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ABSTRACT

Recent outbreaks linked to flour-based products have highlighted the need for improved
cleaning and sanitation methods in low-moisture environments. The factors affecting adhesion
forces of flour particles, and the effective vacuum cleaning methodologies to overcome these
forces, need to be better understood. The objectives of this study were to: (1) Measure
electrostatic charge build-up in flour under different environmental conditions (20, 40, 60%
relative humidity at room temperature), (2) quantify how powder size (US standard No. 60 — 80
or 80 — 100 mesh), electrostatic charge (charged and uncharged), and relative humidity (RH)
impact the force required to remove the powder from an electropolished 304 stainless steel
coupon (8 x 8 x 0.2 cm), and (3) determine the most effective vacuum nozzle angle (0, 45, 90°
relative to the surface) for cleaning. Chargeability (nC) of flour samples was assessed using a
Faraday cup electrometry, while the surface adhesion force of the flour particles was measured
using a custom-built impact tester. Additionally, the surface cleanliness after vacuum treatments
was assessed using ATP (adenosine triphosphate) swabs and a luminometer. Charged flour
samples at 20% RH exhibited a significantly higher charge compared to those at 40 and 60%
RH. Within the 60 — 80 mesh range, charged flour showed higher adhesion rates than uncharged
samples at both 20% and 40% RH. However, in the 80 — 100 mesh range, charged flour did not
show a significant difference in adhesion when compared to uncharged samples at any relative
humidity level. Additionally, at 60% RH, surface residues measured by ATP were significantly
lower for vacuum angle 90° than for 0° across both 60 — 80 mesh and 80 — 100 mesh size ranges

of wheat flours.
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INTRODUCTION

Problem Statement

Recently, raw flour has emerged as a potential health hazard, with several E. coli and
Salmonella outbreaks linked to flour and flour-based products in the past five years (United
States Food and Drug Administration, 2019; Centers for Disease Control and Prevention, 2021;
United States Food and Drug Administration, 2023). Research shows that pathogens can survive
and express virulence in raw flour for extended periods, even years (Forghani et al., 2019; Gill et
al., 2020; Lauer et al., 2021). Consequently, investigating methods to reduce flour contamination
is crucial for public health safety.

In addressing this challenge, one key aspect to consider is that pathogens in flour
products often stem from cross-contamination from equipment surfaces. Therefore,
implementing effective cleaning and sanitation practices becomes vital in preventing this
transfer. This process begins with the removal of food debris from surfaces, an essential step to
ensure successful sanitation. For cleaning to be effective, it must counteract the adhesion forces
binding food debris to surfaces. Especially, in low-moisture environments like flour processing,
electrostatic adhesion is often predominant. This occurs through triboelectrification, where flour
particles gain electrostatic charge from friction against equipment surfaces.

Notably, in low-moisture food processing industry, vacuuming is widely adopted method
for cleaning. The increased adhesion from electrostatic forces and its effect on vacuum cleaning
efficacy needs further investigation. Hence, a deeper understanding of the cleaning technique and
the role of environmental conditions is imperative to maximize the effectiveness of vacuum

cleaning and ultimately enhance food safety.



Goals and Objectives
Previous studies have attempted to measure the adhesive force of flour particles,
evaluating the impact of factors such as particle size, relative humidity, and electrostatic charge.
Nonetheless, these methodologies and factors have not been investigated regarding cleaning food
contact surfaces in low-moisture food environments. The triboelectrification of flour during
processing on stainless steel and the efficacy of conventional cleaning methods on overcoming
the adhesive forces, remain unexplored. My research aimed to address this gap in knowledge.
Therefore, the goal of the study was to investigate the factors that affect flour adhesion to a food
contact surface and to suggest optimal cleaning methods. The specific objectives of my research
were to:
1. Measure electrostatic charge build-up in flour under different environmental conditions.
2. Quantify how powder size, electrostatic charge, and relative humidity impact the force
required to remove the powder from a stainless steel surface.
3. Determine the most effective angle for vacuum cleaning for enhanced surface cleanliness

under different environmental conditions.



LITERATURE REVIEW

Flour as a Product of Concern

Recent outbreaks associated with raw flour and flour-based products have highlighted
flour as a potential public health concern. The first outbreak linked to flour occurred in 2016,
with Escheria coli in raw flour. This outbreak resulted in 56 cases of infection spread over 24
states and could be traced back to a single domestic flour production facility (Crowe et al.,
2017). More recently, over the past few years, there have been alarming instances of food
contamination, starting with the recall of Brand Castle and Sisters Gourmet cookie and brownie
mixes on June 21st, 2018, due to possible Escherichia coli contamination (United States Food
and Drug Administration, 2019). The situation took another concerning turn on September 16,
2021, when a multistate outbreak of Shiga toxin-producing Escherichia coli (STEC) was traced
back to cake mix (Centers for Disease Control and Prevention, 2021). Adding to the series of
outbreaks, on March 30th, 2023, the US Food and Drug Administration announced an outbreak
of Salmonella linked to all-purpose flour (United States Food and Drug Administration, 2023)
which highlights the continued challenges in ensuring food safety.

From 2012 — 2020, food in the cereal, bakery, and grain category was responsible for
14.8% of low-moisture food outbreaks, but only 6% of recalls (Acuff et al., 2023). This
discrepancy can be attributed to the recent growing awareness of flour as a food of concern. A 3-
year investigation on the prevalence of pathogens on 3891 wheat berries samples found that
enterohemorrhagic E. coli and Salmonella could be found on 0.44% and 1.23% of tested wheat
berries respectively (Myoda et al., 2019). Despite the inhibitory effect of low water activity in
low-moisture foods, which typically hinders microbial growth, pathogens may survive for years

on wheat grains and flour while maintaining their ability to express virulence factors (Forghani et



al., 2019; Gill et al., 2020; Lauer et al., 2021). All these recent outbreaks and findings clearly

implicate flour as a low-moisture food of concern.

Cross-contamination in Low-Moisture Environments

The Food Safety Modernization Act (FSMA), enacted in 2011 to transform the approach
to food safety from reactive to proactive, aims to prevent contamination by establishing
preventative controls for all types of food, including low-moisture products. While FSMA
requires a validated kill step for pathogens in dry environments on the food itself, it does not
provide specific guidelines for processing equipment. Thus, cleaning and sanitation procedures
largely remain at the manufacturer’s discretion. Cleaning is the process of removing food
residues or allergens from equipment surfaces, while sanitation focuses on inactivating bacteria
and pathogens. While conventional dry-cleaning methods may achieve some minimal bacterial
reduction (Chen & Snyder, 2023), a subsequent sanitation step is often required. Cleaning is
crucial to prevent cross contamination and to prepare surfaces for sanitization.

Surface cross-contamination generally occurs when pathogens are transferred from one
surface or object to another. Food products that come in contact with contaminated equipment
surfaces during processing may become carriers of pathogenic bacteria. If cross-contamination to
food occurs after pathogenic inactivation steps, it can pose a significant health risk to consumers.
In the case of an outbreak, potentially all product on the market may need to be recalled unless a
clean break was established. A World Health Organization survey determined cross-
contamination was responsible for a significant proportion of foodborne outbreaks in Europe
(World Health, 1995). The report indicated that cross-contamination accounted for 3.6% of cases
of pathogens in prepared foods, while contaminated equipment was implicated in 5.7% of cases.

Additionally, Powell & Attwell (1998) compile several outbreaks occurring in the United



Kingdom. For outbreaks where the contributing factor was known, 57% of cases could be
attributed to cross-contamination. A review article by Podolak et al. (2010) demonstrated that
cross-contamination could occur in a variety of low-moisture foods despite the hurdle to
bacterial growth provided by low water activity. This demonstrates the importance of cleaning
equipment surfaces to reduce the risk of cross-contamination.

Cleaning Methods in Low-Moisture Environments

Flour, a low-moisture food with water activity below 0.85, illustrates the challenges in
cleaning and sanitizing such environments where limiting water introduction is crucial to prevent
bacterial growth. Consequently, cleaning methods for low-moisture settings are generally limited
to brushing, vacuum cleaning, scraping, sweeping, blowing/blasting, or pigging due to this
constraint (Moerman & Mager, 2016).

Each cleaning method for low-moisture environments has its own advantages and
drawbacks. For optimal effectiveness, employing combination of various tools is recommended.
Vacuum cleaning is often the initial step in dry cleaning open process equipment (Moerman &
Mager, 2016). An advantage of vacuum cleaning is its ability to contain soil without needing a
secondary collection step. Vacuums reduce the dispersal of dust and particles to other areas of
the food plant, and their smaller, mobile units can be easily moved through the facility. While
vacuums effectively remove visible particles, they are less effective for thorough cleaning and
may struggle to remove particles that are strongly adhered (Moerman & Mager, 2016).
Following a vacuum treatment, brushing or scraping can be applied for a more in-depth clean
and to remove the strongly adhered particles. However, if not used properly, brushing may

generate clouds of debris that can spread and contaminate other areas.



Figure 1: Transportable vacuum unit used to clean pilot scale food production equipment

Recent studies have focused on brushing and scraping food residue in low-moisture
environments. In a 2022 study, Chen et al. (2022), developed a custom platform to apply
brushing and scraping treatments to soiled food contact surfaces mechanically and consistently.
The findings indicated that brushing was more effective than scraping for removal of powder
from surfaces. However, food residues could still be detected at higher water activity levels after
brushing. Additionally, the study found that under the tested conditions, surface roughness did
not significantly impact the efficacy of cleaning. Later experiments performed by Quanrun et al.
(2022), used the same mechanical brush system to evaluate how residence time of fruit powders
impacted ease of removal. This study found that longer residence times resulted in higher water
activities for most powders, and that most fruit powders with a higher water activity exhibited
higher cohesion and adhesion.

