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10.1 INTRODUCTION

Quality is an attribute of food, on which understandahiyt f consideration
is focused. Food quality can be defined as the assemblage of properntiesh
differentiate individuaunits and influencéhe degree of acceptability of tiieod by the
consumer or user (Kramer andvigg, 1968). Due tothe nature offoods as a
physicochemically and biologicallyctive systems, foodquality is a dynamic state
continuously moving to reducedlevels (with thenotable exception of theases of
maturation and aging)Thereforefor each particular food, there is a finite lengthtiofe
after production itwill retain a requiredevel of quality organoleptically andafetywise,
under stated conditions of storage. This periodinoé can begenerally defined as the
shelf life of the food product. There is no established, uniformly applicable definition of
shelflife. The definition ofshelflife and thecriteriafor the determination of the end of
shelf life are dependent on specific commodities and on the definition's intesel¢e.,
for regulatory vs. marketingurposes). Foodelated authoritiehave proposedvarious
definitionsthat can serve aguidelines. The International Institute of Refrigerat{tiR)
recommendationfor frozen food(lIR, 1972) introducetwo different definitions. High
Quality Life (HQL) is the timefrom freezing ofthe productor a justnoticeablesensory
difference to develop (70-80% correct answers in a triangelasorytest). Another type
of shelf life definition that can be extended to other types of food produtis RPsactical
Storage Life (PSL). PSL isthe period ofproper (frozen) storagafter processing
(freezing) of an initially high quality product during which the organoleptic quality remains
suitable for consumption or for the procésended. PSL is usually irthe order of two
to three times longer thadQL. Time of minimundurability, introduced by the EEC
directive onfood labeling,and defined as thiame during which thefoodstuff retains its
specific propertiesvhen properly stored is different iprinciple fromthe aforementioned

ones, in that it relates to properties of the product itself and not to considerations of its use.
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It is a working definitionfor the food scientist satisfyinghe often made fundamental
assumptiorthat thehighest quality product is thigeshly processed (dmarvested) one.
However, since characteristic properties are overlaid, a decision has to be wizatdestl
the change in a certain characteristic or the development ah@esirable one can be
detected by theonsumer. Foexample, if having apecific flavormeans the absence of
off flavors, ithas to bedecided atvhatintensitylevels arethese flavorgletectable by the
consumer. Thus this definition is closely related to the HQL definition.

For any definition to be used as a working tool it has tolb®ved by further
guidelines i.e. the meaning of organoleptic quahtys to beaccurately defined and
appropriate methods of measuring it amieria for setting acceptability limitsnust be
discussed.

Sensoryevaluation by a traineganel, whereby thefood is graded on a
"standardized" hedonic scale, usually best approximates the overall quality stateootithe
(Labuza andSchmidl, 1988). This approach is natithout problems. There are
considerable difficulties in establishing a meaningful séaleeachfood product. An
expert panel is not necessarnbpresentative of consumetst alone different consumer
segments (Mackie el., 1985). Even ifthatassumptioncan bemade, acut-off level of
acceptability has to be decided upon. Tihee at which darge (but preset) percentage of
panelists judge the food as being at or beythatllevel isthe end ofshelflife (PSL). A
criterion like thatincludes an indication of thgroportion ofthe consumers tavhich the
product must be acceptaliilt the end of shelfiife, anothervariable to whiclreference or
agreement is requiredOther problems ofhe sensoryapproach are thieigh costthat is
involved with large testing panels and tlgiestionsconnectedwith tasting spoiled or
potentially hazardous samples. In some casézobial growth or nutrient degradation
could reach unacceptalivels while thefood is still judged organolepticallacceptable.

Sensorydata arenot "objective” enough forregulatorypurposesand in cases ofegal
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action ordispute. Sometimes consumeran be “trained" toaccept lowerstandard
products by being exposed to products of gradually slipping qudiltat makes the need
of alternative ways of assessing quality apparent (Herborg, 1985).

Chemical, microbiological and physical tests are being used widely stutg
of food quality. Characteristics used by the consumeevaluation of a producsuch as
flavor, color and textural properties can be measured instrumentatiieonically. The
study of the chemical and biological reactions and physical chématesccur in théood
during and after processing allows the recognition of the ones that are most important to its
safety, integrity and overall quality. Physicochemical or microbiological parameters can be
used toguantitativelyassesgjuality. The values athese parameters can be correlated to
sensory results fothe sameood and alimit that corresponds tdhe lowest acceptable
organoleptic quality can beet. However, caution should bedrawn to the factthat
correlation of values of individual chemical parameterssémsorydata is often not
straightforward becauseverall organoleptic quality is a composite of a number of
changing factors (Trant et al., 1981). Trefative contribution of each factor to thaverall
quality may vary at different levels of quality or at different storage conditions.

Despite thediscusseddifficulties in defining andevaluating quality and
determining shelfife of a food, a lot ofprogress habeen made towards a scientific and
generally acceptedpproach. It is aarea ofcontinuous anextensiveresearch. An in-
depthstudy ofthe differentdeteriorativemechanisms that occur in faod system and
systematic analysis and interpretation the results lead to more meaningful and
objectively measurable ways a$sessing fooduality and determininghelflife. Proper
application of chemical kinetiprinciples tofood quality loss isessentialfor efficiently

designing appropriate tests and analyzing the obtained results.



10.2 KINETICS OF FOOD DETERIORATION

10.2.1. Reaction modeling principles

Applying fundamental chemical kinetrinciples the rate dfiood quality change may in
general be expressed as a function of compositioreaviconmentafactors (Saguy and
Karel, 1980):

d
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where G, are composition factors, such as concentration of reactive compounds, inorganic
catalysts, enzymes, reaction inhibitors, mtdter activity, as well asicrobial populations
and g environmental factorssuch astemperature, relative humidity, totafessure and
partial pressure of different gases, light anechanicaktresses. Whahe food kineticist
is thusfacedwith, is aphysicochemical system of higtomplexity involving numerous
physical andchemical variablesnd coefficientsvhich in most casesare imposible or
impractical to quantitativelgefine. Even if the system could bexplicitly expressed in
terms of measurable parameters,amalytical solution is usually nonexistent arekact
numerical solutions are too complicated and laborious to be useful as working tools.
The established methodologynsists of firstidentifying the chemical and
biological reactions that influence the quabiyd the safety of thimod. Then, through a
carefulstudy ofthe food components anthe process, the reactions judgedhéve the
most critical impact on the deterioration rate, are deternined (Lab@@a). Excluding the
effect of the environmental factors, By assuminghem constant, at thenost propable
level orjudging it negligiblewithin their expectedariation, asimplified reaction scheme

that expresseshe effect of the concentration of the reactants, is developed. ulfirhate



objective is tomodel the change of the concentrations of constituents connecteddto

quality, as functions of time. Molecular, irreversible reactions are typically expressed as
Uy A1+ U2 Ao+ U3 Az + ... +lUm Amlﬁ P (2)

where A are the reactant speciggthe respective stoichiometric coefficients (j=1,2...m), P

the products ands khe forward reaction rate constant. For such a scheme the reatjon

r, is given (Hills and Grieger-Block, 1980) by:
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where i is theorder ofthe reactiorwith respect to speciesjA For atrue molecular
reaction, itholds that: n = pj. More often thannot, the degradation of important

components to undesirable products is a complex, multistep refmtiahich the limiting
reaction andntermediateproductsare difficult to identify. A lot of reactions aaetually

reversible having the form:

Ks
aA+BB 2 yC+dD (4)
Kp

In this case A reactsith B to form products C and vhich can back reaatith a rate
constant of k. The reaction rate in this case would be:

d[A] _-d[B] _+d[C] _+d[D
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For the majority of food degradation systems eitlpgs kegligible compared tor,k or for

the timeperiod ofpractical interest they are distdndm equilibrium, i.e.[C] and[D] are



very small, allowing us to treat it as an irreversilbEaction. In most cases the
concentration of the reactant that primarily affeckgerall quality is limiting, the
concentrations of the other species being relatively in large excess so that theirvatiange
time is negligible (Labuza1984). That allows the qualitjoss rate equation to be

expressed in terms of specific reactants, as:

-d[A] |
r=—gi = k' [A]9 (6)

wherea is an apparent gpseudo order othe reaction of compoment A ang ls the

apparent rate constant. Another case that can lead to a rate equation similar to equation (6)
is when the reactants in reacti(®) are in stoichiometric ratios (Hill4,977). Then from

equation (3) we have:

m
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where A = A anda = Zn;, an overall reaction order.

Based orthe aforementionednalysis and recognizirthe complexity offood
systems, foodlegradation and shelife loss is inpractice represented by thess of
desirable quality factors Ae.g. nutrients, characteristic flavors) or the formation of
undesirable factors B ( e.g. dfavors, discoloration). The rates d6ss of Aand of

formation of B are expressed as in eq. (6), namely:
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The quality factors [A] and [B] are usually quantifialsleemical,physical, microbiological
or sensoryparameters characteristic of the partictitend system. Both k and kre the
apparent reaction raonstants and m and tfie reactionorders. It should beagain
stressed that equations (9) and (10) do not représenteaction mechanisms and m and
m' are not necessarily true reactmnaerswith respect to the species A and B but rather
apparent or pseudo ordershe apparent reactiaorders and constanése determined by
fitting the changewith time of the experimentallyneasuredvalues of [A] or[B] to
equations (9) or (10). The techniques used for the solution can be generally cledsified
two categories: a) Differential Methods and b) Integral Methods (Hills and Grieger-Block,
1980).
In experimental kinetic studies, it iBpossible to measure the reactite

itself. Instead, the concentration of A or B is measured (directly or indirectly) as a function
of time. If these concentrations are plotted against time and saots are fitted either
graphically orusing astatistical fitting method (e.g., polynomiedgressionkhe reaction
rates may be obtained by graphical or numerical differentiation of the curves. By taking
the logarithm ofboth sides ofquation(9) and(10), the following lineaexpressions are
obtained:

log ra = log k + m log [A] (12)

log rg = log k' + m' log [B] (12)



Data can be fitted to these equations by the method ofdgaates taletermine values of
the constants.

Two differential approaches can ladternatively used. The first involves
differentiation of data obtained from a single experimental run. It requires measurement of
A or B concentrations with time, to at le&&% conversion. Theecond idifferentiation
of data frominitial rate measurements. In th&gpproach, measurements of concentrations
are carried out to very small conversions (e.g., 5%). This is repeated for a nurinided of
reactant concentrations. Thus, each estimated rate corresponds to a diffedergactant
concentration and involves a separate experimental run. Another difficulty oftenafidited
this method is in fittingdatafrom kinetic experiments in which the rathanges rapidly
evenwithin the lowconversionghat areused(e.g., in case of enzymatieactions). One
has to obtain an initial slope from a set of data points with a rapid change in slope and also
inevitable scatter from experimentkors. The usual methods deastsquarefitting of a
polynomial may give erratic estimates of the inillpe. Aflexible mathematical method
to overcomethis problem isthe use of spline functions (Wold, 1971).The major
advantage of the spline function method is that it uses all the data to estimatmltrete,
but is not unduly influenced by experimengator inindividual datapoints.Ingeneral, the
differential methodsinvolve two statistical fittings, thus being more sensitive to
experimental scattering and requiring a large numbedatd points for adependable
parameter estimate.

