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a b s t r a c t

Waste incineration fly ash and bone powder could be successfully recycled into calcium phosphate hydro-
gel, a type of fast proton conductor. Various properties of the intermediate and calcium phosphate hydrogel
from them were characterized and compared with that from calcium carbonate reagent. It was found that
the intermediate from the incineration fly ash and calcium phosphate glass was more brittle than that from
bone powder and calcium carbonate reagent. The electric conductivity of crystallized hydrogel obtained
eywords:
aste incineration fly ash

one powder
alcium phosphate glass
alcium phosphate hydrogel
ast proton conductor

from all raw materials increases exponentially with temperature. However, the crystallized hydrogel from
incineration fly ash has lower electric conductivity and lower crystallinity than that from bone powder
and the reagent. Moreover, the difference in electric conductivity between these crystallized hydrogels
decreases with temperature. Compared with using the reagent as a raw material, bone powder provides a
25% reduction in the usage of H3PO4 to acquire the crystallized hydrogel which has the highest conductiv-
ity. These experimental results suggest that the incineration fly ash and bone powder are useful calcium
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. Introduction

Waste incineration fly ash is generated by garbage incinera-
ion plants. Over 7 million tons of waste incineration fly ash is
ischarged per year in Japan [1]. The amount of waste increases
nnually. Since Ca(OH)2 or CaO powder is blown into an incinerator
n order to prevent the formation of dioxins, the main component of
aste incineration ash is Ca. Although synthesis methods of tober-
orite [2,3], zeolite [4,5] and calcium apatite [6] were proposed

s new methods of reusing waste incineration fly ash, reported lit-
rature on such methods is still less when compared to those on
eusing coal fly ash [7–10]. A small portion of waste incineration fly
sh is used as cement fills, while a large portion is reclaimed from
he sea [1]. The large daily output and the limited landfill capac-
ty have caused various social and environmental problems. “Law
or the Promotion of Effective Utilization of Resources [1991]” and
Fundamental Law for Establishing a Sound Material-Cycle Society
2000]” established by the Japanese government makes it obliga-

ory to reuse waste incineration fly ash. Thus, new effective ways
o reuse it should be quickly developed.

Over 4 million tons of chicken bone is also discharged per year
rom chicken meat processing plants as industrial wastes in Japan
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11]. Some amount of chicken bone is used as a raw material for
ertilizers. Chicken bone consists of Ca and P. New methods to reuse
hicken bone are also required.

Fuel cells are one of the most important technologies for sup-
lying clean energy. Many types of methods have been investigated

n order to reduce the cost of fuel cells and to improve the effi-
iency of the cell performance. Calcium phosphate hydrogel [12,13]
s thought to be one of the promising candidates for the electrolyte
f fuel cells because it has higher proton conductivity and greater
eat resistance than perfluorosulfonic polymers such as Nafion [14].
urthermore, calcium phosphate hydrogel is a viscous material and
t easily forms films and plates. Since it can be also applied to
n electric double layer capacitor and a sensor for hydrogen, its
emand is expected to increase.

Therefore, the synthesis of calcium phosphate hydrogel from
ncineration ash and chicken bone powder is proposed as a new
ffective method for reusing them [15]. The performance of cal-
ium phosphate hydrogel synthesized from CaCO3 reagent and
rom incineration ash and bone powder has been compared.

. Experimental
.1. Synthesis method of calcium phosphate hydrogel

Waste incineration fly ash, bone powder and CaCO3 reagent
ere used as the raw material. Waste incineration fly ash and

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:kfukui@hiroshima-u.ac.jp
dx.doi.org/10.1016/j.jhazmat.2008.06.103
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Table 1
Properties of tested incineration ash and bone powder

Metallic element Content (wt.%)

