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ABSTRACT

IDENTIFICATION AND QUANTIFICATION STUDIES ON STRUCTURES,
DYNAMICS AND MECHANISM FOR THERMAL AND PHOTO-DEGRADATION

PRODUCTS OF B-CAROTENE

Name: Zhao, Yuan

University of Dayton

Advisor: Dr. David Johnson, Dr. Mark Masthay

B-carotene is comprised of isoprene units, and hence contain methyl-substituted
polyene chromophores, which contains 11 highly unsaturated conjugated double
bonds, nine of which are in a planar polyene chain and the other two of which are

located in terminal B-ionylidene rings.

The first objective is to determine the kinetics of B-carotene (BC) thermal and
photo-degradation rate and evaluate the correlation among content, bleaching
time and temperature and solvent effects. The second objective is to figure out
the chemical structure of unknown thermal and photo-degradation extents and

products structures by instruments of UV-Vis spectrometry, NMR and GC-MS.



Solid BC was heated in sealed pyrex tubes to ensure isothermal heating and no
oxygen impacts in open tubes with vents to detect oxygen impacts. Analysis of
degradation kinetic data suggested a first-order reaction for the thermal-
degradation of BC. The thermal-degradation of 3-Carotene was studied at oven
temperatures of 100, 150 , 200, 250, 300 , 350 °C for for 30min, 60min, 90min,
120min, 4h, 8h, 24h, 72h separately. The kinetics parameters, rate constant Kk,
activation energy E, -11.5763kJ/mol, and pre-exponential factor A (1.4041h™)
have been calculated based on the linear regression of concentration vs
temperature (100-350°C). B-carotene is heat sensitive as expected and the
degradation fate displayed a relative heat instability and temperature
dependence. The higher the treatment temperature, the longer time exposure
period, the faster the degradation rate. The degradation products, retinol, -
ionone etc are confirmed by GC-MS, most of other products are believed to be

apocarotenals and epoxy compounds.

The kinetics from photochemical experiments using UV irradiation are compared
with similar experiments conducted with two-photon laser irradiation. The kinetics
of photochemical reactions of [-carotene was studied in hexane, carbon
tetrachloride and percentages of carbon tetrachloride in hexane below 5%. At low
percentages of carbon tetrachloride, the reaction is first order in both carbon
tetrachloride and p-carotene. The activation energy of the reactions at

temperatures around 25°C was found to be positive but very small. The



photochemical results are also compared with thermal-degradation experiments

conducted at temperatures between 250 and 350°C.

In addition to the kinetic results, some products of the reaction have been
identified by nuclear magnetic resonance spectroscopy. It is interesting to note
that under thermal conditions, retinal and retinol with vinyl hydrogens are
identified as products, while under UV irradiation, there are no identifiable

products that contain double bonds.
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CHAPTER|

INTRODUCTION

Carotenoids are the naturally-derived pigments which give the brilliant colors of
red, yellow, orange etc to fruits and vegetables '. They have received the
attention of researchers due to their intense colors and anitoxidant properties.
The most thoroughly studied member of the family is B-carotene which has
important role in improving human health due to its conversion to vitamin A 2 ltis
responsible for the prevention of the light-initiated oxidative damage to the
human’s retina, which results in age-related macular degeneration (AMD) and
3

cataracts B-carotene is also considered a therapy preventing some

cardiovascular diseases “.

The effectiveness of (-carotene as an antioxidant and anti-cancer activity is
related to its ability to quench singlet oxygen because of the highly conjugated
polyisoprene (diene polymers) structures. -carotene can scavenge free peroxyl
radicals by resulting in cleavage or addition to double bones °. The dietary
deficiency in carotenoids is associated with the presence of free radicals. Free
radicals can cause DNA damage ® impair immune system response. [3-carotene
prevents peroxidation of phospholipids associated with carcinogenic activity4.

The B-carotene antioxidant mechanisms are generally in connection with radical



adduct formation, electron donation or hydrogen atom donation °. The application
of those mechanisms are altered and relied upon the decay of radical species to

more stable products ’.

The essential carotenoids exhibiting superior vitamin A activity are a-carotene, [3-
carotene, y-carotene and [B-cryptoxanthin. They are deposited in human tissues
and circulating in the body’s bloodstream but most come from dietary sources®.
By far B-carotene is the more important precursor due to its unsubstituted double
B-ionone ring skeleton at the terminals of a conjugated poly-isoprene (see Figure
1) as opposed to the single B-ionone ring present in the other above mentioned

isomers or compounds.

Figure 1 Molecular Structure for § —Carotene

The carotenoids absorb harmful UV light strongly and easily undergo oxidative
degradation ° leading to the rapid loss of total carotenoids contents '°, thus
yielding to structural variations during light, high temperature, acid and oxygen,
sunburns, thermal disruption. Normally B-carotene in the food source has to go
through the process due to commercial sterility requirements, such as extrusion
cooking, industrial canning, air-dehydrating, cutting or disrupting and storage ",

Significant reduction of B-carotene will lead to consequences not only in the food



acceptability caused by the loss of color, taste or texture, but also in its nutritional
content 2,

Most natural B-carotene occur in the all frans- form, since the cis-orientation for
the polyenic chain of carotene has a higher steric hindrance causing free rotation
to be hindered ' than in the trans-configuration ™. The cis configuration is less
abundant and a less activethe substrate for the cleavage enzyme in vitamin A

conversion 1.

Lee and Chen (2002) demonstrated in their research that cis-trans
isomerization dominated in the first 9 hr in the relatively low temperature of 50°C
thermal reaction of lycopene, in which occurred 2-3 times faster than the reverse
reaction(trans to 9-cis and 13-cis isomers), however, degradation was favored
afterward and proceed faster than the isomerization which dominated for at higher
temperature such as 100 or 150°C while during illumination, the isomerization
take controls . In addition, the isomerization rate of B-carotene varies with the
polarity of the solvents , the lowerpolarity of solvents, i.e, petroleum ether and
toluene, give higher isomerization rates, and the more polarity of solvents such as

tetrahydrofuran (THF), methanol and acetonitrile usually result in the lower

isomerization rate .

The investigation on the thermal oxidation of B-carotene in model systems has
suggested that isomerization is not the only reaction involved. There are more
reaction products that may not be isolated. As early as 1964, Mader found the

volatile fraction from the thermal degradation of B-carotene containing toluene,



m-and p-xylene, 2,6-dimethylnaphthalene and ionene '®. Years later until 1980,
Ouyang et al identified the large fragments consist of 3-13-apo-carotenone, $-15-
apo-carotenal, and (3-14-apo-carotenal by exhaustive TLC of the decomposition
products of B-carotene found in palm oil . Onyewu then discovered the
formation of compound mass of 444 and 378 by heating 3-carotene at 210 °C for
4 hrin 1982 ". In 1986, he isolated and identified six more compounds with
molecular weights of 346, 274, 258, 210, 188 and 180 after extraction with ethyl
acetate 2°. Before long, Evelyn applied strong free radical initiators to increase
the oxidative stress to allow the cleavage products of B-carotene be detected.
Those products were confirmed to be B-apo-8/10'/12’/14’/15-carotenals (“/”
means or). The semi- B-carotenone and monohydroxy-p-carotene-5,8-epoxide
were found in the presence of atmospheric oxygen at ambient temperature in
low-moisture and aqueous model systems 2'. Many of the oxidative breakdown
products occur only in small quantities with similar polarities and closely related
structure, are often present in complex biological matrices. Hence they are

difficult to identify and have received little attention 2.

The slow but spontaneous isomerization and autoixdation of B-carotene, and its
subsequent fragmentation and decay and the complex decomposition yield a
myriad of byproducts along with the initial, intermediate and final oxidant
products. These products may arise during the activity of B-carotene due to its
unstable chemical properties. Therefore, it is critical to monitor the low levels of

compounds and evaluate the impact of heat and illumination , such as



temperature, exposed time, light source (UV, laser), light intensity and organic
solvents type (photoreactive such as chloroalkanes or inert such as hexane)
even oxygen concentration (saturated or depleted) in understanding its role in
protection against radicals . More amenable analysis techniques are on demands
to provide with rich spectral and chromatographic for the positive confirmation

and acute assessment of the analytes that may crop up 2.

Michel Carail tentatively tracked the appearance of the various reaction products
and detected one of the intermediates. Final products, such as 5,6-Epoxides of
B-apocarotenals were formed from either direct epoxidation of p-carotene and
then be rearranged into 5,8-epoxy-B-apo-carotenals, followed by subsequent

cleavage .

Current literature on the photobleaching of [B-carotene is relatively scarce.
Carbon tetrachloride (CCly), is an active electron acceptor and an endogenous
toxicant to be activated by cytochrom P-450 system generating radical -CCl;00
and -CCl3?°. CCl,bleaches photosensitized B-carotene with orders-of-magnitude
faster than other solvents in pulse radiolysis experiment with a rate constant =
1.6x10°%Msec. This observation indicates the high reactivity of peroxyl
radical -CCl;00 or -CCls ?°. However, the complete profile towards the structures
formed between B-carotene and induced laser photo was not clearly proposed

yet %’ So far, only retinol was confirmed with HPLC by S. Adhikari et al. in 2000,



they recorded the transient absorption spectra of [-carotene reacting with

*CCl300 at 50 ps with a considerable blue shift 2.

Numerous methods for the analysis [B-Carotene cleavage products are
summarized as table 1. The methods serve the purposes: 1) to elucidate the
mechanism for the reversible isomerization or irreversible cleavage into
carbonyls, i,.e, apo-carotenal 2°or epoxides *°; 2) to investigate the effects from
thermal treatment and photo Irradiation on these thermally-labile or photo-
sensitizing compounds The methods must provide a reliable chiral separation,
mild analytical environment, rigorous determination, highly reproducible,
reasonably short analysis time, unambiguous resolution of overlapping peaks,
dependable quantification, and unequivocal confirmation. Take High-
performance liquid chromatography (HPLC) analysis for an example, the long
unsaturated alkene chain, provides the chromophore giving absorption maxima
in the region of 400 to 550 nm >'. However, in light of the unusual linearity and
rigidity of B-carotene’s structure, its capability to enter the pores stationary phase
is greatly influenced. Development of column stationary phases from Cqgto
triacontyl (Csp) polymeric column afford better interaction of B-carotene with the
alkyl chains, enhancing HPLC’s separation *2. The column has huge selectivity
and resolution towards isomer analysis of similar structures. However, as for the
characterization of the chromatographic peaks, Csoreversed phase HPLC has a

long analysis time.



Table 1 Advantage and Disadvantage of Various Methods of Instrumental

Analysis for B-Carotene Cleavage Products

Instruments Advantage Disadvantage
GC-MS Library available to search for May not be suitable for heat labile products
degradation products structure;
UV-Vis Quantification of BC at Amax Unable to identify reaction products
HPLC Ideal for the quantification of thermally 1) Only based on a fixed wavelength and
labile and nonvolatile compounds analysis retention time alone results in other
compounds might be ignored; 2) No
confirmation methods; 3) Need standards;
4) special requirements for capillary
columns and high resolution;
FT-IR 1) Qualification of simple mixtures 1) Inability to quantify almost all
by fingerprint spectrums ; compounds;2) analytes need to high-
2) Analytes can be in solution form concentration
NMR Qualification of purified single compound 1) Hardly to quantify mixtures; 2) the
analytes need to be in high amount
LC-MS 1 )Separate, identification, quantification of 1) Expensive analysis costs and N/A in lab;

mixtures.
2) prevent isomerization of B-Carotene

Full scan, MRM, MS" multi-modes

2) Less responsive to low-molecules than
GC-MS; 3) No Mass Spectral Database to

get unknown compounds mass information.

Mass spectrometric analysis, which provide molecular weight and characteristic

fragmentation patterns,

may then provide final confirmation of individual

compounds when mass spectrometry in conjunction with HPLC. The combination

of GC and MS allows GC to separate and introduce those analytes of interest

into MS where the rich mass spectra information of each component will be

deciphered and identified. Once the identity is established and confirmed, the



quantitative information obtained can be correctly interpreted without producing
false positive results. There is a mass spectral library linked in a “fit & match
index in GC-MS that can provide identification for molecular and fragment ions by

comparison with even without authentic standards.

Despite of numerous reports on —Carotene’s biological effects at clinical levels,
the reaction products have not been identified and the changes of solid B-
carotene w/o matrix interference is not well understood *3. Therefore, it is timely
to develop rugged analytical methods particularly towards unknown complexes to

elucidate structures during the thermal and photochemical reactions.

The objective of the project is to clarify the B-Carotene thermal and photo-
degradation behavior and the nature of the products. These findings will help
determine optimal processing conditions to minimize the degradation of B-
Carotene in food source through a knowledge of studying its kinetics. The
characterization of breakdown products will help us better understanding the
cleavage pathways of (-carotene, underpinning the underlying p-

carotene/radicals reactions and its protective mechanism.

