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ABSTRACT

Van den Bijgaart, H.J.C.M. (1988). "Syneresis of rennet-induced
milk gels as influenced by cheesemaking parameters". Ph.D.
Thesis, Laboratory of Dairying and Food Physics, Department of
Food Science, Wageningen Agricultural University (141 pp,
English and Dutch summaries).

key-words: syneresis, rennet-induced milk gels, endogenous
syneresis pressure, permeability, mechanical pressure, cheese-
making parameters.

The syneresis behaviour of rennet-induced skimmilk gels was
studied at closely controlled conditions. The origin of the
endogenous syneresis pressure and changes therein and in the
permeability of the gel during syneresis are discussed. The
latter appears to be of predominant importance for the one-
dimensional shrinkage rate under quiescent conditions. The
influence of cheesemaking parameters such as milk pretreatment,
rennet concentration, acidification procedure and pH, addition
of CaCl,, addition of NaCl, and temperature on the permeability
and the initial endogenous syneresis pressure were separately
determined. The syneresis behaviour is clearly related to the
size and the reactivity of the aggregated paracasein micelles
and to the changes in the microstructure and the rheological
properties during gelation.

A method for the accurate determination of the important effect
of mechanical pressure is outlined, indicating a square root
proporticnality of the shrinkage with time after load appli-
cation for the one-dimensional case. Based on existing theories
for the compression of porous media, the results cobtained were
related +to some structural characteristics of the protein
matrix.

Available information was used to consider some aspects relevant
to practical cheesemaking. Attention was paid to hydrodynamic
effects during cutting and stirring, shrinkage of spherical
particles, syneresis with changing pH as well as to syneresis of
gels from preconcentrated milk.
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STELLINGEN

1. De synerese van met leb gevormde melkgelen wordt mede
bepaald door de reologische eigenschappen van het caseine-
netwerk.

Dit proefechrift.

2. De doorstroombaarheid van met leb gevormde melkgelen tijdens
gynereren wordt onderschat indien daartoe de resultaten wvan
experimenten met gelen uit wvoorgeconcentreerde melk worden
gehanteerd.

Pit proefschrift.

3. Gelet op de experimentele omstandigheden bij de proeven van
Marshall moet de door hem gevonden snellere synerese indien
het gel werd gesneden op een later tijdstip na stremsel-
toevoeging, worden toegeschreven aan betere mogelijkheden
voor uitstroming van vloeistof dan aan een hogere endogene
syneresedruk.

Marshall. R.J. (1982). J. Dairy Res. 49. 32%-336.

4, Bij onderzoek naar de effecten wvan een temperatuur-
verandering op de fysisch-chemische eigenschappen wvan
caseinemicellen dient rekening gehouden te worden met een
vertraagde aanpassing van de zwellingsstoestand.

5. Melk bevat nog niet-geidentificeerde componenten die een
stimulerende invlioed hebben op de vlokaktiviteit wvan
verdund kalfsstremsel en die boverdien de inaktivering bij
invriezen tegengaan.

6. De geringe specificiteit wvan de door Castafieda et al.
beschreven methode wvoor het aantonen van droge stof uit
kaaswei in melkpoeder, door middel wvan bepaling van een
vriespunt, beperkt de bruikbaarheid ervan.

Castafieda, R., Fernandez, 6., ¢alé, M. & Pasqualini, A. (19B7). Neth, Milk
Dairy 2. 41, 69-79,

7. De intensiteit wvan de zure-smaskgewaarwording van oplos-
singen van verschillende voedingszuren correleert beter met
de molariteit dan met de gewlchtsconcentratie.




10.

In beschouwingen owver de rentabiliteit wan het eventuele
gebruik wvan boviene somatotropine in de melkveehouderij
krijgen de mogelijke consequenties voor de afzet van melk en
zuivelprodukten te weinig aandacht.

De uitvaardiging van normen wvoor "warmtebehandelde" melk,
zoals vastgelegd in EG richtlijn 85/397, dient geen enkel
wezenlijk doel:; een verantwoorde toepassing is bovendien
niet goed mogelijk zolang de bijbehorende onderzoeksmethoden
niet zijn vastgesteld.

Het gebruik wvan een beeldscherm betekent lang niet altijd
een verruiming van het blikveld.

H.J.C.M. van den Bijgaart

Syneresis of rennet-induced milk gels

as influenced by cheesemaking parameters.
Wageningen, 21 september 1988.




WOORD VOORAF

Bij het begin wvan dit proefschrift hoort een woord van dank aan
al diegenen, die in belangrijke mate hebben bijgedragen aan de
totstandkoming ervan.

Jeanne, ondanks de wat lijdzame weg die partners van promovendl
nou eermaal beschoren lijkt te zijn, heb je door je voortdurende
aanmoediging en begrip wezenlijk aan de wvoltooiing wvan dit
proefschrift bijgedragen.

Het Kaascontrolestation 'Friesland' te Leeuwarden heeft via de
Stichting J. Mesdagfonds de uitvoering wvan het beschreven
onderzoek financieel mogelijk gemaakt.

Beste Pieter, hooggeleerde promotor, ik wil je bedanken voor de
gelegenheid die je me hebt geboden om dit onderzoek te ver-
richten. Jouw kennis en aanpak hebben de afgelopen periode tot
een zeer leerzame voor me gemaakt.

Mijn dank gaat verder uit naar Tom Geurts voor zijn voortdurende
beschikbaarheid als praatpaal, wvoor het aandragen van de kennis
vanuit het kaasmaken en voor het wijzen op de Kleine maar vaak
zeer wezenlijke zaken bij het uitvoeren van experimenten.

Ton van Vliet en Nel Zoon hebben wvia hun uitleg en discussie
voor mij een weg gebaand in het woud van reologische aspecten.
Annemarie Spaargaren heeft een bijdrage geleverd in het kader
van haar doktoraalstudie. Aliza de Groot wil ik bedanken voor
het verrichten van enkele aanvullende metingen.

De uitwerking van een aantal computermatige berekeningen is
geschied met aanzienlijke hulp wvan dr. R. Koopmans (vakgroep
Cultuurtechniek), Prof. J. Schenk (emiritus-hoogleraar wvan de
vakgroep Technische Natuurkunde) en Harrie Kamphuis (KSEPL te
Rijswijk).

De medewerkers van de sectie Zuivel en Levensmiddelennatuurkunde
hebben op uiteenlopende wijze bijgedragen, van de directe
technische ondersteuning tot en met de benodigde afleiding via
alle gedachtenwisselingen over niet-zuivelonderwerpen.

De heer C. Rijpma van de tekenkamer in het Biotechnion en de
medewerkers van de fotolokatie De Dreyen hebben op bijzonder
vlotte en nauwgezette wijze het teken- en fotowerk verzorgd.



Voor de afwerking wvan dit proefschrift mocht ik een bijdrage
ontvangen uit het LEB-fonds.

Mijn huidige werkgever, de CoOperatieve Vereniging wvoor Melk-
onderzoek "Zuid-Nederland" te Veldhoven, ben ik erkentelijk voor
de gelegenheid die mij werd geboden om de verslaglegging van dit
onderzoek af te ronden.



