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Abstract Thermal treatments are extensively used in the food
industry for control of pathogenic and spoilage microorganisms and spoilage enzymes. Food quality degradation during
those treatments can be a major concern for consumer acceptance. Kinetic studies and mathematical models on quality
changes of foods are essential in proper design of thermal
treatments to ensure consumer satisfaction. This study provides a comprehensive review of recent progresses on quality
kinetics for thermal treatments to inactivate microorganisms
and enzymes in foods of both plant and animal origins. This
paper mainly covers the theoretical basis for studying quality
kinetics, common and special kinetic models to describe major quality attributes, such as appearance, texture, and nutrients, and potential applications of quality kinetic models to
developing thermal treatment protocols. Finally, this review
describes the challenges in quality kinetic studies and proposes recommendations for future research to maintain food
quality and extend shelf life.
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Introduction
Thermal sterilization, pasteurization, and blanching techniques have been extensively used in the food industry to
control bacteria, fungi, and other microorganisms as well as
undesirable enzymes in foods. To meet the food safety and
shelf life-stable requirements, however, thermal processing
may involve long time heating at high temperatures, promoting chemical and physical reactions in foods, and rendering
the product unwholesome or causing quality degradation
(Fellows 2009). For example, color changes, development of
off-odors or off-taste, and loss of freshness or nutrients occur
frequently during and after thermal processing (Liaotrakoon
et al. 2013; Song et al. 2003; Wen et al. 2010; Zabbia et al.
2011). It is particularly true for prepackaged solid or semisolid foods in which heat transfer is slow and the center
temperature is difficult to raise when using conventional surface heating methods.
Novel thermal processing techniques hold potential in improving the heating efficiency and reducing quality losses.
Electro-heating, such as ohmic (OH), microwave (MW), and
radio frequency (RF) heating, has been considered to replace
conventional heating for developing better foods (Liu et al.
2011; Pereira et al. 2008; Wang et al. 2012). Microwave
energy has been used to control molds, yeasts, pathogens,
and spores in foods. For example, microwave systems operating at 896 or 2,450 MHz are commercially used in Europe
for production of a wide range of packaged foods, such as
cakes, breads, pasta, and refrigerated ready-to-eat meals (Tang
et al. 2002). In the USA, 915-MHz microwave systems have
been used in the food industry since 1980. Recently, new 915MHz microwave-assisted thermal processes received acceptance from the US Food and Drug Administration (FDA) for
production of low acid shelf-stable foods (Knights 2013).
Compared with the conventional convection, conduction,
and radiation heating, the electro-heating is generated
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volumetrically by converting the electrical energy to thermal
one inside the food materials, which greatly reduces the
heating time, and increases the heating rate so as to avoid
the quality loss caused by slow overheating (Marra et al.
2009).
Proper design of conventional or novel thermal processes
requires comprehensive understanding of thermal properties
of foods and quantitative changes of target microorganisms,
enzymes, or quality attributes in thermal processes (Stoforos
1995; Holdsworth and Simpson 2008; Simpson 2010). It is
desirable to select optimal process conditions to control microorganisms and enzymes while minimizing food quality
degradations. Kinetic studies on thermal inactivation of microorganisms and enzymes have been extensively reported
and reviewed in the literature (FDA 2000; IFT 2003; Van
Boekel 1996).
According to Haefner (2005), principles and applications
of kinetic models developed for biological systems can provide valuable insights into understanding, predicting, and
controlling the food quality changes that occur during the
thermal processing. Comprehensive kinetic models on the
thermodynamics and chemical kinetics at the molecular level
may reveal the quality change mechanism. Fundamental kinetic parameters, such as activation energy, enthalpy, and
entropy obtained from well-planned experiments, may be
used to estimate the quality changes of foods in various
thermal processes and ultimately lead to the optimal design
of thermal processing conditions.
Numerous studies have been reported on different models
for foods in thermal processing. Literature reviews are also
available on estimation of kinetic parameters for nonisothermal conditions (Dolan 2003), thermal inactivation kinetics of microorganisms under conventional and emerging
thermal treatments (Bermudez-Aguirre and Corradini 2012),
enzyme inactivation in the thermal processing (Adams 1991),
kinetics of quality changes in the food frying (Hindra and Baik
2006), and modeling of the temperature effect on the rate of
chemical reactions and biological processes in foods (Barsa
et al. 2012). No recent comprehensive review of progresses is,
however, available on kinetics of quality changes during
thermal inactivation of microorganisms and enzymes in foods.
This paper aims to provide a review of the literature on
food quality changes during the thermal inactivation of
microorganisms and enzymes. These include theories and
experimental methods to obtain quality kinetic models,
common reactions and special kinetic models in food
processing, and recommendations for the future research
to enhance practical applications of quality kinetic
models. The quality parameters of interests in this paper
include color, texture, and nutrient content. It is our intent
to cover temperature and processing time ranges applicable to both lengthy conventional thermal processes and
short-time microwave or RF processes.
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Theoretical Basis and Experimental Methods of Food
Quality Kinetics
Theoretical Background
Foods are generally complex biological systems. A number of
reactions take place during thermal processing, either in series
or in parallel, and competing. The final quality loss may be the
results of many interacting and complex reactions rather than
a single elementary step. An effective first-step kinetic modeling is to study simple food systems rather than real foods
(Wedzicha et al. 1993). Chemical reaction kinetics can be
applied to quantify individual attribute of an ideal food system
in form of the general rate law (Van Boekel 1996; Steinfeld
et al. 1998; FDA 2000):
dP
¼ kPn
dt

ð1Þ

where k is the rate constant (1/min), t the reaction time (min),
and n the reaction order. In general, P represents a quantitative
value for a quality attribute, enzymes activity, or population of
microorganisms.
The core of kinetic studies on food quality changes in
thermal processing is to quantify a quality attribute as a
function of heating time at a certain temperature using
temperature-dependant reaction rate constants after the order
of reactions is decided. The order of kinetics is determined
based on the goodness of fit of the observations to a
preselected reaction order model. Kinetics of food quality
changes generally follows zero-, first-, or second-order reactions as follows:
P ¼ P0 − kt

for zero−order reactions ðn ¼ 0Þ

ð2Þ

P ¼ P0 e − kt

for first−order reactions ðn ¼ 1Þ

ð3Þ

1
1
¼ kt þ
P
P0

for second−order reactions ðn ¼ 2Þ

ð4Þ

where P0 is the initial value of the food quality attribute at t=0.
In thermal processing, D-value (min) is used for convenience and defined as the heating time in minutes to
give 90 % or one-log change of food quality in a semi-log
scale at a constant temperature. The D-value is directly
related to the first-order reaction rate constant k by Eq. 5
(Anthon and Barrett 2002; Awuah et al. 2007; Van Boekel
2008):
D¼

2:303
k

ð5Þ
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To explore the temperature-dependent quality, the
Arrhenius equation is the most common method to describe
the temperature (T) effect on the reaction rate constant (k) as
follows:
k ¼ k 0 e RT
Ea

ð6Þ

where k0 is the rate constant, R is the ideal gas constant
(8.314 J/mol·K), and T is the absolute temperature (K). Ea is
the activation energy (J/mol) and defined as the minimum
energy needed to start a chemical reaction (sometimes called
the energy barrier). A chemical reaction at a reasonable rate
takes places when an appreciable number of molecules with
energy equal to or greater than the activation energy. When
temperature increases, the number of molecules increases with
energy greater than the activation energy, thus improving the
rate of reaction. Therefore, the activation energy is a parameter
that indicates the sensitivity of the reaction rate to temperature.
For greater activation energy, the rate of reaction is more
sensitive to temperature changes and vice versa.
When conducting an analysis to estimate kinetic parameters for the Arrhenius relationship, it is recommended that the
following alternative form can be used (Theodore et al. 1997;
Peleg et al. 2012):


k ¼ k ref e

− ERa

1
T

− T1

ref

k ðT þ10 CÞ
kT

ð8Þ

where T is in degree Celsius (°C).
If the Arrhenius relationship holds, Q10-value can be related to activation energy Ea by the following relationship
(Buransompob et al. 2003):
logQ10 ¼

4:34E a
RT ðT þ 10o CÞ

z¼

T 2 −T 1
logD1 −logD2

ð10Þ

where D1 and D2 are the decimal reduction times at temperatures T1 and T2, respectively.
The interconversion of factors (Ea and z-values) from one
concept to the other can, however, lead to discrepancies if
experimental data are obtained outside the temperature limits.
If the Arrhenius relationship holds, z-values can also be related to the activation energy Ea by the following relationship in
a given temperature range T1∼T2 (T1 <T2) (Ramaswamy et al.
1989):
z¼

ð7Þ

where Tref stands for a reference temperature (K) corresponding to the mean of the temperature range in consideration and
kref is the reaction rate at the reference temperature.
The Q10-value is another concept to describe the rate of
quality changes with temperature. It is defined as follows
(Lund 1977; Fu and Labuza 1993):
Q10 ¼

processed products, such as walnuts, almonds, powdered
gabiroba pulp, fresh cut pineapple slices, and low acid foods
(Breda et al. 2012; Gao et al. 2010; Riva and Torri 2009; Wang
et al. 2006; Yoon et al. 2009).
The z-value (°C) indicates the temperature increment to
reduce D-value by 90 % or results in a one-log change, which
presents sensitivity to temperature changes. For the first-order
reaction, z-value can be calculated as a function of temperature
below:

