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ABSTRACT

Detergents are broadly used in our everyday life for cleaning and washing
procedures. They are however, a source of water pollution and can have a negative
effect on human health and the environment. To reduce their negative impact, a new
trend of using only pure water for washing and cleaning applications is being
implemented. However, a scientific basis needs to be established first, as the
mechanisms and the effectiveness of this method are not fully understood. In this
work, we aim to investigate the effect of water purity on the removal of oil from
surfaces and the stability of colloidal systems. To do that, two purified water grades
are compared with non-purified tap water and 10 mM NaCl solution. Results from
measurement of oil film mass before and after water contact and Quartz Crystal
Microbalance with Dissipation (QCM-D) indicate that purified water grades can
wash a surface more efficiently than non-purified water grades. Contact angle
measurements show that pure water facilitates the cleaning process while spreading
of oil on plastic surfaces indicates that electrostatic interactions have an important
role in the system. Visual observations of o/w emulsions, show that purified water
grades redisperse the oil better. We hypothesize that the mechanism behind the
cleaning and washing without detergents relies on the electrostatic interactions. To
further investigate the effect of salt on cleaning mechanisms, we performed zeta
potential measurements. Results indicate that salt has a negative effect on the stability
of the particles.
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INTRODUCTION

Water is an inorganic, tasteless, odorless, transparent, and colorless substance. Two
hydrogen atoms and one oxygen atom are connected via covalent bonds in a water
molecule [1]. It can be found in a liquid, solid and gaseous state. Without any doubt,
it is one of the most important and abundant fluids on Earth. Its importance can be
found in many different topics like the climate, the formation of landscapes, biology,
and chemistry [2]. Since the old times, Greeks believed that water was the
fundamental element of life. In the 6™ century BCE, Thales of Miletus wrote “It is
water that, in taking different forms, constitutes the earth, atmosphere, sky,
mountains, gods and men, beasts and birds, grass and trees, and animals down to
worms, flies and ants. All these are different forms of water. Meditate on water!”. It
was until the 18" century that water was believed to be one of the fundamental
elements of life, alongside the earth, air and fire [3].

Its unique properties render water vital for many physical and chemical processes. Its
high heat capacity, highest than most of the liquids [4], helps the oceans to store
thermal energy making them important for the earth’s temperature. Its high surface
tension (the work needed to increase the surface area), 0.072 N/m [4,5], helps the
living of many animals and it has also proven important in many industrial processes
[6]. Many of its physical properties can be characterized as atypical as they differ
from other liquids. An unusual situation is seen when water is found in a solid state.
Because of its open structure, many hydrogen bonds can be formed, thus its density
decreases [3]. In addition to its properties, water is universally used as a solvent.
Many chemical substances can be dissolved in it making it excellent for a variety of
uses in many industrial areas [2,7]. One of the areas that water is highly used is
cleaning and washing.

Washing is an important aspect of every household nowadays. It is known that the
washing procedure works with water and detergent. Detergents are composed of
various components, but surfactants and builders are always present as they are both
important for the removal of soils (dirt) in the cleaning procedure [8]. Surfactants
(surface active agents [9] ) are compounds that lower the interfacial tension while
builders are able to remove ions that may interfere with surfactants and their work
[7,8]. The water used for this process is important as the number of ions present in it,
can make the washing procedure more complex. Six factors can dictate the quality of
the water and these are: 1) water clarity 2) water hardness 3) amount of total
dissolved solids 4) iron content 5) pH 6) bicarbonate in water [9].

Water hardness signifies the amount of Ca*2 and Mg*?2 that exists in the water [10].
Their presence in the water affects the cleaning process as they reduce the electrical
potential of negatively charged substrates and dirt by binding to them. This, facilitates
the redeposition of the soil, surfactants, and soil bound with surfactants [11,12].
Moreover, the reduced electrical potential will promote a screening effect that will
allow the soil to approach or even aggregate. Because of these issues, builders are
added to the detergents in order to reduce the amount of cations found in the water
[13].



Water clarity shows how clear the water is. Most of the water in the rural areas is
being cleaned. Total dissolved solids (TDS) is the total amount of mobile charged
ions such as minerals, salts and metals dissolved in a specific amount of water and it
is measured in parts per millions (ppm). Overall, it shows all the inorganic and
organic substances that are present in the water. Iron consistency, pH and
bicarbonates can also alter some of the water properties when it comes to washing but
in a minor effect [9].

Removing soil from (hard) surfaces is a procedure very important in our everyday life
and because of that, it is well studied. There are three main mechanisms that are
established for the removal of soil (figure 1). Detergency or surface chemical
processes use surfactants to achieve results. Mechanical mechanisms on the contrast
are based on physical means such as abrasion while chemical mechanisms use
solvents for the removal of soil. Although the most used and studied mechanism is
detergency, as it offers a more cost-effective approach [7], it usually relies on some
degree in mechanical action to achieve the complete removal of soils. A combination
of detergency and chemical mechanisms can also be found [14].

Depending on the type of soil which is to be removed the detergency mechanisms can
be further categorized (figure 1). Liquid soil can be removed by the ‘roll up
mechanism’ and the solubilization [9]. Depending on the system, one or another
mechanism can prevail. The solid inorganic soils can be removed via wetting
mechanism while the organic solid soil such as waxes, fat and grease can be liquified
by applying heat [9].
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Figure 1: Major mechanisms involved in removal of soils from surfaces [14]

During the cleaning procedure, the liquid soils are dispersed in a liquid medium and
they create emulsions. Emulsions tend to be thermodynamically unstable and in
unknown time they can phase separate into two continuous phases due to several
processes. These include, coagulation where the soil is aggregated, creaming or
sedimentation (which can occur for the soil that is not aggregated) and coalescence
where the soil merges [15].

Many forces, such as electrostatic interactions, van der Waals, hydration and steric
forces are important for the stability of an emulsion. DLVO theory (Derjaguin-



Landau-Verwey-Overbeek theory) assumes a balance between the repulsive and the
attractive forces that are formed on the electrical double layer (EDL) of each dirt
particle. Repulsive electrostatic interactions are due either to same charged double
layer that surrounds the particles or to particle-solvent interactions. VVan der Waals
forces are believed to be the attractive forces [9,16]. For the particles to be dispersed,
the repulsive interactions must prevail the attractive ones while for aggregation, the
opposite must occur [17]. An important factor for the emulsion stability is the surface
potential which is hard to be experimentally found. Instead, the zeta potential (figure
2) is broadly used for characterizing particle stability. Particles can interact with the
liquid in the slipping plane which is the boundary between the hydrodynamic mobile
(bulk) and immobile fluid (particle and Stern layer) and is where zeta potential is
found. Particles are considered stable when zeta potential is above + 30 mV or below
-30 mV. Small changes in pH or in salt concentration can have a dramatic effect on
zeta potential [18-20].