In the integral method, variables @guations (9) and (1Gre separated and
integration is carried out. For example for equation (9), we have:

A
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Regardless of the value of m, equation (13) can be expressed in the form:
Q(A) =kt (14)
where the expressidD(A) is defined as thquality function of the food.
The form of the quality function of the food for an apparent, 1st2nd and
mth order reaction can be derived from #ug(14) and is shown itme following Table 1.
The half life time of the reaction i.e. the time for the concentration of the quality index A to

reduce to half its inital value is also included.

Table 1 Quality function form and half life times for different order reactions.

Apparent Reaction Quality Function Half Life time
Order Q(A)t t10
0 Ao - At Ad/(2ko)
1 In ( Ao/A¢) In2/kq
2 1/A-1/A¢ 1/(koAg)
1 1-m  1-m om-1q 1-m
m(m#1) miAt Ao ) km(m-1) Ao

To determine the quality function oassumesdlifferent values of m (0, 1 or
other) and tries out a graphical or a lesgtarelinear fit to thecorresponding equations
(Table 1) of the experimental data. If the experini@astbeen carried out to at least 50%
conversion and preferabRb%, it isusually easy taletermine which reactionrder and
equation gives the best fit, either graphically orusyng statisticalgoodness ofit criteria.

The coefficient of determination @Rof the linearegression is in most cases a sufficient
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criterion. Thevalue ofthe R, for aleastsquarefit in general, is given by théollowing
eguation:
N
. .0
R2=1-2) (vi- WA D (vi- y)2H (15)
1 i=1

where y the experimentally observed values of theasured paramet@e1l to
N), /3\/i the value predicted fromthe regressionequation, y the average of thebserved
values and N the number of measuremé€ots 1984). The correct apparemtrder isthat
for which the R is closer to unity. Theverwhelming majority of théood reactionsthat
havebeen studiedhavebeen characterized gseudo-zero or pseudo-first ord&abuza,

1984). Characteristic examples are listed in Table 2.

Table 2Important quality loss reactions that follow zero or first order kinetics.

Zero order * Overall quality of frozen foods

* Non-enzymatic browning

First order e Vitamin loss

Microbial death / growth

Oxidative color loss

Texture loss in heat processing

Caution is advised in deciding the appropriate appaveter andquality
function, as noted by LabuZa988). Forexample when the reaction mot carried far
enough (lesshan50% conversion) both zero and first ordeight be indistinguishable

from a goodness of fit point of view as is illustrated in Figure 1. On the other hand, if the
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end of shelf life is within lesthan20% conversionfor practicalpurposesither model is

sufficient.
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Figure 1. Loss of food quality as a function of time, showing difference
between zero and first- order reaction.

Additionally, the worse the precision of the method of measuring the quality factor
A the larger the extent of change to which the experisieotild becarried out to obtain
an acceptably accurate estimate of the reactioncraistant as illustrated iRigure 2. It
should be noted hethat most measurements in complieods involve typically anerror
of 5% or worse.
Erroneous results are often obtained this way, especially if the datseard¢o

extrapolate to longer times. Unfortunately, this has often occurred in the literature. Studies
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of reactionsystemsinvolved in food quality loss are not followed to sufficient reaction
extent, resulting in inaccurate reaction rate constants and undeterminable i@alersn A
lot of valuable data cannot be utilized to their fullest exéewt databases of fogdaction

kinetic parameters contain a lot of uncertainties.
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Figure 2. Effect of the Analytical Precision on the Accuracy of the
Estimated Reaction Rate Constant.

Another problem that scattered data can cause are valuésobtdned by the
zero order fit and by the first ordér that are practicallyndistinguishable. In the case of
thefirst orderreaction the logarithms of the measured quanititesuseel (semilogplot)
thusthe R is calculatedor Iny; and Iny rather thanjyand y (equatior{15)). This in
effect tends to give a largePRespecially if the larger scatter is at the larger valBegle
et al., 1974). This bias in the criterion midgd to a skewed preference to tinst order

model. In these cases it a&lvisable touse additional criteriafor goodness ofit, like
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residual plots. Alternatively, instead of the logarithmic equdborthe first orderreaction
(Table 1) the exponential form can be used, where:

A=Agexp (-kt) (15)
and a nonlinear least square fitting computed, for determination of the k parameter?2 The R
for thisfit is given byequation(14) and isdirectly comparable to the?Rrom the linear
regression for the zero-order model.

A final pitfall that should beavoided when determining the apparent order,
concerns reactions that exhibit a lag period. During a typical lag period there is a build-up
of a critical intermediate concentration. The rate of the readtioing the build-up period
is is normally slower. In someases, the reaction is ndetectabledue to analytical
limitation as in the case of the formation of brown pigments monitoréd0ahm during a
nonenzumatic Maillard type reaction. Thest common approach weal with a lag
period , is to draw each data paamtd to look forthe time where distinct change in the
reaction rate occured. Obviously, this approach éadlspecial attrention as a change in
the reaction mechanism mafso take place. Typical reactions where lpgriod is
observed are nonenzymatic brownifigabuza,1982; Saguy, edl., 1979) andmicrobial
growth.

Once the apparent order thie quality deterioration reactidrasbeendecided,
further statisticahnalysis andtatistical evaluation of the parameter k, the caigstant is
required, to get an estimate of teor inthe determination of k (Labuza akmman,
1983). If alinear regressionmethod isused toestimate the parameters, their 95%
confidence limits can be calculateging the Student t distribution. In addition to the
confidence limits, a list of standarized residuals and a residual plot is a useful statistical tool
that allows evaluation of how well the chosen equation can model tharahtso permits
the recognition of extreme or outlier values that may be the result of experiereotal or

other extraneous effects astiould beexcluded fromthe calcualtions (Arabshasi and
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Lund, 1985). The standarizedesiduals should be randomly distributed arouetb and
usually within -2 and +2. Anglata that generattandard residuals outside this range are
possible outliers.

An alternative procedure to linear regression for the calculation of k is the point
by point or long interval method (Margerison, 1969; Lund, 1983)hich each data point
is an independent experiment with respect to zero timevdlbe of k iscalculated as the
average of the n individualopes. Labuza(1984) showedhat one gets similavalue
ranges for k fromthe twomethods. Aminimum of 8 datgpoints is recommended by
Labuza and Kammaxi1983) for reasonablyarrow confidence limits in k within the
practical and economic limits of most experimentation.

In some cases higher @ractional order modelsare clearly indicated by the
experimental data. To determine the appaoedér m,two methods can balternatively
used. As mentioned before, different values for m can be assumed and the fit of the quality
function for nl (Table 1), tested. A second method is to allow m as a parameter and run
a nonlinear leassquare regression oifne equation to determine tharder that best
conforms with the experimental data. For example, itfeasd that second ordekinetics
best describedhe oxidation of extractable color pigmeritsm chili pepper (Chen and
Gutmanis,1968). Autoxidation of fatty acids in presence ekcess oxygen is best
describedwith a 1/2 ordermodel with respect to the fatty acid concentratifirabuza,
1971), whereas hexanal production from lipid oxidation is shown to theoretically fit a cubic
model (Koelsch and Labuza, 1992).

As hasbeen explained before, the develogedd quality loss functions are
based orthe statecassumptions and do not necessaelffect true reaction mechanisms.

In casefor which theassumptionsare not applicable or thactual mechanism isery
complex due to side reactions loniting intermediate stepsgquations (9) and (10) may

not sufficiently model the measuretlanges. One approach in tieesse is todevelop a
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semi-empirical kinetic/mathematical model that effectively represents the experimental data.
Preferably the model would stitlavethe generaform of the quality function of eq.(14),
whereQ(A) can obtain anyorm other thanthe typicalones ofTable 1. Thesteps for
building such amodel are described bgaguy andKarel (1980). Multivariable linear
models, polynomial equations or nonlinear models can be defined and their fitdtgiehe

can be testeavith computer aided multiplénear, polynomial or nonlinearegressions.
Empirical equations modeling the effect of different composition or process parameters can
be derivedfrom statistical experimental designkke the surface response methods
(Thompson, 1983).

A special category of reactions, the enzymatic reactions, importémbds are
usually modeled by the Michaelis-Menten equation. This is a reaetieriunctionbased
on the steady-state enzyme kinetics apprqacigel, 1981). For arenzymatic system,
with no inhibition, the rate equation has the form:

k [A]
A =Koy + (AT (16)

where A is the substrate, ksfk] is proportional tathe enzyme (e) concentration (k is
usually called waxin biochemical terminology) andis a constant fr= 0.5 k for [A] =
Km). When[A]>>K 1, the equation reduces to a zerderreaction, k=k. This is often
the case irfoods with uniformly distributed substrate in excess asrdall amounts of
enzyme, e.gljpolysis of milk fat. When K,>>[A], the equation reduces to firsirder,
ra=(k/Km) [A]. This occurs infoods where the enzymes akeghly compartmentalized
and have limited access to the substrate or where generaiylibatdimits the reaction,
e.g.,browning of fruit andvegetabletissue due to polyphenolasetivity. Thus, a large

portion of enzymatic reactions ifoods can be handled as zero finst order systems.
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When a Michaelis-Menten rate equatiomas to be used, the Lineweaver-Burk
transformation is used that allows the estimation of the parameters by linear regression

1 Km 1 1

The described initial rate measurement differential method is usually afiplitrek kinetic
analysis of enzymatic reactions.

When one of the quality deterioration models previously describedesl its
applicability usually islimited to the particulafood systemthat wasstudied. Since the
model oftendoes not correspond the true mechanism of the reaction, a compositional
change in thesystemmay have areffect in the rate ofoss ofthe quality parametahat
cannot be predicted by it. Thus, any extrapolatiorkinétic results tosimilar systems
should be doneery cautiously. In certain cases, an in depth kinstigly of specific
reactions important to food quality is desirable, so that the effect of compostiaraies
can bestudied. In these caséi®e actual mechanism of threactions issought to be
revealed if possible. Such studies are usually done in model systems, ratheraittaalin
foods, so that the composition and the relative concentrations of the components are closely
controlled and monitored. They are particular§eful in cases/here the toxicological or
nutritional impact of the accumulation bfeakdown products, including intermediate or
side step reactions, is examined. Examples of such studies are the multistep breakdown of
the sweetener aspartame (Starb@90) andthe two stepreversible isomerization of-
carotene (Pecek at, 1990). Inthefirst case acomplex statisticahnalysis using a non-
linear multiresponse method was employelere all the reactionsteps forthe true
reaction mechanism are expressed inféingn of alinear system ofdifferential equations.
With this method, all the experimental data is utilizgthultaneously to determine the

kinetic parameterfor each degradatiostep by a multidimensional nonlinegggression
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analysis ofthe system ofdifferential equations. These parameters camdesl topredict

the concentration of each degradation product as a function of time at any temperature.

