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CALCIUM-PHOSPHATE/LEAD-PHOSPHATE/CALCIUM-LEAD-PHOSPHATE/

CALCIUM HYDROXYAPATITE/LEAD HYDROXYAPATITE/APATITE

Apatite and related materials including calcium hydroxyapatite (CaHAp), lead
hydroxyapatite (PbHAp), and other calcium-phosphate, lead-phosphate, and calcium-
lead-phosphate materials were studied in this work. Results from the structural
analysis of PbHAp (published structure based on powder X-ray diffraction data)
demonstrate discrepancy in the expected bond valence sum values of P, Pb(2), and
O(4) atoms in the PbHAp structure. Modification of the O(3) and O(4) positions
improve the bond valence sums of the published structure but they are still not
optimal. These results suggest that there is probable error in the published PbHAp
structure model.

Gel crystallization and reflux methods were utilized for preparation of larger
PbHAp crystals. PbHPO,, Pb3(POs),, and PbHAp phases are identified in the gel
crystallization product. The presence of PbHAp from this method is first reported in
this work. The experimental modification of adding a pure gel layer may be an
important factor for obtaining PbHAp material. XRD, SEM, and PHREEQC results
show multiple product phases in the system, but the presence of PbHAp in the pure

gel layer and not in the PO, gel layer may be attributed to the higher Pb*":PO,’



v

ratio (5:3 vs 3:2) required for the PbHAp phase relative to the Pbs(PQ4); phase and
the increment of PO4*~ ion coneentrations near the lead solution after placing the pure
gel solution on the PO, gel layer. The pH of the system decreases as crystallization
occurs due to the speciation equilibrium converting HPO4*™ to H™ and PO as PO
containing species precipitate.

Reflux method was used to increase CaHAp dissolution rate and consequently
PbHAp crystallization rate in the system and results show product crystal size
increased with increasing reaction time. The largest crystal size from this work is
larger than has been reported in previous work with similar methodology. XRD and
EDX results confirm solid products are apatite materials and show mixed phases of
CaHAp and PbHAp due to the difficulty in separation of the PbHAp product from the
reaction substrate. Larger PbOHAp crystals were obtained from the reflux method than
from the gel crystallization method.

Calcium-lead hydroxyapatite solid solution (Ca-PbHAp) materials were
prepared by a precipitation method. XRD results suggest the CaHAp and PbHAp
phases are formed but Ca-PbHAp is not formed in this system. These results are
consistent with the absence of Vegard's law behavior. PHREEQC calculations show
several calcium-phosphate and lead-phosphate phases are supersaturated, suggesting
multiple products can be formed in this system. However, these phases do not appear

clearly in the XRD pattern because they are minor products.
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CHAPTERI

INTRODUCTION

1.1 Lead

Lead is a toxic heavy metal which can be released into the environment and
contaminate the human food chain. The U.S. Centers for Disease Control and
Prevention (CDC) currently designates a blood-lead level of 10 pg/dL (0.48 pumol/L)
or higher as abnormal and requiring follow-up and intervention (Centers for Disease
Control and Prevention, 2012). Blood-lead levels lower than 10 pg/dL can also affect
cognitive development (Needleman, Schell, Bellinger, Leviton, and Allred, 1990).
The Ministry of Public Health of Thailand designated the standard blood-lead level of

40 pg/dL (Ministry of Public Health of Thailand, 2001).

Lead source

In the past lead was used in several industries such as paint, gasoline, pipe, and
solder. Because lead is responsible for potential health problems, the amount of lead
used in paint, gasoline, pipe, and solder has been reduced in recent years. However,
lead is still used in many industries, including construction, mining, burning fossil
fuels, and manufacturing. Lead is often used to make batteries and other metal
products and also used in the production of pottery and ceramics.

The source of lead exposure is ingestion of contaminated food and drinking
water. Sources of lead contaminated drinking water are untreated natural drinking

water from ground water or surface water and drinking water from lead-soldered



joints or leaded pipes in water distribution systems or individual houses. Lead may
also enter foods if they are put into improperly glazed pottery or ceramic dishes.

Another potential source of exposure is occupation. Potentially high levels of
lead may occur in the following industries: lead smelting and refining industries,
battery manufacturing plants, steel welding or cutting operations, construction, rubber
products and plastics industries, printing industry, firing ranges, radiator repair shops,
and other industries requiring flame soldering of lead solder.

In the U.S. the standard for airborne lead in the workplace is set at less than
100 pg/m® by the National Institute for Occupational Safety and Health, NIOSH
(2003). In Thailand the standard for airborne lead in the workplace set by the
Ministry of Interior of Thailand (Ministry of Interior of Thailand, 1972) is 200 pg/m’
which is higher than the U.S.

The lead levels in normal human and environmental samples in the U.S. and

Thailand are listed in Tables 1.1 and 1.2, respectively.



Table 1.1 Lead standards for biological systems and the environment in the U.S.

Occurrence Lead level Reference
Lead in biological system
- Blood (pg/dL) 10 Centers for Disease Control and
Prevention, 2012
Lead in environment
- Airborne (ug/m’) <100 National Institute for
Occupational Safety and Health,
2003
50 Occupational Safety and Health
Administration, 2011
- Air (ng/m’) 1.5 Environmental Protection
Agency, 2006
- Drinking water (ng/dL) 1.5 Environmental Protection
Agency, 1991
- Ground water (ng/dL) 0.5-3 Agency for Toxic Substances
and Disease Registry, 2007
- Soil (ng/g) 10-30 Agency for Toxic Substances

and Disease Registry, 2007




Table 1.2 Lead standards for biological systems and the environment in Thailand.

