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AA

Amino acid

APPS

Atmospheric pressure plasma spraying

CAH

Contact angle hysteresis

CCE

Climate change ecosystem

CCH

Climate change human health

CIP

Cleaning in place

Cys

Cysteine

DLC

Diamond-like carbon

EPMA

Electron-probe micro-analysis

EoL

End of life

EEW

Electrical and Electronic waste

FD

Fossil depletion

FU

Functional unit

HT

Human toxicity

IC

Impact category

LCA

Life cycle assessment

LCI

Life cycle inventory

MD

Metal depletion

MF

Model fluid

ML

Mirror-like stainless steel

NAT

Native stainless steel

NLT

Natural land transformation

PD

Polydopamine

PDMS

Poly(dimethylsiloxane)

PECVD

Plasma enhanced chemical vapor deposition
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PEG, PEO

Poly(ethylene glycol), Poly(ethylene oxide)

PHE

Plate heat-exchanger

PTFE

Poly(tetrafluoroethyene)

PVA

Poly(vinylamine)

PW

Physiological water

RO

Reverse osmosis

RTV

Room temperature vulcanizing

SEM

Scanning electron microscopy

SFE

Surface free energy

SLIPS

Slippery liquid infused porous surface

SilML

Fluorosilanized mirror-like stainless steel

SilNAT

Fluorosilanized native stainless steel

SilTEX

Fluorosilanized textured stainless steel

SS

Stainless steel

TEX

Textured stainless steel

ToF-SIMS

Time-of-flight secondary ion mass spectroscopy

TSB

Tryptic soy broth

WCA

Water contact angle

XPS

X-ray photoelectron spectroscopy

-La

-Lactalbumin

-Lg

-Lactoglobulin

Ra

Arithmetic mean roughness (µm, nm)

Rq

Root mean squared roughness (µm, nm)
Contact angle (°)
Surface energy (mN/m)
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One of the greatest challenges of the XXIst century is to fairly provide sustainable and quality food
to the growing population of the planet, which will soon reach 10 billion of individuals. With this
goal, and due to the increasing demand of emergent countries, food industries and researchers
must work to develop eco-efficient and eco-friendly processes.
Among large-scale processed foods, milk and dairy products are of great importance. Indeed, the
global milk production is estimated to be 735 billion liters annually, European Union (EU) being one
major actor with a production of 156 billion liters1,2. Dairy production has moreover doubled since
2000 and this trend is expected to continue, along with the expanding dairy market3. The European
model is an excellent example of dairy industries significance in the global food industry as,
according to the European Dairy Association (EDA), dairy products represent more than 12 000
production sites and more than 300 000 direct jobs in the EU4.
Indeed, milk and its derivatives present numerous interesting nutritive and functional properties
(emulsification, gelation, foaming), and processes for their preparation and transformation have
been booming over the past decades. Beyond traditional goods like bottled milk, yoghurt and
cheese, the past decades have seen emerging a clear tendency to valorize every by-product of the
dairy sector, e.g. whey protein, micro- and ultrafiltration permeates or caseins. A remarkable
number of highly transformed products

from baby food to sport supplements

indeed contain

dairy components5.
However, duo to their rich water and nutritive content, dairy products are environments of choice
for the growth of micro-organisms, which can both spoil the products organoleptic properties and
health through foodborne toxi-infections. To ensure the microbiological
harmlessness of dairy products, as well as to transform them and extend their shelf-life, thermal
treatments are therefore mandatory6. As a matter of fact, every dairy product is at least heated
once during its transformation7 (pasteurization being the most common treatment) and around
91% of worldwide consumed milk passes through this energy-intensive operation8. In most
production lines, thermal treatment is realized by heat transfer through a conductive material,
mainly stainless steel. Particularly, thermal treatments implementing plate heat exchangers (PHE)
7
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are well established and mature processes, which nevertheless present some drawbacks. Notably,
fouling, i.e. the deposition and accumulation of unwanted material in industrial equipment,
burdens heat processes both financially, through oversizing, production loss and cleaning costs9;
and environmentally, by drastically increasing energy consumption and wastewater volume10.
According to the Environmental Impact of PROducts (EIPRO) analysis, the production and
processing of milk and other dairy products indeed accounts for around 5% of global warming
potential, 10% of eutrophication potential and 4% of photochemical ozone creation potential
across the European Union11. It was also shown that the cost related to production interruption
for cleaning can be dominating12, and that product quality can suffer from fouling, because of the
potential presence of detached deposits in the final product13.Thus, fouling mitigation solutions,
that could help significantly reduce dairy production costs and environmental impact, as well as
progressing toward more sustainable and cost-saving thermal processes, are very much soughtafter.
Consequently, dairy fouling has b
been made in order to elucidate its underlying mechanisms as well as to propose mitigation
approaches. In order to contribute to this important research, the purpose of the present thesis
work is to explore innovative nonfouling surfaces designed following a biomimetic approach, to
study their mode of action in order to further develop antifouling strategies for the dairy sector
and to assess the impact of antifouling surfaces on the environmental footprint of dairy thermal
treatments
This manuscript therefore organizes in four chapters. Chapter 1 consists in a bibliographic overview
of dairy fouling agents, mechanisms and impacting factors. Chapter 2 will then present a
fundamental study on the impact of stainless steel surface properties on dairy fouling. In Chapter
3, the surface properties of the selected biomimetic surfaces, as well as their fouling performances
will be described. Finally, the impact of surface modification on the global environmental impact
of a pasteurization process will be investigated in Chapter 4, through a Life Cycle Assessment study.

8
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Chapter 1 Dairy Fouling in Thermal Processing: Mechanisms and Impacting Factors

Thermal treatments are omnipresent in dairy processing14,15, as they allow to control the
microbiological quality and to increase the shelf-life of products. Heating food to high
temperatures indeed induces the elimination of spoilage and pathogenic micro-organisms but
also the deactivation of enzymes which could rapidly alter the taste, organoleptic properties
and nutritive value of the product.
Among thermal treatments, pasteurization is a mild process during which human pathogenic
agents are destroyed. In dairy industries, two types of pasteurization are commonly found,
according to the temperature range they involve. Low temperature pasteurization consists in
heating the product to 63°C for 30 min, whereas classical pasteurization involves temperatures
around 72-76°C and 15 to 20 s durations. More recent processes, like High Temperature Short
Time (HTST) pasteurization, require higher temperatures (80-90°C) and shorter exposure
(around 5 s)10. Sterilization, on the other hand, allows the elimination of the major part of a
with temperatures up to 115°C and exposure time of 15 to 20
min. Ultra-High Temperature (UHT) processes involve temperatures up to 150°C and extremely
short exposure (2s)5. Besides microbiological control, thermal processing is also used for
transformation purposes like texturing or evaporation16. Overall, every dairy product is heated
at least once before its commercialization7.
However, milk and dairy products tend to foul the industrial equipment when they are exposed
to high temperature. The generated deposits burden both the financial and environmental
balance of thermal processes. Indeed, heat-induced deposits impair the proper execution of
the heat treatment by adding a thermal resistance to the system, increasing processing costs
through higher energy and water intake. Overall, about 80% of the total production costs of
dairy derivatives are related to fouling17. Moreover, the mandatory frequent, severe cleaningin-place (CIP) procedures result in pronounced economic and environmental impacts through
production loss and excessive rinsing water, energy and chemicals consumption.
© 2018 Tous droits réservés.
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Chapter 1 Dairy Fouling in Thermal Processing: Mechanisms and Impacting Factors
Thus, understanding of fouling phenomenon and its control are major challenges that would
allow progressing toward less expensive and more eco-efficient processes. Over the years, a
significant research effort has been dedicated to the elucidation of dairy fouling mechanisms
and to the identification of the factors that can impact it. This first chapter will focus on the
study of dairy fouling, its mechanisms, impacting factors and cleaning.

12
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Chapter 1 Dairy Fouling in Thermal Processing: Mechanisms and Impacting Factors

1.
Milk is a rich and complex bio-emulsion (Figure 1.1) containing colloidal fat and proteins
(caseins), as well as soluble sugars, minerals and whey proteins (among which -lactoglobulin,
-Lg and -lactalbumine, -La). Potentially, all milk components might be involved in various
phases of thermal milk fouling, depending on their physicochemical properties and especially
according to their heat sensitivity. Hence, dairy fouling composition depends in the first place
on the considered milk derivative. However, study of milk deposits on heat-transfer surfaces
showed that it was mainly composed of minerals and whey proteins. Interestingly, caseins,
sugars and fat, which r

are not

significant contributors to deposit growth5. The following sections will review the main
components of dairy fouling and their characteristics.

Figure 1.1. Distribution of milk components (adapted from Sadeghinezhad et al. (2014)12).

Whey proteins are the most thermosensitive proteins in milk18. According to Polat (2009)19, La has the lowest denaturation temperature of all whey proteins, followed by bovine serum
albumin (BSA), immunoglobulins and finally -Lg (77°C20,21). However, inside the pasteurization
temperature range, -Lg unfolds faster than all other whey proteins, hence its preponderant
part-taking to fouling12. As a matter of fact, ever since 1990, a correlation between -Lg
© 2018 Tous droits réservés.
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denaturation and fouling growth has been established22 and numerous studies on dairy fouling
are

-lactoglobulin23

32.

Figure 1.2. -Lactoglobulin tertiary structure, according to Ikeguchi (2014)33.
-Lg (Figure 1.2) is the major component of cow milk soluble protein fraction. Its usual
concentration is around 3.5 g/L, although this value may vary geographically, seasonally and
with cattle breed6. It is a globular protein composed of 162 amino-acids (AA) and its secondary
structure consists in 6 to 10% of -helix, 44 to 52% of -sheets, 8-10% of turns and 32 to 35%
of random coil34.

-lg is predominantly due to the presence

of several cysteine (Cys) residues interacting with each other via disulfide bridges (Cys66-Cys160
and Cys106-Cys119). Another cysteine residue located in the inner section of the protein carries
a free thiol group5,35,36, which is buried when the protein is under its native form. The
-Lg greatly depends on environmental parameters such as the
temperature, ionic force and pH which have individual and collective effects on the protein
association state37. In physiological conditions, the dimeric form is predominant, but -Lg can
also be found in tetrameric, octameric or multimeric state34,38.
Even at room temperature, -lactoglobulin is capable of irreversible adsorption on stainless
steel (SS) in the form of monolayers. Trials at 30°C yielded an irreversible adsorption rate of
1.65 mg/m² within two hours39. Tryptic digestion of adsorbed -Lg allowed to prove that, in
acidic pH ranges, i.e. in milk, acidic AA-containing peptides preferentially deposited on SS.
Particularly, the T5 peptide fragment (Thr-Pro-Glu-Asp-Asp-Glu-Ala-Leu-Glu-Lys, residues 125135), which includes 5 acidic AA (in bold), shows an adsorption behavior very close to that of
14
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native

-Lg.

-lg corroborated those

findings40.
-lactoglobulin undergoes gradual changes, detailed by Khaldi
(2016)5 as follows

-Lg irreversibly loses its dimeric quaternary structure, which

yields two globular monomers. Between 40 and 55°C, minor modifications occur on the -helix
that masks the buried free thiol group. The protein becomes able to aggregate, however
aggregation is negligible at this stage. Above the threshold of 60°C, the break of non-covalent
ten
significant aggregation. However, the transition from native form
to molten globule is reversible, as covalent intramolecular bounds stay unharmed. Above 80°C,
-Lg unfolds irreversibly and above 130°C it loses its secondary structure. All along this process,
the different states can occur simultaneously and interaction of molecules in different states is
possible.

-Lg thermal denaturation possible processes is well illustrated on

Figure 1.3.

Figure 1.3.
-Lg thermal denaturation, including the possible interactions with
-lgR
-lgMG
other proteins (from Boxler (2014)10). -lgN
lgD: denatured.

As pointed out by Boxler (2014)10 and Khaldi (2016)5, the behavior of -Lg when subjected to
increasing temperature depends on numerous factors such as pH41, heating conditions
(temperature, rate, duration), concentration of protein, ionic strength and ionic composition,
as well as hydrodynamic conditions42. Particularly, the calcium content has been spotted as a
major contro
© 2018 Tous droits réservés.
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increase in calcium concentration decreases the unfolding tem

-Lg from 83°C to

75°C44. Later, Petit et al. (2011)45 showed that calcium strongly impacts the protein unfolding
and aggregation kinetics, pointing toward a catalytic effect of calcium on protein aggregation,
through charge exchange phenomena.
-Lg enables it to strongly interact with a substrate. In 1995,
Itoh et al.46

-Lg on stainless steel (SS) at various temperatures and

proposed a mechanism for protein deposition on stainless steel (Figure 1.4) which states that
an unfolded -Lg molecule can either adsorb on SS or aggregate with another molecule trough
disulfide bonding. They also point out that deposit build-up is caused by bonding of unfolded
-Lg to already adhered protein.

Figure 1.4. Schematic representation of thermally denatured -Lg adsorption process according
to Itoh et al. (1995)46. ©1995 - Taylor & Francis.

Unanimously, the most important minerals involved in heat-induced dairy fouling phenomena
are calcium salts (mainly phosphates [(Ca2+)3 (PO43-)2]), because of their reverse-solubility to
temperature12,47

49,

although, calcium carbonates have been shown to take part in deposit

build-up in the absence of phosphates 32.
Calcium phosphate precipitation and crystallization are intricate processes. Tsuge et al. (2002)50
indeed reported numerous possible precipitation paths and products, depending on the pH and
temperature of the media. They showed that, regardless of the temperature, precipitation did
16
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Chapter 1 Dairy Fouling in Thermal Processing: Mechanisms and Impacting Factors
not occur under pH 5.5. Between pH 5.5 and 7 and under mild temperature (below 35°C),
calcium phosphate precipitates in the form of dicalcium phosphate dihydrate. From this point,
with increasing pH and temperature, the crystallization products become more and more
complex, finally reaching hydroxyapatite [Ca5(PO4)3(OH)]42 which is the least soluble calcium
phosphate compound10,47. Dey et al. (2010)51 proposed the following five-steps sequence of
action for heat-induced calcium phosphate fouling in aqueous solutions:
-

Lose aggregation of amorphous pre-nucleation clusters in the bulk

-

Adhesion of the clusters on the substrate and formation of a monolayer

-

Aggregation and density increase near the substrate

-

Nucleation of amorphous particles

-

Crystallization.

It is noteworthy that the precipitation and crystallization products of calcium phosphate are at
some extent soluble.
However, in complex organic solutions like milk and dairy, the behavior of calcium salts under
heating is quite difficult to predict. Figure 1.5 illustrates well this complexity. Calcium can
indeed interact with inorganic species, principally phosphate salts, to yield mineral precipitation
products like colloidal calcium phosphate or hydroxyapatite42. Calcium can also interact with
milk organic content (protein, casein, fat) and deposit together with these species47.
Anema (2009)52 observed that upon heating (from 20 to 80°C), a significant amount of soluble
calcium is transferred to casein micelles, triggering a pH drop. This change in pH further
encourages the thermal destabilization of the proteins and calcium-sensitive caseins become
able to bind on crystalline calcium phosphate. However, Tsuge et al. (2002)50 noted that the
sequestering of calcium phosphate by whey protein delayed calcium precipitation.
Nevertheless the authors also point out that the ability of calcium ions to bind -Lg via
carboxylic groups promote fouling and its stabilization by favoring the formation of
intermolecular bridges between unfolded proteins. This effect was also evidenced by Jimenez
et al. (2013)32.
Experimentally, the fouling of calcium salts is often investigated through the use of model
solutions like simulated milk ultra-filtrate (SMUF)29,53,54 or simulated milk (SMUF with added
© 2018 Tous droits réservés.
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whey protein)55,56. Generally, it was shown that calcium salts precipitation and fouling was a
multi-dependent process, as it was impacted by pH, ionic strength and solution composition.
In the case where SMUF was used alone, the authors reported calcium salts destabilization at
lower temperatures than in milk, more likely due to the absence of calcium complexing
phenomena induced by caseins and whey proteins.

Figure 1.5: Calcium phosphate species in milk and their behavior under heating.
Overall, Boxler (2014) lists three major effects which can, either alone or combined, explain the
enhancing effect of calcium on -Lg denaturation and fouling, namely (i) formation of Ca2+protein complexes due to intermolecular crosslinking; (ii) intramolecular shielding of negative
charges on the protein which decreases the electrostatic repulsion phenomena; (iii) bridging
between pre-existing deposits and bulk material and (iv) alteration of protein conformation
leading to enhanced molecular interaction and aggregation. Khaldi et al. (2015, 2016, and
2018)4,34,48 indeed demonstrated the considerable impact of calcium on -Lg unfolding and
aggregation kinetics. However, it was found that an excess of calcium could inhibit deposit
growth58.

As said earlier, milk is a rich biofluid containing soluble minerals and proteins but also sugars,
fat globules and colloidal protein, i.e. caseins.
18
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Sugars, and particularly lactose, are generally considered as thermally stable and there is no
report on their contribution to fouling. On the other hand, despite the fact that fat and caseins
account for 80% of the total colloidal and soluble milk content10, they usually do not play a
significant role in fouling7, 18,59 unless damaged by other environmental variations (heavy shear
stress, pH drop).
Caseins can indeed be found in dairy deposits if their thermal resistance has been compromised
by pH or ionic strength variations. Once destabilized, they are able to bond with whey proteins
or mineral species and therefore can take part to deposit build-up.
As for fat globules, they are generally considered as non-significant part-taker to fouling
phenomena59. However, similarly to caseins, they can interact with other species if damaged
by a pH drop or high shear stress and can thus be trapped into the deposit network. However,
it is possible for damaged globules to bond with whey protein and caseins via their membrane
and as such, participate to fouling.

2.
researchers struggled to reach consensus about the course of action of this multi-dependent
phenomenon10. Epstein (1983)60 proposed that fouling results from several mechanisms such
as molecular adsorption and/or agglomeration, minerals or sugars crystallization or fat
deposition, occurring weather consecutively or simultaneously. Further research led to the
definition of an ensemble of consecutive or concomitant sub-processes generally accepted by
the scientific community61,62:
-

Bulk Activation, i.e. a change of affinity between soluble material and the surrounding
aqueous phase, involving bulk denaturation and aggregation of proteins or
precipitation of minerals;

© 2018 Tous droits réservés.

-

Transport of the activated material to the fluid-substrate interface;

-

Induction of the fouling process, i.e. first deposition of foulant on the substrate;

-

Build-up, i.e. the incorporation of additional fouling material to the pre-existing deposit;

-

Ageing of the deposit involving thermal reactions, diffusion, re-entrainment, etc.
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During the past decades, a particularly rich debate took place around several key steps of the
fouling process, namely fouling limiting step, bulk governing reaction and the induction layer
composition. Table 1.1 summarizes the different hypotheses formulated on those matters.
Table 1.1. Different controversial aspects of dairy fouling and the corresponding formulated
hypotheses (adapted from Bansal and Chen (2006)63, Sadeghinezhad et al. (2014)12 and Boxler
(2014)10).

Limiting step

Governing
bulk reaction

Role of
Aggregates

Early fouling
stages

Hypothesis

References

Fouling depends on mass transfer
and bulk and surface reactions

Toyoda et al.64, Georgiadis and Macchietto (2000)65, Bansal
and Chen (2005)66

Fouling depends only on bulk and
surface reactions

Belmar-Beiny et al.67, Jeurnink et al. (1996)23, Boxler et al.
(2013)68

Fouling depends only on bulk
reactions

de Jong et al. (1992)69, Belmar-Beiny et al. (1993)67, Delplace
et al. (1994)70, Delplace et al. (1997)71, Schreier and Fryer72,
Grijspeerdt et al. (2004)73

Protein denaturation

Lalande et al. (1985)74, Hege and Kessler (1986) 75, Arnebrant
et al. (1987)76, Kessler and Bayer (1991)77, Blanpain-Avet et al.
(2012)78, Jimenez et al. (2013)32

Protein denaturation and
aggregation

Belmar-Beiny et al. (1993)67, Chen et al. (2001)79, Bansal and
Chen (2005)66, Bansal et al. (2005)80

Protein aggregation

Lalande et René (1988)6,Gotham et al. (1992)41

Aggregate do not take part to
fouling build-up

Blanpain-Avet et al. (2012)81, Jimenez et al. (2013)32

Fouling is caused only by
aggregates

Toyoda et al. (1994)64,Mahdi et al. (2009)82, Jun and Puri
(2006)83, Jun and Puri (2007)84

Minerals deposit first.

Tissier and Lalande (1986)85, Britten et al. (1988)86, Foster et
al. (1989), Fryer and Belmar-Beiny (1991)87,

Proteins deposit first.

Delsing and Hiddink (1983)88, Changani et al.
(1997)25,Jimenez et al. (2013)32

Limiting step.
It is generally admitted that mass transfers, as well as bulk and surface reactions are part of the
fouling process. However, their relative importance has been debated. Several works propose
that mass transfer and the previously mentioned reactions are all limiting steps in the fouling
process64
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Governing bulk reaction.
Over the years, it was proposed that fouling depends on mass transfers between the bulk and
the substrate, or on bulk and surface reactions, or on both. Similarly, the nature of the
governing bulk reaction remained uncertain and was resolved by studying the correlation
between -Lg unfolding and aggregation constants and fouling amounts. Historically, two main
kinetic models were used to describe -Lg hot denaturation. The first one features two
consecutive reactions: unfolding (order 1) and aggregation (order 2), which each have their
own constant. The second one features one global reaction with only one kinetic constant,
which induces a break the Arrhenius plot. Dannenberg and Kessler (1988)89 studied the
irreversible denaturation kinetics of -Lg and -La, which allowed them to show the existence
of critical temperatures (80-90°C) at which radical changes of kinetic parameters occur. Later,
Petit et al. (2011)45 came to similar conclusions. In this work, Arrhenius plotting (Figure 1.6)
allowed to identify a critical temperature of about 80°C which delimits two fouling regimes.
Above 80°C, experimental data fit an aggregation-limited model, meaning that as aggregation
increases, less unfolded -Lg is available for fouling. On the other hand, below 80°C, data fit an
unfolding-limited model.

Figure 1.6. Arrhenius plot obtained for a solution of 53.3 g/L -Lg and 264 mg/kg Ca with T (°K)
and ki the reaction rates (g1-n.Ln-1.s-1) from Petit et al. (2011)45. © 2013 Elsevier.
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Role of aggregates.
The role of aggregates in fouling is mostly controversial. Indeed, while several pieces of
work64,82

84

state that dairy fouling only consists in protein aggregates, other sources

demonstrated that aggregation enhancement contributed to fouling decrease17,71. Several
postulates were made to explain this state of fact, namely that due to their size, the transport
of aggregates to the interface may be more difficult than that of single unfolded proteins 79, or
that aggregates were less reactive that single proteins, and thus less prone to bound on existing
deposit. Nevertheless, Jun and Puri (2006, 2007)83,84 proposed a 2-D predictive model of fouling
in a PHE based on this assertion and proved that it is consistent with experimental data.
However, the question of whether only aggregated proteins took part to fouling as proposed
by Toyoda et al. (1994)64, or if unfolded protein deposited as well and aggregation took place
afterwards, during the ageing of the deposit, long remained unanswered. In an attempt to cast
some light on this issue, Blanpain-Avet et al. (2012)81 analyzed isothermal fouling (i.e. the
substrate is not a heat transfer surface) through RAMAN spectroscopy and found no trace of
aggregates in the deposits. The same observation was made later by Jimenez et al. (2013)32.
The divergence between those sources most probably comes from experimental differences.
Jun and Puri (2006, 2007)83,84 indeed focused on PHE fouling, i.e. fouling on a heated surface,
whereas Blanpain-Avet et al. (2012)81 and Jimenez et al. (2013)32 studied deposits harvested on
non-heated surfaces (isothermal fouling) located after a PHE. Thus, one way to explain the
composition difference between heat-transfer surfaces and unheated surfaces would be that
unfolded protein deposits in both cases and that thermal energy triggers further aggregation
on heated substrate. Overall, additional research, which could benefit from the use of Raman
spectroscopy, is needed to elucidate this point.
Early fouling stages.
It has been reported that the first micrometer of a deposit layer was principally constituted of
mineral87. Sandu (1989)90 proposed that during the first minute of fouling, a compact layer,
mainly composed of calcium phosphate grew on the substrate and acted as an anchor for
proteins, leading to two-layered deposits. This kind of two-layered deposit was also reported
by several other authors23, 25, 61, 81,91. However, another explanation to these observations was
suggested, i.e. that protein deposited first and mineral species diffused through the deposit as
it ages61, to crystallize near the interface85. This last hypothesis was confirmed by Tissier and
22
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Lalande (1986)85 who showed that, for fouling times longer than 1 h, the deposits were
composed of two layers (a protein-rich one at the fluid interface and a mineral rich one near
the substrate) whereas for shorter fouling time, there no mineral-rich sublayer was found. This
is consistent with the findings of Jimenez et al. (2013)32 who showed, through a multiscale
analysis of one minute to two hours long fouling, that protein adsorbs first on an unheated SS
substrate.

3.
Dairy fouling is widely recognized as a multi-dependent process. A review by Sadeghinezhad et
al. (2013)12 indeed emphasizes its variability by reporting fourteen different fouling deposit
compositions, obtained from fourteen studies with various processing conditions (dairy
product type, working temperature and equipment). The numerous factors impacting fouling
(Figure 1.7) can be classified into three major categories, namely (i) the processed product
composition and characteristics, (ii) the thermal process operating conditions and (iii) the

Figure 1.7. Factors impacting dairy fouling.
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Whey protein content
Obviously, whey protein concentration is critical to fouling, as these proteins are one of its
major components. Thus, fouling growth has been shown to increase linearly with protein
concentration92. According to Fickak et al. (2011)93, whey protein concentration influences not
only the amount of fouling but also its structure (i.e. gel hardness) and therefore the cleaning
behavior of the deposits. It has been found that an increase in protein concentration leads to a
faster forming and firmer deposit

12, 25,93

and that whey protein fouling with high protein

concentration tends to form at lower temperature93.
Studies also showed that reconstituted milk (obtained with powders) was less prone to fouling
than fresh milk (25% less in average), because of the partial denaturation and aggregation of
whey protein which occurs during drying processes12, 25,47.

Calcium content
The literature reports that calcium content impacts fouling amount, mainly

-lg

ability to bond with other molecules10,57. Indeed, Ca2+
ions are known to lower -lg unfolding temperature94,95 and to promote deposit growth by
forming bridges between adsorbed protein and bulk material44,94. Khaldi (2014)5 listed four
effects explaining

-lg denaturation and fouling, namely (i)

intermolecular reticulation of carboxylic groups or other negatively charged groups caused by
the formation of protein-Ca2+ complexes; (ii) shielding effect of Ca2+ on negatively charged
protein; (iii) conformational changes of the protein caused by Ca2+ ions which alter hydrophobic
interaction and aggregation and (iv) bridging between bulk protein and pre-existing deposit.
Petit et al. (2011)45 used Arrhenius plots to illustrate the impact of calcium on -Lg unfolding
and aggregation (Figure 1.8).
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Figure 1.8. Arrhenius plot of -lg thermal denaturation with several calcium concentrations
(from Petit et al. (2011)45. © 2013 Elsevier.
Thus, even a slight increase in calcium concentration significantly increases fouling amounts96,
regardless of the temperature profile95. Additionally, Skudder et al. (1981)49 and Daufin et al.
(1987)97 pointed out that fouling could be limited by adding calcium-complexing additives to a
fluid. Jimenez et al. (2013)32 also reported that the absence of calcium was shown to prevent
build-up after the induction period .
It was also reported that an increased calcium content induces modification of fouling
-lg

and

caseins25,98, inducing higher fouling amounts and higher casein content in the deposits 88, 97,99.
On the other hand, a low calcium content decreases caseins heat stability, promoting their
disorganization and their participation to deposit growth.
It is noteworthy that a recent study by Khaldi et al. (2018)43 highlighted the significance of
calcium/protein molar ratio over the calcium concentration alone, for the understanding and
-lg denaturation and fouling. The author proved that up to a ratio of eleven, this
ratio governs the fouling phenomena. Beyond the critical value of eleven, fouling is governed
-lg concentration which becomes a limiting factor.
Finally, calcium content also proved to modify the physical properties of the deposits. Guérin
et al. (2007)96 showed that low calcium levels yielded soft and spongy deposits, and that higher
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calcium levels led to denser and stretchier textures. Those changes in physical properties
undoubtedly impact the deposits cleaning behavior.

pH and ionic strength.
The impact of pH on fouling phenomena is complex, as pH influences both mineral and
proteinaceous deposition12, 25,94. -lg adsorption levels are indeed known to increase around its
isoelectric point (pH 5.15)25,100. Therefore a pH decrease from the initial value (i.e. between 6.6
and 6.8 for cow milk25 and between 6.5 and 7 for the vast majority of dairy products5) induces
higher fouling amounts. However, in very acid media, intermolecular bonding through disulfide
bridges is not possible (pH < 2) and fouling is attenuated. On the other hand, alkaline pH seems
to have no effect on protein fouling25,94. pH also influences mineral solubility, as reported by
Tung (1998)101. Andritsos et al. (2002)54 thus showed that mineral fouling only occurs for pH
values above 654. Overall, pH does not only impact fouling amount, but also its composition 49.
In a solution with high ionic strength, the electrostatic repulsions between the proteins are
decreased, while thermal denaturation and aggregation are promoted102. Moreover, ionic
changing its
electrical charge.

