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ABSTRACT

Two methods of heat processing kinetic parameter determination
by steady-state and unsteady-state heating procedures were studied.
The unsteady-state procedure was used for colour and viscosity where
large amounts of samples were required for measurement, and both were
used in considering the destruction of ascorbic acid and riboflavin

in a baby food.

To obtain accurate determination of the kinetic parameters,
standard k and Ea, experimental methods had to be developed to measure

the quality factors within narrow limits of accuracy.

Determination of the kinetic parameters by unsteady-state
procedure involved the development of a computer method for the can
temperature distribution calculation, the quality retention calculation,
and finally determination of the empirical relationships of the standard
parameters,k and Ea,to the residuals (differences between experimental
and predicted concentratiéns). Temperature distribution in a can was
predicted by a modified computer program based on an analytical solution
to obtain a form fitting of the experimental heat penetration curve.
From this, the quality retention was calculated by numerical integration.
The standard k and Ea were roughly estimated from the literature either
on the studied quality or on a similar quality. Then the ranges of
standard k and Ea were assigned in an orthogonal composite design and used
to calculate the retained quality which then was compared with the experi-
mental result to obtain the absolute residual at each standard k and
Ea. The average residual at each processing temperature was used in
multiple linear regression to determine the relationships between the
standard k and Ea, and the residual. By optimising the empirical

equation the best values for the standard k and Ea were determined.

The standard k and Ea for ascorbic acid and riboflavin were also
determined by the steady-state procedure. In this, small tubes of the
baby food were heated in a constant temperature . oil bath. Nearly
identical results obtained for ascorbic acid by both methods indicated
that the method used was feasible and the degradation of ascorbic acid



was best described by a first order feaction. For riboflavin,
different results were found from the two methods but these could be
explained as the results of the low destruction rate of riboflavin on
heating, the analytical error and the change in physical conditions
from cans to tubes. So, use of the steady-state kinetic parameters
for quality retention calculation in unsteady-state was confirmed

experimentally.

For colour and viscosity changes in processing, the method of
kinetic parameter determination in unsteady-state heating procedure

was used assuming first order kinetics.

It was concluded in this food system for the temperature ranges of
o
60-139 ¢, the kinetic reaction rate at 1290C and the activation energy

werel 04220, 44 3 100 B =nd 7785 1@ deve ), 0011-0.25%% 10 s
and 84-105 kJ mole_l, 1.20 x 10_4 s_1 and 122 kJ mole_1 and 1.65 x 10~
s_1 and 151 kJ mole_1 for ascorbic acid, riboflavin, colour and viscosity

4

respectively.
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1. INTRODUCTION

Although the heating process has been known for a long time to
affect both the nutritional and the sensory qualities of food products,
there is a lack of quantitative data on the destruction of nutrients
and on the changes in eating qualities by the heating process (Lund,
1975a,b; Lund, 1977). Thiamine is the only vitamin which is at all
well documented (Farrer, 1955; Feliciotti and Esselen, 1957). There
is some data available for other vitamins (Chittaporn, 1977) but they
were determined under restricted conditions. Reliable kinetic infor-
mation on other quality changes occurring in heat processing is

practically non-existent.

At the present time, the nutrient value of a food after heat
processing can only be determined empirically. Establishing the
kinetics of changes in vitamins and food qualities during processing
is necessary to provide general relationships which can be used for

predictions of nutritional losses and food quality changes.

Ascorbic acid, riboflavin, colour and viscosity were the qualities
selected for this study, the heat process used was can retorting
(sterilisation) and the food was homogenised, baby food made from
strained beef and mixed vegetables. Ascorbic acid and riboflavin
were chosen as they are important constituents, there was no reliable
information on the kinetic parameters and the analytical methods were
simpler than the other vitamin assays. Can sterilisation was used
because this data would be useful for the design of canning processes
and because large samples were required for colour and viscosity
measurements. Homogenised baby food was used because the heat transfer
into the can was only by conduction, the food throughout the can was

homogeneous and it was a mixed food system of commercial significance.

Being heated in a can, the food was subjected to a variation of
temperature with time and position in the can. It was necessary for
the quality retention calculation to determine the temperature distri-
bution in the can, and this was obtained from a computer program based

on unsteady-state heat transfer theory.



A method to determine the kinetic parameters was developed working
from the processing time and temperature, and from the initial and final
qualities, which were measured. This involved a computer program con-

structed for temperature distribution and quality retention prediction.