A survey revealed that 24 to 64% of food manufacturing facilities utilize vacuums as a

dry-cleaning tool (Taylor et al., 2006). Despite its importance and widespread use in the dry-



cleaning process, research on vacuum cleaning within the food production environment remain
scarce. The optimal placement for a vacuum nozzle is about 1 — 2 cm above the surface to
maximize suction flow (Moerman & Mager, 2016). This distance is often maintained through
nozzle attachments, such as brushes. A study performed by Jackson, et al. (2008), examined the
efficiency of vacuum cleaners in removing food residues from several food contact surfaces:
stainless steel, Teflon, and polyurethane. The study found that while vacuuming could remove
loosely adhered foods to a level of visually clean for most surfaces, assays like ELISA, protein
swabs, and ATP swabs could still detect residues after vacuuming, suggesting that vacuuming
alone is not sufficient for removing allergenic food residues. However, the study did not address
how factors such as particle size, electrostatic charge, relative humidity, and angle of the vacuum

nozzle might impact the effectiveness of vacuuming.

Methods of Quantifying Cleanliness

To validate the efficacy of a cleaning treatment, it is important to have a method to
quantify cleanliness on equipment surfaces. Surface cleanliness measurement methods can be
categorized as direct or indirect, and specific or nonspecific. For direct methods of surface
analysis, equipment surfaces are directly monitored for contamination. Common examples of
direct quantification utilize magnified visual inspection, scanning or transmission electron
microscope, and x-ray detectors (Kohli & Mittal, 2019). Direct methods can be time-consuming
and are typically limited to examining a small representative surface area. Because of these
limitations, indirect surface sampling is often preferred. Indirect methods extract the contaminant
from the surface, usually through swabbing, and then analyze the extract for the contaminant.
Specific methods can identify and differentiate between strains of bacteria or allergenic proteins.

Pathogens and allergens often have specific and well-defined detection methods and are



preferred by regulatory authorities. However, general surface debris like dust, soil, and non-
allergenic food residues mostly rely on nonspecific detection methods.

One of the most common and simplest methods of direct, nonspecific cleanliness
measurement is visual examination, which is qualitative and depends on the cleaner’s best
judgement. Cleaners are often instructed to clean equipment surfaces until they appear “visibly
clean” of any debris or residue. A recent study (Daeschel et al., 2023) investigated the limits of
visual detection on equipment surfaces. Surface of stainless steel and high-density polyethylene
were either left clean or soiled with dry wheat flour. When 101 respondents visually inspected
these surfaces for food residues, about half of the respondents failed to detect as little as 0.02 g of
flour per square foot (929 cm?) on stainless steel. This finding suggests the need for additional
cleanliness verification methods beyond human visual detection. Swabbing for ATP is a more
rigorous method of measuring cleanliness.

ATP swabbing is an indirect, nonspecific, and quantitative method for measuring
cleanliness in low-moisture food production environments. ATP, or Adenosine triphosphate, is
an organic compound present in all living things: bacteria, plants, and animals. ATP can be
extracted from equipment surfaces using typical swabbing techniques. First, a solvent with the
ability to extract the contaminant is used to moisten the swab. Next, the surface of interest is
swabbed vertically and horizontally for a predetermined number of strokes, while ensuring to
coat all sides of the swab (Kohli & Mittal, 2019). Following swabbing, the ATP coated swab is
introduced to an enzyme that reacts with ATP to generate light. The amount of light generated by
the reaction is stronger the more ATP is present. The amount of light can be measured in
Relative Light Units (RLU) by a luminometer to quantify surface cleanliness. In food processing

plants, it is typically recommended for food processors to swab adequately cleaned surfaces to



obtain a specific RLU value that signifies “clean” surfaces. This value is then established as a
predetermined cut-off for clean surfaces in future assessments.

A drawback of using ATP as a method for quantifying cleanliness is that it cannot
differentiate between ATP from food residues, harmless bacteria, human hands, or pathogens.
Despite its lack of specificity, ATP swabbing has been an appealing rapid method to analyze
equipment surfaces for contaminants due to its speed (< 30 seconds) when compared to other
methods. Historically, ATP has successfully been used to rapidly monitor microbial populations
on food contact surfaces (Hammons et al., 2015; Sogin et al., 2021). However, this methodology
could be applied to food residue detection after a cleaning step if the only source of ATP on a
surface is the from the food itself or background microbes on the food. It is desirable for more
research to be conducted on ATP swabbing as a method of detecting food residues after a
cleaning step, especially within low-moisture food production environments.

Forces of Adhesion

To be effective, vacuum cleaning force must overcome the adhesion forces between
particles and surfaces. These forces include Van der Waals, capillary, and electrostatic forces
(Ermis et al., 2011). However, in low-moisture environments, electrostatic force and Van der
Waals forces are predominant (Huang & Barringer, 2012).

Van der Waals forces result from the interactions between dipoles of atoms and
molecules. Areas of molecules with an electron abundance have a partial negative charge and are
attracted to areas of molecules deficient of electrons that are partially positive. Van der Waals
forces are secondary forces and are less dependent on the chemical structure of materials and
weaker when compared to primary forces such as covalent or ionic. However, Van der Waals

forces can have a greater reach than primary forces. In the absence of chemical bonds and



external electrical fields, the primary force of adhesion between dry powder particles and other
surfaces are typically Van der Waals (Salazar-Banda et al., 2007).

As food powders are processed on-line, the friction and contact of food particles against
each other and the stainless steel processing equipment causes a buildup of electrostatic charge
through a process known as triboelectrification (Bailey, 1984; Chowdhury et al., 2021). Particles
with a negative charge will be attracted to surfaces with a positive charge and vice-versa. For
surfaces that are not electrically charged, the conductivity of the surface plays an important role.
For conductive materials, like stainless steel, when a charged particle approaches, a charge of the
equal and opposite polarity will be drawn out from the side of the conductor closest to the
particle. This phenomenon is known as electrostatic induction. Grounding the conductor does not
stop the process of electrostatic induction, however it can prevent larger opposite charges from

building up within the conductor.
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Figure 2: Electrostatic induction of a grounded conductor by a charged particle
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Environmental relative humidity greatly affects particle chargeability. At a given
temperature, higher relative humidity levels lead to reduced charge accumulation and retention
on particles (Matsusaka et al., 2010). Ideally, processing of low-moisture foods should occur in a
low relative humidity environment; however, controlling ambient humidity can be
difficult. Additionally, the size of the particle significantly influences its adhesion force, with
larger particles potentially having stronger electrostatic attraction to equipment surfaces because

they can carry more charge.

Measuring Adhesion

Measuring the adhesion force between a particle and a surface in practice can be
challenging. Atomic force microscopy (AFM) and the centrifuge technique are the two most
commonly accepted methods (Salazar-Banda et al., 2007). However, new methods have been
developed that offer advantages under the right circumstances. For example, the impact adhesion
tester (IAT) measures adhesion with principles similar to the centrifuge technique but offers a
quicker and more compact alternative (Ermis et al., 2011).

The atomic force microscope can generate three-dimensional mappings of surfaces by
dragging the tip of a precise cantilever (<1 nm thick tip) across the surface of interest. This
instrument can be adapted for broader adhesion force measurements between particles and the
surface of interest. This is done by affixing the particle of interest to the tip of the cantilever and
manipulating the distance of the device from the surface (Suehr, 2020). As the cantilever is
retracted from the test surface, the deflection of the cantilever is used to quantify the adhesion
force between particle and surface. The precision of measurements provided by this technique
make it one of the most common methods for quantifying particle adhesion. Nevertheless, this

technique has limitations when trying to measure the adhesion of particles of variable sizes on a
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surface. This technique can only measure the removal force for one particle at a time, meaning
powders with a variable range of particle sizes are difficult and time consuming to characterize
(Salazar-Banda et al., 2007).

The centrifuge technique can provide a more effective measure of particle adhesion for
particles with varied shapes and sizes. This technique applies centrifugal forces to particles
adhered to a surface (Salazar-Banda et al., 2007). It is assumed that the force of adhesion
between a particle and a surface has an equal but opposite magnitude to the centrifugal force
required to remove the particle. For this method to be effective, the surface the particles are
adhered upon must be rotated in a way such that the centrifugal forces are acting normally on the
particles from the surface. Following centrifugal treatment, either imaging or mass
measurements can be used to determine the percentage of particles removed by the treatment
(Salazar-Banda et al., 2007). By applying several different rotational speeds, the relationship
between applied force and percentage of particles removed can be characterized. A common
method of applying the rotational force to particles is through a centrifuge, common to most
microbiology labs (Suehr, 2020). The coated surface of interest can be placed within a centrifuge
tube and angled so that force is applied normally to the surface (Ermis et al., 2011; Suehr, 2020;
You & Wan, 2014). Although more practical than AFM for assessing adhesion of powders, the
centrifuge method requires sizable, costly equipment, making it less suitable for space

constrained studies.
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Figure 3: Centrifuge method of measuring particle adhesion

Previous research has compared the efficacy of the centrifuge method of measuring
adhesion with the drop test (Stotzel et al., 1997), finding similar outcomes despite differing force
application techniques. Ermis et al. (2011) designed a compact, portable impact adhesion tester
suitable for inline production assessment. The IAT, operating on similar principles to the
centrifugal technique, applies impact rather than centrifugal forces to dislodge particles. The IAT
has a platform that can move freely along a vertical cylindrical shaft, which, when elevated and
released, impacts the sample coated underneath, dislodging particles perpendicularly. The
percentage of particles removed can be measured through mass or through microscopic imaging
and counting of particles. The impact force varied proportionately with the height the platform
was dropped from. By applying several different impact forces, the relationship between applied

force and percentage of particles removed can be characterized.
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Figure 4: Labeled diagram of an impact adhesion tester

The previously mentioned methods of quantifying adhesion were designed to measure the
adhesion of individual particles on a surface. However, bulk powders and their inter-particle
interactions exhibit distinct behaviors. To evaluate the adhesion and cohesion of bulk powders,
Chen et al., (2022) utilized a force gauge to measure the necessary shear force for characterizing
adhesion of powdered food residues on stainless steel surfaces. For this, two stainless steel rings
of the same diameter were fabricated, one completely open and the other with a bottom. For
adhesion tests, the open ring was placed in the center of a stainless steel coupon and filled with a
known mass of powder to ensure consistent bulk density in contact with the stainless steel
coupon. Then a digital force gauge was used to slide the open ring across the coupon surface
while measuring the necessary shear force. In cohesion tests, the open ring was placed over the

closed ring and then filled with a known mass of powder. Again, the digital force gauge was
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used to apply and measure the shear force needed to slide the open ring over the stationary
closed ring. Control tests with empty rings determined the inherent force to displace the rings,
which was subtracted from final readings. While this approach effectively measures bulk powder
shear force, it may not represent real-world cleaning situations involving finely dispersed

powders over a surface.
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Figure 5: Shear force experiments for adhesion and cohesion of particles on a stainless steel
surface. Adapted from Chen et al. (2022)

Measuring Electrostatic Charge

Several instruments are available to determine the electrostatic charge of objects. The
electrostatic fieldmeter is one such instrument, which quantifies the electrostatic field produced
by charged surfaces at a known distance, measuring charge as voltage over distance (Peltonen,
2019). Measurements are taken using a high input impedance sensor referenced to the ground.
While this tool can be useful in detecting charge generation, it can be difficult to use for precise

charge measurements. The area of the surface being measured compared to the sensors field of
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view, distance from the sensor to the surface, and proximity of other charged objects can all
potentially skew the measurements.

