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ARTICLE INFO ABSTRACT

Keywords:
Food foulant
Cleaning rate

In this work, a tribological approach was used to distinguish the synergistic effects of mechanical removal and
chemical removal (i.e. dissolution) of a layer of representative food soil from a solid surface, using a tribometer,
Mini Traction Machine (MTM). Gravimetric and wear measurements of the soil were used to calculate the

I'i“/[rlbﬁlogy | | cleaning rates of burnt tomato puree on a stainless-steel disc, and the corresponding frictional characteristics
echanical removal . . . . . . . . .

Adhesion offers insight of the mechanical removal. The cleaning due to soil dissolution (chemical removal) was quantified
Cohesion by UV-Vis measurements. The overall cleaning rates of food soil featured a linear reduction in mass over time,

with a scaled removal rate k = 0.0046 s~* (5 N applied force and 100 mm s~! relative velocity), for most cases

studied. It was observed that the cleaning rate can be improved with an increasing mechanical load or speed
(50% from 1 to 2.5 N and 13% from 50 to 100 mm s’l), but is independent of the initial mass. UV-Vis mea-
surements show that by increasing the load or speed the removal of chunks of burnt tomato puree was enhanced
more than removal attributed to dissolution. Similar values of cleaning rates for most experimental parameters
were extracted from both the gravimetric and wear measurements. Adhesion and cohesion measurements of the
burnt tomato puree were conducted with a micromanipulator. It was found that adhesion forces are higher than
cohesion for short soaking times, but for longer times the adhesion forces became weaker and with the additional
shear rate in the MTM cleaning experiment, adhesion failure was observed in many cases by the end of the
experiment. Indentation measurements showed the change in mechanical properties of the food foulant with a
few minutes of soaking in water.

1. Introduction 2015). The removal of the foulant from a solid surface is called cleaning
and its main objective is to return the surface to its initial form (Chateau
et al., 2004).

Cleaning is a significant everyday life process, hence studying it is

Fouling on a solid surface is an undesired accumulation of organic or
mineral deposits on the surface (Avila-Sierra et al., 2021a, b; Fryer et al.,

2006). A main category of the organic fouling is food deposits. Fouling
results from adhesion forces between the deposit and the solid surface as
well as cohesion forces of the foulant (deposit). Surface interactions that
govern adhesion, the main cause of fouling, include electrostatic forces,
van der Waals forces, covalent bond, hydrogen bond. The forces that
govern cohesion depend on the chemical nature and microstructure of
the fouling material (Liu et al., 2006a; Otto et al., 2016).

A solid surface refers to one that is resistant to penetration of any
solid particles and does not absorb liquids, such as stainless steel,
kitchen benches, dishes, ceramic tiles, walls, etc. (Uner and Yilmaz,
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crucial. Solid surface cleaning examples include: cleaning of equipment
in an industrial process (Vicaria et al., 2017), dish cleaning
(Pérez-Mohedano et al., 2017) and in general surface cleaning by wiping
or brushing (Uner and Yilmaz, 2015).

Surface cleaning, proposed in recent years by Kohler and colleague,
is constituted of four mechanisms: adhesive detachment, cohesive sep-
aration, diffusive dissolution, and viscous shifting (Kohler et al., 2019).
The action of cleaning could be implemented by either mechanical
removal, dissolution in fluid, or chemistry such as surfactants. For solid
soils or stains, mechanical removal is the removal of solid soil using
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mechanical force, mainly friction (for solid-solid contact) or liquid shear
(for solid-liquid contact). Dissolution of the soil occurs when the liquid
phase acts as a cleaning/solvating agent (water or detergent in water).
The action of surfactants (detergent) is first the attachment of the hy-
drophobic part of the surfactant onto the soil and then removal of both
surfactants and soil from the surface (Cahn and Lai, 2006). Four actions;
wetting of the upper foulant layer, peeling of pieces of the foulant,
emulsification of the soil and foaming action (Basso et al., 2017) char-
acterise surfactant cleaning.

The mechanical element of surface cleaning, applying a mechanical
forces by a cleaning device (e.g. sponge) directly on a surface foulant,
present a different challenge to surface cleaning that was conventionally
carried out by fluid only. In here, the applied contact pressure, consid-
ering the reduced contact area and enhanced mechanical force, will be
significantly greater than that induced by a cleaning fluid. Tribology, the
study of friction, wear and lubrication between two interacting surfaces,
is thus critical. Friction is the resistance to motion of a solid that is
sliding or rolling on another solid in contact with it. Wear is the removal
of the material or damage that is caused to a solid during friction.
Lubrication occurs when there is a fluid between the two surfaces, which
decreases the friction and as a result reduces wear (Bhushan, 2013; Blau,
2009). During a cleaning process of a food deposit from a solid substrate,
friction is the main force that is applied from the cleaning device on the
food foulant, removal of solid particles from the food deposit is the wear
and cleaning liquid can lubricate the process. Thus an equipment that
can measure the horizontal (frictional) force and provide the friction
coefficient, which is the horizontal divided by the vertical force and
study the lubrication and wear of the system can be a powerful tool to
study solid surface cleaning of food deposits (Prakash, 2017). Unlike the
cleaning action applied by liquid whereby a uniform shear stress is
imposed across the sample surface by the flow, stress on the normal
direction is limited to the area of contact in mechanical cleaning.
Another critical parameter is the swelling kinetics of the soil upon
exposure to cleaning fluid, which changes its physical properties such as
cohesiveness considerably (Joppa et al., 2017, 2019, 2020).

