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is slechts in zeer beperkte mate het geval; het overgrote deel is gebonden aan
neergeslagen wei-eiwitdeeltjes.
Lalande et al.,J. Dairy Res. 51 (1984) 557-568; dit proefschrift

3. Bijdeverwijdering van aangebrande melk metnatronloog dringen dehydroxyl-ionen
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Abstract
Jeurnink, Th.J.M. (1996), Milk fouling in heat exchangers. Ph. D. thesis. Wageningen
Agricultural University, The Netherlands (144pp., English and Dutch summaries).
Keywords:
fouling, cleaning, heat exchangers, evaporators, milk, whey, ß-lactoglobulin, denaturation, calcium phosphate, precipitation, air bubbles, heat stability
Themechanisms of fouling of heatexchangersbymilk were studied.Twomajor fouling
mechanisms wereindentified during theheat treatment ofmilk:(i)theformation andthe
subsequent deposition of activated serum protein molecules as a result of the heat
denaturation; (ii) the precipitation of calcium phosphate as a result of the decreased
solubility of this salt upon heating. Both foulants are formed in the bulk of the solution
and are transported to the surface, where they can be deposited.
If the stability of milk is lowered, e.g. by lowering the pH, coagulation of casein
micelles can cause extreme fouling. A further cause of fouling is air bubbles, which
arise in the milk on heating and stick to the stainless steel wall; they appear to act as
nuclei for the formation of protein deposit.
Fouling in heat exchangers can be reduced by controlling the formation of activated
serum protein molecules and by preventing the precipitation of calcium phosphate.
Various ways to achieve this are given.
Once formed, milk deposits can readily be removed by alkaline cleaning followed by
acid cleaning under the right conditions.
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Introduction

1 Introduction to fouling
During heating of milk in a heat exchanger an undesirable deposit is formed on the
surface of the stainless steel wall. This process of deposit formation is called fouling.
The deposit mainly consists of proteins and minerals. Burton [1] distinguished two
different types of deposit (A and B), depending on the intensity of heating. Each type
has its own specific character, as summarized in Table 1. Although fouling is an
everyday concern tothe dairy industry, not much isknown about its causes since many
product andprocess parameters play arole.It isknown that adirect link exists between
fouling and the heat-denaturation of serum proteins when dairy liquids areprocessed at
temperatures above 70 °C. Another major contribution to fouling is the precipitation of
minerals as a result of the decreasing solubility of calcium phosphates with increasing
temperature. Calcium phosphate may precipitate directly on the stainless steel wall or
it may contribute to a deposit via precipitation on depositing protein aggregates.
In the deposits four classes of components can be distinguished. Each has its specific
character and requires a different cleaning method, as indicated in Table 2. Alkaline
cleaning solutions arecommonly used for theremoval of proteins and fat, whereas acid
cleaning solutions areused,mostly asasecond step,toremove calcium salts.The usual
procedure for cleaning of heat-treatment equipment in the dairy industry is Cleaning in
Place (CIP), so that dismantling of the equipment can be avoided.
2 Fouling problem
Fouling of heat exchangers by dairy liquids is a major problem in the dairy industry.
The costs of temporarily halting a process and cleaning are very high. Fouling causes
the following undesirable effects:
- a decrease in heat-transfer coefficient;
- an increase in pressure drop, hence a decrease in pumping efficiency;
- loss of product remaining on the heated wall;
- contamination of the processed product by loosened deposits.
Fouling may also enhance the adsorption of bacteria to a surface [2] and by encapsulation inthedeposit these microorganisms may becomeprotected against cleaning agents.
Table 1. Types of milk deposits after Burton [1].
Type

Temperature

A

7 0 - 9 0 °C

B

110 - 140 °C

Characterization
spongy, creamy white, wet, 60 % protein, 30 - 40 % minerals
compact, crystalline, glassy, 20 % protein, 80 % minerals

Table 2. Deposit components and their specific characteristics, modified and extended after [7].
Component Solubility of component
to be
cleaned

Ease of removal when Effect of heat-induced
cleaning non-heatchanges in the deposit
damaged deposit
component

Sugars

Good in water

Good

Fat

Poor in water, alkaline and acid sol- Good with alkaline
utions without surface-active agents detergent solutions

Protein

Poor in water, medium in acid solutions, good in alkaline solutions

Poor with water, better Denaturation: more diffiwith alkaline solutions cult to clean

Mineral
salts

Depending on the specific kind,
good to poor in water

Reasonably good in
acid solutions

Caramélisation: more
difficult to clean
Polymerisation: more
difficult to clean

Precipitation: reasonably
good in acid solutions

To remove a deposit it is common practice to clean the heat-treatment equipment for
dairy liquids at least once a day. The extra processing costs as a results of fouling can
be divided into [3]:
(1) increased capital costs for oversizing of the heat-transfer equipment, and its early
replacement because of a shorter technical life-span;
(2) increased energy (fuel) costsinoperation,duetodecreasing heat-transfer coefficient
and increasing pressure;
(3) costs for product losses,due toproduct remaining on the wall of theheat exchanger
and to plant shut-down for cleaning and start-up procedures;
(4) high maintenance costs, due to the need for a CIP-installation and equipment for
effluent treatment;
(5) costs for energy, water and detergents needed for cleaning;
(6) costs of downtime for cleaning, during which no production can take place.
The costs of fouling of heat exchangers for the dairy industry in the Netherlands were
estimated in 1986 as follows [4]:
- additional energy costs: 9.3 Mfl/year;
- dairy effluent disposal costs: 22 Mfl/year;
- costs due to product losses: 55.5 Mfl/year.
In summary, fouling is a costly affair. Hence, it would be of great benefit to solve or
at least to reduce the problems it causes.
3 Purpose of the study
Fouling has been studied for many years; recent reviews are by Lalande et al. [5] and
Fryer et al. [6]. It is clear from these reviews that both the process of serum protein
denaturation and that of the precipitation of calcium phosphate play a key role in
fouling.Severalresearchershavestudiedthelinkbetween denaturation of serumproteins
and fouling, but there is no agreement on what kinetic data for the denaturation should
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betaken.Fouling isnot simply amass-transfer-controlled process,and itisnot yet clear
whether it is controlled by a surface or by a bulk reaction. The mechanisms by which
proteins and minerals are deposited on a stainless steel surface are not precisely
understood either.Thereisalsonoagreement on which component adsorbsfirst, protein
or mineral.
The aim of this work was to understand the various phases in the process of fouling.
By studying the processes taking place in milk during heating both in the bulk and at
theheating surface it washoped toreveal the mechanisms of fouling. Only by knowing
thesemechanisms canonedeveloptoolstocontrol and toreducetheproblem of fouling
and devise more effective cleaning procedures.
4 Outline of the thesis
In the first two papers the effect of heating on the behaviour and stability of casein
micelles in the bulk of the milk is described. In the third, fourth and fifth papers,
experiments arepresented inwhich various conditions were altered in order to establish
whether the stability of the casein micelles in milk is related to its fouling behaviour.
Inthis context weexamined theeffect of proteolysis,changeincalcium ion activity and
air content in themilk on fouling. Inpaper six theeffect of serum protein concentration
on fouling is examined. The seventh paper deals with the processes taking place at the
heating surface with emphasis on the influence of the degree of serum protein
denaturation on the rate of deposition. The eighth paper analyzes how the removal of
a deposit takes place and under what conditions it is possible to realize quick and
effective cleaning.
The last paper reviews the reactions related to the fouling process. This paper
concludes with recommendations tothedairy industry onmeasures toprevent orreduce
fouling and on how to clean effectively.
5 References
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Changes in milk on mild heating: turbidity
measurements
Th. J. M. Jeurnink
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Ede, Netherlands
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Keywords: skim milk, denaturation of whey protein, fouling, turbidity
Summary
Changes incasein micelle size due to aheat treatment inconditions inwhich fouling occurs in heat
exchangers were determined byturbidity measurements. No increase inturbidity was found if the
heating temperature of skim milk did not exceed 60 °C, nor after heating whey protein-free milk.
These resultsshow that the denaturation of/3-lactoglobulin (/JLg)isresponsible for the increase in
micelle size after heating. This isachieved by the formation of complexes of/?Lgwith x-casein at
the micelle surfaces. Calcium concentration inthe milk influenced the change inmicellesize upon
heating, probably by its effect on the stability of the complex of /3Lgand x-casein.
These results support the view that casein micelles together with the associated /3Lgdeposit on
the stainless steel wall.

1 Introduction
When milk undergoes heat teatment, an undesired deposit is formed on the
stainlesssteelwallof the heat exchanger. Asaresult frequent shut-down of the
equipment is required for cleaning. A better understanding of the fouling
mechanism may lead to prolonged running times and to improved cleaning
processes. Several researchers (1, 2, 3) have found a strong correlation between the amount of deposit and the degree ofdenaturation of/3-lactoglobulin
(/JLg). Furthermore the ratios of the different caseins found in the deposit
layer indicated that they appear in the form of micelles (4). It seems that on
heating milk,/?Lgdenatures and deposits on the stainless steel wall (5) as well
ason the casein micelles (6)./JLg may act as a 'sticking agent', resulting in the
deposition of casein micelles and /JLg together on the stainless steel wall. On
heating milk, calcium phosphate alsoprecipitates on the stainlesssteel wall or
associateswith the micelles;itmay alsoactas'sticking agent' between micelles

183

13

TH. J. M. JEURNINK

(7, 8, 9); consequently it may induce deposition.
On heating milk, the size of the micelles increases as was indeed found by
Morr (10),Creamer &Matheson (11)andSingh (12).Heatingto temperatures
of about 90 °C causes substantial aggregation of whey proteins but produces
only minor changes in the dimensions of casein micelles (13). More drastic
heat treatments, such as UHT, cause aggregation of casein micelles. In particular, small micelles aggregate with larger micelles or into them (14,15). Much
of the work in the literature has been done on intensive heating of milk, while
fouling inheatexchangersoccursundermilderconditions. Only Dalgleish (16)
reported the formation of /JLg/x-casein aggregates on heating at 75-90 °C for
1-20 min but did not measure the effect on size of casein micelles.
In this study, the extent to which the size of micelles ischanged on heating
skim milk, under conditions in which fouling occurs (0.5-5 min at 90 °C), was
investigated. The sizechanges were related quantitatively to the denaturation
of/JLg. Furthermore the influence of the concentration of/?Lgand of calcium
were determined. The changes in particle size were measured by means of
turbidity.
2 Theory
2.1 Turbidity measurements
Turbidity r is the attenuation of a light beam by scattering (or absorption)
when it passes through a sample. It isdefined as follows:
r = / ' In (ƒ,/ƒ,)

(1)

where /„isthe incident light beam intensity, /„ the transmitted intensity and /
the length of the light path in the sample. Increased scattering increases
turbidity, i.e. less light istransmitted. A simple conservation equation relates
turbidity and scattering.
Inanon-absorbing dispersion ofuniform smallparticles, the amount of light
scattered from a light beam of intensity /„isgiven inthe Rayleigh approximation (17). The so-called Rayleigh ratio R(K) (where K is the scattering wavevector) contains the product of twoscattering functions. The form factor P(K)
accounts for the interference of light scattered from different parts within one
particle. The structure factor S(K) accounts for the interference of light scattered from different particles. This last part again depends on polydispersity
and particle interactions. Jansen (18) and Penders (19) have treated the
problem of polydispersity and particle interaction quite elaborately and
184
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checked the validityof their approach. Since Iam interested inchanges rather
than in absolute values, suffice it to use a straightforward approach in which
polydispersity is neglected, but where any particle interactions are accounted
for. Inserting a series expansion for both P(K) and S(K) in the Rayleigh
approximation and integrating over the Rayleigh ratio in the conservation
equation yields
HcM

2
«Pl-ds-L. f (4-J-) ( - ^ n i p )
1-15 (-^)
A
n

with
H=(16/3)TTK*

(3)

K* = livn- (dn/dc) 2/ (NA1*)

(4)

where cis mass concentration, M ismolar mass of the particles, n is refractive
index of the sample, Rg is optical radius of gyration of the particles, A„is
wavelength of the light in vacuum, <t> is volume fraction of particles, oB is
Baxter's stickiness parameter, d is diameter of the particles and NA is Avogadro number. In the limitof 'zero interaction' or equivalently of high dilution
and in the limit of infinite wavelength, this reduces to the well-known result:
r = HcM

(5)

In fact, this isthe result given byvan Boekelet al. (20).From their paper, it is
clear that van Boekel et al. (20) realized that they were neglecting polydispersity, finite size of the particles and, more importantly, particle interactions. I will determine Baxter's parameter aB in order to account for possible
interaction.
2.2 Reaction kinetics
Let usassume that the change inturbidity isrelated tothe denaturation of/JLg
and approximate thisreaction asafirst-order reaction. Then the concentration
of native /?Lg isgiven by
QC„ = exp (-let)

(6)

where C„isinitial concentration of native/?Lg, C,concentration of native/?Lg
after time t and k rate constant.
Netherlands MilkDairyJ. 46(1992)
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Equation 6can also be written as
In (C/C 0 ) = -kt

(6a)

A plot of In (C/Cn) against tgives a straight line with slope -k.
The temperature dependence of the rate constant was derived from the
Arrhenius equation according to

k = k„ exp (- -^=)

(7)

where k0 is rate constant in s'when 1/7 = 0, £ A activation energy inJ/mol. R
universal gas constant, 8.314 J/mol K, and 7 absolute temperature in K.
By plotting In (k) against 1/7, activation energy can be calculated from the
slope of the line.
The kineticsof denaturation of/JLghave been studied extensively. Through
use of different heating conditions (rate of heating up influences the denaturation), different chemical analysis methods, different /3Lg concentrations
and different batches of milk, the reported kinetic results are not in good
agreement. In experiments with skim milk, Luf (21) found a first-order reaction, Dalgleish (16) a pseudo-first-order, Lyster (22) a second-order reaction
and Dannenberg & Kessler (23) found the best fit for reaction order n = 1.5.
De Wit & Klarenbeek (24) found that the two steps of denaturation do not
have the same reaction order: the unfolding is a first-order reaction and the
subsequent aggregation is of order n = 1.8.
Closer consistency is obtained for activation energy (21,22, 23, 24). The
Arrhenius plot shows a break at 90 °C. For temperatures below 90 °C, activation energy was 250-280 kJ/mol. For temperatures above 90 °C, it was 30-55
kJ/mol.
3 Materialsand methods
The milk used in this study was skim milk obtained from the institute's
experimental dairy. Whey-protein-free skim milk (WPFM; /?Lg 0.23 g/1and
ct-lactalbumin 0.11 g/1left) was obtained by reconstituting low-heat WPFMpowder in demineralized water. This powder was prepared by microfiltration
of skim milk (S.C.T., Bazet, France,Membralox 7P19-40,1.4n r , pore size0.5
urn) followed by diafiltration with UF-permeate and spray-drying. Powder of
ßLg (92% of total protein is/?Lg)wasprepared bythe method of Maubois (25)
186
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and then freeze-dried. The powder was dispersed together with WPFMpowder inwater to reach afinal concentration oißLg inthemilkof3.2 g/1 or
6.4 g/1. Simulated milk ultrafiltrate (SMUF) was prepared as described by
Jenness &Koops(26).
Calcium concentration waslowered byion exchange;the milk samplewas
mixed with the cation-exchange resin Duolite C464 (90:1w/w), which hasa
preference for exchanging calcium, though some magnesium was also exchanged. After stirring for 1h at room temperature, Duolite was separated
from the milk byfiltration. The treated milkcontained 86.2%of the original
calcium concentration. Higher concentrations ofcalciumphosphate (126.6%
and 111.9% relative to the original concentration of calcium and phosphate,
respectively)weremadebyaddingsolutionsofcalciumandphosphatesaltsas
described by Schmidt et al. (27). Calcium wasdetermined bythe method of
Raadsveld (28);phosphate wasdetermined bythe method of Griswald et al.
(29).Alltreated milkswereadjusted topH 6.7byadditionofNaOH0.5mol/1
orHCL0.5mol/1.Thetreated milkswerethen kept inthecoldovernight and
slowly warmed to room temperature before use. Before heating, pH was
measured again and adjusted if necessary. After heating, there was a slight
drop inpH (6.65);thedecrease inpH assuchdid not influence the measured
turbidity.
The milksampleswere kept at room temperature for atleast30min before
heating. Then copper tubes were filled with 20ml of the milk samples. The
coppertubeswere27.0cmlongand 1.4 cminnerdiam.Bothendswereclosed
withscrewcaps.Forheating,thetubeswereputinacirculatingoilbathofthe
required temperature andkepttherefor afixed time.InFigure 1,the temper-
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Rg 1. Temperature in test-tube in an oil bath at 92°C.
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ature inside the tube measured with a thermocouple is shown for an oil bath
temperature of 92 °C.Immediately after heating, thetubeswerecooled under
running tap water. The turbidity of each sample was measured at room
temperature after 30 min with a Zeiss spectrometer by the method of van
Boekel et al. (8), at a wavelength of 1150 nm in 1-mm cuvettes, accuracy
±1.21%. Although small changes in turbidity were observed, it was possibly,
by measuring every milk sample in duplicate and by repeating the turbidity
measurements at least three times, to obtain statistical significance in the
differences.
4 Results and discussion
4.1 Turbidity of milk heated at different temperatures
Skim milk was heated to different temperatures and, after various heating
times (/) (at / = 0, the tube wasimmersed inthe oilbath), itwascooled before
turbidity measurement. For some samples, an inexplicable initial decrease in
turbidity was observed. To avoid thiseffect, turbidity of the milk after 50 sof
heating was taken as r0. Turbidity of the milk after time / (seconds) of heat
treatment is r,. As shown in Figure 2, there was an increase in the ratio r/r n
with time of heating. This increase was larger, the longer the heating and the
higher the heating temperature. Heating milk to 60 °C hardly increased the
turbidity. The increase upon heatingto75 °Cor higher probably resulted from
a combined effect of denaturation of/3Lgand subsequent self-aggregation or
complexing with the casein micelles (6), and from the precipitation of calcium
phosphate on the micelles (9).
4.2 Turbidity of model solutions heated at 90 °Cfor different holding times
Since achange inturbidity isan overall consequence of changes inmilk during
heating, model solutions were used to determine the influence of /3Lg and
calcium phosphate separately and together. The turbidities of different model
solutions before and after heating at90 °Cfor 120and 300 sare shown in Table
1. SMUF isa clear solution, so there was no scattering. After heating SMUF.
the precipitated calcium phosphate caused an increase in turbidity. Also the
aggregation of/?Lgin SMUF caused an increase in r, especially after 300 sof
heating. Since the increase in r after heating WPFM was smaller than after
heating SMUF, part of the calcium phosphate must have associated with the
casein micelles, so that it influenced the turbidity only by changing the refractive index of the micelles. Since aggregation of/?Lgin the presence of casein
188
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Fig.2. Influence of heat treatment of skim milkon turbidity.
Table 1. Turbidity (r) of solutions before and after heating at 90 °C.
Sample

r, 0 s
(m 1 )

T, 120 s
(m 1 )

r, 300 s
(m 1 )

SMUF
SMUF + /3Lg 3.2g/1
WPFM
WPFM + /3Lg 3.2g/1
Skim-milk

0.0
9.2
177.3
172.7
172.7

2.3
16.1
179.6
179.9
179.6

6.9
52.9
181.9
185.0
186.5

micelles gave a much smaller increase in r than observed in SMUF,ßLg must
have associated with the micelles. Another effect may be that the micelles
competed with/?Lgaggregatesfor/JLgmolecules,resulting intheformation of
much smaller /JLg-aggregates whose contribution to the turbidity was relatively small. In summary, Ihave shown that in the presence of casein micelles
the increase in turbidity after heating, due to the denaturation ofßLg and the
precipitation of calcium phosphate, is much smaller than in solutions without
any casein micelles. Therefore /?Lgand calcium phosphate associate with the
micelles.
4.3 Influence of ßLg concentrations in heated milk on turbidity
Figure 3shows the turbidity measurements of WPFM with different amounts
of/3Lg added after heating at90 °C. (In reconstituted milk,the initial decrease
in turbidity was not observed, so r0 was taken here as the turbidity of the
unheated sample.) The ratio r/r 0 increased with heating time and with the
Netherlands MilkDairyJ.46 (1992)
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amount of ßLg by denaturation of ßLg, since at 60 °C in the presence of
(native) ßLg hardly any increase in the ratio T,/T0 was seen (Figure 2). The
results in Table 1 indicate that the aggregates formed by denatured ßLg
molecules associated with the micelles.This is in agreement with the results
of Creamer et al. (30) and Mottar et al. (31), who found that micelles of
heatedmilkhadanirregular surface withappendagesorprotuberances caused
by the heat-induced complexes of ßLg and K-casein at the surface of the
casein micelles.Such changes atthe surface of themicelles onheating would
lead tothechangeinturbidity measured intheNIZOexperiments.Calculation
indicated that there was sufficient denatured whey protein in heated milk to
associate with the micelles and to cause an increase in turbidity of 8% as
found in Figure 2 (Appendix).
Changes inxcanalsobecaused byinteractions between theparticles,which
1.10

100

150

200

250

300

heating time (sec)
id. + 3.2
g/l 8-lg

id. • 6.4
g/l a-lg

Fig. 3. Influence of /5-lactoglobulin concentration on turbidity.

Table 2. Influence of calcium concentration on turbidity (r/r„) after heating WPFM +
lactoglobulin 3.2 g/l at 90 °C
Concentration relative
to skim milk (%)

r/r 0 at heating time of

Ca

P04

86
100
125

100
100
111

Os

190

120 s

300 s

1.023
1.042
1.052

1.044
1.071
1.089
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isaccounted for inEquation 2byBaxter's stickiness parameter, oB. Inorder to
check whether the increased turbidity resulted from changed interactions
between micelles or from changes in size, one may repeat the measurements
with varying volume fraction. However I checked on interactions by viscosity
measurements (Th. J. M. Jeurnink, unpublished results), inwhich changes in
milk after heating (5 min at 85 °C) proved to be related to an increase in
volume fraction and not to a change in interaction between the micelles.
4.4 Influence of concentration of calciumphosphate inheated milk on turbidity
Before the solutions had reached 70 °C (t = 50 s), the temperature at which
jSLgdenatures, r/r 0 increased by 2-4% (Figure 3). This can be explained by a
change in refractive index difference or by an increase in the number of
particles because of the fast precipitation of calcium phosphate on heating;
60% of the calcium was precipitated after 10 sat 90 °C (32).
Table 2 shows the ratio r/r 0 after heating for WPFM + /3Lg at 3.2 g/1with
different calcium concentrations. The increase in r/r 0 after heating at 90 °C
for 120 swas related to the amount of calcium present. This can be explained
as described above. The further change in the turbidity (/ = 300 s) cannot be
explained by the precipitation of calcium phosphate only: there must be an
indirect effect of the precipitated calcium phosphate. Several researchers
(6,33) found that the heat-induced association of /?Lg with casein micelles
increased and the complex of/JLgwith ^-casein wasstabilized in the presence
of Ca 2+ . Furthermore most workers assume that thecalcium phosphate associated with the casein micelles, rendering them less stable; the calcium phosphate would then act as a 'sticking agent' (7, 8, 9) and cause aggregation of
micelles. However van Dijk (9)stated that thishappened onlyat temperatures
above 90 °C.
4.5 Reactions kinetics
The experimental design waschosen to simulate the temperature profile in an
industrial heat exchanger inorder tomake arelation with the fouling reaction.
Idetermined the reaction order, though Irealized that the designwasnot ideal
for that purpose. A first-order reaction equation best fitted the results obtained at 75,90 and 105 °C (Figure 2). Equation 6a can be rearranged to
In (1 - P/P'J = -kt

(8)

where P = T/T 0 - 1is the fractional change in turbidity and P^ - XJTQ - 1is the
Netherlands Milk DairyJ.46 (1992)
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Fig.4. First-order fit of data from Figure2.
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Fig. 5. Arrhenius plotof data from Figue4.

maximum fractional change in turbidity.
Maximum change in turbidity inthe experiments at 75,90and 105°Cwas
reached withcompletedenaturation of/JLg,whichwasestimatedbyusingthe
experimentaldataofDannenberg(23).InFigure4,theresultswereplottedon
a semi-logarithmic scale against holding time (heating time minus 50s, the
timetoreach70°Catwhichdenaturation starts).Thestraight linessuggesta
first-order process.Thisconfirms that theincreaseinturbidity wascontrolled
bydenaturationofßhg,whichisreportedalsotobefirst-order, althoughthere
isnogeneral agreement ontheorderofdenaturation (16).Fromtheslopeof
the lines in Figure 4, the rate constants (k) were determined and in Figure 5,
Ink was plotted against 1/7"(Equation 7). A line typical for the denaturation
192
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of /?Lg was found (namely a break at 90 °C) and the activation energy, 217
kJ/mol at 75-90 °Cand 49 kJ/mol at 90-105 °C, agrees well with that found by
other authors, of which the resultsof Lyster (22)and Dannenberg (23) are also
shown in Figure 5. The results of the kinetic calculations support the conclusion that the denaturation of/?Lgis responsible for the change in micelle size
after heating.
5 Conclusions
The turbidity of heated skim milk increases with temperature and time of
heating. No significant increase in turbidity was found in skim milk after
heating to 60 °C or after heating to 90 °C in the absence of /3Lg. So denaturation ofßhg isresponsible for thechange inmicellesizewithheating,by the
association of ßhg with casein micelles, probably through the formation of
complexesof/JLgwithx-caseinatthe micellesurfaces. Milkcontains sufficient
denatured whey protein to associate with the micelles to account for the
measured increase inturbidity. Ifthe reaction takes place closetothe stainless
steel wall of the heat exchanger, it is very likely that casein micelles together
with the associated /?Lgwould deposit on the wall. This gives a better understanding of the fouling mechanism and supports the view that casein micelles
are involved in the fouling reaction (4).
The precipitation of calcium phosphate caused a2-4% change inturbidity at
the beginning of the heating of milk. Also the further change in turbidity was
influenced by calcium concentration; the complex of /?Lg with «-casein is
probably stabilized in the presence of Ca 2+ .
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Appendix
Calculation of the observed increase in turbidity after heating
To show that there are sufficient whey proteins present in milk to cause the
increase in turbidity by their association with casein micelles, let us assume
that native whey proteins donotcontribute toscattering because of their small
size and that the refractive index of associated whey proteins does not differ
from that of casein micelles.
Netherlands Milk DairyJ.46(1992)
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After heating(300sat90°C)skimmilk,therewasanincreaseinr/r 0of8%
(Figure2).AccordingtoEquation5,r/r„isproportionalto(dJdoy, aswasalso
shownbyvanBoekeletal. (20).Thismeansthat thediameterofthe micelles
increasedonaverageby2.6%.Heatingmicellesat90°Ccaused no significant
changes in their dimensions (13), so the increase in size must be caused by
association of whey protein to the micelles. On average, 1 1 of milk contains
1017caseinmicelles(35)withavolume-averagediameterof120nm.Increasing
this diameter by2.6% to 123.1nm means that the whey proteins associated
with the casein micellesoccupy avolume fraction of 0.0072.
Snoeren (34) found in ultracentrifuge experiments that native and 100%
denatured wheyprotein hadavolumefraction of0.0067and0.019 5,respectively. Sincethe product ofrefractive indexdifference andspecific volumeof
thewhey proteins are almost constant (sothat noincrease inturbidity would
befound after denaturation),themaximumincreaseinturbidityshouldcorrelate with the volume fraction of 0.0067,which it indeed does.
Milk is not monodisperse. In a polydisperse system, even less associated
whey protein would be needed for anincrease of 8% inturbidity. The denatured wheyproteinsnot associated withthecasein micellesmaybepresentin
the serum of the milk assmall aggregates, whose contribution to turbidity is
negligible.
The above calculation makes oversimplifications but servesto support the
view that the increase in turbidity after heating milk must be caused by
association ofwhey proteins with casein micelles.
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Changes in milk on heating: viscosity measurements
B Y T H E O J. M. J E U R N I N K AND K E E S G. DE K R U I F
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The Netherlands
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SUMMARY. Skim milk was heated at 85 °C for different holding times. As a result of
such heating, whey proteins, in particular /Mactoglobulin, denatured and associated
with casein micelles. This led to an increase in size of the casein micelles but also to
a different interaction between them. Both these changes could be described by using
a quantitative model which was developed for the viscosity of so-called adhesive
hard spheres. We applied the model successfully to skim milk and were able to
describe on a quantitative basis the changes due to the heat treatment of milk. It was
shown that after heating the casein micelles became larger and acquired a mutual
attraction. The unfolding of the whey proteins and their subsequent association with
the casein micelles appeared to be responsible for these changes. How this reaction
influences the fouling of heat exchangers is discussed.

