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Abstract In this chapter, some inorganic materials such as coal ash, hydroxyapatite,
and hydrotalcite are taken up as the adsorbents to remove pollutants in contaminated
water and soil. Coal ash is a residual material that exists after all combustible
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material in coal has been burned. The main components of coal ash are silica (SiO2)
and alumina (Al2O3) and other metal oxides also exist. Although coal ash has some
ability to adsorb pollutants, the ability increases by activation with acids and
modification with an organic ligand like dithizone. The activated and modified
coal ash were applied to the adsorption of cationic, anionic dyes and also Hg(II).
Hydroxyapatite (HAP), one form of Ca-phosphate compound, is a main component
in bone as well as collagen. HAP is an important material biologically and it
becomes an excellent adsorbent for arsenate. Firstly, our studies of HAP as the
geometrical scaffolds for bone reconstruction are introduced and then the removal of
arsenate from environmental water by HAP is discussed using a chromatographic
system. Lastly, the adsorbing property of layered double hydroxides (LDHs), which
are called hydrotalcite minerals, with the unique structure, is discussed as well as the
systhesis methods.

Keywords Coal ash, Environmental applications, Hydrotalcite, Hydroxyapatite,
Multifunctional materials

1 Coal Ash for the Adsorption of Dyes and Heavy Metal
Ions in the Environments

1.1 Introduction to Coal Ash

Coal, as an energy source, in its combustion process produces several by-products. If
the by-products are not used properly, it can cause environmental pollution. Based
on the particle size, coal combustion ash is divided into two types, namely fly ash
and bottom ash. The amount and characteristics of ash produced from coal combus-
tion are determined by the type of coal and the combustion system used [1]. Coal ash
is a residual material that exists after all combustible material in coal has been
burned [2].

Based on energy use data, Indonesia uses a lot of energy sourced from coal.
According to Oplas [3], the use of coal energy in Indonesia ranks first in ASEAN and
tenth in the world. The rate of waste recycling of coal ash is not proportional to its
production, hence it has the opportunity to cause pollution for the environment. Coal
ash is a hazardous waste whose accumulation can trigger an explosion due to the
formation of methane gas (CH4). The accumulation of coal ash waste can also
produce acid seepage which can damage soil fertility. To balance the rate of coal
ash waste production, efforts are needed to utilize coal ash waste other than as a
mixture of cement and construction materials [4].

The presence of silica (SiO2) and alumina (Al2O3) content in ash allows coal ash
to be used as an adsorbent. In its use as an adsorbent, fly ash is more common than
bottom ash. This is because fly ash contains more silica and alumina, namely 56.13%
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and 18.49%, while bottom ash is 50.98% and 14.99%, respectively. Production of
fly ash waste is also higher, namely 80–90%, while bottom ash is 10–20% [5].

1.2 Coal Bottom Ash (CBA)

Coal ash is an amorphous adsorbent and comes from coal combustion. Coal burning
produces coal bottom ash and fly ash by-products. Coal bottom ash is the ash left in
the furnace. In Indonesia, the volume of this waste reaches 500–1,000 tons/day and
is classified as hazardous waste. Coal bottom ash has a gray-black physical property
and has a rougher surface than fly ash. The particle size of coal bottom ash is
10–100 μm.

The composition of coal ash depends on the type, source, application, and not the
conditions of the kiln [6, 7]. Comparison of the compositions of coal bottom ash
obtained from the coal burning at some Indonesian electricity power plants and sugar
factory is presented in Table 1 [8–10]. Based on the table, bottom ash has the main
components of silica and alumina. The presence of silica and alumina is the main
reason why coal ash is used as an adsorbent. Silica present on the surface of the oxide
particles is a weakly acidic silica monomer [11]. SiO2, CaO, Fe2O3 compounds
can raise the pH, because metal oxides such as CaO can interact with water to form
Ca(OH)2.

Some works have [12–14] reported that coal bottom ash has the main content of
quartz and mullite. According to Murniati [15], characterization using XRD showed
that the bottom ash was dominated by minerals quartz (SiO2), mullite
(2SiO2�Al2O3), and amorphous solids of silica and alumina. Other researchers
[16, 17] have observed that coal ash before activation was amorphous, whereas

Table 1 Comparison of the composition of some coal bottom ash in Indonesia

Minerals

Percentage (%, w/w)

PLTU paitona

[8]
PLTU IPMOMIa

[9]
PG madukismob

[10]

Silica (SiO2) 49.73 24.10 41.50

Alumina (Al2O3) 19.51 6.80 28.12

Iron oxide (Fe2O3) 16.18 33.59 15.37

Titania (TiO2) 0.99 – –

Magnesium oxide (MgO) 2.96 – 1.37

Calcium oxide (CaO) 5.40 26.30 1.25

Na2O 1.23 – 4.25

K2O 0.84 – 1.25

Mn2O 0.17 0.32 –

Carbon (C) – 11.50 –

Note: (�) not detemined
a Electricity power plant company
b Sugar factory
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after activation it was in the form of coarser (crystalline) deposits. Londar et al. [9]
added that carbon inhibits crystal formation. Crystal formation is triggered by high
temperatures, therefore carbon removal can be carried out through combustion
(calcination). Ash with amorphous structure is more advantageous when used as a
silica gel preparation material. The amorphous structure is easy to melt so as to
produce optimal silica [18]. According to Padi [19], amorphous adsorbents have
small pores so that their adsorption capacity is low.

An adsorbent with a high silica content is stable to high temperatures. Silica is
resistant to temperatures up to 2,200�C. Coal fly ash and bottom ash have different
levels of silica. Kula and Olgun [5] stated that coal fly ash contains more Si and Al
than coal bottom ash. As a result, fly ash is more likely to be used as a geopolymer,
cement additive, zeolite, and others. In the case of zeolites, Padi [19] found that the
surface of the zeolite has oxide impurities that cover the pores and reduce absorption,
so it must be activated first. NaOH and HCl can activate the adsorbent. According to
Padi [19] and Mufrodi et al. [20], reflux using HCl solvent aims to enlarge pores,
reduce impurities, partially dissolve alumina, and deionize Na metal. Other
researchers [8, 17, 21] have used NaOH in the manufacture of zeolites. Smelting
with NaOH aims to activate silica and alumina into soluble minerals. Sodium silica is
soluble in water, while sodium alumina is soluble in alkali. NaOH can also expel
silica and alumina from inside of the framework to the surface silica and alumina.
Based on this result, coal bottom ash also has been treated and activated in the same
manner as zeolite to remove oxide impurities.

The preparation of adsorbent from coal bottom ash has been studied by several
researchers. Sunarti [8] has synthesized zeolite from coal bottom ash by smelting
with NaOH and hydrothermal reaction. XRD data showed that smelting with NaOH
produced amorphous silica and alumina and the adsorption study showed that the
synthetic zeolite from bottom ash adsorbed more Pb(II) than the original bottom ash.
The synthetic zeolite prepared from coal bottom ash is able to adsorb 99.74% Zn
(II) [21]. The same adsorbent, e.g. synthetic zeolite prepared from coal bottom ash, is
also able to adsorb Cu(II) with an adsorption capacity of 25 mg/g and the adsorption
takes place chemically by involving the active site of the synthetic zeolite [15].

1.3 Coal Fly Ash (CFA)

Fly ash is a by-product of coal combustion which accounts for about 60–88% of the
total coal combustion residue. Globally, its annual production is estimated at 0.75–1
billion tons. So far, fly ash is generally used as a mixture of concrete and road or dam
construction [22]. The release of fly ash into the atmosphere is very dangerous for
health if it is inhaled directly because fly ash is a particulate material that can affect
DNA repair mechanisms through the formation of reactive organic species [23]. Cur-
rently, many studies use fly ash as a coagulant, catalyst, membrane filtration,
photocatalysis, and the Fenton process [24].
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Coal fly ash consists of a complex mixture of organic (1–9%) and inorganic
(90–99%) constituents of which it is about 30–84% amorphous and 17–63% crys-
talline which is between 1 and 500 μm in size and has a particle size distribution of
tri-modal which is mostly located below 75 μm. The color of coal fly ash depends on
the unburnt carbon and iron content, it can be reddish brown due to iron or gray to
black due to carbon content. The different components of coal fly ash induce the
different structures or shapes, which are different from the alumino-silicate glass
phase which is spherical, while in the crystalline phase quartz and unburned carbon
are irregularly shaped particles [25]. The density of coal fly ash ranges from 0.54 to
0.86 g/cm3 [22] and the surface area usually lies between 0.2 and 10 m2/g, coal fly
ash with unburned carbon content has a surface area of approx. 200 m2/g [26].

Coal fly ash has properties such as particle size distribution, surface area, hydro-
philicity, and porosity that are complex according to their origin and composition
[27]. The main constituents of coal fly ash are silica, alumina, iron oxide, calcium
oxide, and varying amounts of carbon [28]. Coal fly ash has an irregular structure
(amorphous) above 90%. More than 80% of the inorganic composition consists of
Al2O3, SiO2, and Fe2O3. Coal fly ash also contains small amounts of transition metal
oxides which are active components of many catalytic systems such as Mn, Cr, Co,
Ni, Zn, Cu [29, 30] (Table 2).

