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ABSTRACT
During the pasteurization process in the dairy industry,
fouling of plate heat exchangers (PHEs) is a severe problem
notably because the relationship between the build-up of
protein fouling deposits and the chemical reactions taking
place into the fouling solution has not yet been fully
elucidated. The purpose of the present work was to show that
the molten globule state of beta-lactoglobulin (-lg) plays a
key role in the build-up of whey protein deposits. Whey
protein fouling deposits generated on the hot wall
downstream a PHE were analyzed by micro Raman
spectroscopy (MRS) carried out in the 800-1800 cm-1 range.
Deposits were formed using a model -lg fouling solution
which was made using a whey protein isolate powder (89 wt
% in -lg) and a known amount of calcium. Thermal
denaturation of the fouling solution was also analyzed by
MRS as well as isolated -lg aggregates. Specific Raman
signatures of aggregates were identified, which were not
detected in the Raman spectra of denatured (i.e., unfolded lg molecule) solutions. MRS analyses at different depths of
the deposit reveal a loss of α-helix structures, as observed in
denatured -lg solutions, without the detection of aggregate
signatures. Results suggest that the mass distribution of
fouling in a PHE is primarily controlled by the distribution of
the unfolded protein generated by the denaturation process.
INTRODUCTION
Fouling of heat exchangers in the dairy industry (mostly
plate heat exchangers, PHEs) is still a serious issue. For a
temperature below 110°C, the deposit is largely a “milk film”
deposit or a type A (protein) fouling, consisting of 50-70 wt
% proteins, 30-40 wt % minerals and 4-8 wt % fat (Bansal
and Chen, 2006). It has been largely shown in the literature
that -lg plays a predominant role in milk fouling deposits.
The scientific community has examined the -lg
conformational structure and its link with temperature for
several decades. At room temperature and at pH 7, the
secondary structure of native -lg is mainly composed of sheets (54 %) and -helices (17 %) (Seo et al., 2010).
Literature data show that an increase in temperature initiates

