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Abstract — Pulsed electric field (PEF) is an emerging non-thermal processing technology used to
inactivate microorganisms in liquid foods such as milk. The objective of this research was to study
the effectiveness of continuous PEF equipment (square wave pulses) on total microorganisms of
raw skim milk and on Salmonella enteritidis inactivation under moderate temperatures (T < 50 °C).
Processing parameters (electric field and pulse width) were chosen as follows: 45 kV-cm~1/500 ns
and 55 kV-cm~1/250 ns, with increasing pulse frequencies from 40 to 120 Hz, that corresponds to
an energy input varying from range 0—100 kJ-kg—!. In these conditions, the effectiveness of PEF pro-
cessing on microbial inactivation was very limited: 1.4-log reduction of total microflora and S. ente-
ritidis was the maximal inactivation ratio obtained. The effect of these PEF treatments on physico-
chemical and technological properties of the milk was also evaluated. These process conditions had
an effect on proteinic components of milk such as casein micelles, since viscosity of PEF-treated
milk decreased and coagulation properties were enhanced for high field levels (45-55 kV-cm~1)
with 2.1 to 3.5 us cumulated treatment time and square waves. This study demonstrated that, con-
trary to numerous previous studies, PEF treatments had an impact on some food constituents.
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Résumé — Traitement de lait écrémé cru par champs électriques pulsés a température non
létale : efficacité au plan de la destruction microbienne et effet sur les propriétés fonction-
nelles. La tendance actuelle de I’industrie alimentaire est de proposer des alternatives aux traite-
ments thermiques de pasteurisation. Ces traitements alternatifs doivent étre efficaces sur le plan de
la destruction bactérienne, mais moins séveres au plan physico-chimique, afin de garantir la qualité
hygiénique des aliments tout en préservant leurs qualités nutritionnelles, sensorielles et fonctionnel-
les. Les traitements par champs électriques pulsés (CEP) sont souvent reconnus dans la littérature
comme un des procédés innovants capables de répondre a ces nouvelles exigences. L’objectif de
cette étude était donc ici d’évaluer I’efficacité de traitements en continu par CEP (impulsions élec-
triques rectangulaires) réalisés a température non létale (T < 50 °C) sur la destruction de la flore
endogene et des coliformes du lait ainsi que sur du lait préalablement inoculé avec Salmonella ente-
ritidis. Les parametres de traitements choisis (champs électriques et largeur des impulsions) étaient
les suivants : 55 kV-cm~1/250 ns et 45 kV-cm~1/500 ns, avec des fréquences d’impulsion variant de
40 a 120 Hz, ce qui se traduit par un apport d’énergie compris entre 0 et 100 kJ-kg-!. Dans ces con-
ditions, I’efficacité des traitements est tres limitée puisque au maximum 1,4 log de réduction micro-
bienne a pu étre atteint sur la flore endogene et S. enteritidis. Parallelement, 1’effet des traitements
par champs électriques pulsés sur les principales caractéristiques physico-chimiques et techno-fonc-
tionnelles du lait a été évalué. Un effet sur les composants protéiques tels que les micelles de caséine
a été constaté suite aux traitements CEP les plus intenses (45-55 kV-cm~! pendant 2,1 & 3,5 ps) puis-
que la viscosité du lait était diminuée et ses aptitudes a la coagulation étaient améliorées. En con-
clusion, ces expériences ont permis de montrer que, contrairement a ce qui est classiquement reporté
dans la littérature, les traitements par CEP ont un impact non nul sur des constituants tels que les
micelles de caséine.
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1. INTRODUCTION

Pulsed electric field (PEF) is one of the
most promising emerging technologies for
the replacement of traditional thermal
pasteurization among non-thermal processes,
apart from microfiltration eventually
combined with moderate heat treatment
[16, 22, 27]. PEF treatment consists of the
application of high-voltage pulses (typi-
cally 20-55 kV-cm™!) to foods placed
between two electrodes. With the applica-
tion of electric fields as short-duration
pulses, minimal ohmic heating is generated
and the process remains non-thermal. With
regards to the effect of PEF on micro-
organisms and enzymes of milk, some
controversial results have been obtained [2,
3,5, 11, 12, 19, 22, 25, 26, 28]. Table 1
shows that in several cases, high levels of
microbial inactivation have been achieved,
between 3- and 4.5-log reduction [10, 11,
28]. In other cases a very limited effect or
no effect has been detected [5, 13].
Concerning the effect of the temperature on
microbial  inactivation  effectiveness,
numerous authors observed that increasing
the inlet temperature from 22 to 50 °C

increased the sensitivity of microorganisms
to PEF treatment [5, 26, 27]. This increase
in the rate of inactivation with increasing
temperature may be due to the decrease in
the electric breakdown potential of the cell
membrane, as previously suggested by
Coster [6]. Undoubtedly, it was due to a
synergetic effect with a thermal inactivation
with regards to the initial temperature and
ohmic heating by those PEF treatments
(Tab. I).