The kinetic parameters for ascorbic acid and riboflavin were also
determined by a steady-state procedure where food was heated in a small
tube in which instantaneous heating and cooling could be assumed. These

kinetic parameters were compared with the ones obtained from the unsteady-

state procedure to test the feasibility and accuracy of the computer

model for the can.



2. LITERATURE REVIEW

2.1 INTRODUCTION

Canning, as a method of food preservation, has its origin in the
work of Nicholas Appert (1750-1841) who was the first to use heat as a
means of preserving food in hermetically sealed containers. Initially
boiling water baths were used as heating medium but, sometime before
1830, the autoclave was introduced as a means of cooking canned foods
under pressure. Further developments in processing equipment came with
the introduction of agitating cookers and continuous sterilisers which
helped to reduce processing time. The first spiral continuous cooker
was patented in 1899. In recent years, there have been the introduction of
hydrostatic pressure cookers (1936), high speed spinning cookers (1952),
flame sterilisation (1957), high velocity air sterilisation (1974), and
aseptic canning (1938). The aim of all these changes was to shorten
the processing time and so reduce the quality changes during the heat
processing. The value of high temperature short-time sterilisation
lies in exploiting the principle that higher temperatures have less
effect on quality in proportion to the lethal effects than lower temper-
atures. However, it has been found that the high temperature short
time processes are not always beneficial in retaining the quality of
canned food (Teixeira et al, 1969; Lund, 1977).

Although the canning process was intiroduced in 1800 and there have
been many developments, very little is known on the optimisation of
thermal processing for maximum quality retention. There is a lack of
kinetic parameters showing the rate of quality destruction and the effect

of temperature on the rate (Lund, 1977).

This chapter studies the quantitative estimation methods of the
changes in food and reviews the literature on the kinetics of food

quality changes during heat processing.



2.2 KINETIC THEORY OF THE CHANGES IN FOOD DURING HEAT PROCESSING

There are several types of changes occurring in heat processing -
destruction of micro-organisms, enzymes, nutrients and changes in
quality factors such as flavour, colour, texture. With micro-organisms
and enzymes, the objective of the heat processing generally is inacti-~
vation, whereas with nutrients and other quality attributes, the objective
is maximum retention. There are many factors affecting the extent of
these changes. Lund (1975a) reviewed the factors affecting the thermal
resistance of micro-organisms. Whitaker (1972) discussed the dependence
of enzyme stability on many factors. Harris.and von Loesecke (1960)
reviewed the effect of heat processing on nutrients. Other chemical
changes - browning reaction, hydrolysis, oxidation-reduction reactions
also occur and these may change food qualities e.g. colour and flavour
changed by the browning reaction (Tannenbaum, 1976b). To follow the
effect of heat on the food components including micro-organisms, two
types of information are needed; (1) the kinetic reaction rate of

destruction and (2) the dependence of the rate constant on temperature.

2.2.1 Theory of Kinetic Reaction Rate

According to the law of mass action, the velocity of reaction at
a given temperature is proportional to the product of concentrations of

the reacting substances. The rate of the disappearance of reactant,

A, can be
dc
A a b n
T T = . LI .1
dt ke, cp N (2.1)
where ch/dt is the rate of disappearance of reactant, A
CpsCp ..cy are the concentrations of reactant A, B,...N

k 1is the reaction rate constant

is time.

The order of the reaction is defined as the sum of the powers to
which the concentration of all reactants are raised, this can be a

fractional value or an interger.



Considering the destruction of nutrients or a specified food quality,
the concentrations of water, oxygen, acid, alkali and reducing sugar are
often important, as are the concentrations of metal catalysts and enzymes.
However, the most important factor is the concentration of the reacting
substance c¢,. The destruction of nutrient or quality, A, at a given

A
temperature is

ch N
T = —kcA (2.2)
where Cy is the concentration of the nutrient or quality, A
n 1is the order of the reaction. '
This equation can be separated and on integration gives:
A
lnE— = -kt where n = 1 (2.3)
A
0
1- 1-n
and c -c = (n-1)kt where n # 1 (2.4)
A A
O_
where cA is the concentration of A at zero time
0
CA is the concentration of A at time t,.

The order, n, cannot be found explicitly from the above equations
so a trial-and-error solution must be used. This is not difficult as
different values of n can be used in the equation to find the order, n,

which most closely explains the experimental results.

If the reaction of nutrient or quality A destruction is a first
order reaction, it will be described by equation (2.3). The plot of
the logarithms of the reaction against time yields a straight line with
slope "-k'". So the reaction rate constant at a given temperature can

be determined.



