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Abstract

Fouling, the accumulation of undesirable material on manufacturing equipment surfaces, poses a pervasive challenge in
industrial processes. In the food industry, the complex interactions among these compounds can give rise to stubborn depos-
its that deviate from conventional cleaning protocols. In this work, the forces and removal mechanisms of model fouling
agents composed of mixtures of starch, whey protein, and lard deposited on solid surfaces of relevant industrial interest (i.e.
stainless steel, aluminium, and PTFE) are investigated using a multi-length scale approach, involving milli-manipulation
and a lab-simulated Clean-In-Place (CIP) system. The forces involved in the removal process, the types of failure observed
when the deposits are subjected to shear stress (adhesive, mixed, or cohesive), and the performance of the CIP system are
systematically analysed as a function of the cleaning treatments applied. For stainless steel surfaces, alkaline treatment
seems to facilitate the cleaning of lard and starch deposits, while the whey foulant removal tends to be more effective using
hot water under the conditions tested. Hot water is effective for stainless steel and PTFE surfaces, reducing the mechanical
shear stress required, while the alkaline treatment demonstrated superior efficacy for aluminium surfaces. These findings
emphasise the importance of customising cleaning protocols for CIP optimisation.
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Introduction

The accumulation of undesired substances on the surfaces
of manufacturing equipment, known as fouling, presents a
widespread problem in product manufacturing. This indus-
trial issue arises from a variety of factors, encompassing
the inherent characteristics of the processed product, man-
ufacturing conditions, and the presence of impurities or
microorganisms. Such deposits give rise to a range of pre-
dicaments, including diminished productivity, equipment
impairment, higher consumption of energy and resources,
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and consequential economic and environmental impacts
(Mohammad et al., 2012). To enhance the efficiency,
safety, and sustainability of manufacturing processes while
mitigating the adverse effects of industrial fouling, diverse
strategies are being implemented such as the application of
anti-fouling coatings (Avila-Sierra et al., 2023; de Vargas
et al., 2022; Magens et al., 2017; Sen et al., 2012), opti-
misation of processing equipment design (EHEDG, 2018),
and regular execution of cleaning and maintenance proto-
cols (Wilson et al., 2022). Nevertheless, cleaning processes
depend on several factors such as the fouling agent, the
nature of the surface, temperature, hydrodynamic forces,
detergent formulation, or cleaning time (Basso et al., 2017,
Fryer & Asteriadou, 2009; Laukemper et al., 2021; Santos
et al., 2013; Wilson et al., 2022).

The issue of fouling in the food industry presents an espe-
cially formidable challenge due to the intricate and diverse
nature of the food products being processed, as well as the
stringent regulations governing hygiene and safety. Among
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the crucial food constituents that give rise to fouling predica-
ments, several stand out:

(i) Proteins, possessing substantial molecular complex-
ity and a three-dimensional structure, are susceptible
to denaturation in response to environmental factors
such as temperature, pH, and ionic strength. This
affects their inherent solubility and reactivity, render-
ing their removal from processing equipment more
complex (Avila-Sierra et al., 2021a, 2023; Christian
& Fryer, 2006; Felfoul et al., 2015, 2016).

(i) Carbohydrates, particularly starch, exhibit a complex
and branched structure that can lead to the forma-
tion of adhesive and viscous deposits on processing
equipment. These deposits often prove resistant to
conventional cleaning agents and methods (Jurado-
Alameda et al., 2015; Jurado et al., 2015).

(iii) Fats, encompassing mixtures of mono-, di-, and tri-
glycerides, as well as other hydrophobic constituents,
are insoluble in water, thereby posing challenges for
their removal from processing equipment utilising
water-based cleaning agents (Ali et al., 2015).

The interaction between multiple food compounds under
operational processing conditions gives rise to multicom-
ponent and micro-structured fouling, resulting in the for-
mation of intricate deposits characterised by variations in
morphology, topology, and electrostatic conditions across
the substrate (Cuckston et al., 2019). For instance, mixtures
of starch and proteins may be present in dairy and cereal
processing, engendering a complex network of interactions
between these compounds (da Silva Pereira et al., 2021) that
might give rise to deposits resistant to traditional cleaning
agents and methods. Magens et al. (2017) observed that the
removal of sponge cake batters, composed of commercial
cake mix, egg powder, and vegetable oil, exhibited sensitiv-
ity to the oil content. Furthermore, Cuckston et al. (2019)
investigated the influence of detergent formulation on the
efficiency of cleaning a baked deposit consisting of a com-
plex carbohydrate—fat mixture adhered to stainless steel.
Their findings indicated a noticeable increase in removal
efficacy with hydration, which was highly dependent on
the specific cleaning solution and temperature, resulting
in different types of failure during removal. More recently,
Herrera-Marquez et al. (2020) explored the effects of sys-
tematic variations in fat/starch fractions within binary mix-
tures on their removal mechanisms. Their study suggested
that, under the tested conditions, the effective removal of
deposits with high fat content could be achieved using solely
a hot (50 °C) neutral pH solution, potentially attributed to
the melting point of the fatty phase. Conversely, the use of
a-amylase or lipase was not recommended for deposits with
high fractions of either starch or fat. However, it is worth
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noting that overall, there remains a dearth of research exam-
ining how systematic alterations in the component fractions
of multicomponent fouling can influence the mechanisms
of their removal.