When milk is heated, the whey proteins denature and associate with the casein
micelles (Smits & van Brouwershaven, 1980). This has two different effects: first
the micelle grows in size (Morr, 1969), and second the interaction between micelles
changes. Under certain conditions both the change in size and the change in
interactions can be determined from viscosity measurements. The viscosity of skim
milk as a function of the volume fraction is well described by the Eilers equation
(Walstra &Jenness, 1984) or by the equation of Krieger and Dougherty (Griffin et al.
1989). Langley &Temple (1985) found a good fit for heated skim milk to an equation
of the form yr = e K C where i\tis the relative viscosity, C is the % of total solids (w/v)
and K is a constant. However all these equations are semi-empirical relations and do
not account for changes in particle interaction. For a quantitative description and
understanding we shall use a relation for the viscosity of semi-dilute dispersions of
adhesive hard spheres derived by Rüssel (1984) and refined by Cichocki & Felderhof
(1988). With this relation it is possible to distinguish between the contributions of
volume fraction and particle interaction to a change in viscosity. The validity of this
relation was checked by Woutersen & de Kruif (1991). They used a dispersion of
so-called adhesive hard silica spheres. In this study skim milk is considered to be a
dispersion of casein micelles in a continuous phase, which includes whey proteins,
lactose and salt ions. We apply the theory of adhesive hard spheres to skim milk
before and after heating. This allows discrimination between changes in volume
fraction and changes in interactions between casein micelles resulting from the heat
treatment. Furthermore the influence of /Mactoglobulin (/Mg) on the changes in
viscosity after heating skim milk is studied.
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THEORY

The viscosity, 17, of a highly dilute dispersion of hard spheres is given by the
Einstein equation
r,= Vs (1 + 2-50),
(1)
where i/s is the viscosity of the continuous phase and <f> is the volume fraction.
In more concentrated dispersions hydrodynamic interactions between particles,
which lead to an increase in viscosity, cannot be disregarded. Batchelor (1977)
derived an equation for the relative viscosity (i}r)of semi-dilute dispersions of hard
spheres (up to a volume fraction of (j) = 0-2) in the limit of vanishing shear rate
Vr

= r)/Vs= 1+2-50+ ÉH0»,

(2)

where &H is the so-called Huggins coefficient which accounts for the hydrodynamic
interactions between the hard spheres and has a value of 6-2, but was somewhat
refined later (Cichocki & Felderhof, 1988).
Rüssel (1984) extended this theory to adhesive hard spheres using Batchelor's
framework and the Baxter model (Baxter, 1968) for adhesive hard spheres. In this
case there are attractions between the hard spheres resulting in the formation of
temporary clusters. If the interactions are not too strong there is no permanent
clustering. These attractions always lead to an increase in viscosity. The Huggins
coefficient takes the form (Cichocki & Felderhof, 1988)
kn = 5-913+ 1-9/T B ,

(3)

where T B isthe Baxter interaction parameter; T B is infinitely positive for hard spheres
and so if it has another value it measures the degree of adhesiveness. In lightscattering and osmotic pressure measurements the second osmotic virial coefficient
B2 is often used, which is related to T B as
BX/VVS = *-1/TB

where VHS ( = i/Sna?) is the volume of the hard sphere of radius a.
Cichocki &Felderhof (1988) extended and refined Russel's calculations, also using
Batchelor's framework. The value for the Huggins coefficient in eqn (3) is in fact
taken from their work.
The viscosity of dispersions of hard spheres depends on both shear rate and
volume fraction. If viscosity decreases with increasing shear rate the system is 'shear
thinning '. De Kruif etal. (1985) described the shear thinning viscosity of a dispersion
of hard spheres as a function of shear rate and volume fraction. Woutersen & de
Kruif (1991) found that if hard spheres become adhesive the viscosity of a dispersion
at low shear rates increases strongly. This viscosity increase over the hard sphere
viscosity could be used to determine the interaction parameter of adhesive hard
spheres.
This theory is valid for semi-dilute dispersions of (adhesive) hard spheres. Here
skim milk is considered as a semi-dilute dispersion of hard spheres, i.e. casein micelles
dispersed in a continuous phase. Eqns (2) and (3) for the viscosity of a dispersion of
(adhesive) hard spheres will be applied to skim milk before and after heating. If the
viscosity is measured for a dilution series (made b y adding permeate) of a certain
sample of (heated) skim milk, it is possible to determine both the volume fraction of
the micelles and the interaction between the micelles. The continuous phase of skim
milk includes whey proteins, lactose and salt ions. Since the whey proteins are so
small compared with casein micelles, the Brownian time scale of the former is much
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shorter and they can be considered as belonging to the continuous phase. The
polydispersity of the micelles is neglected. We found in dynamic light-scattering
experiments a standard deviation of the mean size of 0-3-0-4 (second cumulant).
It is known (Walstra &Jenness, 1984) that the viscosity of skim milk is described
well by the semi-empirical equation of Eilers (1941)

where ç5max is the maximum volume fraction of the dispersed particles. A series
development of this semi-empirical equation (ç5max = 0-74) results in practically the
same volume fraction dependence as the theoretical equation of Batchelor (eqn (2))
r\t= 1 + 2-50+ 4-940 2+ (8-78ç53)+ ...

(6)

This is a first indication that skim milk behaves as a dispersion of hard spheres.
Heating such a dispersion may change not only the size of the micelles (and thus the
volume fraction, ci) but also their interaction.
MATERIALS AND METHODS

Skim milk was obtained from the Institute's experimental dairy. Whey-proteinfree skim milk (WPFM; 0-23g /?-lg/l and 0-11 g a-lactalbumin/1 remaining) was
obtained by reconstituting low-heat WPFM powder in demineralized water. This
powder was prepared by microfiltration of skim milk (SCT Membranes, Bazet,
France; Mebralox 7P19-40, pore size 0-5/«m, 1-4m2) followed by diafiltration with
ultrafiltration permeate and spray drying. A/?-lgpowder (with 92% of total protein
/?-lg)was prepared by separation according to Maubois etal. (1987) followed by freeze
drying.
All samples were adjusted to p H 6-7 by addition of 0-5M-NaOH or 0-5M-HC1.
After heating there was a slight drop in p H (0-05). Decreasing the pH leads to a small
decrease in viscosity (Walstra &Jenness, 1984), but this was of no importance here.
Dilution series
Dilutions of the skim milk were made by mixing skim milk with ultrafiltration
permeate of the same skim milk. Heated skim milk was diluted with permeate
obtained from the same heated skim milk. We used an Amicon (Danvers, MA 01923,
USA) hollow fibre cartridge H1MP01-43 ultrafiltration membrane (cut off 0-1/(in).
The concentration factor (CF) for diluted skim milk was taken as the ratio of the
volume of milk to the total volume of milk and added permeate. Concentrated milk
was obtained by using the same ultrafiltration membrane; the CF was calculated
from casein determination (Nederlands Normalisatie-Instituut, 1984; N x 6-38) in
the skim milk and the concentrated skim milk. Assuming that the size of the micelles
did not change on diluting or on concentrating the milk, the following equation was
used
4> = ç50x CF,
(7)
where <j>0 is the calculated volume fraction of the micelles in undiluted milk, which
was determined from the Einstein equation (eqn (1)).
Heat treatment
For studying the effects of various heat treatments the samples were treated as
follows. The samples were kept at room temperature for at least 30 min before
heating. Samples (120 ml) were placed in glass bottles (250 ml) which were closed
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Fig. 1. Temperature profile for heating skim milk at a holding temperature of 85 °C for 15 min.
measured with a thermocouple inside the bottle.

with screw caps. The samples were heated in a circulating oil bath (140 °C) until the
holding temperature was reached. The bottles were then quickly put into a water
bath at the holding temperature and kept there for various holding times.
Immediately after heating, the glass bottles were cooled in ice-cold water to room
temperature. Atypical example of a heating profile at a holding temperature of 85°C
for 15min, as measured with a thermocouple inside the bottle, is given in Fig. 1.
After 30 min viscosity measurements were performed.
Viscosity measurements
An Ubbelohde capillary viscometer was used (Schott Geräte GmbH. Hofheim,
Germany ;Type 530 10/1, capillary diameter 0 6 3 mm). Prior to filling the Ubbelohde
two drops of octanol (1-octanol reinst; Merck, Darmstadt, Germany) were added to
100g sample to prevent foaming. The Ubbelohde viscometer was placed in a Tamson
(Zoetermeer) water bath (25-00+ 0-03°C). Measurements started after 20 min
temperature equilibration. The flow time of the sample was automatically
determined ten times (variation < 0 - 5 % ) using an AVS 350 viscometer (Schott
Geräte GmbH). The average flow time for water was ~ 90 s and for skim milk
~ 140 s. The dynamic viscosity was found by multiplying the kinematic viscosity by
the density of the sample measured separately using the Mohrse balance. The
Ubbelohde viscometer was cleaned with nitric acid (70%, BDH Analar, Poole, UK)
and rinsed with demineralized water and acetone. Overnight the capillary was filled
with a 2 % Extran MA02 Neutral (Merck) solution to complete the cleaning.
For determining viscosity as a function of shear rate we used a Deer rheometer
(Van Bremen BV, Nieuw Leusen) with double cylinder couette geometry. The
temperature (25-00+ 0-03 °C) was controlled through a thermostatted b a t h .
Degree of denaturation of ß-lactoglobulin
For determining the degree of denaturation of /?-lg, milk was brought to pH 4-6
and filtered. The filtrate was analysed by high performance gel permeation
chromatography (HP-GPC). A Dupont column, Type GF 250 (Rockland Technolo-
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gies Inc.,Newport, DE 19804, USA),was used at a flow rate of 1-5ml/min. and the
detection was performed at 280nm. The peak heights of /Mg were compared with
those obtained from unheated solutions.
RESULTS

Viscosity of adhesive hard spheres dispersions as applied toskim milk
In order to apply the theory of (adhesive) hard spheres we consider milk to be a
dispersion of casein micelles in a continuous phase, i.e. permeate, which included
whey proteins, lactose andsalts. Several dilution series, made by adding permeate to
fresh skim milk, were measured. The permeate contained no caseins but since it
contained ~ 5 0 %ofthe total amount ofwhey proteins twominor corrections should
be made. First it wasfound that the whey proteins in the continuous phase, i.e. the
permeate, constituted a volume fraction of 0-008. Second the whey proteins, which
did not pass the ultrafiltration membrane and thus belong to the dispersed phase,
contribute only 0-007 to the total volume fraction of the dispersed phase. Because
both corrections were of minor influence they were not carried out for the results
presented here. Furthermore wethink that it iscorrect to consider the whey proteins
as belonging to the continuous phase because not only istheir size much smaller b u t
more importantly their Brownian relaxation time differs by a few orders of
magnitude from that of the micelles.
Fig. 2 presents the relative viscosity (TJT = r)/7)s, where rjsis the viscosity of the
permeate) ofhighly diluted samples ofskim milk, unheated and after 15min holding
at 85°C,as a function of the CF. From the slope of the line the volume fraction of
the casein micelles in undiluted milk (<f>a) was calculated using eqns (1) and (7).
Because of the increased slope it is clear from Fig. 2 that the volume fraction
increased after heating.
In Fig. 3 the relative viscosity of skim milk, unheated and after 15min holding
at 85°C,isplotted forthewhole dilution series, using thevalue for çi0 calculated from
the results in Fig. 2. The curves represent Batchelor's theory (eqns (2) and (3)):by
fitting the equations to the experimental results the Baxter interaction parameter
(T B ), or equivalently -B 2 /F HS could be found. These experiments were repeated with
different batches of skim milk. Further batches of milk were heated for 5min a t
85 °C. Representative values of<p0, kR andBJTHS for both heat treatments, together
with theprotein content ofthe milk, aresummarized inTable 1.From theX content
it is clear that Batch II contained more protein, and indeed the volume fraction of
casein micelles was found also to be higher in roughly the same proportion. After
heating the viscosity increased ;from Table 1it can be seen that this wasdue to an
increase in effective volume fraction as well as in interaction between the particles
(B2/VHS decreased after heating). Each effect contributed ~ 5 0 % to the observed
increase in viscosity. The SD ofthe relative viscosity determination was0-25% which
resulted in an uncertainty for <j)a of + 5 % .Owing to the fact that to evaluate kH t h e
value of çJ0 is needed, the errors in <p0 and kH are correlated. This resulted in an
uncertainty for B2/Vus °f ~ 2 5 % . Therefore it is difficult to interpret the absolute
values of BJVns and this may explain why we found values higher than t h e
theoretical value of 4. However we are interested in relative changes in interactions
before and after heating. Because the SDof r\r was only 0-25% and in all t h e
experiments the curves ofr/r against the volume fraction for heated milk were above
the curve for unheated milk (i.e.the value f o r 5 2 / F H S decreased), we concluded t h a t
there was a trend for increased interactions between micelles after heating. This
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Concentration factor of skim milk
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Fig. 2. Relative viscosity of samples of skim milk unheated (O) and after 15min holding at 85 °0
(A)- diluted with permeate as a function of the concentration factor.

005
010
0-15
Volumefraction of casein micelles

0-20

Fig. 3. Relative viscosity of skim milk diluted with permeate and concentrated by ultrafiltration,
unheated (O) and after 15 min holding at 85 °C (A), as a function of the volume fraction of casein
micelles. The curves are drawn to fit eqn (2); for details, see text.

conclusion, derived from comparing the results for milk before and after heating, is
independent of the uncertainty of 2 5 % in the absolute values of B2/Vus.
Since the theory is valid in the region of vanishing shear rates, outside the range
of the Ubbelohde, additional experiments were done with a Deer rheometer (shear
rates 5-1000 s"1). In all experiments we found t h a t the relative viscosity of skim milk
increased for low shear rates. As expected, skim milk was shear thinning in this
region of shear rates (see Table 2; the high shear rate viscosity was fully reached at
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Table 1. Protein content of skim milk and çi0, kH and B.,/VHS of skim milk as a
function of holding time at 85 °C
Batch

Heating
conditions

Protein
concn, %

I
I
II
II

Unheated
5 min, 85 °C
Unheated
15 min. 85 °C

303
303
3-65
365

0O

kH

BJVH&

0115
378
0119
4-54
0130
4-60
0142
713

5-ƒ
4-7
4-7
3-4

<40,Volume fraction of the casein micelles; kH, Huggins coefficient: B„, second osmotic virial coefficient; VHS,
volume of a hard sphere of radius a. Al! were calculated from equations and using methods given in the text.
B„/VHS values > 4 are printed in italics, since strictly the applied theory is not valid for B 2 /! 7 H S values
>4."

Table 2. Relative viscosity of skim milk, before and after heating, for low (y
and higher shear rates (y
*co)
Heating conditions
Unheated
15 min. 85 °C

y

>-0 (s -1 )
139
1-49

y
•

*0)

> oo (s -1 )
1-33
1-40

a shear rate of 800 s" 1 ). As with the measurements with the Ubbelohde viscometer,
milk had a higher viscosity after heating. Furthermore, heated milk was more shear
thinning than unheated milk, indicating t h a t interactions between micelles had
increased (i.e.BJVHS decreased) after heating (Woutersen &de Kruif, 1991)and thus
confirming, under conditions of vanishing shear rate, the results of the Ubbelohde
viscometer.
Influence of heat treatment on viscosity of skim milk
Skim milk was heated at 60 or 90 °C for various holding times (t). Viscosity
measurements were then carried out using the Ubbelohde viscometer. If t0 is the
average flow time of unheated skim milk and ttthe average flow time after t s holding
time at 60 or 90 °C, we can take tt/t0 as a direct measure of the relative change in
viscosity n(t)/n(t = 0). Fig. 4 shows the ratio n{t)/n{t = 0) as a function ofthe holding
time at 60 and 90 °C. These results were in good agreement with results from similar
experiments using turbidity measurements (Jeurnink, 1992). The increase in
viscosity of skim milk found after heat treatment is due to denaturation of whey
proteins (Walstra & Jenness, 1984). Since no appreciable denaturation of whey
proteins occurs up to 70 °C this explains why viscosity did not change much after
heating at 60 °C. A pronounced increase in viscosity was observed after heating at
90 °C. After 450 s holding at 90 °C a plateau value was reached which can be
explained by the completion of the denaturation of /?-lg. According to Dannenberg
& Kessler (1988) 9 9 % of the /?-lg is denatured after 450 s holding at 90 °C.
The solubility of calcium phosphate decreases rapidly on heating (60% of the Ca
is precipitated after 10s holding a t 90 °C (Pouliot et al. 1989)) and it is known to
precipitate on to the casein micelles (Van Dijk, 1990). This may explain the initial
decrease in the ratio 7){t)/r)(t = 0) after 30 s holding time (Fig. 4).
Influence of the ß-lg concentration on the viscosity
These results showed that denaturation of the whey proteins plays an important
role in increasing viscosity. In order to study the effect of the most abundant whey
protein, /?-lg, on the viscosity, samples of WPFM with various concentrations of
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Holding time,s
Fig. 4. Relative change in viscosity (rj(t)/7}(t = 0)) of skim milk as function of the holding time at
60 (O) a n d 9 0 ° C ( • ) .

200
300
400
Holding time at90 °C,s

500

600

Fig. 5. Relative change in viscosity (i/(<)/i/(' = 0)) of whey-protein-free milk with various
concentrations of/?-lactoglobulin (/?-lg) as function of the holding time at 90 °C: O , [/*-lg] = 0-2g/l;
• , [/?-lg]= 3-3g/l; A , [ß-\g] = 6 6 g/l.

added /?-lg were heated at 90 °C for various holding times. To avoid the disturbing
effect of calcium phosphate deposition on the micelles we took as t0the average flow
time after 30 s holding time rather than that at zero time.
Asshown in Fig. 5, no increase in the ratio ri(t)/ri(t = 0) was observed in skim milk
in which the whey proteins were almost absent. In the presence of ß-\g, complexes
with the caseins and aggregates were formed, causing an increase in viscosity.
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Table 3. Viscosity of reconstituted skim milk with different degrees of added
ß-lactoglobulin {ß-lg; 3-3g/I) denaturation

Sample

Preheat
treatment
of/Mg

Percentage of
/Mg
remaining in
native form

1
2
3
4

10 s, 70 °C
240 s, 70 °C
3600s, 90°C

100
83-8
48-6
9-8

Viscosity,
mPa s
1-523
1-524
1534
1-552

103 r

200

300

400

600

Holding time at90 °C,s
Fig. 6. Relative change in viscosity (7j(t)/7j(t = 0)) of whey-protein-free milk to which /7-lactoglobulin
in various degrees of denaturation (3-3g/1) was added as function of the holding time at 90 °C: O ,
100% native /J-lg; • , 83-8% native /Mg; A , 48-6% native /Mg; A , 9-8% native ß-\g.

Doubling the ß-\g concentration caused a more than proportional increase in
viscosity, as expected if it is assumed t h a t by association of the denatured ß-lg with
the casein micelles the volume fraction of the micelles had increased and was
accounted for by the quadratic term in eqn (2). This suggests that /?-lg was
responsible for the change in viscosity after heating milk.
Influence of the structural form of ß-lg on the viscosity
The question arises as to which structural form of /?-lg, i.e. native, unfolded or
aggregated, was involved in the key process leading to the higher viscosity after
heating skim milk. Therefore /?-lg solutions in water were given various preheat
treatments before being added to W P F M to reach a final concentration of 3-3g/1 of
/?-lg in the milk. These mixtures were stirred for 1h at room temperature, adjusted
to pH 6-7 and stored at 4 °C overnight. In this way milk samples were obtained
containing ß-\g with different degrees of denaturation, which was determined by H P GPC and expressed as a percentage of the native form left (Table 3). The following
day the mixtures were heated to 90 °C for various holding times and subsequently
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viscosity measurements were carried out in the same way as before. The viscosities
of the unheated mixtures are given in Table 3;there was a slight increase in viscosity
of the mixtures with the intensity of the preheat treatment. We suggest this was
caused by the contribution of aggregated /?-lg to the volume fraction of the particles.
Fig. 6 shows the ratio rj(t)/r)(t= 0) as a function of the holding time at 90 °C. A
decrease in final relative viscosity proportional to the degree of denaturation was
observed. In sample 4, viscosity even decreased with holding time. Since Fig. 5
showed t h a t in WPFM viscosity did not change after heating, this decrease was
probably due to shrinkage of the added /?-lg aggregates upon reheating. From Fig.
6 it can be concluded that ß-\g t h a t was already aggregated did not cause any
increase in viscosity after heating.
DISCUSSION

The relative viscosity of skim milk, before and after heating, as a function of the
volume fraction can be described quite well with the Batchelor-Russel theory. We
found that the increase in viscosity due to heating skim milk could not be explained
by an increase in volume fraction alone. Application of the Batchelor-Russel theory
indicates that there isalso an increase in attraction between the micelles. One should
be aware that the attractions between the micelles are weak : heated milk is still a
stable colloidal dispersion. We think that there is not yet permanent clustering
between the micelles:the increase in viscosity was caused by clusters of micelles that
were only temporary. The results for the samples with the highest volume fraction
deviated from the theoretical curve (Fig. 3). Possibly permanent clustering, i.e.
aggregation between the micelles, had occurred in these samples and they could no
longer be considered as dispersions of hard spheres, thus invalidating the theory. On
the other hand, Singh &Fox (1988) stated that heating milk to 90 °C produces only
minor changes in the dimensions of the casein micelles. Furthermore if permanent
clusters or aggregates were present it would influence the change in ç50after heating.
However, taking into account the change in cj)a after heating we still found an extra
increase in viscosity which we interpreted as an attraction between the micelles.
The observed increase in viscosity of skim milk due to heating could theoretically
also be caused by an increased repulsion between the micelles. However the turbidity
measurements of Van Boekel etai. (1989) showed a continuous increase in turbidity
upon heating skim milk caused by attraction between the micelles, finally leading to
total aggregation of the milk. We therefore conclude that the increased viscosity
found here upon heating skim milk was also caused by an attraction.
The polydispersity of casein micelles may cause an error in the BJ F HS values. We
expect that in studying changing interactions, polydispersity will be a second-order
effect (Van der Werff & de Kruif, 1989).
The Eilers equation predicted too low a viscosity for heated skim milk (15 min at
85 °C), as was also found by Langley &Temple (1985). Taking into account a smaller
0 m a x due to a change in size distribution of casein micelles after heating (Snoeren et
ai. 1982; Mohammad & Fox, 1987) did not result in a better fit for any reasonable
0max- This can be explained by the observation t h a t after heating the attractions
between the micelles increased and the Eilers equation did not account for this.
The observations t h a t in the absence of whey proteins there was no increase in
viscosity, heating skim milk to 60 °C did not result in an increase in viscosity and
that after sufficient heating at 90 °C to denature ß-\g completely no further increase
in viscosity was found indicate t h a t the denaturation of /?-lg was responsible for the
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change in viscosity after heating milk. As aggregated /?-lg did not lead to an increase
in viscosity after heating we conclude that the unfolding of/?-lgwas the key reaction
in increasing the viscosity.
The increase in effective volume fraction after heating skim milk was caused by
the association of denatured whey proteins with casein micelles. As a result of the
heating the composition of the continuous phase (ultrafiltration permeate) changed
slightly because of the association of whey proteins with the casein micelles. Indeed,
we found that the permeate of heated milk had a lower protein content and a lower
dynamic viscosity than the permeate of unheated milk.
The heat treatments applied here also occur in heat exchangers and lead to
fouling. The denaturation of/?-lgalso plays a key role in the fouling reaction (Burton,
1968; Hiddink etal. 1986; Jeurnink etaï. 1989). Arnebrant etal. (1987) showed t h a t
/?-lg, especially ifit unfolds, adsorbs on a stainless steel wall. Furthermore it is known
that the fouling layer contains caseins, most probably in the form of casein micelles
(Jeurnink, 1991).Thus the unfolding state of the whey protein seems to be important
in the fouling process. In this transition state the molecule appears to be highly
'reactive', acting as a sticky agent between other /?-lg molecules, casein micelles and
the stainless steel wall resulting in the formation of a fouling layer. Influencing this
transition state reactivity may lead to a diminished fouling.
The authors thank Christophe Boullenger and Myriam Lefevre for doing many of
the experiments reported. This study was financially supported by the Netherlands
Agency for Energy and the Environment (NOVEM).
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Summary
Aged milkcausesmorefouling inaheatexchangerthanfresh milk.Experimentswithskimmilk
showedthat theactionofproteolyticenzymes,produced bypsychrotrophicbacteria,isresponsible for the increase in deposit. This rise isdue to additional protein deposition. A mechanism
basedondecreased heatstabilityofcaseinmicellesisproposed.

1Introduction
It isknown (1) that aged milk causes more fouling in aheat exchanger than
fresh milk.Burton (1)thought that thisrisewasduetodevelopment ofmicroorganisms during storage, even under refrigeration; however, further researchintothissubject hasnotbeen reported.
Inthisstudy,experimentswithskimmilkwerecarriedouttodetermine the
mechanismbywhichmicro-organismscausetheincreaseindeposit.
2Materialsandmethods
2.1Pasteurization ofskimmilk
Rawmilkwasskimmedbycentrifugation at45°C.Skimmilkwaspasteurized
in a laboratory-scale tube heat exchanger or in a pilot-scale plate heat exchanger. The tubular heat exchanger (Fig. 1) consisted of two concentric
tubes.Theinnertubewasofstainlesssteel,theoutertubeofglass.Thestainlesssteeltubewasheated on theinsidebyhot water (Tinlet = 95°C,flow =
1801/h,velocity (v) = 0.64m/s).Themilkwasincounter-currentwiththehot
water and flowed in between the stainlesssteel tube and the glasstube (flow
= 301/h,v = 0.095m/s, Re = 294). The temperature of the milk at the entrance of the annular space was 65°C and the outlet temperature was ap-
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glass

milk
heatingcoil
(stainless steel)
for pre-heating milk
heatingcoil
for hotwater

Fig. 1. Experimental set-up of the heat exchanger consisting of two concentric tubes. Inner
tube:stainlesssteelAISI304,din=0.010m,dj =0.012m;outertube:glass,d2=0.016m,dout=
0.018m.Lengthofoutertube0.75m.TI= thermocouple.

proximately80°C.Usuallyabatchof401skimmilkwaspasteurizedper run.
Theplate heat exchanger wasanAlfa-Laval typeA3-HRB,withaproduct
flow of 1001/h.Thepasteurization temperature was85°C.Arunusuallytook
about5h.
In both heat exchangers, temperatures were measured to calculate the
heat transfer coefficient from the logarithmic mean temperature difference
between milkandwater. Theamount ofdeposit wasdetermined byweighing
thetubeorthetwoplatesoftheheatingsectionafter dryinginanovenfor 1 h
at95°C.
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2.2Washedcells
Raw milk (31)wasstored for 5days at 10°C, after which the total bacterial
count had reached 1.9 x 109cfu/ml. Themilkwasbrought topH6.5byadding NaOH (IN); 75 ml of a 40 % sodium citrate solution (4°C) was also
added. The solution wasstirred for 5minandthencentrifuged at4°Cfor 15
min at 16300 g (Sorvall RC2-B superspeed centrifuge). The pellet, which
contained the cells, was resuspended in 200ml buffer solution (4°C, pH =
6.0, 50mMNaH 2 P0 4 and 50mM NaAc) and again centrifuged. The pellet
wasresuspended in6mlofthesamebuffer solution.
2.3Productionofextracellularenzymes
Sterilized skim milk wasinoculated with Pseudomonasfluorescens22F(isolated from raw milk at NIZO) and incubated for 3days at 20°C. Then the
milk washeated for 10min at 65°Cand centrifuged for 10min at 16300g.
The supernatant, which contained secreted bacterial enzymes was collected
andstoredat-18 °C.Itwasfound thatenzymesolutionsmadefrom different
batches did not have the same enzyme activity. An indication ofthe enzyme
activitywasobtained bymeasuring the timeneeded for visualcoagulation of
themilk.Whenenzymesolutionwasmixedwithrawskimmilk,400ppmsodiumazidewasalsoaddedtoprevent growthof bacteria.
2.4Methodsofanalysis
Protein wasdetermined bythe Kjeldahl method according toNEN3198(2);
proteinisN x 6.38.
Ashwasdetermined after 9hheatinginanovenat550°C.
Totalpsychrotrophic countwasdetermined after 1 dayincubation at 15°C
and3daysat7 °Conaplatecountmilk-agar.
Heat stability of the skim milk wasmeasured at 140°Cin the Klarograph
(3),anapparatusdeveloped atNIZO,basedontheHöpplerfallingballviscosimeter(4).
Protein composition in the deposit was determined by gel electrophoresis
andHPLC.
For HPLC (5) the deposit wastreated (15mg/ml)with0.02 M l,3-bis[tris(hydroxymethyl)-methylamino]propane. HClcontaining4Mureaand0.1 %
2-mercaptoethanol(pH7).After 1 hatroomtemperature,thesamplewasdiluted (1:4,v/v)withHPLC-solventA (water/acetonitrile/trifluoroacetic acid,
900:100:1,v/v),towhichurea had been addedtoafinalconcentration of6M
(pH2).Then 50//1 of the filtered (Millex GV, Millipore) samplewasloaded
onto a Hi-Pore RP-318column (250 x 4.6 mm, Bio-Rad Laboratories) and
analysed at 30 °Cusing a gradient of solvent B, water/acetonitrile/trifluoroNeth.MilkDairyJ.45 (1991)
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aceticacid (100:900:0.7, v/v),adapted from reference (5).The flow ratewas
0.8ml/min;detectionwasat220nm.
Forgelelectrophoresis the deposit wassolubilized byamodification ofthe
procedure described by Tissier &Lalande (6);the deposit was treated with
nitric acid (1 %), followed bysolubilization of the remaining proteins at pH
8.8 in a buffer containing 0.2 Mtris (hydroxymethylaminomethane), 0.1M
EDTA, 8Murea, 0.1M2-mercaptoethanoland 0.03Msodium dodecylsulphate (SDS). In both treatments ultrasonication was applied for 30 min at
40°C.Electrophoresis wasperformed according to Laemmli (7)at pH 8.9in
15 % Polyacrylamide gelcontaining 4Murea and 0.003MSDS.After electrophoresis thegelwasstained inCoomassieBlueR250.Stainingintensityof
bandswasquantified usingaShimadzuCS900densitometercoupledtoaWatersdatamodule integrator.
3Resultsanddiscussion
3.1Foulingbyagedmilkandbymilkincubatedwithapsychrotrophicbacterial
strain
Thefirst experimentswereintended toconfirm theresultsofBurton (1),who
imputed the increase indeposit tothegrowthofmicro-organisms. Sincemilk
is stored at low temperature, special attention was given to psychrotrophic
bacteria. Table 1shows the amount of deposit in the plate heat exchanger
formed after subjecting skim milk to different pretreatments. Experiment 1
was done with fresh skim milk. In experiment 2 the milk was stored for 10
days at 5°C. As preservative in experiment 3sodium azide (400 ppm) was
used. In experiment 4 the milk was incubated with psychrotrophic bacteria
for 4 days at 5°C. Pseudomonasfluorescens22Fwas chosen because it isa
goodrepresentative ofthepsychrotrophicflora inmilk.
Experiment 2confirms that agedmilkcausesmorefouling inheatexchangersthan fresh milk. Fromexperiment 3 itisconcluded thatwithout growthof
psychrotrophicbacteria incooledmilkonlyasmallincreaseoftheamountof
Table 1. Psychrotrophiccountinmilkandamountofdepositformed after heatingat85°C.
Exp.
No.

