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CHAPTER |

INTRODUCTION

1.1 Background

Pearlescent color appears in natural material like mollusk’s shell, fish scale, bird
feathers, and the bodies of some insects. Pearlescent phenomena are the interference of
multilayer with different reflective index, suitable thickness of each layer, and smooth
surface. Generally, commercial pearlescent pigments are synthesized by coating thin
polymer films, glass flakes, and mica with metal or metal oxide. Nevertheless, these
pigment productions need sophisticated equipment and considerable budgets.

Since 2009, the annual fishery and shellfish of Thailand production have reached
324,300 tons [1]. Statistically, Thailand ranks in the top five among the countries in the
world that produce and export green mussels. Considering this huge production together
with the fact that 70 percent of green mussels’ total weight belongs to their shells [2], a
problem regarding the management of wasted mussel shells rises. These shells are mostly
eliminated by landfills; however, this method requires substantial investment and space.
Alternatively, wasted shells are used as a raw material in chalk and metal absorber
industry but the products have low values and the recycling processes require high energy
consumption.

Shells of green mussels have aragonite calcium carbonate structures which
contribute to pearlescent phenomena. Through a series of appropriate processes, these
shells can be transformed into pearlescent pigments. So, it is the aim of this research to
develop a process to transform wasted green mussel shells into high added-value
pearlescent pigments that are light, glittery and of use in the cosmetic industry.

We are very proud to apply the knowledge of science that does not stay on the

shelves anymore; it becomes a major role in our way of life. For now, as Thai citizen, we



are very happy as well as appreciate for the know-how producing by Sensor Research
Unit, SRU, Department of Chemistry, Faculty of Science, Chulalongkorn University, as a

part of the contribution in promoting the prosperity of the Thai economy.

1.2 Literatures Review

Calcium carbonate exists in 3 forms: calcite, aragonite, and vaterite. A normal and
the most stable form of calcium carbonate is a calcite which has trigonal structure [3]. On
the contrary, aragonite calcium carbonate is orthorhombic and relatively unstable in an
environment but it is a major component found in aquatic animal shells such as shrimp
shells, crab shells, and mollusk shells [4]. Vaterite calcium carbonate is hexagonal; it is
unstable and rarely seen.

The main compositions of mollusk shells are calcium carbonate and an organic
binder. The organic binder forms thin layers (20 — 50 nm) adjoining calcium carbonate
layers. This binder takes up to 5 percent of the total weight while the rest is calcium
carbonate. Nacreous structure is the innermost furrow of the shell, always aragonitic in
nature, exclusive to Mollusca, found in bivalves, Gastropods and in the septal chambers
of Cephalopod Nautilus. But it is apparently absent from Scaphopoda and
Polyplacophora shells. In Gastropoda, nacre is of columnar type, comprised of small
crystalline units, ‘‘stacked-up’” in pyramids. The typical ‘‘brick-wall’’ arrangement
founds in shells of Cephalopoda and Bivalvia [5]. Nacreous of green mussel shell, Perna
viridis, is aragonite platelet which is approximately 2.6 mm in diameter and 0.45 mm
thickness [6].

Pearlescent color is promoted by diffraction caused by the reflection grating
structure of the shell. Pearlescent color is produced by an overlap of the light from
several orders of diffraction. The strength of the pearlescent color depends on the groove

density and the surface quality. A shell with high groove density and with a smooth and



even surface can produce a strong interference color [7]. Many shells show pearlescent
color especially pearl oyster and green mussel shell.

A commercial pearlescent pigment can be synthesized by coating substrates such
as glass flake, mica flake, Al,O; flake, SiO; flake, and TiO, flake with metal oxide. The
coating materials are metal oxides or chemicals that have a reflective index more than 1.8
including silicon oxide (Si0O;), aluminium oxide (Al,03), calcium oxide (Ca0O), sodium
oxide (Na,0), boron oxide (B,03), titanium oxide (TiO;), iron oxide (Fe,O3; or Fe;0y4 ),
and zirconium oxide (ZrO;). Coating can be done in either monolayer or multilayer
fashion. For example, a monolayer of 65 - 75 wt% SiO,, 0 - 5 wt% AlL,Os3 5 - 12 wt%
CaO, 8 - 15 wt% Na,O, and 0 - 5 wt% TiO, can be coated onto glass flakes or a bilayer of
iron oxide as a first layer with a second layer of TiO,, Fe,O3, ZrO,, SnO,, Cr,03 BiOCl, or
ZnO can be coated onto mica substrate, producing multi-colored lustrous pearlescent

pigment [8 - 12].

1.3 The objectives of this research

The objectives of this research are developed the chemical and thermal procedure
in order to prepare pearlescent flakes from wasted green mussel shell and characterize the

optical properties and molecular characters of pearlescent flakes.

1.4 The scopes of this research

1. This research will be started on Thai green mussel shell (Perna viridis).



1.5

Only chemical and thermal treatments are involved with preparation of
pearlescent flake.

Size selection of pearlescent flake is suitable for additive cosmetic.

Study physical properties and optical properties of pearlescent flake by optical
microscope (OM) and scanning electron microscope (SEM)

Study molecular characteristics of pearlescent flake by Fourier transform
infrared spectroscopy (FT-IR), Raman spectroscopy, and thermal gravimetric

analysis (TGA).

The benefit of this research

Eal e

Utilization of wasted green mussel shell from the fishing industry.

Making more value to the wasted green mussel shell from the food industry.
Getting the environmentally-friendly novel materials and processes.

Reduction of imported raw materials from abroad that use in cosmetics and

materials.



CHAPTER II

THEORETICAL BACKGROUND

2.1 Calcium carbonate

Calcium carbonate is a common mineral which has polymorph forms. Trimorphs
of calcium carbonate are calcite, vaterite, and aragonite. Calcite is one of the most
common minerals on the face of the Earth, comprising about 4% by weight of the Earth's
crust. It is formed in many different geological environments. The examples of natural
calcite are limestone and marble. Structure of calcite is trigonal that is the most stable
morphology at most temperatures and pressures and in most environments. Its luster is
vitreous in crystallized varieties. Calcite is transparent to opaque and may occasionally
show phosphorescence or fluorescence [3].

