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Abstract

Oyster shells are an important bioresource that causes serious <. /nunmental problems and is
currently only partially repurposed. Its versatile nature is rele ~ter. in the manifold studies already
proposed for the material. In this study, we add to this effor. Yy first grinding the material with a
hammer mill, beater disc mill, pin mill and wet media r-ill, \-eating part of it in a muffle furnace,
noting the shift in its properties such as particle size, merp.ology, surface free energy, specific
surface area and choosing a fraction to incorporate 1y a particle stabilized emulsion. The particle
stabilized emulsions were prepared with oyster she. s r,rinded by the agitated wet media mill at
2000 rpm for 30 min, with a media at X50=0 7C w.. a SSA at 17.16 mZ/g, a SFE at 32.53 mN/m
and with particles resembling a spherical s. ap~.. The emulsion was studied in terms of particle
concentration, ranging from 2 — 10 wt% with 2 8 wt% showing the best stability. The 8 wt%
oyster shell formulation was tested and compared with a formulation using 2 wt% Aerosil
particles and a surfactant store-bough’ p:c“uct. The oyster shell particle formulation exhibited
minor viscosity changes in the stud:.1 2:iod of 8 weeks, a constant LVE range and promising
behaviour in the proposed applicaun.
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List of symbols

7, | flow point [Pa] |

Ty, yield point [Pa]

T | shear stress [Pa]

X, Xs0 | size [pm]

G’ storage modulus

G" loss modulus

Abbreviations and acronyms

BD Beater disc

BOD | Biochemical oxygen demand

bOS | burned Oyster shells

COD | Chemical oxygen demand

FAO | Food and Agriculture Organization

HM | Hammer mill

LVE | Linear-viscoelastic range [Pa]

OS | Oyster shells




PD Pin disc

SSA | Specific surface area

SFE | Surface free energy

TSS | Total suspended solids

uOS | unburned Oyster shells

WM | Agitated wet media mill

1. Introduction

Oysters are considered a delicacy by many and a silent killer by a few others (1). They are an
ancient food and have been consumed around the World for tens of thousands of years. At first
glance, oyster shells are considered a harmless residue since as a raw material they can slowly
deteriorate naturally. Unfortunately, the substantial annual production quantities make this
unrealistic. For the Crassostrea gigas species or commonly known a. Pacific cupped oyster the
FAOQ reported a world aquaculture production of 639,030 tons ir 20.7 (2) while for the American
cupped oyster, Crassostrea virginica the global capture was est:md:cd around 100,000 tons (3).
The disposed shells are known to follow unbeneficial paths tt.at bth pollute the environment and
waste a bioresource. Adult oyster shells of the Crassostrea igas species, can contain up to 96 %
CaCOg3 with the remaining 4 % being of an organic natitre (-'). As it was thoroughly described by
Lee et al. oyster shells consist of multiple interchangeable *+yers of limestone and chalk (5).
Depending on the species in question, in the front ru. * of this struggle stand the biggest
production sites such as China, Chile, South Korza, JSA and Japan, while the problem mitigates
along the food chain to every imported site a7 *ve.!

Despite the many propositions that have becn suggested for the versatile CaCOj (listed in

Section 2) the problem still remains and requircs further solutions. We here discuss the option of
substituting surfactants in cosmetic formuictions by CaCO3 powder from oyster shells. The use of
oyster shells as emulsifying aids in pa:t'ci- stabilized emulsions, or commonly known as
Pickering emulsions, can offer dist:nc* auvantages. Studies around Pickering emulsions have seen
a tremendous increase in recent ' ea.=. The type of particles are chosen based on the internal
phase and can vary from silica, ca-hon nanotubes, cellulose to different types of proteins and
minerals (6).

The particles can be used as t e prime stabilizer or as co-stabilizers to support the function of
surfactants. Being larger *haii surfactants, particles can form a thicker barrier to shield the internal
phase. Precipitated calciiir carbonate has shown good results in stabilizing soybean oil in water
in a O/W emulsion (7). Huang et al. studied various well-defined morphologies, such as rod,
spheres and cubes, of precipitated calcium carbonate and demonstrated a higher stability of the
rod like particles and the preference of the negatively charged oil phase to attract positively and
preferentially small particles when exposed to a mixture of them.