Liu et al. (2002) developed a micromanipulation probe to measure
the horizontal force to remove the soil completely, but the normal force
was not measured. There are a few tribology analyses of cleaning pro-
cesses in the literature. Mercadé-Prieto and Bakalis (2013, 2014)
focused on fabric cleaning, measuring cotton-cotton abrasion in a trib-
ometer and a washing simulator rig. They concluded that abrasion is not
very effective in cleaning model soils, but can reduce fat content from
the fabrics. Liitkenhaus et al. (2016) studied protein-based soil removal
from stainless steel in a tribometer and showed that increasing the
normal load on the protein soil decreased the friction or traction coef-
ficient. These studies used the Mini Traction Machine (MTM), which
provides a chamber with controlled environment into which liquid can
be added, the applied vertical force can be controlled and the frictional
force measured. The MTM has been widely used for purposes such as
understanding oral processing of food (Taylor and Mills, 2020), and
investigating the influence of co-solutes of agar fluid gels on tribology
(Fernandez Farrés and Norton, 2015).

The aim of this study was to evaluate simultaneously the tribological
properties and the cleaning rate of the removal of a food deposit from a
solid surface. For that purpose, a tribometer (MTM) was used. Burnt
tomato puree on stainless steel was selected as a representative food soil.
The change of physical properties of this soil as a function of time in the
water was measured both by indentation and micromanipulation
methods. The experiments simulate the practical situation of removing a
food deposit when a mechanical force is applied. Cleaning rates were
calculated both gravimetrically and by the wear values and gave similar
results. The effect of different parameters on cleaning rate was investi-
gated and showed increased cleaning rate for increasing normal load
and speed and no effect for different soil mass. By using UV-Vis, two
main cleaning mechanisms were identified, dissolution and chunk
removal.
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2. Experimental
2.1. Materials

Tomato purée was purchased from a local supermarket, the
composition of which per 100 g includes carbohydrate 17.1 g (sugars
13.6 g), protein 4.4 g, fat 0.5 g, fibre 2.6 g, salt 0.38 g, and water 75 g.
Tap water was used (20 °C) as liquid media in the MTM to replicate a
household cleaning process. Stainless steel (AISI 440C grade) discs (46
mm diameter, 4 mm annulus width, R, < 0.05 pm) and balls (3/4 inch
diameter) were purchased from PCS Instruments (UK), cleaned in iso-
propanol, followed by distilled water, in an ultrasound cleaner for 6 min
prior to each experiment (Taylor and Mills, 2020).

2.2. Sample preparation

Tomato purée was placed on the stainless-steel disc, which in turn
was placed in the oven (110 °C, 1 h) to form a burnt-on deposit. Fig. 1
shows the three stages of the preparation, where the weight of the disc
was measured for each case (resolution: 0.001 g). These conditions
produced a deposit soil on the stainless steel that was difficult to remove.
Typical mass was ~58.5 g for the discs and an additional 0.5 + 0.05 g for
the burnt tomato puree.

2.3. Mini Traction Machine

The MTM is a tribometer that measures the frictional properties of
lubricated and unlubricated contacts. As shown in Fig. 2, it consists of a
rotating ball in contact with a rotating disc in a chamber. The chamber
can be either open, to observe the experiment, or closed to control the
temperature.

For the cleaning and tribology experiments, a Mini Traction Machine
(MTM) tribometer (MTM2, PCS Instruments, London) was used. Pa-
rameters that can be controlled are temperature (T), applied load (Fp),
entrainment speed (U) that is the mean of the ball and the disc speed,
and the slide roll ratio (SRR) defined as:

SRR = M 1)
U

The frictional force, Ff, applied on the ball is measured by a force
transducer and the traction or friction coefficient (x) is calculated ac-
cording to its definition:

= @)

In addition other sensors can measure wear, by on-line wear measure-
ments that detects the height of the ball and temperature (Garrec and
Norton, 2012).