Vaterite is a metastable phase of calcium carbonate at ambient conditions at the
surface of the earth. As it is less stable than either calcite or aragonite, vaterite has a
higher solubility than either of these phases. Therefore, once vaterite is exposed to water,
it converts to calcite (at low temperature) or aragonite (at high temperature: ~60 °C).
Vaterite does occur naturally in mineral springs, organic tissue, gallstones, and urinary
calculi. Vaterite is usually colorless, its shape is spherical, and its diameter is small,
ranging from 0.05 to 5 um [3].

Aragonite is an interesting and attractive mineral in its own right. It forms
interesting habits and can have a soft pretty color. Its modes of formation and relationship
to calcite are both curious and intriguing. Aragonite has an orthorhombic symmetry and is
technically unstable at normal surface temperatures and pressures. It is stable at higher
pressures, but not at higher temperatures such that in order to keep aragonite stable with
increasing temperature, the pressure must also increase. If aragonite is heated to 400 °C,

it will spontaneously convert to calcite if the pressure is not also increased. Also


http://www.galleries.com/minerals/symmetry/orthorho.htm

metamorphism that includes high pressures and low temperatures (relatively) can form
aragonite. After burial, given enough time, the aragonite will almost certainly alter to
calcite [4].

Aragon, Spain is where aragonite was first discovered and from where aragonite
gets its name. Aragonite also has another popular habit called flos ferri or "flowers of
iron". This is a branching, clumpy habit that can make delicate tree, coral or worm-like
formations that are most unique. A steep pyramidal habit forms clusters of sharp spiked
crystals sometimes referred to as a church steeple habit. Aragonite is a constituent of
many sea creatures' shell structures; a curious development since calcite is the more
stable form of calcium carbonate. Most bivalve animals and corals secrete aragonite for
their shells and pearls are composed of mostly aragonite. The pearlization and iridescent
colors in sea shells such as abalone are made possible by several minute layers of
aragonite. Other environments of formation include hot springs deposits, cavities in

volcanic rocks, caves and mines [4].

2.2 Aragonite calcium carbonate in shell

Abalone shell has two layers: an outer prismatic layer (rhombohedral calcite) and
an inner nacreous layer (orthorhombic aragonite). Aragonitic CaCOs; constitutes the
inorganic component of the nacreous ceramic/organic composite (95 wt% ceramic, 5
wt% organic material). This composite comprises stacked platelets (0.5 pum thick),
arranged in a brick and mortar microstructure with an organic matrix (20—50 nm thick)
interlayer that is traditionally considered as serving as glue between the single platelets.
The tensile strength in the direction perpendicular to the layered structure can be
explained by the presence of the mineral bridges. These bridges, having a diameter of
approximately 50 nm, have a tensile strength no longer determined by the critical crack
size, but by the theoretical strength. Their number is such that the tensile strength of the
tiles (parallel to the tile/shell surface plane) is optimized for the tile thickness of 0.5 pm
[15-16].


http://www.galleries.com/minerals/gemstone/pearl/pearl.htm

Figure 2.1 Overall view of hierarchical structure of abalone shell, showing mesolayers,

mineral tiles, and tile pullout in a fracture region [15].

Figure 2.2 (a) Asperities (a fraction of which are remnants of mineral bridges) and (b)

mineral bridges (marked by arrows) between tile layers [16].

The conch shell (Strombus gigas) is pure aragonite whose crossed-lamellar
structure consists of criss-crossed sheets of calcium carbonate separated by protein layers,

and is akin to plywood, a familiar wood/adhesive composite. The skin is a brownish



papery coating called the periostracum, below which is a thin layer of vertically oriented
aragonite, a crystalline form of calcium carbonate. Crossed-lamellar layers give the shell
its toughness. The basic building block of a crossed-lamellar layer is a long, thin

aragonitic crystallite enclosed in a protein sheath [17].

Figure 2.3 Conch shell is a layered structure. Below that layer are three crossed-lamellar
layers (outer, middle and inner) in the schematic drawing of the cross section

of the shell [17].

The three Gastropod and Bivalve shells are composed of crossed lamellar layers.
This complex structure is composed of lamellae with alternate orientations. According to
the orientation of the sections, the observed aspects seem different (Fig. 2.4). Each shell
is composed of several crossed lamellar layers. The number, the orientations of these sub
layers are typical of the taxa, but the basic pattern of first, second and third order lamellar

seems similar [18].



Figure 2.4 Polished and etched section and Fracture in the shell of (A) and (B) Cypraea
leviathan, (C) and (D) Phallium granulatum, (E) and (F) Strombus gigas, (G)
and (H) Tridacna, (I) and (J) Dosinia ponderosa, (K) and (L) Cardium [18].

The pearl oyster (Pinctada fucat) structure is characterized as an arrangement of
continuous parallel lamellae (Fig. 2.5A), separated by sheets of interlamellar matrix. Each
lamellr is composed of polygonal aragonitic tablets (Fig. 2.5B), which is sealed to each
other by intertabular matrix. An aragonitic tablet seems to be a single crystal, but actually
is a coherent aggregation of crystalline nanograins (about 45 nm mean size) with the
same crystallographic orientation, connected by a continuous organic framework [19].
Neighbouring tablets above and below can maintain a common orientation, which again
raises the issue of the transmission of mineral orientation from one row to the next.
Bridges are well identified in Pinctada between successive rows in the pile, but all of
those analyzed were organic and not mineral. The tablets first grow with a cylindrical
shape and then turn polygonal when contacting each other. The existence of nanograins
encapsulated in an organic vesicle raises the hypothesis of an aggregation-like control of
the extension of the tablet by the organic template and not directly at the atomic level

[20].
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Figure 2.5 Nacre structure of P. fucata. (A) SEM image shows the cross-section of
nacre, indicating that nacre is composed of continuous parallel lamellae.

(B) Each nacre lamellae is composed of polygonal aragonitic tablets [20].