Gas content
Generally, the presence of air or gas in milk enhances fouling63,103. Indeed, bubble bursting
caused by local boiling or dissolved gases desorption at the solid/liquid interface in thermal
treatment plants can significantly increase deposit growth through nucleation. Bursting shocks
can also damage caseins and fat globules and facilitate their incorporation in deposits. Thus, air
must be prevented to enter in the installation and the use of deaerators is very common104.

Microbial flora
The presence of bacteria in the processed products impacts fouling105. Dairy deposits are
indeed nutritive media where micro-organisms can settle, either directly on the equipment or
inside the deposits and multiply. Biofilms of thermophilic bacteria (e.g. Bacillus
stearothermophilus105) can therefore develop in the equipment, taking part into the general
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fouling process. Moreover, micro-organisms are able to acidify their environment, which is a
fouling-promoting factor.

Mahdi et al. (2009)82 highlighted the impact process characteristics on fouling. They reported
a preponderant impact of temperature and heating time, but also a strong correlation between
fouling and hydrodynamic conditions.

3.2.1. Hydrodynamics
Generally, hydrodynamic conditions are known to impact fouling, as they influence bulk mixing
and mass transfers from the bulk to the substrate. It is typically admitted that an increase in
turbulence induces fouling reduction and in-line mixers were proven to have a foulingdecreasing effect79. Some sources also suggest that enhanced turbulence extend the induction
time and thus delay deposit growth61,67. One suggested explanation is that turbulence would
decrease the thickness and the volume of the laminar sublayer located near the substrate,
which supposedly contains the molecules able to take part to fouling25,106. However,
comparisons between two works of Delplace et al., carried out in 199470 and in 199771 show
no correlation between Reynolds number variation and fouling amount, which somehow
questions the sublayer theory. The authors therefore propose that enhanced mixing conditions
would promote protein aggregation and thus decrease the amount of unfolded protein
available for fouling71. Finally, it was also postulated that increased turbulence and higher shear
stress would enhance re-entrainment of deposits25,107. Nevertheless, Andritsos et al. (2002)54
pointed out that increased turbulence can have an enhancing effect on mineral fouling. This
divergence from observations generally made on protein fouling could be explained by the
difference of physical properties between mineral and protein deposits. The latter, being
softer, would be more susceptible to re-entrainment compared to denser and harder mineral
fouling. This illustrates well the dual impact turbulence can have on fouling, enhancing mass
transfer but also promoting re-entrainment.
Finally, equipment geometry has also been proven to have a significant effect on the fouling
process as it strongly affects turbulence and flow pathways. Regarding heat treatments in dairy
industries, plate heat exchangers (PHE) are preferentially used, because of their compact size,
© 2018 Tous droits réservés.
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good mixing features and high heat-transfer efficiency12. However, they present very narrow
channels with contact points between two consecutive plates, which induces the presence of
low velocity zones. Those characteristics induce more fouling, and obtained quicker than what
can be observed in tubular heat exchangers12.

3.2.2. Temperature
Temperature is unanimously the most important factor for fouling control. As a matter of fact,
both temperature history and processing temperature can impact the fouling process.

3.2.2.1.

Temperature history

Temperature history of the processed product also has an impact on fouling. Indeed,
maintaining milk for 22h at 4°C has a mitigating effect on fouling amounts during the following
heat treatments, most likely due to enzymatic activity. Longer cold holding can even cause a
fouling increase, due to bacterial acidification12.

3.2.2.2.

Processing temperature

Milk fouling deposits are generally classified according to the temperature at which they
occur5,10,13,44. Formed between 75 and 110°C, Type A fouling is white and has a spongy, foamy
appearance. It is composed of 50 to 60% of protein

-lactoglobulin32, 42,95. It

has been shown that as the temperature approaches 100°C, the casein and mineral content
increase25, 32, 42,66. Over 110°C, grey and crumbly Type B

deposits are

found. They are composed of 70% of minerals (mainly calcium phosphate) and of around 10%
of protein.
Consequently, Type A fouling is found mostly in mild temperature processing (classical and High
Temperature Short Time (HTST) pasteurization, low-temperature sterilization,) whereas Type B
occurs in high temperature treatments like Ultra High Temperature (UHT) and classical
sterilization processes. Nevertheless, Barish and Goddard (2013)108 mention the possibility that
both types of fouling can occur simultaneously in HTST processes, due to localized overheating,
resulting in a dense and foam-like deposit that is difficult to remove. In addition, as mentioned
previously, deposit composition evolves with the processing time. Long temperature exposure
may indeed promote heat-induced chemical reactions next to heat-transfer surfaces.
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Moreover, it is generally accepted that, with increasing temperature and processing time, the
mineral content increases and the protein content decreases25.
Generally, it is considered that an increasing temperature yields higher fouling rates 42, 67,94,95.
Petit et al. (2013)42 studied fouling in a pilot heat exchanger and showed that the final fouling
mass increased fivefold when the working temperature was increased from 70°C to 95 °C. They
correlated this increase with the increase in -lg denaturation rate (from 50% to almost 100%)
in the same temperature interval. However, temperature also controls aggregation (covalent
disulfide bonding or hydrophobic interactions)109 and increases -Lg aggregation kinetics, as
aggregates size increase with the temperature. Consequently, the fouling mass follows a bell
shaped distribution with increasing temperature, because, according to the authors, it directly
depends on the amount of free unfolded protein42.

-lg

chemical behavior was further studied by Khaldi et al. (2015)95, who revealed a two-steps
mechanism through Arrhenius plots

-lg versus temperature.

The temperature profile of the process, i.e. the temperature increase rate within the channels
of a PHE is also a determining factor of the final fouling mass of an installation. Larger
lg denaturation and fouling42.
It is also important to notice that calcium content was shown to modulate the effect of
temperature on dairy fouling57. Indeed, temperature increase was shown to have a stronger
impact on final deposit mass when the calcium concentration was increased because of the
catalytic effect Ca2+ has on -lg denaturation and aggregation kinetics.
Thus, fouling is severely impacted by the characteristics of the product as well as processing
conditions. However, fouling is an interfacial phenomenon, and the substrate properties also
of great importance.

© 2018 Tous droits réservés.
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3.3.1. Definition of the main surface properties
3.3.1.1.

Roughness

Surface roughness is very important for many fundamental issues, such as friction, interfacial
flow and adhesion110,111. Overall, more than 50 roughness parameters have been identified and
classified between amplitude, spacing and hybrid parameters111. Among these different
classes, amplitude parameters are usually used to describe surface topographies. Particularly,
the arithmetic average height (Ra), also known as center line average (CLA) and the root meant
square roughness (Rq or RMS) are the most used roughness parameter. Ra (Equation 1.1) is
defined as the absolute deviation of roughness irregularities from the mean line for a given
sample length, whereas Rq (Equation 1.2) represents the standard deviation of the distribution
of surface heights.
Equation 1.1
Equation 1.2

3.3.1.2.

Surface Free Energy

Surface free energy (SFE) is generally defined as the work required to extend the surface of a
phase and is expressed in mJ/m² or mN/m. SFE is closely linked to the water contact angle
i.e. the angle formed with a surface by the tangent to the drop surface at the triple
contact point at the vapor/water/solid interface (Figure 1.9). Roughly, as the SFE of a surface
increases, it becomes more hydrophilic and its WCA decreases.

Figure 1.9 : Representation of the contact angle in a three-phase system112. © 2011 Elsevier.
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Surface free energy can be calculated through empirical models from contact angle measures
with different probe fluids (Table 1.2). Depending on their complexity, the models allow to
calculate the total surface free energy but also to isolate different components which quantify
the weight of polar or non-polar interactions in the global surface energy. For example, the
two-component Owens, Wendt, Rabel and Kaelble (OWRK) model allows to calculate the
dispersive ( D) and polar

P)

components of the total surface

Total).

Furthermore, the

Van Oss, Chaudhury and Good, which is a three-component model, allows to subdivide the
polar component into an acid ( +)

-).

Depending on the hypotheses

they were built on, some models are more or less fitted to a certain type of surfaces. Thus,
Oss method fits well metallic surfaces.
Table 1.2: Empirical models for SFE determination.
Name

Components

Zisman

One

Owens, Wendt, Rabel and
Kaelble (OWRK)

Two

Wu

Two

Van Oss, Chaudhury and
Good

Three

3.3.1.3.

Model
those angles against the known surface energies, then
extrapolate to contact angle equal 0.

Wettability

Surface wettability directly depends on its morphology and SFE and is usually characterized by
its WCA. The basis for all wetting models is Young equation112,113 (Equation 1.3), which states
that the surface free energy of a perfectly flat, rigid and homogeneous surface only depends
on the interfacial energies of the vapor/liquid/solid system.
Equation 1.3
Equation 1.4
Equation 1.5
© 2018 Tous droits réservés.
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However, real surface seldom present perfect homogeneity and smoothness. Wenzel
equation112,113 (Equation 1.4) reflects the impact of roughness on wettability by introducing r,
a roughness factor, linking the ideal, intrinsic
As r is defined as the ratio of the projected surface on the geometric surface, it is always
induces that for a given material, a pre-existing
hydrophilic or hydrophobic characteristic will be amplified by an increasing roughness. This
most probably comes from the subsequent increase of the contact surface between the
material and the fluid66. It is nevertheless crucial to note that We
homogeneous wetting regime, i.e. full contact between the substrate and the wetting fluid.
Certain types of morphologies induce a heterogeneous wetting regime, i.e. some vapor remains
trapped between the fluid and the solid surface. This cases are modelled by Cassieequation (Equation 1.5), which takes into account

s,

the fraction of solid truly in contact with

the fluid. According to Bico et al.114, the preponderance of heterogeneous or homogeneous
wetting regime can be predicted. The authors indeed sate that heterogeneous regime is
favored when the apparent contact angle,

c (Equation

1.6).

Equation 1.6
However, for real surfaces, r and

s

can be difficult to quantify. Researchers then rely on

macroscopic approaches (e.g. dynamic
Particularly, the contact angle hysteresis (CAH, Figure 1.10), which characterizes adhesion
between can be a good wetting regime indicator. Indeed, homogeneous wetting often induces
high contact angle hysteresis (CAH) values, whereas low CAH values point toward
heterogeneous regime112, mostly because of capillarity phenomena.
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Figure 1.10. Representation of the contact angle hysteresis.

3.3.2. Dairy fouling on modified surfaces
The impact of surface properties on fouling by milk and dairy derivatives has been investigated
Table 1.3 gives an overview of the studies carried out on this matter and
underlines the great diversity of possible surface modifications but also the multitude of fouling
scenarios. Hence, some of the presented findings contradict one another.
Nevertheless, a large majority of authors point out that surface properties are of great
importance in fouling control, especially when the cleaning behavior is considered27, 86,115.
Indeed, according to Santos et al. (2006)27, surface properties impact the formation of the initial
deposit layer, which itself impacts subsequent build-up. Some researchers argue that surface
chemical properties only impact the first fouling layer, and that as soon as induction phase is
over, only protein-protein interaction governs fouling25,116. However, the first fouling layer also
acts as a boundary zone between the substrate and the deposit. Its characteristics may
therefore influence the substrate-deposit adhesion strength, the deposit stability and the ease
of cleaning. Britten et al. (1988)86 thus reported that surface properties can impact fouling by
extending or shortening the induction period, or by strengthening or weakening protein
adhesion to the substrate.
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Table 1.3. Literature survey on surface modification impact on milk and dairy fouling study (Adapted from Boxler (2014)10).
Reference

Substrates

Tested against

Test conditions

Conclusions

Gordon et al. (1968)117

SS / Teflon

Raw milk

Continuous with recirculation
T°bulk=82°C
T°heating= 100°C

Teflon was more fouled than SS

Dupeyrat et al. (1987)118

SS / Polished SS / Glass / Teflon /
Polished Teflon / Polyethylene /
Silicone resin / Fluorine resin
SS / Polished SS / Nylon / PMMA /
Polystyrene / Cellulose / Acetate and
agarose coatings

Whey

Continuous, no recirculation
T°bulk= 72°C

Surface did not impact fouling
amount

Raw whole milk

Batch (60 min)
T°bulk= 60°C
T°heating= 100°C

Fouling amount did not vary
according to the substrate, but
fouling adhesion was impacted
by surface properties

McGuire and Swartzel (1989)119

SS / Polished SS / Teflon /Aluminosilicate coatings

Whole milk

Continuous, no recirculation
T°bulk= 100°C, 134°C, 154°C

Deposition rate and deposit
structure were impacted by the
substrate nature.

Kirtley and McGuire (1989)120

SS / PTFE / Polypropylene /
Polyethylene / Nylon / Glass

-Lg in phosphate buffer

Batch (360 min)
T°bulk= 30°C

Surface energy was proven to
impact native -Lg adsorption.

Whalgren and Arnebrandt (1990)121

Silica / Methylated silica /
Polysulfone coatings

-Lg in phosphate buffer

Batch (60 min)
T°bulk= 25°C

Adsorption levels depend on the
substrate type.

Yoon and Lund (1994)116

Ti / SS / Electropolished SS / Teflon /
Polysiloxane coatings

Raw whole milk

Continuous in a PHE (72-82
min)
T°bulk= 89-90°C

Substrate nature becomes
irrelevant once the induction
period is over.

Jeurnik et al. (1996)23

Chromium oxide

Whey protein concentrate
solution
-Lg in water

Continuous (150 s holding)
T°bulk= 25, 75-90°C

Protein denaturation is a key
phenomenon without which
fouling cannot occur.

Karlsson et al. (1996)24

SS / Chromium oxide / Methylated
silica

Batch (5-30 min)
T°bulk= 25°C, 60°C, 73°C, 77°C
and 80°C

As build-up progresses, the
influence of the substrate
decreases.

Murray and Cros (1998)122

Gold / Octadecyl-mercaptan treated
gold

Continuous (180 min)
T°bulk= 25°C

Surface modification induces
rearrangement of the protein.

Britten et al. (1988)86
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Wu and Nancollas (1997)53

PMMA and plasma coated PMMA /
FEP and plasma coated FEP / Silicone
and plasma coated silicone / Mica,
anatase and rutile particles

Calcium phosphate
solution

Batch (1140 min)
T= 37°C

Surface properties
nucleation.

Beuf et al. (2003)115

SS / DLC coatings / SiOx coatings /
Silica coatings / Ni-P-PTFE coatings /
Excalibur® coatings / Xylan® coatings
/ SiF+ coatings / MoS2 coatings

Whole milk with whey
protein, sugar and xanthan
gum

Continuous in a PHE
T°bulk outlet= 102°C

Fouling and cleaning
impact by the substra
properties.

Wei et al. (2003)124

SS / Polyethylene glycol /
Polyethylenimine

Batch (60 min)
T°bulk= 25°C

Surfaces with high graft densities
could prevent native protein
adsorption.

Ramachandra et al. (2005)125

SS / TiN

Whey protein or mineral
solutions in water

Batch
T°bulk=60°C
T°substrate=85°C

TiN surfaces presented patchy
deposits. It is suggested that
bonding mechanisms may differ
from one surface to the other.

Premathilaka et al. (2006 and
2007)26

SS / DLC / Si-DLC coatings by CVD /
TiN

Whey protein isolate in
water

Surface modifications induce
changes in fouling mechanisms
and protein arrangements.

Rosmaninho and Melo (2006)29

SS / MoS2 / SiF3+ / SiOx / Ni-P-PTFE

Simulated milk ultrafiltrate

Continuous, no recirculation
(3 min)
T°bulk= 55°C
T°substrate= 70 °C
Batch (5 and 120 min)
T°bulk= 44°C

Santos et al. (2006)27

SS / SiF3+ / MoS2 / TiC ion
implantation / DLC sputtered / DLC
by CVD / Si-O-DLC by CVD/ Silica solgel coatings
SS/ Chromium oxide / Silicate
treated chromium oxide

Whey protein isolate in
PBS

Continuous (20 min)
T°bulk= 72°C, 85°C

Adsorption, induction and buildup were impacted by surface
properties.

Raw milk

Continuous in a PHE
T°bulk outlet= 80°C

Silicate induced lower mineral
adhesion and thus lower fouling
amounts.

Rosmaninho and Melo (2007)28

SS / TiN

Whey protein isolate in
SMUF

Continuous (1080-1800 min)
T°bulk= 48°C, T°heating= 70°C

Deposition rate, final amount
and cleaning were influenced by
surface properties.

Rosmaninho et al. (2007)127

SS / SiF3+ / Si-O-DLC / SiOx / Ni-PPTFE / silica by sol-gel coatings

Calcium phosphate
solution / -lg solution /
bacterial suspension /
model dairy dessert cream

Batch (120 min)
T°bulk= 44°C / 70°C
Continuous in a PHE
T°bulk outlet= 102°C
Lab and pilot-scale

Ni-P-PTFE were the best
performers regarding mineral
and protein fouling and cleaning.
Ni-P-PTFE were the most
hydrophobic of all tested

Wu and Nancollas (1998)123

Parbhu et al. (2006)126

-Lg in PBS

influence

were

The impact of surface properties
on the induction layer led to
different deposit structures.
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surfaces, with low non-polar and
polar SFE components.
Rosmaninho and Melo (2008)56

SS / SiOx / Silica / Si-O-DLC by PECVD
/ MoS2 / Ni-P-PTFE coatings

Whey protein isolate in
SMUF

Batch (10 and 120 min)
T°bulk= 50 and 85°C

Change in surface properties
yielded different induction
layers, and therefore different
fouling structures.

Rosmaninho et al. (2008)128

SS / TiN coatings

SMUF

Continuous (8400 min)
T°bulk= 48°C
T°heating= 70

Deposition kinetics and final
fouling amount depended on
surface properties.

Balasubramanian and Puri (2008,
2009)129,130

SS / Ni-P-PTFE / LectrofluorTM /
AMCI148-18 coatings

Skim milk

Continuous in a PHE (360 min)
T°bulk outlet= 72°C

Coatings
reduced
fouling
amounts by 85 to 95% compared
to bare SS.

Mauermann et al. (2009)30

SS / FEP / PEEK + fluoropolymer / SiO-DLC by PECVD / Ti-DLC by PVD /
Nanocomposite coatings
SS / Electropolished SS / Epoxy-resin
coating / Polyurethane coatings /
PTFE

WPI in water

Batch
T°bulk= 80°C

Deposit structure was impacted
by surface properties.

Whey protein concentrate
in water

All coated surfaces showed
fouling reduction compared to
SS except PTFE

Stancl and Zitny (2010)131

SS / TiN / Graphite

Skimmed milk

Cont.with recirculation (17
min)
T°bulk= 45°C T°substrate= 96.5°C
Continuous in a PHE (240 min)
T°bulk outlet= 85°C
Batch
T°=65-75°C

Boxler et al. (2011)132

SS / DLC by PECVD / Si-DLC by PECVD
/ Si-O-DLC by PECVD

SMUF

Continuous with recirculation
(900 min)
T°bulk= 50°C

Mineral adsorption, fouling and
cleaning were influenced by
surface properties.

Jimenez et al. (2012)133

TMDSO Vaccuum plasma coatings /
commercial PTFE containing coatings
/ PTFE-PPS sprayed coating

-lg and calcium solution in
water

Continuous without
recirculation
T°bulk outlet=93°C
Substrate unheated

Fouling can be limited by low
roughness
or
organized
nanostructure. A competition
between roughness and SFE for
fouling control is suggested.

Rungraeng et al. (2012)134

SS / PTFE / CNT-PTFE

Pasteurized milk

Continuous in a PHE with
recirculation (60, 120 and 300
min)
T°bulk outlet= 60°C

PTFE and CNT-PTFE showed
reduced
fouling
amounts
compared to SS.

Kananeh et al. (2010)31
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Barish and Goddard (2013)108

SS / Ni-P-PTFE

Raw milk

Continuous in a PHE (480 min)
T°bulk outlet= 85°C

Coated surfaces showed 30
times less deposits that SS.

Patel et al. (2013)135

SS / Doped DLC

Whole milk
Skim milk
Whey protein isolate

Batch
T°bulk= 84°C
Continuous in a PHE
T°bulk outlet= 84°C

DLC coatings did not show
fouling reduction.

Boxler et al. (2013)102

SS / DCL / SICAN® / SICON®

Batch
T°bulk=50°C
T°substrate= 80°C, 120°C, 105°C

Surface energy affected the
induction layer and further buildup. On optimal - is suggested.

Boxler et al. (2013)68

SS / DCL / SICAN® / SICON®

SMUF
Whey protein isolate
SMUF + whey protein
isolate
SMUF + whey protein
isolate

Continuous in a PHE
T°bulk= 62-85°C

A
quadratic
relationship
between - and final fouling
amount was found.

Boxler (2014)10

SS / Electropolished SS / DLC coating
/ DLC on electropolished SS / SICAN®
coating / SICAN® on electropolished
SS / SICON® coating / SICON® on
electropolished SS

Raw milk
Whey protein isolate
SMUF
WPI + SMUF

Batch
T°bulk= 50°C, 40°C for SMUF
T°substrate= 80°C and 120°C for
WPI and WPI + SMUF
T°substrate= 80°C and 105°C
Continuous in PHE with
recirculation.

Surface energy, especially - and
surface roughness influence the
initial fouling layer formation,
final deposit mass, deposit
composition, deposit structure
and cleaning behavior.

Barish and Goddard (2014)136

Electroless Ni-PTFE coatings exposed
to cleaning solutions

Raw milk

Huang and Goddard (2015)137

Electroless Ni-PTFE coatings

Raw whole milk
Chocolate milk with or
without carrageenan

Continuous in a bench-top
PHE

Electroless Ni-PTFE coatings
showed antifouling properties
with both fluids, however,
deposits from carrageenan
containing milk proved to be
harder clean.

Piepiorka-Stepuk et al. (2016)138

SS with different roughness

Whole milk

Batch
T°bulk= 90°C

A correlation between the
arithmetic mean roughness of
the SS and the fouling amount
was found.

T°bulk outlet= 85°C
Continuous flow on heated
surfaces
T°= 81°C

Electroless Ni-PTFE coatings
showed antifouling properties,
which stayed unchanged after
exposure to an alkali sanitizer.
The acid sanitizer altered the
antifouling properties of the
coating.
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Boxler (2014)10 underlines a certain dichotomy in the research presented in Table 1.3, according
to the employed scale of analysis. She indeed points out that work based on macroscopic
analysis, such as weighing or global chemical analysis of the deposits did not allow identifying an
influence of surface properties on fouling amount, composition or superficial structure54, 86,
115,116,118. On the other hand, the use of sophisticated technologies, such as SEM, XPS, QCM or
ellipsometry allowed to establish the influence of surface modification on the different steps of
the fouling process24, 26, 68, 102, 117, 119, 122, 129, 132,136 138.

3.3.2.1.

Impact of Surface Free Energy.

It is know that, whenever two phases come in contact, the adsorption of molecules is needed to
stabilize the interface, i.e. to lower its energy139. This adsorption phenomena however depend on
the affinity between molecules in question and both phases. As a matter of fact, the adhesion of
hydrophilic molecules and particles is generally considered favorable on hydrophobic surfaces 10.
Hydrophilic materials can nevertheless attract hydrophilic protein through interactions with
electron-donor sites on the surfaces27,140. Globally, SFE can influence the amount of adsorbed
protein, the unfolding and denaturation of proteins on or near the surface, the protein-protein
binding force in layers close to the substrate and the formation and structuration of further
layers24,141. It is also

the

surrounding media. Van Oss (2006)140 stated that the presence of cations like Ca2+ could enhance
the hydrophobicity of a surface by acting as an electron-acceptor and neutralizing the electrondonor sites on the surface.
Regarding the impact of SFE on fouling, the well-known Baier curve (Figure 1.11) places the optimal
SFE interval for bacteria, food and mineral adhesion between 20 and 30 mN/m. This has been
further corroborated in the literature, through the use of the extended Derjaguin-Landau-VerweyOverbeek (DVLO) theory119, 128,142.
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Figure 1.11.
substrate and the degree of biological fouling retention143. © 2011 Royal Society of Chemistry.
The surface free energy of stainless steel, which is the preferred material for food processing
equipment144, is generally considered to be around 40 mN/m. Consequently, most research
focused on the reduction of SS substrates SFE, and the reduction of substrate polarity, mostly by
means of coating. Low SFE and low-polarity substrates are generally known for their antiadhesive,
easy-to-clean and fouling-release properties induced by the weakening of the substrate-deposit
adhesion

force10.

Table

1.3

indeed

presents

many

coatings15,18,20,47,98,99,104, fluoropolymer-based coatings22,47,

examples

92, 99 103, 115,116,120

of

silicon-based

and diamond-like

carbon coatings (DLC) (doped or not)10, 26,27, 29,30, 56, 68, 102, 115, 132,135.
Silicon-based coatings
From plain silica15,47, 98,104 to polysiloxanes116 and SiOx coatings29,56, silicon-based coatings were
investigated in regard to dairy fouling and proven to impact both deposit structure, amount and
ease of cleaning. Siloxanes are usually considered as inert species and can thus be considered as
good candidates for fouling reduction. However, Rosmaninho et al. (2007)127 found that SiOx
coatings obtained by a Chemical Vapor Deposition (CVD) process (from hexamethyldisiloxane)
presented higher fouling amounts and worse cleaning behavior than bare stainless steel. Yoon and
Lund (1994)116 who studied polysiloxane coatings on stainless steel came to the same conclusion,
although they did not study cleaning. Interestingly, in the case of Rosmaninho et al. (2007)127, the
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silicon-based coatings were found more hydrophilic than the reference, whereas Yoon et al.
(1994)116 found that their silicon-based coatings were more hydrophobic than the SS reference.
This points out the variability of surface properties, even for similar modifications. However,
silicon-based polymers have also been investigated for non-fouling applications outside of dairy
processing. For example, Fang et al. (2010)145 showed the efficacy of poly(dimethyl siloxane)
(PDMS) against fouling by marine organism. This polymer presents very interesting characteristics
such as low surface free energy, low Y

roughness, but it is quite

fragile and does not present good adhesion to the substrate features145,146. To overcome these
issues, PDMS is often associated with inorganic particles or chemically cross-linked, but these
modification steps can impact other PDMS characteristics and be damageable to the nonfouling
properties. Adherence-enhancing strategies that do not challenge antifouling performances have
been investigated like blending or cross-linking with other low-energy polymers, like
fluoropolymers or polyurethane, that improve mechanical resistance and adhesion to the
substrate146.
Fluoropolymers
Fluoropolymers and particularly Teflon poly(tetrafluoroethylene), PTFE are generally known for
their anti-adhesive properties. However, Gordon et al. (1968)117 and Dupeyrat et al. (1987)118
studied the fouling behavior of Teflon but did not witness any beneficial effect of the coating on
fouling management. However, cleaning was not studied in those two sources. In comparison,
autocatalytic Ni-P-PTFE coatings on SS, explored in the European MODSTEEL project127,147 showed
lower fouling amounts and better cleaning properties than SS. The given reasons are that the
hydrophobic Ni-P-PTFE coatings showed low dispersive and electron-donor component ( -) SFE
components. The authors also underline that the coating beneficially masked the grain boundaries
of the underlying SS, modifying the roughness of the substrate.
Diamond-like coatings
Both plain and doped, DLC coatings were particularly studied by Boxler et al. (2013, 2013 (1),
2014)10, 68,102 who proved that this type of coating influenced the fouling initiation, build-up and
final amount, as well as the cleaning process. They singled out two preponderant impacting factors:
40
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-

(which was shown to have a quadratic relationship with the final fouling mass) and surface

roughness, which will be discussed later on. More precisely, an increased roughness was shown to
always induce higher deposit amount

-

were shown to be less fouled.
-.

