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Abstract: Green chemistry faces a major challenge imposed by the Sustainable Development Goals
(6, 14 and 15) defined in the 2030 Agenda. In the case of cleaning products (detergents), the chal-
lenges often become a paradox: even if it is biodegradable, no surfactant is harmless to aquatic life.
Compared to other studies in the field, this paper covers ultrasound–detergent interactions beyond
the cavitation removal process. It also considers synergistic effects with regard to the initial wetting
phase and final rinsing. It concludes that the best detergent–ultrasound combination is that which
minimises receding and critical sliding angles. At the same time, detergent concentration should
be reduced so as to just to capture grease in micelles and avoid reattachment during rinsing. In
combination with ultrasound, the concentration of eco-detergents can thus be reduced by up to 10%
of their nominal value while attaining the same results.

Keywords: eco-detergent; ultrasound; cleaning; sustainability

1. Introduction

Within the framework of the Sustainable Development Goals (SDGs) set by the United
Nations and the European Green Deal, the concept of “Safe and Sustainable by Design”
(SSbD) is drawing the attention of the scientific community. The European Commission
is working on the definitions of “safe” and “sustainable” for the design phase of a wide
range of chemicals and materials [1]. In the search for a balance between economic, social
and environmental sustainability, the following paradox arises: a chemical will never
be safe and/or sustainable if its required physical or chemical properties are essentially
harmful. Detergents are a case in point. Whether they are of biological or synthetic origin,
they modify surface tension and/or the pH of water in applications such as cleaning and
degreasing. Biosurfactants can reduce the surface tension in the same way as synthetic
ones, but they biodegrade after a certain time. However, both pH and surface tension
changes will always be environmentally harmful [2–4]. Aquatic life is sensitive to changes
in the pH and surface tension of water, which affect oxygen-exchanging tissues such as the
mucus of fish gills [5,6]. Current legislation limits the concentration of these substances
in consumer products, so the trend is to develop detergents (eco-detergents) that replace
them with less toxic or biodegradable substances. The most realistic alternative is based
on the regulation and use of biodetergents that biodegrade in water after a certain time.
However, it must be highlighted that until they do, many bio-detergents are still harmful
substances [7,8].
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The main components of eco-detergents include biosurfactants, enzymes and envi-
ronmentally friendly solvents, such as water. Biosurfactants are amphiphilic compounds
synthesised from plants and microorganisms [9]. In this sense, it is very hard to match
the productivity, variety and price of synthetic products [10]. The combination of high-
frequency sound (ultrasound) with eco-detergents, however, might provide a way out of
this problem [11,12]. Ultrasound can help with physical cleaning principles (cavitation and
physically forced wetting) while eco-detergents perform the chemical work (surfactancy
and dissolution). This synergy may enable them to attain the same results as synthetic
solutions without harming the environment, thus preserving life on land and below water
(SDGs 15 and 14) and keeping water clean (SDG 6).

Ultrasonic cleaning is a well-known process based on acoustic cavitation. It has been
studied by many authors, including Lauterborn [13–15] and Mason [16], who conclude
that the size, number and distribution of bubbles depend mainly on the ultrasonic param-
eters (amplitude and frequency) and the liquid itself (volume, surface tension, density
and viscosity). However, another physical phenomenon has been described by several
authors [17–20]: the contact angle is changed when liquids are exposed to low and high
frequency vibration. Manor et al. [21] describe a vibration driving force F [N] at megasonic
frequency. They formulated Equation (1), where r [m] is the base radius of the droplet,
ρ [kg·m−3] is the density, η [N·s·m−2] is the dynamic viscosity, f [Hz] is the frequency, a [m]
is the amplitude and θ [rad] is the contact angle:

F ≈ ρ

32
√

2η
ρf

r2(fa)2cos(θ)2 (1)

In a previous paper the same authors [19,22] demonstrate that the combination of
ultrasonic vibration with contact angle hysteresis results in a non-return mechanism that
expands the droplet (Figure 1) until half the acoustic energy introduced is consumed. The
non-return mechanism is therefore related to the advancing, receding and critical sliding
angles. The critical sliding angle is the minimum angle at which the droplet starts to
slide. Once the droplet begins to slide, the advancing angle is the maximum stable contact
angle and the receding angle is the minimum angle [23]. The critical sliding angle can
be predicted by simulating droplet deformation and equilibrium under gravity forces
that depend on the surface tension at each interface, the density and the volume of the
droplet [24]. A perfect non-return mechanism is one in which the receding angle is 0 and
the advancing angle is the same as the static contact angle.
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the droplet. The right image shows its expansion after ultrasonic vibration is applied at 20 kHz.