A more common and precise tool for measuring charge of powders is a Faraday cup and
electrometer. A Faraday cup consists of two concentric aluminum cups separated by an insulator.
The outer cup is grounded and shields the inner from external electric fields. When a charged
object enters the inner cup, it induces an equal but opposite charge on the inner wall (Peltonen,
2019). The electrometer then measures the charge difference in charge between inner and outer
wall. By measuring the mass of the powder sample subsequently, the charge-to-mass ratio of a

sample can be obtained for comparison between treatments (Peltonen, 2019).
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Figure 6: Labelled diagram of a Faraday cup
Food Particle Adhesion

Previous research has measured food particle adhesion following electrostatic charge

generation. A study by Ricks et al. (2002) evaluated the impact of food powder characteristics
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(size, charge, density, and flow index) on coating efficiency of corona charged particles. It was
found that electrostatically charging particles improved coating efficiency by 68%. Similarly,
Mayr et al., compared corona and triboelectric coating methods for seasonings on graham
crackers (Mayr & Barringer, 2006). Adhesion was measured using the centrifuge technique.
Their research concluded that electrostatics improved transfer efficiency by up to 40% and that
increasing particle size could lead to better adhesion. In a later study, Huang & Barringer (2012),
studied the impact of powder resistivity, coating voltage, and relative humidity on adhering salt,
starch, and cocoa powders to food substrates. Charging of the powders was conducted using a
corona charging powder spray gun and coating was done at up to 95 kV. Adhesion was measured
using the centrifuge technique. It was found that starch adhesion increased with increasing
coating voltage. Additionally, for electrostatically charged samples, the adhesion decreased when
RH increased from 30 to 60%.

A study by Salazar et al. (2007), measured the adhesion of manioc starch on a steel
surface using the centrifuge method. Practical results were also compared to the theoretical
results. It was found that larger particles exhibited higher starch retention rates, and that the
theoretical calculations predicted lower adhesion values than were measured experimentally.
This was attributed to the small roughness, deformability, and organic composition of the
particles.

A study by Peltonen et al. (2018), measured the electrostatic charge build-up of
pharmaceutical powders, including starch, during their processing. The study simulated and
measured tribo-charging by sliding powders down pipes of different materials and capturing
them in a Faraday cup to measure both charge and mass. This process was repeated to chart the

relationship between charge accumulation and mass. The study found that as particles became
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adhered to the inner wall of the pipe, charge transfer to the powders decreased. Specifically,
starch in contact with steel exhibited an average charge to mass ratio of -17.7 nC/g. This ratio

diminished to -7.2 nC/g after the inner surface of the pipe was coated by the powder.

18



MATERIALS AND METHODS

To achieve the goal of this study, overall experimentation was structured into three key
phases: (1) measuring the triboelectric charge build-up in flour samples under different relative
humidity (RH) conditions, (2) quantifying the adhesion of flour particles on stainless steel
coupons using abrupt deceleration forces, and (3) investigating the effect of vacuum treatment
angle on cleanliness of flour-coated coupons. Specifically, the flour was milled from raw wheat
kernels to maintain uniformity in particle size. For comparison between theoretical and measured
adhesion forces, parameters such as electrostatic charge, deceleration rates, vacuum pressure,
and air velocity were measured for their respective tests.

Flour Milling

Organic hard red winter wheat and soft white wheat berries/kernels were purchased from
an online retailer (Palouse Farms, WA, USA). To replicate an all-purpose flour blend, an 80:20
ratio of hard red winter wheat and soft white wheat were used for milling (Bakerpedia, 2020). A
KitchenAid mixer (Model K5-A, KitchenAid, Troy, OH, USA) with a grain milling attachment
was used to grind the wheat berries into wheat meal. The milling attachment was set to the finest

setting (notch 10) for all experimental runs and milled at mixing speed 4 (~125 rpm).
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Figure 7: KitchenAid mixer with grain milling attachment

21 CFR requires that 98% of wheat meal particles must pass through a US Standard No.
70 mesh (>212 pum) to be classified as flour (Title 21, 1977). However, not all flour during
processing may meet this final requirement. Thus, two particle size categories were selected to
account for flour particles reasonably larger or smaller than the 21 CFR requirement, US
Standard 60 — 80 mesh (diameter 250 — 177 um), and US Standard 80 — 100 mesh (diameter 177
— 149 pm). To achieve this, the wheat meal was sieved through US Standard meshes No. 20, 60,
80, and 100 for 15 minutes to separate and refine the flour particles. A sieve shaker (Model H-
4325, Humboldt, Elgin, IL, USA) was used to promote flour movement through the sieves. All
particles that did not pass through the No. 20 mesh or passed through the 100 mesh were

discarded. Flour particles that passed through meshes No. 60 or through No. 80 were kept
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separated for further experimentation. Flour was stored within the humidity-controlled chambers

at ambient humidity and temperature for up to a week before conditioning.

HUMBOLDT

Figure 8: Sieves and mechanical sifter for flour particle size separation

Sample Conditioning

The prepared flour samples, 60 — 80 mesh and 80 — 100 mesh, were spread in a thin layer
(< 2.5 cm) over separate quarter sheet pans (24 x 33 cm) to be equilibrated in a custom-built
humidity control chamber (69 x 51 x 51 cm) for 24+2 hr before testing. The humidity control

chambers were assembled to the specifications outlined by Smith et al. (2015).
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Figure 9: Flour spread in quarter sheet pans for equilibration

Samples were equilibrated at 20, 40, and 60% RH. Successful equilibration of flour
samples to the target relative humidity was verified with a water activity meter (Model 4TE,

Decagon Devices, Pullman, WA, USA).

Figure 10: Custom humidity control chambers
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Stainless Steel Coupons

To simulate low-moisture food contact surfaces, a series of electropolished grade 304
stainless steel coupons (8 x 8 x 0.2 cm) were fabricated, as described by Benoit et al., (Benoit,
2013). Before each use, coupons were cleaned to reduce presence of debris, residues, and
bacteria using methodology modified from Suehr (2020). Coupons were submerged in an
acetone bath for 15 minutes then left to air dry. They were then submerged in deionized water for
1 minute and dried within an oven (>100 °C) to evaporate any moisture on the surface and

prevent rusting.

Figure 11: Custom electropolished grade 304 stainless steel coupons

Triboelectric Charge Generation

Preliminary experimentation used a rotating (0.8 rad/s) stainless steel drum (280 mm
depth, 220 mm diameter) to charge silicon quartz powders triboelectrically. Thereafter, charge
generation within the agitated powders was measured using a handheld digital electrostatic

fieldmeter (FMX-003, Simco, Hatfield, PA, USA). However, due to the size limitations of the
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humidity-controlled chambers, the rotating drum methodology was dismissed in favor of a more
compact design that could agitate the powders at a faster rate. To achieve this a powder charging
blender was constructed and tested.

The blender consisted of a quart paint can (946.35 ml, 10.16 cm diameter) housing an
aluminum mixing blade (10.16 cm diameter) inside. An antistatic polyethylene shaft connected
the mixing blade to the compact AC gear mount motor that facilitated rotation (up to 150 rpm).
The shaft was made of nonconductive material to prevent charge dissipation from the can. The
rotational speed was adjustable via a speed-controller connected to the power input of the motor.
To charge the flour samples, flour was placed inside the can and the motor turned on to spin the
mixing blade. During operation, as the flour collided with the mixing blade, walls of the can, and
other flour particles, triboelectrification occurred, leading to charge build up within the sample.
By manipulating the blender’s rotational speed and duration, it was anticipated that varying

levels of electrostatic charge could be imparted to the flour sample.

Figure 12: Custom built powder charging apparatus
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However, the powder charging blender proved impractical and did not achieve the
expected results. When in use, a portion of flour was often be pushed to the sides of the can and
rest above the mixing blade, providing uneven charge. Nevertheless, charge generation within
the can was confirmed using an electrostatic field meter. However, when charged flour was
transferred via a plastic teaspoon to a Faraday cup for more precise charge measurements, there
was no detectable difference in charge from a negative control sample. It was speculated that
contact with the plastic spoon and time taken to transfer flour from the can to the Faraday cup
caused most accumulated charge to dissipate before it could be measured. However, this trend
continued even when charged flour was poured directly from the blender into the Faraday cup.
Regardless, the powder charging blender proved ineffective, and a different approach was
researched and developed.