Occurrence Lead level Reference

Lead in biological system
- Blood (ng/dL) 40 Ministry of Public Health of

Thailand, 2001

Lead in environment

- Air borne (pg/m) <200 Ministry of Interior of Thailand,
1972
- Air (ug/m?) <1.5 National Environmental Board,
1995
- Drinking water (ng/dL) 5 Ministry of Industry of Thailand,
1968
- Soil (nug/g) 400" National Environmental Board,
7007 1992a
- Surface water (ug/dL) 5 National Environmental Board,
1992b

'Soil quality standard for habitat and agriculture

*Soil quality standard for other purpose



Health effects of lead exposure

Humans are at risk of being exposed to lead, by breathing it in, ingesting it, or
coming in contact with it. Lead accumulated by humans over time is deposited in
bone, a long term storage site for lead, with a half-life of about 20 years (Rabinowitz,
Wetherill, and Kopple, 1976). Lead can affect almost every organ and system in the
human body, especially the nervous system, of both adults and children. Lead may
causes weakness in fingers, wrists, and ankles. It also may cause small increases in
blood pressure, particularly in middle-aged and older people and decreased heme
biosynthesis, elevated hearing threshold, and depressed serum levels of vitamin D
(Warniment, 2010). Exposure to high lead levels can damage the brain and kidneys
and ultimately cause death as reported by the Agency for Toxic Substances and
Disease Registry, ASTDR (2007). Long-term exposure to lead decreased
performance in some tests. High bone-lead levels indicate long-term exposure and are
related to bone diseases like osteoporosis. There are several reports on the effects of
lead on bone formation such as reduction of bone formation activity in dogs with
blood-lead levels between 50 and 80 pg/dL (Anderson and Danylchuk, 1977), in
rabbits with high dose lead exposure (Hass, Landerholm, and Hemmens, 1967), and
in Egyptian vultures with bone-lead levels more than 20 ug/g (Gangoso et al., 2009).
Blood-lead and bone-lead concentrations corresponding to human health effects are

summarized in Table 1.3 (Agency for Toxic Substances and Disease Registry, 2007).



Table 1.3 Blood-lead and bone-lead concentrations corresponding to human health

effects.

Age Bffect fevels (ag/dl) _ levels (g
Children Depressed ALAD <5! ND
Children Neurodevelopmental effects <10' ND
Children Sexual maturaion <10 ND
Children Depressed vitamin D >15 ND
Children Elevated EP > 15 ND
Children Depressed NCV >30 ND
Children Depressed hemoglobin > 40 ND
Children Colic > 60 ND
(;Aig:rlf;) Neurobehavioral effects >4 >30
Adults Depressed ALAD <5! ND
Adults Depressed GFR <10’ > 10
Adults Elevated blood pressure <10' >10
Adults Elevated EP (females) > 20 ND
Adults Enzymuria/proteinuria >30 ND
Adults Peripheral neuropathy > 40 ND
Adults Neurobehavioral effects > 40 ND
Adults Altered thyroid hormone > 40 ND
Adults Reduced fertility > 40 ND
Adults Depressed hemoglobin > 50 ND

ALAD = §-aminolevulinic acid dehydrate; EP = erythrocyte protoporphyrin; GFR = glomerular
filtration rate; NCV = nerve conduction velocity; ND = no data

'Some subjects can be affected at this level. An absolutely safe level is not known.

Lead poisoning in Thailand
The World Health Organization (WHO) has reported lead contamination of
resources in Thailand (World Health Organization, 2008). Sources of lead

contamination are generated from human activities such as mining and industry, and



may contribute to ingested lead in normal human life activities such as drinking tap
water. Industries release lead waste contamination to the environment from industrial
production processes, such as metal mixture, bullet, and X-ray protection building
(World Health Organization, 2008). Lead waste from industries may contaminate the
environment and food chain resulting in lead exposure in human.

Lead contamination of surface water in Thailand is found in mining and
industrial areas such as Bannang Sata district in Yala province, Pattani River in
Pattani province, and Thong Pha Phum district in Kanchanaburi province. The
largest manmade contamination is from lead mining in Thong Pha Phum district,
Sangkla Buri district, and Si Sawat district in Kanchanaburi province. Klity steam is a
large steam in Kanchanaburi province which is near the lead mining in Thong Pha
Phum district, Sangkla Buri district, and Si Sawat district (World Health
Organization, 2008).

In 1998 people are in trouble with the consumption of water taken from Klity
stream. The pollution control department has been monitoring lead contamination of
the 8-kilometer-long Klity steam by sampling water, sediment, and aquatic animals.
Results show lead contamination of surface waters are in the range of 17-40 ng/dL,
much higher than the Thai standard of 5 pg/dL. Lead levels in sediments are in the
range of 38.9-65.8 ng/g, 20-100 times higher than the area without mining. Lead
levels in fish are ten times higher than the allowable food standard of 1 ug/g
(Ministry of Public Health of Thailand, 1986). Therefore, aquatic animals, such as
fish, shrimp, shell, and crab in Klity stream are not suitable for consumption (World

Health Organization, 2008).



Several central and local departments of the Ministry of Public Health
(Department of Health, Department of Medical Services, Division of Epidemiology,
and Provincial Health Office) have set up mobile units to investigate and study the
health impacts on villagers who live downstream in Klity Lang Village where the
highest lead contamination levels were found. In the preliminary study the blood-lead
level from 3 groups of villagers, young children (0-6 years), schoolchildren (7-15
years), and teenagers and adults (> 16 years) were in the range of 10-44 pg/dL, 21-33
png/dL, and 9-41 pg/dL, respectively. For young children and schoolchildren, almost
all blood-lead levels were higher than the CDC standard of 10 pg/dL. In adults, there
were 3 people with blood-lead levels higher than 40 pg/dL.