Performing PEF treatment on milk inoc-
ulated with one or more microorganisms is
useful for determining the susceptibility of
microorganisms to PEF treatment relative
to these microorganisms, but it does not
indicate the effectiveness of this process for
milk with a naturally occurring microbial
population. To date, only two research stud-
ies are available concerning PEF treatment
of raw skim milk [25, 28]. The authors
reported a maximum of 1-log to 2-log
reduction of the total flora for PEF-treated
raw skim milk depending on the inlet tem-
perature, 25 or 50 °C. The next logical step
to determine the ability to stabilize milk by
PEF is thus to conduct more inactivation
studies on raw milk and to try to increase the
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Table I. Review of the effectiveness of high pulsed electric field treatment of milk on bacterial
inactivation in function of processing parameters.

Media Bacteria PEF treatment conditions Mode Temperature Decimal Ref.
(E, nb, duration and shape of the °O) reduction
pulses, treatment time) number

Inlet Outlet (log Ny/N)

SMUF*  Escherichia coli 36 kV-cm~!1; 64 pulses, 2 us/  Batch 7 n.d.* 4 [23]
pulse; square waveform; 100 us 20 5
Pseudomonas 15.5t022.4kV-cm~l; 15us/  Batch 45 estimated 0.2 [14]
fluorescens pulse; waveform; 30 to 130 us 50  5.5°C/pulse 42
Salmonella dublin 25 kV-cm!; 100 pulses; n.d.; Conti- 30 n.d. 1 [27]
12to 127 ps nuous 50 2
Total flora n.d. (50 kV); 50 pulses; Batch  n.d. n.d. 2 [25]
waveform; n.d.
Listeria 25 to 35 kV-cm~!; square Conti- 25 n.d. 05t01.5 [26]
monocytogenes waveform; 1.5 ps/pulse at nuous 50

1700 Hz; 100 to 600 ps
Listeria innocua 30 to 50 kV-cm~!; 32 waveform Conti-  n.d. 22to 34 19t02.5 [5]

pulses; = 2 us at 3.5 Hz nuous
E. coli 41 kV-cm~1; n.d.; 10 to 63 Conti- 17 =37 23t04.5 [10]
L. innocua pulses of 2.5 us at 3 Hz nuous 0.5t04
P. fluorescens 50 kV-cm1; 50 pulses, n.d.;  Batch  n.d. n.d. 2.6 [12]
Skim 2us/pulse; n.d.
milk Total flora 80 kV-cm~!; 50 pulses; Batch 52 n.d. 13 28]
waveform; 2 s
L. innocua 28t029 kV-em~!; 545 maxi; Batch 21.5  estimated 02to 1.5 [22]
16 to 32 pulses at 1.1 or 100 Hz; 25to0 45
waveform; 30 to 400 ps
P. fluorescens 35 kV-cm!; 64 pulses; bipolar Conti- 22 52 1to 4 passes:  [21]
Lactococcus lactis square wave; 47 us (1 pass)  nuous 0.5t02.2
Bacillus cereus to 188 s (4 passes) 0.1t00.3
Total flora 0.6to3
Staphyloccocus 35 kV-cm1; 3.7 ps/pulse at 250 Conti- 7 <40 3.7 [11]
aureus Hz; bipolar square wave; 450 pus nuous
L. monocytogenes 15 to 30 kV-em~!; 5 to 50 pulses; Batch 35 n.d. 0.03 to 0.87 [13]
waveform; 3.25 ps/pulse, 0 0.3 (x0.7)
1pulse/min 50 1.5 1.0)
55 45(x2.3)
2% fat L. monocytogenes 25 to 35 kV-cm~!; square Conti- 25 n.d 1t02.5 [26]
milk waveform; 1.5 ps/pulse at nuous 50
1700 Hz; 100 to 600 ps
L. monocytogenes 25 to 35 kV-cm!; square Conti- 25 n.d 1.5t04 [26]
waveform; 1.5 ps/pulse at nuous 50
1700 Hz; 100 to 600 ps
Whole | .
milk L. innocua 28 t0 29 kV-cm~1; 545 pulses Batch 21.5  estimated 0.2t02.5 [22]
maxi; series of 16 to 32 pulses at 25to 45
1.1 or 100 Hz; waveform;
30 to 400 ps

* SMF: model solution similar to milk ultrafiltrate; n.d.: not determined.
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level of microbial inactivation by combin-
ing this process with other treatments.

