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PANUWAT PAKDEECHOTE : PREPARATION OF HIGH DENSITY
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ASST. PROF. WIMONLAK SUTAPUN, Ph.D., 132P.

CHICKEN EGGSHELL/HIGH DENSITY POLYETHYLENE/HDPE/EGSHELL
POWDER/ESP/HEAT-TREATED EGGSHELL POWDER/

COMPATIBILIZATION

In this thesis, eggshell powder, heat-treated eggshnd high density
polyethylene filled with eggshell powder and heatted eggshell powder were
prepared. For preparing heat-treated eggshell, efifiect of treatment time and
temperature was investigated. The heat-treateshetjgvas prepared at temperature
of 650°C, 670C, 770C, and 800C at various treatment times. For eggshell powder
filled high density polyethylene, the effect of ebgll powder content and particle
size, and compatibilization on rheological, thernaad mechanical properties of high
density polyethylene composites were studied. Heat-treated eggshell powder filled
high density polyethylene, the effect of heat-eeateggshell powder content and
compatibilization on those properties were inveded. The filled high density
polyethylene was prepared at filler contents of 2@, 30, and 40 wt%. The patrticle
size (Byo) of eggshell powder was 17m and 14.4um. The Dy of heat-treated
eggshell powder was 4.p6m. The eggshell powder with 49 of 14.4 ym was
employed for preparing the uncompatibilized and patibilized high density

polyethylene composites at 40 wt% eggshell powdBne compatibilized high density



polyethylene composites at 40 wt% heat-treatedrediigpowder were also prepared.
Maleic anhydride graftetligh density polyethylene (HDPE-g-MAH) at 2 wt% hig
density polyethylene was used as compatibilizer.

It was found that the eggshell used in this stusiypgrised calcium carbonate
about 95 wt% in calcite crystal form\With increasing treatment time and temperature,
calcium carbonate deposited in eggshell was inorglgstransformed to calcium
oxide and finally turned into calcium hydroxideesfatmospheric exposure. The eggshell
treated at 80 for 3 h was used to prepared high density pojjette composite.
The heat-treated eggshell powder consisted ofwaltiydroxide as main component.

For high density polyethylene compaosite, the apmashear viscosity was
increased with increasing eggshell powder contdime thermal stability of high density
polyethylene was not affected by increasing eggglo@der content. Young's modulus,
flexural modulus, and heat distortion temperatur€mnposites were increased but
yield strength, elongation at break, and impacergth of the composites were
decreased with increasing eggshell powder contéetisile stress at break and flexural
strength of the composites were not significantffeaded by increasing eggshell
powder content. Hardness of the composites wgistlglincreased with increasing ESP
content.

The reduction of particle size of eggshell powdent Dsp of 17.3um to Dy of
14.4 uym did not much affect apparent shear viscosity,rntla¢ stability, and
mechanical properties of composites.

The rheological, thermal, and mechanical properiesompatibilized high
density polyethylene composites with 2 wt% HDPE-gtwere not much different

from uncompatibilized HDPE composites.



For high density polyethylene filled with heat-tie@ eggshell powder, the
apparent shear viscosity was increased with inocrgdseat-treated eggshell powder
content. The thermal stability of high density ysthylene insignificantly increased
with increasing heat-treated eggshell powder cant¥oung’s modulus, tensile stress
at break, flexural modulus, flexural strength, ameat distortion temperature of
composites were increased with increasing heateleaggshell powder content. The
hardness of the composites was slightly increaséti wcreasing heat-treated
eggshell powder. Elongation at break and impaength of the composites were
decreased but yield strength of the compositesneasffected with increasing heat-
treated eggshell powder content.

The rheological, thermal, tensile, flexural, anddmess of compatibilized high
density polyethylene composites were insignificahinge comparing to those of
uncompatibilized high density polyethylene compesit However, impact strength of

the composites was improved by compatibilizatiothwADPE-g-MAH.
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CHAPTER

INTRODUCTION

1.1 Introduction

Nowadays, plastic materials play an important roleaily life as packaging
for food, bottles, grocery sacks, pails, tight-headls, toys, crates, pallets, wire and
cable insulation, pipe (diameter more than 1 cmdl, tabing (diameter less than 1 cm)
(Benham and McDaniel, 2003; Peacock, 2000). Madastigs are usually composed
of at least one or more of the other substancels asdillers and additives (Rosen,
1993; Saravari, 2003).

Fillers have been used since the early times dftiplandustry. However,
fillers have been significantly developed just iretlast 30 years (Houssa, 2003).
They might be either organic or inorganic compoundse fillers for plastics were
divided into two groups according to their functdity : inactive (extender) fillers
and active (functional) fillers (Hohenberger, 2001The inactive fillers are used
mainly for cost reduction whereas the active fileause specific improvements in
certain degree of mechanical properties or othgsiphl properties (Silva et al., 2002,
Hohenberger, 2001). The functional fillers causamgincrease of tensile strength of
polymer were often referred to as reinforcing fal¢Saravari, 2003). The commonly
used fillers in plastic industry are calcium carata mica, talc, kaolin, wollastonite,
asbestos, silica, zinc oxide, aluminium hydroxidkimina trihydrate, carbon black,
wood flour, wood pulp, and starch (Saravari, 2003¥er 90 wt% of plastic fillers are

employed in the following polymer : polyvinyl chide (PVC), polyethylene (PE),



polypropylene (PP), rubber, and unsaturated paye@P) (Hohenberger, 2001;
Houssa, 2003; Saravari, 2003).

High density polyethylene (HDPE), semi-crystalling,the most important
commodity polymers widely used throughout the wofBenham and McDaniel,
2003). The major commercial plastic of the wonhdl & hailand is illustrated in Table
1.1. Polyethylene (PE) is consumed more than olypes are. In Thailand, the
consumption of PE is in the same trend as the wwadliel consumption. For HDPE, it
is used as packaging and transportation equipnseitis as food containers, crates,
pallets and tight-head pails owing to its supemstiffness and low permeability

(Peacock, 2000).

Table 1.1 Worldwide and Thailand usage of the most commoresypf polymer

(Benham and McDaniel, 2003; Petroleum Institut@ lediiland, 2009).

Polymer type World usage Thailand usage
(Wt%) (Wt%)

PE (LDPE, EVA, LLDPE, and HDPE) 40.3 25
polypropylene 21.9 21
Polyvinyl chloride 211 10
Polystyrene 11.6 5
ABS/SAN 5.1 3
Others - 36

Total 100 100




Among mineral fillers, calcium carbonate (Cagf@lays an important role as
reinforcing filler for thermoplastic. There aredviypes of CaCe@: ground CaC@
(GCC) and precipitated CaG@PCC). Fine GCC is consumed as six times of PCC
(Carr and Frederick, 2004). It was one of theefdl mostly used for HDPE
(Phueakbuakhao, Prissanaroon-Ouajai, and Kreuar@ukmaol, 2008). The commercial
CaCQ is normally derived from sedimentary rocks. Thesdimentary rocks are not
easily renewable. Therefore, new source for CaSQessential in the near future.
One of the alternative sources of Ca0® eggshell (ES) which normally contains

CaCQof 95 wt%.

1.2 Statement of motivation

Chicken eggshell has been reported that its megonponent, as much as
95%, is CaC@with crystal form of calcite and an organic of 3vB% (Hinckeet al,
2000). The chicken ES is not extensively utilizeden though it is a calcium
carbonate-rich material. It is always discardechasaste material. In general, the
waste ES is mainly produced from food processingl #atchery industries.
In Thailand, Ministry of Agricultural and Coopenatis, Center for Agricultural
Information reported that 9,786,808,273 chickenseggre produced in 2010. They
accounts for 587,208 tons of eggshell based on aD#e total weight (ca. 60 g) of
egg (Stadelman, 2000; Tsai et al., 2006). It igoad CaCQ@ source because it
contains 95 wt% calcite which is closed to the fyuaf CaCQ used as filler for
HDPE. In present, the awareness of enviromentglaogh and environmental
sustainability has an extensive increase from s¢veectors. The utilization of

chicken eggshell in polymer industry may providgraat benefit of environmental



sustaining due to its renewable resource and rieatuof energy consumed for waste
disposal. In this work, two methods was used &pare filler from eggshell. First, it
was prepared as eggshell powder (ESP) without raayntent. Secondly, the eggshell
was thermally treated for removing organic substancThe ESP and heat-treated
eggshell powder (HT-ESP) were then furthur usegrepare ESP/HDPE and HT-

ESP/HDPE composites.

1.3 Research objectives

The main purposes of this research are as follows :

(i) To prepare ESP and HT-ESP from chicken eggshell.

(i) To study the effect of time and temperature of headtment on
chemical composition of heat-treated eggshell (F8)-E

(i) To study the effect of ESP and HT-ESP conteats rheological,
thermal, mechanical, and morphological propertids tlee HDPE
composites.

(i) To study the effect of particle size of ESP oheological, thermal,
mechanical, and morphological properties of ESP/HBBmMposites.

(iv) To investigate the effect of a compatibilizen rheological, thermal,

mechanical, and morphological properties of the HR@Bmposites.



1.4 Scopeand limitation of theresearch

Chicken ES was prepared into two forms : ESP andElSP. In order to
obtain HT-ESP, the ES was treated at 650°C fo206and 24 h, at 670°C for 12 and
16 h, at 770°C for 4 and 6 h, and at 800°C for, 3l 5 h.

The chemical compositions of ESP and HT-ESP weterehned using X-ray
fluorescence (XRF) spectrometer. The crystal famESP and HT-ESP were
determined using the X-ray diffractometer (XRD)heTdecomposition temperature
and weight loss of eggshell, ESP, HT-ESP, and cawialeCaCQ, were monitored
by thermogravimetric analyzer (TGA). Particle saed size distribution of ESP,
HT-ESP, and commercial CaGQOwvere measured using particle size analyzer.
In addition, particle morphology of ESP, HT-ESP.dacommercial CaC® was
investigated by scanning electron microscope (SEM).

The composites of HDPE were prepared with varioostents of ESP,
HT-ESP, and CaC$ 10, 20, 30, and 40 wt%. Two different particdages of ESP
were used for preparing the HDPE composites. HBPRESP, and commercial
CaCQ were sieved using mesh no 325 sieve (g 45 pumjrasth no. sieve 230 (g 63
pm). Furthermore, ESP was sieved using mesh nsig0@ (g 25 um) and mesh no
450 sieve (g 32 um). The effect of particle sizzsvgtudied only on ESP/HDPE
composites at the content of ESP having the besthamécal properties.
HDPE-g-MAH of 2 wt% of HDPE was used to prepare patibilized ESP/HDPE

and HT-ESP/HDPE composites.



Rheological, mechanical, thermal, and morphologicatoperties of
ESP/HDPE, HT-ESP/HDPE, and compatibilized ESP/HDd&te HT-ESP/HDPE
composites were determined. For mechanical pregertensile, flexural, impact,
hardness, and heat distortion were tested. Thelatpe of the composites was
determined via a capillary rheometer and a mel filodexer. Thermal decomposition
of the composites was monitored using TGA. Cnrastiured surface of the

composites was examined by SEM.



CHAPTER Il

LITERATURE REVIEW

2.1 Calcium carbonate (CaCQ)

2.1.1 Crystalline forms

Three crystalline forms of CaGQoccurring in nature are calcite,
aragonite, and vaterite (Kitamura, Konno, Yasuid avlasuoka, 2002; Montes-
Hernandez, Renard, Geoffroy, Charlet, and Pirorki)7; Tai and Chen, 2008).
Aragonite and vaterite are less stable than calciteler ambient temperature and
atmospheric pressure (Kitamura et al., 2002; Tdi@hen, 2008) whereas vaterite is
least stable (Tai and Chen, 2008). Vaterite islyafound under geological
conditions but it is found during high temperatprecipitation of CaC@(Carr and
Frederick, 2004). Aragonite and vaterite readignsform into calcite by heating
(Montes-Hernandez et al., 2007; Wypych, 2000). cialhas a specific gravity of
2.60-2.75 and a hardness of 3.0 on the Mohs’ swéte rhombohedral form as the
most widespread crystal system. Aragonite is ohtimbic crystal system having a
specific gravity of 2.92-2.94 and a hardness of8B®Gon the Mohs’scale (Carr and

Frederick, 2004). Figure 2.1 shows the crystahfof calcite and aragonite.



Figure 2.1 Crystal forms of calcite (a) and aragonite (b)

(http://fen.wikipedia.org/wiki/Calen_carbonate).

2.1.2 Types of CaCQ@

CaCQ is the most common deposit formed in sedimentaigkso
which compose primarily of calcite crystal (Wypyc2000; Xanthos, 2005). The
sedimentary rocks are, for instance, chalk and diovee. There are two types of
CaCQ used as filler for polymeric material : ground CRJGCC) and precipitated
CaCQ (PCCQ).

2.1.2.1 Ground calcium carbonate (GCC)

The commercial grades of GCC are commonly proddicad
chalk, limestone, or marble (metamorphic rocks) rCand Frederick, 2004;
Hohenberger, 2001; Xanthos, 2005). More than 90% e CaCQ used in plastics
industry is GCC (Xanthos, 2005). Calcite is thesmcommon crystal system for
GCC. Chemical composition of commercial GCC gradasiprises CaCfas the

major composition (94-99%), MgGCas major impurity, and alumina, iron oxide,



silica, or manganese oxide as the minor impuritgr(®kos, 2005). GCC has a density
of 2.7 glcni with a hardness of 3 mohs which means less alarasiprocessing
equipments (Hohenberger, 2001; Houssa, 2003). @i@Ca particle size (B) range
of 0.8-5 um and whiteness of 85-95% (Saravari, 2003ormally used as filler in
plastic industry (Houssa, 2003).

2.1.2.2 Precipitated calcium carbonate (PCC)

PCC can be produced in three crystal forms,tealaragonite,
and vaterite (Lazzeri et al.,, 2005). In most PC@ganite is the crystal system
predominantly produced (Carr and Frederick, 200dhéhberger, 2001). However,
the calcite crystal form is most commonly used laspc industry(Lazzeri et al.,
2005). Chemical composition of PCC is roughly shene as of GCC (Hohenberger,
2001). However, PCC has Cag@Content of 98-99%, is purer than GCC, and is
lower in silica and lead content (Xanthos, 20063. other properties are very similar
to GCC (Hohenberger, 2001; Xanthos, 2005). Thégharsize of PCC is in a range
of 1-10 um for using in plastics industry (httpww.specialtyminerals.com/our-
minerals/what-is-pcc/; Hohenberger, 2001). The P&S high purity, very fine
particles, regular in shape, a narrow particle sisgribution, and high surface area
(Xanthos, 2005). The PCC is widely used as fundtidillers in the polymer
composites (Shi, Rosa, and Lazzeri, 2010).

2.1.3 Cost and availability
Price of commercial CaGCGcommonly depends on particle size and
surface treatment, and quantity. For GCC, theepnias $110 — $160 per ton for 5-7
um and $140-$290 per ton for 0.5-2 um. For PCE pitice was $250-$270 per ton

for fine grade (0.4-1um) and $375-$750 per tonuibrafine grade (0.02-0.36 um)
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(Xanthos, 2005). In Thailand, most Cagd®commercially produced as GCC of total
annual capacity about 800,000-1,000,000 metric wwhde PCC is produced by
40,000-60,000 metric tons/year (Ministry of Indys2004).

2.1.4 Surface modification of CaCQ@

The presence of CaG@n polymer matrix often makes it difficult to
disperse uniformly as a result of hydrophilic ambphobic properties of CaGO
CaCQ usually tends to form agglomerates, which weakeninterfacial interaction
(Shui, Yue, and Xu, 2004). With poor adhesion e filler particle and polymer
matrix, the agglomeration is most often observedfy Zeng, Wang, and Chen,
2007). The poor interfacial adhesion of composienponents is responsible for
discontinuity in stress transfer from polymer mato particles; therefore, mechanical
properties, especially tensile and impact strengffcomposites are not promoted (Fu
et al., 2008). To solve this problem, the intadhmodification must be done.

It is known that CaC®has no functional groups on its surface, inert
surface. For this reason, the interfacial adhebetween CaCg@and polymer matrix
can only be improved by chemical modification (Wghy2000). Generally, the most
widely used surface modifiers to enhance the iotema between CaC{and HDPE
are stearic acid, titanates, maleic derivative,sphates, and acrylamide (Mihajlévi

et al., 2009; Wypych, 2000).
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2.2 HDPE filled with CaCOs

As a general rule, the end-use product made ofmiby@astic is commonly
altered the existing polymer properties to meettitomer requirements (Silva et al.,
2002). Particulate fillers normally adjust theahanical properties of polymers such
as Young's modulus, yield strength, tensile stras$reak, and toughness. The
mechanical properties of particulate-polymer contpssdepend strongly on the
particle size, particle size distribution, partidentent, particle shape (aspect ratio),
degree of particle dispersion, and particle-mainterfacial adhesior{Albano and
Perera, 2008; Bartczak, Argon, Cohen, and WeinhE9§9; Fu, Feng, Lauke, and
Mai, 2008). In this work, the effect of particles, particle content, and particle-
matrix interfacial adhesion on Cag@&DPE composites was reviewed.