In addition to considering the pertinent fouling agents,
achieving effective cleanliness within the food industry
requires a comprehensive understanding of the surfaces
that come into contact with these compounds during food
manufacturing, as their characteristics (e.g. surface free
energy, roughness) will determine the adhesion strength
of the food products during processing (Avila-Sierra et al.,
2021b; Laukemper et al., 2021). Among the most used
metallic surfaces employed, stainless steel stands out as
a desirable option for food-related applications due to its
minimal capacity for bacterial retention, ease of cleaning
after repeated use, and exceptional resistance to corrosion
(Avila-Sierra et al., 2019; Daeschel et al., 2023). Another
noteworthy food-grade metal is aluminium, approved not
only for food production but also for the safe packaging of
food items (Stahl et al., 2017). Additionally, various poly-
meric surfaces, such as polytetrafluoroethylene (PTFE)
coatings, are found in specific sections of processing lines,
such as belts and conveyors, commonly used in the mass
production of food items (e.g. eggs, bacon, sausage, and
hamburgers) (Andreatta et al., 2020; Rondinella et al., 2021).
Thus, optimising industrial cleaning procedures necessitates
a detailed analysis of the microscopic interactions occurring
between the system formed by the surface, the deposit, and
the cleaning agent, exploring potential correlations between
the composition of the deposits, their mechanical removal,
and the efficacy of the cleaning treatment, as well as optimi-
sation according to environmental criteria (Tsai et al., 2021).

The main objective of this work was to propose a multi-
scale methodology to relate physical parameters (shear
stress) with detersive efficiency to facilitate the prediction of
the removal behaviour of food-based complex deposits (mix-
tures of starch, whey protein, and lard) in contact with differ-
ent surfaces (stainless steel, aluminium, and PTFE) using a
milli-manipulation and a lab-simulated Clean-In-Place (CIP)
system. The forces involved in the removal process, the types
of failure observed when the deposits are subjected to shear
stress (adhesive, mixed, or cohesive), and the performance
of the CIP system are systematically analysed as a function
of the chemical treatments applied. These treatments include
exposure to hot water (50 °C, 30 min), and exposure to a
hot alkaline solution (NaOH, 4 g/L) (50 °C, 30 min). The
mechanical shear stress needed for the removal of different
deposits in contact with the surfaces studied was evaluated
to establish a first approach of this methodology, analysing
how cleaning may vary among different materials. Subse-
quently, the effect of different cleaning solutions on deter-
gency was analysed, and an attempt was made to correlate
these results with the shear stress values obtained.
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Table 1 Composition of the food compounds

Starch” Whey Lard
Protein (%) 0.37 69.7 0.1
Fat (%) 0.42 4.1 99.7
Carbohydrates (%) 90.37 - 0.1
Water (%) 7.84 4.2 -
Ash (%) 0.99 4.1 -
Lactose (%) - 17.9 -
Sodium chloride (%) - - 0.1
*Avila-Sierra et al. (2020)
Materials and Methods

Foulants, Surfaces, and Fouling Methods
Foulants

Three different food compounds, corn starch (Maizena®,
Spain), whey protein concentrate (Abbot, Spain), and lard
(E1 Pozo®, Spain), were used in this work (Table 1). To
prepare the model foulants, the food compounds were
blended in accordance with the predetermined propor-
tions outlined in Table 2 for designs 1 and 2. The mixture
was then heated up to a temperature of 50 °C, agitated
for 5 min using a magnetic stirrer, and homogenised via
an Ultra-turrax device (T25 digital, Ika, Spain) for 5 min
at a rate of 6800 rpm. The mixture was subsequently
autoclaved at 121 °C for 60 min, then cooled down to 50
°C, and homogenised once again at 6800 rpm for 5 min.

Table2 Composition of the model foulants. Designs 1 and 2 denote
the solid composition of the solutions of individual food compounds,
which were first prepared and subsequently combined to create the
model foulants (A-J)

Composition
Design 1 Starch (20% Whey (20% Lard (100% w/w)
w/w) w/w)
Design 2 Starch (30% Whey (30% Lard (100% w/w)
W/wW) w/W)
Foulants A 100% - -
B - 100% -
Cc - - 100%
D 33% 33% 34%
E 50% 50% -
F 50% - 50%
G - 50% 50%
H 17% 17% 66%
I 66% 17% 17%
J 17% 66% 17%

Finally, it was cooled at 30 °C before being applied upon
the clean surfaces.

Surfaces

The surfaces were prepared into square coupons measur-
ing 30 mm by 30 mm. These coupons were from stainless
steel (thickness 1.5 mm), aluminium (thickness 2.0 mm),
and PTFE (thickness 2.0 mm), as illustrated in Fig. la—c.
Surface topography and roughness (R,) were characterised
by a Leica TCS SP5 SPECTRAL CONFOCAL microscope
with SP detection capable of five channels simultaneously
was used. A reflection image of the surface was generated
using an Ar/Ar Kr laser (458 nm) with an objective magni-
fication of 10 and numerical aperture set at 0.4 (10x/0.4),
selecting a scan of 512x 512 pixels. The sample was trav-
elled vertically (z-direction) between the first and last detect-
able light reflex of each sample, and a z-series of 30 opti-
cal sections was generated. The z-series was converted to a
greyscale (topographical) image and analysed using ImagelJ
software and the plugin developed by Chinga et al. (2007).
The plugin allows to level and assess surface roughness sta-
tistics including root mean square deviation, skewness, and
kurtosis. Averaged values of surface roughness (R,), kurtosis
(Skw)» S4/S, ratio (Sq is the root mean square roughness), and
R,/R, ratio (R, is the maximum profile peak height, and R,
the maximum valley depth below the mean line, within a
single sampling length) were analysed.

