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Abstract

Fouling from raw milk and from whey protein solutions mimicking the protein content of milk have been performed at
two length scales, using a microfluidic heat transfer cell and a bench-scale device with hydraulic diameters 1.0 mm and
16.1 mm, respectively. The microfluidic cell allows raw milk to be studied in once-through mode and was used to identify
polymer coated surfaces to test against stainless steel. Several of the fluorocarbon coated surfaces reduced the mass
deposition but the pressure drop and thermal resistance did not match these directly, indicating that the nature and
structure of the deposit is affected by the surface. A fluorinated ethylene propylene coating was identified as a promising
candidate for large scale tests. At the interface with apolar surfaces, raw milk fouling layers were high in protein whereas
a strongly attached mineral-rich layer was present at the interface with steel. The attraction of denatured protein towards
apolar surfaces and the formation of a calcium phosphate layer on steel at later stages of fouling are explained with
arguments based on the interfacial free energy of these materials in water.
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1. Introduction

Milk fouling and surfaces. Surface coatings and surface
modifications have been advocated for mitigating fouling
in the food industry for some time (e.g. Rosmaninho and
Melo, 2007; Mérian and Goddard, 2012; Boxler et al., 2013).5

Several fluoropolymer (FP) and FP derivative/composite
surfaces have been tested for dairy applications as their
low surface energies make the attachment of deposits less
favourable (Barish and Goddard, 2013, 2014). FP coat-
ings, however, introduce additional thermal resistance as10

the layer must be several microns thick in order to resist
abrasion and allow good adhesion to the substrate. There
is thus a trade-off between coating thickness, antifouling
performance and cost (Gomes da Cruz et al., 2015).

Milk contains several species which potentially con-15

tribute to fouling, particularly whey proteins (WPs), cal-
cium phosphate and lipids. These interact differently with
the stainless steel (SS) used as standard in dairy process-
ing equipment and those interactions dictate which species
are deposited initially (Piepiórka-Stepuk et al., 2016) and20

thereafter. Since the purpose of a modified or coated sur-
face is to deter the initiation of fouling and to reduce the
rate of any subsequent deposition, the interaction of such
species with the coating needs to be considered rather
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than assuming that these will be similar to those on steels.25

Many studies of dairy fouling and cleaning have employed
WP solutions rather than raw milk to identify and quantify
the dominant mechanisms involved in dairy fouling, with
some success (e.g. Blanpain-Avet et al., 2016). Translating
results from model solutions to practice is subject to vari-30

ations induced by the minor fouling components (Huang
and Goddard, 2015). Furthermore, any coating must en-
dure the changes in chemical environments associated with
repeated fouling and cleaning cycles. There is therefore a
need to test using raw milk.35

In this work, fouling experiments were performed us-
ing raw milk and 1.82 % g g−1 WP concentrate solutions
which reflect the WP concentration of bovine milk. Since
raw milk is microbacterially active, a microfluidic heat ex-
changer (HEX) was used to assess the fouling propensity40

of different coatings compared to 304 SS. This required
a small (2 litre) liquid inventory and operated in once-
through mode. Selected coatings were subsequently tested
in a bench-scale flow cell using raw milk and WP solution
in which the liquid was recirculated. The bulk liquid was45

maintained at 61 ◦C, at which temperature insignificant
denaturation of protein was expected to occur (Walstra
et al., 2005). The test section of this cell employed turbu-
lent flow conditions and the initial surface temperatures
were similar to those in the microfluidic HEX. Both de-50

vices employed flat, heated plates so the deposits could be
readily inspected in situ after testing.
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Nomenclature

Greek Symbols

γ Surface free energy mJ m−2

∆ Difference operator

δ Thickness µm

Roman Symbols

G Free energy per area mJ m−2

k Thermal conductivity W m−1 K−1

m Mass kg

ṁ Mass flow rate kg s−1

P Pressure Pa

q Heat duty W

Sa Arithmetic mean roughness nm

T Temperature K

V̇ Volumetric flow rate l min−1

Superscripts

+ Electron acceptor

- Electron donor

IF Interfacial

LW Lifshitz-van der Waals interactions

Subscripts

1,2,3 Medium 1,2,3

b Bulk

coat Coating

e Electrical

f Fouling

h Heater, Hot side

in Inlet

out Outlet

t1,t2,t3 Tank 1, 2, 3

w Wall

Particle–surface forces. In an aqueous environment the
forces between an (inert) substrate and an adhering species
are determined by contributions from electrostatic, Van55

der Waals, and solvation forces (Israelachvili, 2011). One
approach which has been applied successfully in many sit-
uations is the extended Derjaguin, Landau, Verwey and
Overbeek (XDLVO) theory (van Oss, 2003). This theory
superimposes energies of interaction from Van der Waals,60

