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TIME TEMPERATURE INTEGRATORSFOR VALIDATION OF THERMAL
PROCESSES

TINA LAMBOURNE & GARY TUCKER

Process and Product Development Department
Campden & Chorleywood Food Research Association, Chipping Campden, Glos, GL55 6LD.

Summary

A process validation method has been devel oped using enzymes as timetemperature
integrators (TTIs): ai-amylases from Bacillus amyloliquefaciens and Bacillus licheniformis.
Thekinetics of these TTIsweretested and confirmed as suitable for usein monitoring
pasteuri sation processes (Dss = 6.8 minutes, z= 9.4 C° and Dys = 8.8 minutes, z= 9.1 C° for
the two enzymesrespectively).

Extensivevalidationtests were carried out in order to assess the accuracy of calculated
pasteuri sationvalues (P-values) measured with TTls comparedwith those from
thermocouples. The results showed that the accuracy of measurement increased with minor
alterationsin the method of encapsulation of the TTls. Heatingtrialsin astirred pan of water
resulted in mean B-valuesfor the two methodswithin 6.8%. This confirmed that the TTls
were a suitablemeans of validating thermal processes with sufficient accuracy.

Industrial processingtrialsusing the TTIsin anumber of different applications highlighted
substantial safety marginsin severa of the processestested. The TTls can be appliedto any
process for foods that contain liquids and/or solids and, with alarge number of replicatesthat
can be quickly analysed, say 50-100, provide data on the distribution of processvalues
achieved.
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1. I ntroduction

With the increasing demand for new and higher quality food products, industries must focus
on optimising their processes further in order to maximise thethroughput of products. One
areainvestigated is the thermal process, wheretheamis to apply the minimum amount of
heat treatment requiredto destroy or at least inhibit the growth of pathogenic and spoilage
micro-organisms- leaving a product that is safe and preserved to give alonger shelf-life. To
ensure that this objectiveis achieved, the thermal process must be fully monitored.
Conventional validation methods used to collect dataare not dways appropriatefor theform
in which the product is being produced. This oftenleadsto over processingin order to
compensatefor any inaccuracies, and will ensure that the product is dways safe.

Thework reported here was based on that previoudy published by Hendrickx et al (1992-
1997) and Van Loey et al (1992-1997), where anumber of detailed studieswere done onthe
theoretical development, applicationsand limitationsof TTI systems. The TTIs studiedwere
Bacillus spp. amylases, peroxidasesand nitrophenol glucoside (NPG). Their investigations
reported on the thermal inactivation o these enzymesin different model food systems such as
pasteurisation of packsin awater cascading retort and processes employing end-over-end
rotational mixing of packs. The experimental procedureswere carried out using both large
(25 mm) silicone particles and immobilising the enzymes on miniature (2 mm) glass beads
and in many cases included both isothermal and non-isothermal inactivation experiments.
This report focuses on the practical adaptation and application of thiswork.

The development of the time temperatureintegrator (TTI) particle offers an alternativemeans
to thermocouples or microbiol ogical methods of tracking the time-temperaturehistory during
thermal processing. The TTI particlealso has the advantages of being safe, relatively low
priced, easy to prepare and analyse, and can be manufactured in aformthat gives agood
representation of thefood particleitsalf.

The objective of this work was to develop the TTI particleto enableit to beused in awider
range of processes and productsincludingsolidsand liquids. Thisinvolved experimenting
with new methods of encapsulatingthe enzyme and investigationsto calculatethe exact
destruction kinetics of the enzymes. The TTI particles were used to mimic the dowest
heating region in the products tested and allowed the pasteurisation or sterilisation valuesto
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be calculated. Thisinformationwas then used to improveand optimisethe processes, where
appropriate.

1.1  TTI systems

A TTIis defined as 'a small measuring device that shows a time-temperature-dependent,
easily, accurately and precisely measurablein-eversible change that mimics the changes of a
target attribute undergoing the same variable exposure’ (Taoukis & Labuza, 1989).

The TTIs studied were of abiological nature and based on the thermal inactivation of
enzymes. Asthe enzymeis heated, the bonds holdingthe structure of the molecule beginto
break and the protein macromoleculeunfolds. Thislevel of structure changeis dependent
upon thelevel of heat treatment it receives. Reacting the enzymewith areagent after
processing gives an indication of the amount of activity the enzyme has lost, which can then
be related to a pasteurisation value.

Theuse of aTTI can eiminate anumber of problemsthat are encounteredwhen using
conventional equipment such as rigid temperature/thermocouple probes to collect processing
data. Probes can sometimes be unsuitablefor monitoring temperatures inside sealed
containers holding products such as sauces that contain small particulatessuch asrice
suspended in them. Althoughthericegrainisonly 2-5 mmin size, there will be athermal
lag at the grain core, which will resultin alower integrated lethality than that of the
surrounding liquid. Itis essential that thethermal processis established at the grain core and
thereforean alternative methodto probesis needed. Thetrailingwires associated with
probes can al so cause problemswhen agitated vesselsor heat exchangers are employedfor
processing particulate materials. A method that does not suffer fromthese problemsisthe
alginate sporetechnique, in which the spores of anon-pathogenicorganismare dispersedin
an aginate gel to mimic food particles and then put through the process. However, this
method can be expensive and involves deliberately introducing bacterial sporesintothe
processi ng environment, which could be perceived as asafety i ssue and causes concern with
somefood processors. TheTTI particle, however, isinexpensive and does not contain
materialsthat create a safety issue.

Page 2 WP Ref: secs\2001\PPD\TIL\EJL.02016



12 Heat Treatments

The purpose of the pasteurisationand sterilisationtreatmentsis to destroy or reducethe
numbers of thelikely pathogenic and spoilage microorganismsto an acceptablelevel (DH,
1994). Table 1 shows some examples of thetypes of processesand the target treatmentsthat
should be achievedin order to prevent spoilage and to produceafinal 'safe’ product.

Process Type oH Time/tel.nperature Tt C) z-value

Equivalent (C°)
Cook—chill >4.5 2minutesat 70"C 70.0 10.0
Sous Vide >4.5 40 minutesat 70"C 70.0 10.0
Psychrotrophicbot. >4.5 10 minutes at 90 °C 90.0 10.0
Acid Fruits 3.7-4.2 | 5 minutes at 85 °C 85.0 10.0
Tomato Products 4.0-4.3 | 5minutesat 93.3°C 93.3 8.3
Tomato Products >4.3 10 minutes at 93.3 °C 93.3 8.3
Sterilisation 3minutesat 121.2°C | 121.1 10.0

Tablel. Sdected treatmentsrecommended for thermally processed foods
(CCFRA, 1992)

In industry, thesetime/temperatures are used as aminimumguideline and are usualy
exceeded by 2-3 timesthe stated integrated processvalue. Therefore, the enzymeinsidethe
TTI must have asufficient decimal reductiontimeto alow it to undergoupto 21og
reductionswith enough residual activity to give accurate results when the enzymeis assayed.