a heat denaturation process which leads to different -lg
protein conformations in addition to the native one, i.e.,
unfolded and aggregated state (see Tolkach and Kulozik,
2007). Today it is well established that when heated in a
neutral aqueous solution, globular molecules of -lg unfold
with a loss of their tertiary and secondary structure. Such
unfolding of the protein exposes reactive sulphydryl (SH)
groups which are normally contained within the core of
protein and permits the formation of disulphide bridges with
different denatured proteins present in the solution (for
example casein, -lactalbumin), resulting in the formation of
aggregates (Lalande et al., 1989).
Calorimetric and spectroscopic investigations of -lg
thermal denaturation, under different conditions of
temperature, pH and protein concentration were carried out.
Among them, one can mention those of Nonaka et al. (1993),
Ikeda and Li-Chan (2004), Ngarize et al. (2004) and Seo et
al. (2010). These studies conclude that a heat treatment
induces changes in the -lg secondary structure. There is
notably a trend toward an increase in -sheet structures at the
expense of -helices structures with a simultaneous decrease
of turn structure when heating from 70 and 90°C. Using
Raman scattering in the region of amide modes (800-1800
cm-1), the mechanism of -lg thermal denaturation in the 20100°C temperature range could be described as a two-step
process (Seo et al., 2010). The first step corresponds to the
dissociation of dimers associated with the softening of the
tertiary structure (observed between room temperature and
65°C). At the end of this step (around 65°C), the so-called
molten globule state is obtained prior to conformational
changes of the secondary structure taking place between 65
and 95°C (Seo et al., 2010). The detailed thermal behaviour
of -lg at pH > 6.8 and at temperatures up to 150°C has been
recently described by the review paper of de Wit (2009).
Although the connection between the thermal stability and
conformational changes of -lg is well established, the role
of the denaturated and aggregated species on the build-up of
the fouling deposit onto a heat exchange surface is still
unclear. Indeed, few studies take sides unreservedly whether
-lg fouling is controlled by -lg aggregation rather than by
denaturation. Trends reported in the literature are not really
conclusive as regards which species is involved in protein
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deposits, as underlined by Bansal and Chen (2006).
Moreover, it is not obvious from the analysis of mechanistic
models dealing with the prediction of fouling deposits in the
literature to guess which species (unfolded or aggregated)
shapes the fouling deposit. For example, Mahdi et al. (2009)
and Jun and Puri (2007) assumed that only the aggregated
protein is deposited on the wall, which is not functional for
the model of de Jong et al. (1992, 1993) for which it is
hypothesized that the main mechanism in fouling process is
a reaction-controlled adsorption of unfolded -lg. More
detailed information regarding the involvement of protein
denaturation and protein aggregation as governing reaction
in fouling mechanisms is given in the review paper of Bansal
and Chen (2006) to which the reader can refer.
More information on the conformational structure of the
whey protein molecules (especially -lg) which are present
within a dairy protein deposit is required in order to elucidate
the fouling mechanisms of PHEs. The molecular structure
and conformation changes of proteins can be analyzed by
Raman spectroscopy (RS) which is a technique capable of
providing information with respect to peptide backbone
conformation as well as environment of certain side chains
(Nonaka et al., 1993 ; Li-Chan, 1996 ; Chi et al. 1998; Jung
et al., 2000; Ngarize et al., 2004 ; Ikeda and Li-Chan, 2004).
Chi et al. (1998) ascertained that the protein secondary
structure can be determined from the analysis of the amide I,
II and III bands and the C  H amide bending vibration. The
amide (peptide) bond of proteins has several distinct
vibrational modes, of which the amide I and III bands are the
most useful for the study of secondary structure (Li-Chan,
1996). Jung et al. (2000) have demonstrated the potential of
two-dimensional (2D) Raman correlation spectra and its
complementarity with 2D infrared correlation spectra in the
amide III region (1330-1200 cm-1) to investigate the
secondary structure of -lg in a buffer solution at pH 6.6.
Another advantage is that RS is a non destructive analytical
technique capable of gaining data at high protein
concentrations sufficient to cause gelation, i.e., as those
encountered in a protein fouling deposit (Ikeda and Li-Chan,
2004).
Considering the dependence of the denaturation process
of -lg on pH, protein concentration, thermal history, and the
controversial description of the denaturation mechanism (Seo
et al., 2010), a denaturation curve (represented by the
temperature dependence of the amide I band frequency in the
25-100°C temperature range) was carried out. For the
denaturation curve, a 6 wt % whey protein isolate (WPI)
solution with a calcium content of 264 mg.l-1 dissolved in
H2O (pH 6.8) was used in order to characterize the heatinduced denaturation process. Additionally, prior to the
Raman analysis of deposits, the Raman fingerprint of native,
unfolded and aggregated -lg was collected for a comparison
purpose with deposit spectra.
The main objective of this study was to determine, by
means of MRS, the nature of -lg (i.e., native, denatured and
aggregated -lg) at the deposit - stainless steel surface
interface and within the thickness of the deposit. This was
carried out from the identification of the Raman signatures
obtained during investigations of the -lg thermal
denaturation and from the analysis of aggregates in the (800