Lewis acid-base, and electric double layer forces.
The electric double layer repulsion of particles arises

from the osmotic pressure of counterions attracted by sur-

face charges (Israelachvili, 2011). It decays spatially with
the characteristic Debye length, which is solely a prop-65

erty of the solution and decreases with increasing ionic
strength. The ionic strength of milk is 80 mM (Walstra
et al., 2005), which gives a Debye length of 1 nm, i.e. the
electric potential reduces to 1/e ≈ 37 % within the first
nanometre (van Oss, 2003). This renders effects from os-70

motic pressure negligible compared to the other two forces
within the XDLVO framework. Auspiciously, Van der
Waals and Lewis acid-base interactions can be considered
collectively in some theories describing surface energy. Van
Oss et al. (1987) split surface energy, γ, into Lifshitz-75

Van der Waals, γLW, acidic, γ+ (electron acceptor), and
basic, γ− (electron donor), contributions to yield γ =
γLW + 2

√
γ+γ−.

Interfacial energies obey the geometric mean ‘combi-
nation rules’ described by Fowkes (1963). For cases where
both apolar and polar interactions operate across an in-
terface between material 1 and 2, van Oss et al. (1987)
showed that the interfacial energy at molecular contact is
given by

γ12 =

(√
γLW1 −

√
γLW2

)2

(1)

+ 2

(√
γ+1 γ

−
1 +

√
γ+2 γ

−
2 −

√
γ+1 γ

−
2 −

√
γ+2 γ

−
1

)
.

Here, γi is the surface energy between substance i and
vacuum: the subscript for vacuum is omitted here for con-
venience, as in many texts. Moreover, γi,air ≈ γi. The
interfacial free energy of interaction in an immersed sys-
tem is estimated from the difference in total interfacial
energy when adsorbing species 1 contacts a substrate 2 in
medium 3. Note that in the literature, subscript 2 some-
times refers to the surrounding medium. As outlined by
van Oss et al. (1987), following arguments of Dupré (1869),
the interfacial free energy of interaction is given by

∆GIF
123 = γ12 − γ13 − γ23 , (2)

where γ12, γ13 and γ23 are the interfacial energies between
respective materials at contact, i.e. minimum equilibrium80

distance. Figure 1(a) illustrates the process for a polymer
strand adsorbing to a surface in water. The adsorbing
strand displaces the interstice medium, i.e. it replaces the
particle-water and surface-water interfaces with a particle-
surface interface. Aggregation and dissolution of like par-85

ticles, as shown in Figure 1(b), can be understood as a
similar process (van Oss and Good, 1992). Type A milk
fouling deposit generated below 100 ◦C is mainly a product
of aggregated protein which forms a porous matrix with
a large water content (Bansal and Chen, 2006; Hagsten90

et al., 2016). Besides chemical bonds, the physical inter-
actions within the wet protein matrix contribute to the
cohesion of the material. Therefore, the interfacial free
energy of interaction of protein chains within this matrix
provides an important contribution to cohesion.95
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Figure 1: Schematic of a particle (here, a polymer strand) (a) adsorb-
ing to a surface and (b) aggregating with a second particle of iden-
tical nature. The interfacial free energies of interaction associated
with these processes are presented in the centres of the schematics.
The relevant interfaces are highlighted with red lines. The subscripts
denote: 1 – particle; 2 – surface; 3 – water.

∆GIF
123 can be positive or negative depending on the

materials involved. If medium 3 is aqueous and ∆GIF
123 <

0, species 1 and substrate 2 exhibit a hydrophobic attrac-
tion and, conversely, hydrophilic repulsion if ∆GIF

123 > 0.
∆GIF

123 = 0 represents the special case of no net interac-100

tion.

2. Materials and Methods

Microscale test cell. A detailed description of the microflu-
idic fouling cell (Figure 2 and 3) has been reported by
Magens et al. (2017). Liquid is pumped from one of three105

reservoirs maintained at 56 ◦C through a copper preheater
coil immersed in a hot water bath which raises the liq-
uid temperature before it enters the test section. The test
section is a 2 mm wide by 0.65 mm high rectangular chan-
nel whose top wall is provided by part of a 50×50 mm110

square test plate. Heating is provided over the central
40 mm length of the channel by an electrical heating ele-
ment. The electrical heating power, inlet and outlet tem-
peratures, and pressure drop across the channel were mon-
itored during an experiment. The bottom wall of the test115

cell was made from glass so that deposition could be in-
spected in situ using optical or confocal laser scanning
microscopy (CLSM).