CONTENTS

Page
1 INTRODUCTION
1.1 General 1
1.2 Rennet-induced coagulation of milk i
1.3 Syneresis of rennet-induced milk gels 5
1.4 Outline of this study 6
2 MATERIALS AND METHODS
2.1 Materials 7
2.1.1 Reconstituted skimmilk 7
2.1.2 Concentrated milk 8
2.1.3 Raw milk 8
2.1.4 Rennet 9
2.1.5 Whey 9
2.1.6 Aprotinin 9
2.1.7 Chemicals 10
2.2 Methods 10
2.2.1 Clotting time 10
2.2.2 Shrinkage rate of curd slabs 10
2.2.2.1 Microscope method without mechanical

pressure 10

2.2.2.2 Microscope method with mechanical
pressure 12
2.2.3 Long-term residual height of curd slabs 12

2.2.3.1 Residual height without mechanical
pressure 12
2.2.3.2 Residual height with mechanical pressure 13
2.2.4 Permeability measurements 13
2.2.4.1 General 13
2.2.4.2 Permeability of non-syneresed gels 14
2.2.4.3 Permeability of syneresed gels 15
2.2.5 Viscosity of the whey 15
2.2.6 Gel electrophoresis 15
2.2.7 pH 16
2.2.8 Calcium ion activity 16



3 ONE-DIMENSIONAL SYNERESIS: SOME CONSIDERATIONS
3.1 Introduction
3.2 Syneresis pressure

3.2.1 Syneresis pressure in a non-syneresed gel
3.2.1.1 Endogenous syneresis pressure
3.2.1.2 Influence of time after renmnet addition
3.2.1.3 Influence of milk preconcentraticon
3.2.1.4 Gravitation-induced syneresis pressure
3.2.2 Syneresis pressure in a syneresing gel
3.2.2.1 Endogencus syneresis pressure
3.2.2.2 Gravitation-induced syneresis pressure
3.3 Permeability
3.3.1 Pemeability of gels from preconcentrated milk
3.3.2 Permeability of syneresed gels
3.4 End point of syneresis
3.5 Results of model calculations
3.5.1 The effect of various trial functions for the
endogencus syneresis pressure
3.5.2 The effect of different relations for the change
of the permeability coefficient
3.6 Calculation of the initial endogencus syneresis
pressure from experimental results

3.7 Conclusions

4 EFFECT OF VARIATION IN CONDITIONS DURING RENNETING AND
COAGULATION ON SYNERESIS
4.1 Introduction
4.2 Results and discussion
4.2.1 Treatment of reconstituted milk
4.2.2 Rennet concentration
4.2.3 Acidification
4.2.3.1 Effect of the acidification procedure
4.2.3.2 pH
4.2.4 CalCl,
4.2.4.1 Time of CaCl, addition
4,2.4,2 Amount of CaCl, added
4.2.5 NaCl
4,2,6 Temperature
4.2.7 Fat

17
19
19
19
22
24
25
26
26
28
29
29
30
33
37

37

39

39
44

46
48
48
52
55
56
59
65
66
68
68
71
75



/fr

4.3 Conclusions

5 INFLUENCE OF MECHANICAL PRESSURE ON SYNERESIS

5.1 Introduction

5.2 Some general remarks on the experimental results
5.2.1 Course of the shrinkage with time after

load application

5.2.2 Contact surface

5.3 Results with various pH and temperature

5.4 Gels from preconcentrated milk

5.5 Application of existing theories for compression
5.5.1 Terzaghi model
5.5.2 A model for elastic disperse systems
5.5.3 Results of calculations with experimental data
5.5.4 Some remarks concerning visco-elastic systems

5.6 Conclusions

6 SOME ASPECTS RELEVANT TO PRACTICAL CHEESEMAKING
6.1 Introduction
6.2 Mechanical pressure and hydrodynamic effects during
cutting and stirring
6.2.1 Cutting
6.2.2 Stirring
6.3 Intermittent pressure
6.4 Model calculations with changing pH
6.4.1 Results of calculations without mechanical
pressure
6.4.2 Results of calculations with mechanical
pressure
6.5 Milk preconcentration and syneresis
6.6 Preliminary calculations for three-dimensional
syneresis
6.7 Conclusions

LITERATURE REFERENCES
LIST OF SYMBOLS
SUMMARY

SAMENVATTING
CURRICULUM VITAE

76

79
79
80

80
82
84
86
89
89
90
95
98
102

103
103

103
104
105
113
114

115

117
118

121
125

126
130
133
137
141



1 INTRODUCTION

1.1 General

Cheese is one of the main dairy products. During cheesemaking
the larger part of the nutritious components of milk is concen-
trated. The composition and properties of the final cheese are
determined by the characteristics of the raw material and the
processing conditions. This has resulted into a wide variety of
types.

Optimization of the cheesemaking process implies control over
the processing steps: milk treatment, gel formation, dehydration
and possible ripening. Although qualitatively the effects of
variations (such as milk pretreatment, rennet concentration, pH,
temperature) on the processing steps are known, little effort
has been spent in relating this to the changes of the building
blocks and the structure at the microlevel. However, todays
automation of the production requires a better understanding of
the underlying principles.

In the past years our knowledge about the renneting of milk
and the influence of cheesemaking parameters has considerably
increased (recently reviewed by Dalgleish, 1987). Basic infor-
mation about the subsequent gelation and syneresis is rather
scarce. Van Dijk (1982) performed experiments under closely
controlled conditions and successfully related the syneresis
behaviour to the microstructure of the gel. It was felt worth-
while to extend on his work and to study the influence of
cheesemaking parameters on syneresis in more detail.

This study particularly concerns rennet-type gels, in which
coagulation of the milk is induced by rennet enzymes. However,
the outlined physical principles alsc apply to the other major
group of acid-type gels.

1.2 Rennet-induced coagulation of milk

The casein fraction of milk, which constitutes about 80 % of
total milk protein, is the main component ©of interest for the
changes in the physical state of milk during the cheesemaking



process. One can divide between four main characteristic groups
of caseins: a,,-, o, ,-, B- axd x-casein. In each group several
genetic variants can be distinguished. Alsc differences in the
molecular residues attached to amino acid side groups exist
(Swaisgood, 1982; Walstra & Jenness, 1984).

Under normal conditions (uncooled milk, pH = 6.7) almost all
casein appears in aggregates of colloidal size with a diameter
between 20 and 300 nm, the casein micelles. These aggregates
also contain some 8 g of inorganic matter per 100 g casein,
consisting of colloidal calcium phosphate (CCP) and counter
ions, which includes some Mg, Na, K and citrate. The CCP is
essential in keeping the integrity of the micelles (Schmidt,
1982). For our purpose the casein micelle is thought to consist
of small subunits, the submicelleg, which contain the casein
molecules. These are mainly kept together by hydrophobic bonds
and salt linkages (Walstra & Jenness, 1984). Casein micelles are
voluminous particles. They hold a considerable ampunt of water,
= 3 g/g casein (Walstra, 1979). Without going into any detail
about the possible structure of the casein micelle (see for
instance Schmidt, 1982), the highly idealized picture in Figure
1.1 can serve for this study. As outlined, sewveral egquilibria
with serum components exist, indicating the dynamic character of
casein micelles. The location of submicelles with a high amount
of K-casein on the outside of the micelle is of main interest
{(Waugh, 1971; McGann et al., 1980; Schmidt, 1982). A consider-
able amount of evidence has been presented for its role in the
stabilization of the micelles under natural conditions. The pro-

[co® + HPO. |
K

= 1submitelles J
I

\ casein mulecules]

Fig. 1.1. Model of a casein micelle. consisting of spherical gubmicelles, kept

e

together by amall patches of colleidal calcium phospate, and showing protruding chains
of the caseino-macropeptide part of v-cazein., Some mquilibria with building blocks in
the serum are schematically depicted (From: P. Walstra & T. van Vliet, 1986).



truding hydrophilic k-casein macropeptide moiety (CMP), which is
subject to Brownian motion, imparts steric and electrostatic
repulsion between closely approaching micelles (Holt, 1975;
Walstra, 1979; Walstra et al., 1981; Horne, 1984; Horne, 1986;
van Hooydonk & Walstra, 1987).