At this point, instead of increasing wettability, the droplet is atomised. It is therefore a
mechanical principle that forces the liquid to wet the surface without changing its chemical
composition. The phenomenon is constrained by the atomisation amplitude threshold of
each fluid.

Considering the wide variety of industrial dirt (oil, grease, carbon, aggregates, resins, etc.),
it is very hard to reach the results, productivity and price of synthetic products via environ-
mentally friendly detergents alone. At this point, the idea of combining high-frequency
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sound (ultrasound) with eco-detergents emerges as a potential solution. It must be taken
into account that depending on the frequency and amplitude of vibration, ultrasonic cavi-
tation can degrade the surfactant [24] in a process called sonolysis. However, rather than
being a drawback, this could actually accelerate biodegradation after cleaning.

Finally, once all the dirt has been removed, there is a risk of reattachment if the cleaning
solution is not properly removed, i.e., rinsed off. Detergents generate micelles that not
only trap dirt but can also repel one another, thus preventing flocculation [25]. When
micelles form in a cleaning solution containing surfactants above their critical micelle
concentration (CMC), they can encapsulate hydrophobic particles or dirt and keep them
suspended in the liquid [26]. This helps to prevent reattachment of dirt onto the cleaned
surface [27]. Repulsion forces are especially useful during rinsing, due to the risk of
reattachment [28]. However, it should be noted that the ability to prevent reattachment
may depend on the nature of the dirt. In some cases, particularly with difficult surfaces,
additional cleaning techniques, such as mechanical action or rinsing, may be necessary to
ensure complete removal and prevent reattachment. The problem becomes critical during
ultrasonic cleaning as ultrasonic cavitation can reduce the size of micelles and consequently
increase their number [29]. Previous studies do not focus on this issue, but micelle formation
and behaviour between solids have been studied by many authors [30,31]. Thus, for rinsing
glass, its own electrical charge and that of the detergent (non-ionic/ionic/anionic) should
be considered.

Recent studies have concluded that ultrasound in combination with eco-detergents
theoretically has the potential to attain the same results as synthetic detergents. However,
there is no specific study demonstrating the mechanisms behind this synergy. Addressing
that gap is the main driver of the present study. The experiments reported here focus on the
cleaning of tempered glass, which is widely used in the optics and electronics industry. An
interesting example is the solar power sector, where energy efficiency depends directly on
the reflectance or transmittance of the glass [32,33] and therefore on how clean it is. Most
of the relevant literature focuses on the interaction between cavitation and surfactancy. The
study reported here goes a step further by studying the ultrasound-detergent synergy in
three fundamental cleaning steps:

- Wetting: increased ultrasonic wettability for different detergent solutions;
- Cleaning: removal of soluble (hydrocarbon) and nonsoluble (silicon) grease;
- Rinsing: removal of the dirty solution by gravity alone.

2. Materials and Methods

Three ecological detergents are compared with a synthetic benchmark product that
contains potassium hydroxide (Table 1). At high concentrations, the latter can be harmful,
strongly irritating and corrosive, and its use can also be harmful to the environment. Even
though it is necessary for certain cleaning processes, it would be preferable to minimise
its use in favour of more environmentally friendly solutions, so this paper tests more
sustainable and ecological solutions. All the ecological solutions considered have the EU
Ecolabel. This is a voluntary label intended to promote products with a low environmental
impact throughout their life cycle and to provide consumers with accurate, nondeceptive,
science-based information on the environmental impact of products.

