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ABSTRACT: A series of epoxy resin (EP) composites were
prepared using ground pearl shell powders, which had
been calcined at various temperatures. The EP composite
containing � 3% weight content of the calcined pearl shell
powder had the highest impact strength and the presence of
silane agent was found to be essential for the composite for-
mulation. The impact strengths of the resultant EP compo-
sites were highly influenced by the specific surface area,
surface morphological structure, and chemical composition
of the calcined pearl shell powder. The highest mechanical
improvement was obtained for the EP composite prepared
with the pearl shell powder calcined at 700�C for 3 h. The
layered biopolymeric materials were completely degraded
for the pearl shell powder calcined at 700�C, resulting in

‘‘sponge-like’’ or ‘‘net-like’’ porous calcium carbonate pow-
der. However, the degradation of the layered biopolymeric
materials was not complete for the calcinations at lower
temperatures (<600�C), while calcium carbonate decom-
posed to form calcium oxide at higher temperatures
(>800�C). The mechanical improvements of the processed
EP composites have been discussed along with the chemical
compositions and surface microstructures of the incorpo-
rated pearl shell powders. VVC 2009 Wiley Periodicals, Inc. J Appl
Polym Sci 114: 3168–3176, 2009
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INTRODUCTION

Epoxy resins (EP) are important thermosetting com-
modity polymers and have many outstanding physi-
cal, chemical, and mechanical features making them
attractive for a wide range of automotive and aero-
space applications, and also for structural, adhesive,
and electronic devices.1 However, EP are fairly brit-
tle (low toughness) and susceptible to impact-
induced damage (poor crack resistance), which may
lead to severe safety problems and thereby limit
their many potential applications. The most success-
ful method of improving the toughness of EP has
been incorporated a second phase of dispersed or-
ganic/inorganic particulate fillers.2 A variety of inor-
ganic particulate fillers, such as calcium carbonate,
silica, glass beads, silicon carbide, etc., have been
used to improve the mechanical performance of EP.3

Calcium carbonate is one of the most common inor-
ganic particulate fillers used to improve the strength

and toughness of polymer products as it is relatively
easily dispersed in EP matrixes.4 Moreover, calcium
carbonate has been widely used as an additive or
modifier in paper, paints, plastics, inks, coatings,
adhesives, agriculture, etc.
Calcium carbonate is the primary component

(� 95%) of pearl shells (nacre).5 Pearl shells are the
main waste of the pearl industry, which discards
millions of tons of pearl shells annually to landfills
in China. Pearl shells are a biogenic hybrid compos-
ite consisting of alternating layers of calcium carbon-
ate tablets with a width between 5 and 20 lm and a
thickness between 0.5 and 1.0 lm, separated by 30–
50 nm layers of elastic biopolymers.5–7 These thinly
layered biopolymers are primarily composed of
hydrophobic proteins and chitins, which act as an
adhesive connecting the calcium carbonate layers to
maintain structural integrity.6 The pearl shell’s out-
standing mechanical performance has been attrib-
uted to the ‘‘brick and mortar’’ hybrid structure.7

For example, the mechanical strength of pearl shells
is up to 3000 times greater than that of pure calcium
carbonate.7 Although the majority of the pearl shell
is calcium carbonate, pearl shells are extremely sta-
ble under normal weather conditions.8,9 However,
the hydrophobic protein and/or chitin molecules,
the main components of the biopolymer layers of
pearl shells, completely decompose into gaseous

Journal ofAppliedPolymerScience,Vol. 114, 3168–3176 (2009)
VVC 2009 Wiley Periodicals, Inc.

Correspondence to: C. Qi (qichenze@zscas.edu.cn) and
X.-M. Zhang (xian-man.zhang@zscas.edu.cn) or (xianmanzhang@
yahoo.com).