Fouling Method

In the milli-manipulation experiments, coupons were placed
within a 13-mm-high mould and subsequently loaded with
the foulant of interest at 30 °C (Table 2), being incubated a
subsequent 24-h interval at 20 °C. The fouled coupons were
then de-moulded, as illustrated in Fig. 1d-f.

In the Cleaning-In-Place assays, the surfaces were spheri-
cal stainless steel wads measuring 2.0 cm in diameter and
weighing between 0.80 and 0.85 g. These coupons were
uniformly fouled by rolling them over the foulant being
tested (Table 2) at 30 °C, with incubation at 20 °C for 24 h
(Fig. 1g). Each cleaning test used eight spheres, having a
total foulant weight of 2.0+0.2 g.

Statistical Analysis

Design 1 and design 2 were subjected to response surface
methodology (RSM) (simplex-centroid design) to ascertain
the optimal composition of the samples for the variables
examined, i.e. shear stresses and detergency determined from
milli-manipulation and cleaning assays, respectively. These
two designs facilitate the analysis of the influence of fou-
lants with varying concentrations of solids on the specified
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Figure 1.
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Fig.1 Images of both clean and fouled surfaces. Clean surfaces:
stainless steel, aluminium, and PTFE coupons, as depicted in a, b,

and c, respectively. Fouled surfaces: stainless steel fouled with Soil
C-Designl (100% lard), aluminium fouled with Soil J-Design2 (17%

variables. Design 1 used more diluted solutions for the for-
mulation of the model foulants (starch (20% w/w)-whey
(20% w/w)-lard (100% w/w)), while design 2 used solu-
tions with higher concentrations (starch (30% w/w)-whey
(30% w/w)-lard (100% w/w)). Table 2 provides the detailed

Fig.2 Simplex-centroid
design. The composition of the
samples, which were prepared
using starch, whey, and lard, is
detailed in Table 2
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starch, 66% whey, 17% lard), and PTFE fouled with Soil G-Design2
(50% lard, 50% whey), which are illustrated in d, e, and f. A repre-
sentative spherical stainless steel wad, fouled with Soil A-Design2
(100% starch), is shown in g

composition of the model foulants (A-J) required for the
simplex-centroid design, and Fig. 2 illustrates them. In both
design 1 and design 2, all foulants from A to J underwent
testing for the simplex-centroid design, despite differences
in solid concentrations. It should be noted that, as indicated
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in Table 2, model foulant C shares the same composition
in both designs, while the remaining model foulants have
distinct composition. Response surface equations were gener-
ated based on the variables studied and fitted to the special
cubic model (Supplementary Information, Sect. 1, Tables
SI.1 and SI.2). The statistical analysis was carried out with
Statgraphics® software, and the models obtained exhibited
a confidence level of over 95%.

Milli-manipulation Technique

Liu et al. (2002) expounded on the fundamentals of micro/
milli-manipulation technique, which enables the assessment
of the force needed to remove a deposit from a solid surface.
These devices measure the force required to remove a layer
of deposit (cohesion forces) or remove the deposit from the
surface (adhesion forces). The force application produces
various outcomes. In some instances, the forces can cause
the separation of foulant from the surface, resulting in an
“adhesive failure”. Conversely, if there is displacement of
the top layer of the deposit, a “cohesive failure” is observed.
If both phenomena occur in an assay, the behaviour is des-
ignated as “mixed failure”.

A CAD design of the UGR milli-manipulator is shown in
Fig. 3. It comprises a force gauge which is moved by a 2-axis
displacement stage at a constant velocity (0.15 cm/s), a scraper,
and a sample chamber where the fouled surface is located.
Before measuring, the scraper was first positioned 3 mm above
the testing surface. Then, the clean surface is replaced by a
fouled surface, being located, and immobilised in the sample
chamber. The force gauge records the force F (N) required for
the scraper to displace the deposit as a function of time t (s).
All tests were conducted at least three times, at 20 °C.

The work needed to move the foulant W (J) was calcu-
lated as follows:

dW = F(t)dx ()

where F(¢) is the force applied to move the deposit over a
distance dx. The distance dx=v-dt, where v is the scraper
displacement velocity. Integrating

w=v| Fod ®)

ly

where 1, is the time at which the scraper contacts the deposit
and ¢, is the end time of each test (Magens et al., 2017). The
shear stress applied to the deposit 6 (J/m?) is.

o=W/A 3)

where A (m?) is the contact area between the scraper and
the deposit.

The milli-manipulation tests were performed on three
different surfaces (stainless steel, aluminium, PTFE) and
ten different foulants for each of the two designs (Table 2).
To determine the impact of different environments on the
characteristics of the deposits, the fouled surfaces were (i)
immersed in water (50 °C, 30 min) or (ii) in a 4.0 g/LL NaOH
aqueous solution (50 °C, 30 min).

Cleaning-In-Place Assays

Cleaning experiments were conducted using a specialised
cleaning device, called BSF, previously utilised by Jurado-
Alameda et al. (2015), which allows for the adjustment of
cleaning time, temperature, surface type, and deposit com-
position. The device comprises a jacketed tank (1 L) and a
thermostated column with a peristaltic pump, which houses

Fig. 3 Milli-manipulation device composed of (1) 2-axis displacement stage, (2) horizontal holder, (3) digital force gauge, (4) scraper, and (5)

sample chamber
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eight fouled stainless steel wads (see the “Foulants, Sur-
face and Fouling Methods” section). The device has been
employed for cleaning food residues by multiple research-
ers (Vicaria et al., 2017). The cleaning process entailed two
treatments: (method 1) water (50 °C, 30 min) and (method
2) a 4.0 g/L. NaOH aqueous solution (50 °C, 30 min). During
cleaning, the solution (1.2 L) flowed through the tank to the
column at a rate of 75 L/h. Upon completion, the surfaces
were dried at 60 °C for 24 h, and the quantity of deposit left
was determined. The cleaning experiments were conducted
at least three times. The initial soil quantity present on the
eight coupons was measured before each experiment, and the
initial soil moisture content was determined by drying the
samples at 60 °C for 24 h. The cleaning efficiency or deter-
gency (De %) was computed using the following formula:

ny —my

De = 100 4)

m;

where m; represented the dry weight of foulant present on
the stainless steel spheres before the cleaning process and
mg was the dry weight of the foulant after cleaning and dry-
ing at 60 °C.