The whole experimental procedure seeks to explore the synergy between eco-detergents
and ultrasonic vibration, but the scope has been extended to address the synergy between
synthetic products and even distilled water too. Physicochemical interaction is analysed
from three different points of view:

- Increased wettability: ultrasound increases wettability between phases, increasing
the contact area and therefore the surface area covered. To that end, the chemical
surfactancy and the mechanical increase in wettability for each solution are charac-
terised. Considering the non-return mechanism, the sliding behaviour of each solution
is also analysed.
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- Removal: ultrasonic cavitation accelerates the removal of dirt and its mechanical
capture in micelles (Figure 2). Grease removal is measured by photographic techniques
and image analysis. The method compares the effect of dissolution alone and the
combination of a solution and ultrasonic cavitation.

- Rinsing: once the grease is detached, it can reattach to the surface if the dirty solution
is not rinsed off. The difference between using and not using detergents is studied
during gravity-based rinsing.

The experimental procedure is split into two aspects, in which different physical
principles contribute to the same purpose.

Table 1. List of detergents tested.

Description Solution

Florin 700

Synthetic benchmark product. Contains anionic and
nonionic surfactants, phosphates, odorants, dyes and

potassium hydroxide.
pH = 12; η = 2.082 cP

Dilute to 25% in water

DD4116

A&B Ecological detergent. Contains nonionic
surfactants, alkaline salts, organic chelators

and enzymes.
pH = 11; η = 3.36 cP

Dilute to 25% in water

DD456
A&B Ecological Enzymatic cleaner. Contains nonionic

surfactants, alcohols, metasilicate and enzymes.
pH = 10; η = 1.3 cP

Ready for use

DD4126
A&B Ecological detergent. Contains nonionic

surfactants, alcohols, alkaline salts and preservatives.
pH = 11.4; η = 5.46 cP

Ready for use
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Figure 2. Dirt capture in the core of a micelle.

2.1. Wettability Enhancement

To assess the effects of ultrasound on a glass substrate, a 30 × 20 mm tempered
glass specimen was bonded with acrylic glue to the upper side of a blade sonotrode. The
sonotrode is a metal piece that resonates at 20 kHz in its axial direction. To make it resonate,
it is mechanically attached to an ultrasonic transducer that receives an electrical signal
from an ultrasonic generator. The generator and the transducer are part of a Bandelin
Sonoplus HD 2200 20 kHz homogeniser. The power of the generator can be regulated
from 0 to 100 Watts. The power-amplitude relationship of the system was measured with a
Keyence LK-G82 triangulation laser (Figure 3). The dropping behaviour of the droplets is
characterised by means of a goniometric platform and an Olympus TG400 high dynamic
range camera. The critical sliding angle can be measured by increasing the inclination of
the whole system degree by degree while the camera captures the beginning of the sliding.

None of the detergent solutions exceeded a contact angle of 10 degrees, so it was
impossible to measure the contact angle. To study wettability behaviour, on the one hand
surface tension γ [N/m] was measured via the Du Noüy ring test on a Kruss unit. On the
other hand, contrasted photography techniques were applied to analyse droplet expansion
under ultrasonic vibration.
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2.2. Grease Removal

For the grease removal tests, the same mirror specimen attached to the sonotrode was
impregnated with different greases and soiling conditions (Table 2).

Table 2. List of grease references and impregnation methods.

Name Description Reference Impregnation

Silicon grease Silicon-based lubricant
for machinery. White. RENOLIT SI 400 M Homogeneous

Hydrocarbon grease
Hydrocarbon-based

lubricant for machinery.
Degraded. Black.

Shell Rimula R3X40 Homogeneous

Hydrocarbon grease
Hydrocarbon-based

lubricant for machinery.
Degraded. Black.

Shell Rimula R3X40 Concentrated drop

Two types of impregnation method where considered (Figure 4):

- Homogeneous soiling: the grease was homogeneously distributed by drawing a glass
microscope holder over the surface of the mirror. A 25 g weight was placed on the
holder to ensure constant pressure on the grease during the spreading process.

- Concentrated drop: 0.1 mL of grease was deposited on the surface of the mirror by
means of a pipette.