Fouling experiments were performed under constant
milk flow rate (12 g min−1) and constant heat flux con-120

ditions. The bulk liquid temperature increased from 62 ◦C
(Reynolds number = 213 ± 12) to 68 ◦C and the surface
temperature ranged from approximately 75 to 91 ◦C, so
that β-lactoglobulin was expected to be in the molten glob-
ule state in the thermal boundary layer but not the bulk.125

Deionised water was passed through the system until it
reached thermal steady state, at which point the feed was
switched to deaerated raw milk for two hours. The test
cell was disassembled to recover the plate and the sys-
tem then cleaned by circulation of 1M NaOH solution fol-130
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Figure 2: Microfluidic HEX assembly. (a) Side view, inlet facing
front. (b) Cross section through plane AA showing channel, sample
and heater. (c) Magnification of (b) showing sample and channel
geometry. Labels – 1, channel body (nylon); 2, window; 3, flow
channel; 4, heater; 5, copper block; 6, securing bolts; 7, top section;
8, microscope. The width of the channel is 2 mm. Dash-dot lines
indicate planes of symmetry.

lowed by deionised water. The test plates were reused: the
clean performance was recorded to determine any changes
in thermal performance.

Visualising protein and calcium phosphate. Confocal mi-
croscopy was used to study the distribution of calcium135

phosphate and protein within the fouling layers. Calcium
green A1 (CG) and texas red sulfonyl chloride (TR-SC)
(both Molecular Probes Inc.) show an increase in fluores-
cence on binding to calcium ions and amine groups, respec-
tively. 50µg of CG was dissolved in 50 µL dimethyl sulfox-140

ide (purity 0.99 g g−1, Alfa Aesar) under ultra-sonication
and added to 10 ml deionised water. The final concentra-
tion of 4 µM is in the order of magnitude used by Thomas
et al. (2000) to study calcium cell signalling. The solu-
tion was injected into the microfluidic HEX cell holding145

the fouling deposit and kept there for 25 min. Afterwards,
1 mg of TR-SC was dissolved in 10 ml deionised water just
above the water freezing point to reduce the rate of dye hy-
drolysis (Lefevre et al., 1996). The 160µM TR-SC solution
was injected into the cell shortly after mixing and again150

held therein for 25 min. The cell was then rinsed with
deionised water and placed on a Leica TCS SP5 CLSM.
The CG and TR-SC fluorophores were excited by an argon
laser at 514 nm and a helium-neon laser at 633 nm, respec-
tively. In situ images of deposits on FPs were taken with a155

10× lens and the pinhole set to 53µm. In some cases, de-
posits adhered strongly enough to be imaged ex-situ using
a 40× oil immersion lens.
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Figure 3: Microfluidic HEX process schematic. Labels – 9, thermo-
stat; 10, pumps; 11, preheater; 12, fouling cell; 13, waste receiver;
14, balance

Bench-scale test cell. The test section in this unit fea-
tured a long rectangular flow channel, 42 mm wide and160

10 mm high, mounted vertically to inhibit bubble attach-
ment. Bubble formation was further inhibited by oper-
ating at an overpressure of 0.8 bar. Liquid was pumped
from one of three 17 l reservoirs, illustrated in Figure 4,
through the test section at 8.00 ± 0.18 l min−1 (mean ve-165

locity 0.32 ± 0.07 m s−1) and an inlet temperature of 61 ◦C,
giving an inlet Reynolds number of 6900 for milk and
11 100 for whey protein solution. The high flow rate meant
that the feed had to be recirculated. The tank holding the
foulant solution was agitated and its wall temperature re-170

stricted to 63 ◦C in order to inhibit fouling on the wall and
denaturation of protein in the bulk. The test plate was
heated by electric heaters operating at constant heat flux.
Deposition had relatively little effect on pressure drop so
deposition was monitored by changes in overall heat trans-175

fer coefficient, expressed as fouling resistance, Rf. Separate
heat transfer tests using thermochromic liquid crystals al-
lowed the film heat transfer coefficient, and thus the ini-
tial surface temperature, to be determined directly. The
Gnielinski correlation (Bergman and Incropera, 2011) for180

hydrodynamically and thermally developed flow described
the mean film heat transfer coefficient reasonably well.
The mean surface temperature was set at 89 ◦C in tests
with whey protein solution and at 92.5 ◦C in tests with raw
milk to generate sufficient deposition. The system was ini-185

tially brought to operating temperatures by recirculating
and heating deionised water before switching over to the
fouling solution. At the completion of a test heating was
discontinued and the recirculating liquid switched over to
water until the plate temperature fell to 70 ◦C, at which190

point the flow was stopped, the test section removed, and
cleaning in place started with circulation of 0.2M NaOH
solution and deionised water at 60 ◦C.

The configuration of the test section (42 mm wide chan-
nel, 50 mm long test plate, fully developed velocity profile)195

meant that the thermal boundary layer thickness and sur-
face temperature varied over the plate. Deposition was
therefore not uniform, being greater near the edges and
downstream. Surface temperature isotherms were expected
to be quasi-parabolic near the start of the heated section200

and this was conformed with tests using a temperature
sensitive thermochromic liquid crystal coating shown in
Figure 5(a). Heat transfer experiments with the liquid
crystal coated sample were conducted at lower operating
temperatures than during the fouling tests. Starting at205

39.9 ◦C, the black coating changed colour to red, green,
blue, and back to black again. The temperature distribu-
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Figure 4: Bench-scale HEX process schematic with labelled sub-systems: (i) flow channel with HEX and (ii) heated tanks and pump. T –
temperature, V̇ – flow rate. Numerical labels discussed in the text.
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tion was also evident in the wet deposit distribution (Fig-
ure 5b) and in measurements of dry deposit layer thickness
obtained using a confocal thickness sensor (Figure 5c).
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Figure 5: Effect of thermal boundary layer development on (a) heat
transfer: blue colour change of thermochromic liquid crystal coating
indicates that the surface temperature is greater than 40 ◦C; (b) wet
deposit from whey protein solution on uncoated SS; (c) thickness of
dry deposit. Scale: 50×50 mm.