Freshwater bivalve (H. cumingii Lea) shell SEM observations showed that the
individual growing nacre tablet exhibits typical hexagonal morphology (Fig. 2.6a). New
tablets are usually nucleated at the conjunction of nacre tablets of the underlying layer
and seem to grow rapidly to its full thickness which is around 500 nm. Further growth of
the tablets is then accomplished by the advance of the six lateral faces until the
neighboring tablets get contact. A matured tablet usually measures around 5 pm in
diameter. In the present study, the lateral surfaces of the growing tablets were closely
observed and revealed that they are laminated. Two examples are shown in Fig. (2.6b)
and (2.6c). The nacre tablet in Fig. (2.6b) is at its early stage of the growth, while the
tablets in Fig. (2.6c), which seem to grow to contact each others soon, are at their later
stage of the growth. Nevertheless, they all show the laminated structure on the growing
lateral surfaces, suggesting that the laminated growth pattern is a characteristic feature of
the lateral growing surfaces for the nacre tablets of H. cumingii Lea. According to Fig.
(2.6¢), the average thickness of the sub-lamellae can be estimated to be less than 50 nm
taken the tablet possesses a normal thickness of 500 nm and involves 10 sub-lamellae.

Moreover, the sub-lamellae protrude forward in an irregularly alternative and rugged
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way. It is also noticed that the remains of organic matter (white arrows in Fig. (2.6 a—c))
were not completely cleared by the wiping of cotton during sample preparation. The
outmost portions of the tablets within 20—50 nm from the interlamellar organic matrix are

free of the parallel stripes for both. [21]

Figure 2.6 SEM images show the typical hexagonal nacre tablet: (a) the hexagonal nacre
tablets at the growing stage; (b) the laminated lateral growing surfaces of the
tablet at its early stage of growth; (c) the laminated lateal growing surfaces of

the tablets at their late stage of growth [21].

2.3 Iridescent or pearlescent color in shell

Iridescence is a well known natural color phenomenon. It can be found in bird
feathers, the bodies of some insects, and even some plants. Many shells show beautiful
iridescence colors. Iridescence is mostly attributed to an interference effect caused by
optical interference coatings. The iridescent color of the objects varies with changes in
both the angle of incident light and the angle of observation. In mollusk’s shell, the
iridescent color has been attributed to a combined effect of both interferences by the

layers of the nacre, and diffraction by the groove structure.
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Figure 2.7 The iridescent color of a polished shell of the mollusk Pinctada Margaritifera
[7].

The slightly curved surface structure of the shell is far from being a perfect optical
quality reflection grating. The surfaces of the grooves are also slightly curved. When a
light beam 1is incident on the surface, both surface reflection and diffraction occur. No
evidence of interference was found. The light intensity at the zero order position is very
intense; however, most of the light comes from the mirror surface reflection. When a
light is directly incident on the shell and observed from the reflection direction, the shell
does not show the iridescent color.

The intensity of the iridescent color of shells is directly related to the groove
density of the diffraction grating of the shell. A shell with a diffraction grating structure
at a groove density of 300 grooves/mm can show a very intense iridescent color. When
the groove density is reduced to about 100 grooves/mm, the iridescent color becomes
much weaker. Most shells show weaker iridescent color, and their groove densities are
less than about 87 grooves/mm. The structure of each groove also affects the efficiency of
diffraction produced by the shell, which in turn affects the intensity of the iridescent
color. On the other hand, for a high groove density provided that their groove is smooth

and evenly distributed the shell produce a strong iridescent color [7].



2.4 Green Mussel (Perna viridis)

Kingdom: Animalia
Phylum: Mollusca
Class: Bivalvia
Subclass: Pteriomorphia
Order: Mytiloida
Family: Mpytilidae
Genus: Perna

Species: P. viridis

Figure 2.8 (a) Anatomy of green mussel and (b) green mussel shell.

13

The Asian green mussel, Perna viridis, is known to be native to the coastal marine

waters of the Indo-Pacific region, extending from the Arabian Gulf to the southern

province of Guangdong and Fujian in China and southern Japan [22 - 24]. They generally

inhabit marine intertidal, subtidal and estuarine environments with high salinity. Green

mussels are large, with shells typically reaching 80-100 mm in length and occasionally

growing larger than 160 mm. They live for approximately three years. P. viridis has a
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higher degree of adaptability to salinity changes and, therefore, a greater potential for
aquaculture [25]. This shell is a large (> 80 mm) bivalve, with a smooth, elongate shell
typical of several mytilids. It has visible concentric growth rings and a ventral margin that
is distinctly concave on one side. The characteristic green coloration comes from the
periostracum, the proteinaceous outer layer of the shell. It is uniformly bright green in
juveniles, but dulls to brown with green margins in mature individuals. The inner surfaces
of the valves are smooth and iridescent blue to bluish-green in color. A prominent,
kidney-shaped retractor muscle scar is present, but the species lacks anterior adductor
muscles. The lethal and sublethal effects of suspended particulate matter on the survival
and physiological, behavioral and morphological features of P. viridis collected from
Tolo Harbour, Hong Kong. They found P. viridis to tolerate a high level of suspended
particulate matter (up to 1200 mg L™"). However, there were dose-dependent effects of

suspended particulate matter on the morphology of gill filaments [26].

2.4.1 Biomonitor

Green mussel is tolerated to the environment as well. So, many research uses it as
biomonitor. Green mussel samples were bioindicators for organochlorine pesticides of the
water quality in coastal waters along the Gulf of Thailand. The pest control chemical has
produced its share of pesticide poisonings and wider environmental contamination,
especially in the agricultural sector [27]. An estimation of the activities of glucose-6-
phosphate dehydrogenase (G6PDH) and lactate dehydrogenase (LDH) in the adductor
muscles of the mussels showed a significant, negative correlation with ambient
dissolved oxygen (DO) levels [28].

Heavy metals are toxic to aquatic organisms. Copper- and mercury-exposed
mussels showed increased oxygen consumption and ammonia excretion rates. The
increased oxygen consumption is indicative of an increased energy requirement,

while increased ammonia excretion is indicative of increased protein catabolism.
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Inhibition of respiration by Cd has been attributed to mucus production because it
reduces the efficiency of gaseous exchange [29 - 31].

Various antifouling biocides were surveyed in sediment and green mussels from
the coastal area of Thailand. The concentrations of butyltin (MBT), dibutyltin (DBT), and
tiributyltin (TBT) in sediment from Thailand were in the range of 1-293 ug kg™ dry wt.,
1-368 pg kg dry wt., and 2—-1246 pg kg’ dry wt., respectively. The concentrations of
MBT, DBT, and TBT in green mussels from Thailand were in the range of 8-20 pg kg™’
wet wt., 4-9 pg kg wet wt., and 4-45 pg kg wet wt., respectively. It is indicated that
the water quality in the gulf of Thailand is good [32 - 33].