The amount of grease eliminated (cleaning) was quantified using photographic con-
trast techniques with Matlab software. All the tests were performed for each detergent
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solution under the same ultrasonic power conditions (60%). Three aspects were com-
pared individually:

- Degreasing due to the inherent surfactant properties of the detergents;
- Degreasing in combination with ultrasonic cavitation;
- Rinsing after cleaning.
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Figure 4. Initial state of each type of grease: (A) silicon grease layer, (B) hydrocarbon grease layer,
(C) hydrocarbon grease droplet.

Before and after the cleaning process, pictures of each sample were taken with an
Olympus TG4 digital camera. For the silicon grease, a black background was used, and
for the hydrocarbon grease, a white one was used. From each picture, the mirror area was
trimmed and converted to grey scale. The results were analysed in Matlab R2020b software
using image treatment tools. The contrast of the pictures was increased to 50%, so the
cleaned surface ratio is the quotient of the black (hydrocarbon) or white (silicon) pixels by
the total (whole surface).

2.3. Rinsing

Rinsing was performed by gravity by tilting the sample. The electric charge of the
glass was meaured with a Benning MM 1–3 multimeter that measured the capacitance of
the sample and its electric potential.

3. Results
3.1. Wettability Enhancement

The critical micellar concentration (CMC) of each solution was quantified. Beyond this
figure, the surface tension of any solution remains constant. Accordingly, the surface tension
of each product was measured at different concentrations. For the concentrated products
(Florin 700 and DD 4116), the manufacturer’s recommended concentration (nominal) was
set as 25% of nominal in both cases. Table 3 and Figure 5 show the changes in the surface
tension of each fluid as a function of its concentration level. All the measurements were
repeated automatically 10 times. The equipment does not report results with a standard
deviation over 0.1 N/m.

Table 3. Surface tension of each solution reduced from 100% to 0.05% by volume. The threshold
tension before CMC of each solution is underlined and bold.

Concentration
[%]

Florin 700 25%
γ [N/m]

DD4116 25%
γ [N/m]

DD456 100%
γ [N/m]

DD4126 100%
γ [N/m]

100 (nominal) 28.4 27.7 30.4 32.3
50 27.3 30.1 29.8 31.5
25 27.3 29.7 29.5 31.6
10 27.1 29.7 30.2 31.5
5 27.3 29.5 30.3 31.3
1 29.5 30.2 30.3 30.5

0.5 34.5 30.2 30.3 30.6
0.25 41.6 36.5 33.4 31.7
0.1 45.4 41.4 39.1 37.4

0.05 51.4 48.8 46.8 41.9
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Figure 5. Surface tension for each solution below 10%.

The synthetic benchmark product Florin 700 diluted to 25% starts from a lower surface
tension than the rest of the eco-detergents. However, it reaches its CMC at higher concentra-
tions than the rest (around 5%). At concentrations lower than 1%, this behaviour is reversed,
and the ecological products reach lower surface tensions than the benchmark product. This
could be related to the chemical saponification process (potassium hydroxide + grease) of
Florin 700.

To assess the behaviour of each fluid in the face of ultrasonic vibration, 10 µL of each
solution was deposited on a glass probe (Figure 6). The pictures were contrasted at 50% in
black and white scale. For all four solutions, the following ultrasonic parameters were used:

- 20 kHz frequency;
- 60 W of power, equivalent to 3 µm of average amplitude (6 µm peak–peak);
- 3 s of exposure.
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As can be observed, the benchmark product Florin 700 and the eco-detergent DD4116
show a clear tendency to increase their contact surface under ultrasonic vibration. The enzy-
matic solution DD456 forms capillary waves during exposure to vibration and increases its
contact surface, but not sufficiently. Finally, the DD4126 solution does not visibly increase
its surface area. According to their data sheets, all the products have dynamic viscosities
between 1 and 5 cPs (similar to that of water), so the difference in their behaviour as regards
expansion must be mainly due to differences in contact angle hysteresis. As demonstrated
by the authors of this study, the difference between the advancing and receding angle can
generate a non-return mechanism whereby the droplet expands but does not contract [19].
Due to the high wettability of the four products, it was not possible to measure either of
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these two angles, but only the critical angle of inclination and the shape of the sliding
droplet. Table 4 shows the critical angle of inclination needed for a 5 µL drop of each
product to start sliding. The experiment was repeated three times.

