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Thermal Degradation Kinetics of Bixin in an Aqueous Model
System

ALESSANDRO DEO. Ros,' CLaubio D. BORSARELLL*# AND
ADRIANA Z. MERCADANTE* T
Departamento de Ciéncia de Alimentos, Faculdade de Engenharia de Alimentos, UNICAMP,

Cx. Postal 6121, 13083-970, Campinas, SP, Brazil, and Instituto de Ciencias Quimicas, Universidad
Nacional de Santiago del Estero, Av. Belgrano (S) 1912, 4200 Santiago del Estero, Argentina

The kinetics of the thermal degradation of the natural cis carotenoid bixin in a water/ethanol (8:2)
solution was studied as a function of temperature (70—125 °C), using high-performance liquid
chromatography. The curves for the decay of bixin and formation of products (e.g., di-cis and all-
trans isomers and a C17 degradation compound) did not adjust well to a first-order rate law, but very
good fits were obtained using a biexponential model. This mathematical modeling gave the rate
constant values for the formation of the primary products from bixin, and the energy barrier for each
step was obtained. The di-cis isomers were formed immediately (15 kcal/mol) together with the decay
of bixin, followed by a slow consumption, indicating their role as reaction intermediates. In fact, the
di-cis isomers could easily revert to bixin (E, ~ 3 kcal/mol) or yield the primary C17 degradation
product, with an energy barrier of 6.5 kcal/mol. In turn, 24 kcal/mol was necessary for the Bix —
all-trans step, explaining its slower formation.
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INTRODUCTION of carotenoids, which are susceptible to thermal degradation,
Bixin (methyl hydrogen 9cis-6,6-diapocarotene-6/@lioate, this type of treatment leads to a reduction of the active
CosH3d04; Figure 1) is the main carotenoid found in the seeds carotenoids or to their transformation into degradation products

of the tropical annatto treeB{xa orellanaL.) (1, 2). Bixin is with different colors and properties.
one of the few naturally occurringis carotenoids, whose One of the processes for the production of annatto extracts

formation is thought to occur by oxidative degradation of the uses edible oils and applies high temperatures, which can reach
parent Gg-carotenoid (34). Recently, using molecular biology, 125 °C under vacuum1(). Under these conditions, the major
the formation of bixin was confirmed to occur from lycopene, carotenoids also include all-trans-bixin and a yellow thermal
with bixin dialdehyde and norbixin as intermediates, but no degradation product (5—8) (Figure 1). The structure of the
mention of the geometry of the 8ouble bond was madé) yellow degradation product was proposed by MckeoW®8j
Small amounts of norbixinFigure 1) (9-cis-6,6-diapocarotene-  and confirmed by Scotte®] as being 4,8-dimethyl-tetradeca-
6,6'-dioic acid, GsH2504) are also found in the annatto seeds, hexaene-dioic acid monomethyl ester (CIRi(re 1). Heating
and this becomes the major carotenoid of the agqueous annattef bixin solutions also formed volatile compounds, especially
extracts. _ xylene and toluene (7—10).

Commercial annatto preparations have been added to numer- - geqiter et al. (10) evaluated the thermal stability of bixin at
ous foods to impart yellow to red colors. They include oil soluble boiling point of different alcohol solvents. A dis-isomer