Gas chromatography-mass spectrometry (GC-MS) will be applied (in concert with
other instruments, HPLC, UV-VIS, IR, NMR) to analyze the influence of heat, UV
and laser photo, solvent on the degradation of B -Carotene. The possible

unknown compounds’ structures and determine what chemical interactions and



degradation products are dominant in the mixture were investigated.
Macroscopic batch-degradation experiments on stability were aso be performed
to evaluate the impact of heat and illumination , such as temperature, exposed
time, photo-type (UV, laser), light intensity, organic solvents type (photoreactive
chloroalkane or inert hexane) and so forth on the degradation process. Detailed
structural information for different reactions that constitute the process, the
inspection and identification of nonvolatile products formed were studied.
Increasing the temperature (heating & ambient) and prolonging the treatment
time will accelerate the unstable (3-carotene compound in a forward direction and

in a very predictable manner.



CHAPTER I

EXPERIMENTAL METHODS

MATERIALS & SUPPLIES

All solvents are HPLC grade provided from Fisher Scientific. Benzene (99.0%)

was purchased from Alfa Aesar (Melting point. 180-182 °C).

Experimental Method

Preparation of 3-Carotene Standard Solutions

All B-carotene( BC) was purchased from Sigma-Aldrich Chemical Company and
was purified by flash chromatography under minimum light as described below
before use. A 22 mm i.d. flash chromatography column was prepared by mixing
a certain amount of silica gel (Silica Gel 60, 0.040-0.063 mm particle size, 230-
400 mesh; EM Science) with benzene and stirred with a stir rod to make an
evenly distributed mixture. The slurry was slowly poured into the column under a
flow of argon gas sufficient pressure to allow a collection rate of ~1-2 drops sec™.
The column was loaded with five 4 mL aliquots of a saturated solution of

synthetic 95% all-trans B-carotene pre-dissolved in benzene. The polar dark

10



maroon band of impurities remained at the top of the flash column. The less-
polar B-carotene fraction moved into the middle of the column with a distinct

dark- orange colored wide heading and a vague pale-yellow colored tailing. The
excess solvent was evaporated under a stream of N» gas, leaving purified BC as
dark red crystals judged by naked eyes on the bottom and side of the beaker.
The purified BC powder was then carefully scraped by a scoopula from the
vessel and stored in the dark in sealed vials under nitrogen at T < -20°C.
Concentrated solutions of B-carotene (4.0 — 5.0 x 10 M, for which 1.4<A450<2.0)
were prepared by dissolving approximately 0.00625g BC into 250mL volumetric
flask, and diluted with THF, mix well and fill to the mark of meniscus level, then
pipet 10.00mL aliquot into a 100.00 mL volumetric flask, mix well by using THF

solvent and fill to the mark.

The Thermal Treatment

The thermal-degradation of B-Carotene was carried out at temperatures of 100,
150 , 200, 250, 300 , 350 °C for time periods of 30min, 60min, 90min, 120min
and relatively fairly prolonged heating 4h, 8h, 24h, 72h separately using a Blue M
Industrial Oven Chamber. Approximately 0.1g solid crystalline p-Carotene was
heated and melted in a pyrex tube equipped with a teflon stopcock and side arm.
After the reaction, the tube was cooled, and two portions of 4mL THF was added
to the tube bottom to rinse the samples out into a target container. Each solution

was diluted with THF to obtain an absorbance reading at Anax between 0.4 and

11



2.2. A 2.00 mL aliquot of solution was saved for analysis by GC-MS. The

thermal-degradation rate was obtained by measuring the decrease in Aymax.

Degradation Kinetics (Dynamics) Modeling on 3-Carotene Degradation

To evaluate the correlation among content, bleaching time and temperature, the
parameters of degradation kinetics were identified by linear regressions on the
logarithmic curves of experimental data. The induced degradation of 3-carotene
loss was calculated by using the standard equation for a nth-order reaction (the

order number of reaction depends on the experimental data).

Photolysis and Analysis by UV-Lamp

Samples for irradiation were dissolved in neat hexane or a mixture of hexane and
the appropriate amount of carbon tetrachloride. The samples were placed in a
water jacketed quartz reaction vessel. The water jacket was connected to a
refrigerated circulating bath to insure constant temperature. The samples were
irradiated in a Rayonet photoreactor using UV lamp of 3500 A wavelength. The
photoemission curve of the lamp shown by the purple curve illustrated in Fig 2.
The pictures of Srinivasan-Griffin Rayonet Rayonet Photochemical Reactor and

its lamp holder with fan in operation was shown in Fig 3.
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A brown 250 mL volumetric flask was used to prepare the B-carotene in neat
hexane solution. Aluminum foil was employed to wrap the volumetric flask, thus
minimizing photo-degradation which might result from exposure to the short
wavelength components of ambient light. Given by the comparatively poor
solubility of B-carotene in hexane solvent, a magnetic stir bar was put in the
volumetric flask to stir the solution at Barnstead Thermolyne Stir Plate at 25+1°C
for at least 1 hour until all solid B-carotene was dissolved, about 2mL aliquot was
withdrawn by using a disposable dropper to assure that the maximum

absorbance of initial solution was around 2.0.

During the irradiation, aliquots around 2mL were withdrawn at appropriate time
intervals for immediate spectrophotometric analysis until the final color turned
from the A4s50=2 into almost colorless. The solvent was removed by vacuum
evaporation and the products were re-dissolved in 2mL deuterated chloroform

CDCl3( Sigma Aldrich, MO).

Photo-degradation of B-carotene by 532nm Laser

Approximately 4mg/mL of B-carotene solutions were prepared in neat hexane
solvent and in the mixed solvents of hexane/ <5% CCl, in which 1.4<A450<2.0.
The solutions were placed in 1 cm pathlength quartz cuvettes and immediately
irradiated with 1.0-1.2 mJ pulses from a Quanta-Ray Model INDI-40 Pulsed
Nd:YAG laser. During irradiation, samples were stirred with a magnetic Starna

“Spinette” stirrer, and sample temperatures were maintained at 22.5°+0.5° C with
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a Fisher Scientific Model 9500 constant temperature circulator. Spectra were
measured with a Hewlett-Packard 8453 Photodiode Array Spectrophotometer

interfaced to Agilent Chemstation.

Spectral distribution of irradiance density for UV lamps
August 14, 2002
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Figure 2 The Photoemission Curve for UV Lamp (the purple curve)*®

Figure 3 The Pictures of Srinivasan-
Griffin Rayonet Photochemical
Reactor and Its Lamp Holder with
Fan in Operation(Southern NE
Ultraviolet Co, MiddleTown,

Connecticut), Lamp 3500A)*°
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PHYSICAL METHODS

GC-MS

GC-MS analyses were conducted on a Varian Series 3800 GC interfaced with a
2000 mass-selective detector (CA, USA) using an VF-5MS capillary column
(Varian, Inc., CA, cross-linked 5% phenyl-methylpolysiloxane, 30 m x 0.25 mm
i.d., 0.25 ym film thickness) for thermal degraded and laser irradiated products in
terms of their concentration. The injector port and transfer line were maintained
at 320° and 280°C, respectively. Helium(99.999%) was used as the carrier gas at
a flow-rate of 0.8mL/min. Splitless injection of a 2-ul extract solution was
performed with the following oven temperatures. The initial temperature was
70°C, held for 2 min, and then programmed at 10°C/min up to 320°C with a final
hold time of 7 min. The EIl analysis was performed with ionization energy at 70
eV. Data were acquired in the full scan mode with a mass range of 40-650
(scan rate: 2 scans/s). The ion source temperature was 230°C. An aliquot of
1.0uL was evaporated for analysis by EI-MS afterwards. All the mass units in

each mass spectra were labeled by 4-5% of plot for peak label threshold.

HPLC

High performance liquid chromatographic experiments with a variable
wavelength detector was used. f20 pL of isolated fraction was injected in a C30
YMC ™ Carotenoid S-250n m x 2.0 mm 5 pym i.d. film thickness 3 2.0 x 250 mm

column (YMC, made in USA) with an eluent composition of acetonitrile(Fisher,
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USA)/H,O (50:50) (isocratic conditions) and a flow rate of 0.5mL/min.
Subsequent analyses by GC-EI-MS were performed with each isolated
compound. HPLC analyses were performed with a Waters 515 HPLC binary
pump with 4441-4889 psi column pressure equipped with an Agilent1100 diode

array detector and controlled with Agilent data acquisition station.

UV-Visible Spectroscopy

All the samples were placed in 1 cm pathlenght quartz cuvettes and the
absorption spectra were obtained by OCEAN — OPTICS Chem 2000 UV-Vis
Spectrophotometer with USB2000 Miniature Fiber Optic Spectrometer Detector

except for the laser induced photo-degradation products.

Infrared Spectroscopy

Infrared spectra of the reaction products analysis were obtained in transaction
mode on a Perkin-Elmer Custom GX infrared spectrometer. Place a few small
drops of the compound on one of the KBr plates and then place the second plate
on top and make a quarter turn to obtain a nice even thin film by coating liquid
samples on the two KBr disks to form a sandwiched plates in the spectrometer.
Solid samples were prepared by mixing a very small amount of sampler with
approximately 50mg of pure, dried KBr, grinding in an agate mortar and pestle,

then compressing to form a solid, semi-transparent powder.
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CHAPTER IlI

RESULTS AND DISCUSSION

QUALITATIVE ANALYSIS OF COMMERCIAL B-CAROTENE

The commercially available [B-carotene is listed as >95% purity. Before
attempting to identify the minor reaction products, it is essential to know the
nature of the impurities in the reactants. In order to know the contaminants in the
B-carotene before reaction, the commercial material and the material purified by
flash chromatography were examined by HPLC and GC-MS.

HPLC-VWD Determination

Samples of the purified B-carotene and the unpurified p-carotene were analyzed
by high performance liquid chromatography. The quantities of B-carotene and
impurities were estimated using the area normalization method. Samples were
collected as components eluted from the column for further separation by thin
layer chromatography, analysis by GC-MS, FTIR or NMR depending on each
individual eluent. Three peaks, two minor peaks corresponding to impurities and
one major peak corresponding to B-carotene, appeared on the chromatogram
(Fig.4 and Table 2). The major peak due to B-carotene may have contained trans

and cis-isomers which are not likely to be separated by the reversed-phase
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HPLC. At a retention time of 9.974 min, the B-carotene eluted as the large peak
(area 23312.4, 88%). The lower purity observed for the commercial 3-carotene
may be due to different response factors for the various ingredients or may be

due to oxidation of the (3-carotene during storage before use.

VWD1 A, Wawelength=257 nm (YUANZHAO\03170908.D)
mAU 7] X
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Figure 4 RPLC Analysis of Std BC, Mobile Phase (CH3;CN: H,0=50:50)

Table 2 RPLC Analysis of Std BC, Mobile Phase (CH3CN: H,0=50:50)

# Time Area Height Width Symmetry
1 2.732 1212.9 138.1 0.1374 0.682
2 3.117 2084 .4 210.3 0.1506 0.622
3 9.974 23312.4 950.1 0.3678 0.792

The above red fonts are for the target peak 3-carotene RT=9.974 min for std (3-
carotene solution (as seen in table 2). In order to look for other isomers, the
mobile phase was changed from 50% acetonitrile to 30% acetonitrile. Two
problems were observed when the mobile phase ratio was changed. 1), nitrogen
purging was applied to degas the solvents which may lead to the evaporation of
the more volatile solvent, thus affecting the mobile phase concentration (Fig. 5,

Table 3) and causing baseline shift. Problem 2) , the percentage of B-carotene
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calculated based on the same area normalization method for the sample
standard sample gave a substantially lower percentage of B-carotene, 59.55%
(70:30) vs. 87.61% (50:50), the 50:50 mixture seems much better to give better
peak resolution, reduces baseline shift, and shows a purity more consistent with

the provider’s data.

VWD1 A, Wawelength=257 nm (YUANZHAO\03300904.D)

Figure 5 RPLC Analysis of Std BC, Mobile Phase (CH3CN: H,0=70:30)

Table 3 RPLC Analysis of Std BC, Mobile Phase (CH3CN: H,0=70:30)

# Time Area Height Width Symmetry
1 1.127 208.3 17.4 0.1715 0.857
2 1.46 258 13.1 0.2722 0.404
3 2.142 108.5 5.8 0.2563 0.791
4 2.498 119.1 5.1 0.3047 0.526
5 3.093 172.3 12.6 0.1929 0.667
6 3.5 225.8 19.2 0.1736 0.584
7 11.652 1607.8 56.5 0.399 0.436

The above red fonts are for the target peak p-carotene RT=11.652 min.
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The analysis of B-carotene using the auto-integration normalized area method

did not always identify the peak near 8.10 min retention time. It was necessary to

employ manual integration to identify this peak and make corrections for the

shifting background.

The chromatogram below shows the results of one the thermal-degradation of a

sample of B-carotene after heating at 150°C for 2 hour. (Fig. 6, Table 4) At least

six new peaks are detectable indicating the of degradation of the 3-Carotene.

VWD1 A, Wawelength=257 nm (YUANZHAO\03170909.D)

Figure 6 RPLC Analysis of BC Thermal Products, (CH3CN: H,O=70:30)

Table 4 RPLC Test Results of B-carotene Thermal Products (CH3CN: H,O=70:30)

# Time Area Height Width Symmetry
1 1.554 4350.9 228.7 0.2453 0.345
2 2.727 1092 59.1 0.262 1.105
3 3.093 1399.4 65.9 0.2945 0.49
4 3.877 1470.9 52.4 0.4322 1.57
5 4.285 1355.4 56.2 0.3398 0.506
6 5.218 728.9 13.5 0.698 0.399
7 6.506 983.4 43.8 0.3318 0.821
8 7.163 1440.2 48.3 0.4413 0.552
9 8.791 471.7 8.8 0.731 1.455
10 9.786 7539.5 262.4 0.4284 0.44
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RT=9.786 min for one of the thermal-degradation products samples, apply the

ratio of 50:50 ratio mobile phase.