Testmaterial

Psychr.count
(cfu/ml)

1
2
3
4

Freshskimmilk
Skimmilk, 10daysat5°C
Skimmilk + preservative, 10daysat5°C
Skimmilk+ Ps.fluorescens22F,4daysat5°C

26

<103
1.4xlO 7
<103
1.5 x 106

Amountof
deposit(g)

1.46
15.25
3.85
16.40
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deposit takesplace.Experiment 4showsthatPseudomonasfluorescens22Fis
able to cause an increase in fouling comparable to that obtained in experiment2.Repeatingtheexperiment gaveconsistentresults.
3.2Effectofaddingwashedcellsandbacterialenzymestothemilkbeforepasteurization
To check whether bacterial cells as such contribute to the deposit, so that
theirincreasingnumberinagedmilkisresponsiblefortheincreasein fouling,
washed cells (see 2.2) were added to milk just prior to pasteurization in the
laboratory-scale heat exchanger. Extracellular enzymesolution (see2.3) and
sodium azide (400ppm)were added toother samplesof milk andafter 2hof
incubation at 20°Cthe milk waspasteurized inthe laboratory-scale heat exchanger.
The results of these experiments are shown in Fig. 2, in which the reciprocaloftheheat transfer coefficient isplotted againstthe runningtimeof the
experiment; the slope of this line isdefined asthe fouling rate (8). It can be
seen that the fouling rate was not influenced by adding washed cells to the
milk. However, the fouling rate of milk incubated with enzymeswas significantly increased. It isconcluded that not the bacteria as such, but the extracellular enzymes produced by these bacteria, cause the increase in fouling.
Psychrotrophic bacteria may produce both proteinases and lipases (9). The
experimentshere werecarried outwithskimmilkinorder toseparate thein.0030
Fresh milk +
extracellular
enzymes of
Pseudomonas
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5
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Fig. 2. Plot of the reciprocal of t h e heat transfer coefficient against t i m e .
, fresh milk;
, fresh milk + washed cells;
, fresh milk + extracellular e n z y m e s of Ps. fluorescens
22F. T h e slope is a m e a s u r e of the r a t e of fouling.
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fluence ofproteinases andlipases.Inviewofthelowincidenceof bacterially
induced rancidityinmilk (9),probably dueto the inaccessibility ofthetriglycerides to the lipases (unless the fat globule membrane is damaged), this
studyfocused ontheinfluence oftheproteinasesonly.
3.3Compositionofthedeposit
In the experiments described inTable 1,the composition of the depositwas
alsodetermined;theresultsaregiveninTable2.Boththefresh skimmilkand
themilkstored for 10dayswith apreservative give adeposit withacomposition close to that of type A, asdescribed byBurton (1),though the ashcontent was somewhat higher. In the other two experiments a strong increase
was observed in the percentage of protein in the deposit. From the protein/ash ratio it is concluded that the increase in deposit that occurs upon
heatingagedmilkormilkincubatedwithPseudomonasfluorescens22Fisdue
toadditionalprotein deposition.
Summarizing,itisfound thattheadditionaldeposit formed byheatingaged
milk isrelated to the action of proteolytic enzymes produced bypsychrotrophicbacteria inthe milk. It isknown (10)that theseenzymes break downKcasein inparticular, thereby forming para-K-casein-likecompounds. Foxand
Hearn (11)found that degradation of K-caseinbyrennet, formingpara-K-casein, decreased the heat stability of the milk. Combining these results with
thefact thattheincreaseindepositisduetoadditionalproteindeposition,the
following hypothesis is formulated: in aged milk xr-casein is hydrolysed by
proteolytic enzymes, resulting in a decreased heat stability of the degraded
casein micelles,whichwillcoagulate on heating and cause anadditionalprotein deposition.
3.4Effectofproteolysisonfoulingandheatstability
Inordertocheckthehypothesisofproteolysisandsubsequentfouling thefollowingexperiment wasdone.Skimmilkwithsodiumazide (400ppm)wasdiTable 2. Compositionofthedeposit.
Exp. Testmaterial
No.
1
2
3
4

Freshskimmilk
Skimmilk,10daysat5 °C
Skimmilk + preservative,10daysat5 °C
Skimmilk + Ps.fluorescens22F,4daysat5°C

28

Dry
matter
(g)

Protein

1.40
14.78
3.54
15.66

42.3
69.3
45.4
73.8

Ash

%

Protein/
ashratio

46.2
22.0
39.0
12.0

0.92
3.15
1.16
6.15

(%)
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Table 3. Foulingandheatstabilityofmilktreatedwithproteolyticenzymes.
Product

Enzyme
(%)

Incubation
at20 °C
(h)

PH

Heatstability
(min)

Deposit
(g)

skimmilk
skimmilk

0
1

20.0
17.5

6.67
6.68

4.4
0*

3.4
5.9

* Coagulated alreadyduringheatingupto 140°C.

vided into twobatches. Toonebatch, enzyme solution wasadded. After
keeping both batchesovernight at20°Ctheamountofdeposit after pasteurization inthe laboratory-scale heat exchanger and the heat stabilitywere determined (Table3).
TheresultsinTable3confirm thatmilkincubatedwithproteolyticenzymes
caused more deposit than untreated milk. Alsotheheat stabilityofthismilk
waslower. This supports the hypothesis that the additional deposit isdueto
lessheat-stablecaseinmicelles.
The deposit inthese experiments wasanalysedforitsprotein composition
byHPLCandgelelectrophoresis.TheHPLCchromatogram ofthedepositof
the untreated milk and thatofwholecaseinweresimilar (Fig.3),whichindicatesthat thecaseins appear inthe deposit intheform ofmicelles.From the

0

10

20

30

40

minutes
Fig. 3. H P L C chromatogram of whole casein ( A ) ,deposit of skim milk after incubation with
proteolytic enzymes (B), deposit of untreated skim milk (C), para-K-casein( D ) .
1, glucosylated K A + B -casein; 2,non-glucosylated K A -casein; 3,non-glycosylated x B -casein; 4 , o ^ casein; 5,a s l -casein; 6,^-casein; 7,para-K-casein; 8,para-K-casein-Uke compound.
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chromatogramofthedepositofthemilkincubatedwithenzymeitcanbeseen
that the enzyme indeed breaks down K-casein in particular, forming para-x>
casein and apara-K-casein-likecompound (Fig.3).Also herethe ratioof the
caseinsisroughlythesameasformicellesinmilkwiththeexceptionofcourse
of K-caseinwhich isreplaced byhydrolysed K-casein.This indicates that the
degraded casein micelles appear in the deposit, supporting the hypothesis
that the additional deposition iscaused bycasein micelleswhicharelessheat
stablethrough theactionoftheproteolyticenzymes.
Sincethedepositstickedtothehotstainlesssteelwall/Mactoglobulin(ß-\g)
is heavily denatured; it was not possible to analyse this/?-lg properly using
HPLC(12).
For casein the resultsof gelelectrophoresis and HPLCconfirm each other
(Fig.3and4).Fig.4showsthat inaddition tocaseinsalso/?-lgisdepositedin
the fouling layer. However, quantification of the electrophoretic bands revealed that the/?-lgcontent isdecreased inthe deposit of the milk incubated
with enzyme. It is reported (9) that proteolytic enzymes also degrade /?-lg.
But another explanation for the decrease in the content of/J-lgisthat inaccordance with the hypothesis, degraded casein micelles in the treated milk
contribute to thefouling layer, resultinginarelatively lower amount of/?-lg;
this was confirmed by the decreased ratio of/?-lgto casein in the deposit as
measuredfrom Fig.4.
In the deposit of the untreated milk, caseinsandß-lg were found. Apossible fouling mechanism may be that denatured /?-lgdeposits on the stainless
steel aswellason the casein micelles (13,14)./J-Lgacts asa 'sticking agent'
(15), resulting in the deposition of casein micelles and /?-lg together on the
stainless steel. This means that the appearance of calcium and phosphate in
thedeposit (1)mightnot onlybedue toinsolublecalciumphosphate but also
tocolloidalcalciumphosphatefrom themicelles.

- c i j - +ß-cas
~ WWrf f f WRß - ß-|n
-a-la

;> s M, ,
•Ssft'v'
-•- •

Fig. 4. SDS-poiyacrylamide gel electrophoresis of deposit
formed by heating milk. 1total milk protein, 2depositof
skinimilk after incubation with proteolytic enzymes,3 depositofuntreatedskimmilk.
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4Conclusion
This study hasshown that the increase indeposit which occursupon heating
aged skim milk is caused by the action of proteolytic enzymes produced by
psychrotrophic bacteria inthe milk.Inthedeposit ofagedskimmilkahigher
percentage of protein was found. Also through the action of these enzymes
theheat stabilityofthemilkisdecreased, indicatingthat there maybearelationbetween theheatstabilityandtheamountofdeposit.
Analysisof the deposit showed that theproteolytic enzymesdegrade «-casein, forming para-K-casein-like compounds. The ratios of the different caseinsinthe deposit indicatethat they appear intheform ofmicelles,possibly
with denatured ß-lg as 'sticking agent' between them and the stainless steel.
Further investigations of the behaviour of ß-\g are in progress. The appearanceofcaseinsinthedeposit inroughlythesameratioasinmicellessupports
the postulated hypothesis: proteolytic enzymes break down K-casein, resulting in a decreased heat stability of the degraded casein micelle, which will
coagulatewhenheated,forming anadditionalprotein deposition.
From the practical point of view, to reduce the amount of fouling it isimportant to prevent psychrotrophic bacteria from producing a significant
amount of extracellular enzymes. It isnot clear at what bacterial count proteinase production becomes significant; Adams et al. (10) investigated nine
strains of Pseudomonasisolated from raw milk and showed that with most
strains, proteolysis in milk was detectable even before the population had
reached 104cfu/ml. Driessen (16) found that Pseudomonasfluorescens22F
produced proteinase only towards the end of the exponential growth phase,
i.e.atatotalcountof 106cfu/ml ormore.Inanycaseitisrecommendedthatif
rawmilkhastobestoredfor awhileitisgivenathermization treatment inordertokillthepsychrotrophicbacteria.Iffresh milkiscontaminatedwithaged
milkwithahighcontentofproteinase,forexamplesmallamountsofmilk left
behind intanksovertheweekend, itispossiblethat milkwitharelativelylow
bacterial count may cause additional deposit during pasteurization. Therefore it isimportant to avoid dead spaces in the processing lines and to drain
tanksandpipelinescompletely.
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Summary
Some properties of skim milk with varying calcium concentrations were determined before and after heating, to study the effect of calcium on heat stability
of the milk and on fouling caused by it. Either increasing or decreasing the calcium concentration in the milk led to a lower heat stability and to more fouling
in comparison with normal milk. For normal milk theprotein in the deposit consisted mainly of serum proteins. If the calcium concentration was changed there
was a shift in the protein composition of the deposit from serum proteins to casein. In low-calcium milk the casein micelles were swollen and a large part of
the K-and ß-casein was dissociated from the micelles. These so-called depleted
micelles lack (part of) the stabilizing action of K-casein and are the cause of a
lower heat stability and more casein deposition. In high-calcium milk the casein
micelles had shrunk and hardly any dissociation was observed. Presumably, the
increase in calcium ion activity and in colloidal calcium phosphate reduces
electrostatic and steric repulsions between the casein micelles, leading to increased interaction and consequently to a lower heat stability. This instability of
the casein micelles, with denatured ß-lactoglobulin associated at their surface,
would then cause a large increase inprotein fouling.
Keywords: fouling; heat stability; calcium ion activity; dissociation of caseins

1 Introduction
Calcium plays a major role in the heat stability of milk [1,2] and is part of the
deposit formed upon heating milk [3,4]. The latter is not only due to the fact
that the solubility of calcium phosphate decreases upon heating, but also to
the influence of calcium on the precipitation of the proteins [5]. In order to
obtain a better understanding of the effect of the calcium concentration in
milk on its heat stability and its fouling behaviour, some properties of milk
samples with varying calcium concentrations were determined before and after heating.
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2 Materials and methods
2.1 Skim milk
Skim milk was obtained from the institute's experimental dairy. Calcium concentration was lowered by ion-exchange against sodium; to this end the milk
sample was mixed with the cation-exchanger Duolite C464 (90:1 w/w; Diamond Chemicals, Vitry-S/Seine, France). After stirring for approximately 30
min at room temperature, Duolite was separated from the milk by filtration.
Higher calcium concentrations in the milk were obtained by adding CaCl 2 .2H 2 0
(Merck, Darmstadt, Germany). The treated milks were then kept overnight in
the cold and slowly warmed to room temperature before use. In all cases the pH
was, ifnecessary, adjusted to 6.7.
2.2Heat treatment of the milk
Milk was pasteurized in aplate heat exchanger (Alfa-Laval, type A3-HRB) with
a product flow of 100 1/hduring 8 h. The milk inlet temperature in the heating
section was 69°C. Pasteurization temperature was 85°C with a holding time of
15 s. The heating section was composed of two plates with a 'fouling area' of
0.095 m2. The water flowed counter-current to milk at arate of 100 1/h and with
an inlet temperature of 92°C.
Heat treatment of portions of milk (120 ml) was carried out as described by
Jeurnink and De Kruif [6].
2.3 Centrifugation
Supernatants of the milk were obtained after centrifugation at 90 000 g for 1h
at 18°C (Beekman L8M, rotor TI45). In the case of a heat treatment the milks
were centrifuged within 1h after heating. In this paper casein not ending up in
thepellet after centrifugation is called 'dissolved' caseins.
2.4 Viscosity
The viscosity was measured at 25.00°C with an Ubbelohde capillary viscometer
(Schort Geräte GmbH, Hofheim, Germany, Type 530 10/1 andType 530 01/0a)[6].
Thedynamic viscosity wasfound bymultiplying thekinematic viscosity bythedensityofthesample,measured separately using aMohr's balance.Inorderto compare
theviscosityofdifferent batches,thesampleswerescaled fortheircasein content.
2.5Heat stability
Heat stability of the milk was measured at 140°C in McCartney bottles according to Australian Standard 1629.3.4 [7];pH was adjusted using IN NaOH or IN
152
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HCl. The dilution caused by this was kept constant for each sample by also
adding an appropriate amount of water.
2.6 Analyses
Nitrogen was determined by the Kjeldahl method according to NEN 3198 [8].
Whey proteins have a lower Kjeldahl conversion factor for nitrogen to protein
than milk [9].Because of the high contribution of the whey proteins to the total
protein content of the deposits we used 6.3 instead of the commonly used 6.38
as Kjeldahl factor for the deposits. Ash was determined after 9 h heating in an
oven at 550°C. Calcium was determined after digestion according toNEN 6465
[10] by atomic absorption spectroscopy (NEN 6446, [11]). Calcium ion activity
of the milks was determined with an ion selective electrode (F21lOCa Radiometer Analytical A/S Copenhagen-Denmark) after cold storage overnight and
slowly warming to room temperature.
Total phosphorus was determined by photospectroscopy according to NEN
6479 [12].Fatwas determined according toNEN 32359.2.1, [13].Citrate and lactose were determined by HPLC [14]. Magnesium, sodium, potassium, chloride,
phosphate (inorganic) and sulphate were determined by capillary ion analysis
(Quanta 4000, Waters, Milford, USA). Reversed-phase HPLC (RP-HPLC) was
used todetermine the casein content inthe supernatant, themilk and inthe deposit
[15]. The degree of denaturation of ß-lactoglobulin (ß-lg) and oc-lactalbumin (ala) in the supernatant of the milk was determined by High Performance Gel Permeation Chromatography (HP-GPC) [6].The ratio of casein to serum protein was
determined by derivative spectroscopy as described by Luf [16], following the
modification of E.A.M, de Jong (personal communication); the amount of serum
proteins was calculated using Bipro (a commercial whey protein isolate, Mitchelstown Isolates Ltd., Ireland) as a standard. Electrophoresis wasperformed accordingto Laemmli [17] atpH 8.9 in 15% Polyacrylamide gelcontaining 4Murea and
0.003 M SDS (SDS-PAGE). The dissolution of the deposit for RP-HPLC, derivative spectroscopy and SDS-PAGE is described by Jeurnink [15]. By this method
nearly alltheprotein inthe deposit couldbepassed into solution.
3 Results
3.1 Composition ofskim milk with varying calcium concentrations
The average concentrations of protein, fat and lactose inthe skim milk were 3.6,
0.04 and 4.9%, respectively. The mineral composition of the milk is given in
Table 1. Calcium concentration was lowered by 15%by ion-exchange against
sodium and it was increased by 20% by adding CaCl 2 .2H 2 0. Cation-exchanger
Duolite C464 specifically binds calcium, although some magnesium was bound
as well. Sodium concentration increased by using it as exchange-ion and by using NaOH for adjusting pH. Chloride concentration increased by the addition of
Netherlands Milk &Dairy Journal 49 (1995)
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Table 1. Minerai composition of the prepared milks with varying calcium concentrations after pH
adjustment to 6.7.

magnesium (mg/kg)
sodium (mg/kg)
potassium (mg/kg)
chloride (mg/kg)
phosphate (inorganic) (mg/kg)
citrate (mg/kg)
sulphate (mg/kg)

normal-Ca milk
(1230 mg/kg)

low-Ca milk
(1050 mg/kg)

high-Ca milk
(1470 mg/kg)

124
379
1669
875
1911
1691
123

99
691
1584
914
2014
1800
119

111
451
1646
1190
1914
1834
120

CaCl 2 .2H 2 0 or of HCl (for adjusting pH). Potassium, phosphate, citrate and sulphate concentrations (accuracy ± 7%) were not significantly affected by the
treatments used for preparing milks with varying calcium concentration.
Although we realize that also the concentrations of sodium and chloride were
changed,wethinkthatthedifferences inpropertiesofthemilkstestedherecanbeattributedmainlytothevariation intheconcentration ofthedivalentcation calcium.
3.2Influence of the calcium concentration inmilk on its calcium ion activity
The first observation was that when the calcium concentration in milk was
changed, the calcium ion activity also changed (accuracy 1-2%, Table 2). The
value for normal milk corresponds with data found by Geerts et al. [18]. Because milk is saturated with respect to calcium phosphate and contains a
'buffer' of non-dissolved calcium phosphate, it may be expected that a removal
or an addition of calcium ions would lead to arelatively small change in the calcium ion activity, as was observed. The greater part of the changes in calcium
level thus occurs inthe quantity of micellar calcium phosphate.
3.3Influence of the calcium concentration in milkon the heat stability
The heat stability of different batches of milk with varying calcium concentrations was determined at 140°C (accuracy ± 1min). The results for a representaTable 2.Calcium ion activity and heat coagulation time (HCT) at 140 °C of milk with varying calcium concentrations. The dry weight of deposit on two plates of the heater section after pasteurizing
800 1 of these milks is also given.

Ca2+-activity (mM)
HCT (min)
dryweight of deposit (g)

normal-Ca milk
(1230 mg/kg)

low-Ca milk
(1050 mg/kg)

high-Ca milk
(1470 mg/kg)

0.84
16.3
4.14

0.75
12.5
4.50

1.24
10.5
11.24
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Fig. 1. Heat coagulation time vs. pH (HCT-pH) curve at 140 °C for milk with varying calcium concentrations. • normal milk; • low-calcium milk; • high-calcium milk.

tive batch are shown in Table 2. From the results it can be seen that changing
the calcium concentration in milk in either direction decreased the heat stability. The decrease was stronger in high-calcium milk than in low-calcium milk. A
decrease in heat stability if calcium and magnesium salts were added to milk
was described earlier by Morrissey and O'Mahony [19]. From another batch of
milk the heat coagulation time versus pH (HCT-pH) curve was determined for
milk with varying calcium concentrations (Fig. 1). Again it is shown that at its
own pH (6.7) the normal milk is most heat-stable, followed by low-calcium
milk and high-calcium milk, respectively, confirming the results of Table 2.
Lowering the calcium concentration moved the minimum in the HCT-pH curve
to more acid values; probably the lower calcium ion activity in the milk made it
more stable at higher pH. Increasing the calcium concentration destabilized the
milk over the whole pH-range; the increased calcium ion activity probably
caused asalt-induced coagulation at every pH [1].
3.4Influence of the calcium concentration in milk on fouling
3.4.1 Amount of deposit. Milk with varying calcium concentrations was pasteurized (85 °C) in a plate heat exchanger. Two plates from the heating section were
dismantled and the amount of deposit was determined by scraping it off the surface followed by weighing (accuracy ± 10mg, Table 2).The experiment was re155
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peated with five different batches. The degree of fouling varied from batch to
batch, a known phenomenon in fouling studies [20]. With all batches the same
trend in the results were obtained; Table 2 shows the results of a representative
experiment. For normal milk a mass flux of depositing material of 1.5 x 10"*
kg.nT2.s^' was calculated, which is in the same range as reported by De Jong et
al. [21]. Changing the calcium concentration in milk led in both cases to increased fouling; however the effect in the case of high-calcium milk was more
pronounced.
3.4.2 Composition of the deposit. Table 3shows the composition of the deposits
found after pasteurization of milk with varying calcium concentrations. The deposit of the normal milk had the appearance of a Type A deposit [22]; however,
the ash content was slightly higher. The latter consisted largely (90%) of calcium and phosphate; according to their molar ratio, about 1.6, this would roughly
correspond to hydroxyapatite, Ca 5 OH(P0 4 ) 3 , the most stable form of calcium
phosphate salts at the prevailing pH. In addition to calcium and phosphate there
are minor contributions of magnesium and citrate. As expected, the contribution
of fat (skim milk contained about 0.04% fat) as well as of lactose in the deposits
was very small.
It is remarkable that changing the calcium concentration of the milk in either
direction, not only affected the minerals in the deposit, but also led to an increase in the deposition of proteins, although this was more pronounced in the
high-calcium than in the low-calcium milk. For the high-calcium milk there was
relatively more protein in the deposit than for the low-calcium milk.
Figs. 2, 3 and 4 show the protein composition of the deposit and of the milk
as determined by RP-HPLC, derivative spectroscopy and SDS-polyacrylamide
gel electrophoresis. For fresh milk a RP-HPLC chromatogram as expected is
shown (Fig. 2); a-lactalbumin is not mentioned because its peak ishidden under
the one for ß-casein. An additional peak was found in the RP-HPLC chroTable 3. Composition of the dry matter of the deposit on the plates of the heater section after pasteurization of milk with varying calcium concentrations.

protein (%)
ash (%)
calcium (%)
phosphate (%)
Ca/P0 4 (mol/mol)
magnesium (%)
citrate (%)
fat (%)
lactose (%)

normal-Ca milk
(1230 mg/kg)

low-Ca milk
(1050 mg/kg)

high-Ca milk
(1470 mg/kg)

44.4
45.0
15.7
23.6
1.58
0.60
0.49
0.4
n.d.

45.9
47.0
16.5
24.2
1.62
0.35
0.43
1.1
0.01

57.3
34.5
12.2
17.8
1.63
0.36
0.45
0.6
0.02

n.d. =not determined
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0

10

20
time (min)

Fig. 2. HPLC chromatograms of fresh skim milk (a) and of deposits of milk with low (b), high (c)
and normal (d) calcium concentration, obtained after heating (85 °C) ina pilot-plant-scale plate heat
exchanger. 1. glycosylated KA+B-casein; 2. non-glycosylated KA-casein; 3. non-glycosylated KB-casein; 4. a s2 -casein; 5.a s] -casein; 6. ß-casein; 7. ß-lactoglobulin; 8. denatured serum proteins.

matogram for the deposits, which probably consisted of denatured ß-lg and ala; this may be explained by the serum proteins in the deposit having been at an
elevated temperature for a long time. Due to their denaturation no quantitative
results for the serum proteins could be obtained from the RP-HPLC chromatogram. Therefore derivative spectroscopy was also applied; Bipro was used
as a standard and because the ratio of ß-lg/oc-la in the deposit was higher than in
Bipro (ß-lg/a-la = 3.7) the results (Fig. 3) slightly underestimate the contribution of the serum proteins. The main contribution to the deposit came from the
serum proteins, especially from ß-lg, while oc-la contributed only to a small extent (Fig. 4). All types of caseins were present in the deposits; however, the average casein composition in the deposits differed from that of the casein micelles in the milk (Fig. 3).This suggests that the caseins in the deposit originate
from casein micelles and also from the serum phase. For example the presence
of a s i~ and a s2 -casein inthedeposit could stem from micelles,but their amount
is so low that it also could be the result of a direct deposition on the surface of
157
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normal milk low-Ca milk high-Ca milk

milk

Fig. 3. Composition of the protein in the milk and in the deposit of milk with normal, low and high
calcium concentration. The contribution of the different caseins is given as a percentage of the total
amount of casein, and the contribution of the serum proteins as a percentage of the total amount of
protein in the milk or in the deposits.

'dissolved' caseins. Among the caseins present in milk there was a preference
for ß-casein to deposit. From the contribution of serum proteins to the deposit it
can be seen that if the calcium concentration was changed a shift in the protein
composition of the deposit to ahigher casein contribution occurred. It is notable
that the contribution of the K-casein to the deposit of the low-calcium milk was
significantly lower than for the deposits ofthe other milks.
3.5 Influence of calcium concentration in milk on the denaturation of serum
proteins
The supernatants of milk with varying calcium concentrations were analysed for
their native serum protein content before and after heating. The results (Table 4)
show that the amount of native ß-lg and a-la after 1and 15min holding at 85°C
were about the same for the different calcium concentrations. It was concluded
that the rate of aggregation of the serum proteins was not significantly influenced by the calcium concentrations in the range as applied here.
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} caseins
m — ce-la
Fig. 4. SDS-polyacrylamide gel electrophoresis of the protein in deposits
formed by heating milk with varying
calcium concentrations. 1.normal skim
milk, 2. high-calcium skim milk, 3.
low-calcium skim milk.

1 2 3
normal
low
high

Table4. Percentage of native ß-lactoglobulin (ß-lg)and a-lactalbumin (a-la) left after 1 and 15min
holding at 85 °C for milk with varying calcium concentrations.
normal-Ca milk
(1230 mg/kg)

1 min at 85 °C
15 min at 85 °C

low-Ca milk
(1050 mg/kg)

high-Ca milk
(1470 mg/kg)

ß-lg

a-la

ß-lg

a-la

ß-lg

a-la

32
5

78
26

33
5

70
19

32
5

85
25
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3.6 Milk with varying calcium concentrations as a dispersion of adhesive hard
spheres before and after heating
For the viscosity of milk the theory of adhesive hard spheres was applied [6].
By measuring the viscosity of a dilution series of (heated) skim milk it was possible to determine the volume fraction (()),accuracy ± 5%) of the casein micelles
and their interaction parameter B 2 (in the case of no interaction except excluded
volume, i.e. hard spheres, B 2 has a value of 4; any lower value is a measure of
the degree of interaction). Permeate, obtained from the (heated) milk, was used
for dilution; it did not contain any casein but since it contained approx. 50% of
the total amount of serum proteins two minor corrections were made [6]. By
knowing the casein content the voluminosity (in ml/g dry casein) of the casein
micelles could be calculated. The results for a representative batch of milk with
varying calcium concentrations are shown in Table 5. Decreasing the calcium
concentration caused a swelling of the casein micelles, presumably due to increased internal electrostatic repulsion [23] and to dissociation of ß-casein
some of which may be only partly loosened from the casein micelle, thereby
constituting flexible hairs at the casein micelle surface as K-casein does [24].
Adding calcium to milk caused a decrease in the voluminosity of the micelles.
In this case the increase in calcium ion activity and colloidal calcium phosphate
probably diminished the electrostatic repulsion within the casein micelles, resulting in a small shrinkage of these particles.
After 1min holding at 85°C a lower voluminosity was observed, which must
have been due to a change in the dispersed phase because the viscosity of the
supernatant had hardly changed. Probably, the cause is linked to a shift in the
salt equilibria. In the case of low-calcium milk a lower voluminosity was observed after heating, presumably due to diminished internal repulsion and withdrawal of loosened ß-casein molecules leading to shrinkage of the micelles.
After 15 min holding at 85°C a slightly higher voluminosity was found in
normal milk, presumably due to further denaturation of the serum proteins (fully denatured serum proteins have a larger voluminosity than native serum proteins and may associate with the casein micelles). In the case of high-calcium
milk had the dispersed particles an even lower voluminosity. Apparently, the
addition of calcium salt resulted in more compact casein micelles and/or in the
formation of more compact serum protein aggregates.
Table 5. Voluminosity of the casein micelles (ml/g) at 25 °C in milk with varying calcium concentrations before and after 1 or 15min holding at 85°C.
normal-Ca milk
(1230 mg/kg)
unheated
lminat85°C
15 min at 85 °C

4.18
3.96
4.02

low-Ca milk
(1050 mg/kg)
5.01
4.,73
4.41
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high-Ca milk
(1470 mg/kg)
4.01
3.71
3.60
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Table 6. Interaction parameter (B2) of micelles inmilk at 25 °C with varying calcium concentrations
before and after 1 or 15min holding at 85 °C.
normal-Ca milk
(1230 mg/kg)
unheated
1 min at 85°C
15 min at 85°C

4.7
4.7
3.4

low-Ca milk
(1050 mg/kg)
5.4
5.4
2.9

high-Ca milk
(1470 mg/kg)
4.4
4.4
0.5

Due to the uncertainty in the values obtained for B2 (uncertainty ~ 25%) it
was difficult to interpret absolute values. However, we are interested in relative
changes in interactions before and after heating (Table 6). It is assumed, based
on former work [6],that after 1min heating at 85°C the interactions did not increase, i.e. there was no change in B 2 . After 15 min heating at 85°C certainly a
trend for increased interactions was observed (the values for B 2 decreased upon
heating). In this case, the casein micelles behave as adhesive hard spheres,
caused by the association of the serum proteins with the micelles [6]. The decrease in the B2-value when high-calcium milk was heated is notable; although
the volume fraction decreased, a higher viscosity was found, presumably caused
by the strongly increased interactions between the casein micelles.
3.7 Influence of calcium concentration on partition of caseins in milk before
and after heating
In milk samples with varying calcium concentrations the percentages of the caseins present in the serum of the milk, i.e. supernatant, were determined before
and after heating.
The results are presented in Figs. 5. When the calcium concentration was lowered, alarge increase inthepercentages of K-casein and ß-casein present inthe supernatant was observed; even some a s l - and a s2 -caseins were dissociated. If the
calcium concentration was increased, less K- and ß-caseins were found in the supernatant; the increase in calcium ion activity and in colloidal calcium phosphate
apparently hindered K-and ß-caseins from dissociating atroom temperature.
Heating normal skim milk caused a small increase in the dissociation of K-casein; this is in agreement with findings of Van Hooydonk [25] and was also
found inheat stability studies [26].The percentages of ß- and a sl -caseins present
in the supernatant hardly changed upon heating skim milk. On heating low-calcium milk there was little change in the percentage of K-casein, but the percentages of ß-, a s l - and a s2 -caseins in the supernatant decreased, because they
would have returned to the micelles or even because ß-casein aggregates would
have been formed. In high-calcium milk less K-casein dissociated upon heating,
which may be explained by the formation of a K-casein/ß-lg complex at the surface ofthecasein micelle being promoted and stabilized bycalcium [27,28,29].
The observed change in the viscosity of the milk upon heating is not only
Netherlands Milk & Dairy Journal 49 (1995)
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K-cas

normal milk

ct^-cas

Iow-Ca milk

a ,-cas

ß-cas

K-cas

high-Ca milk

normal milk

a s2 -cas

Iow-Ca milk

cts1-cas

ß-cas

high-Ca milk

30
15 min - 85 °C
25 '