2:303 R T 1 T 2
Ea

ð11ÞÞ

If the rate constant could be described well by both the
Arrhenius equation and the z-value model, Eq. 11 can be
written as follows (Saguy et al. 1978):
z¼

2:303 RT 2
Ea

ð12Þ

where T stands for a temperature corresponding to the mean
over the temperature range T1∼T2 in experiments.
The correlation between z-value and Q10 can also be proven as follows:
z¼

10
logQ10

ð13Þ

ð9Þ

The Q10-value is commonly used to predict the storage
period at lower temperatures based on the shelf life tests
conducted at higher temperatures. Since dependent strongly
on temperature, Q10-value is applied in a small temperature
range of 10 to 20 °C to avoid possible physical and chemical
changes (Labuza 1984). The Q10 concept is successfully used
to design the accelerated shelf life tests for thermally

Among D-value, z-value, Ea, k, Q10, and T, each parameter
can be easily converted by the two of known model parameters. It is worth noting that there are not only correlations but
also distinctions between the Arrhenius equation and the zvalue model. They are nearly the same within a certain temperature range, but z-value model gives a higher predicted k
value than Arrhenius equation when using extrapolation data
at high temperatures (Fujikawa and Itoh 1998; Jonsson et al.
1977; Saguy et al. 1978).
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Experimental Determination of Kinetic Parameters
Although the most practical thermal processes are non-isothermal, kinetic models are developed under isothermal conditions, which can be easily integrated into accumulated effects under a given temperature-time history of a heating
process to estimate the quality changes (Dolan 2003). It is
recommendable that preliminary tests are conducted to select
test conditions, in which adequate extent of quality changes
could be observed over the maximum span of the time at any
given temperature. This may ensure that the developed kinetic
models cover desired range of quality changes. Precautionary
measures should also be taken to reduce or eliminate the
influence of the time that it would take for the sample to reach
the set elevated temperatures (Chung et al. 2007).
Two experimental methods are widely used for kinetic
studies, which include the direct and indirect heating. For
the direct heating method, prepackaged samples are immersed directly into the heating media, such as water bath
(<95 °C) or oil bath (>95 °C). This method works well as
a confirmation for conventional heat treatments but is not
suited for kinetic studies because the heat transfer starts
from the surface and non-uniform temperatures between
the food surface and the centre are usually observed in
large-size samples. Due to taking long time for whole
prepackaged samples to reach the target temperature, this
method fails to provide isothermal conditions. The kinetic
parameters obtained by this method can only be applied to
the same heating conditions.
Indirect heating methods commonly use a small volume or
thin product or samples so as to achieve an applicable isothermal condition. The instrumentation and device used for those
tests include thermal death time (TDT) cans for vegetable
(Van Loey et al. 1995), glass beakers for vegetable puree
(Ahmed et al. 2002; Nisha et al. 2011), glass tubes for fruit
extract or vegetable puree (Rudra et al. 2008; Suh et al. 2003),
screw-cap test tubes for fruit juice (Dhuique-Mayer et al.
2007; Kechinski et al. 2010), Pyrex glass vials for fruit puree
(Avila and Silva 1999), hermetically metal cells or tubes for
fruit juice, vegetable extract and fruit tissue particles (Jimenez
et al. 2010; Lemmens et al. 2011; Nayak et al. 2011; Verbeyst
et al. 2010), and capillary tubes for fruit paste (Barreiro et al.
1997). The device employed depends on the type of product being tested and the purpose of research since some of
these sample holders are only suitable for determining the
thermal tolerance of quality properties at a certain condition. For instance, large glass tubes and beakers are fragile
and not suited to hold samples for heating beyond 100 °C
without losing water. In addition, capillary tubes are considered as the best method for characterizing thermal tolerance of quality properties in liquid samples, but they are
not suitable for solid samples due to the difficulty of fitting
samples in a narrow space.
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Hermetically sealed test cells are suitable for thermal kinetic test of liquid, semi-solid, and solid foods beyond 100 °C.
A custom-designed thermal kinetic test (TKT) cell developed
at the Washington State University is shown in Fig. 1. This test
cell, made from two pieces of aluminum alloy lids with a
rubber o-ring on the top lid, can provide adequate strength and
hermetic seal when a food sample is heated at temperatures up
to 130 °C. A precalibrated type-T thermocouple is inserted
through a rubber gland in the top lid to record the temperaturetime history of the sample core using a data logger. Because of
the high aspect ratios (diameter/height) and the high thermal
conductivity (180 Wm−1 K−1) of aluminum alloy, the come-up
time (CUT: the time needed for the geometric center of a
sample temperature to reach 0.5 °C less than the set temperature) of this test cell is small (e.g., less than 60 s), resulting in
a close-to-ideal isothermal condition (Chung et al. 2008).
Moreover, the aluminum alloy has a good corrosion
resistance and machinability, so the test cell can be
processed into different sizes used in kinetic studies for a
variety of foods. For example, Nayak et al. (2011) use the
TKT cells (∅ 20 mm×H 4.5 mm) to evaluate the thermal
kinetic parameters of purified anthocyanins from purple potato over 100∼150 °C and determine the antioxidant potencies
of degradation products from the anthocyanins. Kong et al.
(2008) used a TKT cell (∅ 30 mm×H 6 mm) to investigate the
kinetics parameters of salmon fillets quality included cook
loss, area shrinkage, and deteriorations of color and texture
in the high temperature range of 100∼131 °C.
To minimize the influence of slow heat transfer and obtain
accurate determination of a quality’s thermal tolerance, lag
time (LT) and come-up time (CUT) for the target temperatures
are main concerns in design of experiments and analyses of
experimental data (Chung et al. 2007, 2008; Gondo et al.
1972; Jin et al. 2008). As a rule of thumb, if P/P0 ≥25 % when
LT or CUT ends for first-order reactions (Beck and Arnold
1977), the heating time can be considered as zero at the end of
LT or CUT (Dolan 2003).
Kinetic data can be analyzed using one-step or two-step
regression. The one-step method is to regress all data nonlinearly to acquire Ea, k, and n simultaneously. But, the confidence intervals for the parameters Ea and k0 would be narrow
due to the increased number of degrees of freedom (Van
Boekel 1996). The equation for the non-linear regression is
obtained by combining Eqs. 1 and 6:
Ea
dP
¼  k 0 Pn e − RT
dt

ð14Þ

The two-step method is commonly used due to its mathematical simplicity and intuitive appeal when plotted. For the
first-order of reaction, plotting ln(P) against time t should
result in a straight line, with a negative slope when the sum
of residual squares is minimized, resulting in the interception

Author's personal copy
Food Bioprocess Technol (2015) 8:343–358

347

Fig. 1 Schematic diagram of WSU test cell (∅ 18×H 4 mm) (Chung et al. 2008)

Important quality attributes in foods include appearance, flavor, texture, and nutrition (Bourne 2002). Changes in those
attributes, such as color, bioactive compounds, and texture,
due to thermal processing will be discussed in detail below.

enzymatic browning, and non-enzymatic browning. Colorimeters and spectrophotometers based on CIE LAB color space
have been used extensively in the food industry for color
measurement (Wu and Sun 2013). A summary of the kinetic
parameters of color changes during thermal processing is
listed in Table 1. Although the majority of the published work
reports first-order or zero-order degradation reaction kinetics,
it may not be always possible to use simple first- or zero-order
kinetic models to describe color changes in foods during
thermal processing, because these changes can not only be
caused by the Maillard reaction, but also the thermal destruction of pigments (Skrede 1985). Barreiro et al. (1997) and
Fante and Noreña (2012) described the thermal degradation
kinetics of L in tomato paste and browning index in garlic,
respectively, with the biphasic first-order model. Avila and
Silva (1999) and Goncalves et al. (2007) reported the thermal
degradation kinetics of a; total color difference (TCD) in
peach puree; and L, a, b, and TCD in pumpkin, respectively,
by applying the fractional conversion model. Goñi and
Salvadori (2011) described the redness changes of beef during
roasting using the fractional conversion first-order kinetics.
Kong et al. (2007) and Brookmire et al. (2013) reported that
the color changes of salmon fillets during thermal processing
followed zero- and first-order kinetic models, respectively.
Ovissipour et al. (2013) reported that the kinetic data of color
changes on the whole mussel surface can not be collected in
thermal pasteurization due to little color uniformity. The zvalues and Ea values for various food color changes are
summarized in Table 1.