With regards to the effect of PEF treat-
ments on functional properties, only a few
studies are interested in the denaturation of
milk components, in particular proteins and
enzymes. Bendicho et al. [2] made quite a
complete review of the existing literature
about the effects of high-intensity pulsed
electric field processing on milk enzymes.
Controversial results have been reported,
since great inactivation can be achieved for
some enzymes under certain conditions;
and no inactivation or even enhancement of
the activity has been attained under differ-
ent PEF conditions. Biochemical studies
are needed to evaluate how PEF affects the
internal configuration of the enzyme to
decrease enzymatic activity. Concerning
effects of PEF on protein-based food con-
stituents and structures, Barsotti et al. [1]
observed that electric exponential decay
pulsed electric field processing did not
cause significant protein unfolding or
aggregation when tested on B-lactoglobulin
or ovalbumin, two proteins known to be
sensitive to heat or high pressure. The tetra-
meric enzyme lactate dehydrogenase was
not inactivated after pulse processing. Elec-
tric pulses tended to dissociate large aggre-
gates of fat globules in liquid dairy cream.
However, the size distribution of fat glob-
ules in the studied emulsions was not mark-
edly altered.

Finally, none of these studies take into
account the process effect on food product
functionality after treatment, though the
industrial development of PEF greatly
depends on this point. This bibliographic
study also clearly revealed the difficulty of
evaluating at the present time PEF process-
ing effectiveness because in most studies,
current and voltage are indicated but the
delivered energy has not been calculated.
This is mainly due to the quite strong hetero-
geneity of the procedures (batch or continu-
ous mode), the incomplete characterization
of the equipment and the absence of direct
measurement of the process key factors
(voltage, current, pulse width, outlet tem-
perature, etc.). Moreover, the exponential
decay pulses, most generally applied, are
very difficult to describe by a “treatment

time/electric field strength” combination,
which limits the relevance of the correlations
established between operating conditions
and microbial inactivation. Considering
this, a new concept of pulsed continuous
electric field equipment has been devel-
oped. The spark gap switching technology
used is designed to deliver square wave
pulses with direct measurement and a great
range of pulse duration, frequency and elec-
tric field strength [1].

The aim of the present study was to eval-
uate, with this equipment, the feasibility of
pasteurizing milk by PEF. Experimental
work was then to conduct more inactivation
studies on raw milk by PEF, on its
endogenous and pathogenic microflora,
and also to measure the effect of this
electrical processing on milk components
and rennetability behavior.

2. MATERIALS AND METHODS

2.1. PEF equipment

The continuous PEF equipment devel-
oped (Fig. 1; Europulse, Cressensac,
France) uses an original pressurized spark
gap switching technology (dry air) with a
high repetitive rate, connected to a pulse-
forming line consisting of a coaxial cable
and lumped elements [17]. This equipment,
including a 2-kW high-voltage power sup-
ply charging capacitors and an interactive
computer control (Labview software), gen-
erates square waveform pulses. It is designed
to allow a widely adjustable operating pulse
width (from 50 up to 3000 ns), electric field
strength (from 30 up to 80 kV-cm~!) and
pulse frequency (from 1 up to 815 Hz), and
to produce a volumetric flow rate (from 1
up to 10 L-h-1).

The square wave form of electric field
pulses can be broken down into three parts:
an increasing, a flat and a decreasing phase.
Independently of the programmed pulse
width, the increasing phase lasts about
20 ns. The flat phase duration ranges from
50 ns to 3 ps. The decaying phase length
increases from 30 ns to 500 ns for the pro-
grammed pulse width between 50 ns and
3 us [18].
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Figure 1. Equipment for continuous PEF treatment of liquid products.

Control panel: A: power supply; B: programing and control drawer; C: computer, D and E: high
voltage monitor and power supply (50 kV, 2 kW); F: spark gap switch (0-815 Hz); G: high voltage
energy storage (50 ns, 100 ns, 250 ns, 500 ns, 1 ps, 2 ps and 3 ps).

Hydraulic line: 1: supply tank (12 L); 2: magnetic stirrer; 3: peristaltic pump (025 L-h-1); 4: PEF
treatment chamber; 5: tubular heat exchanger; T, T,: thermocouples.

The coaxial continuous treatment cham-
beris composed of two electrodes separated
by a gap of 2 mm. The treatment chamber
isequipped with a high voltage resistive and
a current monitor for the direct measure-
ment of applied voltage and current with a
TDS 3012 digital oscilloscope (Tektronix,
Beaverton, USA).

The hydraulic line includes a 12-L sup-
ply tank equipped with a cooling mantel and
a variable speed peristaltic pump (0 to
25 L-h-1). The temperature rise due to
ohmic heating is measured by two thermo-
couples placed immediately before and
after the chamber. The outlet temperature
after treatment is controlled by the compu-
ter: if it exceeds 50 °C the PEF treatment is
automatically stopped. The cooling of the
product immediately after treatment is pro-
vided by a tubular heat exchanger. A 20-kg
full load digital balance controlled by the
process computer measures the flow rate of
the product.