Results and Discussion

A comprehensive and systematic analysis of the forces
required to remove a series of food complex deposits
(Table 2) firmly attached to hard surfaces of industrial
relevance, namely, stainless steel, aluminium, and PTFE,
was conducted in this section, taking into consideration
the composition of the deposit, the nature of the surface,
and the removal behaviour of the model foulants without or
under chemical treatment. This rigorous examination of the
interplay between the surface properties and the character-
istics of the deposit was crucial in discerning the underly-
ing mechanisms that govern the cleaning process of these
model foulants.

Surface Topographical Characterisation

A topographical analysis of the model surfaces used
was conducted according to the method detailed in the
“Foulants, Surfaces, and Fouling Methods” section.
Average values of surface roughness (R,), kurtosis (Sk,),
S4/Ss and R-R, ratio are listed in Table 3. The findings
indicate that stainless steel and aluminium have similar
R, values, being aluminium slightly rougher. In contrast,
PTFE exhibits significantly greater roughness (6.6 +1.2
um). The set of metallic surfaces are characterised by high
kurtosis values (Sg, > 3), indicating a distribution with
sharp peaks, while PTFE has a kurtosis value below 3,
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Table 3 Averaged values of surface roughness (R,), kurtosis (Sg,),
S/S, ratio (S, is the root mean square roughness), and R/R, ratio
(R, is the maximum profile peak height, and R, the maximum valley
depth below the mean line) along with their standard deviation). The
scanning area tested was 1550 1550 pm from at least three locations
per sample

Surface R, (um) Sku S¢/Sa R,R,
Stainless steel 1.1+0.1 10.5+3.1 1.4+0.0 34.8+2.7
Aluminium 1.3+0.0 54+0.9 1.4+0.0 26.3+3.6
PTFE 6.6+1.2 24+0.8 1.5+0.1 73.6+17.0

suggesting a thin-tailed distribution with infrequent outliers.
Additional parameters such as S;/S, and R -R, were also
used for further surface texture characterisation (Pawlus
et al., 2021). The results show similar Sq/Sa values for all
surfaces, indicating comparable degrees of surface pattern
distribution. However, the peak-valley height of PTFE is
double that of both metallic surfaces.

Mechanical Removal of Model Foulants

Within this section, milli-manipulation (see the “Milli-
manipulation Technique” section) was employed to deter-
mine the force required to remove model deposits present on
the surfaces tested (i.e. stainless steel, aluminium, or PTFE).
The Supplementary Information (Sect. 2, Tables SI.3-S1.5)
exhibits representative removal curves depicting the rela-
tionship between force and time for each tested deposit upon
stainless steel surfaces. Figure 4 displays response surface
plots illustrating the data on shear stress (o) (see the “Sta-
tistical Analysis” section, Table 4), as well as the type of
failure observed when the deposits were subjected to stress.
This analysis is conducted while considering the percent-
age of solids for individual fouling agents, design 1 (20%
w/w) and design 2 (30% w/w), encompassing either starch
or whey protein foulant.

At a lower concentration of solids (design 1), compara-
ble shear stress values and tendencies were observed during
the removal of singular fouling agents from the three sur-
faces studied, particularly in the case of starch-based fouling
agent (foulant A, with ¢ ranging from 14.5 to 21.8 J/m?) and
whey protein-based fouling agent (foulant B, with o rang-
ing from 35.1 to 42.7 J/m?). These findings align with the ¢
data reported by Herrera-Marquez et al. (2020) and Liu et al.
(2006) for potato starch (30% w/w) and whey protein fouling
agents (1.49% w/w), respectively. Regardless of the underly-
ing surface type, the mechanical removal of these two depos-
its predominantly resulted in adhesive failure. For the binary
starch—whey mixture at a 1:1 ratio (foulant E), the shear
stress required for removal fell within an intermediate range
(23.5-27.5 J/m?), exhibiting a mixed failure mechanism on
stainless steel and PTFE, while showcasing predominantly
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Fig.4 Response surface plots of shear stress ¢ (J/m?) data as a function of the underlying surface and the solid percentage of starch and whey
foulants. Type of failures: adhesive (blue circle), mixed (red rhombus), and cohesive (green square)

adhesive failure on aluminium. Notably, the introduction
of lard into the mixture led to clear differences in removal
behaviour. Deposits consisting entirely of lard (foulant C)
required the highest shear stress for removal (137.0-171.5 J/
m?) compared to the single fouling agents. This can be
attributed to the increased removal work (indicated by the
area under the force curve, as detailed in the Supplementary

Information, Sect. 2, Tables SI1.3-SI.5) required for their
elimination, consistently resulting in adhesive detachment.
In fact, the highest shear stress was observed on PTFE, the
surface possessing the greatest roughness (see the “Surface
Topographical Characterisation” section). When lard was
combined with either starch or whey protein fouling agents
at a 1:1 ratio, foulants F and G respectively, the shear stress