Diarrhetic Shellfish Poisoning (DSP) is a human seafood poisoning caused by
eating shellfish contaminated with okadaic acid. Low concentrations of okadaic acid, 6
isomers of okadaic acid, and 5 isomers of dinophysis-toxin-1 (DTX-1) were detected
from green mussels from 3 sites in the Johor Strait, and Singapore, between October
1995 and December 1997. The highest concentration of any single DSP toxin detected
from Singapore shellfish was 97 ng g mussel digestive tissue (wet weight) of an isomer
of DTX-1 (DTX-la). The maximum concentration of okadaic acid detected was 24 ng g
digestive tissue. These concentrations are well below the generally recommended limit of

consumption of DSP toxins for humans (~1 pg toxin g digestive tissue) [34].
2.5 Optical microscopy

2.5.1 Bright Field Microscopy

In Bright field microscopy, it is able to see objects in the light path because the
natural pigmentation or stains absorb light differently, or because they are thick enough
to absorb a significant amount of light despite being colorless. The condenser is used to
focus light on the specimen through an opening in the stage. After passing through the
specimen, the light is displayed in the eye with an apparent field that is much larger than
the area illuminated. A disadvantage of having to rely solely on an aperture diaphragm

for contrast is that beyond an optimum point the more contrast you produce the more you
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distort the image. With a small, unstained, unpigmented specimen, you are usually past

optimum contrast when you begin to see the image.

2.5.2 Dark field microscopy

To view a specimen in a dark field, an opaque disc is placed underneath the
condenser lens, so that only light that is scattered by objects on the slide can reach the eye
(Figure 2.9). Instead of coming up through the specimen, the light is reflected by particles
on the slide. Everything is visible regardless of color, usually bright white against a dark
background. Pigmented objects are often seen in false colors, that is, the reflected light is
of a color different than the color of the object. Better resolution can be obtained using

dark field as opposed to bright field viewing. [35]

Figure 2.9 Schematic drawing optical microscope of dark field microscopy.
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2.6 Infrared Spectroscopy

Infrared spectroscopy is an analytical technique for chemical identification. It is
based on the fact that different chemical contains functional groups that absorb infrared
light at different wavelengths dependent upon the nature of the particular functional
group. Currently, there are several techniques for obtaining infrared spectra of samples.
Each has its own unique advantages and disadvantages for optimizing the quality of the
observed spectrum. As a result, FT-IR spectroscopy gains popularity in calcium
carbonate characterization due to the direct relationship between spectral features. (i.e.,
chemical composition, structure and additives). There are many sampling techniques in

FT-IR spectroscopy.
2.6.1 Diffuse Reflectance technique

Recently, the diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) sampling technique has gained popularity for the study of powders, solids, and
species adsorbed on solids. The theory related to DRIFTS is based on incident radiation
with a sample being scattering in all directions or the process which the angle of
reflection is different from the angle of incidence. The scattered radiation from the
sample yields the spectrum that looks very similar to the transmission spectrum of the
same sample. However, the relative intensities of the absorption bands are different. The
resulting spectrum can be expressed in term of Kubelka-Munk (K-M) unit. The Kubelka-
Munk function is defined by the following expression (36):

) ( ) ls .0 ac

where R is the absolute reflectance of the layer, S is the scattering coefficient, C is the
concentration of the sample, and K is related to the particle size and molar absorptivity of

the sample by k s/ .0 e. The theory predicts a linear relationship between the molar



18

absorption coefficient and the maximum value of f( ) for each peak if the scattering
coefficient, s, is a constant. The scattering coefficient is dependent on the particle size

and must be constant in order to obtain quantitative results.

2.7 Raman spectroscopy

2.7.1 Theory

Raman scattering explains incident radiation of frequency (vo). Incident radiation
of frequency is considered as the stream of particles (protons) undergoing collision with
molecules. If the collision was perfectly elastic, there will be any exchanges of energy
between the photons and the molecule which will be exchanged of energy between the
two if the collision was inelastic. A molecule can gain or lose energy which is equal to
the energy difference (AE) between any two of its allowed states. If molecule gain
energy, the scattered photons will have energy vj - vy, where v, /h (Stoke scattering)
and if it loses energy, the scattered photon will have energy v, + v, (anti-Stokes
scattering). Most of the molecules of the system, however, return to the original state
from the virtual state giving the Rayleigh scatter. The vibrational spectroscopies provide
key information about the molecular structure or determine the chemical identify of the

sample.

2.7.2 Raman spectroscopy

Raman spectroscopy is the light scattering technique that is collected the spectrum
to place a sample into the excitation beam and collects the scattered light. Raman
spectroscopy has major advantages over other analytical techniques. This technique is
non-destructive; it is no need to dissolve solids, press pellets, compress the sample
against optical elements or otherwise alter the physical or chemical structure of a sample.
Thus, Raman spectroscopy has been used extensively for analysis of physical properties

such as crystallinity, phase transitions and polymorphs.
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Basics of Raman spectrometer are divided into two technologies for collection of
the spectra: dispersive Raman and Fourier transform Raman spectrometers. Each

technique has unique advantages and is ideally suited to specific analyses.

2.7.3 Dispersive Raman spectroscopy

Dispersive Raman spectrometer is used to measure the wavelength and intensity
of inelastically-scattered light which is used visible lasers, the grating and charge coupled
detectors (CCD) to collect data. Dispersive Raman spectroscopy usually employs visible
lasers radiation of typical laser wavelengths of 780 nm, 633 nm, 532 nm and 473 nm
although others are common. One advantage of using shorter wavelength laser is the
enhancement in the Raman scattering. Efficiency of Raman scattering is proportional to
1/2*. So there is a strong enhancement as the excitation laser wavelength becomes
shorter. Instrument throughput and sensitivity required the using single grating for more
than one laser wavelength or more than one resolution. The grating should be specifically
matched to the laser and experimental conditions.