The classification of coal fly ash is based on the CaO content. If chemical
elements such as silica, iron oxide, and alumina make up more than 70% of all
raw ash, then it is categorized as F-type ash according to American Society for
Testing and Materials (ASTM) C 618. If the content of silica, iron oxide, and
alumina is <70% of the total raw ash, fly ash is categorized as C-type ash
[31]. Another criterion according to the ASTM standard is that fly ash obtained
from burning bituminous or anthracite coal is classified as Class-F and that obtained
from burning subbituminous coal or lignite is classified as Class-C fly ash [32]. Most
of the F-type coal fly ash have been used by researchers for water treatment
applications and very few studies have used C-type fly ash [33].

Coal fly ash can be used as a gas adsorbent such as CO2 [25], SO2, NOx [34], and
H2S, because it has a high alkali content, namely calcium which is usually used as an
adsorbent for acid gas in the process of controlling air pollution [35]. Coal fly ash can
also be used for adsorption of dyes such as reactive black-5 (RB5) azo dye [36],
methyl orange [37], acid blue-113 and tartrazine [38], indigo carmine and acid
orange-52 [39], active red X-3B [40]. The adsorption of anthraquinone-dye (acid
blue-127) and acid yellow-17 must be carried out at a pH lower than the pKa of the
dye, in order to form a stable cationic site so that adsorption can take place
optimally [41].

Single or simultaneous adsorption of heavy metals with coal fly ash has been
widely carried out. Metal adsorption is generally carried out with a batch system so
that the adsorption runs optimally [42]. Before being used, the adsorbent is usually
activated first to make it more effective. Activation can be done physically by
heating or chemically by extracting coal fly ash with acids such as HCl [43] and
base NaOH [44]. The purpose of activation is to enlarge the pores and remove
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impurity of metal oxides in coal fly ash so that the adsorption ability becomes
better [27].

1.4 Acid Activation of Coal Ash

The existence of impurities in coal bottom ash including metal salts such as CaCO3,
MgCO3, Fe2S, and FeS and free heavy metals causes the ability of coal bottom ash
for pollutants such as heavy metals and dyes to become less optimal, and therefore its
adsorption capacity toward a certain pollutants is low [45]. In addition, if the
impurities are not removed from the adsorbent, the presence of heavy metals in
coal bottom ash can pollute the environment when coal ash is used as an adsorbent
on a large scale. Therefore, it is necessary to do a treatment to remove impurities in
the coal bottom ash. Various methods have been used to remove metal oxides from
aluminasilica materials. One of them is activation with strong acids such as HCl,
HNO3, and H2SO4 [46].

Activation with strong acids usually has a strong influence on the structure and
properties of the material because of the chemical interactions that occur between the
strong acid and the surface of the material or adsorbent [47]. This method increases
the adsorptive properties or adsorption capacity of coal ash by producing a more
specific surface [45]. Inorganic acids or mineral acids such as HCl, H2SO4, HNO3

are more commonly used in the activation process because they have a more
significant effect than organic acids such as acetic, formic, oxalic acids [48]. Wang
et al. [49] have reported that most of the metal oxides contained in coal ash dissolve
in low pH. The dissolution intensity of metal oxides increases as the pH of the
solution decreases. When coal ash is activated by strong inorganic acids like HCl,

Table 2 Metal oxide compo-
sitions of Coal fly ash from PT
Petrokimia Gresik, Indonesia
[30]

No. Metal oxides Chemical composition (%, w/w)

1. SiO2 36.10

2. Al2O3 19.80

3. Fe2O3 24.1

4. CaO 9.18

5. MgO –

6. P2O5 1.10

7. SO3 0.40

8. K2O 1.27

9. TiO2 1.88

10. V2O5 0.07

11. Cr2O3 0.03

12. MnO 0.20

13. ZnO 0.07

14. MoO3 5.10

15. BaO 0.30
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the content of other minerals (metal oxides) except silica minerals will interact with
the acid, then dissolve and cause the active site in the coal ash to be more open. This
causes the active site of the adsorbent to become more accesable so that the
adsorption capacity of coal ash increases [45]. An example of the dissolution
reaction of metal oxides with strong acids is shown as Eq. (1) (Table 3).

CaCO3 sð Þ þ 2Hþ
aqð Þ ! Ca2þaqð Þ þ H2CO3 aqð Þ

MgCO3 sð Þ þ 2Hþ
aqð Þ ! Mg2þaqð Þ þ H2CO3 aqð Þ

ð1Þ

1.5 Modification of Coal Ash with Organic Ligand

Dithizone is an organic ligand which is commonly used in spectrometric analysis
and metal extraction. The chemical properties of dithizone are having the molecular
formula C13H12N4S, molecular weight 256.32 g/mol, boiling point 168�C, unstable
to heat, non-polar at pH < 7, and when dissolved it produces a green solution.
Dithizone is soluble in non-polar solvents such as ethanol, tetrachloride, chloroform,
and benzene. Figure 1 shows the structure of dithizone in the keto and enol forms.
According to Suseno [50], in the keto form, metal ions interact with -NH and in the
enol form interact with -SH.

Dithizone is a ligand that can form coordinate covalent bonds with metal ions,
through one or more of its donor atoms. Based on the number of donor atoms owned,
ligands are grouped into monodentate, bidentate, and so on. Some complexes form
weak ligand-metal bonds, so they decompose when dissolved in water. Metal ions
that can form metal complexes with dithizone include Ag, Au, Bi, Cd, Co, Cu, Fe,
Hg, Ni, Pb, Pd, Te, and Zn. The complex formed is generally neutral so that it can be
extracted into the organic phase. According to Kunarti [51], ligands experience
deprotonation at alkaline pH, so that their surface is negatively charged. The large
number of OH� ions causes competition between the OH� ions in the solvent and
the ligands. Under increasingly acidic conditions, the metal-dithizone complex
becomes less stable. Meanwhile, under more alkaline conditions, the dithizonate
complex was more stable. The gradual addition of ligands causes complex formation

Table 3 Analytical results of major components of coal fly ash from PT. Petrokimia Gresik before
and after activation using AAS

Components

Coal fly ash before acid activation Coal fly ash after acid activation

Content (%, w/w) Content (%, w/w)

SiO2 33.3 41.7

Al2O3 16.0 17.0

CaO 0.57 0.38

Fe2O3 12.7 4.87
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to occur gradually. If there is excess ligand, the equilibrium reaction for complex
formation shifts toward the product.

Because it has many donor atoms, dithizone can bind to both metal ions and solid
supports. The most effective technique for binding dithizone to a solid support is
through immobilization. Another technique that is often used is impregnation [18],

Fig. 1 Chemical structure of dithizone, showing keto and enol forms
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but it is less effective because the interaction between the adsorbent and dithizone is
less strong. Wogo et al. [52] stated that the modification of dithizone did not change
the silica crystallization, but the surface area was reduced. Dithizone-immobilized
silica gel shows a color change from gray to brick red, the more dithizone, the darker
the color [53]. Several other researchers reported that dithizone can bind to poly
EGDMA-co-HEMA (ethylene glycol dimethacrylate and 2-hydroxyethyl methacry-
late), silica gel, chitin, natural zeolites, and others. Salih, et al. [54] reported that the
order of single metal adsorption on dithizone-poly EGDMA-co-HEMA beads was
Pb(II) > Cr(II) > Hg(II) > Cd(II).

Several dithizone immobilization methods have been used by previous
researchers. Salih et al. [54] carried out the immobilization of dithizone on poly
EGDMA-co-HEMA by refluxing 0.5 g of dithizone, 3 g of polymer, and 4 g of
NaOH. Reflux was carried out for 24 h, at a speed of 400 rpm and a temperature of
80�C. Another procedure was carried out by Absalan and Goudi [55], namely
mixing 10 mL of dithizone with 40 mL of a suspension containing 1.5 g of alumina.
The adsorbent is then used to adsorb Ag(I). Dithizone immobilized
triacetylcellulosic membranes were prepared by Savafi and Bagheri [56] and used
to adsorb Hg(II). The researchers also designed the same adsorbent to adsorb Cu
(II) [57]. Immobilization of dithizone on chitin from shrimp shells has also been
carried out by refluxing 4 g of biopolymer with 1 g of dithizone at 70�C. Reflux was
carried out for 6 h and the adsorbent was used to adsorb Cd(II) [58]. The optimum
adsorption of Cd(II) occurred at pH 6 with an adsorption capacity of 5.67 mol/g.

Silica-dithizone adsorbent was also prepared by refluxing 20 mL of silica sus-
pension with 5 g of dithizone. Reflux was carried out for 24 h, then the adsorbent was
used to study the kinetics and equilibrium of Hg(II) [53]. Yu et al. [59] have used
dithizone immobilized silica gel to adsorb Cu(II). Silica gel activation was carried
out by refluxing 20 g of silica gel with 10 mL of 6 M HCl for 5 h. The solids were
washed to neutral and dried. The mixture was stirred for 48 h in 30 mL of dithizone

Fig. 2 Typical FTIR Spectra (left) and XRD pattern of Act-CBA (a), Dtz-CBA (b) and free
dithizone (c)
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solution. The solid was washed with toluene, ethanol, water, then dried. Dithizone
immobilized chitin for Cu(II) adsorption has also been reported [60].

Based on these various methods, in our study on the modification of coal ash, we
have modified the previously reported method [19, 20, 59], which first used HCl to
activate coal ash and then the activated adsorbent was modified with dithizone by
immobilization. As reported by Jundu [18], immobilization with organic ligands is
an effective way to get a higher adsorption capacity. The adsorbent modified with
dithizone showed higher selectivity and capacity for heavy metals [58, 61–63]. Fig-
ure 2 gives the examples of typical FTIR spectra and XRD pattern of (a) activated
coal bottom ash (Act-CBA), (b) dithizone-immobilized CBA (Dtz-CBA), and
(c) free dithizone.