Table 4 Shear stress (o) data

. Model foulants Stainless steel Aluminium PTFE
pf the'food c'omp!ex deposits (qualitative . . . . . .
1nves§1gated in this work as a description) De51gn21 Desngn22 De51gn21 De51gn22 D651gn21 De51gn22
function of the type of surface 6 (J/m”) 6 (J/m”) 6 (J/m®) 6 (J/m”) 6 (J/m®) ¢ (J/m°)
and concentration in solids
(designs 1 and 2) under ambient A (starch) 21.8+4.4 110.2+9.8 189+2.0 75.8+169 145+29 95.2+5.8
conditions (air, 20 °C) B (whey) 374+120 603+7.2 35.1+23 347+39 42.7+1.1 47.1+£10.0
C (lard) 163.8+4.1 137.0+0.0 171.5+8.2
D (triple) 124+35 116.5+8.8 13.7+£03 80.1+10.0 13.8+0.1 140.4+10.8
E (starch-whey) 23.6+1.7 52.3+49 275427 36.2+53 23.5+5.7 40.3+4.9
F (starch-lard) 1353+8.1  127.5+16.3 162.7+3.8 79.2+18.8 193.5+04 141.9+17.0
G (whey-lard) 124.0+17.1 153.0+13.9 144.6+0.1 119.0+11.7 113.1+155 126.6+13.7
H (triple, high lard) 76.7+0.0 122.3+0.0 91.7+13.3 46.8+6.7 98.9+0.0 143.7+9.8
I (triple, high starch)  30.6+4.3 88.3+143 18349 80925 29.6+1.2 159.8+0.0
J (triple, high whey) 44.5+2.4 86.3+9.1 385+2.1 72.1+0.0 50.6+6.7 142.4+29.1
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exhibited an increase in comparison to the single starch and
whey protein foulants, particularly for deposits adhering to
aluminium (for both binary mixtures) and PTFE (in the case
of starch—lard deposit). In the latter scenario, the highest
shear stress measured in this study (193.5 J/m?) was attained.
While the starch—lard deposit consistently exhibited adhe-
sive failure across all surfaces, the removal mechanism for
the whey-lard combination was highly dependent on the
specific surface under investigation, resulting in cohesive,
adhesive, or mixed failures on stainless steel, aluminium,
and PTFE, respectively. Introducing the triple combina-
tion of starch—lard—whey with an equal fraction of fouling
agents (foulant D) yielded the lowest shear stress values
(12.4-13.8 J/m?), independently of the investigated surface,
and consistently manifesting adhesive failure as removal
mechanism. However, significant distinctions emerged when
altering the proportion of the ternary fouling agents: an ele-
vated lard content (foulant H) led to an increased shear stress
(76.7-98.9 J/m?), while a higher proportion of whey (foulant
J, 38.5-50.6 J/m?) or starch (foulant I, 18.3-30.6 J/m?) led
to decreased shear stress values, albeit still higher than those
observed for the triple mixture at the same proportion of fou-
lants (foulant D). Furthermore, diverse removal mechanisms
were observed, as depicted in Fig. 4.

Shifting our focus to an augmentation of the solid con-
centration (design 2) for singular starch and whey protein
fouling agents, remarkable differences in removal behav-
iour were detected. For the starch-based fouling agent (A),
an adhesive failure mechanism was evident, which required
higher shear stress values (increasing from approximately
20 J/m? to 75.8-110.2 J/m?) with shear stress being highly
dependent on the underlying surface. Notably, the highest
shear stress was observed on stainless steel. In the case of
the binary mixture of starch—-whey deposit at a 1:1 ratio
(foulant E), intermediate shear stress values were required,
falling within the ranges reported for the individual fouling
agents (36.2-52.3 J/m?). This resulted in adhesive failures on
all the surfaces assayed. Once again, with the introduction
of a fraction of lard into the mixture, removal characteristics
diverged. The binary combination of lard—starch (foulant F)
led to increase shear stress on all surfaces inducing adhesive
detachments, and lard—whey fouling agents at a 1:1 ratio
(foulant G) also required higher shear stress values, except
for the aluminium surface which exhibited a slight decrease
in shear stress. A mixed failure mechanism was depicted
across all surfaces, except for aluminium (adhesive).

Finally, similarly to the observations made for the
starch fouling agent, an increase in the solid concentra-
tion dramatically elevated the shear stress required for the
removal of the triple deposit with the same proportion of
foulants (D), escalating from approximately 13 J/m? to
80.1-140.4 J/m?, particularly pronounced for PTFE. This
pattern was similarly observed for the other 3-component
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mixtures, with the highest shear stress values consistently
occurring on PTFE, potentially attributed to its greater sur-
face roughness, followed by stainless steel and aluminium.
Generally, a higher proportion of lard in the triple mixture
tended to amplify shear stress. Consequently, an elevation
in the percentage of solids within the composition of foul-
ing agents suggests an augmentation of cohesive interac-
tions within the model deposits, ultimately leading to a
preference for mixed or adhesive failure removal mecha-
nisms under stress conditions.

Mechanical Removal of Food Complex Deposits
Under Cleaning Treatments

As in the “Mechanical Removal of Model Foulants” section,
milli-manipulation was employed to determine the requi-
site force for removing model deposits labelled as A to J
from the surfaces of interest, i.e. stainless steel, aluminium,
and PTFE, under different cleaning treatments: (method1)
immersing fouled coupons in water at 50°C for 30 min and
(method 2) immersing fouled coupons in a 4.0 g/LL NaOH
aqueous solution at 50°C for 30 min. Shear stress (c) data are
reported in Table 5 as a function of the percentage of solids
(design 1, 20% w/w, and design 2, 30% w/w) for starch and
whey protein fouling agents, as well as the type of cleaning
method employed.