Color

Bioactive Compound

Color influences consumer’s choice and preferences of foods
(Pathare et al. 2013). The change in food color during a
thermal process is influenced by various mechanisms, such
as degradation of pigments, oxidation of ascorbic acid,

It is widely known that foods of plant origin are good sources
of phytochemicals with biological activity and healthpromoting functions. Although most of these compounds
may be generally affected by temperature, thermal processing

of ln(P0) and the rate constant of k for each temperature. If
plotting ln(P) against time t is not a straight line, one may
assume an nth-order reaction and plotting (P1 − n)/(1−n)
against time t to obtain the best fitting model based on the
largest average coefficient of determination (R2) over the
tested temperatures. Secondly, plotting ln(k) against 1/T (K)
may obtain Ea and ln(k0) from the slope and the y-intercept,
respectively.
It is a very important task in kinetic analysis to determine
the order of reactions. To be able to accurately estimate the
order of the reaction from experimental data, Theodore et al.
(1997) recommended that when selecting the largest heating
time for a given temperature, the reaction should be allowed to
carry far enough to distinguish the orders of reaction. As
concluded by Lund (1977), it is necessary to have 2–3 log
changes in the concentration or the physical property for
meaningful determination of the reaction order, which is often
expressed in integrals (0, 1, or 2) or simple fractional values
(0.5 or 1.5) as related to simple mechanistic models
(Swinbourne 1971).

Common Reactions and Kinetic Models in Food
Processing

Glass vials in water bath

Glass vials in oil bath

Water bath

Test tube in water bath

Ohmic heating
Infrared heating

Water bath

TKT cell in oil bath

Water bath

Glass flask in oil bath

Hermetically sealed test
cell in oil bath
Hermetically sealed test
cell in oil bath
Water bath

Water bath

Pobel tube in water bath

Tomato paste

Peach puree

Green asparagus

Mulberry fruit extract

Orange juice

Beef muscle

Pink salmon
(Oncorhynchus gorbuscha)

Pumpkin
(Cucurbita maxima L.)

Pineapple puree

Cashew apples

Reconstituted blackberry juice

Garlic (Allium sativum L.)

Betacyanins from red beet

a

–
–
–

–
–
–
99
120
118

109
98
107

2.0×10−3T=110 °C
1.9×10−2T=140 °C
9.7×10−2T=140 °C

First order

Biphasic first order

Zero order

First order

First order

First order

123
88
113
67
203
35

9.0×10 T=85 °C
0.3 T=85 °C
6.6 T=85 °C
1.9T=80 °C(HLF)
1.0×10−2T=80 °C(HRF)
3.2×10−3T=70 °C

63.6a

–
–

–
–
727T=70 °C

20.0
27.7a
–

a

30.5a

33.0a

–

–

26T=85 °C
10T=85 °C
–

24T=140 °C

116T=140 °C

–

–

Fernandez-Lopez et al. (2013)

Fante and Noreña (2012)

Ganjloo et al. (2011)

Jimenez et al. (2010)

Lima et al. (2010)

Chutintrasri and Noomhorm (2007)

Goncalves et al. (2007)

Kong et al. (2007)

Goñi and Salvadori (2011)

Vikram et al. (2005)

Suh et al. (2003)

Lau et al. (2000)

Avila and Silva (1999)

Barreiro et al. (1997)

Reference

a

Value estimated by Eq. 11 or 12

HLF heat labile fraction; HRF heat resistance fraction; BI browning index, A510/A420; BI* browning index, A420; BI** [100(X−0.31)]/0.172, X=(a+1.75L)/(5.645L+a−3.012b)

TCD

BI**

L
a
TCD

BI

L

BI*

−2

94

12.9×10−3T=110 °C

Zero order

TCD

21.7a
25.7a

–
1,097 T=110 °C
378T=110 °C

129
109

2.1×10−3T=110 °C
6.1×10−3T=110 °C

First order

–
99

0.1T=85 °C

L
b

–

–
111

0.2T=85 °C

–
–

–

3.1×10−3T=121 °C
0.1T=85 °C
0.1T=85 °C

–
–

–

88
74

–
12.3
18.4

81

4T=90 °C
4T=90 °C

–

–
45.2a
44.4a

1.2×10−3T=121 °C
3.8×10−4T=121 °C

31

6.7×10−4T=90 °C pH=2.0

350T=84 °C
339T=84 °C

1.2×10−3T=100 °C

54
55

6.4×10−3T=84 °C (Bud)
6.8×10−3T=84 °C (Butt)

–

–

–

80
53

119

0.6T=90 °C
0.6T=90 °C

106

TCD

Fractional first order

Zero order

Fractional first order

First order

Zero order

First order

Fractional first order

–
28.0a
27.5a

–
794T=122.5 °C
576T=122.5 °C

29.8a

62.4a

–
–

z (°C)

1,735T=85 °C

245T=85 °C

–
–

D (min)

b

TCD
L
a

L
b

a

a×b

BI

a

TCD

0.0T=122.5 °C

107
109

First order

8.5×10−3T=122.5 °C

43

0.2T=85 °C
2.9×10−3T=122.5 °C
4.0×10−3T=122.5 °C

TCD

Zero order

86

b
L
b

41

48
24

7.7×10−3T=85 °C (HLF)
1.1×10−3T=85 °C (HRF)
1.3×10−3T=85 °C

First order

a

Ea (kJ mol−1)

k (min−1)

Kinetic parameters

9.4×10−3T=85 °C

Biphasic first order

Kinetic model

L

Color parameter

348

Seedless guava
(Psidium guajava L.)

Heating methods

Product

Table 1 Published kinetic parameters for the thermal degradation of color of different products
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remains the most commonly used technology for inactivating
microorganisms and enzymes in food industry (Oms-Oliu
et al. 2012). On the other hand, thermal treatments of industrial concerns had little adverse or even positive effects on
these active compounds. Czerwonka et al. (2014) reported that
the process of roasting and grilling had little effect on the
vitamin B12 content in the final product as compared to the
raw meat. It is also reported that availability of active compounds may increase after thermal treatments, and thus, the
industrial process may enhance nutritional levels, such as
increases β-carotene content in the heated ivy gourd and
amaranth (Sungpuag et al. 1999), which could be interesting
to develop thermal release kinetics of active compounds.
However, heat processing under extreme conditions may
cause chemical or physical changes and reduce the content
or bioavailability of some bioactive compounds (Rawson
et al. 2011). Table 2 presents kinetic data for health-related
compounds and functions of foods in thermal processing.
Similar to the color degradation, the first-order kinetic model
is commonly used to study the kinetics of changes in these
compounds. Some data fit well to the classical first-order
models, but the second-order reaction model is well used for
the decay of thiamin of salmon during high temperature
thermal processes (Kong et al. 2007). Hadjal et al. (2013) also
reported that a second-order model best fitted the thermal
degradation curves of lutein of blood orange juice over a
temperature range of 45–90 °C. Harbourne et al. (2008)
investigated thermal degradation of blackcurrant anthocyanins in a model juice system over 4–140 °C. They suggested
pseudo-first-order reaction kinetics for anthocyanin degradation. Zanoni et al. (2003) reported that the antioxidant activity
of hydrophilic extract followed a pseudo-zero-order reaction
during thermal sterilization. The biphasic first-order and fractional conversion models are also found to be suitable for
thermal degradation of health-related compounds and functions (Hiwilepo-van Hal et al. 2012; Jaiswal et al. 2012; Vieira
et al. 2000).
Texture
Texture can be characterized as a series of physical characteristics that arise from the composition and structure of the food,
sensed by the feeling of mouth or some other parts of the body.
It measures forces required for certain levels of deformation,
disintegration, or flow of the food (Bourne 2002). Compression and puncture tests are the two most common methods to
measure food texture properties. They are often conducted
using a texture analyzer or an Instron testing machine (Chen
and Opara 2013). Hardness, springness, and firmness have
been most used in quantifying kinetics of texture thermal
degradation, especially for firmness, which is best related to
the thermal softening of food of plant origin (Jaiswal et al.
2012; Lau et al. 2000; Nisha et al. 2006). Limited information
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is available on texture kenitics for food of animal origin.
Ovissipour et al. (2013) reported that the compression force
of whole mussel during thermal pasteurization follows zeroorder kinetic model. Kong et al. (2007) and Brookmire et al.
(2013) reported that the shear force of salmon fillets during
thermal processing follows first-order kinetic model. Other
kinetic models, such as biphasic first-order model, fractional
conversion model, and Weibull-log-logistic model, also fit
well to the thermal degradation of texture (De Roeck et al.
2010; Ko et al. 2007; Vu et al. 2004; Yu et al. 2011). Table 3
summarizes kinetic modeling of texture changes of foods
during thermal processing.
Special Kinetic Models
A majority of kinetic models used for food quality changes
during thermal processing employ simple and traditional zeroor first- and second-order kinetics. But, Hiwilepo-van Hal
et al. (2012) reported that a simple first-order model was
inadequate to describe the thermal degradation of vitamin C
in some tropical fruit because of the occurrence of biphasic
behaviors. Similar observations are about of the biphasic
behaviors in the texture degradation during thermal processing (Ko et al. 2007). Several alternative models have been
proposed to improve description of thermal degradations.
Those models include the biphasic first-order kinetic model
and Weibull-log-logistic model, which will also be discussed
in detail below.
The biphasic model is proposed by Liing and Lund (1978)
to describe the inactivation thermal kinetics of an enzyme
system formed by heat labile and resistant fractions, both with
first-order inactivation kinetics as follows:
P ¼ P01 e ‐ k 1 t þ P02 e ‐ k 2 t

