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A B STR A C T : T h e  effect o f  therm al p rocessing  (8 5 —130 °C ) on  the  stability  and  isom erization  o f /1-carotene in b o th  an olive 
o il/ca rro t em ulsion  a n d  an olive oil phase  en riched  w ith  carro t /1-carotene was studied . D u rin g  processing, degradation  o f  to ta l [d- 
caro tene  to o k  place. Initially, to ta l /1-carotene concen tra tion  decreased quickly, after w hich  a p lateau  value w as reached, w hich 
was d e p en d en t on  the  app lied  tem p eratu re . In  th e  o il/c a rro t  em ulsion, the  to ta l /3-carotene c o n c en tra tio n  cou ld  be  m o deled  by  a 
fractional conversion m odel. T h e  tem p era tu re  d ependence  o f  th e  degradation  ra te  constan ts was described  by  th e  activation 
energy and  was estim ated  to  be  45 .0  k j/m o l. In  the  enriched  oil phase, less deg rada tion  to o k  p lace  and  the  results could  n o t be 
m odeled . Besides degradation , /1-carotene isom erization  was studied . In  b o th  m atrices, a fractional conversion  m odel could  be 
used to  m odel to ta l isom erization  and  fo rm ation  o f  13-Z- and  15-Z-/l-carotene. /1-C arotene isom eriza tion  w as sim ilar in  b o th  the  
o il/ca rro t em ulsion and  en rich ed  oil phase  as the  sim ultaneously  estim ated  k inetic  p a ram eters (isom erization  reaction  rate 
constan t and activation energy) o f  b o th  m atrices d id  n o t differ significantly. T h e  activation energies o f  isom erization  w ere 
estim ated to  be  70.5 an d  75.0 k j /m o l  in  th e  o il/c a rro t em ulsion  and  enriched  oil phase, respectively.
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■  IN T R O D U C T IO N

T h e  presence o f  fruits and  vegetables is crucial in a healthy  
hu m an diet because o f  th e ir high nu tritiona l value. In  the 
specific case o f  carro ts, th e  m o st im p o rtan t n u trien t is fi- 
caro tene, w hich is a lip id-so lub le c aro ten o id .1 /3-C arotene 
consists o f  a po lyene system  w ith  1 1 conjuga ted  double  b o nds 
and  a /1-ring at each end  o f  the  chain. As a result o f  this specific 
chem ical s tructure, /1-carotene has som e health -rela ted  p ro p e r
ties.2 First, it can act as a p re cu rso r o f  vitam in A, w hich plays an 
im p ortan t role in vision, cell d ifferentiation , organ deve lop
m ent, etc. F u rtherm ore , /1-carotene has an tiox idan t activity and 
m ay  c o n se q u e n tly  offer p ro te c t io n  a g a in s t c a n c e r an d  
cardiovascular diseases.3,4 D u rin g  processing, how ever, a lter
ations in the  chem ical s tru c tu re  are possib le as a result o f  
isom erization and  degrada tion .5 In  na tu re, //-caro tene  is m ainly 
p resen t as a//-E-//-carotene, w hich is therm odynam ically  the 
m ost stable form . N evertheless, som e Z -isom ers, w hich are n o t 
sterically  h in d e re d , are easily  fo rm e d  a n d  are relatively 
therm odynam ically  stable.2 In  p ro cessed  carro t p ro duc ts, 9-Z-, 
I3-Z-, and  15-Z-/?-carotene are th e  m o st co m m o n  Z -isom ers.6 
U nfortunately , the  Z -isom ers have a decreased prov itam in  A 
activity and an a ltered  an tiox idan t activity.5 M oreover, a low er 
bioavailability o f  9-Z- and  13-Z -//-carotene com pared  to the  all- 
E  form  was show n in som e studies.7,8 N ext to  isom erization, 
also degradation  reactions o f  all-E-ft-ca ro tene  as well as o f  Z-/1- 
caro tene result in loss o f  the  health -re la ted  p ro p erties .9

T herefo re, kinetic  studies o f  /3-carotene degrada tion  and  
isom erization are im p o rtan t in the  con tex t o f  p red ic tin g  //- 
caro tene  changes du ring  pro cessin g  in o rd e r to  develop safe 
foo d  p ro d u c ts  w ith  a h igh  n u tr i tio n a l  value. T h e rm a l 
processing, including pasteu riza tion  and  sterilization, is the 
m ost com m o nly  u sed  m e th o d  for foo d  preservation . In  a

nu m b er o f  kinetic  studies, /1-carotene degradation  during 
therm al processing has b een  described by a first-o rder reaction, 
b u t kinetic  p a ram e te rs  d iffered g reatly  be tw een  different 
studies. A ctivation energies ranging from  20 to 171 k j/m o l 
have b e en  repo rted , d e p en d in g  on the  //-caro tene  source, the 
reaction  m edium , and  the  p rocessing  conditions. -  Less 
inform ation  is available on  the  kinetics o f  //-caro tene  isom er
ization, although  form ation  o f  Z -isom ers from  all-E-fd-caro tene 
has repeatedly  been  show n du ring  therm al processing.

N ext to  high tem peratu re , the p resen ce  o f  lipids is ano ther 
im p o rtan t factor for //-caro tene  isom erization  and  degradation  
and  its health  benefits. O n  the  on e  hand, the  positive effect o f 
lipids on  //-caro tene  bioavailability has b een  sug gested .16 O n 
the  o th e r hand , oxidation  o f  fatty  acids results in the  form ation 
o f  free radicals, w hich m ay react w ith  //-c a ro te n e .17 In this way, 
th e  p re se n c e  o f  lip id s  m ay  a lso  in flu en ce  / /-c a ro te n e  
degradation  and  isom erization  reactions and  re la ted  kinetics. 
As lipids are often added  during  processing, investigation o f the 
effect o f  lipids on  //-caro tene  degrada tion  and  isom erization 
kinetics is necessary.

