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h i g h l i g h t s

�We propose a time-resolved thermal
lens method to analyze photostability
of edible oils.
� Photoreaction, heat and mass

diffusions are considered during local
laser excitation.
� Photoreaction cross-section is

measured.
� Synthetic antioxidant appears to be

much more efficient than the natural
antioxidant.
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a b s t r a c t

Assessment of photochemical stability is essential for evaluating quality and the shelf life of vegetable
oils, which are very important aspects of marketing and human health. Most of conventional methods
used to investigate oxidative stability requires long time experimental procedures with high consump-
tion of chemical inputs for the preparation or extraction of sample compounds. In this work we propose
a time-resolved thermal lens method to analyze photostability of edible oils by quantitative measure-
ment of photoreaction cross-section. An all-numerical routine is employed to solve a complex theoretical
problem involving photochemical reaction, thermal lens effect, and mass diffusion during local laser exci-
tation. The photostability of pure oil and oils with natural and synthetic antioxidants is investigated. The
thermal lens results are compared with those obtained by conventional methods, and a complete set of
physical properties of the samples is presented.

� 2015 Elsevier B.V. All rights reserved.

Introduction

Food industry has been continuously focusing on the improve-
ment and development of crops. Several strategies have been
applied to improve nutritional values of plants and to determine
ideal conditions for storage and commercialization. For instance,
the physico-chemical stability is an important parameter to ratify

the functionality, quality and shelf life of a commercialized product
[1,2].

Edible oils are known to be chemically unstable and may go
through degradation processes when undergoing extraction pro-
cesses, contacting with oxygen, experiencing temperature varia-
tions and exposure to ultraviolet and visible radiation.
Furthermore, the occurrence of photo-oxidation generates toxic
compounds, such as peroxides [3–5], leading to the production of
off-flavors and odors, as well as discoloration, which may affect
product quality. As a result, synthetic antioxidants, such as
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tert-butylhydroquinone (TBHQ), are used to postpone the ini-
tiation or decrease the rate of oxidation. However, toxic and car-
cinogenic effects of synthetic antioxidants in animals and
humans have been observed [6]. Therefore, the photostability is a
parameter which has been adopted to verify the quality and the
shelf life of vegetable oils, especially those intended for human
and animal consumption.

The analysis of oil photostability has been performed by several
experimental techniques [7–11], although it is mostly accessed by
accelerated storage testing light bulb method [12,13]. However,
most of these methods requires a long time procedure for the
experimental investigation, which may take weeks or even
months. Moreover, these techniques use high consumption of che-
mical inputs for the preparation or extraction of sample com-
pounds. Therefore, the application of faster methods without
chemical inputs may bring advances in this area.

Photothermal methods are known to be very sensitive and fast
tools for material characterization. With the interests in the inves-
tigation into photostability, time-resolved thermal lens (TL) spec-
troscopy has been very successful in determining photophysical
parameters and kinetics of photochemical reactions in a variety of
solutions [14–20]. TL signal results from changes in the refractive
index in the sample, which is generated by a heating produced by
optical absorption of an excitation laser. The signal is proportional
to the optical absorption coefficient of the sample and, therefore,
sensitive to changes in the concentration Cðr; tÞ of the absorbing
species. The method was applied to examining photoinduced che-
mical reactions in aqueous solutions [21–25] and hydrocarbon fuels
[26]. The theoretical description of the TL effect employed in those
studies relied on the time- and spatial-dependence of the optical
absorption coefficient with the changes by optical bleaching and
mass diffusion within the excited volume of the sample. Although
quantitative agreement was observed between theory and experi-
ments, the analytical expression used was obtained under
approximations for the spatial distribution of the concentration.
The solution for the concentration of species was determined by
assuming a spatial average of each term of the concentration equa-
tion as CðtÞ ¼ hCðr; tÞir , resulting in a simple form for the effective
rate equation, dCðtÞ=dt ¼ �KT CðtÞ. The total reaction rate KT repre-
sents the averaged rates of photobleaching and molecular diffusion.
The absorption coefficient is written in terms of the equilibrium
ratio between the molar absorptivities of the products and reac-
tants, �, in the illuminated volume by bðtÞ ¼ b ð1� �ÞCRðr; tÞ þ �½ �
[27]. b is the absorption coefficient at t ¼ 0.

