetone molecule is the
than 11. As shown by Nodaélrez et al[7], the presence of  rate-limiting step of the reaction.
this small quantity of hydromagnesite did not influence the ~ When the second approach was used (5wt.% of catalyst
basic and the catalytic properties of the mixed oxide derived as referred to the total weight of reactants), the citral
from this hydrotalcite sample. conversion after 4h at 398K increased significantly (from
Inspection of the N adsorption/desorption isotherm of 63 to 98%) whereas a slight increase in the PSI selectivity
the Mg,Al-mixed oxide obtained by calcination of the hy- (from 74 to 78%) was observed when the acetone/citral
drotalcite sample indicated a type IV (IUPAC) isotherm, molar ratio was increased from 1 to 5. The formation of a
associated to a mesoporous solid whose main texturalproduct resulting from the self-condensation of citral (PCS)

characteristics wereSget =271 nt/g, Sext =178 nt/g (t- was reduced significantly but the presence of products
plot method), Vmicro =0.041 cni/g (t-plot method) and resulting from the condensation between pseudoionone and
Vmeso = 0.60 cni/g (BJH method). acetone molecules increases. So, an acetone/citral molar

More details on the physico-chemical characteristics of ratio of 5 and a catalyst content of 5wt.% as referred to the
both the hydrotalcite precursor and the Mg,Al-mixed oxide total weight of reactants were selected to study the effects
were presented by Nod&FRez et al[7]. of temperature and reaction time.

3.2. Catalytic tests 3.2.2. Temperature and reaction time

The influence of temperature and reaction time on citral
In the present work, the citral purchased from Aldrich Co. conversion and pseudoionone selectivity was evaluated in the
(with 98 wt.% of citral isomers) substituted the Cuban lemon- range between 343 and 398 K with samples taken at 30, 60,
grass essential oil (91.3wt.% of citral) used in the former 120, 180, and 240 min. IFig. 3 one can observe that the
studies[6,7]. The use of this more pure reactant decreased conversion increases with increasing reaction temperature,
the formation of undesirable products, thus increasing both a5 expected. A continuous increase in conversion is also ob-
the citral conversion and the PSI selectivity as compared to gerved with reaction time and an almost complete conversion

those previously reported for the same catalyst on the sameps citral is attained after about 4 h for the tests at 383 and
reaction condition§7]. 398K.

Fig. 4 shows the variation of PSI selectivity with citral

3.2.1. Acetone/citral molar ratio conversion. For all temperatures the selectivity increased

Fig. 2shows that the selectivity to pseudoionones was not with increasing conversion. By reducing the temperature to
significantly affected but that the citral conversion decreased 343 K, an important beneficial effect on PSI selectivity was
when the acetone/citral molar ratio was raised. This result is observed when the results were compared at isoconversion,
in accordance with the first step of the aldol condensation selectivities greater than 90% being achieved. The observed
mechanism shown iRig. 1, in which the basic sites catalyze trends for the relationship between citral conversion and
the formation of a carbanion by the abstraction ofgproton reaction time and between PSI selectivity and conversion
from acetone. Increasing the amount of acetone in the reac-suggest that better results can be obtained for reaction times

tion medium, while keeping it constant the amount of cata- longer than 4 h at 343 K. Moreover, these reaction conditions
lyst, reduces the catalyst/acetone ratio as the acetone/citral

ratio is increased. As a consequence, the number of basic
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Fig. 2. Influence of acetone/citral molar ratio on citral conversion and PSI Fig. 3. Influence of temperature and reaction time on citral conversion
selectivity (7.16 wt.% of catalyst as referred to citral, 398 K, 4 h, autogenous (5 wt.% of catalyst as referred to the total weight of reactants, acetone/citral
pressure). molar ratio =5, autogenous pressure).
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100+ Table 1
Identification of the reaction products
~ 80+ Peak number  Substance
s land2 Citral isomers, geranial and neral
%‘ 90 3and5 Main pseudoionone isomers (R8hd PSg)
‘B 4 Not identified
£ 409 6-8 Pseudoionone isomers
& 9and 10 Products derived from the condensation between a
L 204 pseudoionone and an acetone molecule
11 Product derived from the self-condensation of citral (PCS)
0 : : : ‘ ‘ 12 Not identified
0 20 40 60 80 100