15

a 2 -cas

Iow-Ca milk

a ,-cas

ß-cas

high-Ca milk

Fig. 5. Percentage of caseins of skim milk with
normal, low and high calcium concentration that
is present in the supernatant with no heat treatment, after 1 min holding of the milk at 85 °C
and after 15min holding of the milk at 85 "C.

caused by a change in the dispersed phase (swelling or shrinkage of the micelles) but also by a change in the viscosity of the continuous phase, i.e. supernatant, due to the dissociation of casein molecules from the micelles. For lowcalcium milk it was found that on average 60% of the increase in viscosity as
compared to that of normal milk was caused by a change in the voluminosity of
the casein micelles and 40%by the increase inthe viscosity of the supernatant.
4 Discussion
Upon heating milk, ß-lg is denatured. We presume that the unfolded ß-lg can
react in three ways: forming aggregates with other ß-lg molecules (I), forming a
162
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complex with K-casein at the surface of the casein micelle (II) and forming a
complex with the K-casein inthe serum of the milk (III). Whether the ß-lg/K-casein complex stays at the surface of the micelle or dissociates into the serum
will be determined by, among other factors, the calcium ion activity and the pH
[28, 30].This mechanism plays a major role in the explanation of the heat coagulation of milk as a function of the pH [1].
In normal milk, heating caused only a small increase in the dissociation of Kcasein as measured at room temperature. So most probably the micelles were
not depleted of K-casein at pasteurization temperature and the heat coagulation
would have been due to a salt-induced coagulation and/or polymerization of the
protein molecules [1]. The deposit mainly consisted of serum protein aggregates, strongly suggesting that reaction I is involved in the fouling reaction.
Since there was only a small amount of K-casein in the deposit layer, reactions
II and IIIpresumably hardly contributed to the fouling reaction.
Upon heating low-calcium milk, as compared to normal milk, the casein micelles were swollen and a larger part of the K-and ß-caseins was dissociated.
Such micelles, the so-called depleted micelles, would no longer have the full
stabilizing action of K-casein and be more sensitive to Ca2+ ions. As a result,
their mutual interaction would increase (lower B2-values) and their heat stability decrease as compared to normal milk. Concerning the deposit from the lowcalcium milk, there was a shift in protein composition from serum proteins to
casein. However, the K-casein content of the deposit decreased; apparently the
depleted micelles contributed to the deposit, whereas the high amount of 'dissolved' K-casein, being present in ß-lg/K-casein complexes in the serum (reaction III), was not involved in the fouling reaction. Since the contribution of the
ß-lg to the deposit was also decreased, we presume that K-casein prevented ß-lg
from depositing by formation of ß-lg/K-casein complexes in the serum. The depleted micelles contributing to the deposit were probably submicelles, since no
increase in the amount of deposited citrate was found (Table 3).The higher contribution of ß-casein to the deposit may have been due to a higher amount of ßcasein in the serum.
Upon heating high-calcium milk, as compared to normal milk, the casein micelles shrink and hardly any dissociated casein was found in the serum. The increase in calcium ion activity would have reduced electrostatic and steric repulsion and, as a consequence of the lower voluminosity, the Van der Waals attraction would be larger. Hence, the interactions between the micelles increased
(lower B2-values) and as a result the heat stability decreased. The high amount
of casein in the deposit was presumably caused by the highly unstable casein
micelles; this may be deduced from the observation that the casein in the deposit had about the same composition as in the original casein micelles; also the
increase in the absolute amount of deposited citrate is an indication of the presence of micellar calcium phosphate. Visser [28] showed that when the calcium
concentration in milk is increased, more serum proteins become associated with
the casein micelles on heating. The increased contribution of ß-lg tothe deposit
Netherlands Milk & Dairy Journal 49 (1995)
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may have been the result of this association with the depositing casein micelles
(reaction II).
5 Conclusions
Calcium ions changed the structure of the casein micelles in milk in such a way
(albeit for low- and high-calcium milk in a different way) that their mutual interaction increased, thereby making them less stable towards heating. The results in this study suggest that if ß-lg forms a complex with the K-casein, either
at the surface of (stable) casein micelles or in the serum, it is no longer (or less)
available for the fouling reaction.
Since there is a natural variation in the calcium content of milk, the effect of
calcium on heat stability and fouling described here may be an explanation for
the seasonal variations found in these properties of milk, although we realize
that the natural variation in calcium is not achieved by the use of a cation-exchanger or addition of CaCl 2 .2H 2 0.
In former work [15] proteolysis was found to decrease the heat stability ofcasein micelles and also resulted in more fouling. The results presented here support the view that the degree ofprotein fouling is correlated with the heat stability of the casein micelles. This result may open the opportunity to predict the
fouling behaviour of agiven batch of milk by determining its HCT.
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Foulingofheatexchangersbyfreshandreconstitutedmilkand
theinfluenceofairbubbles
ByT.J.M. JEURNINK
NetherlandsInstituteforDairyResearch(NIZO),P.O.Box20,6710BAEde,TheNetherlands
1. Introduction
Toexcludeseasonalvariations(1)asaparameter in fouling, reconstituted milk from the same
batchof milk powder ispreferably used.However,
reconstituted milk differs in properties from fresh
milk (e.g.inheatstability (2),viscosityandclotting
time). Inthisstudy itwastestedwhether evaporation and drying of milk had an effect on its fouling
behaviour.
Thesolubilityofairinmilkdecreasesonheating,
which may result in the formation of air bubbles.
BURTON(3)suggestedthatairinmilkonlyencouragesdepositformation,ifitwasseparatedasbubbles on the heating surface. THOM (4) reported
thatairbubbleswerenucleifortheformationofdeposit.Heretheinfluenceoftheseairbubblesonthe
amount of deposit was studied, in both a laboratory-scaleandapilot-plant-scale heatexchanger.
2. Material and methods
2.1 Milk samples
The skim milk used in this study was obtained
from the institute's experimental dairy. Reconstituted milk was prepared by dissolving skim milk
powder indistilled water at 40°C followed by stirringfor1 h.Themilkobtainedwasstoredovernight
at 4°C; the pH was adjusted to 6.7 if necessary.
The milkwasbroughtto roomtemperature 1hbeforeuse.
2.2 Heat treatment
To determine the amount of deposit, usually a
batchof 6.41milk was heatedto85°Cinalaboratory-scale tubular heat exchanger (THE) which
consistedof2concentric tubes(5).Theinnertube
wasof stainless steel,theoutertubeofglass.The
stainless steeltubewas heatedfrom theinside by
hot water (inlet temperature 93°C, flow 180 l/h).
Themilkwaspumped (flow5.5 l/h, Re=26)counter-current to the hotwater between the stainless
steel tube and the glass tube.The inlet temperature of the milk was 20°C andthe outlet temperature 85°C. This high AT was applied in order to
obtain a reasonable amount of deposit in a relatively short time (70 min). The fouling area was
0.028m 2 .In-andoutlettemperatureswererecordedusingcopper/constantan thermocouples.
Inone experiment a pilot-plant-scale plate heat
exchanger (PHE) (Alfa-Laval, type A3-HRB) was
used.Theproductflowwas100l/hforaperiodof8
h.The heatingtemperature was 85°Cwith a holding time of 15 s. The heating section was composed of 2 plates with afouling area of 0.095m2.
Thewaterwas counter-current tothemilkataflow
Milchwissenschaft 50(4)1995

rate of 100 l/h and with an inlet temperature of
92°C. The milk inlet temperature in the heating
sectionwas69°C.
After heat treatment of the milk the stainless
steeltubeoftheTHEor 1plateofthe heatingsectionofthe PHEwere cleanedin2steps using 1%
NaOHand0.5% HN0 3 ,respectively.Thecleaning
solutionswerecollectedandanalysedfor nitrogen
andcalciumcontentasameasureoftheamountof
protein and mineral deposit, respectively. Inorder
to analyse the composition of the deposit, it was
scrapedoffthesurface.
2.3 Analysis
NitrogenwasdeterminedbytheKjeldahlmethod
accordingtoNEN3198(6);proteinwas calculated
via 6.38*N. Calcium was determined after digestionaccordingto NEN6465 (7) by atomic absorptionspectroscopy(NEN6446,(8)).Totalphosphorus was determined by photospectroscopy (NEN
6479, (9)). Lactose was determined by highperformance liquid chromatography (HPLC); a
Polyspher CHPb 18 (90°C) column (E. Merck,
Darmstadt, Germany) was used at a flow rate of
0.4 ml/min (eluent H 2 0). Refractive index was
usedfor detection. Protein composition inthe deposit was determined by SDS-polyacrylamide gel
electrophoresis and reversed-phase HPLC (RPHPLC) as described in (5). For determining the
ratio of casein to serum protein, derivative spectroscopy was applied using a modification of the
method described by LUF and BRANDL (10); the
amount of serum proteins was calculated using
Bipro (acommercial serum protein isolate, MitchelstownIsolatesLtd.,Ireland)asastandard.
For scanning electron microscopy (SEM) the
depositwascoatedwithsilver andgold (20nm) in
a Baltzer sputter coater. Micrographs were made
with a JEOL 1200 scanning electron microscope
operatingat60kV.
3. Results and discussion
3.1 Effect of reconstitution on fouling
Afterheating(85°C)inthelaboratory-scale THE
of fresh and reconstituted skim milk, which came
fromthesamebatchofmilk,theamountofdeposit
wasdetermined.Table 1showsthat reconstituted
milkgavemuchlessfoulingthanfreshmilk.Partof
the explanation isfound indenaturation of serum
proteins during evaporation and drying, since already denatured serum proteins are less active in
thefouling reaction.However,since conditions for
low-heat milk powderwere used,the denaturation
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milk from both types of heat exchangers was determined. Figs. 1and 2 show the RP-HPLC chromatogramsfor the2deposits.The chromatogram
of the deposit from the laboratory-scale THE is
almost identicalto that of heated milk, except that
the peaks in the chromatogram of the deposit are
slightlymovedtotheleft.Thisispresumablydueto
the extensive heat treatment that the proteins,
especially the serum proteins, have undergone in
theprocessoffouling.Thisresultsuggeststhatthe

Table 1: Amount of protein and calcium deposition
after heatingoffreshand reconstituted skim
milk(madefromthesame batchof milk)and
of de-aerated fresh skim milk in a laboratory-scaletubular heatexchanger
Fresh
Proteinindeposit (mg)
Calcium indeposit (mg)

3480
121

Skimmilk
Reco De-aerated
901
34

159
20

for ß-Igwasonly 25%; inother words 75%of the
serum protein in the reconstituted milk was still in
itsnativeform.Theprocessofpowdermakingand
reconstitution presumably caused other changes
affecting the fouling behaviour. For example, the
calcium concentration andthe calcium ion activity
inreconstitutedmilkhaddecreasedby9and11 %,
respectively. There is as yet no clear explanation
for the decrease in fouling for reconstituted milk
comparedtofresh milk. Ithasto be realizedthatif
reconstituted milk is usedthe absolute figures for
theamountofdepositwouldnotapplytosituations
inwhichfreshmilkisused.

f

^220

5

Table2: Composition (% of dry matter) of deposit
after heating of (de-aerated)fresh skim milk
ina laboratory-scaletubularheatexchanger
Compositionof
deposit

Normal

Protein(%)
Lactose (%)
Ash (%)
Phosphorus (%)
Calcium (%)

72.8
1.5
10.9
1.7
3.4

Skimmilk
De-aerated
80.4
0.8
17.3
2.7
5.5

Since the hydrodynamic conditions in the two
heat exchangers are different, air bubbles would
behave differently at the surface. Therefore, later
on, the protein composition of the deposit of fresh

J

J Ik.Àl/

r-K.
20

3.2 Effect of air bubbles in milk on fouling
Inordertodeterminetheinfluenceofairbubbles
ontheamountofdeposit 1 batchoffreshskimmilk
was divided into 2 parts, one of which was deaerated before heating in the laboratory-scale
THE.Theamount andcompositionofdepositafter
heatingaregiveninTables 1 and2,respectively.If
milk is de-aerated the amount of deposit is far
smaller. Visual observations showed that air bubbles were nuclei for the formation of deposit, as
wasdescribedearlierbyTHOM(4).Fromthecompositionofthedeposits (Table2) there seemedto
belittledifference betweenthedeposits of normal
and de-aerated milk. To obtain a reasonable
amount of deposit it was therefore decided not to
de-aerate the milk prior to heating.That thecalciumtoprotein ratio inTable2islowerthaninTable
1 is due to the fact that the former was obtained
from deposit that was scraped from the surface
and the latter from analysing the cleaning solutions: calcium deposit is more difficult to remove
completely by scraping than by the cleaning solutions.
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Fig. 1: RP-HPLCchromatogram o(heated(85°C)skimmilk
inalaboratory-scaletubular heat exchanger (a)and
of deposit of that milk (b). 1. glycosylated KA>Bcasein; 2. non-glycosylated KA-casein;3. non-glycosylated KB-casein;4.ou- casein;5. cts]-casein;6.ßcasein; 7.ß-lactoglobuNn.

Fig.2: RP-HPLC chromatogram of fresh skim milk (a) and
of deposit of that milk (b) after heating (85°C) in a
pilot-plant-scale plate heat exchanger. 1. glycosylatedKAtB -casein;2.non-glycosylated KA-casein;3.
non-glycosylated KA -casein; 4. ou-casein; 5. a s] casein; 6. ß-casein; 7. ß-lactoglobunn; 8. denatured
serumproteins.

caseins inthedeposit arethesame as inthe milk,
i.e.they are present in the deposit in the form of
caseinmicelles.Similar resultswereearlier reported by JEURNINK (5). The chromatogram of the
deposit scraped from the pilot-plant-scale PHE
differs from that of the milk (Fig. 2) by showing a
much higher contribution of serum proteins. Also
the ratios of the individual caseins present in the
depositwere notthesame asinmilk;possiblythecaseinswerenotpresentonlyintheformof casein
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micelles.InTable3theproteincompositionofthe
deposits isgiven.A remarkable difference inthe
ratioofcaseintoserumproteinwasfoundbetween
the2deposits,confirming the results of theRPHPLCchromatogram.Comparingtheratioofß-lg
toa-lainmilk(ratio3.3)andinadeposit(ratio4.4)
indicatesthatthere isapreferencefor ß-lgtodeposit.
Table3: Proteincompositionoffreshskimmilkandof
itsdeposit scrapedfrom the laboratory-scale
tubular heatexchanger (THE)and from the pi
lot-plant-scale plate heatexchanger(PHE)
Serum
protein/casein

ß-Lactoglobulin/
ct-Lactalbumin

0.2
0.2
3

3.3
4.4

Skimmilk
Deposit (THE)
Deposit (PHE)
- notdetermined

Apossibleexplanationforthehighcaseinlevel
inthedepositfromthelaboratory-scaleTHEsurface may befound inthe presence of air/vapour
bubbles.Airbubblescancontributetothedepositif
thesurfacetowhichtheymayattachbecomesdry
(Fig.3,Photo1).Asaconsequence,thereisanincreaseinthetemperaturedifferencebetweenthe
hotstainlesssteelsurfaceandthebulkoftheliquid

Photo1: Deposit of fresh skim milk with the remains of air
bubble membranes in a laboratory-scale tubular
heatexchanger. Bar= 100um.

WMMMzx^f^MzfZK
-—

_

CD

m%mmmmdmm>,
Fig.3: Schematic representation of the participation of an
air bubble in the fouling process of milk at a hot
stainless steel surface (see text). 1. adsorption/deposition at the vapour/liquid interface; 2. evaporation;3.condensation.-»=flowdirectionofthemilk.
Milchwissenschaft 50 (4) 1995

resulting in evaporation of water at the vapourliquid interface. Due to this evaporation milk is
transportedfromthebulktothesurfacewherethe
air/vapour bubble is attached. Here milk protein
accumulatesandbecauseofthelocalincreasein
concentrationandthehightemperaturetheprotein
maycoagulateanddepositonthesurface.Eventuallytheair/vapour bubbleburstsandpartofthe
membrane is carried away with the liquid. The
contributionofair/vapourbubblestothedepositis
determined by the amount of air present in the
milk,thetemperaturedifferencebetweenthesurfaceandthebulk,theoperational pressureinthe
heatexchangerandthewallshearstress.
Due to the low Re-number in the laboratoryscale THEtheair bubbles,which normally arise
upon heating milk, were not removed but stuck
ontothestainlesssteelwall.Inthepilot-plant-scale
PHE,ontheotherhand,theairbubbleswouldremainverysmallduetothehighoperationalpressure. Moreover they are entrained with the flow
fromthestainlesssteelsurfaceduetothemuch
higherRe-number.Sinceinfoamscaseinstendto
adsorb attheair-liquid interface in preference to
theserumproteins(11),thismayexplainthelarge
contributionofcaseinstothedepositofthelaboratory-scaleTHE.Thisview isfurther supportedby
scanningelectronmicrographsofthemilk-deposit
intheTHEandinthePHE,showninphotos2and
3, respectively. Photo 2 shows casein micelles
withthreads (of ß-casein?)whereastheglobules
in photo 3 are much smaller, presumably being
serumproteinaggregates.
Inadditiontodenaturedserumproteins,theproteins present at air/vapour bubble interfaces appeartocontributetothedepositinthelaboratory
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the surface accelerated the fouling process and
caused a shift in the protein composition from serum proteins towards caseins. At high shear rates,
as in a PHE, the flow conditions may prevent the
deposition of casein micelles.
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6. Summary
JEURNINK,T.J.M.:Foulingof heatexchangers by
freshandreconstituted milkandthe influence of air
bubbles.Milchwissenschaft 50(4) 189-193 (1995).
27 Heatexchanger (fouling)
The influence of reconstitution of milk and of air bubbles in milk on fouling was studied. Reconstituted milk
gave much lessfouling than fresh milk,for reasons that
arenotyetclear.Air bubbles,which arose inthe milk on
heating and stuck to the stainless steel wall, appear to
act as nuclei for the formation of deposit and influence
the composition of the deposit through drying of the
membraneofairbubblescontainingcaseins.High shear
rates may prevent air bubbles from sticking to the wall,
resultinginlessfouling.

Photo 3: Deposit of fresh skim milk in a pilot-plant-scale
plateheatexchanger. Bar= 100nm.
scale T H E , whereas in the pilot-plant-scale PHE
thiswould be far less so.
4. Conclusions
The process of drying and reconstituting milk
was observed to reduce fouling of the milk during
heating as c o m p a r e d to fresh milk. Air bubbles at

JEURNINK, T.J.M.: Ablagerungen bei Wärmeaustauschern durch frische und rekonstituierte Milch
undderEinflußvon Luftbläschen. Milchwissenschaft
50(4)189-193(1995).
27 Wärmeaustauscher (Ablagerungen)
Eswurde der Einfluß der Rekonstituierung von Milch
und von Luftbläschen in der Milch auf Ablagerungen
untersucht. Rekonstituierte Milch führte zu weniger
„Verschmutzung" als frische Milch aus Gründen, die
Milchwissenschaft 50 (4) 1995
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nochnichtklarsind.Es hat sich gezeigt, daß Luftbläs- mensetzungderAblagerungendurchTrocknendercachen,dieinder Milchbeim Erhitzenaufstiegenundan seinhaltigen Luftbläschenmembranen. Hohe ScherraderEdelstahlwandhafteten,als„Kerne"fürdieBildung tenkönnenverhindern,daßLuftbläschenanderWand
der Ablagerungen sorgen. Sie beeinflussen die Zusam- haftenunddamitzuwenigerBelagbildungbeitragen.
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Fouling of heatexchangers inrelationtotheserum protein
concentration inmilk
By T.J.M. JEURNINK
Netherlands InstituteforDairyResearch(NIZO),P.O.Box20,6710BAEde,The Netherlands

1. Introduction

Table 1: Amount of protein and calcium deposition
after heating of fresh skim milk (SM) and
serum-protein-poor milk (SPPM,made from
thesamebatchof milk)ina pilot-plant-scale
plate heat exchanger (PHE)and in a laboratory-scaletubular heatexchanger (THE)

Ifthe temperature of the milk in a heat exchanger
reaches 70°C and higher a strong increase in the
amount of deposit onto the stainless steel wall is
found (1). This effect is mainly attributed to the denaturation of the serum proteins inthe milk. Several
researchers (2, 3, 4, 5, 6) have tried to correlate the
fouling ratewiththe rateof denaturation ofthe serum
proteins. Inthe work described here, fouling of milk,
inthe presence and absence of serum proteins, was
studied in a laboratory-scale and a pilot-plant-scale
heat exchanger to further quantify the role of the
serum proteins inthefouling reaction.

Proteinin
deposit (mg)
Calciumin
deposit (mg)

2.1 Milk samples
Skim milk was obtained from the Institute's experimental dairy. Serum-protein-poor milk (SPPM;
90 mg serum protein/kg milk left) was prepared by
microfiltration of skim milk (S.C.T., Bazet, France,
Membralox 7P19-40, 1.4 m 2 , pore size 0.5 u,m) followed by diafiltration with UF-permeate. Freezedried powder of ß-lactoglobulin (ß-lg) and a-lactalbumin (a-la) was prepared bythe method of MAUBOIS (7). Bovine serum albumin (BSA) was purchased from Sigma (St. Louis, MO 63178 USA, No
A-2153).
Reconstituted milk was prepared by dissolving
skim milk powder in distilled water at 40°C followed
bystirringfor 1h.The milkobtainedwas stored overnightat4°C;the pHwas adjustedto6.7 if necessary.
The milk was brought to room temperature 1 h before use.

3. Results a n d discussion
3.1 Comparison
poor milk

of skim milk and

serum-protein-

Fresh skim milk was divided into 2 batches, from
one of which most of the serum protein had been
removed (SPPM). Both batches were heated in the
pilot-plant-scale PHE or inthe laboratory-scale THE,
and the amounts of removed deposit were determined (Table 1). It is seen that if serum proteins are
almost absent inmilkasubstantial decrease infoul-

THE
SPPM

22880

6020

3480

1103

1380

400

121

45

Table2: Protein composition of fresh skim milk and
of its deposit scraped from the laboratoryscale tubular heat exchanger (THE) and from
the pilot-plant-scale plate heat exchanger
(PHE).(Jeurnink (8))

Skimmilk
Deposit(THE)
Deposit(PHE)

treatment

Fouling was studied in a laboratory-scale tubular
heat exchanger (THE) and in a pilot-plant-scale
plate heat exchanger (PHE). Details of the heat
treatment (85°C) and of the determination of the
amount and composition of the deposit are described in (8). Experiments were repeated at least
twice, except fortheonewiththe PHE.

SM

ing results. Apparently, the presence of serum proteins plays an important role in the fouling reaction.
In former work (8) the protein composition of the
deposit of fresh skim milk was determined (Table 2);
unfortunately it was not possible for the deposit of
SPPM to collect enough material for analysis. Since
inthe PHEthedeposit offresh milk mainly consisted
of serum proteins, a result of the denaturation of
serum proteins, it is to be expected that if serum
proteinsarealmost absent theamount ofdeposit will
besubstantially reduced.

2. Material and methods

2.2 Heat

PHE
SPPM

SM

Serumprotein/
casein

ß-lactoglobulin/
ct-lactalbumin

0.2
0.2
3

3.3
4.4

-=notdetermined
In the experiment with the laboratory-scale T H E
another effect also plays a role. The SPPM contained 90 mg serum proteins/kg milk; in total approximately 600 mg serum protein (6.4 Iof SPPM)
passed the heat exchanger while about 1100 mg of
protein deposit was found. This showed that even
when all serum proteins are deposited, other proteins than serum protein, i.e. caseins, were also involved inthe fouling reaction, which is confirmed by
the resultsfortheTHE inTable 2.This probably took
place via drying of the membrane of air/vapour bubblescontainingcaseins,aswas described by JEURNINK (8). That skim milk gave more fouling on the
surface oftheTHE compared to SPPM may possibly
be explained by the serum proteins acting as a
"sticking agent" between casein micelles, resulting
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inalargeramountofcaseinmicellesattheair-liquid
interface.Anothereffectthatmayhaveplayedarole
isthat the ultrafiltration treatment of the SPPM had
reducedtheamount ofdissolvedairbeforeheating,
resultinginlessfouling(8).
Although the calcium content had not been altered in the milk the parallel decrease in calcium
deposition indicatesthatthedepositionof protein is
coupledwiththatofcalcium(Table 1).PAPPASand
ROTHWELL (9) showed that serum proteins upon
heating bindcalcium.Furthermore,casein micelles
contain a considerable amount of colloidal calcium
phosphate,andheatingcausesmorecalciumphosphate to associate with the micelles. In unheated
milkthereisabout 32mgmicellarcalcium pergcasein.BaseduponresultsofPOULIOTetal. (10)this
value is upon heating increased to 40 mg calcium
pergcasein.AssumingthatthedepositoftheSPPM
only consisted of casein micelles, it can be calculatedthat 44 mg of calcium is boundto the casein
deposit inthe laboratory-scale THE,while45mgof
calcium deposit was found experimentally. Apparently the direct precipitation of calcium phosphate
ontothestainlesssteelsurface hardlycontributesto
the calcium deposition. Since it was observed that
the caseins in the deposit of the pilot-plant-scale
PHEwerenotpresent intheformofcaseinmicelles
(8) it was not possible to do such a calculation.
Moreover the volume/surface ratio inthe PHE was
smallerthanintheTHEandthereforemorecalcium
phosphate may have precipitated directly at the
surface.
3.2 Fouling as a function of theserum protein
concentration in milk
Serumproteinconcentration inmilkwasvariedby
addingBipro(acommercialserumproteinisolate)to
reconstituted SPPM and to reconstituted skim milk
madefromthesamebatch.Reconstitutedmilkgives
lessfoulingthan fresh milk (8);it hastobe realized
thereforethattheabsolutefiguresfortheamountof
depositwould notapplyto situations inwhichfresh
milkisused.Afterheatingofthesamplesinthelaboratory-scale THE the amount of deposit was determined. Fig.1shows the amount of protein andcalciuminthedepositasafunctionoftheserumprotein
concentration in the milk.The amount of protein in
thedepositincreasedwithincreasingserum protein
concentration,butwasnotdirectly proportionaltoit.
Atconcentrationsofserumproteinsabove20g/lthe
coagulation of serum proteins was so strong that
within afew minutesthechannels oftheTHE were
blocked.Thecurvesforproteinandcalciumdeposition are quite similar, implying that the protein/calcium ratio in the deposit is about constant. This,
again,isanindicationthatthedepositionsofcalcium
andproteinarecoupled.
Itwasnotpossibletocontroltheproducttemperatureattheoutletofthelaboratory-scaleTHEandthis
temperaturewasobservedtodecreasewithfouling.
Consequently the heat flux would diminish and so
may the amount of deposit. Therefore, the fouling
rateaccordingtothemethodofLINGandLUND(11)
was also determined. These authors defined the
slope of the function of the reciprocal of the heat
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Fig. 1: Protein and calcium deposition after heating in a
laboratory-scale tubular heat exchanger of reconstituted skim milkwith varying serum proteinconcentration.

transfer coefficient (K) against the running time of
the pasteurization asthe fouling rate. Fig.2 shows
theinitialfoulingrateasfunctionoftheserumprotein
concentration inthemilk.Thecurveisinagreement
withtheresultsshowninFig. 1.
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Fig.2: Initial fouling rate during heating of reconstituted
skimmilkwithvaryingserumproteinconcentration.

In other work (8) itwas shown that thecompositionofthedeposit intheTHEwas influenced bythe
presence of air bubbles; therefore the results obMilchwissenschaft50(5)1995
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tained in this study can only show a trend of the influence of the serum protein concentration on fouling: fouling increased with serum protein concentration in milk, but the data could not be fitted to a
straightforward model since various reactions are
involved. First, there is the drying of the membrane
of air bubbles onto the surface, which would primarily cause casein deposition (8). Second, serum proteins interact with casein micelles. At a serum protein concentration of about 2.6 g/l there is enough
serum protein to cover the surface of the micelles
and at higher concentrations, the number of casein
micelles may become a limiting factor in the fouling
reaction. Third, there is precipitation of aggregated
serum proteins directly onto the surface, which becomes more important with increasing serum protein
concentration. It seems that at concentrations of
serum proteins of 10 g/l or more, the process of coagulation or gelation of the serum proteins is the
rate-determining step.

The protein/calcium ratio was about constant.
This showed, again, that the calcium deposition is
coupled to that of protein. PAPPAS and ROTHWELL (9) showed that about 3.6 mmol calcium per
mmol ß-lg was bound. If all the deposited protein of
the sample of SPPM + 0.318 % ß-lg were ß-lg, this
would correspond to 6.9 mg calcium. Since 50 mg
calcium deposit was found,caseins seem to play an
important roleinfouling.
4. Conclusions
If serum proteins were almost totally absent in
milk,therewasa largedecrease infouling compared
to normal milk. On the basis of this result it is concludedthat the denaturation of serum proteins plays
an important role in the fouling reaction. In their denatured state serum proteins can interact with each
other, with casein micelles and with the stainless
steel surface, resulting in the formation of a deposit
layer.
The results further showed that the deposition of
calcium was linked with the deposition of proteins.
This may be explained by the casein being deposited in the form of micelles, including their colloidal
calcium phosphate, and by serum proteins binding
calcium on aggregation.The direct deposition of calcium phosphate by precipitation from the bulk onto
thesurfacewas relatively small.

3.3 Influence of the various serum proteins in
milk on fouling
Inorder to study the influence of individual serum
proteins in milk on fouling, they were added to reconstituted SPPM separately, in such an amount
that the same concentration was reached as in normal milk. After heating in the laboratory-scale THE
the amount of deposit was determined. Table 3
shows that all the tested serum proteins, BSA, a-la
and ß-lg, contributed to the deposit. A concentration
of 0.115 % a-la gave more fouling than ß-lg at a concentration of 0.318 %. This can probably be explained by a-la denaturing faster than ß-lg. If a-la
and ß-lg were both added, the amount of deposit
was less than the sum of their separate contributions. The fact that a-la and ß-lg aggregate together
may affect the fouling behaviour. Reconstituted
SPPM to which a-la, ß-lg and BSA had been added
gave more fouling than reconstituted skim milk, this
may be due to additionof some salts withthe serum
proteins.
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Table3: Amount of protein and calcium deposition
and their ratio after heating in a laboratoryscale tubular heat exchanger of reconstituted skim milk and of reconstituted serumprotein-poor milk (SPPM) to which bovine
serum albumin (BSA), ot-lactalbumin (a-la)
and/or ß-lactoglobulin(ß-lg)hadbeenadded
Serumprotein
addedtoSPPM
None
BSA 0.023 %
a-la 0.115%
ß-ig 0.318%
a-la 0.115% H
ß-ig 0.318%
BSA 0.023 % H
a-la 0.115% H
ß-ig 0.318%
Skim milk

Protein
deposit
(mg)

Calcium
deposit
(mg)

Protein/
calcium

536
644
893
860

30
29
55
50

17.9
22.2
16.2
17.2

34

26.5

1147
1371
901

: notdetermined
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JEURNINK, T.J.M.: Ablagerungen bei Wärmeaustauschern unter Berücksichtigung der Serumproteinkonzentration in Milch. Milchwissenschaft 50 (5)
257-260(1995).
27 Wärmeaustauscher (Ablagerungen)

6. Summary
JEURNINK, U . M . : Fouling of heat exchangers in
relationto theserum protein concentration in milk.
Milchwissenschaft 50(5) 257-260 (1995).
27 Heatexchangers (fouling)
The influence of the serum proteins in milk on fouling was studied. If serum proteins were (nearly) absent in the milk, fouling was reduced by two-thirds.
Foulingincreased with increasing serum protein concentration. Not only ß-lactoglobulin but also a-lactalbumin, bovine serum albumine and caseins contributed to the deposit. Calcium would deposit jointly with
the proteins. The fouling reaction would thus involve
denatured serum proteins and calcium through interactions with serum protein aggregates,casein micelles
andthestainless steelwall,resulting inadeposit layer.