Contract grant sponsor: Natural Science Foundation of
Zhejiang Province (China), Shaoxing University.



products at around 300�C,10,11 suggesting that cal-
cium carbonate could be obtained from calcination
of the pearl shell powder since the less stable arago-
nite will only decompose into calcium oxide at
around 825�C.12

The aim of the present article is to investigate the
mechanical properties of the EP composites pre-
pared using the abundant pearl shell powders after
being calcined at different temperatures. Effects of
the calcination temperatures were first examined
through analysis of the physical properties and sur-
face morphological structures of the pearl shell pow-
ders since the size, surface microstructure and
chemical composition of the inorganic fillers have
significant effects on the mechanical properties of
the composites.13 The mechanical improvements of
the resultant EP composites were examined and dis-
cussed along with the chemical composition, physi-
cal properties, and surface microstructures of the
calcined pearl shell powder.

EXPERIMENTAL SECTION

Materials

Diglycidyl ether of bisphenol A (DGEBA) was used as
the EP monomer (epoxide value 0.511 eq/100 g), and
4,40-methylenedianiline was used as the curing agent
(amine hardener). Both DGEBA and 4,40-methylenedia-
niline were purchased from Jiangyin Wayfar Synthetic
Material Company (Jiangsu, China). Silane coupling
agent (3-aminopropyltriethoxysilane) was purchased
from Feidian Chemical Company (Hangzhou, Zhe-
jiang, China). Analytical grade acetone was purchased
from Dafang Chemical Reagent Company (Hangzhou,
Zhejiang, China). Pearl shells were obtained from
Zhuji Pearl Shell Farm (Zhuji, Zhejiang, China).

Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) measurements of the
ground pearl shell powder

The pearl shells were first cleaned to remove debris
and then ground into powder (� 5 lm). The ther-
mogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) thermograms were recorded
on a STA 409PC (NETZSCH-Gerätebau GmbH, Ger-
many) at a heating rate of 10�C /min up to about
1000�C in the presence of oxygen. The pearl shell
powder samples were balanced for about 30 min
before each analysis.

General procedure for calcination of the ground
pearl shell powder

The pearl shell powder samples were calcined in a
furnace at 150, 200, 300, 600, 700, 800, and 900�C,
respectively, for 3 h and then transferred into a des-

iccator at ambient temperature until analysis or
application.

General procedure for characterization of the
calcined pearl shell powder

The calcined pearl shell powder samples were first
degassed at 300 K for 6.0 h at high vacuum (<10�3

torr) before analysis measurements. The specific sur-
face area (BET) and pore volume of the calcined pearl
shell powder were measured by nitrogen (N2) gas
adsorption at 77 K using an ASAP2020 M (Microme-
ritics) apparatus (Norcross, GA). Oil absorbent values
were determined according to the national standard
GB/T3780.2-2003. Infrared (IR) spectra were recorded
in the range of 500–4000 cm�1 on a Nicolet Nexus
Fourier Transformed Infrared spectrometer (Nicolet
Instrument Company, Madison, WI). Contact angle
(H2O) measurements were conducted according to
ASTM D5725-99, using a 500 senior contact angle
instrument (Disuo Chemical Analytical Instrument
Company, Beijing, China). X-ray diffraction (XRD)
measurements were performed on an Xppert 2 MRD
(Philips Company, Washington DC) with CuKa as a
radiation source, operating at 40 kV and 30 mA. The
surface morphology of the pearl shell powder and
the EP composites was examined using a scanning
electron microscopy (SEM) (JSM-5600LV, Nippon
Electronics Company, Japan) with an acceleration
voltage of 20 kV or 25 kV. The EP composite samples
were coated with a gold layer before the analysis to
improve the SEM measurement sensitivity.

General procedure for preparation of the EP
composites using the calcined pearl shell powder

The calcined pearl shell powder (3.0 g) was sus-
pended in 50 mL of acetone in a flask with or without
the addition of 3-aminopropyl triethoxysilane (0.3 g).
The mixture was stirred at ambient temperature for
1 h, followed by the removal of the solvent acetone.
The residue was then mixed with bisphenol A-type
EP monomer (DGEBA) and the hardener (97 g) and
vigorously stirred at 90�C for 30 min. After a stoichio-
metric amount of hardener 4,40-methylenedianiline
was added, the mixture was vigorously agitated for
another 10 min, and then poured into a release-
coated steel mold. The curing procedure for the EP
composites was set for 2 h at 90�C and then 5.0 h at
150�C to form 6.0 mm EP composite plates for the
related impact strength measurements. Five specimen
samples were prepared for each EP composite.