2.2.1 Effect of CaCQ content on mechanical properties of HDPE

composites

2.2.1.1 Young’s modulus

Bartczak et al. (1999) studied the effect of Cg€antent on

mechanical properties of HDPE composites. TwogypeCaCQ were used as filler,
GCC and PCC. Content of CagWas 10, 20, 25, and 30 vol% for GCC and 5, 10,
15, 20, 25, and 30 vol% for PCC. The particle sz€aCQ was 3.50 um for GCC
and 0.70 um for PCC. Both types of CaC@ere surface treated with calcium
stearate by manufacturer. They reported that Yeumgpdulus of HDPE filled with
either GCC or PCC was higher than that of neat HRRE& increased with increasing

content of CaCg@



12

Misra, Nerikar, Bertrand, and Murphy (2004) studild effect
of CaCQ content of 5, 10, and 20 wt% on Young’s moduludH8fPE composites.
The particle size of CaCGQvas 1.2 um. They reportadat the addition of CaC®
into HDPE matrix caused an increase of Young's nslof HDPE composites with
increasing content of CaGOThis was due to the increase in rigidity antfretss by
the addition of CaC®

Tanniru, Misra, Berbrand, and Murphy (2005) invgsted the
Young’'s modulus of CaC#ZHDPE composites at 5, 10, and 20 wt% CgCQhe
particle size of CaCOwas about 1.2 um. The Young's modulus of the csites
was higher than that of neat HDPE and increase@a&3} content was increased.
This was because the crystallinity was increasadasasing CaCg@content.

Yang, Bai, G'Sell, and Hiver (2006) studied theeeff of
adding 10, 20, 30, 40, and 50 wt% of CaQi the tensile properties of the HDPE
composites. The CaGvith particle size of 0.70 um was treated with 2namino
acid based on weight of calcium carbonate. Thengt&umodulus of the HDPE
composites was significant increase as the amdu@a8G increased.

Deshmane, Yuan, and Misra (2007) evaluated thecteffé
addition of nano-PCC (50-60 nm) with the content Sofand 10 wt% on the
mechanical properties of HDPE composites. SurtddeCC was treated with stearic
acid of 8 wt%. HDPE-g-MAH of 5 wt% was used asomgatibilizer. The results
indicated that the Young’s modulus of the compasitias higher than that of neat
HDPE. However, the Young’s modulus of the compessdt 10 wt% CaCfOwas 10
MPa lower than that at 5 wt% Cag.OThis was explained that the reinforcement and

nucleating effects of CaGQwere opposed to each other on the Young’s modulus.
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Since, the reinforcement effect was positive on nfPs modulus, while the
nucleating effect was negative on the Young's mosiul
2.2.1.2 Yield stress

Bartczak et al. (1999) studied tensile prope of CaCG@Hilled
HDPE at various contents of GCC (10-30 vol%) andCRE-30 vol%). Yield stress
of the composites gradually decreased with incngastaCQ content. They
explained that it was caused by low interfacial egibn between CaGGnd HDPE
matrix.

Misra et al. (2004) studied the mechanical proge of
CaCQ/HDPE composites with different CaG@ontents (5-20 wt%). They found
that the yield stress of the HDPE composites anhd B0 wt% CaC@was about 2
MPa higher than that of neat HDPE. Further inarep€aCQ to 20 wt%, the yield
stress of the composites was decreased and equbhttamf neat HDPE. It was
commented that increasing Cagcantent was not apparently influenced on the yield
stress of HDPE composites.

Tanniru and Misra (2006) studied the tensilepprties of
HDPE filled with CaCQ with particle size of 1.2 um. They observed tHha t
addition of CaC@at 5-20 wt% caused insignificant difference in theld stress of
the HDPE composites. They suggested that, in gkndre reinforcement with
minerals increased the yield stress of the comgmsiHowever, this was not expected
by the reinforcement effect. This was attributedhe nucleating effect of CaGO
The nucleating effect was responsible for decreasipherulite size and negative
effect on yield stress. Hence, the incorporatiorCaCQ; into HDPE matrix was

simultaneously encounter effect between reinforegraéfect and nucleating effect.



14

Yang et al. (2006) observed the tensile progertof
CaCQ/HDPE composites. CaG@ontents were 10-50 wt%. It was revealed that as
the content of CaCfincreased, the yield stress of the compositescmasiderably
decreased due to poor interfacial adhesion betWa€r and HDPE matrix.

Deshmane et al. (2007) investigated the effd#ciCaCQ
content of 5-10 wt% on the vyield stress of the HDE&&nposites. From the
observation, it indicated that there were insiguaifit differences in the yield stress of
the composites. They explained that the largeespize size led to the presence of
voids at the spherulite boundaries as a resuli@tontraction of the spherulite during
cooling. These spherulite boundaries were the wegion and caused a decrease in
the yield stress of the composites. In addititve, increase in crystallinity made an
improvement of yield stress. They reported thatehwvas an increase in crystallinity
and decrease in spherulite size by reinforcing WWHCQ. Therefore, it should lead
to an increasing in the yield stress of the contpesi Thus, they concluded that the
yield stress of the composites might be relatethmoellar thickness and crystalline
long period. The lamellar thickness was an impurggarameter dominating the
activation of yield, and the yield stress of ne&RE was proportional to the lamellar
thickness.
2.2.1.3 Impact strength

Bartczak et al. (1999) studied the notched linggact strength
of the HDPE composites as a function of PCC contdéri-30 vol%. The results
showed that the impact strength of the HDPE congegrepared from PCC was
strongly increased at 10 vol% CagOFurther increasing the content of CaCfave

rise to the insignificant improvement of impactesigth. As the CaC{reaching 30
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vol%, the impact strength of the composites waensively decreased. This was
because the dispersion of the Ca@@came much poorer with increasing content of
CaCQ comparing to the composites at lower content érfi In addition, the
presence of agglomerates was the cause of deayeiasthe impact strength of the
composites.

Surampadi, Pesacreta, and Misra (2007) and Tareti al.
(2005) investigated the effect of content of Ca@@th a particle size of 1.2 um at a
range of 5-20 wt% on the Izod impact strength ef HDPE composites. The impact
strength of the composites was gradually increas#dincreasing content of CaGO
This was attributed to the particle-induced caiotatand fibrillation of the
composites.

2.2.2 Effect of particle size of CaC@on mechanical properties of HDPE
composites
2.2.2.1 Young's modulus

Mlecnik and La Mantai (1997) studied the effetparticle size
of CaCQ on the Young’s modulus of the HDPE composites.e TO and 30 um
particle size of CaCOwas employed. The CaGBIDPE composites were prepared
at 20 wt% CaCg@ It was reported that the smaller particle sikt€aCQ improved
the Young's modulus of the composites, while thegda one slightly lowered
Young’'s modulus of the composites.

Bartczak et al. (1999) investigated the effect aiftigle size of
GCC on the Young’s modulus of the HDPE composifEsis was conducted on GCC

with particle size of 3.50 um and PCC with partisiee of 0.70 um. It was reported
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that the composites with larger particle, GCC, Bhghtly higher Young’'s modulus
than those prepared with smaller particles, PCC.

Gonzélez, Albano, Ichazo, and Diaz (2002) sulithe effect of
particle size of CaC&on the Young’'s modulus of CaG®P/HDPE composites at 30
wt% CaCQ. The particle size of CaG@vas 3.0 and 1.8 um. They reported that the
Young’s modulus of the composites with smaller ipbertsize was higher than that of
the composites with the larger particle size. Thés because CaG@ith smaller
size had better filler particle dispersion thart twdh larger particle size. In addition,
the agglomerate sizes of 1.8 um Ca®@re smaller than those of 3.0 um CaCO

2.2.2.2 Yield stress

Mlecnik and La Mantai (1997) studied the effecpafticle size
of CaCQ on yield stress of the HDPE composites at 20 w6 Q. They found that
the yield stress of the HDPE composites prepareth fCaCQ with 10 pm was
exactly similar to that of the HDPE composites jarep from CaC@with 30 pm. It
was indicated that the yield stress of the compsesitas not influenced by the particle
sizes of CaC@

Bartczak et al. (1999) investigated the effect aftiple size of
CaCQ on yield stress of the HDPE composites. The ysttdss of the composites
with the smaller particle size of Cag@0.70 um) was higher than that of the
composites with the larger one (3.50 um). Thiseolksion was more clearly
observed at high filler content. This was causgdthe interior imperfection of

structure within the composites due to a largei@darsize.
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2.2.2.3 Impact strength
Bartczak et al. (1999) investigated the effect wb tparticle
size (3.50 and 0.70 um) of Cag®On notched lzod impact strength of the HDPE
composites. lzod impact strength of the HDPE casiips increased with decreasing
particle size of CaC® This was due to the decreased ligament thickmets
lowering particle size of CaCGO
2.2.3 Effect of compatibilization on mechanical prperties of HDPE
composites
Maleic anhydride grafted polyethylene (PE-g-MAHEkwas HDPE-g-
MAH and LDPE-g-MAH has been the most common apgrdac improvement the
interfacial adhesion between calcium carbonate amh-polar polyethylene
(Phueakbuakhao et al., 2008; Wang, Chen, and D022 The PE-g-MAH becomes
chemical bridge to link with the hydrophilic caloucarbonate on one side and the
hydrophobic polyethylene chain on the other sisteother words, the PE-g-MAH has
both the hydrophilic and hydrophobic propertiesuigeg for it to attach well with the
calcium carbonate and polyethylene matrix. Thehmesm of compatibilization of

PE-g-MAH between polyethylene and calcium carborsaghown in Figure 2.2.
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Figure 2.2 Schematic representing the mechanism of surfackficetion with
maleic anhydride grafted polyethylene (PE-g-MAH) in

CaCQ/PE composites (adapted from Zhang et al., 2006).

2.2.3.1 Young’s modulus

Bartczak et al. (1999) investigated the effect oifrfece
treatment of CaC@ by calcium stearate on Young's modulus of the HDPE
composites with 25 vol% CaGO The Young’'s modulus of the composites with
treated and untreated Cag@as not improved. This was because the inteifacia
modification with calcium stearate did not impraWe interfacial adhesion between
CaCQand HDPE.

Lazzeri et al. (2005) studied the influence of eomtof stearic
acid (SA) for surface treatment of Cag€®@n Yong's modulus of 10 vol%

CaCQ/HDPE composites. It was observed that the Young@dulus of the
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composites decreased with increasing content of Skais was due to a softer
interphase when increasing the content of SA.
2.2.3.2 Yield stress

Bartczak et al. (1999) investigated the effect oirfece
treatment of CaC@by calcium stearate on yield stress of the HDPBmmsites with
25 vol% CaCQ@. The vyield stress of the composites prepared wihated and
untreated CaCOwas similar. This was attributed to no improvemehinterfacial
adhesion between CaGgénd HDPE by calcium stearate.

Lazzeri et al. (2005) studied the influence of eomtof SA for
surface treatment of CaG@n vyield stress of 10 vol% CaG®IDPE composites.
The found that the yield stress of the compositesre&hsed with increasing SA
content. This was attributed to a decreasing fatél strength and stress transfer
ability from matrix to filler particles by increasy SA content.

2.2.3.3 Tensile strength

Bartczak et al. (1999) investigated the effect oirface
treatment of CaC®by calcium stearate on tensile strength of the B@Bmposites
with 25 vol% CaCQ@. They found that tensile strength of the compasswith CaC@
treated with calcium stearate slightly higher thizat of the composites with untreated
CaCQ. This was because surface treatment with calsi@arate did not improve the
interfacial adhesion between the two componentdtbuerely promoted the random
dispersion of patrticles.

Wang et al. (2002) observed the effect of LDPE-gH/A
content on tensile strength of Cagl@DPE composites with 30 wt% CagO The

influence of grafting ratio of MAH on LDPE on tefesistrength of CaC¢&HDPE
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composites with 0.6 wt% LDPE-g-MAH was investiga&slwell. The contents of
LDPE-g-MAH were 16.7, 33.3, 50.0, 66.7, 83.3, a0 Wt% based on total weight
of the system. The grafting ratios were 0.60, Q8% 1.38 wt%. They found that the
highest tensile strength of the composites wasiméda However, with increasing
content of LDPE-g-MAH, the tensile strength of tt@mposites declined. This was
probably due to the degradation of LDPE during csplhase mechanochemical
grafting process. In addition, the tensile strbngt the composites increased with
increasing grafting rate.

Phueakbuakhao et al. (2008) investigated the etitetdding
CaCQ treated with various coupling agent including SAaminopropyltriethoxysilane
(AMPTES), 3-glycidoxy propyltrimethoxy silane (GPBY| and HDPE-g-MAH on
the tensile strength of CaG@lled recycled HDPE with 10 wt% CaGOWith 1 wt% of
different coupling agents, it was found that theliadn of CaCQ treated with SA
exhibited the greatest tensile strength of Cafik@d recycled HDPE. This was
because a strong chemical bonding between the gaap of the SA and CaG@n a
form of calcium stearate enhanced the compatibititythe polymer matrix and
CaCQ. For other coupling agents (AMPTES, GPTMS, andPHEy-MAH), the
interfacial interaction between Cag@nd recycled HDPE matrix was a weak
physical bond or van der waals forces.

2.2.3.4 Impact strength

Liu, Kwok, Li, and Choy (2002) studied the effecf o
isopropyltriisostearoyl titanate as a coupling dgennotched Izod impact strength of
CaCQ/HDPE composites. The particle size of CaCfas 0.6 um and CaGO

content was 0-35 vol%. It was observed that thebtimsh of small content of coupling
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agent (2.5 wt%) gave rise to good dispersion of @aCln addition, the toughening
efficiency increased as coupling agent contente@sed from 2.5-5 wt%. This was
probably due to better dispersion of the particldswever, the toughening efficiency
decreased with adding coupling agent of 7.5 andvi%. This was due to the
agglomeration of CaCfpatrticles.

Wang et al. (2002) studied the effect of content_.DPE-g-
MAH on notched Izod impact strength of Ca{ldDPE composites with 30 wt%
CaCQ. The contents of LDPE-g-MAH were 0, 16.7, 33.8,06 66.7, 83.3, and 100
wt% based on total weight of the system. The erike of grafting ratio of MAH on
LDPE on impact strength of 30 wt% Cag®@DPE composites with 5 wt% LDPE-g-
MAH was also investigated. The grafting ratio via®.60, 0.92, and 1.38 wt%. The
impact strength of the composites was increaseah fi85.4 J/m to 319.8 J/m by
addition LDPE-g-MAH at content of 16.7 wt%. Howeyvéhe impact strength of
composites decreased with increasing content ofH-DMAH. This was possible
due to the degradation of LDPE during solid-phasecimnochemical grafting
process. In addition, the impact strength of thegosites increased with increasing
grafting ratio.

Lazzeri et al. (2005) studied the influence of S#ntent for
surface treatment of CaG®@n Charpy impact strength of 10 vol% CafHDPE
composites. It was observed that the impact stheio§ the composites almost
linearly increased with increasing SA content. sTWas because the main effect of
SA is to effectively reduce agglomerate size of Oa@us the composites was more

ductile as increasing SA content.
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Phueakbuakhao et al. (2008) investigated the etitedding
CaCQ treated with various coupling agent including SSWIPTES, GPTMS, and
HDPE-g-MAH on the impact strength of Cagfled recycled HDPE with 10 wt%
CaCQ. CaCQ was treated with different coupling agents at ateot of 1 wt% with
respect to CaC® They found that the addition of Cag@eated with SA exhibited
the highest impact strength of Cag&fded recycled HDPE. This was because a
strong chemical bonding between the polar grouhefSA and CaC@in a form of
calcium stearate enhanced the compatibility of gbéymer matrix and CaC{by
changing hydrophilic surface of Cag@ hydrophobic one. For other coupling
agents (AMPTES, GPTMS, and HDPE-g-MAH), the inteidh adhesion between
CaCQ and recycled HDPE matrix was a weak physical bmmean der waals forces.
In addition, it was found that as increasing coupliagents content the impact
strength was improved. This was explained by basgetihe fact that when increasing
the content of coupling agent, the interfacial autve between CaC{and HDPE was
improved. Furthermore, it was reported that thenagm content of SA, AMPTES,
GPTMS, and HDPE-g-MAH was 1, 2, 3, and 4 wt%, refipely, with respect to

CaCaQ.
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2.3 Avian eqgg

2.3.1 Component of egg
The avian egg consists of three main parts : leggsvith eggshell
membrane (ESM), albumen or white, and yolk. Thg egmprises approximately 10
wt% shell, 30 wt% yolk, and 60 wt% albumen (Stad®im2000). The yolk is
surrounded by albumen, which in turn is enclose@&8W and finally a hard eggshell

(Li-Chan and Kim, 2008), as illustrated in Figur8.2

Yolk

Air Cell

Chalazae
Inner Membrane

Germinal Disk
Shell Vitelline Memprane

Figure 2.3 Schematic of different parts of egg structure

(http://ag.ansc.purdue.edu/poultry/class.htm).

2.3.2 Structure of eggshell (ES)
The eggshell is composed of ESM and calcified egiyshatrix. The
ESM is made up of two protein fiber layers, inned aouter membranes, located
between the white and the inner surface of thel ¢helChan, Powrie, and Nakali,
1995). The total thickness of two membranes wasamately 70 um (Lammie,

Bain, Solomon, and Wess, 2006). The outer membsredl membrane) of about 50
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pm is attached firmly to the calcified shell wheyethe inner membrane (egg
membrane) being about 20 um is in direct contach wihe albumen (Nys and
Gautron, 2007).

The calcified eggshell, composed of mammillary kitener (lamellar
layer), palisade layer (sponge layer), places eretigshell membranes (Hincke et al.,
2000). Figure 2.4 illustrates the morphology ofg®tell matrix and eggshell
membranes. The palisade and mammillary layers Bformatrix composed of protein
fibers bonded to calcium carbonate (calcite cryqRlvera et al., 1999; Tsai et al.,

2006) in a ratio of 1 : 50 (Rivera et al., 1999).

o v o Palisade layer
| Palisades 1) [RERE
Calcified shell < R e _.=-‘-"‘_ﬂ-:_' s e

i

Mammillary layer
Mammillary bodies < (~100 pm)

Eggshell membranes
(~ 70 pm)

Shell membranes

Figure 2.4 SEM micrograph of a fractured eggshell (Hinckalgt2000).
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2.3.3 Chemical composition of eggshell
2.3.3.1 Eggshell membrane (ESM)

The ESM contains 95% protein, 2% carbohydrate,3%adipid
(Arias, Mann, Nys, Garcia-Ruiz, and Fernandez, 200&Ithough, the early studies
reported that eggshell membranes contain keratis,now well verified that they are
not composed of keratin (Arias et al., 2007). Mireently, it was reported that type
X collagen is the main constituent (Li-Chan and K2A08). The ESM also consists
of keratin sulfate (Li-Chan and Kim, 2008), typeamhd V collagens, osteopotin,
siloprotein (Hincke et al., 2000; Yi, Guo, Zhanguy,Yand Li, 2004), ovalbumin,
ovotransferrin and lysozyme (Arias et al., 200/Brotein composition of ESM is
reported in Table 2.1. The elemental analysis shtvat the constituent of ESM
consists of C, N, and O as major element, Al, 8§, @has minor element, and Ca as
trace element (Heredia et al., 2005).