210

Surface samples. All test surfaces were based on 2 mm
thick, 50 mm square 304 SS plates with surface finish EN
10088-2 2R. A range of coatings were applied by Chemours
Belgium and the properties of the uncoated and coated
plates are summarised in Table 1. The thermal conduc-215

tivity of the coatings were obtained from heat transfer
measurements in the test cells. The coated surfaces were
more hydrophobic and less smooth than the SS reference.
Surface energy components were determined by contact
angle (CA) measurements of water, formamide, ethylene220

glycol, dodecane and diiodomethane. The CA measured
on water is reported in Table 1: the values obtained with
other probe liquids, used to determine surface energy com-
ponents using Equation 1 and the Young-Laplace equation
(e.g. van Oss, 2003), are reported in Supplementary Table225

1.

The surface energies of some important species involved
in milk fouling were also characterised or reproduced from
the literature: β-lactoglobulin (β-LG), milk fat globule
(MFG), dicalcium phosphate dihydrate (DCPD), octacal-230

cium phosphate (OCP) and hydroxyapatite (HAP). A thin
film of denatured and polymerised β-LG (Sigma Aldrich,
purity ≥90 %, variant A and B) was generated by wet-
ting a SS sample with a 1 g l−1 solution in reverse osmosis
water and subsequent air drying for 20 min in an oven at235

90 ◦C. Contact angles of test liquids with the β-LG layer
were determined by taking videos with a camera attached
to the goniometer to capture the instant before the layer
started to wick the sessile drops noticeably.

Test solutions. Raw milk was obtained from Holstein-Frie-240

sian cattle at the University of Cambridge’s Park Farm
and used immediately. Analysis of the milk gave calcium
content of 0.10 % g g−1, fat 3.8 % g g−1, protein 3.1 % g g−1

and 0.8 % g g−1 ash. For tests with the microfluidic cell
the milk was deaerated for 45 min in an ultrasonic bath245

at 20 kPa (absolute) and 56 ◦C. Its pH decreased from
6.70 ± 0.24, as received, to 6.30 ± 0.06 during heating and
increased slightly during subsequent degassing. CLSM im-
ages of the milk indicated no visible effect of the procedure
on the milk fat globules. For tests with the bench-scale250

test cell, 17 l of unmodified milk were heated to 61 ◦C un-
der gentle stirring in the experimental rig over 90 min. The
pH of the milk was monitored and reduced slightly from
6 6 to 6.5 over the duration of the 2.5 h test.

WP solutions were prepared by dissolving WP con-255

centrate (WPC35) provided by Friesland Campina (Waa-
geningen, NL) in reverse osmosis water to give a 1.94
% g g−1 solution. The final solution had a calcium con-
tent of 0.01 % g g−1, fat 0.04 % g g−1, whey protein 0.62
% g g−1, lactose 0.93 % g g−1 and 0.12 % g g−1 ash. The pH260

of WP solution remained stable at 6.7 during tests with

Table 1: Surface energies and coating characteristics. CA is the contact angle on water; γ the surface energy components (LW apolar
component; +, − van Oss acid-base); δcoat and kcoat the coating thickness and thermal conductivity, respectively; Sa the arithmetic mean
roughness. ± indicates standard deviation. Colours in the first column are labels to identify surfaces in other figures throughout this article.

Surface CA γLW γ+ γ− δcoat kcoat Sa

(◦) (mJ m−2) (mJ m−2) (mJ m−2) (µm) (W m−1 K−1) (nm)