1.6 Examples of Applications

1.6.1 Adsorption of Cationic and Anionic Dyes

We have studied the adsorption of anionic dyes of coomassie brilliant blue (CBB)
and cationic malachite green (MG) dyes using activated coal bottom ash (Act-CBA)
as well as non-activated coal bottom ash (CBA). Coal bottom ash was activated by
acid method by refluxing it in hydrochlorid acid (HCl) for 4 h. Adsorption processes
was conducted in batch method and some parameters influencing the adsorption
performance were examined, including the effects of pH, adsorbent mass, contact
time, and initial concentration of adsorbate. From this data then the kinetic models
and isotherm adsorption were evaluated, and the example of dyes removal from
synthetic samples containing both CBB or MG using Act-CBA was also carried out.

As expected the optimum removal of anionic CBB from solution of 50 mL,
20 ppm CBB using both CBA and Act-CBA is obtained at acidic solution of pH 3–4
because at this condition the surface of the adsorbent is positively charged (PZC of
CBA ¼ 5–6) [63], the optimum adsorbent mass is 0.3 g with the contact time of
90 min and initial dye concentration of 125 ppm. In contrast, the optimum adsorption
of cationic MG from 50 mL, 40 ppm solution using either CBA or Act-CBA is
obtained at alkaline pH of 8 with 0.2 g of adsorbent mass, 90 min of contact time;
and 125 ppm of initial MG dye concentration. This is also easily understood as the
surface of CBA will have negative net-charge at pH > 6. Effect of pH on the
adsorption of dyes is given in Fig. 3. From the figure, it is obviously observed that
Act-CBA adsorbs dyes more efficiently than the non-activated CBA. This is prob-
ably due to the dissolution of some metal oxide imputities that cover the active sites
of the adsorbents.

The adsorption kinetics and isotherms were also studied in this research. The
adsorption of the dyes by Act-CBA and CBA is best described by pseudo-second
order kinetic models with the rate constants (k2) for anionic CBB are 9.91 � 10�2

and 2.16� 10�2 g/mg.min, respectively, and those for cationic MG are 2.16� 10�2

and 1.52 � 10�2 g/mg.min, respectively. Isotherm adsorption studies indicate that
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Freundlich isotherm model best fits the adsorption of CBB with the Freundlich
constants (KF) for Act-CBA and CBA are respectively 5.54 � 10�4 and
2.73 � 10�4 mol/g. Meanwhile, the adsorption of cationic MG fits Langmuir
isotherm model with the adsorption capacity (qm) for Act-CBA and CBA are
1.98 � 10�5 and 6.63 � 10�5 mol/g, indicating the significant effect of acid
activation on adsorption capacity of the adsorbent.

The adsorbent application for the adsorption of CBB and MG dyes in synthetic
samples is shown in Fig. 4. From this figure, it can be seen that the concentration of
coomassie brilliant blue dye decreased from 198.5 to 7.8 mg/L after five adsorption
processes using HCl-activated coal bottom ash. The concentration of coomassie
brilliant blue dye continuously decreased after the repetetion of the adsorption
process, which was 143.4; 97.2; 51.2; 20.9; and 7.8 mg/L, respectively. The
adsorption percentage of the 1-fifth consecutive adsorption process also increased,
namely 27.7; 51.0; 74.2; 89.4; and 96.1%, respectively. Figure 4 shows that the
concentration of malachite green dye also decreased from 199.1 to 6.1 mg/L after
three consecutive adsorption processes using HCl-activated coal bottom ash. The

Fig. 3 Effect of pH on the adsorption capacity of CBB (upper) and MG (lower) dyes on CBA
(circle) and Act-CBA (square)
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decrease in the concentration of malachite green dye after the first to third adsorption
process was 99.5; 27.8; and 6.1 mg/L, respectively, while the adsorption percent
increased by 50.0; 86.0; and 96.9%. From these results, it is evident that coal bottom
ash after activation can be used for the adsorption of cationic and anionic dyes by
adjusting the pH of the solution.

1.6.2 Adsorption of Metal Ions

Many applications of coal ash for the adsorption of metal ions have been reported
[58, 61–64]. Here we give one example of the application of coal bottom ash after
being immobilized with dithizone (Dtz-CBA) for the adsorption of Hg(II) ions. The
immobilization of dithizone was conducted in toluene medium, and the products
were confirmed by some analytical methods [58, 61, 62]. The aims of dithizone
immobilization is to increase adsorption selectivity and capacity of CBA toward Hg
(II) ion. The parameters influencing the adsoprtion performance of Dtz-CBA and
CBA toward Hg(II) ion such as pH solution, adsorbent mass, interaction time, and
initial concentration (Fig. 5) were systematically optimized.

Results of our study have shown that the morphology of coal bottom ash
characterized by SEM-EDS shows spherical and irregular shapes. The CBA contains
mainly SiO2 and Al2O3. FTIR spectra of Dtz-CBA show new peaks at 1,319 and
1,489 cm�1 which are characteristics for –NH stretching and –CN bending of
dithizone. XRD data shows basal spacing (d) at 4.28, 3.36, 3.72 Å for Dtz-CBA,
while CBA shows basal spacing at 4.25, 3.69, 3.34 Å, indicating that both adsor-
bents are dominated by quartz and mullite minerals. GSA analysis shows the CBA
surface area, pore volume, and pore radius were, respectively, 126.66 m2/g, 15.22 Å,
and 0.10 mL/g and Dtz-CBA gives 13.48 m2/g, 17.02 Å, and 0.05 mL/g,
respectively.

Adsorption study shows that Hg(II) is adsorbed chemically, and fitted well
pseudo-second order kinetic models, and Freundlich isotherm models. At optimum
condition the adsorption of Hg(II) on CBA is 68.958% using the initial concentration
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of Hg(II) 750 ppb, and that of Dtz-CBA reaches 96.531% using the initial concen-
tration of Hg(II) 1,000 ng/L. The adsorption capacity (Q), equilibrium constant (K ),
adsorption energy (E) (Table 4), and adsorption rate (k) for Hg(II) on Dtz-CBA are
much higher than those on CBA, suggesting the effectiveness of dithizone immobi-
lization in enhancing the adsorption ability of CBA. This is most probably due to the
fact that Dtz-CBA has larger pore radius, and much more donating atom originating
from dithizone so that the complexation between metal ion and active site of
adsorbent is readily facilitated. These results have clearly proved that immobilization
of specific organic ligand on the surface of certain adsorbents is able to increase the
adsorption capacity of the adsorbents toward certain metal ions.

1.7 Conclusion

It has been shown that coal fly/bottom ash contains mainly silica and mullite
minerals which are potential to be used as adsorbent for pollutants. Coal fly/bottom
ash also contains impurities of metal oxides such as calcium and iron oxides. Acid
activation of the coal fly/bottom ash before it is being used as adsorbent has proved
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Fig. 5 Effect of initial concentration of Hg(II) on the adsorption performance of CBA (red) and
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Table 4 Equilibrium constants (K ), adsorption capacity (Q), and adsorption energy (E) for the
adsorption of Hg(II) ion on coal bottom ash (CBA) and Dithizone-CBA (Dtz-CBA)

Adsorbents R2 K (L/mol) Q (mol/g) E (kJ/mol)

CBA 0.930 22,872.27 2.685 � 10�7 24.869

Dtz-CBA 0.999 212 � 105 8.685 � 10�7 41.795
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to be very effective and efficient methods to remove impurities of metal oxides that
cover the surface of the adsorbents, so that their adsorption capacity toward either
cationic or anionic dyes is significantly improved. Moreover, modification of the
surface of coal fly/bottom ash with organic ligands such as dithizone has also
increased the adsorption selectivity and capacity of the adsorbents to the heavy
metal ions. In case of Hg(II) ion, it has been demonstrated that the adsorption
capacity of dithizone-immobilized coal bottom ash is more three times higher than
that of unmodified coal bottom ash. These results clearly demonstrated that coal
fly/bottom ash can potentially be used for the adsorption of cationic and anionic dyes
by adjusting the pH of the solution and that the modification of coal fly/bottom ash
with specific organic ligand can be used as suitable strategy in enhancing the
selectivity and capacity of coal fly/bottom ash toward heavy metal ions.
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2 New Functions of Hydroxyapatite in the Environmental
and Medical Applications

2.1 Introduction

Hydroxyapatite and collagen, as we see in this section, are the two main components
of bone that exist as an exquisite molecular hybrid structure. Let us look at hydroxy-
apatite from the viewpoint of animal evolution. Mother Nature selected this mineral
as the main component of bone about 0.4 billion years ago, in the Ordovician period.
Surprisingly, there is one exception. In the Cambrian period, about 0.2 billion years
before the appearance of HAP as a bone component, a brachiopod named Lingulidae
equipped hydroxyapatite as a component of their exoskeleton, and they are still
living only in Ari-ake Bay, Japan [65, 66]. From the above historical facts, we
conceive that hydroxyapatite should be discussed with collagen as the extracellular
matrices to understand the actual function. Therefore, this article will first discuss the
latest medical application of hydroxyapatite to reconstruct bone tissue. Then, we will
describe our new findings that hydroxyapatite: a component of bone, can remove the
toxin (As) from environmental water.

What is hydroxyapatite?
To answer this question, we attempted a kind of decalogue for hydroxyapatite, by

which we hope to give a glance at this exciting mineral.