The U.S. CDC informs the Ministry of Public Health, Thailand that up to 13
% of Burmese refugee children who were transferred to the U.S. during 2007-2009
have elevated blood-lead levels, EBLL, (blood lead level > 10 pg/dL). Most of them
lived in Umphang district, Tak province. A study on 213 3-7 year old Thai children
with average age of 54.54 + 12.41 months indicates an average blood-lead level of
7.71 £ 4.62 pg/dL (range = 3-25 pg/dL). Fifty-seven of these Thai children (26 %)
had blood-lead level at 10 pg/dL or more. Analysis controlling other factors, indicates
only gender and source of drinking water are risk factors. Specially, male children
have 2.8 times higher risk than female children. Children who drink tap water and
canal water have 15 and 72 times higher risk, respectively, than children drinking
bottle water. Tap water in this area comes directly from natural waters in the
mountains via pipes with no standard process performed for converting the natural

water to drinking water. The results of this study show 1 of 4 Thai children in



Umphang district, Tak province who live near the Burmese refugee camps have
EBLL (Neesanan ef al., 2011).

A study on 296 children with an average age 1.66 + 1.39 years old in four
communities, 2 in Bangkok (Klong Toei and Siriraj) and 2 in Kanchanaburi province
(Thong Pha Phum and Paholpolpayuhasena) shows 8.1% of children with EBLL. The
risk factors for EBLL were the presence of peeling paint inside or outside the house,
eating paint chips, and the geographic location of children. Again, the results indicate
that the source of drinking water is a risk factor which has an impact on EBLL
(Chomchai, Padungtod, and Chomchai, 2005).

A study on 245-282 workers in a battery manufacturing plant in Bangkok,
Thailand during 1998-2002 indicates the workers were exposed to lead in sections
such as casting, spreading, forming, polishing, assembly, and special battery
production. Workers have geometric average of blood-lead level increased from 17.9
png/dL to 22.3 pg/dL during 4 years but no workers had blood-lead level 60 ug/dL or
more in 2002. Factors of sex, age, and duration of work were considered in this work.
The results found average blood-lead level in males of 23.3 pg/dL and in females of
12.6 ng/dL. However, age and duration of work did not have significant effect on the
average blood-lead level of workers. The correlation between blood-lead level and
airborne lead level was also studied. High airborne lead level was detected in all
sections, especially, in the forming and polishing sections. These sections had
airborne lead levels higher than the standard level set by the Ministry of Interior of
Thailand (200 pg/m?). However, this study did not find airborne lead level to have a

significant effect on average blood-lead level of workers (Lormphongs et al., 2003).
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A further study of lead poisoning on 132 workers at the assembly section in
the same battery manufacturing plant in Bangkok, Thailand in 2002 shows a high
average blood-lead level of 32.7 pg/dL. After occupational health education and
training to workers and managers, the average blood-lead level was reduced to 22.4
ng/dL, although the airborne lead level in the workplace remained unchanged from
previous values. Airborne lead level in the workplace was between 0.026-0.603
mg/m’, eight samples (36.3 %) were more than the standard level of 200 pg/m’® set by

the Ministry of Interior of Thailand (Lormphongs et al., 2004).

1.2 Apatite materials

Apatite is the name of a mineral supergroup. The chemical formula of apatite
is M(1),M(2)3(TO4);X. M(1) and M(2) are monovalent, divalent, and trivalent
cations, such as Na', K*, Ca®", St*", Ba*", Cd*", Pb*", AI*", Bi*", Y*', or La’"; TO, is a
divalent, trivalent, or tetravalent anion, such as SO42_, PO43_, VO43_, AsO,° o, or SiO44;
and X is a monovalent anion, such as OH, F, or CI". Other anions, including CO;>

and NO3;™ may also occur in the TOy sites.

Classes of apatite materials

The apatite supergroup can be divided into five groups, based on crystal-
chemical arguments (Pasero et al., 2010);

Apatite group: hexagonal and pseudo-hexagonal phosphates, arsenates, and
vanadates containing the same cation at both the M(1) and M(2) sites, such as

Cas(PO4)3;(OH), Cas(PO4)3F, Pbs(PO4);Cl, Bas(PO4);Cl, or Pbs(PO4);(OH).
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Hedyphane group: hexagonal and pseudo-hexagonal phosphates, arsenates,
and sulfates containing different cations at the M(1) and M(2) sites, such as
Ca,Pb3(As04);Cl, CaPbs(AsO4);0H, CaySr3(PO4)3F, or Mn,Caz(PO4);CLL

Belovite group: hexagonal and trigonal phosphates with the M(1) site split into
M(1) and M(1") sites containing different cations, such as SrCaCa3(POy);F,
NaCeSr3;(PO4);F, or NaCeBas(PO4)3F( sClys.

Britholite group: hexagonal and pseudo-hexagonal silicates, typically with
partially ordered M(1) and M(2) cations, such as (Ce,Ca)s(SiO4);(OH),
(Y,Ca)s(Si04)3(OH), or (Y,Ca)s(SiO4)5F.

Ellestadite group: hexagonal and pseudo-hexagonal sulfato-silicates with the
ideal ratio for charge balance of (SiO4)4_:(SO4)2_ 1:1, such as

Cas(S104)1.5(SO4)1.5(OH), Pbs(S104)1.5(S04)1 5CL, or Pbs(S104)1.5(SO4)1.5(OH).