The peaks at 2.72 and 3.09 minutes are due to impurities found in the B-carotene
prior to reaction. The peaks at 3.877, 4.285, 5.218, 6.506, 7.163 and 8.791
minutes are due to decomposition products. The [B-carotene peak at 9.786
minutes while still present is at a much lower intensity than was present before

heating.

UV-Vis Spectroscopy

Absorbance changes of BC after thermal treatment were determined by UV-Vis
spectrophotometry in order to determine the degradation rate. For a given
irradiation time, the higher the heating temperature, the greater the loss of BC.
For heating at a given temperature, the longer the heating time, the greater the
degradation of BC. The use of crystalline BC eliminates the impact of complex
matrix such as would be found in food, drinks etc. The absorbance was obtained
by averaging the 10 absorbance readings in the vicinity of the maximum (x5nm).
A blank of tetrahydrofuran was used to calibrate the instrument. A plot of the
natural log of absorbance versus time, was found to be linear, The absorbance
value for a freshly made 2.5 ug/mL (equivalent to 4.664uM) BC std solution was

measured as 1.4594 and converted to 2918.8 for 5000 ug/mL BC.
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The ultraviolet absorbance data, after correction for dilution and the initial mass
of the solid B-carotene used in the thermal-degradation experiment was treated
as a first order reaction to determine the rate constant. The first order treatment
was chosen because it provided a better fit to the data (R? 0.97-0.99) than either
the zero order or the second order models). The rate constant for each of the

temperatures was calculated and is shown in Table 5 and Fig 7, 8.

Table 5 The UV Absorbance Reading for Different Thermal Treatment of -
carotene Dependent on Time and Temperature and Its Relative R? Value for the

Corresponding Reaction Orders

UV Absorbance (corrected for dilution and an initial mass of 5.00 ug/ml 3-carotene)

Time  (hours) Rate
TC°C) R? value
1h 2h 4h 8h 24h 72h Constant
100 24160 22029 19225 18247 179.61 56.45 -0.0189 0.9535
150 22486 172.00 167.86  157.58 108.78 35.20 -0.024 0.9831
200 40.452 32.944 21656 21.156 13.092 2.632 -0.0351 0.9657

250 29688 2.3332 1.4460 1.3818 0.5460 0.0673 -0.0500 0.9746

300 1.0209 0.8006 0.6013  0.4298 0.1616 0.0101 -0.0624 0.9909

350 0.1558 0.1068 0.0747  0.0351 0.0101 0.0035 -0.0815 0.9754
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Figure 7 Relationship between A and Heating Time
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Figure 8 Thermal-degradation of 3-carotene Rate Constant Determination
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Table 6 The Summary of Rate Constant Varied with Temperature for

Crystalline B-carotene Thermal-degradation

1% order
T(C) 1T (1K)
k Slope(-k) Ln(-k)
100 0.002680 0.0189 0.0189 -3.96859
150 0.002363 0.0240 0.0240 -3.7297
200 0.002113 0.0351 0.0351 -3.34955
250 0.001911 0.0500 0.0500 -2.99573
300 0.001745 0.0624 0.0624 -2.77419
350 0.001605 0.0815 0.0815 -2.50715

A summary of rate constant variation with temperature for crystalline B-carotene
thermal-degradation are shown in table 6.

First order reaction, Ea= 1392.3*8.3145/1000=11.5763KJ/mol (R2=0.9815,
R=0.9907) between 100 to 350°C. Ea= 1599.4*8.3145/1000=13.2982KJ/mol
(R?=0.9984, R=0.9992) between 150 to 350°C.

It showed the result on the summary and comparison on the corresponding
activation energy for different temperature groups and each individual
temperature for first order reaction. These combinations were subjected to linear
regression with respect to time as represented by Eq. Ln(c/cp)=-kt and the
coefficients were determined. Correlation coefficients and standard values were
used as the basis to select the combination which best described the first order

reaction for the entire temperature range.
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Ultraviolet Photochemistry of B-carotene

To examine the photochemistry of (B-carotene in solvents where it has limited
solubility and under conditions where the photoproducts might be identified, the
photochemistry of B-carotene was investigated using a Rayonet photo reactor.
The reduction in (- carotene present was determined using UV-Visible
spectrophotometry. An induction period of 2 5 min before the sample irradiation
began to warm up the instrument. The UV absorbance readings began to
decrease as the irradiation time increases. Preliminary experiments have shown
that the rate of photo-degradation is significantly increased in good electron
acceptor solvents such as carbon tetrachloride and chloroform compared with
neat hexane *. This observation may be due to a direct photoinduced electron-
transfer reaction from an excited singlet state of the 3-carotene to the solvent in

microsecond time scale to form an instantaneous ion-pair *’.

The overlaid absorption spectra of BC in neat hexane after various irradiation
times is shown in Appendix |. The decrease in absorbance induced by low
intensity ultraviolet light (< 360nm) from a 100 watt Hg lamp are presented in

table 7.

In order to study the effect of electron acceptor solvents on the photo-
degradation rate, the photo-degradation rate was determined in neat hexane
and in dilute solutions of carbon tetrachloride in hexane. From the results, a plot
of negative natural logarithm of the absorbance of versus time will result in a

straight line with a slope equal to —k. All five plots and their corresponding rate
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constants are completed on a single graph as below. Since the rate constant is
temperature dependent from the table and graph’s results (Table 7, Figure 9).
Plot of the link on the ordinate and 1/T on the abscissa to determine the slope of
the plot is -881.7692 Kelvin with a square regression coefficient value of 0.9960.
The activation energy of the reaction fits the first order, and results in
881.7692*8.3145/1000=7.33147KJ/mol. The photosensitized activation energy is
almost 1 times lower than for thermally activated reaction. The kinetic profile for
the degradation of the starting parent single carotenoid ingredient of (3-carotene

is fitted well by a first-order equation model, i.e.

Ln[B-carotene]i=-kt+In[B-carotene]y

Table 7 The Summary of Absorbance Reading on Degradation Results for

BC/neat Hexane Solution

. . T(°C)
Time(min)
15 25 35 45 55
0 226 2419 2134 1.997 2.060
5 2.058 2.284 1.898 1.863 1.892

10 1.841 2116 1.739 1.641 1.746
15 1.681 1.879 1.587 1.502 1.442
20 1.442 1.629 1.362 1.309 N/A

25 1.343 1.434 1.161 1.167 1.079
30 1.213 1.284 1.001 1.002 0.936
35 1.076 1.108 0.917 0.867 0.789
40 0.961 0.945 0.835 0.727 0.645
45 0.852 0.825 0.751 0.596 0.408
50 0.763 0.718 0.622 0.488 0.402
55 N/A°~ N/A  N/A 0390 N/A
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First Order Plot for the Photodegradation of B-Carotene in Hexane
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Figure 9 First Order Kinetic Plot for the Photo Degradation of 3-Carotene in

Hexane Solution (15-55°C)

In order to determine the activation energy in pure hexane, a plot of In(k) versus
1/T was prepared. The slope of the line was determined to is -881.7692 Kelvin
with a R? value of 0.9960, the activation energy determined from this line is 7.33

kd/mol as shown in Fig 10 based on the result of Table 8.
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The photo-degradation rate of 3-carotene in neat CCl, solvent exceeds that of B-
carotene in system (hexane+CCls) replaced neat CCls; solvent to better
understand the mechanism on the significant enhancement of reaction rate. At
25°C, the five different ratios of carbon tetrachloride (0.05%, 0.20%,1.00%, 2.00%
and 4.00% )were added into 250 mL volumetric flask with hexane solvent. A
direct linked relation between the ratio and photoreaction rate was found
subjected to photooxidative conditions. The plot of volume percentage of CCl4
versus the rate constant of 3-carotene without degassing was proved to be linear,
the slope is 0.1282 with a high R? value of 0.9995. A t the same controlled
temperature, the reaction rate for B-carotene in the hexane solvent without any
CCly is 0.0247 min™" with comparison to an enhancement of 0.40,4.90, 9.60 to
20.30 folds by just adding 0.50mL, 2.50mIL, 5.00mL and 10.00mL into a total
volume of 250 mL solution. The more amount of CCls being added, the higher
the reaction rate. As for 0.05% (0.5%0) CCl4, its reaction rate was unaffected,
which can be explainable that the amount is too miniscule to be mixed evenly to
have a huge impact on the photo-degradation rate as other higher ratios.
Table 8 The Summary of Parameters Related with Rate Constant for fC

Dissolved in Neat Hexane (1st order)

Time

T/°C 1T(1/K) k(rate,min™ ) Lnk R? range(min)
15 0.003470 0.0219 -5.66348 0.9983 0-50
25 0.003354 0.0247 -5.69760 0.9877 0-50
35 0.003245 0.0273 -5.73059 0.9924 0-50
45 0.003143 0.0295 -5.76252 0.9871 0-55
55 0.003047 0.0319 -5.79347 0.9787 0-50

29



Determination of activiation energy of B-carotene
in hexane solvent (first order)
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Figure 10 Determination of Activation Energy of B-carotene in Hexane Solvent

The photo-degradation rate of p-carotene in neat carbon tetrachloride is much
greater than that of B-carotene in hexane. To better understand effect of solvent
on the mechanism, experiments were conducted where small amounts of carbon
tetrachloride was added to hexane and the photo-degradation of B-carotene in
these mixed solvents was measured. The rate constants for solutions of B-
carotene in hexane with a small amount of carbon tetrachloride are significantly

greater than the rate constant in pure hexane. The reaction kinetics can still be
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treated as being first order in -carotene, the carbon tetrachloride concentration
in even the most dilute solution is orders of magnitude greater than the [3-
carotene concentration. This set of conditions is typically considered as a

pseudo-first order reaction.

The rate constants for the photo-degradation of (3-carotene in the mixed solvent
systems are observed to by a factor of twenty as the carbon tetrachloride
concentration is varied from 0.2% to 4 %. A plot of the photo-degradation rate
constant versus carbon tetrachloride concentration is shown in Figure 11 and 12.
The linear dependence of the rate on carbon tetrachloride concentration show
that the reaction is also first order in carbon tetrachloride. The activation energies
for the reactions in the various concentrations of carbon tetrachloride are also
contained in Table 9. A plot of the activation energy versus the concentration of
carbon tetrachloride is shown in Figure 13.
Table 9 A Summary of the Rate of Photo-degradation of 3-Carotene with

Variable Concentrations of Carbon Tetrachloride.

% CCly4 Kinetic Data
Mixed with Ea(kJ/mol) 15- Vo, ccia/Vhexane
k (min™") R? R

hexane 55 °C (Fold)
0.05 0.0185 0.9935 0.9967 N/A
0.20 0.0345 0.9990 0.9995 6.215 1.40
1.00 0.1455 0.9962 0.9981 3.838 5.89
2.00 0.2613 0.9959 0.9979 2.689 10.58
4.00 0.5258 0.9949 0.9974 1.242 21.29
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Figure 11 Rate of the Photo-degradation of B-carotene Varied as the Percentage of Carbon Tetrachloride.
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Concentrations of Carbon Tetrachloride.
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Figure 13. A Comparison of the Activation Energies for the Photo-degradation of

B-Carotene in Hexane with Various Concentrations of Carbon Tetrachloride.
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Laser Photo-induced BC Degradation

The laser photo-degradation of B-carotene in hexane and carbon tetrachloride
was studied to determine the 2-photon reaction kinetics. Hexane solutions
showed little change in what absorbance indicating that the laser photo-
degradation rate in neat hexane is very slow. These extremely slow rates lead to
very small changes in the degree of degradation induced by laser at a constant

intensity, hence leading to the negligible variation to be further studied.