Incinerations ash Bone powder

Ca 66.8 80.0
P – 14.9
K 8.0 0.3
Si 6.1 1.0
Al 5.8 –
S 4.9 –
Z
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raw materials and phosphoric acid. The intermediate that is syn-
thesized from incineration fly ash at the additional ratio of H3PO4,
R = 0.5 is unvitrified. This intermediate has the crystalline phase
of CaO, Ca2P2O7 and Ca(PO3)2, as shown in Fig. 3(a). On the other
hand, in the case of the additional ratio of H3PO4, R = 1.0, a transpar-
n 3.0 1.0
e 2.1 0.2
i 1.9 –
thers 1.4 2.6

hicken bone powder were obtained from an incineration plant
nd a chicken meat processing plant in Higashi Hiroshima, Japan,
espectively. The metallic element compositions of incineration fly
sh and bone powder were determined by EDX (Shimadzu, EDX-
00). Ten samples were measured by EDX, and measurement error
argin was plus or minus 15%. The result is listed in Table 1; here,

ts content is defined as the ratio of metallic element. Incineration
y ash mainly consists of Ca and includes K, Si, S and so on. On the
ontrary, bone powder mainly consists of Ca and P, and its impu-
ities cannot be almost detected. Fig. 1 shows the X-ray diffraction
atterns of incineration fly ash and bone powder. Incineration fly
sh has a crystalline phase of KCl, SiCl4, and Ca(OH)2, while bone
owder has a crystalline phase of only Ca10(PO4)6(OH)2.

The volume of 3.4–8.5 cm3 phosphoric acid reagent, which has
concentration of 85 wt.%, was added to 5.0 g of as-received incin-
ration ash. Here, a ratio of 6.8 cm3 of phosphoric acid reagent to
.0 g of a raw material was defined as the additional ratio of H3PO4,
= 1, which is equal to the stoichiometric ratio of calcium phos-
hate. Namely, phosphoric acid reagent was added with R ranging
rom 0.5 to 1.25. A batch mixture of them was melted under air at
200 ◦C for 30 min and poured onto an iron plate. The intermediate
alcium phosphate glass was acquired by quenching the melt. The
lass powder, which was crushed using a hammer, was adjusted to
diameter of 0.125–2.38 mm by sieving. The resulting glass pow-
er was pulverized with a stainless ball mill, which had an inner

iameter of 12.0 cm. Here, the rotational speed of the ball mill was
et to 125 rpm.

A mixture of the pulverized powder weighting 2.0 g and dis-
illed water with a volume of 2.0 cm3 was placed on a petridish at
5 ◦C and 95% RH for 48 h in order to prepare amorphous calcium

Fig. 1. XRD peak charts of incineration fly ash and bone powder.
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hosphate hydrogel. In order to crystallize the derived amorphous
ydrogel, it was heat-treated at 90 ◦C for 6 h in saturated vapor.

.2. Measurement methods

The particle size of calcium phosphate glass powder was mea-
ured by using the laser scattering particle size analyzer (Horiba,
A-920). The crystalline phase was identified by XRD (Rigaku
INT-2000) and the chemical component was quantified by EDX
Shimadzu, EDX-800). The alternating current conductivity of the
ydrogel was measured by using the chemical impedance meter
Hioki, 3532-80) with the Cole–Cole plot method, where the
pplied voltage was 1.0 V and the measurement frequency was
aried from 100 Hz to 1.0 MHz. The hydrogel was filled in the mea-
urement cell to a height of 5.0 mm, depth of 10.0 mm, and width
f 50.0 mm width. The distance between the two electrodes for the
urrent measurement was set to 50.0 mm and the distance of the
wo electrodes for the applying voltage was 26.0 mm. For the pur-
ose of measurements, the cell was shielded with a polystyrene
over using vinyl tape in order to prevent serious drying of the
ydrogel.

. Results and discussion

Fig. 2 shows the appearance of the intermediate from various
ig. 2. Appearance of intermediates synthesized from various raw materials ((a)
rom incineration fly ash, R = 0.5, (b) from incineration fly ash, R = 1.0, (c) from bone
owder, R = 1.0, and (d) from CaCO3 reagent, R = 1.0).
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ig. 3. XRD peak charts of intermediates synthesized from various raw materials
(a) from incineration fly ash, R = 0.5, (b) from incineration fly ash, R = 1.0, and (c)
rom bone powder, R = 1.0).

nt green calcium phosphate glass is obtained, which is completely
morphous, as shown in Fig. 3(b). It is believed that impurities in the
ncineration fly ash impart a green color to the glass. Furthermore,
t can be observed that the same transparent calcium phosphate
lass is synthesized from bone powder at the additional ratio of
3PO4, R = 1.0 that is synthesized from CaCO3 reagent (Fig. 2(c) and

d)). The glass from CaCO3 reagent is also completely amorphous,
s shown in Fig. 3(c).