U ntil now , the  kinetics o f  therm al //-caro tene  degradation  in 
the  p resence o f  oil have b een  described  on ly  in pu re  oils and 
n o t in real carro t system s. F urthe rm ore , detailed kinetic studies 
o f  therm al //-caro tene  isom erization  in the p resence o f  oil (in 
pu re  oils as well as in real carro t system s) are com pletely 
lacking.
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T h e  objective o f the p resen t study  was to  investigate 
degradation and isom erization kinetics o f  /7-carotene in the 
presence o f  oil du ring therm al trea tm ents. M oreover, it was 
exam ined if the  kinetics o f  /7-carotene d egrada tion  and  
isom erization are different w hen  /7-carotene is p resen t in a 
m atrix and still needs to  be transferred  to  the  oil phase in 
com parison w ith /7-carotene that is already dissolved in an oil 
phase. T herefo re, /?-carotene degradation  and  isom erization 
w ere stud ied  in an o il/ca rro t em ulsion (in w hich carro t cells are 
still p resen t), on the one hand, and  in an oil phase enriched 
w ith carro t /7-carotene (in w hich no carro t cells are p re sen t), on 
the o th e r hand.

M MATERIALS AND METHODS
Sample Preparation. Fresh carro ts (Daucus carota cv. N erac) 

were purchased in a local shop  in Belgium and  w ere sto red  at 4  °C . 
C arrots were peeled, cut in to  pieces, and b lended with w ater (1 :1 ) for 
1 m in in a kitchen blender.

T o  prepare  a stable olive o il/c a rro t em ulsion, 5%. (w /w ) extra virgin 
olive oil was added to the carro t puree  and  the m ixture was further 
high-pressure hom ogenized  (P anda 2K, Gea N iro  Soavi, M echelen, 
Belgium) at 10 M Pa.

T o  obtain an oil phase enriched  w ith carrot /1-carotene, ^-carotene  
was transferred from  the carro t puree  to  the oil phase. C arro t puree 
was first h igh-pressure hom ogenized  (P anda 2K, G ea N iro  Soavi) a t a 
h igher pressure (100 M Pa) to  maximally b reak  the carro t cells, thereby 
enhancing the release o f  /?-carotene from  the ceils. Afterward, extra 
virgin olive oil (16%  w /w ) was added  to the hom ogenized  carrot 
puree, and the m ixture was incubated  at roo m  tem pera ture  (21 °C ) for 
5 h  while rotating  end-over-end. Finally, the oil phase enriched w ith 
carro t /7-carotene was separated  by centrifugation  for 15 m in at 18900g 
and 4  ° C

Thermal Treatments. T herm al trea tm en ts  w ere carried o u t in  a 
tem pera ture-con tro lled  oil bath. C losed stainless steel reac tor tubes 
(external d iam eter -  12 m m , in ternal d iam eter = S m m , leng th  -  100 
m m ) were com pletely  filled w ith o il/c a rro t em ulsion or enriched oil to  
m ake the headspace negligible and m inim ize the con tact w ith oxygen. 
T he  tem pera ture  profile in one tube was m easured using a type T  
therm ocouple  connected  to a therm ocouple  box (T R 9216 , Ellab, 
H ilieroed, D enm ark) and a C M C -92  data  acquisition system  (Ellab, 
H illeroed, D enm ark ). Before the actual h eat trea tm ent, the tubes were 
first equilibrated for 10 m in at 40 °C  to have a reproducible  dynam ic 
heating  phase. A fter the h eat treatm ent, the sam ples w ere cooled in ice 
w ater, rem oved from  the reac tor tubes, frozen in liquid n itrogen , and 
stored  at - 8 0  °C  until /7-carotene analysis. Sam ples w ere stored  for 
maximally 5 days to  p reven t changes in /?-carotene concen tration  due 
to  storage.

T herm al trea tm ents were perform ed  at 85, 100, 115, and 130 °C. 
T rea tm en t tim es betw een  0 and  120 m in (85 °C ) o r betw een  0 and  60 
m in (o th e r tem pera tures) w ere applied. T h e  sam ple o f  0 m in equals 
the sam ple after equilibration  a t 40 °C.

j0-Carotene Isomer Analysis. /7-Carotene was extracted  from  the 
o il/c a rro t em ulsion  o r  enriched  oil phase using  an extraction  
procedure based on the m eth od  described by Sadler e t a l.[8 w ith 
som e m odifications. T o  1 g o f em ulsion or oil phase w ere added  1 g o f 
C aC l2-2H 20  and  50  m L o f  extraction so lu tion  (50%  hexane, 25% 
acetone, 25% ethanol, 0.1% B H T ). T he  m ixture was stirred  for 20 m in 
at 4 °C, and after the add ition  o f  15 m L  o f  reagent grade w ater, the 
m ixture was stirred  for ano th er 10 m in  at 4 °C . T he  organic phase 
contain ing /5-carotene was collected and filtered (C hrom afil PET  
filters, 0.20 //m  pore size, 25 m m  d iam eter).