2.2. Dairy products

2.2.1. Raw skim milk

Raw whole bovine milk, obtained from
a local dairy farm (Rennes, France), was
skimmed at 50 °C with a small-scale cream
separator (Elecrem S.A., Chatillon, France)
and kept at4 °C, until PEF processing to test
its effectiveness on endogenous flora. The
initial total mesophilic flora and coliforms
were enumerated to, respectively, around
106 cfu-mL-! and 105 cfu-mL-!.

Sodium azide (0.05% w/v) was added to
the samples of milk destined for physico-
chemical analysis to prevent microbial
growth after PEF treatment.

2.2.2. Bacterial removal of skim milk
by cross-flow microfiltration

For the PEF experiments concerning the
inactivation of Salmonella enteritidis, part
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of the raw skim milk was microfiltered.
Before microfiltration, the skim milk was
preheated to 50 °C. Then cross-flow micro-
filtration was used to eliminate bacteria.
The membrane module in alumine Sterilox
(Société des céramiques techniques,
Tarbes, France) had 19 channels, each with
an inner diameter of 4 mm, and a total mem-
brane area of 0.2 m2. The average nominal
pore size was 1.4 pm and the temperature
was 50 °C. Under these conditions almost
all of the whey proteins and casein micelles
pass through the membrane while 99.99%
of bacteria are retained.

Using microfiltered skim milk allows a
better control of its microbial composition.
Before PEF processing, this microfiltered
milk was then inoculated (107 cfu-mL-1)
with Salmonella enteritidis.

2.2.3. Milk ultrafiltrate

Milk ultrafiltrate (UF) was prepared from
fresh pasteurized milk on an 8-kg-mol-!
TAMI membrane (Tami Industries, Nyons,
France) and stored at 4 °C after sterilization
on a 0.2-um sterile Nalgene membrane.

Electrical conductivities 6 (uS-cm~!) of
the raw skim milk, the milk ultrafiltrate and
the 28-mmol-L-! glucose sodium sulfate
solution, as a function of the temperature,
were measured with a 145A+ conductivity
meter (Orion, Cambridge, USA). For the
temperature range between 0 and 50 °C the
electrical conductivity of these fluids can be
characterized by a linear relation:

o(uS-cm!) = 2338 (£53) + 118 (£ 4) T
(T in °C) with a R? value equal to 0.99.

The treatment cell electric resistance, R
(in Q), was calculated by equation (1):

T

In-2

1 al
" F-o2me 0

where F=1.69 is the field enhancement fac-
tor of the treatment chamber; r, = 5 X 10-3
m and r; = 3 x 10-3 m are the radii of the
outer and inner electrode, respectively; and
e =2 x 103 m is the electrode length.
The characteristic impedance of the high
voltage device used is 50 Q. However, it is
difficult to match this value with the cell

resistance, because of the ohmic heating of
the product. As an example, the cell resist-
ance decreases from 73 Qat 10 °C to 30 Q
at 50 °C.

2.3. PEF experiments

PEF experiments were realized at a vol-
umetric flow rate of 5 L-h~! in a single mode
at non-lethal temperature (T < 50 °C). For
the experimental flow rate of 5 L-h-1, the
average residence time of the liquid through
the treatment cell is equal to 0.072 s. Single
PEF treatments (one pass of the product
through the treatment chamber) were car-
ried out according to the following proto-
col:

(1) The hydraulic line was first cleaned
by pumping 0.2% NaOH for 5 min at
25 L-h~! and sanitized with a 0.1% chlorine
solution for another 5 min. It was then
rinsed for 2 min with a sterile 28-mmol-L-1
sodium sulfate solution.

(2) The beginning of the PEF treatment
was applied to this sterile solution.

(3) Once electrical parameters were
steady, the balance tank, filled with the
inoculated model solution, was connected
to the pump by means of a three-way valve.
Samples of treated product were collected
after 5 min, in order to eliminate a volume
three times that of the hydraulic line.

2.4. Pulse characterization

All the experiments carried out on skim
milk used two couples of electric field/
pulse width, optimized from the conclu-
sions of the study on PEF processing
parameters’ effect on Salmonella enteri-
tidis inactivation in a model solution [18]:
45kV-cm~1/500ns and 55 kV-cm=1/250 ns.
The overall amount of energy, Q, delivered
to the E)roduct during the PEF treatment

(kJ-)kg=!) is calculated by the following
equation:
2
Pt _UIt_ Ut
Q=—==2""=—= (2)
m m R-m

where P is the applied electric power (W),
t the treatment time (s), m the amount of
treated product (kg), U the applied voltage
(V),Ithe applied current (A) and R the electric
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resistance (€2) of the treatment cell. It can
also be underlined that the delivered energy
can also be estimated by equation (3), con-
sidering as negligible heat loss through the
metallic electrodes:

Q = m-Cp-(Toyer — Tinter) &)

with Cp: specific heat (J-kg=1-K=1); Ty et
and T;, e, the inlet and outlet temperatures
(°C) of the fluids measured by the two ther-
mocouples (Fig. 1).

