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Waste shellfish shell stacking with a significant odor and toxicity which are hazardous to human consti-
tutes a serious environmental hazard. For utilization of waste shellfish shell resource, granule of shellfish
shell (SS) was prepared from waste shellfish shell by removing cuticle, crushing, grinding and shearing
emulsification and was introduced as a filler to reinforce polypropylene (PP). The mechanical behavior

of PP/SS composite shows a higher yield strain, yield strength, tensile strength and elongation at break

than traditional commercial calcium carbonate (CC) filled PP. Yield strength of PP/SS composite with 2%

Key‘fvords" . SS is improved by 11.1% due to the formation of (3-crystalline PP phase. Using waste SS for producing
Mytilus edulis shell . . . . X . s

Filler bio-filler for filling PP is an effective and prospective measure to deal with waste SS, which is valuable
Aragonite for industrial production and practical application as fillers for reinforcing polymers.

Polypropylene
Composite material

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Shellfish shell (SS) is a shellfish aquaculture by-product that has
been listed worldwide as one of the worst environmental problems,
as it is difficult to dispose the shellfish shells. It reduces the lim-
ing value and renders the waste difficult to recycle to land. The SS
contains about 95% calcium carbonate (CC) in the form of aragonite
and calcite and 5% organic materials such as glycoproteins, polysac-
charides, glycosaminoglycan, chitin and other proteins [1,2]. On
one hand, at normal temperature, microbial decomposition of the
organic matter produces NHs, H,S and harmful hydrocarbon gases
with a significant odor and toxicity which are hazardous to human;
on the other hand, discarded shellfish shell stacking is the breeding
places of mosquitoes, flies, mice and insects because the waste SS
stacking place with its leachate and moisture is the location of adult
mosquito for spawning and larvae breeding habitat. Thus, finding
solutions to the problem of SS waste would be a step towards to
reduce the environmental problems. It is especially in those coun-
tries where the shellfish product industry is well developed. In the
China alone, about 10 million tons of this material is disposed in
landfills per year [3].

Due to the high cost of the petroleum-derived products or to
environmental hazard, a growing effort has emerged inrecent years
ontheresearch, development, and application of biocomposites [4].
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A biocomposite contains at least one constituent that is derived
from renewable resources [4], such as CC from mytilus edulis shell,
scallop shell and pearl oyster shell [4].

Nacre is one kind of typical biomineral deposited in the inner
layer of the shell by many mollusks [5]. It is comprised of stacked
platelets (~0.5 pm thick and ~10 wm wide), arranged in a “brick-
and-mortar” microstructure with an organic matrix (20-50 nm
thick) interlayer that is traditionally considered as serving as glue
between the single platelets. Amongst all the structures found in
shells, nacreous structures appear to be the strongest. Currey [5]
concluded that the fracture strength in bending varied between
56 and 116 MPa. Jackson et al. [6] studied nacre from the shell
of a bivalve mollusk, Pinctada and reported a Young’s modulus of
approximately 70 GPa for dry and 60 GPa for wet samples, a ten-
sile strength of 170 MPa for dry and 140 MPa for wet samples and a
work of fracture varied from 350 to 1240]/m?3. In contrast, mono-
lithic CC showed a work-of-fracture approximately 3000 times less
than that of the composite nacre material [5].

Although there have been several attempts to use SS compo-
nents for different applications main in the experimental stage with
a small amount of demand [7-16], its chemical composition and
availability makes it be a potential source of filler for polymers.
Now except accumulating on the ground largely, the waste shell
is mainly used as calcium feed supplements after grinding directly
with price at about 50 dollars per ton in market in China. The com-
posed of approximately 5% organic materials makes it more easily
homogeneous dispersed in to organic polymer than inorganic min-
eral carbon calcium because of the “like dissolve like” rule. The
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main advantages of using SS aragonite as filler are cost reduction
and modulus improvement, without drastically increasing the spe-
cific gravity of the composite when compare with the normally
using inorganic fillers such as mineral SS and talc [17-20]. These
characteristics qualify SS as a good candidate for bulk quantity,
inexpensive and low load-bearing composite applications, such as
the automotive industry, trucks, offices, homes, and factories.