10.2.2.EFFECT OF ENVIRONMENTAL FACTORS
10.2.2.1 Temperature

The hitherto outlined approacheskinetically define &ood systeminclude
the underlying assumption that the environmental conditions are constant. Keshetfs
kinetic model is characteristic not only of the studied food but equally impotantly to the set
of environmental conditions of the experiment. These conditemsletermine the reaction
rates and have to be defined and monitored during kinetic experiments.

Since mosenviromentalfactors do not remain constant the nimgical step
would be to expand the models to includem as variablegspecially theonesthat more
strongly affect the reaction rates and are mprene tovariationsduring the life of the
food. The practical approach is to model the effect into the apparent reaction rate constant,
i.e. expressing k of eq. (9) as a function pf E=k(E).

Of the aforementioned environmenttdctors namelytemperature,relative
humidity, total pressure angartial pressure ofdifferent gases, light anthechanical
stresses,the factormost often considered and studied is temperature. This is justifiable
because temperature not only strongly affects reaction rates but is also directly imposed to
the food externally (direct effect of the environment), tbkher factors being at least to
some extent controlled by the food packaging.

The history of the fundamental thermodynamic reasoning in developing models
of temperature effect on reactions, going back to the late nineteenth centuawitHoff
(1884),Hood (1885)and Arrhenius (1889has beenreviewed byBunher (1974). The
most prevalent and widely used model is the Arrheniusrelation, derived from

thermodynamic laws as well as statistical mechanics principles where:
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7T =" R (18)

The Arrhenius relation, developed theoreticalljor reversible molecular
chemical reactiondhas been experimentallghown to holdempirically for a number of
more complex chemicahnd physical phenomena (e.giscosity, diffusion, sorption).
Food quality loss reactions described by the aforementioned kinetic rhasieldso been
shown to follow an Arrhenius behavior with temperature. FBramder systems shown in
Table 1 the reaction ratmnstant is a function of temperatyvéith therest of E factors
assumed constant) given by the followeguation, directly obtainabfeom equation(18)

with kin place of kg

Ea
k=ka exp (-RT ) (19)
with ka the Arrhenius equation constant ang the excess energy barri¢hat factor A
needs to overcome to proceed to degradation products (or B to form), generally referred to
asactivation energy In practical terms it means that if values of k are available at different

temperatures and In k is plotted against the reciprocal absetuperaturel/T, astraight

line is obtained with a slope of 4R.

Ink=1Inky - [1 (20)
If the rateconstants ¥ k; at two temperatures,oTand T, are known the Arrhenius

parameters can be calculated by the equations

rkop RT1T2
Ea=Ing0 To-To (21)

OT. 0 0T 0O
and gy = kg2 TeH g Ha - Tl (22)
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In practice, since there is experimental error involved in the determination of the values of k,
calculations of Ix from only two points will give a substantial error. The precision of
activationenergycalculatedrom equation(21) is examined byHills and Grieger-Block
(1980). Usually, the reaction rate is determined at three or more temperahdds is
plotted vs. 1/T in a semilog graph or a linear regression fit to equation (20) is employed.
It should be pointed out that there is explicit reference temperatufer the

Arrhenius function as expressed in Ef9), 0 K, the temperature at which k would be
equal to k, being implied as such. Alternatively to Eq. (19) it is often recommended that a
reference temperature ¢hosen corresponding to average of the temperaturange
characteristic of the describgdocess. For most storaggplications 300 K is such a
typical temperature, whereés thermalprocesses 373.15 K (100.0 ° C) is usually the

choice. The modified Arrhenius equation would then be written as:

Ea 1 1
kK=ket exp(- R [F -Trg 1) (23)
where kef the rate constant at the reference temperatufe RespectivelyEqg. (20) is

modified to:
Ea 1 1
Nk=Inket- R [T -Trg | (24)

The abovetransformation iscritical for enhanced stability duringumerical
integration and parameter estimatioiditionally, by using areference reactiomate
constant, besidesgiving the constant arelevant physical meaning, one signals the
applicability of the equation within a finitenge of temperatures enclosing the reference
temperature andorresponding tdhe range of interest. Indeed, awill be discussed
further in this sectionthe Arrhenius equation may not be uniformly applicai@éow or
above certain temperatures, usually connected with transition phenomena.

When applying regression techniquesatistical analysis is agairused to

determine thé®5% confidence limits of the Arrhenius parameters.orfy three kvalues
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are available,the confidence range is usuallyide. To obtain meaningfully narrow
confidence limits in |5 and ky estimation,rates at more temperatures are required. An
optimization scheme to estimate the number of experiments to get the most accuracy for the
least possible amount of work wpsoposed byenzand Lund (1980).They concluded
that 5 or 6 experimental temperatures is the practical optimunanelfis limited to 3
experimental temperatures a point by point method or a Inegmessionwith the 95%
confidencdimit values of thereaction rates includedill give narrower confidence limits
for the Arrhenius parameters (Kamman and Labuza, 1985)

Alternatively, amultiple linearregressiorfit to all concentration vstime data
for all tested temperatures, by eliminating the need to estimate a sepgréie éach
experiment andthus increasing the degrees dfeedom, results in a moreaccurate
estimation of k at each temperature (Haralampu et al., 1985). Since it is also followed by a
linear regression of In k vs. 1/T, itis a two step method as the previous ones.

One step method®quire nonlinear regression thfe equation thatesults by
substitution of equations (19) or (23)tme equations ofable 1. For example,for the

first order model the following equations are derived:

GEAD
A= Agexp| -k t expRTD ] (25)
or
Ea 1 1
A=Aoexp{- keitexp(- R [T -Tg 1)} (26)

These equations have as varialileth time and temperature and the nonlinear

regressiorgivessimultanously estimates of,Aka (or ke and Ea/R (Haralampu et al,
1985; Arabshahi antlund, 1985). Experimental data of concentration wsne for all
tested temperatures are used, substantially increasing the degrees of freedwncand

giving much narrower confidence intervéds the estimated parameters. Tise and the
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statistical benefits of employing a omséep methodwere demonstratedfor computer
simulated food degradatiafata,following first order kinetics by Haralampu &k (1985)
and for actual data for nonenzymatic browning of whey powder (zero order model) and for
thiamin loss in anintermediatemoisture modesystem (first ordemodel), byCohen and
Saguy (1985). In this method , the Arrhenius parameters estimates were judged on the size
of the joint confidence region at 90%. The joint confidence region is an ellipsaicich
the true parameters propably exist together at a specified confidence level. The extremes of
the 90% confidence ellipsoid region do nobrrespond tdhe 95% confidence intervals
(derived from a t-testior the individual parametersSince experiencehowsthat Ea and
Inkref are highly correlated, the ellipsoid i$wus amore accurate representation of the
confidence region (Draper an Smith, 1981; Hunter,1981).

The confidence region may be constrtuctedcbysidering boththe variance
and covariance of the parameters estimated,by assuminthat the estimates afeom a
bivariate normal distribution. The confidence contours for a nonlinear regressaias a
deformed ellipsoid. The complexity of the computation hampers its application as a
routine statistical testHowever,the appropriate extrengoints ofthe confidence region
could be derived using a computer progrd@maper andSmith, 1981) which incorporates
approximation for a nonlinear regression:

S =SY{ 1+n—|§l,<|'|—p FINp, n-Np, (1-9]} (27)
where f is the fitted nonlinear model, SS is the nonlinear $ep&treestimate of the fitted
model, i.e. SSZ(Aj-f)2 fori=1ton, nisthe number data points, Iy the number of
parameters derived from the nonlinear least squafR,1-q)%the confidencdevel andF
the F -statistics.This methodallows a reliable derivation of the confidence limits of the
determined parameters that can affect the application of the kinetidodashelf life

prediction and product design and demonstrates the cdb#ibshould beexercisedvhen
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kinetic data is comparedits main disadvantage is the complexity of calculatiand the
need for special software.

In case there are large differences indhkeulated confidence intervals for
the reaction rates at the different temperatufres variability can bancorporated into the
linearregression of In ks. 1/T byusing weightedregression analysis. Arabshahi and
Lund (1985) proposed appropriate regressieight factorsthat can baised in thiscase.
A weighted nonlinear least squares method was developeithiblesweighing ofall the
individual concentration measurements (Cohen and Sa§8%). Thismethod requires a
large increase in the number of calculations and it was concthdeds usewas not
justified, except in the case of substantial skewnesiseo$tandardizecesiduals obtained
from the unweighted nonlinear least squares method.

Estimation of the Arrhenius parameters as descriiéiterto, requires
isothermal kinetic experiments at least at three temperatitematively, a single
nonisothermal experiment can be conduct&lring this experiment the temperature is
changed according to a predetermined function, Jifgh as dinear function. From
equations (9) and (19)

GEa 10O Ea 1

rA:kAexpDﬁWg [A]™ or In rA=InkA+m[A]-ﬁW (28)

The rate k is determined by the differential method and the parametens k
and En through a multiple linear regression . Usually m is set as either zereorThe
second approachses anonlinear regression othe integratedorm of equation(28),
which for a first order reaction is:

0 t Ea 1
A =Apexp %A Jexp%%mg dtg (29)
0
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The integral is calculated numericalfilelson, 1983). The nonisothermal
approach requiresery good temperature control and small experimergedor in the
concentration measurements. Yoshioka e{1887) in astatistical evaluatioshowedthat
a larger number of samples need to be measured to a hégletant conversion than the
isothermal method. The nonisothermal approaaleig sensitive to experimentatror in
concentration measurementiSven atthe precicionlevel of 2%, theone step isothermal
method with experiments at three temperatures gave better accuracy in the estimation of the
Arrhenius parameters than the nonisothermal method with a linearly increasing temperature
in the same range arfor the same totahumber of data points. Another usually
overlooked factor is theonuniformtemperature within theamples due to the unsteady
state heatransfer occurring duringhe nonisothermal experime(itabuza,1984). The
nonisothermal method alsioes notallow for recognition of possiblaleviation of the
reaction from an Arrheniuehavior above or below a certain temperaturedbiatetimes
occurs in foods.

Temperature dependend®s been traditionallyexpressed inthe food
industry andthe food science and biochemistry literature agyQhe ratio of the reaction
rate constants at temperatures differing I8°C or the change dhelf life 85 when the
food is stored at a temperature higher by 10°C . The majority of the éaolitiiterature
reports end-pointata rather than complete kinetic modelling of qudlitys. The Qo
approach in essence introduces a temperature dependence equation of the form

K(T) = ko €T  or Ink = Ink+ bT (30)
which implies that if In k is plotted vs. temperatmestead of 1/T of the Arrhenius
eguation) a straighine is obtained. Equivalently, InBs can be plotted vs. temperature.
Such plots are often called shelf life plots, where b is the slope of thdifgehpldt and k
is the intercept. Thehelflife plots are true straight linesnly for narrow temperature

ranges of 10 to 20 °C (Labuza, 1982). For sudareowinterval, datafrom an Arrhenius
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plot will give a relativelystraightline in ashelflife plot, i.e. Qo and b arefunctions of

temperature:

Ea 10
InQro=10b =} " T(T+10) (32)

The variation of Qg with temperaturefor reactions of differentctivation energies is

shown in Table 3.