Es wurde der Einfluß von Serumproteinen in Milch
auf die Bildung von Ablagerungen untersucht. Waren
Serumproteine in Milch nahezu nicht vorhanden, sankendieAblagerungen um2/3. DieAblagerungen nahmen mit steigender Serumproteinkonzentration zu.
Nicht nur ß-Laktoglobulin, sondern auch cc-Laktalbumin, bovines Serumalbumin und Caséine trugen zu
den Ablagerungen bei. Calcium lagerte sich zusammenmitdenProteinenab.
DieBelagsbildungsreaktion umfaßtdemnach denaturierte Serumproteine und Calcium durch InteraktionenmitSerumproteinaggregaten, Caseinmicellen und
der Wand aus rostfreiem Stahl, so daß es zu Depositionen kommt.
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Abstract
Whey protein solutions were given different heat treatments after which their deposition on a chromium oxide
surface (the outer layer of stainlesssteel)wasmeasured byreflectometry.Thedeposition wasstudied under controlled
flow conditions by using a stagnation pointflowconfiguration. Thérate ofdeposition is related to a model for heatinduced denaturation. It predicts an activation of /Mactoglobulin (0-lg) and subsequent aggregation. Deposition of
more than a monolayer requires thepresenceof activated /J-lgmolecules near the surface. It waspossible to quantify
the rate of deposition by relating it to theconcentration of activated molecules.The deposition processis determined
by a combination of factors: the reaction bywhich the activated molecules are formed; their transport to the surface;
and the subsequent sticking probability.
Keywords:Adsorption; Deposition;Fouling;Heat; Wheyprotein

We investigated this deposition process on top of
that first protein layer with the aim to find ways
to prevent or diminish fouling of heat exchangers.
Several researchers have reported a relationship
between the denaturation of whey proteins and
fouling [ 2 - 7 ] . Lalande et al. [ 3 ] predicted the
distribution of deposit along the heat transfer
surface using the kinetic data for pMg denaturation
given by Lyster [ 8 ] . De Jong et al. [7] presented
a fouling model based on thedenaturation kinetics
of pMg as published by de Wit and Klarenbeek
[ 9 ] and Dannenberg [ 5 ] . In the present study we
relate fouling to a model for the denaturation and
aggregation of pMg recently developed by Roefs
and de Kruif [10]. This model describes the aggregation of /J-lg by analogy with a radical chain
reaction. The /Mg contains two disulfide bridges
and one free thiol group which is "buried" in the

1. Introduction
During heating of milk in a heat exchanger an
unwanted deposit is formed on the surface of the
stainless steel wall; this is called fouling. This
deposit is proteinaceous in character and contains
relatively large quantities of pMactoglobulin (jS-lg).
Fouling starts by the adsorption of proteins on a
hot stainless steel surface, after which deposition
of protein (and other substances) on top of the
initially adsorbed layer occurs. Wemake a distinction between adsorption and deposition;the former
refers to the process of adhering of proteins to the
bare surface with the protein unfolded and attached
by strong polar bonds [ 1 ] .The latter refers to the
adherence ofproteins on already attached proteins.
* Correspondingauthor.
0927-7765/96/$15.00 © 1996 ElsevierScience B.V. All rightsreserved
SSD1 0927-7765(95)00000-0
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interior ofthe molecule.Upon raisingthe temperature a conformation changemakes thisfree thiol
group accessible for disulfide-thiol exchangereactions, i.e. the free thiol group that is exposed on
heatingactsasthe"radical".Thisleadstointermolecular bonds between /Mg molecules which thus
form aggregates.
We assume that the rate of deposition of the
whey proteins (dr/dt) is related to the concentrationof"radicals",i.e.activatedmolecules([B*]):

steady stateisreached,thismodel predicts areaction order of§for the decrease of native /Mgand
for the overallreaction rateconstant (k"):

-(£)"
2.2. Computercalculations

A computer program was used that calculates
numericallytheconcentrationofintermediatesand
reaction productsastheaggregation reaction proceeds,insmalltimesteps.At65°Ctheexperimental
overall reaction rate constant k had a value of
é ^ x l O - M ^ m o r 0 - 5 * - 1 [10]. The individual
reaction rate constants at 65°C were chosen £, l x l O - 6 * - 1 , k2=975.81mol - 1s - 1 and fca =
1 x 10*1mol - 1s"1. Thesevaluesfor ku k^ and k^
are consistent with the theoretical/experimental
relation given in Eq.(1)and correspond to values
that are given in the literature [11] for normal
radical addition polymerization reactions. Moreover, the calculated decrease of native /î-lg as a
function ofheatingtimeat65°Cmatchestheexperimental results, obtained from Ref.[10],quitewell
(Fig.1).Thetemperaturedependenceofthereaction
rate constants is supposed to follow an Arrhenius
equation:

dr/dfoc[B*]
2. Theory
2.1. Denaturationandaggregationmodel
The denaturation and aggregation of /Mg is
considered by Roefs and de Kruif [10] as an
ordinary radical addition polymerization reaction,
inwhichthethiolgroupsplaytheroleof"radical".
Thereactionschemecontainsaninitiation,apropagation and a termination step:
initiation: B-

(i)

•B*

propagation: B+Bf—*-*Bf+1

kl=ko^"/RT
termination: Bf + Bj*-^->Bf+s

(2)

where &<,_, is the pre-exponential factor, E^ is the
activation energy (Jmol"1), R is the universal gas
constant(8.314Jmol"1K" 1 ),and Tistheabsolute
temperature(K).
Hoffmann et al. [12] derived from experimental results that Etl =394kJmol -1 and
In our model calcula2 £ , 2 - £ a j =386kJmol
?., =193
tions we used E. =3941kJmol"
kJmol and £„3=0kJmol .It is reasonable to
assume that the termination step has a verysmall
temperaturedependencesinceitrefers toa reaction
between two "radicals". The calculated concentrations of native /Mg(B) and of B,*as a function
of the holding time at various temperatures are
shown in Figs.2and 3,respectively.
Somemodelcalculations weremadetoseewhat
theinfluenceofachangeininitial/Mgconcentration
is on the concentration of Bf at a heating temper-

where B are the native whey protein molecules,
Bf aretheactivated proteinmoleculesorpolymers,
B, are the aggregated polymers, and klt k2and fc3
are the reaction rate constants of the initiation,
propagation and termination, respectively.
In the first step, native whey protein molecules
are partially unfolded, whereby the thiol group
becomes activated. In the second step these activated moleculescanreactwithnativeonesto form
activated dimerswhichcanreactintheirturn with
other nativeprotein molecules toform larger activated polymers etc. The polymerization process
stops when two activated molecules react with
each other to form a non-activated polymer.
With the assumptions that the initiation rate is
much slower than thepropagation rate and that a

76

T. Jeuminketal.IColloidsSurfacesB:Bwinterfaces00(1996)000-000
1ZU

_
100

\ ^ A

80

.

Oi
es

0

60

>
ffl
C

40

-

if—

^~î—'——__

20

i

1

i

f

i

i

i

15

10

20

holding time (h)

Fig. 1. Calculated and experimentally found (A) decrease of native /1-lg(c0= 16.2gl ') as a function of the holding time at 65°C
[10].
75-C

flO'C

B5'C

M*C

100

1

^
O)
CD

ffl

60

40

20

r\
r\

;\
! \

T\
"1
—\

\

\

\
30

60

90

120

150

holding time (s)
Fig.2. Calculated concentration ofnative /7-lgas a function of the holding time at varioustemperatures.

calculations(Fig.4)indicatethat the concentration
ofBf isproportionaltotheinitialjS-lgconcentration
to the power 0.88 (except for the lower
concentrations).

ature of 85°C. These calculations were performed
using the same kt and £.( values as given before.
The initial /J-lg concentration was varied from
0.002% to 3%. After 6s holding at 85°C, model
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2.3. Rateofdeposition
The rate of deposition of a component is generally determined by three processes [13,14]:

(i) transport by diffusion or convection towards
the surface; (ii) attachment to that surface;
(in)changingitsconformation tofindthecondition
that minimizes thefreeenergyofbinding.The first
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protein solutions were, if necessary, adjusted to
pH7.1by the addition of 0.5M NaOH or 0.5M
HCl.

process canbecontrolled bychoosingproper flow
conditions.The reflectometer cellused tomeasure
protein deposition has a stagnation point flow
configuration. In this configuration, the flux of
particles towards thesurface perunit area isgiven
by [14]
J=0.776V1'3i r 1 / ) 2 ' 3 ^ Re)1/3c

32. Experimentalset-up
Whey protein solutions were given heat treatmentsin therangeasapplied for pasteurization in
thedairyindustry.Theywereheatedtothedesired
temperaturewhiletheholdingtimecouldbevaried.
This was achieved by pumping the solution
through stainless steel spirals of variable length
immersedinawaterbathsetatthedesired temperature. An overview of the experimental set-up is
given in Fig.5. During the experiments theflow
rate of the solution through the spiral was measured several times. The results showed that the
residencetimewasnot influenced bypossiblefouling of the spirals. Immediately after leaving the
spiral thesolution waspumped to the thermostattedreflectometer cellkeptatthesametemperature
asthewaterbath.Solutionswere,unlessotherwise
stated,notcirculatedbutpassed thecellonlyonce.
Thereflectometer cellisconstructed insuchaway
that a stagnation point flow is obtained. The
solutionispumpedintothecellthroughacylindrical channel of radius R (= 1.1mm).The distance
between theend of the channel and the adsorbing
surface is 3.0mm.Thechannel isperpendicular to
the surface and the intersection of its symmetry
axiswiththesurface iscalled thestagnation point
Thispointispositioned suchthat itcoincideswith
thereflection point ofthelaser beam [14].Atthis
pointthedeposition ratewasdetermined byreflectometry. Due to the finite thickness of the laser
beamthedeposition wasmeasured not onlyin the
stagnation point itself, but also in a (small) area
aroundit.Inthecalculation ofthefluxJ weshould
therefore correct for the radial dependence of a
and the intensity profile of the laser beam.Wedo
notcorrectfor thisthereby overestimatingJsomewhat. Also, when the actual alignment of the
reflection spot is (somewhat) off-centre J is again
overestimated [14].

(3)

where J is theflux(kgm _ 2 s - 1 ), vthe kinematic
viscosity (m 2 s _1 ), R the radius of the inlet tube
(m),Dthediffusion coefficient (m2s - 1 ),aaparameter reflecting the intensity of the flow near the
surface, which depends on Re,Reis the Reynolds
number, and cistheconcentration (kgm - 3 ).
The kinetics for attachment are largely
unknown;molecules that touch the surface havea
probability {co) to becomeattached whichdepends
on interactions between the molecule and the
surface, and on the shear rate. For uncharged
polymers and low shear rates, one would expect
co— 1,i.e. all particles arriving at the surface will
stick. For the adsorption of proteins on various
surfaces Weaver and Pitt [15] reported sticking
probabilities in the range of 10" 5 -10 -8 . For the
deposition ofproteinsonalreadyattached proteins
noexperimental resultsfor thestickingprobability
are available.
Conformational changes are of importance for
flexible polymers, but we do not expect these to
be ofmajor importance for the relatively compact
whey proteins.
3. Experimental
3.1. Wheyprotein
Whey protein solutions were prepared using
Bipro, a commercial whey protein isolate (Domo
Food Ingredients, Beilen, The Netherlands). A
0.25% Bipro solution in distilled water has a pH
of 7.1and an ionic strength of ƒ» 0.0013 moll - 1 .
A/?-lgpowder wasprepared following a modification of the method described by Maubois et al.
[16]. The ß-\gwasfurther purified in our laboratory by ultrafiltration and diafiltration and finally
freeze dried. Bovine serum albumin (BSA) was
obtained from Sigma (St Louis, USA). All whey

3.3. Reflectometry
Sincetheouterlayerofstainlesssteelconsistsof
chromium oxide [17], the deposition of whey
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Fig.S. Schematic diagram of theexperimental set-up,including adetailed scheme of the refiectometer cell:(1) vessel withsolution;
(2) pump;(3) water bath with spiral;(4) de-aeration;(5)inlet;(6) outlet;(7) samplingfor HPGPC;(8) thermostatted refiectometer
cell;(9) glass prism;(10)laser;(11)beamsplitter;(12)dataacquisition;T=thermometer.

proteinswasstudiedonachromiumoxide(Cr 2 0 3 )
layer sputtered onto a glass plate, which in turn
wasadhered to a glass prism usingimmersion oil.
The reflectivity of such a surface depends on the
detailed composition of that surface and on the
polarization direction of the incident light.In this
study,reflectometry isused tomeasure thedeposition as a function oftime.
Alinearlypolarized He/Nebeam(X=632.8nm)
enterstherefiectometer cellthroughaflatsemicylindrical glass prism (Fig.5). The laser beam is
reflected from the surface and is split into its
parallel and perpendicular components using a
polarizing beam splitter. Both components are
detected by photodiodes. The output signal, i.e.
theratio ofthereflected intensitiesforparalleland
perpendicularly polarized light, 1JI„ is continuouslymeasured.A computercalculatestherelative
increment in the signal S*dennedas

where the subscript r indicates the presence ofan
adsorbed layer and the subscript 0 indicates the
initial situation ofa bare surface.
Theory shows that Ip/I, is a function of the
following variables [18]:
(5)
(VA)=/(»g."ox."p."•>&>dv<d°*' $
where nt is the refractive index of glass, nox the
refractive index of the Cr 2 0 3 layer, ftp the refractive index of the protein layer, n, the refractive
index of the solution, ^ the angle of incidence
of the laser beam, dv the thickness of the protein layer (nm), dOT the thickness of the Cr 2 0 3
layer (nm), and X the wavelength of the laser
light(nm).
The variables n,, and d? are linked by the
following relation:
(dn/dc)

S* =

VJr U/o

(a

p

where T is the deposited amount (mass per unit
area) and dn/dc is the refractive index increment
(volume permass).
For the given valuesofng,nox, n„fa,dM, X and

(4)

80

(6)

T. JeuminketaljColloidsSurfacesB:Biointerfaces00(1996)000-000

to concentrations as high as 0.18gml - 1 implies
that the deposited amount as calculated from
reflectometry has a well-defined physical meaning
[21]. Using the values given above, the dependence of S* on r is calculated and is shown
in Fig.7.
Experiments always started by flushing with
distilled water; the signal S* was set to zero, i.e.
(VA)o= 1>by rotating the laser. When S* was
constant the inlet tube was shifted to the vessel
withthe protein solution.
At the end of an experiment while rinsing with
water, no desorption was observed. The surface
wascleaned with 0.5%NaOH at 70°C for 15min
followed byrinsingwith water again. If after this
procedure the signal of the bare surface was not
equaltothesignalbefore theexperiment,theplate
was dismantled and cleaned for 10min under a
UVlampwithastreamofoxygenoverthesurface.
Thecontactangleofwateronacleanedchromium
oxidesurface was62°.
Depositionexperimentsweredoneatleasttwice,
but in many cases more often. The uncertainty in
determining T in the case of a plateau value was
± 10%.The uncertainty in determiningthe rateof
deposition,dT/dt,was ±0.001 mgm" 2 s"'.

dn/dc a computer program, based on the exact
formalism of Abeles [19] and using Eqs. (4),(5)
and (6), calculates the relationship between S*
and r.
Computer calculations with the optical model
showed that at a thickness of 37nm of the oxide
layer (dOJ) and at an angle of incidence (^) of
51.5° the output signal 5* was most sensitive to
adsorption [19]; thus these conditions were
applied in our experiments. The sputtering of a
chromium oxide layer of 37±0.1nm on a glass
plate was done by Philips Research (Eindhoven,
The Netherlands).The values for n, and n „ were
1.515 and 2.35, respectively. It was assumed that
n, and nox did not change significantly in the
temperature range of the experiments. For n, the
refractive index of water was used at the temperature at which the experiment was made. The
refractive increment(dn/dc)wasdetermined experimentally for a Bipro solution in water at 30,50
and 80°C. The refractive index was determined
with an Abbe refractometer (X=589nm). For all
the temperatures studied, dn/dc had a value of
0.193mlg _ 1(Fig.6).ForjS-lgthe samedn/dcwas
used,in agreement with thevaluegiven byHuglin
[20]. The fact that dn/dc remained constant up
O

1.31
0.00

30-C

50"C

0.05

A

0.10

80°C

0.15
1

concentration bipro (g.ml' )
Fig.6. Refractive index vs.concentration of aBiprosolution inwaterat varioustemperatures.
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Because Fig.8 gives information on the minimum and maximum values of S* it was possible
to estimate the value for nv. It turned out that on
average the best fits of the simulations with the
experimentaldatawereobtained ifa valueof 1.39S
for ripwas assumed.
Since the theoretical and experimentally
obtained signal S* can be brought to a closefit
wefeelthat theresultsobtained arehighlyreliable.
The more so because the height and position of
the minima and maxima are very sensitive to the
values ofthe adjustable parameters.

3.4.Proteinanalysis
High performance gelpermeation chromatography (HPGPC) was used to determine the degree
of denaturation of whey proteins [22] in samples
taken after the solution had left the reflectometer
celL The samples were cooled immediately in ice
water.It wasnot possibletoobtain reliableresults
at lowconcentrations of native protein.
4. Resultsanddiscussion

4.2.AdsorptionofBiproandß-lgatroom
temperatureonacoldandhotsurface

4.1. Rateofdepositionmeasuredbyrefiectometry
When running an experiment,S*wasmeasured
asafunction oftime;atypicalexampleusingBipro
(0.25%) heated for 6s at 80°C, is given in Fig. 8.
Due to deposition the thickness of the protein
layerincreased and a sine-typegraph as predicted
by theory (Fig.7) was obtained. With the helpof
a computer program (see Section 3.3) S* was
converted into thecorresponding r (mgm~2)asa
function of time(Fig.9). It isseen that deposition
increased linearly with time; the slope of the line
gives the rate ofdeposition dT/dt (mgm - 2 s"1).

Fora Biprosolution(0.25%)and a /?-lgsolution
(0.15%)theadsorption wasmeasuredasa function
of time; the solution was kept at an ambient
temperature whereas the surface was either at 25
or 85°C(Fig.10).For both situations the adsorptionratebecamezeroafter approximately 1-2 min
and a plateau value was reached, probably corresponding toamonolayer. For/Mga plateau value
of approximately 0.6mgm" 2 was found. For the
situation in which /f-lgwas used on a hydrophilic
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Fig.8. Output signal of the reflectometer (S*) as a function of time for a Bipro solution in water (075%) heated for 6s at 80°C
Also thetemperature in the reflcctometer duringtheexperimentisgiven.
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Fig.9. Amount of deposition(ƒ") asafunction of timeforaBiprosolution inwater(0.25%)heated for6sat 80°C.Theslope ofthe
Unegives the rateofdeposition(dT/dt).

chromium surface, Arnebrant et al.[1] reported a
plateau value of 1.4mgm~2, which they interpreted as a bilayer. Wahlgren and Arnebrant [23]
calculated an adsorbed amount of2.7mgm" 2 for

either monomers or dimers of0-lg, adsorbed in a
close-packed side-on fashion. Random packing
would change this by a factor of 0.6. The experimentallyfound valueof0.6mgm - 2 isbelow what
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temperature whilethesurface is at 25or85°C.

would be expected for a randomly packed monolayer.Thismaybeexplainedbyelectrostaticrepulsion between the adsorbed molecules due to the
fact that the applied pH of 7.1 is far from their
isoelectric point [24,25].
Theplateau valuefor Bipro washigherthan for
/J-lg possibly a bilayer of different whey proteins
wasformed in thecaseofBipro.It isnotclearyet
whytheplateau valueforBiproincreasedand that
for/J-lgdecreasedsomewhatwhenthewalltemperature changed from 25to 85°C.
If the solutions wereat ambient temperature no
further deposition on top of the monolayer was
observed; this result was independent of the temperature of the surface. This indicates that the
deposition process,as observed when the solution
was heated (Fig.9),is controlled by a reaction in
the bulk.
In all our experiments it was found that the
chromiumoxidelayerisimmediately(within1 min)
covered withprotein, probably byamonolayer.In
the remaining part of this study we do not focus
on theveryinitial rateofadsorption,but on dr/dt
after a monolayer has been formed, as presented
for example in Fig.9.

4.3.Influenceofpreheatingontherateofdeposition
4.3.1. Bipro
ABipro solution (0.25%) was pumped through
a spiral (see Fig.5;holding time 6s at 85°C) and
after leavingthereflectometer cellthesolutionwas
fed again to the inlet ofthe spiral,i.e.the solution
wasrecirculated over the spiral and the reflectometer cell.Theeffect wasthat, after heating rapidly,
thesolution washeld at atemperature ofapproximately 85°C during the wholeexperiment. Fig. 11
shows the deposition versus time and some percentagesofnativewheyproteinsleftinthesolution.
Theresultsshowthatatthestart oftheexperiment
the deposition is very fast. However, after a few
minutestherateofdeposition slowstonearlyzero,
even though more than half of the native whey
protein, except for IgG, is still present. This indicates that the rate of deposition is not simply
correlated to the concentration of native whey
protein.
In a further experiment, Bipro solutions were
firstgiven a preheat treatment to cause the whey
proteins to be aggravated to a certain extent. A
Bipro solution (0.25%) was divided into three
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portions, two of which were heated batchwise at
90°C for 6s and at 85°C for 2h, respectively.
After cooling and taking a sample to determine
the degree of denaturation, the solutions were
passed through the spiral in the water bath only
once(seeFig.5;holding time6sat 85°C)and the
rate of deposition of the whey proteins was measured (Table 1).For the untreated solution it was
found that after the formation ofa monolayer the
deposition increased linearly withtimeat a rateof
0.043mgm" 2 s _ 1 .
Ifonlyamild preheat treatment hadbeengiven,
i.e. 6s at 90°C, the deposition rate was markedly
reduced. When the Bipro solution had been pre-

heated for 2h at 85°C, the deposition rate was
close to zero, confirming the results shown in
Fig.11 and suggesting that already aggregated
molecules are not involved in the process of
deposition.
It is noteworthy that the already aggregated
molecules behaved like native molecules, i.e. they
showed a fast initial adsorption until a "monolayer"was reached, after which the rate ofdeposition wascloseto zero(results not shown).
4.3.2. ß-lg
Asimilar experiment asdescribed in the second
part of Section 4.3.1was performed with a pure
ß-lg solution (0.15%), preheated for 3h at 95°C
(Table2).Without preheating the deposition continued after adsorption of a monolayer, showing
that denatured /?-lgmolecules are involved in the
deposition process.However,ifthemoleculeswere
aggregated byheatingfor 3 hat95°C,they hardly
contributedtothedepositionprocess,aswasfound
for Bipro in Section4.3.1.
Theresultsshowthattheprocessofdenaturation
of the whey proteins near the surface is a prerequisite to obtain more deposition than just a
monolayer.However,ifallwheyproteinsareaggre-

Table 1
The influence of preheating a 0.25%Bipro solution upon the
deposition rate (dI7dr, mg m - 2 s - 1 ) after 6 s holding at
85°C and the corresponding percentage of native individual
whey proteins before the 6 s holding at 85°C
Preheating

dr/dr

Degree of nativity(%)
a-la

None
6sat 90°C
2hat85°C

0.043
0.029
<0.001

100
100
<10

/Mg
100
98
<10

BSA

IgG

100
83
0

100
24
0

85
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Table2
The influence of preheating a 0.15% /Mg solution upon the
deposition rate (dX/dt, mgm~' s~ l ) after 6s holding at 85°C
and the corresponding percentage of native/Mgbefore the 6s
holding at 85°C
Preheating

dT/dt

None
3h at 95-C

0.015
<0.001

4.4.3. BSA
Fig.15 shows the rate of deposition and the
corresponding degree of denaturation for a0.15%
BSAsolution as a function ofthe holding time at
85°C. Again the maximum deposition rate was
found at veryshort holdingtimes.

Degreeof
nativity(%)

4.4.4. Discussion
At ambient temperature only a monolayer of
protein was found to adsorb at a solid/liquid
interface.Toobtain moredeposition,denaturation
of the whey proteins isa prerequisite. However,if
all whey proteins were aggregated, again adsorption to a plateau value, corresponding with'a
monolayer, wasfound. AlsoAmebrant et al. [26]
found that both native and preheated /Mggave a
plateauvaluefortheadsorption;heconcludedthat
the surface has to be present during denaturation
for deposition to occur.Theresultsfor Bipro, /Mg
andBSApresented aboveindicatethatsomeintermediatein thedenaturation reaction must bepresenttoletdepositionontopofamonolayeroccur.
As long as the solution had not been heated no
intermediateswouldhavebeenformed yet,whereas
ifthe heat treatment had been too long,the intermediates would havedisappeared through theformation of aggregates. The activated molecules
(Bf) postulated in the denaturation and aggregation model of /Mg can possibly act as such an
intermediate. Comparison of Fig.3 with Figs. 12
and 14shows that thecurvesofthecalculated Bf
concentration versus heating time more or less
resemble those of dT/dt versus heating time. So,
these results are consistent with the supposition
that the rate of deposition is dependent on the
concentration of Bf in themedium.
Ourcalculationsalsoprovideanexplanation for
the results shown in Fig. 11: in the beginning of
the heat treatment the deposition rate is high,
corresponding withahighconcentration ofBf but
soon the concentration of Bf becomes very low
(Fig.3)explaining whythedeposition rateisclose
tozero.
The idea that activated molecules, which originate from the denaturation reaction, are involved
in the deposition process may also be applicable
to whey proteins other than /Mg,sincethese proteins also contain thiol and/or cysteine groups.
There are several possible reasons for the differ-

100
<10

gatedthedepositionislimitedtoonly"monolayer"
adsorption. The fact that preheating the protein
solution has such a large effect on the rate and
extent of deposition indicates that the deposition
depends on a bulk rather than on a surface
reaction.
4.4.Rateofdepositionversusholdingtimeat
varioustemperatures
4.4.1. Bipro
In order to determine the deposition rate at
various degrees of denaturation, Bipro solutions
(0.25%)weregiven different heat treatments.This
was achieved by increasing the holding time at
various temperatures. The results are shown in
Fig.12. The corresponding degrees of denaturation of IgG, BSA, /Mg and a-la are given in
Fig.13(a)-(d). The concentration decrease predicted by the model calculations (Fig.2)does not
match theexperimental results(Fig.13(c))exactly,
but the trends are similar.
Itisseen that amaximum in thedeposition rate
is obtained ifthe holdingtimeis varied;themaximum appeared at very short holding times. At
90°C a similar maximum may have been present
at even shorter holding times.
4.4.2.ß-lg
Fig.14shows the rateofdeposition for a0.15%
/Mg solution as a function of the holding time at
varioustemperatures.Alsointhiscaseamaximum
deposition rate wasobtained at veryshort holding
times. Under these conditions hardly any /Mg is
aggregated: for example after 6s at 85°C it was
found that only0.5%ofthe /Mgwas aggregated.

86

T.Jeuminketal./ColloidsSurfacesB:Biointerfaces00(1996)000-000
—*— 75°C

—A— 80-C

••••••••• 85-C

—«— 90°C

0.05

0.04

0.03

0.02

0.01

0.00*
250
holding time (s)

Fig. 12. Rate ofdeposition (dT/dt) for a Bipro solution in water (0.25%)which had been heated at various temperaturesfor various
tunes.

ences in deposition rate of whey proteins among
Bipro, ß-\g and BSA solutions: (1) from Bipro,
wheyproteinsotherthan ß-\g mayalsobeinvolved
in the deposition process; (2) the kinetics of the
denaturation of /?-lg or BSA in Bipro may be
different from that in a pure solution due to
differences in,forexample,pH,calciumionactivity
and ionic strength, resulting in a different concentration of B,* for a given heat treatment; (3) in
Bipro mutual interactions between the whey proteins may influence the deposition.

respectively.Atverylowconcentrationsdeviations
from thesevalueswerefound forunknownreasons.
Ifdeposition isdiffusion controlled thentherate
of deposition (dr/dt) is related to theflux(J) by
dr/dt =o)J, where to is the sticking probability.
Provided a>isindependent ofc,thetheorypredicts
that dr/dt isproportional to c(Eq.(3)).Asstated
above,ourhypothesisisthat therate ofdeposition
is related to the concentration of activated molecules: dr/dtoc[Bf]. In Fig.16 the concentration
ofnativewheyprotein(B)isvaried.Modelcalculations showed that B,*ocB0M (Fig.4).Thisimplies
that one should find an order of n=0.88if dT/dt
is plotted against the concentration c, which is
indeed thecase.
Since both the transport of B*to the surface as
well as its formation in the bulk have a reaction
order (n) (close to) one, it was not possible to
conclude,based on nonly,whetherdeposition isa
diffusion or a bulk reaction controlled process.