The only other criterion that the TTT has to meet in order to be successful isthat the
temperaturesensitivity of the rate constant of the TTI and the targeted microbial species need
to besimilar. Thisisreferredto asthe z-vaue. Therefore, the enzymes chosento represent
the TTIs were amylase enzymes from Bacillus amyloliquefaciens and Bacilluslicheniformis,
with z-valuesof 9.4 and 9.1 C° respectively. A number of studies by Hendrickx et al. (1992-
1997) and Van Loey et d. (1992-1997) have shown these enzymes to be successful in
monitoring pasteurisation processes. Another advantagewas that their reaction rateswere
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foundto beminimal at ambient temperatures and amost non-existent in chilled conditions.
This meant that no special transportationarrangements between the laboratory and the
processing environments were required.

1.3 M athematicsof the Kineticsof Heat Destr uction

The mathematical model that rel ates the thermal destructionrateto time and temperaturecan
be described by thefirst order kinetics thermal inactivation equation:

N=N, e [1]

Where, N, istheinitial level of aquality attribute,
N istheactual level of the qudity attribute,
k isthereactionrate constant at the constant lethal temperature(T),
t isthe processing time.

From this expression, the decimal reduction time(Dr) can be derived. Dy is defined asthe
time required at a constant temperature (T) to reduce amicrobia population or a chemical
reaction rate by afactor of ten. Therelationship betweenthe reaction rate constantand Dy is

written as:
Dr=1n(10)/k [2]

Combining thesetwo equations gives an expression to accessthe effect of the heat treatment
on aquality attribute.

P=Drlog(N,/N) [3]

The pasteurisation value (P-value) isthetimerequired at a constant lethal temperatureto
reducethelevel of the attributein question from aninitial level N, to afinal level N. TheN
valuesfor the amylase TTIs can be expressed as a change of absorbanceper unit time that
refersto the enzyme activity when measured by a spectrophotometer.
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An aternative method to find the P-value, which will give the same results providing that the
z-value of the TTI matches exactly that of the microbia species, can be calculated from the
time temperatureintegration.

Ity
= dt :DT-Iog[fﬂ] [4]

£
P=110
'(!. Aﬁnal
Where, A isthe change of absorbance per unittime,
z isthekinetic factor, defined as thetemperature changerequired to effect aten-fold
change inthe Dt vaue, C°
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2. M ethods

2.1  EnzymePreparationand Encapsulation

SigmaChemicas(EC 3.2.1.1 Typell-A, Sigma A-6380) supplied both the Bacillus
licheniformis and Bacillusamyloliquefaciensamylase enzymesin adried form for extended
shelf life. For useinall of the applications, the enzymewas made up at 10 mg/ml using a
Trisbuffer solution (pH 8.5 a 25°C). Thisbuffer stabilised and maintained the pH of the
enzymeswhilst they werebeingused asaTTI.

The silicone cube particleswere prepared according to the procedureof Tucker (1999).
Particlesof sizes5mm, 10 mm and 14 mm were used for thetrials. Previouswork had
shown that the physical/thermal propertiesof the Sylgard 184 siliconewere of asimilar order
in magnitude to those of food particles, and so could be used for good representationduring
the thermal processing.

Another form of encapsulationwas aso employed using PTFE tubes. To enclosethe
required amount of amylase (0.015 ml), two tube sizeswere used: | .0mm diameter by
24.0mm length and 3.0 mm diameter by 8.0 mm length. One end of the tube was sealed of f
by dipping it into uncured Sylgard 184 elastomer (Dow Coming), and alowing capillary
actionto create a2-3 mm plug, then heating the tube at 70°C for a short timeto cure.
Amylasewasinjected into the tubes using ahypodermic needle, and the oppositeend of the
tube sedled of f using alarger needleto inject the Sylgard to form another 2-3 mm plug. The
tubeswere then cured in an oven set a 40 °C.

After some problemswith leakage, this encapsulation method wasimproved by using
siliconetubing in place of the PTFE tubing (see section 2.3.3). Thistubingwasahigh
strength siliconewith dimensionsof: 2 mm bore, 0.5 mmwall and 2.5 mm bore, 0.5 mm
wall. Thefinished TTI tubewas 7-8 mminlength.

To measurethe activity of the enzymesafter they have been exposed to a heat treatment,
0.01 ml of the enzymewas diluted with 0.29 ml of Trisbuffer. 0.02ml of this solution was
added to 1 ml of SigmaChemicals amylasereagent pre-equilibratedat 30°C, and mixed by
inversion. The change of absorbance was measured over ashort period of timein aUnicam
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spectrophotometer set at 405 nm to give the enzyme activity. The P-vaueswerethen
calculatedfromtheinitial activity valuestaken from an unheated amylasesample and the
final activity valuesfrom the processed samples, using equation [4].

2.2  |sothermal Inactivation Kineticsof Bacillus amyloliquefaciens

A series of heating trials were performed to determinethe kinetics of the Bacillus
amyloliquefaciens a-amylase. To dothis, the amylasewas sedled inside glass tubes (approx.
length 10 mm, internal diameter 2 mm). The glass had aminimal effect on the heat transfer
to the enzyme dueto thethinwalls. The tubeswereimmersedin an oil bath set a the exact
temperaturerequired to measure the decimal reductiontime. At chosentimeintervals, two
tubes wereremoved for analysis. The amylasewas then extracted and tested for activity
using the spectrophotometer. Thelog of the activity rate was plotted against heatingtimeto
give agradient of 1/Dr, asshown in Figures1to 4.
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-02 4
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Figurel. Effect of heating B. amyloliquefaciens amylase at 76 °C on theenzymeactivity.
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Figure2. Effect of heating B. anyl ol i quef aci ens amylaseat 79 °C on theenzymeactivity.
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Figure3. Effect of heating B. anyl ol i quef aci ens amylaseat 82 °C on theenzymeactivity.
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Figure4. Effect of heating B. amyloliquefaciensamylaseat 85 °C on the enzyme activity.

Reference Decimal
Temperature Reduction
°O) Time (minutes)
76 60.2
79 28.6
82 12.8
85 6.8

Table2. Summary of the decimal reduction timesfor B. amyloligquefaciensamylase.

Thelog of these Dr values was plotted against their respectivetemperaturesto give az-value
of 9.4C°. (z=-1/gradient)

2
L
1.5 -
3
= 1
=
?‘;" o5 . y = -0.1063x + 9.8549
= R?=0.9979
0 T T T T
76 78 80 82 84 86
Temperature (°C)

Figure5. Effect of heating temperatureon the D-valueof B. amyloliquefaciensamylase.
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Similar work was carried out on the Bacillus/icheniformis amylaseto giveaDecima
reductiontime of 8.8 minutes at areferencetemperature of 93 "C (Figure6) and az-value of
9.1C¢ (Figure?).