Table 3. Q1o dependence ongEand temperature.

Ea Q10 Q10 Q10 Reactions in 5 range
kJ/mol at4°C at 21°C at 35°C

50 2.13 1.96 1.85 Enzymic, hydrolytic

100 454 3.84 3.41  Nutrient loss, lipid oxidation

150 9.66 7.52 6.30  Non enzymatic browning

Similarly to Qothe term @ is sometimesised. The definition of Q is the

same as gy with 10 °C replaced by A °C :
A/10
QA = Q1o (32)
Another term used for temperature dependence of microbiahctivation
kinetics in canning and sometimesfobd quality loss (Hayakawa,1973) isthe z-value.
The value ok is the temperature change thatises a 10-fold changetime reaction rate

constant. As in the case o0i§z depends on the reference temperature. rélaged to b

and En by the following equation

IN10 (IN10) R T2
Z = b = =N (33)

25



Other forms of the k(T) function have been proposed (KwolekBaudkwalter,
1971)like linear,power and hyperbolic equations, lmver a widerange of temperatures,
the Arrhenius equation gave as good or better correlation.

Eyring's equation was utilized in the pharmaceutical industry (Kirkwood,1977):

Ink =In(kg/h) + SIR-H/RT +In T (34)
where H is the heat of activation, h is the Planck constgnthk Boltzmann constant and
S is theentropy. Eyring's equatiomvas applied to calculate thenthalpy/entropy
compensation irfood reactions(Labuza,1980a) Theoreticalequations based on the
collision theory and thactivatedcomplex theonthat introduce an additional temperature
term to theArrhenius relationwere also discussed biabuza(1980a). Anexample of

such an equation is:

k=k T exp (-E—f\r ) (35)
where k' the preexponential factor and n a constant with value between 0 and 1.
It was concluded that the contribution of these terms is negligible at the temperatures
relevant to food processing and storage.

Nevertheless, there afactorsrelevant tofood and foodjuality loss reactions
that can cause significant deviations from an Arrhenius behaittotemperature. (Labuza
and Riboh, 1982). Phase changes ofteninvolved. Fatsmay change to the liquid state
contributing to the mobilization of organic reactants or vice-versa (Templerahnl&x77).

In frozen foods the effect of phase changé¢hefwater of thdood is very pronounced in
the immediatesubfreezing temperature rang&enerally, as freezingroceeds and the
temperature is lowered, the reaction ratenonenzymatic frozersystemsfollows a
common pattern: (a) jusielow the initialfreezing point the ratécreases (in an almost
discontinuous fashion) tealueswell abovethose obtained ithe supercooled state at the

same temperaturdp) passes through maximum; and (c) finally declines atower
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temperatures (Fennema et al., 1973). This behavior is shown schematically in an Arrhenius
plot in Figure 3. The rate increase is especially notafide reactants oflow initial
concentration. The rate enhancement induced by freezing is related basically to the freeze-
concentration effect. This enhancement is prominent in the temperature zoagiratim

ice formation. The width of this zone will depend on the typead butgenerallywill be

in the range of -1°C to -10°C. Experimensalidies showing thigegative temperature

effect werereviewed bySingh andWang (1977). Adramatic demonstration of the
described pattern was shown by Poulsen and Lindelov (1975) who studied the magéetion
betweenmyosin and malonaldehyde ihe range of 45°C to -40°C. Enzymatic reactions

also deviate from the Arrhenius behavior in the immediate subfreezing range.

degreas C
20 10 0 -10 =20 =30
| | | 1 | |
In k
I | I
3.4 36 x8 4 40 4.2
1/T %10

Figure 3. Anomalies in Arrhenius behavior. Typical effect of subfreezing
temperatures to reaction rates.
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Other phase change phenomeara also important. Carbohydrates in the
amorphousstate may crystallize at lower temperatures, creating morevéteefor other
reactions but reducing the amountavhilablesugars forreaction (Kim etal., 1981). A
characteristic case is the phenomenon of staling of §zesdmbl, 1973). Retrogradation of
the amylopectin and a redistribution of moistiretweenstarch and gluterave been
implicated instaling. Stalingshows anegativetemperature effect between 4a@d40°C,
having the maximum rate at 4°C. A number of studises)g avariety of textural indices,
were reviewed by abuza(1982). Atypical bread stalingArrhenius plot is shown in

Figure 4 with an average "negativg 'Bof - 9 kcal/mol.

In (staling rate)

3.2 3.3 34 3. 36

1T x 10°

Figure 4. Anomalies in Arrhenius behavior. Effect of temperature on rate
of bread staling.
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Glass transition phenomena am@so implicated in systemsthat, at certain
temperature rangedeviatesignificantly from an Arrheniusehavior. Certairprocessing
conditions or drastic changes in storage conditisugh asrapid cooling andsolvent
removal,result in formation of metastable glasses, especially in carbohydrate containing
foods (MacKenzie,1977; Roosand Karel,1990{ evine and Slade,1988). Examples of
such foods include spray dried milk (Bushill,1965), boiled sw@®tite andCakebread,
1969), frozensolutions (MacKennzie, 1977), whey powdend dehydratedegetables
(Buera and Karel, 1993).

Glasstransition theory applicable tamorphous polymers hdseenused for
food polymers and compounds sxhaller molecular weighAmorphous glasses undergo
a glass to rubber transition at a temperatye Abovethe glasstransitiontemperature g,
there is a drastic decrease in the viscq$iym an order of 1 to 13 Pa.sec) (Ferry,
1980) and a substantimicrease in the fregolumei.e. the spacevhich is not taken by
polymer chains themselves. Thissults in agreater polymer chain mobility and faster
reactantdiffusion. Oftenthe dependence of the rate ofamd reaction on temperature,
when Tg iscrossed, cannot be describedh a single Arrhenius equation. A change of
slope (i.e. inactivationenergy) is observed at Tg. Furthermaiegve Tg, inthe rubbery
state, the activation energy may exhibit a temperature dependency, expressed as a gradually
changing slope ithe Arrhenius plot. Williams, Landel aieerry (1955)introduced the
WLF equation to empirically model the temperature dependence of mechanical and
dielectric relaxations within the rubbery state. It has been proposed (Slade9&0athat
the same equation may describe the temperature dependencehefmidal reactiomates
within amorphous foodmatrices, abovelg. In diffusion controlled systemswhere
diffusion is free volume dependent, reaction rate constants caxpbessed as function of

temperature by the WLF equation (Sapru and Labuza, 1992):
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oo ) =Gy e
where ket the rate constant at the reference temperatige(Tret >Tg) and G, C; are
system-dependent coefficients. Williams et al (1955), fgTgy, using experimentalata
for different polymers, estimatedverage values of theoefficients: G=-17.44 and
Cy=51.6. In various studies these are used as universal values to estaldigblitadbility
of WLF equationfor different systems. This approaadan be misleading (Ferry,1980;
Peleg,1990; Buera and Karel,1993) and effshould bemade to obtaimnd use system
specific values.

Alternative approaches for accessitige applicability of theWLF model and
calculating the values of1CGand G havebeenevaluatedNelson, 1993; Buera andarel,
1993). Eq. (36kan be rearranged into an equation of a straight lifleus the plot of

Kref 1.1 1 o .
[Iog K ] VS. T IS a straight linevith a slopeequal to G/C; and an intercept of

1/C;. If the glasstransitiontemperatureTg, is known, theWLF constants at Tgan be
calculated (Peleg,1992):

C1Co
Cig™ o Ty Tre and - £=CxTg Tret e

These values can be compared to the aforementioned average WLF coefficients.
When Tgand reactiomate data at manligher temperatures aeailable, k,
Ci1and G can be estimated from eq.(36) using non linear regression methodology.
Ferry (1980) proposed aadditional approach for verifying the WLF
eguation and determining the coefficients. A temperatwe 8t which the rate of the
reaction is practically zero, is used, dan be approximated by the difference between the

reference temperature and Ce. To=Tret-Co. Rearranging eq. (36)

Kref Co(T-Tref)
og(K- ) =TT, (38)
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i.e. if To is chosercorrectly, a plot of log(kfkgf) vs. (T-Tref)/(T-Two) is linearthrough the
origin with slopeequal to G. T4-50° C wasproposed as a goaditial estimate of T.
Buera and Kare{1993) used this approachtwst the applicability of WLF equation in
modeling the effect of temperature on the rate of nonenzymatic browning, setenal
dehydrated foods and carbohydrate model systeFable 4 gives the calculated values of
the coefficients of theNLF equationfor the differentsystems athe used reference

temperature as well as a4, Tor different moisture contents.
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Table 4. WLF coefficients determined for several foods and megsiemseported
at a reference temperature1(@nd G) and transformed to correspond to
Tref=Tg (C1g and Qg) (Buera and Karel, 1993)

System Bo Tref Tg moisture .G Co C1g ng
(O (C) (g HO/g solid)
apple 50 55 22 0.014 8.79 83 14.59 50

2 0.022 8.79 103 18.05 50
-7 0.050 8.79 112 19.69 50
-13 0.087 8.70 118 20.73 50
-24 0.011 8.79 129 22.68 50
-38 0.017 8.79 143 25.14 50

cabbage ¢o0 45 15 0.014 7.82 80 12.5 50
5 0.021 7.82 90 14.07 50
1 0.032 7.82 94 14.7 50
-8 0.056 7.82 103 16.1 50

-29 0.089 7.82 115 17.98 50
-26 0.117 7.82 121 18.92 50
-58 0.179 7.82 153 23.93 50
carrot 1950 43 -5 0.054 7.44 98 14.58 50
-20 0.062 7.44 103 15.33 50
-15 0.080 744 108 16.07 50

nonfat 1g-100 90 101 0.000 8.1 89 1.2 100
dried milk 65 0.012 8.1 125 10.14 100
44 0.059 8.1 146 11.83 100
nonfat 1g-100 90 50 0.030 6.8 140 9.52 100
dried milk 45  0.040 6.8 145 9.86 100
40 0.050 6.8 150 10.2 100

onion Tg50 30 -8 0.056 8.8 88 15.9 50
-20 0.089 8.8 100 18.1 50

-58 0.189 8.8 138 24.5 50

potato 65 50 30 0.049 7.92 85 10.4 65
20 0.094 7.92 95 11.6 65

-5 0.150 792 120 14.6 65

-15 0.200 7.92 130 15.84 65

whey powder §100 35 29 0.059 8.4 106 9.0 100
18 0.080 8.4 117 9.9 100

model sys1* {90 45 45 0.059 8.3 90 8.3 90
model sys2** T,-10 55 40 0.073 6.93 135 7.8 120

* model system 1 composition: 99 % poly(vinyl pyrrolidone), 0.5 % glucose, 0.5 % glycine.
** model system 2 composition: 98 % poly(vinyl pyrrolidone), 1 % xylose, 0.5 % lysine.
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A number of recent publications debate the relative validity of the Arrhenius and
WLF equations in theubberystate namely in the range 10 to 100°akbveTg. This
dilemma may verywell be anoversimplification. (Karel,1993). As mentionexbove,
processesffecting food quality thatdepend on viscosity changes (eogystallization,

textural changes) fit the WLF model. However chemical reactions may be either kinetically

limited, when k<«iD (where D thediffusion coefficient andx a constant independent of

T) , diffusionlimited when k>®D or dependent on botivhen kand aD of the same

order of magnitude. In thatter case theffective reaction rateonstant can bexpressed
Kk

aS T oD k in most cases exhibits an Arrhenius tigrmaperature dependence and D

has been shown in many studiesiier follow the Arrhenius equatiomith a change in
slope at J or to follow theWLF equation in theubberystate and especially in the range
10 to 100° C abovegl' The value of the ratio &D defines theelativeinfluence of k and

D and determinesvhether the deteriorative reaction can qagcessfullymodeled by a
single Arrhenius equatiofor the whole temperatumange of interest or a break in slope
occurs at § with a practicallyconstant slopabove T, or with achanging slope imvhich
case theWVLF equationwill be used forthe range 10 to 100° @bove . In complex
systems where multiple phases and reaction steps can occur, suditdssaither model
has to be considered as ampirical formulafor practical use and not arequation
explaining the mechanism or phenomenon.