SS 57.1 ± 2.6 32.3 ± 0.7 8.7 ± 6.0 × 10−4 32.6 ± 1.7 – – 40 ± 3
PP 103.5 ± 1.1 28.5 ± 0.5 49 ± 10 × 10−4 0.26 ± 0.11 31.8 ± 7.3 0.106 ± 0.027 154 ± 33
PFA-2 110.3 ± 2.3 16.1 ± 1.2 2.3 ± 5.4 × 10−4 0.53 ± 0.33 102.0 ± 8.2 0.273 ± 0.039 494 ± 47
PFA-3 108.2 ± 2.5 16.9 ± 1.0 8.2 ± 8.1 × 10−4 0.93 ± 0.35 71.2 ± 3.5 0.266 ± 0.039 556 ± 67
PFA-4 108.0 ± 1.2 18.0 ± 0.9 4.6 ± 5.6 × 10−4 1.0 ± 0.3 44.6 ± 6.7 0.123 ± 0.021 459 ± 79
FEP-2 108.4 ± 1.4 16.9 ± 1.0 8.6 ± 9.1 × 10−4 0.76 ± 0.35 57.8 ± 3.3 0.146 ± 0.021 381 ± 78
FEP-3 108.1 ± 0.6 16.3 ± 0.8 8.5 ± 7.2 × 10−4 1.1 ± 0.3 54.4 ± 4.8 0.155 ± 0.017 216 ± 35
PTFE-1 81.1 ± 4.4 23.8 ± 1.5 0.18 ± 0.16 11.5 ± 1.7 41.8 ± 3.4 0.124 ± 0.021 741 ± 73

β-LG 82.1 ± 2.2 36.1 ± 0.9 6 ± 50 × 10−4 6.1 ± 0.8
DCPD1 not reported 26.4 1.6 31.7
OCP1 not reported 21.6 2.2 19.7
HAP1 not reported 36.2 0.9 16.0
1 data from Wu and Nancollas (1998)
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the bench-scale cell. The thermophysical properties of WP
solution and milk were approximated to be those of wa-
ter apart from the viscosity of raw milk, which was taken
from Fernández-Mart́ın (1972) for milk with 10 % g g−1 to-265

tal solids content.

3. Results

Microscale testing: screening candidate surfaces. Figure 6
shows that the change in pressure drop was more marked
on the perfluoroalkoxy (PFA) coatings than on the SS, de-270

spite the latter being more hydrophilic and having a higher
surface energy. The induction time before significant de-
position started for PFA-3 was similar to that on the steel,
whereas it was effectively zero for PFA-2. The trends were
reproducible. The polytetrafluoroethylene (PTFE) epoxy275

composite coating performed similarly to the steel, and the
fluorinated ethylene propylene (FEP) coating fouled less,
with an induction time of approximately one hour.
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Figure 6: Pressure drop profiles for fouling tests with raw milk using
the microfluidic test cell. n indicates the number of experiments
performed. Shaded bands indicate ± standard error.

The mass of deposit, expressed as the coverage per unit
area, mf, in Figure 7 shows some differences. The mf val-280

ues for PFA-2 and PTFE-1 are similar to the steel, as are
the ∆P values at the end of the tests. That for PFA-3
is noticeably smaller, even though ∆P was larger, while
that for FEP-2 was lower, but not statistically different
from PFA-3. These results indicate that the nature of the285

deposit differed between the surfaces, which is evident in
the photographs of dry deposits in Figure 8. The de-
posit on many of the fluoropolymer surfaces cracked and
peeled, indicating that the deposit was more cohesive and
had weak adhesive interactions upon drying. In the liquid290

phase (immersed in water or milk) the deposits were uni-
form and did not spontaneously detach, highlighting the
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Figure 7: Dry deposit mass per unit area from raw milk after a test
duration of 120 min (except for PFA-2: 65 min, see Figure 6). Error
bars show 90 % confidence intervals based on three repeats.
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need to consider water-foulant-substrate surface interac-
tions.

The deposits formed on FEP and PFA could be re-295

moved completely with NaOH, whereas that formed on
the SS did not peel off and left material behind after al-
kali treatment (see Figure 5(c)). The difference between
∆P and mf values for SS and PFA-3 is consistent with the
latter deposit containing little mineral and therefore being300

less dense. A PFA-3 deposit with given mf will be thicker
and ∆P , which is sensitive to narrowing of the duct, will
therefore be larger.

CLSM was used to study whether the surface affected
the local composition of the deposit. Figure 9 shows an or-305

thogonal CLSM section of the 120 min deposit on SS. The
signals indicating the presence of (a) amines, (b) calcium
ions and (c) both, are shown separately. Blue indicates the
amine groups present in proteins and red the presence of
Ca2+ ions. The deposit appears generally uniform in com-310

position, with some patches of variation parallel (lateral)
to the surface. In the asterisked regions there are rela-
tively more amine groups than calcium ions, suggesting a
higher protein content. This variation is unlikely to arise
from the surface, as the surface chemistry would be ex-315

pected to affect composition uniformly near the interface
at the length-scales studied. At some points the fouling
layer blistered (see label ‘B’).

(a) -NH2

solution

SS deposit B

40 µm

(b) Ca2+

(c) -NH2, Ca2+

**

Figure 9: CLSM sections through a raw milk fouling layer on SS (see
Figure 8b) taken in situ with a 10× lens. The amine and calcium
data are shown individually in (a,b) and superimposed in (c). ‘B’
marks a blister and asterisks highlight lateral variations in composi-
tion.