Log (X/Xo)

-13

D95=63min D93=88min D9=21.9mn

Figure®6. Effect of heating B. amyloliquefaciens amylasein thetemperaturerange 88 -
95°C on theenzymeactivity.
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Figure7. Effect of heating temperatureon the D-valuefor inactivation of
B. licheniformis amylase.
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2.3  Verificationof theTTIsagainst Thermocouplesand Models

In order to assessthe accuracy of the pasteurisation values determined using the TTIswhen
comparedwith values calcul ated from measured or predictedtemperature data, anumber of
trials were conducted.

2.3.1 FeasbilityStudyusing TTIsand Thermocouplesin a Stirred Pan

Thefirst set of experimental trials used 0.20 mm diameter copper-constantan cable (type T)
thermocoupl esagainst P-values measured by 14 mm cubed encapsulated TTIs. The
uncertainty with the cableswas in the effects of heat conduction at stageswherethe
temperature driving forcewas high, such as the early stages of heating and cooling. The
latter stageswere of more concernin termsof theintegratedlethality. Theresultswere
comparedwith a predictivemode fiom CCFRA’s PCTemp program (McKenna and Tucker,
1991) for thermal conduction within afood particlethat assumed a heat transfer coefficient
on the cube surfaces of greater than 5,000 W.m?. K™, i.e. effectively no resistanceto heat
transfer. Predictionsof lethality fiom PCTemp would be accurate provided the thermal
propertiesof the silicone were measured with sufficient accuracy.

Silicone particles sized 14 mm cubed were prepared with a bubble sphereof aminimum
volume 25 pl in the centres, according to a previously published procedure (Tucker 1999).
Thermocouples (connectedto a Grant Squirrel data-logger) wereinsertedinto 5 of these
particleswith the centre of their junction situated in the midpoint of the particle. The
remaining particleswerefilled with the enzyme Bacillus amyloliquefacienso-amylase. All
of thesewere placedinto a pan of water set at a specified temperatureand held for aperiod of
time. During this timethe water was continuoudly stirred and controlled at the set
temperaturewhich was monitored by afurther 2 thermocouplesthat were not encapsul ated.
At theend of heating, al of the particleswereremoved fiom thewater at the sametime and
immediately placed into acold water bath to prevent further denaturing of theenzyme. A
number of runs of this procedurewere completed with the teniperatures and holding times
givenin Table3. After each run, the enzymewas extracted and analysed following the
standard procedure.
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Runl | 85"C, 5minutesheating and holding time.

Run2 | 80"C, 13 minutes heating and holding time.
Run3 | 80"C, 25 minutes heating and holdingtime.
Run4 | 80"C, 25 minutes heating and holding time.

Table 3. Detailsof experimental conditionsto test agreement between thermocouples

and TTls.

2.3.2 Feashility Study using TTIsand Ellab Thermocouplesin a Steam Retort

Industrial trial swere doneto test the validation of TTIs using the 8 mm length PTFE tubes.
The TTls and probeswere processedin cansfilled with water. Some cans having the

particles secured to the probes at the coldest point using asiliconesealant and otherswith the

TTI particles unrestrained and freeto move about as the cans rotated. Threerunswere

completedwith the TTI positioning and processing temperatures as shown in Table4. For

the first two runs, the processtarget was an end of cooling P-value of 7 minutes, for thethird
run the target was a P-value at end of heating of 10 minuteswith atotal of 12 minutes.

Runl | Rotational Speed5 rpm, temperature 95 °C, P of 7 min
Al 3 TTIs unrestrained with probein centre of can
Bl 3 TTIs fixed to probein centreof can

Run 2 | Rotational Speed 5 rpm, temperature 85 °C, P of 7 min
A2 3 TTIsunrestrained with probein centre of can
B2 3 TTlIsfixedto probein centre of can

Run 3 | Rotational Speed 5 rpm, temperature 95 °C, P of 12 min
A3 3 TTIs unrestrained with probein centreof can

Table4. Detailsdf experimental conditionsto evaluate P-valuesmeasured by

thermocouplesand TTIsin can of water processedin a steam retort.
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2.3.3 Feasbility Studyusing TTIsand Ellab Ther mocouplesin Retortswith End-
Over-End Rotation

An improvedform of encapsulationwas undertaken followingthe work performed using the
retort. A series of heating and rapid cooling trialsin water containing a dye had identified
that the PTFE tubeswere leaking. Thiswaslikely to have been caused by the pressures
experiencedinsidethe tubes and a differencein thermal expansivity values between the
PTFE and the Sylgard plugs at either end. In order to eliminatethis problem, high strength
silicone tubing was purchased and used to encapsulatethe enzymein place of the PTFE. The
new tubing had dimensions: 2 mm bore, 0.5 mmwall and 2.5 mm bore, 0.5 mmwall and had
athermal expansivity value closeto that of the Sylgard.

Using this new tubing, atrial similar to the previous one describedin 2.3.2was conipleted
using three UT sized cans (73 mm diameter, 115 mm height) of water in onerunwith the
retort operating at 95 °C and arotation of 5 rpm. The cans were prepared with Ellab probes
with TTls secured to them with asmall amount of silicone sealant approximately 5 mmfrom
thetip. Althoughthis meant that the TTI was not in the exact centre of the can, it prevented
the silicone frominsul ating the measuring point on the probe which may have affected the
resultsin the previoustrial. Four TTIswerea so placed in each can and left unrestrained.
Details of the cansaregivenin Tableb.

Can A 2 Probes, 1 TTI fixed to each probe, 4 unrestrained T T1s
CanB 1 Probe, 2 TTIsfixedto the probe, 4 unrestrained TTls
CanC 1 Probe, 2 TTIsfixedto theprobe, 4 unrestrained TTIs

Table5. Detailsof can preparation with TTIsprocessed with end-over-endr otation.

2.3.4 Feasbility Studyusing TTIsand Ellab Thermocouplesin Jarsof Water Heated
inaWater Bath

Having improved on the method of encapsulation, further validation testswere carried out

using siliconetubes prepared with 15 pl of B. amyloliquefaciens o-amylase. Two tubeswere
attached approximately 5 mm from thetip of Ellab probesusing asiliconesealant. TheEllab
probeswere positionedthrough the lidsto the centre of 3 glassjars containing 450 g of water.
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Thejars were processed in a static water bath set at 85" C. When an P-value of 6 had been
achieved (indicated by the datalogging equipment), the jars were removed from the water
and cooledfirstin water at 45" C, to prevent the glass from breaking, and then in ambient
temperature tap water. Once cooled, the TTIswere removed and assayed following the
standard procedure.

A repeat of thiswork was doneusing 4 jars of water, with all other operating conditions
remaining the same.

2.4  Contaminationby Chemicalsthat Affect the Amylase Heat Degradation Rate

Asaresult of the validationtrials described in 2.3.4,work was carried out to determinethe
reasons for differencesin P-values measuredwith TTIs and thermocouples. The difference
was evident when siliconeseal ant had been used to secure the TTIs on to the tips of the
probes. By coveringanumber of TTI tubeswith two different types of siliconeseaants and
heating the tubesin awater bath, the possibility of the silicone having an effect on the
enzymewas tested and compared to the control TTI tubes.