To our knowledge calcium carbonate from oyster shells has not yet been studied in a Pickering
emulsion system of this nature. The particles from oyster shells are retrieved by grinding the
shells and thus have naturally a more randomized shape and morphology. Furthermore, the
particles studied here are not treated at high temperatures or calcinated. This is important as the
vast majority of uses for oyster shells require an energy intensive calcination step for the
transformation of CaCOg in CaO. By preparing and testing oyster shells, we proposed in this
study a viable alternative to the long list of solid materials appropriate for stabilizing emulsions.

Our focus is placed on the prerequisite treatment of the shells (Section 3.2), the particle
characteristics such as morphology, charge and specific surface area (Section 4.1), the



incorporation of the powder in the formula (Section 4.2), and finally the aspect of formulation
stability (Section 4.3). Through this, we propose an innovative solution to the oyster waste
accumulation and landfill struggle while simultaneously offer an alternative to common
surfactants in cosmetic applications.

2. Versatility of oyster shells

2.1.1 Water applications

A common application for oysters is related to water treatment applications. For the absorption of
phosphorus or nitrogen for example the shells can be burned and transformed into calcium oxide
(CaO) (8), treated with high-pressure steam (9), turned by plasma pyrolysis into CaO (10),
packed along with zeolite in columns (11) or be crushed and pyrol zed (12). They can help
decrease hydrogen sulfide concentrations (13), can replace biologica: ~erated filters (14), capture
boron from wastewaters (15), phosphate pollutants from aqueou: sol. tion (16), bind COD, BOD,
NHj and TSS in waste water estuaries (17), copper (18) as we'i . s cadmium (19). They can be
used to synthesize calcium silicate hydrates (20), have repo-tc 1 gr,0d performance as contact bed
purifiers (21), methylene blue capture matrixes (22), bacteri.! inhibitor agents in contaminated
water and soil sources (23) and purification media in a¢apc aic systems for plant growing (24).
They can also be used as functional additives in the prerai. tfion of ceramsite (25).

2.1.2 Construction applications

Another field for oyster shells is the constructior. se>t=(. Crushed and dried shells have been
added into concrete mixtures by improving ~u <rete workability (26), have replaced partially the
commonly used supersaturated-surface-dry ~a".d (27) or fine sand (28) by showing good
engineering properties. The shells have heen c.!cinated and used to produce different types of
bricks, with both foamed (29) or cement L.icks (30) being reported. The material has also shown
good potential as a foaming agent in t1e p zduction of vitrocrystalline foams (31), while
according to Seo et al. its incorporz.uon +.r cement mortar improved the compressive

strength (32). The surface of the mc*erial has also been modified with polyvinyl alcohol and
sodium silicate and noted a porit 2 effect on concrete mixture performance (33). In one of the
most recent studies on this fi~ld, e feasibility of synthesizing cement clinkers with powdered
OS (oyster shells) and sce’iu, siells, sintered at 1470°C was evaluated, opening new
opportunities for the i*.nlume:tation of OS (34).

2.1.3 Agriculture applir ations

Opyster shells are extensively used in the agriculture sector. Similar to the water treatment
approach, shells are used in soils as sorbents or stabilizers. For example, the shells can be dried
and crushed to improve pH and nutrient status, C and N concentrations and stimulate soil enzyme
activities in soil (35) or crushed into powder and mixed with sludge to feed earthworms and
produce vermicompost acting as pH soil stabilizers and enhancing worm activity (36). Ok et al.
tested OS and calcinated-OS in their ability to stabilize heavy metals, such as Cd and Pb from
heavily exploited mining showing good stabilization results with the calcinated sample
performing better (37). The shells can be combusted and used as a solid catalyst to obtain
98.4wt% pure biodiesel (38), as drainage materials (39), as soil-mixing components and
horizontal-drainage substrates and eventually even substitute the traditionally used sand. On a
different angle, Lee et al. reviewed the potential use of eggshells as a soil conditioning agent and
compared their recycling concept to oyster shells (40).



2.1.4 Biomedical applications

To a lesser extent, oysters have found applicability in biomedical applications. They have been
used for the production of macroporous scaffolds to be seeded with pre-osteoblasts cells and to
grow bone tissue in and around the scaffold with no cytotoxicity and good biocompatibility (41)
or used along with dicalcium phosphate dihydrate in a planetary ball mill in order to synthesize
hydroxyapatite, with the product showing good crystallinity and phase purity, important
prerequisites for biomedical applications (42). Marine CaCQOj3 from either oyster or mussel shells
was tested for the preparation of alginate hydrogels to develop inorganic/organic scaffolds for
bone tissue engineering (43) and have been listed as promising antioxidant peptides or else
hydrolysates proteins source (44).