Drawing on insights from a prior study (Peltonen et al., 2018), a simpler and more
effective method for the tribocharging of powders has been identified using a charging pipe or
tube. To replicate the process of triboelectrification that can occur when a powder flows through
a pipe or any confined space, a stainless steel pipe (60 cm length, 3 cm interior diameter) was
used. Flour was introduced to one end of the pipe using a quarter teaspoon (1.2 ml). Subsequent
manual shaking of the pipe facilitated the movement of powder, inducing triboelectric charging
as the powder slid and tumbled along the length of the pipe. The resulting electrostatically
charged flour was then directly collected as it exited the opposite end of the pipe. To maintain
consistency and remove flour build-up, the interior of the pipe was brushed with a pipe cleaner

10 times along its entire length between sample trials.
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Figure 13: Stainless steel powder charging tube

Chargeability Tests

The chargeability tests were conducted inside the controlled humidity chambers to
maintain a consistent relative humidity during the tribocharging process. Charge measurements
were taken using a nanocoulombmeter (Model 230, Electro-Tech Systems, Perkasie, PA, USA)
with a Faraday cup attachment (Model 231 Cup, Electro-Tech Systems, Perkasie, PA, USA). For
charged samples, flour exiting the stainless steel charging tube was allowed to fall directly into
the mouth of the inner Faraday cup. In contrast, uncharged flour samples at rest were transferred

into the Faraday cup using a grounded stainless steel quarter teaspoon (1.2 ml).
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Figure 14: Powder charge measurement procedure using stainless steel tube

After recording of the charge values, the inner Faraday cup was removed from the
equilibrium chamber, and the combined mass of the cup and flour sample was measured using a
precision scale (Model S1002, Veritas, Santa Clara, CA, USA). The inner cup was then brushed
until visually clean of flour particles before the next charge sample. The mass of the flour sample
was determined by subtracting the known of the inner Faraday cup from the combined mass of
the sample and inner cup, and this value was then used to calculate the charge-to-mass ratio
(nC/g) for comparison with other samples. Chargeability tests were conducted in triplicate and
utilized a full factorial design including factors relative humidity (20, 40, 60%), particle size (60

— 80, 80 — 100 mesh), and charge state (charged or uncharged).
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Surface-Particle Adhesion

Before conducting adhesion or vacuum test, flour was applied to the stainless steel
coupons. To facilitate this, each coupon was grounded using a grounding cable and placed on a
custom wire easel which suspended the coupon above the surface of the humidity control
chamber at a constant 60-degree angle. For charged flour samples, a quarter teaspoon (1.2 ml) of
flour exiting the charging tube was allowed to freely flow from the top to bottom of the coupon,
coating its surface with flour particles. For uncharged flour samples, a stainless steel quarter
teaspoon was used to transfer flour at rest and directly disperse it over the coupons surface,
freely flowing from the top to bottom of the coupon. After the coating process, the coupon was
removed from the easel and grounding cable, then gently inverted to remove any loosely adhered

particles.

Figure 15: Custom wire easel with grounded stainless steel coupon before coating
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Adhesion Tests

Several methods to quantify the adhesive force of flour particles on stainless steel
surfaces were considered and tested before choosing the most practical option. Initially, the
centrifuge technique was evaluated, with preliminary experiments conducted on silicon quartz
particles of various sizes (100, 400, 1250, 3000, and 5000 mesh) (Klug et al., 2022). The initial
charge of the powders at rest was measured using a handheld digital electrostatic field meter. To
enhance their static charge, a rotating stainless steel drum was used to agitate the powders for 10
minutes. Then, 3 g of each powder was evenly distributed over 304, mirror finish stainless steel
coupons (10 mm x 10 mm) and subsequently centrifuged at 119.5 x g for 1 min in the centrifuge
sample holder. A custom sample vial was designed to hold the coupons 10 mm from the bottom
of the centrifuge vial and perpendicular to centrifugal force, following the method described by
Suehr (2020). After the centrifuge test, the mass of powder that had been dislodged from the
coupon surface was weighed, three trials conducted for each combination of mesh size and
charge.

While the centrifuge tests showed promising results, they also highlighted several
limitations. Firstly, relative humidity, a critical factor in electrostatic charge generation and
retention, could not be controlled for the tests. Furthermore, the interval between charging the
silicon powder, coating the coupons, and conducting the centrifuge test was often protracted,
increasing likelihood of charge dissipation before adhesion tests could start. Additionally, the
small surface area of the stainless steel coupons used in the centrifuge vials restricted the
amounts of powder that could be adhered, making it difficult to detect the minute differences in
mass. Collectively, these challenges rendered the centrifuge method unsuitable for the intended

experiment.
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The possibility of measuring bulk flour adhesion and cohesion was also explored. To
achieve this, a methodology was adapted and modified from Chen et al., 2022, to measure the
shear force required to pull a ring filled with flour across a stainless steel surface. To measure
and record the shear force curves, a texture analyzer (TA.HD.Plus, Stable Micro Systems,
Godalming, Surrey, UK) was utilized to apply consistent speed and movements. The texture
analyzer consists of a 5 kg load cell attached to a programmable arm that can raise and lower the
load cell for set distances and speeds. A custom-design pulley system was mounted below the
load cell, where a string was fed through the pulley with one end attached to the load cell and the
other to the stainless steel ring (0.5 in height, 1 in diameter). As the arm rises, the powder filled
ring would be pulled across the coupon surface and the texture analyzer would record the shear
force required to do so. To control for relative humidity, the string attached to the ring could be
run through a small hold in the humidity-controlled chambers for experimentation within the
chambers. After testing the methodology, it quickly became apparent that the load cell for the
texture analyzer was not sensitive enough to detect the minute differences in adhesion caused by
electrostatic forces. Additionally, applicability of bulk flour adhesion measurements to real-life
scenarios, where powders are more dispersed over a surface, was also called into question.
Consequently, it was decided to move forward with an alternative adhesion measurement
methodology.

The final adhesion measurement methodology tested to quantify the adhesion force of the
flour particles on the stainless steel coupons involved an impact adhesion tester (IAT) (Ermis et
al., 2011). The IAT offered advantages over other adhesion quantification methods, such as
centrifugation, including its compact size, which allows for placement inside controlled humidity

chambers, and its capacity to perform swift, consecutive tests.
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The IAT works by using removal forces to detach particles from a coupon surface
through its rapid deceleration. This deceleration occurs when the coupon is dropped from a
height and hits the ground. The impact halts the coupon, but the particles, due to inertia, keep
moving unless held by adhesion forces. The removal force on each particle depends on its mass
and acceleration, with the particle’s acceleration being equal to the coupon’s deceleration at
impact. If the removal force exceeds the adhesion forces, the particles will be dislodged from the
coupon.

The IAT was constructed by the Department of Biosystems and Agricultural Engineering
Fabrication Shop (Michigan State University, East Lansing, MI). It features a smooth stainless
steel rod (43 cm length, 2.5 cm diameter) positioned at a 90-degree angle on an aluminum base
(30 x 15 x 4.5 cm). A flat-faced linear ball-bearing carriage (TWA16WUU, Nippon Bearing,
Hanover Park, IL, USA) is designed to slide up and down the rod. A square steel frame (Outer
dimensions: 10 x 10 cm, inner dimensions: 7.5 x 7.5 cm) was fabricated to hold the coated
coupon samples and attached perpendicularly to the face of the ball-bearing carriage. Two rubber
stoppers were drilled into the bottom of the frame to cushion the descending carriage. An

adjustable ring was added above the carriage to regulate drop heights.
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Figure 16: (A) Labelled diagram of IAT, and (B) Labelled diagram of sample holder components

To load the IAT, the flour coated coupons (coated using charging tube or grounded
quarter teaspoon) were positioned face down over a small plastic weigh boat. Subsequently, both
coupon and weigh boat were transferred to the steel frame of the IAT. A plexiglass covering was

placed on top of the coupon, and clamps were applied to either end of the frame to hold

everything in place.
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Figure 17: Labelled diagram of an assembled sample holder
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A compact accelerometer (MSR175, MicroDAQ, Concord, NH, USA) was affixed with
epoxy to the face of the carriage above the sample holder frame. The accelerometer was
programmed to measure shock events greater than 1 g. The shock/impact data were processed
using analysis software package MSR ShockViewer, then exported to Excel spreadsheet format.
To assess the replicability and relationship between drop height and deceleration, the carriage
was dropped from heights ranging from 2.5 — 25 cm in triplicate. Based on the calibration data,
drop heights of 2.54, 12.70, and 22.86 cm were selected for use in the adhesion tests. These three
drop heights were chosen to represent the range of deceleration forces able to be applied by the
IAT, and because each height provided a distinct deceleration value with no overlap with the
other two heights. For each trial, deceleration values were recorded to ensure alignment with the
calibration curve.

All impact adhesion tests took place inside the controlled humidity chamber. For each
flour-coated coupon, once positioned facedown in the IAT sample holder, the carriage was
elevated to its specified height (2.54, 12.70, or 22.86 cm) before being released. As the carriage
falls and impacts the base, the force of the impact acts normally against the force of adhesion and
dislodges particles from the surface. The flour particles dislodged from the impact fall into the
weigh boat below. Following the impact test, the coupon and weigh boat are carefully removed
from the sample holder and equilibrium chamber for weighing.

Mass measurements were conducted using an analytical balance (Model E12140,
Explorer, Ohaus, Parsippany, NJ, USA). The mass of the adhered flour and coupon were
measured, and then the mass of the weigh boat and dislodged flour. By subtracting the known
mass of the individual coupon and weigh boat, the percentage of flour remaining adhered can be

calculated for comparison between samples. Impact adhesion tests were conducted in triplicate
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and with a full factorial design including factors, like relative humidity (20, 40, 60%), particle
size (60 — 80, 80 — 100 mesh), charge state (charged or uncharged) and drop height (2.54, 12.70,
or 22.86 cm).
Vacuum-Cleaning Tests

Vacuum-cleaning treatments were applied using a compact handheld vacuum device
(Model 47R5-1, Bissell, Walker, MI, USA). This handheld unit was preferred over a larger shop-
vac to ensure it could fit entirely inside the humidity-controlled chambers, maintaining the
relative humidity level undisturbed during operation. Using a clamp and a ring stand, a round
vacuum nozzle (3.81 cm diameter) with no attachments was positioned above the horizontally
placed, face-up coated coupons. The nozzle’s base was set 1.3 cm above the surface of the
coupon and its angle was adjusted with a protractor to 0, 45, and 90 degrees relative to the

coupon surface.