Emulsions can achieve stability either by inducing charge on the surfaces or by using
surfactants. The use of surfactants (emulsifiers) is common when emulsion stability
needs to be achieved.
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Figure 2: Electrical double layer formation in a negative surface charged particle. Stern layer is formed
by specific adsorption of ions and molecules and it is an immobile layer. Diffuse layer is formed by
non-specific adsorbed ions. Slipping plane is the boundary between the immobile and the mobile fluid

[21].

Based on the emulsion stability rules, the soil removal mechanisms take advantage of
the stability that surfactants promote and clean the surfaces. The mechanisms that we
will focus on are: i) roll up mechanism [8,9,22,23] ii) emulsification-solubilization
[8,9,23]. Through these mechanisms, surfactants can 1) facilitate the removal of dirt
from the surface 2) solubilize or disperse dirt, and help to prevent its redeposition
[16].

Roll up mechanism

The removal of soil (oil) is achieved by submerging the surface in an aqueous bath.
The wetting of the soil can eventually lift it and clean the surface. The contact angle
that the soil creates with the surface is a key component of the roll up mechanism. In
the bath, the contact angle that the soil makes with the substrate is increased by
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adsorption of the surfactant. The work, W, needed to keep the dirt, D, away from the
surface, S, is called work of adhesion and is defined as the work required to increase
the bath dirt (BD), and bath surface (BS) interfaces by reducing the dirt surface (DS)
interface (figure 3) [8,22].

Waqa = YBp + YBs — VYbs (1)

Where v is the interfacial tension. Eq. 1 can be also written as:

Waq = vgp (cosé + 1) 2)

Figure 3:explanation of Young-Dupre equation. Surface (S), Bath (B), Dirt(D)

Equation 2 is the Young- Dupre equation that allows to calculate the work needed to
separate the dirt from the substrate in terms of the contact angle 6. The contact angle
can also be found by equation (3):

(YBs — )
YBS — YDS (3)

YBD

cosO =

The addition of surfactant into the bath-surface-dirt system can alter the contact
angle, contributing to three different scenarios (figure 4): 1) if the contact angle is
180°the liquid dirt will be completely dispersed in the bath spontaneously 2) if the
contact angle is between 90° and 180° then the Wag will be decreased in comparison
to the Waq before adding the surfactant but the dirt will not be dispersed in the bath.
Mechanical energy is needed to achieve that [24-26] 3) if the contact angle is less
than 90°, part of the dirt will remain attached to the surface [8,9,26].
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Figure 4: The sequences above illustrate how the liquid dirt (D) attached to the surface (S) rearranges
itself after the addition of the surfactant to the bath (B) [8]

The properties of both the surface and the surfactant used are important. For
hydrophilic surfaces like glass and cotton the contact angle is more than 90° (cos <
0). When anionic surfactants are used, they orient their charged head group towards
the bath leaving the hydrophobic tail in contact with the dirt. Since the contact angle
lies between 90°and 180° the roll up mechanism will take place and the dirt will be
displaced. In case of a hydrophobic surface, as polystyrene, the contact angle will be
less than 90 ° meaning that a small portion of the dirt will remain attached to the
surface. It has been observed by many scientists that the surfactant in these cases
cannot reach the surface as it is completely covered with the liquid dirt [23].

Nonionic surfactants have been proven to be more effective than ionic in the removal
of oily soil from relatively nonpolar substrates (polyester, nylon). On cotton,
however, a relatively hydrophilic fiber, anionics can outperform nonionics in
detergency, and both are superior to cationics [27]. The effects here may be due to
differences in the orientation of adsorption of the different types of surfactants on the
different substrates [9].

Apart from the hydrophilicity/phobicity of the surface, the charge is also an important
factor to consider. When the surface is in contact with an aqueous bath it is often
negatively charged as the cations are normally more hydrated than the ions. This
hydration leads the cations to resign in the bulk whereas the smallest, less hydrated
ions tend to specifically adsorb on the surface. Anionic surfactants would orient
themselves in a way that the tail is in contact with the substrate or the dirt while the
head would be found in the medium. This orientation is governed by the van der
Waals interactions between the hydrocarbon chain and the substrate or dirt of a
generally hydrophobic nature. If the surfactant is nonionic the orientation would be
the same only this time it will be driven by the steric interactions between the head
groups. If the surfactant is cationic then the orientation would be the opposite as the
head would be in contact with the negatively charged substrate and the dirt, due to
electrostatic forces. This orientation promotes the re attachment of dirt on the surface
[28].



Emulsification - Solubilization

Emulsions are important for preventing the redispersion of soil on the surface. For the
emulsions to be stable, emulsifiers (surfactants) must be used. As the surfactants
orient themselves in the emulsion, they create steric or electric barriers that prevent
the coalescence and the redeposition of soil (figure 5) [8]. Its purpose is to keep the
dirt in the emulsion.

Moreover, detergents act as emulsifiers which can stabilize an emulsion by lowering
the dirt-bath interfacial tension. Interfacial tension is the force required to reversibly
enlarge the interfacial area [15]. This leads to a reduction in free energy and hence the
stabilization of the emulsion by making the emulsification of the oily soils possible
[15,23].
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Figure 5: Orientation of surfactant favor the separation of dirt and the substrate. The formulation of
micelles helps the solubilization the dirt. Surface (S), Bath (B).

To prevent redeposition of dirt, surfactant molecules adsorb on to the dirt particles in
the solution. Their hydrophobic tail dissolves in the dirt and the head group is in
contact with water (figure 5). Charged head groups in the anionic surfactant
component of detergent formulations lead to electrostatic repulsions between
solubilized dirt particles, preventing precipitation. For nonionic surfactants, the head
group leads to a hydration barrier, a depletion of water close to the head group, which
reduces contact between surfactant-solubilized dirt particles. The surfactant left
adsorbed on the surface will also prevent redeposition due to electrostatic or steric
repulsions [16].