Characteristics of apatite materials

One interesting characteristic of apatites 1s their susceptibility to ionic
substitution in both anionic and cationic sites. Divalent cations with ionic radii about
1 A can form apatites such as Ca’", Ba®", Cd*" and Pb*", with free ionic radii 0.99,
1.13, 0.97, and 1.35 A, respectively (Narasaraju and Phebe, 1996). It should be noted
that the ionic radii in bound states is larger than the free ion radii and depends on the
coordination number of the ion. For example, with coordination number 7, Ca® =
1.20 A and Pb*" = 1.37 A, and with coordination number 9, Ca*" = 1.32 A and Pb*" =
1.49 A (Bruckner, Lusvardi, Menabue, and Saladini, 1995). Among the anionic
substituents, the monovalent anions (OH ") can be replaced by F, CI', and a variety of

other monovalent anions, while trivalent anions (PO4 ") can be replaced by AsO,>
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and VO, the anionic radii of these being 1.68, 1.32, and 1.81, and 1.10, 1.18, and
1.22 A, respectively (Narasaraju and Phebe, 1996). All structures within the apatite
group are isostructural. However, there are two series within the group, the apatite
series and the pyromorphite series. Pyromorphite is lead chlorophosphate,
Pbs(PO4);Cl, and the principal cation in the pyromorphite series is lead. Examples of
apatites and pyromorphites, their empirical formula, and their lattice constants are

given in Table 1.4.

Table 1.4 Name, formula, and lattice constants of selected apatites.

Series Name Empirical Lattice

formula constants (A)
a c

Apatite Barium hydroxyapatite Bas(PO4);(OH) 10.19  7.70
Cadmium arsenic chloroapatite  Cds(AsQO4);Cl 10.07  7.26
Cadmium hydroxyapatite Cds(PO4);(OH) 9.01 6.61
Cadmium chloroapatite Cds(PO4);Cl 9.62 6.49
Calcium hydroxyapatite Cas(PO4)3(OH) 9.42 6.88
Chlorapatite Cas(POy);C1 9.63 6.78
Fermorite Cas(AsOq)F 9.75 6.92
Fluorapatite Cas(POy)sF 9.35 6.58
Hydroxyvanadinite Cas(VO4)3(OH) 9.82 6.98
Lead hydroxyapatite Pbs(PO4);(OH) 9.90 7.29
Magnesium hydroxyapatite Mgs(PO4);(OH) 9.30 6.89
Strontium hydroxyapatite Sr5(PO4);(OH) 9.76 7.28
Pyromorphite Pyromorphite Pbs(POy);Cl 9.95 732
Vanadinite Pbs(VO4);Cl 10.47 7.43
Mimetite Pbs(AsO4);Cl 1036  7.52

A distinguishing characteristic of the two series is that, while members within

one series can readily form solid solutions with other members of the same series,
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they in general do not easily form solid solutions with members of the other series

(Berry and Mason, 1959).

Structural aspects of apatites

Apatite structures belong to space group P63;/m with the general formula
M(1),M(2)3(TO4)3X. Figure 1.1 shows a representation of the symmetry properties of
space group P63/m. The Wycoff special positions' relevant to apatite structure are

indicated on the diagram. The f positions are on 3-fold rotation axes at 1/3, 2/3, z and

2/3, 1/3, z and the & positions are on mirror planes at z = 1/4 and z = 3/4.

ol

¢ 63 screw axis with center
of symmetry

@ inversion axis: 6-bar

il
.
Sl

§ Twofold screw axis with

center of symmetry

1 inversion center

6 6-bar axis

Figure 1.1 Representation of the symmetry properties of space group P63/m projected
on the ab plane. Wycoff positions, f'and /4, relevant to apatite structure are

indicated on the diagram (Hahn, 1996).

! Wycoff positions are represented by letters, starting with a for the most symmetric special position in
the space group under consideration, and continuing in alphabetical order until the general position is
reached.
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The CaHAp structure (Figure 1.2) consists of five Ca’" ions, three PO4> ions,
and one OH™ ion. Two Ca®" ions in the M(1) positions are located on fsites with 3
symmetry. Three Ca®" ions in the M(2) positions, three P atoms, and six phosphate O
atoms are located on / sites with m symmetry. The other six phosphate O atoms are
located on general positions, pairwise related by the mirror plane through the P
atoms. The hydroxyl O is disordered along the 3 axis near the 6-bar site with the

hydrogen atom further disordered about the 3 axis.

Figure 1.2 Representation of Ca, O, and P atoms in apatite structures projected on the

ab plane. The polyhedra represent phosphate groups in the structure.

The Ca”" ions at the f'sites are coordinated with nine O atoms (six shorter bonds
define a twisted trigonal prism and the three longer bonds extend through the prism
faces). The Ca”" ions at the £ sites are coordinated with seven O atoms; six O atoms

from PO, groups and one O atom from the OH ™ group. The PO,>~ groups project as
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pairs of triangles about the 2, axes in Figure 1.2. The OH ions are disordered along
the 3 axis. The coordination environments of the distinct f and # Ca®" sites are
different, consequently the ionic size of Ca*" in these two positions are different.
Thus, the ability to substitute other cations for Ca®" at the two positions should also

be different.