1. Hydroxyapatite (HAP) is one form of Ca-phosphate compound made of the
18 atomic groups, named by Werner, after the Greek word απαταωmeaning “to
deceive,” because of difficulty to distinguish from other minerals [67].
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2. HAP is chemically and thermodynamically the most stable form among the
many Ca-phosphate compounds, being highly insoluble in water but readily
soluble in aqueous solvents at pH below 5.5 and can be used as a Ca-nutrient.

3. The unit cell of HAP crystal is composed of 18 atomic groups:
Ca10(PO4)6(OH)2, with the lattice: a ¼ 9.43 Å, C ¼ 6.888 Å, rhombic shape
in ab-plane, rectangle in ac-plane.

4. HAP and collagen constitute the two main components of bone invertebrates,
and both substances exist in bone tissue as the systematic hybrid at the nano-
meter level [68].

5. HAP possesses strong adsorbing abilities for many minerals and organic com-
pounds. The primary application of this property is for chromatography. Bio-
chemically, HAP possesses a higher affinity for double chain DNA than the
single one. This critical fact may suggest the involvement of HAP in animal
evolution. (A hypothesis in this article.)

6. Adsorbing ability of HAP helps us to remove various harmful substances from
the environment. One of the valuable medical applications is the preventive
methods for athlete’s foot [69].

7. HAP can be sintered to fine solid-state ceramics, which is highly valuable for
orthopedic and dental fields. Aoki et al. developed this method (1972)
[70]. Also, a traditional beautiful ceramics called “bone china” has probably
contained HAP.

8. HAP is highly useful for bone reconstruction and cell substrates for cell culture:
the powerful tool regenerative medicine.

9. The powders of pure HAP were shown to invest the micro defects on the surface
of tooth enamel, thus believed to prevent the early development of tooth decay
(micro-investing theory by Kuboki et al. 1972) [71, 72].

10. From the calcium resource of scallop shell composed of CaCO3, Kuboki et al.
synthesized HAP in a recycled manner, performed HAP chromatography, and
produced a HAP toothpaste [73].

For the past 60 years, our research group has engaged in the biochemistry of the
hard tissues: bone and teeth. We had tried to clarify the mechanism of hard tissues
(bone and teeth) formation and developed new technologies to reconstruct these
tissues when they were disturbed. We concluded that the five factors must be
considered: they are (1) cells, (2) extracellular matrices (ECM), (3) activating
factors, (4) nutrition by vascularization, and (5) mechano-dynamic factors as illus-
trated in Fig. 6. For successful results in regenerative medicine, in our proposal, we
must combine these five factors properly to lead the growth and differentiation of
cells into specific active tissues and organs.

We have proposed that we consider five factors for the successful reconstruction
of local tissues. These are (1) cells directly involved in tissue formation, (2) natural
extracellular matrices (ECM) produced by the cells, or artificial ECM, (3) nutrition,
provided by vascularization, (4) regulators for cellular activities, and (5) mechano-
dynamic factors.
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Among five factors, the cell is the primary importance, and the stem is the
almighty cell that can create all kinds of tissues and organs. However, stem cell
alone creates any tissue or organ. The stem cells first need their matrices. The
matrices include natural and artificial HAP; the latter is often called a scaffold.
Also, the cells need regulators, such as cytokines and vasculature, to supply nutri-
ents, and people have often forgotten the mechano-dynamic factors. Still, we quickly
understand if we imagine in utero situations [74].

This article concentrates on the matrix since HAP is one of the most valuable
materials in constructing artificial ECM for bone reconstruction.

We have already pointed out that there are four fundamental requisites for the
artificial ECM (scaffold), (1) physical, (2) chemical, (3) biochemical, and (4) geo-
metrical properties [74, 75]. Because of the former three properties we see in all
references in regenerative medicine, we will pay attention to the geometrical prop-
erty hereafter.

2.2 The Importance of Geometrical in the Scaffolds for Bone
Reconstruction

We can mold HAP into various geometrical shapes in the milli- and micro-meter
scales during ceramic production. The desirable geometries of ceramics are crucial
for inducing the cells to migrate, adhere, and grow into the normal tissues to
reconstruct bone. Furthermore, we gradually understood that these 3D geometrical
fabrications of HAP and related ceramic (scaffolds) were vital tools for the regen-
eration therapy of bone. Thus, we have developed more than twelve scaffolds of
different geometry for bone formation [74–84] and classified them into eleven
categories, as shown in Table 5. And we showed which geometry was practical
and which was not.

This section focuses on the various geometrical scaffolds made of HAP and
related ceramics and their efficacies in producing bone tissues.

Matrix

Regulators

Cells

Tissue fromation

Mechanical dynamics

Vasculatur

Fig. 6 Five factors that
influence tissue formation
and reconstruction

476 M. Mudasir et al.



2.2.1 Preparation of HAP-Derived Geometrical Scaffolds

There are many fascinating methods of preparation of micro-geometrical HAP
scaffolds. We classified them into two categories: molding and spacing methods.
In the molding method, the paste made of HAP powders was pressed out with high
pressure through the various nozzles: noodle-, macaroni-, and reverse multi-noodle-
types, each of which produces rods or fibers, pipes, and honeycomb structure,
respectively. We compressed the paste and let it go out from the nozzles to obtain

Table 5 Eleven categories of geometries found in artificial ECM at micrometer
level (0.1–1,000 mm). Modified from reference [74]
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smaller diameters to even micron order, dried, and finally sintered to prepare
geometric HAP ceramics. The spacing method, on the other hand, the HAP paste
is mixed with combustible materials, such as plastic beads, fibers, or the piece of the
plates with the convex dotted surface and sintered to prepare porous HAP ceramics.
The temperature of sintering is usually 900–1,000�C. To our previous studies [74–
83], these scaffolds induce bone effectively if they have porous structures, the pore
size of which ranged 300–500 mm, which facilitate the penetration of cells.

2.2.2 Application of a Vital Growth Factor: Bone Morphogenetic
Proteins (BMP)

To test the efficacy of geometric HAP scaffolds, we combined them with a bone-
inducing growth factor named BMP, which Urist discovered in 1965 [84]. A
remarkable characteristic of BMP was that it needed a particular scaffold to induce
bone when implanted into soft tissues. Thus, to test the bone-inducing efficacy of the
given scaffold, we combined it with BMP and implanted it into animal skin or
muscle to see how much bone formed after 2–3 weeks.

2.2.3 Early Findings in the Geometry that Induce Bone Effectively

Historically, Reddi et al. [85] were the first to show the importance in the geometry
of bone-inducing scaffold. They showed that the optimal size of granular ECM
(decalcified bone powder) in BMP-induced bone formation to be around
420–850 mm in particle size. Cartilage and bone scarcely formed with the smaller
particles (<74 mm). Inspired by their pioneering work, we prepared the HAP
granules within which we gave the continuous and interconnected pores, and called
them “porous particles of HAP,” abbreviated as PPHAP. The PPHAP induced a
much higher bone induction than the granules without porosity (the smooth particles
of HAP) [80].

Size and Shape of Pores

Thus, we found that the porosity of ECM is an essential determinant for tissue
formation [64–66, 80], but previously there were no systematic studies.

Therefore, we systematically compared the bone-inducing efficacies by using the
HAP block of the same size but five different porous pore sizes. We concluded that
the optimal pore size for bone formation is 300–400 mm [81].
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Concept of Optimal Spaces for Tissue Formation

We also noted generally that most of the initial bone formation started at the concave
area of ECM. Furthermore, several authors have reported that bone tissue formed
without the addition of BMP in the concavities and pores of ceramics in vivo [86].

These observations led us to the concept of “optimal spaces for tissue formation
in artificial ECM.”We proposed that scaffolds had an optimal geometrical shape and
size for each kind of tissue, which facilitates its cells to differentiate, proliferate, and
develop tissue in a particular direction. These optimal spaces are not limited to tube-
or sphere-types but include specific “spaces” between the solid ECM structures, such
as fibers, particles, and flat planes. The size of the optimal spaces is assumed to be
approximately 300–400 mm, which is dependent upon tissues.

The above results urged us to classify all the scaffold geometry into eleven
categories, as shown in Table 5. First, the table categorized the geometries into
four groups: convex-, flat-, concave-, and chamber-type. Then the convex group is
divided into the fibers and particles, the flat group into the plane, sheets and blocks,
and the convex group into the irregular connected pores, straight tunnel (honey-
comb), concavity, micro-pits, groove, finally, the chamber type. This classification
table is valuable when we design a new scaffold to regenerate certain tissues or
organs because stem cells need specific geometrical circumstances to grow into the
target tissue of an organ.

2.2.4 Side by Side Induction of Blood Vessel and Bone in the Tunnel
Structure

In Fig. 7, we introduce an example of three-dimensional (3D) geometric artificial
ECM of honeycomb-shaped ceramics with 37 tunnels made of β-TCP (Pilot Corpo-
ration, Japan). This honeycomb structure was made essentially through the unique
nozzle of reverse noodle type, and extension into the micro-scale. In this
bio-resorbable artificial ECM, the numbers and size of the tunnels are strictly
controllable in the production process. The length of the ECM can be varied from
1 to 10 cm. Many kinds of cells and tissues can migrate into the tunnels, and develop
in specific ways, dependent upon their characteristics.

There are intermediate cells between the osteoblasts and endothelial cells, which
we hypothesized to be the common precursor cells for osteoblasts and endothelial
cells.