For dispersive Raman used the CCDs commonly are silicon devices with very
high sensitivity. The detecting surface of the CCD in two dimentional arrays of light
sensitive elements is called pixels. Each pixel acts as the individual detector, so each

dispersed wavelength is detected by a different pixel.

2.7.4 Raman Microscope

Raman spectroscopy with a microscope has the advantage on the couple of the
strength with the flexibility, allowing the analysis of very small samples. The aim of
microscopy is to analyze the smallest samples and distinguish the substance of interest
from its surroundings as spatial resolution in microscopy. The highest spatial resolution is

attained by using small pinholes or apertures somewhere in the microscope. To reach
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higher resolution, it is necessary to use smaller apertures. When light passes through this
smaller aperture, diffraction becomes the limiting factor. Therefore, the spatial resolution
is limited by diffraction limit of laser though objective as shown by the following

equation:

n.a.

where n.a, is the numerical aperture of the collection optics, is the wavelength of the

radiation and D is the diameter of collimated beam.

2.8 Scanning electron microscope

Scanning electron microscope (SEM) is widely used for observation and
characterization of materials on a nanometer to micrometer scale. The signal is generated
from an interaction between electron beam (e.g. secondary electron and backscattered
electron) and sample. Those signals are processed and displayed as imaging signal that
obtained from specific emission volumes of simple. The image signals from the
secondary and backscattered electron are of great interest because these primarily show
difference in the surface topography. Figure 2.10 shows electron column component of

SEM.
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Figure 2.10  Schematic drawing SEM of the column showing electron gun, lenses the

electron deflection, and electron detector.



CHAPTER 111

EXPERIMENTAL SECTION

In this research, the preparation of pearlescent flakes from wasted green mussel
shell and increase pearlescent color. The pearlescent color was acquired by optical
microscope. The molecular conformation of green mussel shell and pearlescent was
investigated by Fourier Transform Infrared spectroscopy (FT-IR) and Raman
spectroscopy. The structure of green mussel shell and pearlescent flakes was observed by

Scanning electron microscopy (SEM).

3.1 Materials

1. Green mussel shell from Samutsongkram, Gulf of Thailand.
2. Sodium hydroxide (NaOH) was purchased from CARLO ERBA reagents,
Thailand.

3. Potassium hydroxide (KOH) was purchased from CARLO ERBA
reagents, Thailand.

4. Hydrochloric acid (HCl) was purchased from CARLO ERBA reagents,
Thailand.

5. Hydrogen peroxide (H,O;) was purchased from Merck KGaA, Thailand.

6. Deionized (DI) water.
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3.2 Experimental section

3.2.1 Preparation of pearlescent flakes : alkaline and thermal treatment

Pearlescent flakes were prepared by using methods as follows:
(1) Two kinds of alkaline solution (NaOH and KOH) are used for the protein
degradation.
Getting started with NaOH solution, green mussel shells were boiled in 1.0
M NaOH at 80°C for 1 h. Then the shells are washed with DI water several times and
dried with room temperature.
Repeat the above procedure by using KOH instead of NaOH.
(2) The varying concentrations of alkaline solution are as follows: 0.1 M, 0.3
M, 0.5M, 0.7 M, and 1.0 M NaOH and/or KOH solution
3) Thermal treated by heating the shell in oven for 2 h and immersed them in
30 wt % H,O, for 24 h. Then the shells are washed with DI water and dried.
The varying temperatures of thermal treatment are as follows: 100°C,
200°C, 300°C, 400°C, 500°C, and 600°C
Repeat step 3 by varying at different concentration:
4) Varying the concentrations of H,O; are as follows: 10, 20, and 30 wt %
®)] Mesh sizing of the obtained flake with 20, 40, 100, and 200 meshes,

respectively.

3.2.2 Acidic treatment of pearlescent flakes

Acidic treatment of pearlescent flakes were treated by 0.5M HCI and washed with
DI water and dried.
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3.3 Characterization
3.3.1 Optical microscopy

The optical property of pearlescent flake was acquired by an optical microscope.
Pearlescent flake samples were dispersed in DI water and transferred to a glass slide. All

optical microscope images were taken with Axio Scope.Al Polarized Light Microscope

with AxioCam HRc camera.

3.3.1.1 Instrument

1. Axio Scope.Al Polarized Light Microscope
2.  AxioCam HRc

3.3.2 Fourier Transform Infrared spectroscopy (FT-IR)

The molecular conformation of green mussel shell and pearlescent was acquired
by Diffuse Reflectance Infrared Fourier Transform (DRIFT). All DRIFT spectra were
recorded in the frequency ranging from 500 — 4000 cm™” on Nicolet 6700 FT-IR
spectrometer with a deuterated triglycine sulfate (DTGS) detector at a resolution of 4 cm”
LAl samples were collected at 64 co-addition times. The shell samples were ground to

powder and fill in collector diffuse reflectance accessory.

3.3.2.1 Instrument

1. Nicolet 6700 FT-IR spectrometer equipped with a deuterated
triglycine sulfate (DTGS) detector.

2. Collector Diffuse Reflectance Accessory



25

3.3.1.2 Default Spectral Acquisition Parameter
Nicolet 6700 FT-IR Spectrometer

Instrument Setup

Source Standard Globar™™ Infrared Light Source
Detector DTGS
Beam splitter Ge-coated KBr

Acquisition Parameter

Spectral resolution 4 cm™
Number of scans 64 scans
Spectral format Absorbance

Mid-infrared range 4000 — 500 cm™
3.3.3 Raman spectroscopy

The molecular conformation of green mussel shell and pearlescent was acquired
by Raman spectroscopy. All Raman spectra were recorded in the frequency ranging from
150 t01500 cm” on DXR Raman spectrometer with Charge Coupled Device (CCD)

detector at a resolution of 2 cm™. All samples were collected at 32 co-addition times.