d//-E-/?-Carotene and its Z -isom ers w ere separated  using an H PL C  
system  equipped  w ith a reversed phase C 30 colum n (5 ^ m  X 250 m m  
X 4.6 m m, YM C E urope, D inslaken, G erm any) and a diode array 
detec to r (Agilent T echnologies 1200 series, D iegem , Belgium ). D uring 
analysis, the autosam pler and colum n were k ep t a t 4 and 25 °C, 
respectively. L inear g radient e lution  was applied. In 20 m in, the 
grad ien t was built up from  81% M eO H , 15% m ethyl-terf-butyl ether,

and  4% reagen t grade w ater to  41%  M eO H , 55% methyl-terf-butyl 
ether, and  4% reagent grade w ater at a flow rate  o f  1 m L /m in . T he 
absorbance o f  the different isom ers was m easured  at 450 nm  (= 
m aximal absorbance o f  a//-E-/7-carotene). Identification  o f  the /7- 
caro tene isom ers was based o n  com parison  o f  th e ir  re ten tio n  times 
and  spectral characteristics w ith  those o f  s tandards o f  th e  different /7- 
carotene isom ers. T h e  concen tration  o f  a//-£-/7-carotene and its Z- 
isom ers was quantified using calibration curves o f  all-E-/7-carotene, 15- 
Z-/7-carotene, 13-Z-/7-carotene, and  9-Z-/7-carotene standards, respec
tively (C aro teN atu re, L upsingen, Sw itzerland). D uring the whole 
p rocedure, light was excluded as m uch  as possible to  avoid /7-carotene 
degradation  due  to con tact w ith  light. Extractions w ere perform ed  in 
duplicate.

Data Analysis. In a previous study, isom erization  o f  /7-carotene in 
carro t puree has been  described by a fractional conversion m odel, 
w hich is characterized by  first-order kinetics until a plateau value is 
reached .14 Similarly, the sam e m odel could  be used to  describe the 
therm al isom erization  and  degradation  o f  /7-carotene in an o il/ca rro t 
em ulsion or in an enriched oil phase. T h e  fractional conversion m odel 
can be described by the following differential equation  (eq  l )

d c  =  - k ( c -  c f) d i  ( i )

or in in tegrated  form  as eq  2
C =  Cf +  (C 0 — Cf) e x p ( - fc t)  (2 )

where C rep resen ts  the /7-carotene isom er con ten t, Q  the /7-carotene 
isom er c o n ten t in equilibrium  state, C0 th e  initial /7-carotene isom er 
con tent, k  the reaction rate con stan t (m in ~ l), and  t th e.reaction  tim e 
(m in).

T h e  tem pera ture  d ependence  o f  the reaction  rate constants is 
quantified by the activation energy £ a (J /m o l)  and  is expressed by the 
A rrhenius equation  according to  eq  3, in w hich k  is the reaction  rate 
constan t at tem pera ture  T  (K ), k„ f  is the reaction  rate constan t at a 
reference tem pera ture  (T ref) o f  383 K  (110  °C ), and  R  is the universal 
gas constan t (8.314 J /m o l-K ).

k =  k ref exP R  ( j ref T ) (3)
For estim ation o f  the k inetic  param eters, a tw o-step regression m ethod  
assum ing isotherm al conditions was applied at first in which the Cf 
values at all process tem pera tures w ere estim ated  using eq  2. Second, 
fcref and  £ a w ere estim ated  sim ultaneously  using a one-step  regression 
m odel. T herefore, the A rrhen ius equation  (eq  3 ) was substitu ted  in 
the fractional conversion m odel (eq  l ) ,  resulting  in eq 4. CqT) 
represen ts a linear equation , describing th e  tem pera ture  dependence 
o f  the equilibrium  concen tration  values, w hich w ere estim ated  from  
the tw o-step  regression u n d e r isotherm al conditions. M oreover, the 
actual dynam ic tem pera ture  conditions w ere included in the kinetic 
data  analysis to  obtain  a m ore  accurate  p rediction.

d C  =  - ( C  -  CKT))k a{ exp
/

1
R Tref " T<oJ.

d t
(4)

T o  estim ate the kinetic param eters, the sum  o f squares o f  errors was 
m inim ized using non linear regression (statistical software package 
SAS, version 9.3, Cary, N C , USA). T h e  quality  o f  fit was evaluated by 
visual inspection  o f  residual p lo ts and  by p lo tting  the experim ental 
values against the p red icted  values (parity  p lo t) .

T o  evaluate the statistical confidence o f  the jointly  estim ated 
param eters, 90% jo in t confidence regions (JC R ) w ere constructed  
using eq  5. T h e  JC R  takes in to  account th e  correlation  betw een the 
sim ultaneously  estim ated  param eters and  Ea.

SSQ _< S S Q { 0 )i 1 +  — - — F(P , m -  p ,  1 -  q>) 1
I  m ~ P  J (5)

S S Q (0 ) represen ts th e  e rro r sum  o f  squares associated w ith the least-
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simultaneously, m the number of observations, and F  the upper 1 — tp 
quantile for an F distribution with p  and m — p  degrees of freedom.19

■  RESULTS A N D  D IS C U S S IO N

/3-C arotene D e g ra d a tio n . T h e  to ta l //-caro tene  concen
tration  in the  o il/ca rro t em ulsion, expressed relative to  the 
initial to ta l concen tra tio n  as a fun ctio n  o f  tim e for the  different 
tem peratures stud ied , is given as single d a ta  p o in ts  in Figure' 1.

Figure 1. Relative total //-carotene concentration after thermal 
treatments of an olive oil/carrot emulsion, modeled by one-step 
regression using a fractional conversion model. The single data points 
represent the experimental values, whereas the full lines represent the 
values predicted by the kinetic model.