ð15Þ

where indexes 1 and 2 are indicative quality properties for heat
labile and resistant fractions, respectively. When plotting the
logarithm of the quality property against time, a dual mechanism first-order kinetic model reveals a linear relationship
with a steep slope for heat labile fractions followed by another
linear function with a shallow slope for heat-resistant fractions. The rate constant and activation energy are calculated
separately for each mechanism. For example, Barreiro et al.
(1997) suggested that several reactions leading to the color
changes of foods can take place simultaneously. Those reactions can be parallel or sequential; their contributions to the
overall color changes vary, depending on the quality attributes
in questions.
Instead of using an absolute measurement value to
indicate quality changes, the concept of fractional conversion is commonly used in chemical engineering. It measures the extent of a reaction as an indication of quality
change (Hill 1977; Levenspiel 1999). When using the

Test tubes in water bath
Water bath

Cabbage (Brassica
oleracea capitata)

Batch-sterilization plant

Mulberry fruit extract

Tomato puree

Fractional first order

Zero order

Pseudo-zero order

Fractional first order

First order

Pseudo-first order

Second order

First order

Second-order
Weibull
First order

Biphasic first order

43 T=120 °C
2T=160 °C
32T=120 °C

92
44
73
12
9
149
82
41
22
9

4.2×10−1T=90 °C
3.5×10−1T=90 °C
1.9×10−2T=95 °C
2.2×10−2T=90 °C pH=2.0
0.38T=90 °C pH=4.0
3.5×10−1T=90 °C (DPPH)
3.0×10−1T=90 °C (FRAP)

–
–
–
–

–
–

–

112T=110 °C

–
75

73

–

c

b

a

Heat resistance fraction of texture

Heat labile fraction of texture

Value estimated by Eq. 11 or 12

–
–
–
–

–
–

–

Jimenez et al. (2010)

–
–
47.9

Jaiswal et al. (2012)

Suh et al. (2003)

Zanoni et al. (2003)

Jaiswal et al. (2012)

Nayak et al. (2011)

Verbeyst et al. (2011)

Harbourne et al.
(2008)

Hadjal et al. (2013)

Dhuique-Mayer
et al. (2007)

Nguyen et al. (2003)

Kong et al. (2007)

Hiwilepo-van Hal
et al. (2012)

Dhuique-Mayer
et al. (2007)

Vikram et al. (2005)

Vieira et al. (2000)

Reference

37.4

–

–

22.9a

–
–
–

–
Tc (°C)=165
2,214T=120 °C

435T=90 °C

–
–

24.4
64.0

–
36.7a
20.7
19.2

z (°C)

–
–

13T=100 °C
1,212T=80 °C

–
177T=80 °C
15T=90 °C
46 T=100 °C

D (min)

2.06×10−2 T=110 °C cyanidin
3-sophoroside
5.4×10−2 T=120 °C
1.2 T=160 °C
7.1×10−2 T=120 °C

3.5×10
T=60 °C

65

3.0×10−3T=67.5 °C lutein
−4

110

58
190

1.2×10−1T=100 °Cb
5.3×10−5 T=100 °Cc

5.3×10−3 T=90 °C β-carotene

40
36

1.8×10−1T=90 °C
1.9×10−3T=80 °C

105
k=0.078(°C−1)
52

74
65
47
65

3.2×10−2T=80 °C (AA)
1.3×10−2T=80 °C (DHAA)
1.6×10−1T=90 °C
5.0×10−2 T=100 °C

0.1 T=121 °C
b(121 °C)=32.6 min−n
1.0×10−3 T=120 °C

Ea (kJ mol−1)

k (min−1)

Kinetic parameters

AA ascorbic acid; DHAA dehydroascorbic acid; FRAP ferric reducing ability power; DPPH 2,2-diphenyl-1-picrylhydrazyl free radical scavenging capacity

Antioxidant
activity

Total flavonoid

Hermetically sealed test
cell in oil baths
TKT cell in oil bath

Reconstituted
blackberry juice
Purple potato
Water bath

Test tubes in oil bath

Raspberries

Cabbage (Brassica
oleracea capitata)

Capped Pyrex tubes in
water bath

Sealed Pyrex tubes in oil bath

Sealed Pyrex tubes in
water bath

TKT cell in oil bath

Blackcurrant juices

Blood orange juice

Pink salmon (Oncorhync
husgorbuscha)
Folic acid dissolving
in sodium borate
(0.05 M, pH 9.22)
Citrus juice

Capped steel tubes in
heating block

First order

Fractional first order
First order
First order

Kinetic model
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Total phenolic

Anthocyanin

Carotenoids

Folic acid

Thiamin

Guava pulp

Citrus juice

Ohmic heating
Microwave heating

Orange juice
Water bath
Sealed Pyrex tubes in oil bath

TDT tubes in water bath

Cupuacu nectar

Vitamin C

Heating methods

Product

Nutrient

Table 2 Published kinetic parameters for the thermal degradation of health-related compounds and functions of different products
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fractional conversion model, the quality index, f, is defined as (Rizvi and Tong 1997):
f ¼

P0 −Pt
P0 −P∞

ð16Þ

where P0 is the initial quality property of the food, Pt is the
quality property after a certain treated time t, and P∞ is the
final quality property at the non-zero equilibrium value. For a
first-order reaction, substituting the index f into Eq. 3 and
taking natural log yields the following:
lnð1−f Þ ¼ ln

Pt −P∞
¼ −kt
P0 −P∞

ð17Þ

However, the P∞ for an irreversible reaction would be zero
when the reaction is completed, and the quality property as a
function of time can be simplified as follows:
Pt
lnð1−f Þ ¼ ln ¼ −kt
P0

ð18Þ

P∞ may be only approximated to zero for some quality
indices, such as the concentration of bioactive compounds,
antioxidant capacity, and color of foods after high temperature
treatments. But for texture, P∞ may also have non-zero characteristic values after thermal processing. For example, while
most vegetables and fruits are significantly softened after
prolonged heating, they retain small but some measurable
firmness (Peng et al. 2014). It may be one of the main reasons
why the texture degradation under prolonged heating is better
characterized by the fractional conversion model than the
biphasic model. Rizvi and Tong (1997) suggested that the
first-order kinetic model used for some published texture
degradation studies might be acceptable while a relatively
short heating time was applied before softening.
The Weibull model is developed initially to describe the
failure of a given system subjected to stress conditions
over time. The cumulative form of the Weibull distribution
function (Van Boekel 2002) can be described mathematically as follows:
ln

P
¼ −bðT Þt n ðT Þ
P0

ð19Þ

where b(T) and n(T) are temperature-dependent coefficients. n(T) is the “shape factor,” and the reciprocal of
b(T) is the “location factor.” When n<1, the isothermal
semi-logarithmic curve has an upper concavity, and when
n>1, the curve shows a downward concavity. The loglinear or first-order kinetics is, in fact, a case when n=1;
therefore, the Weibull model offers great flexibility for
biological systems (Corradini and Peleg 2006).

b(T) can be described by the log-logistic model, which has
been proposed as an alternative temperature-dependent model
for the Weibull model when the data do not follow the fixedorder kinetics. The log-logistic model could also be used to
describe food systems (Barsa et al. 2012; Bermudez-Aguirre
and Corradini 2012) and written in the following form:
bðT Þ ¼ logef1þexp ½cðT −T c Þg

ð20Þ

where c is a constant and Tc refers to the temperature range
where b(T) starts to rise.
Fractional conversion technique can also be employed in
Weibull models to improve the model accuracy, which can be
written as follows:
lnð1−f Þ ¼ ln

Pt −P∞
¼ −bðT Þt
P0 −P∞

ð21Þ

Weibull distribution function describes well the non-linear
microorganism inactivation after non-thermal processing
(Peleg and Cole 1998). It has recently been used to describe
enzymatic and chemical degradation kinetics. For example,
Corradini and Peleg (2004, 2006) reported that the Weibull
model was useful for describing the thermal degradation of
heat labile vitamins and pigments. Kong et al. (2007) demonstrated that the Weibull-log-logistic model was effective in
quantifying the isothermal decay of thiamin in salmon fillets.
Yu et al. (2011) used the Weibull-log-logistic model as a
preferred model for litchi texture as compared to the firstorder Arrhenius model.
Each quality attribute may react differently to various temperature ranges. If any attribute becomes unacceptable to the
consumer, the treated food loses its market value. All quality
attributes of food must be considered in developing quality
kinetic curves. For example, stem color, fruit appearance and
firmness, total solid soluble content, and titratable acidity are
the major quality attributes that must be factored into the
quality kinetic curve when developing a treatment for fresh
vegetables (Lau et al. 2000). Sugar caramelization, starch
gelatinization, and protein denaturation are changed during
bread baking (Earle and Earle 2003), suggesting that the
possible reactions in parallel should be taken into account in
thermal processing.