E

Figure 18: Handheld vacuum unit with ring stand
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To quantify the removal force exerted by the vacuum treatment at various angles, a
digital hand-held manometer (Series 477AV, Dwyer, Michigan City, IN, USA) was utilized. A
digital manometer has two ports leading to pressure transducers. An elastic portion of the
transducer is capable of measuring and converting pressure levels into electronic signals. One
manometer port was open directly to the atmosphere while the other port was attached to a
rubber elastic tube (3.18 mm interior diameter). The other end of the tube was positioned directly
at the surface of the stainless steel coupon, below the vacuum nozzle. By measuring the pressure
at each of the ports, the digital manometer could calculate the pressure differential at the coupon
surface caused by the vacuum treatment. Additionally, the digital manometer is capable of
automatically calculating the air velocity of the vacuum treatment based on the measured
pressure differential. To accurately portray the entire range of pressure or air velocity acting on a
particle at the coupon surface, the rubber tube of the manometer was adjusted and repositioned to
different points along the coupons surface: center, edges, and directly below vacuum nozzle. The
manometer was programmed to record the minimum and maximum pressure and air velocity

values induced by each nozzle angle treatment.
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Figure 19: Vacuum nozzle and manometer tube placement for (A) 0 degrees, (B) 45 degrees, and
(C) 90 degrees

The small handheld vacuum unit used for experimentation is expected to apply lower
pressure and air velocity to surfaces being cleaned when compared to commercial units used for
industrial cleaning. To characterize this difference, the digital manometer was used to measure
the pressure differential and air velocity supplied at coupon surfaces by a 4 horsepower, mobile,
8 gallon wet/dry vacuum cleaner (Model 125.17608, Craftsman, Hoffman Estates, IL, USA).
Measurements were taken using the same procedures described for the handheld unit, and the
nozzle angle was kept at 90 degrees relative to the coupon surface.

All vacuum-cleaning tests occurred within the humidity-controlled chamber. When
positioned correctly, the vacuum was turned on, and the coated coupon was manually moved
below the nozzle to ensure maximum removal forces were applied to all areas of the coupon

surface. Once surface appeared visually clean of residue, the vacuum was turned off and the
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stainless steel coupon was removed from the humidity-controlled chamber for ATP assay.
Typical vacuum cleaning treatments lasted approximately 10 seconds before the surface
appeared visibly clean.

Cleanliness of the coupon surfaces following the vacuum treatments were conducted
using ATP swabs (Ultrasnap, Hygiena, Camarillo, CA, USA) and a luminometer (SystemSURE
plus, Hygiena, Camarillo, CA, USA). Although ATP is an organic compound found in all living
things, such as bacteria, plant cells, and animal cells, ATP assay cannot differentiate between
sources. However, due to the acetone and deionized water rinsing of the coupons before coating,
it can be reasonably assumed that the majority of ATP recovered from coupon surfaces resulted
from flour. Coupon surfaces were swabbed in accordance with the manual provided by the
manufacture (Hygiena SystemSURE plus). Surfaces were swabbed horizontally, then vertically
while rotating and pressing with the surface swabs to cover the entire area of the coupon. ATP
collected on the swabs react with an enzyme within the swab holder, generating light, which the
luminometer quantifies in Relative Light Units (RLU) for comparison between vacuum-cleaning
treatments. Vacuum-cleaning tests were conducted in triplicate and with a full factorial design of
factors, relative humidity (20, 40, 60%), particle size (60 — 80, 80 — 100 mesh), charge state
(charged or uncharged) and nozzle angle (0, 45, 90 degrees). For reference, RLU values were
also recorded for “clean” coupons (i.e., negative control) and unvacuumed coated coupons (i.e.,

positive control) in triplicate for comparison.
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Figure 20: Recommended swabbing technique

Statistical Analysis

Data analysis was conducted using statistical analysis software Minitab (Minitab 21,
State College, PA, USA). The data normality and variance for each experimental segment
(chargeability, impact adhesion, and vacuum) was analyzed to ensure analysis of variance
(ANOVA) could be conducted. The normality assumption was checked through examining a
histogram, q-q plot and residual vs. predicted plots. As no variances from normality were found,
there was no need to transform the data. The unequal variance assumption was checked by visual
inspection of side-by-side box plots of each fixed factor and their interactions, followed by
Levene’s test for unequal variance.

After ensuring that the data were distributed normally and variances were equal, data
were analyzed for each experimental segment using the general linear model (GLM) procedure

for ANOVA. GLM is used to determine whether the means of two groups are significantly
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different (0=0.05). A least squares regression calculation is used to predict the statistical
relationship between multiple predictor factors and the continuous measured response value. The
factors of relative humidity, charge, size, drop height and vacuum angle were analyzed as
categorical values rather than numeric. Through the ANOVA calculation, the statistical
significance of individual factors and their interactions with other factors could be determined.
Following the ANOVA, all pairwise comparisons using Tukey’s test for means were
conducted (0=0.05). Tukey’s test was used rather than a traditional t-test to control for the
increased chance of type 1 error caused by multivariate comparisons. To better discern trends
influenced by numerous factors (relative humidity, particle size, charge state, drop height, nozzle
angle), data slicing was employed for both the adhesion and vacuum-cleaning tests. Slicing
divides the dataset along factor lines so that data can be analyzed separately within different
categories. Data for adhesion tests was sliced by factors mesh size and force of removal, while
data for vacuum tests was sliced by factors mesh size and relative humidity. After slicing, once

again pairwise comparisons of means were conducted using Tukey’s test (a=0.05).
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CALCULATIONS

Practical results for adhesion and cleanability of flour from surfaces can be better
understood through comparison with theoretical models. Furthermore, the applicability of
theoretical equations to real-life situations can be evaluated through such a comparison. Several
more nuanced and complex models for predicting particle adhesion on a surface have been
proposed (Butt, 2008; Cheng et al., 2002; Rabinovich et al., 2002; You & Wan, 2013, 2014).
However, to match the scope of the experiment, only the following fundamental equations were
used.

Adhesion Force Equations

The total adhesion force causing a particle to stick to a surface is the cumulative effect of
Van der Waals, electrostatic, and capillary forces on the particle. Depending on the properties of
the particle, substrate, and environment, one or more of these forces may be dominant over the
others. Total adhesion force is expressed in Eq (1):

Foa = Fyq + Fos + F¢ (1)
where Fq is the total force of adhesion, Fq is the Van der Waals force, Fs is the electrostatic
force, and F. is the capillary force. In low-moisture environments, the amount of adhesion
provided by capillary forces can be assumed to be negligible due to the lack of moisture in the
environment.

Van der Waals forces are weak intermolecular forces of attraction or repulsion between
atoms or molecules. Assuming a spherical particle, the Van der Waals force between a flour
particle and a plate is given by Eq (2):

Ar

de = W (2)
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where 4 is the Hamaker constant, 7 is the radius of the particle, and 4 is distance between the
particle and the target. As values for the Hamaker constant and distance between particle and
surface cannot be measured, critical assumptions must be made. Thus, the Hamaker value for
starch molecules, 5.2 x 102°J (Salazar-Banda et al., 2007) and the distance, A, ranging from 5 x
10 m (Ermis et al., 2011; Huang & Barringer, 2012) to 5 x 107! m (Salazar-Banda et al., 2007)
can be used for the calculation.

Electrostatic forces within the food particles induce an equal and opposite charge on the

grounded coupon surfaces. Coulombic law for a single spherical particle is given by Eq (3):

QZ
Fes = 4me,r + )2

3)
where Q is the charge on a single particle, and & is the vacuum permittivity constant, 8.85 x 10
2.C2J ' mL. The charge, O, can be calculated through the measured charge to mass ratio values
from the chargeability tests and the estimated mass of a single particle, as described in Eq (4):
Q=qm 4
where ¢ is the measured charge to mass ratio (nC/g) and m,, is the calculated mass of a single
spherical particle, inferred from known range of mesh size diameters and the estimated density
of an individual particle, assumed to be similar to the true density of wheat grain: 1395 kg/m?
(Aremu et al., 2014).
Force Equations for IAT
The total force of removal acting on the adhered particles during the IAT tests is given by

Eq (5):

Frem = Fi + I (5)
where Fj. is the total force of removal, F; is the force of the impact, and Fy is the force of

gravity. The force of gravity can be calculated given Eq (6):

41



F,=mya (6)
where « is the gravitational acceleration, 9.8 m/s?.
The force of impact provided by the IAT can be calculated using Eq (7):

F,=m

p&i (7)

where ¢; is the average deceleration value measured by the accelerometer during testing.
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RESULTS

Preliminary Tests

Preliminary experiments utilized silicon quartz powders to evaluate a rotating drum
tumbler for charging and the centrifuge method for measuring adhesion. The average percentage
loss difference between each mesh size for control and charged groups was calculated. To
compare the electrostatic charge before and after tumbling, a 95% confidence paired t-test was
applied. On average, “the powders of mesh sizes 400, 1250, 3000, and 5000 retained 2.21, 5.38,
23.81, and 5.62% more respectively after being tumbled and electrostatic charges (0.07, 0.60,
0.50, and 0.83 kV) were increased. However, the largest mesh size (100) powder was retained
18.53% less after being tumbled (0.81 kV)” (Klug et al., 2022). For all powders, electrostatic
charge was significantly greater following the tumbling treatment (P < 0.01).
Water Activity Measurements

Water activity of the flour samples after 2442 h within the humidity-controlled chambers

was measured to ensure samples were reaching the target moisture level. Average water activity

of the flour samples successfully reached within £3% environments target relative humidity
(Table 1).

Table 1: Water activity of flour samples after equilibration

Water Activity (%)
Target relative humidity
(%) Mesh size Mean + SD
20 60 — 80 21.32+2.84
80—100 18.56 +3.03
40 60 — 80 40.06 £ 1.87
80—100 40.48 £2.09
60 60 — 80 58.69 +£0.32
80— 100 60.63 +£2.14
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Chargeability Factors Analysis

Analysis of variance using the general linear model was conducted through Minitab
statistical software. The impact of relative humidity, mesh size, treatment, and all possible
combinations of interactions were tested for significant impact on the resulting electrostatic
charge (0=0.05). The factors of relative humidity and treatment (charged or uncharged) were
significant, whereas mesh size and all its interactions were found to have a negligible impact on
the measured charge-to-mass ratio (Table 2).