Citral conversion (%)

Fig. 4. PSI selectivity as a function of citral conversion (5wt.% of catalyst 3.3. GC—MS analyses

as referred to the total weight of reactants, acetone/citral molar ratio=5,

autogenous pressure). Fig. 5 shows the chromatogram for the products of the

reaction carried out at 363 K, with acetone/citral molar ra-

seem to be very adequate for the development of the processio of 5, during 1 h. The correspondence between the peaks

in a commercial scale. and the reaction products as identified by GC-MS is pre-
Besides the pseudoionone isomers (products of interest)sented inTable 1 As can be observed, no products from the

and the PCS (obtained from the self-condensation of cit- self-condensation of acetone were detected in these condi-

ral), other by-products whose formation was influenced by tions.

acetone/citral molar ratio, temperature and reaction times For the reaction carried out at 363K, a significant for-

were also detected. Aiming at elucidating the nature of mation of the main reaction products, pseudoionone isomers

these compounds, all the reaction products were analyzed bypeaks 3, 5, 6, 7 and 8), can be observed along with the un-

GC-MS. reacted citral isomers (peaks 1 and 2) after 1 h. Isomers cor-

_

Fig. 5. GC-chromatogram obtained after 1 h for the reaction carried out at 363K, 5wt.% of catalyst (based on total weight of reactants) and-acetone/cit
molar ratio =5.
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responding to peaks 6—8, which were favored by increasing R/\M\ 2 RW

the acetone/citral molar ratio from 1 to 5, practically disap-
peared with the increase in temperature and reaction time.
Inspection of the mass spectra of the pseudoionone isomers,
as illustrated IrFig. 6for that Corr.ESpondmg tO_ank 5, indi- Fig. 8. Proposed mechanism for the aldol condensation between pseu-
cates the presence of the foIIowmg characteristic fragmer‘tS:doionone and acetone (abstraction ofcaproton from pseudoionone as
m/z 192, m/z 124, m/z 109,z 82, m/z 81, m/z 69 andmy/z the first step).

41.
Products associated to peaks 9 and 10 were identifiedthat the true reaction involves the formation of a carbanion

as deriving from the aldol condensation between a pseu-from acetone, which is favored by an excess of acetone in
doionone and an acetone molecule. For this reaction, thethe reaction medium. The formation of these products in-
first step in the mechanism proposedFiy. 7 is the for- creases with the increase in both temperature and reaction
mation of a carbanion from acetone-fiydrogen abstrac-  time.

tion), which attacks the carbonyl group of a pseudoionone  Finally, peak number 11 was confirmed to correspond
molecule. An alternative mechanism is ShowrFig 8 It to the product formed from the self-condensation of citral.
involves the formation of a carbanion by the abstraction This product was the only one observed when the reaction
of an a-proton from pseudoionone and the Subsequent at-was carried out with Only citral as reactant, at 398K for
tack to the carbonyl group of the acetone molecule. Mass 4 h.

spectra of products 9 and 10 (not shown) indicated the From the complete identification of the reaction products
presence of the characteristic fragmemtéz 232, vz 189, a general route for the reaction between citral and acetone
m/z 164, m'z 149, m/z 122, m'z 109, m'z 96, m/z 69 and catalyzed by Mg,Al-mixed oxides can be proposed and is
m/z 41. The presence of the fragmemfz=189 suggests  Presented iffrig. 9.

R = 1-(2,6-dimethyl-1,5-heptadienyl) (see Fig.1)
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Fig. 7. Proposed mechanism for the aldol condensation between pseudoionone and acetone (abstractiproafrafrom acetone as the first step).
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Fig. 9. General scheme for the aldol condensation of citral and acetone over Mg,Al-mixed oxides in the experimental conditions studied in this work.

4. Conclusions on citral conversion and pseudoionone selectivity can be ob-
tained. The suggested reaction conditions are appropriate for

The Mg,Al-mixed oxide obtained by the thermal treat- the development of the process in a commercial scale.
ment of a hydrotalcite sample with an Al/(Al+ Mg) molar
ratio equal to 0.20 was confirmed as an active and selective
catalyst for the production of pseudoionones from the aldol Acknowledgements
condensation of citral and acetone.
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