Table 4. Minimum angle required for 5 µL of each solution to start sliding.

Repetition Florin 700 25% DD4116 25% DD456 100% DD4126 100%

1 25◦ 19◦ 45◦ 20◦

2 22◦ 18◦ 40◦ 22◦

3 24◦ 19◦ 42◦ 22◦

Average 23.7◦ 18.7◦ 42.3◦ 21.3◦

SD 1.5◦ 0.6◦ 2.5◦ 1.2◦

As can be seen, the enzymatic solution requires the greatest inclination (DD456 at 45◦),
and is therefore the one liable to present the greatest resistance to forming a new surface. It
begins to slide at about 20◦ but stops in an intermediate metastable position until the table
is tilted to 42◦. This could be why the enzymatic solution shows the greatest deviation.

DD4126 starts sliding at a relatively low inclination angle (19◦), but it is not altered by
the effect of ultrasound. This apparent contradiction is explained by analysing the geometry
of the droplet once it starts its descent. As shown in Figure 7, the sliding mechanism of
DD4126 is completely different from that of the others. Instead of leaving a trace of wet
surface, it slides cleanly. Considering the principle of the non-return mechanism, this fluid
cannot expand its contact surface with ultrasonic vibration. Instead, the base of the droplet
expands and contracts periodically, but always between the same maximum and minimum
values. A perfect scenario would one in which the droplet would begin to slide at a very
low inclination (very easy to expand) but would never detach, leaving a wet trace as the
droplet advances. The surface stress on the air–fluid interface is quite similar for all the
solutions, so behaviour at the solid–liquid interface should be the main factor behind the
different sliding angles. Due to the low contact angles of all the fluids (below 10 degrees), it
was not possible to characterise this behaviour physically.
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3.2. Grease Removal

The first grease removal tests focused on removing a complete layer of each grease
(silicon- and hydrocarbon-based). To that end, the glass specimen was impregnated and
exposed consecutively to the following:

- 20 s of solution (without ultrasound) with a 1 mL detergent layer homogeneously
distributed over the entire surface;

- 20 s of ultrasonic vibration at 60 W.

The comparison was made on contrasted photographs before and after cleaning with
solution and ultrasound (Figures 8 and 9).
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Figure 9. Contrasted images at 50% for each solution. A total of 20 s of dissolution and 20 s of
ultrasound on silicon grease. White shows the remaining grease, and the black background is clean.

Using Matlab R2020b software, the percentages of black (clean) and white (dirty)
pixels were determined. Thus, the proportion of surface area cleaned was calculated via
the reflection of the mirror on a black background (Table 5). The analysis software reduces
the image resolution from 3000 × 4200 pixels to 91 × 151 pixels. This merging induces a
10.9% reduction in the precision of the surface measurement results.

Table 5. Proportion of surface area cleaned [%] with and without ultrasound.

Water Florin 700 DD4116 DD456 DD4126

20 s dissolution 0.1 9.7 3.9 7 0.9
20 s ultrasound 59.3 88.6 85.7 40.7 50

As shown in Figure 10, the cavitation effect predominates over the solubility of the
surfactants. Detergents are not effective at removing silicon grease without ultrasound.
The Florin 700 benchmark product shows the highest degreasing power but cleans less
than 10% of the surface area. This could be because all four products are formulated to
clean vegetable or mineral grease (hydrocarbons) and not silicon.