We implanted the honeycomb b-TCP (3 mm in outer diameter, 4 mm in length,
and 0.3 mm in tunnel size) combined with 1 mg of rhBMP-2 (a kind gift from
Yamanouchi) into the subcutaneous tissue of the Wistar rat. Active vascular forma-
tion occurred along with bone formation, side by side through inside the tunnel, as
shown in Fig. 8. When we looked at the enlarged view of the same sample in Fig. 9,
we could see the closer relationship between erythrocytes and osteoblasts. We
hypothesized the presence of common precursor cells between both cells, which
we observed, but needs further verification.
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Furthermore, when we implanted the same honeycomb scaffolds without BMP-2,
we could not observe bone formation, but only the active vascular formation, as
illustrated in Fig. 10. These results indicated that the honeycomb scaffold is feasible
for vascular formation, which led to bone formation when BMP supplied. This

Fig. 7 An example of the geometric artificial ECM of honeycomb-shaped ceramics with 37 tunnels
made of β-tricalcium phosphate (Pilot Corporation, Japan). In this bio-resorbable artificial ECM, the
numbers and size of the tunnels are strictly controllable in the production process. The length of the
ECM can be varied from 1 to 10 cm. Various cells and tissues can enter into the tunnels, and
develop in specific ways

Fig. 8 Side by side induction of bone and blood vessel by the scaffold of the honeycomb structure
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Fig. 9 Enlarged view of the relationship between the new bone and capillary

Fig. 10 Schematic explanation for the induction of osteogenesis and vasculogenesis by honey-
comb scaffold
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system of bone formation proved to be an excellent tool to clarify the relationship
between blood vessels and bone formation.

Next, we extended the idea of a tunnel to the “random tunnel” β-TCP, in that the
short pipes were sintered together to form the structure of random-directed tunnels.
The merit of this scaffold was the increase in the 3-dimensional volume of bone
formation as shown in Fig. 11.

Mechanism of Tunnel Effects

Among the 3D geometrical functions of HAP-related scaffold, tunnel-type scaffold
and tunnel effect are the most eminent phenomenon. We attribute the tunnel effect to
the flow of tissue fluid that facilitates cell immigration and directional growth into
tissue.

An Example of a Chamber-Type Scaffold

Figure 12 shows an example of the chamber-type scaffold that was fabricated by
replicating a certain polyurethane foam, which was first calcified and sintered to a
ceramic. Their geometry is proved to be ideal for bone tissue formation [74].

The above results of the geometry of scaffold indicate the common principles and
recipes applicable both for the medical and environmental application of
HAP-related ceramics, which we summarize as follows.

1. We studied systematically the effective geometry of scaffold for bone formation.
We have divided all the geometries of ECM into three large groups: the convex-,
plane- and concave-geometries, and also into the eleven practical groups. The
concave geometry is generally advantageous over convex or flat, as far as the
bone formation is concerned.

2. The possible mechanisms involved are as follows: (1) concave geometry permits
a higher concentration of cells, (2) it leads to effective accumulation of cytokine

Fig. 11 Random tunnel
β-TCP in that the short pipes
were sintered into blocks
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and other active bio-molecules, (3) there is a closer chance of the cell–cell
communication, and (4) faster creation of three-dimensional
(3D) environments, rather than two-dimensional (2D).

3. Among the concave geometries, the tunnel structures are shown to be particularly
effective for bone formation. The optimal diameter of the tunnel structures was
concluded to be 300–400 μm, and the effective radius of curvature is up to about
250 μm, as shown in the previous experiment.

4. These conclusions concerning the size of concave geometry are not only appli-
cable to the tunnel structures but also may be partially eligible to open pore
structures (concavities), rectangular concavities, and grooves as shown in
Table 5. Furthermore, the concept of the geometry of HAP will be also applicable
for use of these ceramics for water purification, which we will discuss in the next
section.

2.3 Removal of Arsenate from Environmental Water by
Hydroxyapatite Chromatographic System

2.3.1 Needs for Water Purification in Asian Countries

Hydroxyapatite and active carbon (charcoal) are the two effective adsorbent mate-
rials of the natural origin for environmental purification. On the other hand, it was
only recently that arsenate was confirmed to exist in the raw water in Bangladesh and
her vicinity. In 1998, a British scientist team reported 4,6,000,000–5,7,000,000
people (out of 122,500,000 the population of related areas) were drinking the natural
well water containing more than ten ppm of arsenate, which is the maximum
expected value by the WHO. The source of the arsenate is the underground water
from the Himalayas [87–90]. Since the sufficient city water system is still under
construction in this country, developing a low-cost and effective water purification
method is very important for the local people.

Fig. 12 Chamber-type
scaffold that provides the
osteoblasts their houses
where they can grow into
bone tissue
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Several authors have already applied HAP for the arsenate-removal method from
drinking water [91–94]. But in most of their works, HAP was combined with other
factors to increase the efficiency of arsenate removal, and we could not find the
report in that the pure HAP was tested on the column chromatography. We devel-
oped a method of HAP chromatography for testing the arsenate removal. We
synthesized hydroxyapatite (HAP) using a scallop shell as a calcium source. And
we found that the shell-derived HAP could remove the arsenate effectively from
water. Also, we found that the commercial bone-derived charcoal has the arsenate
binding ability.

Therefore, we compared the arsenate removing abilities between the other HAP
and the active carbon preparations. We have used a chromatographic system
equipped with a refractive index detector. Surprisingly, we found the highest
arsenate removing abilities in the hybrid of apatite and active carbon. This product
was produced by carbonizing the bovine bone under the usual thermal process. This
bone-derived hybrid of apatite and active carbon (abbreviated “Bone AC”) is
valuable for its high arsenate-adsorbing ability. Also, we especially noticed that
from the biological viewpoint of bone structure, the origin of the carbon part of this
hybrid is collagen in bone. As we already described, HAP and collagen construct
bone highly geometrically. This fact may cause the geometric effect of adsorption of
both substances.

In this chapter, two types of HAP of biological origin: shell-derived HAP and
bone apatite carbon (Bone AC) are discussed, describing their preparation methods,
adsorbing function, merits for environmental water purification, and further appli-
cation prospects.

2.3.2 Preparation of Hydroxyapatite from a Scallop Shell
and Bovine Bone

We obtained shells of Japanese scallop (Mizuhopecten yessoensis) from a local
fishery company in Hokkaido, Japan, cleaned of all adhering soft tissues, crushed
into small pieces (<1 cm size), heated 900�C for 2 h. After cooled down to room
temperature, the white product (CaO MW ¼ 56) was transferred into distilled water
at a slow step while stirring to obtain a final concentration of 9.33% (1.66 M). The
homogenous suspension of Ca(OH)2, thus prepared, is technically called lime water
(pH 11).

To the 9.33% (1.66 M) lime water suspension, an equal volume of 1 M H3PO4

solution was slowly added stepwise with vigorous stirring. We adjusted and
maintained the pH around 7.4, and we left the mixture for maturation overnight
with stirring, and again adjusting pH was 7.4.

The next step is to filtrate the suspension, which was done effectively by the
chromatographic system. The suspension is poured into the chromatographic col-
umn of a large scale with a 20 cm diameter, equipped with a polyester filter at the
bottom, and drained the extra water. Then a sufficient volume of distilled water was
added to the top of the column and drained again. We washed out all the non-reacted
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soluble chemicals from the solid product, hydroxyapatite, by repeating this process.
We dried the wet hydroxyapatite first in the air, then in the oven at 80–120�C. We
crushed the solid mass of the dried HAP, and filtered to obtain the powder with a
diameter of 1–2 mm.

Naruto Chemical Co., Tokushima, Japan, provided Bone
-AC. (Commercial name: Fish-Cal). Briefly, adult bovine femora were cleaned off
bone marrow and soft tissues and removed the metatarsus portions of the femora.
They cleaned the hard part of bone tissue and is composed of two main components:
collagen and HAP of about 25 and 65 wt.%, respectively. This row material was
processed under the usual anaerobic thermal condition and converted into Bone-AC.
As mentioned in the introduction part of this article, bone collagen and HAP in the
animal tissues are constructed by a unique hybrid structure with a highly ordered
three-dimensional arrangement at the nanometer level [68, 95]. Since the carbon
component of the Bone AC is entirely derived from the highly cross-linked type I
collagen, the 3D-geometry may reflect the previous one in bone tissue, which is
under investigation by SEM in this laboratory.

The products were fabricated as either fine powders of 0.05 mm or granules about
1 mm.