- 1800) cm-1 spectral range. A 6 wt. % WPI (purity in -lg ~
89 wt. %) solution was selected as a model fouling solution
for which the heat induced denaturation/aggregation process
of -lg has been previously determined via a kinetic model
(Petit et al., 2011). Additional deposits were generated using
a 0.5 wt. % WPI solution with a calcium content ranging from
97 to 160 mg/l in order to investigate a possible role of
calcium ions. Raman spectra of deposits in the amide I and
amide III bands region (800-1800 cm-1) were collected to
measure possible changes in the secondary structure of -lg
within the successive layers of the deposit.
MATERIALS AND METHODS
Materials
Experimental equipment
Fouling experiments were conducted using a pilot plant
described and represented in detail by Blanpain-Avet et al.
(2012). Briefly, the fouling rig was composed of three
distinct zones: a pre-heating zone composed of a tubular joule
effect heater, noted JEH (Actijoule, Actini, 30 kW), a heating
zone composed of a PHE (VICARB, model V2, AlphaLaval, France) and a holding zone which was made up of a
stainless steel pipe of 35 millimetres internal diameter,
including a detachable fouling test surface which was set
aside for MRS analysis. PHE set-up consisted of 13 plates
forming twelve passes of one channel for the two sides. The
equivalent space between two consecutive plates was 2.5
millimetres and the total exchange surface was 0.22 m². The
capacity of the fouling solution tank was 300 litres and its
temperature was regulated at (40 ± 1)°C using a tubular JEH
(Actijoule, Actini, 15 kW).
The fouling test surface was composed of three stainless steel
rings (type 304) of 22.6 millimeters internal diameter, 19
millimeters length, which were assembled in series within a
35 millimeters diameter pipe. The second ring in the middle
of the pipe consisted of two semi-cylindrical assembled parts
that were used specifically for MRS analysis in confocal
mode with the incident laser beam of the spectrometer hitting
the upper surface of the deposit; both remaining rings were
used for MRS analysis of a profile line along the deposit cross
section; this allowed to perform a MRS analysis in confocal
mode (axial resolution  10 µm) both within the deposit
thickness and along the deposit cross section.
Raman spectra
RS was performed using a Renishaw microspectrometer
equipped with a confocal Leica microscope. The 514.5 nm
radiation of a coherent Ar-Kr laser or the 785 nm line of a
Renishaw laser diode was used depending on the
fluorescence contribution of the sample. Spectra were
recorded by measuring in backscattering geometry using
gratings of groove density 1800 and 1200 grooves/mm for
the 514.5 nm and 785 nm incident radiation respectively,
giving a resolution of 2 cm-1 in the 800-1800 cm-1 range
(fingerprint region) for both incident radiations. Thermal
denaturation of the fouling solution was studied using the 785
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nm radiation, while the deposit and aggregates were analyzed
using the 514.5 nm radiation. Aggregates were analyzed at
different points with the 100X objective. The same objective
was used for the analysis of deposits; z-scans were performed
from the surface of the deposit toward the deposit - stainless
steel interface, with a step of typically 10 µm through the
deposit . For analyses along the deposit cross section, Xscans were performed from the deposit-stainless steel
interface to the upper layer of the deposit with a step
generally equal to 5-10 µm. The Raman intensity was
integrated in a cylindrical volume of 2.5 μm (depth) × 0.8
μm2 (spot size) for both the deposit and the aggregate samples
inherent to the wavelength of the incident radiation and the
microscope objective.
Fouling solution
The test surface was fouled using a reconstituted industrial
WPI powder at a 6 wt.% concentration (pH 6.8) and at a 6.6
mM ionic calcium content (anhydrous CaCl2, 96 % min,
Prolabo, VWR, USA). Such an ionic calcium content was
selected as the experimental program of this study was part
of the research program GLOBULE (ANR-08-ALIA-08).
Three additional deposits were generated using a WPI
solution at a 0.5 wt. % concentration with an atom calcium
content (considering a molecular weight of 40.08 gramme
per mole) equal to 97, 120 and 160 mg/l in order to detect a
possible effect of calcium ions on deposit structure. This
concentration was slightly higher than the -lg concentration
in milk, which varies between 0.3 and 0.4 wt. % (Bansal and
Chen, 2006; Delplace et al., 1997). WPI powder composition
was : 89 wt. % -lg (in weight percent on a dry basis), lactalbumin (-la) < 0.01 wt.% (-lg and -la were measured
using RP-HPLC according to a methodology described by
Petit et al., 2011), 0.1 wt % fat, 1.9 wt % ash, moisture 4.1 wt
%. The experimental procedure of preparation of the fouling
solution was the following : 15 kg of WPI powder was poured
into 250 litres of deionised water maintained at 40°C in the
launching tank and dissolving occurred during two hours by
gently stirring the solution; then 187 g of anhydrous CaCl2
was poured into the fouling solution before the fouling step
launch. For the additional experiments using a 0.5 wt. % WPI
solution, 1.25 kg of WPI powder was used instead of the 15
kg of WPI powder above using the same experimental
dissolving procedure; then the appropriate amount of
anhydrous CaCl2 was poured into the fouling solution before
the fouling step launch.
Methods
Fouling of the test surface by means of fouling-rinsing
experiments
Each fouling and cleaning experiment consisted of five
stages : initial stabilization of hydraulic and thermal
parameters using reverse osmosis (RO) water circulation,
fouling (crossflow velocity v of 0.1 m/s corresponding to a
flow rate Q = 150 l.h-1, turbulent flow regime, Re  6.8 x 103),
first RO water rinse, NaOH-HNO3 cleaning procedure and a
final RO water rinse. The Reynolds number in the fouling test