Thus, extensive research was carried out on dairy fouling on modified surfaces and possible
antifouling surfaces. It is nevertheless noticeable that high-SFE hydrophilic brushes, that were
proven efficient against marine and bacterial fouling148,149 were given very little attention in the
dairy fouling context. As a matter of fact, to date, only two references report the study of such
polymers against -Lg adsorption, at room temperature124,150, although protein and/or bacterial
fouling control through enhanced surface hydrophilicity is widely documented (Table 1.4).
The mechanism of action of hydrophilic coatings rests on the tight bonding of water by
polymers immobilized on the surface. As a result, a well-organized layer of hydrated polymer
(brush, hydrogel) forms at the solid/liquid interface and prevents fouling agents to reach the
substrate. The insertion of a foulant in the brush is indeed prevented by osmotic repulsion and
steric hindrance151. Moreover, the compression of hydrated polymer chains by a foulant attracted
toward the substrate causes entropy loss to the system149. The foulant will thus be repelled from
the solid surface. Nevertheless, the ability of a brush to prevent fouling depends on two crucial
characteristics, namely its thickness and its chain density152. Extensive research was carried out on
poly(ethylene glycol), also known as poly(ethylene oxide) (PEG or PEO) because of its high
hydration potential. Poly(vinylamine) (PVA) and similar polymers were also investigated (Table 1.4).
It is noticeable that a particular attention was given to the immobilization of hydrophilic polymers
on their substrate. A good adhesion between the substrate and the polymers is indeed critical to
the sustainability of antifouling properties. Simple adsorption was proven not to be sufficient to
achieve long term immobilization153. In the case of hydrophilic polymer, immobilization strategies
are various, from direct grafting 154,155 to the use of adhesion promoting primers like bio-inspired
polydopamine layers (PD)156 and plasma polymerization.
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Table 1.4. Hydrophilic polymers for protein-repellency.
Polymer(s)

Immobilization
technique
Grafting on PD
primer

Brush

Grafting on PD
primer

Brush

Grafting

PEG

Coating
type

Grafting
on
Poly(ethylene
imine) primer

Brush

Substrate
Gold chips
Si capillaries
PES membranes
Acid-catalyzed
silicon

Brush
Stainless steel

Tested against

Reference

Milk and egg proteins
adsorption

Chen et al. (2012)157

BSA adsorption

Li et al. (2014)158

Fibrinogen Adsorption

Chen et al. (2005)159

BSA Adsorption

Caro et al. (2009)160

Bacterial
adhesion

Catecholate
primer

Brush

Stainless steel

Human blood protein

TiO2

Bacterial adhesion

Spin-coating and
plasma-mediated
cross-linking

Thin film

Plasma-induced
grafting

Thin layer

Poly(vinylidene
fluoride)

Ultra short
ethylene oxide

Pulsed
plasma
polymerization

Ultra thin
layer

Polished silicon

PEGMEMA + PES

Grafting

Brush

Triblock (PEG)(PPO)-(PEG)

Grafting

Bacterial adhesion

Khalil et al. 2014161

Dong et al. (2005)153

Stainless steel
-globulin adsorption

Wang et al. (2002)162

BSA and Fibrinogen
adsorption

Wu et al. (2000)163

Ultrafiltration
membranes

Ultrafiltration of BSA
solution

Peng et al. (2011)154

Brush

Silicon wafers

BSA and human blood
proteins

Norde and Gage
(2004)155

Grafting on
oxidized vinyl
silane primer

Dendrimeric

Silicon wafers

BSA adsorption

Dyer et al. (2007)164

PEG based
polymer

Grafting

Hydrogel

Nanofiltration
membranes

BSA and Lysozyme
adsorption

Lei and Ulbricht
(2014)165

PVA

Grafting and dipcoating

Thin layer

Polyamide
membrane

BSA, Lysozyme, Sodium
Alginate, DTAB, Colloid
Ferric hydroxide

Wu et al. (2015)166

NH2-terminated
polyacrylamide

Grafting on DP
prelayer

Brush

Si, SiO2, Ag, Cu,
SU8 and PDMS

Static and dynamic
adsorption test with
BSA

Vu et al. (2014)167

Poly(Nvinylpyrrolidone)

Grafting on
polyphenol-metal
prelayer

Thin layer

Polyamide RO
membranes

BSA, Lysozyme and
Alginate adsorption

Wu et al. (2015)168

PEG +
Polyallylamine

KBr and PET
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Thus, surface energy is a very important parameter regarding fouling and cleaning. Straight
comparison of literature data is however complex, due to the multitude of different experimental
methods and focus points. SFE must then not be studied alone, but in association with other
surface properties, such as surface morphology, charge or elastic modulus.

3.3.2.2.

Impact of roughness and morphology.

Roughness and morphology are known to have a direct impact on surface interfacial properties, as
they can radically change its apparent wetting features, as mentioned previously, Boxler (2014)10
states that surface defects on metal substrate, e.g. grain boundaries which come from
manufacturing processes, are generally larger than individual fouling agents (micro-organisms or
molecules), which allow the latter to penetrate the surface relief. This phenomenon is known as
interlocking110, and promotes steadier and denser fouling growth at the base of the deposit.
Consequently, heat transfer is affected and so is further build-up169, resulting in porous superior
layers.
In most studies about the consequences of surface properties, SFE and roughness simultaneously
vary, which makes it difficult to isolate the effect of one parameter. Yoon and Lund (1994) 116
suggested that the effect of roughness was generally weaker than that of surface chemistry while
Detry et al. (2010)170 emphasize the controversial influence of roughness on the cleaning behavior
of deposits. The authors also points out that deposit located inside surface relief is harder to clean.
Overall, as depicted by Boxler (2014), the true effect of roughness on fouling and cleaning of dairy
deposit is very difficult to establish. Indeed, even if author generally agree that roughness
reduction (i.e. Ra) leads to lower fouling amounts and easier cleaning, they sometimes disagree on
the roughness range in which the said effect occurs. Britten et al. (1968)86 suggest that below the
threshold of 2 µm, the effect of roughness becomes insignificant, while Leclercq-Perlat and Lalande
(1994)171, who studied substrates with Ra comprised between 0.11 µm and 0.8 µm, found that the
removal of deposit was eased with lower roughness. On the other hand, Kouider et al. (2010)172
found and optimal Ra of 0.8µm when working between 0.029 and 3.2 µm.
Dupeyrat et al. (1987)118 suggest that a surface

fouling and cleaning behavior results from

synergistic interactions between its roughness and surface energy. Furthermore, Jimenez et al.
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(2012)133 point toward a competition between roughness and SFE for fouling governance and
underlined the importance of the roughness scale. These works stress the importance to consider
both features to fully comprehend fouling and cleaning phenomena.
Roughness is thus a crucial feature that can increase or decrease fouling, according to the relative
size of surface defects and fouling agents. However, its effect is difficult to isolate because, upon
surface modification, roughness often varies along with surface energy.

3.3.2.3.

Other surface properties.

In the previous sections, the influence of roughness and SFE on fouling was demonstrated. These
two surface properties are indeed the most commonly discussed in this context. However, surface
charge and elastic modulus should also be mentioned.
Surface charge
Considering that proteins are charged molecules, the charge of a substrate should have an impact
on protein adhesion and fouling. However, surface charge is dependent on many parameters
(surface pre-treatment, cleaning, ageing, surrounding phase characteristics) and delicate to
measure. Consequently, experimental literature data about the effect of surface charge or potential on fouling are scarce and most studies are based on models like the electrical double
layer theory.
Developed by Gouy, Chapman and Stern173, the electrical double layer theory describes the
electrostatic field surrounding a charged particle or surface when immersed in an electrolyte
(Figure 1.12) as follows. A compact layer of adsorbed counter-ions forms at the surface and is called
the Stern layer. At the vicinity of the Stern layer, a diffuse layer (or Gouy layer) is composed of ions
of identical charge as the surface. The Stern and Gouy layers form the electrical double layer. If
either the fluid or the surface move in respect to the other, a shear stress is created in the layers,
resulting in an electrokinetic potential at the boundary plane between the outer Stern layer (outer
Helmholtz layer) and the medium. This potential, known as the -potential, is often used to
characterize surface charge, although the relationship between surface charge and -potential is
complex. Further research led to the extended DLVO theory, which states that interfacial
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interactions are due to Lifshitz-Van der Waals interactions, acid-base interactions and electrostatic
double layer interactions.
The -potential depends on several environmental conditions, like pH and ionic strength. It
is therefore difficult to measure it, especially in complex solutions. Cai et al.174 carried a
comprehensive modelling study of the interactions between different foulant-polymer surface
-potential on adhesion behaviors is much more significant
when considering foulant particles on a substrate than when considering two planar entities. The
authors also found out that the total interaction energy of a system increases when the absolute
-potentials increases

-potential absolute value decrease

could induce fouling mitigation. In other words, charge minimization would lead to fouling
mitigation. This is quite verified in the literature, however, charge must not be studied alone, and
other surface properties must be taken into account10.

Figure 1.12. Schematic representation of the electrical double layer theory10.
Coatings containing charged species have been investigated for anti-fouling applications. Singlecharge polymers, such as carboxymethyl dextrans (CMD)175 or cationic polyvinylamine166 (Figure
1.13) were investigated for protein-repellency and showed mitigated performances. More
precisely, McArthur et al. (2000)175, who studied adsorption of lysozyme, human serum albumin,
bovine lactoferrin and -globulin on negatively charged CMD concluded that, while single charge
polymers showed some antifouling properties against one single type of protein, they proved to
be inefficient against multi-protein mixtures. Thus, single charge materials can be used to repel
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opposed-charge foulants. Since proteins are complex molecules, and their charge can change with
environmental variations, single charged polymers might not be the best material to achieve
protein-repulsion.

Figure 1.13. Anionic poly(carboxymethyl dextran)175 (left) and cationic poly(vinylamine) (right).
Thus, attention was drawn to zwitterionic polymers, i.e. molecules carrying both positive and
negative charges, to address protein-related fouling, because they present the advantage of strong
water binding (like neutral hydrophilic polymers) without the inconvenient of carrying an overall
net charge149. As other charged species, zwitterionic polymers are sensitive to their environment,
especially to pH and ionic force conditions. Wu et al. (2012)176 demonstrated that the antifouling
properties of zwitterionic polybetaines could significantly change when pH value decreases from 7
to 3.5. Moreover, Bengani et al. (2015)177 point out that polyzwitterionic species were more
susceptible to dissolve into highly saline media, which questions the sustainability of a zwitterionic
coating in those conditions. However, despite the aforementioned drawbacks, several classes of
polyzwitterionic polymers were still discussed in the literature for antifouling applications in
biological conditions, namely polybetaines177

181,

phosphorylcholine182,183, polyampholytes184,185,

peptides186,187 and polysaccharides188.
Elastic modulus
The elastic modulus E (N/m²) (Equation 1.7), also known as

characterizes the

stiffness of a solid, that is to say its propensity to elastic deformation. The elastic modulus increases
with the stiffness of a material, which implies that a perfectly rigid solid would have an infinite
elastic modulus, and conversely, a perfectly elastic material would have a very low modulus. Even
46

© 2018 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Sawsen Zouaghi, Université de Lille, 2018

Chapter 1 Dairy Fouling in Thermal Processing: Mechanisms and Impacting Factors
if seldom studied in regard to dairy fouling, E is considered as a key factor for fouling-release
properties in marine fouling scenarios110,189

191.

It is generally recognized that a low modulus

enhances the fouling release properties110,146, as E impacts the critical removal force, i.e. the force
required to induce adhesion failure between two materials. Brady et al.110 indeed demonstrated a
correlation between relative adhesion of several common polymers and (E c)1/2 where

c

is the

critical surface energy and showed that the lowest relative adhesion was achieved for the lowest
E values.

Figure 1.14. Representation of the measurement of the young modulus.
F: exerted force (N)
L0: initial length (m)
A0: cross-sectional area (m²)

Equation 1.7

change in length (m)

Surface properties, especially roughness and surface free energy proved to be crucial of fouling
control. Their tuning would indeed allow either to decrease fouling amounts or to ease cleaning,
thus leading to the modification and softening cleaning procedures. These processes are indeed
in constant evolution to match both efficiency and cost requirements.
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4.
Given the omnipresence of fouling in food industries, cleaning of the deposits is considered as a
central issue, as it allows maintaining the high hygiene standards of the sector192 and avoiding
cross-contaminations193. The first Cleaning-In-Place (CIP) procedures were described in the 1940
and evolved from manual processes requiring the dismantlement of the entire equipment to the
current standard automated techniques involving the circulation of cleaning solutions into fouled
equipment61. The aims of CIP procedures are twofold: (i) to restore the initial pressure and heat
transfer conditions in the system and (ii) to prevent microbial contamination of the equipment.
Fryer and Christian (2005)194 describe a typical CIP procedures in five steps:
-

Pre-rinse: circulation of water to remove loosely bound deposits;

-

Detergent cycle: circulation of cleaning chemicals (acidic or alkaline, i.e. one step process;
or both separated by a water rinse, i.e. two-step process)195;

-

Intermediate rinsing: removal of cleaning agents by water circulation, possibly followed by
neutralization;

-

Sanitization: disinfection of the equipment;

-

Final rinsing: removal of sanitizers and all traces of CIP products by water circulation.

CIP operations are water and energy intensive processes which have a negative impact on the
environment196. According to Piepiorka-Stepuk and Diakun (2012)197, as much as 13.5% of the total
energy consumption can be associated with the cleaning of equipment, depending on the nature
of the manufactured goods. Indeed, unlike in petrochemical or marine fields, CIP process must be
reiterated every five to ten production hours149. Additionally, some of the chemical cleaning
solutions are not biodegradable. As a matter of fact, dairy wastewater treatment can follow several
scenarios, including in-plant wastewater treatment units, mechanical treatments, physicochemical treatments, and biological treatments. All these treatments require inputs in terms of
water, energy but also dedicated equipment and operating teams198 and further increase the
impact of CIP procedures on the financial and environmental performances of the global process.
CIP procedures should then be carefully defined and calibrated. However, Boxler (2014)10 points
out that most CIP procedures are not optimized and are operated on a semi-empirical basis.
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Indeed, the operating sequence of CIP procedures depends greatly, but not only, on the nature of
the deposits. Proteinaceous deposits are not water-soluble and require the use of an alkaline
solution to hydrolyze them, whereas mineral deposits show variable solubility and are best cleaned
by acidic solutions. The efficiency of CIP also depends on many other factors (Figure 1.15), like the
cleaning time and temperature as well as hydrodynamic features197,199. Particularly, Gillham et al.
(2009)200 showed that temperature is a crucial parameter for the cleaning of dairy fouling. Other
authors studied the optimal concentration of the cleaning agents201,202, or the impact of
hydrodynamic adjustments203. Boxler (2014)10 also pointed out the crucial importance of the
Indeed, a reduction in the fouling amount or an increase of the ease
of cleaning could lead to significant softening of CIP procedures, hence shorter cleaning time,
reduced cleaning costs and better environmental balance for thermal processes.

Figure 1.15: Extended

cleaning cycle according to Boxler (2014) 10.

Adapting the CIP procedures nevertheless requires the quantification of the impact of surface
modifications on the cleanability of the deposits. Hence the emergence of mathematical models
describing soil cleaning according to several parameters from the Sinner
agent chemistry, the temperature, temperature or mechanical actions 10. Simultaneously, several
techniques were developed in order to characterize the adhesion of deposits on the substrates
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and their behavior to cleaning, like Fluid Dynamic Gauging (FDG) 204 which uses flow data to
estimate the adhesive and cohesive strength of a deposit on a substrate or coda wave
interferometry205, an ultrasound technique allowing to monitor the formation or the elimination
on a deposit.
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This first chapter presented a state of the art about dairy fouling, its mechanisms, impacting factors
as well as a literature survey on surface modifications targeting its mitigation.
The considerable amount of research focusing on dairy fouling allowed to demystify most of this
complex phenomenon, although some controversy persists. Nevertheless, researchers agree on
the fact that biofouling in general, and dairy fouling in particular, are multi-dependent phenomena,
influenced by an overwhelming number of intrinsic or environmental parameters such as
temperature, pH, protein and mineral concentrations, hydrodynamics, microbial flora, etc.
The literature also shows that surface modification is a suitable route to achieve fouling mitigation,
even if no true breakthrough has been reported yet. Hydrophobic surfaces like PTFE or DLC have
been vastly studied for their fouling-release properties. However, research on non-dairy fouling
(marine or biomedical fouling) evokes numerous other alternatives which deserve to be
investigated.
Furthermore, it is noticeable that similar works sometimes reach contradictory conclusions, mostly
due to subtle experimental differences. Thus, it seems important to establish the impact of SS
surface properties on dairy fouling before any antifouling surfaces development. Chapter 2 will
therefore be dedicated to the definition of a repeatable fouling testing method and to the study
of the influence of roughness and SFE of SS on dairy fouling.
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In Chapter 1 the variability and multi-dependence of dairy fouling phenomena were highlighted.
The study of literature also pointed out the overwhelming number of surface engineering routes
towards fouling mitigation, although experimental variations often prevent direct comparison
between different pieces of work.
Consequently, it seems that the clear definition of the test rig, fluids and experimental conditions
is crucial to the pertinence of any research about fouling mitigation. Furthermore, it appears
judicious to evaluate the impact of surface free energy and roughness on fouling in the defined
conditions, before testing any non-fouling surface.
Chapter 2
Journal of Food Engineering in 2018206 (Annex I)

will thus begin by a detailed presentation of the

pilot test rig that was used during this project, of the chosen test fluid and operating conditions.
The fouling performances of model surfaces of controlled roughness and surface energy, i.e.
native, mirror polished and textured stainless steel surfaces, fluorosilanized or not, will then be
presented and discussed. Multi-scale characterizations of those surfaces before and after fouling,
using a wide range of analytical tools (goniometry, SEM, ToF-SIMS, EPMA X-Ray mappings) will be
implemented in order to achieve better comprehension of the impact of surface energy and
morphology modifications on the fouling behavior, while highlighting their complex interactions in
fouling governance.
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1.
Milk, as an animal-sourced biofluid, presents seasonal variation of protein and fat content207,208.
Furthermore, fresh milk contains proteolytic enzymes and an important bacterial flora that can
trigger important physico-chemical modifications of milk, like clotting or pH drop. Those
phenomena are very susceptible to significantly modify the fouling process and deposits amounts.
Therefore, in order to ensure repeatability and avoid spoilage, model solutions are often used in
fouling studies, instead of fresh milk71.
Table 2.1. Composition of Promilk 852 FB1, according to the manufacturer.
Compounds
Total protein
-lactoglobulin
-lactalbumin
Other
Lactose
Lipids
Total minerals
Calcium
Phosphate
Sodium

Content (% w/w)
80.1
66.0
13.3
0.8
11.0
1.0
7.9
4.0
2.2
1.7
-lactoglobulin, are, together with calcium, the

main components of dairy fouling deposits10,42. Thus, in the present study, the model fluid (MF)
-lactoglobulin content in milk, i.e. 4 to 6 g/L209. The MF was thus a
1% solution of Whey Protein Concentrate (WPC) powder (Promilk 852 FB1, 80% protein in dry
state, Ingredia, France) in reverse osmosis water. Detailed composition of the WPC powder is
available in Table 2.1. Moreover, as previous research showed that increasing calcium
concentration induces higher fouling levels57, the calcium content of MF was adjusted in order to
avoid overpressure or blockage in the PHEs while extending the runs duration as far as possible.
The calcium content was thus adjusted to 100 ppm by addition of CaCl 2 (Sigma Aldrich). 500 L of
56
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fresh MF were prepared for each fouling run and proteins were left to hydrate for two hours under
stirring before testing. The pH of this solution is 6.8, and the calcium and protein contents were
checked via atomic absorption spectrometry and HPLC (Waters, USA)42 respectively.

A pilot pasteurization rig (Figure 2.1), resulting from the downscaling of an industrial process
(~1/10) was used for fouling testing throughout the entire project. It is composed of a stirred tank,
a volumetric pump (PCM, France) and two plate heat-exchangers (V7 models from Alfa-LavalVicarb, France) in a counter-current configuration. PHE 1 is composed of 10 passes, one channel
by pass, and pre-heats the treated fluid from room temperature to 60°C. PHE 2 is composed of 5
passes, one channel by pass and heats the model fluid to 85°C, which is a commonly used
temperature in classical pasteurization10. For both PHEs, the equivalent space between two
consecutive plates is 3.93 mm. During each fouling test, flow rates, temperatures and pressures
were monitored.
Reference and modified stainless steel coupons were placed in a samples-holder, i.e. square pipe
of 1 cm² section, directly connected after the heating section. As a consequence, the studied
surface were not heated, and the studied deposits resulted from isothermal fouling. The
monitoring of the temperature at the outlet of the sample holders showed very little variation of
at most 1°C from its target value of 85°C. The studied surfaces were thus submitted to fouling
conditions comparable to the holding section of a classic pasteurizer.
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Figure 2.1. Diagram of the pilot pasteurization unit.

For all experiments, the product flow rate was 300 L/h and hot water flow rates were of 900 L/h.
Therefore, all tests involved identical temperature profiles in the heat exchangers, which ensures
unbiased comparisons between two tests. The Reynolds number inside the sample holders was of
2400 (transient regime). The pilot plant was started and brought to steady-state conditions with
circulation of reverse osmosis water, and a by-pass prevented water to pass on the tested samples.
Once steady-state was reached, model fluid was circulated and it was only at that point that the
by-pass was switched to allow the dairy fluid to foul the samples.
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Figure 2.2. Diagram of a sample holder (from Cunault et al. (2015) 210).
One minute-long experiments were carried out to study the initial steps of deposition. 1.5 hourlong experiments were carried out to observe the deposits structure and compare fouling amounts
of the different surfaces.
Cleaning of the installation was performed through cleaning-in-place (CIP) procedures as follows.
Firstly, a 20 min pre-rinse with hot water was performed to remove loosely adhered deposit. Then,
a 2% (w./v.) NaOH solution was circulated for 15 min to eliminate the organic fouling, followed by
an intermediate rinse, and a 2% (w./v.) HNO3 solution was circulated to remove mineral deposits.
All cleaning fluids underwent the same temperature profile as MF, and both the acidic and the
alkaline cleaning solutions were recirculated. Fresh solutions were prepared every fifth CIP. Finally,
the installation was rinsed and neutralized with the circulation of cold water for 15 min. All
solutions were circulated at 300L/h. The tested surfaces were either taken out of the installation
before the CIP procedure, after the first rinse or at the end of the CIP, depending on the studied
behavior (fouling, fouling release, behavior to clean in place). In the present Chapter, all studied
surfaces were taken out of the rig before CIP.
After the fouling tests, the one-minute fouled samples were dehydrated by the critical point
method in an E3000 Jumbo Critical Point Dryer (Quorum Technologies). The one-hour fouled
samples were stored in a ventilated cold room until they were dry and ready for weighing and
properties on its fouling performances, the samples were only used once and the effect of ageing
on fouling performances was not investigated.
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In each test, at least three replicates of each type of surface were tested. The fouling results
presented in the following sections result from three pasteurization tests, performed on different
days.

2.
In food-related industrial context, control of micro-organisms is extremely important in order to
prevent product contamination and illness outbreaks. Food-contacting materials should thus be
evaluated for their proneness to retain bacterial cells. For that purpose, bacterial adhesion assays
were carried out on the studied substrates. The chosen strains were Listeria monocytogenes ATCC
35152 (LM/NCTC, United Kingdom), Staphylococcus aureus CIP 4.83, and Salmonella enterica CIP
8297 (CRBIP, France), which are well-known foodborne pathogenic bacteria. Those strains were
also chosen for their relevance regarding dairy processing and for their diversity, as S. aureus is a
Gram-positive coccus, L. monocytogenes is a rod-shaped Gram-positive strain, and S. enterica is a
rod-shaped Gram-negative bacterium. All strains were kept frozen until use.
Pre-cultures were done by inoculating 100 µL from defrosted tubes into 5 mL of Tryptic Soy Broth
(TSB) and incubated for 24 h at 37°C, which is the optimal growth temperature for mesophilic
bacteria. Main cultures were obtained by inoculating 100 µL from pre-cultures into 50 mL of TSB
and incubated at 37°C. The bacterial cultures were stopped in the late exponential phase and cells
were separated from the supernatant by centrifugation (3000 rpm, 4°C, 10 min). The cells were
then washed twice in physiological water (PW) by centrifugation (3000 rpm, 4°C, 10 min). After resuspension in 20 mL of PW and sonication to ensure optimal cell dispersion, the concentration of
the suspension was checked by absorbance measurements (optical density at 620 nm: DO620 nm).
The appropriate dilutions were then performed to obtain 107 colony-forming units (CFU) per mL
of suspension.
The different substrates were covered with 3 mL of bacterial suspension. After 1h of adhesion,
which was carried out at room temperature (21°C) in order to limit further bacterial growth,
surfaces were rinsed twice for 1 min with 20 mL of PW on an orbital shaker under low agitation
(60 rpm). The adhered cells were then stained with acridine orange (Sigma Aldrich). After 10 min,
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samples were rinsed and dried in air at room temperature. Surfaces were then observed with an
Olympus BX43 Fluorescence Microscope ( 100), and the adhered cells counted. The presented
data are representative of at least three coupons for each kind of surface (50 different microscope
fields per coupon).

3.
Reference substrates in this work were 10 x 16 x 1 mm3 and 45 x 16 x 1 mm3 (length x breadth x
thickness) 316L stainless steel coupons with a 2B finish from Sapim Inox (France). They will be
and analysis while the larger ones were used for fouling amounts measurements.

3.1.1. Physical modifications
3.1.1.1.

Mirror-like polishing

Mirror-like (ML) samples were obtained by polishing NAT surfaces on a rotary polisher (ESC 200
GT, Escil, France) with different grades of silicon carbide abrasive papers (#180 down to #4000)
and finally a felt disk impregnated with ¼ micron diamond paste (Escil, France). After polishing,
mirror-like samples were sonicated in water for ten minutes to remove any leftover silicon carbide
particles and left to age at least one week in air before testing.

3.1.1.2.

Texturing

Cauliflower-like patterns on stainless steel were obtained through femtosecond laser ablation,
performed at the University of British Columbia. The stainless steel surfaces were patterned
Detailed parameters for the laser modification were reported by Kietzig et al. (2009)211, Moradi et
al. (2013)212 and Moradi et al. (2015)213. Briefly, an amplified solid-state Ti-Sapphire laser was used
to generate ultrashort laser pulses (pulse duration of 120 fs, repetition rate of 1 kHz), with a center
wavelength of 800 nm and a Gaussian distribution212,213. The maximum output power was about
2W. Neutral density filters attenuated and adjusted the energy of the laser beam, and the spot size
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was 30 µm at the focal point. Laser fluence was set at 480 J/cm². Stainless steel surfaces were
moved at 370 µm/s on a computer-controlled X-Y linear translation stage. Laser texturing was
carried out in air (clean room), with the beam normal to the treated surface. Samples were then
cleaned for 2 min in an ultrasonic bath and will be referred to as TEX.

3.1.2. Chemical modifications.
Prior to any further modification, NAT, ML and TEX samples were degreased in an acetone/ethanol
50/50 (v./v.) blend, soaked in a 2% v/v RBS 35 detergent (Sigma Aldrich) solution at 65°C for 10
min, then rinsed twice in deionized (DI) water at 50°C for 5 min and finally rinsed twice in DI water
at room temperature for 5 min. They were dried in air at room temperature.
In order to decrease their surface energy, NAT, ML and TEX samples were fluorosilanized as
follows. Firstly, an atmospheric plasma activation was performed to facilitate fluorosilane adhesion
to the substrate and thus increase the fluorosilanization efficiency. Samples were exposed to a low
temperature afterglow of an alternative current discharge in nitrogen, with an atmospheric plasma
spot device (ULS, Acxys Technologies, France). The nozzle-substrate distance was of 20 mm. The
N2 flow rate was set at 60 L/min and the scanning speed was set at 100 mm/s. Four passes of
nitrogen plasma were performed to ensure optimal activation. As the plasma activation induced
heating (up to 246°C), the substrates were left to cool down to room temperature before further
modification.
Fluorosilanization was then achieved by immersing plasma treated NAT, ML and TEX samples in a
10-3 M solution of perfluorodecyltriethoxysilane (PFTES, Sigma Aldrich) in n-hexane (Carlo Erba
Reagents) at room temperature for 4 hours. Afterwards, samples were rinsed first under hexane
flux (Sigma Aldrich), then under ethanol flux (VWR Chemicals) and finally sonicated for 10 min in
ethanol and dried in air at room temperature. The thickness of such self-assembling monolayers is
typically in the range of 5 to 10 Å on flat surfaces214. Resulting samples are referred to as SilNAT,
SilML and SilTEX respectively for native, mirror-like and texturized fluorosilanized samples.
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Before fouling tests, water contact angle (WCA), surface energy (SFE) and arithmetic average
roughness (Ra) of native and modified stainless steel samples were measured. All experimental
methods regarding surface analyses and characterizations are detailed in Annex II. In this chapter,
surface free energy was calculated following the Van Oss acid-base approach (see Chapter 1, p.
30). Their surface features are gathered in Table 2.2.
Table 2.2.
native and modified stainless steel.
Samples

WCA
(°)

NAT
ML
TEX
SilNAT
SilML
SilTEX

84.2 ± 2.6
63.9 ± 2.5
0±0
111.9 ± 1.1
105.9 ± 0.8
132.9 ± 1.6

total

LW

AB

+

(mN/m)

(mN/m)

(mN/m)

(mN/m)

40.5 ± 1.7
42.5 ± 3.8

38.1 ± 0.3
2.4 ± 1.7
0.4± 0.3
37.8 ± 1.1
4.7 ± 2.8
0.5 ± 0.5
Not possible to determine*
25.5 ± 3.8
2.4 ± 1.5
1.3 ± 0.6
18.6 ± 2.6
0.2 ± 0.2
0
Not possible to determine*

3.5 ± 2.5
17.0 ± 5.3

27.6 ± 3.2
18.8 ± 4.3

(mN/m)

-

1.1 ± 0.9
1.8 ± 1.0

Ra
(µm)
0.07 ± 0.01
3.10-3 ± 2.10-4
36.0 ± 2.0
0.98 ± 0.09
4.10-3 ± 1.10-3
36.0 ± 2.0

*The complex roughness of those samples impacts the apparent contact angle of any liquid droplet on them. Their surface energy
therefore could not be calculated through goniometry measurements.