2.4. Hydration and UV-vis spectroscopy calibration curve

The action of water penetration, resulting in the dissolution of the
burnt tomato purée, was quantitatively measured by a UV-Vis

Fig. 1. Sample preparation of representative food soil, a: a plain MTM disc, b:
fresh tomato purée placed on measurement area of the MTM disc, and c: burnt
tomato purée after the thermal treatment.
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Fig. 2. Mini Traction Machine apparatus. (top left): Picture of the instrument, (top right): Picture of the chamber where the experiment is happening, (bottom):
Schematic of main parts of the apparatus (“MTM (Mini Traction Machine) | Products | PCS Instruments,” 2017).

spectrometer (Biochrom Libra S12 apparatus). Different MTM discs with
burnt tomato purée, prepared by the thermal method above, were
placed in a petri-dish with 60 mL of tap water at 20 °C, for different
exposure time (1 s, 30 s, 1 min, 2 min, 5 min, 10 min, and 20 min). The
discs were subsequently placed in an oven (60 °C, 24 h) to remove the
residual water. The difference in the measured mass of the deposit
provides a quantitative indication of chemical removal under static
condition. The liquid in every petri-dish was stirred with a magnetic
stirrer to produce a homogenous suspension, from which 1 mL was
sampled for the UV-Vis calibration curve. For the UV-Vis measurements
the wavelength used was A = 470 nm, where lycopene in tomato shows a
peak (Bunghez et al., 2011).

2.5. Cleaning experiment in Mini Traction Machine (MTM)

After sample preparation, the MTM discs, with the burnt tomato
puree, were placed in the MTM chamber. Measurements were made as a
function of the applied load (between 1 and 5 N) that is the ordinary
range a human would apply during mechanical cleaning, the mass of the
burnt tomato puree (0.3 and 0.5 g), and the entrainment speed (from 50
to 200 mm s’l), of which the parameters are summarised in Table 1. The
SRR chosen was 50% based on preliminary test results. Each experi-
mental condition was repeated three times to ensure reproducibility.

Table 1
MTM different experimental parameters (*different sample/experiment for
every 0.5 min, **different sample/experiment for every 1 min).

Types of experiment Mass (g) Load (N) Speed (mm ) Time (min)
Main parameters 0.5 5 100 3*

Mass factor 0.3 5 100 2%

Load factor 1 0.5 2.5 100 3*

Load factor 2 0.5 1 100 5%

Speed factor 1 0.5 5 200 3*

Speed factor 2 0.5 5 50 3*

Experimental duration was 2,3 or 5 min (Table 1) depending on the
cleaning efficiency and then the disc was withdrawn from the MTM
chamber.

After the disc was placed in the MTM chamber, 60 mL of water were
added (20 °C). The MTM took an average of 30 s from the start command
to the beginning of the measurement, thus no readings could be taken
until 30 s of cleaning had elapsed. During the experiment, the traction
coefficient was measured continuously. At the end of the experiment a
liquid sample was taken with a syringe filter to identify the concentra-
tion of the dissolved tomato puree in the liquid, by UV-Vis measure-
ments, using the calibration curve extracted from the hydration
experiments. Then the disc was removed from the machine and placed in
the oven (60 °C, 24 h) to remove the water so that the remaining mass of
tomato puree could be measured accurately. 60 °C was chosen because
at higher temperatures both water and other volatiles were lost, and to
avoid Maillard reactions that changed the composition of the soil
(Maillard, 1912). By this method, both the weight of puree removed and
the liquid concentration were determined.

2.6. Micromanipulation measurements

2.6.1. Cohesion and adhesion measurement

A custom-built micromanipulation device was used to measure
adhesion and cohesion forces of surface foulant; full experimental de-
tails are described in previous studies (Herrera-Marquez et al., 2020; Liu
et al.,, 2002). The main parts of the equipment are a stainless-steel
scraper (25 mm scraping size) attached to a force transducer (Sauter,
model: FH 5) with capacity of 5 N. The equipment has a moving base
with 5 chambers to place the coupons. During the experiment the
scraper is placed in front of the sample and the chamber moves so that
the scraper removes the sample from the coupon. The force applied on
the scraper is measured and the adhesive or cohesive strength is calcu-
lated by the following equations (Herrera-Marquez et al., 2020; Liu
et al., 2002):



P. Bistis et al.

d e
we_9q_ / Fdt 3)
fc — 1 Jyy
W
o=~ “4)

where W is the work of the force applied on the transducer, d is the
length of the sample being removed, t4, tc are the initial and final time
when the scraper was removed from the sample, F is the force applied on
the scraper, a is the ratio between surface area of the tomato and the
surface area of the coupon, A is the surface of the coupon, and finally ¢ is
the adhesion/cohesion strength.

Sample preparation was similar to the MTM experiments, but the
tomato puree was placed on square coupons instead of the MTM discs.
The samples with the burnt tomato puree were placed in the microma-
nipulator with 10 mL of water for soaking purposes. Adhesion and
cohesion measurements were taken by changing the scraping height, so
material was fully removed from the surface (adhesion) or the deposit
but cut to leave material on the surface (cohesion measurement). For
adhesion that height was ~100 pm, which was a safe distance from the
surface that would fully remove the material and for cohesion the cut
height was ~300 pm. The probe height was adjusted with a use of a
microscope camera (Kranich x1000 magnification, 2 MP).