4.5. Kineticsofthedepositionprocess
4.5.1.Orderofthedepositionreaction
To determine the order of the deposition "reaction" with respect to the bulk concentration, the
rate of protein deposition was measured for
different concentrations of Bipro and /?-lg solutions. This was done for the Bipro solutions after
10s holding at 90°C and for the 0-lg solutions
after 6sholding at 85°C.In Fig.16thedeposition
rate dr/dt is plotted against the concentration c
in a double logarithmic plot. From the slope of
the lines n, an order of the "reaction", can be
obtained: for Bipro and /?-lg, n is 0.9 and 0.8,

4.5.2. InfluenceofReynoldsnumber(Re) on the
rateofdeposition
In Table3 the deposition rates from a Bipro
solutionheatedfor90sat75°Canda/Mgsolution
heated for 143s at 85°C are given at different Re
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Fig. 13. Percentage of native (a) IgG, (b) BSA, (c) /J-lg, and (d) a-la left in solution after heating a Bipro solution in water (0.25%)
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experimentallyfound increaseintherateofadsorption (Table3) on increasing Re from 200 to 1700
or from 500to 1700was 3.0and 1.1,respectively.
In other words, there is a trend at higher Re
numbers, and thus at higher J values, that the
deposition rate increases. This implies that the
transport of particles from the bulk to the surface
playsa rolein the deposition process.

numbers. The experiments were done in such a
way that the holding time was the same at each
Re number in order to reach the same degree of
denaturation.
Attheendoftheexperimentsnodesorptionwas
observed during rinsing, which suggests that
increasing the Re number did not disturb the
measurement of deposition by shear-induced
detachment ofalready deposited molecules.
The flux equation for stagnation point flow
(Eq.(3); assuming aocRe1'2) predicts an increase
in flux J by a factor 2.9 when the Re number
increases from 200 to 1700 and by a factor 1.8if
the Re number increases from 500 to 1700. The

4.5.3. Stickingprobability
Thedepositionratewasestimated assumingthat
it is diffusion controlled (Eq.(3)) and that the
stickingprobability mequals 1,i.e.J =dr/dt.The
following values were taken for the variables in
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[14] and assuming that aocRe1'2 for Re>10),
Re= 1035, c=0.06kgm~3, i.e. the concentration
of active whey proteins (Bf), taken from Fig. 3.

Eq.(3): v=3.7 x 1(T7 (m2s"1), R=1.1 x HT 3m,
D= 2.6x 10"10m2s"1, a=142(estimated from a
plot of a versus Re number given by Dijt et al.
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Table3
Deposition rate(dT/dr,mgm"2s"1) of0.25%Bipro after 90s
holdingat 7S°Candof0.15%ß-l$ after 143sholding at 85°C
for different Re numbers. Also the percentage of still native
whey protein insolution aregiven
Re

200

Bipro
Bipro

1700

/»-I*
0-lg

1700

500

dT/dr

0.001
0.003
0.016
0.018

«-la (%)

97
97

/>-lg

BSA

IgG

(%)

(*)

(*)

94
92
54
57

82
82

35
22

molecules near the surface is a prerequisite for
continued deposition. It was possible to quantify
the rate of deposition by relating it to the concentration of activated molecules in solution, using
the model for the denaturation and aggregation of
/Mg as presented by Roefs and de Kruif [10].
The fact that preheating the bulk of the solution
and changing the flux strongly influenced the rate
of deposition led to the conclusion that the deposition process is controlled by reactions in the bulk
rather than by a reaction at the surface.
The deposition process on top of an adsorbed
monolayer is determined by three steps, (i) Formation of an activated molecule in the bulk of the
solution, (ii)Transport of that molecule to thesurface. During this transport an activated molecule
can be inactivated through a reaction with another
molecule in the bulk, (iii) The deposition of an
activated molecule by a reaction with an already
deposited molecule, most probably through the
formation of a disulfide bond. Not every collision
with thesurface would lead to deposition, resulting
in a sticking probability much smaller than one.

This would result in a deposition rate of
6 . 5 m g m ~ 2 s _ 1 , while experimentally values of
0 . 0 3 m g m _ 2 s - 1 were found, Le.by a factor of 200
smaller. The above-mentioned error in a and,
hence, in J is not sufficient to explain this large
difference. Therefore we conclude that apparently
the sticking probability is less than one.

5. Conclusions

The results show that upon heating whey proteinsthere isa critical period in the residence time,
determined bytheconcentration ofactivated mole-

The deposition rate of whey proteins onto a
chromiumoxidelayerisrelatedto thedenaturation
process;itwasshown thatthepresenceof activated
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cules,where fouling ismost severe.Thehigher the
heating temperature the more fouling takesplace,
albeit over a shorter time period.Fouling in heat
exchangers can be reduced byinstalling a holding
section with a high volume-to-surface ratio at the
position wherethemodelpredictsthelargestconcentration of Bf. This principle was already
applied, based on a semiempirical model, by de
Jong et al. [7].Fouling ofaheat exchangercould
be reduced bymore than50%.
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ABSTRACT
The composition of the deposit and the cleaning rate were studied in heat
exchangers and evaporators of a semi-industrial scale, after processing of
milk, whey or concentrated whey. Milk deposit is represented as a matrix
of protein to which minerals are associated and in which fat is embedded.
Under good cleaning conditions, milk deposit in a heat exchanger or
evaporator can be removed readily by an alkaline cleaning followed by an
acid cleaning. If during the cleaning of an evaporator, the flow rate is too
low or the alkali concentration too high, or both, then the cleaning will be
slow and incomplete. By optimizing the cleaning procedure, a reduction in
energy costs during cleaning of 50% can be achieved.
Whey deposit is represented as a complex of protein together with
calcium salts, containing mainly calcium phosphate, but in the case of
concentrated whey, calcium citrate is also found. Since whey deposit
contains considerably more mineral compounds than milk deposit, it is
recommended to start with an acid cleaning followed by an alkaline cleaning after processing (concentrated) whey. As with milk deposit, whey
deposit in a heat exchanger or evaporator is removed quickly.
Using a model heat exchanger and evaporator with outer walls of glass,
it was possible to follow the cleaning process visually. Based on these
observations, together with the analysis of the cleaning solutions, a schematic view of the removal of deposit is presented for both milk and whey.
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INTRODUCTION
Heat processing of milk or whey results in fouling of heat exchangers and
evaporators. Cleaning of the equipment requires time, money and energy
(Bouman et al., 1988). Understanding and subsequent optimization of the
cleaning process leads to reduction of the costs.
Milk deposit in a heat exchanger (70-90°C) contains 50-60% protein,
30-35% minerals and some fat (4—8%); this isclassified as type A deposit
(Burton, 1968). Tissier and Lalande (1986) found that this fouling layer is
built up by two different types of deposit. Near the stainless steel surface,
a dense deposit is observed, containing mainly minerals. Over this layer
there isa spongy deposit only weakly bound to the mineral-rich layer. The
spongy layer consists mainly of protein in which fat globules are enclosed.
Indications were found that the protein in the fouling layer consisted not
only of denatured whey proteins but also of casein micelles (Jeurnink,
1991).
The composition of milk deposit in an evaporator is not known in
detail. Bouman et al. (1988) and Palmer and Kelly (1984) reported figures
for the chemical oxygen demand (COD) of cleaning solutions used in
evaporators, which indicated the presence of organic material.
The deposit formed during heating whey has been the subject of only a
few studies. Delsing and Hiddink (1983) found that the contribution of
minerals to the deposit was higher than in milk deposit. This was also
found after evaporation of whey: Kessler (1989) reported that the mineral
content in the deposit increased with the dry matter content of the whey.
Protein and fat are removed by alkaline solutions while minerals are
dissolved by acid. Therefore, it is common practice to apply both an
alkaline and an acid cleaning for the removal of deposit on heated surfaces. Nowadays, single-stage cleaning is also applied, i.e. sequestering
compounds are added to the alkaline solution in order to remove the
mineral deposit so that a subsequent acid cleaning is not needed
(Timperley & Smeulders, 1987; Stemerdink & Brinkman, 1990).
The mechanism of deposit removal has been studied previously.
Grasshoff (1988) observed that a milk deposit showed an initial swelling
after contact with the alkaline solution, followed by the removal of the top
layer of the swollen deposit. Then, a swelling of the residual deposit layer
occurred, the layer broke up and was removed in large pieces. After 10
min, there remained a layer consisting mainly of minerals which was
removed by the acid cleaning. Bird and Fryer (1991) observed that a whey
deposit swelled upon contact with NaOH, followed by a break-up of the
swollen deposit by detachment of protein aggregates. After 20 min, only a
layer of minerals remained. These studies were made in heat exchangers
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on a laboratory scale. In this study, we present quantitative information
on deposit composition and cleaning rate in both heat exchangers and
evaporators operated on a semi-industrial scale, using milk, whey or
concentrated whey as test solutions. Based on these results and on visual
observations, a detailed description of the cleaning process can be given.
Furthermore, optimal cleaning conditions with regard to NaOH concentration, flow rate and sequence of cleaning solutions were established.

MATERIALS AND METHODS
Figure 1 shows an overview of the experimental four-effect evaporator
(NIRO-250) which is located in the Institute's pilot plant. Throughout a
20-h period, whole milk was pasteurized at 90°C (holding time 315 s) in
the tubular heat exchanger (nos. 5 and 6 in Fig. 1) at a flow rate of 2300
litres/h. The logarithmic mean temperature difference in the tubular heat
exchanger was 30°C. Before the milk reached the heat exchanger it was
heated to 45°C in the condenser of the evaporator (no. 10in Fig. 1). The
milk was concentrated to 48% total solids (TS). The vapour and boiling
temperature for the four effects were 74-70, 67-63, 60-53 and 52-45°C,
respectively.

Fig. 1. Overview of the experimental four-effect evaporator (NIRO-250). 1, Preheater; 2,
plate heat exchanger low pressure; 3, plate heat exchanger high pressure; 4. direct steam
injection; 5, tubular preheater; 6, tubular heat exchanger; 7, holding tube; 8. flash vat; 9,
vapour generator; 10, condenser; 11, supply tank; 12, storage tank; 13,vapour separator;
14, sampling device; 15, drain.
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Throughout a 20-h period, whey (5-7% TS) was pasteurized at 70°C
(holding time 50 s) at a flow rate of 2700 litres/h and subsequently
concentrated to 28% TS. The logarithmic mean temperature difference
during pasteurization was 3-8°C. The vapour and boiling temperature for
the four effects were 70-66, 66-61, 55—48and 48^0°C, respectively.
Throughout a 10-h period, concentrated whey (28% TS) was pasteurized at 70°C (holding time 90 s) at a flow rate of 1600 litres/h and subsequently concentrated to 55% TS. The logarithmic mean temperature
difference during pasteurization was 1-8°C. The vapour and boiling
temperature for the four effects were 59-56, 71-68, 65-62 and 60-56: C,
respectively.
After processing, the installation was cleaned at a flow rate of 3000
litres/h and a temperature of 70°C. During cleaning, no evaporation of the
cleaning solutions occurred. The cleaning solutions were NaOH (1%) and
H N 0 3 (1%).
For determining the cleaning rate, the cleaning solutions were sampled
continuously at the outlet of the evaporator (no. 14 in Fig. 1) using a
fraction collector. The samples were subsequently analysed for chemical
oxygen demand (COD) and calcium content. Also, the solutions going
into the drain were sampled automatically (no. 15 in Fig. 1) in quantities
proportional to the flux in order to determine the overall composition of
the deposit removed. Before and after cleaning, the heat exchanger and
the evaporator were dismantled for visual inspection. Since fouling is
unevenly distributed over the surface, total amounts of deposit rather than
g/m2 are reported.
The installation is constructed in such a way that the heat exchanger
can be cleaned separately from the evaporator and the effects of the
evaporator can also be cleaned separately.
In order to follow visually what happens during cleaning, a model heat
exchanger and evaporator were used. The model heat exchanger consisted
of two concentric tubes; the inner tube was of stainless steel, the outer tube
of glass (Jeurnink, 1991). The model evaporator consisted of one stainless
steel pipe, 1m long. Contrary to normal practice, the steam was led into
the inside of the pipe, while the milk was distributed over the outside of
the pipe. The stainless steel pipe was surrounded by a glass tube. Milk or
whey was concentrated in this evaporator under process conditions simulating the fourth effect of the experimental evaporator. The flow rate at
the inlet was 60 litres/h. After processing milk or whey, the model
evaporator wascleaned with NaOH and H N 0 3 at a flow rate of 100litres/h.
The cleaning process was taped on a video, which is available from the
Institute.
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Chemical analysis
Chemical oxygen demand (COD) was determined according to Dutch
Standards NEN 6633 (1990). Protein was determined according to Dutch
Standards NEN 3198 (1984) as nitrogen x 6-38. Calcium was determined
after destruction according to Dutch Standards NEN 6465 (1981) by
atomic absorption spectroscopy (Dutch Standards NEN 6446, 1980).
Total phosphorus was determined by photospectroscopy (Dutch Standards NEN 6479, 1981). Fat was determined according to Dutch Standards NEN 3235 9.2.1. (1978). Citrate and lactose were determined by
high performance liquid chromatography (HPLC). For citrate, a HPX87H column (BioRad, Richmond, USA) was used at a flow rate of 0-6ml/
min (eluent 0005 MH 2 S0 4 ), and the detection was performed at 215 nm.
For lactose, a Polyspher CHPb 18 (90°C) column (E. Merck, Darmstadt,
Germany) was used at a flow rate of 0-4 ml/min (eluent H 2 0). Refractive
index was used for detection.

RESULTS AND DISCUSSION
Removal of milk deposit
Heat exchangers
Cleaning was followed by monitoring the COD and calcium content of the
cleaning solution at the outlet of the equipment. COD and calcium are a
measure of the organic and mineral compounds in the cleaning solution,
respectively. The different stages of the cleaning protocol were: a rinse to
remove residual milk, an alkaline cleaning, an intermediate rinse, an acid
cleaning and a final rinse. Figure 2shows the removal of milk deposit as a
function of the cleaning time of the heat exchanger after operating for 20h
at 90°C (holding time 315 s). During the first rinse, the cleaning solution
did not contain any COD and calcium, i.e. no deposit was removed.
However, as soon as the deposit came into contact with the alkaline
cleaning solution, a sharp peak in the 'cleaning rate' was observed; the
cleaning solution at the outlet of the heat exchanger containing both
organic and mineral deposits. When the acid cleaning solution left the heat
exchanger (cleaning time = 45 min), a second peak in the cleaning rate
was observed but this time only the mineral deposit was removed. Figure2
shows two remarkable results: the first is that most of the organic deposit
was removed in a very short time, and secondly that part of the mineral
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Fig. 2. Milk deposit removal in the heat exchanger after operating for 20 h at 90°C.
Cleaning temperature was 70°C and the cleaning solutions were NaOH (1%) and H N 0 3
( ! % ) •

deposit was already removed during the alkaline cleaning stage. These
results are consistent with findings by Perlât et al. (1986).
Evaporator
Figure 3 shows the removal of milk deposit during the cleaning of the
evaporator after operating for 20 h with whole milk. The same cleaning
procedure as for the heat exchanger was used, except that in the evaporator the cleaning solutions were circulated for a certain period (alkaline
solution for 30min and acid solution for 15min). Since the evaporator isa
much larger apparatus than the heat exchanger, the time needed for
cleaning was much longer. As with the heat exchanger, the greater part of
the organic deposit and some of the mineral deposit was removed in a
short time by the alkaline cleaning of the evaporator. This cleaning solution, containing most of the deposit (the so-called first alkaline flush), was
not circulated but discharged directly. Then, the cleaning solution was
circulated and finally rinsed out with water. During acid cleaning, some
further organic deposit and the remainder of the mineral deposit were
removed. In Fig. 3 it is remarkable that during circulation of the alkaline
and acid cleaning hardly any deposit was removed.
The cleaning solutions from the heat exchanger and the evaporator
were collected and analysed to determine the composition of the deposit
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Fig. 3. Milk deposit removal in the evaporator after operating for 20 h. Cleaning
temperature was 70°C and the cleaning solutions were NaOH (1%) and HNO3 (1%).

that was removed (Table 1).These values are averages and do not account
for changes in composition with position in the apparatus. This explains
why the deposit in the heat exchanger had a relatively high fat content
compared to type A deposit (Burton, 1968); visual inspection before the
cleaning showed that the fat came from the low-temperature part
(< 40°C). The protein and the mineral deposit originated from the heater
section, where the temperature reached more than 70°C. The ratio of
protein to mineral was somewhat lower than in the typical type A deposit
found in previous work using the same heat exchanger (Jeurnink et ai,
1989). Presumably, more minerals were deposited due to the relatively
long holding time (315 s) at 90°C.
In the evaporator, protein was the main component of the deposit layer.
This is somewhat surprising since most of the whey proteins were already
denatured during preheating and the process temperature in the evaporator was far below the denaturation temperature. Due to the different
circumstances, i.e. the increased concentration of the compounds in the
milk, reactions other than the denaturation of the whey proteins are
involved in the fouling process in an evaporator.
The value for COD was too high to be caused only by the protein and
fat content (1 ppm protein and 1 ppm fat correspond to 1-27and 2-96ppm
COD, respectively), which indicated that some other organic material was
also present in the deposit, e.g. lactose or citric acid.
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TABLE 1
Composition of the Deposit from Whole Milk in the Heat Exchanger and in the
Evaporator after Operating for 20 h

Heat Exchanger
Total
Evaporator
Alkaline flush
Alkaline circulation
Acid cleaning
Total

COD
(g02)

Protein
(g)

Fat
(g)

Ca
(g)

P04
(g)

1217

274

297

100

156

8453
(96%)
167
(2%)
208
(2%)
8828

2265
(96%)
38
(1-6%)
57
(2-4%)
2360

229
(52%)
26
(6%)
185
(42%)
440

487
(84%)
3
(1%)
86
(15%)
576

1369
(96%)
31
(2%)
34
(2%)
1434

Within parentheses: the percentage of the deposit removed by the different stages of
cleaning.

A Ca/P molar ratio in the deposit of 1-5 has been reported (Lyster,
1965; Bouman et ai, 1982; Hiddink et ai, 1986), suggesting the presence
ofCa 3 (P0 4 ) 2 . For the heat exchanger, this molar ratio was also found, but
it is doubtful whether this points to the presence of Ca 3 (P0 4 )2 since the
total phosphorus was determined, i.e. including organic phosphate. In
fact, there are two reasons to suggest that the inorganic calcium phosphate
in the deposit was present in the form of CaHP0 4 .2H 2 0 (DCPD, brushite): (i) the first precipitation phase of calcium phosphate salts is DCPD
(Schmidt & Both, 1987; Van Kemenade & De Bruyn, 1987) and (ii) the
calcium phosphate present in the deposit associated with casein micelles,
the so-called micellar calcium phosphate, has a brushite-like structure
(Holt et al, 1989).
The calcium/phosphate (Ca/P0 4 ) molar ratio in the cleaning solutions
from the evaporator was different from that in Ca 3 (P0 4 ) 2 , namely 1-8.
This may have been caused by the precipitation of calcium salts other than
calcium phosphate, e.g. calcium citrate. Also, the presence of casein
micelles in the deposit would result in a higher Ca/P0 4 molar ratio than
1-5.
In general, it is very speculative to discuss the form in which calcium
salts were present in the deposit because the values for the dissociation
constants of the salt equilibria and the solubility products of the calcium
salts are not known for milk at high temperatures. In the case of
evaporators it becomes even more complex since the concentration factor
influences the ionic strength and the ionic activity coefficient. Nieuwenhuijse et al.(1988) have tried to calculate the ionic activity coefficient
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in concentrated milk using a computer model. However, this model holds
only for milk at equilibrium, and that is not the case for milk in heat
exchangers and evaporators.
For the evaporator, the percentages of the deposit removed by the
different stages of cleaning are given in Table 1.As already noted in relation to Figs 2 and 3,large amounts of the deposit (96% of the protein and
the fat and 52% of the calcium) were removed with the first alkaline flush.
During subsequent circulation of the alkaline solution, only 2% of the
organic deposit was removed. The final acid cleaning was necessary to
remove the residual mineral deposit (42%). With respect to optimization
of the cleaning procedure, it isconcluded from Fig. 3that the length of the
alkaline circulation stage can be shortened considerably.
Mechanism of milk deposit removal
Based on the results described above and the visual observations made
during the cleaning, the removal of milk deposit isas represented in Fig.4.
The deposit layer is built up of a spongy protein matrix with which
minerals are associated and in which fat globules are embedded. Tissier
and Lalande (1986) reported a thin dense layer, 15 um thick after 6 h of
pasteurization, adjacent to the stainless steel, consisting mainly of minerals. Measurements made in the present study do not allow us to conclude
whether or not such a layer was present.
For removal of the deposit layer, two factors are important: (i) a swelling of the deposit observed as soon as it comes into contact with the
alkaline cleaning solution, and (ii) mechanical action caused by the shear
stress of the flowing cleaning solutions. The fact that during the pre-rinse
with water no deposit was removed, but only after contact with the alkaline solution, indicates that swelling is an essential step in the deposit
removal process. Diffusion of the alkaline cleaning solution into the
deposit layer is slow; reasonable values for the thickness of the fouling
layer and for the effective diffusion coefficient are 10 mm and 10~8 m2/s.
respectively, which means that it would take at least 1h before the cleaning solution reached the stainless steel wall by diffusion. The removal
process, however, takes only a few minutes. Therefore, it appears that the
cleaning solution penetrates into the spongy structure of the deposit layer,
causing a swelling from which cracks propagate, which, in turn, accelerates the further penetration of the cleaning solution. Especially near the
stainless-steel wall, cracks will arise because the deposit layer swells while
the stainless-steel wall does not. Swelling of the deposit layer may be a
result of breakage of a number of deposit-deposit attachments or of an
increased repulsion in the deposit layer due to the high pH of the alkaline
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stainless
steel

rinse-water

milkdeposit layer:aspongyproteinmatrixwithwhich
minerals (•) areassociated and inwhich fatglobules
(o)areembedded

«T3<
alkalinecleaning solution

swelling ofthedeposit layerandcrack formation

alkalinecleaningsolution

looseningoffirstpartofdeposit

alkalinecleaningsolution

remainingdeposit isremovedduetomechanical forces
exerted bythecleaning solution.Somecalcium phosphate
mayremain
Fig. 4. Schematic representation of the milk deposit removal during alkaline cleaning.
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cleaning solution. Cracks allow the cleaning solution to penetrate into the
deposit layer and to disrupt it by the shear stresses and/or the pressure
fluctuations (due to turbulence) exerted by the fast-flowing liquid. The
deposit is loosened directly from the stainless-steel wall or from the dense
mineral layer, which means that the deposit-wall attachment is weaker
than the deposit-deposit attachment, and it iscarried away in large lumps
with the cleaning solution.
The removal in large lumps explains why the mineral deposit is already
removed together with the organic deposit by the alkaline cleaning solution. Perlât et al. (1986) assumed that this would be the case.
The observations made here are in good agreement with the laboratoryscale observations of Grasshoff (1988) and Bird and Fryer (1991), who
also observed an initial swelling of the deposit layer and then removal of
parts of the upper deposit layer.
After the alkaline cleaning, the surface was still dull at several spots,
indicating that not all the calcium phosphate deposit (possibly from the
dense layer) had been removed. This deposit was removed quickly by the
subsequent acid cleaning.
Removal of milk deposit in evaporators can be described in a similar
way. There may be small differences, since the deposit in an evaporator is
more spongy. This would result in a faster penetration of the cleaning
solution through the top layer of the deposit and thus in faster cleaning.
It is realized that at heating temperatures higher than studied here, a
much harder deposit is formed (type B, Burton, 1968) in the heat exchanger, which may have a different mechanism of removal.
Influence of alkali concentration andflowrate on the cleaning rate inan
evaporator
To study the cleaning rate qualitatively, it is desirable to have a high
degree of fouling. Since the fourth effect of the evaporator turned out to
be fouled most extensively, it was decided to clean this effect separately to
study the influence of the alkali concentration and the flow rate on the
cleaning rate in an evaporator. Because the evaporator used here was a
falling-film evaporator, strictly speaking it is the wetting rate, not the flow
rate, that influences the cleaning rate. However, since all the measurements were made on the same effect of the evaporator, the flow rate was
set equivalent to the wetting rate. The cleaning took place after evaporating whole milk for 16 h. Four experiments under different cleaning
conditions were performed. The removal of organic deposit from the
fourth effect during the first 40 min of alkaline cleaning was followed asin
Fig. 3. Two parameters were taken as a measure of the rate of cleaning
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(Table 2):(i) the width at the base of the peak showing the removal of the
organic deposit from the moment the alkaline cleaning solution left the
evaporator, and (ii) the percentage of the total amount of removed
organic deposit which was removed in the first 40 min of alkaline cleaning
(100% is the total removed organic deposit).
Several studies on cleaning rates in heat exchangers (Lalande et ai,
1984; Grasshoff, 1988;Timperley & Smeulders, 1988;Bird & Fryer, 1991)
have shown that with decreasing flow rate the cleaning rate decreased.
Table 2 shows that this was also true for evaporators. If the flow rate was
reduced from 3000 to 800 litres/h, which meant that the wetting rate in the
fourth effect was reduced from 3100 to 800 litres/h per m (a value often
found in industrial evaporators), there was a strong decrease in the cleaning rate. Furthermore, on visual inspection, the evaporator was not clean
at the end of the cleaning procedure.
Also, if the alkali concentration was increased to 4-5% but under good
flow rate conditions (3000 litres/h), the cleaning rate decreased and the
evaporator was not clean afterwards. In the experiments at a flow rate of
800 litres/h, an increase of alkali concentration from 1 to 2% already
slowed down the cleaning rate. This shows that the intuitive notion,
prevalent in industry, that a higher alkali concentration results in a higher
cleaning rate, isnot correct. Timperley and Smeulders (1988) and Bird and
Fryer (1991) came to a similar conclusion concerning heat exchangers.
It is concluded that under good conditions (for this evaporator, a flow
rate of 3000 litres/h and an alkali concentration of 1%), an evaporator can
be cleaned completely in a short time. Using too low a flow rate or too
high an alkali concentration, or both (as may occur when the cleaning
solution is concentrated in the evaporator), gives a much slower cleaning
rate and not all of the deposit may be removed. A good flow rate during
cleaning can be obtained by using external pumps with a sufficient capacity, as is used for example in the Ralli system (Anon., 1985).
The total amount of organic deposit removed, as measured by total
COD, varied from day to day, in spite of constant process conditions. This
is a known effect in fouling studies (Timperley & Smeulders, 1987;
Grandison, 1988; Stemerdink & Brinkman, 1990) and has not yet been
explained.
In addition to COD, the cleaning solutions were also analysed for
protein and fat; the ratio of protein to fat in the deposit removed from the
fourth effect of the evaporator was approximately 1, which is the same
ratio as in the evaporated milk. This suggests that the deposit in this last
effect was formed by 'drying on' of the evaporated milk, due, for example,
to an insufficient flow rate or an uneven distribution of the milk over the
pipes.
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In the experiments (see Table 2) where the evaporator was still fouled
after cleaning, visual inspection showed that the residual deposit had a
brown (burned) colour and a rubber-like top layer. Apparently, under the
applied cleaning conditions, the deposit layer may have swollen; anyway,
some sort of chemical reaction occurred in which the protein had gelled or
polymerized into a rubber-like structure (see Fig. 5). Such a 'rubbery'
layer presumably prevents or obstructs further penetration of the alkaline
solution into the deposit, causing the cleaning rate to decrease markedly.
Gel formation due to a reaction between alkali and the deposit layer has
been reported before. Perlât et al. (1986) found a gel consisting of protein
in the heating section of a UHT-sterilizer. Bird and Fryer (1991) also
found a smooth, glassy deposit remaining after cleaning with a high alkali
concentration (2%). The latter authors used a cleaning temperature of
only 50°C, which may explain why they did not find a brown rubber-like
gel as we observed at a cleaning temperature of 70°C. It is not known
which chemical reaction causes the formation of the rubber-like layer since
little research has been done on proteins under the conditions applied
during cleaning. It was assumed that good cleaning is achieved if the
deposit layer is already loosened from the stainless steel wall before
'polymerization' reaches a degree at which it obstructs the penetration of
the cleaning solution and the formation of cracks in the deposit layer.

stainless
steel

water

milkdepositbeforecleaning

alkalinecleaning solution

milkdepositaftercleaningwitharubber-liketoplayer

Fig.5. Schematic representation of the formation of a rubber-like layer at the outside of
themilk deposit during alkalinecleaning.
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Removal of whey deposit
In the Dutch dairy industry, whey is concentrated by evaporation in two
steps: first at the cheese factory from 5-6% TS to 28% TS to reduce
transport costs and then in the whey-processing plant from 28% TS to
55% TS. In either case, fouling occurs which must be removed by cleaning.Two cleaning procedures were tested after heating and evaporation of
whey (5-7% TS) or concentrated whey (28% TS): one in which acid
cleaning was applied first, followed by an alkaline cleaning, while in the
other the sequence of acid and alkaline stages was reversed. The percentages of deposit removal by the different cleaning stages are given in Table
3. As an illustration, Fig. 6 shows the cleaning rate for COD and calcium
for both cleaning procedures after evaporating whey with 5-7% TS.
For efficient cleaning of heat exchangers after pasteurizing whey (5-7%
TS), the sequence of the acid and the alkaline stage was not important; in
both cases most of the deposit was completely removed in a few minutes
by the first flush of cleaning solution (Table 3a). If after evaporating whey
or after heating and evaporating concentrated whey the cleaning procedure started with an alkaline cleaning, the cleaning rate slowed down
considerably (e.g. no peaks were observed in the cleaning rate for whey:
Fig. 6(a)); the mineral deposit especially was removed very slowly. If the
cleaning procedure started with an acid cleaning, sharp peaks in the
cleaning rate were again observed (Fig. 6b) and most of the deposit was
removed by the first acid flush (Tables 3a and 3b). The residual deposit
after the acid cleaning was quickly removed by the subsequent alkaline
cleaning.
In Table 4 the composition of the deposit, expressed in grammes per
tonne processed whey, is shown for the heat exchanger and the evaporator. The results for concentrated whey and whole milk (data in Table 1)
are also given. From Table 4 it is clear that processing concentrated whey
gave much more fouling than did processing whey with 5-7% TS.
Furthermore, in contrast to milk, the main component of the whey deposit
was minerals; for whey (5-7% TS) this was in the form of calcium phosphate. After evaporating concentrated whey, a considerable amount of
calcium citrate (7% of all the citrate in whey) was found and only little
calcium phosphate. The change from calcium phosphate to calcium citrate
could not readily be understood from the solubility behaviour of the salts.
Further research is needed to explain this change.
Comparison of the composition of the whey deposit in the evaporator
with that of the processed product, showed that minerals formed most of
the deposit while lactose, one of the main components of whey, was found
at very low levels in the deposit. The preferential deposition of minerals
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TABLE 3a
Percentage of the Compounds of Deposit of Whey
(5-7% TS) Removed in a Heat Exchanger for Two
Different Cleaning Procedures, One Started with Acid
Cleaning (HN0 3 ) Followed by Alkaline Cleaning
(NaOH), The Other Started with NaOH Followed by
H N 0 3 (Same results for concentrated whey (28% TS))
Compound

COD
Protein
Citrate
Ca
P04

1stprocedure

2ndprocedure

HN03

NaOH

NaOH

88 (98)
91 (95)
100
(100)
97

(100)
100
(100)

12(2)
9 (5)
0 (0)
3 (0)
0 (0)

HNO3
99 (95)
99 (80)
100
(100)
85 (36)

TABLE 3b
Percentage of the Compounds of Deposit of Whey (5-7% TS) (or Concentrated Whey
(28% TS)) Removed in an Evaporator for Two Different Cleaning Procedures; One Started with Acid Cleaning (HNO3) followed by Alkaline Cleaning (NaOH), The Other Started with NaOH Followed by HNO3 (Same results for concentrated whey (28% TS))
Compound

Jst procedure
HNO3

COD
Protein
Citrate
Ca
PO4

2nd procedure
NaOH

First flush

Circulation

95 (99)
91 (99)
100 (100)
97 (100)
99 (100)

2(0)
7«1)
0(0)
1(0)
0(0)

3(1)
2«1)
0(0)
2(0)
1(0)

NaOH

HNOj

First flush

Circulation

79 (96)
73 (97)
91 (92)
33 (84)
51 (67)

20(3)
23(1)
9(9)
37(13)
27(17)

1(1)
4(2)
0(0)
30(4)
22 (17)

may be explained by the decrease in solubility product of calcium salts on
heating and by the fact that whey contains less compounds than milk that
prevent or obstruct the nucleation and crystal growth of these salts.
Minerals were the principal components of the (concentrated) whey
deposit, which explains why a cleaning procedure starting with acid was
more effective.
Table 3 shows that for concentrated whey a large part of the organic
deposit was already removed if cleaning was started with the acid cleaning. This was less surprising, because a large part of the deposit consisted
of calcium citrate, which contributes to the calcium in, as well as to the
COD of, the cleaning solution.
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Fig. 6. Whey deposit removal in an evaporator after operating for 20 h using (a) an alkaline-acid procedure and (b) an acid-alkaline procedure. Cleaning temperature was 70°C
and the cleaning solutions were NaOH (1%) and H N 0 3 (1%).
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TABLE 4
Composition (g) of the Deposit in the Heat Exchanger and the
Evaporator per Tonne Processed Product
Whey
(5-7% TS)
Heat Exchanger
COD
Protein
Fat
Calcium
Phosphate
Citrate
Lactose
Evaporator
COD
Protein
Fat
Calcium
Phosphate
Citrate
Lactose

Whey
(28% TS)

Milk

11
6-6
0-4
4-9
7-6
1-5

54
20
30
25
31
25

—

—

27
6
6-5
2-2
3-4
nd
nd

27
12
0-6
17
23
6
3

806
79
20
178
32
631
77

192
52
34
9-6
12-6
nd
nd

nd = not determined.