Applications of Kinetic Data
The important value of kinetic models is to predict quality
changes and optimize thermal processes. For the prediction purpose, we can use Eqs. 7 and 8 to estimate the rate
constant of quality changes at different temperatures.
When combining the Arrhenius relationship with the
zero- or first-order kinetic model, one may obtain the

TKT cell in oil bath

TKT cell in oil bath

Water bath

Water bath

Stainless steel tubes
in oil bath

Water bath

Water bath

Whole blue mussel

Pumpkin
(Cucurbita maxima L.)

Winter mushrooms
(Flammulina velutipes)

Carrot (Daucus
carota var. Nerac)

Litchi

Cabbage (Brassica
oleracea capitata)

c

b

Heat resistance fraction of texture

Heat labile fraction of texture

Value estimated by Eq. 11 or 12

Shear force

Water bath

Potato cubes (Solanum
tuberosum L.)
Green gram
(Vigna radiate L.)
Pink salmon

Firmness

Firmness

Hardness

Fracturability

Springiness

Hardness

Firmness
Energy

Compression
force

Hardness

First order
Fractional first order
Weibull-log-logistic
Fractional Weibull
First order

Fractional first
order

Biphasic first
order

Fractional first
order

Zero order

First order

First order

Fractional first
order

First order

Kinetic model

15
10
8
16
18
22
152
59
80
k=0.26 (°C−1)
k=0.19 (°C−1)
34

2.7×10−1T=100 °C Capb
1.4×10−2T=100 °C Capc
1.5×10−1T=100 °C Capb
7.7T=100 °C Capc
2.9×10−1T=100 °C Stipesb
7.4×10−2T=100 °C Stipesc
3.0×10−1T=100 °C
5.4×10−3T=90 °C
1.5×10−2T=90 °C
b(90 °C)=2.7×10−2 min−n
b(90 °C)=8.7×10−3 min−n
9×10−2T=90 °C

–
–
Tc(°C)=105
Tc(°C)=113
26T=90 °C

15T=100 °C Capb
0T=100 °C Capc
8T=100 °C Stipesb
31T=100 °C Stipesc
–

9T=100 °C Capb
165T=100 °C Capc

–
–

R2 =0.920
R2 =0.996
R2 =0.999
R2 =0.999
74.6a

4.3
0.0
0.1
83.3
–

0.1
0.2

–
–

–
72
102

–

1,001T=121 °C

76

3.9×10−1T=85 °C
1.8×10−1T=85 °C

39.1a

121T=111 °C

28.1a

338.0a

100

65

7

3.3×10−2T=90 °C
1.9×10−2T=111 °C
(rapid tenderization)
2.3×10−3T=121 °C
(slow toughening)
2.6×10−2T=90 °C

26T=90 °C

9

70T=90 °C

–

–

99

256.0a

99.6a
99.6a
104.0a
–

z (°C)

143
100
85
–

D (min)

25
25
24
118

Ea (kJ mol−1)

1.6×10−2T=84 °C (butt)
2.3×10−2T=84 °C (middle)
2.7×10−2T=84 °C (bud)
1.5×10−1T=95 °C
(without preheating)
7.0×10−2T=100 °C
(preheating 60 °C 30 min)
8.9×10−2T=90 °C

k (min−1)

Kinetic parameters

Jaiswal et al. (2012)

Yu et al. (2011)

De Roeck et al.
(2010)

Ko et al. (2007)

Goncalves et al.
(2007)

Ovissipour et al.
(2013)

Kong et al. (2007)

Nisha et al. (2006)

Vu et al. (2004)

Lau et al. (2000)

Reference
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a

The force resisting
the probe

Water bath (≤95 °C)
and oil bath
(≥95 °C)

Carrots (Daucus
carota L.)

Shear stress

Water baths

Green asparagus

Texture parameter

Heating methods

Product

Table 3 Published kinetic parameters for the thermal degradation of texture of different products
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equations that directly relate quality properties to heating
time at various temperatures:
Zero order under isotherm conditions : P ¼ P0 −tk 0 e−Ea=RT

ð22Þ
Z

0

t

k 0 e−Ea=RT ðtÞ dt

Zero order under transient conditions : P ¼ P0 −
0

ð23Þ
First order under isotherm conditions : ln

P
¼ −tk 0 e−Ea=RT
P0

ð24Þ
First order under transient conditions : ln

P
¼−
P0

Z

t

k 0 e−Ea=RT ðtÞ dt

0

ð25Þ
The activation energy is 63–126, 209–418, and 8–63 kJ/
mole for a food quality loss, microbial inactivation, and enzymatic reactions or oxidation reactions, respectively (Nelson
2010). If we assume that the activation energy for food quality
loss and microbial inactivation is 90 and 300 kJ/mole, respectively, for a temperature increase of 20 °C to 121 °C
(394.12 K), the change in reaction rates is estimated as follows
using the Arrhenius relationship (Eq. 7):
901;000

ð141−121Þ
Quality loss : k 141o C ¼ k 121o C e 8:314394:12414:12

¼ 3:77  k 121o C

ð26Þ
3001;000

Microbial inactivation : k 141o C ¼ k 121o C e 8:314394:12414:12
¼ 83:2



established, and then, the sterilizing value (F0, min) and cook
values (C, min) are calculated below (Hansen et al. 2004;
Wang et al. 2003).
h
i
T −T ref
Z t
zM
F0 ¼
dt
ð28Þ
10

ð141−121Þ

k 121o C
ð27Þ

Thus, for 20 °C increase from 121 °C, the rate of quality
loss increases by 3.77 times, while the rate for microbial
inactivation increases 83.2 times. When a thermal process is
designed at 141 °C to deliver the same lethality to microorganism at 121 °C, the holding time can be reduced by a factor
of 83.2, and the quality loss can be reduced by a factor of 83.2/
3.77=22.1 during holding periods. Figure 2 illustrates this
difference in temperature sensitivity between microbial control and quality loss and demonstrates the advantage of hightemperature short-time heating (HTST) or ultra-hightemperature treatment (UHT).
Total quality loss and microbial or enzyme inactivation are
dependent on the cumulative thermal exposure during the
course of the non-isothermal treatment. From the z-value
and the time-temperature data recorded from the samples
during heating, the cumulated lethal time model can be

where Tref is a reference temperature and commonly used at
121.1 °C. F0 indicates the cumulative thermal effect on microbial reduction in a thermal process. A z-value of 10 °C is
used for Clostridium botulinum spores. F0 for commercial
sterilization of canned foods ranges from 2 to 15 min, but
most commercial processes are designed for a F0 of less or
equal to 6 min (Stumbo 1973; FDA 2000).
h
i
T −T ref
Z t
zQ
dt
ð29Þ
C¼
10
0

where zQ and Tref represent the z-value and reference temperature, respectively, for the most heat labile components. Generally, the reference cook value is characterized by zQ =
33.1 °C and Tref =100 °C. The cook value, C100, relates the
quality loss during a high-temperature thermal process to an
equivalent cooking process at 100 °C (Lund 1977).
From the temperature-time history (heat penetration profile), one can calculate heating time required to obtain a target
pasteurization unit (PU). Figure 3 illustrates a typical
temperature-time history for RF heated meat products compared to the temperature-time profile for a steam-cooked
sample heated at 80 °C. When the similar lethality to microorganism is achieved both by steam (PU=3389) and RF (PU=
3393) heating, a significant reduction in cooking time (110 vs.
30 min) and quality loss (C100 =6.445 vs. 1.582) could be
achieved using steam heating compared with RF heating
(Zhang et al. 2004). The similar results on F0 and C100 have
been reported in RF-treated macaroni and cheese (Wang et al.

Fig. 2 The ultra-high-temperature treatment (UHT) region characterized
by temperature-time combinations

Author's personal copy
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Fig. 3 Temperature-time, cook value (C100 =∑10^((T−100/33)Δt), and pasteurization unit value (PU=∑10^((T−60/5.5)Δt) profile for RF and steamcooked meat products (Zhang et al. 2004)

2003). Microwave-processed beef demonstrates that the cook
value C100 gained in the MW process is about 60 % of that
gained in the retort process when achieving the same F0 =
8 min (Tang et al. 2008).

are inconvenient to guide thermal processing developments. Therefore, kinetic models of general food qualities
should be developed within a narrow temperature range
and over a limited time period specific to process conditions in question.