surface was computed based on physical properties of water,
by assuming that the presence of a 6 wt. % WPI in water does
not modify them significantly; Reynolds number was defined
by : Re = .v.D/. During fouling, the tubular JEH was used
for pre-heating the fouling solution to 60°C. PHE was used
to heat the fouling solution above the denaturation
temperature (from 60 to 85°C) in a counter-current mode.
Hot water was used at the heating medium. In order to keep
the feed composition constant, the fouling solution was not
re-circulated once it was heated through the tubular JEH and
PHE. During experiments, the inlet temperature of hot water
was adjusted to ensure a constant outlet fouling solution
temperature in the holding zone (wall temperature close to T w
= 85°C) as well as a constant profile of product temperature
along the PHE as a function of time. In the beginning, the
PHE was brought to thermal equilibrium and to the desired
process temperature (i.e., T w = 85°C) using RO water. The
feed was then switched from RO water to the fouling solution
and the fouling stage was continuated for about 1.7 hour.
After the fouling experiment, fouling solution was replaced
by RO water at room temperature to bring the temperature of
the PHE and protein deposit to ambient temperature.
Experimentally, following the first rinse, the test fouling
surface was dismantled and carefully removed from the
holding zone, then stored at room temperature for 24 hours at
the most before the MRS analysis. In Fig. 1 are presented
some representative photographs of the fouling layer
deposited on semi-cylindrical assembled parts within the
fouling test surface, showing a white, soft -lg deposit.
Analysis of the -lg thermal denaturation process and of
aggregates by Raman spectroscopy
At laboratory scale for the MRS analysis of the thermal
denaturation process, the experimental procedure for the
preparation of the -lg solution in H2O was described in
detail by Blanpain-Avet et al. (2012). Briefly, it consisted in
dissolving the protein containing mixtures (at a 6 wt. % -lg
concentration) in an Eppendorf tube of 1.5 ml volume at
about 25°C. Protein mixtures were then loaded in cylindrical
glass cells hermetically closed and located in a THMS 600
Linkam temperature device. MRS measurements were
carried out in the 20-90°C temperature range on samples at
pH 6.8 in H2O, by step of 5 degrees between 20 and 55 °C
and by step of 2.5 degrees above 55 °C. The acquisition time
for each spectrum was fifteen minutes. A 50X long-working
distance objective was used leading to the analysis of 20 μm3
of solution with the 785 nm incident radiation. With this
thermal history, no evidence of aggregates could be detected
optically using this objective. Additional reference spectra
were recorded using a 10 wt. % -lg solution for which -lg
was purchased from Sigma-Aldrich (Sigma-Aldrich Chemie
s.a.r.l., France) as lyophilized powder (purity minimum 90
%).
Aggregates were formed by heating the fouling solution for
one hour at 90°C in a stirred beaker. They were deposited by
filtration under vacuum on a flat 0.2 µm polyethersulphone
membrane prior to the MRS analysis at room temperature.
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A 100X objective was used to analyze aggregates, resulting
in the analysis of a volume of 2μm3 with the 514.5 nm
incident radiation.