Figure 13a, b are the results of the X-ray diffraction analysis of Shell HAP (a) and
Bone AC (b). They show the characteristic peaks at 2θ ¼ 25.8�, 31.8�, and 39.8�

corresponding to HAP, and indicate that both samples are composed of typical
hydroxyapatite of mediate crystallinity for biological origins such as bone

2.3.3 The Chromatographic Estimation of Adsorbing Ability
for Arsenate

We need the rapid and straightforward method to test the various samples for
adsorbing ability for arsenate and concluded that chromatography is the best one,

10 20 30 40 50 60
2θ(°)

10 20 30 40 50 60
2θ(°)

Fig. 13 X-ray diffraction patterns of the shell-derived (a) and bone-derived (b) hydroxyapatite.
Both samples were analyzed by the X-ray diffraction analyzer Ultima-IV (Rigaku Corp., Japan)
with a CuKα radiation source operating at 40 kV and a 30 mA excitation current. They showed
peaks at 2θ ¼ 25.8�, 31.8�, and 39.8� corresponding to HAP. Analyses were done by Associate
Professor Kazuhide Ozeki, Ibaraki University
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considering Bangladesh’s present urgent environmental situation. We used a com-
mercial glass chromatography column (Bio-Rad, Japan). We packed the various test
materials into the column to obtain a ø 10� 50 mm bed volume. Before packing, we
removed finer particles from the test materials by repeated decantation from a
suspension in distilled water. We washed the column with a large amount of distilled
water and ran it at a flow rate of 80 mL/h at 15�C, using a ceramic pump
(VSP-3200 W, Eyela, Tokyo, Japan). We monitored the arsenate concentration in
the elution by their refraction index using a differential refraction meter (YRD-880
Shimamura Technology, Tokyo). We checked that concentrations of arsenate follow
Lambert-Beer’s law by the optical density and diffractive index. In addition to their
refraction index, we also monitored the elution by absorbance at 254 nm with an
ATTO Bio-Mini-UV monitor (Atto Co., Tokyo, Japan). We chose several HAP and
active carbon preparations from different sources as the samples for testing were:

1. Shell-derived hydroxyapatite (Shell HAP),
2. Bone-derived active carbon (Bone AC),
3. Pollack bone apatite: hydroxyapatite prepared from pollack bone [Naruto Chem-

ical (N-C) Co., Tokushima, Japan), which was designed into the particles by the
method described above for scallop shell apatite.

4. Jatropha charcoal was prepared from the seeds of Jatropha curcas and kindly
given by Jissen Kankyo Kenkyusho Co., Nagoya, Japan.

We applied a fixed amount of arsenate (As2O3, 5 mg in 1 mL on the columns
10 � 50 mm in the bed volume), packed with different adsorbents, and ran with
distilled water at a flow rate of 80 mL/h. Eluted solutions were monitored by a
differential refraction meter (YRD-880 Shimamura Technology, Tokyo). Peak areas
in the chromatogram were measured using Image-J software.

2.3.4 Results of as-Removal by HAPs from Shell and Bone

Figure 14 shows the chromatogram of 5 mg arsenate applied on the column
10 � 50 mm, which was packed with the glass beads (0.1 mm in diameters) as
control of non-adsorbent material. The same arsenate amount (5 mg) was applied
and ran three times successively with distilled water at the flow rate of 80 mL/h. The
black arrows indicated injection points. The refractive index monitored the formers
of double-peak each, and the latter was at an optical density at 254 nm. The areas of
peaks were calculated using Image-J and turned out to be highly reproducible.
Figure 14b shows the same chromatographic peaks of arsenate solution, except
that the column was packed with the apatite beads (0.2 mm in diameters) made
from scallop shells. The average peak areas of Shell HAP column (B) were 46% of
glass beads column (A), which meant the remaining 54% of the charged arsenate
was adsorbed in this column.

This study aimed to devise a new method to estimate the adsorption ability for
arsenate of a particular material. The assay principle compares the peak areas of
chromatograms produced by columns packed with glass beads (non-adsorbing
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ability) and the testing materials. Figure 15 shows the ratios (%) of the non-adsorbed
amounts per the total quantity of arsenate applied. We can estimate by comparing the
peak areas of chromatograms of each sample with that of the column packed with the
glass beads, which was a non-adsorptive control.

We applied the same amount of arsenate (5 mg taken as 100%), compared to the
ratio of the peaks areas by Image-J, and expressed it as a percent.

Glass indicates the glass beads as a non-adsorptive control, Shell-HAP: scallop
shell-derived HAP, Bone AC: Bone-derived complex of HAP and active carbon,
hybrid: hybrid column packed with the commercial charcoal and commercial HAP

Fig. 14 Chromatographic profiles when we applied 5 mg arsenate on the column. We packed the
column with the glass beads (0.1 mm in diameters) as control of non-adsorbent material (a). The
same chromatographic peaks except that the column was packed with Shell-HAP (b)
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Fig. 15 Comparisons of the ratios (%) of the non-adsorbed per total applied amount of arsenate on
the column packed with the different adsorbents
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in the upper and lower half, Com-HAP: a commercial HAP, JC: Jatropha-seed
charcoal, and Com-C: commercial charcoal.

The lowest peak area (40%) indicated the highest adsorption was the bone-
derived active carbon (Bone AC), which meant the highest adsorbent ability
among the tested adsorbents. Other adsorbents remained within 45–50%, except
for Jatropha charcoal 67%.

Figure 16 shows the chromatographic peak of 0.2 mg arsenate (2 mL of 100 ppm
solution) applied on the column (10 � 50 mm), which was packed with the glass
beads (0.1 mm in diameters) as control and ran at the flow rate of 120 mL/h.
Figure 14b results from the same chromatography as Fig. 14a, except that the
column’s content was the bone-derived active carbon (Bone AC) instead of glass
beads. Figure 4 showed the chromatogram with glass beads and the Bone AC on that
we applied a smaller amount of arsenate (5 mg taken as 100%). Comparing the two
chromatograms, we will find the peak area by the Bone AC column was 25% of glass
beads. The reduction of 75% when we applied 0.2 mg was much eminent 40% when
using 5 mg arsenate.

Namely, the applied amount reduced, the absorbed amount increased. We
explained the reason for this situation as follows. According to the isotherm theory
by Freundlich and Langmuir [96–98], the adsorbed amount of the soluble materials
(adsorbate) on the solid substance (adsorbent) is dependent on the concentration of
the soluble materials. The higher the concentration of the soluble materials (adsor-
bate), the lower the ratio of adsorbed amount/the concentration of the soluble
material. The above situation occurs at least within a specific range of concentra-
tions. Therefore, we can estimate the maximum amount of adsorbed material on a
certain amount of solid materials by repeating the experiments changing the con-
centration of soluble materials.

We showed by chromatography that we can estimate the maximum amount of
arsenate adsorbed on a certain amount of materials with adsorbing ability. The

Fig. 16 Chromatograms of
the arsenate (0.2 mg)
applied on the columns
packed with glass beads (a)
and the bone-derived
complex of HAP and active
carbon (b). The peak area of
B was 25% of that of a
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chromatographic method we developed would be helpful for arsenate removal from
water by apatite.

The mechanism of the adsorption of arsenate by HAP is an exciting issue. It is
still not clear whether it is a pure adsorption phenomenon or accompanying the
exchange with the atomic components of HAP. Recycling adsorbed arsenate in HAP
is another promising subject.

2.4 Conclusion

1. Simple and economic adsorbing materials for arsenate (As compounds) are
ardently needed in Bangladesh, where the natural well water contains arsenate
originating from the Himalayas Mountains.

2. Natural sources of calcium for HAP production are available quickly, from
seashell (scallop), bovine bone, pollack bone, eggshell (a hen). We propose
simple methods of HAP production from these calcium resources.

3. We developed a new chromatographic method to measure the efficacy of arsenate
removal from water by HAP and other materials.

4. The hybrid product of HAP and active carbon from bovine bone (bone AC)
seemed to be relatively higher efficient among the HAP samples tested this time.
Previously, we have no study on the bone AC for arsenate removal, and only the
positive affinities of bone AC for metals: Mn, Fe, Ni, and Cu were so far reported
[99]. Therefore, our first trial study of arsenate removal by bone AC is highly
expected for further studies, considering the urgent water purification needs in
Bangladesh.

Acknowledgements Collaborations did with Associate Professor Kazuhide Ozeki
(Ibaraki University, Japan) and Dr. Iku Shouhei (Jiangsu Alphay Biological Tech-
nology Co., Ltd., Nantong, China). Their efforts are equivalent to those by Yoshinori
Kuboki and Purvin Bergun, and we regarded them to possess the same authorships
as us.

3 Layered Double Hydroxides (LDHs) for Removal of Drug
Trace in the Environment

3.1 Introduction to Layered Double Hydroxide (LDHs)

Layered double hydroxides (LDHs) are the only known group of layered inorganic
materials that have net positively charged sheets [100, 101]. Figure 17 shows a
representation of the LDH layers. The layers are formed by edge sharing metal
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hydroxide octahedra similar to those of brucite, Mg(OH)2 [102]. Substitution of
some of the divalent metals by trivalent metals results in net positive charges on the
layers that are neutralized by counterbalancing anions intercalated between the
layers. The chemical formula of the layers can be expressed as
[M2+

(1-x)M
3+

x(OH)2][A
m-]x/m�zH2O where M2+ and M3+ are di- and trivalent metals,

Am- is an exchangeable anion, and x normally ranges from 0.17 to 0.33 [103–
105]. LDHs are also called hydrotalcite minerals, mixed metal hydroxides, or
anionic clays.

A wide range of metals can form LDH layers provided certain conditions are met.
First, the ionic radii of the M2+ and M3+ ions must be within 30% of each other.
Second, the solubility products of the divalent metal hydroxide (S1) and trivalent
metal hydroxide (S2) must be within 10 orders of magnitude of each other. LDHs
containing divalent metals such as iron(II), magnesium, manganese(II), nickel, zinc
and trivalent metals such as iron(III), aluminum, cobalt(III), and chromium(III) can
be synthesized. LDHs containing monovalent and tetravalent cations such as lithium
and tin(IV) have also been reported [106, 107].