When severalreactionswith different Ea's are important tdood quality, it is
possiblethat each of themwill predominantly define qualitjor a different temperature
range. Thusfor example, ifquality is measured by aowverall flavor score, the quality
change rate vs. 1/Will have adifferent slope ineach of theseegions. This is shown

schematically inFigure 5. Atypical example ofsuch abehavior is qualityloss of
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dehydrated potatoes where lipid oxidation and loss of fat solitehains predominates up

to 31°C and nonenzymatic browning and lysine loss above 31°C (Labuza, 1982).

in irae of quality kees]

33 34 35 35
1T x 107

Figure 5. Typical temperature dependence of quality loss when
reactions of different Ea affect quality.

The behavior oproteins at high enougtemperature whereby they denature
and thus increase or decrease their susceptibilithemicalreactions dependingpon the
stereochemical factorthat affect these reactions, is another factor that can cerse
Arrhenius behavior.For reactions thainvolve enzymatic activity omicrobial growth the
temperature dependence plot shows a maximum rate at an optimum temperature, below and

above which an Arrhenius type behavior is exhibited. This is demonstrated in Figure 6.
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Figure 6.  Typical temperature dependence curve of an enzymatic
reaction or microbial growth.
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The study of the temperature dependence of microbial growth has lately baea an
of increased activity. The described kinetic principles are applied to compile the neccessary
data for modeling growth behavior, in amultidisciplinary field coded predictive
microbiology (Buchanan,1993; McClure at., 1994; McMeekin etal., 1993). For a
temperature rangbelow the optimum growth temperature either of thwe simple
equations, Arrhenius argtjuareroot, sufficiently model the dependenéer all practical
purposes (Labuza et al., 1991). Twe-parameter empiricalquare roomodel,proposed
by Ratkowsky et al.(1982) has the form

VK =b (T-Tmin) (39)
where k is growth ratéy is slope of the regressidine of vk vs temperatureand Tmin is
the hypothetical growth temperature whereréigressiorline cutsthe T axis atvk =0.
The relation between @ and this expression is

QuorA T (40)

Equationswith more parameters, to model growiand lag phase)
dependence throughe whole biokinetic range, weedso introducedeitherbased on the
square root model ( Ratkowsky et al., 1983) or the Arrhenius equation (MoKramiek,

1980 ; Scoolfield et al., 1981, Adair et al., 1989). Tweye reviewedand experimentally
evaluated by Zwietering et al. ( 1991).

Traditionally the mathematical models relating the numbers of microorganisms to
temperature have been divide into two main groups (Whiting and Buchanan, 1994): Those
describing propagation or growth primarily refer to the lower temperature range, and those
describing thermal destruction at lethal temperature range. Recently, a combined approach

utilizing a single mathematical formula to describe both the propagation and destruction

rate constant over the entire temperature range, from growth (k(T)>0) to lethality was
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proposed (Peleg, 1995). The main applicability of such a model is to account for changes
that take place at a temperature range where transition from growth to lethality occurs.

Finally, temperature cahave anadditional indirect effect by affecting other

reaction determining factors, whiebill be discussed inhe next section. A temperature

increasejncreases thevater activity athe same moisturkevel or enhances the moisture

exchange with the environment in cases of permeable packaging affecting the reaction rate.

Reactions that are pH-dependent can be additionally affected by tempehatnge, since

for many solutesystems pH is a function démperature (Bate4,973). Solubility of

gases, especially of oxygen, changeth temperature(25% decreasewith every 10°C

increase for @in water) thus affecting oxidation reactions where the oxygen is limiting.

10.2.2.2.Effects of other environmental factors

Moisture content andwater activity (@) are themost important [ factors besides
temperature that affect the rate of food deterioration reactions. ¥taty describes the
degree ofboundness othe watercontained in thdood and itsavailability to act as a
solvent and patrticipate in chemical reactions (Labuza, 1977).

Critical levels of @ can be recognized above whichdesirable deterioration of
food occurs. Controllinghe g, is thebasis forpreservation ofdry and intermediate
moisturefoods (IMF). Minimum gy valuesfor growth can be definedor different
microbial species. For example, st tolerant pathogenkmacterium isStaphylococcus
aureus, which cangrown down to an\gaof 0.85-0.86. This i®ftenused aghe critical
level of pathogenicity in foods. Beuchat (1981) gives minimynvauesfor a number of
commonly encountered microorganisms of public health significance.

Textural quality is also greatly affected by moisture contentvaatdr activity.
Dry, crisp foods (e.g., potato chips, crackers) become texturally unaccepiahlgaining

moistureabove the).35 to 0.5 @ range (Katz andlabuza,1981). IMFlike dried fruits
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and bakery goods, upon losing moisthetow an @ of 0.5 t00.7, become unacceptably
hard (Kochhar and Rossel, 198 Becrystallization phenomena dfy amorphous sugars

caused by reaching ag, ®f 0.35 - 0.4 affect texture and qualitioss reaction rates, as

already mentioned.

Besides the specific criticaldimits, water activityhas a pronounceelfect on
chemical reactions. This effect playsery important role in the preservation BfiF and
dry foods. Generally, the ability of water to act as a solveesction medium and as a
reactant itselfincreaseswith increasing @. As a result, many deteriorative reactions
increase exponentially in ratgith increasing @ above thevalue corresponding to the

monolayer moisture. Thisan be represented schematically in a glébad stability map

(Figure 7) .

Relative reaction rate
Moisture
1

0.1 02 03 04 05 06 07 08 09 (0
Water activity

Figure 7.  Global Food Stability Map (adapted from Labuza et al., 1969).
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The critical g limits for microbial growth and theelative rates of reactions
important to food preservatisuch adipid oxidation and nonenzymatic browning can be
seen in this figure (Fig.7). The underlying reasons for this behavior has been the subject of
severalstudies (Taoukis eal., 1988a). Mostreactionshave minimalrates up to the
monolayervalue. Lipid oxidation showsthe peculiarity of a minimum at the monolayer
(mg) with increased rates below and above it (Labuza, 1975; Quast et al., 1972).

The proposed theorieshat attempt to explain the effect ofy aon food
deterioration reaction as well as ways to systematically approach and moeéettisre
discussed by.abuza(1980b). The moisture content anmater activitycan influence the
kinetic parameters gk Ea), the concentrations of the reactants ansboime casesven the
apparent reaction reaction order, Most relevantstudieshave modeled either kK as a
function of g (Labuza,1980b)related to the change of mobility of reactants dueyto a
dependent changes of viscosity, ar & a function of @ (Mizrahi, etal., 1970 a; b). The
inverse relationship of &£with a, (increase in\g decreases gZandvice versa) could be
theoretically explained by thproposed phenomenon of enthalpy-entropynpensation.
The applicability ofthis theory anddata thatsupport ithave beendiscussed by abuza
(1980a).

Additionally moisture content andyadirectly affect theglass transition
temperature of theystem. Withincreasing @, Tg decreases. As watiscussed in the
previous section, transverse of @nd change into theubbery state, has pronounced
effects, especially in texture and viscosity depended phenomena but also in reaction rates
and their temperature dependence.hds beenproposed fordehydratedsystemsthat a
critical mosture content Aaalternative to thenonolayervalue ofthe BET theory, is the
value atwhich thedehydrated systemas a | of 25° C (Roos,1993). Consideration of

thesecritical values contribute to explain texturgthanges occuring at distinc{, aand
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ambient temperatures (daps of crispness of snack foodlsove0.3-0.5 orunacceptable
hardness of IMF foodgelow 0.7-0.5) buttheir practical significance inyadependent
chemicalreactions is not straightforward and cannotvmved isolated. Nelson and
Labuza (1994) reviewed cases where the fundamental assuthptioeaction ratewithin
the ruberry state were dramatically higher than in the "stgfdes’systate was noterified.
In complex systems, matrix porosity, molecidae,and phenomensuch ascollapse and
crystallization occuring in theubbery state result in moreomplicated behavior.Both
water activityand glasdransition theory contribute to explain the relationshgiween
moisture content andeteriorative reactiomates. It should be stresséabugh, that in
contrast to thewell established moisture isothergetermination, i.e the moisture-aw
relation, accurate detremination o &s a function of moisture in a rdabd system is a
difficult task and an areahere much more work is needed. Furthermore, castionld
be exercised when extrapolating state of the art knowledge to mattea$etyf. Water
activity, used asnentionedabove as amdex of microbialstability, is awell established
and practical tool in the context dfurdle technology. Additionatriteria related to §
should be considered onbfter careful challenge and sufficient experimemtatence
(Chirife and Buera, 1994).

Mathematical models that incorporate the effect ofyaas an additional
parameter can besed for shelfife predictions of moisture sensitifeods (Mizrahi et
al.,1970 a; Cardoso and Labuza, 1983, Nakabayaahj #81). Such predictionsan be
applied to packagefibods inconjunctionwith moisture transfer modeldevelopedbased
on the properties of thiwod andthe packaging materialdaoukis etal., 1988b). Also
ASLT methodshave beenused topredict shelf life at normalconditions based odata
collected at high temperature and high humidity conditions (Mizrahi et al., 1970b).

The pH of the food system is another determining factdre effect of pH on

different microbial, enzymatic and protein reactions has been studied in model biochemical
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or food systems.Enzymaticand microbialactivity exhibits an optimum pH range and
limits above and below which activity ceases, much like the response to tempgtifure
6). The functionality and solubility of proteins depend stronglypBnwith thesolubility
usually being at a minimum near the isoelectric point (Chefial,2085), having a direct
effect on their behavior in reactions.