The photochemical reaction of (3-carotene In 1.00% CCls/hexane solvent shows
the absorbance of the solution drops as is shown in Fig. 14, Fig. 15 and Table
10 .The three trials on rate constant are 0.1127, 0.1127 and 0.1113 min™,
respectively, the standard deviation of the three slopes is just 8.08E-04, which
shows the results more reliable than a single determination. At the same
temperature, the rate constant for 3-carotene in 1% CCIl4 mixed with hexane after
UV light irradiation is 0.1455min™", which is comparable to laser induced photo-

degradation at 0.115W pulse intensity.
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Figure 14. Dependence Effects of Irradiation Interval on B-carotene in 1.00%

CCly/hexane Solvent Absorbance Drop (Test #1)
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Table 10 B-carotene in 1% CCl4+Hexane Irradiated by 0.115w Laser (25°C)

Time(min)  Abs-1 LnA1 Abs-2 LnA2 Abs-3 LnA3 Avg STDEV

0 24965 0.91489 25596  0.939851 2.49390 0.913848 0.922863 0.014721
1 22924 0.82960 2.2914  0.829163 2.27080 0.820132 0.826298 0.005344
2 2.0641 0.72469 2.0325 0.709267 2.02060 0.703394 0.712452 0.011001
3 1.8518 0.61616 1.7833  0.578466 1.77720 0.575039 0.589888 0.022815
4 1.6513 0.50156  1.5653  0.448077 1.55280 0.44006  0.463233 0.033436
5 1.4490 0.37087 1.3744  0.318017 1.36450 0.310788 0.333226 0.032803
6 1.2887 0.25363 1.2158  0.195402 1.19640 0.179317 0.209451 0.0391

7 1.1436 0.13418 1.0917  0.087736 1.02900 0.028587 0.083502 0.052924
8 1.0290 0.02859 0.98366 -0.01647 0.92317 -0.07994 -0.02261  0.054524
9 0.9199 -0.08349 0.90037 -0.10495 0.81656 -0.20265 -0.13036 0.063518
10 0.8187 -0.20005 0.78941 -0.23647 0.72582 -0.32045 -0.25232 0.061748
1" 0.7443 -0.29526 0.69591 -0.36253 0.65030 -0.43032 -0.3627 0.067532
12 0.6652 -0.40764 0.62390 -0.47177 0.57937 -0.54581 -0.47507 0.069148
13 0.5858 -0.53474 0.56137 -0.57738 0.52029 -0.65337 -0.5885 0.06009
14 0.5215 -0.65112 0.49911 -0.69493 0.48666 -0.72019 -0.68875 0.034946
15 0.4650 -0.76583 0.45526 -0.78689 0.45913 -0.77842 -0.77704 0.010598
16 0.4201 -0.86724 0.40735 -0.89808 0.43087 -0.84195 -0.86909  0.028113
17 0.3780 -0.97276 0.36632 -1.00425 0.37747 -0.97426 -0.98376 0.017763
18 0.3361 -1.09041 0.33466 -1.09464 0.34278 -1.07067 -1.08524 0.012795
19 0.3038 -1.19148 0.30918 -1.17383 0.30767 -1.17873 -1.18135 0.009113
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Figure 15 [-carotene in 1% CCl,+Hexane Irradiated by 0.115w Laser (25°C)
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Quantitative Analysis of Commercial B-carotene

The products of the thermal and photo-degradation of [-Carotene were
examined using a number of physical techniques. The identification of the
products is a key step in understanding the basic features of the reaction. In

previous work, the products of the reaction have not been fully characterized.

Identification of Thermal-degradation Products of 3-Carotene by FT-IR

The products isolated after the evaporation of the solvent were examined by FT-
IR spectroscopy. On the basis of simplified correlation chart, the alkene peak
C=C stretch occurs at 1660-1600cm™ as the single peak #1 shows , conjugation
double bonds of carotene will increase the intensity. In contrast, the C=C stretch
peaks turned very weakly for the thermal-degradation products at 1660-1600cm™,
which might testify that some loss of conjugated C=C and the 11 conjugated

double bonds subjected to be cleaved into a shorter chain( Fig. 16).

The FT-IR spectrum of B-carotene shows a large peak between 1600 and 1660
cm™ which can be identified as the carbon-carbon double bonds stretching
frequency. After irradiation, there is a marked decrease in the intensity of this
peak, indicating the loss of some of the carbon-carbon double bonds and a
reduction in the conjugation. There is a weak and broad peak at 3200-3400 cm™.
This band is usually appears in combination with the hydrogen-bonded O-H peak
(may be due to moisture). A rough bending appears as a broad and weak at

1440-1220 cm™, this is C-O-H stretch which was often obscured by the CHj
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bending. A wide seemingly overlapped but extremely intense absorption peak
was observed around 1000 cm™, which might be from =C-H vinyl stretch. The
peaks at 1650-1400 cm™ are too vague to confirm the C=0 stretch while it is
possible. Some other observations based on the infrared spectroscopy of the

samples is documented in the list below:

1) C=0 stretch, broad, occurs at 1730-1700cm-1, conjugation moves the

absorption to a lower frequency.

2) Sp3 C-H absorption occurs at frequencies between 3000-2840 cm’, which is

shown at 2929 cm-1 in the spectra;
3) Aliphatic aldehyde usually show a band for the carbonyl group( H-C=0 stretch)

that appears in the range of 1740-1725 cm™', which is shown at 1722 cm™ in the

spectra.
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Figure 16 The FT-IR Spectra of BC Thermal-degradation Products (Neat Liquid, KBr Plates)
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Identification of Products of the Thermal and Photo-degradation of -carotene

Studies by GC-MS

In order to understand the products found in the thermal and photochemical
reaction of B-carotene, gas chromatography-mass spectrometry was used to
separate compounds and identify them based on the mass of their parent ion and
fragment ions. The total ion chromatogram for several BC samples are shown in

Figure 17.

When B-carotene has been bombarded by 50-70eV electrons, not only it forms
molecular ion containing an odd number of electrons, also called radical-cation,
but also it will absorbs some of extra energy to collide with the incident electrons
to form some unstable intermediates with a short lifetime usually less than e
sec, then they might break apart into fragment ions before entering the ionization
chamber of mass spectrometry. It is because not all fragment ions have the
exact same lifetime, the mode of fragmentation is somewhat featured and even
predictable involving group rearrangement, migration of groups and the formation
of secondary fragment ions. The difference in mass unit of the fragment ion and
the original ion involves a neutral loss. Overall, the golden rules generally lead to
the formation of a more stable fragment ions over those less stable. It is noted of
B-carotene’s unique unsaturated structures, so it is worthwhile to dig in its unique
fragment processes underlying to assist the judgment on the effects of thermal
and photo treatment towards B-carotene by GC-MS. HPLC-ESI-MS as a soft

ionization technique, usually cannot provide the fragment ions as rich as GC-MS
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can afford when B-carotene, which might be an alternative analytical instrument
over others in quantification. We tentatively gain some progress on the analysis

of the thermally degraded products.

Light exposure and thermal processing are common in natural environmental
circumstances that affect the B-carotene profile. Thermal and photo-degradation
contribute to the presence of B-ionone and other reaction products, which initially
involve epoxidation and furanoid rearrangement >°. This will constitute a
significant step in elucidating the hypothesis in the formation of norisoprenoids

structures fragemental molecules from B-carotene “°.

B-carotene degradation was found to yield a range of p-apo-carotenals and [3-
apo-carotenones according to the previous reports *'. Certainly, it is expected
that the thermal reaction and the photochemical reaction in a solvent will give
different products. The presence of different products is important in verifying
possible mechanisms for the reaction. Any reaction mechanism must predict

products consistent with those found in the experimental determinations.

B-carotene, with its long conjugated chain, is prone to cleavage at points along
the conjugated chain. This feature makes it very unstable both thermally and
photochemically. Heat, light and oxidation are the three common impact factors
that cause the degradation of B-carotene according to many authors. Those
cleavage products are initially separated by GC and then identified by mass
spectrometry. Norisoprenoids and sesquitepenes are two classes of recognizable

by GC-MS compounds upon thermal-degradation *%.
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It is also important to note that the purified sample of B-carotene and the
commercial material do not appear to differ based on HPLC, TIC and UV-Vis
spectrometry. For example, both purified sample and the commercial 3-carotene
have the same maximum absorbance wavelength at around 452 nm and
shoulder peak appeared around 479nm. Based on those experimental results, it
is possible that it fails to pass the purity tests, therefore, we decided to use the

95% labeled 3-carotene as our main research materials.

Those products with short polyene structures resulting from cleavage of B-
carotene appeared with a variety of retention times and molecular weights, but
the mass spectra and polarity of these products were usually quite similar to one
another due to the similar structures. The determination their chemical structures
will provide some insight into the pathway and fate of B-carotene by stimulating

natural environment.

Upon bombardment with 70 eV electrons, the parent ions have a tendency to
readily break up into smaller fragments with the molecular ion hardly being
detected unless a portion of the molecule can easily stabilize a positive charge.
The use of fragmentation is difficult unless the compounds separate
exceptionally well on the GC column. For instance, B-carotene, retinal, retinol, 3-
ionone, and cyclocitral — with  molecular weights of 536, 284, 286, 218, and 152
g mole™, respectively —all have similar fragmentation patterns for lons < 150

g/mol.
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A. Purification Effects Test on GC-MS
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Figure 17 Comparison of TIC Chromatogram for Purified and Unpurified 3-carotene Standard Aliquots.

1- Full scan acquisition resulting in the total ion current (TIC) plot for 2mg/mL purified p-carotene analyte;

2- Full scan acquisition resulting in the total ion current (TIC) plot for 95% UV passed commercialized 3-carotene
analyte;

3- Full scan acquisition resulting in the total ion current (TIC) plot for 2mg/mL purified 3-carotene analyte by the third
person;

4- Extracted ion chromatogram (444) from a GC-MS analysis of 2mg/mL 95% commercialized 3-carotene.
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B. GC-MS Analysis of the Thermal-degradation Products

The mass spectra of 2mg/mL B-carotene after and before thermal-degradation
treatment was shown on Fig. 18. The reaction products after thermal treatment at
200°C for 1 hour show the appearance of new peaks at retention times between
7 and 13 minutes (m/z 156,192,248,180,208,218,206 etc). Comparison of total
ion chromatogram show significant decrease in the response due to [3-carotene
at a retention time greater than 20 minutes. The decrease is dependent on the
heating temperature (see Fig. 19 next page). The reaction of B-carotene is nearly

complete after 6 hours at a temperature of 250°C.
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Figure 18 The Mass Spectra of 2mg/mL B-carotene After and Before Thermal Treatment at 200°C for 1 hour
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Figure 19 Comparison of TIC Showing the Decreasing Response of B-carotene after 17.5min Dependent on

the Heating Temperatures
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C. Identification of Thermal-degradation Products by Mass Spectroscopy

As for (all-E) —p-carotene (C4oHss, with a molecular weight of 536), it presented
the fragment ions of M-92, i.e., with a mass to charge ratio of 444(base peak)
and M-137(m/e 399, secondary base peak). The identification and
characterization was derived from the EI-MS profile with references of NIST

library as shown in the following Table 11 and Fig 20.

Table 11 Molecular lon and Some Fragment lons Observed in the Mass Spectra

of Some Thermal-degradation Products.

Product Masses Detected
lonene(TDN) 174(M+),159(100%), 144, 131, 115, 105, 91, 77
B-cyclocitral 152(M+), 137, 123, 109(100%),95,81,67

Dihydroactinidiolide 180(M+), 165,152, 137, 123,111(100%), 95,81,67
4-oxo-B-ionones  206(M+),191,163(100%),150,135,121,105,93,91

The products identified above are short chain byproducts that were identified by
the NIST mass spectral library, the fit index of every of the identified compounds
was above 700/1000. Because of the limitation of GC-MS, only the volatile
compounds with low molecular weight (<650 amu) could be identified using the
mass spectrometry. This won’t influence the degradation pathway of 3-carotene
since most of the degradation products of the thermal reaction are expected to
result from be breaking of the B-carotene in the conjugated polyene portion for

the molecule. A few of the identifiable short chain products were observed
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before the thermal-degradation experiments and upon investigation, all of them

are plausible oxidation products of B-carotene.

g

Chemical Formula: C40H56
Exact Mass: 536.44

B-carotene 5,8-epoxide

Chemical Formula: C4;Hs9O
Exact Mass: 567.46
B-carotene 5,6-epoxide

Chemical Formula: C3H,,0

. O
Exact Mass: 192.15 = A P LN \/\r\\ggg

(0]
N 0 B-carotene 5,6,5',8'-diepoxide
X
| N So 0
x XY

3-0xo0-, B -ionone 206 MW 192 (E,E)- megﬁsllgma -4,6,8-triene

B-carotene 5,8,5',8'-diepoxide

St é& iﬁ%

MW 192 C,; B-ionone MW 208 5,6-epoxy-B-ionone MW180 C; Dihydroactinidiolide

Chemical Formula: C,3H,,0
Exact Mass: 192.15

Chemical Formula: C;sH;,0
Chemical Formula: C3H,,0, Chemical Formula: C;H;40, Exact Mass: 218.17
Exact Mass: 208.15 Exact Mass: 180.12

Figure 20 Proposed Mechanism of m/z 536 to 192, 180, 208, 218, 206 Thermal-

degradation Products

Isomerization, epoxidation, oxidation and cleavage are well-known
decomposition routes for B-carotene upon heating. Past and current research
has focused on the presence of epoxidation and apocarotenal formation on
thermal-degradation along with their geometric isomerization. Very few have
tried to elucidate the final pathway of B-carotene decomposition upon heat
treatment. The formation of a variety of monoepoxides and diepoxides were
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reported to be as followings,1) B-carotene-5,6-epoxide, 2) B-carotene-5,8-
epoxide;3) B-carotene-5,6,5 ‘,8’-diepoxide;4) 5,8,5’,8’-diepoxide 43 Unreacted
B-carotene could also be seen in the total ion chromatogram of the degradation
products. Those compounds’ are very similar, the only differences are just the
sides chains located at the double bonds. The heat treatment of B-carotene has
provided a detailed picture of its composition to yield apo-carotenals and apo-
carotenones along with epoxides both in the presence of oxygen and absence of
oxygen®®. Under a specific condition, the identification on the authentic standard
samples will arouse great interest in the better understanding of degradative
pathways of B-carotene. BC was hypothesized to be the precursors of C-13
norisoprenoids aromatic compounds liberated from grapes and wines by
Pasquale Crupi et al **. In 2005, Antonio et al. regarded the cyclization of
polyolefins as the general reaction pathway in thermally induced reactions of

carotenoids through his HPLC-ESI-MS results *°.