Impact strength measurements
of the EP composites

The single-edge-notched impact strength measure-
ments were performed with the 6.0 mm EP composite
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plates according to the national standard GB/T/2571-
1995V, using a XJJ-5 simple beam impact testing
instrument (Chengde Testing Machine Plant, Sichuan,
China). The reported impact strength for each EP
composite is an average of five independent
measurements.

RESULTS AND DISCUSSION

Thermal analysis of the ground pearl shell powder

The thermograms of the TGA and DSC measure-
ments were summarized in Figure 1 for the ground
pearl shell powder. Examination of the TGA curve
in Figure 1 shows that the weight loss (w/w) is less
than 5% until 700�C, presumably due to the degra-
dation of the layered bioploymeric materials.
The 43.4% weight loss around 900�C can be attrib-
uted to the weight loss of carbon dioxide gas from
calcium carbonate decomposition, i.e. MWCO2

/
MWCaCO3

¼ 44.01/100.1 ¼ 44%. These results are
consistent with the literature that the primary com-
ponent (� 95%) of pearl shells is calcium carbonate.5

The DSC thermogram of Figure 1 shows a large

endothermic transition, which mirrors the weight
loss of carbon dioxide gas from the TGA thermo-
gram. The peak temperature for the endothermic
transition is 859�C, which is close to the decomposi-
tion temperature (825�C) of aragonite calcium
carbonate.12

Physical properties of the calcined
pearl shell powders

To assess the thermal degradation of the layered bio-
polymeric materials, the ground pearl shell powder
was calcined at 150, 200, 300, 600, 700, 800, and
900�C, respectively, for 3 h. The calcined shell pow-
ders were characterized by determination of the spe-
cific surface area (BET), pore volume, oil absorbent
value together with contact angle, and the related
results were summarized in Table I.
Examination of Table I shows that the specific sur-

face area (BET), pore volume and oil absorbent value
of the calcined pearl shell powder increase with the
calcination temperature. The much larger specific
surface area, pore volume and oil absorbent value of
the pearl shell powder calcined at 600 or 700�C than
those calcined at 150, 200, or 300�C are clearly asso-
ciated with the much quicker decomposition of the
layered biopolymeric materials at higher calcination
temperatures. Nevertheless, the pore sizes resulting
from the degradation were expected to be in the
dimension of the biopolymer layers, i.e. 30–50 nm.
The dramatic decrease of the contact angle (water)
(Table I) must be associated with decomposition of
the hydrophobic proteins and chitins of the particle
surface biomacromolecules. In other words, the
higher calcination temperatures accelerated degrada-
tion of the hydrophobic biomacromolecules, result-
ing in the porous particle surface of hydrophilic
calcium carbonate.

Surface structures of the calcined
pearl shell powder

The surface structure of the particulate filler is
critical for its interfacial interaction with the polymer
matrix molecules.4 The scanning electron microscopic

Figure 1 Thermogravimetric analysis (TGA) and differen-
tial scanning calorimetry (DSC) thermograms of the
ground pearl shell powder. Heating rate: 10�C/min. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

TABLE I
Dependence of the Physical Properties of the Pearl Shell Powders with the