The deposit in the heat exchanger after processing whey with 5-7% TS
contained relatively more protein than the deposit in the evaporator,
which explains why a cleaning protocol starting with an alkaline stage was
stillefficient for the heat exchanger but not for the evaporator. In practice,
however, the cleaning of the heat exchanger and the evaporator is often
done by the same 'cleaning in place' (CIP) programme, so the sequence of
cleaning stages is the same. In that case, it is recommended after processing whey to start the CIP-programme with an acid cleaning followed by
an alkaline cleaning.
After processing concentrated whey, some COD and calcium were
found in the rinse-water, which meant that already during rinsing some
deposit was removed. This also happened during the processing of the
whey: some deposit was loosened from the wall and disrupted in the
pumps into very small particles,which left the evaporator together with the
evaporated whey.
Mechanism of whey deposit removal
For the deposit formed during evaporating whey or during heating and
evaporating concentrated whey, a different mechanism of removal from
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that described for milk deposit is proposed since the components of the
deposit are mainly minerals. (Deposit formed during heating whey still
contained much protein and is thought to be removed like a milk deposit.)
Compared to the milk deposit, the whey deposit was less spongy, had a
denser structure and a yellow colour. It ispresumed that the deposit layer
consists of a complex of protein with calcium salts of phosphate or citrate,
or both, in which the calcium has a 'bridge' function between protein
molecules and between protein and the salts. At some places, some fat is
embedded. Contact of the acid cleaning solution with the protein in the
deposit layer did not result in swelling. The bonds within the complex are
stronger or more numerous than the attachment of the complex to the
stainless steel, which explains why the deposit layer was removed in large
lumps. The attachment to the stainless steel is not as strong as between
milk deposit and the stainless steel; parts of the deposit were removed
simply by mechanical forces (i.e. shear stress) during the processing of
whey or during rinsing.
Cost savings
Although it is not the objective of this paper to study cost aspects, it is
nevertheless interesting to make a (conservative) estimate of the possible
reduction in cleaning costs and energy use that may be realized. If the
cleaning procedure for a milk evaporator (including its heat exchanger) is
optimized as described in this study, then, during cleaning, a reduction in
energy costs of more than 50% can be achieved. Furthermore, the use of
cleaning agents can be reduced by 25% and there will be 5% less product
losses (FNZ, 1990).For optimization of the cleaning procedure for a whey
evaporator, the situation is as follows: energy costs can be reduced by up
to 65%, savings on cleaning agents by 25% and a 20% decrease in
product losses can be achieved (FNZ, 1991). For the Dutch dairy industry, this would result in an annual saving of more than 5 million Dutch
guilders (FNZ, 1990; FNZ, 1991).

CONCLUSIONS
After processing milk, whey or concentrated whey, heat exchangers and
evaporators can be cleaned completely in a short time. If the flow rates in
evaporators during cleaning are too low or alkali concentrations are too
high, or both, then the cleaning will be slow and incomplete. The remaining deposit layer is covered by a brown rubber-like layer of polymerized
protein. Therefore, it is recommended to use an optimized cleaning
111

366

T.J.M. Jeurnink, D.W. Brinkman

procedure for heat exchangers and evaporators. By optimizing the cleaning procedure, reductions in energy costs and use of cleaning agents by 50
and 25%, respectively, can be achieved.
Since whey deposit contains considerably more mineral compounds
than milk deposit, it is better to reverse the sequence of the cleaning stages
after processing whey, i.e. to start with an acid cleaning followed by an
alkaline cleaning.
The proposed scheme for the removal of milk deposit, represented as a
matrix of protein to which calcium salts are associated and in which fat is
embedded, shows that after contact with the alkaline cleaning solution the
deposit layer swells and cracks propagate from it. These cracks allow the
cleaning solution to penetrate into the deposit and to disrupt it by shear
stresses. The deposit is loosened from the stainless steel or a dense layer
adjacent to the stainless steel, and removed in large lumps by the cleaning
solution.
Whey deposit is thought to consist of a complex of protein, together
with calcium salts. After contact with the acid cleaning solution, no swelling is observed but again the deposit is loosened from the stainless steel
wall and removed in large lumps with the cleaning solution. Apparently,
the weak cohesion of the deposit layer with the stainless steel or the dense
layer is an important factor in the removal process.
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Mechanisms of fouling in dairy processing1
Th.J.M. Jeurnink; P. Walstra; CG. de Kruif
Summary
During heating of milk in aheat exchanger an undesirable deposit, mainly consisting of
protein and mineral, is formed on the heating surface. Even at room temperature a
monolayer of protein is immediately adsorbed. Further deposition of protein on top of
this monolayer occurs if serum proteins undergo heat denaturation. Then so-called
activated ß-lactoglobulin (ß-lg)molecules areformed inthebulk. This rate-determining
step is followed by the transport of this activated molecule to the surface and its
subsequent deposition through areaction with an already deposited molecule.During its
transport to the surface the activated molecule may be inactivated, i.e. no longer be
prone to deposition, through a reaction with another activated molecule. On the other
hand, areaction ofactivated ß-lg with anothermilkcomponent,for examplewith casein
micellesorfat globules,maylead totheincorporation of suchcomponents inthe deposit
layer. Since other serum proteins also undergo heat denaturation they may be involved
in the deposition process in a way comparable to ß-lg.
Asecondmajor causeoffouling isthedecreased solubility ofcalciumphosphate salts
upon heating. The precipitation of these minerals is partly driven by the temperature
difference between the bulk and the surface. However, part of the minerals will
precipitate together with proteins. In its ionic form calcium influences the protein
deposition by its effect on the aggregation of whey proteins and on the stability of
casein micelles.
Components other than serum proteins and minerals in milk play a minor role in
fouling. Only if the colloidal stability of the casein micelles in the milk is decreased,
e.g.byloweringthepH,doesseverefouling bycasein micellesoccur.Alsothepresence
of air bubbles at the surface enhances fouling.
From the results obtained we derive recommendations on how to control fouling and
on how effective cleaning can be achieved.
Keywords:fouling, heat exchanger, ft-lactoglobulin, denaturation, calcium phosphate, precipitation

1 Introduction
In the dairy industry pasteurization is a commonly used method toenhance the keeping
quality of milk and to kill pathogenic and psychrotrophic organisms. Unfortunately, a
fouling layer, consisting predominantly of (serum) proteins and minerals, accumulates
in the heat exchanger. Fryer et al. [1] gave a review of fouling and cleaning in milk
processing,from which itisclearthatprotein denaturation andmineralprecipitationplay
key roles in the process of fouling.
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The rate-determining step in fouling of heat exchangers by milk in the temperature
range of 65-100 °Cappears tobe a (chemical) reaction and not mass transfer [2,3,4].
Although the final stage in the fouling process consists of a surface reaction at the
heated surface it ispossible that therate-determining reaction takes place in the bulkof
the solution.
We distinguish three possible mechanisms of fouling.
(1) If fouling is theresult of a surface reaction then theprocess would be controlled by
the wall temperature and not by the bulk temperature. The AT, that is the
temperature difference between the heating surface and the liquid to be heated,
results in a faster reaction at the surface than in the bulk, which leads to a
concentration gradient and consequently to a continuous transport of molecules to
theheating surface. Several researchers haveclaimed thatfouling isaprocesswhich
takes place in the thermal boundary layer, i.e. the layer adjacent to the wall where
the temperature is higher than in the bulk of the liquid [5,6].
(2) Reactive molecules or particles formed in the bulk of the solution diffuse to the
surface where they can deposit. Although the particles diffuse only from a thin
layer, continuous supply of "fresh" product may lead to a considerable amount of
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Fig. 1.Temperature profile and deposit distribution in a plate heat exchanger after a running time of 8.5
h at a pasteurization temperature of 120 °C for 11 s. On the horizontal axis the residence time is given.
Amount of deposit was determined visually: the most fouled plate was set at 100 %,avisually clean plate
at 0 % deposit [22].
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deposit after long times. The observation that fouling by dairy liquids also occurs
in holding sections (where the wall and the bulk temperature are the same), and
even at surfaces with a temperature lower than that in the bulk [7],clearly shows
that fouling isnot simply driven by atemperature gradient between thewall andthe
bulk of the solution, but that bulk processes are important in fouling [2].
(3) Foulingcanbestronglyenhancedthroughairbubbleformation attheheated surface.
The bubbles arise in milk on heating as a result of the presence of dissolved air.
Proteins,especially casein micelles,at the gas/liquid interface end up in thedeposit
by drying out of the membrane surrounding the air bubbles.
In this paper we will discuss which of the three mechanisms is the most important in
fouling. This will be done by considering the reactions of the various components in
milk on heating, which we have studied in our laboratory during the last few years.
Further the fouling behaviour of various milk products is discussed. Weconclude with
recommendations onhowtocontrolfouling andhoweffective cleaning canbe achieved.

2 Composition and Structure
2.1Composition
Fouling of heat exchangers only becomes a serious problem if the milk reaches a
temperature of 70 °C or higher (Fig. 1).Burton [8] distinguished two types of deposit:
one formed at 70 - 110°C, the so-called type A deposit, and one formed at 110 °C or
higher, the so-called type B deposit. In this study we focus on type A fouling, a soft
voluminous curd-like material. Arepresentative composition of such adeposit is given
in Table 1.
The total protein content in the dry matter of the deposit is not greatly different from
that of milk (Table 1).However, the shift from casein to serum proteins in the composition of the deposit is noticeable. Although all types of caseins are present, the casein
composition of the deposit differs from that of the casein micelles in the milk. This
suggeststhatthecaseinsinthedepositdonotonly originatefrom wholecaseinmicelles.
In thedeposit a large increase inmineral content is observed due tothe precipitation of
calcium phosphate. It is also seen that fat and lactose hardly contribute to the deposit.
2.2Structure
Atype Adeposit can be seen as a spongy protein matrix, to which minerals are bound,
and wherein fat globules are embedded [9]. Under this spongy layer, adjacent to the
stainless steel, the presence of a thin dense layer (approximately 15 urn), consisting
mainly of minerals, is reported [10]. A scanning electron micrograph (Photo 1) of a
deposit of skim milk shows thepresence of roughly spherical particles which are much
smaller in size than casein micelles in milk. Presumably, the deposit is built of serum
protein aggregates rather than of casein micelles.
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Table 1.Composition (%)of the dry matter of skim milk and its deposit in the heater section (69-85 °C)
of a plate heat exchanger after pasteurization, data taken from [15].The dry matter content of the skim
milk was 9.35%.
Component

Skim milk

Deposit

protein

37.2

44.4

16.5

75

83.5

25

12

18

38

27

8

11

serum protein1,2)
1

casein )
3

x-casein )
3

a sj-casein) )
3

a s2 -casein )
3

ß-casein )

42

44
4

7.4 )

45.0

1.32

15.7

P 0 4 (inorg.)

2.04

23.0

magnesium

0.13

0.60

1.81

0.49

mineral
calcium

citrate
fat

<1

0.4

lactose

52.6

0.025)

Ca/P inorg.(mol/mol)

1.54

1.62

) The contributions of serum protein and casein are given as a percentage of the total amount of protein
present in the milk or in the deposits.
2
) The main contribution to the deposit of the serum proteins came from ß-lg, while a-la contributed only
to a small extent (Fig. 4 in [15]).
3
) The contribution of the different caseins is given as a percentage of the total amount of casein.
) Not determined but taken from Walstra and Jenness [14].
) Estimated from data for deposit of low and high calcium milk [15].

3 Fouling by different milk components
3.1 Serumprotein
3.1.1Introduction.As soon as a stainless steel surface comes into contact with a serum
protein solution,even atroom temperature, immediately amonolayer ofprotein adsorbs
[11]. On the further deposition of protein on top of this monolayer the following
observations were made:
- the total fouling was reduced by two-thirds as compared to normal milk, if serum
proteins were (nearly) absent in milk [12];
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Photo 1. Deposit of fresh skim milk in a pilot-plant-scale heat exchanger [35].

- hardly any deposit was found if the temperature of milk was not higher than 70 °C
(Fig. 1);
- not much deposit was found, if the milk had been given a strong preheat treatment in
such a way that all the serum proteins had aggregated [11].
Apparently, aprerequisite for continued deposition isthepresence of some intermediate
of the denaturation reaction of the serum proteins. Protein fouling is controlled by this
denaturation reaction taking place in the bulk rather than by a reaction at the surface
[11]. The deposition process on top of a monolayer can be described as follows:
(1) formation of some "fouling intermediate" in the bulk of the solution;
(2) transport of this intermediate to the surface;
(3) deposition of the intermediate.
3.1.2 Formationof "foulingintermediate".The partly unfolded and so-called activated
ß-lg molecules, as described in the model for the denaturation and aggregation of ß-lg
[13], act as the "fouling intermediate". This model describes the aggregation of ß-lg in
analogy to a radical chain reaction; upon raising the temperature a thiol group of ß-lg
isexposed and becomes accessible to disulfide-thiol exchange reactions. This activated
molecule actslikea "radical".Therate of deposition isproportional totheconcentration
of these activated ß-lg molecules, as calculated on the basis of the model [11].
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3.1.3 Transportto the surface.Transport to the surface is determined by the flow rate
and the geometry of the apparatus. During this transport an activated molecule of ß-lg
can be inactivated through a reaction with another activated ß-lg molecule in the bulk
or with the x-casein at the surface of the casein micelles.
Near the stainless steel wall there is a hypothetical layer where an activated ß-lg
molecule has an equal chance of colliding with the wall or with a casein micelle. The
thickness of this layer can be estimated by taking the mean free distance between
micelles (z), given by [14]:
z =0.225dra(^-l)
<P
Taking for thevolume/surface averagediameter (dvs) and for thevolume fraction (§)of
casein micelles the values of 120nm and 0.1,respectively, z would be 173nm. It was
calculated that in the plate heat exchanger, asused by Jeurnink [15], diffusion of serum
proteins to the surface from a layer with such a thickness would give a contribution of
at most 14 % to the serum protein deposition. In other words, there must be a
continuous supply of activated molecules to the heating surface from the bulk.
Further calculations, using the same plate heat exchanger [15], showed that at any
moment 1 1of milk is in contact with 0.5 m of stainless steel while at the same
moment per 1 of milk 4000m of casein micelle surface is present [14].In other words,
an activated ß-lg molecule has a much larger probability (by a factor 4000/0.5) of
encountering acasein micelle than of colliding with the wall of the heat exchanger. On
the one hand this may explain, when comparing the amount of denatured ß-lg in the
milk to the corresponding amount of deposited protein, why only 0.14 % of the
denatured ß-lgfinallyendsup inthedeposit layer (Table 2).On theotherhand it shows
that the sticking probability of an activated molecule reacting with a casein micelle
would be approximately 10times smaller than in the case of areaction with adeposited
protein layer at the wall. The steric repulsion by the hairy layer of the casein micelle
and thefact that the cysteine residue of the x-casein, needed for disulfide bonding with
ß-lg, is located just inside the micelle, may explain this smaller sticking probability.
3.1.4 Deposition. The deposition and binding of an activated protein molecule most
probably occurs through the formation of a disulfide bond with a deposited molecule.
Not all activated molecules that reach the surface will attach; we presume that for such
a reaction the activated ß-lg molecule needs acertain orientation. Weexpect the energy
barrier, that ithastoovercome for attachment caused byelectrostatic orsteric repulsion,

Table 2. Amount of denatured ß-lg (calculated, [3]) and corresponding total serum protein deposit [15]
both in mg per litre pasteurized milk (15 s holding at 85 °C), including their ratio in %.
Denatured ß-lg

Deposited serum proteins

Ratio %

1165 mg/1

1.72 mg/1

0.14
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to be negligible. The probability of becoming attached would also depend on the shear
rate.This shear is of no importance for the relatively small serum protein particles, but
may become important if larger aggregates are formed.
3.1.5Model ofproteinfouling. Based on the information given above andknowing that
there isgeneral agreement thatremoval of deposited material during thefouling process
can be neglected, the deposition process can be represented by:
dr/df = (à.kJx.B*(t)
where
dT/dt is the deposition rate;
(O is the sticking probability of the protein; experimentally we found for a ß-lg
solution this to be of the order of 1/300 [11];
k is a transport coefficient, which would be constant for agiven geometry of theheat
exchanger and which comprises both the diffusion coefficient of the protein and the
flow rate of the liquid;
x is the fraction of ß-lg in the deposit which equals 0.3 (Table 1);
B*(t)isthebulk concentration of activated ß-lg molecules at time /ascalculated from
the denaturation model [11].
An experimentally found value for the deposition rate in a plate heat exchanger fouled
by milk is 1.5*10"6 k g . i r f V [15].
Not only ß-lg but also a-lactalbumin and bovine serum albumin contribute to the
fouling process [12].Animmunoglobulin Gsolution showedduringheating adeposition
rate comparable to that of a ß-lg solution (unpublished results). Since these serum
proteins also contain thiol and/or cysteine groups, these may, in a way comparable to
ß-lg, be involved in the fouling process.
An activated molecule of ß-lg may also react with casein micelles or fat globules in
thebulk of the solution. If these micelles or globules covered with ß-lg molecules reach
the wall and the ß-lg is still in its active form, they may take part in the fouling
reaction.
3.2Minerals
Thesolubility products (K) ofcalciumphosphate saltsinmilkbecome smaller athigher
temperatures.Inmilkthemaincalcium saltsare several forms ofcalciumphosphate and
calcium citrate. The first precipitating phase of calcium phosphate salts is usually
dicalcium phosphate dihydrate (DCPD or brushite; CaHP0 4 .2H 2 0) [16, 17]; this may
afterwards be converted into a more stable form of calcium phosphate.
At pH 6.7 Simulated Milk Ultra Filtrate (SMUF) becomes turbid upon heating at 45
°Corhigher [18].Precipitation of calciumphosphate maythusalready takeplaceonthe
stainless steel wall of aheatexchanger from 45 °Cupwards.Thepresence of casein and
citrate reduces such a precipitation.
In principle, it is possible to calculate from the change in Ks how much salt would
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precipitate upon heating. Holt et al. [19] have developed a computer program which
calculates the ion equilibria and solubility products in milk diffusate at room
temperature.Unfortunately thismodeldoesnotholdfor thesituation inaheat exchanger
where high temperatures are applied and where no equilibrium is reached.
Another approach to estimating how much salt precipitates is to use the results of
Pouliotet al. [20].They carried out experiments with adevice inwhich an ultrafiltration
unit wascoupled toastainless steel heat exchanger. The advantage of using the method
of Pouliot et al. [20] is that the separation between soluble and insoluble salts occurs at
theheating temperaturewhileotherresearchersdidthisafter cooling,with thepossibility
that part of the insoluble salts has already been redissolved. From the results of Pouliot
et al. [20], we calculated, making some assumptions on the type of salts that can be
formed, that after heating 11 of skim milk at 85 °C for 1min a total of 950 mg salt
would have been transferred from the serum to the colloidal phase. This amount was
compared to the experimentally found amount of deposited salts of 2.3 mg per 1 milk,
heated in 6.5 sfrom 71 to 85 °C, Table 3 [15].Only 0.2 %of the transferred salts then
became deposited on the stainless steel wall. As mentioned in section 3.1.3, at any
moment 11 of milk would bein contact with0.5 m of stainless steel,while atthesame
moment per 1 of milk 4000 m of casein micelle surface is present and serum protein
aggregates are also formed upon heating. Apparently the transferred salts do have a
much higher preference todeposit ontothe stainless steel wall than toassociate with the
proteins. This could mean that mineral deposition is partly driven by the temperature
difference between the bulk and the surface (AT). This is further confirmed by the
observation that a larger amount of minerals is found in the deposit in the final passof
theheating section than in the subsequent holding section, where nodifference between
bulk and surface temperature exists [6, 21, 22]. These results show that mineral
deposition is enhanced if a temperature gradient is present.
Calcium phosphate may precipitate directly on the stainless steel wall or deposit as
particles which have been formed in the bulk of the solution, as observed on heating
SMUF(unpublished results).Inmilk,however, weexpectthatcalciumphosphate hardly
forms particles but associates with the proteins. Consequently, in milk, calcium
phosphate precipitates, in addition to the direct deposition, together with the milk
proteins [12, 23]. When serum proteins were removed from milk, while the calcium
content was kept constant, the total protein deposit reduced from 23 g to 6 g and the
calcium deposit fell from 1.4 g to 0.4 g [12].Apparently, calcium depositsjointly with
the serum proteins. Pappas and Rothwell [24] showed thatupon heating milk, about 3.6
mol calcium was bound per mol ß-lg. Furthermore, casein micelles, which contain a

Table 3. Amount of transferred salts (calculated from data of Pouliot et al. [20]) and deposited salts
(determined by Jeumink and deKruif [15]) inmgper litre treated milk after pasteurisation, including their
ratio in %.
Transferred salts

Deposited salts

%

950 mg/1

2.3 mg/1

0.2
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considerable amount of micellar calcium phosphate (MCP), can take up more calcium
phosphate upon heating through association with the MCP already present.
Based on the results of Pouliot et al. [20] in heated milk about 40 mg micellar calcium
ispresent per g casein. However, these amounts of calcium bound to serum proteins as
well as to the caseins alone, can not explain the reduction in the level of calcium
deposit. Apparently calcium phosphate precipitates at the surface of depositing serum
protein aggregates. These findings indicate that a proportion of the minerals present in
a deposit is related to the deposition of proteins onto the heating surface.
Apart from therole of calcium (-phosphate) in the process of fouling asaresult of its
decreasing solubility uponheating,itinfluences protein deposition alsoinitsionic form.
In fouling experiments with (desalted) whey the presence of calcium ionswas essential
for the growth of a protein deposit layer [25]. We observed that the rate of protein
deposition increased sharply, soon leading toblockage of the heat treatment equipment,
if 40 ppm calcium was added to a ß-lg solution in water (unpublished results). The
presence of positively charged calcium ions leads to a reduction in the electrostatic
repulsion and hence to the formation of larger aggregates upon heating serum protein.
In the presence of calcium ions the deposition of proteins may also occur through
formation ofnon-covalentbonds.Inthatcasethe specific orientation ofthe approaching
molecule for the formation of adisulfide bond with an already deposited serum protein
molecule is no longer needed and the sticking probability of serum proteins to the
stainless steel surface will increase.
3.3Caseins
At room temperature almost all the casein molecules in milk are associated into casein
micelles. Upon heating to 80-90 °Cboth the size and the mutual interactions of these
micelles increase through association with ß-lg [26]. Since ß-lg is reactive towards
casein micelles and to stainless steel,this molecule may act as asticking agent between
the micelles and the stainless steel surface.
Upon heating to 80 - 90 °C also a small increase in the concentration of x-casein in
the serumphase occurs,due toits dissociation from the casein micellar surface [15,27,
28]. This is of relevance because in section 2.1 we have shown that not all the caseins
in a deposit originate from whole casein micelles.
Ifthecolloidal stability ofcaseinmicellesinmilk isdecreased, thedeposition process
may no longer be controlled by denaturing serum proteins but directly by coagulation
of casein micelles starting where thetemperature is thehighest, i.e.atthe stainless steel
wall.
Upon decreasing the colloidal stability of the casein micelles in milk through
proteolytic action [29] (e.g. renneting), through a change in calcium ion activity [15],
or through lowering the pH [30], an increase in fouling has indeed been observed. At
the same time under these conditions a decrease in the heat stability of the milk is also
observed. This parallel in behaviour suggests a link between these twoprocesses. Such
a link is supported by the observed shift in composition of a protein deposit from
predominantlyserumproteinstopredominantlycaseinunderthesecircumstances.Hence,
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the mechanism for deposition of casein micelles upon heating milk may be similar to
that of the heat coagulation of milk.
Van Boekel et al. [31]proposed the following mechanism for the heat coagulation of
milk.Depending onthepH twotypes of casein particles emerge upon heating, one type
at pH < 6.7, onto which serum proteins are deposited, and another type at pH > 7.0,
from which most of the x-casein has been dissociated, resulting in so-called depleted
casein micelles. Between pH 6.7 and 7.0 an intermediate zone exists in which a mixed
type of particle can develop.These particles are subject to two reactions that can cause
coagulation upon heating:
(1) a salt-induced coagulation, in which especially calcium ions are of importance;
(2) a polymerization of protein molecules in which covalent bonds are involved.
Wepresume that thefirstreaction is the cause of the additional casein deposition if the
calcium ion activity is raised. When the calcium ion activity was decreased (resulting
in depleted micelles) or when x-casein was broken down by proteolytic enzymes, in
both cases the micelles would no longer have the full stabilizing action of x-casein and
would become more sensitive to Ca ions, i.e. salt-induced coagulation causes extra
deposition. Lowering thepHresults in an increase incalcium ion activity and promotes
the polymerization reaction, which may (partly) explain the extra deposition found on
decreasing the pH.
Summarizing, casein micellescan be entrapped in adeposit through surface bound ßlg or, when the colloidal stability is low, through aggregation near or at the heating
surface due to the high temperature.
3.4 Fat
Although fat ispresent indeposit layers itdoesnot play an important role inthe process
of fouling. Hiddink et al. [32] have found that in spite of the high fat content of
whipping cream (85 %of thetotal solids)the fouling behaviourof thiscream resembles
that of whole milk. Transmission electron microscopy analysis of milk deposit showed
that some fat globules are entrapped in the spongy deposit individually or in clusters
[10]. If milk with predominantly undenatured serum proteins is homogenized and
subsequently pasteurized we expect an increase in fat fouling compared to nonhomogenized milk due to reactions initiated by activated serum proteins present at the
surface of the fat globules.
In the case of recombined milk, fouling is probably related to the nature of the fat
globule membrane formed during recombining. Recombined milk made of skim milk
powder and anhydrous milkfat and homogenized at 130 bar fouled quite rapidly; the
deposit contained upto60%fat, present asfat globules.Thispointstoactive deposition
of the emulsion particles, most likely due to an enhanced activity of the proteinaceous
membrane [33].
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3.5Lactose
Lactose is hardly found in milk deposits because it is water soluble. So even if it were
incorporated inadeposit it would dissolve again,either inthemilk itself orinthe water
of the first rinsing step of the cleaning. Only at high temperatures (> 100 °C), when
caramelization orMaillard reactions can takeplace,may lactose contribute toadeposit.
Schraml [34] found that on heating whey protein concentrates at 25 %dry matter, very
spongy deposit layers of protein aggregates were formed, enclosing voids containing
liquid. As a result these deposits can contain up to 50 % of lactose.
3.6Dissolvedair
On heating milk, air bubbles arise as a result of the presence of dissolved air. If these
bubbles are formed at the heating surface they may act as nuclei for the formation of
deposit. The surface becomes dry and as a consequence, there is an increase in the
temperature difference between the hot stainless steel surface and the bulk of the liquid
(AT),resulting inevaporation of water atthevapour/liquid interface. Dueto evaporation
milk is transported from the bulk to the surface where theair/vapour bubble is attached.
Here milk protein accumulates and because of the local increase in concentration and
the high temperature the protein may coagulate and deposit on the surface. Eventually
theair/vapourbubblemayburst andpartif themembrane iscarried away withtheliquid
(Fig. 2).
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Fig. 2. Schematic representation of the participation
of an air bubble in the fouling process of milk on a
hot stainless steel surface, see text [35].
1. adsorption/deposition at the vapour/liquid interface; 2. evaporation; 3. condensation.
—> - flow direction of the milk.
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The contribution of air/vapour bubbles to the deposit is determined by the amount of
air present in the milk, the AT, the operational pressure in the heat exchanger and the
wall shear stress [35].
In film evaporators for dairy products a similar phenomenon may occur: through an
insufficient distribution,partsof theheating surface arenotwell wetted andbecomedry.
This results in a local increase in the AT and the same process as described above will
take place.
In these evaporators air bubbles may also arise as a result of nucleate boiling. This
occurs at larger ATs when vapour bubbles are formed at the metal surface. It appears
that the AT at which nucleate boiling starts is about 0.5 K for milk [36].
To reduce fouling in film evaporators the liquid should be well distributed over the
surface and nucleate boiling should be avoided.
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3.7 Evaluation
The two major mechanisms of fouling during the heat treatment of milk are the
formation and the subsequent deposition of activated serum protein molecules and the
precipitation of calcium phosphate (directly or together with proteins) as aresult of the
heat denaturation of theproteins and thedecreased solubility of calcium phosphate upon
heating. These foulants are formed in the bulk of the solution and are continuously
transported to the surface where they can be deposited. A third fouling mechanism,
driven by a high wall temperature, i.e. a large AT, plays a minor role; it only may
enhance the direct precipitation of calcium phosphate particles onto the stainless steel
heating surface.
Calcium not only contributes to the deposit by precipitation as calcium salts,but also
by its influence on the denaturation and aggregation of the serum proteins and on the
stability of the casein micelles.
An overview of the fouling mechanisms during heating of whey and milk is
schematically presented in Fig. 3. At room temperature a monolayer of protein is
immediately adsorbed. The formation of the active ß-lg molecules and aggregates is
shown;their deposition isenhanced inthepresence of calcium. Calcium phosphate may
precipitatedirectly onthestainless steel wall promoted byalargeAToritmay associate
with ß-lg aggregates, or with the micellar calcium phosphate (MCP) if casein micelles
are present. In milk the active ß-lg molecules may associate with the x-casein at the
surface of the casein micelle and may so entrap the micelles in the deposit.
If conditions in milk are different from normal, other processes than serum protein
denaturation and mineral precipitation may take over as the rate-determining step in
fouling; for example, the coagulation of casein micelles at low pH; or the formation of
proteinfilmswhenairbubbles,surrounded byproteins,arepresent attheheating surface
and collapse.
3.8 Influence of various parameters onfouling
In Table 4 rough trends are given of the effect of various parameters on fouling, as
compared to that of normal milk. Decreasing the pH to 6.4 caused a strong increase in
fouling, mainly due to additional deposition of caseins, while an increase in pH to 6.8
resulted in much less deposit [30, 37]. Either increasing or decreasing the calcium
concentration in milk led to more fouling, due to the effect of calcium on the stability
of the casein micelles [15]. The presence of air bubbles at the surface enhances fouling
(see section 3.6). If serum proteins were absent in milk, fouling was reduced by two-