Applications of apatite materials

Apatites have been studied in several applications including as material for
removal and immobilization of heavy metals from contaminated water (Admassu and
Breese, 1999; Smiciklas, Onjia, Raic¢evi¢, Janackovi¢, and Mitrié¢, 2008), as support
material for catalyst reactions (Mori et al., 2002; Mori, Hara, Mizugaki, Ebitani, and
Kaneda, 2003), and as biomaterial for artificial bones and teeth (Walsh and Tanaka,

2001).

1.3 Calcium-phosphate in mammalian hard tissues

Mammalian hard tissues such as teeth and bones are composed primarily of
calcium-phosphates (Ca-P), including calcium hydroxyapatite (CaHAp) and other
calcium-phosphate materials such as calcium hydrogen phosphate dihydrate (CHPD),
calcium hydrogen phosphate (CHP), octacalcium phosphate (OCP), and calcium
phosphate (CP). Natural teeth consist of three parts; enamel, dentine, and cementum
with weight percents of CaHAp of 95, 75, and 35, respectively (Narasaraju and
Phebe, 1996). There are two main parts of bone; inorganic (69 wt %) and organic (20

wt %) parts (Shi, 2005). The inorganic part contains calcium-phosphate, magnesium,
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sodium, potassium, fluoride, and chloride while the organic part contains primarily
matrix proteins (mostly collagen) and noncollagenous proteins (i.e. proteoglycans).
Bone also contains water (10 wt %) and other components such as

polysaccharides and lipids in small quantities as shown in Figure 1.3.

Inorganic fraction 69 wt %
(Ca-P, Mg, Na, K, F, CI)

Organic fraction 20 wt %
(matrix and
noncollagenous proteins)

Water 10 wt %
Other 1 wt %

Figure 1.3 Composition of bone (LeGeros, 1991).

Calcium hydroxyapatite

Pure calcium hydroxyapatite (Cas(PO4);(OH)) does not occur in biological
systems and biological apatites have been described as calcium-deficient or
nonstochiometric, carbonate apatites, fluorapatite, fluorhydroxyapatite, chlorapatite,
and chlorhydroxyapatite.

Calcium-deficient apatites, such as CasyNay(PO4);(OH), are apatites with
less than five calcium ions to three phosphates.

Carbonate apatites are apatites which contain carbonate ions in the structure.
They are classified into A-type and B-type carbonate apatites depending on the

substitution site. Substitution of hydroxide ions gives A-type carbonate apatites while
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substitution of phosphate ions gives B-type carbonate apatites. Carbonate apatites
occur in bone, enamel, and dentin at about 7.4, 5.6, and 3.5 wt %, respectively, and
are mostly B-type carbonate apatites with different amounts of carbonate incorporated
into the lattice.

Chlorhydroxyapatite, and fluorhydroxyapatite are apatites with hydroxide ions
substituted by chloride or fluoride ions, respectively. Total substitution results in
chlorapatite or fluorapatite. Chloride and fluoride ions occur in biological hard tissues
such as bone (0.13 wt % and 0.03 wt %), enamel (0.30 wt % and 0.01 wt %), and

dentin (0.01 wt % and 0.06 wt %).

Amorphous calcium phosphate
Amorphous calcium phosphate (Cas(PO4),) containing magnesium (Mg”"),

carbonate (CO5%"), or pyrophosphate (P,0;") ions has been reported to occur in

pathological calcifications.

Calcium hydrogen phosphate

Anhydrous calcium hydrogen phosphate (CaHPO,4) and calcium hydrogen
phosphate dihydrate (CaHPO42H,0) occur in biological systems. CaHPO, is
speculated to form in carious lesions in the enamel while CaHPO4-2H,0 occurs in
pathological calcifications. It is also proposed as a precursor of calcium

hydroxyapatite.
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Octacalcium phosphate pentahydrate
Octacalcium phosphate pentahydrate (2CasH(PO4);-:5H,0) occurs in
pathological calcifications, and is also proposed as a precursor of calcium

hydroxyapatite.

Calcium phosphate

Calcium phosphate (Ca3(POs),) occurs in dental and urinary calculi, salivary
stones, and arthritic cartilage.

The occurrence of calcium-phosphate materials in biological systems is

summarized in Table 1.5.
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Table 1.5 Occurrence of calcium-phosphate materials in biological systems,

empirical formula, and stochiometric Ca to P ratio.

Compound Empirical formula  Ca/P Occurrence
Calcium hydrogen CaHPO42H,0 1.0 urinary calculi,
phosphate dihydrate', crystalluria
CHPD
Calcium hydrogen CaHPO, 1.0 urinary calculi,
phosphate®, CHP crystalluria,
decomposed bones
Calcium Ca,P,07-2H,0 1.0 psuedo-gout
pyrophosphate deposits in
dihydrate, CPPD synovium fluids
Octacalcium 2CasH(PO4)3-5H,0 1.33 dental and urinary
phosphate calculi
pentahydrate, OCP
Calcium phosphate3 , Ca3(POy), 1.5 dental and urinary
CP calculi, salivary
stones, arthritic
cartilage
Amorphous calcium Cas(PO4)3(OH) 1.67 pathological
hydroxyapatite , calcifications
ACaHAp
Calcium Cas(PO4)3(OH) 1.67 enamel, dentine,
hydroxyapatite, bone, dental
CaHAp calculi, urinary

calculi

'Also called dicalcium phosphate dehydrate (DCPD) or brushite (LeGeros, 1991)

*Also called dicalcium phosphate (DCP) or monetite (LeGeros, 1991)
3Also called Tricalcium phosphate (TCP) (LeGeros, 1991)

1.4 Solid solutions

Many minerals including apatite materials occur as solid solutions. West (1984)

defines a “solid solution as solid state phenomena wherein the composition of a

material varies significantly within the framework of the same overall crystal

structure”. When the ion exchange reaction in CaHAp is complete, another apatite
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member in the apatite or pyromorphite series, depending on the ions substituted, has
formed. Incomplete or partial substitution in the CaHAp structure may result in the
formation of hydroxyapatite solid solution. Some examples of hydroxyapatite solid
solutions are magnesium-calcium hydroxyapatite, strontium-lead hydroxyapatite,
calcium phosphate fluorhydroxylapatite (Patel, 1980; Zhu, et al., 2007; Rodriquez-
Lorenzo, Hart, and Gross, 2003), and calcium phsosphate-arsenate hydroxyapatite
(Mahapatra, Mahapatra, and Mishra, 1989).