Fig. 1. Pictures of fouled test surfaces (semi-cylindrical
assembled parts used for MRS analysis in confocal
mode along the z axis) for a calcium content of 264
mg/l. Experimental conditions:Tw = 85°C, Q = 150 l/h.
A fluorescence contribution to the spectra appeared
systematically in the background signal; its magnitude was
approximated by a second order polynomial using a fitting
procedure and then subtracted from the spectra. Assignment
of the major bands of -lg in the spectra to vibrational
motions of various side chains or peptide backbone was
based on comparison with Raman spectra of proteins
reported or summarized in the literature (Chi et al., 1998;
Ikeda and Li-Chan, 2004; Jung et al., 2000; Li-Chan, 1996;
Ngarize et al., 2004; Nonaka et al., 1993; Seo et al., 2010;
Ivleva et al. 2009).
Statistical analysis and processing of Raman spectra data
Statistical analyses were performed using Sigmastat 3.1 and
Sigmaplot 10 software (Systat Software, Inc., Point
Richmond, CA). The level of significance was p<0.05.
Raman spectra were analyzed and deconvoluted using a
nonlinear least-squares curve-fitting subroutine in Peakfit
4.12 software (Seasolve Software, Framingham, MA).
RESULTS AND DISCUSSION
Analysis using RS of the -lg thermal denaturation in the
fouling solution
Investigation of the amide modes in the (800-1800) cm-1
region. Assignment of major bands of -lg
At room temperature and at the temperature of the holding
zone in fouling runs (85°C), Raman spectra of the fouling
solution (6 wt % -lg in H2O plus 264 mg.l-1 calcium, pH 6.8)
in the (800-1800) cm-1 region are plotted in Fig. 2 for the
assignment of Raman bands. Spectra were baselined and area
normalized for a clear presentation of the bands. It is well
accepted that the secondary protein structure can be analyzed

in the amide I and amide III regions between 1550 and 1750
cm-1 and 1200-1350 cm-1, respectively (Jung et al., 2000).
The frequency position of these bands depends strongly on
the protein state, the environment and the intermolecular
interactions.
As shown in Fig. 2, the most intense band of the spectrum,
located around 1650 cm-1, is the amide I band (labelled (1) in
Fig. 2). This band arises mainly from the CO stretching
vibration with minor contributions of the CN stretching
vibration, and the NH in-plane bend (Seo et al., 2010). The
band shape of the amide I mode can be considered as
overlapping components corresponding to -helices, sheets, turns and random structures. The weak intense band
around 1550 cm-1 is the amide II band (labelled (2) in Fig. 2).
It mainly corresponds to a mixture of N-H in-plane bend and
C-N stretch. Both amide I and II regions are widely used for
secondary structure analysis. However, taking into account
its weak intensity in the Raman spectra of the -lg solutions,
band (2) will not be used to analyze the -lg thermal
denaturation. The vibrational composition of the amide III
mode is complex, since NH bend contributes to several
modes in the 1200-1400 cm-1 region. However, the range of
vibrational frequencies observed for various secondary
structures is greater than that for amide I and amide II. The
Raman band located around 1240 cm-1 (3b) was assigned to
-sheet structure (Seo et al., 2010). These bands are observed
well separated from the amide III mode corresponding to helix structures, located around 1320 cm-1 (3a) and from
other bands at 940 and 960 cm-1 (labelled (4) in Fig. 2) also
associated with -helical conformation (Seo et al., 2010).
The intensity of the band around 940 cm-1 (CCN
stretching, -helix) was considered to be proportional to the
-helix content (Ikeda, 2003, Ikeda and Li-Chan 2004). The
CH symmetric bending band located at about 1395 cm-1
(labelled (5) in Fig. 2) was found to have an intensity that
decreased as the protein -helical content increased (Chi et
al., 1998).
Analysis of Raman spectra. Investigation of the amide
modes in the (800-1800) cm-1 region
Thermal denaturation monitored by the amide I band for lg dissolved in H2O
It has been shown that the frequency position of the intensity
maximum of amide I band can be used to monitor
conformational changes (Hédoux et al., 2006a, 2006b, 2009;
Ionov et al., 2006; Seo et al., 2010). Fit of the amide I band
region (1500-1800 cm-1) was performed using a threecomponent (Gaussian) band fitting. The temperature
dependence of the amide I band frequency (amide I) is
represented in Fig. 3a for a 6 wt. % -lg solution dissolved in
H2O. Upon heating, a frequency upshift of the intensity
maximum is observed corresponding to conformational
changes in the secondary structure previously described as a
loss of α-helix structures and a formation of β-sheets (Seo et
al., 2010). The temperature dependence of the amide I band
frequency was fitted using a sigmoid curve :
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   N  D  1  expT  Tm  T    D