Examples of important acid-base catalyzed reactions are nonenzymatic
browning and aspartame decomposition. Nonenzymatic browning of preteings a
minimum nearpH=3-4 and high rates inthe near neutral-alkaline range (Feenealet
1975; Feeney and Whitakelr982). Aspartame degradation is reported at a minimum at
pH=4.5 (Holmer, 1984), although thieuffering capacity of thesystem andhe specific
ions present have significant effect (Tsoumbeli and Labuza, 1991). Unfortwexteligw
studies considethe interaction between pEInd other factors e.g temperatureSuch
studies (Bell and.abuza,1991and1994; Weismann @t, 1993) showthe significance of
these interactions and the need for such information for the design and optimizagah of
systems. Significant progress inelucidating and modeling the combined effect to
microbial growth of factors such as T, pkj, @ salt concentation has beschieved in the
field of predictive microbiology ( Ross and McMeekin, 1994; Rosso et al., 1995)

Gas composition also affectsertain qualityloss reactions. Oxygen affects
both the rate and apparent order of oxidative reacti@msed on its presencelimiting or
excess amounidabuza,1971). Exclusion ofimitation of O, by nitrogen flushing or
vacuum packaging reduces redogotential andslows down undesirable reactions.
Further, the presence amnglative amount of other gases, especially cardaxide, and
secondly ethylene an@O, strongly affectsbiological and microbial reactions ifiesh
meat,fruit and vegetables. The mode of action of £{3 partly connected to surface
acidification (Parkin and Browri,982) butadditional mechanisms, not clearly established,

are in action . Quantitative modeling of the combined effect on microbial growth of
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temperature and is area of current resear€Willocx et al., 1993). Different systems
require different @ - COp - N2 ratios toachievemaximumshelf life extension. Often
excess C@can be detrimental. Alternatively, hypobaric storage, wherebypieasure is
reduced, has been studied. Comprehenswviews ofcontrolled and modified atmosphere
packaging (CAP/MAP) technology are given by Kader (19Bélsuza and Breend 988)
and Farber (1991). Bin at. (1992) review the efforts that have focused onkinetically
modeling the CAP/MAP systems.

Currently experiments with very high pressure technology (1,000 to 1&y®)0
are being conducted. This hydrostatic pressure, appliedpriasaure transferingiedium,
acts withouttime delay and is independent of product size and geometry. It can be
effective at ambient temperatures (Hoou&93). Keyeffectssought from high pressure
technology include (Knorrd993): a)lnactivation of microorganisms, b) modification of
biopolymers (proteirdenaturation, enzyme inactivation activation, degradation), c)
increased product functionality (edensity, freezing temperatures, texture) and d) quality
retention (e.gcolor, flavor due to thefact thatonly nonvalentbonds are affected by
pressure). Kinetic studies of changes occurring during high pressure processihgirand
effects on shelfife of the foodsare very limitedand further researcWill be needed for
this technology to be fully utilized.

To expressthe abovediccussedeffect of different factors in a simple
mathematical form, the concept of the qualiipction can beused in amore general
approach. Assuminghat the quality of thood depends on different quantifiable
deterioration modes (quality factors);, Aespective qualityunctions can be defined in
analogy to Eq.14.

Qi(Ai) = ki t (41)
The rate constant; lof each particular deterioration mode is a function of the

aforementioned factors, namely
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ki =f (T,aw,pH, Ro,, Pco,..) (42)
the values of which are in turn time dependent:

T=T(1), aw = an(t), pH=pH(t), R>,= Po,(t), Pco,= Pco,(t) (43)

The functions of (32)incorporate the effects of storage conditions, packaging
method and materials and biologieativity of the system. Thus fowrariable conditions

the rate constant is overall a function of time, ijekift). In that case the quality function

value at certain time is given by the expression
t

Qi(Aj) = j ki dt (44)
0

If the lower acceptable value of the quality parametendted as 4 is known

then at time t theonsumed qualityraction, ®¢; , and the remaining qualifyaction, ®r; ,

are defined as:

Qi(Ai)-Qi(Ao)

D6= QA QA (45)
Qi(Am)-Qi(Ai)

q)ri: Qi(Am)'Qi (Ao) (46)

Knoweledge of the value dir; for the different deterioration modafiows the calculation
of theremaining shelf lifeof the food 9y, from the expression
8= min [ Pr;/ki] (47)
where the rateonstants kare calculatedor an assumed set 8femaining” constant
conditions.

The aboveanalysis setthe foundations of shellife prediction of a complex
system under variable conditions. The magmks in ascheme like this, is recognition of
the major deterioration modes, determination of dbeespondingyuality functions and
estimation of Eq.(42) i.e. the effects of different factors on the rate constankatt€éhes a

difficult task for real food systemsMost actualstudies concerthe effect of temperature
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andvariable temperatureonditions,with the expressed (oimplied) assumptiorthat the
other factors are constant. Controlled temperdturetionslike square, sine,and linear
(spike) wave temperature fluctuations can be applied verify the Arrhenius model,
developed from several constant-temperature $feeléxperiments . Labuzf 984)gives
analytical expressions for Eq. (44) fahe above temperaturi@nctions usingthe Qo
approach. Similarly solutions can be given using the Arrhenius or square root models.
To systematically approach the effect efriable temperatureonditions the
concept of effective temperatureyf] can be introduced. ¢f is a constant temperatutet
results inthe same quality change as teriable temperaturdistribution over the same
period oftime. Teff is characteristic of the temperature distribution and Kimetic
temperature dependence of thestem.The rate constant ateff is analogouslytermed
effective rate constant, a@i(Aj) of Eqg.(44) is equall todg t. If Ty, and ky, are the mean

of the temperature distribution and the corresponding rate constant respectively, the ratio

is also characteristic of the temperature distribution and the specific system, where

Keff
) (48)

For some known characteristic temperature functions shown in dtiglgtical

expressions for the g and Arrhenius models are tabulated in Table 5.
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Table 5. Analytical expressions for calculation loffor different temperature functions.

Function Q1o0Approach Arrhenius Approach
E,
Sine wave =1, (ab) r=1 RTo(Tritde)

1 aob., 2 1 1
Square wave | =mm[e“0~+e b] F:?expm] +mm exp

Eado
| 60D ¢-2b XD T zon - &P
Spike wave ['= ———p— M= -

n n

bTi At Z EAy At
Ze WA\ exphj—) A
-0

-0
Rand r r:*
andom | === e

lo(X) is amodified Bessel function of zero ordetts values can be calculatétbm an

x2 x4 x6
infinite series expansiong((x)=1-+msm o+ Ry +.., Of found inMathematical
Handbooks (Tuma, 1988).

From ' of a variable temperatumistribution theeffective reaction rate and
temperatures d¢ andTesf and the value of the quality functionfor the particular
deterioration mode are calculated. Comparison of this value to the experimentally obtained
quality value,for variable temperaturiinctionscovering the range of practical interest is
the ultimate validation of the developed kinetiodels. This methodologyas applied by
Labuza and coworkers for various fomhctionsystems aneégreement or deviaticinom
predicted kinetic behavior waasssessed (Berquigind Labuza, 1983; Kamman and
Labuza,1981; Labuza et 41982; Riboh and.abuza,1982; Saltmarch antabuza,1982;
Taoukis and Labuza,1989).
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Figure 8.  Characteristic fluctuating temperature distributions used to
verify validity of kinetic models. ao is the amplitude of the sine,
square and spike wave functions.

Alternatively the effect of variableemperature distribution can lexpressed
through an equivalent timex{, defined as the time at a reference temperdisyeesulting
in the same quality change (i.e. same value of quality function) asriable temperature.
The practicality ofdqis that if thechosen Jer is thesuggested keepingmperature e.g.
4°C for chilled products, itill directly give the remainingshelf life at that temperature.
Note that if the mean temperature geosen ashe reference temperaturee® T, then
teqt=T".

Further a shortmention of the Equivalenpoint method isrelevant. This
approach habeenused forevaluationand modelling ofthermal processes (Nunes and
Swartzel,1990) andthe response offime Temperature Indicators (TT(JFu and Labuza,
1993). The same methodology would apply for quality loss duheghelflife of foods.

Using the expression of the quality function
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Ea
Q(A)=ka exp (-RT )t (49)
and if Y=Q(A)/kthen the above equation can be written as
InY= R—lT Ea + Int (50)
i.e a plot oflnY vs Ea of differentfood systemgyives astraight line. For aparticular
variable time-temperaturdistribution it is proposethat aunique point (gte) is defined

from the slope and intercept of Eq.(50). This would allow calculation of the quality change

in a food system oknown En from the measured change to (atleast) otherfood
systems (or TTI) subjected to the satin@e -temperature conditions. liasbeen recently

argued that this approach is only valid for isothermal conditions (Maesmans et al., 1995).
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10.3 APPLICATION OF FOOD KINETICS IN SHELF LIFE PREDICTION AND
CONTROL

10.3.1.Accelerated Shelf Life Testing

Taking into account the described limitations and ghssible sources afeviation, the
Arrhenius equation can hesed tomodel food degradatiorfor a range of temperatures.
This modelcan beused topredict reaction rates anshelf life of the food at any
temperature within the range, without actual testing. Equally important it allowsé¢hef
the concept of accelerated shelf life testing (ASLT).

ASLT involves the use of higher testing temperaturdeaa quality loss and
shelf life experiments and extrapolation of the results to regular storage conditions through
the use ofthe Arrhenius equationThat cuts downvery substantially the testingme. A
reaction of an averageaEof 90 kJ/mol may baccelerated by 9 to 13 timadth a 20°C
increase in the testingemperature,depending on the temperature zonelhus an
experiment that would take a year can be completed in about a midmghprinciple and
the methodology in conductirgffective ASLT aredescribed by Labuza (1983)abuza
and Schmidl (1985), and in a publication by the Institutéadd Science and Technology,
UK (IFST,1993).

Designing a shelfife test is a syntheti@approachthat requires sufficient
understanding o&ll food related disciplines, namelipod engineeringfood chemistry,
food microbiology, analytical chemistryphysical chemistry, polymer science afubd
regulations. The following steps outline the ASLT procedure:

1. Evaluate the microbiological safety factdim the proposed food product and
process. Use of the Hazard Analysis Critical Control Point (HACCP) principlegasca

approach to be followed frothe design stage. Ifnajor potentiaproblems exist at this
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stage (i.e.CCP'sexist that are difficult tacontrol) , the formula oiprocess should be
changed.

2. Determine from @horough analysis othe food constituents, therocess
and the intended storage conditiowhich biologicaland physicochemical reactiomsll
significantly affectshelf life and hence can besed asquality loss indices. A good
knowledge of the system, previous experience and a thorough literature searchi@ts the
to fulfill this step. If from this analysis it seertiiely, without actual testing, thaequired
shelf life is not likely to beachievedbecause oferiousquality loss potential, product
design improvement must be considered.

3. Select the package to beed forthe shelf life test. Frozen, chilled and
cannedfoods can be packaged in the actpabduct packaging.Dry products should be
stored in sealedjlass containers or impermeablpouches atthe product's specified

moisture and .