Table 2: ANOVA for chargeability factors and their interactions

Degrees  Adjusted  Adjusted

of Sum of Mean
Source Freedom  Squares Squares  F-Value P-Value
Relative Humidity 2 23.870 11.935 39.74 0.000
Mesh Size 1 0.009 0.009 0.03 0.863
Treatment 1 113.514 113.514 377.95 0.000
Relative
Humidity*Mesh 2 0.266 0.133 0.44 0.647
Size
Relative
Fumidity*Treatment 2 20.441 10.221 34.03 0.000
Mesh
Size*Treatment 1 0.126 0.126 0.42 0.524
Relative
Humidity*Mesh 2 0.070 0.035 0.12 0.891
Size*Treatment
Error 24 7.208 0.300
Total 35 165.504

Following the ANOVA, all pairwise comparisons were conducted using Minitab

statistical software. Grouping was conducted using the Tukey method with 95% confidence
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intervals. For the uncharged flour sample controls, no significant difference in charge was
observed between different relative humidity values and particle size distributions (Figure 21).
Triboelectrically charged flour samples were significantly higher than control samples for each
relative humidity and particle size (p values<0.001). There was no significant difference in
charge generation between 60 — 80 mesh and 80 — 100 mesh particle distributions (p
value=0.863). The charge to mass ratio for the charged flour samples at 20% relative humidity

were significantly greater than both 40% and 60% charged values (p values<0.001).
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Figure 21: Mean charge-to-mass ratio values for charged and uncharged flour particles at

different relative humidity values. Error bars are one standard error from the mean. Means
sharing a common letter are not significantly different

Charge-to-mass ratio was not significantly influenced by particle size; therefore, mean
values and standard deviations were calculated for charged particles based upon relative
humidity. None of the control samples were significantly different from one another, so statistics

were calculated for uncharged flour as a group (Table 3).
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Table 3: Combined mean charge values for charged and uncharged flour samples at different
relative humidity.

Charge to mass ratio (nC/g)

Treatment Mean + SD
20% RH, charged 5.98 +0.93
40% RH, charged 3.34+0.58
60% RH, charged 2.25+0.56

Control 0.3+0.13

Impact Adhesion Tester (IAT)

The force of removal acting on a particle is a product of the particle’s mass and
acceleration. The acceleration of the particle moving away from the coupons surface is equal in
magnitude to the deceleration of the coupon during the impact. To ensure that the acceleration
acting on the particles was consistent, a compact accelerometer was used to measure and
characterize the deceleration of the IAT and coupon system.

To calibrate the IAT, a curve correlating drop height with peak deceleration values was
established (Figure 22). The diminishing differences in deceleration values with increasing drop
heights can likely be ascribed to the rail system nearing terminal velocity. Nonetheless,
deceleration forces ranged from ~50 to ~170 g, and the confidence intervals of lower drop
heights had little overlap. Therefore, unique deceleration forces could be applied consistently

using the TAT.
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Figure 22: Drop height vs. deceleration. Error bars represent 95% confidence interval

The accelerometer was capable of recording not just the peak deceleration but also the
deceleration history throughout the entire impact event. Figure 23 displays example shock event
graphs recorded for each of the chosen heights for testing (2.54, 12.70, and 22.86 cm). For each
drop height, it can be observed that a secondary, lesser deceleration peak follows the initial
impact, resulting from the IAT carriage experiencing a slight bounce after the initial impact
before coming to a complete stop. When calculating detachment forces, only the first peak was

taken considered, with subsequent shocks deemed negligible (Ermis, 2011).
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Figure 23: Example shock acceleration graphs for (4) 2.54 cm drop, (B) 12.70 cm drop, and (C)
22.86 cm drop

Adhesion Force Analysis

Analysis of variance using the general linear model was conducted through Minitab
statistical software. The impact of relative humidity, mesh size, treatment, drop height and all
possible combinations of interactions were tested for significant impact on the resulting flour
retention rate (0=0.05). Relative humidity, treatment (charged or uncharged), and drop height
(deceleration value) all had a statistically significant impact on their own, and mesh size was

shown to be significant through its interactions (Table 4).
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Table 4: ANOVA for adhesion factors and their interactions

Degrees Adjusted Adjusted

of Sum of Mean
Source Freedom Squares Squares F-Value P-Value
Relative Humidity 2 2422.8 121139  37.97  0.000
Mesh Size 1 58.4 58.42 1.83 0.180
Treatment 1 3113.0 311299  97.57  0.000
Drop height 2 7776.0  3888.02 121.86 0.000
Relative Humidity"™Mesh 2248 11240 352 0.035
Size
Relative
Humidity*Treatment 2 827.7 413.83 12.97  0.000
Relative Humidity*Drop 4 209.1 5227 164  0.174
height
Mesh Size*Treatment 1 672.6 672.57 21.08  0.000
Mesh Size*Drop height 2 274.4 137.20 4.30 0.017
Treatment*Drop height 2 134.3 67.14 2.10 0.129
Relative Humidity"™Mesh 1667 8335 261  0.080
Size*Treatment
Relative Humidity*Mesh
Size*Drop height 4 329.9 82.47 2.58 0.044
Relative
Humidity*Treatment*Drop 4 174.1 43.51 1.36 0.255
height
Mesh
Size*Treatment*Drop 2 131.4 65.69 2.06 0.135
height
Relative Humidity*Mesh
Size*Treatment*Drop 4 62.5 15.61 0.49 0.743
height
Error 72 2297.1 31.90
Total 107 18874.6

Deceleration values, or shock values, were logged for each IAT sample by the

accelerometer (Table 5). Despite being subjected to the same deceleration values, the force of
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removal is dependent on particle mass. For each mesh size categories, average force values were
calculated, assuming a normal distribution of particle sizes within the categories.

Table 5: Mean shock values from impact adhesion tester

Shock (g)
Drop height
(cm) Mean + SD
2.54 50.51 +£3.94
12.70 117.96 + 8.23
22.86 164.22 £10.52

For coupons subjected to the IAT, data were sliced along particle size distributions to
calculate and analyze the average applied removal force. For flour within the 60 — 80 mesh
particle distribution, average applied removal forces were 3.90, 9.01, and 12.51 pN for 2.54,
12.70, and 22.86 drop height, respectively. Within each force category, percentage of flour
retained was significantly higher for charged flour samples at 20% RH when compared to
charged samples at 60% RH (p values < 0.001) (Figure 24). Additionally, within each force
category, only two of the uncharged flour control samples differed in percentage from each
other. There was no significant difference in adhesion results between charged and control flour
samples at 60% RH (p value=0.493). Conversely, there was a significant difference between

charged and control samples at 20% RH (p value < 0.001).
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Figure 24: Comparison of powder retention rate by relative humidity and average force applied
using an impact adhesion tests for 60 — 80 mesh wheat flour. Error bars are one standard error
from the mean. Within a panel, means sharing a common letter are not significantly different

For flour within the 80 — 100 mesh particle distribution, average applied removal forces
were 1.63, 3.77, and 5.23 uN for 3, 13, and 23 drop height, respectively. Within each force
category, only 3.77 uN showed a significant difference between particle retention percentages
for charged particles at 20% RH (Figure 25). All other retention percentages within a force

category were not significantly different.
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Figure 25: Comparison of powder retention rate by relative humidity and average force applied
using an impact adhesion tests for 80 — 100 mesh wheat flour. Error bars are one standard error
from the mean. Within a panel, means sharing a common letter are not significantly different

When analyzed without slicing of the data, the factor of deceleration (p value<0.001) and
the interaction between particle size and deceleration (p value=0.017) were found to have a
statistically significant impact on measured particle retention values (Table 4). The average
percentage of flour that remained adhered was higher for larger particle sizes and decreased with
lower deceleration values.
Vacuum-Cleaning

Analysis of variance using the general linear model was conducted through Minitab
statistical software. The impact of relative humidity, mesh size, treatment, nozzle angle, and all
possible combinations of interactions were evaluated for their significance on the cleanliness of

the stainless steel coupon treated with vacuum cleaning (0=0.05). Relative humidity, treatment
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(charged or uncharged), and angle of vacuum application all had a significant impact on ATP
residues, whereas mesh size and all its interactions were found to be negligible (Table 6).

Table 6: ANOVA for vacuum cleanability factors and their interactions

Degrees Adjusted Adjusted

of Sum of Mean

Source Freedom Squares Squares F-Value P-Value
Relative Humidity 2 4322 .4 2161.19 18.94 0.000
Mesh Size 1 3273 327.26 2.87 0.095
Treatment 1 3029.5 3029.48 26.55 0.000
Angle 2 6586.2 3293.08 28.86 0.000
Relative Humidity*Mesh 2 5642 28212 247 0.091

Size
Relative

Humidity*Treatment 2 2447 122.34 1.07 0.348
Relative Humidity* Angle 4 761.1 190.28 1.67 0.167
Mesh Size*Treatment 1 62.3 62.26 0.55 0.462
Mesh Size* Angle 2 418.1 209.06 1.83 0.167
Treatment* Angle 2 60.8 30.40 0.27 0.767
Relative Humidity*Mesh 2 118 590 005 0950

Size*Treatment
Relative Humidity*Mesh 4 888.0 22201 195  0.112

Size*Angle
Relative

Humidity*Treatment* Angle 203.0 >0.76 0.4 0.776
Mesh

Size*Treatment*Angle 2 133.4 66.68 0.58 0.560
Relative Humidity*Mesh

Size*Treatment* Angle 4 242.3 60.56 0.53 0.713

Error 72 8214.7 114.09

Total 107 26069.7

ATP residues on the stainless steel surface were measured after vacuum cleaning until

“visually clean” of flour particles. Cleaning treatments were applied at a standard height (1.3 cm)
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above the surface with varied angles (0, 45, 90 degrees). The vacuum force at the surface of the
coupon was characterized by measuring the range of pressure differential and air velocity for
each angle of treatment (Table 7). The handheld unit used in this experimentation is expected to
have less vacuum power when compared to a typical commercial unit. For comparison, the
maximum pressure differential and air velocity supplied by a mobile 8 gallon wet/dry vacuum
unit at a nozzle angle of 90 degrees were 202 Pa and 17.9 m/s respectively.