The renneting of milk is clearly the result of two processes,
the attack on k-casein by proteolytic enzymes (mainly chymosin),
arnd the flocculation of the destabilized micelles. During the
first reaction the (MP is split off by the specific attack of
rennet enzymes on the Fhe . -Met,,, bond (Jollés et al., 1968).
In milk this reaction is essentially first order, since the
diffusivity of the micelles is negligible caompared to that of
the enzyme molecules (van Hooydonk et al., 1984; wvan Hooydonk &
Walstra, 1987). Before a particle becomes subject to floccu-
lation, a congiderable amount of the surface charge and steric
repulsion is lost (Green & Crutchfield, 1971; Pearce, 1976;
Carling & Dickson, 1979; Walstra & al., 1981; Dalgleish, 1984;
Holt & Dalgleish, 1986). Only after about 70 - 90 % of the x-
casein on a micelle has been split, flocculation can occur when
two particles meet each other (Dalgleish, 1979; Chaplin & Green,
1980; wvan Hooydonk et al., 1986b). From that moment the aggre-
gatibility increases fairly rapidly with the extent of proteo-
lysis (Darling & wvan Hooydonk, 1979; Dalgleish, 1980; wan
Hooydonk et al., 1986b; Dalgleish, 1987). The aggregation can be
described with Smoluchovski kKinetics, but in milk the reaction
proceeds much slower than in the diffusion-controlled limit (wvan
Hooydonk & Walstra, 1987). The cause for the aggregation is not
fully understood. Besides wvan der Waals attraction, specific
ion-pair formation and hydrophobic effects have been held
responsible (Dalgleish, 1987)., The influence of wvariation in
experimental conditions on the separate reactions has been sum-
marized by Walstra & van Vliet (1986) and van Hooydornk & van den
Berg (1987).

As a result of ongoing flocculation conglomerates and thread-
like structure are formed, as schematically outlined in Figure
1.2 (Mulder et al., 1966; Henstra & Schmidt, 1970; Green et
al., 1978). when flocculation proceeds undisturbed (no stir-
ring), a continuous network is formed. Electron microscopy
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Fig. 1.2. schematic representation of the changes from stable casmein micellez to
aggregated paracacsein micelles during the renneting of milk.

reveals an inhomogenecus structure, which is made up of strands
of micelles and thicker nodes, leaving openings up to 10 pm in
diameter (Knoop & Peters, 1975; Green et al., 1978; Glaser et
al., 1980). Generally, fat globules are trapped in the pores and
thus act as a non-reactive filler.

After flocculation and gel formation the contact area or
junction between neighbouring particles changes from ‘touching'
to 'fusion', as depicted in Figure 1.3. Initially, one or only a
few bonds per junction exist. Afterwards, the particles become
attached at more sites. This results in thickening and more or
less smoothing of strands. Long-term rearrangement processes in
the strands (Knoop & Peters, 1975; Green et al., 1978) ultimate-
ly prevent the differentiation of bonds between micelles to
those within micelles. During this process the contribution of
the various types of bonds may change (Walstra & wvan Vliet,
1986).

Macroscopically, during several hours after remnet addition
an increase of the dynamic moduli is found in rheological
measurements (van Dijk, 1982; Tokita et al., 1983; Bohlin, 1984;
Dejmek, 1987). These moduli depend on the number, the strength
and the relaxation behaviour of the bonds (Zoon et al., 1988).

N T T
\_//\_/ —” —— T
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Pig. 1.3. Schematic picture of the change in conformation of flocculated paracasein
micelles during ageing of a rennet-induced milk gel (From: P, Walstra & T. van Vliet
1986).




1.3 syneresis of remnet-induced milk gels

Rennet-induced milk gels may show syneresis, i.e. the expul-
sion of whey. This can result from an endogencus tendency to
contract or be due to externmal forces exhibited on the gel. In
both cases pressure is exerted on the liquid in the pores. This
pressure, and the resistance against flow through the matrix,
that can be expressed as a permeability coefficient, determine
the local change in the voluminosity with time, i.e. the shrink-
age. This was modelled, based on the eguation of Darcy (van
Dijk, 1982; van Dijk et al., 1984). Walstra et al. (1985) argued
that the rearrangement in the network of paracasein particles
must be the main driving force for syneresis to occur under
quiescent conditions. This rearrangement can occur because
paracasein micelles probably are reactive over their entire
surface. In the initial stages after gel formation rearrangement
may be promoted by non-aggregated particles, which attach to the
existing network. There they become an extended target point for
dangling or moving strands. In later stages, breaking of some of
the strands will be needed for extensive rearrangement to occur.
If a gel is constrained, the rearranging tendency results in the
formation of dense regions and less dense regions elsewhere.
This has been designated microsyneresis (van Dijk, 1982; wvan
Dijk & Walstra, 1986). Furthermore, changing conditions during
syneresis (e.g. pH and temperature) may affect the size of the
building blocks (Walstra, 1979) and contribute to the shrinking
tendency of the matrix. Taking into account the nature of the
resulting endogenous syneresis pressure, it is obwvious that it
must depend on the stage of gelation and on several experimental
conditions. Some results on the influence of pH, temperature and
added@ CaCl, on this parameter have already been given by van
Dijk (1982) and van Dijk & Walstra (1986). According to experi-
mental conditions, values between 1 and 3 Pa were found for the
initial endogenous syneresis pressure. The large effect of
external or mechanical pressure is therefore not surprising (van
Dijk, 1982). However, it appeared difficult to obtain reliable
quantitative information from experiments.



1.4 Outline of this study

First, an overview is given of the experimental apparatus and
procedures. Except for one experiment, reconstituted skimmilk
was used throughout this study.

The one-dimensional approach did ask for a more thorough
analysis of the syneresis pressure and the permeability. In
Chapter 3 the original hypothetical description of wvan Dijk
(1982) is defined in some more detail, thereby taking into
account the implications of additional experimental results.
Attempts are described to determine the permeability coefficient
of syneresed gels and to find an "end point" of syneresis, i.e.
the maximum shrinkage possible.

In Chapter 4 results of syneresis and permeability measure-
ments urder wvarious conditions, such as milk pretreatment,
rennet concentration, pH, measuring temperature, and addition of
CaCl, or NaCl are given. The separate effects on the permeabil-
ity coefficient and the endogenous syneresis pressure are
evaluated.

The important effect of mechanical pressure on syneresis is
treated in Chapter 5. After adaptation of the microscope method,
accurate and reproducible results on the shrinkage rate with
various pressures were obtained. The results are considered in
the light of existing theories for the compression of porous
media. Thereby, it is tried to subtract some rheological para-
meters from the available experimental results and to link the
syneresis behaviour to the rheological characteristics of the
protein matrix.

In Chapter 6 some remarks are made with respect to the
results in relation to practical cheesemaking. Hydrodynamic
effects during cutting and stirring are briefly described.
Calculational results for intermittent pressure and changing pH
are given. Also syneresis of gels from preconcentrated milk is
evaluated. At the end of this chapter a preliminary three-
dimensional calculational model is presented.