In general, the application of cleaning treatments led to a
substantial decrease in shear stress values, with the major-
ity of deposits detaching from the surfaces without the need
for mechanical action. For the remaining adhered deposits
following cleaning treatment, low shear stress values were
measured. Higher proportions of solid content in the single
foulants correlated with elevated shear stress, particularly on
PTFE surfaces, which possess greater roughness. The most
resistant deposits to cleaning procedures were those com-
prised of starch (A), whey protein (B), starch—lard mixture
(F), the triple mixture at the same fraction of foulants (D),
and triple mixtures with higher starch (I) or whey protein (J)
concentration. According to the results, deposits contain-
ing lard or substantial amounts of lard tended to be easily
removed using water at 50 °C, probably because the melting
point of lard was below 50 °C, facilitating the phase change
its elimination. In fact, hot water proved more effective than
alkaline treatment for eliminating starch—lard deposits with
high solid concentrations from stainless steel and PTFE sur-
faces. Conversely, a higher solid concentration in the triple
mixture (D) appeared to facilitate removal by reducing shear
stress, irrespective of the cleaning method employed. This
observation aligns with the marked decrease in shear stress
observed in the “Mechanical Removal of Model Foulants”
section. Triple mixtures featuring significant proportions of
either starch (I) or whey (J) proved more challenging to
remove, especially from stainless steel and PTFE surfaces.
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In terms of the cleaning method, hot water demonstrated
sufficient efficacy for removing deposits that remained
adhered to flat stainless steel and PTFE surfaces, resulting
in reduced shear stress values. Conversely, alkaline treat-
ment exhibited greater effectiveness when applied to flat
aluminium surfaces. These findings underscore the criti-
cal importance of tailoring the cleaning protocol to suit the
specific deposit type, its compositional variations during
product processing, and the nature of the fouled surface. By
optimising the CIP protocol, significant resource savings can
be achieved during industrial cleaning endeavours (Dallagi
et al., 2023).

Cleaning-In-Place Assays of Food Complex Deposits

Owing to the prevalence of adhesive failures among depos-
its in the “Mechanical Removal of Food Complex Deposits
Under Cleaning Treatments” section after cleaning treat-
ment, this section employs a lab-simulated CIP system (as
described in the “Cleaning-In-Place Assays” section) featur-
ing a complex surface structure composed of metallic fibres.
The chosen surface is stainless steel, renowned for its rel-
evance in food contact applications. In situ cleaning of the
model deposits is conducted here, and the detergency values
are documented in Table 6. As in the “Mechanical Removal
of Food Complex Deposits Under Cleaning Treatments” sec-
tion, two cleaning methods are employed: (method 1) which
employs water at 50 °C for 30 min and (method 2) involving
the use of an aqueous NaOH solution (4 g/L) at the same
temperature and time. Response surface plots illustrating
the detergency levels are presented in Fig. 5.

Table 6 Detergency values (De, %) for in situ cleaning of the model
foulants adhered to stainless steel fibres. Cleaning methods tested at
50 °C for 30 min: (method 1) water and (method 2) aqueous NaOH
solution (4 g/L)

Model foulants Stainless steel

(qualitative -

description) Water NaOH solution
Design1  Design2 Design1 Design 2
De (%) De (%) De (%) De (%)

A (starch) 314+10.0 10.5+0.0 33.1+54 15.1+0.1

B (whey) 50.5+2.1 22.1+0.8 409+0.7 13.3+0.9

C (lard) 42.9+0.6 48.7+0.3

D (triple) 49.6+33 459+02 47.5+29 51.6+114

E (starch-whey) 26.8+03 11.2+3.0 86.8+0.3 13.3+3.1

F (starch-lard) 552+0.7 56.1+0.6 76.4+0.7 66.0+0.7

G (whey-lard) 659+0.1 42.1+0.2 53.0+34 572+04

H (triple, high lard) 51.5+04 51.4+0.5 52.7+09 46.1+0.1

I (triple, high 349+0.2 154+09 742+04 15.1+0.2
starch)
J (triple, high 483+3.1 17.0+x1.6 324+2.1 16.1+0.3
whey)
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At a lower concentration of solids (design 1), the starch-
containing foulant (A) exhibits the lowest detergency values
(31.4%) in water, followed by lard (C, 42.9%) and whey (B,
50.5%). The impact of alkaline cleaning on the removal of
these three model deposits is observed to differ: it dimin-
ishes the removal of whey foulant (from 50.5 to 40.9%) and
enhances the removal of lard by approximately 6%, while
exerting no significantly discernible effect on the cleaning
process for starch foulant under the conditions investigated.
Consistent with previous research, where the effectiveness of
alkaline solutions in the removal of fat-based fouling agents
through hydrolysis has been established (Herrera-Marquez
et al., 2020; Otto et al., 2016).

In the case of binary mixtures, the combination of starch
and whey (E) yields detergency levels comparable to those
exhibited by starch deposits (~27%) in water. Furthermore,
when starch and whey foulants are mixed with lard, their
removal becomes easier, leading to detergency levels of
55.2% and 65.9%, respectively. Alkaline treatment sig-
nificantly facilitates the removal of these binary mixtures
containing starch (E and F), resulting in detergency levels
surpassing 75%. However, alkaline treatment diminishes the
removal of the whey—lard combination by approximately
13%. The detergency values obtained align with the find-
ings reported by Serrano-Haro et al. (2019) and Herrera-
Marquez et al. (2020) concerning the cleaning efficacy
of combinations involving potato starch and Iberian pork
lard. Specifically, these studies observed detergency values
of approximately 60% when using neutral pH solutions,
whereas alkaline cleaning solutions yielded detergency val-
ues of around 90%.