A t all tem peratures, the  to ta l c o n cen tra tio n  initially decreased, 
a fte r  w h ich  a p la te a u  v a lu e  w as re a c h e d . / /-C a ro te n e  
deg rada tion  is m ainly  a ttr ib u te d  to  ox idation . C o m p le te  
consum p tion  o f  the  oxygen in the  closed reac to r tubes used 
in this study  pro bab ly  p ro te c ted  //-caro tene  against fu rther 
degradation. D egradatio n  already to o k  place a t the  low est 
tem peratu re  s tu d ied  b u t becam e m ore  p ro n o u n c ed  as the 
tem peratu re  increased. A t 85 °C , for exam ple, 71.3% o f  the 
initial to ta l //-caro tene  c o n cen tra tio n  rem ained  after 120 m in. 
A t 130 °C , on  the  o th e r hand , the  to ta l c o n cen tra tio n  already 
decreased to  this p ercen tag e  after <8 m in  and  decreased fu rther 
to  ±45 .1%  after 60 m in. T o  estim ate  th e  kinetic  param eters, 
one-step  regression assum ing a fractional conversion m odel and 
taking in to  accoun t the  dynam ic tem p e ra tu re  conditions was 
used. T h e  m odel fits th e  experim enta l d a ta  fairly well, and  a 
good  correlation b e tw een  the  experim enta l and p red ic ted  
values was observed. F o r to ta l //-caro tene  degradation , a rate 
constan t at 110 °C  o f  0.10 ±  0.01 m in -1 and  an activation 
energy o f  45.0 ±  8.6 k j /m o l  w ere found. C h en  and  H u an g 20 
repo rted  a sim ilar activation energy (3 9  k j /m o l)  for total //- 
caro tene  degradation  o f  an all-E-P-caro tene s tand ard  dissolved 
in hexane. O n  the  o th e r hand , a b ro ad  range o f  activation 
energies ranging from  20 to  171 k j /m o l  has b een  rep o rted  in 
the literature as m en tio n e d  in the  In tro d u c tio n . It sho u ld  be 
m en tio n ed  th a t a lo t o f  d ifferent m atrices, reaction  m edia, and 
heating  conditions w ere used  in the  different studies, w hich 
m akes com parison  o f  th e  ob ta in ed  k inetic  p a ram eters difficult. 
In the  kinetic  s tu dy  o f  L em m en s e t al.,1 no  ox idation  was 
observed during therm al trea tm e n ts  o f a carro t puree . T he  
presence o f  oil, w hich is re p o rted  to  act as a p ro oxidan t,21 can 
explain the  observed differences b e tw een  the  carro t pu ree  and 
the o il/ca rro t em ulsion.

In pu re  olive oil enriched  w ith //-caro tene , how ever, less 
degradation  was observed  (results n o t sh o w n ). B elow  115 °C ,

alm ost no  to ta l //-caro tene  degrada tion  took  place. O nly  at 
tem peratu res above 115 °C  cou ld  sim ilar profiles (i.e., initial 
degradation  follow ed by a p la teau ) as in the  o il/ca rro t em ulsion 
be found, b u t the  e n d  co n cen tra tio n s  in the  enriched  oil 
rem ained  h igher com pared  to the  ones in the em ulsion (73.9%  
com pared  to 45.1%  at 115 °C  and  61.3%  com pared  to 45.1% at 
130 °C ). T h is m igh t be explained by com petition  betw een fatty 
acids and  //-caro tene  for oxidation  by  oxygen.21 In enriched oil, 
the  fatty acids th a t are p re sen t in excess m ight be prim arily 
oxidized. In the  em ulsion, on  the  o th e r hand , in w hich the  fatty 
acid co n cen tra tion  is m uch  low er, the  //-caro tene  m olecules will 
p robab ly  be  m ore rapidly a ttacked . As //-caro tene  degradation  
in the  enriched  oil phase  was taking place a t on ly  som e o f the 
tem peratu res th a t w ere studied , the  results o f  degradation  could 
n o t be m odeled  using a on e-step  regression approach.

/ /-C a ro te n e  Is o m e riz a tio n . N ex t to  to ta l //-ca ro ten e  
degradation , //-caro tene  isom erization  du ring  therm al trea t
m en ts was studied . In  analogy w ith  L em m ens e t al.,14 the data 
w ere transform ed  to  rule o u t the  p ro b lem  o f  changing //- 
caro tene  extractability as a function  o f  trea tm en t tim e and 
tem peratu re . F o r each tem p e ra tu re —tim e po in t, the co n trib u 
tion  o f  //-caro tene  isom ers to  the  to ta l //-caro tene  concen tra tion  
was calculated as follows;

r'- 'iso m e r  /7-carotene, t

n̂( / i-c a ro te n e  +  Z -iso m ers), t

It was assum ed that isom erization  was lim ited to the form ation 
o f  13-Z-, 15-Z-, and  9-Z -//-carotene, w hich are the th ree  Z- 
isom ers that could  be identified in th e  study. T his assum ption  is 
acceptable as it is described in the litera tu re  th a t these three 
isom ers are the  m ain  Z -isom ers o f //-caro tene .6

In Figure 2A, the c o n trib u tio n  o f  th e  sum  o f  //-caro tene Z- 
isom ers in the  o il/c a rro t  em ulsion, as a function  o f  trea tm en t 
tim e and  for the  different tem p era tu res  studied , is given as 
single data  po ints. Isom erization  to o k  already place at rather 
low  tem p eratu re  (85 °C ), and  m ore  isom ers w ere form ed  as 
tim e o r tem p era tu re  increased. A fter a certain tim e, a constan t 
value was reached. As isom erization  is kn ow n to  be a reversible 
reaction ,22 the  isom erization  reaction  from  all-E-fl-caro tene to 
Z -isom ers is in  equilibrium  w ith  th e  reverse reaction  at the 
m o m en t the  p lateau  is reached. S im ilar to  total //-caro tene 
degradation , on e-step  regression assum ing a fractional con 
version m odel and taking in to  accoun t the dynam ic tem p e r
a ture  conditions was used to  m odel the  experim ental data. T he 
fractional conversion m odel could  fit the  experim ental data 
properly . T h e  o b ta ined  kinetic  param eters are repo rted  in 
T ab le  1. As a c o n se q u e n c e  o f  expressin g  th e  d a ta  as 
con tribu tions, the  sam e kinetic  param eters for the isom erization 
o f  all-E-fi-ca ro tene  and  for the  fo rm ation  o f  the sum  o f Z- 
isom ers w ere found. In the kinetic  study  o f  L em m ens et al.,14 in 
w hich carro t p u ree  was therm ally  trea ted  in the absence o f  oil, 
the  reaction rate c o n stan t for therm al isom erization  o f  all-E-ft- 
caro tene  was m uch  low er (0.035 m in -1 com pared  to  0.099 
m in -1 ). In o th e r w ords, the  p resen ce  o f  oil accelerates the 
isom erization  o f  //-caro tene  in carro t puree. T h is m ay be 
explained by solubilization o f  //-caro tene  crystals in the  oil 
d roplets, w hich m akes //-caro tene  m ore  suscep tible  to  iso m er
ization. It has already b een  sta ted  in the literatu re that 
solubilization o f  caro teno ids is necessary to  induce isom er
iz a tio n .15 F u r th e rm o re , th e  so lu b iliza tio n  o f  //-c a ro te n e  
p ro bab ly  also resu lted  in a h igher activation energy (70.5 k j/