2 MATERIALS AND METHODS

2.1 Materials

2.1.1 Reconstituted skimmilk

For most of the experiments reconstituted skimmilk was used,
which was made from low-heat skimmilk powder (Krause, Heino).
The composition of this powder (see Table 2.1) was given pre-
viously by Roefs (1986). The difference between the true protein
fraction and the sum of the casein and serum protein fraction
must for the greater part be ascribed to the proteose-peptone
components.

Table 2.1. Composition (in wt. %) of the low-heat
skimmilk powder employed in this study.

dry matter 96.8

ash 6.1

fat 0.6

true protein !) 33.8
casein 28.3
serum protein 3.4

NPN 1.8

WPN index (ADMI,1971) 6.45

1) Most references give total or crude protein. This
includes true protein and NPN. For more information
see e.g. Karman & van Boekel (1986).

For the preparation of standard skimmilk 10.4 g powder was
dissolved per 100 g demineralized water. When other additions
had to be made afterwards (acid, CaCl, ), the amount of water was
correspondingly adjusted. 100 ppm thiomersal (C,RH;HgSC,H, COONa,
BDH Chemicals Ltd) was used as a preservative. Van Dijk (1982)
found no effect of this preservation on the syneresis behaviour
of milk gels. During this study the possible effect of thiomer-
sal on the renneting behaviour was checked. The clotting time
was not affected.

The dispersions were stirred for 20 to 28 hours at 30 °C
prior to rennet addition; with this treatment a further storage
of the reconstituted skimmilk at 30 °C did not materially alter



its properties. For comparison, in some experiments dispersions
were kept overnight at 4 °C after a previous treatment of 1 hour
at 30 °C or 45 °C. Prior to rennet addition these samples were
stored during 1 hour at 30 °C.

2.1.2 Concentrated milk

Concentrated milk was obtained by ultrafiltering reconsti-
tuted skimmilk at 30 °C in an Amicon concentrator model CH3,
equipped with a hollow fiber cartridge (type HIP10, with a
molecular cut-off of about 10000 Daltons). The calculated con-
centration factor was based on the residual volume of retentate
and was checked by Kjeldahl analysis. Good agreement was fourd.

2.1.3 Raw milk

Raw milk was obtained from the dairy farm of the Agricultural
University. To study the influence of milk pretreatment on the
permeability of rennet skimmilk gels (see Section 4.2.1), a
portion of fresh uncooled raw milk was used. After centrifu-
gation the skimmed milk was pasteurized (30 min at 63 °C),
cooled to 30 °C and divided into two samples after addition of
100 ppm thicmersal. One sample was used the same day for experi-
ments. The other sample was stored overnight at 4 °C and was
used the next day after storage for 1 hour at 30 °C prior to
remnet addition.

For an experiment on the influence of fat on the syneresis
behaviour (see Section 4.2.7), raw milk, stored overnight at
4 °C, was divided into two portions of which one was centri-
fuged. Both the skimmed and the unskimmed milk were pasteurized

Table 2.2. Composition (% w/w) of unskimmed and skimmed
milk that was used in the experiment on the
influence of fat on the syneresis behaviour.

unskimmed milk skimmed milk
fat 3.45 0.07
protein 3.65 3.84

lactose 4.47 4.66




(30 min 63 °*C) and cooled to 30 °C. After addition of 100 ppm
thiomersal, they were kept at 30 °C until rennet was added. The
composition of both portions, as determined with a Milkoscan
104A/B (A/SN Foss Electric, Denmark), is given in Table 2.2.

2.1.4 Rennet

Commercial calf rennet (Ieeuwarder kaasstremsel) with a
strength of 10800 Soxhlet units was used. It was diluted shortly
before use with demineralized water.

2.1.5 vhey

In permeability experiments at pH = 6.7 whey from low-heat
whey powder was used. This powder was cobtained by renneting a
batch of raw milk at 30 °C without any means of acidification,
cutting the gel and collecting the whey. The whey was skimmed,
concentrated, spray dried and stored in cans. For experiments
7.3 g whey powder was dissolved per 100 g demineralized water
with 100 ppm thiomersal. After dissolving, the whey was clar-
ified in a Christ UJ 3 centrifuge (20 min at 2300 x g). The
whey was filtered before use.

In other cases where whey was needed, reconstituted milk was
renneted under conditions corresponding to those during the
intended experiment. The gel was cut 30 min after rennet addi-
tion. The whey was separated by centrifugation and clarified by
filtration as described above. Some information about the com-
position of the whey prepared at pH = 6.7 by both methods is
given in Table 2.3. Only minor differences were found.

2.1.6 Aprotinin

In one experiment aprotinin (Sigma Chemicals) was used to
check on the possible effect of protein breakdown by indigenous
milk proteinases on the permeability coefficient of the gel. The
final activity of aprotinin in the reconstituted milk amounted
to 0.198 TIU/ml.
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Table 2.3. Some compositional data of the whey (pH = 6.7)
when prepared from low-heat whey powder and

from reconstituted skimmilk.

whey from whey from

whay powder skimmilk
dry matter (% w/w)? 6.65 6.67
total protein (% w/w)? 1.11 i.14
fat (% w/w)? 0.14 0.13
lactose (% w/w)? 4,93 4,94
Ca + Mg (mM)? 12.30 12.52
total phosphorus (% w/w)* 0.44 0.42

1} according to IDF 21: 1962

2} determined with a Milkoscan 104 A/B
31 acoording to van der Have (1954)

*) according to Lang & Miethke (1933), IDF 33A: 1971

2.1.7 Chemicals

All low molecular chemicals were analytical grade. Appro-

priate solutions were prepared with demineralized water.

2.2 Methods

2.2,1 Clotting time

For the determination of the clotting time 1 ml of a diluted
rennet solution was added to 10 ml of milk at 30.0 °C. The
clotting time was determined visually by drawing a film along
the ingside wall of a beaker until the first flocs appeared.

Determinations were carried out in quadruplicate.

2.2.2 shrinkage rate of curd slabs

2.2.2.1 Microscope method without mechanical pressure

For measuring the shrinkage rate of curd slabs in the early
stages of syneresis, the microscope method described by wvan Dijk
{(1982) and van Dijk & Walstra (1986) was used. The principle of
this method is outlined in Figure 2.1a.
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Fig. 2.1. Principle of the microacope method used to measure the shrinkage rate of a
curd slab. The radius of the slab was 5 cw, its initial thickness 5 zm. a) without
mechanical pressurs, b} with mechanical preasure asxerted by a aintered glass filter
Plate.

According to the intended experiment, HCl, salts or NaOH were
added five minutes before remnnet addition to milk at 30 °C,
unless described otherwise. After rennet addition the milk was
brought into the thermostatted wvat and left for renneting.
Shortly before starting syneresis some corundum grains were
sprinkled on the surface of the gel. For starting syneresis the
surface was wetted, first by spraying and then flooding to
prevant damage of the gel. The microscope was focused as soon as
possible (generally within 60 s after starting syneresis) on one
of the corundum grains. The change in height of the slab, deter-
mined by refocusing on the same grain with short time intervals,
was read on the scale at the micrometer knob of the microscope.
The depth of focus was about 1 ym and one unit on the microscope
scale correspornded with 2 pm. To find the change in height
before the first reading, the readings were extrapolated to the
moment of wetting (see Section 3.6).