2.3.3.2 Eggshell matrix

Avian eggshell is sometimes referred to dsagéuralcomposite
bioceramic” (Li-Chan and Kim, 2008) or “compositéofnaterial” (Hincke et al.,
2000). The eggshell matrix is a complex mixtur®4éfwi% CaCQ (calcite crystal),
1 wt% magnesium carbonate, 1 wt% calcium phosphatel 4 wt% organic
substances (Stadelman, 1995). The content of Ga@®vary in a range of 94 — 98
wt% (Daengprok, Garnjanagoonchorn, and Mine, 200Rjyrakami, Rodrigues,
Campos, and Silva, 2007). The organic matrix caedamainly of matrix proteins,
at least 70%, (Gautron and Nys, 2007) consistingflgh of glycoproteins and
proteoglycans (Hincke et al., 2000) and trace arteoohfatty acid (Daengprok et al.,

2002; Li-Chan and Kim, 2008). Osteopontin and telis are the example of
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glycoprotein (Nys, Gautron, Garcia-Ruiz, and Hinck@04). The proteoglycans are,
for instance, keratan sulphate proteoglycan, deamatilphate proteoglycan (Gautron
and Nys, 2007), oversulfated keratin proteoglycachondroitin 6-sulfate
proteoglycan, and ovoglycan (Arias et al., 2007)lhe eggshell matrix proteins can
be divided into three groups : eggshell-specifot@ns, egg white proteins, and bone
matrix proteins (Hincke et al., 2000). Ovocleidinend ovocalyxins are eggshell-
specific proteins. Ovalbumin, ovotransferrin, dygbzyme are the egg white protein.
In addition, osteopontin is bone matrix proteirheTmammillary layer is composed of
collagens (type I, V, and X) (Lammie et al., 2008n addition, the other eggshell
matrix proteins are listed in Table 2.1. Fattydamdbmposition of decalcified eggshell
is presented in Table 2.2.

The elemental composition of eggshell is Caariei O as major
elements and Mg as minor element (Heredia et @052 Trace element of eggshell
includes Na, K, P, S, Cl (Heredia et al., 2005),AlFe, Cu, B, Cr, Zn, Sr, V, Pb, Cd,

and Hg (Schaafsma et al., 2000).
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Table 2.1 Different types of proteins localizing in eggshelembrane and eggshell

matrix (adapted from Arias et al., 2007).

ESM Mammillary layer Palisade layer
Type | collagen Type | collagen C-Type lectin-ljpmteins
Type V collagen Type V collagen Hyaluronic acid
Type X collagen Type X collagen Ovoglycan

Ovalbumin Ovalbumin Ovocleidin-116
Ovotransferrin Ovotransferrin Ovocalyxin-25
Lysozyme Lysozyme Ovocalyxin-36
Osteopotin Mammillan
Lysyl oxidase C-Type lectin-like proteins
Siloprotein Clusterin
Ovocalyxin-36 Ovocalyxin-36
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Table 2.2Types and compositions of fatty acid of eggsheitrim (adapted from

Li- Chan and Kim, 2008).

Composition (ng/ug)

Fatty acid
Palisade layer Mammillary layer

Decanoic acid (10 : 0) 1.1 0.4
Lauric acid (12 : 0) 0.9 0.3
Eicosapentaenoic acid (20 : 5) 0.2 0.2
Linolenic acid (18 : 3) 1.7 1.1
Myristic acid (14 : 0) 1.8 1.3
Docosahexaenoic acid (24 : 6) 24 1.0
Palmitoleic acid (16 : 1) 1.7 15
Arachidonic acid (20 : 4) 1.7 0.9
Linoleic acid (18 : 2) 2.3 1.7
Palmitic acid (16 : 0) 12.6 10.4
Oleic acid (18 : 1, c9) 3.3 2.7
Petroselinic acid (18 : 1, c6) 0.7 0.4
Elaidic acid (18 : 1, c9) 0.2 0.1
Stearic acid (18 : 0) 5.7 4.5
Arachidic acid (20 : 0) 3.3 1.3
Behenic acid (22 : 0) 6.8 3.1
Total saturated fatty acids 32.2 21.3
Total unsaturated fatty acids 14.2 9.6
Total fatty acids 46.4 30.9
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2.3.4 Applications of eggshell

In recent years, there were many attempts tosfocuthe utilization of
calcified eggshell in various applications. Withgshell containing Ca as main
element, the eggshell was utilized as good soufcealzium in human nutrition
(Schaafsma et al., 2000; Suguro, Horiike, Masudadd, and Kokubu, 2000). Since
Ca from eggshell powder was absorbed easier thanfithm commercial calcium
carbonate in small intestine of rat (Daengprok let 2002). In addition, eggshell
contains not only Ca but also Sr and F which mayehpositive effect on bone
metabolism (Schaafsma et al., 2000).

According to Ca as one of the main components afthgtic
hydroxyapatite (HA : Ca(PQOy)s(OH),), main component of hard tissues in bones,
(Dasgupta, Singh, Adak, and Purohit, 2004), thgskgll was employed as a starting
material for preparing hydroxyapatite to use isues engineering and bone substitute
(Balazsi, Wéber, Kovér, Horvath, and Németh, 2005 and Oh, 2003; Wei, Xu,
and Li, 2009). This was due to its chemical sintyato bone minerals (Lee and Oh,
2003).

Due to pore structure of the calcified eggshell d&@ngh content of
calcium carbonate, it was used as raw materialpf@paring a solid catalyst in
catalytic process for biodiesel production (Weakt 2009). By calcination eggshell,
calcium oxide (CaO) became eggshell-derived catalys

Pore structure, CaGQ and protein acid mucopolysaccharide of
eggshells were good adsorptive properties. Theoitapt functional groups of
protein acid mucopolysaccharide are carboxyl, amand sulfate that can form ionic

bond with heavy metal ion (Arunlertaree, Kaewsomhaddumsopa, Pokethitiyook,
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and Panyawathanakit, 2007). For this reason,dbehell was employed as adsorbent
for removal of toxic heavy metals such as Cd, @d &b in industrial wastewater
(Arunlertaree et al., 2007; Park, Jeong, Yang, kang Lee, 2007).

In addition, eggshell was recently applied asillerffor polymer
composites. For example, it was used as a new il@o-ffor polypropylene
composites (Toro, Quijada, Yazdani-Pedram, and sArid007), epoxy resin
composites (Ji, Zhu, Qi, and Zeng, 2009), LDPE oositps modified with
isophthalic acid (Shuhadah and Supri, 2009), SERESEBS/silk composites (Kang,
Pal, Park, Bang, and Kim, 2010), and LDPE compssmedified with PE-g-MAH

(Supri, Ismail, and Shuhadah, 2010).

2.3.5 Preparation of eggshell powder (ESP)
2.3.5.1 Mechanical approach
Thoroski (2003) explained the method of separatshrell
membranes from eggshell powder. The egg liquiceadg to the membrane of the
eggshell is removed using a centrifuge. After liiqeid removal, the eggshell is
washed in a screw conveyor with either a downwardyswasher or a counter current
washing system to remove any residual materialolethe shell. After washing, the
eggshell is again centrifuged to reduce the mastuumtent. Next, the eggshell is
dried and tumbled simultaneously at 88°C for 2 esu During drying process, the
membranes shrink since the protein-protein borthermembrane is stronger than the
protein-shell bond, it results in the pulling awfigm eggshell matrix. The dried
eggshell is broken down into smaller particles taylbling action of the drum dryer.

The smaller particles of eggshell are again cleametidried. After the completion of
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the drying step, the eggshell and eggshell membaa@eseparated using a gyratory
sifter where the large pieces of membrane are lvest##, while the smaller and denser
eggshell particles fall through the screen. Thgshgll from the gyratory sifter is then
diliveried to a hammer mill to further reduce thatcle size. A suitable hammer mill
is a Schutte Hammer mill due to possessing a pnecmmembrane removal system
along with a lower outlet having a valve.

Macneil (2006) proposed the method to prepare esiggiowder
without eggshell membrane. The eggshell is fisfgprmed in a reducing device for
abrading the linking structure between the eggsirel the membranes and outputting
the eggshell particles of a particular size. Aféxiting the reducing device, the
abraded membrane particles are then separatedtfi®raggshell particles in a tank
containing plain water at room temperature. Sithee membrane particles is much
lighter than the eggshell particles, the membraamtigbes tend to stay in the water a
longer time without settling. The eggshell paggkend to settle onto the bottom of
tank due to their relatively greater density. Hweare some membrane particles are
buried under the eggshell particles settling of bia¢tom of the tank. In order to
promote the dissociation of the eggshell partided the membrane particles, the
particles on the bottom of the tank are slowlyretr The water containing the
entrained membrane particles is suctioned out@tahk and screened to remove the
membrane particles from water. Next, the dewatemsmbrane particles are
collected. After that, the eggshell particleshat bottom of the tank are conveyed to a

recover device and dried. Finally, the eggshetligas are collected.
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2.3.5.2 Chemical approach

In addition to mechanical technique, the eggshelWqger was
prepared by chemical way (Sakullertphasuk, Pirigagkul, Jitthai, and
Haruthaithanasan, 2003). The eggshell was firghed with water. The washed
eggshell was boiled at 100°C for 15 min. Then loded eggshell was dried at
temperature of 105°C for 2 h. After that, the dreggshell was ground by disc mill
for reduction in particle size. The eggshell poweeas subsequently treated to
remove organic substances. The eggshell powdeffiigasreated with a solution of
2% HCI in a ratio of eggshell powder to HCI of & at 40°C for 15 min. The acid-
treated eggshell powder was neutralized with destiwater. Next, the neutralized
eggshell powder was treated with a solution of 3%ON in the ratio of eggshell
powder to NaOH of 1 : 5 at the temperature of 465CL5 min. Then, alkali-treated
eggshell powder was washed with distilled wateil wntak basic eggshell powder.
Secondly, the eggshell was dried at 105°C for Zmally, the eggshell powder was
sieved.

Shuhadah and Supri (2009) prepared eggshell poile¢he
following step. First, the eggshells were washgtkd, and ground to a powder using
the blender. Secondly, the eggshell powder wagdit be a particle size of 63 um.
After that, the eggshell powder was dried in a waecwven at 80°C until its weight
was constant. Next, the eggshell powder was mwidla a solutionof 10% NaOH
and stirred for 6 min. Then, alkali-treated egdigf@vder was kept at room temperature
until two layers were formed. The eggshell powalker deproteinizing was washed

with distilled water and dried in the oven at 80°C.
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2.3.6 Properties of eggshell

Freire and Holanda (2006) studied the crystallihase and thermal
properties of eggshell. They reported that XRDtgyatof eggshell powder showed
the characteristic of calcite. In addition, it wasported that the calcite was
rhombohedral crystal structure. Moreover, it waported that the decomposition
temperature of organic matter deposited in eggshels about 324°C. The
decomposition temperature of Cagas around 765°C.

Murakami et al. (2007) investigated thermal prapsrtof CaCQ@
obtained from eggshell compared to industrial CaCQt was reported that the
eggshell CaC®decomposed at 30°C higher than the industrial GaClbis evidently
demonstrated that thermal stability of Ca@btained from eggshell was higher than
that of industrial CaC®

Da Costa et al (2007) studied the XRD pattern ajsegll powder
without thermal treatment in comparison with thithermal treated eggshell at 150 -
800°C for 1 h. The XRD patterns of treated egddalelto 700°C were in agreement
with the pattern of calcite. It was also obsertieak the XRD pattern was changed
only at the treatment temperature of 800°C.

Balazsi et al. (2007) studied phase compositionegfishell after
calcinations at 900°C for 3 h by XRD. They fourmhttthe XRD pattern showed
Ca(OH) as major component. They explained that, in feaium oxide (CaO) was
the product from calcinations, but as the powden@a was in contact with ambient
atmosphere the product changed to calcium hydrof@€OH}). In addition, CaO

and MgO was observed as small amount.
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Naemchan, Meejoo, Onreabroy, and Limsuwan (200&} wggshell
without eggshell membrane and its particle sizelest than 200 um to prepare
eggshell at 200-900°C for 1 h and identify its taystructure by XRD. They found
that the crystal structure of calcined eggshell wastified as calcite (CaGponly at
the treatment temperature from 200°C up to 600°@esponded to the previous
report from Engin, Demirta and Eken (2006). However, the calcium carbonate
phase decreased and CaO appeared as the eggskditeated above 700°C. In
addition, it was reported that the treatment ofsbgl at 900°C for 1 h led to the
complete phase transformation from CaQ@ CaO as reported from Engin et al.
(2006). On the other hand, Lee and Oh (2003) teddhat CaC@was completely
transformed into CaO at 800°C for 1 h.

Sanmuang, Ruksakulpiwat, Suppakarn, and Sutap@8)Zdudied the
properties of eggshell after thermal treatment0&°C for 1-3 h and 800°C for 1-4 h.
They reported based on XRD pattern that Ca@@s obtained when eggshell was
treated at 700°C. However, the content of Ca@@écreased with increasing the
treatment time. Ca(OH)was a major component when the eggshell was trestte
800°C.

Wei et al. (2009) reported that the calcinatiorgfishell below 600°C
for 2 h did not cause to the formation of CaO. ldwer, the eggshell was calcined at

700°C for 2 h obtained CaG@s a major component and CaO as a minor component.
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2.4  Polymer filled with eggshell powder (ESP)

2.4.1 Polyethylene filled with ESP

Shuhadah and Supri (2009) studied the effect afnated modification
by isophthalic acid and ESP content at 5-25% on rtlexhanical properties of
ESP/LDPE composites. The ESP after deproteinizamth 10% NaOH was
chemically modified with 6% of isophthalic acid aethanol. They found that the
tensile strength of the composites decreased wireasing ESP content. This was
due to the poor adhesion between ESP and LDPExraid the agglomeration of
filler particles. The tensile strength of ESP/LDRIEmposites with chemical
modification was higher than that of ESP/LDPE comias without chemical
modification. This was probably due to the beigerfacial adhesion between filler
and matrix after chemical modification. The strenghe interfacial adhesion, the
better the stress transfer from the matrix to ey f

Young's modulus of the composites with and withatitemical
modification increased with increasing filler comte This was due to the filler
exhibiting high stiffness compared to LDPE matrixin addition, the Young's
modulus of the composites with chemical modificatiwas lower than that of the
composites without modification. This was attrdaito isophtahlic acid toughening
the composites and reduction in Young’'s moduluthefcomposites.

In addition, it was reported that the elongation baeak of the
unmodified composites and modified composites wagahsed as the filler content
was increased. This was because the increasirfdlan content resulted in the
stiffening of the composites. It was also repoftieat the elongation at break of the

unmodified LDPE composites was higher than thahefmodified LDPE composites.
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Supri et al. (2010nvestigated the effect of PE-g-MAH on the tensile
properties, morphology and thermal properties ofPEBPE. The ESP/LDPE
composites were prepared from different ESP corgtedtthe addition of PE-g-MAH.
The tensile strength, elongation at break and therstability of ESP/LDPE
composites with PE-g-MAH were greater than ESP/LD&dnposites, and their
differences became more pronounced at higher tbetent. The interfacial adhesion
between ESP and LDPE was improved with the adddfdPE-g-MAH.

2.4.2 Polypropylene filled with ESP

Toro et al. (2007) investigated the Young’'s modulfs ESP/PP
composites compared to that of Cafl composites. It was reported that ESP with
particle size of 8.4 um led to higher Young's magubf composites than Cag®@ith
particle sizes of 17.1, 2.0, and 0.7 um. This das to ESP/PP composites having
better phase continuity than CagRP composites.

2.4.3 Epoxy filled with ESP

Ji et al. (2009) examined the possibility of ESduss a filler for
epoxy composites. The epoxy composites were peddaom ESP at content of 1-10
wt%. They found that the strongly improvementropact strength of epoxy composites
at ESP content of 5 wt% were 16.7 k3/oompared with 9.7 kJ/of neat epoxy
resin. When increasing ESP content to 10 wt%irtipact strength of the composites
decreased from 16.7 k¥rto 12.3 kd/i  They concluded that ESP had a potential

source of filler for epoxy composites.
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2.4.4 Poly (styrene-b-ethylene/butylenes-b-styrene)i block copolymer

filled with ESP

Kang et al. (2010) studied the use of ESP asex flir poly (styrene-b-
ethylene/butylenes-b-styrene) (SEBS) tri block dpper. The content of eggshell
powder was 2.5 and 5 wt% for SEBS/ESP compositesaddition, silk fibroin was
introduced into SEBS/ESP composites. The SEBSHAiEROmMposites were done at
ESP : silk ratio of 2.5: 2.5 and 5 : 2.5 by wt¥orphological and thermal properties
of the SEBS/ESP and SEBS/ESP/silk composites wiesereed. They found that
interfacial interaction between ESP and SEBS matwas improved by incorporation
of silk fibroin. This was possibly due to the highpect ratio of silk fibroin. It was
reported that the initial decomposition temperatifréhe composites was lower than
that of ESP and silk fibroin. However, the compesihad insignificant change in

thermal properties.