10314 dx.doi.org/10.1021/jf3025776U. Agrk. Food Chem. 2012, 60, 10312-10319



Journal of Agricultural and Food Chemistry

Figure  2. F orm ation o f  total //-caro tene Z-isom ers during therm al 
treatm ents o f  an olive o il/c a rro t em ulsion (A ) o r  olive oil phase 
enriched w ith carro t //-caro tene  (B ), m odeled  by one-step  regression 
using a fractional conversion m odel. T he  single data  po in ts rep resen t 
the experim ental values, w hereas the full lines rep resen t the values 
p redicted  by  the kinetic m odel.

m ol) com pared to  the  carro t pu ree  w itho u t added  oil (10.5 k j /  
m ol).

T o  study the isom erization o f  //-caro tene du ring therm al 
trea tm ents o f an o il/ca rro t em ulsion in m ore  detail, the 
form ation o f 13-Z- and  15-Z-//-carotene was also m odeled  
individually (see Figure 3). H ere  also, the  fractional conversion 
m odel taking into accoun t the dynam ic tem peratu re  conditions 
could fit the data qu ite  well, and  the kinetic param eters are 
listed in T able 1. W hen  iso therm al conditions during the 
therm al trea tm en ts  w ere assum ed, th e  e stim ated  kinetic  
param eters (n o t show n) w ere largely low er (up to 6 and  2.3 
tim es for the  reaction rate constants at reference tem perature  
and  activation energies, respectively) com pared  to  the repo rted  
ones. T h is implies that the dynam ic heating  phase  has a large 
con tribu tion  to the  isom erization reactions. In the curves, this 
effect is clearly visible in the lag phase  at the  beg inn ing  o f  the 
trea tm ents. A fter the  initial lag phase, the  isom ers w ere quickly 
form ed and  reached an equilibrium . T h e  form ation o f 13-Z-/Z-

F igu re  3. F orm ation  o f  13-Z-//-carotene (A ) and 15-Z-/Z-carotene (B) 
during therm al trea tm en ts  o f  an  olive o il/c a rro t em ulsion, m odeled  by 
one-step  regression using a fractional conversion m odel. T h e  single 
data po in ts rep resen t the experim ental values, w hereas the full lines 
rep resen t the values p red icted  by  the kinetic m odel.

caro tene p ro ceed ed  m ore quickly com pared  to the  form ation o f 
I5-Z-/Z-carotene, w hich is reflected in the  h igher k!e( value for 
the form er. T his observation  can be  explained by the low er 
ro tational barrier fo r conversion o f  all-E-(d-caro tene  to 13-Z- 
com pared  to 15-Z-//-carotene.23 In the u n tre a ted  em ulsion, 9- 
Z -//-carotene was n o t detected , and  as it was form ed on ly  at 
high tem peratu res ( 115 — 130 °C ) and  after long trea tm ent 
tim es (60 m in  at 1 15 °C  o r 30 m in at 130 °C ), the  form ation o f  
9-Z -//-carotene could  n o t be  m odeled .

In  T able 2, the percentages o f  the  individual isom ers to  the 
to ta l //-caro tene co n cen tra tion  are given for the  un treated  o il/  
carro t em ulsion and for the o il/ca rro t em ulsion after therm al 
trea tm en ts o f  60 m in at different tem peratures. In un treated  
em ulsion, on  average 94.5%  o f  all //-caro tene was p resen t in the 
all-E form , w hich is therm odynam ically  the  m ost stable form. 
A fter a therm al trea tm e n t o f  60 m in, the  percentage o f  all-E-fl- 
caro tene  w as decreased, w ith  th e  decrease being larger at h igher 
process tem peratures. A fter 60 m in  at 130 °C , for example, only 
51.1% o f  the  to ta l //-caro tene co n cen tra tion  was still p resen t as

Table 1. Kinetic Parameters +  Standard Error (Tref =1 1 0  °C) for the Modeling of the Thermal Isomerization of Different//- 
Carotene Isomers Estimated by One-Step Regression Analysis Using a Fractional Conversion Model

olive oil/carrot emulsion olive oil enriched with carrot ./^-carotene

isomerization o f  fl//-E-/7-carotene 
formation of sum of Z-isomers 
formation of 13-Z-/7-carotene 
formation of 15-Z-/?-carotene