2.5 Distribution of P-valuesin Stirred Vessas

One of the potentia applicationsfor TTIsisto measure P-vauesin large agitated vessels,
used for heating and cooling viscous particulate foods. Conventional temperature probing of
these vesselsis not straightforward due to the presence of the agitator, thethermal boundary
layersthat devel op adjacent to the heated surfaces, and significant temperaturedistributions
within the viscous food materials. To evaluatethe magnitudeof these temperature
distributions, trials were carried out at CCFRA in a 250 litrestirredvessel (Winkworth),
using 50 silicone particles (size 10 mm cubes) filled with 25 ml of aBacillus licheniformis
amylase solution. The particleswere placedin a200 litre batch of 5wt% Colflo 67 starch
solution at 90 "C and held at this temperature for 15 minutes before being removed from the
starch by rapidly drainingthe batch through asieve. Therecovered particleswere
immediately placed into coldwater to prevent any further denaturationof the amylase. The
amylasewas then extracted and tested for its remaining activity.
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Recovery of the particlestook approximately 5 minutes, with those captured last spending
thistimeimmersed in the hot stirred starch solution and those in the sieve being washed with
the same solution. The differencein heat transfer between the immersed and captured
particles should have been insignificant, because of favourablesurface heat transfer
conditionsin both cases. Thus, the distribution of P-values represented a heated batch with a
hold time at a constant temperature.
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3. Reaults

3.1 Feasbility StudyUsng TTIsand Thermocouplesin a Stirred Pan

Four trials were compl etedwith various heating times and temperatures, the pan of water
being continuoudly stirred throughout the heating procedure. Runs 1 and 2 showed that there
was close agreement between thermocouple and TTI measured P-values, but run 3 showed
mean P-vauesfor TTlsthat were 50% greater than those measured by the thermocoupl es.
Thisresult was unexpected and so ther un was repeated using identical processing conditions

which gave comparableresults, as shownin Figure8.

10.0

B TTI
OThermocouple

P-value (min)

Figure8. Comparison of P-valuescalculated from thermocouplesand TTIsfrom trials
inadgirred water bath.

Themodelled data created by CCFRA’s PCTemp program (based on the parametersgivenin
Table6) for 14 mm silicone cubes gave resultsin good agreement with those obtained
experimentally (McKenna and Tucker, 1991). The PCTemp programwas used to provide
further evidencethat the P-valuesmeasured by TTIs and thermocoupleswere correct, and to
explainthedightly lower TTI P-values, thought to have been caused by therma conduction
along the thermocoupl ewires when the temperature driving forcewas high.
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Initial temperature 22 °C

Mass flow rate 20 kg.min™
Slip velocity 2 m.s™
Thermal conductivity (TTI) | 0.134 W.m'K?
Density (TTI) 1050 kg.m?
Heat capacity (TTI) 1160 kI kg'K
Thermal conductivity (fluid) | 0.6 W.m'K?!
Density (fluid) 1000 kg.m™
Heat capacity (fluid) 4200 kJ kg'K
Consistency coefficient k 2 Pas’
Flow behaviour index n 0.35

Table6. Thermal and physical propertiesused to model P-valesusing PCTemp.

3.2 FeasbilityStudyusing TTIsand Ellab Thermocouples in a Steam Retort

As shown by theresultsin Table 7, al of the P-values calculated from the TTIswere higher
than those measured by the thermocouples, and the rangein each run was unacceptable. It
was later found that one of the possible reasonsfor this was the particlesleaking and taking
inwater. This causedthe enzymeto becomemore dilute and reducedits activity, whichin
turn resulted in higher P-values. Tubeleakagewas dueto differencesin the thermal
expansivity of the Sylgard plugs andthe PTFE tubing. Also poor adhesion of the Sylgard
plugs onto the PTFE, which isknown for its non-stick properties. Theeffects were enhanced
by the changesin pressure that the tubes undergo during the heating and cooling cyclesin the
retort. Improvementswere made on all further experimental trialsby replacingthe PTFE
with ahigh strength siliconetubing, compatiblewith the Sylgard plug.

Run 1 P-values (minutes) Average

Fixed 6.6,10.5,17.1,17.1,18.0, 17.1 14.4

) 18.0,17.1, 18.6,16.7, 14.4
Unrestrained 17.5
16.0,17.1, 18.6,19.3,19.3

Thermocouple
7.1,7.2,8.6,87,8.5,8.6 8.1
probes
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Run 2 P-values(minutes) Average
Fixed 12.5,10.9,15.7,14.4,14.6,14.4 13.8
) 16.0,15.7,12.0,14.6, 16.0, 7.4
Unrestrained 13.5
8.5,15.1,13.0,16.3
Thermocouple
5.8,5.7,5.8,5.8,5.8 5.8
probes
Run 3 P-values(minutes) Average
Fixed 16.7,18.0,19.3,20.2,20.2 189
) 21.3,21.3,18.6,21.3,20.2,22.8
Unrestrained 21.3
20.2,22.8,22.8,21.3
Thermocouple
12.3,12.3,12.3,12.5,12.5 12.4
probes

Table7. P-valuesmeasured by TTlsand thermocouplesafter processingin a seam

retort at 95°C rotatingat 5rpm.

3.3 FeasbilityStudyusing TTIsand Ellab Thermocouplesin Retortswith End-

Over-End Rotation

In each can, two TTIswerefixed to the probetip and four TTIswereleft unrestrained, with

threereplicate cansin onerun. The Ellab thermocouplesgave P-valuereadings of 6.4, 6.7

and 6.8 minutes, al in close agreement. The TTlsthat werefreeto move about the can gave

results that were in close agreementwith these (Figure9), but the TTIs secured to the probes

gave higher P-values. In one case, the TTI gave aresultthat was morethan 3 times larger
than the probe P-valueto which the TTI was secured. This suggested that the siliconewas
having an effect on the enzyme, causing the activity to be reduced by an effect other than

heating (see section 3.5).
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TTI free
15 /| EThermocouple
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P-values (minutes) .

Can A

Figure9. P-valuesmeasuredby thermocouplesand TTIsin cansof water processed
with end-over-endr otation.

34 Feasbility Studyusing TTIsand Ellab Ther mocouplesin Jarsof Water Heated
inaWater Bath

When the TTIswere andlysed from theinitial run of thistrial, little activity remained,
indicating that the P-valueswerehigh. When cdculated, the P-valueswerefoundto range
between 5 and 14 minutes and the Ellab thermocoupl e probes measured 7.5 to 8.5 minutes, as
shownin Figure10. Becausedf thisinconsstency in resultsinthe TTIs, thetria was
repeated using 4 jars of water heated under the same conditionsto reduce experimentd errors

from theseresults.