CHAPTER Il

EXPERIMENTAL

3.1 Materials

Chicken eggshell (ES) waste of Bolvans Goldline #4 Brown (hybrid)
breedswas obtained from the SUT Farm, Suranaree Uniyen$iTechnology. A GCC
(OFIL-1) was kindly supplied by Sand and Soil IngiysCo., Ltd. A commercial
injection grade HDPE (EL-Lene™ H5814J) was purctideem SCG Chemicals Co.,
Ltd. It has a melt flow index (MFI) of 14 g/10 m{&.16 kg at 190°C), a density of
0.958 g/cmi, and a melting temperature (T of 131°C. TheHDPE-g-MAH
(Fusabonl MB100D, DuPont™) was kindly supplied by Chemicahdvation Co.,
Ltd. It has a MFI of 2 g/10 min (2.16 kg at 190°@) density of 0.960 g/chha

melting temperature of 136°C, and a maleic anhydemhtent of 0.9 wt%.

3.2 Preparation of eggshell powder (ESP)

First of all, the chicken eggshell waste was thghoy cleaned with tap water
to remove the chicken dung and the residual of m#ou (egg white) and yolk
adhering to the eggshell. After cleaning, the bgisvas subsequently dried in an
open air for 24 h. The cleaned eggshell (Figute(&)) was stored in plastic bags for
further use in the next processing step.

The ESP was preparég grinding the eggshell via a ball mill with 20llIseof
30 mm-diameter, 40 balls of 25 mm-diameter, and@&6s of 15 mm-diameter. One

kilogram of broken ES, illustrating in Figure 3.b),(was put into a cylindrical
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porcelain pot and ground for 24 h. The pot hasaer diameter of 185 mm and a
depth of 217 mm. The porcelain pot was turned al@olorizontal axis with a

rotational speed of 35 rpm. The image of ESP as/shn Figure 3.1 (c) was kept in

a desiccator for the subsesequent characterizammhsomposites preparations.

Figure 3.1Images of ES after cleaning and drying (a), brokE&nfor preparing

ESP and HT-ES (b), ESP (c), and HT-ES (d).

3.3 Preparation of heat-treated eggshell (HT-ES)

For preparing HT-ES, the ES was treated at foffierdint temperatures,
650°C, 670°C, 770°C, and 800°C, in a chamber fuen@arbolite, CWF) with a

heating rate of 10°C/min under air atmospherestfihe broken eggshell (Figure 3.1
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(b)) of 50 g was placed in a silica-alumina plateecondly, they were treated at a
predetermined temperature and time as mentiondalhe 3.1. After the treatment,
the treated eggshell was kept in the furnace timgitemperature was cooled down by
a cooling rate of 10°C/min to 40°C. Thirdly, theaere kept in a desiccator prior to
characterizations and composite preparations. llffzinkhe HT-ES (Figure 3.1 (d))
was ground for 12 h using a ball mill under the sgmmocedure as the eggshell was
ground as explained in section 3.2.

Table 3.1Heat treatment conditions for preparing HT-ES chamber furnace.

Treatment temperature (°C) Treatment time (h)
16
650 20
24
12
670
16
4
770
6
3
800 4
5

3.4 Preparation of CaCQ powder

One kilogram of CaC®was put in a cylindrical porcelain pot and groudnyda
ball mill with 20 balls of 30 mm-diameter, 40 bati 25 mm-diameter, and 60 balls
of 15 mm-diameter for 24 h at a rotational spee8®fpm. The ground CaGWas

kept in a desiccator before characterizations amdposite preparation.
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3.5 Preparation of HDPE composites
3.5.1 Mixing process
The uncompatibilized HDPE composites were prepatedda20, 30,

and 40 wt% filler content. Three types of fill&&SP, CaC@powder, and HT-ESP
were used. They were separately sieved using ma825 sieve (g 45 um) and mesh
no 230 sieve (g 63 um). The sieved ESP and HTA&SE referred to as ESP1 and
HT-ESP1. After that, the ESP1, HT-ESP1, and Ca@@re dried in an oven
overnight at a temperature of 70°C before they webeed with HDPE. The filled
HDPE composites were prepared in iaternal mixer (HAAKE PolyLab System,
Rheomix3000p). The mixing process was operatel7@tC under a rotor speed of
70 rpm and a mixing time of 15 min. For preparB§P/HDPE and CaC{HDPE
composites, HDPE was melted for 1 min before eitherESP or CaC{¥was added
into the mixing chamber. In cases of preparingE8R/HDPE composites, the HT-ESP
was first added into the mixing chamber and therPHDvas added immediately.

In order to study the effect of particle sizetbe mechanical properties
of HDPE composites, the ESP was sieved by meshO@osteve (g 25 um) and
mesh no 450 sieve (g 32 um) referring to as ESPRe HDPE composites were
prepared at the ESP2 content of 40 wt%.

For studying the effect of HDPE-g-MAH on the combiity
improvement of HDPE composites, the HDPE composite® prepared at the ESP2
and HT-ESP1 content of 40 wt%. The ESP2 used ffieparing the compatibilized
HDPE composites was the one sieved with mesh n@aBAQ150 sieves, as mentioned
above. The HDPE-g-MAH was employed at 2 wt% of HDPFor the mixing

procedure, the HT-ESP was initially added into aing chamber and then the
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mixture of HDPE and HDPE-g-MAH was immediately addd~or preparing
ESP/HDPE composite, the mixture of HDPE and HDPHEAJ- was first added into
the mixing chamber after 1 minute past the ESPasaed.

All compositions of preparing HDPE composites ifmstlvork were
shown in Table 3.2. After mixing, all filled HDP#ere ground using a plastic
grinding machine.

3.5.2 Molding process

The specimens of tensile (dumbbell-shape), flexunaht distortion
temperature (HDT), impact and hardness were prdphyean injection molding
machine (Chuan Lih Fa, CLF 80T). The ground HDRinposites were dried
overnight in an oven at temperature of 70°C befodded. The injection process
was carried out at a melting temperature of 1901€ aamold temperature of 25°C, a
screw speed of 104 rpm, an injection speed of 57snaenholding pressure of 960

kg/cnf, and a cooling time of 20 s.



Table 3.2All compositions of material for preparing HDPEwgosites.

Content (wt%)
Designation HDPE-g-MAH (2 wt%)
HDPE ESP1 ESP2 CaCe@ HT-ESP1
HDPE 100 0 0 0 0 0
10% ESP 90 10 0 0 0 0
20% ESP 80 20 0 0 0 0
30% ESP 70 30 0 0 0 0
40% ESP 60 40 0 0 0 0
40% ESP 60 0 40 0 0 0
40% ESP+HDPE-g-MAH 60 0 40 0 0 2
10% CaCQ 90 0 0 10 0 0
20% CaCQ 80 0 0 20 0 0
30% CaCQ 70 0 0 30 0 0
40% CaCQ 60 0 0 40 0 0
10% HT-ESP 90 0 0 0 10 0
20% HT-ESP 80 0 0 0 20 0
30% HT-ESP 70 0 0 0 30 0
40% HT-ESP 60 0 0 0 40 0
40% HT-ESP+HDPE-g-MAH 60 0 0 0 40 2

ey
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3.6 Material characterizations

3.6.1 Characterizations for ESP, HT-ES, and CaC®
3.6.1.1 Crystal form and chemical composition

The X-ray diffractometer (XRD, Bruker AXS, D5005)aw
employed to analyze the crystal form of ESP, HT{&Bite portion), and commercial
CaCQ. The measurement was carried out by using,Catiation (af. = 0.15406 nm),
20 between 5 and 70with a scan step of 0.02°, a scan speed of Of®ps/ain
accelerating voltage of 40 kV, and a current ohZA.

In addition, wavelength dispersiveX-ray fluorescence
spectrometer (XRF, Philips, PW2400) was usedjuantitatively determine the Ca
composition of the ESP and HT-ES (white portionjagied by heat treatment at
800°C for 3 h. The measurement was done by usingqd{ation under an accelerating
voltage of 80-100 kV and current of 24-30 mA.

3.6.1.2 Thermal properties

The decomposition temperature and weight los&®f ESP,
HT-ES (white portion), and commercial Ca§;@vere monitored by thermogravimetric
analyzer (TGA, Mettler Toledo, TGA/DSC1). The cheterization was performed at
temperature between 30°C and 1,100°C with a heatug of 20C/min under a
nitrogen atmosphere. The sample weight of the eation was approximately

between 15 and 25 mg.
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3.6.1.3 Particle size and size distribution
The particle size and size distribution of ESP1PESand
HT-ESP1 were characterized via particle size amal{ielalvern, Mastersizer S) with
a range lens of 300RF and a beam length of 2.40 Water was used as medium for
characterization. In addition, the particle sizel size distribution of commercial
CaCQ obtained after sieving were determined as well.
3.6.1.4 Particle morphology
The morphology of ESP1, ESP2, HT-ESP1, and comierci
CaCQ was investigated by scanning electron microsc&eM, JEOL, JSM-6400)
with an accelerating voltage of 20 kV. The samplese coated with gold using an
ion sputtering device (JEOL, JFC-1100E) for 6 minaacurrent of 10 mA before
examination in order to avoid charging under arctebd® beam and make them
electrically conductive.
3.6.2 Characterization ofHDPE composites
3.6.2.1 Rheological properties
According to ASTM D 1238, MFI of HDPE and all HBP
composites were determined via a melt flow indékeryeness, D4004HV) at 190°C
with a standard weight of 2.16 kg. The sample praheated about 5 min before the
weight was introduced onto the piston. After taenple flow through the die, it was
cut at a desired period of time and then weighed.
The apparent shear viscosity of HDPE and the HDPE
composites at a shear rate range of 12.16-4256'46ese also measured using a
capillary rheometer (Kayeness, D5052M) at a meltenmperature of 190°C and a

melting time of 5 min before measuring.
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3.6.2.2 Mechanical properties

Tensile properties of HDPE and the HDPE composiese
determined in accordance with ASTM D 638 (Type ésmens) using a universal
testing machine (Instron, 5565). The specimen tesi®d at a crosshead speed of 10
mm/min under a load cell of 5 kN and a gauge lemft80 mm. The dimensions of
test specimens were 12.7 mm in width, 3.6 mm iokiiness, and 165 mm in length.
At least five specimens were tested. The imagetemdile specimens prepared by
injection molding machine were shown in Figure 3.2.

Flexural properties of HDPE and the HDPE compositese
tested according to ASTM D 790 (Procedure B) usangniversal testing machine
(Instron, 5565) at a crosshead speed of 17 mm/maemua load cell of 5 kN and a
fixed span length of 64 mm. The dimensions of s®cimens were 127 mm in

length, 13 mm in width, and 4 mm in depth.

(@)

Figure 3.2 Images of test specimens for tensile test (a)laxdral test (b) of HDPE

and HDPE composites.
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Unnotched lzod impact strength of HDPE and the HDPE
composites was evaluated on a pendulum impact tgsias, BPI) following ASTM
D 256. The dimensions of test specimens were iB/B55n width, 12.80 mm in depth,
and 62.5 mm in length, as shown in Figure 3.3.least five specimens were tested

and the average impact strength was calculated.

Figure 3.3Images of test specimens for impact test of HDREHMDPE composites.

For hardness test of HDPE and HDPE compositessdh®le
was indented using a durometer hardness testenfiolly ASTM D 2240 (Shore D).
3.6.2.3 HDT
The HDT of HDPE and the HDPE composites was
evaluated using heat distortion temperature insegom(HDV 1 Manual
DTVL/VICAT). The measurement was operated undkeating rate of 2°C/min and

a specified applied stress of 0.455 MPa in accaelavith ASTM D 648 (Method B).
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3.6.2.4 Thermal properties
Thermal properties of HDPE and the HDPE composies:
investigated by TGA. The sample was heated fron€30 1,100°C with a heating
rate of 20C/min under a nitrogen atmosphere. The sampleécningl composite about
15 — 25 mg was used for investigating.
3.6.2.5 Fracture surface morphology
The morphology of HDPE composites was investigabgd
SEM operated at accelerating voltage of 20 kV. oBefexamination, the composite
was fractured under liquid nitrogen and then tlaetiire surface of specimens was
coated with gold using an ion sputtering device@amin at a current of 10 mA to

avoid charging under an electron beam and makledtreally conductive.



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Characterization of ESP and HT-ES

4.1.1 Crystal form of ESP and HT-ES by XRD
4.1.1.1 Crystal form of ESP
XRD patterns of ESP and commercial Cg@@re illustrated
in Figure 4.1. The strongest peak of the Ca@GCrurred at @ of 29.5°. The XRD
pattern of ESP was well matched with that of theneeercial CaC@ Its pattern is
characteristic of calcite which has rhombohedraialyenal axes structure (a = 4.9887,
b =4.9887, c = 17.0528,= 90°, = 90°,y = 120°) (JCPD number 01-083-0577).
4.1.1.2 Chemical composition of HT-ES
XRD patterns of HT-ES prepared at 650°C for 16 hh2and
24 h are shown in Figure 4.2. It should be noteat tvhen the ES was treated at
650°C for less than 16 h, the treated ES was htacklor because of the incomplete
decomposition of matrix protein and ESM. The XRddterns of the HT-ES prepared
at 650°C for 16 h composed of three components,, G2&OH), and CaC@
However, the HT-ES prepared at 650°C for 20 anch 2Zzbmprised only CaO and
Ca(OH). The CaO was derived from decomposition of Ca@® the following

equation (4.1).

CaCQys) —>A caO(s) + CQQ) T (4.1)
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H.O
CaO(s) ——-> Ca(QH) (4.2)
However, when the treated ES was exposed to atreosplh adsorbed moisture. The
adsorbed water reacted with the CaO giving ris€agOH) as shown in equation
(4.2). With increasing treatment time, the Ca@0ntent significantly decreased but

the CaO content increased. The CgG@Dnost completely decomposed after 16 h

treatment time.

Intensity

ESF n J
CaCG |ag i ﬁﬁ n

5 10 20 30 40 50 60 70
20 (degree)

Figure 4.1 XRD patterns of ESP and commercial CaCO
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Figure 4.2 XRD patterns of HT-ES prepared at 650°C for 16220 24 h.

XRD patterns of HT-ES prepared at 670°C for 12 2éch are

shown in Figure 4.3When ES was heated at 670°C for less than 12 tréhted ES

was black. The ES treated at 12 h composed oé tboenponents, CaO, Ca(QH)

and CaC@ It was clearly observed that the treated ES gmexpat 670°C for 16 h

comprised two main components, CaO and CagOHhe calcination of CaC{was

almost completely at treatment time of 16 h.
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Figure 4.3 XRD patterns of HT-ES prepared at 670°C for 12 afidh.

XRD patterns of HT-ES prepared at 770°C for 4 anid &re
illustrated in Figure 4.4. The ES was also tred®md3 h; however, the organic
substances were not completely removed indicatedldgk color of the treated ES.
The patterns presented that the treated ES compafséslo chemicals, CaO and

Ca(OH). It was obviously seen that CagWas entirely decarbonated at 4 h.

When the ES was treated at 800°C for 3, 4, and Bhé,
characteristic peaks of CagQvere not observed, as shown in Figure 4.5. The
decarbonation of CaCQvas complete at treatment time of 3 h. The coitipasof

the treated ES was CaO and Ca(®H)
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Figure 4.4 XRD patterns of HT-ES prepared at 770°C for 4 @uind
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Figure 4.5XRD patterns of HT-ES prepared at 800°C for &g 5 h.
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Note that, the removal of organic substances degubsi ES by
being treated at 650°C and 670°C required the lohge than treated at 770°C and
800°C. This was because the treatment temperaatiréd0°C and 800°C were close
to the decomposition temperature of CaCand were much higher than the
decomposition temperature of organic substances.

In summary, when the treatment time was increasede CaO
was obtained, and more organic substances werevegmadrl he shortest duration for
removing organic substances and obtaining highertrmf CaO was 3 h when ES
was treated at 800°C.

4.1.2 Chemical composition of ESP and HT-ES by XRF
The elements of ESP and HT-ES prepared at 800°@ liodetermined
by XRF is shown in Table 4.1. Ca content in ES @&svt%. It was also previously
reported that Ca content of chicken ES was 37.0-88% (Masuda and Hiramatsu,
2008; Suguro et al., 2000). The Ca content of FeTpEepared at 800°C for 3 h was 2
times higher than that of ES. This was becauserfanic substances were removed
and the main component in HT-ES was CaO. In aaldibther minor components in
ESP and HT-ES were Mg, Na, S, P, K, and CI anceteamount of Al, Si, Fe, Ni, Zn,

and Sr.



Table 4.1Elemental analysis of ESP and HT-ES at 800°C for 3
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Content (wt%)

Elements
ESP HT-ES (800°C, 3 h)

Ca 38.04 70.01
Mg 0.31 0.62
Na 0.07 0.14
S 0.15 0.11
P 0.11 0.22
K 0.03 0.03
Cl 0.02 <0.01
Al <0.01 <0.01
Si <0.01 <0.01
Fe <0.01 <0.01
Ni <0.01 <0.01
Zn <0.01 <0.01
Sr <0.01 0.01

4.1.3 Thermal properties

4.1.3.1 Thermal properties of ES and ESP

TGA and DTGA curves of ES, ESP, ESM, and commercial

CaCQ are shown in Figure 4.6. From TGA and DTGA curvée commercial

CaCQ decomposed at 790°C. The decomposition reacfitimeoCaCQ is as shown

in equation (4.1). After the complete decompositi6aO was left about 55 wt% and

carbon dioxide (C¢) was released about 45 wt%.
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The TGA and DTGA of ESM show two decompositions at
245°C and 333°C. This was due to the differentabnig components containing in
ESM. The decomposition temperature of ESM prewiousported was between
200°C and 350°C (Dong, Su, Xu, Zhang, and Wang/7R200 he transition at 72°C
was due to the removal of adsorbed water.