Given the instantaneous changes in the fouling layers
on apolar surfaces when subject to drying (peeling off),320

these were studied with CLSM in situ, i.e. without disas-
sembling the fouling cell. Figure 10(a) shows an example
of a deposit cross section on PFA-3. The deposit layer was
considerably thicker than on SS and the apolar surface pro-
moted the growth of a protein-dense layer extending up to325

20 µm. The structure of the layer closely resembles those
encountered around trapped air bubbles: an example of
such a bubble on SS is shown in Figure 10(b). In contrast
to the previous images, this scan was taken parallel to the
surface. The accumulation of protein at the interface is330

evident: the protein acts as a surfactant (Gunning et al.,
2004).

-NH2, Ca2+(a) 40 µm

proteinaceous
layer

solution

deposit

PFA-3

-NH2, Ca2+(b) 50 µm

proteinaceous
layer

Figure 10: CLSM images showing the composition of raw milk de-
posit generated with the microfluidic HEX on apolar surfaces: (a)
orthogonal CLSM section of a fouling layer on PFA-3 (Figure 8e).
The substrate is at the base and the solution above. Image taken
with 10× air lens in situ. (b) CLSM image, scanned parallel to the
surface, of deposit on SS (Figure 8b) showing the cross section of an
air bubble. Image taken with 40× oil immersion lens ex situ.

Bench scale testing: scale up. Figure 11 shows the evo-
lution of fouling resistance while processing whey protein
solution for five different surfaces. The surfaces tested in-335

cluded SS (the benchmark) and FEP-2, which had been
tested in the microfluidic cell, as well as PFA and FEP
variants (labelled PFA-4 and FEP-3) which had been de-
veloped given the insight provided by the microfluidic cell.
In this regard the cell was used both to screen and to test340

candidate surfaces. In Figure 11(a), two groups of surfaces
can be identified: (i) FEP-2, with a fouling rate of around
0.04 m2 K kW−1 h−1, and (ii) SS, FEP-3 and PFA-4, with
a fouling rate of 0.02 m2 K kW−1 h−1. No induction pe-
riod was evident. Figure 11(b) shows that there was an345

induction period of approximately 75 min with PP.
Tests with raw milk gave insignificant changes in foul-

ing resistance on all surfaces tested under these conditions
(data not shown). The heat duty was adjusted to give the
same mean surface temperature for the higher viscosity350

fluid, but the increased shear stress may have resulted in
the low deposition rates. More importantly, O’Kennedy
and Mounsey (2006) showed that caseins present in milk
(but absent in WP solution) can prevent WPs from dena-
turing and aggregating by stabilising their structure and355
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Figure 11: Fouling resistance profiles for fouling tests with bench-
scale HEX using WP solution. n indicates the number of experiments
performed. Shaded bands indicate ± standard error.

acting as blocking agents in protein polymerisation. Pro-
teins that assist folding and unfolding of other proteins
to achieve and retain a functional structure are known as
‘chaperone’ proteins in the context of molecular biology
(Wijayanti et al., 2014).360

The associated deposit mass coverage data are pre-
sented in Figure 12. 90 % confidence intervals, from re-
peated experiments, indicate a smaller variance than with
fouling resistance. All the coatings exhibited significant
reductions in mf over SS, with FEP-3 and PFA-4 per-365

forming best. Deposit coverage was reduced by 50 % when
replacing SS with FEP-3. Comparison of the mass cov-
erage with the fouling resistance data allows information
about the structure and composition of the fouling de-
posits to be extracted. Assuming the deposit to be a uni-370

form slab, the fouling resistance is related to the layer
thickness, δf, and thermal conductivity, kf, by Rf = δf/kf
(Davies et al., 1997). Writing δf = mf/ρf, where ρf is

SS PP FEP-2 PFA-4 FEP-3 SS FEP-3
0

5

10

15

WP solution Raw milk

m
f

(g
m

−
2
)

Figure 12: Deposit coverage (dry mass per area) for different surfaces
tested in the bench-scale HEX for a duration of 150 min. Error bars
show 90 % confidence intervals.

the foulant density, gives ρfkf = mf/Rf. A large value of
ρfkf generally indicates a dense deposit with high thermal375

conductivity. It should be noted that all variables (ρf, kf,
mf, Rf) correspond to properties of the wet layer. Here,
mf was measured after drying, so the above relationship
is used to identify differences in structure and composi-
tion rather than absolute values of ρfkf. Figure 13 shows380

that deposit from WP solution on apolar surfaces is gener-
ally different in structure and/or composition than deposit
generated on SS. This applies both for smooth PP and
rough PFA-4. The deposits on apolar surfaces feature a
common ρfkf value of 105 kg2 m−2 s−3 K−1 which is half of385
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Figure 13: Relationship between final fouling resistance and whey
protein dry deposit mass coverage for different surfaces tested with
the bench-scale HEX. Dashed lines show root mean square fitted
equation Rf = mf/ρfkf to find values of ρfkf for polymer surfaces
and SS. For polymer surfaces ρfkf = 105 kg2 m−2 s−3 K−1 and for
SS ρfkf = 226 kg2 m−2 s−3 K−1. Error bars show 90 % confidence
intervals.
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that estimated for deposits on SS (226 kg2 m−2 s−3 K−1).
This indicates that the latter deposit is significantly denser
and/or more thermally conductive. A similar ρfkf value for
SS (221 kg2 m−2 s−3 K−1) was reported by Tuladhar et al.
(2002) for WP fouling deposit, although they employed390