15,0, OTTI

B Thermocouple

10.0 4

5.0 4

P-value (min)

0.0 -
Jar | Jar 2 Jar 3

Figurel0. Run 1resultsfrom validationtestscarried out in jarsof water with TTls
and thermocouples measuring the pr ocesslethality.
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For the second run (Figure 1l), theend of heatingwas when the probes had reached a P-vaue

of 6 minutes. Thefina P-valuemeasured by the probeswas 6.2t06.6 minutes. The
corresponding TTIswere again generally much higher andin Jar 2the TTI gaveaP-vaue
that was more than 50% higher. Theseresultsindicated that something was affectingthe

performancedf the enzyme and causng adecreaseinitsactivity.

15 4 OTTI

& Thermocouple

10

Q-values (mim)

Figurell. Run 2resultsfrom validationtestsbetween TTIsand thermocouples
processed injar sof water in awater bath.

3.5 Contaminationby Chemicalsthat Affect the Amylase Heat Degradation Rate

Fromthe previoussets of trials, it was observed that when the tubes had been secured to the
Ellab probes using silicone sed ant, the cal culated P-vauesweretoo high. Thiswas most
obviousin thetrial withthe cans of water processed with end-over-endrotation in the steam
retort. TTIsthat had been freeto move about inthe can gave P-vaues closeto those
measured by the thermocouples. By coating TTIswith different sealantsand comparing the
P-vauesto those from control TTIs, thefollowingresultswereobtained (Table 8).
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P-values (minutes) measured by different methods
CONTROL TTIs | TTISCOATED | TTIsCOATED
THERMO-
(FREETO WITH R.S. | WITH SILICONE
COUPLES
MOVE) SILICONE SEALANT
6.1 15.5 15.0
6.8 6.7 18.5 17.8
8.1 6.8 22.0 231
7.1 194 194

Table8. P-valuesmeasured and compar ed between ther mocouplesand TTI s coated
with different siliconesealants.

The TTIsthat were left untreated and used as controlsgave P-values that were consistent and
in close agreement with those measured by the thermocouples. Thetubesthat had been
coated with the two types of sealant gave P-vaues that were up to nearly three times higher.
Thiswas thought to be because of therelease of acetic acid fromthesiliconein high
concentrationas the sealant cured. The acetic acid must have diffused throughthethin (0.5
mm) wall tubingto alter the pH of the amylase solutionwhich increased the rate of enzyme
degradation and hence lowered the activity. For al further work where TTIs neededto be
secured into positionit was recommended that a superglue be used, or asealant that did not
release aceticacid iniits cure.

High P-valueswere a common occurrencewhenever the silicone sealant had been used, with
the TTlsthat had been secured by other means or left unrestrained giving P-val ues consistent
with those measured by thermocouples. Industrial trials to measure P-valuesin acidic food
products have not shown this activity reduction, presumably because the acid concentration
was not sufficient to diffusethrough the 0.5 mm siliconetubing in the timescale of the
experiments. Theresults of thesetrialsarereportedin section 4.3.
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3.6 Distribution of P-valuesin Stirred Vesds

Withinthe 200 L stirred vessdl, arange of P-vaueswereobtained, as shown in Figure12.
Thiswas thought to be due to the temperaturedistributionwithinthe vessdl. Thehighest P-
value achieved was 11.3 minutes and thelowest 1.2 minuteswith an averageof 3.9 minutes.

12 -

10 |

o0
1

Frequency
(o)

Figurel2. Chart showingdistribution of P-valuesfor 42 TTI particlesprocessedin
200 L of 5wt% Colflo67 star ch solution.

To provethat atemperaturegradient existed throughout the stirred vessdl, atemperature
distributionwas taken from 200 L of 5% Colflo 67 starch. The batch was heated to 90°C and
the steam supply and mixer turned off temporarily. A rapid response thermocouple (thin wire
type T) was attached to a paddleand movedin arandom motion/pattern throughout the tank.
The mixer was stopped for safety reasonsin order to performthis operation. Temperature
readingswere taken every second using aSquirrel datalogger and the dataobtainedis shown
in Figure 13.
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Figure13. Temperaturedistributioninastirred vessel containing200 L of 5wt %
Colflo 67 starch solution controlled at 94 °C.

Page 23 WP Ref. secs\2001\PPD\TIL.\EJL02016



4. Industrial applications

This section introduces some of theindustrial applicationsfor TTIs, fiomwork undertaken
with the companies supporting thiswork. Certain aspects of thework remain confidential to
those companies, for exampledetails of formulationand process specifications. However,
the aim of this sectionisto illustratethe potential for usng TTlsto measure P-valueswithin a
range of food products and processtypes.

4.1  Batch Cooking of Sweet & Sour Sauce

411 Methods

TTI particlessized 5 and 10 mm cubes were prepared containing the enzyme Bacillus
licheniformis a-amylase. The heatingand cooling tests were donein asaucepan, using the
contentsof a 2.4 kg bottle of sweet & sour sauce as thefood product. This contained various
particulateswith sizes up to 10 mm (pineapple pieces). The 5 mm cubeswereintendedto
heat up at asimilar rateto the smaller particulates (e.g. peppers, onions) and the 10 mm cubes
similar to the pineapple. The objectivewas to evaluatethe effectivenessof these TTIswith a
high viscosity product containing avariety of particul ates.

Two trialswere performed using TTI cubes and three Ellab Tracksenseunits to measure
temperaturesin the sauce, to comparethe P-values with those fiom the cubes. In order to
identify the cubes betweenthetrials, some were marked with a blue cross on 2 surfaces and
otherswith a green cross; this aso hel pedto identify them as they were being recovered fiom
the sauce.

(&) No hold period

11 x 5mmand 8 x 10 mm cubeswere added with the 3 x Tracksenseloggersto the sauce,
stirring continuously while heating over agas flame. A hand-held Comark thermometer was
used to monitor sauce temperaturesso that the heating could be stopped when 93.3°C had
been reached. On reaching thistemperature, the saucewas cooled by standing the saucepan
in cold water and stirring until the temperaturehad droppedto below 70 °C. At this
teniperature, the lossin amylase activity was consideredto be minimal.
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(b) 5 minutehold period

12 x 5 mmand 9 x 10 mm cubeswere used, with a5 minutehold period at 93.3°C before
cooling. All other conditionswereas for thefirst trial.

4.1.2 Resultsand Discussion

(& No hold period

P-valuesfor the 5 mm cubesranged from 0.9to 2.5 minuteswith amean of 1.8 minutes, and
for the 10 mm cubes from 1.2to 2.5minutes with amean of 1.6 minutes (Table9a). These

compared with P-valuesof 7.9, 8.6 and 8.6 minutes for the Tracksenseloggers (Ty.r 93.0"C,
z9.1C°).