2.1.5 Diverse applications

The versatile nature of CaCOj3 can be seen in further applications. “or example, calcinated and
hydrated oyster shells were tested in their ability to remove SO, and 1 ")y gases from air streams
showing twice the efficacy of limestone (45), crushed, calcinatec ana KI-impregnated OS were
tested as solid catalysts (46), or showed high catalytic activity ai.1 stability in the production of a
CuBr catalyst (47). Calcinated OS were found to be effectiy e .nd even reusable as absorbents for
anionic dyes (48), while finely crushed and dried OS wer= u.~d in the synthesis of CuO and
Au/CuO nanocatalyst, with the catalysts performing wc'! ani' noting excellent sintering
resistance (49) and the shells have also been incorporatrd 1.> volypropylene based

composites (50) and in CuO/ZnO nanocatalysts wi.n .iigher catalyst activity compared to
synthetic CaCOj (51). Because of their high Ca co1.>="tration the shells have also been fed to
algae cultures showing a positive outcome bt . \c10asing the biomass yield (52) and have been
also tested as a dietary calcium source for 1. ill., confirming suitability as a Ca enrichment source
without showing any negative impact cn the quality (53).

3. Materials and Methods

3.1 Oyster Shells

Waste oyster shells were collect«d 1.2m a local restaurant (Nuremberg, Germany). They were
thoroughly washed with water 'n..* all flesh remnants were removed and placed in the oven for
42 hours at 120 °C. The leng: 01 he untreated shells ranged between 6 — 10 cm. The shells were
grinded by different mills anu classified in fractions.

3.2 Oyster shell powur preparation- by size reduction

Before further handling, uie shells were pre-crushed to a manageable size with a hammer mill,
HM (LHM 20/16; Condux). To refine the hammer mill product a 5 mm sieve was placed in the
ejection site. The mill had a total of 24 hammers and noted an energy consumption of 460 W,
measured directly with a three-phase power analyzer (Power Quality Analyzer 434; Fluke) at a
mass flow rate of 200 g/min. The crushed shells were divided into two samples, one of which was
processed immediately after (unburned, uOS) while the other was burned in a muffle furnace
(ASM10; Schréder Industrie6fen GmbH) for 3 hours at 550 °C (burned, bOS). This temperature
was selected in order to avoid decomposition of CaCO3 at temperatures above 700°C. Both
samples followed the flow diagram shown in Figure 1.

As depicted in Figure 1, the oyster shells were processed with four different types of mills in
total. Apart from the hammer mill, a fine impact mill (UPZ 100; Hosokawa-Alpine) was used
with two of the basic interchangeable elements, the beater disc (BD) and the pin disc (PD) unit.
The estimated mass flow rate was 20 g/min. The addition of a large grinding track or a small
grinding track with an incorporated 0.5 mm sieve on the ejection site helped refine the product of



the BD unit even further. Lastly, the product of the BD unit (15000 rpm, large grinding track)
was wet grinded by an agitated wet media mill, WM (MSM-12; Fryma Maschinen AG). For this
step, three different rotation speeds were chosen, and samples were collected and analysed at
different intervals of 5, 10 and 30 minutes. A 30 wt% suspension was prepared and used for the
wet mill along with ball aids of 0.6 — 0.8 mm diameter as grinding media. The composition of the
grinding balls was 83 % ZrO,, stabilized with 17 % Cer(IV)-oxide (Zirkonox).
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Figure 1. Flow diagram for the grin 'ing experiments (BD stands for beater disc; PD for pin disc)

3.3 Pickering emulsioi prt paration

For the Pickering formula.'ons hydrated silica, xanthan gum, glycerine, caprylic/capric
triglyceride, argania spinusa kernel oil, persea gratissima (avocado) oil and tocopheryl acetate
were purchased by Dragonspice Naturwaren. Citric acid was purchased from Merck and the
Aerosil® R 816 particles from Evonik.

A Pickering emulsion with Aerosil® R 816 particles as stabilizers was prepared following the
exact instructions as given by Evonik Industries (54). Next, the same formulation was prepared
by substituting the Aerosil® R 816 particles with different concentrations of uOS particles (WM,
2000 rpm, 30 min). The Pickering emulsions stabilized by Aerosil® R 816 and uOS particles
were of oil-in-water type. For concentration check purposes, the emulsions were prepared in 50 g
and later in 500 g batches. The oils amounted to 23.3 % of the final volume. A further
commercial product containing common surfactants, such as sodium cetearyl sulfate, ethylhexyl
stearate, isopropyl palmitate and glyceryl stearate was purchased and used in the stability
comparison section constituting the three different samples or formulations tested in this study.