Ea (k j/m o l)
70.5 ±  7.4
70.5 ±  7.4 
120 ± 8.6 

98.4 ±  8.7

kre{ (m in-1) 
0.099 ±  0.01 
0.099 ±  0.01 

0.39 +  0.05 
0.11 ± 0.01

E2 (k j/m o l)
75.0 ±  7.3
75.0 ±  7.3 
137 ±  6.7 

69.5 ±  7.5

(m in-1) 
0.14 ±  0.01 
0.14 ±  0.01 
0.48 ±  0.05 
0.17 ±  0.02
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Table 2. Mean Concentration (+  Standard Deviation), Expressed as Percentage o f the Total /J-Carotene Concentration, of 
Different /J-Carotene Isomers Detected in Untreated Olive Oil/Carrot Emulsion and Untreated Olive Oil Enriched with Carrot 
/J-Carotene and in Olive Oil/Carrot Emulsion and Olive Oil Enriched with Carrot /1-Carotene after Thermal Treatments of 60 
min at Different Process Temperatures

untreated Ui/700 100 °C 115 °C 130 °C
Olive O il/C a rro t Em ulsion

a//-E-/?-carotene 94.5 ±  0.6 78.5 ±  1.4 72.9 ±  0.9 63.5 ±  1.1 51.1 ±  5.5
sum Z-isomers 5.5 ±  0.6 21.5 ±  1.4 27.1 ±  0.9 36.5 ±  1.1 48.9 ±  5.5
13-Z-/?-carotene 2.5 ±  0.1 14.6 ±  0.8 18.0 ±  0.5 18.7 ±  0.1 19.6 ±  0.5
15-Z-//-carotene 3.0 ±  0.6 6.9 ±  0.6 9.1 ±  0.4 11.4 ±  0.2 11.7 ±  0.2
9-Z-/?-carotene n d H nd nd 6.4 ±  1.0 17.6 ±  4.8

Olive O il E nriched with C arro t /7-Carotene
a//-£-/?-carotene 96.3 ±  0.5 83.3 ±  0.7 78.1 ±  0.4 72.0 ±  0.2 65.2 ±  0.2
sum Z-isomers 3.7 ±  0.5 16.7 ±  0.7 21.9 ±  0.4 28.0 ±  0.2 34.8 ±  0.2
13-Z-/?-carotene 1.2 ±  0.2 10.6 ±  0.3 14.2 ±  0.5 14.3 ±  0.4 13.0 ±  0.2
15-Z-/7-carotene 0.9 3.5 ±  0.3 5.2 ±  0.1 7.3 ±  0.1 6.4 ±  0.3
9-Z-/?-carotene 1.6 ±  0.5 2.6 ±  0.6 2.5 ±  0.2 6.4 ±  0.3 15.4 ±  0.7

“ nd, n o t detected .

. all-E-fi-carotene. Similarly, C olle e t al.24 fou nd  th a t lycopene in 
an olive o il/to m a to  em ulsion  is p re se n t as a 50:50 m ixture o f  
all-E-lycopene and Z -lycopene after a therm al trea tm e n t o f  60 
m in at 130 °C . Logically, the  decrease  in the  percen tag e  o f  all- 

.E-fi-caro tene in all sam ples was associated  w ith  a sim ultaneous 
increase in the  percen tage o f  to ta l Z -isom ers. In the  un trea ted  
o il/ca rro t em ulsion, 15-Z-/?-carotene was p re sen t in the  h ighest 
concen tra tion  follow ed by 13-Z-/?-carotene. 9-Z-/?-C arotene 
was n o t de tected . N evertheless, the  c o n c en tra tio n  o f  all 
individual Z-isom ers was very low  (< 3 %  o f  to ta l /1-carotene 
co n cen tra tion ). A fter the  therm al trea tm en ts , 13-Z-/j-carotenc 
was form ed in the h ighest am o un t, follow ed by 15-Z- and 9-Z- 
/?-carotene, except for the  trea tm e n t at 130 °C , at w hich 9-Z-/J- 
caro tene becam e m ore  im p o rtan t than  15-Z-/?-carotene after 
long  trea tm en t tim es. Similarly, Im sic et al.2S found  th a t 13-Z-/J- 
caro tene was p re d o m in an tly  fo rm ed  in carro ts after boiling for 
15 m in, follow ed by  15-Z-/?-carotene and  w ith  9-Z-/J-Carotene 
being the  least a b u n d an t isom er. A fter 60 m in  a t 85 °C , 67.9% 
o f  all Z -isom ers in the  o il/c a rro t  em ulsion  was p re sen t as 13-Z- 
/?-caro tene, w hereas 15-Z-/?-carotene accoun ted  for 32.1%  o f 
the  total Z  concen tra tion  and  9-Z-/?-carotene was still no t 
form ed. A  sim ilar d istribu tion  was reached  after 60 m in at 100 
°C. A t 115 °C , a decrease in  th e  p ercen tag e  o f  13-Z-/?-carotene 
to  the total Z  concen tra tion  and  a sim ultaneous increase in  the 
percentage o f  9-Z-/?-carotene to  th e  to ta l Z  concen tra tio n  was 
observed. A  fu rther increase in the  percen tag e  o f  9-Z-ft- 
caro tene  to 36.0%  o f  the  to ta l Z  c o n cen tra tio n  was observed at 
130 °C , w hich  w as a cc o m p a n ie d  by d e c reases  in the  
percentages o f  13-Z- and  15-Z-/J-carotene to 40.1 and 23.9% 
o f  the total Z  concen tra tion , respectively. In sum m ary, it can be 
sta ted  th a t 13-Z-/7-carotene is th e  m ost im p o rtan t Z -isom er 
form ed at low er tem peratu res, w hereas 9-Z-/J-carotene becom es 
m ore  and  m ore  im p o rtan t a t h igher tem peratu res. In the  study  
o f  M arx et al.,15 it has also b een  show n th a t 9-Z-/?-carotene is 
only fo rm ed  a t m o re  severe tre a tm e n t conditions.