Suggestions for Future Research
Applications of Real Food in Kinetic Studies
Model foods are widely used for quality loss kinetic
studies since they are uniform, reliable, and easy to collect. The simplified or pure components in model foods
may help to obtain clear reaction results under special
experimental conditions. But, real foods are different from
model foods, since they contain complicated components,
resulting in complicated physical and chemical reactions
during thermal processing. The kinetic models developed
based on model foods could not be directly used to design
thermal processing protocols in industry applications. Especially, using novel heating technology, such as microwave or RF treatments, direct applications or guidance
based on the model food kinetics would result in
underestimated quality losses. Further research is needed
to make model foods more reliable and representative and
to develop the quantitative relationship for quality loss
kinetics between model foods and real ones.
General Kinetic Model Establishment for Quality Loss
Food quality loss kinetics is usually determined with a
single attribute of the food quality or selected representative quality indicators. However, consumers judge food
quality by the appearance, texture, and flavor. In addition,
the Maillard browning, thermal degradation of vitamins,
and thermal denaturation of proteins are common food
chemical reactions and follow some complicated kinetics
in different food systems. These special kinetic models

Applications of Food Quality Kinetics in Non-Isothermal
Conditions
Food quality kinetics is commonly developed using data
collected under isothermal conditions. In industrial heat treatment of foods, however, an actual process that includes
heating, holding, and cooling is non-isothermal. The general
solution is to calculate the accumulated microorganism inactivation and quality loss over the entire process time. For
special kinetic models, such as the complex biphasic models,
fractional conversion models, and Weibull distribution
models, further research is needed to quantify the quality
changes with these complex models and to guide the development of optimal thermal processes.
Exploring Pretreatments to Expand the Operational Treatment
Region
The optimal operational treatment region is very limited for
many heat-sensitive foods. Pretreatments can be used before
or during the formal thermal processing to reduce the heat
sensitivity and the reaction rate of the quality deterioration or
improve the enzyme reaction rate. For example, microwave or
RF treatments could be applied as preheating for blanching to
enhance the food quality tolerance to heat. Some mild heat
treatments at low temperatures could also be used as pretreatment to increase the food adaptation to heat, such as
preheating carrots in calcium solutions to reduce texture degradation in canning processes. Future extensive research
would be required for exploring different pretreatment steps
to improve the food quality.

Author's personal copy
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Applications of Non-linear Scientific Theories in Food
Quality Modeling
Since food processing, quality control, and component analysis are usually identified as non-linear and non-steady state
systems, traditional kinetic models may no longer be applicable to the actual situations. Artificial neural network (ANN)
and fuzzy logic (fuzzy Logic) methods would be applied in
quality kinetic studies for process optimization, control, and
prediction. Applications of the above method are very limited
in food science fields, and the non-linear modeling may be
able to provide more reliable predictions and control means
for complex food quality changes during thermal processing.

Conclusions
This review has shown that the step functional temperature
profile is required for food samples to achieve the isothermal
conditions in conducting TKTs. Significant progresses have
been made in developing quality loss kinetic models, from
commonly used zero- and first-order reaction models to sophisticated biphasic and Weibull ones. This study also demonstrates that using the kinetic models to estimate process
sterilizing value and cook value based on the measured
temperature-time history of the heated food leads to the conclusions that HTST processes are able to reduce food quality
degradation while achieving food safety. But, physical and
chemical reactions for the complex chemical compositions of
foods during thermal processing are complicated. Future researches should be focused on applying kinetic models to real
foods and non-isothermal conditions, optimizing food quality
modeling using non-linear scientific theories, establishing
general kinetic model for quality loss, and exploring pretreatments to increase the operational treatment region.
Acknowledgments This research was supported by grants from Ph.D.
Programs Foundation of Ministry of Education of China
(20120204110022) and the general program of the National Natural
Science Foundation of China (No. 31371853).

References
Adams, J. (1991). Review: enzyme inactivation during heat processing of
food-stuffs. International Journal of Food Science & Technology,
26(1), 1–20.
Ahmed, J., Shivhare, U. S., & Ramaswamy, H. S. (2002). A fraction
conversion kinetic model for thermal degradation of color in red
chilli puree and paste. LWT—Food Science and Technology, 35(6),
497–503.
Anthon, G. E., & Barrett, D. M. (2002). Kinetic parameters for the
thermal inactivation of quality-related enzymes in carrots and

355
potatoes. Journal of Agricultural and Food Chemistry, 50(14),
4119–4125.
Avila, I., & Silva, C. L. M. (1999). Modelling kinetics of thermal
degradation of colour in peach puree. Journal of Food
Engineering, 39(2), 161–166.
Awuah, G., Ramaswamy, H., & Economides, A. (2007). Thermal processing and quality: principles and overview. Chemical Engineering
and Processing: Process Intensification, 46(6), 584–602.
Barreiro, J. A., Milano, M., & Sandoval, A. J. (1997). Kinetics of colour
change of double concentrated tomato paste during thermal treatment. Journal of Food Engineering, 33(3–4), 359–371.
Barsa, C. S., Normand, M. D., & Peleg, M. (2012). On models of the
temperature effect on the rate of chemical reactions and biological
processes in foods. Food Engineering Reviews, 4(4), 191–202.
Beck, J.V. & Arnold, K.J. (1977). Parameter estimation in engineering
and science. New York: John Wiley & Sons, 495pp.
Bermudez-Aguirre, D., & Corradini, M. G. (2012). Inactivation kinetics
of Salmonella spp. under thermal and emerging treatments: a review.
Food Research International, 45(2), 700–712.
Bourne, M. (2002). Food texture and viscosity: concept and measurement. Elsevier Science.
Breda, C. A., Sanjinez-Argandoña, E. J., & Correia, C. A. C. (2012).
Shelf life of powdered Campomanesia adamantium pulp in controlled environments. Food Chemistry, 135(4), 2960–2964.
Brookmire, L., Mallikarjunan, P., Jahncke, M., & Grisso, R. (2013).
Optimum cooking conditions for shrimp and Atlantic salmon.
Journal of Food Science, 78(2), S303–S313.
Buransompob, A., Tang, J., Mao, R., & Swanson, B. G. (2003). Rancidity
of walnuts and almonds affected by short time heat treatments for
insect control. Journal of Food Processing and Preservation, 27(6),
445–464.
Chen, L., & Opara, U. L. (2013). Texture measurement approaches in
fresh and processed foods—a review. Food Research International,
51(2), 823–835.
Chung, H., Wang, S., & Tang, J. (2007). Influence of heat transfer in test
tubes on measured thermal inactivation parameters for Escherichia
coli. Journal of Food Protection, 70(4), 851–859.
Chung, H. J., Birla, S., & Tang, J. (2008). Performance evaluation of
aluminum test cell designed for determining the heat resistance of
bacterial spores in foods. LWT—Food Science and Technology,
41(8), 1351–1359.
Chutintrasri, B., & Noomhorm, A. (2007). Color degradation kinetics of
pineapple puree during thermal processing. LWT—Food Science
and Technology, 40(2), 300–306.
Corradini, M. G., & Peleg, M. (2004). A model of non-isothermal
degradation of nutrients, pigments and enzymes. Journal of the
Science of Food and Agriculture, 84(3), 217–226.
Corradini, M. G., & Peleg, M. (2006). Prediction of vitamins loss during
non-isothermal heat processes and storage with non-linear kinetic
models. Trends in Food Science & Technology, 17(1), 24–34.
Czerwonka, M., Szterk, A., & Waszkiewicz-Robak, B. (2014). Vitamin
B12 content in raw and cooked beef. Meat Science, 96(3), 1371–
1375.
De Roeck, A., Mols, J., Duvetter, T., Van Loey, A., & Hendrickx, M.
(2010). Carrot texture degradation kinetics and pectin changes during thermal versus high-pressure/high-temperature processing: a
comparative study. Food Chemistry, 120(4), 1104–1112.
Dhuique-Mayer, C., Tbatou, M., Carail, M., Caris-Veyrat, C., Dornier,
M., & Amiot, M. J. (2007). Thermal degradation of antioxidant
micronutrients in citrus juice: kinetics and newly formed compounds. Journal of Agricultural and Food Chemistry, 55(10),
4209–4216.
Dolan, K. D. (2003). Estimation of kinetic parameters for nonisothermal
food processes. Journal of Food Science, 68(3), 728–741.
Earle, R. L., & Earle, M. D. (2003). Fundamentals of food reaction
technology. Surrey: Leatherhead Food International Limited. 187pp.