Aim

Although detergents are broadly used, they can damage the human health and the
environment [7]. A way of reducing the detergent usage is by washing only with pure
water. But how can the mechanisms of detergency be altered when instead of tap
water with detergent, an ultrapure water is solely used?

In this master thesis, we aim to examine the effect of water purity on the stability of
colloidal systems and the removal of oil from surfaces. We will focus on finding the
differences from a physicochemical point of view between purified water grades and
non-purified water grades. As purified grades, MQ and DIRO are used. MQ is
mainly used in the laboratories and DIRO is an ultra-pure water commercially
available. Non-purified water grades are tap water, which is mainly used in



households, and 10 mM NacCl solution. The final goal is to get additional knowledge
about the cleaning procedure mechanisms when only water is used. Proving that
detergent-free cleaning is possible, can be of great importance in the biomedical field
as it can decrease drastically allergic reactions and skin irritation caused by various
laundry detergents [29-31]. Moreover, during the current pandemic situation because
of SARS-CoV-2, it is important to possess a better understanding of the basics of
washing and cleaning mechanisms for prevention of disease spreading.

MATERIAL AND METHODS

Materials
Four different water grades were used. These are:
e MQ: pure water; mainly used for laboratory purposes. It is produced using
PURELAB flex (ELGA, UK)
e DIRO: ultra-pure water provided by SWATAB company (Malmo)
e TAP: tap water from Forskaren building, Malmo
e NaCl: 10 mM NacCl solution in MQ water. Concentration will be provided if
different than 10 mM

Two different oil types were used:
e Olive oil: Extra virgin olive oil from Spain (FONTANA est 1978, classic)
e Hexadecane: hexadecane anhydrous, 99+% (Sigma-Aldrich, Germany)
If only one of two oils is used in some experiment, it will be specified. If both oil
types are used, they will be referred to as oil.

Hydrophobic Oil red O dye LOT: 69H3520, CI: 26125, Solvent Red 27, sodium
dodecyl sulfate, sodium chloride and toluene were purchased from Sigma-Aldrich,
Germany. Polystyrene nano-/microspheres, sizes: 200 nm and 1 um from Alpha
Nanotech Inc, Canada. Vaseline purchased form Carl ROTH (Germany) and petri
dishes PS from VWR (Sweden).

DIRO water was stored in plastic 20 L bottles while NaCl solutions were stored in
glass bottles. For each experiment, a small amount of each water grade was poured in
anew 50 mL or 15 mL tube which was first rinsed with the same water grade. All
tubes that were used more than once were washed with the water grade that they were
filled, to minimize contamination. Each new tube was first rinsed with the respective
water.

Emulsion preparation

For visual observations, the oils were stained with the hydrophobic dye, Oil red O. In
29 g of 0il 0.025 g of dye were dissolved. Both plastic and glass tubes were used.
Four emulsions were made at each time. All had the same concentration, the same
tube material but different water grade. In that way, the emulsions were observed
with the same time difference. Before the preparation, each tube was rinsed with the
respective water grade. In a typical experiment, 4 emulsions of 0.3 wt% oil in
different water grades were prepared (MQ, DIRO, TAP, NaCl) in plastic/glass tubes.
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Emulsions were shaken simultaneously by hand for 10 seconds. Before shaking, the
glass tubes were sealed with parafilm.

Visual observations of the state of oil after emulsification

Creaming observations started right after the emulsion preparation. Once the
emulsions were ready the tubes were placed on the bench and photos were obtained
on average 2 and 30 minutes after the emulsion preparation. After 30 minutes, the
tubes were gently shaken to detect redispersion of oil into the aqueous phase.

All observation results were obtained via Xiaomi Redmi Note 8 smartphone. Photos
were taken for the visual observation analysis and videos for the redispersion
analysis. The photos found on the results are the ones explaining the observations the
best.

Contact angle measurements in a three-phase system

The Drop Shape Analysis System-DSA100 (Kruss, Germany) was used for the
measurement of contact angle. A 5 ul oil droplet was placed at the middle of a glass
surface. The glass was previously cleaned with ethanol, deionized water and dried
with N2 gas. 3 ml of a water grade were added, and the contact angle was measured.

For the measurement of the contact angle, two analytical methods were used: Circle
analysis: the method is measuring the contact angle by fitting the droplet to a circular
segment function. Drop analysis: Young-Laplace equation fitting. The model
includes a correction which considers both the interfacial effect and the weight of the
liquid as reasons for the formation of the droplet. Contact angle is determined by the
slope at the three-phase contact point. Theoretically most exact method for
calculation of droplet size. Both methods are available in the Drop Shape Analysis
System-DSA100 and ImageJ. In Image J they can be found as plugins: drop analysis
[32], circle analysis [33]. More than three samples were measured for each occasion.
Mean value and standard deviation were calculated in Excel.

Spreading of oil on a plastic surface

A 11x11 cm polystyrene surface, cut from a petri dish, was cleaned with ethanol,
deionized water and dried with N2 gas. A 5 pl oil droplet was placed at the middle of
the plastic and 3 ml of a water grade were added. Photos were taken inside the fume
hood.

All results were obtained via Xiaomi Redmi Note 8 smartphone. All photos were
taken from the exact same position in the fume hood. Area (cm?) analysis was done
by ImageJ function of ‘area’. The thickness of the droplet was calculated using
equation (4):
. __ Volume (cm?)
Thickness = “trea (om?) (@)

where the volume of each oil dropletis 5 ul = 5 1073 cm?3.
Mean value and standard deviation were calculated in Excel.
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Dynamic Light Scattering (DLS)

DLS calculates the hydrodynamic size and zeta potential (mV) of particles. The
method is based on the random movement of the particles which results from its
collisions with solvent molecules. This movement is called Brownian motion and it
causes the laser light to scatter at different intensities. By analyzing these intensities
the velocity of the particles and hence the particle size can be found through Stokes-
Einstein equation [34]. Zeta potential is found indirectly through the electrophoretic
mobility (velocity of a particle when subjected to an electrical field) [20].