On the other hand, the triple mixture composed of equal
fractions of starch, lard, and whey (D) achieves detergency
levels of approximately 50% regardless of the cleaning
method employed. Nevertheless, varying the proportions of
foulants within the triple mixtures yields distinct removal
levels: while the triple mixture with a high lard content (H)
remains largely unaltered under both cleaning treatments,
the alkaline solution augments the removal of the mixture
with a higher proportion of starch (I) by approximately 40%,
while simultaneously decreasing its removal by roughly 16%
for the triple mixture in which whey (J) predominates.

A higher percentage of solids (design 2) appears to
diminish the removal percentage of starch (A) and whey
(B) single foulants when subjected to both water and alka-
line cleaning conditions. While alkaline cleaning slightly
increases the removal efficiency of the starch-based fou-
lant by approximately 5%, it decreases the effectiveness of
cleaning for the whey-based foulant by about 9%. The effi-
cacy of alkaline solutions in targeting amylaceous depos-
its has been demonstrated, attributing its efficacy to the
transformative influence exerted by these solutions on the
starch structure, resulting in a decrease in polymerisation
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Fig.5 Response surface plots of detergency (De, %) as a function of the foulant composition and the type of cleaning solutions. Cleaning was
performed in a lab-simulated Clean-In-Place system at 50 °C for 30 min, using a recirculation flow of 75 L/h

degree, while promoting swelling, solubility, and facilitat-
ing the subsequent removal process (Han & Lim, 2004; Lai
et al., 2004; Nor Nadiha et al., 2010; Wang & Copeland,
2012; Vicaria et al., 2017; Herrera-Méarquez et al., 2019;
Avila-Sierra et al., 2021c). On the other hand, the cleaning
efficiency of whey protein deposits is significantly affected
by pH due to the consequential alteration of protein struc-
ture: at neutral pH, proteins may retain their natural state,
rendering them soluble and easily removable from the sub-
strate, while an alkaline pH may facilitate protein denatura-
tion, resulting in a gel-like appearance and partial insolu-
bility that can condition the removal process.

Similar trends are observed for their binary mixtures,
with removal decreasing as the percentage of solids
increases. Alkaline treatment proves advantageous for
the removal of all investigated binary mixtures, although

minimal differences of approximately 2% are found for the
starch—whey combination. Conversely, a higher percent-
age of solids in the triple mixture composed of equal frac-
tions of starch, lard, and whey (D) appears to marginally
decrease removal in water by approximately 4%, but no
significant differences are observed under alkaline treat-
ment, where removal is seemingly favoured. In water, a
higher percentage of solids in the triple mixtures formed
by different fractions of foulants (H, I, J) reduces removal,
except for those with a high proportion of lard, which
remain largely unaffected. Under alkaline conditions, a
higher percentage of solids reduces removal for all triple
mixtures, particularly those with higher starch (I) and lard
(H) content, resulting in a decline in detergency of approxi-
mately 60 and 16%, respectively.

@ Springer
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Cleaning Mechanisms and Efficiency of Model
Foulants on Stainless Steel Surfaces

Expanding upon the preceding sections, here we present a
comprehensive examination of the cleaning mechanisms fol-
lowed for the model fouling agents employed in this study
on stainless steel surfaces. In terms of low solid concentra-
tions, starch exhibited a lower shear stress requirement com-
pared to whey-based deposits (see the Mechanical Removal
of Model Foulants” section), a trend that persisted during
mechanical removal and in situ cleaning with both water
and NaOH (see the “Mechanical Removal of Food Com-
plex Deposits Under Cleaning Treatments” and “Cleaning-
In-Place Assays of Food Complex Deposits” sections).
Although the lard-based fouling agent necessitated the high-
est shear stress among the three single agents investigated
(see the “Mechanical Removal of Model Foulants” section),
the cleaning temperature of 50 °C, surpassing the melting
point of the fatty phase, significantly facilitated its removal
(see the “Mechanical Removal of Food Complex Deposits
Under Cleaning Treatments” and “Cleaning-In-Place Assays
of Food Complex Deposits” sections).

Concerning binary mixtures, those containing lard
demanded higher shear stresses in the absence of cleaning
treatment (see the “Mechanical Removal of Model Foulants”
section). However, the application of cleaning solutions
resulted in complete adhesive failure for these mixtures in
most cases, irrespective of any mechanical action (see the
“Mechanical Removal of Food Complex Deposits Under
Cleaning Treatments” section).

Under alkaline treatment, binary mixtures containing
starch demonstrated a substantial increase in removal effi-
cacy, while the whey—lard mixture experienced a decline
in performance compared to hot water treatment (see the
“Cleaning-In-Place Assays of Food Complex Deposits” sec-
tion). In fact, for in situ cleaning, the starch—-whey binary
mixture exhibited the lowest removal percentage when using
hot water (see the “Cleaning-In-Place Assays of Food Com-
plex Deposits™ section).