Calcination Temperatures

Temperature (�C) 150 200 300 600 700 800 900

BETa 4.0 4.1 4.4 7.9 18.5 19.2 21.3
Pore volumeb 0.020 0.020 0.022 0.028 0.052 0.067 0.047
Oil absorbent valuec 35 35 40 48 72 80 75
Contact angle (H2O) 85.3 85.6 75.2 24.8 18.2 24.3 29.6

a Specific surface area (BET) (m2 g�1).
b Pore volume (cm3 g�1).
c Oil absorbent value (g/100 g).
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(SEM) image of a pearl shell indicates that the frac-
tured cross section surface is flat and smooth as
shown in Figure 2. But after being calcined at 200�C
for 3 h, the surface of the pearl shell powder becomes
blurred as shown in Figure 3, presumably due to par-
tial degradation of the surface biopolymer molecules.
Most intriguingly, the pearl shell powder becomes
fluffy like cotton after being calcined at 700�C for 3 h
as shown in Figure 4. Formation of the sponge-like or
net-like calcium carbonate powder could be attributed
to the complete degradation of the layered biopoly-
meric materials. These results are consistent with the
significant increase of the specific surface area and the
pore volume (Table I) of the pearl shell powders after
being calcined at 600 and 700�C. It is interesting to
note that the sponge-like nanostructured porous cal-
cium carbonate derived from calcination is structur-
ally different with the spherical calcium carbonate

nanoparticles obtained from other methods such as
the wet chemical reactions.14

Polymorphs and decomposition
of calcium carbonate

Of calcium carbonate’s three different polymorphs,
i.e. calcite, aragonite and vaterite, calcite is the most
thermodynamically stable form. Each calcium car-
bonate polymorph has a specific XRD pattern, which
can be used to characterize the crystallographic
structures.15

The XRD spectra of the calcined pearl shell pow-
ders were summarized in Figure 5. The characteristic
XRD peaks labeled as ‘‘a’’ specify for aragonite and
those labeled as ‘‘c’’ specify for calcite. Although
aragonite is thermodynamically less stable than cal-
cite, the calcium carbonate of pearl shells is

Figure 3 Scanning electron microscopy (SEM) image of
the pearl shell powder after being calcined at 200�C for 3 h.

Figure 4 Scanning electron microscopy (SEM) image of
the pearl shell powder after being calcined at 700�C for 3 h.

Figure 5 X-ray diffraction (XRD) spectra for the calcined
pearl shell powders. XRD peaks labeled as ‘‘a’’ for the
aragonite calcium carbonate and labeled as ‘‘c’’ for the cal-
cite calcium carbonate.

Figure 2 Scanning electron microscopy (SEM) image of
the cross section of the fractured pearl shell (nacre).
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exclusively in the aragonite form.6,7 Examination of
Figure 5 shows that the calcium carbonate of the
pearl shell powder was still in the aragonite form af-
ter being calcined at 150�C for 3 h, indicating that
there was no morphological transformation for the
calcium carbonate at 150�C for 3 h. However, the
XRD spectrum indicates that some of the calcium
carbonate in the pearl shell powder was transformed
into the thermodynamically more stable calcite form
after being calcined at 300�C for 3 h, while the ma-
jority of the pearl shell powder was of the calcite
form after being calcined at 600�C for 3 h. All of the
calcium carbonate in the pearl shell powder was
in the thermodynamically more stable calcite form
after being calcined at 700�C for 3 h as shown in
Scheme 1.

Examination of Figure 5 shows that there are no
characteristic XRD peaks (such as 36.2, 38.0, and
39.6�) of both aragonite and calcite calcium carbon-
ate for the pearl shell powder after being calcined at
900�C for 3 h, indicating that the calcium carbonate
has been completely decomposed. These results also
suggest that decomposition of the aragonite calcium
carbonate was much quicker than the corresponding
morphological transformation from the less stable
aragonite into the thermodynamically more stable
calcite. Decomposition of the calcite calcium carbon-
ate is expected to be negligible at around 800–900�C
since the decomposition temperature of calcite is
1330�C.12