Table 7: Measured pressure and air velocity ranges (minimum and maximum values) from
handheld vacuum unit at different nozzle angles

Nozzle angle (°) Pressure (Pa) Air velocity (m/s)
0 11-19 25-54
45 7-18 43-55
90 43 - 83 10.7-15.3

The efficacy of vacuum-cleaning treatments was assessed by establishing baselines for
ATP detection labeled as “clean” and “dirty.” Clean baselines involved swabbing surfaces after
cleaning, as outlined in the methodology. For dirty baselines, coupons were swabbed after being
coated with either charged or control flour particles. While there was no significant difference in
ATP levels between coupons coated with charged or uncharged particles, the clean coupons
showed significantly lower readings (Table 8). Based on the results, a mean ATP residue value
of 10 RLU was determined as a reasonable cut-off threshold to define “clean” surfaces.

Table 8: ATP swabbed from clean and flour coated stainless steel coupons

Mean ATP Residues (RLU)
Coupons Mean + SD
Charged 138.72 £ 26.44
Control 147.06 + 34.95
Clean 6.22+2.73
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For coupons subjected to the vacuum-cleaning treatment, data were sliced along particle

size distributions and relative humidity for analysis. For flour within the 60 — 80 mesh particle

distribution, no significant difference was detected between charged and control flour samples at

any relative humidity and angle combination. For charged particles at 20% and 40% RH no

significant difference was found in ATP level for different angles of application. However, for

charged particles at 60% RH, surfaces cleaned with a nozzle angle of 90 degrees had

significantly lower ATP level than those cleaned at 0 degrees (p value=0.031) (Figure 26).
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Figure 26: Comparison of ATP residues by relative humidity and angle of vacuum treatment
application for 60 — 80 mesh wheat flour. Error bars are one standard error from the mean.
Within a panel, means sharing a common letter are not significantly different

For coupons subjected to the vacuum-cleaning treatment, data were sliced along particle

size distributions and relative humidity for analysis. Within the 80 — 100 mesh particle size

range, there was no significant difference between charged and control flour samples at any

relative humidity and angle combination. At 20% and 40% RH, charged particles exhibited no
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significant differences in ATP level for different angles of application. However, at 60% RH,
surfaces cleaned with a nozzle angle of 90-degree showed significantly lower ATP level

compared to a 0-degree angle (p value=0.043) (Figure 27).
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Figure 27: Comparison of ATP residues by relative humidity and angle of vacuum treatment
application for 80 — 100 mesh wheat flour. Error bars are one standard error from the mean.
Within a panel, means sharing a common letter are not significantly different

When analyzed without slicing of the data, relative humidity emerged as a statistically
significant factor (p value=0.017). Conversely, particle size and all its interactions did not show
any statistical significance. Notably, average ATP levels were observed to increase with rising
relative humidity values.

Theoretical Calculations

The theoretical forces of adhesion were calculated using experimentally measured values

of charge (Table 3). Due to the low-moisture environment, total adhesion force was considered a

combination of electrostatic and Van der Waals forces while capillary forces were assumed to be
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negligible. For the calculated adhesion forces, when distance between particle and the surface
was assumed to be 5 x 108 m, electrostatic forces were found to be dominant except in the

uncharged control calculations where Van der Waal forces were dominant. The total adhesion
force increases exponentially as particle diameter increases because a larger particle can hold

more charge.
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Figure 28: Calculated total adhesion force (h= x 10 m) for charged and uncharged flour
particles on a flat surface based on theoretical equations for Van der Waal and electrostatic
forces. Measured charge-to-mass ratios in flour at different relative humidity values were used
in electrostatic force calculations

The theoretical IAT removal forces were also calculated using experimentally measured
values of deceleration (Table 5). Total force of removal was a combination of the force of the
impact and gravitational force. The impact force was more dominant than gravitational force for

all tested drop heights. The total removal force increases exponentially as particle diameter
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increases due to the increasing mass. The calculated theoretical removal forces were
considerably larger than the adhesion forces for all particle diameters when the distance between
particle and surface were assumed to be on the larger end of the spectrum, 5 x 10* m. However,
if that distance is shrunk to 5 x 1071 m, the adhesion and removal force graphs more closely
match. When distance is diminished, adhesion forces are vastly dominated by van der Waals
forces and the impact of electrostatic charge is negligible. This disagrees with our measured
practical results that found the factor of treatment (charged or uncharged) to be statistically

significant for all tests.
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Figure 29: Calculated total removal force and adhesion force (h=>5 x 107" m) for charged and
uncharged flour particles on a flat surface based on theoretical equations for gravity and impact
forces. Measured deceleration values from impact adhesion tester were used in impact force
calculations
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Discussion

Relative humidity was found to be a significant factor for vacuum-cleaning, with ATP
level generally higher at increased relative humidity levels. The added moisture in the
environment at higher relative humidity levels may be increasing the adhesive forces of the flour
residues on the coupon surface. The impact of the angle of vacuum nozzle was negligible at 20%
and 40% RH. However, at 60% RH, applying vacuum treatments at 90 degrees to the surface
resulted in significantly reduced ATP residues compared to 0 degrees application. This implies
that in drier conditions (20%, 40% RH), angle of nozzle does not play a significant role.
However, in more humid environment (60% RH), a perpendicular vacuum nozzle is more
effective in cleaning.

The general trends shown by the calculated theoretical adhesion and removal forces
agreed with the measured practical results, while the precise predicted force values did not. The
theoretical adhesion equations predicted that as particle diameters decrease, the differences in
adhesion force between flour particles of varying charge would lessen. For larger particles there
was a greater difference in adhesion forces between flour particles of varying charge. For
example, the maximum difference in adhesive force between an uncharged and charged 100
mesh flour particle (149 um diameter) was predicted to be 3.45 x 101N, Whereas, the
maximum difference in adhesive force between an uncharged and charged 60 mesh particle (250
um diameter) was predicted to be 2.67 x 10 N. Therefore, the difference in predicted adhesion
forces between charged and uncharged particles is 7.72 times greater for 60 mesh particles over
100 mesh particles. This agrees with the measured results where charged flour within the larger

(60 — 80 mesh) particle range displayed significantly higher flour retention than uncharged flour.
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Flour within the smaller (80 — 100 mesh) particle range did not show a difference in flour
retention between charged and uncharged samples.

The theoretically calculated removal forces were greater than the adhesion forces for all
particle diameters. This implies that 100% of the adhered flour should have been removed for
any of the impact adhesion tests. However, these results disagree with the practical results, which
had retention rates as high as 60%. The reason for this difference can be attributed to the
assumptions necessary to use the theoretical equations. Theoretical equations assume perfectly
spherical particle shape and smooth surfaces. Most importantly, the assumption made for
distance between particle surface and stainless steel surface, 4, can drastically impact the
theoretical Van der Waals forces. This is because as the distance approaches 0, the van Der
Waals forces go to infinity. Therefore, previous studies quantifying starch particle adhesion to
stainless steel surfaces have used or predicted values ranging from 5 x 10® m (Ermis et al., 2011;
Huang & Barringer, 2012) to 5 x 10°'° m (Salazar-Banda et al., 2007).

This highlights the limitations in using theoretical equations as predictors for particle
adhesion in real-life situation and the necessity of using empirical results to assist decisions.
Although theoretical particle adhesion equations can be a useful tool for predicting trends,

estimating precise force values is very challenging.
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CONCLUSIONS

The study set out with three clearly defined objectives and through systematic

experimentation and analysis, these goals were successfully accomplished. This section provides

a synthesis of the findings, elucidates the relevance of the outcomes to the area of study, and

suggests future work as follows:

Objective 1: Simulating and Measuring Triboelectric Charge Generation in Flour

The use of a short (61 cm) stainless steel tube for triboelectric charging of flour samples
proved to be an effective, simple, and cost-effective methodology. Flour samples
exhibited a significantly higher charge than control samples after undergoing the
charging tube treatment, regardless of relative humidity. Furthermore, the amount of
charge achieved by flour samples remained relatively consistent within each relative
humidity, with the largest standard deviation being under 1 nC/g.

The importance of relative humidity on tribocharging was highlighted. Flour samples
charged at 20% relative humidity exhibited significantly higher charge values compared
to those charged at 40% or 60%, indicating that drier conditions might be more prone to
issues related to the triboelectric charging of powders.

Particle size showed no significant impact on triboelectrification across the particle sizes.
Flour within both the 60 — 80 mesh and 80 — 100 mesh range showed comparable charge-
to-mass ratio (nC/g) for each treatment conditions. However, due to the greater mass of
larger particles, more charge is held in an individual 60 — 80 mesh particle when
compared to an individual 80 — 100 mesh particle, a distinction that is reflected in the

adhesion test results.
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Objective 2: Quantifying Adhesion of Flour on Stainless Steel Surfaces

The impact adhesion tester was successfully able to generate consistent deceleration
values for a given drop height. Using the IAT, the influence of charge, relative humidity
and size on adhesion rate trends were established. However, with the current equipment,
100% of flour particle removal from the stainless steel coupons was not achievable. This
made it difficult to fully characterize the adhesion of particles within a given size range
and to determine the minimum amount of force necessary to remove all particles.
Charged flour within the larger (60 — 80 mesh) particle range displayed significantly
higher flour retention than uncharged flour. Flour within the smaller (80 — 100 mesh)
particle range did not show a difference in flour retention between charged and
uncharged samples. This indicates that sufficiently fine flour (>80 mesh) is less prone to
increased adhesion due to triboelectric charging.