Table 4. Trends of the effect of various parameters on fouling, compared to normal milk, see text [45].
T = increasing the parameter; i =decreasing the parameter; + = more fouling; - = less fouling.
pH
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air

T

-
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-

[ß-lg]

+++
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+

Re

--

-
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++

+
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thirds.Increasing the serumprotein concentration ledtoincreased fouling [12].IncreasingtheATgavemore fouling, especially due toadditional calcium saltprecipitation. Increasing the Reynolds-number (Re) led to less fouling [2]. Visser (NIZO, unpublished
results) recently found on heating SMUF in a rotating disk device, in which the rotational speed was varied, that deposition wasprevented if the wall shear stress exceeded
15 N.m"2. Aged milk causes more fouling than fresh milk, due to action of proteolytic
enzymes produced by psychrotrophic bacteria [29].
4 Fouling by milk products
Based on the trends given in Table 4 and on the results found in the literature the
fouling behaviour of somemilkproducts ascompared tonormal milk can be estimated.
Reconstituted skim milk and recombined milk may give less fouling than fresh milk.
This is, among other things, explained by the fact that the serum proteins in the milk
powder used have already (partly) been denatured [35].Cold storage (20-24 h at 5 °C)
of such milk and addition of polyphosphates, such as hexametaphosphate (HMP), can
reduce fouling markedly. HMPis thought toreduce theavailable calcium in the system.
Heatingrecombined milk,whichcontainsemulsified milkfat, leadstocopiousfat fouling
[33].
Concentrated milk is usually made of milk that hasundergone aheat treatment before
theconcentration step.Therefore, fouling willnotoccurviathealready denatured serum
proteins. Concentrated milk will give fouling as a result of the coagulation of casein
micelles.Thisispromoted through thelowpH and thehighconcentrations ofcaseinand
calcium.
Sweet whey will give more fouling than milk. Due to the absence of casein micelles,
whey protein aggregates are not hindered in transport to the surface and more calcium
ions will associate with serum proteins, resulting in aggregates more prone to fouling.
Acid whey will give more fouling than sweet whey. The pH is closer to the isoelectricpH of the whey proteins, leading toless electrostatic repulsion, which results in
a higher probability of sticking onto the deposited protein layer.
Whey protein concentrates will give more fouling simply because of the higher whey
protein concentration. Up to 25 % total solids fouling increases; at higher total solids
a changed fouling mechanism led to a reduction of the deposited mass [34].
Sourcream/cultured buttermilk willgivestrongfouling duetothepoor stabilityof the
casein micelles at the prevailing pH.
Whipping cream (unhomogenized), in spite of its high fat content, has a fouling
behaviour which resembles that of whole milk [32].
Chocolated desserts giverisetodepositscontaining compounds such aschocolate and
starch, which are difficult to remove [38].
5 Prevention of fouling
Upon heating milk there is aregion in the heat exchanger where fouling is most severe.
This critical region is determined by the concentration of activated serum protein
14
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molecules [11].Fouling inheat exchangers can bereduced by controlling the formation
of these activated molecules. Possible ways of achieving this include:
- installing a holding section with a high volume to surface ratio: De Jong [3] showed
that by using a stirred tank as a holder, the amount of deposit was reduced by more
than 50 %;
- applying steam injection/infusion toshorten theperiod during which the concentration
of activated molecules is high;
- introduction of a coating on those plates where fouling is most severe. Unfortunately,
no successful coating material has yet been reported;
- applying such high shear stresses in thecritical region that deposition of foulants will
be prevented;
- applying a temperature profile in such a way that fouling is evenly spread over the
various passes of a plate heat exchanger to prevent one pass being so rapidly fouled
that it blocks the whole equipment [39].A similar effect is achieved by applying a
preheating of milk before pasteurization; in practice, the selection of preheating
temperatures isamatter ofcompromisebetweenreducing downstreamfouling without
causing overmuch deposition in the preheating section [40].
Other ways to reduce fouling include:
- degassing the milk, applying high operational pressures and high shear rates; these
procedures mayprevent airbubblesfrom sticking tothewall,resulting inless fouling;
- preventing psychrotrophic bacteria from producing extracellular proteolytic enzymes
in milk by applying thermalization to raw milk, by avoiding dead spaces in the
processing lines and by draining tanks and pipelines completely;
- desalting, adding Ca2+-binders andpH adjustment; incertain milkproducts thesemay
be tools to diminish fouling.
6 Cleaning
6.1 Cleaningmechanism
In the process of cleaning four parameters are of importance: chemical action,
temperature, mechanical action and time. A combination of these four, to a certain
extent exchangeable, must lead to effective removal of the deposit. The removal of a
milk deposit during alkaline cleaning occurs as follows [9, 41,42,43].Diffusion of the
alkaline cleaning solution into the deposit layer is slow; reasonable values for the
thickness of the fouling layer and for the effective diffusion coefficient are 10mm and
-8

9 1

10 m .s ,respectively, which means that it would take at least 1 hbefore the cleaning
solution reaches the stainless steel wall by diffusion. The removal process, however,
takesonly afew minutes.Therefore, itappears that thecleaning solution penetrates into
the spongy structure of the deposit layer, causing a swelling from which cracks
propagate which, in turn, accelerates the further penetration of the cleaning solution.
Scanning electronmicroscopy ofwheyprotein depositsshowed thatthedeposit structure
changes dramatically on contact with an alkaline cleaning solution; the dense platelet
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structure of the deposit changed in a few minutes to an open hollow matrix [44].This
swelling may be the result of an increased mutual repulsion between protein chains in
the deposit layer due to the high pH of the alkaline cleaning solution, thereby breaking
a number of deposit-deposit bonds.Moreover, through partial hydrolysis of the proteins
thenumberorstrengthofbondswithinthedeposit layerisfurther reduced.Cracksallow
thecleaning solution topenetrate intothedeposit layerand todisrupt itby shear stresses
and/or the pressure fluctuations (due to turbulence) exerted by the fast-flowing liquid.
Finally, the swollen deposit is loosened and carried away in large lumps with the
cleaning solution.
A thin transparent sublayer may remain on the stainless steel surface, consisting of
calcium salts.This layer is easily removed by a subsequent acid cleaning which simply
works via dissolving the deposit layer by layer. If a deposit mainly consists of minerals
it is better to start with acid cleaning, followed by alkaline cleaning [9].
6.2 Chemicalaction
For cleaning milk deposits Bird [44] found an optimum concentration of 0.5 %NaOH
in the cleaning solution. At this concentration, the swollen deposit acquires the highest
porosity and is thus most susceptible to removal by liquid shear forces. Scanning
electron microscopy studies showed that, above the optimum concentration of 0.5 %,
NaOH modifies the surface of the deposit in such a way that it obstructs removal.
Jeurnink and Brinkman [9] have described this process in terms of a chemical reaction
in which the protein is aggregated or polymerized to form arubber-like structure. Such
a 'rubbery' layer presumably prevents or obstructs further penetration of the alkaline
solution into the deposit and/or further crack formation, causing the cleaning rate to
decreasemarkedly.Thisresult shows that theintuitive notion,prevalent inindustry,that
a higher alkali concentration results in a higher cleaning rate is not correct.
6.3 Cleaning temperature
The cleaning temperature should be at least above the melting point of milk fat, so that
removal of fat can be promoted by its emulsification. The cleaning rate will further
increase with increasing temperature as aresult of improved solubility, faster diffusion,
faster hydrolysis and a thinner laminar boundary layer (due to a higher Reynoldsnumber). However, too high a temperature may damage the apparatus (corrosion,
gaskets) and lead to reactions of proteins in the deposit (e.g.denaturation, formation of
arubbery layer)thatmay interfere witheffective cleaning.Optimal working temperature
therefore lies around 70 °C. This is, in combination with the 0.5 % NaOH-solution,
sufficient to kill any pathogenic micro-organisms.
6.4Mechanicalaction
Acleaning solution velocity of 1.5m/sis often quoted asbeing necessary for cleaning,
but this has no theoretical justification [1].Mechanical energy in a cleaning process is
16
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required for taking away theloosened deposit, splitting largedeposit lumps into smaller
ones and preventing re-adherence of already loosened deposits [41].
6.5 Cleaning time
Under ideal cleaning conditions, i.e. (i) optimum temperature and detergent concentration, (ii) disposal of the first alkaline flush for heavy fouling and (iii) using flow
conditions inwhich allparts of theequipment arewellreached by thecleaning solution,
milk depositsinaheatexchanger canbe readily removed by alkaline cleaning followed
by acid cleaning.Inpractice, thecleaning solution isoften circulated for an unnecessarily long time with the aim (or the hope) of removing deposits that are hardly or not
reached by the cleaning solution. In such a case, it is recommended to adjust the flow
conditions, to install a sprayball or to achieve a better (hygienic) design of the
equipment, rather than to extend the circulating time.
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Summary

Heat treatment of milk and milk products is applied in the dairy industry to obtain
microbiologically safe products. During the process in heat exchangers and evaporators
an undesirable deposit, mainly consisting of proteins and minerals, is formed on the
heating surface. This process of deposit formation is called fouling and is a daily
nuisance in the dairy industry. Fouling diminishes the heat transfer and it restricts
product flow, causing a rise in operating pressure. Fouling leads to product losses and
it may even give rise to microbiological contamination of the product.
In order to remove the deposit a frequent shut-down of the production processes is
required for cleaning, which of course requires time, work, materials and energy. In
other words, fouling is a costly affair.
The aim of this work was to establish the mechanism of fouling by studying the
processes taking place in milk during heating, in the bulk as well as at the heating
surface. A better understanding of the fouling and cleaning mechanisms would enable
longer processing times and lead to improved cleaning procedures.
Milk consists for the most part of water (approx. 87 %), lactose (4.6 %)fat (4.0 %),
protein (3.5 %), and salts (0.7 %). It can be considered as a dispersion of fat globules
and proteinaceous particles (casein micelles and serum proteins),in acontinuousphase,
which includes lactose and dissolved salts. At room temperature milk is a very stable
colloidal dispersion.Evenatboiling temperature themilkcomponentsremain dispersed,
although heating causes many changes to occur in milk, for example denaturation of
serum proteins, precipitation of calcium phosphate and, at high temperatures, some
aggregation of casein micelles. These reactions may cause milk to become less stable
and this colloidal instability will lead to fouling. Therefore the fouling process was
studied by investigating the colloidal stability of milk in relation to the deposition
processes at the heating surface.
In the first two papers the effect of heating on the behaviour and stability of casein
micelles in milk as studied by turbidity and viscosity measurements is described. The
turbidity and viscosity of skim milk were found to increase with temperature and time
of heating. No increase in either parameter was found, however, if the heating
temperature did not exceed 60 °C, nor when skim milk was heated to 90 °C in the
absence of serum proteins. It thus appeared that denaturation of serum proteins, in
particular ß-lactoglobulin(ß-lg),isresponsiblefor theincreaseinturbidity andviscosity.
Denatured ß-lg molecules associate with the casein micelles, leading to an increase in
the size of the micelles and in their mutual attraction. The changes in viscosity of skim
milk on heating can be described with a quantitative model, which was developed for
the behaviour of so-called adhesive hard spheres.
In the third, fourth and fifth papers, experimental results are presented to demonstrate
that the heat stability of milk,i.e.theresistance tocoagulation during heating, is related
to its fouling behaviour:
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- Aged milk was found to cause more fouling than fresh milk: due to the action of
proteolytic enzymes,produced by psychrotrophic bacteria during cold storage, partof
the caseins are broken down. Consequently the heat stability of the milk is decreased
so that additional protein deposition takes place.
- Either increasing or decreasing the calcium concentration in normal skimmilk led to
a lower heat stability and to more fouling. Changing the calcium concentration
produced a shift from serum protein to casein in the composition of the deposit.
Apparently calcium ions alter the structure of the casein micelles in milk in such a
way (albeit for low- and high-calcium milk in different ways) that their mutual
interaction increases and fouling is enhanced.
- Air bubbles, which form in the milk on heating and stick to the stainless steel wall,
appear to act as nuclei for the formation of an additional deposit. They influence the
composition of the deposit through drying of the membrane that forms around a
bubble, which comprises predominantly casein.
In paper six the effect of serum protein concentration on fouling is analysed. Fouling
increases with increasing serum protein concentration. If serum proteins are (nearly)
absent inthe milk,fouling reduces by two-thirds.Although thecalcium content remains
unaltered, calcium deposition also reduces by two-thirds, indicating that the deposition
of calcium is coupled to that of proteins. Not only ß-lg but also a-lactalbumin, bovine
serum albumin and caseins contribute to the deposit.
The seventh paper deals with the processes taking place at the heating surface.
Emphasis isputon theinfluence of the degree of serum protein denaturation on therate
of deposition. Therefore, serum protein solutions were given various heat treatments
before their deposition onto achromium oxide surface was measured by reflectometry.
The deposition was studied under controlled hydrodynamic conditions by applying
stagnation-point flow. It was found that for deposition beyond that of a monolayer,
denaturation of the serum proteins in the vicinity of the surface is a prerequisite. The
rate of deposition can be described by a model developed for the heat-induced denaturation of ß-lg, involving the presence of an intermediate activated state, ultimately
leading to inactive aggregates. The rate of deposition was found to be quantitatively
related to the concentration of activated ß-lg molecules.
In the eighth paper the cleaning ratefor milk and whey deposits was studied in semiindustrial heatexchangers andevaporators.After processing milk, wheyor concentrated
whey theequipment canbecleaned completely inashort time.Thecleaning mechanism
involves penetration of the alkaline cleaning solution (mainly through cracks) into the
deposit layer, thereby altering its structural properties, breaking up of the layer, and
removal of deposit by carrying it away in large lumps, followed by dissolution of the
remaining deposit, mainly mineral, in the subsequent acid cleaning solution. However,
if inevaporators theflow ratesduring cleaning aretoosmallorthealkali concentrations
are too high, or both, then cleaning will be slow and incomplete. In that case the
remainingdepositlayerbecomescovered withabrownrubber-likelayerof polymerized
protein.
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Since a whey deposit contains considerably more mineral compounds than a milk
deposit itisbetter toalter the sequence of thecleaning stages after processing whey,i.e.
to start with acid cleaning, followed by alkaline cleaning.
The final paper reviews the various reactions that take place during the process of
fouling. The twomajor fouling mechanisms during theheat treatment of milk are:i)the
formation andthesubsequent deposition of activated serumproteinmolecules asaresult
of the heat denaturation, ii) the precipitation of calcium phosphate (directly on the
heating surface or together with proteins) as a result of the decreased solubility of this
salt upon heating. Both foulants are formed in the bulk of the solution and are continuously transported to the surface, where they can be deposited. A third mechanism,
driven by ahigh wall temperature, i.e. alarge AT,plays aminor role infouling, though
it appears to enhance the direct precipitation of calcium phosphate onto the stainless
steel heating surface.
If the stability of milk is lowered, e.g. by renneting or lowering the pH, the coagulation of casein micelles will cause extreme fouling.
From the various mechanisms of fouling and observations as given above, the
following conclusions can be drawn:
- Fouling in heat exchangers can be reduced by controlling the formation of activated
serum protein molecules and by preventing the precipitation of calcium phosphate.
This can be achieved for example by introducing a holding section with a high
volume-to-surface ratio.This holding section should be installed at the site where the
heat denaturation model predicts the highest concentration of activated serum protein
molecules.
- For some milk products, desalting, addition of calcium binders or pH adjustment may
be ways to reduce fouling.
- Degassing of milk and application of high flow rates will prevent air bubbles from
sticking to the wall, resulting in less fouling.
Studying the cleaning process revealed that if the following cleaning conditions are
applied - (i) optimum temperature and detergent concentration, (ii) disposal of thefirst
alkaline and acid flush in the case of heavy fouling and (iii) flow conditions in which
all parts of the equipment are well reached by the cleaning solution - milk deposits in
aheatexchanger canbereadily removed by alkalinecleaning followed byacidcleaning.
In recent years the expertise obtained in this project has been applied for optimizing
cleaning procedures in practice. In many cases areduction in energy costs of 50 %and
a decrease in use of cleaning agents of 25 %was achieved. In this way the task set by
the Netherlands Agency for Energy and the Environment (NOVEM), who financially
supported much of the research, has been realized.
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Samenvatting

Hittebehandelingen van melk(producten) worden in de zuivelindustrie toegepast om
houdbare producten te verkrijgen. Tijdens deze behandelingen vormt zich op de
verhittingswand van pasteurs en indampers een ongewenste afzetting die voornamelijk
uit eiwit en calciumfosfaat bestaat. Deze vervuiling van de apparatuur is een dagelijks
terugkerend probleem. Het leidt tot een afname van de warmteoverdracht, tot een
toename in de drukval over de procesapparatuur en het kan een bron voor microbiële
problemen zijn. Vervuiling gaat gepaard met productverlies en aanzienlijke reinigingskosten,terwijl detijd benodigd voorreinigingnietalsproductietijd kanworden gebruikt.
Het doelvan ditonderzoek ishet ophelderen vanhet vervuilingsmechanisme, doorde
reacties te bestuderen die tijdens het verhitten van melk optreden. Deze reacties treden
zowel opindebulk vandeoplossing als aandeverhittingswand. Hetverworven inzicht
in het mechanisme van vervuiling dient te leiden tot langere productietijden en
verbeterde reinigingsprocedures.
Melk bestaat hoofdzakelijk uit water (87 %) en bevat lactose (4.6 %), vet (4.0 %),
eiwit (3.5 %) en zouten (0.7 %). Melk kan worden beschouwd als een dispersie van
vetbolletjes en eiwitdeeltjes (caseïnemicellen en serumeiwitten) in een continue fase
waarvan lactose en opgeloste zouten deel uitmaken. Bij kamertemperatuur is melk een
zeerstabielecolloïdaledispersie.Zelfsbijkooktemperatuurblijven demelkcomponenten
in dispersie, ondanks het optreden van allerlei reacties, zoals het denatureren van de
serumeiwitten, het onoplosbaar worden van calciumfosfaat en bij hoge temperaturen
enige aggregatie van de caseïnemicellen. Deze reacties maken melk minder stabiel en
mede daardoor ontstaat vervuiling. Vandaar ook dat het vervuilingsproces is bestudeerd
door het onderzoeken vandecolloïdale stabiliteit van melk inrelatie tot de afzettingsreacties die plaats vinden aan het verhittende oppervlak.
In de eerstehoofdstukken isheteffect vanverhitten ophetgedrag ende stabiliteit van
de caseïnemicellen inmelk bestudeerd met behulpvanturbiditeits-en viscositeitsmetingen. De turbiditeit en de viscositeit van ondermelk bleken toe te nemen bij stijgende
temperatuur enmetdeduurvandeverhitting.Erwerd geen toename indeze parameters
gevonden als de temperatuur beneden de 60 °Cbleef, noch wanneer de ondermelk was
verhit tot 90 °C in afwezigheid van serumeiwitten. Blijkbaar is de denaturatie van de
serumeiwitten, met name de hoofdcomponent ß-lactoglobuline (ß-lg), verantwoordelijk
voor de toename in turbiditeit en viscositeit. Gedenatureerde ß-lg-moleculen associëren
met de caseïnemicellen waardoor de micellen groter worden en hun onderlinge attractie
toeneemt. De veranderingen in de viscositeit van ondermelk tijdens verhitten konden
beschreven worden met een kwantitatief model dat ontwikkeld is voor het gedrag van
plakkende harde bollen.
Inhetderde,vierdeenvijfde hoofdstuk wordenexperimentenbeschreven waarinwordt
aangetoond datdehittestabiliteit van melk, d. w. z.het bestand zijn tegen uitvlokken als
gevolg van verhitten, en het vervuilingsgedrag van die melk zijn gecorreleerd:
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- Lang koel bewaarde melk veroorzaakt bij verhitten meer vervuiling dan verse melk.
De verklaring hiervoor is dat als gevolg van de werking van proteolytische enzymen,
afgescheiden door psychrotrofe bacteriën tijdens het koud bewaren, een deel van de
caséineswordt afgebroken. Daardoor neemt dehittestabiliteit van demelk af en vindt
er een extra afzetting van eiwitten plaats.
- Zowel verhoging als verlaging van het calciumgehalte in gewone ondermelk leidt tot
een verlaagde hittestabiliteit en tot meer vervuiling. In beide gevallen treedt er een
verschuiving indevuilsamenstelling op van serumeiwitten naar caséines. Klaarblijkelijk veroorzaken de calcium-ionen een zodanige verandering in de structuur van de
caseïnemicellenen in hun onderlinge interacties dat daardoor de vervuiling toeneemt.
- Luchtbellen, die ontstaan bij het verhitten van melk en die hechten aan de wand,
werken als kernen voor extra vervuiling. De bellen krimpen en verdwijnen door
diffusie vande daarin opgesloten lucht en waterdamp.Het membraan van de luchtbel
blijft achter en leidt tot een verhoogde afzetting van eiwit, voornamelijk caseïne.
In het zesdehoofdstuk wordt de invloed vande concentratie aan serumeiwitten in melk
op de vervuiling beschreven. Vervuiling neemt toe wanneer de concentratie aan serumeiwitten wordt verhoogd. Als serumeiwitten nagenoeg afwezig zijn, neemt de mate van
vervuiling met 2/3 af. Ofschoon de calciumconcentratie ongewijzigd blijft, neemt ook
de calciumvervuiling met 2/3 af; dit duidt erop dat de afzetting van calcium en van
serumeiwitten sterk aan elkaar gekoppeld zijn. Naast ß-lg bleken ook a-lactalbumine,
bloedserumalbumine en caseïnes aan de vervuiling bij te dragen.
Het zevende hoofdstuk handelt over de reacties die optreden aan het verhittende
oppervlak, waarbij met name de invloed van de denaturatiegraad van de serumeiwitten
op hun afzettingsssnelheid is bestudeerd. Daarvoor kregen serumeiwitoplossingen
verschillende hittebehandelingen alvorens hun afzetting op een chroomoxidelaag met
behulpvanreflectometrie tebepalen.Deafzetting werdbestudeerd onder gecontroleerde
hydrodynamische omstandigheden waarbij gebruik werd gemaakt van "stagnation point
flow". Het bleek dat de denaturatie van de serumeiwitten een voorwaarde is voor de
afzetting van meer dan een monolaag aan eiwit. De afzettingssnelheid kon worden
beschreven met behulp van een model voor hitte-geïnduceerde denaturatie van ß-lg. In
dit model is sprake van het ontstaan van een actieve tussenvorm van ß-lg die verder
reageert tot inactieve aggregaten. De afzettingssnelheid van ß-lg bij verhitten blijkt
kwantitatief gekoppeld te zijn aan de concentratie van actieve ß-lg-moleculen.
In het achtste hoofdstuk wordt de reinigingssnelheid van melk- en weivervuiling in
semi-industrielepasteurs en indampers beschreven. Na verwerken van melk of wei kan
de apparatuur in korte tijd volledig worden gereinigd. Het vervuilingsmechanisme
behelst het binnendringen van de alkalische reinigingsoplossing (voornamelijk via
scheuren) in de vuillaag waarbij de structuur verandert. Vervolgens breekt de laag op
en wordt in grote stukken weggevoerd waarbij de restanten, voornamelijk mineralen,
oplossen in de daarop volgende zure reinigingsoplossing. Echter als een indamper
gereinigd wordt met een te laag debiet en/of een te hoge loogconcentratie, zal de
reiniging langzaam enonvolledig verlopen. Er wordt dan aan debuitenkant van het vuil
een rubberachtige laag gevormd als gevolg van polymerisatiereacties van het eiwit.
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Omdat weivervuiling aanzienlijk meer mineralen bevat dan melkvervuiling, wordt
aangeraden om in dat geval de volgorde van de verschillende reinigingsfasen om te
keren, d.w.z. te beginnen met een zuurreiniging gevolgd door een loogreiniging.
Hetlaatstehoofdstuk geeft eenoverzichtvandeverschillende reactiesdieplaatsvinden
tijdens het vervuilingsproces.Detweebelangrijkste vervuilingsmechanismen tijdens het
verhitten vanmelk zijn: (i)devorming van actieve serumeiwitmoleculen alsgevolgvan
de hittedenaturatie, (ii) het neerslaan van calciumfosfaat (direct op de verhittende wand
of op eiwitdeeltjes) als gevolg van een afnemende oplosbaarheid bij verhoogde
temperatuur. In beide gevallen worden de vervuilende deeltjes in de bulk van de
oplossing gevormd. Vervuiling vindt plaats wanneer deze deeltjes naar het oppervlak
worden getransporteerd en zich afzetten. Een derde vervuilingsmechanisme, waarbij de
hogere wandtemperatuur de drijvende kracht is, speelt een vrij ondergeschikte rol; het
zal mogelijk alleen het rechtstreeks neerslaan van calciumfosfaat op de wand
bevorderen.
Als de stabiliteit van de melk wordt verminderd, bijvoorbeeld door proteolyse met
stremsel of doorpH-verlaging,leidt coagulatie van de instabiel geworden caseïnemicellen tot een sterke toename van de vervuiling.
Uit de boven beschreven vervuilingsmechanismen en waarnemingen kunnen de
volgende conclusies worden getrokken:
- Vervuiling in warmtewisselaars kan worden verminderd door de vorming van actieve
serumeiwitmoleculen tebeheersen endeprecipitatie van calciumfosfaat tegen tegaan.
Dit kan o.a. worden bereikt door het inpassen in de warmtewisselaar van een
houdsectiemeteenhogevolume/oppervlak-verhouding. Dezehoudsectiemoet worden
geïnstalleerd op die plaats waar het denaturatiemodel de hoogste concentratie aan
actieve serumeiwitmoleculen voorspelt.
- Voorsommigemelkproductenkunnenontzouting,toevoegingvancalciumbindersen/of
wijziging van de pH middelen zijn om de vervuiling te verminderen.
- Ontluchten of het toepassen van een hoge vloeistofsnelheid zal voorkomen dat
luchtbellen zich hechten aan de wand, waardoor de vervuiling aanzienlijk afneemt.
Op voorwaarde dat de volgende procescondities worden toegepast, (i) optimale
temperatuur enreinigingsmiddelconcentratie, (ii)direct lozen van het eerste deel vande
reinigingsvloeistoffen bij sterke vervuiling en (iii) zodanige stromingscondities dat alle
delen van de apparatuur goed bereikt worden door de reinigingsvloeistof, zal
melkvervuiling snel en volledig kunnen worden verwijderd met een loogreiniging
gevolgd door een zuurreiniging.
In de afgelopen jaren is opgebouwde expertise aangewend in de praktijk om
reinigingsprocessen te optimaliseren. Daarbij werd in veel gevallen een afname in
energiekosten met 50 % en in verbruik van reinigingsmiddelen met 25 % bereikt.
Hiermee wordt de opdracht gegeven door de Nederlandse Ontwikkelingsmaatschappij
voor Energie en Milieu (NOVEM), die een groot deel van het onderzoek financieel
ondersteunde, gerealiseerd.
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Nawoord

Op deze plaats bedank ik iedereen die heeft bijgedragen aan de totstandkoming van dit
proefschrift. De directie van NIZO ben ik zeer erkentelijk voor de ruimte die zij mij
bood om het onderzoek te laten resulteren in een promotie. De Nederlandse Ontwikkelingsmaatschappij voor Energie en Milieu (NOVEM) dank ik voor hun financiële
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Kees de Kruif dank ik voor hun stimulerende begeleiding; de voortgangsbesprekingen
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Talrijke experimenten zijn op kundige wijze uitgevoerd door Gerard van Voskuilen,
samen met een achttal buitenlandse stagiair(e)s; zonder hen was dit proefschrift nooit
gerealiseerd. Vooreen aantal specifieke analyses entechnieken heb ikdankbaar gebruik
kunnen maken van de inbreng van NlZO-collega's: Paula Both, Roelie Holleman, Rein
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in de technologiehal van NIZO zijn op vakbekwame wijze uitgevoerd door Jan Wever.
Voor de lay-out en fotografie gaat mijn dank uit naar Jacques Maessen en Joop
Mondria.
Dankzij de prettige sfeer op NIZO heb ik altijd met plezier gewerkt; met name mijn
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daartoebijgedragen. Tot slotkijk ikmetdankbaarheid terug opdewarme belangstelling
van mijn ouders tijdens mijn studie en promotie-onderzoek. Aan hen draag ik dit
proefschrift op.
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