Size and zeta potential of the nanoparticles were determined by using Zetasizer Ultra
(Malvern Instruments, UK). Two polystyrene particle sizes were used, 200 nm and 1
um. For the 200 nm particles the concentrations used were: 0.05, 0.075, 0.1, 0.2,1
mg/ml. For 1 um particles the concentrations used were: 0.01, 0.02, 0.05, 0.1 mg/ml.
By using these concentrations, the multiple scattering effects from dense solutions
were avoided. For size measurement the DTS0012 cuvette was used. For zeta
potential the DTS1080 cuvette was used. The refractive index and absorption values
used for calculations are 1.59 and 0.01, respectively. All measurements were done at
room temperature (25°C) and three or more measurements were taken from each
sample.

For the zeta potential measurements in a series of NaCl concentrations two protocols
were used:

Protocol 1:

All water grades were i) filtrated (0.2 um PETE) ii) not filtrated. 0.05 mg/ml of 1 um
particles and 0.1 mg/ml of 200 nm particles were prepared in a series of 0-20 mM
NaCl concentrations. Purified water grades, such as MQ and DIRO, where the
presence of ions is limited, were considered as the 0 mM NaCl samples.

Protocol 2:

Water grades were not filtrated. All mentioned particle concentrations (0.05, 0.075,
0.1, 0.2,12 mg/ml for 200 nm and 0.01, 0.02, 0.05, 0.1 mg/ml for 1 um particles) were
prepared in 0-2 mM NaCl concentrations. Both MQ and DIRO water were used as 0
mM concentration.

Nanoparticles were diluted in each concentration and added into a 2 ml Eppendorf.
The Eppendorfs were shaken for 10 seconds. The sample preparation took place right
before the measurement so as the time between the measurements to be the same for
all samples. For each measurement 1 mL of sample was inserted into the cuvette.
After each measurement, the cuvette was cleaned with ethanol and deionized water.

Measurement of oil film mass before and after water contact

To detect the washing efficiency of each water grade in different tube materials, the
oil film before and after contact with water was measured. The procedure was
performed on 15 mL plastic and glass tubes. In each step the mass of the tube was
measured and written down. In the plastic tube the lid was also measured with the
tube. The Mettler Toledo AT261 analytical balance (Marshall Scientific, USA) was
used for all measurements.
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First, an empty tube was measured (g). A substantial amount of olive oil was placed
on the surface of the tube and with the help of a cotton stick it was spread on the
whole surface. The final olive oil amount in the tube should be between 14-15 mg. 5
g of water were added. The tube was vortexed for i)10 or ii) 20 seconds and the water
was gently discarded. Before vortex, the glass tubes were covered with parafilm. The
tube was remeasured and kept one day in the fume hood with the lid open and one
day on the desiccator (molecular sieves, 3 A) to completely dry. Glass tubes stayed
on the desiccator 2 days until completely dry. The final mass of the tube was
measured, and the loss of oil was calculated by subtracting the g of the tube after
drying from the g after the addition of oil.

Results from 10 and 20 seconds in the vortex did not show significant difference thus
only the experiment with 20 seconds in the vortex will be shown.

CM-D
gll measurements were performed using the Q-Sense QCM-D E4 unit equipped with
a standard flow module (Biolin Scientific AB, Sweden). The instrument is based on
the QCM-D technology which enables a real-time monitoring of mass, thickness, and
viscoelastic properties of the film deposited on the sensor. All measurements were
performed and measured at 25 °C and the pump speed was 0.25 ml/min. The QSX
303 SiO2 QCM-D sensors were washed with water and ethanol before used. Reused
sensors were rinsed with MQ water, 2% SDS in MQ water, ethanol, acetone and MQ.
Next, they were dried with N2 gas and finally treated with UV radiation for 10
minutes. If the sensors were not clean after this procedure, they were immersed in
toluene for 30-40 minutes, rinsed with MQ, dried with N2 gas, and then treated with
UV radiation for 10 minutes.

Spin coating

Spin coating was used to deposit the vaseline sample on the quartz sensor. 10 ul of
vaseline in toluene were deposited onto the QSX 303 SiO2 QCM-D sensor (5 MHz)
(Biolin Scientific AB, Sweden) by dissolving 0.02 ml of the initial sample in 0.08 ml
toluene solvent. The initial sample was 0.2 g of vaseline in 3 g of toluene. The
organic solvent was left to evaporate in the fume hood for 15 minutes and another 30
minutes in the desiccator.

QCM-D protocols
Protocol in liquid (L): measurements were performed in liquid medium

1) Measure an empty sensor in air for 10 minutes

2) Measure an empty sensor in water (MQ-DIRO-TAP-10 Mm NacCl) for 10
minutes each

3) Spin-coat the same sensor

4) Measure the coated sensor in air for 10 minutes

5) Measure the coated sensor in a water medium for 40 minutes

6) Measure the coated sensor in 4 g/L SDS medium for 10-20 minutes

13



7) Measure the coated sensor in MQ water for 10-20 minutes
8) Measure the coated sensor in air for 10 minutes

To achieve more robust results, protocol in Air (A) was introduced. Protocol A was
introduced as to determine the statistical differences and if the water grades can clean
the coated sensor.

Protocol in air(A): measurements were performed in air medium

1) Anempty sensor was measured in air for 10 minutes (x5). Between each
measurement the sensor was removed and mounted again
2) The same sensor was spin-coated and measured in air for 10 minutes (x5).
Between each measurement the sensor was removed and mounted again
3) The properties of the film in air were examined
A. If the overtones deviated less than 10% the experiment would
continue
B. If the overtones deviated more than 10% then the sensor was
cleaned. Return to step 1.
4) Start experiment with one water grade for 40 minutes (MQ, DIRO, TAP, 10
mM NacCl, 4 g/L SDS in MQ water)
5) The sensor was dismantled and washed gently with water to remove NaCl (if
used)
6) The sensor was dried with N2 gas and left for 10 minutes in the desiccator to
completely dry
7) The film was measured again in air for 10 minutes (x5)

The measurements were performed 5 times in order to eliminate the error that occurs
from the assembly of the apparatus.

QCM-D data analysis for film thickness

The heart of the QCM-D technology is a quartz disc. Quartz is a piezoelectric
material that can be made to oscillate at a defined frequency by applying an
appropriate voltage via metal electrodes. The frequency of oscillation can be affected
by the addition or removal of small amounts of mass onto the electrode surface.
Under the assumption that the material was homogeneously distributed over the
sensor area, the mass of the dry film was determined by using the Sauerbrey equation
(5) and the thickness was calculated by equation (6).