The electric field strength, E (V-cm™1),
is calculated by equation (4):

E=Y
d

where d is the inter-electrode distance (cm).

“

2.5. Culture and enumeration
of microorganisms

2.5.1. Escherichia coli and total flora

The different microbial groups in raw
skim milk samples before and after PEF
treatment were enumerated as follows: total
mesophilic flora on plate count agar (TSA,
Biomerieux, Marcy I’Etoile, France) at
30 °C for 72 h, and coliforms on violet red
bile agar (CM 107, Oxoid) at 30 °C for 24 h.
After respective incubation, the colony-
forming units (CFU) were counted.

2.5.2. Salmonella enteretidis

The strain of Salmonella enteritidis used
in this study was a wild-type strain isolated
from egg white (9066.94; Agence
Francaise de Sécurité Sanitaire des Ali-
ments, Paris, France) and conserved in cry-
obeads (AES Company, Combourg,
France) at —18 °C. Before use, this strain
was thawed and cultivated twice at 37 °C
for 24 h in Tryptic Soy Broth (TSB,
Biomerieux, Marcy 1’Etoile, France). Sta-
tionary phase cells were collected and
washed with the glucose and sodium sulfate
model solution (centrifugation 5000xg for
10 min at 20 °C, three times), and then inoc-
ulated at 2% v/v into the milk, obtaining a
final inoculum of about 107 S. enteritidis
cells-mL-1.

Salmonella enumeration was carried out
on the inoculated fluid before and after
experimentation. Serial decimal dilutions
in tryptone (1 g-L-1) - salt (8.5 g-L-1) water
(TS, AES, Combourg, France) were prepared,
and 1-mL samples of each dilution were
plated out in Tryptic Soy Agar (TSA,
Biomerieux, Marcy I’Etoile, France). After
incubation at 37 °C for 24 h, the colony-
forming units (CFU) were counted.

2.6. Physicochemical analysis

2.6.1. Separation of colloidal
and soluble phases

Immediately after PEF processing of
raw skim milk, a 10-mL sample of milk was
centrifuged at 20 °C for 60 min at
100 000xg using a Sorvall (model Discov-
ery 90SE) ultracentrifuge with a type T-865
rotor (Sorvall, Kendro Laboratory Prod-
ucts, Courtabeeuf, France). The opalescent
layer of fat globules at the top of the tubes
was removed, and the supernatant or solu-
ble phase was recovered with a syringe. The
firm pellet considered as the colloidal phase
is found at the bottom of the tube.

2.6.2. Mineral partition

Calcium concentrations were also deter-
mined in the milk samples immediately
after PEF processing of raw skim milk, in
order to measure the mineral partition
before reaching equilibrium. Determina-
tion of the amounts of Ca in total milk and
the soluble phase was performed in dupli-
cate by atomic absorption spectroscopy
(Varian SpectrAA 100 Series Atomic
Absorption Spectrometer, Varian Australia
Pty. Ltd, Victoria, Australia) according to
the method described by [4].

2.6.3. Viscosity

Viscosity measurements of the raw skim
milk after PEF processing were carried out
at 25 °C with a low shear viscometer (Con-
traves Low-shear 30 sinus, Contraves,
Lamy, Caluire, France) with coaxial cylin-
ders geometry (r; =5.5 mm;r, =6 mm; h =
8.0 mm). The shear rate range was 3 to 25 s1.
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The behavior of the milk was Newtonian.
Experiments were done in triplicate.

2.6.4. Particle size measurement

The evolution of the average size of
casein micelles in raw skim milk samples
with PEF treatments was evaluated at 25 °C
by photon correlation spectroscopy (PCS)
on a Malvern Zetasizer 3000 HS (Malvern
Instruments, Orsay, France), using a He—
Ne laser light (A = 633 nm) and a scattering
angle of 90°. To replace micelles in their
natural ionic environment, 2 puL of milk
sample, centrifuged beforehand (3000xg,
15 min, 25 °C) to remove all fatty globules,
was diluted in 3 mL of milk ultrafiltrate.
Samples were analyzed by the regulariza-
tion method (CONTIN) to obtain informa-
tion on particle size distributions. In a
typical CONTIN output, the size distribu-
tion is divided into a series of size classes,
and the percentage of the size distribution
in each size class is calculated. The diame-
ter of the particles was then calculated from
the measured translational diffusion coeffi-
cient according to the Stokes—Einstein rela-
tion, by taking into account the values of
viscosity (0.89 mPa-s) and refractive index
of the diluents (RI=1.33). All samples were
assayed 10 times.