For the uOS Pickering formulation the components of the oil phase were initially mixed
together (500 rpm, 5 minutes) using an overhead stirrer with a propeller mixer (RW 20 digital,



IKA) while the uOS particles were in parallel added to the water phase and dispersed by a high-
performance disperser (T25 digital Ultra-Turrax; IKA) at 13000 rpm for 15 min. Later on, the
two phases were slowly combined and mixed further for 10 — 15 min and their pH was duly
adjusted to 6 — 6.5 by adding 10 wt% citric acid solution. The pH was adjusted in order to keep
the dissolution rate or CaCO3 to a minimum and make the product appropriate for a skin
application.

Ultimately, the emulsions were stored for the experimental period in airtight containers at 25 °C.
The formulations were analysed over a period of 8 weeks by means of an analytical centrifuge
and their size distributions estimated by laser diffraction.

3.4 Analytical methods

The different grinded fractions were analysed by laser diffraction soectroscopy (Helos KR;
Sympatec) after first sieving the products and collecting the finest 1r.~tion <32 um. The shape
was observed under light microscopy (Axiotech 105 color; Zeissi an.' tne morphology by a
scanning electron microscopy (SU8000; Hitachi High-Tech). Tha ZZM images were acquired at
an accelerating voltage of 1 kV. The specific surface area wa. me isured with the Brunauer-
Emmett-Tellet Method (BET; Nova 2000e, Quantachrome, ~nd a 5 Point estimation between
0.05 and 0.35 (P/Py). The sample degassing took place for .7 hours at 130 °C. Contact angles for
the powders were estimated by a tensiometer according to *iie Washburn method (K100; Kriss)
by using nonane, lemongrass oil, eucalyptus oil anr! Jfiodomethane all purchased from Karl Roth.

The stability of the Pickering formulations was firu.~~ analysed by an analytical

centrifuge (LumiSizer; LUM GmbH), a ligh< i icicscope (Axiotech 105 color; Zeiss) and a
rheometer (Physica UDS 200, Measuring s,~t.m MP 30, Measuring cell TEK 180; Anton Paar),
while the droplet distributions were est:mated vy the Helos KR; Sympatec.

4. Results and Discussion
4.1 Pretreatment and characte’ i.auon of oyster shells powder

Oyster shells were treated with four Mills as was shown in Figure 1. To observe the morphology
and shape of the particles the y.inu~d product was sieved and the finest fraction (< 32 um) of
each mill was observed by a .~an-iing electron microscope (Figure 2).
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Figure 2. SEM captures of the finest sieved fraction < 32 um of unburned oyster shells (uOS) and burned
oyster shells (bOS) obtained after treatment by the hammer mill (HM), pin disc mill (PD), beater disc mill
(BD) and agitated wet media mill (WM). Scale bar is set at 50 um

The particles obtained by the HM appear to have a platelet like form with a lot of fractured finer
residue. In the uOS the different layers of the shells are also visible, which is less so in the bOS.
The difference between the two samples is more noticeable when comparing PD and BD. Starting
with the PD, the uOS can be easily identified in a platelet like form with a pronounced share of
needle shaped particles, while the bOS appears to have turned into a compacter square-like




shaped form. This effect is even more evident in the BD obtained fraction, with the uOS being
fractured further down into needle shaped particles and the bOS showing a rounder form with
less percentage of fines. No variation is apparent when observing the resulted particles of the wet
mill (WM). However, the particles processed by the WM have a considerable smaller size, appear
more homogeneous, narrower distributed and show fewer sharp edges in comparison to the rest
of the mills tested. The specific surface area and the particle size of the finer fraction obtained by
the PD, BD and WM are given in Table 1.

Table 1. Specific surface area (SSA) obtained by a 5 Point BET analysis and media values estimated by
laser diffraction analysis for uOS and bOS from processing the oyster shells in the pin disc mill, beater
disc mill and agitated wet media mill. The standard deviation given in SSA is the maximum observed in
the samples.