2fo’m

afy =22 (5)

t=2=4+ (6

Were Af,, is the frequency change normalized per overtone n. The overtone number
ranges between the odd numbers from 1-13. m is the areal mass (kg m2), Z is the
acoustic impedance of quartz (Z= 8.8 10° kg m?s™), £ is the fundamental resonance
frequency of the quartz sensor (= 5 MHz), tis the thickness of the dry film, Vis the
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volume, A is the area, m/Ais the Sauerbrey mass and p is the density. A density of
900 kg/m3was used for vaseline.

QCM-D data analysis for Protocol A

The obtained raw data was analyzed using MATLAB. To determine the thickness of
the film before and after washing it with water, the mean value of the five
measurements for each regime was calculated. First, equation (7) was used to
calculate the mean frequency of each overtone for each sample for all 5
measurements:

5
_ 1
fus = §an(s, ) @

Where f,,s is the mean frequency of each overtone, normalized per overtone, for each
sample s (s=e-empty sensor, c-coated film, t-treated with water film) of all
measurements i. f, (s, 1) is the mean frequency of each overtone n, for each sample
and each measurement i. To detect the frequency of the coated sensor before and after
water treatment eq. (8) and eq (9) were used. The frequency of the washed film is
calculated by equation (10).

Afac = fac — fre (8)
Afat = fot — fre 9)
Afaw = fuc — fot (10)

Where Af, c is the frequency of the coated sensor for each overtone with respect to
the uncoated sensor, f;c is the mean frequency of the coated film. Af;t is the
frequency of the treated coated sensor for each overtone with respect to the uncoated
sensor and f,t is the mean frequency of the film when it is treated with water. f,e is
the mean frequency of the empty sensor. Af,w is the frequency for the washed film
for each overtone.

The standard deviation for Af,c, Af,t and Af,w was calculated:

std(Af;lc) = \/[std(f;lc )]? + [std(f;le )]2 (12)

std(4fpt) = J[std(ﬁt)]z + std[(fre )]? (12)

std(4fyw) = J[std(ﬁc)]z + [std(fut )] (13)
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To ensure that the overtone frequencies did not exhibit an odd behavior throughout
the experiment, the percentage of the washed vaseline in regard to each overtone is
found from equation (14). Consistency of the values is shown in figure 6.

washed vaseline (%) = Af,w(%) = (Af,w = 100)/ Af,c (14)
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Figure 6: Percentage of washed vaseline for each water grade for each overtone

The fraction of the removed vaseline, 4 f w, was calculated by equation 15:

13
= 1 _
Afw = 7Z;Afnw (%) (15)

Where n=1,3,5,7,9,11,13. The thickness of each film was calculated by averaging the
Af,s of all overtones:

13
= 1 _
Afs = 72 Afs (16)
n=1
Afc and Afzt were implemented in equations (5,6) and the thickness was found.

RESULTS

QCM-D

QCM-D method was used to investigate the washing efficiency of the water grades.
Results from Protocol L for washing a vaseline coated sensor with water, follow the
pattern of figure 7. The experiments were done both with all water grades in a row
and for each water grade separately. Figure 7 shows the experiment of the washing
procedure with MQ water. The film thickness in this type of experiments was
measured using the equations 5 and 6 in the frequency of the 3™ overtone. It is shown
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that there is no substantial change in the frequencies when the experiment is done in a
water medium. All 16 experiments of this type follow the same pattern. An advantage

of this method is that it is now known that the washing of the sensor cannot be

observed in a water medium regime.

To further investigate the washing procedure, Protocol A was introduced. In this
protocol, the measurements were done in air. The results for each water grade are

shown below (figures 8-12). By using this protocol, differences in the film thickness

are seen in all experiments. Figure 13 shows the percentage of the washed vaseline

for each experiment.

Non-purified water grades wash away less than 80% of the vaseline while purified

water grades show more than 90% efficiency (figure 13). 4 g/L of SDS in MQ water

was used as a comparison. SDS results indicate that the frequency after the washing
circle has a negative value (more than 100% washing efficiency).
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Figure 7: QCM-D experiment in MQ water. The film thickness (60nm) was measured using eg. 5 and

6 for the 3" overtone. Frequency (blue) and dissipation (red) from the 3" overtone is shown in the

graph.
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Measurement of oil film mass before and after water contact

To detect the washing efficiency of the water grades, the olive oil film mass before
and after water contact was measured in plastic and glass tubes. To simulate a
washing procedure, the tubes were vortexed. When glass tubes were used, purified
water grades had the best efficiency (> 65%) in comparison to non-purified ones (=~
50%). In the plastic surface, less than 18% of the olive oil is washed away and there
is no substantial difference between the water grades. Moreover, DIRO water shows
the most consistent results (figure 14).
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Figure 14: Average loss of olive oil (%) of four different water grades in two materials. Black: plastic,
red: glass. The average and standard deviation is shown in the figure. On the x axis are the water
grades while on the y axis the average loss of olive oil (%) is found.

Contact angle in a three-phase system (glass surface)

The contact angle of oil droplets in a three-phase system was measured in a glass
surface. Results of the contact angle measurements of oil in MQ, DIRO, TAP and 1-
20 mM NaCl solutions are shown in figures 15-17. In TAP water (figure 15D) it is
observed that the olive oil droplet has the lowest contact angle. Both evaluation
methods from figure 16 confirm this finding. The contact angle of olive oil in DIRO
and MQ water seems to be similar and higher than the contact angle in TAP water.
For the contact angle of hexadecane (figure 17) no significant differences were found.
The contact angle was between 70°-90° for all water grades.

Figure 15: Contact angle of olive oil droplet on glass surface in DIRO (A), MQ (B), NaCl (C) and TAP
(D). Photos taken from the Drop Shape Analysis System- DSA100.
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Figurel6: Contact angle measurements of 5 pl olive oil droplet in air, MQ, DIRO, TAP and 1-20 mM
NaCl in MQ water. Contact angle was measured by two different methods, circle analysis (sphere
approximation) in black and drop analysis (Young-Laplace fitting) in red both from ImageJ. n.ir= 16
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Figurel7: Contact angle measurements of 5 pl hexadecane droplet in air, MQ, DIRO, TAP and NaCl.
Contact angle was measured by two different analytical methods, circle analysis (sphere
approximation) in black and drop analysis (Young-Laplace fitting) in red both from ImageJ. n=3.