2.6.5. Rennetability measurement

The rennetability of PEF processed raw
milk was measured on a Formagraph (Foss
Electric, Paris, France). The instrument
records a profile of growth of curd firmness
as a function of time. The measured clotting
process is influenced by milk, rennet and
temperature. A typical diagram gives four
parameters [20, 29]:

— R: time point at which the actual forma-
tion of gel commences (min),

— K20: time from the start of gel develop-
ment until a width of 20 mm is reached
(min),

— AR and A2R: widths at times of, respec-
tively, two and three R (mm).

Before measurement, the pH of milk

samples was checked (pH was constant and
equal to 6.7 for all samples) and equili-

25

20 A

15 4

AT (°C)

Q=4.01 AT
R%=0.83

0 20 40 60 80 100
Q (kJ.kg™”)

Figure 2. Relationship between the amount of
energy (Q in kJ-kg-!) and the temperature
increase (AT in °C) during one passage of the
product through the treatment cell.

brated for 12 h at ambient temperature to
preserve mineral equilibrium, and for one
hour before starting renneting measure-
ments at 35 °C. Experiments were carried
out at 35 °C by adding to each milk sample
(10 mL) 100 pL of a 1/20 000 aqueous rennet
solution (Présure Berthelot, 530 mg-L-L,
Laboratoire ABIA, Meursault, France),
with at least 3 repetitions at the same trials
for each sample.

2.7. Statistics

Data were analyzed using the statistical
analysis package Statgraphics Plus, version
5.1. (SigmaPlus, Levallois-Perret, France).
Viscosity, average particle diameter and
coagulation parameters data were analyzed
using Student’s ¢ statistics to determine if
the averages of two sets of measurements
were significantly different. In all cases, a
P value < 0.05 was considered significant.

3. RESULTS AND DISCUSSION

3.1. Product temperature

As shown in Figure 2, the product tem-
perature increases proportionally to the
amount of energy delivered calculated from
equation (2), due to ohmic heating, with an
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Table II. Example of some operating conditions and energy delivered to the raw skim milk product,

Q (kIkg™).
Frequency (Hz) Nimp Treatment Tintet Toutlet AT Q (kIkgh

time (ns) (°0) (°0) (°0O)

Eq.(2)  Eq.(3)

55 kV-cm=1/250 ns
40 2.84 710 10.2 15.5 5.3 24.9 21.2
80 5.7 1420 213 11.4 49.7 45.6
100 7.1 1775 10.1 24.8 14.7 62.1 58.8
120 8.52 2130 27.2 17.5 74.6 70.0
45 kV-cm~1/500 ns
40 2.84 1420 11.2 18.3 7.1 333 28.4
60 4.26 2130 11.8 22.5 10.7 49.8 42.8
80 5.68 2840 12.0 26.0 14.0 66.9 56.0
100 7.1 3550 12.2 29.7 17.5 82.0 70.0

electric energy into heat conversion factor
equal to 4.01 kJ-kg-1-K-1, which approxi-
mately corresponds to the specific heat of
milk.

With an inlet temperature lying between
10 and 20 °C, the maximal amount of
energy delivered to the product should not
exceed 100kJ-kg~!in order to limit the tem-
perature increase. This temperature
increase was between 3 and 18 °C max
(Tab. II), which ensured PEF processing of
milk at non-lethal temperatures for micro-
organisms.

3.2. Bacterial inactivation

Concerning the raw milk endogenous
microflora, the inactivation ratios obtained
were very variable between two different
experiments, whatever the processing param-
eters applied (electrical fields, pulse width
and cumulated treatment time). Further-
more, the maximal effectiveness of the PEF
was very limited as the inactivation was
between 0.2- and 1.4-log maximum reduc-
tion, even at the highest energy level, Q
(Fig. 3).

A single pass of the product through the
treatment chamber leads to energy input,
according to the processing parameter val-
ues [17], within the range 0 to 100 kJ-kg-!.
For these conditions, the relation between

the amount of energy received by the fluid
(Q in kJ-kg-!) and the decimal reduction

N
number (logﬁo) could be considered as
linear (5):

N
10g_0 = g (5)

N Qp
where N and N are the number of viable
microorganisms per gram before and after
PEF treatment, respectively, and Qp, is the
decimal reduction energy (in kJ-kg=1). It is
the energy required to obtain one decimal
reduction of the considered bacterial
population.

Inactivation ratios obtained in the
present study were introduced in this rela-
tionship to determine the rough estimate of
the decimal reduction energy, Qp. Qp was
about 100-120 kJ-kg-!, a value that was
much higher than the decimal reduction
energy of the S. enteritidis inoculated in the
previous model solution [18]. Qp was equal
to 40 (x2.9) kJ’kg-! in the solution com-
posed of 28 mmol-L-! sodium sulphate and
28 mmol-L-! glucose.