In experiments on the influence of the measuring temperature,
the temperature was changed twenty minutes after rennet addition
by connecting another water-bath to the apparatus.

To determine the initial height of the slabs, in separate
experiments a gel was cooled to 18 °C 60 min after rennet addi-
tion; syneresis rate was almost zero at this temperature. After
focusing on the corundum grains on the surface of the slab, the
gel was sucked away from under the cobjective. Subsequently, the
microscope was refocused on the bottom of the vat. This experi-
ment was carried cut six times. The average initial height was
4829 pm with a standard deviation of 26 um.

11
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2.2.2.2 Microscope method with mechanical pressure

Mechanical pressure was applied onto a curd slab by means of
highly permeable sintered glass filter plates. The radius of
these plates was slightly smaller than the radius of the curd
slab (see Figure 2.1b). The pressure exerted con the curd slab
was calculated from the dimensions and the mass of the plates,
assuming the density of the glass to be 2600 kg-m °. Applied
pressures were B8, 27 and 62 Pa.

During preliminary experiments it occurred that covering the
bottom of the glass filter plates with filter paper led to
somewhat higher shrinkage rates (see Section 5.2.2). Filter
paper was used in all further experiments carried out.

After starting syneresis by spraying and flooding with
demineralized water the prewarmed wet glass filter plate was
carefully placed on top of the slab 60 s after starting syne-
resis. The change in height was measured by focusing on the
surface of the glass filter plate and was read off as described
in Section 2.2.2.1.

2.2.3 Long-term residual height of curd slabs

2.2.3.1 Residual height without mechanical pressure

Besides determining the shrinkage rate in the early stages of
syneresis, it was tried to find an eguilibrium state of shrink-
age for a curd slab., If the microscope method was used, as
described in Section 2.2.2.1, the contents of the thermostatted
vat markedly changed at times longer than 20 to 25 hours after
rennet addition due to bacterial activity. Therefore, an alter-
native method was followed for the case without mechanical
pressure. Curd slabs were formed in Petri dishes, made of glass,
with a radius of 9 cm. The dishes were stored in a thermostatti-
cally contrelled water tank using weighting. Clese attention was
paid to keep the dishes water-level. The air under the 1lid
prevented the inflow of the surrounding water. Measures were
taken to minimize the disturbance due to wvibrations during
storage. The slabs were flooded with the corresponding whey at



one hour after remnet addition. After 25 to 50 hours the resi-
dual height of a slab was determined with a microscope by
focusing on the surface of the slab, carefully removing the gel
from under the objective and refocusing on the bottom of the
dish. At times longer than 50 hours the results became unre-
liable because of the occurrence of cracks and slits in the
slab, Problems due to bacterial activity were not encountered.

The average initial height of the slabs with a given amount
of milk was determined analogous to the description in Section
2.2.2.2. For 11 samples this height was found to be 4807 pm with
a standard deviation of 32 ym.

The repeatability of the method was checked by the determi-
nation of the residual height in 10 dishes at 24 hours after
rennet addition for pH = 6.68 and 30 °C, The average residual
height was 1489 pm with a standard deviation of 30 pm.

2,2.3.2 Residual helight with mechanical pressure

Pressure was exerted and the shrinkage was measured as out-
lined in Section 2.2.2.2. After having removed the glass filter
plate at 25 hours after flooding, the final measurement of the
residual height was carried out as described in Section 2.2.3.1.

2.2.4 Permeability measurements
2.2.4.1 General

A measure of the resistance exerted on a liquid flowing
through a fixed matrix in case of a laminar flow is the propor-

ticnality constant in the equation of Darcy, which states for
the flow in one direction:

v =(-B/n) - VP (2.1)

v = liquid flux (i.e. volume flow rate/cross-sectional
area) (mes-!)

B = permeability coefficient (m2)

N = viscosity of the flowing ligquid (Pa-3)

VP = pressure gradient (Pa:m ')

13
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The critical value of Re for Eq. (2.1) to hold is at least
0.1 (Scheidegger, 1960). The corresponding value for the cri-
tical 1liquid filux v, ,  equals Re«{l-¢).n/(p-.§), where & is a
diameter associated with the porous medium in m and where (1-¢)
represents the liquid wvolume fraction in the gel. Assuming n =
102 Pa+s, P = 10°® kg.-m?, a rather high value for & of 10°°* m
and ¢ = 0.1, we find v, ,, = 9:10°° m.s"!'; see also Roefs
(1986). During all permeability experiments the liquid flux was
much smaller than v,

erit®

2.2.4.2 Permeability of non-syneresed gels

The tube methcd developed by van Dijk (1982) and also des-
cribed by van Dijk & Walstra (1986) and Roefs (1986) was used.
Glass tubes with a length of 25 cm and an inner diameter of 4.0
mm were cleaned thoroughly before use and sealed with laboratory
film in which a pinhole was made. For the experiments they were
lowered in test-tubes filled with milk to which rennet had been
added. The milk was left for renneting at 30 °C. After the gel
had become firm enough, the tubes were unsealed and put in a
thermostatted plexiglass measuring vat, filled with whey. The

whey started flowing through the

1 2 gel after the level of the whey

was raised. The change in the
level of the whey in the tubes
and the length of the gels was
determined with a cathetometer.
Generally the length of the gel

x 9 :::f: was about 12 cm. The initial
pressure gradient generally
amounted to 5.10° Pa-m"!. Varia-

b oe) | o

whey

= i tion of the initial pressure

= gradient did not significantly

influence the calculated permea-

P{g. 2.2. Principle of a bility coefficient, as was also
permeability measurement. For found by van Dijk (1982).

explanation see text.

Van Dijk (1982) has derived
the following relationship for




the calculation of the permeabllity coefficient B half-way
between two readings (see Figure 2.2):

h(=)-h(t, )
— YN+« H
h(=)-h(t, )
B = - (2.2)
p g (tz_tl)

h(w) = height of the whey level in the reference tube (m)
h(t) = height of the whey level in the gel tube (m)

H = length of the gel (m)

g = gravitational acceleration (m.s 2)

The permeability increased linearly with time within the accu-
racy of the experimental results, as was also found by van Dijk
(1982). Consequently, Be, the permeability coefficient of a gel
at the moment the pressure gradient was applied, could be ob-
tained by extrapolation. Results shown are average values for
three or four tubes.

2.2.4.3 Permeability of syneresed gels

For a description of the determination of the permeability of
syneresed gels, the reader is referred to Secticn 3.3.2.

2.2.5 Viscosity of the whey

When using preconcentrated milk, the wviscosity of the corres-
ponding whey was determined using a KPG Ubbelchde viscosimeter
(Schott Gerdte, BRD) in a thermostatted water-bath.

2.2.6 Gel electrophoresis

The proteolytic action of indigenous milk proteinases as a
function of time was checked by a quantitative variant of Poly-
Acrylamide gel Electrophoresis (PAE) according to the procedure
described by De Jong (1975).

15
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2.2,7 pH

The pH values were determined after cooling the samples to

room temperature with a Radiometer

pH meter (type PHM 62),

equipped with a Schott electrode (type N61).

2.2.8 Calcium ion activity

The calcium ion activity was determined by making use of an
Orion 701A digital ion meter, equipped with an Orion 93-20-01
Ca2?* ijion-selective electrode and an Orion 90-01 single junction
reference electrode, as described by Geerts et al. (1983).