2.6.2. Indentation

Indentation experiments were conducted using the micromanipula-
tion rig in a vertical position, demonstrated in previous studies by Oliver
and Pharr (1992, 2004). These experiments measured the Young’s
modulus of burnt tomato puree to facilitate the estimation of the
approximate applied pressure of the stainless-steel ball on the soil, in the
MTM cleaning experiments, assuming a Hertzian contact (Borodich and
Keer, 2004; Hertz, 1882). The specimen used for the indentation was a
stainless-steel cone with an angle of 50°, 8 mm height (Arzate-Vazquez
et al. (2015)). The indentation speed and depth were kept at 0.02 mm
s~! and 0.8 mm respectively, and soaking time was varied (2, 3, 4 and
10 min) before indentation was carried out. The equations used for
calculating the contact pressure were:

dL
s= ()., ©
e = e — €2 ®)
A={(h), tan 6] @
_VT S
E=y ®

where S is the contact stiffness, corresponding to the slope of the upper
portion of the unloading curve (Fig. 3) during the initial stages of
unloading; L is the load, h is the displacement, h. is the estimated contact
depth (difference between the maximum displacement, hyax and the
sink in of the sample, which is defined by the second part of Eq. (6), and
represented by the displacement of the soil due to indentation (Oliver
and Pharr, 2004)), ¢ is a constant determined by the geometry (¢ = 0.72
for conical indenter), A is the projected contact area, 6 is the indenter
angle (50°), E is the reduced elastic modulus for the sample and
indenter, /3 is a dimensionless parameter used to eliminate for deviations
in stiffness due to lack of axial symmetry for pyramidal indenters (in this
case p = 1.05 (Fischer-Cripps, 2011)).

Once the modulus has been measured, the MTM data was interpreted
by Egs. (9) and (10), whereby F is the applied force, A, is the real contact
area of the stainless steel ball on the burnt tomato puree in the MTM, R
the radius of the ball and P the actual contact pressure (Arzate-Vazquez
et al., 2015; Garrec and Norton, 2012; Hertz, 1882; Oliver and Pharr,
2004).
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Fig. 3. A representative indentation plot of burnt tomato puree sample being
immersed in water for 4 min. It includes a loading curve (blue), where the load
is increased and an unloading curve (red), where the load is decreasing. Contact
between indenter and soil sample was made when the load started to increase.
The main quantities to be measured are the maximum load Ly,,x, the maximum
displacement hy,,x, and the stiffness S was calculated by Eq. (5).
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2.7. Statistical analysis

All graphs represent the averaged values of at least three indepen-
dent measurements, of which the standard error values are used as the
error bars.

3. Results and discussion
3.1. Physical properties of tomato puree

3.1.1. Young’s modulus of burnt tomato puree

At first, indentation experiments were performed on the burnt to-
mato puree sample to determine its Young’s modulus, which was sub-
sequently used to calculate the contact pressure during the cleaning
experiment (Oliver and Pharr, 1992, 2004). A representative indenta-
tion graph (force vs displacement plot) is shown in Fig. 3, whereby both
approaching (blue) and retraction (red) processes are included.
Different soaking times were investigated to make sure that suitable and
correct applied pressure values were used for interpreting the MTM data
during the cleaning process. Fig. 4 shows the pressure applied by the
stainless-steel ball on the burnt tomato puree for three different loading
forces and two soaking times, corresponding to the start and end points
for a typical cleaning experiment. During such time the applied pressure
was reduced by nearly 20%, which is attributed to the hydration upon
exposure to water. Experiments with soaking times between 2 and 10
min were attempted, all of which showed similar applied pressure
values. The Young’s modulus of the burnt tomato puree was estimated to
be ~30 MPa for the few seconds of soaking and ~21 MPa after 2 min
soaking. The values of Young’s modulus are in the same order of
magnitude reported on chick-pea roots (Kurowski et al., 2018) and po-
tato (Sinha and Bhargav, 2020), which are up to 300 MPa and approx-
imately 3 MPa, respectively.

3.1.2. Cohesion and adhesion of burnt tomato puree
Cohesion force of the burnt tomato puree samples and their adhesion
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Fig. 4. Pressure of the ball applied on the burnt tomato puree for 1 s and 2 min
soaking, under three loading forces.

force to the supporting stainless-steel substrates, measured by the
custom-built micromanipulation rig, are presented in Fig. 5. For samples
with a soaking time less than 15 min, foulant removal was observed in
limited regions, which corresponds to a cohesion energy of 80-100 J
m ™2, whilst adhesion energy was beyond the measurement limit of the
instrument (5 N, corresponding to a cohesive energy of >200 J m™2).
After 20 min of soaking, complete removal of burnt tomato puree was
observed in certain regions of the contact area, and the adhesion energy
(40 J m™2) was ~22% less than the cohesion energy (51 J m~2). This
suggests that water molecules could diffuse into the burnt tomato puree,
and weaken the intermolecular interactions between the denatured
proteins, but also penetrate to the interface of foulant and stainless steel,
reducing the adhesion forces. Finally, for prolonged soaking times (>25
min), complete removal was found over a good fraction of the fouled
area, evidencing that the adhesion energy is considerably less than
cohesion energy: after 25 min of soaking the cohesion forces were higher
(18 J m~2 adhesive strength and 26 J m 2 cohesive strength); after 30
min of soaking time, no complete cohesion measurements could be
made as some of the soil was completely removed from the surface at all
measurements with a probe height designed to identify cohesion; finally,
at 40 min, only adhesive removal was observed for both probe heights
with very low strength (1 J m~2).