3.2.1. Non-fluorosilanized samples surface properties
Native stainless steel exhibits a WCA of 84.2 ± 2.6°, which is slightly high but still in agreement with
values found in the literature (from 75°

215

to 84°108, 147,216). However, WCA variations from one

source to another are not surprising. Indeed, depending on grade and finish, SS surfaces can
present very different surface chemistries and morphologies.
As expected, polishing drastically decreases sta

µm to

3.10-3 ± 2.10-4 µm. Optical microscopy observations revealed that, contrary to NAT, ML samples
present no grain boundaries and are very smooth (Figure 2.3). Interestingly, polishing changes the
wettability of stainless steel. Indeed, the WCA value of ML samples (63.9 ± 2.5°) is lower than that
of native SS (84.2 ± 2.6°). Roughness modifications can cause wettability changes, however, the
present variation of WCA with roughness does not fit the theoretical wetting models. Indeed,
according

31), an increase in roughness leads to an

amplification of the pre-existing condition hydrophilicity (WCA < 90°) or hydrophobicity (WCA >
90°). In the present case, the smoother surface (ML) is hydrophilic (WCA of 63.9 ± 2.5°) and an
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increase in roughness should then lead to a decrease of WCA. However, the rougher native
stainless steel shows a higher WCA of 84.2 ±
explained by a modification of surface chemistry, caused by the removal of superficial layers during
polishing.

Figure 2.3. Optical microscopy images of native stainless steel (A) and mirror-like stainless steel (B).
© 2018 Elsevier.
Statistical analysis (mean comparison via
native and mirror-like stainless steel did not significantly differ (apart from their electron donor
-).

However, XPS spectroscopy was carried out to determine the chemical

composition of NAT and ML samples. The analysis of Fe 2p and Cr 2p XPS spectra was performed
following the decomposition proposed by Biesinger et al. (2011)217. The result of this set of analysis
(Table 2.3) shows that the chemical compositions of native and mirror-like stainless steel surfaces
are indeed different. What is interesting here is that the proportions of oxide component of Fe
(consistent with Fe III (Figure 2.4, A and B)), and of oxide component of Cr (consistent with
chromite (Figure 2.4, C and D)) are different between NAT and ML samples. The higher presence
of oxides (both iron and chromium oxide) in the native sample is explained by one of the properties
of stainless steel, i.e. the spontaneous formation of a passive film, rich in oxides, that protects the
material from corrosion. The mechanical polishing removes this passive layer, revealing the inner
material. Nevertheless, the high content in Chromium of 316L stainless steel (16-18 wt.-%) could
lead think that the oxide-rich passive film would rebuild itself after polishing. XPS analyses show
here that this is not the case in the time interval between polishing and analysis (one week). It is
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probable that the ageing period between polishing and analysis was not long enough to allow the
passive film to reform.
Table 2.3. Surface characteristics of native and mirror-like stainless steel as determined by XPS
analyses.
Samples
NAT
ML

O
77.8%
66.4%

Total
14.2%
19.4%

Fe

Fe metal
24.8%
44.5%

Fe oxide
75.2%
55.2%

Total
7.1%
10.8%

Cr

Cr metal
14.1%
24.0%

Cr oxide
85.9%
76.0%

Ni
0.8%
3.4%

Overall, the XPS results are consistent with the surface energy measurement, showing that the
electron donor component of ML samples was higher than the one of NAT samples. ML samples
indeed contain a higher proportion of metal Fe and metal Cr, available for oxidation. The difference
in SFE observed between NAT and ML samples can thus be considered as accurate.

Figure 2.4. XPS spectra of Fe in NAT (A), Fe in ML (B), Cr in NAT (C) and Cr in ML (D). © 2018 Elsevier.
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On the other hand, laser textured samples show very high Ra values (36.0 ± 2.0 µm) compared to
the reference stainless steel plate. SEM imaging confirms the presence of hierarchical cauliflowerlike structures (Figure 2.5). The superhydrophilic properties of textured sample after laser ablation
has been reported previously by Kietzig et al. (2009)211, who showed that this low WCA was the
combined result of dual-scale morphology and enhanced surface oxidation, both caused by laser
ablation. Consequently, the water droplet completely wets the surface and is no longer visible after
deposition.

Figure 2.5. SEM pictures of laser textured stainless steel evidencing a micro-roughness (A)
supporting a nano-roughness (B), and of fluorosilanized textured stainless steel (C). © 2018
Elsevier.

3.2.1. Fluorosilanized samples surface properties
Fluorosilanization was carried out to increase the hydrophobicity, i.e. to lower the surface energy
of the substrates. WCA and SFE measures (Table 2.2) indicate that this goal was reached, as SilNAT
and SilML showed increased water contact angle (respectively 111.9 ± 1.1 ° and 105.9 ± 0.8°) and
reduced SFE (respectively 27.6 ± 3.2 mN/m and 18.8 ± 4.3 mN/m) compared to their untreated
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counterparts. It is noteworthy that in this case, the variation of WCA between SilML and SilNAT
which highlights the chemical homogeneity of the fluorosilanized
surfaces.
Roughness measurements seem to indicate that fluorosilanization causes an increase in surface
roughness for all samples, which is surprising, as fluorosilane monolayers are expected to be very
thin and not to change surface morphology. Although the roughness disparity between ML (3.10-3
± 2.10-4 µm) and SilML (4.10-3 ± 1.10-3 µm) seems to be insignificant, control SEM imaging (Figure
2.6) was needed to check the appearance of SilNAT surfaces. The fluorosilane layer is visible on
Figure 2.6B, and observations at greater magnification (Figure 2.6C) allowed to observe some
disperse lumps (around 200 nm in diameter) on the fluorosilane layer. This points out minor local
polymerization, however such structures are quite unlikely to be responsible for roughness
variation. Given these observations and the rather high standard deviations of the contact
profilometer measurements (Table 2.2), the roughness difference between NAT and SilNAT is most
likely due to natural surface heterogeneity between SS surfaces.

Figure 2.6. SEM micrographs of bare native (A) and native fluorosilanized stainless steel (B) and (C).
© 2018 Elsevier.
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Fluorosilanization of textured stainless steel induced a drastic WCA increase (from 0° to 132.9 ±
1.6°). SilTEX surfaces can be classified as hyper-hydrophobic and dynamic goniometry
measurements revealed a very low contact angle hysteresis (CAH) of 2.6 ± 0.8°. The alliance of high
WCA and low CAH is characteristic of the suspended Cassie-Baxter wetting regime112, also called
lotus effect , which is often associated to self-cleaning properties. Such properties would be very
interesting regarding fouling management, if they persist through the pasteurization run.
Environmental factors, such as temperature, tangential flow and pressure increase could indeed
induce destabilization of the suspended Cassie-Baxter state and trigger wetting regime transitions.
It is nevertheless interesting to notice that similar surfaces showed good resistance to cell adhesion
while immersed in an aqueous media218. Chemical modification of textured surfaces did not impact
the arithmetic mean roughness, indicating that the chemical treatment resulted in a very thin
hydrophobic monolayer. SEM pictures of TEX and SilTEX surfaces confirm these observations
(Figure 2.5) as the dual-scale roughness was still visible on treated samples.
NAT, ML, TEX, SilNAT, SilML and SilTEX surfaces were tested in the pilot pasteurizer (Figure 2.1) in
isothermal conditions. The fouling results are presented in the following section.

4.
Table 2.4 presents the results obtained for the all samples after 1.5 hour of fouling. NAT is the
control sample in all experiments. Throughout the entire manuscript, fouling percentage (F%) was
calculated according to Equation 2.1.
Table 2.4. Fouling densities and F% of the different studied surfaces.
Samples

Fouling Density (mg/cm²)

F%

NAT
ML
TEX
SilNAT
SilML
SilTEX

30.8 ± 4.0
17.2 ± 0.6
151.2 ± 21.2
8.7 ± 0.6
5.2 ± 0.4
57.4 ± 14.3

100
56% (± 4%)
491% (± 14%)
28% (±7%)
17% (±7%)
186% (±25%)

Results show differences in fouling behavior according to surface properties: fouling is reduced for
ML, SilNAT and SilML samples (respectively -44 ± 4 wt.-%, -72 ± 7 wt.-% and -83 ± 7 wt.-%) whereas
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the TEX and SilTEX samples present drastic fouling increases of +391 ± 14 wt.-% and +86 ± 25 wt.% respectively. At this point, a close examination of the fouling/steel interface is needed to clearly
establish their origins.
Equation 2.1.
F%:
Percentage of fouling compared to the reference (-)
MFouling: Deposit mass on modified sample (mg)
MFouling Ref: Deposit mass on the reference bare stainless steel (mg)

Obviously, roughness plays a crucial role in fouling regulation, as the three samples with lower Ra
(ML, SilML and SilNAT) exhibit fouling reduction comprised between -44 ± 4 wt.-% and -83 ± 7 wt.% compared to the reference. On the other hand, textured samples with higher roughness (TEX
and SilTEX) show important fouling increases (up to +391 ± 14 wt.-% for TEX samples).
Surface free energy also appears as a governing factor in the fouling process, as fluorosilanized
samples (SilML and SilNAT), which have lower SFE, exhibit better antifouling performances than
those of NAT and ML.
However, as shown on Figure 2.7 and Figure 2.8, no straightforward tendency for the effects of
roughness or SFE on fouling could be deduced at this point. Cross-comparisons between the model
surfaces could help to gain a better understanding of the intricate interactions of roughness and
SFE in fouling control.
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Figure 2.7. Fouling performance of the various modified substrates (wt. %) compared to native
stainless steel, plotted against increasing roughness (Ra, nm).
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Figure 2.8. Fouling performances of the various modified substrates (wt. %) compared to native
stainless steel, plotted against increasing surface free energy (SFE, mN/m).
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First comparisons were carried out between native (NAT) and mirror polished (ML) samples,
showing roughness of 0.07 ± 0.01 µm and 3.10-3 ± 2.10-4 µm, respectively. Their fouling results are
consistent with other works138 and point out a competition between surface roughness and surface
energy for the control of the fouling behavior. Indeed, regarding only the surface free energies,
the good anti-fouling performance of mirror-like stainless steel compared to the native reference
is surprising, as it is generally accepted that a higher basic component induces more proteinaceous
fouling127

- (17.0 ± 5.3 mN/m

versus 3.5 ± 2.5 mN/m for native stainless steel) exhibit the lowest amount of fouling. It seems
then that in this case, roughness dominates surface energy for fouling control, and that physical
phenomena are preponderant in regard of chemical ones.
Indeed, ML and NAT surface present truly different surface morphologies (Figure 2.3) and SEM
micrographs of fouled native stainless steel (Figure 2.9A, C and E) show dairy deposits penetration
in the grain boundaries. This interlocking phenomenon promotes the formation and anchorage of
a steady fouling base-layer, resulting in stable deposit build-up, and inducing the decrease of reentrainment phenomena110. Mirror-like stainless steel (Figure 2.9B, D and F) presents a smoother
surface, free of defects, that does not allow interlocking to happen, as the light scratches visible
on Figure 2.9, resulting from the polishing process, are too small for fouling agents to penetrate
into them.
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Figure 2.9. SEM micrographs at different magnifications of 1 hour-fouled samples after removal of
the top part of the deposit with a cutter; (A), (C) and (E): native stainless steel; (B), (D) and (F):
mirror-like stainless steel. © 2018 Elsevier.
Top-view ToF-SIMS iron (substrate) and nitrogen (protein) mappings were carried out on 1 minfouled NAT and ML samples to investigate the early fouling stages (Figure 2.10).
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Figure 2.10. ToF-SIMS superficial images of 1-min fouled native and mirror-like. © 2018 Elsevier.
Grain boundaries are well visible on the NAT iron mapping (dark lines) and protein is identified
following the same pattern, which corroborates the interlocking hypothesis made earlier. On the
other hand, on mirror-like samples, that are free of grain boundaries (Figure 2.3, Figure 2.9),
protein is randomly dispersed on the surface. Three dimensional reconstructions of ToF-SIMS
depth profiles (Figure 2.11) also confirm those observations.
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Figure 2.11. ToF-SIMS 3D reconstructions of one minute fouled native and mirror-like samples.

Cross-section X-ray mappings of one-hour fouled samples (Figure 2.12) allowed observing the
substrate/deposit interface and the structure of the deposits. While fouling on NAT samples is
rather dense and bulky, ML surfaces exhibit more aerated and fragile-looking deposits with a thin,
continuous base-layer from which skinny pillars emerge, supporting denser fouling pieces. This
mushroom-like structure possibly results from poor anchorage of the deposits on the smooth, low
roughness surface of ML. Fouling build-up on such substrate would then be less stable and more
susceptible to cohesive failure than the dense deposits on NAT. As a result, ML fouling would be
more sensitive to re-entrainment, which can explain the fouling reduction witnessed for the ML
surfaces.
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Figure 2.12. Cross-section EPMA X-Ray mappings of 1h-fouled native, mirror-like, and texturized
stainless steel, fluorosilanized or not.
Native and textured samples (Ra = 1242 ± 18 nm) were also compared. Their fouling performances
were very different, as TEX samples show an important fouling increase: +391 ± 14 wt.-% compared
to the reference. Although high hydrophilicity is often associated with good antifouling
performances149, 160,164, it is important to understand that this applies to highly hydrated polymeric
surfaces, like PEG brushes or hydrogels, where the water-polymer organized structure acts as a
protein-repellant through steric repulsion. Here, the hydrophilicity of the metallic surface is due to
the presence of numerous oxidized sites (like hydroxyl groups for instance) that can interact with
unfolded protein and cause its adsorption. The low WCA of TEX surface is then a disadvantage for
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fouling performances. Moreover, the morphology of TEX samples, observed on SEM micrographs
(Figure 2.5A) and on cross-section X-ray mappings (Figure 2.12), is favorable to fouling increase.
Indeed, the craters left by laser impacts on the stainless steel surface show diameters of about 20
to 30 µm, much greater than the size of the unfolded protein clusters (50-60 nm) which are
responsible for fouling at its early stages32. Proteinaceous material is then able to penetrate into
those holes and to fill them in as observed on Figure 2.12. Interlocking on the textured samples is
thus much more pronounced than on native stainless steel, and allied to the good protein adhesion
induced by high surface hydrophilicity, provides a very good anchoring to dairy deposit, promoting
its build-up.

Figure 2.13. Interlocking on TEX and SilTEX samples. © 2018 Elsevier.

The hydrophobicity increase induced by fluorosilanization seems to be an efficient strategy for
fouling reduction as all samples treated with PFTES show fouling reduction compared to their
untreated counterparts. Such results are consistent with the existing literature108,127. Thus, the
good performance of ML samples (SFE = 42.5 ± 3.8 mN/m) is amplified by hydrophobic treatment
which yields a fouling reduction of 83 wt.-% for SilML surfaces. The compared performances of
smooth ML and rougher, hydrophobic SilNAT samples illustrates well the competition between SFE
and roughness for fouling governance. In this case, rougher SilNAT shows greater fouling reduction
than smoother but more hydrophilic ML (-72 wt.-% versus -44 wt.-% respectively) evidencing that
a favorable surface energy can overcome an unfavorable roughness.
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Fluorosilanized native samples SilNAT (SFE of 27.6 ± 3.2 mN/m) also show improved antifouling
properties compared to NAT samples (40.5 ± 1.7 mN/m) with a fouling reduction of 72 ± 7 wt.-%,
although their arithmetic mean roughness were similar. This case proves the key role of surface
energy in fouling regulation.
It is also of high interest to compare untreated (TEX) and treated (SilTEX) laser texturized stainless
steels. Fluorosilanization on those samples was performed following a biomimetic approach that
yielded hyper-hydrophobic surfaces with high WCA (132.9 ± 1.6°) and low CAH (2.3 ± 0.8°), which,
according to the literature112,219 points toward self-cleaning properties in air. Nevertheless, the
poor performance of SilTEX surfaces and post-fouling analysis showed that the potential selfcleaning properties did not persist through the pilot-scale pasteurization process. Figure 2.12
indeed shows protein material inside the relief of SilTEX samples. It is then clear that SilTEX
underwent a wetting regime transition during its stay in the pilot pasteurization equipment.
Wetting state transitions are well reported phenomena, where fluid/substrate interface conditions
are modified due to environmental factors114. More precisely, environmental changes like
variations of pressure, temperature, fluid composition or vibrations can bring the fluid to displace
the air entrapped in surface relief. This air is essential for the persistence of suspended Cassie-cleaning properties. Its loss leads to the impaled CassieBaxter state. This impaled state is characterized by high WCA in association with high CAH, which
means that the fluid adheres very much to the surface. In the case of SilTEX samples, the turbulent
tangential flow of the MF, allied to temperature increase and to the presence of potentially surface
active proteins220 are most likely to have caused a wetting mode transition during the fouling test,
causing the loss of self-cleaning properties. The dual-scale roughness then becomes a disadvantage
regarding fouling, explaining the poor performance of SilTEX (+86 ± 26 wt.-%). Nevertheless, the
enhanced performance of SilTEX compared to TEX (+391 ± 14 wt.-%) attests that even in this case,
hydrophobicity is an advantage against fouling.
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5.
First of all, the three studied strains, namely S. aureus, L. monocytogenes and Salmonella enterica
showed very different adhesion levels on stainless steel. L. monocytogenes presents the highest
adhesion rate (76.4 ± 8.6 CFU/microscope field) on native stainless steel compared to S. aureus
(39.3 ± 5.6 CFU/microscope field) and Salmonella enterica (15.7 ± 4.4 CFU/microscope field). This
preponderance has previously been reported221,222 and might be due to the polysaccharide capsule
of L. monocytogenes. The production of fibrous adhesion-promoting material by this bacterium,
even after short adhesion periods (20 min to 1 h) has indeed been reported 223,224 and can explain
the higher cell count of L. monocytogenes.
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Figure 2.14. Cell counts on SilML, ML, NAT and SilNAT surfaces after 1 h adhesion in static
conditions.
Moreover, the results of the tests on the different substrates highlighted the impact of surface
properties on bacterial adhesion225. Even if their cell counts do not significantly differ from one
another, ML and SilNAT substrates still present lower bacterial adhesion that native stainless steel.
In the case of ML, the improvement compared to the NAT reference undoubtedly comes from the
roughness reduction. Medilanski et al. (2002) 226 indeed showed that reduced roughness induces
lower micro-organism adhesion. As for SilNAT, the difference in cell count most likely comes from
the SFE decrease, as hydrophobic materials have also been shown to prevent bacterial adhesion
149,227.

Nevertheless, it seems that surface energy and hydrophobicity cannot be considered as
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good adhesion predictors. Sinde and Caraballo (2000) indeed witnessed higher adhesion levels of
Salmonella and Listeria strains on hydrophobic rubber and on PTFE. Their work, however, did not
consider surface roughness. In the present case, it is noteworthy that SilML, which ally low
roughness and low SFE, present the best performance as no cell was retrieved, regardless of the
strain.
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The main objective of this first Chapter was to assess the impact of surface properties modifications
of stainless steel on industrial-like model dairy foulant under isothermal conditions, through the
study of model surfaces.
The detailed characterization of those surfaces before and after fouling, allowed to link the surface
properties of the steel substrates to their fouling performance. The significant differences in terms
of fouling performances observed between the studied samples demonstrates the preponderance
of surface properties in fouling governance and highlights the complex interactions of surface
energy and morphology in this context.
Several qualitative observations can thus be made: (i) reduction of surface energy decreases whey
protein fouling, (ii) reduction of roughness decreases whey protein fouling, (iii) morphology and
SFE are interacting and competing to control the fouling behavior of individual surfaces and (iv)
surface morphology features

particularly the relative sizes of fouling agents and surface relief

are crucial for fouling control. Mirror-like fluorosilanized samples (Ra = 4.1 nm and SFE 18.8 =
mN/m) exhibited the best performance, with a reduction of 83wt.-% of final fouling weight
compared to the reference, while biomimetic textured surface and native stainless steel exhibited
poor fouling behaviors because their morphologies (20 to 30 µm wide craters and ~200 nm wide
grain boundaries respectively) allowed the penetration of unfolded proteins, favoring interlocking
and strong fouling build-up.
It was also demonstrated that (i)

surfaces seems not to be suitable for

fouling reduction in thermal processes, because of the instability of their particular wetting regime
and that (ii) aside from surface free energy considerations, particular care should be given to
surface roughness and morphology tailoring. The relative performances of NAT and ML surfaces
indeed points out that antifouling performances could be significantly improved by a simple
polishing step. Bacterial adhesion tests lead to similar conclusions, i.e. low roughness and low
surface energy are favorable to low cell retention.
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However, dairy fouling could also be addressed by following other innovating surface engineering
routes. Over the past few years, increasing attention was indeed given to biomimetism, i.e. the
mimicry of natural surfaces, materials and processes in order to solve modern problems.
Biomimetic surfaces are at most represented by the overly famous lotus leaf, which was mimicked
by SilTEX surfaces in Chapter 2. However, numerous other opportunities exist for biomimetic
surface engineering targeting dairy fouling management, and some of them will be explored in
Chapter 3.
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Literature investigations in Chapter 1 led to the conclusion that the modification of stainless steel
could be a suitable route toward dairy fouling mitigation, and this was confirmed in Chapter 2.
Consequently, Chapter 3 will explore the design and assessment of innovative surface modification
methods targeting fouling control. The most classical approach for dairy fouling management
consists in minimizing surface energy (especially polar components) and surface. However,
numerous other pathways could be followed to achieve fouling mitigation.
In particular, the remarkable surface properties of several living organisms recently drew the
attention of the scientific community toward biomimetic approaches for the design of new
functional surfaces, intended to solve issues such as fouling. The most well-known example of
biomimetic surface engineering is the superhydrophobic lotus-like surface which presents selfcleaning abilities in certain conditions, due to its particular wetting regime112. Numerous papers
indeed report different methods to design synthetic superhydrophobic surfaces through cutting
edge technologies, such as lithography228, vacuum plasma treatments229, layer-by-layer
deposition230, sol-gel processes231,232 or electro-spinning/-spraying233. Aside from the overly
famous lotus-like surface, the tunable wettability of gecko toes234 as well as the segregated
hydrophilicity/hydrophobicity of Salvinia leaves235 are also worth mentioning, as they have also
been studied and mimicked to design functional surfaces. Overall, biomimicry offers multiple
possibilities that could be integrated in research strategies aiming at fouling management. Thus,
Chapter 3 will present three different biomimetic surfaces designed for fouling mitigation namely
slippery liquid-infused surfaces236, nano-rough plasma coatings237 and amphiphile environmentresponsive coatings1* by combining three articles, either published or currently under revision.

1*

Antifouling Amphiphi
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1.
As mentioned earlier, bio-inspired surface engineering targeting self-cleaning or anti-adhesive
properties, such as Lotus-like surfaces, have been given a great deal of attention recently112,
219,238,239

and applications in biofouling management have been investigated215,240. Nevertheless,

the key to the self-cleaning properties of these biomimetic surfaces lies with their particular dualscale roughness which induces a particular wetting state. Unfortunately, as seen in Chapter 2, the
drastic conditions of dairy processing (turbulent flows, high temperatures, vibrations) are very
likely to cause irreversible wetting state transitions114,241,242, and the loss of self-cleaning
properties. However, even if textured lotus-like surface exhibited poor fouling performances as
such, they could be used as basis for the design of SLIPS-like surfaces thanks to their particular
morphology.
SLIPS (Slippery Liquid Infused Porous Surfaces)243,244 are complex biomimetic surfaces inspired by
Nepenthes pitcher243,244, which are carnivorous plants using different strategies to attract and
capture insects. Notably, the peristome of the plant (Figure 3.1A) presents an anisotropic
nanostructured morphology which is fully wettable by the nectar secreted by the plant245. As a
consequence, the peristome surface is covered with a slippery liquid film, causing insects to fall
and slip into the digestive part of the plant. Mimicking this type of surfaces has been identified as
a possible way to solve fouling issues, as they theoretically present a robust, perfectly smooth and
inert liquid interface, leading to non-adhesive and potentially self-healing properties246. A
significant amount of literature has thus been produced on this topic, providing numerous proofs
of concepts for synthetic SLIPS246, as well as possible antifouling applications against microorganisms in the marine sector247,248 or against bacteria and blood in the biomedical field244,249

252.

These studies reported a wide variety of interesting engineered surfaces which were tested for
bio-adhesion in vitro or in vivo252, although they mostly focused on static or mild flow lab-scale
testing.
This section reports the design and fouling testing of SLIPS-like surfaces based on laser textured
stainless steel, which were realized in collaboration with the University of British Columbia
(Canada) and the

de Nanotechnologie (IEMN UMR
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8520, France), and published in 2017 in ACS Applied Materials and Interfaces (Zouaghi et al.,
2017253).

Figure 3.1. Nepenthes pitcher and peristome morphology. (A G) Nepenthes bicalcarata. (A)
Pitcher. (B) Butterfly (probably Tanaecia pelea pelea) harvesting nectar from the peristome
surface. (C) Underside of inner margin of peristome with tooth-like projections and nectar pores
(arrow). (D and E) Peristome surface with first- and second-order radial ridges. Arrows indicate
direction toward the inside of the pitcher (F) Transverse section of peristome. Note the transition
from the digestive zone to the smooth surface under the peristome (arrow). (G) Inner pitcher wall
with digestive gland at the height of the inner peristome margin (H and I) N. alata. (H) Transverse
section of peristome. (I) Waxy inner pitcher wall at the height of the inner peristome margin. (From
Bohn and Federle (2004)245, ©2004 National Academy of Sciences.)

Native stainless steel coupons (NAT) were used as reference during each fouling test. They were
cleaned before use, following the protocol exposed in Chapter 2 (p. 61).
These substrates were then textured using femtosecond laser ablation as detailed in Chapter 2, (p.
61), in order to generate anisotropic cauliflower-like hierarchical micro- and nano-structures at
their surface.
The textured surfaces were then treated by a UV/ozone plasma cleaner (UV-O Cleaner, Jetlight
Company Inc., 4 mW.cm-2 at 220 nm) for 20 min to remove any organic contaminant from the
surface and to generate hydroxyl groups on it. They were then chemically modified by immersion
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in a 10-3 M solution of trichloro(1H,1H,2H,2H-perfluorodecyl)silane (Sigma Aldrich) in n-hexane for
4 hours at room temperature in a nitrogen purged glovebox. The resulting samples (SF-TEX) were
rinsed once under hexane flow, twice in dichloromethane under stirring and once under ethanol
flow. Finally, they were dried under nitrogen flow.
The aim of the texturing and chemical modification steps was to design nanostructured surfaces
with enhanced interfacial area and high affinity for impregnation with a hydrophobic lubricant. In
the present case, Krytox GPL 103 perfluorinated oil (DuPont, Belgium) was chosen as lubricant
because of its chemical inertness, its good durability and its very low surface tension (around 20
mN/m). These features indeed make this oil very likely to (i) resist alkali cleaning procedures and
to (ii) present interesting antiadhesive properties. The lubricant was poured dropwise on tilted SFTEX surfaces until they were covered with it. Samples were left for 15 to 25 min in a tilted position
manuscript, as they are not exactly porous, but textured, like the peristome of Nepenthes plants.

Prior to fouling trials, all surfaces were fully characterized. Figure 3.2 illustrates the very different
wettability of NAT, TEX, SF-TEX and SLIPS-like surfaces while Table 3.1 gathers the water contact
angle (WCA), surface
features of the different surfaces.
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Figure 3.2. Water droplets on native stainless steel, NAT (A), laser-textures stainless steel, TEX (B),
fluorosilanized textured stainless steel, SF-TEX (C) and SLIPS-like surface (D). © 2017 ACS.
Native stainless steel presented a water contact angle of 84.2 ± 2.6°, and the determination of
surface energy with the Van Oss approach revealed a global polar contribution of 2.4 ± 1.7 mN/m,
-)

was quite high (3.5 ± 2.5 mN/m). Significant fouling

on native samples can thus be expected, as it has been shown that high electron donor component
of the SFE generally induces an increase of protein deposition127. Dynamic goniometry
measurements performed with 5 µL droplets revealed that, even at a 90° tilt (which is the maximal
tilt that can be obtained with our device), the water droplet neither slides nor rolls from its original
position, although it looked quite deformed, as indicated by the CAH of 6.9 ± 1.9°. This strong water
adhesion to the substrate can result from chemical interactions with the substrate but can also be
linked to surface roughness. Indeed, the presence of indents and furrows on a surface can increase
so-called Rose Petal effect , where surface morphology induces so high an adherence that the
droplet stays in place even on an upside down substrate254. Concerning native stainless steel,
profilometer analysis revealed an arithmetic mean roughness of 68 ± 12 nm and SEM images
(Chapter 2, Figure 2.6) revealed an uneven relief, with numerous grain boundaries. Those
micrometer-scale surface defects allow water to penetrate and can increase water adhesion.
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Table 3.1. Surface characteristics of native and modified stainless steel.
WCA (°)

Totale

LW

AB

+

-

(mN/m)

(mN/m)

(mN/m)

(mN/m)

(mN/m)

40.5 ± 1.7

38.1 ± 0.3

2.4 ± 1.7

0.4 ± 0.3

3.5 ± 2.5

Roll/Slide
Off angle
(°)

Ra (nm)

CAH (°)

68 ± 12

-

-

NAT

84.2 ± 2.6

TEX

0

ND*

1243 ± 18

6.9 ± 1.9
-

SF-TEX

132.9 ± 1.6

ND*

1364 ± 15

2.6 ± 0.8

5°

SLIPS-like

111.6 ± 1.3

ND***

0.6 ± 0.2

2°

17.4 ± 3.2

18.9 ± 2.2

0.3 ± 0.1

5.10-3**

3.7 ± 1.0

*Surface energies are calculated from contact angle measurements with different probe liquids. In the case of TEX and

SilTEX samples, the observed contact angle much more results from surface morphology than from surface energy. SFE
calculations realized with those apparent contact angles will thus be misleading.
** Standard deviation value too small to be considered.
***Profilometer does not allow measuring roughness on a liquid surface. Nevertheless, a null value is very probable.