Mill type Speed [rpm] Time [min] SSA[m#/g] Xso [gal SSA [m2/g] Xso [um]
uOS £0.08 uCos bOS +0.08 bOS

PD 15000 - 2.70 2102 1.27 11.27
7500 - 1.71 17868 0.85 45
BD 15000 - 5.15 3.62 1.64 51
7500 - 432  16.52 1.37 14.1
BD with 15000 - 4.26 5.55 1.53 7.34
0.5 mm sieve 7500 - 320 24.54 1.36 24.96
1660 5 1151 1.69 5.50 1.85
1660 10 1203 1.33 6.56 1.49
1660 30 14.05 0.83 9.13 0.88
2000 5 11.28 1.77 6.72 1.64
WM 2000 10 12.16 1.43 7.66 1.28
2000 30 17.16 0.79 8.75 0.78
2310 5 10.60 231 5.13 1.80
2310 20 12.17 1.76 6.43 1.49
2310 30 14.51 1.00 9.55 0.82

As shown in Table 1, the spe~ific surface area of the uOS was in all cases higher than the bOS.
We attribute this effect to the 3 hours muffle furnace heating process at 550 °C that eliminated
part of the organic meaac” uoz.easing the surface area due to agglomeration and incipient
sintering. What can also be seen in Figure 2 is a transformation of the particles’ surface from a
rough to a smooth texture which further explains the drop of the SSA as it removes asperities.

The change in particle shape is also reflected through the particle size analysis. The shift, in some
cases, from a needle-shape to a square-shape with round edges observed in Figure 2 is echoed in
the results. The PD milling appears to have resulted in finer particles for the bOS. The

15,000 rpm milling of uOS exhibited an xs,=31.23 pm while the bOS noted x50=11.27 um. This
comes in agreement with the SEM observations, if one considers that even the uOS finer sieved
fraction shows larger particles than its analogous bOS. However, observations differ for the BD
mill, where again the SEM captures support the xso findings of Table 1. The BD sample without
the incorporated sieve shown for uOS in Figure 2 appears to be finer than the bOS. The same
applies for the WM measured fractions, which appear to have less variations for uOS and bOS.

To characterize the surface free energy of burned and unburned oyster shells, we measured
contact angles with force tensiometry according to the Washburn method and estimated the
polarity of the surface (55). The method relies on the capillary rise of a fluid in a powder bed



when a contact between the two is established. The weight of the liquid is recorded with respect
to time and used to estimate a contact angle that demonstrates the wettability of the sample. For
this set of experiments, we used the burned and unburned fraction from the agitated wet media
mill at 2000 rpm after 30 min that were later used in the Pickering emulsions.

Figure 3 shows the contact angle results obtained from wetting the powders using nonane,
lemongrass, eucalyptus oil, sunflower oil, dilodomethane and water (from left to right). In order
to increase the accuracy of the Washburn method it is important to choose test fluids that have
different surface tensions and polarity. The contact angles shown in Figure 3 were used to
estimate the surface free energy of oyster shells according to the OWRK model. For the uOS the
surface free energy (SFE) was calculated as 32.53 mN/m with a polar part of 11.28 mN/m. The
bOS sample showed a surface free energy at 25.33 mN/m and a polar part of 8.33 mN/m.
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Figure 3. Contact angle measu, "mei s with different liquids for uOS and bOS

Based on the characte’*7a.*on .esults we decided to process in the Pickering emulsions the
unburned fraction obtaine.! by the agitated wet media mill at 2000 rpm after 30 min. This fraction
showed both the finest n..dia at xs0=0.79 pm the highest SSA at 17.16 m%/g, the highest SFE at
32.53 mN/m and at the same time the particles were perceived to be quasi-spherical. Another
reason to justify why the uOS was preferred is because the contact angle measured when
immersed in water is slightly lower (75.5° for uOS and 84.5° for bOS), which translates into a
better immersion of the particles in the water phase. A higher contact angle means that the
particles are less adequately immersed in water. A smaller contact angle represents a higher
spreading of the fluid on the surface and a better wettability. From the two contact angles
estimated above, the bOS is more hydrophobic than the uOS sample. Complimenting the above
statement, literature references have stated a higher stability of emulsions with intermediate
hydrophobicity particles while very hydrophilic or hydrophobic particles caused the system to
separate (56).

Pickering emulsions are more stable if the particles can position themselves on the oil — water
interface, since a complete immersion in one of the phases could quickly result in a suspension of
particles without creating a boundary layer. Alongside the higher affinity to water the sample



showed a higher SFE which means better wettability. Unburned OS showed a higher contact
angle with diiodomethane which is considered to be a non-polar liquid, but the opposite occurred
with nonane, which again as an alkane in considered to be non-polar. One could argue that the
longer chain of nonane and the resulting dipole moment is sufficient to explain the outcome.
However, the higher SFE and contact angle to water helped in choosing the uOS. In terms of
wetting, as it is a comparison method and requires a liquid assumed to completely wet the
surface, rapeseed oil (33.03 mN/m) was measured and showed complete wetting for uOS while
for bOS this was noted with soybean oil (31.45 mN/m).