E —Tr ® Cohesion
200 ¢ Bothl i
- ®  Adhesion
N
£ 160
)
b5
_5-120
S)
8 80 E E
9]
40 g
§ g
0 5 10 15 20 25 30 35 40

Time (min)

Fig. 5. Cohesion (soil - soil interaction) and adhesion (soil — surface interac-
tion) strength or both cohesion and adhesion observed, of burnt tomato puree
samples as a function of immersion time in water. In the case of cohesion, a
layer of tomato puree is removed leaving another layer on the coupon, for
adhesion the whole tomato puree is removed from the coupon and for both
cohesion and adhesion a percentage of the surface is clean.
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Values of measured adhesion and cohesion, as a function of the im-
mersion time, are summarised in Fig. 5. Our results indicate that the
adhesion between burnt tomato puree and stainless steel is greater than
the cohesion in the initial stage (20 min), as the adhesion energy was
beyond the measurement upper limit. Upon exposure to water, diffusion
of water molecules into the matrix of denatured proteins and penetra-
tion of water to the tomato-stainless steel interface, which causes soil
swelling and weakens both cohesion energy and adhesion energy,
respectively (Hooper et al., 2006; Liu et al., 2002, 2006b). The nature
and magnitude of the interfacial interaction is largely determined by
both characteristics of the food soil and the solid substrate in contact. As
a result, the measurement of that weakening of the mechanical strength
(cohesion/adhesion) is possible by the micromanipulator and indenta-
tion, as a function of exposure time and indentation depth. However, the
rate of adhesion weakening (40.8 N min~! assuming that adhesion at 20
min is the lowest value that cannot be measured) is considerably greater
than that of cohesion weakening (26.0 N min_l), evidenced by the
arbitrary gradients introduced to the values, which is likely due to the
hydrophilic nature of stainless steel, offering favoured interaction with
water molecules where possible. The rate of adhesion/cohesion weak-
ening could be an invaluable indicator for cleaning tough soils, as it can
be controlled not only by immersion time, but temperature, soil, sub-
strate, and cleaning technologies used. It is worth noting that the
assumption made here is that the rate of reduction at the early hydration
stages, follows a linear fashion, which is unlikely to be perfectly accu-
rate, and warrants future investigation.

This decrease in cohesion strength throughout the experiment should
be a product of swelling of the soil due to the absorption of water. The
further penetration of water in the puree - stainless steel interface causes
adhesion strength to weaken with time as displayed in Fig. 5.

In a previous study by Liu et al. (2002) both cohesion and adhesion
energy of a commercial tomato paste were measured with a microma-
nipulation rig. A similar trend was reported, in that cohesion energy was
greater than adhesion after a soaking time that made measurements
possible, but in our work a shifted balance between cohesion and
adhesion over time was observed. Also the values in Liu et al. (2002)
were much lower (for 25 min soaking the partial removal was ~4 J m ™2
and the total removal was ~2 J m’z), compared to the tomato puree of
this study. This difference could be due to be the composition of the
tomato products, the type and roughness of stainless-steel solid surface,
the sample preparation method or different conditions which led to such
higher adhesion and cohesion forces for similar baking and soaking
times.

3.2. Tribology and cleaning

3.2.1. Hydration and cleaning rates

Building upon the effect of water on both cohesion and adhesion of
surface foulant, MTM measurements were carried out to differentiate
the contribution of cleaning solution versus mechanical force applied by
capturing both tribological characteristics and cleaning profiles simul-
taneously, when moving the stainless-steel ball against the burnt tomato
puree samples laterally.

Here, Ry is used to quantify the relative mass of surface foulant at a
given time, as shown in Eq. (11). The relative mass was used to eliminate
any mass differences between samples. This relative mass format was
not used only when the effect of deposit mass was being studied directly.

m(t)  tomato mass at t=t

Ry (1) = 1D

m,  tomato mass at t= 0

Fig. 6 presents the relative mass over time, with and without me-
chanical force applied. The benchmark, with no mechanical input, was
acquired by placing a prepared burnt tomato puree sample in water
under static condition. The benchmark shows that approximately 20%
of the initial mass was removed over 300 s, as the result of dissolution. In
contrast, complete removal was accomplished within 200 s when 5 N
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Fig. 6. Hydration vs MTM experiment. This figure shows the relative mass, Ry,
of burnt tomato puree during a hydration-only experiment (where the disc was
placed in water and the mass loss was measured over time) and a cleaning
experiment in MTM under water with applied load of 5 N, speed of 100 mm s !
and initial soil mass of 0.5 g.

force was applied. The slope for both datasets appear to be linear, sug-
gesting that the removal process follows zero order kinetics, i. e the
cleaning takes place at a constant rate. Eq. (12) was subsequently used to
describe the cleaning efficiency:

1 dm(r)
m, dt

—_— 12)

where k is cleaning efficiency or cleaning rate. The cleaning efficiency
for the hydration experiment was 0.0006 s~! and for the MTM cleaning
experiment was 0.0046 s~ . This indicates that the additional load and
shear rate in the MTM chamber accelerate the process 7 to 8 times. It is
worth noting that the removal rate does not follow a linear relationship
in the hydration condition (no mechanical removal involved), whereby
the removal rate in the first 10 s was significantly greater than that for
the rest of the measurements.