To date, the only published research on
PEF treatment of raw skim milk has been
by [21, 25, 28]. Smith et al. [28] achieved
only a 2-log reduction for PEF-treated raw
skim milk. However, the electric field
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Figure 3. Decimal reduction number (log Ny/N) of endogenous microflora (a: Total microflora;
b: Coliforms) of raw skim milk as a function of the amount of energy (Q inkJ-kg—!) and the cumulated
treatment time (ns) delivered to the sample during PEF treatment. T;;;o; = 10 °C.

strength and treatment temperature were
not specified. Michalac et al. [21] obtained
an overall log reduction of total microbial
count in PEF-treated raw skim milk of 1.0-
log max. In this study, PEF processing
parameters were chosen as follows:
35kV-cm™l, 64 pulses and cumulative
treatment times varying from 47 us (1 pass)
to 188 s (4 passes).

This maximum of 1.0-log reduction of
total microorganisms by PEF treatment in
skim milk may be due to a combination of

several factors, including PEF processing
conditions [16, 17] and strong variability of
microbial species and physiological state of
microorganisms [21]. Additionally, a rela-
tively wide range of microorganisms in the
raw milk are present and they can either be
thermophilic, mesophilic or psychrophilic
[7]. Therefore, the presence of more PEF-
resistant microorganisms [15] would reduce
the effect of PEF processing.

In order to limit those variability effects,
we made the choice during this study to
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Figure 4. Decimal reduction number (log Ny/N) of Salmonella enteritidis population inoculated in
(a) microfiltered skim milk and (b) milk ultrafiltrate, as a function of the amount of energy (Q in

KJ-kg1). Ty = 20 °C.

inoculate some microfiltered milk with a
well-known microorganism, S. enteritidis,
at a constant initial population value equal
to 107 cfu-mL-!. These experiments allowed
us to control the initial bacterial quality of
the processed fluid better, and the constant
initial population level and growth stage of
the inoculated microorganisms. The PEF
Salmonella enteritidis inactivation ratios
obtained in these conditions were not better
than those previously obtained on total raw
skim milk microflora (Fig. 4a). One-log
reduction was the maximum inactivation
ratio obtained and results were still greatly
variable. In that case, the decimal reduction
energy, Qp, was still about 110 kJ-kg-1,
which was again much higher than the
energy required to inactivate the same
microorganism in the glucose and sulfate
model solution [18].

According to Martin-Belloso et al. [19],
inactivation of such microorganisms using
PEF was more limited in skim milk than in
a buffer solution when exposed to similar
treatment conditions of field strength and
number of pulses, because of the complex
composition of skim milk and the presence
of proteins.

A Qp value of 65 kJ-kg~! was found for
S. enteretidis in milk ultrafiltrate (UF) after

PEF treatments (Fig. 4b). However, and
even if the absence of proteins in the
medium had a positive effect on inactivation,
this energy remained twice as high as the
Qp obtained in the glucose and sulfate
model solution [18]. Dutreux et al. [10] also
reported less than 1-log difference between
the inactivation of E. coli in milk and in
phosphate buffer. Thus, the influence of the
physicochemical composition of the
medium on the microbial inactivation by
PEF is still quite unclear, and there is a great
need for further research in this field.

3.3. Effect of PEF on milk
components

The effect of PEF treatments on physico-
chemical characteristics of milk and rennet
coagulation was investigated.

3.3.1. Viscosity and pH

The effect of the PEF treatment on the
pH of milk was evaluated, but no change
was noticed regardless of the energy level
applied. It was equal to 6.72 + 0.03 regard-
less of the PEF processing parameters
applied. It is also of great interest to evaluate
the effect of such treatment on the texture
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Figure 5. Comparison between the viscosity (25 °C) of initial raw skim milk and PEF-treated milk
samples with different processing parameters. (* set of measurements significantly different from

the others). Tiy1ee = 10 °C.

of the product. As shown in Figure 5, exper-
imental measurements showed a significant
decrease in the viscosity of treated samples
as compared with the initial raw skim milk
(P-value <0.05). We can suppose that mod-
ifications of the hydrodynamic volume of
casein micelles or of the mineral balance
may be involved, because they both have
great influence on molecular interactions
and aggregation states.

3.3.2. Rennetability measurements

The effect of PEF on the clotting time
(R), and the firmness of the gel (A2R) was
studied using two different processing con-
ditions: electric field equal to 45 or
55 kV-cm™!, and pulse width equal to 250
or 500 ns. In both cases (Fig. 6a, 6b), and
even if reproducible experiments were dif-
ficult to manage with the Formagraph, clot-
ting time showed a decreasing tendency
(not significant), that was more marked
when testing the effect of the electric field.
However, only the coagulation parameters

of the blank (untreated milk) were signifi-
cantly different (P-value < 0.05) from the
other sets of measurements (obtained with
PEF-treated milk). The same observation
has been previously reported by Desobry-
Banon et al. [8] when studying rennet coag-
ulation of high-pressurized milk. The
authors suggested that the decreased clot-
ting time was related to a reduction in casein
micelle size, leading to increased specific
area and increased probability of interpar-
ticle collision [8].