Characterization of the layered
biopolymer molecules

The biopolymer molecules of the pearl shell powder
were monitored using IR spectroscopy. Figure 6
presents the IR spectra of variable pearl shell pow-
ders. Examination of Figure 6 shows a gradual
decrease of the characteristic IR absorption peaks for
the carboxyl (1808 cm�1) and amine (2515 cm�1)
functional groups of proteins as the calcination tem-
perature increases. Interestingly, the IR absorption
peaks completely disappeared for the pearl shell
powder calcined at 700, 800, or 900�C. In contrast, a
strong characteristic IR absorption at 3640 cm�1 for
calcium oxide (CaO) was observed for the pearl
shell powder calcined at 800 or 900�C for 3 h.
These observations provided the conclusive evidence
that the layered biopolymer molecules completely

degraded at around 700�C and that calcium carbon-
ate decomposed at around 800–900 �C.
It is worth noting that the characteristic IR absorb-

ance peak at � 1080 cm�1 for the CO2�
3 ions of the

aragonite crystal16 decreased with the calcination
temperature from 150 to 300�C, and then completely
disappeared for the pearl shell powder calcined at
600 or 700�C. These results are consistent with accel-
erated morphological transformation from the less
thermodynamically stable aragonite into the more
thermodynamically stable calcite as the calcination
temperatures increased.

Optimization of the filler weight content
for EP composites

When an object is impacted, a pressure gradient
forms along the impacted direction from surface to
bottom. The object will collapse around the rela-
tively weaker area when the object cannot effectively
disperse the impacted stress. It is well-known that
incorporation of inorganic particulate filler into a
polymer matrix can disperse the mechanical stress
because of the interfacial interaction. Nanoparticle
fillers are expected to be much more effective than
conventional particles primarily due to the much
larger ratios of particle surface area to volume
(mass) for the nanoparticles. It is not surprising to
find that the mechanical strength of the composite
does not increase but rather decreases if the interfa-
cial interactions between the filled particles with the
polymer matrix molecules are poor.17

The impact strength of the EP composites was
improved when incorporated with nanosized cal-
cium carbonate particles.18 Previously, we have also
observed similar mechanical improvements for the
EP composites when reinforced by other inorganic
filler such as silica.19,20 Since the mechanical per-
formance of a particulate filled composite is highly

Scheme 1 Morphological transformation and decomposi-
tion of calcium carbonate.

Figure 6 Infrared (IR) spectra of the uncalcined and cal-
cined pearl shell powders.
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dependent upon the amount of particulate filler,18–20

the weight content of the calcined pearl shell pow-
der was first optimized for the present study. For
the optimization, a series of EP composites were pre-
pared using 0–10% weight of the pearl shell powder
calcined at 200�C. The impact strengths of the proc-
essed EP composites were determined and the
related results are presented in Figure 7.

Examination of Figure 7 shows that the impact
strength of the control EP is 9.7 � 0.4 kJ/m2, which
is in agreement with 10.2 kJ/m2 reported for a simi-
lar EP.18 The impact strengths of the resulting EP
composites increased with the weight content per-
centage up to 3.0% weight of the calcined pearl shell
powder, indicating that the incorporated pearl shell
powder and calcium carbonate have similar interfa-
cial interactions with the surrounding matrix mole-
cules although the layered biopolymers were not
completely degraded for the pearl shell powder cal-
cined at 200�C. In contrast, the impact strengths of
the EP composites decreased when the weight con-
tent loading of the calcined pearl shell powder
exceeded 3.0%. The higher weight content loading of
the calcined pearl shell powder may have caused
the aggregation of the filled pearl shell powder par-
ticles, which were detrimental to the mechanical
strength of the EP composites.21

Impact strengths of EP composites incorporated
with the pearl shell powders calcined
at different temperatures