3.2.2. Correlation between tribology and cleaning

MTM measures the traction (friction) coefficient between a stainless
steel ball and the surface foulant during the cleaning process: a repre-
sentative set of friction coefficient data over time is shown in Fig. 7 to
demonstrate the evolving nature of the interfacial interaction,
controlled by the hydration process of the soil and the mechanical force
applied.

0.25
0.2
0.15

0.1

Traction coefficient (-)

Relative mass m/mO (-)
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Initially, the traction coefficient was high due to the surface rough-
ness of the prepared burnt tomato puree. It decreases over the first 20 s
(blue region), which is likely the result of a synergistic effect of soil
hydration and mechanical removal. At the end of this phase, the sample
surface was found to become smooth, but covered the MTM disc uni-
formly without any visible rupture. The traction coefficient remained
constant (Fig. 7 left, picture b area), with a constant cleaning efficiency,
which suggests that the removal is due to cohesion failure. Visual in-
spection shows that a few regions of the burnt tomato puree were
removed, exposing the stainless-steel disc underneath. A steadily
increased traction coefficient was subsequently observed (green region),
during which the majority of the soil was removed, indicating that the
removal is due to adhesion failure. The traction coefficient continued to
increase (black region), now corresponding primarily to friction be-
tween the stainless-steel disc and the counter ball, with negligible
contribution from the remaining soil. In the final phase, the traction
coefficient became steady, with all deposit removed and sole remaining
contact between the stainless-steel ball and disc.

Although the overall duration of the micromanipulation experiments
is greater than that of MTM measurements, the adhesion and cohesion
data is valuable in understanding the removal mechanism of burnt to-
mato puree samples. Initially, adhesion between tomato deposit and the
stainless-steel underneath is substantially greater than cohesion, which
limits the removal to being from the soil surface, and thus the removal
amount. It is very likely that the mechanical load applied on the normal
direction, and the corresponding friction force, could remove the food
soil in a continuous manner, which exposes the soil buried underneath to
water. This mechanical action would accelerate the penetration of water
molecules into the matrix of soil, which weakens both cohesion and
adhesion, resulting in an increased soil removal. It is worth noting that
the specific cleaning mechanism, whether it is due to adhesive or
cohesive failure, is determined by the nature of the soil, magnitude of
the adhesion/cohesion, and the kinetics involved.

3.2.3. Effect of cleaning parameters

Measurements were carried out to investigate the effects of param-
eters such as soil thickness, applied load, and velocity on cleaning per-
formance. Fig. 8a shows the tribological characteristics and cleaning
profiles of samples with two different weights (0.3 and 0.5 g) of burnt
tomato puree, showing that identical features were observed. First of all,
the reduction in relative mass follows zero order kinetics, and the
cleaning rate (slope of the relative mass), k’ = kem,, equals 0.0024 g s~
in both studies. This suggests that the cleaning rate is independent of the
soil thickness, supporting the proposed explanation that the primary
cleaning mechanism is due to cohesion failure at the surface of the soil.
The traction coefficient was found to start with similar values, and

1 0.25
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0.8 102 =
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Q
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Fig. 7. (A) Graph of traction coefficient vs time in the MTM (load 5 N, speed 100 mm s~!, SRR 50%, T = 20 °C, m, = 0.5 g). Picture a: MTM disc with the burnt
tomato puree in the MTM chamber before the experiment. Picture b: Same disc after 90 s of experiment. Picture c: After 150 s. Picture d: After 210 s. Picture e: After

270 s. (B) Comparison of the traction coefficient data with the relative mass during the cleaning experiment (a typical graph with applied load 5 N, speed 100 mm s

and 0.5 g mass).
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Fig. 8. Cleaning rate and traction coefficient diagrams for different conditions
(initial mass, load and speed). (Top): Mass & Traction coefficient vs time
comparing 0.3 g and 0.5 g of burnt tomato puree. (Middle): Mass & Traction
coefficient vs time comparing 1, 2.5 and 5 N applied load. (Bottom): Mass &
Traction coefficient vs time comparing 50, 100, 200 mm s~ ! speed.

subsequently reached a plateau after nearly an identical time span (~10
s), which confirms our rationale that this is an effectively ‘smoothing’
process of the soil surface. The only difference is that the increase in
traction coefficient took place sooner for the 0.3 g sample than the 0.5 g
one (at ~100 s rather than ~170 s). This is because the soil removal is
due to surface cohesive failure, and hence less time is required to clean a
thinner soil, whilst the traction coefficient was constant during this
process. In all experiments, it was observed that the traction coefficient
started to increase when chunks of tomato puree were removed,
exposing the stainless-steel surface, which suggests an adhesion failure.