Spreading of oil on a plastic surface
The contact angle experiment on a plastic surface resulted in a very low, close to
zero, angle. Because of that, the area and the thickness of the oil film were measured.
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To detect differences between the behavior of the oil phase in the water grades on a
plastic surface, the thickness of the oil layer was calculated. The olive oil layer is
thicker than the hexadecane layer (figure 18).
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Figurel8: Thickness of the oil layer when 5 pl droplets of olive oil (black) and hexadecane (red) are
dispersed in air, DIRO, MQ, TAP, NaCl. n=3

Visual observations of the state of oil after emulsification

The state of oil was observed from photos taken from the top and the side of the
emulsion. In the first case, the adsorption of the oil was studied while in the latter, the
re-emulsification was observed.

Behavior of oil film on a water surface

The state of the oil after the emulsification is seen for four different water grades, two
different oils (olive oil and hexadecane) and in two different surfaces, glass and
plastic (figures 19-22).

Figures 19 and 20 show the state of the oils in MQ and DIRO water emulsions. In
both figures, an accumulation of oil (Oil Red O dispersed in oil) is found in the three-
phase line (air, water, surface). In TAP and NaCl samples, the oil accumulation is not
visible in all emulsions. Moreover, in the case of TAP and NaCl, the oil forms many
small spots in the three-phase system (air, oil, water), which is not visible in the
purified water grades (MQ, DIRO). In ‘30 minutes after shaking’ photos, it is
observed that the oil in purified water grades does not form a uniform layer while in
the non-purified, TAP and NacCl, the oil forms a more continues layer.

By comparing, hexadecane and olive oil, in all figures is shown that hexadecane
emulsions separate faster than the olive oil emulsions.
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2 min after
shaking

30 min after
shaking

Figure 19: Qil phase after emulsifying 0.3 wt% oil with MQ water in plastic and glass tubes. Photos
were taken 2 min and 30 min minutes after emulsification. The red color shows the oil with solubilized
red dye. The red circle shows the adsorption of oil in the sides of the tubes. Photos were taken from the

top of the emulsion.

2 min after
shaking

30 min after
shaking

| hexadecane |

Figure 20: QOil phase after emulsifying 0.3 wt% oil with DIRO water in plastic and glass tubes. Photos
were taken 2 min and 30 min minutes after emulsification. The red color shows the oil with solubilized
red dye. The red circle shows the adsorption of oil in the sides of the tubes. Photos were taken from the

top of the emulsion.
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Figure 21: Qil phase after emulsifying 0.3 wt% oil with TAP water in plastic and glass tubes. Photos
were taken 2 min and 30 min minutes after emulsification. The red color shows the oil with solubilized
red dye. The red circle shows the adsorption of oil in the sides of the tubes. Photos were taken from the
top of the emulsion.

2 min after
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30 min after
shaking

Figure22: Oil phase after emulsifying 0.3 wt% oil with NaCl in plastic and glass tubes. Photos were
taken 2 min and 30 min minutes after emulsification. The red color shows the oil with solubilized red
dye. The red circle shows the adsorption of oil in the sides of the tubes. Photos were taken from the top
of the emulsion.

Redispersion

After 30 minutes of emulsification, the tubes were gently shaken to observe the
redispersion of oil in each water grade. It can be observed that olive oil redisperses
more than hexadecane (figures 23,24). By comparing the olive oil redispersion in the
different water grades (figure 23), it seems that it redisperses in a higher degree in
DIRO water. Moreover, when hexadecane is used, the redispersion in both MQ and
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DIRO results in bigger distinct droplets. TAP and NaCl water seem to not favor
redispersion.

Experiments performed in plastic tubes indicate that redispersion is not visible due to
adsorption of oil on the plastic walls (data not shown).

Figure 23: Snapshots from the redispersion videos of olive oil in water in glass tubes. The red color is
due to the hydrophobic dye. All emulsions are 0.3 wt% olive oil in MQ (A), DIRO (B), TAP (C) and
NaCl (D).

Figure24: Snapshots from the redispersion videos of hexadecane in water in glass tubes. The red color
is due to the hydrophobic dye. All emulsions are 0.3 wt% hexadecane in MQ (A), DIRO (B), TAP (C)
and NaCl (D).

Surface and zeta potential of 200 nm and 1 pm particles
To find if pure water has an effect on zeta and surface potential, the zeta potential was
measured in a series of NaCl concentrations in MQ water (0-20 mM) for two particle
sizes. For 0 mM concentrations, both DIRO and MQ were tested. Results for the 200
nm particles show that with increasing salt concentration, the zeta potential becomes
more negative (figure 25, left) while in the 1 um particles the zeta potential becomes
less negative (figure 25, right). By comparing results in the filtrated and non-filtrated
solutions it seems that in the 0 mM of the 200 nm particles, there is a difference in the
zeta potential. No other substantial difference is found. Moreover, in both figures,
there is a steep change of zeta potential in the concentrations between 0-2 mM. In
these concentrations, the particle concentration dependency was investigated. Only
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non-filtrated NaCl solutions were used for that. The results did not show significant
difference (figure 26). The values of each salt concentration were similar to the
respective ones from figure 25. In each measurement the size of the particles was also
measured (not shown) to ensure that aggregation did not occur.
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Figure 25: Zeta potential measurement in a series of filtrated and non-filtrated NaCl water (0-20 mM)
for 0.1 mg/ml 200 nm particles (left) and 0.05 mg/ml 1 um particles (right). Emulsions with DIRO
water were also measured. n=3
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Figure 26: Zeta potential results for non-filtrated NaCl solutions (0-2 mM) in 200 nm particle
concentrations: 0.05, 0.075, 0.1, 0.2, 1 mg/ml (left) and in 1 um particle concentrations 0.01, 0.02,
0.05, 0.1 mg/ml. n=3
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Figure 27: Linear fitting of log(-z) and x (nm™) values of the zeta potential average from filtrated and
not filtrated water solutions in 200 nm (left) and 1 um (right) particles. For 1 um particles, the data is
separated into two linear fitting lines. black line: fitting of 0-3 mM NaCl solution, red line: 4-20 mM
NaCl solution. The obtained raw data was analyzed using excel and MATLAB.