cplors and annatto povx_/der, which contain k_)|>_<|n as the main \yas rapidly formed while both atkans-bixin and C17 were
pigment, water d|sp_er3|ble c_:olors with no_rblxm as t_he main formed at a much lower rate. These authors have postulated a
Eoltcr)]ragt,.and %mms'g.n.s' which rlnay C°br.‘t<?“” a c_?rr;nblnatpn of mechanism for the complete formation of the thermal degrada-
oth DIxin -and norbixin -or- only Norpixin &. € main tion products, reporting an activation enerdsg)(of 8.5 kcal/
application of annatto is in the food industry for coloring mol. However, Berset and Martit{) reported ark, of 30 kcall
sausages, margarine, snacks, and cheese._ . mol for the thermal degradation of the annatto pigments (mainly
High-temperature processes are used either to extract pig-_._. . - . ) .
. bixin) in vaseline as solvent, also assuming a first-order behavior
ments from natural sources or in food treatments. In the case ; . .
for the pigment consumption. Regardless of the use of different
* To whom correspondence should be addressed. (C.D.B.) Fax: 54-385- solvents and considering the same degradation mechanism, there
é5095|%_35- E-m?llr cbprsa@gnse-edU-ar- (A.ZM.) Fax: 55-19-37882153. is a large difference in the reportell, indicating some
'TS'ngin,\}lg ea.unicamp.br. controversy in the kinetic analysis or misinterpretation of the
* Universidad Nacional de Santiago del Estero. experimental data.
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Figure 1. Structures of the main apocarotenoids from annatto and some of their degradation products.

It is interesting to note that bixin was stable at room 0.1
temperature but was easily transformed tat@hs-bixin in the
presence of a sensitizer molecule and ligt®)( In this case,
an energy transfer-based mechanism involving the excited triplet
state of bixin,®Bix*, as the precursor of the isomerization step 0.0
was reported, and the activation energy for this step was about
6 kcal/mol (12). At first sight, these findings indicate that a
greater energy barrier can be expected for the thenisat
trans isomerization of bixin.

180 min

AAb

In this report, a detailed kinetic study of the thermal 01
degradation of bixin in aqueous 20% ethanol solutions (a solvent
system closer to those found in foods), using high-performance - e 100
liquid chromatography (HPLC) for monitoring the reaction, is time (min)
presented. The rate constants and activation parameters for the ., L \ L
different primary degradation steps are reported and discussed 300 400 500
as a function of previous degradation mechanisms. A (nm)
Figure 2. UV-vis spectral changes, AAbs, produced on heating 76 uM
MATERIALS AND METHODS bixin at 92 °C in 20% aqueous ethanol solutions. The inset shows the

kinetic profile at several wavelengths. The solid lines represent the fitting

Materials. Bixin crystals, with 99% purity as determined by HPLC, - . .
of the experimental data from the sum of two exponential functions.

were kindly supplied by Dr. Simon Werner from DSM (Basel,

Switzerland). All of the organic solvents used were HPLC grade from

Mallinckrodt, and the distilled water was purified by a Milli-Q Plus ~ Packard 8453) equipped with a thermostated cell holder were also

system (Millipore). conducted at 63, 81, and 9Z. The experiments were performed in
Methods. Bixin (76 xM) was dissolved in air-saturated aqueous 20% duplicate.

ethanol solutions and heated in tightly sealed glass tubes at 70, 77, 84,

98, and 125C in the dark. Heating at 128 was co.nducu.ed in a sand RESULTS AND DISCUSSION

bath, whereas the other temperatures were achieved in a water bath.

At diff_erent h_eating times, _the tu_bes, in duplicate, were taken from the Figure 2 shows the UV-vis spectral changes produced in a

ba;hl,l 'Sm":ecj'ate'y C°°'e°.'t'” 6;” ice batr\‘/’vat”d aﬂ%‘{éed b{ Hpb\(/:‘t bixin solution contained in a sealed quartz cell on heating at 92

ystems were monitorea using a waters system (Waters °C. The consumption of the visible band of bixin (46800

Corporation, Milford, MA) equipped with a photodiode array detector ied b . in the absorb bel
(PDA) (Waters, model 996). The equipment also included an on-line nm) was accompanied by an increase in the absorbance below

degasser, a Rheodyne injection valve with aR0oop, and an external 400 nm, without the presence of clear isosbestic points. In
oven. Millennium Waters software performed the data acquisition and addition, as can be seen in the insetFijure 2, the kinetic

processing. Separation was carried out usinggSpherisorb ODS-2 curves showed nonsimple exponential behavior, whose fitting
column, 150 mmx 4.6 mm i.d. (3um particle size), with acetonitrile/  parameters were strongly dependent on the monitoring wave-
2% acetic acid (65:35)1@) or acetonitrile/2% acetic acid/dichlo-  length, precluding a simple kinetic analysis from the s