For three-component mixtures with identical compound
fractions, removal percentages generally hovered around
50% (see the “Cleaning-In-Place Assays of Food Complex
Deposits” section). Alkaline treatment proved slightly
more effective as solids concentration increased (see the
“Cleaning-In-Place Assays of Food Complex Deposits”
section), especially for those necessitating higher shear
stresses (see the “Mechanical Removal of Model Foulants”
section). However, no significant disparities were reported in
terms of cleaning mechanisms (see the “Mechanical Removal
of Food Complex Deposits Under Cleaning Treatments”
and “Cleaning-In-Place Assays of Food Complex Deposits”
sections). Notably, hot water was preferred for triple
mixtures with a high lard content, particularly at higher
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solids concentrations (see the “Cleaning-In-Place Assays of
Food Complex Deposits” section). Although in situ alkaline
cleaning enhanced detergency for the triple mixture with
high a fraction of starch and low solid concentration, removal
levels were similar to those achieved with hot water at higher
concentrations (see the “Cleaning-In-Place Assays of Food
Complex Deposits” section), aligning with the findings
of the “Mechanical Removal of Food Complex Deposits
Under Cleaning Treatments” section. Similarly, for three-
component mixtures with a high whey content, hot water
was the preferred method at lower solids concentrations (see
the “Mechanical Removal of Food Complex Deposits Under
Cleaning Treatments” and “Cleaning-In-Place Assays of
Food Complex Deposits” sections).

Overall, an increase in solid concentration generally
increased the shear stresses required for deposit removal
from stainless steel surfaces without the involvement of
cleaning agents (see the “Mechanical Removal of Model
Foulants” section). An increased concentration in solids
also seemed to enhance the cohesiveness of those single
fouling agents, favouring their adhesive detachment under
cleaning treatment, but without necessitating mechanical
action (see the “Mechanical Removal of Food Complex
Deposits Under Cleaning Treatments” section). However,
for persistently adhered deposits, higher shear stresses were
typically required for removal compared to deposits at lower
solids concentrations, regardless of the cleaning treatment
employed. This observation also corresponds to the data
reported in the “Cleaning-In-Place Assays of Food Com-
plex Deposits” section for in situ cleaning, where removal
efficacy diminished as solids concentration increased in
most cases.

Conclusions

In this work, using a multi-length scale approach involv-
ing milli-manipulation and a lab-simulated CIP system, we
investigated the forces required and mechanisms for remov-
ing model fouling agents comprising mixtures of starch,
whey, and lard from industrially relevant solid surfaces (i.e.
stainless steel, aluminium, and PTFE). The forces involved
in the removal process, the types of failure observed when
the deposits are subjected to shear stress (adhesive, mixed,
or cohesive), and the performance of the CIP system are
systematically analysed as a function of the cleaning treat-
ments applied. These treatments include chemical treatment,
exposure to hot water (50 °C, 30 min), and exposure to a hot
alkaline solution (NaOH, 4 g/L) (50 °C, 30 min).

Foulants have a complex composition and structure that
will differ depending on the concentration of solids. Based
on the results of cleaning on stainless steel surfaces, irre-
spective of the percentage of solids, alkaline treatment seems
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to enhance the cleaning of lard and starch deposits, while
whey foulant removal is more effective using hot water. For
binary mixtures, the alkaline solution demonstrates better
efficacy in removing starch—lard and starch—-whey combina-
tions, especially when the percentage of solids is lower for
the latter. For the binary mixture whey—lard, and triple mix-
tures contain a high proportion of lard or whey protein, the
use of hot water allows somewhat higher detergency values
to be obtained for lower solids concentrations. In these cases
where the starch concentration is zero (binary mixture) or
very low, the positive effect of the basic medium on clean-
ing is not as remarkable. For the removal of these foulants,
cleaning at 50 °C seems to have a greater effect, probably
due to the melting of the lard fraction, limiting the chemical
modification of the whey proteins.

In the case of the triple mixture, alkaline conditions yield
superior results at higher percentages of solids. When the
triple mixture contains a high proportion of lard or whey
protein, hot water is recommended under the experimental
conditions tested. However, the percentage of solids signifi-
cantly impacts the removal of the triple mixture with a high
fraction of starch, as it determines the most efficient clean-
ing approach. Alkaline cleaning proves more favourable at
lower percentages of solids, while no differences are found
between alkaline and water treatments as the solid fraction
increases in the mixture. In general, foulants easily removed
with water or NaOH solutions (shear stress O or close to 0,
stainless steel) exhibited higher detergency values. This phe-
nomenon was predominantly noticeable in instances involv-
ing foulants containing substantial lard content, implying
that the temperature played a role in diminishing shear stress
values of the foulants. Nevertheless, a similar reduction in
shear stress values was also evident in binary mixtures of
whey and starch. The nature of the surface to which the
fouling agent adheres is also a crucial factor to consider.
Notably, hot water proved to be sufficiently effective in
removing deposits from flat stainless steel and flat PTFE
surfaces, leading to reduced shear stress requirements. In
contrast, alkaline treatment demonstrated superior efficacy
when applied to flat aluminium surfaces. These findings
emphasise the paramount significance of customising clean-
ing protocols for CIP optimisation, by carefully considering
the deposit nature, its compositional fluctuations throughout
product processing, and the characteristics of the surface it
comes into contact with.

These results may also serve as a reliable dataset for the
development and validation of new computational cleaning
models, an emerging field that offers numerous benefits such
as cost savings, process optimisation, product and equipment
development, risk assessment, regulatory compliance, and
predictive maintenance. However, in our view, further work
is still needed to correlate physical parameters (e.g. shear
stress) more precisely with detergency. Factors that should

be further studied include the influence of cleaning tem-
perature, time, and the composition of cleaning solutions.
Extension of the results obtained to CIP systems would
require validation through a pilot plant to assess the clean-
ing performance under real industrial conditions.
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