Vegard’s law is often used when characterizing homogeneous solid solution
phases and other materials resulting from coprecipitation of insoluble materials. The
law states that, unit cell parameters change linearly with composition as seen in

Figure 1.4a.

a) b) c)

Composition

d-spacing d-spacing d-spacing

Figure 1.4 Vegard’s law behavior. a) ideal solid solution, b) negative deviations, and
¢) positive deviations (West, 1984).

However, the law often holds approximately, and accurate measurements reveal
both negative (Figure 1.4b) and positive (Figure 1.4c) deviations from linearity
(West, 1984).

The potential for nonideal behavior, similar to nonideal behavior of normal

solutions, suggests caution should be used when assuming a material is a solid
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solution and that its properties are the weighted average of the pure component end

points of the assumed solid solution.

1.5 Lead-phosphate materials

Lead-phosphate (Pb-P) materials such as lead hydroxyapatite, PbHAp,
(Pbs(PO4)3(OH)), lead hydrogen phosphate (PbHPO,4), lead nitrate phosphate
monohydrate (Pby(NOs)(PO,)-H,0)', and lead phosphate (Pb3(PO,),) are interesting
materials due to their structure and properties. PbHAp is a material of biological
interest because of the similarity to CaHAp. PbHPO4 and Pby(NO3)(PO4)-H,0O show
dielectric, piezoelectric, and optical properties which are useful in transducers and
memory devices. Pb3(POy); is a ferroelastic material with a phase transition near 180
°C. The phase is changed from a-phase (C2/c ferroelastic phase) at below 180 °C to
B-phase (R3m prototypic phase) at above 180 °C (Guimaraes, 1979; Decker, Petersen,
and Debray, 1979). Growth of PbHPO4 and Pb,(NO;)(PO4)-H,O in silica hydrogel,
tetramethoxysilane gel, cross-linked polyacylamide gel, agar gel, and gelatin, all
beginning from Pb(NO;), and H3PO,, but with different concentrations of reactants
and gel medium, and different techniques has been reported (Biezina, Havrankova,
and Dusek, 1976; Desai and Ramana, 1990; Vivekanandan, Selvasekarapandian, and
Kolandaivel, 1995; Mayer and Woermann, 1996; Desai and Ramana, 1988; Robert
and Lefaucheux, 1988). A summary of the crystallization of lead and phosphate

containing materials in gel systems is given in Table 1.6.

'This formula is often reported as double formula, Pby(NO3),(PO,),-2H,0
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Table 1.6 Summary of gel crystallization reports of lead hydrogen phosphate and

lead nitrate phosphate dihydrate materials.

Gel medium Technique Products Reference

Polyacylamide, poly(2-  Double PbHPO, and Bfezina et al.,

hydroxyl ethylacrylate),  giffusion ~ Pby(NO3)(POs)H,O 1976
sodium metasilicate,

agar, gelatin

Sodium metasilicate Single PbHPO, and Desai et al.,
diffusion Pby(NO3)(PO4)-H,O 1988

Tetramethoxysilane Double PbHPO, and Robert et al.,
diffusion Pby(NO3)(PO4)-H,O 1988

Silica gel Single PbHPO4 Desai et al.,
diffusion 1990

Sodium metasilicate Single Pb,(NO;)(POy4)-H,O Vivekanandan
diffusion etal., 1995

Methoxysilane Single PbHPO,4 and Mayer et al.,

diffusion sz(NO3)(PO4)‘H20 1996

However, the preparation of PbHAp material by gel crystallization methods or
the appearance of this material in a gel system has not been reported (Bfezina,
Havrankova, and Dusek, 1976; Desai and Ramana, 1990; Vivekanandan,
Selvasekarapandian, and Kolandaivel, 1995; Mayer and Woermann, 1996; Desai and
Ramana, 1988; Robert and Lefaucheux, 1988).

The formula of Pby(NO3)(PO4)-H,O compound in Table 1.6 was reported as a
double formula (Pbs(NO3)2(PO4),-:2H,0) in the literature. Biezina, Havrankova, and
Dusek (1976) first reported the nonempirical Pbs(NO3)2(PO4),:2H,0 compound as a
double formula and their work was cited by Robert and Lefaucheux (1988) and Desai

and Ramana (1988). Later works of Vivekanandan, Selvasekarapandian, and
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Kolandaivel (1995) and Mayer and Woermann (1996) cited the Desai and Ramana
(1988) and Robert and Lefaucheux (1988) papers and propagated the error.
Conventionally nonmolecular compounds are reported as empirical formula
units using subscripts that do not contain common factors. The importance of this is
discussed in Appendix A (pp. 108-109). The mistake of the formula affects reported
values of physical constants such as the K, value. K, is calculated using the number
of atoms in the formula as exponents leading to dramatic discrepancies. Discussion of

the K, value problem from the wrong formula is given in Appendix A.