In this article, we demonstrate the ability of granule SS as an
alternative filler for polypropylene (PP) by comparing the filler
effects of SS and CC on mechanical properties of filled PP and the
crystalline structure of PP in the composites. SS powders prepared
from shell of mytilus edulis which is one kind of a large number of
shellfish breeding in China. Removing cuticle and partial easy to be
decomposed organic matter by soaking in sodium hydroxide solu-
tion for avoiding organic matter inner SS particles decomposition
during the plastics processing at about 200°C. Crushing, grind-
ing and shearing emulsification methods are used for refinement.
Particle size analyzer, XRD, SEM, FT-IR, TGA are used for analysis
of the size distribution, composition, organic and mineral phases,
micro-morphology and thermal stability of SS particles, respec-
tively. It’s also an exploratory study of solving the environmental
problems caused by waste shell accumulation, providing a new
kind of filler to PP and promoting shellfish aquaculture develop-
ment environment-friendly.

2. Materials and methods
2.1. Materials

Mytilus edulis shell was obtained from Zhoushan Seafood Pro-
cessing Factory, China. The commercial CC particles (HD55A,
40-500 nm) were purchased from Hengda Industrial Tech. Group
Ltd., China. Polypropylene (PP) (PPH-TO3, T30S) with a bulk density
1.04g/cm3 and melt index 1.5g at 230°C and 2.16kg was pro-
vided by Petroleum & Chem. Co. Ltd., Zhenhai Refining & Chem.
Branch, China. Sodium hydroxide, Irganox 1010 and Hydrogen
peroxide (30%) were supplied by National Pharmaceutical Group
Chem. Reagent Co. Ltd., China.

2.2. Preparation of SS aragonite particles

An improved method for preparation of SS aragonite parti-
cles based on the method of Wheeler et al. [21] as follow. A
certain amount of mytilus edulis shells were washed for remov-
ing residual meat, attachments, etc., and were coarsely grinded.
The coarsely grinded mytilus edulis shells were immersed into
4% sodium hydroxide solution for 48 h for removing the stra-
tum corneum and separating the prismatic layer by ultrasonic for
obtaining the nacreous layer by filtrating. The obtained nacreous
layer was dried at 100 °C and was roughly grinded using high-speed
Chinese medicine grinder for 10 min and subsequently grinded
using an AX-4 stirring ball mill (using zirconia balls as grinding
media) at a ball-to-powder mass ratio of 6:1 and a rotational speed
of 40 rpm for 8 h, yielding the crude SS aragonite powder. The crude
SS shell aragonite powder was dispersed into distilled water of
2L/kg and 30% hydrogen peroxide of 0.25L/kg and the dispersion
was treated using a BME 100 L high shearing mixing emulsifier at a
rotational speed 8000 rpm for 8 h. The product was filtrated, dried,
and was further scattered again using the AX-4 stirring ball mill for
obtaining the SS aragonite particles.

2.3. Preparation of PP composites
An improved method for preparation of PP composites based

on the method of Chan et al. [22] and Zuiderduin et al. [23] as
follow. Before mixing, PP and SS (or CC) particles were dried

in an oven at 100°C for 2h. The materials were stored in a
desiccator prior to processing. PP and mineral fillers (SS or CC)
were mixed with 0.2% (w/w) antioxidant using a Berstorff (ZE
25 x 33D) twin screw extruder with barrel temperatures set at
195/210/200/200/200/200/200°C at a screw speed of 75 rpm. The
extrudents were pelletized. A vertical injection-moulding machine
(Morgan Press) was used for preparing tensile samples (ASTM-
D638, type 1V) for mechanical tests. Prior to mechanical testing,
the tensile bars were conditioned at the temperature of 23 +2°C
and the relative humidity of 50 & 5% for 40 h.