In a previous stu dy  o f  K nockaert e t al.,26 the  h igher increase 
in the concen tra tion  o f  13-Z-/?-carotene com pared  to 15-Z- and 
9 -Z -/l-caro tene  a fte r a th e rm a l p a s te u riza tio n  at 90 °C
C° Cf)90 °c = 10 m in ) o f  an olive o il/c a rro t  em ulsion has 
been  show n. A fter the  trea tm en t, th e  fo rm ation  o f  to ta l Z- 
isom ers and  o f  13-Z- and  15-Z-/?-carotene individually was 19.0, 
10.7, and  4.5%  o f  th e  to ta l  /1 -caro ten e  c o n c e n tra tio n , 
respectively. O n  the basis o f  th e  k inetic  m odel o f  the  p re sen t

study, th e  fo rm ation  o f  to ta l Z -isom ers and  o f  13-Z- and  15-Z- 
f)-caro ten e  individually is estim ated  to be 15.9, 9.9, and 4.7% of 
the  to ta l ^ -caro ten e  co ncen tra tion , respectively. T h e  good 
agreem en t be tw een  the  experim enta l and  p red ic ted  values 
show s that the  kinetic  m odel can be used for adequate 
e stim ation o f  /1-carotene isom erization  du ring  therm al p rocess
ing o f  an olive o il/c a rro t  em ulsion.

F or form ation o f to ta l /1-carotene Z -isom ers (F igure 2B) and 
o f  13-Z- and 15-Z-/J-carotene (F igure  4 ) during therm al 
trea tm en ts o f  an enriched  olive oil phase, sim ilar graphs as 
for the olive o il/c a rro t  em ulsion  w ere ob ta ined . Furtherm ore , 
the sam e type o f  m odeling  could  be used, and  the  estim ated 
kinetic param eters are re p o rted  in T ab le  1. Q iu  et al.27 reported  
a slightly low er activation energy (59 .0  k j /m o l)  for the decay o f 
/J-carotene in  soybean oil d u rin g  therm al processing. In the 
study  o f  Q iu  et al.,27 how ever, the  com bin ed  effect o f [}- 
caro tene  isom erization  and  deg rada tion  was studied. F u rth e r
m ore, an o th er type o f  oil w as used.

In con trast to  the  o il/c a rro t  em ulsion, 9-Z -/l-carotene was 
also d e tected  in th e  u n tre a ted  oil sam ples. H ow ever, form ation 
o f  9-Z -/l-carotene du ring  therm al trea tm en ts  occu rred  on ly at a 
tem peratu re  o f  115 °C  o r higher, and  no equilibrium  was 
reached  w ith in  the  tim e range th a t was stud ied . T herefo re, the 
form ation o f  9-Z -/J-carotene was n o t m odeled . In the  oil sam ple 
therm ally  trea ted  a t 130 °C , a decrease in the  con trib u tion  of 
13-Z- and  15-Z-/?-carotene was observed  after 60 min. Similarly, 
a small decrease in the  c o n trib u tio n  o f  I3-Z-/?-carotene after 60 
m in at 115 °C  was observed in the o il/c a rro t  em ulsion. As the 
decrease in the  co n trib u tion  o f  the  isom ers becam e significant 
on ly  after a long  trea tm e n t at a very h igh process tem perature , 
m ore specifically a t cond ition s th a t fall ou tside  the relevant 
industrial process conditions, these  d a ta  w ere rem oved  from  the 
data  set. C onsequently , th e  m odel and  the  kinetic  param eters 
estim ated  in this s tu dy  are valid on ly u n d er the tested  
conditions. F u rth e r research , including h igher tem peratures 
and longer trea tm e n t tim es, is necessary to  be able to m odel the 
degradation  o f 13-Z- and  15-Z-/?-carotene during therm al 
trea tm en ts  o f  an olive o il/c a rro t  em ulsion o r  enriched  olive oil 
phase. In the s tu dy  o f  A chir et al.,11 an im m ediate  increase in 
the  concen tra tion  o f  13-Z- and  9-Z-/J-carotene, followed by a 
gradual decrease was observ ed  during  therm al trea tm en ts o f  
enriched  palm  olein. T h e  decrease  in the  concen tra tion  o f  the 
specific isom ers was partly  a ttrib u ted  to the  back-isom erization
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F igure  4. Form ation  o f  13-Z-//-carotene (A ) and  J 5 -Z -//-carotene (B) 
during therm al trea tm en ts  o f  an olive oil phase enriched w ith  carro t //- 
carotene, m odeled  by one-step  regression using a fractional conversion 
m odel. T h e  single data po in ts rep resen t the experim ental values, 
whereas the full lines rep resen t the values p red icted  b y  the kinetic 
model.

to  «//-£-//-caro tene and  partly  a ttribu ted  to  degradation  by 
oxidation. As the  results in the  p resen t study are expressed as 
co n trib u tio n s , on ly  iso m eriza tion  is taken  in to  accoun t.

T herefore, the observed decrease will be related to  back- 
isom erization to  all-E-[l-caro tene and n o t to  oxidation.

In T able 2, the percentages o f  the  individual isom ers to the 
to ta l //-caro tene co n cen tra tion  are also given for the u n treated  
enriched oil phase and  for the  enriched  oil phase after therm al 
trea tm en ts  o f  60 m in  a t d ifferent tem peratu res . As the 
tem p era tu re  increased, the  percen tag e  o f  all-E-fi-caro tene 
decreased, b u t the  values w ere h igher com pared  to  the oil/' 
carro t em ulsion, and the difference becam e larger as the 
tem p e ra tu re  increased . I t  can  be  hy po th esized  that the  
isom erization from  the  Z -isom ers back to  the  all-E form 
occu rred  m ore rapidly in the  pu re  oil phase com pared  to  the 
o il/ca rro t em ulsion and  th a t this effect was m ore  p ro n o u n ced  at 
h igher tem peratures. In  con trast to  the  o il/ca rro t em ulsion, 9- 
Z-/Z-carotene was also de tected  in the  u n trea ted  oil phase and 
was p resen t in the  highest concen tra tion , followed by I3-Z-//- 
caro tene and  15-Z-/i-carotene. H ow ever, sim ilar trends in the 
d istribu tion  o f  the  individual Z -isom ers to  the to ta l Z- 
concen tra tion  w ere observed in the  therm ally trea ted  enriched 
oil p h ase  co m p ared  to  th e  therm ally  trea te d  o il/c a rro t  
em ulsion. A t low er process tem peratu res, I3-Z-/?-carotene 
was the  m o st im p o rtan t Z -isom er, follow ed by 15-Z- and  9- 
Z-/Z-carotene. Above 115 °C , 9-Z-/?-carotene becam e m ore 
im p o rtan t and  even becam e the m ost im p o rtan t Z -isom er  after 
a trea tm en t o f  60 m in at 130 °C . Similarly, Achir et al.10 found 
th a t the  p ro p o rtio n  o f  9-Z -//-carotene becam e equal to or 
h igher than  the p ro p o rtio n  o f  13-Z-//-carotene after therm al 
trea tm en ts o f  //-caro tene in vegetable oils a t tem peratures above 
120 °C  and  after long  trea tm e n t tim es.