The laser texturing of TEX samples was first checked through visual observation. The laser
irradiated part of the stainless steel was black-colored, which was meaningful because micro-/nanoscale organized structures have been reported to act as light traps255,256. SEM micrographs of
TEX samples (Figure 3.3) further confirmed the success of laser texturing and the dual-scale
texturing (0° for TEX versus 84.2 ± 2.6° for NAT). As stated in Chapter 2, this superhydrophilicity is
undoubtedly linked to the high surface oxidation caused by laser irradiation211, combined to the
complex morphology. Figure 3.2B illustrates this phenomenon, the deposited droplet wets so well
the TEX surface that it is not visible on the picture anymore.

Figure 3.3. SEM micrograph of laser ablated stainless steel (TEX).
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SF-TEX sample were then characterized. Fluorosilanization was performed in order to increase the
hydrophobicity of TEX samples and in this way to optimize their wetting by the hydrophobic
lubricant. Indeed, chemical modification of textured surfaces by a low surface tension molecule
(such as fluorosilanes) is generally recognized to be mandatory for SLIPS design 244,

249,252.

As

previously, WCA measurements prove that fluorosilanization reached its purpose, as SF-TEX
samples present a tremendous water contact angle increase compared to TEX samples (132.9 ±
1.6° versus 0°). Dynamic goniometry analysis (tilting method) was carried out on SF-TEX samples,
revealing a low contact angle hysteresis of 2.6 ± 0.8° (Table 3.1). Together with the high WCA, this
low CAH indicates that SF-TEX textured samples are in the suspended Cassieregime112, 114,241, similarly to SilTEX surfaces in Chapter 2.
Analysis of SLIPS-like surfaces showed the great impact of oil impregnation on surface properties.
Firstly, a noticeable WCA change was observed, from 132.9 ± 1.6° for SF-TEX down to 111.6 ± 1.3°
for SLIP-like surfaces. This change can be explained by the radical interface modifications induced
by oil infusion. Indeed, instead of the air-solid composite surface presented by SF-TEX, SLIPS-like
surface presents a very smooth liquid interface. Figure 3.2D indeed shows an oil lip pulling up
against the edges of the water drop. This pull-up phenomenon has been described in the literature
as characteristic of the presence of a thin liquid interfacial film, and of cloaking phenomena, i.e.
encapsulation of the water droplet in a thin oil film. Smith et al. (2013)257 highlighted this
phenomenon by dying the lubricant with a fluorescent compound, as shown in Figure 3.4.

Figure 3.4. The cloaking phenomenon, adapted from Smith et al. (2013)257, © The Royal Society of
Chemistry, 2013.
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Dynamic goniometry showed evidence of an extremely low CAH value (0.6 ± 0.2°), validating the
very slippery character of these surfaces. It also brought some information about the infusion state
of the surface. Indeed, liquid infused surfaces can be found in different configurations, mainly
depending on the mutual affinity of the solid substrate and oil. Smith et al. (2013)257 thus described
several possible states. On the one hand, the encapsulated state corresponds to the complete
coverage of the solid substrate by an oil film. On the other hand, in the impregnated-emerged
state, the oil fills in the cavities, but tips of solid are still apparent (Figure 3.5). A very low CAH is
more likely to be observed when the surface is encapsulated. Given their goniometry results, it can
then be considered that the SLIPS-like surfaces are in the encapsulated state. The SFE value of
SLIPS-like surfaces (17.4 ± 3.2 mN/m) also points toward total oil coverage, as it is close to the
n (around 20 mN/m according to the manufacturer).

Figure 3.5. Possible Oil-Solid-Water configurations for liquid-infused surfaces. © 2017 ACS.
SLIPS-like surfaces were then tested to fouling in isothermal conditions, without or with further
rinsing (SLIPS-r). The results of those tests are presented and discussed in the following section.

Figure 3.6 gathers fouling results for reference and SLIPS-like samples tested in the pilot
pasteurizer. SLIPS-like surfaces presented good antifouling performances, with a deposit weight
reduction of 63 ± 4 wt.-% compared to NAT, even though the electron donor components of NAT
and SLIPS-like samples were quite similar (3.5 ± 2.5 mN/m and 3.7 ± 1.0 mN/m, respectively). Given
the established importance of this component in fouling regulation10, the better performance of
SLIPS-like surface points out the importance of the interfacial physico-chemistry .
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Fouling % compared to native stainless
steel
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Figure 3.6. Fouling performances (wt.-%) of the different surfaces compared to native stainless
steel.
Visual observation of dairy deposits on NAT and SLIPS-like surfaces before rinsing (Figure 3.7)
indeed revealed very their different appearances. While the dairy deposit on native SS is dense and
rather flat, the deposit on SLIPS-like surfaces presents numerous bubble-like structures, most likely
resulting from a lack of adhesion of the deposit to the substrate. Furthermore, the rinsed SLIPSlike surfaces revealed their outstanding fouling-release properties, as no trace of dairy deposit was
found on them. This result points out the true potential of liquid-infused surfaces as antifouling in
food and beverage industries. Indeed, a simple 20 minutes hot water rinse was enough to eliminate
all deposit traces from the lubricated surfaces. In comparison, the rinsing step only allowed
removing 18 wt. % of the deposit on NAT samples. Consequently, a full CIP procedure (alkali
cleaning, intermediate rinse, acid cleaning and a final rinse) would still be necessary to clean native
stainless steel10. Liquid-infused surfaces could thus lead to significant savings in term of production
time, cleaning costs and environmental footprint.

93

© 2018 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Sawsen Zouaghi, Université de Lille, 2018

Chapter 3 Biomimetic Antifouling Surfaces

Figure 3.7. Dairy deposits on SLIPS-like sample (top) and native stainless steel (bottom) after 1.5h
of fouling in isothermal conditions. © 2017 ACS.
In the light of those promising results and in order to assess their durability, the same surfaces
were submitted to a second test and rinsing cycle, with (SLIPS-2-or) and without (SLIPS-2r) oil reimpregnation in between. Figure 3.8 gathers the results of this study.

Fouling (wt.-%) compared to native
stainless steel
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100%

100
74%

80
60
37%

40
20

0%
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NAT

SLIPS

SLIPS-r

0%

SLIPS-2r
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Figure 3.8. Assessment of SLIPS-like samples sustainability. © 2017 ACS.
Re- impregnated SLIPS-like samples (SLIPS-2or) showed the same performance than during their
first use: no trace of fouling was found after the rinsing step. On the contrary, SLIPS-2r exhibited a
fouling reduction of only 26 ± 12 % compared to the native reference, which is less than the original
performance of non-rinsed SLIPS-like surfaces.
To explain this, it is necessary to consider closely the surface/MF (Model Fluid) interface. Indeed,
as said earlier, liquid infused surfaces can be in different impregnation states257, which can change
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and evolve along the life of the substrate. In the present case of study, and given the dynamic
goniometry data (extremely low CAH and slide-off angle, Table 3.1), unused SILPS-like surfaces are
in the encapsulated configuration: they present to the FMF a flat oil interface, inducing scarce and
weak deposit adhesion. However, under industrial pasteurization conditions, the high tangential
FMF and rinsing water flows are very likely to have caused oil shedding. As a result, the surface
configuration evolves from encapsulated to impregnated-emerged (Figure 3.5). Without oil
addition to compensate this shedding phenomenon, the surface, during its second use, will present
to FMF a composite interface, made partly of oil and partly of emerged cauliflower-like stainless
steel. Deposits are then more able to adhere and build-up on the surface than when confronted
only to a smooth oily interface. Goniometry confirmed this assumption, and Figure 3.9 clearly
shows the difference between the unused SLIPS-like surface showing oil pull-up, and the used one,
looking similar to SF-TEX surface (Figure 3.2C). Oil shedding was most likely possible because of the
open morphology of SF-TEX surfaces. Consequently, this morphology should be optimized in order
to favor oil retention on the substrate. For example, Lee et al. (2015)258 proved that oil retention
on electrochemically etched porous SS could be enhanced by tuning the etching parameters.

Figure 3.9. Comparative goniometry images of SLIPS-like surfaces, before (A) and after (B) one
fouling and rinsing cycle. © 2017 ACS.
However, in the present case, the matter of oil migration into the processed dairy product must
be taken into consideration. Indeed, high dosages of fluorine-containing components, like
fluorinated aliphatic ethers and esters or fluoride were shown to interact with cellular functions
and may put the consumers health at risk259,260. However, even though no study has been carried
on possible human toxicity of Krytox 103 GPL, this oil has already been considered for biological
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contacting surfaces design244,252. Moreover, Epstein et al. (2012)243 demonstrated that this oil did
neither affect bacterial growth nor show any cytotoxicity toward P. aeruginosa.
To summarize, SLIPS-like surfaces, designed directly on stainless steel, were proven to possess
very interesting fouling-release abilities, due to the presence of low surface energy oil at the
substrate/foulant fluid interface. A 20 min rinsing step with only water was sufficient to eliminate
all traces of fouling from the SLIPS-like surface, which could represent substantial advantages
regarding the economic and environmental cost of cleaning in dairy thermal processing.
Although re-use trials revealed the limited lifetime of these SLIPS-like surfaces without oil reimpregnation, those results are encouraging. Further research should focus on optimization of
surface morphology to achieve better oil retention and counter lubricant shedding. Furthermore,
the adequacy between the lubricant and the target application of impregnated surfaces should
be treated with caution. The search for natural or formulated food-compatible lubricants should
also be considered for further research.
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2.
While the previous section highlighted the advantage of a bio-inspired smooth liquid hydrophobic
interface, the present section aims at investigating the behavior of nanostructured hydrophobic
biomimetic surfaces. Indeed, Chapter 2 showed that dual-scale lotus-like surfaces exhibited poor
fouling results because of their micrometric roughness which induced interlocking between the
deposit and the substrate. However, the question of the efficacy of nanometric roughness against
fouling remains relevant at this point. Scardino et al. (2009)261 indeed showed that biomimetic
surfaces presenting nanoscale roughness alone deterred the settlement of a broader spectrum of
micro-organisms than dual-scale surfaces.
Thus, it seems interesting to generate nanometric structures on stainless steel and to test them
against industrial-like dairy fouling. A review by Yan et al. (2011)112 stated that plasma processes
were frequently used for surface nano-patterning and reported different high-cost techniques, like
reactive ion etching262,263 or plasma enhanced chemical vapor deposition (PECVD)264,265.
Superhydrophobic textured coatings obtained through atmospheric plasma polymerization of
silane-containing vapor was also reported as a possible in-line technique266. The use of
atmospheric plasma indeed allows for continuous treatment, which cannot be considered with
vacuum plasma techniques.
Thus, this section is dedicated to the use of atmospheric pressure plasma spraying (APPS) to design
biomimetic nano-rough coatings. Indeed, APPS stands as a very versatile and easily up-scalable
process. It has been used to functionalize a vast range of substrates (glass, metal, polymers) for
different applications, like enhancement of tribological properties267

269,

thermal270 or corrosion

protection271,272 or adhesion promotion 273 to cite a few. In the following section, siloxane-based
APPS coatings on stainless steel, the impact of manufacturing parameters on their surface
properties and their behavior towards dairy fouling and bacterial adhesion will be studied. These
results were published in Applied Surface Science in 2018237 (Annex IV).
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Plasma coatings were manufactured using a UL-Scan atmospheric pressure plasma spraying device
(AcXys Technologies, France) associated with a nebulizing system which allows to spray liquid
HMDSO (hexamethyldisiloxane purchased from Fluka) directly into the afterglow of the plasma.
The latter results from an electric discharge in pure nitrogen. The plasma nozzle and the precursor
nebulizer (Mira-Mist, AnalysenTechnik, Germany) were mounted on a 3-axis automaton (TableTop
TT, IAI, Germany) allowing to scan them over the substrate. This set-up (Figure 3.10) allows for
several manufacturing parameters to vary and different deposition conditions were thus tested.
The varied parameters were: the precursor flow rate Q (g/h), the nozzle-to-substrate distance D
(mm) and the scanning speed v (mm/s). All experiments were carried out at room temperature
(20°C). Nitrogen was used both as plasmagenic gas and precursor carrier gas, and those flow rates
were kept constant in all experiments, at 60 standard liter per minute (slm) and 1.9 slm,
respectively.

Figure 3.10. Schematic diagram of the UL-Scan device. © 2018 Elsevier.

98

© 2018 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Sawsen Zouaghi, Université de Lille, 2018

Chapter 3 Biomimetic Antifouling Surfaces
Substrates were native stainless steel coupons. Prior to modification, they were cleaned according
to the protocol detailed in Chapter 2 (p. 61). To enhance the adhesion of the coatings to the
substrates, an activation pretreatment, i.e. four passes of the plasma jet without precursor
spraying (N2 flow rate= 60 slm, D= 20 mm, v= 100 mm/s), was applied to all SS surfaces prior
coating. The efficiency of such pre-treatments has previously been demonstrated by Regula et al.
(2009)271 and Szabova et al. (2009)274.
The temperature of samples after exposure to plasma (T) was measured with K-type
thermocouple. After activation, T reached 246°C. The samples were then left 15 min to cool down
to room temperature (20°C) before coating. The activated surfaces, i.e. exposed to plasma with
no precursor spraying, were then coated.
Table 3.2 summarizes all the tested conditions for coating deposition. PL 1 can be considered as
Q = 35 g/h; D = 20 mm and v = 100 mm/s. For PL 2 to 4, HMDSO flow
rate was modified. PL 5 and 6 present nozzle-to-substrate distance variations and finally, PL 7 and
8 present scanning speed variations.
Table 3.2. Deposition conditions for APPS coatings.
Sample ID
PL 1
PL 2
PL 3
PL 4
PL 5
PL 6
PL 7
PL 8

Precursor flow rate
Q (g/h)
35
40
30
25
35
35
35
35

Nozzle-to-sub. distance
D (mm)
20
20
20
20
10
30
20
20

Scanning speed
v (mm/s)
100
100
100
100
100
100
50
150

Sample Temperature
T (°C)
113
113
133
113
132
107
124
105

WCA, surface energy, roughness and adhesion features of the plasma coatings are gathered in
Table 3.3. Considering the nature of the coatings, the OWRK method (Owens, Wendt, Rabel and
Kaeble275) was chosen to calculate the surface free energies of PL1 to 8.
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Table 3.3. Surface properties of the HMDSO plasma coatings.
Sample ID
Bare SS
Activated SS
PL 1
PL 2
PL 3
PL 4
PL 5
PL 6
PL 7
PL 8

Water contact
angle
(°)
84.2 ± 2.6
23.5 ± 0.9
95.7 ± 3.3
79.3 ± 4.0
101.2 ± 0.6
101.5 ± 1.0
97.1 ± 0.8
94.3 ± 2.2
95.0 ± 1.3
95.4 ± 1.4

Total

Surface free energy
(mN/m)

41.9 ± 4.3
64.7 ± 15.0
37.7 ± 1.8
38.4 ± 1.9
44.0 ± 3.7
46.5 ± 3.0
43.3 ± 4.0
41.5 ± 4.7
48.5 ± 7.0
42.3 ± 4.6

D

38.2 ± 0.9
35.7 ± 6.3
33.8 ± 1.1
35.7 ± 1.0
28.2 ± 1.6
32.0 ± 1.1
36.2 ± 1.1
34.3 ± 2.3
36.1 ± 1.2
32.0 ± 1.3

P

3.7 ± 2.5
29.0 ± 9.1
3.92 ± 0.7
2.6 ± 0.9
15.8 ± 2.0
14.5 ± 1.8
7.1 ± 2.9
7.1 ± 2.5
12.7 ± 5.8
10.2 ± 3.3

Arithmetic mean
roughness
Ra (nm)
68 ± 12
70 ± 9
45± 3
51 ± 1
43 ± 4
41 ± 3
64 ± 5
49 ± 3
40 ± 13
51 ± 4

Adhesion
Grade
/
/
5B
5B
5B
5B
5B
5B
5B
5B

2.2.1. Effect of the activation step
As expected, the plasma activation of SS significantly decreases the WCA of the substrates from
84.2 ± 2.6° to 23.5 ± 0.9° and consequently increases the SFE value from 41.9 ± 4.3 mN/m to 64.7
± 15.0 mN/m. It is noticeable that, while the dispersive SFE components of bare and activated SS
do not significantly differ from each other (38.2 ± 0.9 mN/m and 35.7 ± 6.3 mN/m, respectively),
activation clearly has an effect on the polar component that shifted from 3.7 ± 2.5 mN/m to 29.0
± 9.1 mN/m. Plasma activation is indeed known to change surface chemistry and to generate
reactive groups, like hydroxyls, on the treated substrates271. Roughness, on the other hand, was
not impacted by activation, as APPS does not deliver enough energy to melt and reshape stainless
steel.

2.2.2. HMDSO coatings
Cross-hatch adhesion tests (Table 3.3) revealed that all plasma coatings classify as 5B grade. Thus,
activation induced very good adhesion of the coatings to the SS substrate. Similar effect of plasma
activation was reported by Regula et al. (2009)271, who showed better adhesion for HMDSO
coatings on silver thanks to the reductive species generated by activation.
Overall, the HMDSO coatings exhibit mild to medium hydrophobicity with WCA comprised
between 79.3 ± 4.0° and 101.5 ± 1.0°. In all cases except PL 2 (which was obtained with the highest
HMDSO flow rate), the coating step increased surface hydrophobicity.
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Arithmetic mean roughness was decreased in presence of the coating, regardless of the deposition
conditions. This was not surprising as the coating is expected to partly fill in some of the grain
boundaries and structural defects of the SS surface.
Total)

It is interesting to notice that while total SFE

of bare and coated SS, regardless of the
P) does evolve.

coating condit
P

values than bare SS. In comparison, Rosmaninho et al.

(2007)127 reported very rough (Ra = 206 ± 48 nm) and rather hydrophilic SiOx coatings obtained on
SS with HMDSO through PECVD (plasma enhanced chemical vapor deposition, i.e. low pressure
plasma), for which WCA value was of 15 ± 3°,

Total

P

was of 52.9 ±

1.7 mN/m. Beuf et al. (2003)115 also studied PECVD SiOx coatings from HMDSO on stainless steel.
Their coatings were less rough than those of Rosmaninho et al. (2007)127 and their SFE approached
that of SS, as it is the case here. The differences observed between those PECVD coatings and the
ones obtained here by APPS, although they originate from plasma deposition of the same chemical
precursor, highlight the importance of manufacturing conditions on the final properties of a
surface.
each other allowed studying
the consequences of deposition parameters modification on the surface properties (Figure 3.11).
Those comparisons pointed out that, while the variation of HMDSO flow rate impacts the co
properties, changes in nozzle-to-substrate distance and scan speed in the studied range do not:
indeed, in those cases, variations of WCA, SFE and Ra do not exceed the incertitude margins (Figure
3.11B and C).
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Figure 3.11. Surface characteristics of HMDSO coatings according to HMDSO flow rate (A), nozzleto-substrate distance (B) and scanning speed (C). © 2018 Elsevier.
Nevertheless, nozzle-to-substrate distance obviously impacts the residence time (tr) of the
precursor in the plasma plume. This residence time can be assimilated to its travel time between
the nozzle and the substrate, as HMDSO is nebulized right at the nozzle outlet. t r value therefore
correlates with the plasmagenic gas flow rate as established by Lommatzch and Ihde (2009)276
which was kept constant at 60 l/min (10-3 m3/s) for all experiments. The speed of the gas can be
approximated as the ratio between its flow rate and the nozzle section (1.3.10 -5 m²) to the value
of 79.5 m/s. Consequently, for samples PL 1 to 4 and 7 to 8, where D was kept constant at 20 mm,
HMDSO took 2.5.10-4 s to reach the substrate surface, which is the tr. For PL 5 (D = 10 mm) and PL
6 (D=30 mm), tr was 1.5.10-4 s and 3.9.10-4 s, respectively. Considering that there is no significant
difference between PL 1, 5 and 6 in terms of WCA, SFE or roughness (Figure 3.11A), it could then
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be concluded that in the present conditions, the precursor reaches its final degradation state
within 1.5.10-4 s after penetration in the plasma plume.
roughness. Nevertheless, the corresponding SFE values do not differ significantly from one another
(Figure 3.11C). This can seem surprising, as SFE and WCA are generally considered to vary together
(WCA increases as SFE decreases). However, as roughness also fluctuates, the WCA decrease is
susceptible to be the consequence of morphological differences between the samples rather than
chemical ones. It is indeed known that surface roughness impacts the apparent water contact
angle of a surface

Figure 3.12. SEM surface micrographs of different HMDSO coatings compared to native stainless
steel. © 2018 Elsevier.
In the present case, SEM micrographs of coatings (Figure 3.12) generated with three different
HMDSO flow rates (25, 35 and 40 g/h respectively) reveal an evolution of the surface morphology
vs flow rate increase. At 25 g/h, the surface of the coating looks smooth, but when Q HMDSO rises to
35 g/h, scattered lumps appear. The coating generated with the highest flow rate (40 g/h) has a
very grainy, lumpy look which corroborates the existing literature stating that higher precursor
flow rate induces the formation of powder in the plasma plume and the integration of particles in
the coatings276.
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Moreover, FTIR spectra of coated stainless steel with 25 g/h and 40 g/h of HMDSO (Figure 3.13)
prove, as expected,
which is in accordance with the findings of Lommatzsch and Ihde (2009)276. Consequently, it can
be suggested that the WCA changes mainly come from morphological variations.

Figure 3.13. FTIR spectra of HMDOS APPS coatings with two different precursor flows, 25 g/h (A)
and 40 g/h (B). © 2018 Elsevier.

All samples were submitted to two consecutive fouling and rinsing cycles, to study their antifouling
performances and to perform a quantitative evaluation of their durability. Native stainless steel
was taken as reference in all experiments. Samples were weighted before and after each fouling
test and their fouling percentages (F%) were calculated according to Equation 2.1.
After their first use, all HMDSO coatings presented very good antifouling behaviors regardless of
the deposition conditions (Figure 3.14), with F% comprised between -90 wt. % and -99 wt. %. The
hydrophobic plasma coatings were thus able to significantly reduce dairy fouling in a simulated
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pasteurizer holder. In the contrary, Beuf et al. (2003)115 and Rosmaninho et al. (2007)127 reported,
on the other hand, that PECVD SiOx coatings had mediocre to disadvantageous effect on dairy
fouling, since the reported coatings in those two studies were rather hydrophilic and rough, which
are two fouling-promoting factors206.
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Figure 3.14. Fouling performances of HMDSO APPS coatings.
Table 3.3 shows that the total SFE values (

) of the plasma coatings do not significantly differ

from that of bare SS. Additionally, the polar components

P of

plasma coatings are generally higher

than the one of stainless steel, which is usually considered as a fouling promoting
factor127.Consequently, the fouling-release properties of plasma coatings are thus very likely to
come with the generally acknowledged chemical inertness of siloxanes allied to surface
morphology features.
However, after a second fouling and rinsing cycle, coatings exhibit very variable F%. Particularly, PL
1, 2, 5 and 8 present a fouling increase compared to bare SS whereas PL 3, 4 and 7 exhibit clear
losses of fouling-release properties. On the other hand, PL 6 (35 g/h; 30 mm; 100 mm/s) remained
close to its original fouling performance.
One possible explanation is that, depending on surface morphology, some deposit from the first
use more or less persisted on the coatings and acted as a promoting basis for further deposition
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during the second testing run. Indeed, WCA measures carried out on coatings after their first use
showed a clear shift for all coatings towards hydrophilicity, except for PL6, whose post-fouling WCA
stayed close to its initial value (Table 3.4). Dairy fouling deposits are composed of hydrophilic
protein and minerals, and the observed decrease of WCA is consistent with residual deposits on
the substrates. By comparison, control measurements carried out on coatings that were immersed
in 85°C water for 1.5 h showed WCA very close to the initial values.
Table 3.4. Water contact angle of the coatings in pristine state, after the first fouling test and after
a 1.5 h immersion in hot water.
Sample ID

Pristine WCA (°)

WCA after 1st fouling test

WCA after a 1.5 h immersion in hot water

PL 1
PL 2
PL 3
PL 4
PL 5
PL 6
PL 7
PL 8

95.7 ± 3.3
79.3 ± 4.0
101.2 ± 0.6
101.5 ± 1.0
97.1 ± 0.8
94.3 ± 2.2
95.0 ± 1.3
95.4 ± 1.4

68.4 ± 2.2
57.0 ± 2.7
61.8 ± 4.0
61.7 ± 4.0
63.0 ± 1.4
93.2 ± 1.1
78.9 ± 0.8
63.1 ± 2.7

95.2.5 ± 2.5
76.6 ± 1.7
101.1 ± 1.4
102.4 ± 0.9
97.7 ± 1.5
93.8 ± 2.4
96.1 ± 1.7
94.8 ± 3.8

From this point, the focus will be taken on PL6, in order to elucidate the reasons for its good
performances. Figure 3.15 presents cross-section EPMA X-Ray Mappings performed on PL 6
coating after two consecutive fouling runs compared to bare SS. The arborescent look of dairy
fouling on native stainless steel and the presence of calcium in forms of particles are consistent
with previous observations of isothermal fouling32,253.
The HMDSO coating is apparent and its thickness can be approximated to 150 nm. As a matter of
fact, coating thickness did not vary according to manufacturing conditions, probably because the
studied flow rate variation range is too small to have a significant impact. The difference between
dairy fouling on bare steel and on PL 6 coating is striking. The deposit forms a continuous 250-300
µm-thick film on the reference after one fouling test, whereas only 5 µm-thick isolates are found
on PL 6 after two pasteurization cycles.
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Figure 3.15. Cross-section EPMA X-ray Mappings of one-time fouled bare stainless steel (top row)
and two-time fouled PL 6 coating (bottom row). © 2018 Elsevier.
Chemical analysis of PL 6 coating was performed through XPS (Figure 3.16) and showed the
presence of oxygen, carbon and silicon, whereas iron, nickel, oxygen and carbon were found on
bare SS. Component analysis of the different elements on both surfaces allowed to investigate
closely their chemical composition.

Figure 3.16. XPS surveys of bare stainless steel (A) and PL 6 coating (B). © 2018 Elsevier.
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On bare SS, the study of Fe 2p and Cr 2p spectra (Figure 3.17) following the decomposition
proposed by Biesinger et al. (2011)217 revealed the strong presence of iron and chromium oxides,
which are electron donor components, and like nickel, very prone to bind with unfolded whey
protein39. On PL 6, the Si 2p binding energy (102.8 eV) was found to match exclusively that of
siloxane 277 and the O 1s binding energy (532.6 eV) to match exclusively that of the oxygen atom
of a Si-O-Si group (Figure 3.18)278

-O-Si groups, which

are electron acceptors279. The antifouling properties of PL 6 coatings are thus consistent with the
findings of Boxler et al. (2013)68, who established the antifouling properties of Si-O doped DLC
coatings against dairy proteins.

Figure 3.17. XPS Spectra of Fe (A) and Cr (B) in bare stainless steel. © 2018 Elsevier.

Figure 3.18. XPS Spectra of O (A) and Si (B) in PL 6 coating. © 2018 Elsevier.
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Morphology of PL 6 was studied through SEM observations (Figure 3.19) and AFM analysis (Figure
3.20). Although the coating is too thin to fill completely the grain boundaries of the stainless steel
substrate (Figure 3.19), AFM revealed the radical change in surface morphology caused by APPS
coating. Indeed, while bare SS presents hundred-nanometer deep and wide defects, nano-peaks
are visible on PL 6. This nano-roughness is reminiscent of nanotextured and antiadhesive biological
surfaces (e.g. lotus leaves). In the case of PL 6, this particular morphology, allied to the chemical
features mentioned earlier, certainly lowered deposit adhesion and prevented interlocking of dairy
foulant particles whose diameters are of 50-60 nm. Previous work indeed pointed out the
importance of the relative size of surface relief versus foulants, suggesting that nano-roughness
could be beneficial regarding fouling management32,253.

Figure 3.19. SEM micrographs of pristine PL 6 coating. © 2018 Elsevier.
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Figure 3.20. AFM pictures of bare SS and PL 6 coating. © 2018 Elsevier.
Overall, the behavior of PL6 surfaces towards protein fouling has been analyzed and explained. It
would then be interesting to investigate the effect of the plasma coating on bacterial adhesion.
Micro-organisms management is indeed one of the main concerns when dealing with foodcontacting surfaces.