In a second order reaction, the destruction of A can be described

as:

L i
c c
A AO

= kt (2.5)

That is, the plot of l/cA against time will give a straight line
with the slope k and the intercept l/cAO.

For zero reaction rate, the change in comncentration of the reactant
A is not dependent on the concentration, a plot of concentration versus
time will yield a straight line of slope '"-k" as Cp =€y = kt. However,
usually reactions are of zero order only at high concentrations of reac-
tant. When the concentration is lowered the reaction rate becomes con-
centration dependent, that is the order of reaction rises from zero
(Garrett, 1956). The order of ascorbic acid destruction was found to

follow a zero order at high initial concentration and then the order

changed to first order where concentration of ascorbic acid was lower.

For micro-organisms, the thermal destruction generally follows
first order kinetics, the time required for the survivor curve to trans-
verse one log cycle corresponds to a 90% reduction in the number of
survivors (Lund, 1975a). The "decimal reduction time'" or D value, which
is the time required to reduce the population by 90%, can also be used
to characterize the reaction rate constant of micro-organism destruction.

The relationships between k and D can be expressed as:

2.303 (2.6)

2.2.2 Temperature Dependence of the Reaction Rate

The effect of temperature on the reaction rate has long been known
and the temperature - dependent term of a rate equation can be written
in many forms according to various theories. The first quantitative
formulation of the dependence of reaction rates on temperature was given

by Arrhenius (1889) and this is still extensively used as:



e—Ea/RT

k =A (2.7)

where A is the frequency factor
Ea 1is the activation energy
is the gas constant

is an absolute temperature.

This equation is found to fit many of the available experimental
kinetic data (Aiba et al, 1965). Taking logarithms of the above

equation gives:

Ea
In k = 1nA - RT (2.8)

The plot of 1ln k against 1/T yields a straight line with slope

equal to -Ea/R. The influence of temperature on k is then expressed

in terms of Ea, activation energy.

For micro-organisms, the thermal death time (TDT) method for
describing the temperature dependence of the destruction rate was
introduced by Bigelow (1921). The slope of the plot of log (TDT)
against temperature, -1/z, is used to characterize the dependence of
the reaction rate constant on temperature. In 1957, Ball and Olson
pointed out that the use of '"z" is equivalent to the use of the Q10
concept which is the rate quotient for a temperature interval of 10°c.
Since the use of thermal death time was adapted to the decimal reduc-
tion time (Stumbo, 1948a), the log D against linear temperature, has
remained as a basis for process calculation and is still used to explain

the effect of temperature on the destruction rate in term of "z

Over wide temperature ranges, Gillespy (1948) as well as Pflug and
Esselen (1953)reported that the plot of log D against the reciprocal

of absolute temperature was more nearly linear. This is the form of the



relationship predicted by the Arrhenius equation. Gillespy (1948) also
pointed out that over small ranges of temperature, the linear plot gave
a good approximation to the Arrhenius plot. He also gave the relation-

ship between Ea and z as:
at a given temperature, T

2
_2.303 TR (2.9)
Ea

over a range of temperature, Tl to T2

2.303 T1T2R
z = ——m— (2.10)
Ea

Aiba et al (1965) discussed the types of relationships between
reaction rate and temperature, and included Erying's theory of
absolute reaction rate with the QlO (or z) approach and the Arrhenius

equation. According to Eyring:

= * *
ky = gTe AH /RTe AS* /R (2.11)

where AH* is the heat of reaction of activation
AS* is the entropy change of activation
g 1is a factor including Planck's and Boltzmann's constants

T is absolute temperature.

The Arrhenius and Eyring theories were found to be not signi-
ficantly different. When used to extrapolate data, the QlO (or z)
basis of calculation gave values of D significantly less than the other
theories. The Arrhenius equation also seemed to be applicable over a
broader temperature range. Aiba et al stated that where an activation energy
was less than 126 kJ mole_l, the Arrhenius equation more accurately
described the temperature dependence over a wide temperature range than
the more commonly used TDT equation. But where an activation energy was
higher than 126 kJ mole-1 both equations were comparable. Another
advantage of the Arrhenius equation over the TDT equation was that it
could be extrapolated safely while the "z'" equation is known to become

non-linear at high temperatures (Hayakawa, 1978).



The TDT equation was found to be easier to apply in industry
because of its simplicity (Hayawaka, 1978); the Arrhenius equation
was a more complicated computation. He also stated that the Ea value
is more strongly influenced by errors in k values than the slope of

z.