1.6 Dissolution equilibria aspects

The solubility of a pure phase compound to make an aqueous solution is the
maximum amount of the compound that can be dissolved in a given quantity of pure
water at a given temperature. For molecular compounds and reasonably soluble ionic
compounds solubility is generally expressed as g/100 mL of saturated solution.

The dissolution of an ionic compound is generally represented by a chemical

equilibrium, as for example, for dissolution of barium sulfate:

BaSO4(s) ~—= Ba’(aq)+SO0s (aq) i, (1.1)

where s indicates solid phase material, and aq indicates the species in solvated form
in the aqueous solution, and the double arrow indicates the process is at chemical
equilibrium. The conventional mathematical description of this equilibrium is usually

in terms of K., the equilibrium constant expression:



Koo = [Ba™ (aq)][SO4” (aq)] / [BaSO4(s)]  ceeeeeeeenn, (1.2)

where the square brackets denote molar concentrations. If we assume the activity of
the pure solid in equilibrium with the saturated solution is equal to one this

expression reduces to the solubility product, K, expression:

Ky =[Ba” (@ISO (ag)]l e (1.3)

a form that is correct for ideal (infinitely dilute) solutions. In a real (nonideal)
solution, the species also interact with one another, changing their effective
participation (activity) in the equilibrium reaction. Empirical corrections are
introduced as coefficients to the molar concentrations to account for the decreased

activities as follows:

Ky =[Ba™ (a)ly [SOS (ag)ly e (1.4)

where y"and y are the activity coefficients of cations and anions, respectively.
Analytical techniques, such as fluorescence spectroscopy, atomic absorption
spectroscopy, or inductively-coupled plasma mass spectrometry, give total
concentrations of the elemental species in the sample being analyzed. However, for
equilibrium studies, the concentrations of the individual chemical (ionic) species
present in the solution are required, but may be difficult to obtain experimentally.
Additionally, concentrations of the individual chemical (ionic) species are affected by

any additional ions in the solution (i.e. NaOH and HCI from adjusting pH) due to the



25

interactions among the competing ionic equilibria in the system. A previous study
has discussed the effect of Na" cation and Cl™ anion on the barium-arsenate system
(Dungkaew, 2010). The results of that showed that with high Cl concentration (pH =
10.5), Bas(AsQO4);Cl precipitates, and if the pH of system is increased to pH = 12.5
by adding more NaOH, Na' concentration is increased and NaBaAsO,9H,0O
precipitates.

Hence, K, calculations based on only the molar concentrations of a single ionic
compound may be seriously in error. The solution to this problem will involve the
careful consideration and correct inclusion of all relevant equilibrium phenomena.
The PHREEQC speciation calculation program has been used to calculate the activity
coefficients of ions in the system (Dungkaew, Haller, Flood, and Scamehorn, 2012).
Calculation of the Ky, based on molar concentrations and activity coefficients could

be more correct.

1.7 Characterization background

PHREEQC program

PHREEQC is a computer program for simulating chemical reactions and
transport processes based on equilibrium chemistry of aqueous solutions interacting
with solids and gases. It can be used as a speciation program to calculate saturation
indices and distribution of aqueous species and competing equilibria that change the
concentration of the species, effects of ionic strength (Parkhurst and Appelo, 1999).

The PHREEQC calculations are based on all known equilibria existing in the
database. PHREEQC is distributed with a PHREEQC default internal database, and

the Minteq, MinteqV4, and Wateq4f databases. Input data for the program consists of
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properties and compositions of equilibrated solutions, including pH, temperature, and
total concentrations of ions in the system.

Saturation index (SI) is calculated by the PHREEQC program based on input
data. SI uses calculated activities to provide a good indicator of the potential solid

phases in a system at its equilibrium state. SI is defined as Eq. (1.5):

SI=log [K@] .............. (1.5)

Sp

where IAP is the free ionic activity product and K, is the thermodynamic solubility
product constant of a pure precipitate phase. SI relates to AG (Stumm and Morgan,

1996) as,

AG = -2.303RT log(E] .............. (1.6)
Ksp

where R is the ideal gas constant, and 7 is the temperature. From Eq. (1.6), AG equals
zero when IAP = K, corresponding to SI = 0 and the solution is in equilibrium; AG is
negative when IAP > K, corresponding to SI > 0; the solution is supersaturated and
precipitation can occur (unless a metastable supersaturated solution occurs).
However, AG is positive when IAP < K, corresponding to SI < 0 and the solution is

undersaturated so precipitation cannot occur.
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Powder X-ray diffraction

XRD is a useful technique to characterize the crystallographic structure,
crystallite size (grain size), and preferred orientation in polycrystalline or powdered
solid samples. XRD is commonly used to identify unknown substances, by comparing
diffraction data with a database maintained by the International Center for Diffraction
Data (ICDD). It may also be used to characterize heterogeneous solid mixtures to
determine relative abundance of crystalline compounds. XRD can provide structural

information of unknown materials by Rietveld refinement method.

XRD patterns are typically plotted as the intensity of the diffracted X-rays
versus the angle 20. The diffracted X-ray beam is considered as “reflection” from a

lattice plane as described by Bragg’s Law (Eq. 1.7):

A =2dsin® (1.7)

where 7 is the order of diffraction of X-rays, A is wavelength, d is the perpendicular

spacing of the lattice planes, and 0 is the diffraction angle as shown in Figure 1.5.
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Figure 1.5 The incident and reflected beams relative to the planes.