With regard to the initial sample (2mg/mL B-carotene in THF solvent), as shown
in Figure 18, the disappearance or relative decrease of peak intensity of the -
carotene not well-defined in the total ion chromatogram and the appearance of
new five peaks, which were detected within the initial 5 min of the temperature
program. The quantity of the decomposition products varied with the heating time

and temperature.

The chromatographic peak at a retention time of 6.255 min has the mass
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spectrum showing in Fig 18 and Appendix IlI( see mass spectra data for m/z 174).
Based on compounds in the NIST library, the compound is identified as 1,6,8-

trimethyl-1,2, 3, 4 —tetra hydronaphthalene with the fragment ions with a mass of

174 amu.

O O
- | | 0 -
)

MW 192 B-ionone MW 208 5,6-epoxy-p-ionone  MW180 C;; Dihydroactinidiolide

(@) MW 156 2-Hydroxy-
=z 2,6,6-trimethyl-
| OH cyclohexanone
D AN OH

| o

MW192 6-hydroxy-1,1,6-
OH trimethyl-1,2,5,6
-tetrahydronaphthalene

MW 137

2,6,6-trimethyl-cyclohexanone

MW 174 lonene,TDN,4,4,7-trimethyl-2,3-dihydro-1H-naphthalene

Figure 21 Proposed Mechanism of m/z 180 to 192, 156 and Daughter lons at m/z

137, 2-hydroxy-2,6,6-trimethyl-cyclohexaone

52



This set of mechanisms, based on the GC-EI-MS identification of products
initially forms from a cleavage of the B-carotene, followed by ring closure and
aromatization to give tetra hydro naphthalenes as is shown in Figure 21. If B-
ionone is oxidized, before ring closure, trimethyl cyclohexanone is the final
product, observed in the total ion chromatogram. 5,6-epoxy--ionone is a six-
membered ring with an epoxide group, which is confirmed by the presence of
the peak at m/z 208 and rearranged into B-ionone with a generation of carbon-
carbon double bond at 5,6-ortho position and a loss of epoxide moiety with a
proton transfer. B-ionone (also called rose ketones) is extracted from rose
essential oils. A ring closure of B-ionone and cyclization proceeds to generate
TDN(4,4,7-trimethyl-2,3 dihydro-1H-naphthalene) following by an elimination of
two water molecules proceeds where the double bond at position 7 is temporarily
to form a carbocation which rearranges into an extended conjugated double bond

systems *.

Decyclication and cyclization of the polyolefin segment may be a rational
pathway to the rest of short in-chain products such as 2,6,6-Trimethyl-2-
hydroxycyclohexanone (MW 156, also named by -hydroxy-2,6,6-trimethyl-
cyclohexaone) . However, considering the mixture of compounds observed in the
thermal-degradation  experiments, all of them share similar end-group-
cyclohexaone segments with their parental compounds. The chair conformation
of the cyclohexane ring was adopted, attached to a ketone to reduce torsional

strain. This conformation is the most stable form and relatively lower energy
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status to overcome the steric resistance. Due to the fact that (B-carotene is a
pretty potent antioxidant in vitro and in vivo like other carotenoids, it is
reasonable to expect that the delocalization of the polyene 1r-11 electrons resists
the attacks of photosensitizer and is resistant to high temperature. Epoxy-§ -

carotene compounds were not identified in our EI-MS total ion chromatograms.

MS at m/z 192+H

As often observed in mass spectrometry, seemingly small changes in ion
structure isomers may cause significant difference in the mass spectra of the
respective analytes. While a-ionone significantly dissociates to yield the fragment
ion at m/z 136 upon isobutene loss via retro-Diels—Alder reaction. Unsaturated
six-membered rings of cyclohexene derivatives can undergo a retro-Diels—Alder
fragmentation to produce the radical cation of a diene and a neutral alkene-the

hypothetical precursors as shown in Figure 22.

[VaVaVaVy

/ 177
— " ‘ 1W %SO
\ 43
. Z
Cyclohexene Diene  Alkene

Figure 22. Scheme of Retro-Diels—Alder fragmentation and the Fragmental

Pathways of a-lonone and B-lonone *

The fragment ion at m/z 177 should correspond to a B-ionone ion (C43H200)
corresponding to a C12H130 elemental composition for the deprotonated ion. The

molecular ion of 192 amu and loss of an unit of 15 amu were denoted in the
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mass spectra of this set of compound as below, however, there is no loss of m/z
136 fragments ions were observed which rules out a-ionone. The isomer [3-
ionone mainly exhibits an intense [M-CHas]" signal, at m/z 177 (192-15) which is
due to the loss of a terminal methyl group from the allylic position to yield a

thermodynamically favorable tertiary allyl cation 2.
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D. Identification of BC Photo-degradation Using 532 nm Laser Radiation

Depending on the intensity and wavelength of the light source, -carotene may
undergo one or two photo-degradation process. The analysis of the
photochemical behavior provides essential insights into the nature of the

photoproducts generated in CCls and hexanes solvents.

The conventional one-photon process such as electron or proton transfer or bond
cleavage through the UV light of 254, 313, and 365 nm. One-photon photo —
reaction is described by a linear dependence of rate on intensity vs quadratic
dependence on actinic intensity which would be typical of a two photon process.
In contrast, the two-photon processes through the 532 nm pulsed laser light. The
pulsed laser source offers intensities large enough that two photons-photon
processes can occur to be absorbed and photohomolyzed by individual

molecules within short-lived intermediate state.

Most current studies are focused on the characterization and identification of the
transient intermediates, namely, []Ce" cation species or Ce neutral radical
species. Those are usually generated immediately following the photoexcitation
of B-carotene. While the studies of C-chloroalkane photoproducts is still rare, the
fact that carbon tetrachloride is a good electron acceptor and will release the
trichloromethyl radical ®*CCl; makes carbon tetrachloride a good candidate for

study. The trichloromthyl radical can further react with oxygen to form the

trichloromethylperoxyl radical CClzO2® * The ability to form these two reactive
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radicals obviously plays a role in the photoexcitation of B-carotene as indicated
by the orders-of-magnitude faster rate of reaction of B-carotene in CCl,4 solutions

in comparison with [(-carotene in-hexane solutions .

A 4mg/mL standard solution of B-carotene in CCl; was prepared and placed in a
cuvette, and degassed with argon gas for a total of 15 min. Significantly, the -
carotene in the chloromethane solvents loses its color within few seconds in a
cuvette with intense 532 nm laser pulses from the pulsed Nd: YAG laser in a
manner analogous to that observed with UV light (one photon) but appears to
react more rapidly. This laser-induced photo-degradation has a quadratic
dependence on the intensity of 532 nm laser pulses, which indicates that the

process is a two-photon excitation process.

Based on the overlaid gas chromatography-mass spectrometry results there is
no significant difference between [(-carotene in carbon tetrachloride in the
presence of saturated air and argon(Figure 23). Gretchen Laubacher observed
the same trends on measuring the rate of degradation for 3-carotene in carbon
tetrachloride solutions irradiated with 254nm and 313 nm Hg lines. For both
lines it was observed that the rate constants measured by UV-Vis
spectrophotometry were, respectively, 7.123x10 sec™(air saturated) vs. 5.99
x10° sec™ (argon saturated) for 254 nm and 1.68 x10° sec’'vs. 2.54 x10° sec™’
for 313 nm light. Despite that the rate of degradation for solutions for 313 nm Hg

line when degassed with argon was approximately twice the rate of degradation
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for solutions in the presence of air, it was concluded that the difference was not

sufficient to adequately determine the effect of oxygen *'.
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Figure 23 TIC Chromatogram for Laser-induced Reaction Products from 4mg/

mL BC std Solution in the Presence of Air and Argon Separately
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Figure 24 TIC of 0.2mg/ mL Retinal vs. 4mg/mL B-carotene
After Laser Degradation.
Notes: parent ion masses for peaks labeled are1) M/z174, 2) m/z 192, 3) m/z 180,

4) m/z 286, 5) m/z 218, 6) m/z 288, 7) m/z315, 8,9,10) m/z 284 isomers of retinal.
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Figure 25 The Main Peaks from TIC of Reaction Products for 4 mg/mL BC

Induced by 532 nm Laser with Full Intensity
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Considering the sensitivity of GC-MS and limited amount of the analyte (4mL of
dilute solution maximum each batch), the mixture of intermediates observed
complete irradiation by laser allows a number of products to be detected and
identified, see Fig 23,24. The mixtures of the “intermediates” chemical structures
vary as the exposure time is lengthened. The final visible colorless products in
the cuvette are expected to result from a transfer of electrons to chloromethane
solvents since they are well known to support the formation of solute radical

cations on pulse radiolysis.

Search [BF: 2371 (15693=100%), 12469 min, Scans: 782-784, 45650 lon: 716 us, RIC: 35?1?8[5

100% 'ﬁ ! .

Istotope Peaks Cl, 237 +239+241
. 22
750 T1B17 ]
1 2752
] 118.0 201
] 313 1712 ?El
. 4567
26% .

0%

Figure 26 The Extracted Mass Spectra for Retention Time at 12.469min for BC in

CCl4 Solvent Laser Photo-degradation Products
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In order to further substantiate the role of chlorinated solvents, it was hoped that
some of the chlorine would be observed within the products of the photo-
degradation in carbon tetrachloride. The presence of chlorine in a molecule or ion
is easily detected due to the presence of peaks separated by two mass units in
the intensity ration of 3:1 consistent with the chlorine isotope distribution. If
multiple chlorine atoms are present, a more complex pattern is observed in an
ion cluster based on a binomial distribution.

« Ratio (a:b) = 3:1

+ (3a+1b)" forCl,

« (Ba+1b)'=3a+1b=23:1

« (3a+b)’>=9a°+6ab+ 1b*=9:6:1

« (3a+b)’=27a%+27a°h + 9ab®+1b® = 27:27:9:1

- (3a+b)*=81a"+ 108a°b + 54a%b?+12ab3+1b* = 81:108:54:12:1

Examination of the mass spectra of some of the decomposition products show
peaks which represent chlorine containing compounds. The peak at a retention
time of 12.453 minute represents one of these products. The analysis of the ion
clusters presented in Figure 26 shows how a compound with a parent ion cluster
of masses 288, 290, 292, 294 fragments first through the loss of a methyl group
to give a cluster containing 3 chlorine atoms of masses 273, 275 , 277 and 279,
and that cluster further fragments through the loss of HCI to form a 2 chlorine
cluster with masses 237, 239, 241. There are other peaks in the gas

chromatogram that could easily represent other chlorine containing materials.
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Spectrum 14,
BP: 237 1 12.453 min, Scans: 781-783, 45:650, lon: B63 us, RIC: 387711
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Figure 27 The MS of Peak at m/z 273, 275, 277, 279 and the Possible M+ Peak

at m/z 290
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The analysis of other peaks in the total ion chromatogram shows products that
result from the cleavage of -carotene. It seems reasonable for 3-carotene to
heterolyically cleave at the 11-12 position to yield carbon-centered radicals.
The reasonable compounds with molecular ions of M=286 and that have two
chlorine atoms, one aromatic ring, a neutral loss of m/z 51 are likely to arise from
-carotene are quite limited. Two isomers which vary in substition position of the

carbons of the in-chain methyl groups, which are allylic to in-chain double bonds.
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115.2 5432 289
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286.0 4538 241 7 07
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2533 2815 15.0

153.3 2766 14.8

142.3 2750 146

240.1 2720 14.4

166.3 2529 13.4

157.3 2472 13.1

Figure 28 The Abundance of Each lon with Descending Order of Intensity
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On the basis of the abundance of each ion with descending order of intensity,
from the above graph for a retention time around 12.469 min, two possible
isomers were examined. The base peak are concentrated around 237 mass unit
followed by 239 increased by 2 amu m/z from the molecular ion around 286 with
a loss of methyl chloride radicals (m/z 51), and then lose another chloride

radicals to form a m/z at 201 with a abundance of 80.0% as shown below.

4
Chemical Formula: C;4H,4Cl,"" Exact Mass: 286.12 or 288 or 290

Figure 29 The Possible Isomer Structures Based on MS Cleavage Products

Formed by Addition of Chlorine to Double Bonds in 3-carotene

The structures shown in red fonts cannot lose 51 amu, however, the structures
in green parts are reasonable to lose a moiety of CH3Cl with a m/z of 51 to
generate a base peak at m/z 237 as shown in the Figure 26,27 and 28.This
isomer is also prone to subsequent reaction with chlorine radicals lose its double

bonds with the prolonged irradiation time.
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The tropylium ion in the form of a signal at m/z = 91 fragments. Upon ionization,
the benzyl fragment is cleaved off as a cation (PhCH,"), which rearranges to the
highly stable tropylium cation (C7H;"). A strong peak appears at m/z =119(91+28)
might correspond to loss of two methyl groups to form a methyl-substituted
tropylium ion which can further fragment to form the aromatic cyclopentadienly
cation (m/z 65) which is shown on mass spectrum which in turn might cleave to

form another equivalent of ethyne and the aromatic cyclopropenyl cation(m/z 39).
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Figure 30 The Mass Spectra and the Proposed Structures by NIST Library

between 10.096 and 14.586 min
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x MW 536 B-carotene

E Central cleavage

Y

11 15 11 15

NN o NN oH

MW 284 All -trans-retinal. (B-apo-15-carotenal) vitamin A aldehyde .
MW 286 all trans-retinol

Photo excitation

Isomer, 11-cis-retinal

Isomer, 9-cis-retinal

Figure 31 Proposed Pathways of B-carotene into Trans, 9-cis, and 11-cis Retinal

Isomers and Retinols.