romethane (63:35:2)1@) as the mobile phases at a flow rate of 1 mL/  ghsorption spectra. The same result was observed at all
min and the column temperature set at’Z The absorption spectra  tamperatures, indicating the formation of several bixin degrada-

were obtained between 250 and 600 nm, and the chromatograms werg;, o4y cts (including bixin isomers) at different rate constants.
processed at the maximum absorption wavelendths) (for quantifica-

tion purposes. Because there are no standards available for ¢ie di- The formation of several degradatipn products was Confirmed
isomers, quantification was carried out by external calibration with a by the HPLC chromatogram shownkiigure 3, where the main
bixin standard. degradation products were labeled as pdak§. Only product

UV—visible (UV—vis) spectrum features were expressed as a fine 6 presented a greater retention tintg) than bixin (Table 1).
structure (%II1/1l), calculated as the values of the height ratio between The same products were produced at lower heating temperatures.

length absorption band (ll, usuallmay by taking as the baseline or time was4. 5 > 1-3> 6> 2.

zero value the valley between both bands and of the relative intensity ’ .

of the cis band (%e/A), calculated as the ratio between the height of 10 compare the spectral featureSigure 4 shows the

the cis peak (ca. 360 nm for bixin) and that of band14y normalized UV—vis absorption spectra of the degradation
In addition to these experiments, heating experiments monitored by productsl—6 and bixin (bold line) as obtained by PDAable

the UV—vis spectra using a diode array spectrophotometer (Hewlett- 1 presents the maximum absorption wavelengths, the spectral
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Figure 3. Chromatogram obtained after heating a bixin solution at 125
°C for 120 min. Chromatographic conditions: acetonitrile/2% acetic acid
(65:35) at 1 mL/min. Peak characterization is shown in Table 1.

fine structure (%ll11/11), and the intensity of thas peak (YoA/
Ay) values for all of the reported peaks.

The retention times of products—6 were close to that of
bixin, indicating that these products could be geometrical
isomers of bixin. The spectrum of produ& showed a

bathochromic shift together with the complete disappearance

of the cis band absorption at 355 nm, e.g.A§A,; = 0. These
changes correspond to this — transisomerization process at
the 9:C, producing altrans bixin (12, 14). In contrast, the
spectral features of compoundsand5, e.g., hypsochromic
shifts, and the variation of their %lIl/ll and Ag/A; ratios
strongly suggest that these products are differecigisomers
of bixin (14). Although the U\*-vis absorption spectra param-
eters reported iTable 1 are very useful for structure charac-

terization, they are not conclusive evidence for the assignment

of the position of thecis double bonds in produc# and5.
Product2 showed a smaller retention time than those of bixin
and productst and 5. However, its visible band was slightly

shifted to the red and a new band ca. 290 nm was observed.

These features are coincident with those reported faraatis-
norbixin in a similar solvent mixture (13). On the other hand,
productsl and3 showedlmax at 400 nm and smaller retention

times. The strong blue shift of the main absorption band of these
compounds indicated a shorter double conjugated system ad"

compared to that of bixin. In addition, their earlier elution on a

reversed phase column indicated that these products had a lower

molecular weight than bixin. The spectral features of product
were identical to those previously reported for thetadhs-
C17 product 7, 9). Therefore, productl was tentatively
identified as such a compound. Prod@elso showed a strong

absorption band at 275 nm and a lack of fine structure of the

visible band at 400 nm. In this case, it is very difficult to identify
this product with the present information.

Figure 5 shows the kinetic curves for bixin and their
degradation products during heating at 98 obtained from
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dashed lines ifrigure 5. In fact, very good fits (solid lines) of
the kinetic data were obtained using the following biexponential
eql
A~ A, = A exp(—at) + A exp(—pt) (1)

whereA; and A, are the transitory and final HPLC areas;
and A, are the preexponential factors, amd and S are,
respectively, the observed fast and slow first-order rate constants.
In all cases, similare and S values were obtained from the
biexponential fitting of the kinetic data. This biexponential
behavior confirms the presence of a reversible step in the bixin
degradation mechanism that accounts for the role of thesdi-
isomers as reaction intermediates, according to the following
coupled reaction systems (186) (Figure 6).