Author's personal copy
356
Fante, L., & Noreña, C. P. Z. (2012). Enzyme inactivation kinetics and
colour changes in Garlic (Allium sativum L.) blanched under different conditions. Journal of Food Engineering, 108(3), 436–443.
FDA (2000). Kinetics of microbial inactivation for alternative food proc e s s i n g t e c h n o l o g i e s . h t t p : / / w w w. f d a . g o v / F o o d /
FoodScienceResearch/SafePracticesforFoodProcesses/ucm100158.
htm. Last accessed on May 2, 2014.
Fellows, P.J. (2009). Food processing technology: principles and practice,
Third Edition. Boca Raton: CRC Press, 895pp.
Fernandez-Lopez, J. A., Angosto, J. M., Gimenez, P. J., & Leon, G.
(2013). Thermal stability of selected natural red extracts used as
food colorants. Plant Foods for Human Nutrition, 68(1), 11–17.
Fu, B., & Labuza, T. P. (1993). Shelf-life prediction: theory and application. Food Control, 4(3), 125–133.
Fujikawa, H., & Itoh, T. (1998). Thermal inactivation analysis of
mesophiles using the Arrhenius and z-value models. Journal of
Food Protection, 61(7), 910–912.
Ganjloo, A., Rahman, R. A., Osman, A., Bakar, J., & Bimakr, M. (2011).
Kinetics of crude peroxidase inactivation and color changes of
thermally treated seedless guava (Psidium guajava L.). Food and
Bioprocess Technology, 4(8), 1442–1449.
Gao, M., Tang, J., Wang, Y., Powers, J., & Wang, S. (2010). Almond
quality as influenced by radio frequency heat treatments for disinfestation. Postharvest Biology and Technology, 58(3), 225–231.
Goncalves, E. M., Pinheiro, J., Abreu, M., Brandao, T. R. S., &
Silva, C. L. M. (2007). Modelling the kinetics of peroxidase
inactivation, colour and texture changes of pumpkin (Cucurbita
maxima L.) during blanching. Journal of Food Engineering,
81(4), 693–701.
Gondo, S., Sato, R., & Kusunoki, K. (1972). Iterative method of
correcting the effect of temperature changes on evaluating the rate
constant of the first order chemical reaction. Chemical Engineering
Science, 27, 1609–1611.
Goñi, S. M., & Salvadori, V. O. (2011). Kinetic modelling of colour
changes during beef roasting. Procedia Food Science, 1, 1039–
1044.
Hadjal, T., Dhuique-Mayer, C., Madani, K., Dornier, M., & Achir, N.
(2013). Thermal degradation kinetics of xanthophylls from blood
orange in model and real food systems. Food Chemistry, 138(4),
2442–2450.
Haefner, J.W. (2005). Modeling biological systems: principles and applications. New York: Springer, 463pp.
Hansen, J. D., Wang, S., & Tang, J. (2004). A cumulated lethal time
model to evaluate efficacy of heat treatments for codling moth Cydia
pomonella (L.) (Lepidoptera: Tortricidae) in cherries. Postharvest
Biology and Technology, 33(3), 309–317.
Harbourne, N., Jacquier, J. C., Morgan, D. J., & Lyng, J. G. (2008).
Determination of the degradation kinetics of anthocyanins in a
model juice system using isothermal and non-isothermal methods.
Food Chemistry, 111(1), 204–208.
Hill, C.G. (1977). An introduction to chemical engineering kinetics &
reactor design. New York: John Wiley & Sons, 584pp.
Hindra, F., & Baik, O. D. (2006). Kinetics of quality changes during food
frying. Critical Reviews in Food Science and Nutrition, 46(3), 239–
258.
Hiwilepo-van Hal, P., Bosschaart, C., van Twisk, C., Verkerk, R., &
Dekker, M. (2012). Kinetics of thermal degradation of vitamin C
in marula fruit (Sclerocarya birrea subsp. caffra) as compared to
other selected tropical fruits. LWT–Food Science and Technology,
49(2), 188–191.
Holdsworth, D. & Simpson, R. (2008). Thermal processing of packaged
foods. London: Blackie Academic and Professional, 427 pp.
IFT (2003). Kinetic models for microbial survival during processing. http:// www.i ft .org /Knowledge-Center/R ead-IFTPublications/Science-Reports/Research-Summits/KineticModels.aspx. Last accessed on June 20, 2014.

Food Bioprocess Technol (2015) 8:343–358
Jaiswal, A. K., Gupta, S., & Abu-Ghannam, N. (2012). Kinetic evaluation
of colour, texture, polyphenols and antioxidant capacity of Irish York
cabbage after blanching treatment. Food Chemistry, 131(1), 63–72.
Jimenez, N., Bohuon, P., Lima, J., Dornier, M., Vaillant, F., & Perez, M.
(2010). Kinetics of anthocyanin degradation and browning in
reconstituted blackberry juice treated at high temperatures (100–
180 degrees C). Journal of Agricultural and Food Chemistry,
58(4), 2314–2322.
Jin, T., Zhang, H., Boyd, G., & Tang, J. M. (2008). Thermal resistance of
Salmonella enteritidis and Escherichia coli K12 in liquid egg determined by thermal-death-time disks. Journal of Food Engineering,
84(4), 608–614.
Jonsson, U., Snygg, B. G., HäNulv, B. G., & Zachrisson, T. (1977).
Testing two models for the temperature dependence of the heat
inactivation rate of Bacillus stearothermophilus spores. Journal of
Food Science, 42(5), 1251–1252.
Kechinski, C. P., Guimaraes, P. V. R., Norena, C. P. Z., Tessaro, I. C., &
Marczak, L. D. F. (2010). Degradation kinetics of anthocyanin in
blueberry juice during thermal treatment. Journal of Food Science,
75(2), C173–C176.
Knights, M. (2013). Microwave sterilization for packaged meals. Food
Engineering, 10, 159–160.
Ko, W. C., Liu, W. C., Tsang, Y. T., & Hsieh, C. W. (2007). Kinetics of
winter mushrooms (Flammulina velutipes) microstructure and quality changes during thermal processing. Journal of Food
Engineering, 81(3), 587–598.
Kong, F. B., Tang, J. M., Rasco, B., & Crapo, C. (2007). Kinetics of
salmon quality changes during thermal processing. Journal of Food
Engineering, 83(4), 510–520.
Kong, F., Tang, J., Lin, M., & Rasco, B. (2008). Thermal effects on
chicken and salmon muscles: tenderness, cook loss, area shrinkage,
collagen solubility and microstructure. LWT - Food Science and
Technology, 41, 1210–1222.
Labuza, T. P. (1984). Application of chemical kinetics to deterioration of
foods. Journal of Chemical Education, 61(4), 348.
Lau, M. H., Tang, J., & Swanson, B. G. (2000). Kinetics of textural and
color changes in green asparagus during thermal treatments. Journal
of Food Engineering, 45(4), 231–236.
Lemmens, L., Colle, I. J. P., Van Buggenhout, S., Van Loey, A. M., &
Hendrickx, M. E. (2011). Quantifying the influence of thermal
process parameters on in vitro beta-carotene bioaccessibility: a case
study on carrots. Journal of Agricultural and Food Chemistry,
59(7), 3162–3167.
Levenspiel, O. (1999). Chemical reaction engineering. New York: John
Wiley & Sons, 665pp.
Liaotrakoon, W., Clercq, N., Hoed, V., Walle, D., Lewille, B., &
Dewettinck, K. (2013). Impact of thermal teatment on physicochemical, antioxidative and rheological properties of white-flesh and redflesh dragon fruit (Hylocereus spp.) purees. Food and Bioprocess
Technology, 6(2), 416–430.
Liing, A. C., & Lund, D. B. (1978). Determining kinetic parameters for
thermal inactivation of heat resistant and heat-labile isozymes from
thermal destruction curves. Journal of Food Science, 43(4), 1307–1310.
Lima, J. R., Elizondo, N. J., & Bohuon, P. (2010). Kinetics of ascorbic
acid degradation and colour change in ground cashew apples treated
at high temperatures (100–180°C). International Journal of Food
Science & Technology, 45(8), 1724–1731.
Liu, Y., Tang, J., Mao, Z., Mah, J.-H., Jiao, S., & Wang, S. (2011). Quality
and mold control of enriched white bread by combined radio frequency and hot air treatment. Journal of Food Engineering, 104(4),
492–498.
Lund, D. B. (1977). Design of thermal processes for minimizing nutrient
retention. Food Technology, 71–78.
Marra, F., Zhang, L., & Lyng, J. G. (2009). Radio frequency treatment of
foods: review of recent advances. Journal of Food Engineering,
91(4), 497–508.