Fig. 4 shows the relationship between the additional ratio of
3PO4 and the content of P in the intermediate, where the content
f P is defined as the ratio of P to all the metallic elements present in
he intermediate. In any case, the content of P in the intermediate
ncreases with the additional ratio of H3PO4. Since bone powder
ontains the P element, the intermediate from the bone powder
rovides the highest content of P. Further, bone powder requires

east additional ratio of H3PO4 in order to vitrify the intermediate.
his result suggests that the element P present in the bone powder
s effectively used to synthesize calcium phosphate glass. A change
n the content of P for incineration fly ash is similar to that for
aCO3 reagent. This result suggests that impurities such as Al, Si,
nd K react with H3PO4 as a substitution for Ca.
The change in the particle size with pulverizing time during ball
illing with respect to calcium phosphate glass powders obtained

rom various raw materials that have 40% of the P content (incin-
ration fly ash and CaCO3 reagent: R = 1.0, bone powder: R = 0.75)

ig. 4. Relationship between the additional ratio of H3PO4 and content of phospho-
us in the intermediate.
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ig. 5. Change in median diameter of calcium phosphate glass powder with pulver-
zation time for various raw materials.

s shown in Fig. 5. The mass median diameter of all glass powders
ecreases to a constant value with an increase in the pulverizing
ime. The difference in the median diameter change between the
lass powders synthesized from bone powder and CaCO3 reagent is
egligible. Furthermore, incineration fly ash provides the minimum
edian diameter at a steady state. This result indicates that the

lass powder synthesized from incineration fly ash is more brittle
nd easier to grind as compared to the glass powders synthesized
rom bone powder and CaCO3 reagent.

It is believed that calcium phosphate glass consists of long-
hain phosphate structures and bridging calcium ions between the
ongchains, as shown in Fig. 6(a) [16]. In the case of calcium phos-
hate glass from incineration fly ash, K+, Al3+ and so on which
re present in the incineration fly ash, also bridge between the
ongchains substituting for some part of Ca2+. As the ion diameter of
hese ions differ from that of Ca2+, it is thought that calcium phos-
hate glass from incineration fly ash has the strain and deformation
s shown in Fig. 6(b). For this reason, the glass from incineration fly
sh is more brittle than that from bone powder and CaCO3 reagent.

The above-mentioned hydrogelation process from calcium
hosphate glass powders was studied. Fig. 7 shows a change in the
lternating current conductivity of amorphous calcium phosphate
ydrogel with the gelation time. Here, the median diameter of any
lass powder was adjusted to 11.0 �m. In any case, the conductiv-
ty increases to a maximum value, it subsequently decreases to a
onstant value with the gelation time. This result suggests that the
ydrogelation process mechanism does not depend on any type of
lass powder. Immediately after calcium phosphate glass powder
s added to distilled water, Ca2+, PO4

3− and so on are dissolved in
istilled water. Hence, the ionic conduction induced by these ions

ncreases the conductivity of calcium phosphate hydrogel. How-
ver, the viscosity of hydrogel increases and the proton conduction
f hydrogel occurs as the hydrogelation progresses. Therefore, the
onic conduction is restrained. Hence, the conductivity decreases
o a constant value with the gelation time.

The characteristics of crystallized calcium phosphate hydro-
els from various raw materials were examined. Fig. 8 shows
he X-ray diffraction patterns of crystallized calcium phosphate
ydrogels obtained from various raw materials. It is found that
ydrogels; which have the crystalline phase of calcium phosphate

ydrate, Ca(H2PO4)2·H2O; can be obtained from all the raw mate-
ials. Although the degree of crystallinity for crystallized calcium
hosphate hydrogels synthesized from CaCO3 reagent and bone
owder is almost equal, crystallized calcium phosphate hydrogel
rom incineration fly ash has the lowest degree of crystallinity. This
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incineration fly ash into crystallized calcium phosphate hydrogel
when it is used at a relatively high temperature.