W hen  the  kinetic param eters for th e  o il/ca rro t em ulsion and 
for the  enriched oil phase are com pared, it can be seen from 
T able 1 that the  reaction  rate constan ts are slightly h igher in 
the oil phase com pared  to the  o il/ca rro t em ulsion, w hereas the 
activation energy values are sim ilar. H ow ever, to  statistically 
com pare the  sim ultaneously  estim ated  param eters ob ta ined  in 
the  tw o different m atrices, 90% JC R  w ere constructed  (see

F igu re  S. Jo in t confidence regions (90% ) for all-E-fi-ca ro tene  isom erization  (A ) and  for form ation  o f  13-Z-//-carotene (B ) and  IS-Z  /i-caro tene (C ) 
in an olive o il/ca rro t em ulsion ( A )  and in an olive oil phase enriched w ith  carro t //-caro tene  (4k) during therm al treatm ents.
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Figure 5). F o r all-E-ft-ca ro ten e  and  13-Z-/J-carotene, th ere  is 
overlap o f  the JC R  o f  the  oil phase, on  the  on e  hand, and  the 
em ulsion, on  the o th e r hand, so  the  com bin atio ns o f  fc,ef and  Ea 
are no t significantly d ifferent in the  tw o m atrices. In o th e r 
words, isom erization o f  /J-carotene in an olive o il/ca rro t 
em ulsion is n o t significantly d ifferen t from  isom erization  in 
pu re  olive oil. As the  kinetic  p a ram eters are o f  the  sam e o rd er 
o f  m agnitude in b o th  m atrices, it can be  hy po thesized  that 
diffusion o f  /J-carotene to  th e  oil phase  d u rin g  therm al 
trea tm en ts is n o t a ra te-lim iting  step  for isom erization . F o r 
15-Z-/J-carotene, on  the  o th e r  hand , fo rm ation  seem s to  happen 
significantly m ore  quickly in oil com p ared  to  th e  o il/ca rro t 
em ulsion as there  is no  overlap b e tw een  the  JC R . F or lycopene, 
sim ilar results w ere fou nd  by  C olle e t al.:28 activation energies 
for therm al isom erization  o f  lyco pen e  in an olive o il/to m a to  
em ulsion or an olive oil phase  enriched  w ith  to m a to  lycopene 
did n o t differ significantly. F u rth e rm o re , h igher reac tion  rate 
constants w ere observed in the  en riched  oil phase  com pared  to 
the em ulsion, b u t in co n trast w ith  the p re sen t study, the 
differences w ere significantly different.

F o r th e  first tim e , k in e tic  p a ra m e te rs  o f  /1 -caro tene 
degradation and  isom erization  d u rin g  therm al p rocessing  o f  
an o il/ca rro t em ulsion  and  an  oil phase  en riched  w ith  carro t /J- 
caro tene w ere ob ta ined . In  conclusion , it can b e  s ta ted  th a t a 
fractional conversion m odel could  be  used  to  describe b o th  
total carro t /J-carotene degradation  and  isom erization  in the  
presence o f  oil du ring therm al p rocessing  b e tw een  85 and  130 
°C. U sing the o b ta ined  kinetic  param eters, th e  im pact o f  
different therm al processes, b o th  pasteuriza tion  and  steriliza
tion, on /J-carotene degrada tion  and  isom erization  o f  carro t 
p ro duc ts  in the  p resen ce  o f  oil m ig h t be  evaluated, w hich is 
im p ortan t for process design and  op tim ization . T h e  goodness 
o f  the  ob ta ined  kinetic  m odel w as p ro v en  by  a g o od  agreem en t 
o f  experim entally  d e te rm in ed  values for th e  fo rm ation  o f Z- 
isom ers after a therm al pasteu riza tion  o f  an olive o il/ca rro t 
em u ls io n  w ith  th e  s im u la te d  v a lu es. F u r th e rm o re ,  th e  
im p o rtan ce  o f  oil on  to ta l /J -ca ro ten e  d e g ra d a tio n  and  
isom erization du ring therm al pro cessin g  was show n. First, /J- 
caro tene isom erization  d u rin g  therm al p rocessing  is strong ly  
accelerated by the  p resen ce  o f  oil as a resu lt o f  solubilization o f 
the /J-carotene crystals in th e  oil phase. H ow ever, /J-carotene 
isom erization in an o il/c a rro t  em ulsion is n o t significantly 
different from  isom erization  in a p u re  oil phase, indicating  that 
the diffusion o f  /J-carotene from  th e  carro t m atrix  to  the  oil 
phase during therm al p rocessing  is n o t a rate-lim iting  step  for 
isom erization. Second, oil th a t acts as a p ro -ox idant also 
accelerates total /J-carotene degradation , b u t the  m agnitude o f 
the effect is d e p e n d e n t on  the  oil concen tra tion .
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