Measurements were carried out at 30

°C. The activity coeffi-

cients for the standard solutions were calculated with the

Debeije-Hilckel equation, which states:

A.z2. I

..log]’i=
1+B+a3 - /I

activity coefficient
valency Ca?*

ion size parameter for Ca2*
ionic strength in M

B are constants

Y

2,
a,
I

A,

Calculations were performed with a

(2.3)

= 4.944, A = 0.5141 and

B = 0.3297 (Zoon, personal commnication). The slope of the
electrode was determined, as described by Geerts et al. (1983).




3 ONE-DIMENSIONAL SYNERESIS: SOME CONSIDERATIONS
3.1 Introduction

The concept of one-dimensiocnal syneresis was introduced by
van Dijk (1982), thereby offering possibilities for gquantitative
comparison between theory and experimental results. For sake of
clearnegs, in this section a brief overview will be given. For a
more extensive treatment of the analytical and the numerical
approach the reader is referred to van Dijk et al. (1984). His
theoretical approach was based on an analytical description of
the transport of whey inside the gel. This was combined with the
equation of Darcy (see also Egq. 2.1):

v = (-B/n) - VP (3.1)

For constant B, n and VP this resulted in a differential equa-
tion, which is identical with the second equation of Fick for
diffusion processes (Crank, 1975). The Boltzmann analytical
solution of this equation indicates a proporticnality of the
shrinkage with the square root of time after starting syneresis
(t°-*) for the initial stages of the syneresis process. However,
during syneresis the pressure on the liquid phase and the
permeability of the matrix change with time and place. This
precluded finding an analytical solution for the description of
the whole process.

It was possible to account for these effects by using a
finite element method. In this numerical approach a slab of curd
with an initial thickness H, was divided into m thin slices of
thickness h_ ,. During the shrinkage process the thickness of
the slices changes with time and position in the slab (see
Figure 3.1). The relative remaining volume 1 of a slice is
defined as:

actual volume
i - (3.2)
volume at €=0
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Fig. 3.1. curd slab divided intc alices with the parameters for the numerical
calculation of the shrinkage rate according to van Dijk {1982).

Using the equation of Darcy one can write for the liquid volume
flux str, from slice k into slice k-1:

(Pk,t _Pk-l,t:) hk,t ‘hk-l,t
stry . = . { + )-* (3.3)
0.5 . 1 B . Bey.«

As the shrinkage of the slab is exclusively caused by the loss
of whey, one may state:

Ahk.t = (str,,, ., - sty ) - At (3.4)
These equations permit the calculation of the change in thick-
ness of any slice during the shrinkage process. In the calcu-
laticns sewveral precautions are taken to ascertain the reliabil-
ity of the results with this numerical model (van Dijk, 1982).

The numerical approach also resulted in a proportionality of
the shrinkage to t°-5 in the early gtages of the syneresis
process. Together with information about the permeability coef-
ficient at the wvery beginning of the syneresis process, this
allows the calculation of the initial endogenous syneresis
pressure P, for which van Dijk (1982) derived:

ne t dAs/dt
P = o ([ ———— )2 (3.5)
Be 0.5 - 0

where Be is the permeability coefficient at the moment of star-
ting syneresis in m? and dAH/dt is the shrinkage rate in m-s™?.




From model calculations a value of about 0.6 for the constant Q
was obtained (wvan Dijk, 1982).

In this chapter syneresis pressure, permeabllity and their
dependence on time after remnet addition and degree of concen-
tration will be separately discussed. Moreover, the largely
hypothetical description of wvan Dijk (1982) is combined with
some additional experimental results, leading to a more detailed
plcture of what happens during syneresis of rennet-induced milk
gels.

Compression of the matrix under the influence of a mechanically
exerted pressure will be treated in Chapter 5.

3.2 Syneresis pressure

The syneresis pressure, i.e. the pressure on the liquid
phase, is the cause for syneresis to occur. For a clear under-
standing of the contributing processes, it is useful to distin-
guish between the situation before macroscopic syneresis has
started and the situation thereafter in a shrinking gel. How-
ever, most of the phenomena mentioned for the initial situation
may also play a part in a shrinking gel.

3.2.1 Syneresis pressure in a non-syneresed gel

For the one-dimensional case in the absence of mechanical
pressure, the syneresis pressure 1s made up of the endogenous
syneresis pressure and a gravitational contribution as a result
of the density difference between the casein matrix and the whey
(van Dijk, 1982).

3.2.1.1. Endogenous syneresis pressure

After a gel (i.e. a continuous network of paracasein micel-
les) has been formed still many more junctions can come about,
since the paracasein micelles are probably reactive over their
entire surface. The formation of new contacts results in local
network stresses, whereas at the same time changes elsewhere in
the network may result in stress relaxation. The height of the

19



20

presgure on the liquid, the endogenous syneresis pressure, is
governed by the balance of these processes. One can distinguish
between:

- The reactivity of the particles. This can be expressed as an
activation free energy for attaining contact between fully
remeted micelles as such. It is predominantly due to elec-
trostatic and steric repulsion and depends on experimental
conditions (Walstra & van Vliet, 1986). Higher temperatures
up to 60 °C result in lower values for the activation free
energy of fully renneted micelles (Dalgleish, 1983). This can
not be fully explained by changes in the surface charge of
the micelles (van Hooydonk & Walstra, 1987). It was suggested
that a temperature-dependent steric repulsion between micel-
les from protruding chains of B-casein may serve as a partial
explanation. Furthermcre, the reactivity of renneted parti-
cles becomes higher with a higher Ca?* oconcentration and
lower with a higher ionic strength (Dalgleish, 1983).

After rernnet addition reactive sites are formed. Their number
gradually increases until all «-casein has been split (wvan
Hooydonk et al., 1984).

- The probability of approach. This is determined by several
factors. It is likely that a shorter distance between reac-
tive gites and the existence of highly flexible strands
facilitate the formation of new contacts. This may for
example be the case with a higher volume fraction of the
building blocks, either locally or for the whole gel. The
formation of new contacts is expected to be most prominent
during the early stages of gelation, when some dangling
strands still occur (Walstra et al., 1985). As gelation
proceeds, these strands will become more closely attached to
the casein matrix. Individual strands also become more rigid
as a result of an increase in the number of bonds per cross-
sectional area during gelation. Thig limits their flexibility
and increases their resistance against bending.

- The breaking of strands. This may occur under the influence
of small local tensile stresses, caused for example by the
formation of contacts elsewhere, or by thermal motion. It
offers possibilities for the formation of new contacts. At




the same time it results in a lowering of the pressure
exerted on the liquid phase. The strengthening of the strands
during gelation gradually diminishes the probability of
breaking. Walstra et al. (1985) estimated the breaking force
of a strand to be of the order of 10-! N. From experiments
with mechanically exerted pressure, corresponding wvalues
could be calculated (see Section 5.5.3). Breaking of strands
presumably depends on the relaxation behaviour of the bonds
in the junctions. It should be realized that there is no
single relaxation time, but a whole spectrum. As a result the
relaxation behaviour in the junctions, the contact area
between the building blocks, is determined by the stress, the
time scale and the types and the number of bornds per junction
(Ferry, 1980; Roefs, 1986; Zoon et al., to be published).