only wet layer properties in their analysis.
The calcium contents of selected deposits were deter-

mined with inductively coupled plasma mass spectroscopy
(ICP-MS) and the results are reported in Table 2. The
calcium fraction of the deposits from WP solution was low395

for all surfaces and matched approximately the fraction of
6 mg g−1 in the WP powder. This indicates that the WP
deposits had similar composition but differed in structure.

The calcium content of deposits from the raw milk was
noticeably higher, by a factor of approximately 10. Taking400

there to be 0.1 g g−1 solids in raw milk, the calcium con-
tent in the raw milk fouling deposits was about 10 times
higher than in milk solids. The SS deposit contained 25 %
more calcium than FEP-3 deposit. The calcium fractions
determined in this work lie within the range reported in405

the literature. Other researchers have measured a calcium
fraction of around 5 % g g−1 in deposits from raw milk gen-
erated at 100 ◦C on SS after 120 min of processing (Fos-
ter et al., 1989). Visser and Jeurnink (1997) determined
15.7 % g g−1 calcium in deposit generated from skim milk410

at 69–85◦C bulk temperature.

4. Discussion

Adhesion of a mineral-rich sub-layer on SS, likely to
be mainly calcium phosphate, was strong after 120 min
of processing with the micro-scale test cell at a surface415

temperature of 85 ◦C (see Figure 8c). Foster et al. (1989),
working with SS at similar temperatures and for the same
processing period, also reported a high calcium phosphate
content at the deposit-substrate interface.

Apolar surfaces and air bubbles favoured protein de-420

position. Adsorption experiments by Luey et al. (1991)
support these findings: they reported more β-LG adsorp-
tion on hydrophobic silicon than on hydrophilic silicon,
although their study was performed at 15.6 ◦C. Because
of its low density, air can be considered as an apolar, low425

surface energy material in this context, in effect adsorbing
similar proteinaceous matter as seen in Figure 10(b). In-
termolecular forces of a material decay on the nanometre-
scale (van Oss, 2003). Comparing this with the proteina-
ceous layer thicknesses of around 10 µm to 20 µm shown in430

Figure 10 suggests that the affinity for low polarity species
is propagated as the fouling layer grows.

The surface energies of the tested surface materials and
denatured β-LG were determined by contact angle mea-
surements. The materials were found to have γ+ ≈ 0,435

i.e. they are monopolar. The remaining contributions
to surface energy from γLW and γ- are plotted as dots
in Figure 14(a). According to Equation 2 the affinity of
apolar surfaces to promote proteinaceous deposit can be
explained by estimating the interfacial free energy of in-440

teraction, ∆GIF
123, when denatured β-LG (subscript 1) ad-

sorbs to a surface (2) in an aqueous environment (3). Con-
tours of constant ∆GIF

123 plotted in Figure 14(a) indicate
strong interaction of β-LG with other hydrophobic materi-
als in water (c.f. −65 mJ m−2 for FPs and −23 mJ m−2 for445
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Figure 14: Contours of interfacial free energy of interaction, ∆GIF
123

(mJ m−2), of (subscript 1) denatured BLG and (2) monopolar sur-
faces, in (3) (a) water and (b) air. Monopolar surface electron donor,
γ−, and apolar, γLW, contributions to surface energy are displayed
on the axes. The surface energy of denatured β-LG was determined
by contact angle measurements on a hot air-dried film, see Table 1.

Table 2: Calcium fraction of foulant solution dry solids and fouling deposits used in the bench-scale HEX determined by ICP-MS. The raw
milk dry solids calcium fraction is calculated by assuming 0.1 g g−1 dry solids.

Foulant WP solution raw milk

Solution solids calcium fraction (mg g−1) 6 ∼10
Surface SS PP FEP-2 PFA-4 FEP-3 SS FEP-3
Deposit calcium fraction (mg g−1) 5.1 6.8 7.5 7.3 6.6 92.3 74.1
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metals). The inter-particle interaction of denatured β-LG
describes the tendency of β-LG to form aggregates and is
therefore an estimate of the cohesive strength of the foul-
ing material. The free energy of inter-particle interaction
is calculated to be ∆GIF

113 = −2γ13 = −56 mJ m−2 (with450

subscripts 1: β-LG, 3: water, see also Figure 1(b) for visu-
alisation), even though this is not accounting for chemical
reactions within the fouling deposit.