The effect of the force applied on the normal direction is presented in
Fig. 8b, where three loading forces, 1, 2.5 and 5 N, are compared. The
surface smoothing process, as reflected by the decreased traction coef-
ficient in the very initial phase, appears to be controlled by the applied
load - the higher the load, the sooner it takes to reach the plateau.
Likewise, the cleaning rate follows zero order kinetics as observed in
other measurement and is determined by the applied load - k equals to
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0.0046, 0.0042, and 0.0028 s~! for 5, 2.5, and 1 N, respectively. The
transition point from plateau to the increasing slope, used to determine
the completion point of cohesion failure, is also correlated with the
applied load. It takes less time to remove the same amount of soil when a
greater loading force is applied, which is consistent with the cleaning
efficiency result.

The difference between 1 and 2.5 N is clearly bigger than 2.5 and 5 N.
This was also visible during the experiments, since more chunks of to-
mato puree were removed at 2.5 and 5 N rather than 1 N. This can be
seen also from the absorbance graphs (Fig. 10) where the dissolved to-
mato puree % is much higher than the chunk removal in the case of 1 N.

Fig. 8c shows that an increased speed, or shear rate, could result in an
improved cleaning rate. For 50 and 100 mm s~ ! cleaning velocity, the
data shows a linear decrease with time, as observed in all cases pre-
sented so far. However, for cleaning velocity of 200 mm s~*, the relative
mass graph shows a non-linear characteristics, which is likely the result
of the removal of large pieces of deposit from the substrate during the
early stage of the experiment (~ first 100 s), forming cleaned areas of
stainless steel. The ball is only in contact with the fouled part of the disc
for a fraction of the time during the experiment, which extends the total
cleaning time measured. That was the case for all experiments when a
part of the stainless-steel disc was revealed, but was happening later for
all other experiments, which leads to the difference being negligible thus
does not change the cleaning rate behaviour. The traction coefficient
starts increasing earlier for the fastest cleaning (200 mm s~ since the
ball is in contact with the disc faster than the slower experiments. The
chunks of tomato puree removed in the 200 mm s~ ! case were signifi-
cantly bigger than all other cases and that can be seen in Fig. 10 and will
be discussed later.

3.2.4. Correlation between removal mass and wear

The vertical position of the ball was monitored during the cleaning
experiment by MTM, which offers an insightful correlation between
wear kinetics and cleaning. The wear is given by the vertical position
change of the MTM ball during the experiment, which means that the
soil that was in a higher position earlier in the experiment has been
removed or worn. Fig. 9 compares the relative mass reduction of the 2.5
N experiments (2.5 N, 100 mm s~!, 0.5 g) with the corresponding
relative wear change that is defined by the following equation:

w(t) _ tomato average thickness at t = t,

Ry (1) = = 13
wlt) W, tomato average thickness at t= 0 13

The wear against time graph shows a linear behaviour similar to
mass against time. This suggests that the mass loss and the decreasing
sample thickness or wear may have similar rate behaviour. To identify
any correlation, it was assumed that the thickness of the sample was
~5% smaller after 10 s of soaking, using the value from the hydration
graph, Fig. 6. This assumption was necessary, to estimate the average
initial thickness, w,, of the burnt tomato puree sample. The average
thickness for each sample was used, since the tomato puree thickness
varies around the disc, as found by the wear measurements (~100 pm
variation for thicknesses ~1000 pm). The initial mean thickness of the
sample was back calculated by the trend-line of wear against time graph,
where it was assumed that the thickness will be the 95% of the initial
thickness at 10 s of the experiment. The wear vs time graph (Fig. 9a)
though gave an unsatisfying trendline (R? < 0.90) due to sample
thickness variability, which can become larger after a hole in the tomato
ring is created. To eliminate this error the average value for each wear
value was extracted, w(t) (the average of 11 wear values, —5 and +5 s of
the original value (1 measurement/s), ~11-disc rotations). That mean
initial thickness, w,, was used to divide the average wear measurements,
w(t), (Eq. (13)) and produce the relative wear graph (Fig. 9 right). In the
case of Fig. 9 the slopes, or cleaning rates were calculated as equal and
the graphs look similar.

Table 2 compares the rate constants of the relative mass against time
(Eq. (12)) and relative wear against time graphs:



P. Bistis et al.

1 E Linear: y =-0.004237*x + 0.9918
a) L
T 08
(o] ..
RN
2 06
A
_g 0.4 ‘\
©
k= !
& 0.2
0
0 50 100 150 200 250
Time (s)

Journal of Food Engineering 366 (2024) 111858

b) E Linear: y =-0.004221*x + 1.012
\I/O 08 \:{
€ ;
E 06 =
2 3
g
o 0.4 1.
S 02 }

0 )
0 50 100 150 200 250
Time (s)
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Table 2
Comparison of cleaning rates extracted from the wear measurements and mass
measurements. The universal conditions are 5 N, 100 mm s}, 0.5 8.