To assess the effects of various calcination tempera-
tures on the mechanical strength, EP composites

were prepared with the optimum 3.0% weight con-
tent of the calcined pearl shell powders. The impact
strengths of the resultant EP composites along with
the control were summarized in Figure 8. The P-val-
ues of the t-test demonstrated that the improvements
in impact strength were significant (P < 0.05) for all
EP composites compared to the control EP.
Examination of Figure 8 shows that the incorpora-

tion of the pearl shell powders calcined at 200, 300,
600, and 700�C improved the impact strength of the
EP composites by 25, 34, 44, and 79%, respectively.
The much larger improvement of the impact
strength using the pearl shell powders calcined at
600 and 700�C can be attributed to the greater inter-
facial interactions between the filled particles and
the surrounding EP matrix molecules because of
their larger specific surface area (Table I). The largest
improvement in impact strength was obtained for
the EP composite prepared using the pearl shell
powder calcined at 700�C. As shown in the earlier
sections, the layered biopolymeric materials of the
pearl shell powder were not completely degraded
after being calcined at 600�C for 3 h. For example,
the specific surface area (18.5 m2/g) of the pearl
shell powder calcined at 700�C was over two times
larger than that (7.9 m2/g) of the pearl shell powder
calcined at 600�C. Furthermore, the SEM image of
the EP composite incorporated with the pearl shell
powder calcined at 700�C indicated that the filler
particles were relatively uniformly distributed in the
EP composites as shown in Figure 9.
Most intriguingly, the improvement of the impact

strength (79%) for the EP composite incorporated

Figure 8 Dependence of the impact strength of the epoxy
resin composites with the calcination temperatures of the
pearl shell powders. All epoxy resin composites were pre-
pared with 3% weight of the calcined pearl shell powders.
Impact strengths are expressed as an average � SEM
(standard error mean) for five measurements. The P-values
of the t-tests are also included. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 7 Dependence of the impact strength of the epoxy
resin composites with the weight percentage of the pearl
shell powder calcined at 200�C for 3 h. All impact
strengths are expressed as an average � SEM (standard
error mean) for five measurements. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]
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with the pearl shell powder calcined at 700�C was
found to be similar to that (70%) for the EP compo-
sites incorporated with the calcium carbonate nano-
particles.18 The similar improvement may suggest
that the calcined pearl shell powder and calcium
carbonate nanoparticles had similar interfacial inter-
actions with the surrounding EP matrix molecules.
These results provide additional evidence that the
pearl shell powder calcined at 700�C possesses the
unique nanostructures.

EP composites prepared with calcium oxide

Although the specific surface areas of the pearl shell
powders calcined at 800 and 900�C were even larger
than that of the pearl shell powder calcined at 700�C
(Table I), incorporation of the pearl shell powders
calcined at 800 and 900�C only improved the impact
strength of the composites by 34% and 29%, respec-
tively, which were considerably smaller than the
impact strength improvement (79%) by incorpora-
tion of the pearl shell powder calcined at 700�C.

As shown in earlier sections, the calcination of the
pearl shell powders at 800 or 900�C not only com-
pleted the degradation of the biopolymeric materials,
but also resulted in the decomposition of calcium
carbonate into calcium oxide (lime). Thus, the lower
mechanical strengths of the EP composites incorpo-
rated with the pearl shell powder calcined at 800 or
900�C must be associated with the relatively weaker
interfacial interactions of the calcium oxide (lime)
with the surrounding EP matrix molecules.22 The
morphological nanostructure of the resultant calcium
oxide was expected to be similar to that of calcium
carbonate as no change of the shape or size was

observed during the thermal decomposition of cal-
cium carbonate into calcium oxide.23 In other words,
calcium carbonate is more effective than calcium ox-
ide as inorganic filler for reinforcing the EP
composites.

Effects of silane coupling agent

Silanes are well-known for their abilities to enhance
adhesion of organic polymer matrix to inorganic
substrate24 and/or incorporated inorganic particles.25

If the mechanical strength improvement by incorpo-
ration of the calcined pearl shell powder was caused
by enhancement of the interfacial interactions of the
filled particles with EP matrix molecules, then the
impact strength should decrease for the EP compo-
sites prepared without the addition of the silane
coupling agent. To test this hypothesis, EP compo-
sites were prepared following the same protocol
except for the addition of the silane coupling agent.
The impact strengths of these EP composites to-
gether with those with the silane coupling agent
were all summarized in Figure 10 for comparison.
Examination of Figure 10 shows that the EP com-

posites prepared without the silane coupling agent
have considerably smaller impact strengths than
those prepared with the silane coupling agent, indi-
cating that the silane coupling agent is essential for
preparation of the calcined pearl shell powder-filled
EP composites. The SEM image of the EP composite
without the silane coupling agent is shown in Fig-
ure 11. It is clear that the pearl shell powder was
more uniformly distributed in Figure 9 than in Fig-
ure 11, suggesting that the silane coupling agent also