There have been a number of other variations of the rate of reaction
versus temperature equations. Moore (1957) discussed some of these
equations and stated that it was worthwhile making a correction of
activation energy by E = Ea + %RT. Fennema (1975) described the temper-
ature dependence of the destruction rate, k, by an exponential function

for enzymes and micro-organisms:

ky =k o oexp (ayT) (2.12)

where ki o is a value of ki when the absolute temperature, T, is zero
’
T 1is absolute temperature

ai is a constant.

For a range of temperature, equation (2.12) was used for process

calculation (Thijssen et al, 1978).

ki = ki,Tr exp (ai(Tl - Tr)) (2.13)

where k. Tr is a value of ki at reference temperature, Tr.
1,

These equations, (2.11) and (2.12), are just another way of expressing

the Q10 concept.

2.2.3 Effect of Other Variables on the Reaction Rate

Besides depending on the temperature, the rates of the reaction are
also affected by other variables, namely, pH, water activity, concentration
of oxygen and concentration of minor components such as trace metals and
enzymes (Labuza, 1972; Wanninger, 1972). Wanninger (1972) postulated a
mathematical model for the effect of moisture content on the rate of

reaction. Lee et al (1977) used the least squares technique in establishing
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an equation showing the effect of pH and moisture content on the kinetic

reaction rate of ascorbic acid in tomato juice.

2.3 QUANTITATIVE ESTIMATION OF THE CHANGES IN FOOD DURING HEAT PROCESSING

The changes in food during heat processing can be expressed quanti-
tatively by kinetic parameters. To determine these parameters, the
initial concentration of reactant e.g. nutrients, quality factors, the
concentration of reactant after certain heating time, and the temperature
of heating either by measurement or calculation must be known.

2.3.1 Analysis of Concentration

As the accuracy of the kinetic parameters determined depends on the
accuracy of the concentration measurement, reliable analytical techniques
for the system under study must be used. Any assumptions made should be
verified experimentally (Hill and Grieger-Block, 1980). Benson (1960)
has presented a useful table which summarizes the errors in calculated
rate constants caused by analytical errors for orders of reaction from
zero to four. Inspection of the table illustrates the dilemma the

kineticist faces in planning experiments (Hill and Grieger-Block, 1980).

2.3.2 Determination of Temperature Distribution

To determine the kinetic model for destruction of food components
during heat processing, two procedures can be used: a steady-state
procedure where thermal death time cans or tubes are commonly used and
an unsteady-state procedure where food is heated in any container
(Lenz and Lund, 1980). Theoretically, the heating and cooling to and
from the desired temperature should be instantaneous so that no signi-
ficant destruction occurs during the coming-up and coming-down periods
but this is practically impossible. The problem of thermal lag in the
steady-state has been tackled in different ways. In unsteady-state
procedure, the temperature of food in a container (usually a can)
changes with time and position. The temperature distribution in the
container at any given process time must be determined as the calcu-
lation of the kinetic parameters is based on an average retention con-

centration. To determine the temperature distribution, two methods can
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be used - experimental measurement and theoretical prediction.
2.3.2.1 Determination of Thermal Lag in Steady-State Heating

Firstly, the thermal lag periods can be ignored if they are small
and considered insignificant to the processing effect or they can be
reduced by methods such as reducing the sample size (Lyster, 1970;
Mulley et al, 1975), preheating the heating medium (Paulus et al, 1978;
Saguy et al, 1978a), and/or using relatively long heating periods
(Eagerman and Rouse, 1976; Navankasattusas, 1978) where the thermal lag

period effect can be considered negligible..

Procedures for correcting thermal lag have been proposed and fell
into three general categories - graphical method, numerical method and
experimental manipulation. Farkas and Goldblith (1962) studying the
kinetics of lipoxidase inactivation using thin walled, melting pointy,
capillary tubes, estimated the thermal lag by extrapolating the first
order reaction rate of destruction curve. Saper and Nickerson (1962)

and Gupte et al (1964) also used a graphical method.

By the numerical method, the thermal lag was determined by two
different methods. Firstly, a "z" value or a rate of reaction was
assumed and used for calculating an equivalent time at a specified
temperature (Sognefest and Benjamin, 1944; Tan and Francis, 1962).
Secondly, iterative procedures were used (Resende et al, 1969;

Hayakawa et al, 1977). This method was based on the assumption that
the rate of reaction was first order. A "z" value was assumed, equiva-
lent heating times calculated and graphed with the measured quality to

determine a new '"z" value. If there was a significant difference

between the calculated and the assumed "z" value, calculation were

repeated using the determined '"z'" value.

In the experimental manipulation method, the coming-up t