Characteristic Conditions

Cleaning efficiency

Wear pm
pm-s

Cleaning efficiency

Mass £
g

1N,100mms %, 0.5g
2.5N,100 mms %, 0.5g
5N,100 mms™, 0.5 g
5N, 50 mm s’l, 05¢g
5N,100mms ', 0.3 g

—0.0031 + 0.0002
—0.0042 + 0.0002
—0.0048 + 0.0001
—0.0043 + 0.0001
—0.0071 + 0.0003

—0.0028 + 0.0003
—0.0042 + 0.0003
—0.0046 + 0.0002
—0.0040 + 0.0002
—0.0066 + 0.0006

1 dw(r)
o —k 14
In general, the values are similar, which suggests that wear measure-
ments can be used to evaluate cleaning rates for this experiment. The
biggest difference was found in the case of 0.3 g. The main reason for this
was probably the fact that in this experiment the tomato puree was
removed in the shortest time. This caused earlier adhesive removal that
lead to contact of the stainless-steel ball and disc for a longer time, thus
there was less contact between the stainless steel ball and the burnt
tomato puree. In addition, the wear values for 200 mm s~ * experiment
did not correlate with the mass results, probably because of the same
reason.

3.2.5. Cleaning mechanisms and measured absorbance

In the MTM experiments, where water is used as a cleaning liquid,
two main cleaning mechanisms were observed: dissolution and me-
chanical removal. Liquid suspensions were acquired from the MTM
chamber for UV-Vis measurements to quantify the dissolution mecha-
nism of the cleaning.

Fig. 10 compares relative mass reduction graphs (Figs. 8a, 7c and
7e)) measured by removing discs from the MTM and weighing directly,
with the relative dissolved mass obtained by using the calibration curve
(y = 0.00427 x) to establish the dissolved mass, which was then divided
by the initial deposit mass. Fig. 10 shows that by increasing the load or
speed, mechanical removal was enhanced, since the difference between
the removal due to dissolution (Fig. 10: empty dots) and the total
removal (Fig. 10: full dots), is greater. In case of load increase this was
expected, since by increasing the load on the soil the cohesive and ad-
hesive forces weaken faster, thus big chunks of burnt tomato puree are
released. By increasing the speed, the shear rate increases which en-
hances both chunk removal and dissolution. The data suggests the in-
crease of chunk removal was higher for speed 200 mm s~! compared to
50 and 100 mm s~'. The high standard deviation is expected since
number of factors can affect the measurements, for example chunks of
tomato puree were still dissolving in water after they were removed
from the disc and stayed inside the MTM chamber and small tomato
particles can accumulate and change the composition of the samples by
the measurement time. Thus, the results for the dissolved mass may not
be as accurate as the gravimetric results.

4. Conclusion

In present work, cleaning experiments of burnt tomato paste were
conducted in a tribometer, the Mini Traction Machine (MTM), to un-
derstand the cleaning mechanism of food foulant, and to differentiate
the contributions of mechanical force and dissolution.

Indentation measurements show that the mechanical properties of
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food foulant change as a function of exposure time to water. The tran-
sition of strong cohesion/adhesion to partial adhesion and finally weak
cohesion/adhesion was quantitatively identified by the micromanipu-
lation technique. Additionally, it was observed that adhesion was
stronger than cohesion for short soaking times but for longer soaking
times the opposite was true.

Mechanical properties of food foulant play an important role in
cleaning, as demonstrated by the MTM. Two main removal mechanisms
were observed in these cleaning experiments, dissolution and removal of
chunks of the food foulant. The cleaning rate was steady in most cases
and the effects of different parameters were investigated. The different
amount of food foulant mass did not affect the cleaning rate under
otherwise identical conditions. By increasing applied load or speed the
cleaning rate increases and the chunk removal mechanism was boosted,
detected by UV-Vis measurements, due to faster weakening of adhesion
and cohesion forces.

Tribology results were obtained during this cleaning process, and
visual observation helped to explain the behaviour of the friction coef-
ficient graphs. Initially the friction coefficient was high due to the
roughness of tomato puree, but it decreased and stabilised as the surface
became softer. When areas of the tomato puree disc began to be
removed, creating areas of stainless-steel surface, the friction coefficient
started increasing and became steady when the tomato puree was
completely removed. The MTM provided some wear data, which were
analysed to produce cleaning rates, which were similar to the cleaning
rates calculated from gravimetric results, thus mass and wear were
correlated successfully. The data suggests wear results can be used to
calculate cleaning rates, which would be faster in future experiments
than the methods using weighing and measurement of dissolved mate-
rial developed here.

Our results, based on a representative tough soil, suggest that surface
removal of food foulant can be approached by tribological principles,
which provides a useful method in developing sustainable solutions for
food cleaning in the future.
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