Another mode of reaction of B-carotene is the photochemical oxidation at the 15-
15’ position as is shown in Figure 24, 30 and 31. Retinal is known to be essential
for vision and possess a skeleton of B-ionone (rose ketones) ring along with
polyene side chain terminating as an aldehyde, which can be easile converted to
retinol. The cis isomers of both retinal and retinolare less stable and are more
prone to isomerize to the more stable form, i.e., all-frans configuration isomers

leading to the activation of the photoreceptor.
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There are three unoverlapping peaks around the retention time near 14.5-15.5
min showing the retinal isomers by spiking the 0.2mg/mL standard retinal
solution into GC-MS under the same conditions. The likelihood to confirm the
three isolated peaks representing the three isomers of retinal, i.e., all trans, 9-cis
(positive confirmation by NIST library ) and 11-cis. The B-carotene has also has a

potential to be oxidized to retinoic acid.
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E. Generation of the Proposed Thermal and Photo-degradation Intermediate and Final Products
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Figure 32 Generation of the Proposed Thermal and Photo-degradation Intermediate and Final Products
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A scheme which summarizes the various degradation pathways for 3-carotene is
shown in Figure 32. It should be understood that the mechanism by which the
intermediate and final products are formed from (3-carotene and the inability to
characterize all the long chain and short chain polyene products of (3-carotene
are still a subject of ongoing research. Hitherto, we seek to explore the
degradation of B-carotene assymetric cleavage in this study. Vitamin A (retinal) is
the initial cleavage products at the central double bond at 15,15’. Oxygenase
which has been recognized as the exclusive enzyme is responsible for the
cleavage of B-carotene to produce two units of the active form of B-carotene,
namely, vitamin A (retinal). In Figure 32, the above possible metabolites are
illustrated to assess the impact of heat and photo-excitation pathways on the

decomposition of trans-p-carotene( 95%).

However, besides the oxidation fission, the conjugated double carbon-carbon
bonds from 40 carbon based system are susceptible to cleavage or substitution
either chemically or biochemically in vitro or in vivo. Each unique carotenoid and
its derivatives with various cyclic end-groups determine their potential biological

activities.

The carotenoid polyene system is structured in such a way that epoxides are
frequently formed along the polyene skeleton making them vulnerable to heat or
light. Many of the proposed intermediates possess and epoxy group, the most
stable and the most frequently observed of the monoepoxide are in 5,6- and the

diepoxide in 5,6;5',6' positions, shown as [3-carotene 5,6-epoxide,3-carotene 5,8-
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epoxide,3-carotene 5,6,5',6'-diepoxide, (B-carotene 5,6,5',8'-diepoxide. The 5,6-
epoxides are readily rearranged into 5,8 and/or 5',8' positions by shortening of

the chromophore *®

. There is a wide diversity of structural features and
modifications to the basic end-groups, and virtually nothing is known about the
biosynthetic reactions that lead to the formation of these structures “°. The
reaction proceeds via planar carbon cation at 5 and 8 position to form C-8

diasteroisomers products, namely, 3S, 5R, 8S isomer and 3S, 5R, 8R isomer as

shown in the below scheme (see Figure 33) like an electrophilic attack >°.

35,5R.88

Figure 33 . The Scheme of Planar C+ at 5 and 8 Position to Form

C-8 Diasteroisomers Products *°

As the degradation progresses, the reaction of photoproducts further
complicates the analysis in the later stages of reaction. Most of long chained
products of epoxides and apocarotenal were not fully identified by GC-MS,
shown as in the black fonts of structures, instead, they are further transformed

and cleaved into shorter-chain mono-and di-oxygenated compounds.
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Edmunds and Johnstone (1965) proposed a mechanism for B-carotene to react
to form an aromatic ring and then to lose a toluene and mass unit of 92 for the
formation of an intermediate with a four membered ring, This intermediate
rearranges to the final product with a mass unit of 444 to form CssHgs, i.e.,
3,6,10-trimethul-1,12-bis(2,6,6-trimethylcyclohex-1-enyl) dodeca-1,3,5,7,9,11-
hexane, which involves the cyclization process to form an eight electrons

intermediate with a quaternary member ring °'.

The intermediate, 5,6-Epoxy-ionone is the precursor of B-ionone by losing an
epoxide moiety by opening the closed ring, both of them were found in GC-MS
profile with a mass unit of 208 and 192 in the thermal as well as the photo
excited reactions. Beta-ionone, the significant contributor of fragrance of roses,
is also an intermediate and then might be transformed to its homologous series
compounds, 6-hydroxy-1,1,6-trimethyl-1,2,5,6-tetrahydronaphthalene and then
further dissociated into ionene, TDN, also called rose ketones, 4,4,7-trimethyl-,3-
dihyro-1H-naphthalene with a mass unit of 174 and then finally converted to 1,1-
dimetyl-1,2-dihyronaphthalene with a mass unit of 159. All the daughter ions
were detected in our GC-MS chromatograms of the pyrolysis products, their
mass spectra data were shown on the Appendix Ill. To be mentioned, $-ionone is
easily detected and accounts for more of the products than the other three
chemicals mentioned above in that methyl loss lead by allylic bond cleavage to

yield a more thermally favorable tertiary allyl ion. All of them shared the same
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moiety of dimethyl-dihyro-naphthalene less vulnerable to the environmental
resistance. The molecular mass of those mixed compounds were so close,
suggesting that they are differing only with respect to the configurations of the

side-chain double bonds.
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CHAPTER IV

CONCLUSIONS

The most important nutritional value is the provitamin A content supplied by (-
carotene, which are important to be preserved during processing and storage are
gone when heated over 100°C. Loss of both color and nutritional value takes
place as a consequence of the heat applied. Other studies using color as an
indicator for carotenoids concentration reported lower Ea values (around 20 kJ
mol™”) which offers an interesting comparison to as our dataof 13.2982KJ/mol
(R?=0.9984, R=0.9992) between 150 to 350°C.This difference may have been a
result of their product matrix such as food, fruits which might be important
sources of interference for quantitative detection and influence, which does not
permit ready discrimination between carotenoids and other pigments. Such
reactions are favored by heat treatment towards [(-carotene and required
relatively low activation energy, their occurrence might modify the chemical
properties, antioxidant capacity, and bioavailability and nutritional value of (-

carotene in processed foods.

The real-time monitor on B-carotene photo-degradation rate in solvent systems of

mixture of carbon tetrachloride (CCl4) and hexane together and hexane alone is
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done upon irradiation with the 350nm mercury lamp and 532 nm YAG laser
pulses (full and half intensity). The color loss of in chloromethane (CH,Cls;
x=0,1,2) upon exposure to both UV light and 2 photons laser irradiation, while the
loss of B-carotene is significantly slowed down in hexane solvent, especially

treated with 532nm laser at all intensities .

UV Photo-degradation

The photo-degradation of B-carotene using a UV-light source, in hexane and
hexane with small amounts of added carbon tetrachloride demonstrated that the
B-carotene degrades by a first order reaction. The degradation products of B-
carotene are less colored because of the resulting shorter chromphore, which
stability depending on the media properties, such as solvent polarity, electron-
acceptor like CCly. The activation energy for B-carotene in neat hexane is
7.33147KJ/mol, however, the addition of CCl, into the system has a much lower

Ea value, giving rise to a faster degradation rate than pure hexane.

Laser Light Irradiation

For laser light source, repeatable experiments on 3-carotene in 1% CCl,4 with the
rest of hexane under 25.5°C water circulation temperature control are done with
4 consecutive days , the first 19 data with an increment of 1 min were applied for

every 2 mL aliquot in plat face cuvette with full intensity. The ABS value of rate
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constants are 0.1129, 0.1126,0.1126,0.1113 min™ with a STDEV of 7.14E-4,
averaging value 0.1124 min™'. The final products are collected and evaporated to
dryness with the same method and treated by 1 mLCDCI;. C-13 NMR peak was
nowhere to be found indicated that the concentration might not be enough to
show structural information. However, '"H NMR showed rich peaks (triplet peaks
around 4.8-3.7 ppm, integration area is around 1.829; sextet peaks with a total
integration area of 95.655, J ranging from 2.3 to Oppm. The earlier results for Ea

1t order, Ea value is found to be

determination of BC in pure CCl4 suggested the
9.2424 KJ/mol with a correlation of 0.9596 (temperature dependence varying

from 20 to 60 °C with an increment of 10°C .
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CHAPTER YV

FUTURE RESEARCH

This study has successfully examined the kinetics and identified some of the
products of the thermal and photochemical degradation of 3-carotene. There are,
however some areas for further research on this system. A few of these are listed
below.

e Buildup a rapid and easy methods for Liquid chromatography—mass
spectrometry (LC-MS) oriented towards the specific detection and
potential identification of chemicals to obtain the maximum performance
and detection sensitivity.

e Change GC-MS conditions, finding an optimal colu optimize injector and
column programming temperatures to have better peak shapes and
resolutions.

e Applying tandem mass spectrometry technology, also known as MS/MS or
MS? to even better understanding the degradation pathways between
parent and fragment ions under different CID conditions.

e Investigate the role of carbon tetrachloride in accelerating the degradation
rate of B-carotene.

e I|dentification of the impact of dissolved oxygen on the degradation rate of
B-carotene
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Elucidate the relationship between activation energy and bond energy for
B-carotene.
Build MS library to identify the possible intermediate formed and final

degradation products, discover the possible relationships between them.
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APPENDIX

In Appendix, we provide a full table of thermal and photo-degradation for [3-

carotene products by UV-Vis spectrophotometer and GC-MS.
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APPENDIX | THERMAL-DEGRADATION OF CRYSTALLINE BC RESULTS
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Table UV-Vis Spectrometry Results on (3-carotene Thermal-degradation at 100 °C & Amax (31.25ug/mL solution)

Time(h) 1 2 4 8 24 72 8 (after 5 days)
100 °C Mnm)  Abs Mnm)  Abs AMnm)  Abs Mnm) Abs Mnm) Abs AMnm)  Abs AMnm)  Abs
31.25ug/mL 451.04 1.505 45175 1.374 451.75 1.200 451.39 1.139 451.04 1.123 451.39 0.361 451.04 0.734
31.25pug/mL 45139 1.514 452.10 1.371 452.10 1.198 451.75 1.141 451.39 1.122 451.75 0.362 451.39 0.73
31.25pg/mL 45175 1.514 45245 1.378 45245 1.196 452.10 1.139 451.75 1.128 452.10 0.362 451.75 0.734
31.25ug/mL  452.10 1.509 452.80 1.380 452.80 1.207 45245 1.138 452.10 1.118 45245 0.357 452.1  0.727
31.25ug/mL 45245 1.519 453.15 1.371 453.15 1.207 452.80 1.144 45245 1.122 452.80 0.356 45245 0.731
31.25pg/mL 452.80 1.505 453.50 1.382 453.50 1.200 453.15 1.136 452.80 1.131 453.15 0.351 452.8  0.738
31.25pg/mL 453.15  1.509 453.86 1.380 453.86 1.202 453.50 1.146 453.15 1.126 453.50 0.351 453.15 0.729
31.25ug/mL 45350 1.513 45421 1.378 45421 1.200 453.86 1.144 453.50 1.123 453.86  0.350 4535  0.731
31.25ug/mL  453.86 1.509 45456 1.382 45456  1.202 45421 1.134 453.86 1.117 45421 0.348 453.86 0.729
31.25pg/mL 45421 1.507 45491 1.373 45491 1.205 454.56 1.142 45421 1.120 454.56  0.343 45421 0.728
31.25ug/mL 45456  1.506 455.26 1.376 455.26  1.200 45491 1.142 454.56 1.118 45491 0.341 454.56  0.725
Avg 452.80 1.510 453.50 1.377 453.50 1.202 453.15 1.140 452.80 1.123 453.15 0.353 452.80 0.7305
5000pg/mL  452.80 241.60 453.50  220.29 453.50  192.25 453.15  182.47 452.80  179.61 453.15 5645 452.80  116.89
STDEV 1.0656 0.004502 1.0641 0.004306 1.0641 0.003683 1.0652 0.003802 1.0656 0.004346 1.0652 0.006433 1.0656 0.003348
1loss(100%) 91.72242 92.4525 93.41332 93.74821 93.84638 98.06591 95.99527
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Table UV-Vis Spectrometry Results on (-carotene Thermal-degradation at 150 °C & Amax (31.25 ug/mL Solution)