The effects of the content of P in calcium phosphate glass on
the conductivity of crystallized calcium phosphate hydrogel were
Fig. 6. Structure of calcium phosphate glass ((a) calcium phosphate g

s because impurities contained in incineration fly ash disturb the
rystallization to Ca(H2PO4)2·H2O.

Fig. 9 shows the relationship between the measurement tem-
erature and the conductivity of crystallized calcium phosphate
ydrogels. The conductivity of crystallized calcium phosphate
ydrogels from all raw materials increases exponentially with
emperature. The high proton conduction in the hydrogel can be
xplained as the hopping of numerous protons dissociated from
he P–OH groups between hydroxyl groups and water molecules.

he conductivity of crystallized hydrogel from bone powder almost
grees with that from CaCO3 reagent. Although crystallized hydro-
el from incineration fly ash has the lowest conductivity, its
radient in the conductivity, which corresponds to the activation
nergy for conduction, is steeper than others. However, we have

ig. 7. Change in conductivity of amorphous calcium phosphate hydrogels from
arious raw materials with gelation time.

F
v

om CaCo3 and (b) calcium phosphate glass from incineration fly ash).

ot clarified effects of metallic impurities in incineration fly ash on
he conductivity sufficiently. We are now investigating it and will
eport it in the future. Accordingly, an increase in the temperature
essens the difference in the conductivity between incineration fly
sh and the others. This fact signifies that it is effective to reuse
ig. 8. XRD peak charts of crystallized calcium phosphate hydrogel synthesized from
arious raw materials.
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Fig. 9. Conductivity of crystallized calcium phosphate hydrogel as a function of
temperature for various raw materials.
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ig. 10. Relationship between the content of phosphorus in calcium phosphate glass
owder and the conductivity of crystallized calcium phosphate hydrogels for various
aw materials.

easured. As shown in Fig. 10, crystallized calcium phosphate
ydrogel has maximum conductivity at approximately 40% con-
ent of P, which is independent of the type of raw material. It
as confirmed that the crystalline phase of crystallized calcium
hosphate hydrogel acquired below 35% was CaHPO4 and the crys-
allized calcium phosphate hydrogel has crystalline phases of both
a(H2PO4)2·H2O and a by-product of Ca2P2O7·H2O ranging above
5%. Hence, it can be said that in order to maximize the conduc-
ivity of crystallized calcium phosphate hydrogel, the optimum
ontent of P in calcium phosphate glass is about 40%. Figs. 4 and 5
eveal that bone powder provides a 25% reduction in the usage of
3PO4 in order to maximize the conductivity of crystallized cal-
ium phosphate hydrogel. Further, the difference in the dependence
f the conductivity of crystallized calcium phosphate hydrogel on
he temperature between the bone powder and the CaCO3 reagent
s hardly observed, as shown in Fig. 9. Consequently, bone pow-
er is extremely suitable as a raw material for crystallized calcium
hosphate hydrogel.
. Conclusions

The properties of calcium phosphate hydrogels derived from
ncineration fly ash and bone powder were investigated. The results
btained in this study can be summarized as follows:

[

[
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1) Waste incineration fly ash, which has a Ca content of 66.8%, and
bone powder can be successfully recycled into amorphous and
crystallized calcium phosphate hydrogels, a type of fast proton
conductor.

2) The intermediate calcium phosphate glass synthesized from
incineration fly ash has a lower mechanical strength than that
from CaCO3 reagent and bone powder.

3) The hydrogelation process mechanism from calcium phosphate
glass powder to amorphous calcium phosphate hydrogel does
not depend on the type of raw materials.

4) Crystallized calcium phosphate hydrogel from incineration fly
ash has a lower degree of crystallinity than that from CaCO3
reagent and bone powder.

5) The conductivity of crystallized hydrogel from bone powder is
almost equal to that from CaCO3 reagent, which was higher than
that from incineration fly ash.

6) Bone powder provides a 25% reduction in the usage of H3PO4
to acquire the high conductivity for the crystallized calcium
phosphate.

7) In order to maximize the conductivity of crystallized calcium
phosphate hydrogel, the optimum content of P in calcium phos-
phate glass should be approximately 40%.
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