(1)

Fig. 2. Raman spectrum of the fouling solution at 25 and
85°C in the 800-1800 cm-1 region. The Raman bands
represented by a vertical dashed line and labelled from
(1) to (5) correspond to : (1) : amide I band (~1650 cm1
), (2) : amide II band (~1550 cm-1), (3a) amide III (helix, ~1320 cm-1) and (3b) amide III (-sheet, ~1240
cm-1), (4a) 940 cm-1 (-helix) and (4b) 960 cm-1 (helix), (5) C-H bending (~1395 cm-1).
where Tm is the transition midpoint temperature, 2 x T
corresponds to the temperature domain of the transition, and
N and D are the frequencies of the amide band in the native
and denatured (totally unfolded) states, respectively. A leastsquare fit of experimental data is plotted in Fig. 3a for the lg solution, leading to Tm = (65.7 ± 1) °C.

detected around 1680 cm-1 by IR spectroscopy (CzarnikMatusewicz et al., 2000).

Fig. 3a. Temperature dependence of the amide I band
frequency (component plotted in red dashed line, see
Fig. 3b) for a 6 wt % -lg solution dissolved in H2O. Tm
= (65.7 ± 1.3)°C is represented as a red dotted vertical
line, indicating the midpoint of the unfolding transition
determined by the fitting procedure and the amide I
band frequency. The red solid line corresponds to the
fitting procedure made using Eq. (1) and that is
described in the text. Error bars correspond to the
standard error on the amide I value.

Raman fingerprint of -lg aggregates
The spectrum of aggregates is compared to that of the dry
WPI powder in the 800 - 1800 cm-1 region and is plotted in
Figures 4a and 4b. This comparison reveals Raman
signatures corresponding to structural changes (Figs 4a and
4b) which are distinct from those observed in the denatured
state of the fouling solution. They are localized by arrows in
Figs 4a, 4b. An additional Raman band is observed near 1738
cm-1 ((1738.1 ± 0.8) cm-1) together with a shift of the amide
I band towards the high frequencies (average increase of (3.9
± 0.1) cm-1 compared to native -lg, with a statistically
significant difference: pvalue<0.001 as calculated using a oneway analysis of variance).
Spectrum differences in the amide I region between the
native and denatured states of the fouling solution and
between aggregates and dry (native) -lg, are plotted in
Figure 5. A common peak is observed around 1670 cm-1 for
both spectrum differences, interpreted as an increase of βsheet content. However, for aggregates this peak is sharp
because of significant negative intensities with maxima
around 1655 and 1690 cm-1. Negative intensities above 1675
cm-1 can be interpreted as reflecting the increase of β-turns