When ultrasonic vibration is activated, all the solutions (even water) remove a large
proportion of the silicon grease. Again, the two products with the highest ultrasonic
wettability enhancement (Florin 700 and DD4116) are also the best at removing grease, at
88.6 and 85.7%, respectively. It can therefore be concluded that the dynamic wettability
between the substrate and the fluid is a critical factor in determining the effectiveness of
the synergy between detergents and ultrasound. Thus, cavitation seems to start removing
silicon grease partially, starting from the centre of the sample where the ultrasound is
concentrated. Once the fluid contacts the glass substrate, the non-return mechanism
probably helps to detach the grease through shear forces on the bottom of the silicon layer.
This can be observed especially in the poor cleaning results (DD456 and DD4126), in which
the cleaning does not cover the whole surface. It begins in the centre of the mirror and
expands radially (Figure 8).
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Figure 10. Proportion of surface area cleaned [%] ultrasonically and non-ultrasonically.

Even water, with a higher surface tension, was able to clean up to 59.3%, which is
more than the two products whose wettability does not change with ultrasound (DD456
and DD4126). If the cleaning is mainly caused by cavitation and increased wettability, the
concentrated detergent DD4114 would be the best compromise between sustainability and
efficiency for nonmiscible applications such as silicon grease.

As for the following sample, all detergent references are designed to clean hydrocarbon-
based grease. Due to the transparency of the burnt grease, it was necessary to dry the
test specimens with a manual dryer before characterising them. Apart from this, the test
protocol was exactly the same as that applied to silicone grease. However, the background
colour was changed from black to white, since silicone grease is white but burnt hydrocar-
bon grease is black (Figure 11). The colours in the contrasted photograph are thus reversed,
with the dirty area being black and the clean area being white (Figure 12).
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Quantitatively (see Table 6 and Figure 13), all the solutions, including water, can
eliminate part of the grease by dissolution and/or flotation over 20.6%. In turn, there is a
clear improvement after the application of ultrasound in all cases, with 77.7% elimination
in the worst case (DD4126). The solutions whose wettability increases with ultrasound
(DD456 and DD4126) are the ones that show the worst dissolution capabilities at 20.6% and
24.5%, respectively. In this case, all the detergent solutions wet the grease, so the radial
detaching found in the case of silicon is not observed. All the detergent solutions remove
all or part of the grease without the help of the ultrasonic wetting mechanism.

Table 6. Proportion of surface area cleaned [%] with and without ultrasound.

Water Florin 700 DD4116 DD456 DD4126

20 s dissolution 49.1 49.9 59.4 20.6 24.5
20 s ultrasound 90.4 98.0 98.2 78.8 77.7
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Figure 13. Proportion of surface area cleaned [%] ultrasonically and non-ultrasonically.

The case of distilled water is of particular interest. The results for water (90.4%) are
very similar to those obtained with Florin 700 and DD4116 detergent, but water alone
only drags the grease, generating large clusters that remain adhered to the surface after
rinsing. Although apparently small, those clusters are spherical and voluminous. An
important conclusion is that surfactants are required to prevent the grease from reattaching
during rinsing.

In this regard, hydrocarbon-based grease removal calls for a different approach from
silicon grease. It requires a combination of water and detergents, but with the minimum
concentration of detergent to maintain the surface tension of the water after it comes into
contact with the grease.

3.3. Rinsing

The combination of water and ultrasound (i.e., cavitation) seems to be the main grease
removal mechanism, but it is not sufficient, as reattachment might occur. Therefore, a
minimum concentration of detergent is needed during rinsing. To validate this principle
and study the contribution of each cleaning mechanism to hydrocarbon grease removal,
we studied the cleaning of a 0.1 mL drop of hydrocarbon grease. The 25% solution for
reference DD4116 was diluted to 10%, resulting in a concentration of 2.5%. A sequence of
dissolution (20 s), sonication (20 s) and gravity rinsing was applied (Figure 14).
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Figure 14. Sequence of removal of a 0.1 mL grease droplet in water and in a 2.5% solution of DD4116.
A total of 20 s of ultrasound exposure is applied.