2.4. Characterizations

The characterization methods based on the reference of Chan
et al. [22] and Zuiderduin et al. [23]. The particle size distribu-
tion was determined using a Beckman LS13320 laser particle size
analyzer. The composition was identified by the Japanese Rigaku
D/max-II B X-ray diffractometer (tube voltage was 40 kV, tube cur-
rent was 34 mA, Cu target) using Ni-filtered Cu Ka radiation with
A =0.154068 nm. Infrared spectra were measured using Nexus 670
Fourier Transform Infrared Spectroscopy Instrumentation by KBr
pellet pressing method. The micro-morphology was observed using
Hitachi S-4800 Field Emission Scanning Electron Microscope at a
voltage of 5KkV. Thermogravimetric analyses (TGA) from 0°C to
1000°C were performed on a ZRY-2P thermogravimetric analyze
at a heating rate of 10°C/min in nitrogen atmosphere.

Mechanical test as carried out using specimens of 1.5 mm thick,
12 mm wide, and 120 mm long according to ASTM standard method
D638 at a cross-head speed of 50 mm/min at 23°C and 32% rela-
tive humidity. Five specimens of each sample were tested and the
mean values and standard deviations were calculated. The Hitachi
S-4800 Field Emission Scanning Electron Microscope was used to
observe the fracture surfaces of tensile tested at 20kV and pho-
tomicrographs were captured for microstructural analysis.

The crystalline structure of PP in the composites was observed
using a polarizing microscope. Proper quantities of composites was
placed on a slide, heated to 220 °C, transferred in an oven at 150°C
for thermal treatment for 2 h, and subsequently cooled naturally in
the oven. The polarizing microscope equipped with crossed polars
and a CCD camera was used for morphological observation.

Crystallinity of PP in the composites was examined using a
TA Q100 differential scanning calorimetry (DSC) calibrated with
indium. A small amount of sample (approximately 10mg) was
placed in an aluminum pan, crimp-sealed and loaded into the DSC
chamber purged with nitrogen. The test was carried out in three
steps. The first heating step from 30°C to 210°C at 10°C/min was
performed to remove any thermal history of the composite and was
excluded from any analysis. The sample was then held isothermally
at 210°C for 5min. The second step involved cooling the sample
from 210°C to 30°C at 10°C/min. After the second step, the sam-
ple was again held isothermally at 30°C for 5min. The third step
involving heating from 30°C to 210°C at 10°C/min was then per-
formed. Crystallization and melting were analyzed based on the
second and the third steps.

3. Results and discussions
3.1. Characterization of SS powder

3.1.1. X-ray diffraction (XRD)

SS powders were characterized using XRD as shown in Fig. 1(b).
The peak positions of XRD patterns are mainly located in the angle
range of 26-50° and coincident with those of the standard powder
sample of aragonite (CaCOs3, JCPDS Card No. 05-0453) and calcite
(CaCO0s, JCPDS Card No. 05-0586). Intensity of diffraction peaks
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Fig. 1. The XRD pattern of commercial CaCOs3 (a) and shellfish shell powder (b).

of same crystalline planes is obviously different from commer-
cial CaCO3 as showing in Fig. 1(a). The inorganic in SS powder is
mainly aragonite crystal, but SS also contains some calcite crys-
tals too as showing in Fig. 1(b). Some of the calcite crystal may be
transferred from the aragonite crystal during the grinding process-
ing. The size of some of SS powders is larger than the thickness of
aragonite tablet in nacre. It is reasonable that a part of SS particles
are composed of some unbroken aragonite tablets with preferred
orientations weaker than in un-grinded nacre.

Nacre located in the inner layer of mytilus edulis shell is in a
kind of metastable aragonite structure. Stable calcite exists in the
outer layer. This kind of structure for the mytilus edulis shell can
not only reduce the formation energy of shells effectively, but also
keep the stability of shells in the natural environment. The inner
aragonite layer with regular structure plays an important role for
the macroscopic properties of shells [2,13,24-27].

3.1.2. Scanning electron microscope (SEM)

Nacre as a kind of typical biomineral deposited in the inner
layer of the shell by many mollusks [1] has been widely studied
as a model for understanding biomineralization process and
mechanical properties due to the simplicity of its microstructure,
in which the aragonite nacre tablets and thin organic sheets are

alternatively arranged like brick-mortar architecture as shows in
Figs. 2(a) and (b). As a matter of fact, similar laminated structure
has been reported in nacre of seawater bivalve Pinctada shell [28].
The morphology of SS powder with a size distribution ranged from
40 nm to 500 nm is flaky in Fig. 2(c) and (d).