Bacterial adhesion tests were carried out as detailed in Chapter 2 (p. 60). The observation and
comparison of bare stainless steel and PL6 coating (Figure 3.21) revealed that plasma treatment
had a significant impact on bacterial adhesion. Indeed, for all strains, plasma coating reduced cell
counts. Fluorescence microscope observations moreover showed that a significant part of adhered
Figure 3.21). This impact of surface
topography on bacterial adhesion is consistent with existing literature280,281.
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Figure 3.21. Fluorescence microscopy picture of bare SS (left) and PL6 surface (right) after 1 h of
S. aureus adhesion. Scale bars are 200 µm-long.
To summarize, atmospheric pressure plasma spraying was successfully used to generate thin,
very adhesive, hydrophobic silane-based coatings on food-grade stainless steel. Variation of
precursor flow was shown to significantly impact surface roughness and morphology of the
coatings, as particles are formed in the plasma plume when precursor flow increases. Those
particles, included in the film, generate uneven morphologies.
HMDSO coated samples were shown to be efficient antifouling surfaces, however, as expected,
the ma
coating, which allowed reducing dairy fouling by more than 90 % for two consecutive fouling
runs, was closely characterized. Its nanostructured Si-O-Si rich surface was demonstrated to be
well fitted for fouling reduction. This plasma treatment also proved to have a significant effect
on bacterial adhesion to the substrate.
Further research should be dedicated to the optimization of the manufacturing parameters, e.g.
through experimental design, in order to produce coatings with tuned surface properties
targeting antifouling in isothermal or non-isothermal conditions. Surface roughness of the
treated stainless steel should also be investigated.
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3.
The two previous sections presented hydrophobic surfaces with fouling release properties, which
can be considered as suitable for fouling mitigation. However, as discussed in Chapter 1, effective
dairy fouling mitigation critically relies on the control and prevention of protein adhesion and
associated mineral deposition, which can also be achieved by using hydrophilic materials.
Poly(ethylene oxide) (PEO, also called poly(ethylene glycol), PEG), a highly hygroscopic polymer, is
indeed widely known for its exceptional antifouling behavior against proteins adsorption and
adhesion282. Its ability to tightly bind water molecules induces the formation of a highly hydrated
and configurationally mobile polymer layer that prevents protein fouling through steric
hindrance283

285.

Such coatings could thus be interesting candidates to achieve dairy fouling
-grafted

onto physically stable, model substrates (e.g. glass286,287 and gold288,289) which are maintained at
the surface whatever an air or aqueous environment (Figure 3.22B). However, direct surfacegrafting of PEO chains to stainless steel dairy processing equipment is not feasible, necessitating
the use of a PEO-containing coating. Silicones are known for their fouling release behavior290 and
PEO-modified silicone coatings may be formed via simple bulk modification, as proposed by Chen
et al. (2005, 2005a)159,291, by blending and subsequently curing an RTV (room temperature
vulcanizing) silicone with a conventional PEO-silane such as triethoxysilylpropyl PEO monomethyl
ether [(EtO)3Si(CH2)3-(OCH2CH2)n-OCH3] (Figure 3.22A). However, stemming from the low surface
energy and high chain flexibility of silicones292,293, reorganization of the PEO to the surface for
increased hydrophilicity is highly dependent on the environment (Figure 3.22B and C). These
particular PEO-modified silicones have been shown to exhibit not only hydrophobic recovery in
air159,291 but also poor water-driven migration of PEO to the aqueous interface where fouling
occurs294

296.

As a result, these

bulk PEO-modified silicones exhibit poor anti-fouling

behavior294,296.
Instead, biomimetic PEO-modified silicones prepared via bulk modification with PEO-silane
amphiphiles that include a short siloxane tether [ -(EtO)3Si(CH2)2-oligodimethylsiloxanem-block(OCH2CH2)n-OCH3] were reported (Figure 3.22A). The high level of molecular flexibility, induced by
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the presence of the siloxane tether, is not without remaining that of fluid-mosaic cell membrane
amphiphilic components297. The achievement of water-driven surface restructuration would then
allow for antifouling brush-like structures to form only when the surface is placed in aqueous
media, as cells are able to express certain molecules on their membranes and modify their
interfacial properties when needed297.

Figure 3.22. Resistance of PEO (A) to fouling requires enrichment at the aqueous interface where
fouling occurs. In contrast to surface-grafted model substrates (B), silicones bulk-modified with
PEO requires its substantial water-driven migration for effective antifouling behavior (C). Such
behavior has been observed for silicones bulk-modified with PEO-silane amphiphiles but not with
conventional PEO-silanes (i.e. no siloxane tether).
As a matter of fact, for a silica-reinforced RTV silicone modified with PEO-silane amphiphiles,
extensive and rapid PEO water-driven surface reorganization was confirmed via temporal contact
angle analysis

294 296,298

as well as atomic force microscopy (AFM)299. Their efficacy as surface-

hydrophobicity to the silicone matrix that enables migration of the tether and attached PEO
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segment. As a result, compared to unmodified silicone and those modified with conventional PEOsilanes, silicones modified with PEO-silane amphiphiles demonstrated excellent resistance to
plasma proteins295,296,298, bacteria296 and marine organisms148,299. Furthermore, it was
demonstrated that water-driven restructuring and protein antifouling behavior appeared
particularly effective for a PEO segment length of n = 8 and siloxane tether of m = 13 294

296.

The next section will study the surface characteristics of PEO-silane amphiphilic coatings allied to
different substrate pre-treatments. The fouling properties of the resulting surfaces in isothermal
and anisothermal conditions, as well as their behavior towards bacterial adhesion will then be
discussed. This work has been submitted to Biofouling and is currently under revision.

3.1.1. PEO-silane amphiphile synthesis
The PEO-silane amphiphile [ -(EtO)3Si(CH2)2-oligo-dimethylsiloxane13-block-(OCH2CH2)8-OCH3]
was synthesized at the Biomedical Engineering Department at the Texas A&M University, as
reported by Murthy et al. (2007)300. Briefly, vinyltrieth

-bis-

(SiH)oligodimethylsiloxane13 (ODMS13
allyl methyl Polyglykol AM 450 (PEO8). VTEOS, ODMS13

-

divinyltetramethyldisiloxane complex) were obtained from Gelest (USA). PEO8 was purchased from
3P)3)

was purchased from Sigma Aldrich.

3.1.2. Preparation of stainless steel coupons for isothermal fouling study
Substrates for the isothermal fouling study and bacterial adhesion study were 10 x 16 x 1 mm3 and
45 x 16 x 1 mm3 316L 2B stainless steel (SS) coupons (Sapim Inox, France). The substrates were
washed before modification following the protocol described in Chapter 2 (p. 61). To enhance the
adhesion of PEO-

-

were evaluated as follows.
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3.1.2.1.

Plasma activation

SS coupons were activated by atmospheric pressure plasma spot using a UL-Scan device (Acxys
Technologies, France), as described previously (p. 98).

3.1.2.2.

Polydopamine coating

Polydopamine has been studied for several years as a biomimetic adhesive, inspired from
mussels301,302. Studies indeed showed that these animals secreted a catechol and amine-rich
mucus to ensure their attachment to a broad spectrum of surfaces303,304. In that context, dopamine
(Figure 3.23
both catechol and amine functions. Therefore, a polydopamine layer was deposited onto stainless
steel substrates in order to enhance Si-PEO coating adhesion. Cleaned stainless steel coupons were
immersed in a 10 mM TRIS solution containing 2 mg/mL of dopamine (Sigma Aldrich), pH was
adjusted to 8.5. The reaction was carried out overnight at RT under stirring (240 rpm). Coupons
were then taken out of the solution, rinsed twice in deionized water and cured at 150 °C for 1 hr.
The thickness of such polydopamine coatings is usually in the range of 60-70 nm305,306.

Figure 3.23. Dopamine with its catechol group in red and its amine group in blue.

3.1.2.3.

NuSil SP-120 Primer

NuSil SP-120 (NuSil Technology, USA), a silicon-based primer, was applied on the SS substrates with
a foam brush and allowed to dry for 30 min before further modification.
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3.1.2.4.

Preparation of PEO-

-

PEO-modified silicone coatings and an unmodified silicone control coating were prepared as
MED-1137 with hexane (1:3 wt:wt) in a sealed glass jar and mixing with a vortexer until a
hom

-

solution was added the PEO-silane amphiphile (50 µmol of amphiphile per 1 g of MED-1137) and
lastly mixed under agitation on a shaker plate for 3 h. The casting solutions of a fixed volume (0.1
and 0.4 mL for smaller and larger SS coupons, respectively) were each distributed onto and allow
to flow across the different, leveled SS substrates and lastly left to dry in air for 1 week. Table 3.5
summarizes the designations and features of the resulting samples.
Table 3.5. Designation of stainless steel (SS) coupons of various pretreatments coated with PEOas wel
Designation

Characteristics

0-(Si-PEO)
PL-( Si-PEO)
PD-( Si-PEO)
NuSil-( Si-PEO)
NuSil-(Si-control)

Si-PEO coating on native stainless steel
Si-PEO coating on plasma activated stainless steel
Si-PEO coating on polydopamine coated stainless steel
Si-PEO coating on NuSil SP120 coated stainless steel
Unmodified silicone coating on NuSil SP 120 coated stainless steel

3.1.3. Preparation of coated stainless steel PHE plates for in situ fouling study
Stainless steel V7 heat-exchanger plates from Alfa-Laval (Sweden) (Figure 3.24) were used for the
in situ study (i.e. with fouling on a heated surface, as opposed to the previously described
isothermal test). They are 530 x 180 x 0.8 mm3 in dimension and corrugated to optimize flow
turbulence and heat transfer.
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Figure 3.24. A V7 PHE plate.
The plates were first cleaned according to the previously mentioned protocol and then coated with
NuSil SP-120. After 30 min, the PEO-

-

with a pressurized gravity-feed Devilbiss Advance GP443-13 spray gun equipped with a 1.3 mm
nozzle. The coating was left to cure for 1 week in air before fouling testing.

3.2.1. Surface properties of pre-treated SS coupons
Prior to the application of the PEO-modified silicone coating, SS coupons were subjected to various
pre-treatments to potentially improve coating adhesion. The water contact angles were measured
-treated
and coated SS coupons (Table 3.6).
Table 3.6. Surface characteristics of native, precoupons.
Surface
Native SS
PL activated SS
PD coated SS
NuSil coated SS
0-(Si-PEO)
PL-(Si-PEO)
PD-(Si-PEO)
NuSil-(Si-PEO)
NuSil-(Si-control)

WCA0 (°)*
84.2 ± 2.6
23.5 ± 0.9
57.7 ± 5.7
56.2 ± 5.7
WCA0 (°)*
WCAeq (°)**
111.2 ± 2.4
33.6 ± 2.3
106.0 ± 1.1
61.6 ± 3.14
114.8 ± 1.2
30.7 ± 2.9
104.9 ± 1.9
28.8 ± 2.5

118.0 ± 0.64

118.0 ± 0.64

T

D

P

(mN/m)
41.9 ± 4.3
64.7 ± 1.5
35.4 ± 5.6
58.0 ± 0.6
T
(mN/m)
51.8 ± 2.4
39.1 ± 1.3
50.0 ± 2.4
68.8 ± 1.9

(mN/m)
38.2 ± 0.9
35.7 ± 6.3
31.3 ± 3.7
50.3 ± 0.5
D
(mN/m)
35.1 ± 1.3
29.9 ± 6.6
35.9 ± 1.2
38.7 ± 8.6

(mN/m)
3.7 ± 2.5
29.0 ± 9.1
4.1 ± 1.9
7.7 ± 0.1
P
(mN/m)
16.7 ± 1.4
9.23 ± 0.6
14.1 ± 1.2
30.1 ± 1.1

14.5 ± 0.7

14.4 ± 0.6

0.1 ± 0.0

*Instant water contact angle, ** Water contact angle 150 s after deposition of droplet,
D
P
)

T

)=
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As previously reported, plasma activation substantially reduces the WCAo of native SS from 84.2 ±
T)

thereby significantly increases from 41.9 ± 4.3

mN/m to 64.7 ± 1.5 mN/m. This change is most likely due to the oxidation and formation of reactive
groups induced by plasma exposure at the SS surface307. While not as substantial as for plasma
activated SS, polydopamine (PD) deposition also produces a reduction in WCAo versus native SS,
from 84.2 ± 2.6 ° to 57.7 ± 5.7 °. This was expected, given that polydopamine coatings are known
to be rich in hydrophilic hydroxyl and amine groups308,309. However, despite its lower WCAo,

T

of PD coated SS (35.4 ± 5.6 mN/m) is lower than that of native SS. This was unexpected, given that
a lower surface energy is generally associated with greater hydrophobicity (i.e. higher WCA). This
may be attributed to differences in surface morphology, which is known to impact WCA values 66.
Indeed, SEM images of native SS and polydopamine coated SS revealed the presence of
polydopamine nanoparticles on PD coated SS (Figure 3.25), which are commonly observed with
polydopamine coatings

301, 308,310.

Lastly, SS coated with NuSil SP-120 primer exhibited a WCAo
T was increased (58.0 ± 0.6 mN/m) compared

value (56.2 ± 5.7 °
to native SS (41.9 ± 4.3 mN/m).

Figure 3.25. SEM micrographs of SS (A) and polydopamine coated SS (B).

3.2.2. Surface properties of Si-PEO coating on pre-treated SS coupons
Silicones bulk-modified with the PEO-silane amphiphile [ -(EtO)3Si(CH2)2-oligodimethyl-siloxane13block-(OCH2CH2)8-OCH3] have been reported to exhibit a rapid and substantial reduction in WCA
of applied droplets294

296,298,

indicating water-driven migration of PEO segments to the surface.

The exceptional anti-fouling behavior of these surfaces was attributed to this restructuring
behavior. However, these prior studies were limited to coatings prepared on native glass
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microscope slides. In this work, towards improving adhesion to SS, the PEO-modified silicone
coating was prepared on native SS, PL activated SS, PD coated SS, and NuSil primer coated SS: 0(Si-PEO), PL-(Si-PEO), PD-(Si-PEO), and NuSil-(Si-PEO), respectively. In order to evaluate if SS surface
pre-treatments would alter the necessary water-driven surface reorganization of the coating, WCA
measurements were recorded at 10 sec intervals up to 150 sec, at which point the water-surface
interface reaches an equilibrium (i.e. WCAeq) (Figure 3.26, Table 3.6). Confirming a lack of
substantial evaporation, the volume of 2 µL droplets was monitored over 150 s in the same
environmental condition used for WCA assessment and remained constant at 1.72 ± 0.02 µL over
the entire period. For all surfaces, the values of WCAo were similar (~105 to 115 °), indicative of
very hydrophobic surfaces. It is noteworthy that unmodified silicon coatings (Si-control) present a
high WCA value of 118.0 ± 0.6°, which stayed constant over the whole measurement time (150 s).
120
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Figure 3.26. Variation of water contact angle (top) with time. (NB: Standard deviation values for
WCA of PL-(Si-PEO) surfaces are too small to be correctly presented on the figure (Annex IV).)
Conversely, upon time, WCAs of modified coatings expectedly decreased as the droplets were
maintained on the surfaces. For 0-(Si-PEO), PD-(Si-PEO) and NuSil-(Si-PEO), WCAeq were reduced
to similar WCAeq values of ~30 °, indicative of a PEO-enriched surface. Interestingly, for PL-(Si-PEO),
WCAeq was only ~62 °, pointing to a somewhat diminished capacity of the PEO segments to migrate
to the aqueous interface. Since the plasma treated SS is the most hydrophilic pretreated surfaces
(WCAo ~23 °), it may have a stronger affinity to PEO segments of the coating, diminishing the
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capacity of PEO to migrate to the aqueous interface. Thus, in terms of restructuring potential of
the coating in an aqueous environment, SS treated with polydopamine or NuSil primer are superior
substrates.
Interestingly, the contact angle monitoring of non-polar diiodomethane droplets on the different
coated surfaces yielded decreasing profiles similar to that observed with water droplets, also
pointing toward surface restructuration (see Annex IV). The equilibrium contact angles formed
between these surfaces and droplets of diidomethane further support the lack of affinity of PEO
segments with a non-polar environment. This is consistent with previous studies and attributed to
surface rearrangements leading to interfacial energy minimization.

PL-(Si-PEO), PD-(Si-PEO) and NuSil-(Si-PEO) surfaces were likewise subjected to 1.5 h pasteurization
cycle under isothermal conditions, without rinsing. Regardless of the surface pretreatment, no
trace of fouling was observed (i.e. F% = 0) (Table 3.7).
Table 3.7. Adhesion, roughness (Ra) before and after isothermal fouling, and percent fouling (F%)
after each 1.5 hr pasteurization cycle (
Surface
0-(Si-PEO)
PL-( Si-PEO)
PD-( Si-PEO)
NuSil-( Si-PEO)
NuSil-(Si-control)

Adhesion
range

Initial Ra
(µm)

Ra after
final fouling
cycle (µm)

1B
2B
3B
5B
5B

0.04 ± 2.10-3
0.03 ± 2.10-3
0.04 ± 0.01
0.02 ± 8.10-3
0.04 ± 0.01

0.2 ± 9.10-3
0.08 ± 4.10-3
0.1 ± 8.10-3
0.02 ± 5.10-3
--

F%
1st
cycle
0%
0%
0%
0%
90 %

F%
2nd
cycle
Fail
0%
0%
0%
--

F%
3rd
cycle
-Fail
0%
0%
--

F%
4th
cycle
--Fail
0%
--

F%
5th
cycle
---0%
--

Thus, even though the WCAeq of PL-(Si-PEO) was relatively somewhat higher, its similar fouling
resistance indicates that sufficient water-driven surface migration of PEO was achieved. However,
while superior to that of 0-(Si-PEO), adhesion of the PEO-modified silicone coating to the pretreated SS coupons varied substantially (Table 3.7), with lack of adhesion limiting the number of
pasteurization cycles possible. Crosshatch adhesion tests indeed revealed the impact of SS surface
pre-pretreatment on the adhesion of the subsequently applied PEO-modified silicone coating
(Table 3.7). For the coating applied directly to native SS (0-(Si-PEO)), adhesion was poor [1B] and
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after one fouling cycle, 0-(Si-PEO) surfaces showed signs of peeling, and cross-section X-Ray
mappings revealed a damaged coating (Figure 3.27). Adhesion increased for all pre-treatments in
the order: PL-(Si-PEO) [2B], PD-(Si-PEO) [3B] and NuSil-(Si-PEO) [5B]. Thus, the NuSil primer
provided the best and excellent adhesion of the coating to the SS coupon.

Figure 3.27. EPMA X-Ray mappings on cross-section of representative 0-(Si-PEO), before and after
one isothermal fouling run (one 1.5 hr pasteurization cycle under isothermal conditions).
Similarly, adhesion failure occurred after two and three pasteurization cycles for PL-(Si-PEO) and
PD-(Si-PEO), respectively, and surface roughness (Ra) was also observed to increase, pointing
toward coating damage. However, even after five cycles, no peeling as well as no fouling was
visually observed on NuSil-(Si-PEO) surfaces (Figure 3.28) nor was there an increase in Ra (Table
3.7).
Figure 3.28 also clearly shows the absence of dairy deposit on the coated surface, whereas native
stainless steel exhibits dendritic proteinaceous fouling. By comparison, the unmodified silicone
coating showed fouling amounts close to that of native SS, with a fouling density of 54.6 ± 9.3
mg/cm² (F% = 90%) after only one 1.5 h cycle. This indicates that the antifouling properties of the
PEO-modified silicone coatings are due to the water-driven surface restructuring.
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Figure 3.28. EPMA X-Ray pictures of fouled native SS (after one 1.5 hr pasteurization cycle), clean
NuSil-(Si-PEO) and fouled NuSil-(Si-PEO) (after five 1.5 hr pasteurization cycles).
Following the five cycles of pasteurization, these coupons were air dried and their WCAs likewise
measured (
). WCAeq values of NuSil-(Si-PEO) surfaces after five cycles were similar to those measured prior to
fouling testing. Interestingly, the WCA0 of NuSil-(Si-PEO) decreases from 105° to 46° after five
pasteurization cycles. This may be attributed to the lack of removal of surface water that sustains
PEO at the surface, eliminating the water-driven PEO migration observed for dry surfaces 148.
Overall, by staying unfouled for five consecutive 1.5 h fouling test runs (i.e. 7.5 h of continuous
pasteurization), NuSil-(Si-PEO) surfaces demonstrated the tremendous potential of amphiphilic
coatings for dairy fouling management. Research about dairy fouling control has long focused on
low SFE fouling-release surfaces, such as fluoropolymers (e.g. Teflon)117,118, 127,147 or silicone-based
surfaces (e.g. PDMS)24, 55, 106,116. More recently, Plasma-Enhanced Chemical Vapor Deposition
(PECVD) of diamond-like carbon (DLC coatings) were investigated which proved to be more easily
cleaned than reference substrates (glass or stainless steel)30,31,102; however, regular cleaning was
still required to avoid compromising process efficacy or product quality. By comparison, the
present amphiphilic coatings do not need rinsing nor cleaning, enabling longer production runs.
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Figure 3.29. Variation of water contact angle (from WCA0 to WCAeq) with time of NuSil-(Si-PEO)
before and after five 1.5 h cycles of pasteurization as well as after subsequent cleaning.

Due to their excellent fouling resistance and durability during isothermal fouling studies, NuSil-(SiPEO) surfaces were subjected to a standard clean-in-place procedure (see Chapter 2, p. 57)
following the five 1.5 h pasteurization cycles, in order to verify their stability. After exposure to the
caustic and acidic cleaning solutions, no visual evidence of peeling was observed. However, it was
noted that surface wettability was impacted, as the water contact angle decreased from 112.3°
(WCA0) to only 98.1° (WCAeq) in 150 sec rather than to 21° and 26° prior to and after fouling (Figure
3.29).
Since reduction in surface restructuring hydrophilicity, indicative of a decreased amount of PEO at
the interface, may diminish antifouling behavior, a 1.5 h pasteurization cycle was repeated on
cleaned NuSil-(Si-PEO) surfaces. While somewhat higher than prior to cleaning, fouling mass was
still reduced by 89% compared to bare SS (i.e. F% = 11) (Figure 3.30). However, the persistence of
i.e. F% = 0) during the original five 1.5 h pasteurization cycles
questions the necessity of standard clean-in-place processes.
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Figure 3.30. Performances of NuSil-(Si-PEO) surfaces compared to native stainless steel (SS).

Because of their excellent fouling resistance and durability during isothermal fouling tests, NuSil(Si-PEO) coating was applied on V7 heat exchanger plates for in situ fouling tests. During this fouling
test, plates experience non-isothermal conditions as they serve as heat transfer media. The coated
plate was placed in PHE 2, in which the model fluid MF is heated to 85 °C (Chapter 2, p. 57) in
position number eight among uncoated SS plates (Figure 3.31), with the coated side facing MF.

Figure 3.31.

(PHE).

Plate number eight forms with plate seven the second-to-last MF pass. This particular position was
chosen as it was previously demonstrated by Khaldi et al. (2015)95 that this pass exhibits the largest
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amount of fouling. Following one 1.5 h pasteurization cycle, this coated plate remained free of any
trace of dairy fouling. In contrast, fouling was evident on all SS plates and was particularly
prevalent, as expected on the plate in position seven (Figure 3.32).

Figure 3.32. Fouling on PHE plates. Plate number 8 (arrow) remained free of deposits, while plate
number 7, its counterpart, presents intense fouling.

Similarly to plasma coatings, the adhesion of pathogenic foodborne bacteria S. aureus, S. enterica
and L. monocytogenes on NuSil-(Si-PEO) surfaces was evaluated. After 1 h, fluorescence
microscopy images revealed no adhered bacterium to this surface regardless of the strain. In
contrast bare SS presented 39.3 ± 5.6, 76.4 ± 8.6 and 15.7 ± 4.4 CFU/microscope field for S. aureus,
L. monocytogenes and S. enterica respectively (Figure 3.33). The bacterial resistance of NuSil-(Si-

against

various bacteria296.
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Figure 3.33. Bacterial adhesion on bare stainless steel and NuSil-(Si-PEO) coating. Scale bars
represent 200 µm.
To summarize, modification of stainless steel (SS) processing equipment by a biomimetic
amphiphilic PEO-silicone coating proved to be a suitable strategy for fouling mitigation. Under
isothermal conditions, like those experienced by holding section walls, the coating exhibited no
visible sign of dairy fouling during five pasteurization cycles. Additionally, PEO-modified silicone
coated on a primed heat exchanger plate was subjected to in situ fouling conditions in the pilot
pasteurizer. Likewise, there was no evidence of fouling after one 1.5 h pasteurization cycle. This
antifouling behavior indicates that the coating can undergo PEO migration to the surface, even
in a dairy fluid-based environment. Adhesion tests moreover showed the very good resistance of
the coating to several strains of foodborne pathogenic bacteria, which is a key feature for any
food-contacting material.
While not fouled, the coated coupons were subsequently treated by a standard clean-in-place
-driven surface restructuration abilities.
Minor amounts of fouling were witnessed on the coating when subjected to an additional
pasteurization cycle. However, given that nor fouling neither bacterial adhesion was initially
observed and, cleaning procedures could undoubtedly be adjusted to milder conditions to not
only preserve the coating but to also decrease the use of harsh chemicals.
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This chapter reported the surface characteristics and fouling behavior of three different
biomimetic surfaces, namely slippery liquid infused surfaces, nano-rough plasma coatings and
amphiphilic environment responsive coatings (Figure 3.34). SLIPS-like surfaces showed good
fouling-release properties, however their long-term stability is compromised by oil shedding.
Furthermore, nano-rough plasma coatings proved that surface nanostructures could considerably
impact fouling adhesion on a substrate. Finally, amphiphilic environment responsive coatings
exhibited excellent anti-fouling properties through five consecutive isothermal fouling tests and
showed similar properties when applied to a heat-transfer surface.

Figure 3.34. Biomimetic surfaces for fouling mitigation.
Overall, the interesting potential of those surfaces for fouling mitigation was demonstrated,
although improvements might still be required to enhance their durability and suitability for foodrelated use. In all cases, the proposed surface modification could lead to significant changes in the
CIP procedures, as SLIPS-like and plasma coatings could be cleaned simply with water, while
amphiphilic Si-PEO coatings presented the best performance as they did not need cleaning at all
and show moreover outstanding antibacterial properties.
Consequently, the use of such a coating in dairy processing could lead to significant financial and
environmental saving through the reduction of cleaning costs and effluent production.
Nevertheless, it is important to keep in mind that surface modifications themselves induce costs
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and environmental impact, which should be considered. The next chapter will thus aim at
evaluating the impact of the use of the amphiphilic antifouling coating on the pasteurization
process global environmental impact through a Life Cycle Assessment (LCA) approach.
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Food industries, which must sustain the growing worldwide population, are one of the largest
industrial sector and energy consumer of the planet. They consequently are at the center of
concerns about liquid, solid and gas waste emissions (e.g. CO2, NOx, NH3, CH4)311. Simultaneously,
consumers, while demanding safe, high-quality products, are increasingly sensitive to the negative
effects that current production patterns have on the environment312,313. This growing awareness
strengthens their choice of eco-friendly goods312. Consequently, manufacturers pay increasing
attention to the environmental balance of their processes and need solutions to minimize it.
Life Cycle Assessment (LCA) is a well-known and powerful analytical tool which allows to evaluate
the environmental impact of products and processes, while investigating the contribution of each
stage of their lifetime, from cradle to grave314. A significant number of LCA studies were carried
out on milk and dairy processing315

319,

and most of them cover dairy production from farming to

commercialization. It is thus generally reported that the major contributor to the environmental
impact of dairy products is the farming stage315,320. However, the heat-processing stages remains
significant, especially regarding CO2 emissions315.
The amphiphilic coating presented in Chapter 3 was proven to have significant impacts on fouling,
which could lead to the softening of cleaning conditions and consequently to savings in terms of
environmental footprint. However, the coating process itself obviously has its own environmental
impact, which should be taken into account when considering the effect of surface modification
on pasteurization environmental balance.
Chapter 4 will therefore present an LCA study aiming at quantifying the true effect of antifouling
amphiphilic coatings on the environmental balance of a pasteurization process by comparing a
reference system (modelled after the pilot pasteurization unit used for fouling testing) to a
modified system where the fouling-prone surfaces are coated with this coating.
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1.
Attention have been paid to the impact of human activities on the environment since the XIXth
century and the first Industrial Revolution. Ever since, the concept of sustainability (Figure 4.1) was
given more and more attention, until becoming one of the main concerns of present-day societies.

Figure 4.1. Sustainability lies at the interface of environmental, economic and social considerations.
In 1987, the Brundtland Report1

sustainable development is development that meets

the needs of the present without compromising the ability of future generations to meet their own
needs

-design led to

the adaptation and elaboration of several tools, like Functional Analysis and Life Cycle Concept,
designed to ease the transition toward sustainable and responsible mass production322.
Among these tools, Life Cycle Assessment (LCA) (Figure 4.2) is a multi-criteria analysis, which
consists in identifying and quantifying all the material and energy flux for a given system, from
cradle to grave, and to evaluate them in terms of potential environmental impacts314. LCA, which
is normalized at the European level by ISO standards 14 040 and 14044 which can be used for a
wide range of products and activities and for different purposes like eco-labeling, product design,
hot-spots identification, diagnosis and decision making

rests on a precise and rigorous

methodology.