As expected, the main contributor to the removal of built-up grease is ultrasound.
Both fluids can remove part of the grease, but the accumulation of degraded agents, such
as carbon, means that the dissolution effect is limited to the interface between media.
Ultrasonic cavitation increases the contact surface area, so a higher dissolution rata is
observed in both cases. However, the main cleaning mechanism is mechanical detachment
and displacement of the grease droplet on the glass surface. In both cases, the grease
is lifted and displaced. This may be related to the increased wettability between media
induced by ultrasonic vibration. Both water and DD4116 show high wettability on glass,
while grease does not. When vibration is activated, both fluids are introduced at the base of
the grease droplet, detaching it and in turn keeping it in suspension in a single cluster. The
difference between the two fluids occurs when vibration is deactivated and the surface is
rinsed (Figure 15). The polar molecules of the detergent adhere to the surface of the grease
droplet, so that once detached, it does not reattach. Distilled water alone is not capable of
generating such an effect; as soon as the vibration is deactivated, the drop falls, wets the
substrate and cannot be rinsed by gravity.
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No measurable electric charge is detected on the mirror surface even after rubbing 
(Table 7). 

Table 7. Electric capacitance, potential and charge of the mirror sample. 

 Initial After Rubbing  With Water 
Capacitance [nF] 0.191 0.201 0.172 

Voltage [mV] 0 0 0 
Charge [C] 0 0 0 

Therefore, the most suitable detergent for rinsing should be based on non-ionic sur-
factants, which, in this case, means the DD4116 ecological product tested. 

4. Conclusions 
This study reports on the synergy between eco-detergents and ultrasound, seeking 

to attain the same dirt removal rates as synthetic products but in a more sustainable way. 
The main conclusions of the study are the following:  
‐ All four detergent references studied reduce the surface tension of distilled water to 

similar values. However, the dynamic behaviour of each detergent with respect to 
ultrasound is very different, and sliding behaviour qualitatively coincides with it. 
Thus, it is the fluids with the highest wetting rate in the face of ultrasound (Florin 700 
and ecological product DD4116) that require the smallest angle of inclination to ini-
tiate rolling and wet the surface while sliding. This is consistent with the basis of the 
non-return mechanism.  

Figure 15. (a) Polar molecules covering grease droplet. (b) Ultrasonic grease detachment. (c) Rinsing
of grease droplets trapped in micelles.

No measurable electric charge is detected on the mirror surface even after rubbing
(Table 7).
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Table 7. Electric capacitance, potential and charge of the mirror sample.

Initial After Rubbing With Water

Capacitance [nF] 0.191 0.201 0.172
Voltage [mV] 0 0 0

Charge [C] 0 0 0

Therefore, the most suitable detergent for rinsing should be based on non-ionic surfac-
tants, which, in this case, means the DD4116 ecological product tested.

4. Conclusions

This study reports on the synergy between eco-detergents and ultrasound, seeking to
attain the same dirt removal rates as synthetic products but in a more sustainable way. The
main conclusions of the study are the following:

- All four detergent references studied reduce the surface tension of distilled water
to similar values. However, the dynamic behaviour of each detergent with respect
to ultrasound is very different, and sliding behaviour qualitatively coincides with it.
Thus, it is the fluids with the highest wetting rate in the face of ultrasound (Florin
700 and ecological product DD4116) that require the smallest angle of inclination to
initiate rolling and wet the surface while sliding. This is consistent with the basis of
the non-return mechanism.

- In the case of silicon grease, the main elimination principle is mechanical cavitation.
The two substances with the best ultrasonic behaviour are, in order, the benchmark
product Florin 700 (DD4116) and distilled water. Ultrasonic enhanced wetting helps
cavitation to remove silicon grease through shearing forces.

- The same behaviour is found in the case of hydrocarbon grease, but the enhanced
wetting effect is not so evident compared to silicon grease.

- Although ultrasound is the main grease removal mechanism, during gravity rinsing,
there is a risk of reattachment of the surface. It is therefore necessary to use a detergent
that prevents grease from reattaching.

- The optimum solution is to dilute the minimum amount of DD4116 in water. In this
way, cavitation and wettability are enhanced, but grease is prevented from re-adhering
during rinsing. For this purpose, the concentration can be up to 10 times lower than
that recommended by the manufacturer. This figure varies depending on the amount
and type of grease present in the substrate.

- With the proper formulation, eco-detergents combined with ultrasound can give better
results than synthetic solutions.
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