Any anions or anionic complexes can function as counterbalancing species
provided that they do not form complexes with the metals of the octahedral sheets
during the formation of the LDH [102]. They range from inorganic anions such as
CO3

2�, Cl�, SO4
2�, PO4

3�, polyoxometalates, etc. to organic anions such as acetate,
acrylate, oxalate, benzoate, benzene sulfonate, etc. However, CO3

2� is preferred and
is found in almost all-natural minerals of the LDH family. Water molecules are also
always found in the interlayer space. The unit cell of LDHs can contain from 1 to
6 H2O, but usually has 4 H2O. The prototype of the naturally occurring minerals is
hydrotalcite, an Mg-Al LDH with carbonate as the charge balancing anion,

[Am-]x/m
x-

·zH2O

[M2+
(1-x )M3+

x(OH)2]x+

d003

Fig. 17 Schematic structure of a layered double hydroxide. White ball: anion, green ball: water
molecule
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Mg6Al2(OH)16CO3�4H2O. Other examples of naturally available minerals in the
LDH family are listed in Table 6.

Hydrotalcite has cell parameters a ¼ b ¼ 3.07 Å, α ¼ β ¼ 90�, γ ¼ 120�, and
c ¼ 23.23 Å for those with the CO3

2� counter anion. Stacking of the layers can be
accomplished in two ways, leading to two polytypes with a rombohedral
(3R symmetry) or a hexagonal cell (2H symmetry); hydrotalcite has 3R symmetry,
while the 2H analogue is known as manasseite [102]. The density of the LDH
depends on the metal cations in the layers, the interlayer anions, and the interlayer
water content. For example, hydrotalcite has a density of 2.06 g/mL. The density
increases to 3.05 g/mL for comblainite [102].

3.2 Syntheses of LDHs

Naturally available minerals of the LDH family are rare. Fortunately, hydrotalcite-
like minerals can be synthesized very easily in the laboratory. There are numerous
routes to synthetic LDHs. Some of the most significant methods will be briefly
described here.

3.2.1 Salt-Oxide Method

In this method, a trivalent metal salt is added to the aqueous suspension of a divalent
metal oxide. For example, Boehm and co-workers used this method in 1977 to
prepare Zn-Cr-Cl LDH by adding chromium(III) chloride to the aqueous suspension
of zinc oxide [103].

8ZnO sð Þ þ 2CrCl3 aqð Þ ! Zn6Cr2 OHð Þ16Cl2 � zH2O sð Þ þ 2ZnCl2 aqð Þ

Table 6 Naturally occurring minerals with the layered double hydroxide structure

Mineral name Empirical formula

Hydrotalcite Mg6Al2(OH)16CO3�4H2O

Stichtite Mg6Cr2(OH)16CO3�4H2O

Desautelsite Mg6Mn2(OH)16CO3�4H2O

Pyroaurite Mg6Fe2(OH)16CO3�4H2O

Reevesite Ni6Fe2(OH)16CO3�4H2O

Comblainite Ni6Co2(OH)16CO3�4H2O

Caresite (Fe2+,Mg)4Al2(OH)12CO3�3H2O

Sergeevite Ca2Mg11(OH)4(CO3)9(HCO3)4�6H2O

Takovite Ni6Al2(OH)16(CO3)0.75(OH)0.25�4H2O
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Zn-Al-Cl and Cu-Cr-Cl LDHs can also be synthesized using this route. Not all
oxides, however, can be dispersed in the aqueous medium, limiting the range of
LDHs that can be made by this method.

3.2.2 Salt-Base Method

This method, first introduced by Feicknecht in 1942, is probably the simplest
[105]. It consists of the titration of the aqueous solution of a mixture of the di- and
trivalent salts with a base. For example, reaction (2) shows the preparation of
hydrotalcite with chloride in the interlayer space by this method.

3MgCl2 aqð Þ þ AlCl3 aqð Þ þ NaOH aqð Þ ! Mg3Al OHð Þ8Cl � zH2O sð Þ þ NaCl aqð Þ ð2Þ

The titration itself can be performed by increasing the pH (addition of the base to
the salt mixture) or decreasing the pH (addition of the salt mixture to the base). The
final pH of the titration mixture must be adjusted in order to obtain well-crystallized
products. Ni-Cr-Cl LDH, for example, forms well in a pH range of 3.5 to 6.8, Zn-Al-
Cl LDH in a pH range of 4 to 10, Zn-Cr-Cl LDH in a pH range of 4.5 to 5, and Cu-
Cr-Cl LDH at pH 5.5 [103]. In 1975, Miyata modified this method by simply
adjusting the pH of the solution mixture to 10 with the base rather than by titration
[105]. There was a work on LDH containing multiple metals [106].

3.2.3 Stoichiometric Method

This is very similar to the salt-base method except that instead of maintaining the pH
at a predetermined value, only the stoichiometric amount of the base required to form
the LDH is added. For example, to produce the Mg6Al2(OH)16Cl2 LDH 8 mol of
NaOH is added to an aqueous solution mixture containing 3 mol of MgCl2 and 1 mol
of AlCl3. This is simple since no pH adjustment is required [107].

3.2.4 Metal Alcoholate Method

This method yields the very pure LDHs that are needed for some applications, such
as for drug use. Heating a primary alcohol (preferably C2 to C10) and the pure metal
at about 160 �C produces metal alcoholate. Hydrolysis of the metal alcoholate
mixture in water containing the desired interlayer anions produces the LDHs.

2Mg sð Þ þ 2ROH lð Þ ! Mg ORð Þ2 lð Þ þ H2 gð Þ ð3Þ
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Al sð Þ þ 3ROH lð Þ ! Al ORð Þ3 lð Þ þ
3
2
H2 gð Þ ð4Þ

6Mg ORð Þ2 lð Þ þ 2Al ORð Þ3 lð Þ þ H2O lð Þ þ 2A�
aqð Þ !

Mg6Al2 OHð Þ6A2 � zH2O sð Þ þ 18ROH lð Þ ð5Þ

This process has been patented recently [108]. However, hydrogen gas produced
in these reactions needs to be handled carefully. And, some transition metals react
slowly with alcohol limiting the range of LDHs that can be prepared. There are
methods generally employed for the synthesis of transition metal alkoxides [109]
that could probably be used to prepare LDHs.

3.2.5 Heat Treatment of Metal Oxides Suspensions

Heating a mixture of metal oxides with a small amount of water at elevated
temperatures, about 450–500 �C, in an oxygen free environment will produce a
slurry of LDH precursors. Hydrolysis of the slurry at room temperature in an
aqueous medium containing the desired anion gives LDHs with good crystallinity.
MgO and Al2O3 have been successfully converted into LDH using this method
[110]. The hydrolysis can be done at room temperature. As of the salt-oxide method,
the difficulty is to develop a good aqueous suspension of the precursors. This limits
this method to the synthesis of LDHs containing main group metals.

3.3 Anion Exchange Properties of LDHs

The counterbalancing anions in the LDH interlayer are exchangeable. LDHs are one
of the main classes of inorganic anion exchangers. Thermodynamically, ion
exchange in the LDH depends mainly on the electrostatic interactions between
positively charged hydroxylated sheets and the exchanging anions, and on the free
energy involved in the changes of the hydration state of these ions. The equilibrium
is constant for adsorption increases with the decrease of the ionic radius of the
unhydrated (bare) anion. Ion exchange is therefore favored for incoming anions with
a high charge density. In 1983, Miyata suggested a comparative list of ion selectivity
for monovalent anions as OH� > F� > Cl� > Br� > NO3

� > I�, and for divalent
anions CO3

2� > C10H4N2O8S
2� > SO4

2�. For oxoanions the order is HPO4
2�;

HAsO4
2� > CrO4

2� > SO4
2� > MoO4

2� [111]. According to these guidelines,
nitrate-LDHs and iodide-LDHs are the best anion exchangers. Also, the selectivity
for divalent anions is higher than for monovalent anions.

Although LDHs have complementary structures to the smectite clays, they are not
easily pillared [3]. They have relatively high layer charge density (~0.04 e+/Χ2 for
LDHs versus 0.01 e�/Χ2 for smectites) [3]. Thus, the galleries of the LDHs tend to
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become crowded with the pillaring anions themselves. Nonetheless,
polyoxometalate anions that have high charge density have been found effective in
pillaring LDHs. The pillaring ions, however, must have a high negative charge
density to balance the high positive charge density of the octahedral sheets, and be
stable to hydrolysis reactions at above neutral pH. The first polyoxometalate ion that
was successfully intercalated into the LDH gallery was V10O28

6� by using Zn2Al,
Zn2Cr, and Ni3Al LDHs [111]. Keggin ions, [Xn+M12O40]

(8-n)-, have also shown a
possibility to occupy the interstitial space. Anions formed at a lower pH require
LDHs that are stable at a lower pH. Recently, Mg-Al LDH pillared with the
decamolybdodicobaltate(III)anion, [H4Co2Mo10O38]

6�, has been found to remain
intact at a pH as low as 4.7 [112].

3.4 Common Applications

LDHs have been used in various fields. Very pure synthetic Mg-Al-CO3 layered
double hydroxides have found applications as a pharmaceutical antacid (Talcid® by
Bayer, Germany, and Altacite® by Peckforton Pharmaceuticals Ltd., England).
These LDH-based antacids are especially good for patients that also suffer from
hypertension and diabetes because of their low sodium and calcium contents.
Another potential use of LDHs in the pharmaceutical industry is in drug delivery
systems, especially for anionic drugs such as Ibuprofen. Mg-Al-Ibuprofen can be
prepared by the ion exchange of Mg-Al-Cl LDH. The drug can then be slowly
released into the digestive tract as the LDH framework dissolves in the gastric fluid
to prolong the pharmacologic effect of the drug [113].