3.3.3.1 Instrument

DXR Raman Microscope

3.3.3.2 Default Spectral Acquisition Parameter

DXR Raman spectrometer

Instrument Setup
Spectrometer Visible Raman Microscope

Source Excitation source (Laser)
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Detector CCD

Laser polarization Parallel

Laser 532 nm

Grating 900lines/mm
Range 1500 — 150 cm™
Focusing objective 20X Long
Aperture size 150 pm x 150 pm
Spatial resolution I um

Acquisition Parameter
Laser power 10
Spectral resolution 2 cm’”
Number of scan 32 scans
Spectral format Intensity

Spectrograph aperture 25 pm pinhole

3.3.4 Scanning electron microscope (SEM)

The structure of green mussel shell and pearlescent flakes was acquired by SEM.
A shell and pearlescent flake samples were attached to a stainless steel stub through a
carbon tape. Scanning electron microscopy micrographs were recorded with a JEOL
6500A (analytical electron microscope) operated at 5 — 20 kV under high vacuum mode

using a secondary electron imaging (SEI).

3.3.4.1 Instrument
JEOL 6500A Scanning electron microscope with secondary
electron imaging (SEI)



Chapter IV

Results and Discussion

The shells of the green mussel and their products from each process were
studied by various techniques such as Fourier transform infrared spectroscopy
(FT-IR), Raman spectroscopy (Raman), optical microscope (OM), scanning electron

microscopy (SEM), as well as thermal gravimetric analysis (TGA).

4.1  The shells of the green mussel (Perma Viridis)

The composition of the shell can be divided into 2 parts which are the organic
compounds (e.g., protein, chitin, and periostracum) and calcium carbonate [37-38].
Each layer is stacked with each other as shown in Figure (4.1b) and (4.1c) for

protective covering of mollusc shells [5].

At the interface of the outer and the inner shell, both layers are connected to
each other by the spikes under periostracum, about 0.35 um in diameter and 14.01 um
interval as shown in Figure (4.1d), and holes over the outer shell, 0.38 um in diameter
and 14.29 pm interval as shown in Figure (4.1e). The connection between these two

layers is through physical action and can be separated easily.

The structure of the inner shell is constructed by aragonite calcium carbonate
and organic compound as the linkage between layers. The shell is constructed in
brick-and-mortar liked structure with 200 — 500 nm in thickness and 5 pm in size of

aragonite tile as shown in Figure (4.1f) and (4.1g).
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Figure 4.1 (a) Photograph of green mussel shell and SEM images of original green
mussel shells (b) outer surface, (c) cross section, and (d) inner surface
of the periostracum, (e) outer surface, (f) inner surface and (g) cross

section of the shell and the cross section diagram of the shell.

From Figure (4.2a), FT-IR spectrums at 1083 cm™ (symmetric stretching, v;),
856 cm™ ( out of plane bending, v,), 715 and 700 cm™ (in of plane bending, vs) were
characteristic signals of aragonite [39 — 42] and Raman spectrums in Figure (4.2b) at
1088 (v1), (706, 709) (vs), 209, and 156 cm™ (external lattice) were characteristic
signals of aragonite [42 - 44], these evidences confirmed that calcium carbonate in the

shells was aragonite.



Figure 4.2
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(a) FT-IR spectrum and (b) Raman spectrum of the green mussel shell.
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Table 4.1 Vibration mode of CO;? of aragonite and calcite CaCOs; [42- 44].

IR Raman
Mode

Aragonite Calcite Aragonite Calcite
Symmetric 1082 ] 1085 1087
stretching (v;)
Out of plane 859 875 853 847
bending (vy) (very small) (very small)
Asymmetric 1485 1426 1462 1437
stretching (v3) (low intensity) | (low intensity)
In plane 712,700 712 706, 709 715
bending (vs)

Table 4.2 TG data of CaCOs powder (Merck), original green mussel shell with

and without periostracum.

Protein content

Sample
(% weight)
CaCO; powder (Merck) -
Green mussel shell 6.9
Green mussel shell without periostracum 3.0
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Figure 4.3 TG curves of (a) CaCO; powder (Merck) (b) original green mussel

shell with and (c) without periostracum.

From TG curves in Figure 4.3, the original mussel shell with and without
periostracum showed a %weight loss at 200 — 300 °C of 6.9 and 3.0%. Accordingly,
at 600 — 800 °C, A %weight loses was 40% that transformed calcium carbonate
(CaCO:3) to calcium oxide (CaO). These results confirmed that the shell consisted of

7% protein and 93% calcium carbonate.

4.2  The preparation of pearlescent flakes from green mussel shell
4.2.1 Alkaline and Thermal treatment

The elimination of protein in green mussel shells could be done by boiling the
shells in alkaline solution. Using sodium hydroxide (NaOH) and potassium hydroxide
(KOH) in 1.0 M concentration boil at 80 °C for 1 h. The result of both alkaline
solutions, they could completely digest the periostracum from the shells and the shells

remained the same shape. Moreover, the increment of luster at the inside of the shell

could be observed as shown in Figure 4.4.
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Figure 4.4  Photographs of green mussel shells after boiling in 1.0 M alkaline
solution at 80 °C for 1 h (a) NaOH and (b) KOH.

The pearlescent phenomena are attributed to the scattering and refracting of
light on the surface of the shell. The aragonite layer has a refractive index of 1.6 [45]
and protein had a refractive index of 1.5 [46], when the incident light passes through
the different refractive index medium, it scatters out in many angles and produces
pearlescent phenomena. After removing the protein from the shell, the protein is
replaced by air which has a refractive index of 1.0 and made the aragonite/air
refractive index has more different than aragonite/protein, so, the pearlescent

phenomena occurs better and more clearly.

According to the result, two types of alkaline solution produced the same
outcome. So, the only KOH solution was used in subsequent steps because the
product of the reaction between KOH and protein could be used as a fertilizer and it
was also environmentally friendly. Boiling the shells at 80 °C for 1 h and varying the
concentration of KOH solution 0.1, 0.3, 0.5, 0.7 and 1.0 M. The result at 0.1 M KOH,
the periostracum still left on the shells, at 0.3 M KOH, most of the periostracum was
eliminated and at 0.5 — 1.0 M KOH, all the periostracum was removed, as shown in

Figure 4.5.
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Photographs of (a) green mussel shells and shells after boiling in

alkaline solutions at 80°C for 1 h, varying KOH concentration as

follows: (b) 0.1, (¢) 0.3, (d) 0.5, (e) 0.7, and (f) 1.0 M.