The TGA and DTGA curves of ES and ESP show thremihl
transitions. The first transition at 50-60°C reésdlfrom the water evaporation (Freire
and Holanda, 2006). The second transition occuat820-326°C and the third
transition at 789-800°C. The second transition desved from the decomposition
of organic substances deposited in both ESM andh&t®ix. The transition at about
800°C was caused by the decomposition of CGACDhe decomposition of CaGO
deposited in ES was 10°C higher than that of comiaeCaCQ because of the
organic substances containing in ES matrix. It wasviously reported that the
CaCQ deposited in ES decomposed at about 30°C higlaer chmmercial CaCO
(Murakami et al., 2007). However, the Cadecomposition temperature of ESP
was close to the decomposition temperature of tmentercial CaC@because some
organic substances were removed out from the E8ribging and sieving process.
The CaCQdecomposition temperature of ESP was lower thanahBS because the
decomposition temperature of CagZ@epended on amount of matrix protein and
ESM existing as impurities (Singh, N. B., and SinghP., 2007).

For the TGA curve of ES, it shows about 1 wt% o$atied
water and 4 wt% of organic substances. The ES osatpof 95 wt% CaCOwhich
was in good agreement with Cag@ontent, 94-98 wt%, in avian ES (Daengprok

et al., 2002; Heredia et al., 2005; Hincke et2000; Hunton, 2005; Nys and Gautron,
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2007; Stadelman, 2000). In addition, the residaistable CaO was about 52 wt%.
The transition temperature and weight loss of consrakeCaCQ, ES, and ESP were

summarized in Table 4.2.
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Figure 4.6 TGA (a) and DTGA (b) curves of ES, ESP, ESM, aochmercial CaC@
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4.1.3.2 Thermal properties of HT-ES

TGA and DTGA curves of HT-ES prepared at 6506C16 h,
20 h, and 24 h were shown in Figure 4.7. The deosition peak of organic
substances was not observed from the curves of 8lT{Econfirmed that the organic
substances were entirely removed from ES by thea hemtment at 650°C
for 16-24 h. The DTGA curves of HT-ES show threensitions. The first
transition, 70-80°C, was resulted from moisture oeal. The weight loss according
to water evaporation was 1 wt%. The second triansdccurred at 444°C for 16 h,
440°C for 20 h, and 445°C for 24 h. This transitwas derived from dehydration of
Ca(OH). It was previously reported that the dehydratbCa(OH) was taken place
at 350-600°C, depending on the moisture contentegting atmosphere (lrabien,
Viguri, and Ortiz, 1990). The dehydration reactioh Ca(OH} was shown in

equation (4.3).

Ca(OH)s) # CaO(s) + HO (g) (4.3)

The weight loss of this transition was about 18 ywi% wt%, and 14 wt% for HT-ES
prepared at 65 for 16, 20, and 24 h, respectively. The thiahsition occurred at
a temperature of 670-700°C. The weight loss ofthirel transition was in a range of
6-11 wt%. The possible way to explain this traositwas derived from two main
reasons. First, it was due to the decompositioGaQ left after the heat treatment
(Singh and Singh, 2007). The second transition eeased by the decomposition of
in-growth of CaCQ formed by the reaction between HT-ES and,Q@Qring the

heating under atmosphere (Marra et al., 1999). c&Sithe TGA experiment was
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performed under a nitrogen atmosphere; therefbeethird transition must be derived
from the decomposition of CaGQeft after the heat treatment. The complete
decomposition of HT-ES, CaO was left about 70-8%wiThe transition temperature
and weight loss of the treated ES at 650°C weresanzed in Table 4.2.

TGA and DTGA curves of HT-ES prepared at 670°CXarh
and 16 h are shown in Figure 4.8. The TGA and DTebAves show three thermal
transitions. The first transition appeared at abéd-80°C caused by moisture
evaporation. The weight loss by the evaporatios vavt%. The second transition
was due to the decomposition of Ca(@Mgcurring around 440-445°C. The weight
loss derived from decomposed Ca(@ips 10-15 wt%. The third transition was due
to the decomposition of CaGQ@ppearing at 732°C for treatment time of 12 h, and
683°C for 16 h. The weight loss of this transitwas in a range of 5-15 wt%. The
transition temperature and weight loss of the é@&S at 670°C were summarized in
Table 4.2.

Figure 4.9 shows TGA and DTGA curves of HT-ES prefa
at 770°C for 4 h and 6 h. The TGA and DTGA shoveé¢hthermal transitions. The
first transition showed the evaporation of wateyusd 65-82°C. The weight loss of
water was 1-2 wt%. The second transition was dubd decomposition of Ca(OH)
at about 430-440°C. The weight loss due to Caf@dromposition was about 23
wt%. The final transition was attributed to thecdeposition of CaC@at about
600-615°C. The weight loss for this decompositicesviz-3 wt%. The transition

temperature and weight loss of the treated ES wa@remarized in Table 4.2.
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TGA and DTGA curves of HT-ES prepared at 800°C 3dm,

4 h, and 5 h are shown in Figure 4.10. The TGA BAGA curves display three

thermal transitions. The first transition by thegoration of water occurred at 70-80°C
with the weight loss of about 1-2 wt%. The secdrahsition at about 440°C was
caused by decomposition of Ca(QHyith the weight loss of 23 wt%. The third
transition around 610-620°C was due to the decoitipo®f CaCQ.

It should be noted that the decomposition tempesatof
CaCQ of HT-ES shifted to a lower temperature compam@dadammercial CaC®
This was because it was initiated by the decomioosaf Ca(OH). In addition, the
decomposition peak of CaG@vas all observed from DTGA curves of HT-ES but
CaCQ of some HT-ES was not detected by XRD. This isabge the sensitivity of
thermogravimetric analysis is better than X-rayfrdidtion spectroscopy especially
when the detected substance is lower than 5 wt%.

The TGA confirms that the main composition of ESI &SP
was CaCQ@ and the main compositions of HT-ES are two calcicompounds as
Ca(OH) and CaO. The organic substances as shell memlrahenatrix protein
were entirely removed by the treatment at 770°Cifar The shortest treatment time
to remove organic substances and to obtain CaCBviaat the treatment temperature
of 800°C. Therefore, the treatment condition a0°& for 3 h was employed to

prepare HT-ES for further use as reinforcing filleHDPE composites.
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Figure 4.10TGA (a) and DTGA (b) curves of HT-ES preparedd°® for 3 h, 4 h, and 5 h.



Table 4.2Peak temperature ¢da) and weight loss of ES, ESP, commercial CagCGd HT-ES at various treatment temperatures and

times.
_ Water evaporation | Organic decomposition| Ca(OH)decomposition | CaCQ decomposition Final weight
Material Tpeak | Weight loss | Tpeax Weight loss T ngak Weight loss T peak Weight loss (%)
(C) (%) (¢C) (%) (§®) (%0) (¢C) (%)

ES 55 1 326 4 - - 800 45 52

ESP 60 1 320 4 - - 789 45 52
Commercial CaC@ - - - - - - 790 45 54
HT-ES (650°C, 16 h 83 1 - - 444 18 696 11 70
HT-ES (650°C, 20 h 82 1 - - 439 16 671 6 77
HT-ES (650°C, 24 h 69 1 - - 445 14 675 6 79
HT-ES (670°C, 12 h 84 1 - - 443 16 732 16 67
HT-ES (670°C, 16 h 70 <1 - - 447 11 683 5 84
HT-ES (770°C, 4 h) 65 2 - - 430 23 603 3 72
HT-ES (770°C, 6 h) 82 1 - - 441 23 615 2 74
HT-ES (800°C, 3 h) 74 2 - - 437 23 611 3 72
HT-ES (800°C, 4 h) 80 1 - - 442 22 613 3 74
HT-ES (800°C, 5 h) 69 1 - - 438 23 621 3 73

59
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4.1.4 Particle size and size distribution

The patrticle size and size distribution of ESP kefand after sieving
and HT-ESP prepared at 800°C for 3 h after siewiage shown in Table 4.3. The ESP
before sieving had £ of 12.7 um with a particle size range of 0.9-12d.p
The ESP after sieving with test sieve of 325-23GmESP1) had 4§39 of 17.1 um
with a range of 0.7-113 um. Comparatively, thg Bf commercial CaC®was 20
pm with a particle size range of 0.6-121 pms &€f ESP2, ESP after sieving with test
sieve of 500-450 mesh, was 14.4 um and a pariderange of 0.9-60 um. The size
distribution of ESP2 was narrower than that of ES#&l observed from size
distribution curve of ESP1 and ESP2 in Figure 4.11.

For the HT-ESP after sieving with test sieve of -2Z3® mesh (HT-
ESP1), the By was 4.6 pm with a particle size range of 0.14-30n3. The size
distribution of HT-ESP1 was quite homogeneous aadow. The large particles
might be formed by the agglomeration of primaryticées as observed from SEM

micrograph in Figure 4.11 (b) and (c).
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Table 4.3 The particle size and size distribution of ESPobefand after sieving,

HT-ESP (800°C for 3 h), and commercial CaCO

Particle size and size distribution

Material | Sieve no.
Dio | Dso | Dgo | Dug | Dmz| Range | Span

ESP before | o5 | 157] 615 236 61 0912% 468
sieving

ESP1 325-230| 2.7 | 17.1| 56.1] 24.1 7.3 0.7-118 3.12

ESP2 500-450| 3.4 | 14.4| 34.4 16.9 8.0 0.9-60 2.1p

HT-ESP1| 325-230| 0.4 | 46| 10.7 5.1 1.9 0.14-20{32.25

CaCQ 500-450 | 2.6 | 20.0| 64.6] 27.6 7.2 0.6-12L 3.10
Remarks : T = mesh size (45-63 um)

1 = mesh size (25-32 pum)

4.1.5 Morphology of ESP and HT-ESP

SEM micrographs of ESP1, ESP2, commercial Ca@@d HT-ESP1
are shown in Figure 4.11. The SEM micrograph efecbmmercial CaC§{shows the
typical morphology of calcite which is in cubic gleawith sharp defined edge and
smooth surface. On the other hand, the edge oflEBBB ESP2 particles were not as
sharp as and as smooth as that of the commercizD£aFurthermore, the surface of
ESP1 and ESP2 was covered by thin porous layers [aiger might be the matrix
protein left after the milling step. In additiomore particles in round shape and

narrower size distribution were obtained after isgwvith sieve of 50450 mesh no.

The SEM micrograph of HT-ESP1 shows very fine phles in round shape and
homogeneous size distribution. In addition, thetipl@s of HT-ESP1 formed the

agglomeration.
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4.2 Characterization of HDPE composites from ESP

4.2.1 Effect of ESP content on physical propertiesf HDPE composites
4.2.1.1 Rheological properties

The dependence of apparent shear viscosity on ampshear
rate of neat HDPE, ESP1/HDPE composites, and GH{IWPE composites is
illustrated in Figure 4.12. The apparent sheacosgy of the HDPE composites was
higher than that of neat HDPE and the apparentr sheeosity of HDPE composites
increased with increasing ESP1 and Cg@Ontent. This was due to the more
content the filler, the shorter the particle-paetidistance caused by more content of
the fillers. Therefore, the molten HDPE was madostauct to flow. In addition, the
apparent shear viscosity of the HDPE and the HDBEposites decreased with
increasing apparent shear rate. This was attabtatenore polymer chains alignment
in the direction of shear at high shear rate resyinh better molecular flow ability of
polymer molecules, the lower the viscosity. Witle inclusion of ESP1 and CagO
HDPE composites still behaved like a pseudoplastaterial as neat HDPE did.
In addition, the apparent shear viscosity of ESBPFH and CaC@HDPE
composites was in the same range. It should bedribiat the difference in apparent
shear viscosity between neat HDPE and the HDPE osit@s at 10 wt% ESP1 was
lower than that between neat HDPE and the HDPE ositgs at 10 wt% CaCGO
This might be due to the less cube and higher serferosity of ESP1 particles as

compared with that of CaG@atrticles gave rise to enhancement of fluid fldoaity.
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MFI of neat HDPE, ESP1/HDPE composites, and
CaCQ/HDPE composites at various filler contents is show Table 4.4. The MFI
of HDPE was higher than that of ESP1/HDPE and GAGOPE composites. The
MFI of the composites decreased with increasingergnof ESP1 and CaGO The
decrease in MFI of chalk/HDPE composites with isiaeg content of chalk
(96.8% of CaC@) had also been reported (Domkaadi¢ki, and Kozak, 2003).
Comparatively, the MFI of ESP1/HDPE composites &afCQ/HDPE composites

was insignificantly different.

Table 4.4MFI of neat HDPE, ESP1/HDPE composites, and CAGDPE

composites.
ESP1 or CaCQ content MFI (9/10 min)

(Wt%) ESP1/HDPE composites CaCOz/HDPE composites
0 12.4 12.4
10 12.2 114
20 11.0 10.3
30 9.8 9.3
40 8.3 8.4

4.2.1.2 Thermal properties
TGA and DTGA curves of HDPE and ESP1/HDPE compssite
are presented in Figure 4.13. From the TGA and BT¢&urves, the thermal
degradation of HDPE composites differed from thfah@at HDPE. The neat HDPE
decomposed with single transition at 493°C whetbasHDPE composites showed

three transitions. The first transition at aboR0-340°C was the decomposition of
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organic substances embedded in both ESM and ESxnaatrmentioned in 4.1.3.1.
The decomposition peak of this transition could betdistinctively observed at the
content of 10-20 wit% ESP1 but small decompositicgakp was observed for
composites prepared with 30-40 wt% ESP1. The sktamsition of the composites
at 492-494°C was caused by the decomposition of EIDFPhe third transition was
the decomposition of CaGdecarbonation, occurred at 727-775°C. The deositign
temperature of HDPE of the composites at variouBIE&ontents was insignificantly
different and almost the same as that of the n&RHE as shown in Table 4.5. This
illustrated that the addition of ESP1 did not afffdteermal stability of HDPE matrix.
The decomposition temperature of CaGdthe composites increased from 726°C to
775°C as ESP1 content increased from 10 wt% tot46. Wl his was due to the strong
effect of content, more particle-particle interans, as increasing ESP1 content.

In addition, the TGA curves show the percentagelDPE and
ESP1 corresponding to the mixing ratios. The fimeight after the decomposition of
the composites is of CaO. The left CaO was 5161and 21 wt% for the composites
at 10, 20, 30, and 40 wt% ESP1, respectively, as/shn Table 4.5. These were well
consistent with theoretical stoichiometry.

Figure 4.14 shows TGA and DTGA thermograms of HRH
CaCQ/HDPE composite. The CaG®IDPE composites exhibited two thermal
transitions. The first transition resulted fronetdegradation of HDPE around
491-492°C and the second transition at 721-755%¢wwas the consequence of the
decarbonation of CaGO The decomposition temperature of the HDPE in the
composites at different CaG@ontents revealed that increasing Ca@0ontent did

not affect the thermal stability of the compositéBhis was also found in
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CaCQ/LDPE nanocomposites (Wang et al., 2007). In @alditthe decomposition
temperature of CaC{of the composites increased from 727°C to 755°CaSQ
content increased from 10 wt% to 40 wt%, as replarieTable 4.5.

In addition, the TGA thermograms indicated the eantof
HDPE and CaC® corresponding well with the mixing content. Moveg the
residue of CaO after decomposition of the compssitel 0-40 wt% CaCfwas 5, 11,
17, and 22 wt%, respectively, in accordance witk tfuantitative relationship
between CaC@and CaO.

Thermal properties of ESP1 filled HDPE and CaCilled
HDPE were not much different except that ESP1dilRDPE composites showed the
decomposition of organic substances around 320€346fowever, this decomposition

temperature was still higher than the processingperature of the HDPE composites.
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Table 4.5 Decomposition temperatures and weight residue ofPIAIDPE,

CaCQ/HDPE composites and neat HDPE.

Decomposition temperature (°C)

ESP1 or CaCQ
content (wt%) ESP1/HDPE composites CaCgHDPE composites
HDPE | ESP1| Residue (%) HDPE| CaC®| Residue (%)

0 493 - 0 493 - 0
10 492 726 5 492 727 5
20 493 757 11 491 741 11
30 494 766 16 492 738 17
40 492 775 21 492 755 22

4.2.1.3 Mechanical properties

Engineering stress-strain curves of neat HDPE, HEPRE
composites, and CaGM®IDPE composites are presented in Figure 4.15hduld be
noted that the tensile specimens of HDPE did neakmwithin the instrument limit.
Tensile curves of the HDPE and the HDPE compositt0anvt% ESP1 and CaGO
exhibited cold drawing region before the test speci was fractured. However, the
HDPE composites at displacement rate of 10 mm/thim ductile-brittle transition of
ESP1/HDPE and CaGMIDPE composites occurred at 20 wt% fillers contenhis
might be because the mobility of polymer chain wappressed as increasing filler
content. The ductile-brittle transition of Cag®@DPE composites was also reported
at CaCQ content of 15 vol% at the displacement rate ofrb/min (Bartczak et al.,
1999) and 10 wt% at the displacement rate of 125mum (Misra et al., 2004;

Tanniru and Misra, 2006).
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composites at various contents of ESP1 and GaCO

Figure 4.16 shows Young's modulus and elongatidoredk of

As expected, Young's modulus of
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HDPE composites was higher than that of HDPE armleased gradually with
increasing filler content. This was because tHerfiwvas much stiffer than HDPE
matrix (Fu et al., 2008). In addition, the molyilgand deformability of the matrix was
restricted by the stiff particles of ESP1 and CaQ@@isra et al., 2004). Elongation at

break of the composites considerably decreasedimgteasing filler content.
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Figure 4.16Plot of Young’s modulus—) and elongation at break (— —) of

ESP1/HDPE and CaGDPE composites vs. filler contents.