Time(h) 1 2 4 8 24 72

150 °C AMnm) Abs AMnm)  Abs AMnm) Abs AMnm) Abs AMnm) Abs AMnm) Abs
31.25pg/mL  451.75 1.466 451.04 1.123 450.69 1.088 451.39 1.022 452.1  0.694 444 0.242
31.25pg/mL  452.10 1.453 451.39 1.122 451.04 1.091 45175 1.022 452.45 0.706 44435 0.237
31.25pg/mL  452.45 1.459 45175 1.128 451.39 1.09 452.1  1.02 4528  0.71 4447  0.251
31.25pg/mL 452.80 1.460 452.10 1.118 451.75 1.094 45245 1.02 453.15 0.699 445.06 0.244
31.25ug/mL  453.15 1.469 452.45 1.122 452.10 1.091 452.8  1.027 453.5  0.708 44541 0.250
31.25pg/mL 453.50 1.467 452.80 1.131 452.45 1.094 453.15 1.028 453.86 0.7085 44576 0.237
31.25pg/mL 453.86 1.455 453.15 1.126 452.80 1.096 4535  1.026 45421 0.7095 446.11 0.236
31.25pg/mL  454.21 1.453 453.50 1.123 453.15 1.089 453.86 1.027 454.56 0.7185 446.47 0.241
31.25pg/mL 454.56 1.471 453.86 1.117 453.50 1.089 45421 1.027 45491 0.707 446.82 0.239
31.25pg/mL  454.91 1.463 45421 1.120 453.86 1.089 45456 1.024 45526 0.7105 44717 0.232
Avg 453.33 1.462 45456 1.118 452.27 1.091 452,98 1.024 453.68 0.707 44559 0.229

5000pg/mL 4533 224.86 454.56  172.00 452.27 167.86 45298 157.58 453.68 108.78 445.59  35.20

w

STDEV 1.0641 0.006620 1.0656 0.004346 1.0652 0.002685 1.0652 0.003093 1.0643 0.006641 1.0674 0.006091

5000pg/mL  Loss(100%) 92.2959 94.10702 94.24881 94.60091 96.27313 98.7940
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Table 2 UV-Vis Spectrometry Results on 3-carotene thermal-degradation at 200 °C & A max (125 ug/mL solution)
Time(h) 1 2 4 8 24 72
200 °C AMnm) Abs AMnm) Abs Anm) Abs AMnm) Abs AMnm) Abs Mnm)  Abs
125ug/mL  447.52 1.007 44823  0.825 447.52  0.549 447.52  0.549 447.52 0.345 447.52  0.0684
125ug/mL  447.87 1.011 448.58 0.825 447.87 0.546 447.87 0.543 447.87 0.342 447.87 0.0676
125ug/mL 44823 1.007 448.93  0.822 448.23  0.542 44823  0.54 448.23  0.339 44823 0.0664
125pg/mL  448.58 1.007 449.28 0.825 448.58 0.543 448.58 0.534 448.58 0.336 448.58  0.0660
125ug/mL 448.93 1.019 449.64 0.822 448.93  0.544 448.93  0.531 448.93  0.327 448.93  0.0664
125ug/mL 449.28 1.015 449.99 0.823 449.28  0.540 449.28 0.528 449.28 0.321 44928  0.0656
125ug/mL  449.64 1.013 450.34 0.823 449.64 0.542 449.64 0.525 449.64 0.324 449.64  0.0652
125ug/mL  449.99 1.015 450.69 0.824 449.99 0.538 449.99 0.519 449.99 0.318 449.99  0.0648
125ug/mL  450.34 1.01 451.04 0.823 450.34  0.536 450.34 0513 450.34 0312 450.34  0.0636
125ug/mL  450.69 1.009 45139 0.824 450.69 0.534 450.69 0.507 450.69 0.309 450.69  0.0640
Avg 449.11 1.011 449.81 0.824 449.11 0.541 449.11  0.529 449.11 0.327 449.11  0.0658
5000ug/mL  449.11 40452  449.81 32944 44911 21.656  449.11 21.156  449.11 13.092  449.11 2.632
STDEV 1.0670 0.004111 1.0641 0.001174 1.0670 0.004551 1.0670 0.013345 1.0670 0.012685 1.0670 0.001500
5000ug/mL  Loss(100%) 98.61405 98.87129 99.25803 99.27516 99.55145 99.90982
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Table UV-Vis Spectrometry Results on (3-carotene Thermal-degradation at 250 °C & A max (2500 ug/mL solution)

Time(h) 1 2 4 8 24 72

250 °C AMnm) Abs Anm) Abs Anm) Abs AMnm) Abs Mnm) Abs Mnm) Abs

2500pg/mL  447.52 1.512 447.52 1.192 447.52  0.745 447.52  0.713 447.52 0.283 447.52 0.072

2500pug/mL  447.87 1.500 447.87 1.175 447.87 0.741 447.87 0.709 447.87 0.282 447.87 0.069

2500pug/mL  448.23 1.514 448.23 1.181 448.23 0.736 448.23 0.709 448.23 0.28 448.23 0.068
2500pug/mL  448.58 1.503 448.58 1.174 448.58 0.73 448.58 0.697 448.58 0.277 448.58 0.069
2500pg/mL  448.93 1.486 448.93 1.169 448.93 0.724 448.93 0.691 448.93 0.274 448.93 0.067
2500pg/mL  449.28 1.475 449.28 1.164 449.28 0.720 449.28 0.685 449.28 0.271 449.28 0.067

2500pg/mL  449.64 1.467 449.64 1.158 449.64 0.717 449.64 0.683 449.64 0.268 449.64 0.067
2500pug/mL  449.99 1.466 449.99 1.151 449.99 0.709 449.99 0.677 449.99 0.267 449.99 0.065

2500pug/mL  450.34 1.466 450.34 1.158 450.34 0.707 450.34 0.675 450.34 0.265 450.34 0.065

2500pg/mL  450.69 1.455 450.69 1.144 450.69 0.701 450.69 0.67 450.69 0.263 450.69 0.064
Avg 449.11 1.484 449.11 1.167 449.11 0.723 449.11  0.691 449.11 0.273 449.11 0.067
5000pg/mL 2.969 2.333 1.446 1.382 0.546 0.067

STDEV 1.0670  0.02151 1.0670 0.01450 1.0670 0.01494 1.0670 0.01550 1.0670 0.007272 1.0670 0.002359

5000pg/mL  Loss(%) 99.89828 99.92006 99.95046 99.95266 99.98129 99.99769
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Table UV-Vis Spectrometry Results on (3-carotene Thermal-degradation at 300 °C & A 1ax(5000 pg/mL solution)

time(h) 1 2 4 8 24 72

300 °C M(nm) Abs A(nm) Abs Mnm) Abs Mnm) Abs AM(nm) Abs AM(nm) Abs
5000pg/mL 447.52 1.041 447.52 0.818 447.52 0.615 447.52 0.439 447.52 0.166 447.52  0.010313
5000pg/mL 447.87 1.038 447.87 0.812 447.87 0.611 447.87 0.437 447.87 0.164 447.87  0.010250
5000pg/mL 448.23 1.028 448.23 0.812 448.23 0.609 448.23 0.435 448.23 0.164 448.23  0.010188
5000pg/mL 448.58 1.027 448.58 0.804 448.58 0.607 448.58 0.431 448.58 0.163 448.58  0.010125
5000pg/mL 448.93 1.020 448.93 0.800 448.93 0.602 448.93 0.432 448.93 0.162 448.93  0.010125
5000pg/mL 449.28 1.019 449.28 0.796 449.28 0.600 449.28 0.429 449.28 0.161 449.28  0.010063
5000pg/mL 449.64 1.012 449.64 0.796 449.64 0.595 449.64 0.428 449.64 0.160 449.64  0.010000
5000pg/mL 449.99 1.012 449.99 0.792 449.99 0.593 449.99 0.424 449.99 0.160 449.99  0.009938
5000pg/mL 450.34 1.009 450.34 0.790 450.34 0.593 450.34 0.421 450.34 0.160 450.34  0.009938
5000pg/mL 450.69 1.003 450.69 0.786 450.69 0.588 450.69 0.422 450.69 0.158 450.69  0.009813
Avg 449.11 1.021 449.11  0.801 449.11  0.601 449.11  0.430 449.11 0.162 449.11  0.010075
STDEV 1.0670 0.01251 1.0670  0.01063  1.0670 0.009007 1.0670 0.006197 1.0670 0.002633 1.0670 0.0001553
5000pg/mL  Loss(100%)  99.96502 99.97257 99.97940 99.98527 99.99446 99.99445
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Table UV-Vis Spectrometry Results on (3-carotene Thermal-degradation at 350 °C & A max (5000 ug/mL solution)

Time(h) 1 2 4 8 24 72

350 °C Mnm) Abs Anm) Abs Anm) Abs AMnm)  Abs AMnm) Abs Mnm) Abs
5000pg/mL  447.52 0.16 44752 0.110 44752 0.0768 44752 0.0368 447.52  0.0103 447.52  0.00500
5000pg/mL  447.87 0.158 447.87 0.108 447.87 0.0760 447.87 0.0360 447.87 0.0103 447.87 0.00300
5000pg/mL  448.23 0.158 448.23 0.108 448.23 0.0756 448.23  0.0360 448.23 0.0102 448.23  0.00300
5000pg/mL  448.58 0.1576 448.58 0.108 448.58 0.0756 448.58 0.0356 448.58 0.0101 448.58 0.00500
5000pg/mL  448.93 0.156 448.93 0.107 448.93 0.0748 448.93 0.0352 448.93 0.0101 448.93  0.00300
5000pg/mL  449.28 0.1548 449.28 0.107 449.28 0.0744 449.28 0.0352 449.28 0.0101 449.28 0.00400
5000pg/mL  449.64 0.1548 449.64 0.106 449.64 0.0740 449.64 0.0348 449.64 0.0100 449.64 0.00300
5000pg/mL  449.99 0.1536 449.99 0.106 449.99 0.0736 449.99 0.0344 449.99 0.0099 449.99 0.00300
5000pg/mL  450.34 0.1528 450.34 0.105 450.34 0.0728 450.34 0.0336 450.34 0.0099 450.34 0.00300
5000pg/mL  450.69 0.152 450.69 0.104 450.69 0.0732 450.69 0.0332 450.69 0.0098 450.69 0.00300
5000pg/mL  449.11 0.156 449.11  0.107 449.11 0.0747 449.11 0.0351 449.11 0.0101 449.11  0.00350
STDEV 1.0670 0.00260  1.0670 0.00175 1.0670 0.00131 1.0670 0.00112  1.0670 0.000155 1.0670 0.000850
5000pg/mL  Loss(100%) 99.99466 99.99634 99.99744 99.99880 99.99966 99.99988
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APPENDIX I PHOTO-DEGRADATION OF B-—CAROTENE

Table  Photo-degradation Rate for 3-carotene in Hexane at 15°C

Time A(nm) STDEV ~ Avg

(min) 444.35 44470 445.06 44541 445.76 446.11 44647 446.82 447.17 447.52 1.0670 44594 Ln(Abs)
0 2254 2269 2281 2.287 2.247 2250 2250 2247 2239 2271 0.0163  2.260  0.8151
5 2.038  2.050 2.063 2.070 2.049 2.054 2.060 2.061 2.059 2.080 0.0117 2.058 0.7219

10 1.819  1.828 1.838 1.844 1.834 1.840 1.846 1.847 1.848 1.863  0.0121 1.841  0.6101
15 1.658  1.667 1.675 1.682 1.677 1.682 1.687 1.690 1.692 1.703 0.0129 1.681  0.5196
20 1422 1.428 1.435 1.440 1.439 1.444 1449 1451 1.453 1.461  0.0119 1442  0.3662
25 1.322  1.328 1.335 1.340 1.340 1.345 1.349 1352 1354 1360 0.0119 1343  0.2945
30 1.197  1.202 1.207 1.211 1.211 1215  1.218 1.220  1.221 1.225  0.0089 1.213  0.1928
35 1.062  1.065 1.070 1.074 1.075 1.078 1.080  1.082  1.084 1.087 0.0082 1.076  0.0730
40 0.949 0952 0.956 0.959 0.960 0963 0965 0967 0968 0971 0.0071 0961  -0.0398
45 0.841 0.844  0.847 0.850 0.851 0.854 0.856 0.857 0.858 0.861 0.0065 0.852  -0.1603
50 0.744  0.746  0.749 0.751 0.752 0.754 0.756  0.757 0.758  0.759  0.0051 0.753  -0.2842
55 0.558  0.560  0.562 0.563 0.565 0.567 0.569 0570 0.570 0569 0.0044 0.565 -0.5704
60 0.496  0.498  0.499 0.500 0.502 0.504  0.506 0507 0.507 0.507 0.0042 0.503  -0.6880
65 0418 0420 0421 0.422 0.424 0425 0427 0427 0427 0427 0.0034 0424  -0.8585
70 0.360  0.361 0.363 0.363 0.364 0366 0367 0367 0367 0367 0.0027 0365 -1.0092
75 0.296  0.297  0.298 0.298 0.299 0.300  0.301 0.302  0.301 0.301 0.0023  0.299  -1.2063
80 0.236  0.237  0.238 0.238 0.239 0.240  0.240 0.240 0.240  0.239  0.0017  0.238  -1.4325
85 0.185 0.186  0.186 0.186 0.187 0.187 0.188 0.188  0.187  0.187  0.0012  0.187  -1.6783
90 0.150  0.150  0.151 0.150 0.151 0.152 0.152 0.152  0.151  0.150 0.0010 0.151  -1.8911
95 0.121 0.121 0.122 0.121 0.122 0.122  0.123  0.123  0.122  0.121 0.0008  0.122  -2.1054
100 0.094  0.094  0.094 0.094 0.095 0.095 0.095 0.095 0.094 0.094 0.0005 0.094 -2.3602
105 0.020  0.020  0.020 0.020 0.021 0.021 0.022  0.021 0.021 0.020  0.0007  0.021 -3.8825
110 0.037  0.037  0.037 0.037 0.037 0.038  0.038 0.038 0.037 0.037 0.0005 0.037 -3.2888
120 0.032  0.032  0.032 0.032 0.032 0.033  0.033 0.033 0.032  0.031 0.0007  0.032  -3.4358
130 0.018 0.018 0.018 0.017 0.018 0.018 0.018 0.018 0.018 0.017 0.0005 0.018 -4.0286
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Table