132

© 2018 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Sawsen Zouaghi, Université de Lille, 2018

Chapter 4 Influence of Surface Modification on the Environmental Impact of Pasteurization

Figure 4.2. The LCA Approach (adapted from Avnir.org323).
The first step of an LCA study is to clearly define its scope, paying particular attention to
geographical localization, temporality, data representativeness and ground hypotheses314. The
establishment of clear system boundaries along with judicious ground hypotheses are indeed
essential to the pertinence of the study and to the definition of the functional unit (FU). The FU is
a key notion in LCA, and is defined as the quantity of service provided by the considered system
over a certain amount of time. Thus, the FU allows to normalize the results in order to carry out
comparisons with other systems.
The considered system is then subjected to a thorough life cycle inventory (LCI) during which all
system inputs and outputs are indexed and quantified. At this point, it is often useful to breakdown
the system in pertinent subsystems. Each item is then allocated to the relevant system or
subsystem. Allocation is particularly important, especially if the study aims at identifying process
hot-spots, i.e. steps where eco-optimization is the most needed324.
The results of the LCA analysis are then calculated through the processing of the LCI by a software
which connects every LCI item to its potential environmental impact, by using existing databases
and empirical calculation methods (e.g
system and subsystem on different indicators (e.g. temperature increase, level of fine particulate
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matter) is thus calculated, yielding impact scores (measured in points, Pts) in different impact
categories (IC) like global warming, particulate matter formation, etc314. According to their position
in the causality chain, impact categories are generally classified between mid-point and end-point
classes. Mid-point indicators quantify the effect of consumed inputs or produced outputs, whereas
end-point indicators estimate the damage due to these consumptions or emissions (Figure 4.3).
Impact categories are characteristic of a given calculation method, which should be chosen
carefully according to their relevance toward the studied systems.

Figure 4.3. Examples of mid-point and end-point indicators.
Finally, the results from the LCA, in the form of scores, can be interpreted, allowing to perform an
in-depth environmental diagnosis, to identify hot-spots in order to develop corrective solutions
and eco-optimize the system.

The present study aims at performing comprehensive LCAs on two dairy pasteurization systems
a reference pasteurization process and a
process where fouling-prone surfaces, i.e. heat-exchanger plates and holding section, have been
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modified with the amphiphilic coating described in Chapter 3 (p. 114)

in order to highlight the

effect of an antifouling coating on the environmental impact of a pasteurization unit.
For both systems, the life cycle assessment will consider the impact generated by inputs and
outputs from the extraction stage to the waste treatment stage. However, bio-valorization and
final wastes will not be taken into account (Figure 4.4).

Figure 4.4. Considered aspects of the life cycle.
As previously stated, the careful choice of a functional unit (FU) is crucial for any LCA study. The FU
is indeed the standard that will allow for the results to be exploited and compared with existing
data. As presented in Table 4.1, the vast majority of dairy-related LCA studies use FUs based on
milk or dairy mass or volume, as suggested by the International Dairy Federation (IDF)318. It is
noticeable that some authors use the notion of fat-and-protein-corrected milk (FPCM) or energy
corrected milk (ECM), especially if the study is oriented toward nutritional considerations.
Consequently, the FU used in the present study will be defined as 1 kg of pasteurized dairy model
fluid (MF), treated in a pilot pasteurization unit located in north of France.
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Table 4.1. Functional units used in the literature for LCA in the dairy industry.
Study

Functional Unit

Scope of the Study

Finnegan et al, 20162

Kg of packaged dairy products

LCA of several milk derivatives in
Ireland

Rafiee et al., 2016318

Kg of pasteurized milk at the

Daneshi et al., 2014118

LCA of pasteurized milk in Iran

L of packaged medium-fat milk

LCA of packaged fluid milk in Iran

Kg of ECM* including co-products

LCA of dairy derivatives in Portugal

Thoma et al., 2013319

Kg of milk consumed in the US

LCA of the production
consumption of milk in the US

Vergé et al., 2013326

Kg of milk
Kg of protein content

LCA of milk produced at the farm
and processed milk in Canada

Kg of bottled milk

LCA of a dairy factory in Italy

Kg of ECM* at farm gate

LCA of milk produced at the farm in
Sweden

Gerber et al., 2011329

Kg of retailed FPCM**

Comparative LCA of retailed milk,
International average vs. US average

Basset-Mens et al., 2009330

Kg of milk at farm gate

LCA of milk produced at the farm in
New Zealand

Cederberg, 2009331

Kg of ECM* at retail

Sweden, 1990 to 2005

Thomassen et al., 2008332

Kg of FPCM** at farm gate

Comparative LCA of organic vs.
conventional milk in the Netherlands

Foster et al., 2007333

Kg of FPCM** at farm gate

LCA of processed milk in the UK

Vergé et al., 2007334

Kg of milk at farm gate

LCA of milk produced at the farm in
Canada

Basset-Mens et al., 2005335

Kg of milk at farm gate

LCA of milk produced at the farm in
New Zealand

Casey and Holden, 2005336

Kg of milk at farm gate

LCA of milk produced at the farm in
Ireland

Cederberg and Flysjö, 2004337

Kg of milk at farm gate

LCA of milk produced at the farm in
Sweden

Eide, 2002315

Kg of milk

Comparative LCA of three dairy
factories in Sweden

Haas et al., 20012

Kg of milk at farm gate

Comparative LCA of intensive,
extensive and organic milk in
Germany

Gonzalez-Garcia et al., 2013

325

Fantin et al., 2012327
Flysjö et al., 2011

328

and

*ECM : energy corrected milk; **FCPM: fat and protein corrected milk.

136

© 2018 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Sawsen Zouaghi, Université de Lille, 2018

Chapter 4 Influence of Surface Modification on the Environmental Impact of Pasteurization

For both systems, the LCA study was carried out from plant gate to holding outlet, meaning that
the farming and packaging stages were excluded.

1.3.1. Reference pasteurization system (REF)
The reference pasteurization system (REF) is modelled after the pilot pasteurization unit described
in Chapter 2 (p. 57) and presented in Figure 2.1. Briefly, it is composed of a stainless steel tank in
which the model fluid (1% WPC, 100 ppm calcium in reverse osmosis water) is prepared, of a
volumetric pump and of two plate heat-exchangers, PHE1 and PHE2 comporting twenty plates and
ten plates, respectively. In both PHEs, the MF is heated by being circulated counter-current to hot
water, which is heated in two closed loops circuits (CL1 and CL2) by saturated vapor produced by
a boiler. The MF is circulated in the unit at 300 L/h and heated to 60°C by PHE1 and to 85°C by
PHE2. At the outlet of PHE2, a holder, i.e. a thermally insulated pipe where the MF is maintained
at pasteurization temperature during 15 s to ensure the destruction of pathogen micro-organisms,
is connected. Due to the accumulation of fouling deposits in the PHEs and holding section, MF
circulation must be interrupted every 1.5h and the system cleaned. The cleaning-in-place process
involves a water pre-rinse, an alkaline cleaning (2% NaOH w./v), an intermediate water rinse, an
acidic cleaning (2% HNO3 w./v) and a final water rinse, before MF pasteurization can be resumed.
The acidic and alkaline cleaning solutions are recirculated during the CIP stage, and fresh 200 L
batches of those solutions are prepared every five 1.5 h pasteurization cycles. During thermal
treatment and cleaning phases, the operating conditions of the unit are monitored and regulated
through an electronic interface, i.e. a computer and several sensors (flow, pressure, temperature).
REF can thus be
Figure 4.5). For the smooth running of the study, each
subsystem was further divided in sub-assemblies and complete SADT (Structured Analysis and
Design Technique) diagrams are available in Annex VI.
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Figure 4.5. SADT diagram of the reference pasteurization system.

1.3.2. Modified System
The system were fouling-prone surfaces were treated with amphiphilic coating will be referred to
-

-exposed sides of the heat exchanger plates and the internal

surface of the holder are primed with NuSil SP-120 (50 mL/m²) and spray-coated with the
amphiphilic coating (300 mL/m² ), as described in Chapter 3. The coating mixture is composed of
hexane, RTV silicone adhesive MED-1137 and amphiphilic Si-PEO additive. The very good
antifouling properties of the coating allow for continuous MF pasteurization during 7.5 h. This
duration is a minimum and additional research is needed to apprehend the true lifetime of the
coating. The present LCA study will thus consider that the fouling-prone surfaces are rinsed with
tap water and re-coated after each 7.5h thermal treatment cycle. The Si-PEO system can thus be
Figure 4.6).
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Figure 4.6. SADT diagram for the coated pasteurization system (Si-PEO).

Life cycle inventories are the cornerstone of LCA studies, as they gather every inputs and outputs
for each systems and subsystems, quantify them in terms of mass or amount and determines their
origin and end of life scenarios. This section aims at presenting the general method and hypotheses
used for the LCIs of the two considered systems.

1.4.1. Ground hypotheses
Accessing original data for manufacture, origin or end of life of every input of a system can be
difficult, if not impossible in certain cases. Therefore, as established by Rafiee et al. (2016)318, it is
common to use literature data and to formulate hypotheses in order to complete LCA studies. In
the present case, most of the data were collected directly from on-site measures and experimental
details from the pilot unit. Nevertheless, a certain number of hypotheses still had to be formulated
in order to best approach the missing data. They are detailed hereafter.
139

© 2018 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Sawsen Zouaghi, Université de Lille, 2018

Chapter 4 Influence of Surface Modification on the Environmental Impact of Pasteurization

1.4.1.1.

General Life cycle

The total lifetime of the pasteurization unit was estimated to 20 years, with 220 working days per
year and continuous production (around-the-clock shifts patterns). The amount of MF pasteurized
per day was calculated for each system, according to their respective production and cleaning
patterns, which yielded a production rate of 4050 kg/day of pasteurized MF for REF versus 5850
kg/day of pasteurized MF for Si-PEO. These amounts were used in order to normalize the results
before comparison. The origins of the supplies, which are directly linked to the environmental
footprint of their respective transport stages, were set according to common-sense when not
known with certainty. For example, the origin of chemicals like NaOH and HNO3, purchased from
large international companies, was set in Rotterdam (NL), which is the largest commercial harbor
in Western Europe.

1.4.1.2.

End of life

End of life (EoL) scenarios for metals, rubber and electronics were determined according to the
2014 French Environment and Energy Management Agency (ADEME) guidelines, in regard to the
considered to be transported to the closest waste management facility and recycled at a rate of
50%, while pumps were recycled at a rate of 80%. Rubber supplies were considered to be collected
and treated via thermal valorization at the same waste management facility. Computer hardwares
were considered to be sent in a specialized electric and electronic waste (EEW) facility, located in
Lesquin (FR) while other electronical equipment and wires were treated at another EEW facility in
Tourcoing (FR). Wastewaters were considered to be treated in the closest municipal sewage
treatment plant located in Marquette-lez-Lille (FR).

1.4.1.3.

Electrical consumption

Electrical consumptions were calculated according to the devices specifications from
of the Ecoinvent database.
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1.4.1.4.

Pasteurization Unit

About the pasteurization unit, metal infrastructures such as pipes or heat exchangers plates as well
as pumps were considered to match the lifetime of the pasteurization unit, i.e. 20 years. The
human labor relative to the building, operation and dismantlement of the unit was not taken into
account. Rubber gaskets were considered to be replaced monthly. Reference weights for all
rate of 25%, among which half was plastic materials and the other half metal and reference
electronic materials from the Ecoinvent database.

1.4.1.5.

Si-PEO coating step

Synthesis routes were established for each component (hexane, STV silicon adhesive and
amphiphile molecule). Only chemicals, solvents and catalysts were taken into account for the life
cycle inventory, meaning that operating conditions (heating, stirring) were not. Indeed, these data
were not available.

1.4.1.6.

Allocation

Careful allocation of inputs and outputs to the right system or subsystem is crucial for result
interpretation to be accurate and unbiased, especially when the aim is to identify hot-spots.
Generally, allocation can easily be determined following common-sense, e.g. the NaOH solution,
which is only useful during the CIP phase, should be allocated to th

-in-

However, the allocation of inputs that are useful in several subsystems can be delicate. Empirical
allocation approaches for dairy processes have been developed through collection and compulsion
of industrial data339,340, but as they were based on very complex, multi-products plants, they could
not be used in the present case. Consequently, it was decided that when it was possible, the
problematic inputs would be distributed between the different subsystems proportionally to their
respective use. For example, t
-in-

-PEO), in respect with the duration

of each stage. Nevertheless, in some cases, as for the main pump and pressure sensors, this type
of divided allocation was not possible. Thus, such items were considered apart from the
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1.4.2.
For all subsystems of both systems, exhaustive lists of all infrastructure, consumables and energy
inputs were realized, and each item allocated to the relevant subsystem. Table 4.2 presents, as an

Table 4.2. Simplified LCI of th
Input type

Name

Material

Unitary
weight/amount

Origin

End of life

Infrastructure CL1 pump

Plastic
Metal
rubber

82 kg/ pce

Villeneuve
q (FR)

Recycling (St André, FR)

CL2 pump
1 pce

Plastic
Metal
rubber

82 kg/ pce

Villeneuve

Recycling (St André, FR)

CL1 pipes
12.17 m
CL2 pipes
12.7 m
CL1 insulation
12.17 m

316 L SS

1.7 kg/m

Lund (SE)

Recycling (St André, FR)

316 L SS

1.7 Kg/m

Lund (SE)

Recycling (St André, FR)

Rock wool

2.6 Kg/m

Grande Synthe
(FR)

Cement plant

Grande Synthe
(FR)

Cement plant

1 pce

CL 2 insulation
12.7 m

Rock wool

2.6 Kg/m

(Templemars, FR)
(Templemars, FR)

CL1 gaskets
7 pce

Rubber

0.02 kg/pce

Grande Synthe
(FR)

Valorization (St André,
FR)

CL2 gaskets
5 pce

Rubber

0.02 kg/pce

Grande Synthe
(FR)

Valorization (St André,
FR)

Valves
4 pce

316 L SS

0.3Kg/pce

Villeneuve

Recycling (St André, FR)

PHE 1
1 pce
PHE 2
1 pce
PHE stands
3 pce
PHE gaskets
60 pce

316 L SS

16.64 Kg/pce

Lund (SE)

Recycling (St André, FR)

316 L SS

8.32 Kg/pce

Lund (SE)

Recycling (St André, FR)

316 L SS

1.2 Kg/pce

Lund (SE)

Recycling (St André, FR)

Rubber

0.02 Kg/pce

Grande Synthe
(FR)

Valorization (St André,
FR)

Holding pipe
1 pce
Holding
insulation
4.4 m
Flow captor
2 pce

316 L SS

4.6 Kg/m

Lund (SE)

Recycling (St André, FR)

Rock wool

2.6 Kg/m

Grande Synthe
(FR)

Cement plant

Rotterdam (NL)

EEW* (Lesquin, FR)

Plastic

0.17 kg/pce

(Templemars, FR)
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Electronic
Metal
T° captor
4 pce
Computer
hardware
1 pce
Wiring
100 m

Energy

Plastic
Electronic
Metal

0.14 kg/pce

Rotterdam (NL)

EEW (Lesquin, FR)

Plastic

8 kg/pce

Rotterdam (NL)

EEW (Tourcoing, FR)

0.03 Kg/m

Rotterdam (NL)

EEW (Lesquin, FR)

Electronic
Metal
Copper
Plastic

Electricity for
pumps
1 cycle

/

2.4 kWh

French mix

Electricity for
boiler
1 cycle

/

53.7 kWh

French mix

Electricity for
data recording
1 cycle

/

0.016 kWh

French mix

/

/

/

After completing LCIs, data were processed and results classified as described below.

The LCA calculations were carried out with SimaPro 8.2.3 software and nominal environmental
impacts were retrieved from the Ecoinvent 3.4. database. The choice of the calculation method
Recipe E 1.12 (Europe)341 was motivated by the pertinence of its indicators. Rafiee et al. (2016)318
indeed showed that the most common indicator found in dairy-related LCA studies was global
E. Details about impact categories of Recipe E 1.12 and their characterization can be found in Table
4.3.
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Table 4.3. Overview of the chosen mid-point impact categories and their indicators (from
Goedkoop et al. (2009)341).
Impact category

Abbreviation

Indicator

Unit

Climate change (human health)

CCH

Infra-red radiative forcing*

W.yr/m²

Ozone Deplation

OD

Stratospheric ozone deplation

Climate change (ecosystem)

CCE

Infra-red radiative forcing

Human toxicity

HT

Hazard-weighted dose

-

Photochemical oxidant formation

POF

Photochemical O3 concentration

kg

Particlulate matter formation

PMF

PM10** intake

kg

Ionizing radiation

IR

Absorbed dose

Man.Sv

Terrestrial acidification

TA

Base saturation

yr.m²

Freshwater eutrophication

FE

Phosphorus concentration

Terrestrial ecotoxicity

TE

Hazard weighted concentration

m².yr

Freshwater ecotoxicity

FEX

Hazard weighted concentration

m².yr

Marine ecotoxicity

ME

Hazard weighted concentration

m².yr

Agricultural land occupation

ALO

Occupation

m².yr

Urban land occupation

ULO

Occupation

m².yr

Natural land transformation

NLT

Transformed area

m²

Metal depletion

MD

Grade decrease

Kg-1

Fossil depletion

FD

Upper heating value

MJ

Ppt.yr
W.yr/m²

yr.kg/m3

*Radiative forcing is the difference between received and emitted radiative energy for a given system, which is directly
connected to greenhouse gases rates, **PM10: Particles with diameters inferior to 10 µm.
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2.
The LCA study carried out on the reference system first allowed to establish its total environmental
score, i.e. 62.5 µpts/pasteurized MF kg. Detailed scores for the whole process as well as for all
subsystems are available in Annex VII.

2.1.1. Impact categories selection.
In order to focus on relevant data, the impact categories (IC) representing less than 0.5% of the
Human Health (CCH), Human Toxicity (HT), Particulate Matter Formation (PMF), Climate Change
Ecosystem (CCE), Marine Ecotoxicity (ME), Natural Land Transformation (NLT), Metal Depletion
(MD) and Fossil Depletion (FD).

2.1.2. Interpretation of the LCA results.
In order to demystify the relative contribution of each subsystem to the global impact of the
process, the scores of each subsystem in the different IC were assessed (Figure 4.7) and the
contribution of the subsystems in each IC (C%) were calculated through Equation 4.1. (Table 4.4).
Equation 4.1.

Figures), three impact categories stand out, namely CCH, CCE and HT which gather around 87 % of
the global environmental impact. The preponderance of climate change-related scores witnessed
here is in good accordance with literature data, as it is generally recognized that the dairy sector
deeply impacts climate change through greenhouse gas emissions2,318. It is however noteworthy
that, in most reported dairy-related LCA studies, climate change is mainly impacted by the farming
stage2, 316,318, while the effect of the processing stage is minor in comparison. This is quite logical ,
as the cattle food production, which involves intensive cereal production (barley, wheat) and thus
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high CO2 emissions (as well as cattle itself, which produces high amounts of methane318), is
systematically allocated to the farming stage.
25
20

µPts

15
10
5
0
CCH
Whole process

HT

PMF

CCE

MF preparation

ME
Thermal treatment

NLT

MD
CIP

FD
Other

Figure 4.7. Impact of the different subsystems from REF on the selected ICs for 1 kg of pasteurized
MF.
Consequently, the intake of processing stages in the climate change categories is seldom visible,
superseded by that of farming. However, the present work only considers the pasteurization
process, and thus the importance of climate change categories (human health and ecosystems) is
well illustrated. CCH and CCE contributions indeed represent 68.8 % of the total environmental
footprint of the whole pasteurization process.
The impact of the pasteurization process on HT can be linked to electricity consumption. Indeed,
the impact category characterization report of the Recipe E method341 states that the indicator of
the Human Toxicity is the exposure of the population to carcinogenic substance, mostly from
radioactive material and, according to the 2015 report of the French Electricity Transport Network
(RTE), the nuclear-based power production represents a significant cut of the French the energy
mix (76 %).

146

© 2018 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Sawsen Zouaghi, Université de Lille, 2018

Chapter 4 Influence of Surface Modification on the Environmental Impact of Pasteurization
Table 4.4. Contribution of REF subsystems to each IC in regard of the total process score.
Impact category

MF preparation

Thermal treatment

Cleaning-in-Place Other

Climate change Human Health

6.0 %

9,4 %

84,5 %

0,1 %

Human toxicity

5.2 %

12,9 %

81,6 %

0,3 %

Particulate matter formation

18.2 %

35,6 %

45,7 %

0,7 %

Climate change Ecosystems

6.0 %

9,4 %

84,5 %

0,1 %

Marine Ecotoxicity

2.3 %

3,9 %

93,6 %

0,2 %

Natural land transformation

13.0 %

83,7 %

0,5 %

3,0 %

Metal depletion

7.9 %

46,6 %

40,5 %

8,7 %

Fossil depletion

26.9 %

46,0 %

26,7 %

0,5 %

Total impact of the process

8.0 %

14,1 %

77,7 %

0,3 %

When considering the contribution of each subsystem from REF to the global impact of the system,
it is clearly visible on Figure 4.7 and Table 4.4 that the CIP stage is by far the largest contributor to
the impact of the whole process, as it gathers 77.7% of the total impact. The cleaning-in-place step
moreover presents the highest scores in three preponderant impact categories, namely CCH, HT
and CCE. These results are in good agreement with the findings of Rafiee et al. (2016)318, who
stated that the retreatment of wastewater from cleaning procedures played a key role in the
footprint of dairy processing. Thus, CIP appears to be the hot-spot of the considered system, and
the standards of ecological optimization would recommend to act on it, in order to decrease the
general environmental footprint of the pasteurization process. Interestingly, this study showed no
significant impact of REF on eutrophication. This is surprising, given that most LCA studies carried
out on dairy processing report important scores in eutrophication, which is the nutrient
enrichment (particularly nitrogen and phosphorus) of the aquatic environment, mostly due to the
important production of nutrient-rich wastewater during the CIP stage316, 318, 327,330. However, this
IC was not selected for the present study, as the associated scores were too low to be considered
significant (Annex VII). This difference from the literature might come from the fact that the
implemented method (Recipe E 1.12) under-estimates the impacts linked to eutrophication in the
present case. LCA calculation methods are indeed empirical, and rest on ground hypothesis that
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shape the relative weight of impact categories. Detailed study of the Recipe E method
characterization report indeed revealed that nitrogen emissions from sewage treatment plants
(STP) were not considered in the calculation of the freshwater eutrophication impacts, and that
only phosphorus emissions were included341. Given that the MF used in the present work only
contains phosphorus traces, the liquid effluents of REF, unlike classical milk and dairy processing
wastewater, present a very low phosphorus content. It seems then logical that eutrophication is
not a preponderant IC in the present case. It would then be interesting to process the data with
different methods in order to compare the relative importance of the ICs.
rmal
FD (Figure 4.7). This not surprising given that the main steel infrastructure of the unit, as well as
gy consumption, were allocated to this subsystem. It can thus be
which involves intensive mining. The metallurgy processes involved in the fabrication of the metal
change-related impact categories. The impact of this subsystem on FD is most likely due to the
l treatment phase than during
the cleaning phase. Indeed, cleaning solutions are circulated in close-loops, which means that the
feed quickly warms up during the procedure and needs less and less energy to reach the
temperature set-points. In contrast, the MF feed always stays cool, and requires more energy to
be brought to working temperature. This important electrical consumption also explains the
French energy mix.

process. It particularly impacts CCH, CCE and FE, which is undoubtedly due to the allocation of
powdered whey protein to this stage of the pasteurization process. This implies that all
environmental repercussions of the protein powder production, including milk production at the

148

© 2018 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Sawsen Zouaghi, Université de Lille, 2018

Chapter 4 Influence of Surface Modification on the Environmental Impact of Pasteurization

total impacts of the REF system on PMF and NLT respectively (Table 4.4).

2.1.3. End of life

Figure 4.8. Contribution of the end of life to the total environmental impact of the REF system (left)
and detailed composition of the end of life impact (right).
Close study of the LCA results demonstrated the preponderance of the end of life (EoL) in the global
environmental impact of the pasteurization process, as shown on Figure 4.8, where all EoL-related
contributions have been withdrawn from the subsystems contributions and gathered in a total
Figure 4.8 further shows that 74% of these EoL impacts are due to the CIP
stage wastewater retreatment, clearly highlighting how the CIP burdens the environmental
footprint of the pasteurization process.
Overall, the LCA analysis carried out on the REF system allowed to highlight the overwhelming
impact of the

-in-place stage on the global environmental impact of the process,

identifying it as a true hot-spot. The investigation of solutions to decrease the environmental
footprint of the pasteurization process by modifying cleaning procedures is thus justified. The SiPEO system, thanks to the antifouling properties of the amphiphilic coating, presents a softer
cleaning scenario, i.e. just one tap water rinse every five 1.5h pasteurization cycles instead of a
full cleaning-in-place procedure at the end of every 1.5h cycle (Figure 4.9). It may thus allow for
a significant reduction of environmental impacts, as the impacts of the coating step do not cancel
the benefits from the softening of the cleaning conditions. The following section aims at
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answering this question by studying the results of the LCA study of the Si-PEO system and
comparing it with that of the REF system.

Figure 4.9. Sequences of action for REF and Si-PEO systems, based on five 1.5h pasteurization
cycles.

2.2.1. Interpretation of the LCA results.
The LCA study on the Si-PEO system allowed to calculate a global environmental score of 14.51
µpts/pasteurized MF kg. This represents a substantial decrease compared to that of the REF system
(62.51 µpts/pasteurized milk kg). Thus, the antifouling properties of the coating allowed to
Figure 4.10 moreover shows that Si-PEO is less
impacting than REF in every impact category.

60
50

µPts

40
30
20
10
0
Total

CCH

HT

PMF

CCE
REF

ME

NLT

MD

FD

Si-PEO

Figure 4.10. Comparison of the environmental impacts of REF and Si-PEO systems.
In order to demystify the causes of this striking decrease, the impact of all Si-PEO subsystems in
the chosen IC were assessed (Figure 4.11) and their relative weights for each IC were calculated
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(Table 4.5). As in the case of REF, the climate change-related IC (CCH and CCE) are well represented
with 47.6 % of the total impact, followed by FD (24.5%) and HT (15.7%).
4,0
3,5
3,0

µPts

2,5
2,0
1,5
1,0
0,5
0,0
CCH
Whole process

HT

PMF
Coating

CCE
MF preparation

ME

NLT

Thermal treatment

MD
Rinsing

FD
Other

Figure 4.11. Impact of the different subsystems from Si-PEO on the selected ICs for 1 kg of
pasteurized MF.
In the Siconsidered impact categories and represents 61.2% of the total impact of the system. As

is strongly linked to energy and infrastructure production.

most likely linked to protein powder production involving traditional dairy farming and milk
processing, as it was the case for REF.
By contrast, the rinsing step, which was substituted to the CIP procedure thanks to the
antifouling properties of the coating, only represents 0.2% of the total impact. Indeed, as no fouling
takes place during the pasteurization run, rinsing wastewater is only composed of plain tap water
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and presents low nutrient content, requiring minimum treatments at the STP (low BOD and COD )
and inducing low environmental impact. From these results, it is clear that the use of the
antifouling coating allowed to substantially reduce the cleaning-related environmental impact of
the whole process.
Table 4.5. Impact of each subsystem to each IC for the Si-PEO system.
Impact category

Coating

MF preparation

Thermal treatment Rinsing Other

Climate change human health

2.8

37.5

58.9

0.3

0.5

Human toxicity

3.8

27.2

67.4

0.2

1.2

Particulate matter formation

7.2

30.6

61.0

0.1

0.9

Climate change ecosystems

2.8

37.5

58.9

0.3

0.5

Natural land transformation

3.3

12.5

82.1

0.1

2.1

Metal depletion

20.8

5.0

65.6

0.1

8.5

Fossil depletion

3.1

35.3

60.9

0.1

0.4

Total impact of the process

3.6

34.2

61.2

0.2

0.8

The coating step, which includes the synthesis of coating components and of the primer, the
elaboration of the mixture and the coating application, represents 3.6% of the total impact. Its
catalysts during the synthesis of coating components, which contain platinoïd metals (platinum
and rhodium). Nevertheless, considering all IC, the coating step brings a minor contribution to the
total environmental impact.
Contrary to what was observed for the REF system, the EoL only represents a very small portion of
the global impact of the Si-PEO environmental impact (Figure 4.12). This can be easily explained by
the drastic decrease of wastewater production, due to the modification of the cleaning procedure.

BOD: Biological Oxygen Demand, COD: Chemical Oxygen Demand
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Other 1%
Rinsing
0,6%

End of life Coating
0,0005% 3%

Thermal
treatment
62%

MF prep.
34%

Figure 4.12. Contribution of the end of life to the environmental impact of the Si-PEO system.

2.2.2. Environmental impact of the coating

Figure 4.13. Contributions to the environmental impact of the
the primer and coating formulations (right).