Figure 4.17 shows vyield strength of ESP1/HDPE and
CaCQ/HDPE composites. It demonstrates that the yigtehgth of the composites
was lower than that of the HDPE. In addition, yiedd strength of ESP1/HDPE and
CaCQ/HDPE composites was almost the same. The yietthgth of the composites
gradually decreased as content of ESP1 and Ga@® increased. The hard particle

of ESP1 and CaCfalso acted as a weakening point leading to thesstr
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concentration. The decreasing in yield strengtiHDIPE composites as increasing
calcium carbonate content was previously repoBedt¢zak et al., 1999; Suwanprateeb,
Tiemprateeb, Kangwantrakool, and Hemachandra, 1998)

Figure 4.17 also shows tensile stress at breakS$t1IEHDPE
and CaC@HDPE composites.  The tensile stress at breakeat HDPE was not
detected because the specimens were not fractuiddh whe instrument limit.
Tensile stress at break was slightly increaseti@sasing filler content from 10 wt%
to 20 wt%. It was observed that the tensile staédseak of ESP1/HDPE composites
and that of CaCeHDPE composites were not changed even though 8felEand
CaCQ were increased from 20 wt% up to 40 wt%. It iadedl that the content of
ESP1 and CaCfOhad no effect on tensile stress at break of tHedfiHDPE.
Young’'s modulus, elongation at break, yield stréngind tensile stress at break

were listed in Table 4.6.
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Table 4.6Tensile properties of ESP1/HDPE and CaIDPE composites at various contents of ESP1 ai@Dga

Young's modulus

Elongation at break

Yield strength

Tensile stress at break

ESP1 or CaCQ (MPa) (%) (MPa) (MPa)
content (wt%)
ESP1/HDPE | CaCQ/HDPE | ESP1/HDPE| CaCQ/HDPE | ESP1/HDPE| CaCQ/HDPE | ESP1/HDPE | CaCQ/HDPE

0 352423 352423 Not break Not break 19.3+0J1 19.B+0| Not break Not break
10 391+25 394+18 266156 361+108 19.0+0.2 18.2+0.3 3.040.1 12.6+0.2
20 424+34 422+36 74+7 84+3 17.1+0.2 17.4+0.3 14.83+0 14.3+0.1
30 453+33 510+45 49+1 50+17 16.0+0.1 16.2+0.4 19.8+ 14.3+0.6
40 528452 600134 17+3 30+4 15.2+0.% 14.3+0.3 149+0 13.4+0.3

18
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Flexural properties of ESP1/HDPE and CatDPE
composites are shown in Table 4.7. The flexuratlmhes of the HDPE composites
was improved by the incorporation of ESP1 and Ca@@d their moduli were
increased with increasing the filler content. THR8P1 was more effective than
CaCQ for improving flexural modulus of the composite$he flexural strength of
ESP1/HDPE composites was similar to that of neafPHD As increasing ESP1
content, the flexural strength of the compositess wt significantly increased.
However, the addition of CaGOinto HDPE insignificantly improved flexural

strength of the composites.

Table 4.7Flexural modulus and strength of ESP1/HDPE and@#{DPE composites.

ESP1 or CaCQ Flexural modulus (MPa) Flexural strength (MPa)

content (wt%) ESP1/HDPE | CaCO/HDPE | ESP1/HDPE | CaCOyHDPE
0 553+21 55321 21+0.6 21+0.6
10 628+4 583+11 22+0.3 21+0.3
20 69029 65124 23+0.1 21+0.2
30 852+30 792+34 24+0.1 22+0.4
40 1012434 925423 24+0.2 22+0.3

Unnotched Izod impact strength of neat HDPE andHD&E
composites is shown in Table 4.8. It should beedidhat the impact strength of neat
HDPE and the HDPE composite at 10 wt% of ESP1 aa@Q was not obtained
because they were not fractured within the instmnfienit. The impact strength of
the composites decreased with increasing the tilbetent. The reduction in impact
strength of the composites was due to the poorfati@l adhesion between the polar

surface of ESP1 and CagOand HDPE (Rukchonlatee, Prasertwong, and
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Sangpakdee, 2002). The poor interfacial adhesesulted in voids between the
interface of filler and HDPE. Under the impacttiehese voids acted as stress
concentrator at which the impact stress was maghiind made the composites
fractured at lower stress. It can be seen thatirtipact strength of ESP1/HDPE

composites was slightly lower than that of Ca@{DPE composites.

Table 4.8Unnotched Izod impact strength of ESP1/HDPE ard@#lDPE composites.

ESP1 or CaCQ content Impact strength (kJ/m”)
(Wt%) ESP1/HDPE CaCOy/HDPE
0 Not break Not break
10 Not break Not break
20 38.0+£3.2 46.3+2.3
30 22.6+1.7 25.0+2.2
40 13.4+1.6 14.9+0.9

The influence of filler content on hardness and HDT
ESP1/HDPE and CaG®DPE composite is shown in Table 4.9. The harslreds
neat HDPE was slightly lower than that of the cosi@s. The hardness of the
composites slightly increased when fillers conteas increased. This was because
hard particle of ESP1 and Cagad higher hardness than that of HDPE.
Comparatively, the hardness of ESP1/HDPE composigggnificantly differed from
that of CaC@QHDPE composites.

It was observed that HDT of the composites was drighan
that of neat HDPE as shown in Table 4.9. The HDthe composites increased with

increasing the filler content. In addition, the Hf ESP1/HDPE composite was
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slightly lower than that of CaGfHDPE composite when the ESP1 content was

higher than 10 wt%.

Table 4.9 Hardness and HDT of neat HDPE, ESP1/HDPE compgositad

CaCQ/HDPE composites at various filler contents.

ESP1 or CaCQ Hardness (shore D) HDT (°C)

content (wt%) ESP1/HDPE | CaCQ/HDPE | ESP1/HDPE| CaCQHDPE
0 38.310.3 38.310.3 68.2+0.9 68.2+0.9
10 38.510.2 38.740.2 71.5+0.7 71.5+0.5
20 40.240.3 40.520.4 73.1+0.6 74.5+1.0
30 42.0£0.2 42.2+0.2 77.340.3 76.2+1.1
40 42.8+0.2 43.620.2 79.0£1.0 81.4+0.9

4.2.1.4 Morphological properties

Figure 4.18 shows SEM micrograph of ESP1/HDPE and
CaCQ/HDPE composites. It was clearly observed that ititerfacial adhesion
between ESP1 and HDPE was as poor as that betwa@;@nd HDPE. Several
holes were observed on the fracture surface. Theles were caused by debonding
of filler particles from the HDPE matrix. The palés distribution in ESP1/HDPE
and CaC@HDPE composites was the same. In addition, ther poterfacial
adhesion led to the reduction of yield strengtimsile stress at break, and impact

strength of the HDPE composites.
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Figure 4.18 SEM micrographs(x300) of ESP1/HDPE (a) andaCCi/HDPE (b)

(4)

(3aNd40 Wi%

30 wt%

)

20 wt%

composites: 1 wt% (1)
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4.2.2 Effect of particle size and compatibilizationof ESP on physical
properties of 40 wt% ESP/HDPE composites

As previously discussed in section 4.2.1, ESP1/H@BEposites at
ESP1 content of 40 wt% showed higher tensile ste$seak and Young’s modulus
than those at ESP1 of 10, 20, and 30 wt%. Thus, uhcompatibilized and
compatibilized ESP2/HDPE composites were furthepgred in order to study the
effect of particle sizes and interfacial modificati on physical properties of the
composites. The 43 and range of ESP1 were 17.1 pum and 0.7-113 pipecasgely
and those of ESP2 were 14.4 um and 0.9-60 um,ctsply.

4.2.2.1 Rheological properties

The plot of the apparent shear viscosity of HEPPE,

ESP2/HDPE, and compatibilized ESP2/HDPE compositea function of shear rate
is shown in Figure 4.19. Obviously, it revealedttthe apparent shear viscosity of
ESP1/HDPE and ESP2/HDPE composites were simitanas not sufficient to make
any significant difference in the melt viscositjowever, the apparent shear viscosity
of the compatibilized ESP2 filled HDPE was slightlyigher than that of
uncompatibilized ESP2 filled HDPE. This was duehe reducing the amount and
the size of agglomeration by adding HDPE-g-MAH (t&z et al., 2005). It was
previously reported that the addition of HDPE-g-MAHO0-2 wt% of CaC@slightly
affected melt viscosity of the HDPE composites (Ehanlatee et al., 2002). In addition,
it was reported that the optimum content of HDPEH was 4% by weight of
CaCQ (Phueakbuakhao et al., 2008). The HDPE compopitegared from ESP1,
ESP2, and ESP2 with compatibilizer show the sh@aning behavior, the apparent

shear viscosity decreased with increasing shear rat
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The MFI of ESP1/HDPE, ESP2/HDPE, and compatiediz
ESP2/HDPE composites were 8.3, 8.2, and 7.2, ragpbt as shown in Table 4.10.
It was found that the reduction in particle sizeE8$P did not affect MFI of the
ESP2/HDPE composites. The adding of HDPE-g-MAH itite HDPE composites

did not lead to the significant change of the cosiies MFI.
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Table 4.10MFI of ESP1/HDPE, ESP2/HDPE, and compatibilizedP2SHDPE

compositesvith ESP content of 40 wt%.

HDPE Composites MFI (g/10 min)
40% ESP1/HDPE 8.3
40% ESP2/HDPE 8.2
40% ESP2/HDPE + 2% HDPE-g-MAH 7.2

4.2.2.2 Thermal properties

TGA and DTGA curves of ESP1/HDPE, ESP2/HDPE, and
compatibilized ESP2/HDPE are shown in Figure 4.Z8e composites showed three
transitions: the % transition was the decomposition of organic suirsta the ¥
transition was the decomposition of HDPE; t/fetRansition was the decomposition
of CaCQ deposited in ESP. The decomposition temperastitdDPE filled with
ESP1 and ESP2 was not much different as shown bleT411. However, the
decomposition temperature of CaCi® ESP2/HDPE composites was lower than that
in ESP1/HDPE composites. This was suggested bwatattivation energy of the
thermal decomposition of CaG@ecreased by decreasing the particle size (Criado
and Ortega, 1995). With addition of HDPE-g-MAHgtbecomposition temperature
of HDPE matrix of compatibilized ESP2/HDPE compesitvas similar to that of the
uncompatibilized ESP2/HDPE composites. It was ipresty reported that after
grafting with MAH, the thermal stability of grafte@dP was improved (Han, Wu,
Yin, and Yu, 2009). On the other hand, the decasitjpm temperature of CaGO
deposited in ESP shifted to a higher temperatureth®y addition of 2 wt%

HDPE-g-MAH.
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Figure 4.20TGA (a) and DTGA (b) thermograms of ESP1/HDPE, HEPE, and

compatibilized ESP2/HDPE composites with ESP cdraéd0 wt%.
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Table 4.11Decomposition temperatures of ESP1/HDPE, ESP2/HDdtt

compatibilized ESP2/HDPE composites at ESP cowutief® wt%.

_ Decomposition temperature (°C)
HDPE Composites
HDPE ESP (CaCQ)
40% ESP1/HDPE 492 775
40% ESP2/HDPE 495 771
40% ESP2/HDPE+2% HDPE-g-MAH 497 782

4.2.2.3 Mechanical properties

Figure 4.21 shows Young's modulus and elongatidoredk of
ESP1/HDPE, ESP2/HDPE, and compatibilized ESP2/HRBEposites. Young’s
modulus of ESP2/HDPE composites was slightly imptbv This was previously
reported that the particle size had a little effent composites stiffness (Fu et al.,
2008). However, there was a previous study thatungts modulus of
CaCQ/PP/HDPE composites with 1.8 um Cafoas higher than that with 3.0 um
CaCQ (Gonzélez et al., 2002). In addition, Cafl® composites with 6.0 um
had higher Young’s modulus than composite that wdt um (Silva et al.,
2002). Young's modulus of the composites was nflueénced by 2 wt% HDPE-g-
MAH addition. Young’s modulus of the compositesswalculated from the slope of
stress-strain curve before irreversible deformatamk place. Thus, the displacement
at the interface did not occur (Nwabunma and Ky20& Fu et al., 2008). It was
previously studied that CaG@vith particle sizes of 3.0 and 1.8 um treated Witta
12 of 0.3-0.5 wt% did not influence on Young’'s maskiof the PP/HDPE blend
with CaCQ (Gonzéalez et al.,, 2002). The percentage eloogadit break of

ESP2/HDPE composites was higher than that of ESPREcomposites. However,
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the presence of 2 wt% HDPE-g-MAH in ESP2/HDPE coses slightly affected
elongation at break of the compatibilized compasite

The dependence of yield strengthd tensile stress at break of
the composites on particle size and surface madién was depicted in Figure 4.21.
The yield strength and tensile stress at break@HDPE filled with ESP1 and ESP2
were not much different. Since, particle size aizeé distribution of ESP1 and ESP2
were in the same range. It was previously repattatithe yield strength and tensile
stress at break of CaG®P composites with size of Cag;Mso of 6.0 and 3.0 pm,
were not different (Silva et al., 2002). Howevéhe addition of HDPE-g-MAH
into ESP2/HDPE composites enhanced the yield dinesng tensile stress at break of
the composites, as illustrated in Figure 4.22. sTivas because the interfacial
adhesion between ESP and HDPE was improved via HPNFRAH. The
improvement in tensile strength of Cag&fded recycled HDPE by addition of
HDPE-MAH was also presented (Phueakbuakhao e2@08). Young's modulus,
elongation at break, yield strength, and tensilesstat break of the composites were

shown in Table 4.12.
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Figure 4.21Plot of Young’s modulus and elongation at breale®P1/HDPE,
ESP2/HDPE, and compatibilized ESP2/HDPE composites

with ESP content of 40 wt%.
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Figure 4.22 Plot of yield strength and tensile stress at breaESP1/HDPE,
ESP2/HDPE, and compatibilized ESP2/HDPE composites

with ESP content of 40 wt%.

Table 4.12Tensile properties of ESP1/HDPE, ESP2/HDPE, andpatibilized

ESP2/HDPE composites with ESP content of 40 wt%.

Young's | Elongation Yield Tensile stress
HDPE Composites modulus at break strength at break
(MPa) (%) (MPa) (MPa)
40% ESP1/HDPE 528452 17+3 15.2+0.5 14.0+0.5
40% ESP2/HDPE 608+29 24+3 16.0+0.3 14.1+0.3
40% ESP2/HDPE+2% HDPE-g-MAH 643423 212 19.5%0.2 .618.5
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Flexural modulus and strength of ESP1/HDPE, ESPRHD
and compatibilized ESP2/HDPE composites with ESftesd of 40 wt% are shown
in Figure 4.23. Obviously, it was found that flexumodulus and flexural strength of
the composites with ESP1 and ESP2 were not signitig different. The flexural
modulus and strength of the compatibilized compessitvere not significantly
improved. This was due to the improvement of filleatrix interaction by
HDPE-g-MAH. Flexural modulus and strength of thBE composites were listed
in Table 4.13.

The effect of particle size and interfacial magifion on
unnotched lzod impact strength of HDPE composieshiown in Table 4.14. The
impact strength of the composites from ESP1 and 2E®&Bre similar. It was
obviously found that the impact strength of the posites was improved by

compatibilization with HDPE-g-MAH.

The dependence of hardness and HDT of ESP/HDPE

composites on particle size and surface modificaig listed in Table 4.14. The
particle size of ESP did not influence hardness HBd of the composites. The
compatibilization did not affect hardness of themgposites; however, the

compatibilization improved HDT by 6°C.
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Figure 4.23Plot of flexural modulus and strength of ESP1/HDPE, ESPEHHPand

compatibilized ESP2/HDPE compasuath ESP content of 40 wt%.

Table 4.13 Flexural properties of ESP1/HDPE, ESP2/HDPE, aothpatibilized

ESP2/HDPE composites with ESP content of 40 wt%.

HDPE Composites Flexural modulus | Flexural strength

(MPa) (MPa)
40% ESP1/HDPE 1012+34 24+40.2
40% ESP2/HDPE 909+36 22+0.8

40% ESP2/HDPE+2% HDPE-g-MAH 943+32 26x1.4
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Table 4.14Impact strength, hardness, and HDT of ESP1/HDREPZHDPE, and

compatibilized ESP2/HDPE composites with ESP cdraeA0 wt%.

HDPE Composites Impact strength | Hardness HDT
(kJ/m?) (Shore D) (°C)
40% ESP1/HDPE 13.4+1.6 42.8+0.2 79.0
40% ESP2/HDPE 14.0+0.7 43.0+0.8 79.2
40% ESP2/HDPE+2% HDPE-g-MAH 20.6x1.0 43.0+0{3 85.0

4.2.2.4 Morphological properties
SEM  micrograph of ESP1/HDPE, ESP2/HDPE, and

compatibilized ESP2/HDPE composites with 40 wt% Ee®® shown in Figure 4.24.
From Figure 4.24 (al) and (b1), it was clearly obseé that the particle distribution of
ESP1 and ESP2 within the HDPE matrix was similfith a larger magnification of
SEM micrograph in Figure 4.24 (a2) and (b2), theewsbed interfacial adhesion of
ESP1/HDPE and ESP2/HDPE composites were not signily different. From

Figure 4.24 (c2), it was observed the decrease ushber of holes caused by

detachment of particles from HDPE matrix under gemc fracture.
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Figure 4.24 SEM micrograph at magnification of x3001) and x1000

(2) of ESP1/HDPE (a-SP2/HDPE (b), and compatibiliz

ESP2/HDPE ()compositesvith ESP content of 40 wt.
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4.3 Characterization of HDPE composites from HT-ESP

4.3.1 Effect of HT-ESP content and compatibilizatin on physical
properties of HT-ESP/HDPE composites
4.3.1.1 Rheological properties
The plot of apparent shear viscosity as a foncof apparent
shear rate of HT-ESP1/HDPE and compatibilized HRESIDPE composites are
shown in Figure 4.25. The shear viscosity of tbhengosites increased as fillers
content was increased. This was because a higigerd of fillers resulted in more
particles closely packed together resulting in aor@ase of resistance to flow
(viscosity) of the molten composites (http://wwweaheurope.com/articles/e/61207/).
In addition, the apparent shear viscosity decreastdincreasing apparent shear rate,
shear-thinning behavior. This is because at higgassrate, the polymer chain is more
deformed in the direction of shearing and thenabtmposites easier flow as a result
viscosity was decreased. Comparatively, the apparsimear viscosity of
compatibilized and uncompatibilized HDPE composétd40 wt% HT-ESP1 was not
significantly different.
Table 4.15 shows MFI of HT-ESP1/HDPE and compatiéed
HT-ESP1/HDPE composites. The MFI of the composiess decreased with
increasing content of HT-ESP1. In addition, the IMF compatibilized HDPE
composites was the same as that of uncompatibilcoedposites at 40 wt% HT-

ESP1.
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Figure 4.25Plot of the apparent shear viscosity of HT-ESP1/HRRd compatibilized

HT-ESP1/HDPE composites against the apparent satsar

Table 4.15MFI of HT-ESP1/HDPE and compatibilized HT-ESP1/HD&mposites.