The Photo-degradation Rate for B-carotene in Hexane at 25°C

Time A(nm) STDEV Avg

(min) | 444.4 | 444.7 | 445.1 | 445.4 | 445.8 | 446.1 | 446.5 | 446.8 | 447.2 | 447.5 | 447.9 | 448.2 | 1.25842 | 446.3 | Ln(Abs)
0 2.384 | 2.368 | 2.346 | 2.337 | 2.369 | 2.384 | 2.427 | 2.467 | 2.466 | 2.463 | 2.506 | 2.508 | 0.06150 | 2.419 | 0.8833
5 2.248 | 2.236 | 2.228 | 2.223 | 2.247 | 2.257 | 2.289 | 2.323 | 2.326 | 2.321 | 2.350 | 2.358 | 0.04960 | 2.284 | 0.8259
10 2.077 | 2.074 | 2.069 | 2.068 | 2.086 | 2.097 | 2.123 | 2.147 | 2.150 | 2.150 | 2.174 | 2.178 | 0.04220 | 2.116 | 0.7496
15 1.841 |1 1.842 | 1.842 | 1.845 | 1.859 | 1.870 | 1.884 | 1.901 | 1.906 | 1.908 | 1.921 | 1.924 | 0.03259 | 1.879 | 0.6305
20 1.598 | 1.601 | 1.602 | 1.605 | 1.616 | 1.623 | 1.635 | 1.645 | 1.649 | 1.651 | 1.660 | 1.663 | 0.02440 | 1.629 | 0.4880
25 1.410 | 1413 | 1415 | 1.418 | 1.426 | 1.431 | 1.439 | 1.446 | 1.449 | 1.451 | 1.456 | 1.457 | 0.01759 | 1.434 | 0.3606
30 1.270 | 1.271 | 1.266 | 1.252 | 1.295 | 1.276 | 1.294 | 1.291 | 1.301 | 1.305 | 1.307 | 1.277 | 0.01746 | 1.284 | 0.2498
35 1.091 | 1.094 | 1.096 | 1.098 | 1.103 | 1.107 | 1.112 | 1.116 | 1.118 | 1.119 | 1.121 | 1.122 | 0.01137 | 1.108 | 0.1026
40 0.934 | 0.936 | 0.937 | 0.939 | 0.943 | 0.945 | 0.948 | 0.951 | 0.952 | 0.952 | 0.953 | 0.953 | 0.00724 | 0.945 | -0.0563
45 0.814 | 0.816 | 0.818 | 0.819 | 0.822 | 0.825 | 0.828 | 0.830 | 0.831 | 0.831 | 0.832 | 0.832 | 0.00674 | 0.825 | -0.1926
50 0.709 | 0.711 | 0.712 | 0.713 | 0.716 | 0.718 | 0.720 | 0.721 | 0.722 | 0.722 | 0.723 | 0.723 | 0.00511 | 0.718 | -0.3320
55 0.607 | 0.609 | 0.609 | 0.610 | 0.612 | 0.614 | 0.615 | 0.617 | 0.617 | 0.617 | 0.617 | 0.617 | 0.00382 | 0.613 | -0.4887
60 0.510 | 0.511 | 0.511 | 0.512 | 0.514 | 0.515 | 0.516 | 0.517 | 0.517 | 0.517 | 0.517 | 0.517 | 0.00278 | 0.515 | -0.6646
65 0.418 | 0.419 | 0.419 | 0.419 | 0.421 | 0.421 | 0.422 | 0.423 | 0.423 | 0.423 | 0.423 | 0.423 | 0.00195 | 0.421 | -0.8647
70 0.345 [ 0.345 | 0.345 | 0.345 | 0.346 | 0.347 | 0.348 | 0.348 | 0.348 | 0.348 | 0.347 | 0.347 | 0.00131 | 0.347 | -1.0596
75 0.238 | 0.238 | 0.238 | 0.238 | 0.238 | 0.239 | 0.239 | 0.240 | 0.240 | 0.239 | 0.239 | 0.238 | 0.00078 | 0.239 | -1.4327
80 0.196 | 0.197 | 0.196 | 0.196 | 0.197 | 0.197 | 0.197 | 0.198 | 0.198 | 0.197 | 0.196 | 0.196 | 0.00075 | 0.197 | -1.6258
85 0.159 | 0.159 | 0.158 | 0.158 | 0.159 | 0.159 | 0.159 | 0.159 | 0.159 | 0.159 | 0.158 | 0.158 | 0.00049 | 0.159 | -1.8409
90 0.128 | 0.129 | 0.128 | 0.128 | 0.128 | 0.129 | 0.129 | 0.129 | 0.129 | 0.129 | 0.128 | 0.128 | 0.00052 | 0.129 | -2.0518
95 0.100 | 0.100 | 0.100 | 0.099 | 0.100 | 0.100 | 0.100 | 0.100 | 0.101 | 0.100 | 0.100 | 0.1 0.00043 | 0.100 | -2.3026
100 | 0.090 | 0.090 | 0.090 | 0.089 | 0.090 | 0.090 | 0.090 | 0.090 | 0.091 | 0.090 | 0.090 | 0.09 | 0.00043 | 0.090 | -2.4079
105 | 0.071 | 0.071 ] 0.071 | 0.070 | 0.071 | 0.071 | 0.072 | 0.072 | 0.072 | 0.071 | 0.071 | 0.071 | 0.00058 | 0.071 | -2.6427
110 | 0.062 | 0.062 | 0.061 | 0.061 | 0.061 | 0.062 | 0.062 | 0.062 | 0.062 | 0.062 | 0.061 | 0.061 | 0.00051 | 0.062 | -2.7874
115 | 0.057 | 0.058 | 0.057 | 0.057 | 0.057 | 0.058 | 0.058 | 0.058 | 0.058 | 0.058 | 0.058 | 0.058 | 0.00049 | 0.058 | -2.8531
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Table  The Photo-degradation Rate for 3-carotene in Hexane at 25°C

Time AMnm) STDEV Avg

(min) | 444.4 | 444.7 | 445.1 | 445.4 | 445.8 | 446.1 | 446.5 | 446.8 | 447.2 | 447.5 | 4479 | 448.2 | 1.25842 | 446.3 Ln(Abs)

120 0.047 | 0.048 | 0.047 | 0.047 | 0.047 | 0.048 | 0.048 | 0.048 | 0.048 | 0.048 | 0.048 | 0.048 | 0.00049 | 0.048 -3.0435

125 0.039 | 0.040 | 0.039 | 0.039 | 0.039 | 0.040 | 0.040 | 0.040 | 0.041 | 0.040 | 0.040 | 0.04 | 0.00062 | 0.040 -3.2251

130 0.039 | 0.040 | 0.039 | 0.039 | 0.039 | 0.040 | 0.040 | 0.040 | 0.041 | 0.040 | 0.040 | 0.04 | 0.00062 | 0.040 -3.2251

135 0.033 | 0.033 | 0.033 | 0.033 | 0.033 | 0.033 | 0.034 | 0.034 | 0.034 | 0.034 | 0.033 | 0.034 | 0.00051 | 0.033 -3.3987

140 0.031 0.031 | 0.031 | 0.030 | 0.031 | 0.031 | 0.032 | 0.032 | 0.032 | 0.032 | 0.032 | 0.032 | 0.00067 | 0.031 -3.4604

145 0.035 | 0.036 | 0.035 | 0.035 | 0.035 | 0.036 | 0.036 | 0.036 | 0.037 | 0.036 | 0.036 | 0.036 | 0.00062 | 0.036 -3.3312

150 0.035 | 0.036 | 0.035 | 0.035 | 0.035 | 0.036 | 0.036 | 0.036 | 0.037 | 0.036 | 0.036 | 0.036 | 0.00062 | 0.036 -3.3312

155 0.025 | 0.025 | 0.025 | 0.025 | 0.025 | 0.026 | 0.026 | 0.026 | 0.027 | 0.026 | 0.026 | 0.026 | 0.00065 | 0.026 -3.6626

160 0.022 | 0.023 | 0.022 | 0.022 | 0.022 | 0.023 | 0.023 | 0.023 | 0.024 | 0.024 | 0.023 | 0.023 | 0.00072 | 0.023 -3.7795

165 0.025 | 0.025 | 0.025 | 0.025 | 0.025 | 0.026 | 0.026 | 0.026 | 0.027 | 0.027 | 0.026 | 0.026 | 0.00075 | 0.026 -3.6593

170 0.021 0.021 | 0.021 | 0.021 | 0.021 | 0.022 | 0.022 | 0.023 | 0.023 | 0.023 | 0.022 | 0.023 | 0.00090 | 0.022 -3.8205

175 0.025 | 0.025 | 0.025 | 0.025 | 0.025 | 0.026 | 0.026 | 0.027 | 0.027 | 0.027 | 0.026 | 0.027 | 0.00090 | 0.026 -3.6529
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Table  The Photo-degradation Rate for 3-carotene in Hexane at 45°C

Time  A(nm) STDEV Avg
(min) 445.41 44576 446.11 446.47 446.82 44717 447.52 447.87 0.86170 446.64 Ln(Abs)
0 1.988 2.001 1.982 2009 2002 2006 1.990 1.996 0.009423 1.9968 0.6915
5 1.854 1.867 1.852 1.873 1.867 1.869 1.858 1.862 0.007517 1.8628 0.6221
10 1626 1627 1629 1636 1644 1649 1656 1.663 0.013997 1.6413 0.4955
15 1489 1488 1492 1497 1506 1509 1516 1.521 0.012601 1.5023 0.4070
20 1300 1.300 1.303 1.306 1.312 1.314 1.317 1.321 0.008008 1.3091 0.2694
25 1158 1.159 1.162 1.164 1.169 1.171 1.174 1.176 0.006844 1.1666 0.1541
30 0995 0995 0997 1.000 1.004 1.005 1.007 1.009 0.005503 1.0015 0.0015
35 0.862 0.863 0.864 0.866 0.868 0.869 0.871 0.871 0.003536 0.8668 -0.1430
40 0724 0724 0726 0727 0729 0729 0.730 0.730 0.002504 0.7274 -0.3183
45 0.595 0595 0595 0596 0.597 0.597 0.598 0.597 0.001165 0.5963 -0.5171
50 0.487 0487 0487 0488 0489 0489 0489 0488 0.000926 0.4880 -0.7174
55 0390 0.389 0389 0390 0.391 0.391 0.391 0.390 0.000835 0.3901 -0.9413
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Figure. Rate Constant for 3-carotene Photo-degradation in Hexane

at 45 and 55°C (First Order)
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Table  The Photo-degradation Rate for (B-carotene in Hexane at 55°C

Time A(nm) STDEV Avg

(min) 446.11 446.47 446.82 44717 44752 447.87 44823 44858 44893 44928 44964 1.1684 447.8745 In(Abs)
0 2057 2060 2063 2058 2058 2.064 2054 2066 2066 2061 2056 0.0041 2.0603 0.7228
5 1890 1.890 1.892 1.890 1.891 1.898 1.891 1.896 1.897 1.891 1.889 0.0032  1.8923  0.6378
10  1.740 1744 1746 1.746 1747 1751 1.746 1752 1750 1.745 1741 0.0038  1.7462  0.5574
15 1.444 1445 1446 1444 1444 1445 1442 1443 1441 1438 1435 0.0033 1.4425  0.3663
25 1084 1.083 1083 1.083 1.081 1.079 1078 1.076 1.074 1074 1.070 0.0047 1.0786  0.0757
30 0941 0939 0940 0940 0938 0.937 0936 0934 0932 0930 0927 0.0046 09358 -0.0663
35 0794 0793 0793 0792 0791 0789 0.788 0.787 0785 0.783 0.780 0.0045  0.7886  -0.2374
40 0650 0649 0.649 0648 0647 0646 0645 0643 0642 0640 0.638 00040 0.6452  -0.4382
50 0.412 0411 0411 0410 0409 0408 0407 0406 0405 0404 0402 00032 04077 -0.8972
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APPENDIX IIl THE MASS SPECTRAL DATA OF SOME FRAGMENT IONS
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Search |Spectrum 1A [s]
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