According to this mechanism, the dis-bixin isomers (peaks
4 and5) can be considered as reaction intermediates that produce
C17 irreversibly (peakl) or return reversibly to bixin. The
isomerization of bixin to all-trans-bixin (peal6) can be
considered almost irreversible, taking into account the remark-
able thermal stability observed for atlins-bixin (9) and all-
trans-methylbixin (L7). The differential equations for the system
are

d[z’lX] = k,[di-cis] — (k, + k,)[Bix] = k,[di-cis] — X[Bix]
)
d[d;tc = ky[Bix] — (K, + kj)[di-cis] =
k [Bix] — Y[di-cis] (3)
d
[Cd:.7]= L[di-cis] (4)
d[all;[:ans] — k[Bix] -

Assuming that the boundary conditions are such that=at
0, [Bix] = [Bix] ¢ and [di-cisp = [C17]y = [all-trans]y = O, the
athematical solutions for bixin and thedsisomers equations
are (15,16) as follows:

By = neR- et nenp (O
o
Bop. = rdeRB et et (@)

whereys = (X = p)l(a — p), y2 = (X — o)/(a — p), y3 =
Ki/(o — B), o = LI2{(X+ Y) + [(X — Y} + 4kik;]V2 andp =
12{(X+ Y) — [(X — Y@ + 4kiks]2. Combining eqs 4 with 6

the HPLC analysis of the peak areas. Similar kinetic curves and 5 with 7, the solving of the respective first-order differential

were observed for the diisisomers4 and5, and their average

equations yielded the same biexponential behavior for C17 and

values were plotted. These products were immediately formed all-trans-bixin, according to the fitting used in eq 1. Thus, the

together with the decay of bixin, followed by a slower

consumption indicating their possible role as reaction intermedi-

constituent rate constarks k, ks, andk, were calculated using
the preexponential factorg;, y2, and ys together with the

ates. The relative concentration changes of C17 appear tinyobserved first-order rate constant@andf. Table 2 shows the
because the C17 area was much lower as compared to the diresults obtained by fitting the kinetic curves of bixin and of the

cisisomers areas. In turn, the formation of C17 andiralhs-
bixin showed a small induction period and only at 2Z5were
slowly degraded (data not shown).

di-cis isomers with egs 6 and 7 as a function of temperature.
These results agree with those reported by Scotter et@]. (
who observed nonsimple exponential decay for bixin degrada-

At all temperatures, the decay curves did not adjust well to tion in a homologous series pfalcohols heated under refluxing

a first-order rate law (exponential fitting), as indicated by the

conditions at the boiling point of each alcohol. In addition, they
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Table 1. Retention Times () Absorption Maximum Wavelengths (Amax), Spectral Fine Structure (%lII/Il), and Intensity of the cis Peak (%Ag/Ay)
Obtained Using HPLC—PDA of Bixin and Its Heat Degradation Products?

peak no.? carotenoid £:¢(min) Amax? (nm) %Il %Ap/A|

1 all-trans-C-17¢ 4401 296, (380), 400, 420 39 10
2 all-trans-norhixin® 82+0.1 285, 353, 428, 465, 489 20 15
3 not identified 12.6+0.2 275, (370), 403, (420) 0 0
4 di-cis-bixin 18.7+0.2 290, 352, (420), 455, 482 10 15
5 di-cis-bixin 20.7+0.1 287, 356, (425), 460, 482 11 23
6 all-trans-bixin 230+03 285, (430), 466, 495 40 0

bixin 21.7+0.2 355, (425), 461, 489 39 5

2 Brackets indicate a shoulder instead of a peak.  Numbered according to the chromatogram from Figure 3. ¢ Average of 40 runs. @ Solvent: acetonitrile/2% acetic acid
(65:35). € Tentatively identified.