93°C Nohold 93°C, 5min hold
Activity |P-value for| ACtVitY |p.value for| | ACtivity | p.valuefor | Activity | p-valuefor
(absimin)| Des (min) | (abs/min) | Dos (min) | | (abgmin)| Des(min) |(abs/min)| Dos(min)
5mm cubes 10 mm cubes 5mm cubes 10 mm cubes
0.897 0.9 0.732 1.7 0.253 5.6 0.346 4.4
0.908 0.9 0.587 2.5 0.237 5.8 0.419 3.7
0.705 1.8 0.768 15 0.243 5.7 0.483 3.1
0.795 14 0.825 1.2 0.144 1.7 0.534 2.7
0.597 2.5 0.731 1.7 0.234 5.9 0.348 4.4
0.604 2.4 0.775 1.5 0.197 6.5 0.405 3.4
0.586 2.5 0.818 1.3 0.148 7.6 0.421 3.6
0.670 2.0 0.264 5.4 0.219 6.1
0.664 2.1 0.321 4.7 0.292 5.0
0.668 2.0 0.187 6.7
ThermocoupleP-vaues (min.) Thermocouple P-vaues (min.)
7.9 8.6 8.6 16.7 14.1 13.2

Table9. P-valuesfrom TTIs processed: a) heating and cooling with no holding period
and b) heating to 93°C and holding for 5 minutesbefor e cooling.
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(b) 5 minutes hold period

P-valuesfor the 5 mm cubes ranged from 4.7to 7.7 minuteswith amean of 6.1 minutes and
for the 10 mm cubes from 2.7 to 4.4 minutes with amean of 3.5minutes(Tableob). P-
values measured by Tracksenseloggersgave 16.7,14.1 and 13.2minutes (T, 93.0 "C, 2 9.1
C°).

For both trials, the P-values estimated with the amylase cubes were | ess than those cal cul ated
from the Tracksense temperature measurements. Thiswas because of the conduction lag
introduced with the silicone encapsul ation of the amylase and a so the location of the
Tracksenseloggers at the base of the saucepan. Temperaturesrecorded with the loggers
reached 100 °C, whereas those from the hand-held thermometer only reached 95" C
maximum. The amylase cubes were freeto move aroundin the sauce, as dictated by the
stirring action, and were unlikely to stay at the hotter base of the saucepan.

4.2  Oven Cookingof aMeat Product

421 Method

Twenty TTT tubes were filled with Bacillus amyl oliquefaciens ai-amylase (D7, 200 minutes,

z 8.6 C°), for insertion directly into 8 mm thick mest products or sandwiched in the folded-
over product to represent aworst case for pasteurisation. The meat sampleswere cookedin a
moving-belt oven with low clearance height and chilled with liquid nitrogen, which made it
difficult to use wire-based probes and loggers. The objectiveswere to evauate the feasibility
of using the TTI tubes in this cooking environment and to measurethe range of P-values.
Thetarget process was to exceed an equivaent of 2 minutesat 72" C, a process target based
on achieving at least 6-log reductions of aerobic non-sporeformerssuch as Listeria
monocytogenes and Salmonella (CCFRA, 1992). Thiswas substantially lower than the
minimum measurable with the TTI, but the degree of over-processing or safety marginwas
thought to be considerable. Identificationof the cooked product containing aTTI was
achieved by segregating asection of belt and destructively searching through the entire
product in this section.
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4.2.2 Resultsand Discussion

The objectives of this trial were achieved, in that the Bacillus amyl oliquefaciens amylase had
suitablekineticsto estimate the P-values achieved during the cooking process, and the PTFE
tubes were an effectivemethod of enclosing the amylasethat did not interferewith the heat
transfer. Although this work was done beforethe problem of leaking tubes was identified, it
Is assumed that no dilution had occurredin this case as the product was generally solid and
minimal liquids wereinvolved.

1 mm diameter tubes 3 mm diameter tubes
Activity | P-vadlue | P-value | P-value Activity | P-value | P-value | P-value
(abs/min)| For bzz | for Dsz | for Dss (abs/min)| for Dy, | foroee | for Dgs
(min) (rnin) (rnin) (min) (min) (min)

0.296 82.0 5.6 2.5 0.301 80.5 5.5 2.5
0.293 82.9 5.7 2.6 0.492 37.8 2.6 1.2
0.204 1144 7.9 3.5 0.394 57.1 3.9 18
0.102 174.7 12.0 5.4 0.336 71.0 4.9 2.2
0.149 141.7 9.7 4.4 0.285 85.3 5.9 2.6
0.098 178.2 12.2 5.5 0.254 95.3 6.6 2.9
0.021 3123 21.5 9.6 0.241 99.9 6.9 31
0.515 33.8 23 1.0 0.322 74.7 5.1 23
0.093 182.8 12.6 5.6 0.048 240.3 16.5 7.4
0.089 186.6 12.8 5.7

Tablel0. Pasteurisationvaluesmeasur ed in ameat product cooked in an oven process.

The P-values measured with the TTIs during continuous cooking of meat pieces showed a
minimum value of 33.8 minutes. Using 1 mm o.d. tubes gave amean P-valueof 148.9
minutes, with amaximum of 312.3 and minimum of 33.8 minutes. Using 3 mm o.d. tubes
gave amean P-values of 93.5minutes, with amaximum of 240.3 and aminimum of 37.8
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minutes. Thesewide ranges were expected because of the variation in thickness of the
individual pieces, many of whichwerefolded or in contact during cooking. Theseresults
showed that the cooking was adequateto achievethetarget value equivalentto72 °C for 2
minutes and all of the P-values exceeded this with a substantial safety margin.

4.3  Sprayed Water Processing of Pickled Cucumber Slicesin GlassJars

431 Method

TTlIswere used to measure pasteurisation values (P-values) achieved in 480 g jars of pickled
cucumber slices processed in asprayed water tunnel. The TTI was an amylase from Bacillus
amyloliquefaciens encapsulated insidethe 2.5 mm i.d. silicone tubes.

Thetubes were insertedinto the pickle diceswith some kept aside as controls. Small pieces
of the picklewere removedwith ascalpel and the TTI tubes were pressed into the space | ft.
Thedices werethen replacedinto jars so that the TTIs were arranged as shownin Table 11.
Thejarswerethen re-filledwith the vinegar pickling solution and lidded onthe normal
productionline. Thefill weight of cucumber slices was given as 255 gwith anet weight of
480 g.

Jar No TTI Arrangement

1 5 TTIseachin different dices, positioned in the geometric centre of the jar.

2 5 TTlseachin different dices, positioned in dicesin different locations.

3-19 | 2TTIsin onesliceof cucumber positioned in the centre of each jar.

20 5 TTlIsin oneslice of cucumber positioned in the geometric centre of thej ar.

Table11l. Arrangement of TTI tubes (Bacillusamyloliquefaciensamylase) in jar s of
sweet pickledlices.

Two jarswere a so prepared with Ellab Tracksense probes, measuring the environment
conditions and the temperaturesinsidethejar. All of the preparedjars were processedin a
sprayed water tunnel set at 90 °C. The heating timewas 25 minutes and the cooling time was
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5 minutes, giving atotal processtimeof 30 minutes. After processng, the TTIswere
removed and ana ysed following the standard procedure.