Concerning the curd firmness of ren-
neted milk, it was observed that the A2R
parameters increased from 35 (1) mm for
untreated milk to 39 (+1) and 40 (1) mm
for PEF-treated milk with the following
processing parameters: 55 kV-cm-1; 250 ns;
120 Hz and 45 kV-cm~!; 500 ns; 120 Hz,
corresponding to the highest energy level
(Q=100 kJ-kg-1). Compared with high-
pressure treatments, an increase in gel firm-
ness was also observed for milk treated for
10 min at 200 MPa.
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Figure 6. Evolution of the clotting time (R in min) of PEF-treated skim milk samples in function
of pulse frequencies. Two different processing conditions were tested: (a) effect of the electric fields

and (b) effect of the pulse width. T;,;e; = 10 °C.

3.3.3. Casein micelles characteristics

In order to explain the evolution of tex-
ture and cheese-making properties of milk
following PEF treatments, it was firstly
considered whether the mineral balance of
milk was not changed after exposure to
strong electrical fields. Effects of PEF on
minerals in milk can be divided into: the
effects on the distribution between the col-
loidal and diffusible phases, and the effects
on ionization. However, our measurements
did not reveal any modification in the
micellar mineral partition: the colloidal cal-
cium fraction remained equal to 70 (x1)%
of the total calcium concentration regardless
of the PEF processing parameters applied.

Figure 7 presents casein micelle average
diameters versus PEF energy levels. A sig-
nificant decrease (P-value < 0.05) in the
casein micelle sizes following high field
level PEF treatments (45-55 kV-cm~! with
2.1-3.5 ps cumulated treatment time) can
be observed. This diminution of the hydro-
dynamic volume of the micelles was hypoth-
esized to be probably due to modification of
the apparent charge after exposure to intense
electrical fields and then modification of
the ionic interactions between the caseins.

It is known that milks containing casein
micelles of reduced diameter are less viscous

and that milk coagulation properties are
enhanced. When considering the curd
firmness increase with the decreases in the
clotting time such PEF treatments cause,
this suggests acceleration of the aggregation
phase of rennet coagulation in PEF-
processed milk and then intensification of
molecular and/or micellar interactions. It
can therefore be concluded that PEF
processing of milk may involve modifications
of its structure because functional properties
such as cheese-making properties are
modified by the treatment. These results are
not in agreement with some other studies
reporting that PEF treatment preserves the
nutritional components and minimizes
physical and chemical changes in food
products [9, 14, 24]. Michalac et al. [21]
measured that total solids, protein, pH,
electrical conductivity, viscosity and
density of milk were not affected by PEF
processing. Color and particle sizes of the
milk were not changed significantly by this
processing. Only Grahl and Mirkl [14]
measured some PEF-induced destruction of
milk components, but only at high energy
inputs (Q > 200 kJkg-!) for the enzyme
lipase and vitamin C (ascorbic acid). Other
food components that were analyzed
(alkaline phosphatase, peroxidase, vitamin
A and whey protein) did not show any
large-scale inactivation.
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Figure 7. Casein micelle average diameters (Z,,, in nm) versus PEF energy levels (Q in kJ-kg-1)

measured by photon correlation spectroscopy.

4. CONCLUSION

The objective of this experimental work
was to study the effectiveness of continuous
PEF equipment (square wave pulses) on
total microorganisms of milk and on
S. enteritidis inactivation under moderate
temperature (T < 50 °C). With the chosen
processing parameters that correspond to an
energy input range of 0-100 kJ-kg-!, the
effectiveness of PEF processing on micro-
bial inactivation was very limited: 1.4-log
reduction of total microflora and S. enteri-
tidis was the maximal inactivation ratio
obtained. The effect of these PEF treat-
ments on physicochemical and technological
properties of the milk was also evaluated.
These process conditions affected proteinic
components of milk such as casein
micelles, since the viscosity of PEF-treated
milk decreased and coagulation properties
were enhanced for high field levels (45—
55 kV-cm~!) with 2.1 to 3.5 ps cumulated
treatment time and square waves. The
results of other teams on the same topic did
not show significant differences in micelle
behavior after PEF treatment at a lower
field level (25-35 kV-cm™1). In the light of
these results and some previous results

reported in the literature, we can thus con-
firm that PEF treatments of milk at non-
lethal temperatures do not constitute in
themselves an alternative to heat treatments
in the case of milk. Moreover, this study
clearly revealed that, contrary to numerous
previous studies, PEF treatments had an
impact on some food constituents.
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