- Internal rearrangements in the strands. Over longer time
scales the endogenous syneresis pressure may also relax as a
result of internal rearrangements in the strands. In such
cagses a lecal tensile stress has not or not yet resulted in
the breaking of the strand, leaving time for breaking and
reforming of bonds between individual protein molecules in
the junctions. Also for this process a strong dependence on
the relaxation behaviour of the bonds in the junctions must
exist.

These processes determine the magnitude of the endogenous
syneresis pressure as a function of time after rennet addition
in a non-gyneresed remnet-induced skimmilk gel. Only a qualita-
tive description can be offered. Detailed information about the
spatial arrangement and the rheological properties of the
individual strands and their effect on the endogencus syneresis
pressure is lacking and will be hard to get. The low values of
this pressure (0 - 3 Pa), which precludes direct measurement
with sufficient accuracy, are partly responsible for this. The
endogenous syneresis pressure for the whole gel should be
envisaged as a kind of system-averaged result of processes in
the network. This pressure has a very momentary character. A
pressure balarnkce, e.g. as given in Section 5.5 for the case with
mechanical pressure, does not apply.
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As a result of the above mentioned processes, rennet milk
gels show microsyneresis in the regions where the network cannot
shrink; this is the rearrangement of strands, leading to dense
and less dense regions and on average wider pores. This results

in an increase of the permeability coefficient with time after
rennat addition (van Dijk, 1982; van Dijk & Walstra, 1986). With
acid casein gels at pH < 5.2 an increase of the permeabllity

coefficient with time after the onset of gelation was not
cbserved. This was explained by a sharp change in the casein
particle structure and the relaxation behaviour of the inter-

particle bonds around pH = 5.2 (Roefs, 1986).
3.2.1.2 Influsnce of time after remmet addition

In Figure 3.2 the change of the endogenous syneresis pressure

with time after rennet addition in a gel of non preconcentrated
1) at 30 °C is shown for three values of the pH. In

milk (i =
the early stages of the gelation process the built-up of the
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Fig. 3.2. Calculated initial endogenocus syneresis pressure of rennet akiznilk galms a=m
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pressure by the formation of new contacts is only partly coun-
teracted by relaxation and strengthening processes. The maximum
can be explained by the decrease in the number of dangling
strands, an increase in the inhomogeneity of the matrix as a
result of microsyneresis (so a larger average distance between
strands), the strengthening of the strands and the relaxation of
the stress due to breaking of strands and internal rearrange-
ments,

The change of the endogenous syneresis pressure with time
after rennet addition was clearly affected by pH. At a lower pH
the maximum for the endogerxus syneresis pressure was found at
an earlier time after rennet addition. This may be explained by
assuming that all processes are faster, although to a different
degree, resulting in a higher maximum at a lower pH between pH =
6.7 and pH = 6.3. The number of reactive sites increases faster
as a result of a higher rate of the renneting reaction (wvan
Hooydonk et al., 1986b). The reactivity of the paracasein
micelles themselves may also be influenced by pH; whether this
1s due to changes in steric or electrostatic repulsion or both
remains to be answered (van Hooydonk & Walstra, 1987). The
foregoing is likely to result in a higher stress in the strands
and a larger pressure on the liquid phase. Because of the faster
increase in the number of reactive site and a possible higher
reactivity of these sites also a higher rate of strengthening of
the strands is expected. Moreover, the increased solubilization
of the colleidal calcium phosphate at a lower pH may promote the
fusion of the micelles, i.e. a faster increase in the number of
bonds per junction. This may hinder the formation of new con-
tacts and result in an earlier drop of the initial endogencus
syneresis pressure.

The higher maximum values at a lower pH can be explained by
assuming that in the early stages of gelation the relaxation of
the stress in the strands does not occur fast enough to compen-
sate for the higher reactivity of the particles. The relaxation
of the stress in the strands may even be slower because of a
higher number of bonds per junction at a lower pH.

Intramicellar interactions may also be affected as a result
of conformational changes of the casein molecules, influencing
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the possibilities for internal rearrangement. Results of rheo-
logical measurements showed a faster increase of the moduli at a
lower pH between pH = 6.7 and pH = 6.3. The relative contribu-
tions by the various types of bonds did hardly change between pH
= 6.7 and pH = 6.3 (Zoon et al., to be published). This points
to the nmumber of bomds as a function of time being the more
important factor concerning the relaxation behaviour in the
strands.

3.2.1.3 Influence of milk preconcentration

From experimental results obtained with ultrafiltered milk,
higher values for the initial endogencus syneresis pressure were
calculated at a further degree of preconcentration, as can be
seen in Figure 3.3. This may be explained by a higher number of

P (Pa)
6
o 5}
G4 o
o
4+ ]
3 a
fa
AOQ—-O g
2] S
.-"F" @ -
’/'d ﬂ_dj:::tzn“::g__
) /»" e ———
1 W P J— —— a
.-
0 T T T T
0 ¢5 10 15 20

time after rennet addition(h}

Fig. 3.3. cCalculated initial endogencus syneresis pressure of rennet skimmilk gels as
a function of time after rennet additicn. Influence of milk preconcentraticn. 500 ppm
rennet. 30 ‘c.

pH = 6.68 (----- 1, 1 = 1.0 (). 1 = 0.75 (&}, 1 = 0.6 (n)

pH = 6.33 ( }. 4= 1.0 (o), 1 = 0.75 (&). L = 0.6 (0)




reactive sites and a shorter average distance between them. This
praomotes the formation of new contacts. It should be noted that
especially at pH = 6.33 the calculated endogencus syneresis
pressure was found to vary rather erratically with time after
rennet addition. This may be because only single syneresis
measurements were performed with gels from preconcentrated milk.
Still, an effect of the degree of concentration on the time
after rennet addition, at which the maximum wvalue for P} is
reached, appears absent. This suggests that the structure at the
level of the individual strands is hardly affected by preconcen-
tration of the milk, although rheological measurements resulted
in a faster increase of the macroscopic moduli with time at a
higher degree of preconcentration (van Dijk, 1982; Zoon et al.,
to be published). Apparently, preconcentration of the milk
results in a higher average number of strands per cross-sec-
ticnal area during the earliy stages of gelation, although a
higher average thickness of strands is expected after some time.

The influence of preconcentration on syneresis will be
further discussed in Sections 5.4. and 6.6.

3.2.1.4 Gravitation-induced syneresls pressure

Besides the endogenous pressure, ¢gravitational forces can
contribute to the pressure on the liquid phase according to the
experimental setup, although they are of minor importance during
the early stages of shrinkage in a syneresing slab (van Dijk,
1982). One can deduce the following relationship for the gravi-
tational pressure:

PE = g- Ap-g - B (3.6)

where ¢ denotes the volume fraction of the micellar dry matter,
Ap is the density difference between the micellar dry matter and
the liquid phase and h, is the distance to the surface of the
gel. For the density of the calcium paracaseinate calcium
phosphate complex and the liquid phase, respectively 1390 kg.m?
(Buma, 1965) and 1025 kg.m? (Walstra & Jenness, 1984) were
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taken, Based on the composition of the skimmilk powder (see
Table 2.1) P¥ was calculated to be 0.37 Pa at the bottam of a 5
mm slab when made from standard reconstituted skimmilk.

3.2.2 Syneresis pressure in a syneresing gel

Up till now no adequate method has been develcoped for the
direct measurement of the syneresis pressure and changes therein
during syneresis. For the endogencus syneresis pressure as well
as for the gravitation-induced pressure only a qualitative
description can be given, resulting in a set of trial functions.