4.2 Pickering emulsions

Pickering emulsions with Aerosil® R 816 and uOS particles were repared. In order to test the
uOS particles in the system a concentration check was followed acco.ing to the procedure
described in the section below.

4.2.1 Concentration check

In the test phase of the development process, 50 g Pickeriny, emulsions with 2, 4, 6, 8 and 10 wt%
uOS concentration were prepared. The droplet size distr'ou. o of the five different formulations
are shown Figure 4. The cuvettes after a centrifugation ¢,~!e including a control one without any
particles (0 wt%) are also reported in figures 4a and 1b,
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Figure 4. Cumulative droplet size distribution for the control sample and the samples containing 2, 4, 6, 8
and 10 wt% uOS (4.a) and distributions measured by week 1 and week 8 for the samples containing

6 wt% and 8 wt% uOS with a light microscope capture of the formed droplets for week 8, 8 wt% (4.b).
The cuvettes show the separation tendency of the samples after an analytical centrifuge cycle at 4000 rpm
for 83 min

Figure 4.a gives the droplet size distribution of the uOS samples. The control formulation
containing no particles was measured once immediately after preparation to demonstrate the oil
droplet size, measured at 6.8 +0.4 um. The oil droplets however, are not stabilized and the
formula separates into two phases in a matter of few hours. The rest of the samples were
measured in triplicates weekly for a total period of 8 weeks.



The 2 wt% sample showed an initial X50=87.24 um that slowly decreased over the weeks reaching
a value of 53.44 um by week 8. The insufficient number of uOS particles was unable to cover the
dispersed oil droplets and resulted in desorption from the oil droplets over time that increased the
proportion of fines in the sample.

The 4 wt% formulation showed no changes in the eight weeks and the media was estimated at
35.6 £0.3 um. This was different for the 6 wt% where an initial media of 26.72 um with an
increasing tendency reached 32.55 um by week 8. The formulation did not show any optical
alterations during this time nor any phase separation. The 8 wt% samples had a starting media of
45.5 pm and showed a decrease by week 8 at 42.2 um. The final sample, at a 10 wt%
concentration had an initial X5p=14.74 um that changed to x5,=18.29 um.

To further depict the separation resistance, the samples were subjected to a centrifuge cycle at
4000 rpm for 83 min. The cuvettes after the centrifuge cycle are sh. wvn in Figure 4.a. As is
clearly visible, a limited number of particles is unable to stabilize u.» 0. phase in the water and
the particles sediment after centrifugation to the bottom, as in the ~as: of the 2 wt%, formulation.
A layer of oil droplets covered with particles is fairly visible bov 2 the particles, with however
the majority of the oil fraction migrating to the surface. By ncicasing the concentration to 4 wt%,
the emulsion forms three distinct layers. On the top therr. 1. a1, 0il phase with a small percentage
of trapped particles, moving downwards a water layer ai,™ fiaally a bottom layer where the
particles have sedimented. By further increasing the cc.icen.ation, both the 6 and 8 wt%
formulated samples efficiently transition to a more burrogeneous system.

In the case of the 8 wt% concentration a top '\, of water appears to have formed on the surface.
We postulate that this can result from the f ct t'1at the oil phase is finely dispersed and covered by
particles having thus a higher density and fon."ing a compact layer at the bottom. This result is
promising in terms of long-term stability, as it is often established when the disperse phase is
evenly and finely distributed in the co 1. '10us phase. Finally, by increasing yet again the
concentration, the maximal coverac~ ol the oil phase is exceeded, and the particles appear to
agglomerate and form a layer at tt,» bo..om, while an oily phase is now again visible in the
surface of the particulate sample.

A demonstration of the shift ~een in the 6 wt% and 8 wt% sample is depicted for week 1 and
week 8 in Figure 4.b. If te coundary of the oil droplets is not substantially covered by particles,
the oil droplets can flr..~u.~te, coalesce and cause slow or immediate phase separation. A stable
size of the droplets signifi. s adequate coverage by particles and minimal system changes over
time. Based on the resuls for the two samples the 8 wt% formulation was subjected to further
stability tests by incorporating rheological analysis.