Figure 27 shows the linear fitting of the log(-z) as a function of x (nm™) for the 200
nm and 1 um particles. The figure on the right, shows that for 1 um particles, 2
regimes are found. The first regime (black line) corresponds to the linear fitting of the
first 4 values while the second regime corresponds to the fitting for the rest of the
values. For the 200 nm particles (figure 27 left), only one regime is found, and the
values do not follow a specific trend.

For 1 um particles, the surface potential was calculated from the average zeta
potential of the filtrated and not filtrated 1 um particles from protocol 1, as the values
did not deviate significantly. In order to calculate it, the Poisson-Boltzmann (PB)
equation for spheres was used in the limit of the Debye-Huckel approximation (|zyo|
<«T/e =25 mV) [17,35]. The equation used is:

Y K) = o Lexpl—r(r— )] (17)

0.3041

where k™1 = ——
|z|VC

nm (18)

Where, r is the radial coordinate starting from the center of the particle, a is the
particle radius assumed to be 500 nm, wo is the surface potential, y(r) is the potential
in distance r and C is concentration for monovalent salts (mol/L). In this case, we
assumed that r is the distance to the slipping plane (r = r, ) where the zeta potential
is found. Another assumption that was made is that the potential does not have a
break in the position of the slipping plane.

Eq (17) was re-written as:

i (r, k) = In (o 2) +[-x(, —a)] (19
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Which falls into the y = ax + {3 type. The slope a is equal to —(r, — a) and B is equal
toIn(yo ri). We assume that r, is the slipping plane position and that the zeta potential

there can be considered as Yi(1;, k).

For the calculation of surface potential and slipping plane, the slope (o) and the
intercept (B) of each regime were used. Figure 27 (right) shows two different regimes.
The equation for the low concentration regime (black line) is:

y = —7.8354x + 3.0793 (20)
The equation for the high concentration regime (red line) is:
y = —1.8183 x + 1.9485 (21)

—7.8354 and —1.8183 are both equal to —(r, — a). From this equality, the slipping
plane position (r;) is equal to 507.83 nm and 501.81 nm for the black and red regime,
respectively. In(yo ri) is equal to 3.0793 and 1.9485 from equations 20,21. Yo is

equal to -22.08 mV and -7.04 mV, respectively. A transition between two linear
regimes is found after the 3 mM NaCl sample.

For 200 nm particles the surface potential could not be calculated as the zeta potential
values do not obey the DH approximation.

DISCUSSION

A series of experiments was conducted to investigate the fundamentals of using pure
water without the addition of surfactant for cleaning and washing procedures. The
measurement of oil film mass before and after water contact and the QCM-D
experiments were done to detect the washing efficiency of the water grades.

In all cases, a complete or partial removal of oil was detected. Purified water grades
showed higher washing efficiency than non-purified TAP water. The efficiency of
purified water grades, in the removal of vaseline from a sensor was more than 90%
while for TAP it was ~75%. In the glass tubes, purified water grades washed away
~70% of the olive oil while TAP, washed away ~50%. When the plastic surface was
examined, the washing efficiency of purified water grades dropped at 10% and TAP
water efficiency at 5%. Results indicate that the washing procedure is more efficient
in the silica surface of the sensor and in the glass surface. In the case of NaCl, its
efficiency was always higher than TAP water’s and lower than the one found in
purified water grades. This is because NaCl ions will reduce the Debye screening
length by increasing the screening effect; divalent ions, found in TAP water (Ca*? and
Mg*?) will have a stronger effect on the reduction of the Debye screening length. This
reduction promotes the aggregation of particles. In the case of SDS, 110% of vaseline
is washed away. This percentage can be because the sensor thickness tends to
decrease after each experiment. At the end of each experiment, after cleaning the
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sensor, it is observed that the sensor’s frequency is gradually increasing (figure 28).
Furthermore, QCM-D results show that the frequency in a water medium does not
show substantial changes. Only in the case of SDS, a gradual decrease of the
frequency can be observed. In all other water grades the frequencies are linear
throughout this regime.

The exact mechanism behind the cleaning process is yet to be investigated since one
cannot observe a gradual change of the frequency in the regime where water washes
the sensor. It is still unknown whether the surface is cleaned at the time were the
medium changes from air to water or it is gradually being cleaned throughout the
washing process.
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Figure 28: Shift of frequency of the 3rd overtone after each experiment. Mean frequency of five
measurements of overtone 3, of an empty sensor in air at the beginning of each experiment.

Olesen et al [36] in their work show the efficiency of various detergents in the
washing process. The mechanism that they propose is that the soil is gradually
cleaned when detergents are used. When the soil first encounters the detergent-water
complex it starts to swell, and it is removed gradually. In the swelling step of the
process, the frequency decreases fast but when the removal of soil starts to occur, the
frequency starts to increase. Results from this master thesis, when SDS detergent was
used, show a gradual decrease of the frequency throughout the regime where water
washes the sensor. To understand the frequency shifts the properties of the materials
used are of great importance. SDS has a density of 1.01 g/cm?® while vaseline’s
density is 0.9 g/cm?®and water has a density of 0.9973 g/cm®. When SDS is
introduced into the system and starts to remove the vaseline (which has lower
density), it forms a bilayer or a multilayer on the surface of the sensor. The thickness
of the SDS layers is approximately 5 nm [37]. When a bilayer is formed the thickness
would be 10 nm. Then, the addition of this higher density layer on the sensor surface
can decrease the frequency.
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In the case of washing with purified or non-purified water grades, this decrease is not
visible. The sensor at the end is clean but it is unknown how the cleaning process is
performed. As mentioned before, when the experiments happen in water medium, the
properties of the materials used are of great importance when it comes to frequency
shifts. Vaseline has lower density than water and as a material vaseline is also more
solid-like. The lower density and the higher firmness that vaseline has can
compensate each other and produce the linear trend found in the regime where water
washes the sensor. In case of detergent-free cleaning mechanism, further experiments
should be done to explain the mechanism behind.