From the results, the most suitable concentration for the experiment was 0.5 M

KOH, the alkaline solution could digest all the periostracum. From TG curves, protein

content of alkaline treated shell was similar to shell without periostracum (3.0 wt%)

(Figure 4.6). This evidence indicated that alkaline treatment did not remove

interlamellar organic compound. So, this compound was eliminated by thermal

treatment.
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The boiled shells were thermal treated at various temperatures, 100 °C, 200
°C, 300 °C, 400 °C, 500 °C, and 600 °C for 2 h and then, soaked in 30 wt% hydrogen
peroxide solution (H,O;) for 24 h in order to remove the organic compound inside the
shell. Figure 4.7 was final products of thermal treatment and H,O, treatment. The
treated shells from 100 - 300 °C were observed pearlescent phenomena. On the other
hand, Treated shells from 400 — 600 °C did not show pearlescent property but had
black color of burn organic compound. The treated shells from 100 °C still remained
the big pieces. This may cause by the remaining protein that hold the structure

together.

Figure 4.7  Photographs of the shells after processes, boiled in 0.5 M KOH at 80°C
for 1 h, thermal treated at (a) 100 °C, (b) 200 °C, (c) 300 °C, (d) 400
°C, (e) 500 °C, and (f) 600 °C for 2 h and soaked in 30 wt% H,O, for
24 h.
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a) Green mussel shell

b) Thermal treatment 100°C

¢) Themal treatment 200°C
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FT-IR spectrum of (a) green mussel shells and shells after boiling in

0.5 M KOH at 80 °C for 1 h, thermal treated at (b) 100 °C, (c) 200 °C,
(d) 300 °C, (e) 400 °C, (f) 500 °C, and (g) 600 °C for 2 h and soaked in

30 wt% H,O, for 24 h.

From FT-IR spectrum, green mussel shell after thermal treatment at 100 — 300

°C has a single band at 1083 (v;), 856 (v,), and double bands 715 and 700 cm™ (vs).

These results indicated the signature of calcium carbonate in the aragonite form [42 -
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44]. When the thermal treatment temperature increased to 400 °C, calcium carbonate
in aragonite form was transformed to calcite form. As out of plane bending, v, was
shifted to 873 cm™ and double band of in plane bending, vs was changed to single

band at 713 cm™, aragonite was completely transformed to calcite.

a) Green mussel shell

b) Thermal treatment 100°C

¢) Thermal treatment 200°C

d) Thermal treatment 300°C

€) Thermal treatment 400°C

Raman intensity (cps)

f) Thermal treatment 500°C

£) Thermal treatment 600°C

! |
2000 1500 1000 500

Raman shift (cm™)

Figure 4.9  Raman spectrum of shells (a) after boiling in 0.5 M KOH at 80 °C for 1
h, and thermal treated at (b) 100°C, (c) 200°C, (d) 300°C, (e) 400°C,
() 500°C, and (g) 600 °C for 2 h and soaked in 30 wt% H,O, for 24 h.
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From a Raman spectrum of each calcium carbonate after thermal treatment at
various temperatures were harmonized with the FT-IR results. At 300 — 600 °C, there
were 1600 and 1350 cm’ signals which were disordered carbon
(D band) and graphitic carbon (G band) [47], respectively. The intensity of these
signals comparison with the signal at 1088 cm™ (v;) was high and even higher at 500
°C. At 600 °C the two carbon signals had lower intensity, this result might describe as
the organic compound in the shell had changed into carbon dioxide (CO,). So, the
thermal treatment at 200 °C was suitable temperature where the most protein was

removed and gave the white aragonite pearlescent flakes.

The shells were thermal treated at 200 °C for 2 h, soaked in 10 — 30 wt% H,0,
solution for 24 h, and then got the pearlescent flakes, after that, cleaned the
pearlescent flakes and size the flakes selected by grating, 20, 40, 100, 200 mesh,

channels per inch square, and weighed the finished flakes of each mesh.

From Figure 4.10, the higher the concentration of H,O,, the smaller the size of
calcium carbonate were increased. At 30 wt% H,0,, getting the smallest calcium

carbonate, so, this was the most suitable concentration to make pearlescent flakes.

Figure 4.10 Graph % weight of size calcium carbonate at >20, 20-40, 40-100,
100-200 mesh and < 200 mesh after soaking in 10 — 30 wt% H,0, .
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From optical microscope images of pearlescent flakes in bright field mode, the
pearlescent color was clearly seen, this could be described by the scattering effect of
light but in the dark field mode it seemed to be the transparent color. The flakes
between 20 — 40 mesh had size around 0.5 — 1 c¢cm, between 40 — 100 mesh had size
around 200 — 500 pum, between 100 - 200 mesh had size around 50 — 100 pm and
calcium carbonate powder that smaller than 200 mesh had size around 15 — 50 pm,

the size of pearlescent flakes could be controlled by the size of the mesh.

Figure 4.11 Optical microscope images of pearlescent flakes in bright field and
dark field mode of (a) and (b) 200 — 500 pm, (c) and (d) 50 — 100 pm,
(e) and (f) 15 — 50 pum.
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SEM images of pearlescent flake shown stratified layers of aragonite calcium

carbonate. The pearlescent flakes had aspect ratio of 10:1.

Figure 4.12 SEM images of pearlescent flakes (a) and (b) 200 — 500 pm, (c¢) and (d)
50 — 100 pum, (e) and (f) 15 — 50 pm.
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Figure 4.13 TG curves of pearlescent flakes (a) 200 — 500 um, (b) 50 -100 um, and

(c) 15—=50 pm.

Table 4.3 TG information of pearlescent flakes 200 — 500 pm, 50 -100 um, and

15—-50 um

Sample

Protein content

(% weight)

Pearlescent flakes 200 — 500 pm 2.2
Pearlescent flakes 50 — 100 pm 2.1
Pearlescent flakes 15 — 50 pm 2.2

From TG results, shells were thermal treated at 200 °C and soaked in 30 wt%

H,0O, for 24 h which eliminated organic compound binding in structure. The shells

were dispersed to pearlescent flake, small flakes were observed pearlescent color.

Every size of pearlescent flakes contained protein at 2.2 wt%—it means that this

amount of protein has blended in every aragonite tile, not interlamellar aragonite

layers. The evidence of this phenomenon is the TG results of pearlescent powder (15 -

50 um), which is single plates of aragonite, that has the close amount of protein

compared to those in the bigger pearlescent flakes (200 — 500 um).