Another promising application of the LDHs is as gene reservoirs. Phosphate
groups in DNA double helices that have negative charges can form weak ionic
bonds with the positively charged sheets of LDHs [114]. The DNA stored in the
LDH interlayer space can be released back into the aqueous solution simply by
lowering the pH of the system.

There are numerous reports on the use of LDHs in organic syntheses as catalysts
and catalyst supports. The recent work by Choudory et al. showed that the
tetrachloropaladate anion could be intercalated into the LDH interlayer to produce
catalysts for Heck-, Suzuki-, and Stille-coupling reactions with excellent yields
[115]. Mg-Al hydrotalcite itself has been found to catalyze the reaction between
aldehydes and nitroalkanes to afford nitroalkanols. Mg-Al-O-t-Bu LDH is an effi-
cient catalyst for the 1,4-Michael addition [116]. Ruthenium-grafted LDHs are good
catalysts for direct alpha-alkylation of nitriles with primary alcohols [117]. LDHs
with OsO4

2� counterbalancing anion have been prepared as catalysts for asymmetric
dihydroxylation of olefins to vicinal diols [118] and LDHs with MnO4

� for alcohol
oxidation. In environmental remediation, Cu-Mg-Al LDH has proven to be a new
catalyst for the simultaneous removal of SOx and NOx, gases that cause acid
rain [119].
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One large-scale application of LDHs is as polymer additives. They are used in
polyolefin syntheses to neutralize residual acidic substances from Ziegler-Natta or
other polymerization catalysts. The addition of the LDHs to the polymers prevents
degradation and improves their heat and weathering resistance. They have been used
in the stabilization of halogen containing polymers, particularly polyvinylchloride
(PVC) [120], where they function as scavengers for the HCl released from the PVC.
This is an excellent development since most acid scavengers are generally made of
compounds containing lead, tin, or barium. LDHs that have carbonate and acrylate in
the interlayer space are particularly good fire retardants. Some new materials based
on polymer-LDH nanocomposites have begun to be studied. Polyacrylate-LDH
nanocomposite might be useful in the design of fireproof material. Conducting
polymers such as doped polyaniline, polythiophene, and polyacetylene are prospec-
tive candidates for electronic applications and can be inserted into the LDH
interlayer to obtain a desirable range of electrical conductivity [121].

3.4.1 LDH for Removal of Drug Traces in the Environment

Research on the application of layered double hydroxide (LDH) as an anion
exchanger in the pharmaceutical field is still being developed. The pharmaceutical
drugs and their metabolites are a subclass of detectable organic contaminants in
wastewater, and aquatic environments, the concentration of which keeps increasing.
A diverse group of pharmaceuticals, potential endocrine disrupting compounds
(EDCs), and other unregulated organic contaminants were screened. The 11 most
frequently detected compounds in the US drinking water were atenolol, atrazine,
carbamazepine, estrone, gemfibrozil, meprobamate, naproxen, phenytoin, sulfa-
methoxazole, TCEP, and trimethoprim [122]. Antibiotics are the focus of many
studies because of the high frequency of detection in the environment and the
increased incidence of bacterial resistance. Nowadays, there is increasing use of
antibiotics as means of treating infectious diseases, especially those caused by
microorganisms. Surveys conducted within the country and abroad found that
β-lactam antibiotics are the most widely prescribed antibiotics. Amoxicillin is
semisynthetic penicillin that has antibiotic properties of the β-lactam ring. The
increased presence of β-lactam antibiotics such as amoxicillin in aquatic environ-
ments will lead to reduced water quality, be a threat to ecosystems, and affect the
quality of drinking water source [123].

Several studies on the application of LDH as anion exchanger exchanger in the
pharmaceutical field have been widely reported, e.g., the application of Ni-Al-NO3

LDH in the determination of salicylic acid in blood serum, willow leaves, and aspirin
tablets [124]. The extracts of salicylic acid were measured using spectrofluorometry
with obtained percent recovery of 96–101%. Other works have been carried out in
the determination of mesalamine content in human serum through the process of
preconcentration by SPE with Ni-Al LDH as an anion exchanger and obtained
percent recovery of up to 99% [125]. Ni-Al-NO3 LDH as an anion exchanger was
reported to have successfully analyzed the level of mefenamic acid in human serum
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and pharmaceutical wastewater samples and gave results between 94.7 and 104%.
Mg-Al-diclofenac LDH has been successfully prepared by the ion-exchange method
with initial CO3

� anion present in the LDH [126]. The adsorption capacity of the
calcined hydrotalcite was about 1.9 mmol g�1.

One good example of LDH application is in the removal of antibiotic drug in the
environment. Amoxicillin (Am) drug has been successfully intercalated into the
interlayer of Mg-Al hydrotalcite through anion exchange [127]. Amoxicillin in slight
alkaline media has a negative charge. Mg-Al-NO3 LDH was synthesized, exchanged
with oxalate ion, and applied as an adsorbent for amoxicillin. Figure 18 shows the
structure of the compound and the adsorption reaction, whereas Fig. 19 displays the
XRD and FTIR data. The process of amoxicillin adsorption is carried out through an
ion-exchange method. The XRD of the Mg-Al-NO3, Mg-Al-Ox, and Mg-Al-Am is
displayed. The Mg-Al-NO3 LDH gives 2θ peaks at 11.34�, 23.07�, and 34.55�. They
correspond to the d(003), d(006), and d(009) spacings, respectively. It confirms the data
reported in the previous works. The XRD pattern could be fitted to the hexagonal
phase of a typical Mg-Al LDH (JCPDS file 22–0700). After ion exchange with
oxalate, the diffraction peak at 2θ 5.33� is detected. It is also consistent with the data
in the literature for LDH with oxalate ion. The Mg-Al-Am LDH gives diffraction
peaks at 2θ 8.9� and 18.1�, corresponding to the d(006) and d(009) spacing and gives
large basal spacing to indicate the insertion of the drug.

The FTIR spectra of Mg-Al-NO3, Mg-Al-Ox before and after the exchange are
shown in Fig. 19. The band at 3,400–3,500 cm�1 could be assigned as an O-H
stretching vibration of the LDH octahedral layer and water molecules in the
interlayer. For Mg-Al-NO3 LDH, there is a weak band at 1,620 cm�1, which
could be associated with O-H bending vibrations. A sharp peak that appears at
1381 cm�1 may be attributed to NO3

� asymmetric stretching vibration. According to
the previous study, the LDH-FTIR spectra give a band at 3,463 cm�1, which could
be ascribed as an O-H vibration mode of free water molecules, M-OH lattices, and
interlayer water molecules. The peak at 1,635 cm�1 is the corresponding bending
vibration of O-H. The band at 1,381 cm�1 could be attributed to the asymmetric
stretching vibration of nitrate ions. The peaks detected at 617, 447, and 409 cm�1

could be due to the stretching vibration of M-O. After ion exchange, the NO3
�

asymmetric vibration is no longer seen. In the Mg-Al-Ox LDH spectrum, the peaks
that appear at 1,635 cm�1 could be attributed to the C¼O vibration mode. The
appearance at 1,389 cm�1 is due to the C-O asymmetric stretching of carboxylate
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Fig. 18 Chemical structure of amoxicillin and adsorption profile of amoxicillin by Mg-Al LDH
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ions. Multiple peaks in the fingerprint region of 400–800 cm�1 are believed to be
due to the bending vibrations of the metal oxide of Mg-O, Al-O, Mg-O-Al, and O-
Mg-O or O-Al-O.

After ion exchange, the peaks at 2,924, 1,774, 1,690 cm�1 might be assigned as
the stretching vibration modes of the Csp3-H, C¼O, and C¼C bonds of the drug,
respectively. The peaks observed at 1,582, 1,481, and 1,090–1,020 cm�1 could be
assigned as bending vibration modes of the N-H, C-H, and C-N bonds. The bending
vibration modes of the C-H and C-S are viewed at 1,000–675 and 563 cm�1,
respectively. The peak at 3,071 cm�1 is believed to be the stretching vibration
mode of the benzene Csp2-H bond. Also, the peaks at 1,597 and 1,543 cm�1 could
be attributed to the vibration mode of the benzene ring. It means that the amoxicillin
has replaced the oxalate ion. All these prove that trace amoxicillin in the environ-
ment could be immobilized by the use of layered double hydroxides. Other nega-
tively charged drug molecules may have similar interactions.

4 Conclusion

It has been demonstrated in this chapter that coal bottom/fly ash, hydroxyapatite, and
hydrotalcite are potential inorganic materials that can be modified and applied in
many applications such as environmental remediation and health areas. Coal ash can
be found naturally and is normally classified as hazardous waste of coal burn,
because of its high content of silica and alumina, it can be activated and modified
to become selective adsorbents of heavy metals and dyes, so it can support zero-
waste policy as well as innovation motto “form pollution to solution.” Hydroxyap-
atite and hydrotalcite are all environmentally benign materials. Both of them are also
easy to prepare. Further modification and activation may be required to solve the
target environmental and health issues. These can be basically achieved by consid-
ering the phenomena underlaying the process such as the interaction between
adsorbent and the target molecules and the properties of both the active site of the
adsorbents and adsorbates as described in some examples of applications given in
this chapter. In the future, these three types of materials may be modified further to
address the developed environmental issues as well as to explore their possible
applications in supporting many areas such as health, medicinal, and agricultural
issues as multifunctional materials.
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