Even though the exact mechanism is not yet clear, it is known that electrostatics are
of great importance. It is one of the reasons that builders are used in the detergents.
When salt is introduced in an emulsion, the electrostatic interactions between the
same charged molecules will decrease and the particles will be prompt to
aggregation. In particular, the strength of the electrostatic interactions can be
described by the Debye screening length, a parameter that characterizes the distance
at which electrostatic interactions still play a role in the interactions between charged
particles. When the salt concentration is high, Debye screening length decreases. This
decrease will allow the particles to approach or even aggregate. When pure water is
used, Debye screening length is higher (1000nm compared to 10 nm in 1mM NaCl
solution). This offers stability to the particles and prevents them from aggregation.
This mechanism is known as ‘charge stabilization’. Further explanation about the
forces that govern this process is found in the DLVO theory that combines
electrostatic repulsions with the van der Waals attractive forces and produces a
quantitative description of the charge stabilization.

DLVO theory combines the Debye screening length with the surface potential. Since
surface potential is hard to find experimentally, the zeta potential was measured for
both size particles. Then from zeta potential values, the DLVO theory is always
applicable. Because of that, further calculations were done. By using available
equations, the surface potential was found from the zeta potential values. Through
surface potential, such phenomena as specific adsorption at the particle surface or
ionization of the surface groups, can also be studied.

From the surface potential calculation for 1 um particles, two different regimes were
found thus two different equations and surface potential values were shown. Changes
between low and high salt content seem to promote the formation of two regimes
rather than one. The surface potential value for low salt concentration was -22.08 mV
and for high salt concentration it was -7.04 mV. Apart from the different surface
potential values, the slipping plane position decreases from 507 nm to 501 nm as the
salt concentration increases. The values might be affected by many different factors
found in the system such as i) specific adsorption of ions on the particles ii)
ionization of surface groups iii) collapse of the polymer conformation on the surfaces
due to screening effects iv) more complex equations might need to be used for the
system. For example, Giuponni et al [38] mention that the theoretical results of the
Debye-Huckel approximation may deviate from the actual results. This may indicate
that another equation should be used for high salt concentrations. Ohshima et al [39]
have also given an analytical solutions to PB equation by using another approach.
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Since the system being examined is quite complex, choosing the correct formulas is a
challenge. Overall, the decrease of the slipping plane distance and surface potential
might be a result from a combination of the factors mentioned above.

It is known that two main mechanisms are important for the washing and cleaning of
liquid soil, and these are: the roll up and the emulsification-solubilization procedures.
Contact angle experiments showed that olive oil has a lower contact angle when in
TAP water (65° -70°) while in purified water grades the angle is higher than 90°. It is
known that for the roll up mechanism the higher the contact angle the easier it is for
the dirt to be washed away [8,40]. As mentioned before, if the contact angle is
between 90° and 180°, then mechanical energy needs to be used and the dirt will be
washed away. In the case of lower contact angle, mechanical energy alone cannot
wash away the dirt completely and a small part of it will remain attached. These
findings suggest that in hydrophilic surfaces, such as glass, the purified water grades
can form an oil droplet that can easily be washed away with mechanical energy while
TAP water alone cannot reach the wanted contact angle. When it comes to the
emulsification-solubilization procedure, the redispersion results confirm that the oil
phase is more stable in pure water as it redisperses easily. This facilitates the
solubilization of soil particles in the emulsion.

Secondary observations such as, surface and particles charge, and the effect of ions
were also found to be important for the removal of oil. Both glass and silica surface
that are negatively charged in a solution show an easier removal of oil. When, non-
purified water grades ware used in these surfaces, they induced ions in the emulsion
that reduced the electrical potential of the charged surfaces. By reducing the charge,
the dirt (oil) can be re-deposited on the surface. These phenomena are limited in the
purified water grades. Hydrophobicity was also found to be important for the washing
process. Even though purified water grades had again higher efficiency, this number
was below 20%, meaning that hydrophobic interactions promote the adsorption of oil
on the surface, and it makes it harder to be cleaned.

Differences between the oil phases were also found. Hexadecane spreads more on the
plastic surface while olive oil redisperses easier in the water than hexadecane. This
drop in the dispersibility may occur due to a change in the conformation of the
hexadecane that can reduce its contact with water [41]. Hexadecane is a nonpolar
liquid of low surface tension, which is incapable of forming hydrogen bonds. It
consists only of CH2, CH3 groups and its cohesive and adhesive properties are
simple, since only London dispersion forces are usually involved [42]. This will favor
interaction with the polystyrene surface and will increase spreading. On the contrast,
olive oil film tends to spread less on the surface. This may be an indication of
electrostatic interactions between the fatty acids found in the olive oil. Fatty acids,
such as oleic acid, are negatively charged in a water solution. These charges can
decrease the interaction of molecules resulting in a more expanded film. Moreover,
for the wetting and spreading of a droplet on the surface, electrostatic interactions,
van der Waals forces and structural disjoining pressure are important [43]. Depending
on the droplet size only one of the forces prevail. Chengara et al. [44] suggest also
that it is not only the interfacial tension that is important in the roll-up mechanism but
the disjoining pressure also.
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Overall, the washing and cleaning process of purified water grades seem to
outperform the non-purified water grades in the conditions examined here. In these
experiments, there was only one washing circle. If after one washing cycle, the
purified water grades leave 10% of soil on the surface and TAP leaves 25% on, then
after 5 washing cycles the pure water grades will leave 90 times less soil on the
surface compared to TAP. This means that if a proper washing cycle is designed, a
detergent-free washing can become an effective alternative to traditional washing
methods.

CONCLUSION

The aim of this study was to examine the removal of oil from surfaces and the effect
of water purity on the stability of colloidal systems. QCM-D experiments and
measurements of oil film mass before and after water contact were done to examine
the removal of soil from surfaces. The stability of colloidal systems was investigated
through visual observations of oil in water emulsion, contact angle and spreading
measurements. The effect of salt in the zeta potential was investigated by zeta
potential measurements. Finally, the following were concluded:

e Both purified and non-purified water grades can remove the oil from a surface
but with different efficiency

e Purified water grades wash away the oil phase more efficiently than non-
purified water grades

e In purified water grades oil droplets are more stable and can easier be
redispersed after creaming

e In purified water grades the contact angle of the olive oil is higher, which can
facilitate the roll-up mechanism

e Electrostatic interactions promote removal of oil from negatively charged
surfaces

In conclusion, despite the uncertainties of some methods, the combination of these
experiments suggests that the washing process can be achieved with the use of only
pure water in the systems examined here. The absence of ions in the water, affects the
stability of the colloidal systems and facilitates the oil removal from surfaces.
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