For complex systems such as the oils investigated in this
research, these approximations may no longer be valid, and require
general solutions for both concentration and heat conduction
equations, which may end up with numerical solutions. In this
work, we solve these equations numerically considering real
boundary conditions and apply this theory to quantify photo-
physical parameters of edible oils. Photostability of vegetable oils
are analyzed under exposure to UV light using the TL method.
The theoretical model and experimental results are in excellent
agreement, and physico-chemical properties are quantitatively
determined. Natural antioxidant (essential grape seed oil) is com-
pared with synthetic antioxidant (TBHQ) in soybean oils in terms
of the antioxidation efficiency. The photoreaction cross-section is
obtained from regression analysis, and the results reveal that syn-
thetic antioxidant are more efficient compared with natural
antioxidants.

Theory

The well-known mode-mismatched TL method [28] is used in
this work. In this configuration, the sample is excited and probed

by TEM00 Gaussian laser beams of different radii in the sample.
A temperature gradient is produce in the sample by optical absorp-
tion of the excitation laser, resulting in a refractive index gradient
and then in a lens-like optical element. The focusing or defocusing
effect of the lens-like optical element on the probe beam is detect-
ed by measuring the time-dependent intensity variation at the
probe beam center in a far-field region.

When the excitation laser induces a chemical reaction in a pho-
toreacting solution, the spatial concentration distribution of the
absorbing species is modified in the excited volume, generating a
mass (species concentration) gradient. As a result, a time- and
spatially-dependent absorption coefficient distribution is formed,
which alters the TL signal accordingly. The photoreaction process
can be assumed to be first-order or of pseudo first-order, and the
time and spatial dependence of the species concentration is given
by the solution of the following partial differential equation

@

@t
Cðr; tÞ � Dmr2Cðr; tÞ ¼ �hRe�2r2=w2

e Cðr; tÞ 1�Hðt � nÞ½ �; ð1Þ

where hR ¼ 2Pr=ðpw2
e EeÞ, Ee ¼ hc=ke is the excitation energy, r is

the photoreaction cross-section, h is Planck’s constant, Dm is the
mass diffusion coefficient and we and P are the radius and the opti-
cal power of the excitation laser, respectively. HðxÞ is the
HeavisideTheta function and accounts for turning the source term
in the differential equation on (laser-on; n > t) and off (laser-off;
n < t). The diffusion term in Eq. (1) accounts for the movement of
photochemically modified species from outside to inside the excited
volume by mass diffusion. It is assumed that the drift of particles by
the thermal gradient (Soret effect) and convection effects do not
contribute to the concentration changes. The term on the right side
of Eq. (1) accounts for the distorted Gaussian shape of the initial
energy density of the excited state because of photodegradation
[20].

The time- and spatial-dependent optical absorption coefficient
affects directly the temperature distribution in the sample and
consequently the TL signal. Assuming an isotropic and weakly
absorbing material, the distribution of the temperature rise is
described by the differential equation for heat conduction

@

@t
Tðr;tÞ�Dthr2Tðr;tÞ¼ hth 1��ð ÞCðr;tÞþ�½ �e�2r2=w2

e 1�Hðt�nÞ½ �;

ð2Þ

where Dth ¼ k=ðqCpÞ is the thermal diffusivity; k is the thermal con-
ductivity; q is the mass density, and Cp is the specific heat of the
sample. hth ¼ 2Pb=ðqCppw2

e Þ, where b is the optical absorption coef-
ficient of the reactants.

The distribution of the temperature represented by Eq. (2)
changes the refractive index accordingly. The wavefront of the
probe beam is slightly distorted when it propagates through the
illuminated volume of the liquid sample. This distortion can be
expressed with an additional phase shift to the probe beam by
Uðr; tÞ ¼ ð2p=kpÞL ½nðr; tÞ � nð0; tÞ� [22,23], where nðr; tÞ ¼ n0þ
ðdn=dTÞTðr; tÞ þ ðdn=dCÞCðr; tÞ, n0 is the refractive index, L is the
sample thickness, dn=dT and dn=dC are the refractive index tem-
perature and concentration coefficients, respectively, at the probe
beam wavelength kp. The phase shift can be written in terms of
Uðr; tÞ ¼ hT ½Tðr; tÞ � Tð0; tÞ� þ hc ½Cðr; tÞ � Cð0; tÞ�, with hT ¼ ð2p=kpÞ
Lðdn=dTÞ and hc ¼ ð2p=kpÞLðdn=dCÞ.

After emerging from the sample, the probe beam propagates to
the plane of the detector and the intensity of the probe beam cen-
ter is calculated using Fresnel diffraction theory [28] by

IðtÞ ¼
Z 1

0
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