Table 2. Preexponential Factors A and B and the Observed Rate Constants o and 3 Obtained from the Biexponential Fitting of the Kinetic Data for
the Thermal Degradation of Bixin?

o x 102 B x10° ki x 108 ky x 103 ks x 103 ky x 103

temp (°C) 1(x100) y2 (x100) 3 (x100) (min~Y) (min=1) (min=1) (min=Y) (min~Y) (min=1)

70 7+2 93+3 7+2 6+2 13+£0.1 4+1 48 £15 12+4 01£0.2

98 15+3 85+5 20+3 10+2 44+04 19+7 61+12 24+5 14+05
125 355 655 44 £5 19+3 19.1+12 76+ 15 80+ 10 45+8 15+8

a First-order rate constants ki for the elementary steps according to the proposed degradation mechanism (Figure 6).
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Figure 4. Normalized UV-vis spectra obtained using HPLC—PDA in Figure 5. Monoexponential (dashed lines) and biexponential fitting (solid
acetonitrile/2% acetic acid (65:35) of bixin (bold line) and its main thermal lines) of the kinetic HPLC data for the thermal degradation of bixin in a
degradation products. 20% ethanolic solution at 98 °C: Bixin (®); di-cis-bixin (average of peaks

4 + 5) (O); all-trans-bixin (peak 6) (M); and C17 (peak 1) (O0).
also observed the faster formation ofai$-bixin isomers and

C17, whereas all-trans-bixin was formed at a much lower rate. m —~ Bixi ki di-ci c17
Figure 7 shows the Arrhenius plots for the calculation of ~ &/-7ans kit Xm I HR S

the activation parameters of the individual steps, which are
reported inTable 3. By inspection of theE, values, some
conclusions can be extracted. For instance, a moderate energ
barrier of ca. 15 kcal/mol accompanied the Bix di-cis reaction followed by the opening of a four-membered ri@ (
isomerization, while the Bix~ all-transstep needed ca. 24 kcal/ It is clear that a multi-ci€onfiguration is a prerequisite for the
mol, explaining its slower formation. In addition, these results chain folding and elimination steps, which are facilitated by
show the greater thermostability of thé@s double bond of the 9'-cisconfiguration of bixin, but do not exist in the all-
bixin, and thus, the molecule preferentially underwent a second trans-bixin isomer, explaining its relatively greater thermal
trans — cis isomerization to yield di-cisisomers. Similar stability.
qualitative results were reported for the heating of methyl-bixin ~ The mechanism proposed does not explain the formation of
(17). In turn, the dieisisomers can return easily to bixiE{~ compound?2 (tentatively all-trans-norbixin). However, this
3 kcal/mol) or react to yield the primary C17 degradation product was only detected on heating at 225for more than
product with an energy barrier of 6.5 kcal/mol. As mentioned 60 min, and the most probable pathway for its formation was
in the Introduction, the mechanism postulated for the thermal the hydrolysis reaction of atkans-bixin. Unfortunately, both
degradation of bixin includes a concerted electrocyclic processthe product and the kinetic analyses after prolonged heating
from the 9;13"-di-cis-bixin isomer, followed by the elimination  periods are very complex, due to the formation of several
of m-xylene and the formation of the main product CI#9). secondary degradation products (data not shown).

The process consists of three sequential steps: an eight- Scotter et al. 10) reported aikc, = 8.5 kcal/mol for the loss
electron conrotatory and a six-electron disrotatory electrocyclic of bixin performing a simple first-order analysis of the initial

Figure 6. Coupled reaction scheme proposed for the degradation of bixin
)9nd the formation of its primary products.
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Figure 7. Arrhenius plot for the temperature dependence of the rate
constants ki, ky, ks, and ks associated with the first-order processes
represented in the mechanism scheme for the thermal degradation of
bixin.

Table 3. Preexponential Factor A and Energy E, Calculated from the
Arrhenius Analysis of the First-Order Rate Constants for the Individual
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