BAlleAlB

106



41

4.2.2 Thermal treatment

In alkaline and thermal treatment, there are 2 steps for digestion of organic
compounds. Alkaline treatment could be removed only the periostracum. Due to
thermal treatment eliminated interlamellar protein, so this treatment might be
destroyed periostracum at the same time. This process was getting started with
thermal treatment the shell at various temperatures and soaked in 30 wt% H,O,, then,

characterize by FT-IR and Raman spectroscopy.

The treated shells from 100 - 300 °C were observed pearlescent phenomena.
Due to treated shells from 400 — 600 °C did not show pearlescent property but had
black color of burn organic compound. These evidences were similar to alkaline and

thermal treatment but the periostracum removal of this process was difficult to clean.

Figure 4.14 Photographs of calcined green mussel shells at (a) 100 °C, (b) 200 °C,
(c) 300 °C, (d) 400 °C, (e) 500 °C, and (f) 600 °C for 2 h, and soaked
in 30 wt% H,0O, for 24 h.



42

From FT-IR, the thermal treated shell at 400 °C, calcium carbonate in
aragonite form was completely transformed to calcite form. As v, was shifted to 873

cm™ and double band of v, was changed to single band at 713 cm™.

a) Green mussel shell

T SNy

b) Thermal treatment 100°C

¢) Thermal treatment 200°C

d) Thermal treatment 300°C
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Figure 4.15 FT-IR spectrum of green mussel shells after calcined at (a) 100 °C,
(b) 200 °C, (c) 300 °C, (d) 400 °C, (e) 500 °C, and (f) 600 °C for 2 h,
and soaked in 30 wt% H,O, for 24 h.
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a) Green mussel shell

b) Thermal treatment 100°C

¢) Thermal treatment 200°C
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Figure 4.16 Raman spectrum of green mussel shells after calcined at (a) 100 °C,
(b) 200 °C, (c) 300 °C, (d) 400 °C, (e) 500 °C, and (f) 600 °C for 2 h,
and soaked in 30 wt% H,O, for 24 h.

From Raman spectrum, this method gives the same results as the first method.
Moreover, thermal treated at 300 °C was observed D and G bands of carbon specie at

1600 and 1350 cm™ because periostracum was unremoved and burned. It concluded
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that thermal treatment eliminated both of periostracum and interlamellar protein at the

same time.

Figure 4.17 Optical microscope images of pearlescent flakes in bright field and
dark field mode (a) and b) 200 — 500 um, (c) and (d) 50 -100 um, and
(e) and (f) 15— 50 pum.

Pearlescent flakes form this method had less thickness than that from the first
method. For example, pearlescent flakes from alkaline and thermal treatment were 50
um width that thickness is 50 pm, and an aspect ratio (diameter per thickness) of 1:1.
Due to, pearlescent flakes from only thermal treatment with the same width (50 pm)
the thickness was 5 pm with aspect ratio of 10:1. The developed processes were high

quality flakes and reduced cost.
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Figure 4.18 SEM images of pearlescent flakes (a) and (b) 200 — 500 um, (c) and (d)
50 -100 pm, (e) and (f) 15— 50 pm.

Table 4.4 Advantages and disadvantages between 2 methods.

Alkaline and

thermal treatment

Thermal treatment

Numbers of Steps 4 3
Ease of Washing Yes No
Aspect ratio

) ) 1:1 10:1
(diameter-to-thick)
Sparking Yes Yes
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4.3  An acidic treatment of pearlescent flakes

The pearlescent flakes form the first method had the problem of smaller
calcium carbonate attach to the surface which could not be removed, led to less
reflection of light, thus, to fix this problem was to use acidic treatment, 0.5 M HCI, to

dissolve the smaller calcium carbonate on the surface.

Figure 4.19 Optical microscope images of (a), (c), (¢) pearlescent flakes before and
(b), (d), (f) after acidic treatment of 200 — 500 pm, 50 -100 um, and
15 — 50 um, respectively.

Acidic treated pearlescent flakes surface was cleaner than no treated
pearlescent flakes because no smaller calcium carbonate was on the surface, yield in

more light reflection and more beautiful.



Table 4.5

commercial pearlescent pigments (mica).
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Comparisons of pearlescent flakes from green mussel shells and

Pearlescent flakes from

green mussel shell

Pearlescent pigment from

mica

Producing processes

Not complicated

Complicated

Small machines, readily

Bigger machines,

Machines

available specifically
Prodiction Costs Low Hight
Price Low High
Sparkling Yes Yes

4.4  Application of pearlescent flakes

Pearlescent flakes in the range of 15 — 50 and 50 -100 pm are suitable

shimmer for cosmetics, and paint. For example, pearlescent flakes were mixed in

cosmetic replaced mica shimmer. (e.g. powder, brush on, and eye shadow)
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Figure 4.20 Photographs and optical microscope images of bright field and dark
field of (a), (b), and (c) press powder, (e), (f), and (g) brush on, and (h),
(i), and (j) eye shadow which were mixed pearlescent flakes from green

mussel shell.



CHAPTER V
CONCLUSION

In conclusion, the objective of this research, i.e. preparation of pearlescent flakes
from wasted green mussel shell, is achieved. The process included thermal treatment at
200 °C for 2 h, soaked with 30 wt% H,0O, solutions for 24 h, washed with deionized
water, size selected by mesh, and acidic treatment with diluted hydrochloric acid. The
interlamellar protein can be eliminated by thermal and H,O, treatments. Our pearlescent
flakes consist of hundreds of aragonite calcium carbonate layers. The aragonite calcium
carbonate in each layer is about 5 pm width and 200 — 500 nm thickness with aspect ratio
of 10:1. The size of pearlescent flakes can be controlled by the size of the mesh e.g.,
15 — 50 um, 50 — 100 pm, and 200 — 500 um. The wasted green mussel shells can be
obtained by using processes proposed in the research. The pearlescent flakes production
is simple, and environmentally friendly. These pearlescent flakes are applicable as
shimmers for cosmetics, additives for automotive paints, and decorative items.

From our research we may claim that under the support from the Thai
government, this research work will be a part of the contribution in promoting the

prosperity of Thai economy parallel to the AEC upcoming protocols.
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