3.1.3. Fourier transform infra-red spectroscopy (FT-IR)

FT-IR spectra of SS are presented in Fig. 3(b), showing the same
characteristic bands as natural aragonite. The carbonate group is
demonstrated by the vibration modes at 712 (v4), 860 (v5), 1082
(v1) and 1446 (v3)cm~!, where v3 is the asymmetric stretch, v, is
the out-of plane bend and vy is the in-plane bend vibration modes
for CO32~ groups, respectively [29,30]. The strong FT-IR band at
1787 cm~! could be attributed to the C=0 bond of the carbonate
groups. The splitting of v, is a characteristic of aragonite structure.
The strongest absorption band in the v region is overlapped by
the absorption of the organic component is obviously different from
commercial CaCOs3 as showing in Fig. 3(a), revealing the SS powders
are composed of both organic and mineral phases. This is corrob-
orated by the FT-IR spectra of material decalcified by EDTA, which
had very intense absorption bands in the range 1660-1100cm™!
[11]. A broad absorption around 3400 cm~! is due to the stretching
vibration of structural water molecules [30].

Fig. 2. SEM micrographs of mytilus edulis shell: (a) and (b) the cross section of the shellfish shell, and (c) and (d) the shellfish shell powder.



H.-Y. Li et al. / Journal of Hazardous Materials 217-218 (2012) 256-262

259

a b
=
s "
ot <
g 3
E g
=

2 £
@ @
: :

Lo L |F I

O O

~
I = F
L L ) L L= : L L . Ly L

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wave number /cm”

Wave number /ecm’”

Fig. 3. The Infrared spectroscopy of commercial CaCOs3 (a) and shellfish shell powder (b).

3.14. TGA

The regularity of microstructure evolution for SS has been inves-
tigated by means of analysis of the thermogravimetric-differential
thermal curves in Fig. 4. The TGA curve exhibits a moderate inten-
sity exothermic peak at about 262 °C and a weak exothermic peak
at 430°C, which are related to the conversion from aragonite to
calcite crystals and the thermal degradation of organism [31]. The
strong endothermic peak at about 748 °C is resulted from splitting
up of CC in calcite. The transformation temperature of aragonite
(390-440°C) in nacre is lower than that of the natural aragonite
at about 450-500°C [32], which is probably due to the influence of
organic component [31]. Because of the strong interaction between
the organic and the mineral phases, a part of organic component is
destroyed only at around 550-600 °C where the mineral is trans-
formed to calcium oxide. Due to the great thermal stability of
the organic component and the organic-mineral bonding [11], the
nacreous organic component is strongly linked to the mineral and
has a much greater thermal stability than the organic matrix of
bone, which may be hopeful for the future use of nacre as a bio-
material for surgical bone repair [11]. Because of the great thermal
stability of the organic component, SS powder can be used as a kind
of biofiller to blend with PP at about 200°C.

The loss of weight of SS powder heated from 100°C to 900°C
is shown in Fig. 4. The loss is quite smaller (about 2.68 wt%) up
to 500°C, while the loss from 700 to 900°C is about 42.92%. The
content of organic component is estimated as 2.68% of the total
weight. The overall weight of organic component does not dis-
appear completely, so the organic component should be slightly
higher than 2.68%. The weight loss of about 42.92% is caused by CC
decomposition.

3.1.5. Size distribution analysis
Fig. 5 shows size distribution and the corresponding cumulative
curve of SS powder. The size distribution is approximate normal
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Fig. 4. TGA of shellfish shell powder.

with about 60% of the population of grains less than 100 nm and
about 90% of the population of grains less than 200 nm in size. The
curves also present small regions toward bigger sizes, which could
be assigned to particle coalescence.