3.2.2.1 Endogenous syneresis pressure

The local endogenous syneresis pressure in a syneresing gel
may depend on:

- The rheological properties of the strands. For shrinkage to
ococur, deformation of strands is needed. The deformation is
determined by the stress and the time scale of deformation in
relation to the rhecological properties of the strands. For
given experimental conditicns, these depend on the time after
rennet addition and maybe also on the local degree of concen-
tration.

- The possibilities for liquid flow. Better possibilities for
liquid flow will result in greater shrinkage and a faster
drop of the syneresis pressure. The liquid flow is determined
by the local permeability of the matrix and the local pres-
sure gradient. Initially, the situation for liquid flow to
occur is most favourable in the outer layers.

- The local rearranging tendency of the strands. The processes
at the level of the strands and the building blocks, which
are responsible for the endogenous syneresis pressure, were
discussed in Section 3.2.1.1. Initially, one has to deal with
Pi . The endogencus syneresis pressure can be affected by the
local condensation of the matrix. For instance, the distance
between reactive sites is lowered. On the other hand shrink-
age can locally promote the formation of thicker strands and




thus a stiffening of the casein matrix. This retards the
formation of new contacts and the exertion of pressure on
the liquid phase.

These factors will make the change in the endogenous syneresis
pressure during shrinkage to depend on time and place in the
gel. One can try to account for all these factors in mathema-
tical eguations, but the lack of detailed quantitative infor-
mation may interfere the success of such an approach. Expression
of the resistance of the matrix in a kind of reaction force
(Walstra & wvan Vliet, 1986) can remind one of the importance of
the above mentioned processes, but the wvery low pressures
involved prevent the collection of exact information about the
relevant rheological parameters, such as the modulus, the
deformation and the time scale in their mutual relation and
their dependence on concentration., Such an approach may be more
appropriate if mechanical pressure is exerted.

For the present situation it was not tried to make any kind
of subdivision for the processes contributing to the endogencus
pressure during syneresis, nor was it tried to account for
effects of time and place. In model calculations trial functions
were used, in which only the influence of the degree of concen-
tration was +taken into account. These trial functions are
presented in Figure 3.4. To simplify matters, it was assumed
that the endogenous pressure becomes zero when the relative
remaining volume is 0.3, although further shrinkage is certainly
possible (see Section 3.4). However, this will not influence the
calculated shrinkage rate during the first hour after starting
syneresis. Van Dijk (1982) hardly found any effect from the
shape of his trial functions on the calculated shrinkage rate.
From his work trial function (1) was adopted after a small
adjustment., Based on the results with preconcentrated milk a few
other functions were introduced, in which the endogenous syne-
resis pressure at first remained at a higher level as campared
to the trial functions used by van Dijk (1982). Some calcula-
tional results with these trial functions will be discussed in
Section 3.5, after having considered the other parameters
relevant for the shrinkage rate.
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Fig. 3.4. Trial functions for the endogencus syneresis pressure as a function of the

degree of concentration.
3.2.2,2 Gravitation-induced syneresis pressure

The contribution of gravitational forces to the syneresis
pressure in a syneresing gel must be approached in a different
manner. As with mechanically exerted pressure, the total grav-
itation-induced pressure must be accounted for during the whole
syneresis process. For this description reference can be made to
the piston-spring analogy of Terzaghi (1965), which is described
in Section 5.5.1. During syneresis the visco-elastic character
of the stiffening matrix leads to a gradual decrease of the
pressure on the whey, theoretically until the closest packing is
achieved. Although the relationship may depend upon time and
place in the gel, for model calculations a linear decrease of
the initial wvalue with a lower i was assumed (van Dijk, 1982):

P =P « 1.5« (i, ., - 1/3) (3.7)
where P] denotes the local gravitation induced pressure before

syneresis has started and 1, , represents the relative remaining
volume.
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3.3 Pexmeability

The resistance against flow through the matrix can be expres-
sed by the permeability coefficient (Scheidegger, 1960). It is
determined by the spatial arrangement of the solid phase. For a
given volume fraction of the solid phase, a more inhomogeneous
matrix will result in a higher wvalue for the permeability
coefficient.

At constant conditions the permeability of rennet skimmilk
gels was found to increase with time after rennet addition.
Deformation of rennet skimmilk gels may further promote this
increase (van Dijk, 1982; van Dijk & Walstra, 1986).

In this section the attention will be focused on the change
of the permeability coefficient with the degree of concentration
under varying conditions. One can obtain a relationship between
the degree of concentration and the permeability coefficient
with gels from ultrafiltered milk. However, it was unanswered
whether these values clearly reflect the situation if the gel is
concentrated by syneresis. Attention is paid to this aspect in
Section 3.3.2.

3.3.1 Pexrmeability of gels from preconcentrated milk

The measurements performed by van Dijk (1982) were repeated
with reconstituted skimmilk at varicus pH and measuring tempera-
ture. In all cases 500 ppm rennet was used, leading to a some-
what longer clotting time for a higher degree of preconcentra-
tion at 30 °C (results not shown).

The initial pressure gradient across the gel was varied, in
order to obtain a reascnable flow rate (0.1 - 0.2 mmemin?!)
during measuring in each case. The calculated permeability
coefficients for the moment at which the gel was pressurized
were fitted to power curves. The relations with the time after
rennet addition and the degree of concentration appeared to be
additive. The obtained relationships are given in Table 3.1. A
higher initial wvalue for the permeability coefficient and a
greater increase with time were found with a lower pH and also
with a higher temperature. This will further be dealt with in
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Table 3.1. Calculated relations for the permeability coefficient
of rennet milk gels as a function of time and degree of concen-
tration (by UF). Acidification with HCl at 5 min before rennet
addition, 500 ppm rennet added at 30 °C, changed to measuring
temperature at 20 min after rennet addition.

measuring

temperature
pH (°C) calculated relation r?

.68 30 Be
.33 30 Be
68 34 Be

(2.1+10°12.4%-9)4(2.1.30°17 .4*- 0. ) 0.9987
(3.1.10° 12 -1%2-9)+(3,2.10"7 .i?-8.¢ ) 0.9991
{2.7+10°13.43-2)4(5,1-10°17.43-9.¢_) 0.9891

= degree of concentration {volume after UF/original volume)
= time after rennet addition - 1800 (s)

Chapter 4. For the influence of the degree of concentration the
exponent was found to be 3.0, depending only slightly on the
experimental conditions. This value was somewhat lower than the
one obtained for acid skimmilk gels (Roefs, 1986) and slightly
higher than found before for remnet skimmilk gels (van Dijk,
1982).

The exponent for the influence of time was also about 3.0.
This means that the relative change in the permeability coeffi-
cient with time after rennet addition does hardly depend on the
degree of concentration for given experimental conditions.

3.3.2 Permeability of syneresed gels

In separate experiments it was also tried to determine the
overall permeability coefficient of a syneresed gel in a more
direct way. This was achieved by using the apparatus outlined in
Figure 3.5. It consisted of a beaker (@ = 100 mm) with a piece
of glass filter plate (@ = 26.2 mm), that was fixed in the
bottom, and a removable funnel part. During the experiments the
apparatus was kept in a thermostatically controlled water-tank
at 30 °C.

A gel was prepared by filling the apparatus with skimmilk, to
which rennet had been added, through the funnel part. The beaker
was removed at one hour after rennet addition and carefully
clanged to another identical funnel part. This was filled with
the corresponding prewarmed whey. The gel was flooded and cut