4. Define thetest's storage temperaturésie following Table can besed a
quldeline.

Product type Test temperatures (°C) Control (°C)

Canned 25, 30, 35, 40 4

Dehydrated 25, 30, 35, 40, 45 -18

Chilled 5, 10, 15, 20 0

Frozen -5, -10, -15 <-40

5. From the desiredshelf life at the expectedstorage and handling

temperatures, anoased oravailableinformation on theanostlikely Q1q, calculate testing
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time at each selected temperature. If no information is available on the expggteaiu€

minimum three testing temperatures should be used.

6. Decide the type and frequency of tests to be conductathttemperature.
A useful formula to determine the minimunequency of testing atll temperatures based
on the testing protocol at the highest temperature

fo=f1 Qi *T10 (51)

where f is the time between tests (e.g., days, weeks) at highest test temperdtuie the
time between tests at any lower temperatgr@idAT is the difference in degrees Celsius
between T andT2. Thus, if a canned product is held at 40°C and tested onuenth,
then at 30°C (i.AT=5) and a Qg of 3, the producshould betested at leastvery 1.73
months. Usually, more frequent testing recommended, especially if the;§is not
accurately known.Use oftoo longintervals mayresult in an inaccurate determination of
shelf life andinvalidate theexperiment. At eachktoragecondition, at leassix datapoints
are required taminimize statisticalerrors; otherwise, the statistical confidence in the
obtained shelf life value is significantly reduced.

7. Plot the data as it =llected to determine the reactiorder and talecide
whether tesfrequency should baltered. It is a common practiéer the datanot to be
analyzed until the experiment éserand then it is recognizetiat changes in the testing
protocol, affected early on, would have added significantly to the reliability of the results.

8. Fromeach tesstoragecondition, determine reactioorder andrate, make
the appropriate Arrheniuplot, and predict theshelf life at the desiredactual storage
condition. Product can also be storedhat final condition, to determine ighelf life and
test the validity of the predictiortHowever, inindustry this is uncommon becausetiofe

and cost constraints. It is a much meffectiveand realistigpractice to test the obtained

49



predictive shelf life model by conducting an additional test at a controlMedable
temperature. The results will be compared to the predicted values according to Table 5.

Mathematical models that incorporate the effect ofyaas an additional
parameter can based for shelflife predictions of moisture sensitivibods. Such
predictions can be applied to packaged foods in conjunattbhrmoisture transfer models
developed based on the properties offtleel andthe packaging materia{§aoukis etal.,
1988b). Also ASLT methodshave beenused topredict shelf life at normalconditions
based ordata collected atigh temperature and high humidity conditions (Mizrahalet
1970b). Weissman ai. (1993) propose aovelapproach forASLT wherebynot only
external conditions but concentration of selected reactants or catalysts areacsetetate
the storage test. When this is feasible tagbeleratiorratios can bechievedand testing
times can be reduced significantly.
10.3.2 Use of Time Temperature Indicators as shelf life monitors

Generally aTime-Temperature Indicator(TTIl) can be defined as simple,
inexpensive device that can show an easily measurable, time-temperature dependent change
that reflects the full or partial temperature history of a (food) product to which it is
attached. TTI operation isased ommechanical, chemical, enzymatic mnicrobiological
systemshat change irreversibliyom the time oftheir activation. The rate afhange is
temperature dependent, increasing at higher temperatures in a manner similar to most
physicochemical reactions. The change is us#wadfyressed as\asible response, in the
form of amechanical deformatiorcolour development ocolour movement. The visible
reading thus obtained gives some information on the storage conticihavepreceded
it. The ability of TTI to function asumulativerecorders otemperaturénistory fromtheir
activation time to the time eachsponsaneasurement itaken, make theraseful for two

types of applications.
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TTIl can beused tomonitor the temperaturexposure ofindividual food
packages, cartons or pallet loads during distribution up to the time they are displayed at the
supermarket. By beingttached to individuatases opallets they camgive ameasure of
the preceding temperature conditions at gackivingpoint. These pointa/ould serve as
information gathering and decision making centres. The information gatinenedll
stations could be used fowerallmonitoring of the distribution systerthusallowing for
recognition and possible correction of the more problematic links.

The second type ofT Tl applicationinvolves their use asquality monitors.

With quality loss being a function of temperature history and with TTI giving a measure of
that history, their response can presumably be correlated to the quality levefaddhelf

that can be achieved, TTI can be used in either (or both) of two ways. The first would be as
an inventory management astbck rotation tool athe retaillevel. The approactused
presently is thd-irst In First Out (FIFO) systeraccording towhich, productsreceived

first and/or with the closest expiratiatate on the label adisplayed and sold first. This
approach aims in establishing a "steady staiéi all products beingsold atthe same
quality level. The assumption ighat all productshave gone through unifornhandling,

thus quality is basically a function time. Theuse ofthe indicators can help establish a
system that does not depend on this unrealistic assumption. The objective will again be the
reaching of a "steady state" situation with the least remaining shetirditRicts beingold

first. This approach could be coded LSFO (Least Shelf-life First Out). The LSFO system
could theoretically (although not proven) reduce rejepteducts anceliminateconsumer
dissatisfaction since the fraction of prodweith unacceptablequality sent into the
distribution systenwill be eliminated. Secondly, TTI attached on individual packaged
products, can serve as dynamicactive shelf life labeling instead ofor in conjunction

with) opendate labeling. The TTI wouldssurethe consumerghat theproductswere
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properly handled and woulehdicate remainingshelf life. Use of TTI as "consumer
indicators” is the ultimate goal of these systems.

A variety of TTlbased on different physicochemical principles/e been
described by Byrn€1976) and Taoukis et al.(1991)Statistical correlations of TTI
performance and product quality characteristiese been reportedor a variety of
perishable and frozerioods (Tnker et al.,1985;Chen and Zall,1987; Wells and
Singh,1988). A general approach that allows the correlation of the response of a TTI to the
quality changes of dood product ofknown deterioration modes, withowctual
simultaneous testing of the indicator and the food, deaglopedoy Taoukis and.abuza
(1989a). Threetypes of TTI commerciallyavailable were mathematicalijodeledusing
Arrhenius kineticsOnetype is based on tane-temperature dependddfusion of a dye
along a wick , thesecond on a change of color due to a contraleymatic reaction and
the third ondevelopment otolor based on a solstate polymerization . A scheme was
introduced that allows the correlation of the TTI response, X, to the quality index A of the
food. X can be expressed as a function of time:

F(X);=kt=k exd-Ea/RT) t (52)
where F(X) is the response function ahe TTI, t is the timeand k theresponserate
constant; the constant &nd the activation energwEre the Arrhenius parameterd-or a

TTI going through the same temperature distribution, T(t) as the monitored foadjube

of F(X)t is known fromthe response X ; dff can then be calculatétbm equation(14)
for T=Teft. Teff and knowledge of th&inetic parameters of deterioration of tfeod
allows the evaluation a(A) and henceahe qualityloss ofthe product.The reliability of
the TTI undervariable temperatureonditions wasalso assessed(Taoukis ahdbuza,

1989b), using the relations of Table 5and in general was judged satisfactory.
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10.4 EXAMPLES OF APPLICATION OF KINETIC MODELING

10.4.1. Kinetic calculations

Two examples highlighted, afeased on simulatechodel systems (Saguy an@ohen,
1990) describing amonenzymatic browning reaction (Table FEigure 9) andthiamin
retention (Table 7; Figure 10). Thiata was generatesssuminghe values of thenergy
of activation, /R, the rateconstant defined at a refererteenperature, k¢ and theinitial
concentration A A random error of+/- 5% was introduced to accouribr realistic
experimental conditions and error. Itvi®rth notingthat in both examples, the reference
temperature, (Ef, waschosen as 300 K. Asointed outpreviously,this transformtaion is
important for improving the stabilityduring numerical integration andor nonlinear
parameter estimation. The transformatiomalg recommended sindlee parameters are
highly co-linear and are not easily regressed diré€thhen and Saguy, 1985; Haralampu
et al., 1985; Nelson, 1983).

Linear and nonlinearsubroutineswere utilized to derive theregression
coefficients and analyses (BMDP1R and BMDPAR; Dixon, 1989).

0.25 1

W
|
|
0.20 1 |
t
I
|

BROWNING (OD)

300 400

TIME (d)

Figure 9. Nonenzymatic browning of a model system as a function of
storage temperature (zero order reaction).
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Table 6 Simulated nonenzymatic browninigta(l) as a function of storagemperature

for Figure 9
Time Nonenzymatic browning (OD/g solid) for temperatures
(days) 25 °C 35 °C 45 °C 55 °C

1 0.102 0.111
2 0.121
3 0.131
4 0.139
5 0.103 0.104 0.110 0.152
8 0.177
9 0.190
10 0.124

11 0.238
15 0.137

20 0.101 0.112 0.148

25 0.158

30 0.101 0.114 0.169

40 0.123 0.194

50 0.127 0.244

60 0.106 0.133

90 0.107 0.148

105 0.155

120 0.110

135 0.160

150 0.114

180 0.175

200 0.117

275 0.127

350 0.130

@

Adopted from Saguy and Cohen (1990).
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Figure 10. Thiamin retention of a model system as function of storage

temperature (first-order reaction).

Table 7 Simulated thiamin retentiof}) for a model system as a function of storage
temperature (first - order reaction) for Figure 10

Time Thiamin concentratiom{g/g solid) for temperatures
(days) 25 °C 35°C 45 °C 55 °C
1 96.70 93.40
2 85.47

5 98.22 0.104 89.44 69.92
8 54.60
10 80.98 47.50
12 42.29
15 72.36 33.43
20 98.16 0.112 66.72
25 59.91 14.80
30 94.80 0.114 51.93
40 0.123 44.11
50 0.127
60 92.56 0.133 28.62
90 88.61 0.148
105 0.155
120 85.84
135 0.160
150 81.27
180 0.175
197 76.29
257 70.55
300 67.15

«y Adopted from Saguy and Cohen (1990).
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A. Two-step method

The most common method &stimate therrhenius' parameters is the classic
succesive two-steps ordinary linear least squares fit. fildtestep isthe regression of the
quality function (Table 1; i.e., &for zero-order, or In (§Ao) for a first-orderreaction) vs.
time, ateach temperature, to estimate the catestant k, and thaitial concentration 4.

The estimation of Aavoids bias in the determination, and provides an additional croiterion

of the adequacy of the model to describe the experimental data. A significant descrepancy
between the estimatehd experimental Asuggestghat a problenexists. The problem

may be due to an inadequate kinetic model, large experimental error, insufficient number of

data, etc. The second step is regression of In(k) vs. [1/T - 1/Tref] to obtain the estimated of
kref and Ea/R.

B. Non-linear Least Squares (one step method)

The nonlinear regression performs a single regressiaifl ahthe datgoints
(= 1, ...,n), to estimate AR, kef and Ay, without calculating the ratefor each

temperature.