(left) and to

Within the coating subsystem, Figure 4.13 shows that syntheses of the silicone matrix and of the
amphiphile molecule are by far the most important contributors in terms of environmental
footprint, which makes them the hot-spots of the coating stage. Indeed, their synthesis involves a
significant number of solvents, petroleum-derived species and catalysts which undoubtedly play a
role in this state of fact. In an effort to formulate a more eco-friendly coating, it would then be
interesting to investigate greener alternatives for those two inputs.
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At first, this LCA study was used for diagnosis purpose on the reference, uncoated pasteurization
unit and allowed to emphasize the burden that is cleaning-in-place in the global environmental
footprint of the process. It was indeed clearly demonstrated that the end of life of CIP wastewater
was the main responsible for the impact of pasteurization on the environment.
The LCA performed on the modified system then permitted to highlight the benefits of fouling
mitigation in terms of environmental impacts. Indeed, thanks to the very good antifouling
properties of the amphiphilic coating, the Si-PEO system where the CIP hot-spot was replaced with
milder and less frequent water rinses presented significantly lower impact scores regardless of the
IC. Thus, fouling management and subsequent optimization of the cleaning procedure seem to be
appropriate routes toward more ecofriendly pasteurization processes.
On the other hand, the LCA carried out on the Si-PEO system allowed to identify the silicon matrix
an
footprint. This is undoubtedly due to the involvement of oil-based solvents and chemicals in their
synthesis.

ent, further LCA analyses could be

carried out as optimization tools, allowing to assess and compare the environmental footprint of
different formulations.
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The present work aimed at (i) designing novel antifouling surfaces targeting dairy fouling
management, (i) investigating their mode of action and (iii) evaluating the impact of an antifouling
surface modification on the environmental footprint of dairy processing, based on a pilot-scale
pasteurization unit.
First of all, a fundamental study, involving a vast range of advanced characterization techniques,
allowed investigating
The analysis of dairy deposit amount and structure on six custom-made stainless steel model
surface with different roughness and surface energies lead to the conclusion that surface
properties were crucial to control in order to achieve fouling mitigation. Roughness and surface
free energy showed significant impact on fouling amount and structure. Particularly, the
observation of dairy deposit on textured SS highlighted interlocking phenomena, i.e. penetration
and settlement of fouling agents inside the relief of a substrate, leading to tremendous increases
in fouling amount via stabilization and anchorage of the base layers. Conversely, fouling on
polished substrates exhibited fragile-looking and heterogeneous structures, due to the lack of
anchorage points. On the other hand, reduction of SFE through fluorosilanization led to significant
reduction of the fouling amount, regardless of the morphology of the substrate. Thus, it appears
that dairy fouling could be managed through surface modification, by SFE reduction and morphology
tuning in order to avoid interlocking.
In a second time, a biomimetic approach was adopted in order to design antifouling surfaces
matching the above mentioned requirements. Three surfaces with different properties, namely
liquid-infused surfaces, nano-rough plasma coatings and environment-responsive amphiphilic
coatings were tested against isothermal dairy fouling in the pilot pasteurization unit, which allowed
examining their antifouling performances and their mechanisms of action.
Liquid-infused surfaces, with their liquid hydrophobic interface, showed both antifouling and
fouling release properties. They were cleaned by a simple water rinse, as opposed to the full CIP
procedure necessary to get the same result on stainless steel. However, these surfaces exhibited
poor durability, because of lubricant loss induced by the exposure to tangential flow. As these
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liquid-infused surfaces need to be re-impregnated with oil between two consecutive
pasteurization runs, the optimization of oil retention must then be pursued through surface
morphology tuning, which could be achieved, for example, through electrochemical etching.
Another enhancement axis for those surfaces would be the improvement of food-compatibility by
replacing the fluorinated oil by bio-sourced lubricants, more suited to food applications.
Atmospheric pressure plasma spraying of HMDSO also revealed to be a suitable technique for the
design of hydrophobic nano-rough coatings. The versatility of the implemented technique allowed
to obtain coatings with different surface morphologies, which showed good fouling release
properties when confronted to isothermal dairy fouling and allowed to replace classical CIP by a
water rinse. Notably, the coating obtained with the PL6 conditions maintained these good
performances during two consecutive fouling-rinsing cycles and showed interesting behavior
towards bacterial adhesion. However, the other coatings did not manage to keep their foulingrelease properties past the first pasteurization run, most likely due to the persistence of traces of
fouling materials after the rinsing step, which acted like an anchoring layer for further deposits.
Further research should thus focus on elucidating the link between plasma spraying conditions and
the characteristics of the resulting coatings, which would lead to the possibility of finely tuning the
surface properties and to accurately design functional coatings.
Amphiphilic PEO-modified silicone coatings, exhibiting water-driven surface restructuration, proved
to be very efficient against isothermal fouling for five consecutive pasteurization cycles. Indeed, in
water-based environment, the surface restructuration leads to the formation of a hydrated PEO
layer, which prevents fouling agents from adhering to the substrate. The same performances were
observed when the coating was applied to one of the PHE plates, indicating that the antifouling
properties were maintained even for a heated substrate. It would then be interesting to assess the
impact of the coating on heat transfer. Exposure to a full CIP procedure somewhat impaired the
water-driven restructuration process. However, given the ability of this coating to prevent bacterial
adhesion, the necessity of the classical CIP procedure is questionable.
Finally, the quantification of the impact of surface modification on the environmental footprint of
a pasteurization process was performed by implementing a Life Cycle Assessment approach on two
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systems, namely a reference pasteurization unit based on the pilot installation used for fouling
testing and a similar unit where fouling-prone surfaces would be modified with the best performing
antifouling surface discussed in this work, i.e. the amphiphilic PEO modified silicone coating. The
results from this study showed that (i) the major part of the reference system environmental
impact was linked to the CIP stage, and that (ii) modifying the relevant surfaces with the antifouling
coating allowed to reduce this impact by more than 70%.
Therefore, this work proved that surface modification could be an appropriate pathway toward
fouling mitigation. This could lead to substantial reduction of environmental impact through the
adaptation of cleaning procedures, which could most certainly benefit from the used of advanced
techniques like coda wave interferometry205 or Fluid Dynamic Gauging (FDG)342. Nevertheless,
concerns about the long-term durability and food compatibility of the surface modification remain
strong, particularly because the risk of contamination of the food product by coating elements
stays high. Consequently, other approaches should be taken into consideration, such as the
replacement of stainless steel by less fouling-prone materials.
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As stated previously, another pathway toward dairy fouling management besides stainless steel
surface modification could be the replacement of stainless steel by other heat-conducting
materials, like graphite-based composites. Carbonaceous materials have indeed been investigated
heat stability, chemical resistance, excellent heat-transfer properties, and competitive prices343
347.

Among others, graphite-polymer composites offer a wide range of possibilities for material and
surface properties tuning, as it is possible to conceive a multitude of formulations. For instance,
Rabah and El-Dighidy (1990)348 showed that different impregnants (copper, lead, carbon and PTFE)
were suitable for block-graphite heat-exchangers design in simulated superphosphate plant.
Literature is rich in similar examples of graphite-based materials designed for heat transfers349

351.

Moreover, Stancl and Zitny (2010) 131 demonstrated the antifouling properties of a pure graphite
electrode for milk direct Ohmic heating in a lab-scale installation. However in appeared that no
study has been carried out on the potential antifouling properties of graphite-based composites.
This is why some preliminary experiments were carried out, to see if this concept could work. Two
commercial impregnated graphite materials Graphilor® XC and Graphilor® XTH (Mersen, France)
were submitted to fouling tests and bacterial adhesion tests, in order to assess their fouling
behaviors. These results have been submitted to the International Dairy Journal and are currently
under revision.
Prior to fouling and microbiology testing, the wettability (WCA), surface energy (SFE) and
arithmetic mean roughness (Ra) of both composites were assessed. Their surface properties are
presented in Table C.1. Bulk densities were calculated on at least 12 measurements for each
material, following Equation C.1 where D is the density (kg/m3), m the mass of a sample (kg), and
V its volume (m3).
Equation C.1
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Obviously, both graphite-based composites exhibit much lower bulk densities than stainless steel,
and their values are consistent with the literature352. Lightness is a crucial feature for equipment
designers and manufacturers, as it impacts transport and processing costs.
Table C.1. Water contact angle (WCA), total surface free energy ( total) with dispersive ( D) and polar
( P) parts, arithmetic mean roughness (Ra), and bulk density of the studied materials.
Samples

WCA

total

D

P

Ra

Bulk density

(°)

(mN/m)

(mN/m)

(mN/m)

(µm)

(kg/m3)

NAT

84. 2 ± 2.6

39.0 ± 2.6

36.0 ± 0.8

3.1 ± 1.8

0.05 ± 0.01

7701.3 ± 221.9

XC

124.7 ± 2.6

48.8 ± 5.7

48.22 ± 3.6

0.6 ± 2.0

0.54 ± 0.16

1945.0 ± 12.1

XTH

116.8 ± 1.8

49.1 ± 1.7

49.1 ± 1.47

0.0 ± 0.2

0.27 ± 0.06

1972.9 ± 6.4

Drop shape analyses allowed establishing the high hydrophobicity of the two composites with WCA
of 124.7 ± 2.6° and 116.8 ± 1.8° for XC and XTH surfaces, respectively. Stainless steel water contact
angle was measured at 84.0 ± 1.6°, which classifies it as borderline hydrophobic. The SFE of XC and
XTH SFE values were found to be higher than that of stainless steel (48.8 ± 5.7 mN/m and 49.1 ±
1.7 mN/m, respectively, versus 39.0 ± 2.6 mN/m), but they exhibit very low polar components (0.6
± 2.0 mN/m for XC and 0.0 ± 0.2 mN/m for XTH). The arithmetic roughness of the composites (0.54
and 0.27 µm) was found to be significantly higher than that of stainless steel (0.05 µm), in
agreement with SEM observations (Figure C.1).

Figure C.1. SEM micrographs of Graphilor® XC (A), Graphilor® XTH (B), and native stainless steel (C).
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Both composites and SS reference then underwent isothermal fouling tests with or without rinsing
in the pilot pasteurizer. The results of each surface in terms of fouling density (mg/cm²) as well as
the percentage of deposit removed by water rinsing are presented in Table C.2.
Table C.2. Fouling densities of native stainless steel and graphite-based composites, before and
after rinsing (mean ± SD).
Surface

Fouling density (mg/cm²)
Before rinsing

Fouling density (mg/cm²)
After rinsing

Percentage of deposit
removed by rinsing

NAT
XC
XTH

92.0 ± 1.5
132.4 ± 12.4
91.9 ± 4.0

75.7 ± 1.6
7.0 ± 0.9
5.2 ± 0.8

18%
95%
94%

Figure C.2 clearly shows that the graphite-based composites do not present substantial antifouling
properties, i.e. they do not prevent deposit build-up. Indeed, the fouling density of XTH coupons
(91.9 ± 4.0 mg/cm²) does not significantly differ from that of stainless steel (92.0 ± 1.5 mg/cm²)
and XC surfaces even showed an increased fouling density of 132.4 ± 12.4 mg/cm². Those results
are consistent with the literature, as it has been reported that hydrophobic surfaces, such as PTFE,
do not necessary prevent dairy fouling formation and can even enhance fouling amounts

116,118.

The Ra value of XC, which is higher than that of stainless steel, can also be an explanation for the
fouling enhancement. Increased roughness is generally known as a fouling promoting factor127, 133,
138,206.

However, the rinsing step revealed noticeable differences between the studied materials.

Indeed, the 20 min hot water rinsing only removed 18% of the deposit on SS (fouling density of SS
from 92.0 ± 1.5 mg/cm² down to 75.7 ± 1.6 mg/cm²), while it removed 95% and 94% of the deposits
present on XC and XTH, respectively. Thus, both composites exhibit remarkable fouling-release
properties. These good performances could have been forecast by considering the low polar
102,127.
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Figure C.2. Fouling performances of native stainless steel (NAT) and graphite-based composites
before and after rinsing (XC and XTH).
Cross-section X-ray mappings of fouled stainless steel and composites without rinsing (Figure C.3)
allowed to closely examine deposit structure and chemical composition. Native stainless steel
exhibits a dendritic-looking deposit. Protein and calcium are found along the same patterns,
however Ca particles are well-visible, especially at the top of the fouling layer. This is in good
agreement with previous findings on isothermal fouling from similar dairy solutions32,206. Indeed,
while studies of long-time fouling on heat-transfer surfaces report calcium accumulation and
crystallization near the substrate-deposit interface25,66, Jimenez et al. (2013)32 showed that, on a
non-heated substrate, proteins deposit first and calcium does not crystallize at the interface but
takes part to the build-up as a binder.
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Figure C.3. Cross-section X-Ray mappings of native stainless steel and of both composites (XC and
XTH), after fouling.
The aspect of deposits on XC and XTH substrates is radically different. The deposits look
heterogeneous, with dense portions and medium (XTH) to large cavities (XC). This type of structure
is particularly vulnerable to cohesive failure. It is most likely that this susceptibility to failure,
together with the weak substrate-deposit adhesion strength generally attributed to hydrophobic
substrates, explains the observed fouling-release properties. From a chemical point of view, fouling
on composites is comparable to fouling on stainless steel, except that no calcium particles are
found on the composites. Those results are consistent with existing literature, which states that
substrate surface properties not only impact the cleanability of fouling, but also its structure and
chemistry 30,132.
Finally, both composite materials were thus tested for bacterial adhesion, in order to evaluate their
hygienic features. Figure C.4 shows that the nature of the surface greatly and significantly impacts
bacterial adhesion. First of all, the three studied strains, namely S. aureus, L. monocytogenes and
Salmonella enterica showed very different adhesion levels on stainless steel. L. monocytogenes
presents the highest adhesion rate (76.4 ± 8.6 CFU/microscope field) on native stainless steel
165

© 2018 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Sawsen Zouaghi, Université de Lille, 2018

Conclusions and Outlooks
compared to S. aureus (39.3 ± 5.6 CFU/microscope field) and Salmonella enterica (15.7 ± 4.4
CFU/microscope field).

Figure C.4. Fluorescence micrographs and CFU/field values (mean ± SD) of native stainless steel
(NAT) and composites (XC and XTH), after one hour of adhesion with S. aureus, L. monocytogenes
and S. enterica. The scale bars correspond to 200 µm.
On the other hand, both XC and XTH composites exhibited remarkably low CFU counts compared
to stainless steel, even though their roughness features were a priori rather unfavorable.
Medilanski et al. (2000)226 indeed showed that increased roughness induces higher microorganism adhesion. The present results therefore point toward a great impact of surface
properties on bacterial adhesion, which has been previously reported 225. However, other sources
stated that surface energy and hydrophobicity cannot be considered as good adhesion predictors.
Sinde and Caraballo (2000)222 indeed witnessed higher adhesion levels of Salmonella and Listeria
strains on hydrophobic rubber and on PTFE. Nevertheless, hydrophobic materials have also been
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shown to prevent bacteria persistence through fouling-release properties149,227, which could
explain the good performances of XC and XTH surfaces regarding bacterial adhesion.
The strong potential of graphite-based composites for fouling management applications in food
processing is established. The tested commercial composites, Graphilor® XC and Graphilor® XTH,
indeed exhibited very good cleanability compared to the stainless steel control, in spite of their
higher arithmetic mean roughness. Both composites also exhibited remarkably low bacterial
adhesion rate. Thus, the combination of good physical properties (lightness and chemical
resistance), good thermal conductivity together with the interesting fouling-release and hygienic
properties demonstrated here, makes graphite composites promising candidates for the design of
cost-effective processes and eco-friendly industrial equipment for thermal processes.
Overall, it seems that surface modification of stainless steel as well as its replacement by other
materials are suitable pathways to achieve fouling mitigation in dairy industries. Both approaches
have their advantages and drawbacks. Indeed, durability and food-compatibility, which are at the
heart of concerns when dealing with surface modifications such as coating, are less problematic
when considering material replacement. On the other hand, in this case, main issues would be heat
conduction and mechanical properties. Further research should thus pursue both possibilities, while
keeping in mind their respective drawbacks, in order achieve efficient, safe and durable fouling
mitigation.
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Experimental Methods for Surface Analyses and Characterizations
Water contact angle and surface free energy.
The advancing water contact angles (WCA) of the samples were measured on a DSA100 drop shape
analyzer (Krüss, Germany) with 2 µL droplets of deionized water. Surface free energy (SFE) was
calculated with Advance 3.0 (Krüss, Germany) following different empirical methods (OWRK, Van
Oss, Wu) depending on the considered surface. Three probe fluids were used for SFE calculations:
deionized water, formamide (Acros Organics) and diiodomethane (Sigma Aldrich). Their
characteristics are listed in Table AII.1Table AII.0-1. All results are representative of at least three
measures taken on three independent droplets randomly located on the surfaces.
Table AII.0-1. Values of surface free energy components for water, diiodomethane and formamide.
total

Fluid
Water
Diiodomethane
Formamide

LW

AB

+

-

(mN/m)

(mN/m)

(mN/m)

(mN/m)

(mN/m)

72.8
50.8
58.0

51.0
0.0
19.0

21.8
50.8
39.0

25.5
0.0
2.3

25.5
0.0
39.6

Contact angle hysteresis (CAH, i.e. the difference between the advancing and the receding angle)
of textured samples was measured via the tilting method on 5 µL droplets.

Optical microscopy
Optical microscopy pictures were obtained on a Keyence VHZ-1000 microscope, the magnification
was x1000.

Scanning Electron Microscopy (SEM)
The SEM used to obtain secondary electron images was a Hitachi S4700 used at 5 kV acceleration
voltage and a current intensity of 15 µA, at different magnifications. Prior to observation, the
samples were air-dried and carbon-coated in vacuum in a BAL-TEC SDC 005 Sputter Coater.
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Electron Probe Micro-Analysis (EPMA) and X-Ray Mappings
Sample preparation
In order to obtain cross-section images, the samples were embedded in epoxy resin cylinders and
then polished on a rotary polisher with abrasive silicon carbide paper (grades #180 to #2400) in
order to get neat and smooth cross-sections.
When X-ray mappings of thin coatings are needed (below 1 m), the sample is not embedded in
epoxy resin, the cross section is directly polished by the mean of an ion polisher, Fischione 1060
SEM ion milling. A 5 hours polishing process was used, the argon beam was used at 4kv for 4hours
for polishing and then at 1kV for 1hour for cleaning.
Analysis
Back scattered electron images were carried out at 15 kV, 20 nA and X-ray mappings were carried
out at 15 kV, 40 nA. For Xprotein deposit) and Ca (characteristic of mineral deposit) was PET (pentaerythrol), and a LiF crystal

Contact Profilometer
Arithmetic mean roughness of the different samples was measured on an AlfaStep IQ surface
profilometer (KLA-Tencor). The tip speed was 20 µm/s and profiles were recorded on 500 µm-long
segments. At least three measurements were carried out on each surface.

Atomic Force Microscopy (AFM)
The samples were imaged using a Dimension 3100 model AFM (Veeco) equipped with a Nanoscope
IV controller (Digital Instruments) under ambient conditions. Single beam silicon cantilevers (AFMTM Arrow, Nanoworld) with spring constants of ~ 42 Nm 1 and resonant frequencies of ~250 kHz
were used. All AFM images were acquired in tapping mode and the image size was 200×200 nm2.
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Fourier-Transformed Infrared Spectroscopy (FTIR)
FTIR spectroscopy of the different coatings was performed on a Nicolet iS-50 spectrometer
(Thermo Scientific), in the spectral range 500 to 4000 cm-1. Spectra post-treatment was done with
Omnic 9 software.

Time-of-flight Secondary Ion Mass Spectrometry (ToF-SIMS)
ToF-SIMS analyses were performed on both the native steel and modified surfaces obtained after
1 minute fouling. ToF-SIMS spectra measurements were carried out using a ToF-SIMS V instrument
(ION-TOF GmbH Germany), equipped with a bismuth liquid metal ion gun (LMIG). Pulsed Bi +
primary ions were used for analysis (25 KeV, 1 pA). Charging effects, due to the primary ion beam,
were compensated using low energy pulsed electrons (20 eV).

Figure A-II. 1. Schematic representation of key ToF-SIMS components.
Reference mass spectra were established recovering both ion polarities of the whey protein
tableted for analysis. Surface spectra were taken from an area of 500 µm x 500 µm by accumulation
of 20 scans, 128x128 pixels. Calcium secondary ions were mainly detected in positive polarity, so
the depth profiling (non-interlaced mode) was performed only in positive mode on the samples.
Cs+ was used for sputtering (1 kV, 65 nA) and was scanned over an area of 300 µm x 300 µm.
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Secondary ions were generated with Bi+ from an area of 100 µmx100 µm centered on sputter gun
crater. CsFe+ ions were chosen as characteristic of steel substrate and CNCs2+ ions as characteristic
of dairy deposit. Profiles combined with high lateral resolution secondary ions images were also
acquired in the burst alignment mode using Bi+ as primary ion gun (lateral resolution around few
hundreds nm) and Cs+ (1 kV, 65 nA) for sputtering. Analysis area for Cs + and Bi+ was, respectively,
300 x 300 µm² and 20 x 20 µm².

X-Ray Photoelectron Spectroscopy (XPS)
XPS analysis were performed on a Kratos AXIS Ultra LDL device with a monochromatic Al K

-

ray source (10 mA, 12 kV). C 1s, O 1s, Fe 2p, Cr 2p, Ni 2p and Si 2p spectra were obtained using a
40 eV pass energy. Spectra post-treatment was done using Casa XPS software (version 2.3.16, Casa
Software Ltd.) All spectra were charge corrected to give the adventitious C1s component a binding
energy of 284.8 eV.

Cross-Hatch Adhesion Tests
Coating adhesion on SS substrates was studied following the ASTM D3359-B standard with an
Elcometer 107 cross-hatch cutter of 3 mm with 6 teeth. This procedure classifies coatings adhesion
from 5B (very good adhesion) to 0B (poor adhesion) ranges.
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Detailed contact angle values for PEO-modified coatings

Table A-IV.1. Values of the water contact angle (WCA) of Si-PEO, PL-(Si-PEO), PD-(Si-PEO), NuSil(PEO) and NuSil-(Si-control) surfaces with time.
Time (s)
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150

0-(Si-PEO)
WCA (°)
SD
107.2
10.0
97.1
9.9
70.2
11.9
54.1
5.2
45.9
5.7
42.5
5.3
39.4
5.4
37.7
5.2
36.2
5.0
35.1
4.6
34.4
4.8
32.5
3.1
32.0
3.2
31.2
3.7
30.6
3.3
30.1
3.5

PL-(Si-PEO)
WCA (°)
SD
108.1
3.2
97.6
2.7
86.2
1.8
77.2
0.5
72.9
1.2
69.7
0.9
67.8
0.6
66.2
0.8
64.8
0.8
63.2
1.1
62.2
1.1
61.1
1.1
60.2
1.1
59.3
1.0
58.4
1.0
56.6
0.2

PD-(Si-PEO)
WCA (°)
SD
114.8
1.2
78.2
6.2
55.1
1.3
46.3
1.3
41.1
1.6
36.8
0.7
34.5
0.6
33.9
1.2
32.4
1.3
31.8
1.9
30.9
1.6
29.8
2.1
29.2
1.9
28.4
1.9
27.6
1.9
28.2
0.7

NuSil-(Si-PEO)
WCA (°)
SD
104.9
1.9
73.7
14.0
44.3
18.3
39.3
12.4
35.5
7.8
32.0
3.3
31.2
3.2
31.1
2.1
29.8
2.8
29.2
2.5
28.7
2.2
28.0
2.1
27.4
1.9
26.9
1.9
26.4
1.7
26.0
1.8

NuSil-(Si-control)
WCA (°)
SD
118.0
0.6
118.0
0.6
118.0
0.6
118.0
0.6
118.0
0.6
118.0
0.6
118.0
0.6
118.0
0.6
118.0
0.6
118.0
0.6
118.0
0.6
118.0
0.6
118.0
0.6
118.0
0.6
118.0
0.6
118.0
0.6
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Figure A-IV.1. Variation of diidomethane contact angle with time of PEO-

as well as an
unmodified silicone coated on NuSil SP 12
-(Si. (Note: Standard
deviation values for WCA of PL-(Si-PEO) and NuSil-(Si-control) surfaces are too small to be clearly
presented on the figure (see ESI, Table B).)
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SADT Diagrams of the different systems and subsystems in the LCA study

Figure A-VI.1. SADT diagram of the REF system.
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Figure A-VI.2. SADT Diagram of the Si-PEO system.
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Figure A-VII. 3. SADT d

227

Thèse de Sawsen Zouaghi, Université de Lille, 2018

Annexes

Figure A-VI.4.
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Figure A-VI.5.
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Figure A-VI.6.
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Detailed impact scores of the REF and Si-PEO systems

Table A-VII. 1. Detailed impact scores of the REF system and subsystems.
Impact category
Climate change Human Health
Ozone depletion
Human toxicity
Photochemical oxidant formation
Particulate matter formation
Ionizing radiation
Climate change Ecosystems
Terrestrial acidification
Freshwater eutrophication
Terrestrial ecotoxicity
Freshwater ecotoxicity
Marine ecotoxicity
Agricultural land occupation
Urban land occupation
Natural land transformation
Metal depletion
Fossil depletion
Total

Whole process
23,973
0,002
11,902
0,000
0,752
0,016
19,132
0,021
0,000
0,078
0,006
0,547
0,341
0,029
0,472
0,463
4,771
62,506

Scores (µPts)
MF
Thermal
preparation
treatment
1,440
2,253
0,000
0,001
0,624
1,531
0,000
0,000
0,137
0,267
0,001
0,014
1,149
1,798
0,005
0,007
0,000
0,000
0,023
0,005
0,000
0,000
0,013
0,021
0,220
0,108
0,002
0,010
0,061
0,395
0,020
0,216
1,282
2,194
4,977
8,823

Rinsing

Other

20,257
0,000
9,710
0,000
0,344
0,000
16,166
0,009
0,000
0,049
0,006
0,512
0,013
0,017
0,002
0,188
1,275
48,549

0,026
0,000
0,039
0,000
0,006
0,000
0,021
0,000
0,000
0,000
0,000
0,001
0,001
0,000
0,014
0,040
0,023
0,172
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Table A-VII. 2. Detailed impact scores of the Si-PEO system and subsystems.
Impact Category
Climate change Human Health
Ozone depletion
Human toxicity
Photochemical oxidant formation
Particulate matter formation
Ionising radiation
Climate change Ecosystems
Terrestrial acidification
Freshwater eutrophication
Terrestrial ecotoxicity
Freshwater ecotoxicity
Marine ecotoxicity
Agricultural land occupation
Urban land occupation
Natural land transformation
Metal depletion
Fossil depletion
Total

Whole
process
3,84
0,00
2,28
0,00
0,44
0,02
3,07
0,01
0,00
0,03
0,00
0,04
0,33
0,01
0,48
0,33
3,62
14,51

Scores (µPts)
MF
Thermal
Coating
preparation treatment
0,11
1,44
2,27
0,00
0,00
0,00
0,09
0,62
1,54
0,00
0,00
0,00
0,03
0,13
0,27
0,00
0,00
0,01
0,09
1,15
1,81
0,00
0,00
0,01
0,00
0,00
0,00
0,00
0,02
0,01
0,00
0,00
0,00
0,00
0,01
0,02
0,00
0,22
0,11
0,00
0,00
0,01
0,02
0,06
0,40
0,07
0,02
0,22
0,11
1,28
2,21
0,52
4,96
8,88

Rinsing

Other

0,01
0,00
0,01
0,00
0,00
0,00
0,01
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,03

0,02
0,00
0,03
0,00
0,00
0,00
0,01
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,01
0,03
0,02
0,12
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Dairy fouling on stainless steel and design of antifouling surfaces
ABSTRACT Fouling is an ongoing issue which burdens the cost of dairy thermal processes as well as their
environmental impact. Understanding the fouling phenomena and finding mitigation solutions is therefore
of high interest. Consequently, this works aims at: (i) studying the impact of surface properties variation on
dairy fouling and (ii) designing and characterizing the mechanisms of action of novel biomimetic antifouling
surfaces. It was demonstrated that surface properties were crucial for fouling mitigation, low roughness
and low surface energy being the most favorable conditions for fouling reduction. In a second time, three
types of biomimetic surfaces, namely slippery liquid infused surfaces (SLIPS), nano-rough atmospheric
plasma coatings and amphiphilic environment-responsive coatings were proven efficient against isothermal
dairy fouling. The amphiphilic coatings unquestionably presented the best antifouling performances as they
totally prevented fouling development as well as pathogenic bacteria adhesion. Such surfaces should allow
for significant savings in cleaning costs and environmental impact through the adaptation of the cleaning
procedures. In order to assess the real effect of the antifouling coatings on the footprint of the
pasteurization process, a Life Cycle Assessment study was carried out. It was demonstrated that the use of
such an antifouling coating could lead to the reduction of the environmental impact of a pasteurization
process by more than 70%.
RESUME

échangeurs thermiques, et donc des nettoyages réguliers, qui alourdissent les coûts de production ainsi que
rtant de comprendre ces phénomènes
-

encras

urface sont favorables à la réduction de
au point de trois surfaces bioinspirées (surfaces lubrifiées « SLIPS », revêtements par plasma atmosphérique
et revêtements amphiphiles). Les revêtements amphiphiles ont obtenu sans conteste les meilleurs
bactéries pathogènes. Ce type de revêtement pourrait donc permettre de réaliser des économies non
négligeables, non seulement en termes de coût de nettoyage des installations industrielles, mais également
de 70%.
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