Charged flour within the larger (60 — 80 mesh) particle range exhibited significantly
higher retention rates for tests performed at 20% relative humidity when compared to
those at 60%. This agrees with the chargeability tests that found that electrostatic charge
was greater at 20% relative humidity. This suggests that the increase in particle retention
at 20% relative humidity can be primarily attributed to the effects of electrostatic charge.
Larger flour particles (60 — 80 mesh) trended to have higher adhesion rates than smaller
flour particles (80 — 100 mesh). This agrees with the findings of previous research (Mayr
& Barringer, 2006; Salazar-Banda et al., 2007) into adhesion of food particles, and can be

partially explained by larger particles being able to hold greater electrostatic charge.
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Objective 3: Factors Impacting the Efficacy of Vacuum Cleaning

Due to the limited space within the humidity-controlled chambers, a small handheld
vacuum was used for testing rather than a larger equipment more representative of
industry practice. Despite this limitation, the small vacuum unit was still able to clean
coupons to a level where no particles could be identified visually, and there was no
detectable difference in mass from a “clean” coupon. This level of clean was achieved for
any combination of charge, relative humidity, and particle size. This implies that typical
industrial vacuums would be fully capable of supplying enough force to remove visible
flour particles adhered by only Van der Waals and electrostatic forces.

Despite all coupons being cleaned to a level of “visually clean”, ATP residues from flour
could still be detected at levels greater than 10 RLU for all treatments. This agrees with
the findings published by Jackson et al. (2008), where ELISA, protein swabs, and ATP
swabs were still able to detect residues after vacuuming removed the loosely adhered
particles. These results suggest that while vacuuming alone can remove most visible flour
particles, trace residues can remain that may require an additional cleaning step.

Relative humidity was found to be a significant factor for vacuum-cleaning, with ATP
residues generally higher at increased relative humidity levels. The increased moisture
present at higher relative humidity levels may enhance the adhesive properties of the
flour residues on the coupon surface. Since vacuum cleaning proved effective in
removing visible flour particles at lower relative humidity levels (20%), despite the
observed increase in adhesion, it is advisable for food manufacturing facilities to
maintain a lower relative humidity to minimize the presence of more hard-to-clean flour

residues.
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e The vacuum nozzle angle had negligible impact at 20% and 40% RH. However, at 60%
RH, using the vacuum at a 90-degree angle to the surface significantly reduced ATP
residues compared to an application at 0 degrees. This implies that in drier conditions
(20%, 40% RH), the nozzle angle is less critical. In contrast, in a more humid
environment (60% RH), a perpendicular vacuum nozzle orientation enhances cleaning

effectiveness.

Future Work

A broader goal of the Food Safety and Modernization Act was to protect the public health
by researching and implementing scientifically backed preventative controls. This mission does
not only apply to safety hazards within food manufacturing facilities, but to hazards throughout
the entire food production process, from farm to fork. This research certainly contributes to the
body of knowledge surrounding cleaning in low-moisture environments; however, there exists
many other avenues in which the efficacy of dry-cleaning methodologies can be explored.

The research presented in this thesis attempted to simulate the triboelectrification and
adhesion of wheat flour in contact with stainless steel during processing within a plant. While the
general trends presented in the research can be applicable to other food safety scenarios, it is
desirable to research additional combinations of materials and factors. Future work could
investigate the impact of other common surfaces found within a food production facility
(stainless steel, teflon, polyethylene, urethane, and polycarbonate) on triboelectrification and
adhesion. The factor of surface roughness and finish on stainless steel adhesion should also be
investigated. Additionally, other particulates common to low-moisture food production should be
investigated. This could be other low-moisture food powders (milk powder, sugars, or starches or

spices) or non-food debris, such as dust and dirt accumulation during harvesting.
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While the charging method was effective, future work could take measures to further
standardize application of charge to powders. Rather than manually shaking the tube to promote
powder flow, a vibratory feeder could be developed. Additionally, charging tubes made of
different materials could be developed to investigate which surfaces promote static charge build-
up more effectively.

The sieve shaker was able to loosely characterize flour particles within a range of mesh
sizes. For future work more could be done to analyze the size and shape distributions of flour
particles. Microscopy could be performed to visualize the particles and their distribution across a
coupon surface. Alternatively, a particle size analyzer, such as a Malvern Mastersizer, could be
used to characterize the flour particles.

The strength of the handheld vacuum cleaner was characterized by measuring the range
of airspeed and pressure differential at the surface of a coupon. While these parameters can be
useful for understanding the strength of a vacuum cleaner, it is difficult to calculate the precise
removal force, and doing so was beyond the scope of this research. Future work could attempt to
model and simulate the combined impact of airflow and suction power on the removal of
particles on a surface. Calculating the minimum combination of airflow and suction required to
remove a particle would be a useful parameter for industrial decision-making.

The results of the theoretical calculations highlighted the challenges of using fundamental
equations for predicting precise adhesion values. The number of assumptions required to apply
these equations frequently lead to predictions that are not accurately aligned with the measured
results. Therefore, the development of an empirical model to predict particle adhesion would be

highly beneficial for the industry. This model would allow for the input of specific particle and
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surface characteristics, outputting the minimum force necessary for particle removal. Such a tool

could greatly assist in industrial decision-making processes.
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APPENDIX
All pairwise comparisons were conducted using Minitab statistical software. Grouping
was conducted using the Tukey method with 95% confidence intervals. Means sharing a
common letter are not significantly different.

Table 9: Mean values and grouping for chargeability tests

Grouping Information Using the Tukey Method and 95%
Confidence
Relative humidity (%)*

Mesh size* Treatment N  Mean Grouping
20 60 Charged 3 6.06060 A

20 80 Charged 3 5.89253 A

40 80 Charged 3 3.42739 B

40 60 Charged 3 3.25115 B

60 60 Charged 3 247564 B

60 80 Charged 3 2.01701 B C

40 80 Control 3 0.48354 C D
20 80 Control 3 0.40457 C D
40 60 Control 3 0.30185 D
20 60 Control 3 0.30110 D
60 60 Control 3 0.17543 D
60 80 Control 3 0.14928 D

72



Table 10: Mean values and grouping for adhesion tests

Relative humidity(%)* Mesh
size* Treatment® Drop

height(in) N  Mean Grouping

20 60 Charged 1 3 593742 A

40 60 Charged 1 3 537869 A B

20 60 Charged 5 3 48.1814 A B C

20 80 Charged 1 3 469860 A B C D

60 80 Uncharged 1 3 463559 A B C D

60 80 Charged 1 3 459682 A B C D

40 80 Charged 1 3 425216 A B C D E

20 80 Uncharged 1 3 4232001 A B C D E

20 80 Charged 5 3 410523 A B C D E F

20 60 Charged 9 3 38.6111 B C D E F G

60 60 Charged 1 3 36.5336 B C D E F G H

40 60 Charged 5 3 36.4308 B C D E F G H

20 60 Uncharged 1 3 32.4990 C D E F G H I

20 80 Uncharged 5 3 30.0543 C D EF G HTIIJ
20 80 Charged 9 3 29.5758 D E F G HIT1
40 80 Uncharged 1 3 28.9442 D E F G HIT1
60 60 Uncharged 1 3 28.7325 D E F G HIT1
20 60 Uncharged 5 3 25.8665 E F G HIJ
60 60 Charged 5 3 25.5926 E F G HIIJ
40 60 Charged 9 3 25.5579 E F G HTIIJ
40 60 Uncharged 1 3 24.2609 E F G HTIIJ
60 80 Charged 5 3 23.0484 F G H 11
60 60 Uncharged 5 3 23.0159 F G HTJ
20 60 Uncharged 9 3 22.0572 G HITJ
40 80 Charged 5 3 22.0134 G H T
60 80 Uncharged 5 3 20.1329 H T J
40 80 Uncharged 5 3 19.9267 H T J
60 60 Charged 9 3 18.6667 H T J
40 80 Charged 9 3 18.3778 H T J
20 80 Uncharged 9 3 17.5559 [ J
40 60 Uncharged 5 3 15.7645 [ J
60 60 Uncharged 9 3 15.5678 [ J
60 80 Charged 9 3 15.0344 I J
40 80 Uncharged 9 3 14.4468 [ J
40 60 Uncharged 9 3 13.4135 J
60 80 Uncharged 9 3 13.1216 J
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Table 11: Mean values and grouping for vacuum cleanability tests

Relative humidity(%)* Mesh size*

Treatment™® Angle N  Mean Grouping

60 60 Charged 0 3 60.0000 A

60 80 Charged 0 3 556667 A B

60 60 Uncharged 0 3 546667 A B C

40 60 Charged 0 3 513333 A B C D

40 80 Charged 0 3 506667 A B C D E

60 80 Charged 45 3 500000 AB C D E F

40 60 Charged 45 3 436667 A B C D E F G
60 80 Uncharged 0 3 436667 A B C D E F G
40 60 Charged 90 3 433333 A B C D E F G
40 80 Uncharged 0 3 420000 A B C D E F G
40 80 Charged 45 3 416667 A B C D E F G
60 60 Charged 90 3 400000 A B C D E F G
40 60 Uncharged 0 3 396667 A B C D E F G
40 60 Uncharged 45 3 376667 A B C D E F G
20 80 Charged 0 3 363333 A B C D E F G
60 60 Charged 45 3 363333 A B C D E F G
60 80 Uncharged 45 3 350000 A B C D E F G
40 60 Uncharged 90 3 340000 A B C D E F G
60 80 Charged 90 3 323333 A B C D E F G
20 60 Charged 0 3 320000 A B C D E F G
20 60 Uncharged 0 3 320000 A B C D E F G
20 80 Charged 45 3 2800000 A B C D E F G
20 60 Charged 45 3 263333 A B C D E F G
60 60 Uncharged 45 3 263333 A B C D E F G
20 80 Uncharged 0 3 23.0000 B C D E F G
40 80 Charged 90 3 23.0000 B C D E F G
20 60 Charged 90 3 23.0000 B C D E F G
20 80 Uncharged 45 3 21.6667 B C D E F G
20 80 Charged 90 3 20.6667 C D E F G
40 80 Uncharged 45 3 19.0000 D E F G
20 60 Uncharged 45 3 18.3333 D E F G
20 60 Uncharged 90 3 16.0000 E F G
20 80 Uncharged 90 3 15.6667 F G
60 80 Uncharged 90 3 15.6667 F G
60 60 Uncharged 90 3 15.6667 F G
40 80 Uncharged 90 3 13.6667 G
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