3.2. Mechanical properties of filled PP

Mechanical properties of PP/SS and PP/CC composites are
showed in Fig. 6. The overall characteristic is that the PP/SS
composites exhibit mechanical properties superior to the PP/CC
composites. Yield strain decreases upon addition of SS and CC
particles in Fig. 6(a), which could be related to the debond-
ing of the filler particles from the matrix. However, the PP/SS
composites yield at strains higher than the PP/CC composites at
the same filler loading, suggesting that the organic matters in
the SS powders may bind with the PP matrix more closely. As
showed in Fig. 6(b), yield strength of the PP/SS composites is
higher than the PP/CC composites at the same filler loading. The
PP/SS and the PP/CC composites exhibit maximum yield strength
at 3% SS and 1% CC, respectively. Adding CC at high loadings
causes yield strength to decrease rapidly while the reduction is
rather small in SS filled PP. Filling PP with CC causes a continu-
ous decrease in tension strength and elongation at break reaches
a value about 40% strain almost independent of CC content. Fill-
ing PP with SS causes tensile strength to decrease from 38 MPa
to 33 MPa independent of SS content. Simultaneously, SS filling
causes a gradually reduction in elongation at break. As showed
in Fig. 6(e), filling causes an increase in Young's modulus. SS fill-
ing causes a continuous increase in Young’s modulus while the
PP/CC composites show a maximum modulus at 5% CC loading,
with the improvement of the additive proportion of SS and CC
particles.

CC used is one kind of organic modified calcite calcium carbon-
ate while SS is a kind of natural bio-aragonite calcium carbonate
containing a small amount of organic matter not only on the sur-
face but also inner between the aragonite tablets. It is expected that
the compatibility between SS and PP is better than that between
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Fig. 5. The particle size distribution of shellfish shell powder.
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Fig. 6. (a) Yield strain, (b) yield strength, (c) tensile strength, (d) elongation at break and (e) Young’s modulus of PP/SS and PP/CC composites.

CC and PP, which explains reinforcement effect of SS superior to
than CC. Dispersion of filler in the polymer matrix has a significant
effect on the mechanical properties of the composites. It is diffi-
cult to achieve a good dispersion of surface modified CC particles
in PP by appropriate processing conditions, as shown in Fig. 7 for
morphology of the composite with 5% CC. On the other hand, 5% SS
particles are finely dispersed in the matrix. Obviously, the organic
matter in the SS particles improves the compatibility between PP
and SS powders, which is reason for the filling effect of SS superior
to CC [24,27,33].

3.3. Effects of SS particles on crystallization and melting behavior
of PP

Fig. 8 shows polarized light microscopy (PLM) micrographs of
pure PP and the PP/SS composites. Pure PP predominantly consists
of a-spherulites with black cross pattern of extinction in Fig. 8(a).
With increasing SS content, the black cross pattern of extinction of
the PP/SS composites becomes less distinct and the spherulite size
decreases, as shown in Fig. 8(b)-(e). The results show that SS can
promote the heterogeneous nucleation of PP matrix.

Fig. 7. SEM micrograph of PP/SS (a and b) and PP/CC composites (¢ and d) containing 5% filler.
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Fig. 8. Polarized light microscope pictures of PP and PP/SS composites (120°C, 200x): (a) PP, (b) PP+ 1% SS, (c) PP+3% SS, (d) PP+5% SS, and (e) PP+ 10% SS.
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Fig. 9. DSC curves of PP/SS composites at cooling (a) and heating rates of 10 °C/min (b).

DSC thermograms of PP and the PP/SS composites are shown
in Fig. 9. With addition of SS powders, the «a-PP crystalliza-
tion peak becomes sharper and the peak temperature moves
towards high temperatures, which demonstrates that SS accel-
erate crystallization of PP. With addition of SS, the melting
peak of a-form moves towards low temperatures. At 1% SS,
there appears a small melting peak at about 148°C, which
is the sign of the B-PP [34]. At high SS content, the crystal
form is still mainly a-form. The formation of B-form crystal
is available for adjusting the mechanical properties of filled PP
[35].

4. Conclusions

One kind of bio-aragonite of 40-500 nm in size was obtained
from mytilus edulis shell by removing cuticle, crushing, grinding
and shearing emulsification and was used as filler to PP. Mechan-
ical properties of SS filled PP are superior to PP filled with CC. A
small content of SS could promote the formation 3-crystalline PP.
Using shellfish shell for producing bio-aragonite for filling PP can
reduce material cost and it is valuable for industrial production and
practical application.
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