Author's personal copy
Food Bioprocess Technol (2015) 8:343–358
Nayak, B., Berrios, J. D. J., Powers, J. R., & Tang, J. M. (2011). Thermal
degradation of anthocyanins from purple potato (cv. Purple Majesty)
and impact on antioxidant capacity. Journal of Agricultural and
Food Chemistry, 59(20), 11040–11049.
Nelson, P.E. (2010). Principles of aseptic processing and packaging.
Purdue University Press.
Nguyen, M. T., Indrawati, & Hendrickx, M. (2003). Model studies on the
stability of folic acid and 5-methyltetrahydrofolic acid degradation
during thermal treatment in combination with high hydrostatic pressure. Journal of Agricultural and Food Chemistry, 51(11), 3352–
3357.
Nisha, P., Singhal, R. S., & Pandit, A. B. (2006). Kinetic modelling of
texture development in potato cubes (Solanum tuberosum L.), green
gram whole (Vigna radiate L.) and red gram splits (Cajanus cajan
L.). Journal of Food Engineering, 76(4), 524–530.
Nisha, P., Singhal, R., & Pandit, A. (2011). Kinetic modelling of colour
degradation in tomato puree (Lycopersicon esculentum L.). Food
and Bioprocess Technology, 4(5), 781–787.
Oms-Oliu, G., Odriozola-Serrano, I., Soliva-Fortuny, R., Elez-Martínez,
P., & Martín-Belloso, O. (2012). Stability of health-related compounds in plant foods through the application of non thermal processes. Trends in Food Science & Technology, 23(2), 111–123.
Ovissipour, M., Rasco, B., Tang, J., & Sablani, S. S. (2013).
Kinetics of quality changes in whole blue mussel (Mytilus
edulis) during pasteurization. Food Research International,
53(1), 141–148.
Pathare, P. B., Opara, U. L., & Al-Said, F. A. (2013). Colour measurement
and analysis in fresh and processed foods: a review. Food and
Bioprocess Technology, 6(1), 36–60.
Peleg, M., & Cole, M. B. (1998). Reinterpretation of microbial survival
curves. Critical Reviews in Food Science, 38(5), 353–380.
Peleg, M., Normand, M. D., & Corradini, M. G. (2012). The Arrhenius
equation revisited. Critical Reviews in Food Science and Nutrition,
52(9), 830–851.
Peng, J., Tang, J., Barrett, D. M., Sablani, S. S., & Powers, J. R. (2014).
Kinetics of carrot texture degradation under pasteurization conditions. Journal of Food Engineering, 122, 84–91.
Pereira, R., Martins, R., & Vicente, A. (2008). Goat milk free fatty acid
characterization during conventional and ohmic heating pasteurization. Journal of Dairy Science, 91(8), 2925–2937.
Ramaswamy, H., Fvd, V., & Ghazala, S. (1989). An analysis of TDT and
Arrhenius methods for handling process and kinetic data. Journal of
Food Science, 54(5), 1322–1326.
Rawson, A., Patras, A., Tiwari, B. K., Noci, F., Koutchma, T., & Brunton,
N. (2011). Effect of thermal and non thermal processing technologies on the bioactive content of exotic fruits and their products:
review of recent advances. Food Research International, 44(7),
1875–1887.
Riva, M., & Torri, L. (2009). Pineapple shelf life evaluation using an
electronic nose. Italian Journal of Food Science, 21, 242–246.
Rizvi, A. F., & Tong, C. H. (1997). Fractional conversion for determining
texture degradation kinetics of vegetables. Journal of Food Science,
62(1), 1–7.
Rudra, S. G., Sarkar, B. C., & Shivhare, U. S. (2008). Thermal degradation kinetics of chlorophyll in pureed coriander leaves. Food and
Bioprocess Technology, 1(1), 91–99.
Saguy, I., Kopelman, I. J., & Mizrahi, S. (1978). Simulation of ascorbic
acid stability during heat processing and concentration of grapefruit
juice. Journal of Food Process Engineering, 2(3), 213–225.
Simpson, R. (2010). Engineering aspects of thermal food processing.
Boca Raton: CRC Press, 522 pp.
Skrede, G. (1985). Color quality of blackcurrant syrups during storage
evaluated by hunter L', a', b'values. Journal of Food Science, 50(2),
514–517.
Song, J. Y., An, G. H., & Kim, C. J. (2003). Color, texture, nutrient
contents, and sensory values of vegetable soybeans [Glycine max

357
(L.) Merrill] as affected by blanching. Food Chemistry, 83(1), 69–
74.
Steinfeld, J.I., Francisco, J.S. & Hase, W.L. (1998). Chemical kinetics and
dynamics. Upper Saddle River: Prentice Hall, 560pp.
Stoforos, N. G. (1995). Thermal process design. Food Control, 6(2), 81–
94.
Stumbo, C.R. (1973) Thermobacteriology in food processing. New York:
Academic Press, 327pp.
Suh, H. J., Noh, D. O., Kang, C. S., Kim, J. M., & Lee, S. W. (2003).
Thermal kinetics of color degradation of mulberry fruit extract.
Food / Nahrung, 47(2), 132–135.
Sungpuag, P., Tangchitpianvit, S., Chittchang, U., & Wasantwisut, E.
(1999). Retinol and beta carotene content of indigenous raw and
home-prepared foods in Northeast Thailand. Food Chemistry, 64(2),
163–167.
Swinbourne, E.S. (1971) Analysis of kinetic data. London: Nelson,
125pp.
Tang, J., Feng, H., & Lau, M. (2002). Microwave heating in food processing. In X. Young & J. Tang (Eds.), Advances in bioprocessing
engineering (pp. 1–43). New Jersey: World Scientific Publisher.
Tang, Z., Mikhaylenko, G., Liu, F., Mah, J. H., Tang, J., Pandit, R., &
Younce, F. (2008). Microwave sterilization of sliced beef in gravy in
7-Oz trays. Journal of Food Engineering, 89(4), 375–383.
Theodore, L., Saguy, I.S. & Petros, T. (1997). Kinetics of food deterioration and shelf-life prediction. In: Handbook of food engineering
practice. New York: CRC Press.
Van Boekel, M. A. J. S. (1996). Statistical aspects of kinetic modeling for food science problems. Journal of Food Science, 61(3),
477–486.
Van Boekel, M. A. J. S. (2002). On the use of the Weibull model to
describe thermal inactivation of microbial vegetative cells.
International Journal of Food Microbiology, 74(1–2), 139–159.
Van Boekel, M. A. J. S. (2008). Kinetic modeling of food quality: a
critical review. Comprehensive Reviews in Food Science and Food
Safety, 7(1), 144–158.
Van Loey, A., Fransis, A., Hendrickx, M., Maesmans, G., & Tobback, P.
(1995). Kinetics of quality changes of green peas and white beans
during thermal processing. Journal of Food Engineering, 24(3),
361–377.
Verbeyst, L., Oey, I., Van der Plancken, I., Hendrickx, M., & Van
Loey, A. (2010). Kinetic study on the thermal and pressure
degradation of anthocyanins in strawberries. Food Chemistry,
123(2), 269–274.
Verbeyst, L., Van Crombruggen, K., Van der Plancken, I., Hendrickx, M.,
& Van Loey, A. (2011). Anthocyanin degradation kinetics during
thermal and high pressure treatments of raspberries. Journal of Food
Engineering, 105(3), 513–521.
Vieira, M. C., Teixeira, A. A., & Silva, C. L. M. (2000). Mathematical
modeling of the thermal degradation kinetics of vitamin C in
cupuaçu (Theobroma grandiflorum) nectar. Journal of Food
Engineering, 43(1), 1–7.
Vikram, V. B., Ramesh, M. N., & Prapulla, S. G. (2005). Thermal
degradation kinetics of nutrients in orange juice heated by electromagnetic and conventional methods. Journal of Food Engineering,
69(1), 31–40.
Vu, T. S., Smout, C., Sila, D. N., LyNguyen, B., Van Loey, A. M. L., &
Hendrickx, M. E. G. (2004). Effect of preheating on thermal degradation kinetics of carrot texture. Innovative Food Science &
Emerging Technologies, 5(1), 37–44.
Wang, Y., Wig, T., Tang, J., & Hallberg, L. (2003). Sterilization of
foodstuffs using radio frequency heating. Journal of Food Science,
68(2), 539–544.
Wang, S., Tang, J., Sun, T., Mitcham, E. J., Koral, T., & Birla, S. L.
(2006). Considerations in design of commercial radio frequency
treatments for postharvest pest control in in-shell walnuts. Journal
of Food Engineering, 77(2), 304–312.

Author's personal copy
358
Wang, J., Luechapattanaporn, K., Wang, Y., & Tang, J. (2012). Radiofrequency heating of heterogeneous food—meat lasagna. Journal of
Food Engineering, 108(1), 183–193.
Wedzicha, B. L., Goddard, S. J., & Zeb, A. (1993). Approach to the
design of model systems for food additive-food component interactions. Food Chemistry, 47(2), 129–132.
Wen, T. N., Prasad, K. N., Yang, B., & Ismail, A. (2010). Bioactive
substance contents and antioxidant capacity of raw and blanched
vegetables. Innovative Food Science & Emerging Technologies,
11(3), 464–469.
Wu, D., & Sun, D.-W. (2013). Colour measurements by computer vision
for food quality control—a review. Trends in Food Science &
Technology, 29(1), 5–20.
Yoon, Y., Cho, W. J., Park, J. G., Park, J. N., Song, B. S., Kim, J. H.,
Byun, M. W., Kim, C. J., Sharma, A. K., & Lee, J. W. (2009). Effect
of gamma irradiation on shelf-life extension and sensory

Food Bioprocess Technol (2015) 8:343–358
characteristics of Dak-galbi (marinated diced chicken) during accelerated storage. Korean Journal for Food Science of Animal
Resource, 29(5), 573–578.
Yu, K., Wu, Y., Hu, Z., Cui, S., & Yu, X. (2011). Modeling thermal
degradation of litchi texture: comparison of WeLL model and conventional methods. Food Research International, 44(7), 1970–
1976.
Zabbia, A., Buys, E. M., & De Kock, H. L. (2011). Undesirable sulphur
and carbonyl flavor compounds in UHT milk: a review. Critical
Reviews in Food Science and Nutrition, 52(1), 21–30.
Zanoni, B., Pagliarini, E., Giovanelli, G., & Lavelli, V. (2003). Modelling
the effects of thermal sterilization on the quality of tomato puree.
Journal of Food Engineering, 56(2–3), 203–206.
Zhang, L., Lyng, J. G., & Brunton, N. P. (2004). Effect of radio frequency
cooking on the texture, colour and sensory properties of a large
diameter comminuted meat product. Meat Science, 68(2), 257–268.