4.3 Oysters, Aerosil and Surfactants

The uOS formulation (8 wt%) was subjected along with the original Evonik formulation (2 wt%
Aerosil R816) and a store-bought product to further testing. To the naked eye, the uOS
formulation had a slightly greyish colour in contrast to the other two. In terms of texture, the uOS
had a lotion consistency while the other two resembled a cream. The three formulations were
analysed for a period of 8 weeks. Figure 5, shows the droplet distribution featured using light
microscopy.
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Figure 5. Light microscopy captures for the samples containing Aerosil particles, uOS and surfactants at
week 1 and week 8, 200x magnification, scale bar at 50 um

The captures shown in Figure 5, depict the droplets of the formulation. The Aerosil containing
formulation, has a proportion of large droplets around 10 um with the majority of them being
smaller than that. The uOS formulation, shows the largest droplets of the three samples at about
20 um, while the surfactant emulsion has the smallest droplets at presumably below 5 pm. In
terms of change in the systems in the course of 8 weeks, the Aerosil formulation appears to have
an increase in the proportion of large droplets. To further support this, droplet distributions are
given in Figure 6.
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Figure 6. Cumulative droplet size distributions estimated at w2l 1 and week 8 for the three formulations.

The distributions shown in Figure 6 correlated wel » vith the microscopy observations. The
results showed no changes for the Aerosil formitatic: exhibiting a Xs=3.6 um, nor for the
surfactant sample with an X5=3.2 pum. The *.0." sa.1ple showed a change as the weeks passed by
with the media shifting from Xs50=26.8 um 1. v50=39.2 um. This does not correlate with the visual
inspection of the sample as seen under the miciascope.

In terms of structure composition, this is hecer reflected by rheological measurements and to
corroborate that, the samples were mea ‘urad weekly in triplicates by means of rotation and
oscillation measurements. In orde” to afect the least possible the structure of the emulsions, a
sample was carefully placed on *1e n.2asuring plate of the rheometer and was left to relax for
2 minutes prior to each measure  Auditionally, it is important to mention here that for the
duration of 8 weeks the samo. s *vere not mixed nor shaken and were gathered for the
measurements with the le st & jitation possible. The dynamic viscosity is given in Figure 7 for
the different samples at v *een 1 and 8. In order to compare the change in viscosity over the test
period, a measuring point “ound in the rising range of the viscosity curves at shear rate 8.91 s
was selected and the mean values of the dynamic viscosity were plotted against the time in Figure
7 (bottom).
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Figure 7. Viscosity curves for the three samples (Aerosil, Oyster and Surfactants) measured at week 1 and
week 8 and dynamic viscosity at a shear rate of 8.91 s plotted against a period of eight weeks

From the viscosity curves given in Figure 7, it can be concluded that in the given amount of time
the dynamic viscosity remained unchanged.



All samples show a viscosity decrease with increasing shear rate, which is typical for shear
thinning liquids. This is to be expected with emulsions as deformation of the finely distributed oil
droplets from spheres to ellipsoids occurs with increasing shear rate and thus the internal friction
decreases. The fact that the dynamic viscosity does not change much over time indicates that the
structure of the emulsions forms quickly, and the oil droplets remain stable.

Apart from the rotational tests, amplitude sweep tests were carried out for each formulation. By
an amplitude sweep, which is an oscillatory test, information about the mechanical stability, the
structure strength and the viscoelastic character of an emulsion can be collected. The test
measures the storage modulus G', which shows the energy stored in the sample and translates to
its elastic response while the loss modulus G" measures the energy losses in the sample and gives
the sample’s viscous character. The graphs in Figure 8 are shown in a double logarithmic plot of
the storage modulus (G') and loss modulus (G") as a function of os ~i!lation shear stress for a)
aerosil, b) oysters and c) surfactants.
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Figure 8. Amplitude sweeps for the different samples at week 1 and 8. a) aerosil, b) oysters and c)
surfactants. Experiment was conducted in triplicate.

In the amplitude sweep G' is above G" which means that in this range the viscoelastic character of
the sample prevails up to their intersection where the structure is irreversibly impaired. It is



striking that G' is relatively linear while G" shows strong deviations from a linear course. This
behaviour is particularly noticeable in both Pickering emulsions (Aerosil and Oyster) and could
be caused by the pre-shearing of the sample by applying it with a spoon spatula. From the plots
shown in Figure 8, the yield point z,,, flow point 7, and the linear-viscoelastic range LVE can be
evaluated graphically. The z,, in this case is the lowest shear-stress value above which the liquid
character of the sample prevails while the LVE range lies before the 7,,. In the LVE range, any
deformation caused by shearing is so small that the structure remains intact. The flow point, z¢ is
found at the intersection of G' to G". After the intersection point, G"> G/, so the liquid character
of the sample predominates. A further indication that can be inferred from Figure 8 is the
firmness of the sample. The larger the distance between G' to G" the firmer the sample is. This is
the case for the Aerosil sample. Another indication that can be assumed here, is a higher value
noted for the crossover as well as a 7, value indicating a more stak!= sample.