Fig. 3b. Fitting procedure of the spectrum in the amide I
region. Four bands are necessary to obtain a good
agreement between experimental data (crosshair) and
the fitting curve (red solid line); three bands correspond
to the components representative of the molecular
conformation of the protein, while the dotted line
corresponds to the contribution of the solvent (bending
mode of H2O). The red dashed line is the component
which undergoes a frequency shift upon heating and is
used for monitoring thermal denaturation.
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Fig. 4. Raman spectra in the 800-1200 cm-1 region (a) and in
the amide I (1500-1750 cm-1) region (b) for -lg
aggregates, dry -lg powder and a deposit.

Fig. 5. Spectrum differences between -lg aggregates and dry
-lg powder, between deposit and dry -lg powder and
between denatured -lg (solution at 90°C) and native lg at room temperature. The term “sp” in the panelledin caption means spectrum.
Evaluation of the molecular structure of -lg within the
fouling layer
The difference between the spectra of dry -lg powder and
the deposit is also plotted in Fig. 5. As regards spectrum
differences between the deposit and dry (native) -lg powder,
the inspection of Figures 4a, 4b and Fig. 5 indicates : i) no
noticeable peak close to the characteristic Raman band of lg aggregates near 1730 cm-1 (see the arrow labelled C, Fig.
4b), ii) the spectrum differences in the amide I region reveal
Raman features distinct from aggregates above 1675 cm-1,
indicating that the secondary structure in the deposit is
different from that in aggregates, that is, the increase of β-

turn structures is only observed in aggregates. iii) Raman
signatures of aggregates between 800 and 1200 cm-1 are not
detected in the deposit (see the arrows labelled A, B in Fig
4a). The average frequency shift of the amide I band ranges
from (1667.1 ± 0.4) cm-1 to (1667.6 ± 0.7) cm-1 within the
deposit thickness for the various fouling runs compared to
(1665.4 - 1665.6 ± 0.1) cm-1 for the dry WPI powder ; as a
result, no significant difference of the amide I values between
deposits and the dry WPI powder (native -lg) has been
observed with p > 0.05 as calculated by ANOVA. These
results suggest that aggregates are not the cause of -lg
deposits, since their Raman signatures were not detected into
the deposit. This is in line with the conclusion drawn by
Grijspeerdt et al. (2004) who stated, in their fouling model
developed for ultra high temperature milk heat exchangers
subjected to fouling, that aggregated -lg was considered to
play no significant role in the fouling process.
The content of calcium has been found not to have a
significant effect on amide I (p=0.87) and thus calcium ions
(in the range (97 - 264) mg/l) have no impact on the -lg
molecular conformation within deposits.

Fig. 6. Spectra in the amide III region (911 - 1140 cm-1) of
various deposits as compared with reference spectra of
native -lg (dry WPI powder, dry -lg powder and a 10
wt.% -lg in H2O solution at 25°C).
Additional information on the secondary structure of lg in deposits could be further shown from the inspection of
the band around 940 cm-1, which is associated with the helical conformation (Ikeda, 2003a, 2003b; Ikeda and LiChan, 2004; Ngarize et al., 2004; Nonaka et al., 1993).
According to Ikeda (2003a, 2003b), the normalized intensity
of the band around 940 cm-1 is considered to be proportional
to the -helix content. We have thus compared spectra of
native -lg (i.e., -lg at 25°C and the dry WPI powder) with
those of various deposits at different calcium contents in the
0.5 wt % -lg fouling solution, as presented in Fig. 6. In
Fig. 6, spectra were normalized in the (911-1140) cm-1 range
after subtraction of the baseline. The intensity of the band at
ca. 940 cm-1 assigned to -helices is observed to decrease for
the deposits compared to the spectrum of native -lg, which
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supports a lower -helix content of -lg within deposits
compared to native -lg.