Filler content (wt%) MFI (g/10 min)
0% HT-ESP1 12.4
10% HT-ESP1 9.5
20% HT-ESP1 7.2
30% HT-ESP1 6.6
40% HT-ESP1 4.9
40% HT-ESP1+2% HDPE-g-MAH 5.0
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4.3.1.2 Thermal properties

TGA and DTGA curves of HT-ESP1/HDPE composites a
presented in Figure 4.26. The TGA and DTGA show thermal transitions. The
first transition at temperature of 493-498°C was tlecomposition of HDPE. The
second transition at 591-639°C was the decompostticCaCQ. The first transition
of the HDPE composites began earlier than that edt HDPE according to
decomposition of Ca(OH)which was close to the decomposition of HDPE. niro
section 4.1.3.2, the Ca(OHjlecomposed around 430-445°C, as shown in Table 4.2
In addition, the transition of CaGQvas obviously observed at HT-ESP1 content of
30-40 wt%. The DTGA curves of the HDPE composiéesw that the first and
second transition temperatures insignificantly éased by increasing HT-ESP1
content. This might be due to the forming of mst&ble CaO by the decomposition
of Ca(OH). By the compatibilization, the first transitioentperature of 40 wt%
HT-ESP1/HDPE composites was not much different ftbat of the uncompatibilized
HDPE composites. The decomposition temperatureaoh @ransition was listed in

Table 4.16.
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Figure 4.26 TGA (a) and DTGA (b) thermograms of HDPE, HT-ESPRRE

composites, and compatibilized HT-ESP1/HDPE conipssi
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Table 4.16Decompositiontemperature of HT-ESP1/HDPE composite and

compatibilized HT-ESP1/HDPE composite.

Decomposition temperature (°C)
Filler content (wt%) HDPE decomposition| CaCO; decomposition

Tonset Toeak Tpeak
0% HT-ESP1 472 493 -

10% HT-ESP1 468 493 591

20% HT-ESP1 465 496 602

30% HT-ESP1 468 498 635

40% HT-ESP1 471 497 637

40% HT-ESP1+2% HDPE-g-MAH 469 495 639

4.3.1.3 Mechanical properties
Figure 4.27 shows engineering stress-strain esirof
HT-ESP1/HDPE composites. Tensile curves of neaPBRand HDPE composites at
10 and 20 wt% HT-ESP1 exhibited cold drawing rediefore the test specimen was
ruptured. The ductile-brittle transition of the HESP1/HDPE composites occurred at
30 wt% filler content. It is difficult for polymechains to plastically flow after
yielding as filler content was increased. In addit the 40 wt% HT-ESP1/HDPE
composites without and with adding the compatibilizvere fractured prior to
yielding. It was explained that interfacial voidgeakening point, did not withstand

crack propagation and led to brittleness of theenmas (Friedrich and Kars¢h983).
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Figure 4.27 Tensile stress-strain curves of HT-ESP1/HDPE

composites and compatibilized HT-ESP1/HDPE comeosit

increasing filler content, Young’'s modulus dhe

composites increased but elongation at break deedeas shown in Figure 4.28 and

4.29, respectively. The increase of Young’'s mogwhas caused by the incorporation

of rigid particles of HT-ESP1. However, at 40 wi%-ESP1, the Young's modulus

and elongation at break of compatibilized compasit@s not significantly different

from that of uncompatibilized HDPE composites.
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Figure 4.29Plot of elongation at break of HT-ESP1/HDPE compasiagainst

HT-ESP1 content.

Figure 4.30 shows vyield strength of the HT-ESP1/HDP
composites as a function of HT-ESP1 content. Tiedd ystrength of the HDPE
composites containing 0-30 wt% HT-ESP1 was insigaiftly different. This
indicated that the adding of HT-ESP1 into HDPE eduso improvement of yield
strength of the composites. The opposite resutt mwported that the yield strength of
20 and 40 wt% Ca(ORHHDPE composites was significantly lower than tbaheat
HDPE (Mlecnik and La Mantai, 1997).

Figure 4.31 shows tensile stress at break of HTIASPPE
composites. The tensile stress at break of 10 20dwt% HT-ESP1/HDPE
composites was not much different. This might be tb insignificant difference in

particle distribution between 10 and 20 wt% HT-ESEIn the other hand, the tensile
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stress at break of the composites significantlygased when HT-ESP1 content was
increased from 20 wt% to 40 wt%. Although the aggtrates were obviously
formed at content of 20-40 wt% HT-ESP1, these agglates size were small. For
this reason, the tensile stress at break of theposites was increased. With a content
of 40 wt% HT-ESP1, the tensile stress at breakefdompatibilized composites was
slightly higher than that of the uncompatibilizeses. Young’'s modulus, elongation
at break, yield strength, and tensile stress atkbref uncompatibilized HDPE

composites and compatibilized HDPE composites wegperted in Table 4.17.
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Figure 4.30Plot of yield strength of HT-ESP1/HDPE compositgaitast HT-ESP1 content.
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Table 4.17Young’s modulus, elongation at break, yield sttengnd tensile stress at break of HT-ESP1/HDPEpesites with and

without compatibilization.

HT-ESP1 content (wt%)

Young’s modulus

Elongation at break

Yield strength

Tensile stress at break

(MPa) (%) (MPa) (MPa)
0% HT-ESP1 352423 - 19.30.1 -
10% HT-ESP1 395+16 856+101 18.7+0.3 12.7+0.6
20% HT-ESP1 42528 1465 20.1+0.3 12.9+0.3
30% HT-ESP1 544+34 39+2 20.740.1 15.2+1.1
40% HT-ESP1 604+32 7+1 - 19.6+1.0
40% HT-ESP1+HDPE-g-MAH 62228 12+1 - 22.740.3

80T
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Flexural modulus and strength of HT-ESP1/HDPE casitps
are shown in Figure 4.32 and 4.33, respectivelylexdfal modulus of HT-
ESP1/HDPE increased with increasing HT-ESP1 contefhis was due to the
addition of the high stiffness particle. Comparaly, at 40 wt% HT-ESP1, the
flexural modulus of compatibilized composites waxt significantly different from
that of uncompatibilized composites. Flexuralrgjte of HT-ESP1/HDPE composites
slightly increased with increasing HT-ESP1 contenfhe flexural strength of
compatibilized HDPE composites was insignificanttifferent from that of

uncompatibilized composites. Flexural propertiesesnumbered in Table 4.18.
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Figure 4.32Plot of flexural modulus of HT-ESP1/HDPE composissa function of

HT-ESP1 content.
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Table 4.18Flexural modulus and flexural strength of HT-ESPRPE composites

with and without compatibilization.

HT-ESP1 content Flexural modulus Flexural strength
(Wt%) (MPa) (MPa)
0% HT-ESP1 553+21 21+0.6
10% HT-ESP1 588+26 22+0.5
20% HT-ESP1 722+7 2510.3
30% HT-ESP1 901+20 27+0.3
40% HT-ESP1 1007+20 27+0.7
40% HT-ESP1+HDPE-g-MAH 964+20 28+0.8
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Unnotched Izod impact strength of HT-ESP1/HDPE
composites is shown in Table 4.19. The impacingtte of HDPE composite at 10
wt% HT-ESP1 and neat HDPE was not obtained bediesewere not broken under
the instrument limit. The impact strength of thél-HSP1/HDPE composites
decreased with increasing HT-ESP1 content. Thectexh in impact strength of the
composites was probably due to insufficient inteiefhadhesion between HT-ESP1
and HDPE matrix. Therefore, voids at interfaceedds stress concentrators. When
the specimen was impacted, these voids were exgamnd# they met each other. As
a result, this led to the composites to be brokieally. Hence, the ability of stress
transfer between polymer matrix and filler was tedi. With a content of 40 wt%
HT-ESP1, the impact strength of compatibilized cosies was considerably
increased comparing to uncompatibilized compositesuggested that the interfacial

adhesion between HT-ESP1 and HDPE was improveddfyEdg-MAH.

Table 4.19Unnotched Izod impact strength of HT-ESP1/HDPE posites with and

without compatibilization.

HT-ESP1 content Impact strength
(Wt%) (kd/m?)
0% HT-ESP1 Not break
10% HT-ESP1 Not break
20% HT-ESP1 50.0+4.9
30% HT-ESP1 29.9+2.8
40% HT-ESP1 18.2+3.9
40% HT-ESP1+HDPE-g-MAH 36.8+12.3
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Table 4.20 shows the influence of HT-ESP1 contemi a
interfacial modification on hardness and HDT of BEP1/HDPE composite. The
hardness of the composites gradually increasedTaE$P1 content was increased.
This resulted from the rigidity of HT-ESP1 which leégher than that of HDPE.
Comparatively, at the content of 40 wt% HT-ESPZX tiardness of compatibilized
composites was the same as that of uncompatibilioedposites. In addition, the
HDT of the composites was higher than that of teatrHDPE. The HDT of the
composites increased with increasing HT-ESP1 cont€éhe HDT of the compatibilized
composite was not different from that of uncomphnbd HDPE composites.
Hardness and HDT of the composites was not muchrave by the addition of

HDPE-g-MAH.

Table 4.20 Hardness and HDT of HT-ESP1/HDPE composites witld aithout

compatibilization.

HT-ESP1 content (wt%) Hardness (shore D) HDT (°C)
0% HT-ESP1 38.3+0.3 68.2
10% HT-ESP1 39.8+0.2 72.9
20% HT-ESP1 42.3+0.0 81.9
30% HT-ESP1 43.3+0.2 86.9
40% HT-ESP1 44.6+0.2 86.9
40% HT-ESP1+HDPE-g-MAH 44.0+0.3 87.2
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4.3.1.4 Morphological properties

Figure 4.34 shows SEM micrograph of HT-ESP1/HDPE
composites. The HT-ESP1 particles had a goodildigion within the HDPE matrix
at the content of 10-20 wt%. However, the distidmuof HT-ESP1 in the composites
was poor observed at 30 wt% HT-ESP1, as shown gar€i4.34 (c). The large
clusters of HT-ESP1 particles appeared on the uracsurface of composite at 40
wt% HT-ESP1, as shown in Figure 4.34 (d) and (Ejis clearly demonstrated that
the dispersion and distribution of HT-ESP1 became&ehmworse with higher HT-
ESP1 content. Thus, this was responsible for thesttion of the HT-ESP1/HDPE
composites from ductile to brittle behavior at 3®wWHT-ESP1, and the decrease of
the impact strength of the composites. Nevertsekbe distribution of HT-ESP1 at
content of 40 wt% was improved by compatibilizatiennith HDPE-g-
MAH as observed in Figure 4.34 (f). This indicatixt the interfacial adhesion
between HT-ESP1 and HDPE was improved by HDREAdH. Therefore, the
impact strength of the composites was considerablyroved by the

compatibilization.
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Figure 4.34SEM micrograph:(x1000) of HTESP1/HDPE composites: 10 wi

HT-ESP1 a), 20 wt% HT-ESP1 (b), 30 wt% HESP1 (),
40Wt% HT-ESP1 (d), 40 wt% HT-ESP1 (x30@),

and40 wt% HT-ESP1+HDPE-g-MAH (f).



CHAPTER V

CONCLUSIONS

It was confirmed that chicken eggshell consiste@®iwvt% CaCQ@ in calcite
crystal form and 2 wt% organic substances. Eggsaiér grinding, had a particle
size (D) of 12.7um with a particle size range of 0.9-12¢h.

The eggshell matrix protein, eggshell membrane,@agénic substances were
removed by the heat treatment. The removal eff@yeof those depended on
treatment temperature and time. When the treatteenperatures were 650°C and
670°C, it took more than 24 h and 16 h, respectjvédr removing all organic
substances. At higher treatment temperatures,(7@at 800°C, it took 4 h and 3 h,
respectively to entirely remove the organic substan However, with increasing
temperature and time of treatment, Ca@@s transformed to CaO. In addition, after
the obtained CaO was exposed to atmosphere, itukasd into Ca(OH) The heat-
treated eggshell prepared at 800°C for 3 h was @&medl for preparing HDPE
composites. Therefore, the main component of HP-E® preparing the composites
was Ca(OHy.

For ESP/HDPE composites, the shear viscosity of ¢beposites was
increased with increasing ESP content. The addioESP at various contents did
not affect the decomposition temperature of HDPBeld strength, elongation at
break, and impact strength of the composites weaedsed by increasing ESP
content. However, Young's modulus, flexural moduyland HDT of composites were

increased by increasing ESP content. Tensilessakbreak and flexural strength of
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the composites were not significantly increasedirnmreasing ESP content. The
hardness of the composites slightly increased withieasing ESP content. The
rheological, thermal, and mechanical propertieshef HDPE composites prepared
with ESP were comparable to those of the compopisared with CaC9

When the particle size gg) of ESP was reduced from 17ufin to 14.4um, the
apparent shear viscosity, thermal stability, anctlmeical properties of the HDPE
composites prepared with 40 wt% ESP were not segmifly different. The 40 wt%
ESP/HDPE composites compatibilized with 2 wt% HD§REAH did not show
significant improvement in rheological, thermaldasome mechanical properties such
as Young's modulus and flexural modulus. However, was found some
improvements in yield strength, tensile stress raak, flexural strength, impact
strength, and HDT of the composites.

For HT-ESP/HDPE composites, the apparent sheansityoof the composites
increased with increasing HT-ESP content. The uhpasition temperature of HDPE
was insignificantly increased by increasing HT-E&htent. Young's modulus,
tensile stress at break, flexural modulus, flexustdength, and heat distortion
temperature of the composites were increased wiateasing HT-ESP content. The
hardness of the composites was slightly increaséid imcreasing HT-ESP content.
However, elongation at break and impact strengtthefcomposites were decreased
with increasing HT-ESP content. Yield strengttirf composites was insignificantly
changed with increasing HT-ESP content. The failbehavior of the composite was
changed from ductile to brittle at 30 wt% HT-ESP.

The 40 wt% HT-ESP/HDPE composites compatibilizethv#i wt% HDPE-g-

MAH had the same rheological, thermal, tensilexdtal, hardness, and HDT to those
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of the uncompatibilized HT-ESP/HDPE composites.wieer, impact strength of the
composites was improved by the compatibilizatiém.addition, the composites at 40
wt% HT-ESP with and without compatibilization wetgtured before yielding under

the tensile test.
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Absiract: The objective of this work is (o extract caleinm
carbomate (CaCO,) from chicken eggshell by means of
heat wreatment. The heat trestment of raw eggshell was
carried out at 800°C for 1-6 hrs. The Heat-treated
eggshell was  then analveed via Xeray  diffraction
spectrometer (XRD), X-ray Muorescence spectrometer
(XRF), thermogravimetric analyzer, and particle size
analyzer. It was revealed that the organic matter was
completely removed at 3 hrs of the treatment. The XRD
patterns showed that increasing the treatment times led
to a decrease of calcium carbonate content. At the
treatment times of 5 and 6 hrs, the treated eggshell was
basically constituted by calcium oxide (Ca0)). The resulis
from the XRF showed that the main composition, 66
wi%, of the treated eggshell was calcium and the minor
parts were Si0;, Mg, P, K, Al and S. In addition, TGA
curves indicated that the raw eggshell mainly consisted of
caleium carbonate, approximately 95 wi%. A particle
size of the treated eggshell was in o range of 8.66-11.42

pam.

Introduction

Chicken eggshell (ES) is classified as a natural
biomaterial [1]. ES comprises calcium. carbonate
{(CaC0;, 94%), magnesium carbonate (1%). calcium
phosphate (1%) and organic materials (4%), mainly
proteins, [2]. The eggshell is consisted of three
distinct layers from the inside to the outside; shell
membrane, mammillary layer and palisade layer [3].
Calcium carbonate is among protein matrix in the
mammillary and palisade layers [4]. In recent years,
many attempts have focused on the use of eggshell for
various applications. For example, it has been used as
a resowrce for calcium in nuirient production [5],
absorbent for heavy metals in electroplating
wastewater [6], and an alternative pharmaceutical
excipient [7]. Calcium carbonate is one of the
inorganic fillers that have been used in HDPE
composites [8, 9]. According to its compositions and
availability, ES must be a potential and renewable
resources for calcium carbonate to be used in plastic
industry. It was reported by Toro et al. that ES from
White Leghom hen eges was mixed with
polypropylene (PP) with various ES contents. The
Young’s modulus of the PP composites was improved
with increasing ES contents [10]. In this research, ES
was heat treated at 800°C for 1-6 hrs in order to
remove the organic substances and then calcium
carbonate was finally obtained.