Figure 10 Comparison of the impact strength of the ep-
oxy resin composites prepared in the presence and ab-
sence of the silane coupling agent. All epoxy resin
composites were prepared with 3% weight of the pearl
shell powders. Impact strengths are expressed as an aver-
age � SEM (standard error mean) for five measurements.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 9 Scanning electron microscopy (SEM) image of
the epoxy resin composite incorporated with the pearl
shell powder calcined at 700�C for 3 h in the presence of
the silane coupling agent.
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improved the dispersion of the pearl shell powder
in the EP composites.

Calcium carbonate with sponge-like nanostructure

The fascinating applications of nanotechnology have
been the impetus for the field’s rapid development
in the past few decades.26 Nanomaterials have dem-
onstrated many unique electronic and optical prop-
erties since the nanoparticle size is in the realm
where quantum effects predominate instead of the
classical physical laws for bulk materials.27

Calcium carbonate nanoparticles are biodegradable
and are much more environmentally friendly than
silica nanoparticles. While silica nanoparticles have
been produced at a megaton scale,28 it has been diffi-
cult to produce calcium carbonate nanoparticles. Me-
chanical grinding is impractical for producing
calcium carbonate nanoparticles as the process yields
densely agglomerated particles.29 Currently, a major-
ity of the calcium carbonate nanoparticles are synthe-
sized from wet chemical reactions such as calcium
hydroxide with carbon dioxide or calcium chloride
with sodium carbonate.14 However, the wet chemical
method has the drawbacks of a relatively large parti-
cle size distribution and propensity for contamina-
tion by the precursor chemicals.30 Recently, a flame
spray process was reported to synthesize calcium
carbonate nanoparticles from calcium 2-ethylhexa-
noate in a methane-oxygen-flame, but this compli-
cated gas-phase process is expected to be difficult to
scale up for industrial applications.31

It is apparent that the calcination approach for the
preparation of the sponge-like nanostructured cal-
cium carbonate can be readily scaled up for indus-
trial applications. In addition, the calcination

method has advantages over traditional methods,
mainly lower production cost, environmental friend-
liness, etc. Furthermore, the calcium carbonate
derived from the calcination method has a unique
sponge-like porous nanostructure, which is different
with the spherical nanoparticles prepared from the
traditional methods such as the wet chemical reac-
tions.14 Moreover, the calcination method should
also be applicable to other biomineral wastes such as
sea shells, egg shells, etc.

CONCLUSIONS

The layered biopolymeric materials of the pearl shell
powder were completely degraded after being cal-
cined at around 700�C for 3 h, resulting in sponge-
like porous calcium carbonate powder. The nano-
structure of the porous sponge-like calcium carbon-
ate nanoparticles is different with the spherical
calcium carbonate nanoparticles prepared from the
literature methods.14 This simple calcination
approach will have broad industrial applications as
it utilizes the potentially envionmentally harmful
pearl shell waste to produce useful calcium carbon-
ate with porous nanostructures.
EP composites prepared using the calcined pearl

shell powders demonstrsted that the calcined pearl
shell powders were effective inorganic filler materi-
als (with respect to cost and performance) for
improving the impact strength of EP composites.
The EP composites were found to have the highest
impact strength improvement when contained 3%
weight content of the calcined pearl shell powder.
The largest impact strength improvement has been
obtained for the EP composite prepared using the
pearl shell powder after being calcined at 700�C for
3 h. Higher improvement of the impact strength was
obtained for the EP composites prepared with the
silane coupling agent than those prepared without
the silane coupling reagent.
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