The estimated values of 7, 7, as well as the LVE range for the samy.'es are shown for week 1
and 8 in Table 2.

Table 2. Yield point z,,, the flow point 7y and LVE range for we:k * 2d 8

Aerosil Oysters Surfactants

Value Week 1 Week 8 Week ’ Week 8 Week 1 Week 8

T, /Pa 2950+14 29.17+12 Jo.+.3 17505 11.10+0.4 10.57 0.2

T/ Pa 61.20+1.6 61.20+14 10.70+0.2 15.73+0.9 30.20+0.8 34.97 +0.8
LVE/Pa 0.05-4.67 0.05-5z& 01.01-132 0.02-139 0.03-9.01 0.03-8.58

The results of Table 2 show no sinniticant change during the 8-week test period. This means that
the structure of the emulsions fc'ms quickly and remains stable for a longer period of time. Three
weeks after the study period (woek 11) the samples were subjected to a frequency sweep in order
to generate information abou. *heir time-dependent behaviour. The frequency sweep was
conducted at a frequency -any> of 100 to 0.1 s* (Figure 9).
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Figure 9. Frequency sweeps for the different samples at week 11. a) aerosil, b) oysters and c¢) surfactants.
Experiment was conducted in triplicate.

In frequency sweeps, low frequencies are used to simulate slow motions and high frequencies fast
ones. A parallel course of G' to G" reflects stability both at rest and agitation. For both Pickering
emulsions a tendency for phase separation is observed as G' and G" intersect or strongly converge



towards the end, with no readable indication when this could take place. This is different for the
surfactant sample, where G' and G" show no intersection, meaning that the emulsion is stable
against sedimentation and creaming. For all three formulations the viscoelastic character prevails
as G' progresses above G". At the same time, the short-term behaviour of the samples in the
middle to high frequency range shows a parallel course and can be interpreted as structure
stability in this range. Additionally, measuring fluctuations noted for G" can be caused by an
insufficient pause of 3 min prior to measure intended to allow the internal structure to form at
rest. The same can be said for the measuring point duration which can be also increased.

5. Conclusions

Oyster shells are a valuable material that can be used in a number of ways. As a natural material,
a crucial step in the reutilization process comes from the initial treatment, well understood
material properties and an overall energetically viable preparation. /e prepared in total eight
fractions of burned and unburned oyster shells by different mills. &= ~nm them, the oyster shells
that were treated first with a hammer mill, then a beater disc mili and finally a wet media mill for
30 min were used for the preparation of the emulsions.

What further influenced our decision to proceed with this fi>ction was the wettability results.
Ideally in Pickering emulsions the particles have to posi ion themselves in between the two
liquids and form a stable boundary layer. It is difficult to u"aw exact conclusions about the
inclination of the particles to each fluid, especially = both pnases in cosmetic formulations are
mixtures but a distinction between two materials c.”« st.ll be made.

For the particle stabilized emulsions, the uss o a1.*gh concentration of oysters (8 wt%) is viewed
as a good outcome, since a substantial amount could find repurposing this way. In terms of
stability, the oyster shell formulation shawed a relative stable character despite a slight tendency
towards separation compared to the other .ommercial formulations. By further tuning the
formulation this initial stability could 2¢. €..nanced. Oyster shells showed no significant
alterations in the droplet distributiciis nu. irreversible formation of agglomerates for the tested
period.

We have demonstrated no sign ficat viscosity alterations in the samples studied. The yield point
and flow point, important for rrarsport and application of the emulsions, remained relatively
stable. The same was obs rve.! for the LVE range. The results of the frequency tests showed a
steady short-term behav.~u: while for the long-term behaviour, only the surfactant sample could
be categorised with confid :nce as stable. Based on our results, we expect promising applicability
of oyster shells as particle stabilisers in complex emulsion formulations of cosmetics or other
type of systems, such as paints.
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Highlights
e Description of applications sug; ested for waste oyster shells in different sectors
e Grinding experiments for oy te: shells performed with four different types of mills

e Characterization of the pi. 'sicochemical properties of the grinded fractions including size,
shape and surface “.:2ra"tions

e Proposition of an innc ative application for oyster shells as emulsion stabilizers

e Rheological analysis to support suitability of the particles as stabilizers