325
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Materials and Methods

Materials: Chicken eggshell waste of Bolvans
Goldline and ISA Brown hybrid breeds were
collected from the SUT Farm, Suwranaree University of
Technology.,

Preparation of hedat-treated eggshell: Firstly, the
chicken eggshell waste was thoroughly cleaned with
tap water to remove the chicken dung and the residual
of albumen (egg white) and yolk adhering to the
egoshell.  After that, the cleaned eggshell was then
dried in an open air for 24 hr. The eggshell from such
stage was referred to raw eggshell. For heat treatment,
the raw eggshell was heated up from room temperature
to B00°C i a muffle furnace with a heating rate of
10°C/min. The eggshell was treated at 800°C for 1, 2,
3, 4, 5 and 6 hrs. After the treatment, the treated
egoshell was remained in the furnace until temperature
was down to 30°C. It was then kept in a desiccator
prior to characterizations.

Characterizations: Compositions of heat-treated
egoshell were examined by X-ray diffractometer
(Bruker D3005) at 20 between 5 - 70° with a voltage
of 40 kV and a current of 40 mA. X-ray fluorescence
spectrometer (Oxford ED-2000) was employed to
determine amount of calcium, and other elements and
compounds of the treated eggshell. Thermal properties
of the heat-treated eggshell were investigated by
thermogravimetric analyzer (TA Instrument, SDT
2960} with a heating rate of 20°C/min under a nitrogen
atmosphere. Their particle size and size distribution
were determined via particle size amalyzer (Malvern
Mastersizer S) with range lens of 300RF and a beam
length of 2.40 mm.

Results and Discussion

XRD patterns of the heat-treated eggshell are
shown in Figure 1. It revealed that calcium carbonate
was obtained at the treatment time of | hr
Nevertheless, some portions of the treated eggshell
obtained from the treatment time up to 2 lus appeared
black. This indicated that organic substances were not
completely removed. The calcium carbonate contents
significantly decreased with increasing the treatment
times. When the raw eggshell was treated for 5 and 6
hrs, calcium oxide (CaQ) was the main component. In

PACCON2009 (Pure and Applied Chemistry International Conference)
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addition, the calcium oxide content increased with the
treatment times. As a result, calcium oxide coexisted
with calcium carbonate after the treatment for 1-6 hrs.
However, the calcium carbonate was in small amount
for the treatment times of 2-6 hrs. This was due to
calcium carbonate was changed to calcium oxide by
heated at 800°C in a presence of air [11]. Besides
calcium carbonate and calclum oxide, calcium
hydroxide (Ca{OH),} was obtained as well. Calcium
hydroxide might come from the reaction of calcium
oxide and moisture when the heat-treated eggshell was
exposed to the atmosphere [12].
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Figure 1. XRD patterns of eggshell after heat treatment
at 800°C for 1-6 hrs

The compositions of heat-treated eggshell (3-6 hrs
of the treatment) are shown in Tablel. Calcium was
the main component of the heat-treated eggshell. Its
content was about 66 wt%. In addition, other
components were 810, about 0.3-1%, and Mg, 8, K,
Al and P in trace amounts.

Table 1: Chemical compositions of the eggshell after
heat treatment at 800°C for 3-6 hrs obtained from XRF
Spectrometry

Composition Amount (wit%)
3h 4h 5h 6h
Ca 65.83 a6 14 65,57 63,60
Si0, 1.02 0.63 0.34 064
Mg 0.57 0.352 115 0.96
5 017 022 020 0.18
K 012 014 016 0.16
Al 0,05 004 0,05 0.05
P Gag* 9R1* G42* 011
* umt of ppm

The TGA and DTGA curves of calcium
carbonate, raw eggshell and heat-treated eggshell (3-6

326

hrs of the treatment) are illustrated in Figure 2(a} and
2(b), respectively. From Figure 2 (a), the raw eggshell
initially decomposed around 55°C due to the removal
of water. In addition, the TGA curves of heat-treated
egeshell showed the decomposition peak due to the
evaporation of water about 55°C as well. The second
decomposition temperature of the raw eggshell
appeared at 326°C; this was related to the
decomposition of organic matter of the ES [13]. The
third decomposition temperature started at 720°C was
caused by the change of calcium carbonate to calcium
oxide [11]. The TGA curve of raw eggshell showed
weight loss of about 5 wt% before decomposition of
calcium carbonate. It means that the eggshell
contained approximately 95 wt% calcium carbonate.
It was reported by Stadelman that the avian eggshell
generally contained calcium carbonate about 94 wi%

[2].
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Figure 2. TGA (a) and DTGA (b) curves of raw
egeshell, calcium carbonate and eggshell after the heat
treatment at 800°C for 3-6 hrs

After the eggshell was treated at 800°C,
decomposition peak of organic substances was
disappeared. It means that organic substances were
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completely removed by heat treatment at 800°C for 3
and up to 6 hrs. These results were in a good
agreement with an appearance of the treated eggshell
that was totally white after the treatment for 3-6 hrs.
In addition, the decomposition observed in a range of
375-460°C was due to dehydration of calcum
hydroxide. It was reported that upon heated between
440 and 580°C, calcium hydroxide would be
dissociated and gave rise to calcium oxide and water
[14]. The final thermal decomposition of the heat-
treated eggshell beginning around 460°C was derived
from the decomposition of calcium carbonate left in
the treated eggshell [15].

The particle size and size distribution of heat-
treated eggshell from the treatment for 3-6 hrs are
shown in Table 2. The diameter range of those treated
egoshell were in a range of 0.055-364.6 um. Their
mean particle size, d (v, 0.5), were 8.66-11.42 pm.
The results showed that the treatment times had no
significant effect on the particle size and size
distribution of the treated eggshell.

Table 2: Particle diameter of eggshell after the heat
treatment at 800°C for 3-6 hrs

Diameter Particle size dislrilsurion{h}' volume)
Time ran ; o

R B -

3h 0.055-364.6 0.40 Bo6 3774 432
4h 0.055-364 6 0.40 11.42 40.33 351
5h 0.055-364 .6 .58 872 40.08 458
&h 0.055-353 3 0.37 10,04 828 379

Conclusions

The raw eggshell comprises calcium carbonate
around 95 wt%. Calcium carbonate was obtained when
the ES was treated at 800°C for 1-2 hr. Calcium
carbonate content decreased with increasing treatment
times. After the raw eggshell was treated for 5-6 hrs,
calcium oxide was the main component of the heat-
treated eggshell. The heat-treated eggshell composed
mainly calcium about 66 wt%. The others were Si0s,
Mg P, K, Al and 8. The mean particle size of the
heat-treated eggshell was approximately 8.66-11.42
pum.
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Introduction

Chicken eggshell is classified as a natural biomaterial.” It is a waste material from
food and hatchery industry. Nowadays. the eggshell waste is discarded by buried m a
landfill. Actually, the discarded eggshell comprises a valuable calcium carbonate (CaCO3) as
high as 94 wt%.” From eggshell, calcium carbonate can be obtained by chemical or pliysical
treatment.’> Calcium carbonate is popularly used as a filler for high density polyethylene
(HDPE). It will be greatly beneficial if the eggshell can be employed, without any treatment,
as filler for HDPE. In recent years, there was a study about incorporation of eggshell powder
(ESP) into polypropylene (PP) composites.” The result showed improvement of Young’s
modulus of PP composites with increasing ESP content. In this work. the utilization of
eggshell powder as an alternative filler for HDPE was attempted. The mechanical properties
of the filled HDPE were then compared to those of HDPE filled with traditional filler,
calcium carbonate.

Materials and Methods

Chicken eggshell waste were collected from the SUT Farm, Suranaree University of
Technology. Firstly, the chicken eggshell was washed with tap water, dried in an open air for
24 hr, and finally ground by a ball mill. The particle size of ESP was 0.055-364.6 with an
averge size of 17.26 pm. Calcium carbonate was obtained from Asia Pacific Specialty
Chemicals Co.Ltd. Its particle size was 0.055-364.6 with an average diameter of 5.35 pm.
High density polyethylene (EL-Lene H5814J) was purchased from SCG Chemicals Co.Ltd.

The ESP and CaCOj; were dried in an oven at 140°C for 6 hr before mixing with
HDPE in an internal mixer (Hakke Rheomix 600p). The contents of fillers were between 10
and 60 wt%. The mixing process was performed at 170°C under a rotor speed of 70 1rpm and
a mixing time of 15 min. After mixing, the filled HDPE were ground. The test specimens
were subsequently prepared by an injection machine (Chuan Lih Fa. CLF 80T). The
injection process was carried out with a melting temperature of 200°C, a srew speed of 104
rpm, an injection speed of 57 mm/s. a holding pressure of 960 ]:;g.f‘cm2 and mold temperature
of 25°C. Tensile, flexural and impact properties, and hardness of the filled HDPE were
imvestigated

Results and Discussion

From Figure 1(a). it shows that the tensile strength of ESP- and CaCO;-filled HDPE
was higher than that of HDPE. Noted that HDPE specimens were drawn at higher cross-head
speed than the filled HDPE specimens were done (50 mm/min for HDPE and 10 mum/min for
the filled HDPE). However, tensile strength of the filled HDPE was insignificantly changed
with increasing the filler contents. Young’s modulus of filled HDPE was significantly
improved when ESP and CaCO; content were up to 30-60 wt%. The presence of ESP and
CaCO; m HDPE matrix enhanced flexural strength and modulus of the filled HDPE as shown
in Figure 1(b). On the other hand, impact strength of ESP-filled and CaCO;-filled HDPE
decreased with increasing the filler content, as shown in Table 1. Nevertheless, the impact
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strength of ESP-filled HDPE was higher than that of CaCO;-filled HDPE. In addition, the
incorporation of ESP and CaCO; in HDPE matrix resulted in improvement of the hardness of
HDPE. as shown in Table 1. Figure 1(a) -1(b) and Table 1 also show that addition of ESP
affected tensile properties, flexural properties and hardness of the filled HDPE in the similar
manner to a case when CaCO; was added. This implied that the interfacial property between
ESP and HDPE matrix was not greatly different from that between CaCQ; and HDPE.
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Figure 1: Plot of tensile strength and Young’s modulus (a) and flexural strength and modulus (b) of ESP-filled
HDPE and CaCO;-filled HDPE ws. filler contents.

Table 1: Impact strength and hardness of filled-HDPE.

Filler content Impact strength (J :-'1111) Hardness (shore D)
(wt2o) ESP/HDPE | CaCO:/HDPE | ESP/HDPE | CaCO:/HDPE

0 4162 4088 30 30

10 3655 3086 27 32

20 3597 3145 34 32

30 3720 3142 34 33
40 3854 2576 36 34

50 3165 2184 37 37

60 1603 1920 40 40

Conclusions

In a view of mechanical properties, eggshell powder has potential to be used as an
filler for high density polvethylene. However, the effect of particle size and size distribution,
and also an addition of a compatibilizer on mechanical and thermal properties of the ESP-
filled HDPE have to be further studied. Their fracture surface has to be examined in order to
reveal the distribution of the ESP in HDPE matrix.
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Abstract

The aim of this work was fo Investigate
rheological, mechanical and morphological properties
(ESP) filled high
polyethylene (HDPE) in comparison to those of

CaCO; filled HDPE. ESP and CaC(Q; were added at

of eggshell powder density

various contents, 10, 20, 30 and 40 wt%. It was found
that the apparent shear viscosity of HDPE increased
The
incorporation of ESP and CaCQ; into HDPE matrix

with increasing content of ESP and CaCOs.

resulted in an improvement of tensile strength in the
similar manner. However, a decreasing in impact
strength of ESP filled HDPE was nearly the same to
that of CaCO; filled HDPE. Also, two particle size
ranges of ESP resulted in the same tensile and impact
strength of filled HDPE. Thus, ESP could possibly

be used as a filler for HDPE.

Keyword: Chicken Eggshell, Eggshell powder (ESP),
ESP filled HDPE

1. Introduction

High density polyethylene (HDPE), semi-crystalline,
is one of the most important commodity polymers
widely used in packaging and transport applications
such as food containers, pallets and tight-head pails
owing to its superior stiffness and low permeability

[1]. Calcium carbonate (CaCOs3) 1s one of the most

commonly used inorganic fillers in HDPE; many
researchers have studied the mechanical properties of
HDPE filled with CaCO; [2]. In fact, chicken
eggshell has been reported that its major component
as much as 94% is CaCOj; [3]. However, eggshell is
disposed in a landfill instead of making use of it.
Therefore, the use of eggshell as a filler for HDPE
may provide a great benefit in environmental
concerns due to its renewable resource, reduction in
energy consumed for waste disposal and reducing
global warming effect.

Thus, the goal of this work was to study the use of
eggshell powder as a filler for HDPE. The
rheological, mechanical and morphological properties

of ESP filled HDPE were investigated.
2. Experimental

2.1 Materials
Chicken eggshell waste was collected from the SUT
Farm, Suranaree University of Technology. Firstly,
the chicken eggshell was washed with tap water, dried
in open air for 24 hr, ground by a ball mill and finally
sieved into particle ranges of 0.70-112.8 pm (d(v, 0.5)
of 16.23 um) and 0.85-36.9 pm (d(v, 0.5) of 14.41
pm).

Calcium carbonate was kindly supplied from Sand

and Soil Industry Co.Ltd. 1t was ground with ball mill
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and sieved prior to mixing with HDPE. Its particle
size was in a range of 0.64-124.4 um with d(v, 0.5)
of 19.91 pum.

High density polyethylene (EL-Lene™ H5814J.
Thai Polyethylene Co. Ltd) was purchased from SCG
Chemicals Co.Ltd. Its melt flow index was 14 g/10

min (2.16 kg at 190°C).

2.2 Preparation of ESP and CaCOs filled HDPE

The ESP and CaCO; were dried in an oven over night
at 70°C before mixing with HDPE. The mixing
contents of ESP (0.70-112.8 pum) and CaCOj; (0.64-
124.4 pm) were 10, 20, 30 and 40 wt%. Besides. ESP
with the particles range of 0.85-56.9 nm was mixed at
40 wt% content. The mixing process was performed
in an internal mixer (Rheomix 600p, Hakke PolyLab
System) at 170°C under a rotor speed of 70 rpm and a
mixing time of 15 min. After mixing. the filled
HDPE was ground using a plastic grinding machine.
The test specimens were subsequently prepared by an
injection machine (Chuan Lih Fa, CLF 80T). The
injection process was carried out at a melting
temperature of 190°C, a screw speed of 104 rpm. an
injection speed of 57 mm/s. a holding pressure of 960
kg/em® and a mold temperature of 25°C. Tensile and
impact properties of the filled HDPE were further

investigated.

2.3 Characterization of ESP and CaCO; filled HDPE

Rheological properties of filled HDPE were
mvestigated usmg a capillary rheometer (Kayeness,
D5052M) at a melting temperature of 190°C. The
tensile properties were measured using a universal
testing machine (Instron, 5565). The tensile test was
performed at a crosshead speed of 10 mm/min with a
fixed gauge length of 50 mm. Unnotched izod impact
properties were evaluated on pendulum impact tester
(Atlas, BPI). Morphologies of tensile specimens,
fractured in liquid nitrogen, were investigated using
scanning electron microscope (JEOL. JSM-6400).
The fractured surface was coated with a thin layer of

gold to make it electrically conductive.

169

3. Results and Discussion

The rheological behaviour of the ESP filled HDPE
and CaCO; filled HDPE are shown in Figure 1(a) and
Figure 1(b). respectively.  The apparent shear
viscosity of filled HDPE increased with increasing
content of ESP and CaCO;. This was attributed to the

addition of rigid particles of CaCQOs.
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Figure 1. Plot of apparent shear viscosity vs. shear

rate: ESP filled HDPE (a) and CaCO; filled HDPE (b)

Tensile strength and impact strength of HDPE
filled with ESP and CaCO; is shown in Table 1.
Tensile strength of HDPE was not obtained because it
did not break within the instrument limit. Tensile
strength of the filled HDPE slightly increased with
increasing filler content. There was no significant

difference m tensile strength of ESP and CaCO; filled
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HDPE. Impact strength of the filled HDPE decreased
with increasing filler content. Noted that HDPE filled
with ESP with particles of 0.85-56.9 um had the same
tensile and impact strengths as that filled with ESP
The
reduction of impact strength of the filled HDPE was

having particle range of 0.70-112.8 pm.

due to the poor interfacial interaction between the
polar filler surface and HDPE [2]. This corresponded
well with SEM micrographs of ESP and CaCO; filled
HDPE as shown in Figure 2. In addition, the impact
strengths of ESP filled HDPE and CaCO; filled

HDPE were almost the same.

Table 1 Tensile strength (TS) and impact strength
(IS) of neat HDPE (n-HDPE) and filled HDPE

Content ESP filled HDPE | CaCO; filled HDPE
(wi%) TS (MPa)| 1S (kl/m?) | TS (MPa) | IS (kJim?)
n-HDPE >125 = =125
10 129£0.1 | =124 126403 [ =104
20 129+0.1 | 3843 14302 | 462
30 141408 | 2342 143406 | 252
40 14.0:06 | - 13£2 13,4403 15+1
40 (0.85-56.9um) | 141503 | 141 = =

The fractured surface of ESP and CaCOQ; filled
HDPE examined by SEM are shown in Figure 2.
SEM micrographs obviously demonstrated the poor
interfacial adhesion between ESP and HDPE as well
as between CaCO; and HDPE.

4. Conclusions

Tensile strength of ESP and CaCO; filled HDPE
slightly increased with increasing filler content. On
the other hand, the addition of ESP and CaCO,
resulted in a decrease of impact strength of the filled
HDPE. There was no significant difference in tensile
and impact strength of ESP and CaCO; filled HDPE.
For this study, there was no effect of particle size of
ESP on tensile and impact strengths. Therefore, ESP
would possibly be an alternative filler for HDPE.

SEM micrographs (x1000) of cryo-

Figure 2.
fractured parts of filled HDPE: 20 wt% ESP (a); 20
wt CaCOy (b); 40 wt% ESP (c); 40 wt% CaCO;(d)
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