Régionale”) program (European regional development fund
09 310 243 and 03 310 241), which joined non elucidated
scientific issues of the Globule project (ANR-08-ALIA-08).

CONCLUSIONS
NOMENCLATURE
Micro-Raman spectroscopy was used to determine the
molecular conformation of -lg at the deposit - stainless steel
surface interface from the knowledge of the Raman
signatures of -lg solutions. Raman signatures were recorded
upon heating toward the thermal unfolded state and in
aggregates, in the 800 - 1800 cm-1 frequency range. Deposits
were generated by means of a fouling-rinsing sequence
performed at pilot scale using a WPI solution at a 6 wt. %
concentration with a calcium content fixed at 264 mg/l for
which the heat-induced denaturation/aggregation process of
-lg has been previously determined via a kinetic model
(Petit et al., 2011); additional deposits were generated using
a 0.5 wt. % WPI solution with a calcium content ranging from
97 to 160 mg.l-1.
It was found that the molecular conformation of the
protein at the stainless steel-deposit interface was
characterized by a frequency shift of the amide I band and by
an intensity decrease of the 940 cm-1 band, consistent with a
loss of α-helix structures. No evidence of aggregates was
detected in deposits. These analyzes suggest that, in our
range of operating conditions (T w = 85°C, turbulent flow
regime), the mass distribution of the fouling deposit in a PHE
is solely controlled by the distribution of the unfolded protein
generated by the denaturation process.
For the range of calcium content investigated, it has been
shown that the presence of calcium ion did not affect
significantly the molecular conformation of -lg within the
deposit. Further analysis of the variation of amide I as a
function of the deposit thickness in confocal mode as well as
the intensity of the band around 940 cm-1 (which is associated
with the -helical conformation) revealed that: i) the -helix
content for -lg within deposits is likely to be lower than that
of native -lg and ii) the loss of -helix structures is
enhanced at a high calcium content for -lg molecules close
to the stainless steel - deposit interface. The latter point needs
to be confirmed by additional RS analyses on deposits.
This study by means of RS carried out at the deposit stainless steel surface interface was shown to be able to
elucidate the impact of the denaturation and aggregation
reactions of -lg on the fouling mechanism of a heat
exchanger by milk proteins. Further research will focus on
the effect of the wall temperature (T w) on the conformational
structure of -lg at the fluid-stainless steel surface interface
by varying Tw above and below a critical wall temperature
(close to 80°C for the model fouling solution used, according
to Petit et al., 2011) for which aggregates and the unfolded
protein prevail, respectively. This will allow to elucidate if
the governing reaction in fouling mechanisms is protein
denaturation or protein aggregation.
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D

Internal diameter of the pipe within the test fouling
surface (=0.0226), m
Q Flow rate in the fouling stage, m3/s
Re Reynolds number of the fouling solution during the
fouling step within the test fouling surface (= 6.8 x 103),
dimensionless
T
Temperature, °C
Tm Transition midpoint temperature for the -lg foldingunfolding transition, °C
Tw
Wall temperature in the holding zone, °C
v Crossflow velocity within the test fouling surface, m/s
X Length of the deposit cross section related to the MRS
analysis using a profile line, µm
z Deposit thickness related to the MRS analysis onto the
deposit surface, µm
Symbols
T

2 x T corresponds to the temperature domain of
the folding-unfolding transition, °C
Amide I band frequency, cm-1
amide I
D Frequency of the amide I band in the denatured
(unfolded) state, cm-1
N Frequency of the amide I band in the native state, cm-1

Dynamic viscosity of solution, kg/m s

Specific mass of solution; kg/m3
Abbreviations
ANOVA
-lg
JEH
MRS
PHE
RO
RS
WPI

Analysis of variance
Beta-lactoglobulin (also noted BLG)
Joule effect heater
Raman micro-spectroscopy
Plate heat exchanger
Reverse osmosis
Raman spectroscopy
Whey protein isolate
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