Dried deposits warped and detached from apolar sur-
faces, indicating stronger cohesion within the layer than455

adhesion to the surface. This view is supported by consid-
ering that removing water from the deposit (i.e. medium
3 becomes air) results in stronger interactions within the
fouling deposit: ∆GIF

113 = −2γ1 = −72 mJ m−2 (with sub-
scripts 1: β-LG, 3: air). Figure 14(b) demonstrates that460

the adhesion to apolar surfaces remains largely unaffected
by drying while the adhesion to PTFE-1 and SS increases
markedly. On apolar surfaces the deposit cohesion be-
comes stronger than adhesion. On SS, drying decreases
∆GIF

123 of β-LG and the surface three-fold to −77 mJ m−2,465

giving a reason for the strong adhesion of dry deposit to
SS.

Simple crystal nucleation theories such as that by Rieke
(1997) suggest minerals should also form on FPs. The in-
terfacial free energies of three common forms of calcium470

phosphate, which are closely related to the interfacial free
energies of heterogeneous nucleation, are depicted in Fig-
ure 15. The plots suggest that apolar surfaces are attrac-
tive for DCPD, OCP, and HAP to nucleate and to adhere.
Nucleation and adhesion to SS is calculated to be much less475

attractive. This was not seen in the experimental obser-
vations and there might be several reasons for this:

(i) Although calcium phosphate nucleation and/or cal-
cium phosphate particle adhesion is promoted by ap-
olar surfaces, fast adsorption of protein could be ki-480

netically favoured. This view is supported by Visser
and Jeurnink (1997) who argued that the first layer

to be adsorbed is proteinaceous but can change com-
position over time (Foster et al., 1989; Foster and
Green, 1990). Proteins adsorbed to hydrophobic ma-485

terials expose their hydrophobic side chains (Miri-
ani et al., 2014), creating a hydrophobic interfacial
region. For subsequent nucleation of calcium phos-
phate between adsorbed protein and FP, well hy-
drated calcium and phosphate ions have to leave parts490

of their solvation shell to diffuse through regions of
hydrophobic matter – this is likely to make the pro-
cess unfavourable.

(ii) Wu et al. (1997) pointed out that arguments based on
free energy of heterogeneous nucleation fail to explain495

why calcium phosphate does not nucleate on apolar
polymers in biomineralisation. They concluded that
electron donor and acceptor sites are a necessary con-
dition for heterogeneous nucleation by providing a
template for ordered lattice ion deposition. The cur-500

rent model does not consider local charge interactions
of individial ions.

(iii) Another reason for the absence of a mineral base-
layer on FPs might be the geometric lattice mismatch
between calcium phosphate and unordered polymer505

strands. Amjad (1998) noted that kinetics and ener-
getics of calcium phosphate overgrowth depend strong-
ly on the spacing and structure of the lattices in-
volved as well as their relative orientations.

(iv) The majority of calcium phosphate is bound in casein510

micelles, i.e. the interactions of casein micelles are
be more important than assumed.

Expanding on hypothesis (i) one can calculate the free
energy of interaction of a calcium phosphate (CP) layer
developing between previously adsorbed β-LG and the sur-
face:

∆GCP integration =∆GIF
BLG,CP,water + ∆GIF

CP,surface,water

− ∆GIF
BLG,surface,water . (3)
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Figure 15: Contours of interfacial free energy of interaction, ∆GIF
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This free energy is calculated for DCPD, OCP and HAP in
Figure 16. DCPD is unlikely to form since ∆GDCPD integration

is positive for all surfaces in Figure 16(a). The generation515

of an OCP layer is marginally attractive on SS in Fig-
ure 16(b). It is, however, eventually expected for HAP
to form, as the associated free energy reduction is largest
for all surfaces (see Figure 16c). The reduction in free en-
ergy is about twice as high for SS than for apolar surfaces.520

Within this framework the integration of a mineral layer
between β-LG and the SS surface could thus be explained
– bearing in mind the simplifications and limitations of the
approach.

5. Conclusions525

The micro-scale fouling cell has been used to identify
candidate surfaces to study fouling from bacterially ac-
tive raw milk. Experiments at the two different length
scales both demonstrated that fluoropolymers can mit-
igate fouling from raw milk and whey protein solution.530

This reduction was generally more significant in terms of
dry mass coverage than pressure drop and fouling resis-
tance evolution. The raw milk fouling deposits formed in
the micro-scale HEX experiments featured more protein
at the substrate-fouling interface on the apolar surfaces.535

In the bench-scale HEX these surfaces also gave de-
posits with lower calcium calcium content. The deposits
formed on apolar surfaces had a lower density and/or ther-
mal conductivity, indicating that the microstructure of the
deposit was affected by the surface. Apolar surfaces gave540

spongier WP deposits, although the deposit’s protein and
mineral composition was unaffected by the nature of the
surface.

The attraction of denatured protein towards apolar
surfaces and the formation of a calcium phosphate layer545

on SS at later stages of raw milk fouling was explained
with arguments based on the interfacial free energy of in-
teraction of these materials in water.
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