C. Results

The Arrhenius' parameters and théial concentration derivedsing the two
regression methodae summarized in Table 8r nonenzymatic browning (zero-order)
and thiamin (first-order) kinetics.

The results show no substantial differences anbeaglerived values of #R
and kef when Methods 1 and 2 were applied. Nevertheless, the values derived by method 2
are closer to the actual values used for the simulation.

D. Confidence contour
As mentioned before the confidence contfmirEa/Rand krefcan be derived
using acomputer prograniDraper andSmith, 1981) which incorporates approximation

for a nonlinear regression of Eq.(27):
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Np
S =sY 1+n-Np FINp, n-Np, (1-9]} (27)
where f is the fitted nonlineanodel, SS is tha@onlinear leassquareestimate
of the fitted model, i.e. SS&E[In(Aj-f)]2 fori=1ton, nisthe number of data pointg, N

the number of parametederived from the nonlinear least squares00(1-q)% the
confidence level anB the F -statistics.

The valuesused for deriving the confidencecontour for the nonlinear
regression of the nonenzymatic browning data were as follows (Table 8):
SS=1.331 E-3; F/R=15,796; A=99.32 and F(3,34,90%)=2.27.
The fitted model, f, is replaced with the appropriate model based on the reaction order:

zero-order

OEA (1
f=Ap +texp R T~ Tl

first order

0 OEa 1 1
f=expin(Ao) +texprR ET'T&%

n - order (n not equal to 1)
o OEA 1 1 MHayan
f= BAO(H D+ (1-n)texprr [T~ Tref% o

The appropriatesign +/- inthe aboveequations should be choserf-or a
reaction where concentration increases a positive should beksed.depletion reactrion
the negative sign should be utilized.

The algorithm implemented to derive the confidence region is as follows:
a. Initial concentration isassumed constant aride estimatedsalue derived by the
nonlinear regression is utilized.
b.  The confidence contour is derived by choosialges of /R and ket which fulfill
the equality expressed in Eq. (27). Obviously, the valueadR Bnd kes are varied within
the range ofvalues thatsatisfiesthe inequality listed in Eq27). Thistrial and error
procedure is normally carried out on a computer.

The derived confidence contour is depicted in Fig. 11. It shiosspan in the
calculated values of &R and ket. When comparing the confidence regions derived by the
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two regression methodsThe nonlinearregression yieldsypically a smaller confidence
region. This meanshat a better estimation of shelf-life predictiand simulation is
possible (Cohen and Saguy, 1985; Haralampu et al., 1985).

Table 8 Effect of theregressionmethod on the Arrhenius parameteatsrived for

nonenzymatic browning (zero-order) and thiamin retention (first - order reaction)

Regression & k x 100 Ea/R krefl®) Ao Aoavr®
method 25°C 35°C 45°C 55°C 25°C 35°C 45°C 55°C

Nonenzymatic Browning

Simulated values 15000 13.5 0.100
Two steps 1 9.141.6 270.21157.9 16067 11.7 0.100 0.105 0.095 0.098 0.098

Non-linear 19 - - - - 15796 12.2 - - - - 0.099

Thiamin retention

Simulated values 13000 0.178 100.0
Two steps 2 0.133 0.580 2.065 7.588 13125 0.17®.7 100.4 99.2 101.5 100.2

Non-linear 16 - - - - 12985 0.182 - - - - 99.8

(a) Degrees of freedom

(b) Reaction rate constant: OD/g/day or ddpr a zero and first order reaction, respectively

(c) Units of kref at 300 K as in b above

(d) Derived initial concentration: OD/g aig/g thiamin for a zero and first order reaction respectively
(e) Average of the derived initial concentration. Units as in d above

Kraf

i
1 B0 15400 16,000 18,204 PE.B0D

Ea/H

Figure 11. Joint confidence contour (90%) for Ea/R and kref derived by
one-step nonlinear least squares method, for nonenzymatic
browning.
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10.4.2. Examples of shelf life modeling of food products

The preceeding kinetic calculati@ases shovinow judiciously weshould usethe kinetic
parameters we obtain from shéfe experiments. Immost practical casesthe two step
method is used due to its simplicity and convenience. The results should be understood as
mean values witlpossiblylarge confidencdimits, and treated asuch. Nevertheless, the
information obtained from carefully designed shéfé testing, at three or more
temperatures, igsually sufficient toallow derivation ofsatisfactory shelfife predicive
models. Furthetwo examples that illustrate these of ASLT principles and kinetic
modeling. The first, a commercially sterilized, flavodadry beveragesweetened with the
sweetener aspartame, is a casstadightforwarduse ofthese principles, as the quality
function of thefood isdefined by a dominant , quantifiable qualitgex, aspartame. In
contrast, thesecondexample, of acomplexfood system ofmany antagonizing quality
deterioration modes illustratéise multidisciplinary approach and the deep knowledge of
the system required for effective shelf life testing.

10.4.2.1 Aspartame sweetened chocolate drink.

This practical example ibased orexperimental data generatedstudies by
Bell and Labuza (1994) and Bell et al. (1994). These stwiesintended toevaluate the
aspartame stability in commercially sterilized skim milk beverages of various compositions.
There is a steadily growing market for nutritious, low calorie dairy products, and aspartame
as a high intensity sweetener, without the controversy surrounding saccharin, canbe a
desirable ingredient.However, atthe inherent pH of milk(6.6) the rate of aspartame
degradation isvery high, reducing significantly thesensory shelfife of the product
Quantifying and modelinghe behavior ofthis dominant quality index wouldllow
optimization of the product formulation and extensionsbglf life, possibly by slight
alteration of thepH. For that purposedifferent commercially sterilizegkim milks,
sweetened with 200 ppm of aspartame and slightly bufigitbdcitrates orphosphates to
pH ranging from 6.38 to 6.6Were studiedwith regards tathe aspartame degradation.
Sampleswere stored at 5 temperatures from 0 36° C and triplicate sampleswere
analyzed by HPLC, at appropriately spadede intervals (based on Eq.(51) and an
average @ value of 4 from the literature). Results of these experiments (a6.GHwvith
.008 M citrate) are listed in Table 9.
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Table 9. Aspartame degradation in a pH 6.67 aseptic dairy system

30 °C

Aspartame concentration (ppm) for temperatures

20 °C

10 °C

4°C

0C

181
175
182
168
166

186
172

171
130
127
141
120
101
108

181

152
160
162
172
154

153

175
173
175
168
168
167

189
180
186

198
195
194

159
152
155
136
136
134
130
119

113
115
109
103
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In Fig. 12a aspartame concentratigAPM or A) is plotted vs.time at the 5
temperatures. Thieestlinear fit of theform Q(A)=kt was achievedor Q(A)=In(A/A o),
i.e. first order kinetics (Fig.12b). All measurements were included in the statistical analysis
(no averaging of the 3 samples per time) to increase the degrees of freedom and include the
measuremergpread inthe model. Calculated ratmnstants and 95% Care given in

Table 10.

Table 10. Aspartame degradation reaction ratmstantswith confidence intervals at 5

temperatures.
Rate constant 30C 200C 1P C 40C eC
-k (hr‘l) 0.0125 0.00356 0.00138 0.00121 0.000790
+ 95% C.I. + 0.0013 + 0.00046 + 0.00010 + 0.00009 + 0.000062
T 0.2
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Figure 12. Aspartame degradation kinetics at five temperatures plot as
function of time and as semi-log plot

To determine the Arrhenius parameters, -k is plotted in a semilogarithmic scale
vs.the inverse of absolute temperat(me In(-k) vs. 1/T). To increase the degrees of
freedom and get a narrower confidence intefeathe calculated parameters, ®&% C.1.
for k are includedFig. 13). The Arrhenius plogives by linearegressiorthe values of
ko=3.163 108 ht and activation energy E= 14560 cal/mol. The coefficient of
determination, R is 0.952 and the 95% confidence interval 1830 cal/mol.
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Figure 13. Aspartame degradation kinetics plotted as Arrhenius relation

The obtained kinetic information allows the prediction of aspartame degradation
and thusthe shelflife of the product for anykeeping temperature. Thus, if oagsumes
that theproduct is overcompensatedth aspartame at @ime to allow for acceptable
product sweetness up to the point that half of the sweetener is degraddnd|filife at 4°
C is approximately 4 weeK$70 hr). Remaining shelfife can also becalculated after
exposure at any knowtemperature conditions. As axample, it isassumedhat the
aseptic milkproduct is exposed fden daysthe temperature conditioshiown in Figure
14. It is a norspecificvariabledistributionwith a mean temperaturepJof 7.1°0 C. The
total aspartame degradation at the end of the 10 days aaichkated by integration. The
value ofratio I (Eq.48and Table 5) is determined ds0437. At |, after 10 days, the
remaining aspartame ¥&l.7%. Thusthe actual aspartanievel is calculated a$8.7%.
This can further be translated to remaining shelf life at const@hiod 307 hr (12.8 days).
Note that if theproduct wasassumed tdnvaveremained at 4C at thefirst 10 days, the
remaining shelf life would be 18 days.

The practicalvalue ofthe described approach tkat it allows a systematic
approach to shelfife predictionand optimization. Indeed similaesults atthe other
studiedpHs showedactivationenergies in the range of 14 to k&l/mol and shelf lifes
that reached 60 days at the lower end of pH range of 6.38. Thiglaadbleindication of
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the approach to follow to increase shelf life of a product under development. Ndtsaalso
although the experimentaere conducted also alow temperatures, thesatisfactory
Arrhenius fit indicate that the alternativermulations can be studiednly at the high
temperatures, according to ASLT principles reducing the needed test time down to 200 hr.
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Figure 14. Time temperature sequence for the aspartame sweetened
drink over 10 days

10.4.2.2. CASE OF COMPLEX FOOD SYSTEM

The preceeding example is very helpful in illustrating the systematic approach for shelf life
life prediction in foods were dominant and easily quantifiable quality indices can be
recognized. In multicomponent complex food products the situation might be more
difficult to put in quantifiable terms. Nevertheless, a carefull approach of evaluating all the
possible modes of deterioration, estimating the importance of their contribution under the

expected conditions and the availability of methodology for measuring them, and finally
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using a judiciously developed testing protocol based on the principles developed in this
chapter. The "ultimate” example of food were such an approach is neededis fozen pizza.
All the aspects affecting the quality of this product were detailed by Labuza and Schmidl,
1985 and Labuza, 1985. Systems to be considered for monitoring chemical changes in
pizza during frozen storage include: Total free fatty acids, specific volatile free fatty acids
by GLC, peroxides, oxidative volatiles (e.g., hexanal) by GLC, spice volatiles by GLC,
lysine, color (decrease in red color or increase in brown), sensory properties: taste and
flavor, and nutrient loss such as vit. A and C. Physical changes such as loss of crust
crispness, loss of cheese functionality and meltability and development of in- package ice
must also be considered. Finally, microbiological changes cannot be neglected especillay
uder abuse senarios.

Detailed analysis of the relative contribution of the above factors and a proposed

testing protocol can be found in the referenced sources.
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