432 Reaultsand Discusson

The P-values measuredinj ars 1, 2 and 20 are shown in Figure14. Wherethe TTIswere
insertedinto different dices of cucumber, the P-vauesshowed variations, and where TT1Is
werein oneslicelocated inthe geometric centre of thejar, therewas acceptableagreement.

14.0

12.0
10.0
8.0
6.0

J-»alue (min)

4.0
2.0

0.0

Jar number

Figurel4. P-valnes measured for diced pickled cucumber,with TTIsinJarsland2in
different diceswithinthejar, and 5TTIsin Jar 20in onedicein thejar
centre.

For thereplicatej ars wheretwo TTIswere positionedin the centrein onedlice, it wasfound
that within each jar the TTIs gave consi stent P-values but between jars therewere significant
differences. Only asmall variation was expected dueto the nature of the product and the
conditionsin whichthey were processed. Figure 15showstheseresults.
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Figurel5. P-valuesmeasuredfor pickled cucumber dices, withtwo TTIsin onedliceof
cucumber in thecentreof each jar.

TheEllab Tracksense probe gave a P-vdue of 32.3 minutesfor the probeplaced insdethejar
of cucumber dices. Thisjar could not belidded under vacuum and it was not possibleto
position the probein the centre of acucumber dice. All of the TTI tubesgave P-vaueresults
that were much lower than this Tracksensevaue.

Having dready demonstratedin thefeasbility studiesthat there was generdly good
agreementin measured process data between thermocouplesand TTTs, other possiblereasons
for this differencewere proposed:

o Jars with Tracksenseloggerswere liddedwithout avacuumwhereasthosewith TTls
werelidded under vacuum. Thevacuumwill act to pull the cucumber dicestogether,
thus minimisingthe liquidthat can circulate between thedices. Under avacuum, the
diceswill behave more as a conduction hesting pack.

e \When insertedinto the product, the Tracksense probe can push the cucumber dices apart,
alowing the vinegar solutionto move between thedicesmoreeasly. This effect would
be increased becausethejars were not lidded under vacuum.
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e Thermocoupleconductionalong the probe may accountfor asmall increasein
temperature measured at thetip.

m  The probemeasuring tip may not have been at thegeometric centre and is likely to move

during the processin responseto movement in thelid.

Evidence suggested that the vacuum was the most significant factor affectingthe results
although each of the above effects was likely to have occurred. Thus, the TTls probably gave
a closer measure of thetrue processthat the cucumber slices received and the Tracksense
measured the processreceived by the vinegar solution. This conclusionwas critical to the

success of using TTIsto measure P-valuesin food products.

44  OhmicHeating of Fruit Preparations

441 Method

A significantapplication of TTIshas been for the validation of an ohmic heater processwith
astrawberry fruit preparation. The processwas challengedto its operational limits by
stepwise increases in the flowrate of product through the processin order to optimisethe

process within the boundaries of microbial safety.

For thesetrials, the TTIswere constructed from Sylgard cubes of similar shape and
dimensionsto the diced strawberry pieces. Dueto the processbeing challengedat the higher
flow rates, the process P-valueswerelikely tolie at either end of the measuring range of the
enzymes. Therefore, both enzymes (Bacilluslicheniformis and B. amyloliquefaciens
amylase) were used because of their different heat stabilities.

The TTI particles were incorporated randomly into the feed tanks, which contained
approximately 400 kg of strawberry pieces in a high viscosity starch-based carrier liquid.
Four runs were completed at various flow rates, startingwith the typical productionrate of
750 kg/h and working upwards to over 1,000 kg/h. It was hoped to complete4 runs at flow
rates of 800, 900, 1,000 and 1,100 kg/hr, but operational problemswere experienced onthe
ohmic plant, causing high currents that madethese ratesimpossibleto achieve. The
compromisewas to operateruns 2 to 4 at flowrates that varied dightly, albeit achievingthe
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stepwise increases, as shown in Table 12. Thefind run (run 4) at the highest flowrate used
20 TTls containing B. licheniformis enzyme and 20 TTIs containing B. amyloliquefaciens
enzyme, to ensurethat the process could be measured if it was closeto the minimum of

5 minutes at 85°C.
Flowrate (kg/h) | Detailsof TTI particlesadded to thefeed batches
Run1 750 30 B. licheniformis
Run 2 750 - 800 20B. lichenformis
Run3 815-850 20 B. licheniformis
Run 4 1,015-1,050 | 20B.lichenformis+ 20 B. amyloliquefaciens

Table12. Detailsof processflowratesand TTIsfor batchesof a strawberry fruit

prepar ation processed in a 75 kW ohmicheater.

After processing, the batches were sorted by handto recover the TTI particlesand the

enzymes assayed following the standard procedure.

442 Reaultsand Discussion

Run 1 - Although the process was set at a flowrate of 800 kg/h, problems occurred withthe
ohmic heater that caused thisto fluctuate and the average flowrate was closer to 750 kg/h.
Thisisreflectedin the resultswhere the measured P-va uesranged between 62.4 minutesand
195.3minutes, as shown in the frequency distribution of Figure 16. Not al of the particles
were recovered, the remaining ones were assumed to have washed down the drain as the plant
was cleaned out. All of the particlesthat had been collected showed they had been processed
well abovethetarget process.
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Figurel6. Frequency of P-valuesmeasured by B lichenifomis amylase in a strawberry
fruit preparation processed by ohmic heating with aflow r ate of 750 kg/h.

Run 2 - Thisrunwas set at thenorma production flowrate of 750kg/h, but againthe rate was
unsteady, fluctuating between 750 and 800 kg/h. 18 out of the 20 particleswererecovered
and all showed P-vauesthat exceeded thetarget process. The P-vauesranged from 32.8
minutesto 164.4 minutes.

Run 3 - It was possibleto achievean increased flowrate of between 815 and 850 kg/h by
alowing the ohmic column outlet temperatureto fal dightly. The screen displaysat the
control pand indicated that the product Pu valuesremained above 6 minutes. Actua
P-vauesmeasuredwith the TTIs ranged between 11.6 minutes and 135.1 minutes, with the
frequency distribution shownin Figure 17.

Frequency

10 25 40 55 70 85 100 115 130 145 More

Pgs-value (mins)

Figurel7. Frequency of P-valuesmeasured by B lichenifomisin afruit preparation
processed by ohmicheating with a flow r ate of appr oximately 815-850 kg/h.
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Run 4 - The flowrate for this run was between 1,010 and 1,050kg/h, whichwas achieved by
allowing the ohmic exit temperatureto fall below 95" C. 24 of the particleswere recovered
from this batch. The particles containing B. licheniformis amylase gave P-values of between
5.3 and 38.4 minutes, however, the enzyme's relatively high heat resistanceat 85" C meant
that at this flowrate only asmall percentageof its activity waslost. Morereliableresults
were measured by the B. amyloliquefaciensamylase particleswhose P-values ranged from
4.8t0 10.7 minutes, within the one to two log reductionrange of activity wherethe
measurementswere at their most accurate. At this flowrate one of the P-values, at 4.8
minutes, was outside of the target and so the fruit would not have been adequately processed.

The P-valueresultsfi-omthe silicone TTI particles alowed the norma production flowrate to
beincreased safely from 750 to 800 kg/h, without changing the product temperatureon exit
from the ohmic column. Further increasesin flowrate to 1,000 kg/h are under investigation,
with plans submitted to purchase additional lengthsof holding tube so the ohmic column can
operateat areduced exit temperature.
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5. Conclusions and futurework

The TTI particleswerefound to be areliableand aternativemethod for measuring the
therrnal process delivered to productswhere conventional probe-based validation techniques
were not suitable. Theindustrial application trialsusing Bacillus amyloliquefaciens and
Bacillus licheniformis amylaseswere successful in all cases and showed that the

pasteuri sationtreatments being applied were in general substantial, and over-processingwas
taking placein most cases.

The TTI encapsul ation method was adapted for each product and processtested, and could be
made to represent arealisticworst case for process validation purposes. For particulate
products, the enzymewas incorporated into silicone cubes of similar shape and dimensionsto
the critical food particulate, and for productsthat were mainly solids or liquids, the TTI was
encapsulated inside atube whichwasinsertedinto the centre of the product.

Futurework will continue as part of thisLINK funded project in four areas:

o Further applications of the Bacillus amyloliquefaciensand licheniformis amylasesto
measuring pasteurisationvalues for productsthat cannot be easily measured using wire-
based systems.

e Development of amultipleTTI particle containing three different TTIs with z-values of
approximately 10, 20 and 30 C°. Thiswill allow thetimetemperature history of the
entirethermal processto be predicted fromthethree TTI F-values. The TTIsbeing
studied for use in this particle are the Bacillus amylase enzymes, horseradish peroxidase
(HRP) and nitrophenol glucoside (NPG).

e Development of aTTI that can be used to monitor processesthat operate at sterilisation
temperatures. Drying Bacillus subtilis amylase to controlled moisturelevel s has shown
potential to increasethe heat stability without altering the z-value.

e Thepossibility of using a colorimeter as a portable piece of equipmentto do the enzyme

assay’s.

Page 35 ‘WP Ref: secs\2001\PPD\TIL\EJL.02016



References

Adams, J.B. (1996). Determination of Dgoec for a- amylaseinactivation. Campden &
Chorleywood Food Research Association. C&B/rep/12598/1, May 1996

CCFRA (1992). Food pasteurisation treatments. CCFRA Technical Manual No.27,
Campden & Chorleywood Food Research Association.

De Cordt, S, Hendrickx, M., Maesmans, G. and Tobback, P. (1992). Immobilised ai-amylase
from Bacillus licheniformis a potential enzymic time—temperatureintegrator for thermal
processing. International Journal of Food Science and Technology 27, 661 — 673.

Department of Health. (1994). Guidelinesfor the Safe Production of Heat Preserved Foods.
ISBN 0-11-321801-X. HMSO.

Hendrickx, M., Maesmans, G., De Cordt, S., Noronha, J., VanLoey, A. and Tobback, P.
(1995). Evaluationof the integratedtime—temperature effectin thermal processing of foods.
Critical Reviewsin Food Science and Nutrition, 35 (3), 231 - 262

Hendrickx, M., Weng, Z., Maesmans, G. and Tobback, P. (1992). Vaidation of atime
temperatureintegrator for thermal processing of foods under pasteurisation conditions.
International Journal of Food Science and Technology 27, 21 - 31

McKenna and Tucker G.S. (1991). Computer modelling for the control of particulate
sterilisation under dynamic flow conditions. Food Control 2(4): 224-233.

Maesmans, G., Hendrickx, M., De Cordt, S., Van Loey, A. Noronha, J. and Tobback, P.
(1994). Evaluation of process value distribution with time temperatureintegrators. Food
Research International 27, 413 - 423

Taoukis, P.S. and Labuza, T.P. (1989). Reliahility of timetemperatureintegrators as food
quality monitors under non-isothermal conditions. Journal of Food Science 54 (4), 789-792.

Tomazic, SJ. and Klibanov, A.M. (1987). Mechanismsaf irreversiblethermal inactivation
of Bacillus a-amylases. Journal of Biological Chemistry. 263 (7), 3086 — 3091

Page 36 WP Ref: secs\2001\PPD\TIL\EJL02016



Tucker, G.S.,Noronha, J.F.and Heydon, C.J.(1996). Experimental validation of
mathematical proceduresfor the evaluation of thermal processes and process deviations
during the sterilisation of canned foods. Transactionsof the Institution of Chemical
Engineers, 74, Part C, 140-148.

Tucker, G.S. (1999). Application of timetemperatureintegratorsfor validation of thermal
processes. R&D Report No.77. Campden & Chorleywood Food Research Association.

Tucker, G.S. (1999). A novel validation method: Application of timetemperature integrators
to food pasteurisationtreatments. Transactionsof the Ingtitution of Chemical Engineers, 77,
223-231

Van Loey, A., Hendrickx, M., De Cordt, S., Haentjens, T. and Tobback, P. (1996).
Quantitative evaluation of thermal processes using time — temperatureintegrators. Trendsin
Food Science & Technology, 7, 16 — 26.

Van Loey, A., Arthawan, A., Hendrickx, M., Haentjens, T. and Tobback, P. (1997). The
development and use of an a-amylase based time temperatureintegrator to evauatein pack
pasteuri sation processes. Lebensmittel - Wissenschaft und Technologie, 30, 94 — 100

Van Loey, A., Hendrickx, M., Ludikhuyze, L., Weemaes, C., Haentjens, T., De Cordt, S, and
Tobback, P. (1995). Potential Bacillus subtilis a-amylase based timetemperature integrators
to evaluate pasteurisationprocesses. Journal of Food Protection, 59 (3), 261-267.

Van Loey, A.,Hendrickx, M., Haentjens, T., Smout, C. and Tobback, P. (1997). The use of
an enzymictime temperatureintegrator to monitor lethal efficacy of sterilisationof low-acid
canned foods. Food Biotechnology, 11 (2), 169-188

Van Loey, A., Ludikhuyze, L., Hendrickx, M., De Cordt, S and Tobback, P. (1994). Therma
consideration on the influence of the z-value of a single component time/temperature
integrator on thermal processimpact evaluation. Journal of Food Protection, 58 (1), 39-48.

Williams, A. and Adams, J.B. (1997). A time-temperatureintegrator to quantify the effect of
thermal processing on food quality. Engineering and Food at |CEF 7, 2, K9-K12.

Page 37 WP Ref: secs\2001\PPD\TIL\EJL02016