Peaks will appear in the diffraction pattern at 20 values when constructive
interference is at a maximum. By measuring the 20 values for each diffraction peak,
we can calculate the d-spacing (the distance between the diffracting planes) for each
diffraction peak. The data analysis software has a program for automatically
calculating the d-spacing for all of the peaks in the diffraction pattern.

The number of observed peaks is related to the symmetry of the unit cell. The
d-spacings of the observed peaks are related to the repeating distances between planes
of atoms in the structure and the intensities of the peaks are related to the kinds of
atoms and their arrangements within the unit cell. The scattering intensities for the
diffracted beams are directly related to the number of electrons in the atom. Hence,
light atoms scatter X-rays weakly, while heavy atoms scatter X-rays more effectively.
These three features of a diffraction pattern (the number of peaks, the positions of the
peaks, and the intensities of the peaks) define a unique, fingerprint XRD pattern for

every crystalline material.
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A unit cell contains basis vectors of the direct lattice a, b, and ¢. The lengths
of the basis vectors a, b, and ¢ are a, b, and c, respectively and the interaxial (lattice)
angles between b and ¢, ¢ and a, and a and b are a, 3, and v, respectively (Hahn,

1996).

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FT-IR) is a technique for
characterizing and identifying functional groups in organic molecules. The
characterization is achieved by comparison with the spectra in databases and
assigning each peak to the vibration of a specific functional group.

Principle of the FTIR technique is based on the interaction between the
radiation and the sample. When infrared light interacts with a sample, materials are
excited to a higher energy state. A material adsorbs only selected frequencies
(energies) of the infrared radiation which match the energy differences between
orbitals in the material. Therefore, vibrational modes of different chemical
interactions can be detected and allow the identification of different materials The
energy of an interaction is changed in an 8 to 40 kJ/mole range corresponding to the
stretching and bending vibrational frequencies of the bonds in material (Pavia,
Lampman, and Kriz, 1996).

As mentioned, infrared light matches the vibrational frequencies of the
interactions. In order for a vibration to be “IR active”, it is necessary for a change in
the dipole moment during absorption of the infrared light. For example hydrochloric
acid, HCI, when HCI vibrates along the bond, the chlorine takes on a slightly more

negative charge, and the hydrogen takes on a slightly more positive charge.
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Consequently, a change in dipole moment of the HCI molecule occurs. In some
molecules, such as O, N,, Hy, F,, and Cl, there is no induced dipole moment and
they are “IR-inactive”. These compounds require use of other techniques to study
interaction strengths such as Raman spectroscopy.

There are three regions of the infrared spectrum; the near-, mid- and far-
infrared. The far-infrared is approximated in 400-10 cm ' range, has low energy and
may be used for rotational spectroscopy. The mid-infrared in 4000-400 cm ™' range
may be used to study the fundamental vibrations and associated rotational-vibrational
structure. The higher energy near-IR (14000-4000 cm ') can excite overtone or

harmonic vibrations.

Electron microscopy

Scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) are techniques capable of providing structural information over a wide range
of magnification. SEM is useful for studying morphology and surface features of
samples which have size up to 10 pum, because of the depth focus of SEM
instruments, the resulting picture is obtained with a three dimensional appearance.
For TEM technique, samples should be thinner than 2000 A because electrons
interact strongly with matter and are completely absorbed by thick particles. The
range of various techniques used to observe the morphology of samples are given in

Figure 1.6 (West, 1984).
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Figure 1.6 The range of various techniques used to observe the morphology of

samples.

SEM operates from a source of electrons focused in vacuum into a fine probe
that is modulated over the surface of the specimen. The electron beam passes through
scan coils and objective lens that deflect it horizontally and vertically so the beam
scans the surface of the sample. As the electrons penetrate the surface, a number of
interactions occur that can result in the emission of electrons or photons from or
through the surface. A reasonable fraction of the electrons emitted can be collected by
appropriate detectors, and the output can be used to modulate the brightness of a
cathode ray tube (CRT) whose x- and y-inputs are driven synchronously with the x-y
voltages modulating the electron beam. In this way an image is produced on the CRT;
every point that the beam strikes on the sample is mapped directly onto a
corresponding point on the screen. The operation of TEM is similar to SEM and

requires an ultra high vacuum and a high voltage.
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X-ray fluorescence spectroscopy

When a sample is bombarded with high energy electrons many things can
happen, including generation of X-rays. These X-rays are characteristic emission
spectra of the elements present in the sample. Analysis of the emitted radiation can
use either wavelength dispersive X-ray fluorescence (WDX) or energy dispersive X-
ray fluorescence (EDX) to identify the elements in the sample. These techniques are
useful for quantitative and qualitative analysis. However, these techniques can
determine only elements heavier than and including fluorine. Lighter elements do not

give suitable X-ray spectra.

Optical/polarizing microscopy

An optical or polarizing microscope is an optical measuring instrument for the
detailed examination of specimens. The basic components of the microscope are
shown in Figure 1.7 and 1.8. The source may give either white or monochromatic
light. The light shines on the polarizer and only that component which vibrates
parallel to the polarizer is permitted to pass through. The resulting polarized light
passes through the sample. There are two variants of the analyzer position. In one the
transmitted light is picked up by the objective lens, and the analyzer may be placed in

or out of the path of light inside of the microscope (West, 1984).
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Figure 1.7 Basic components of a polarizing microscope.

In the second variant the analyzer is placed below the objective lens, exterior
to the body of the microscope (Figure 1.7). Objective or eyepiece lenses may be
available for different magnifications and/or the body of the microscope may include

a zoom function, often called a power body.



34

Eyepiece lens

Objective lens

I

Analyzer

I

Sample

I

Polarizer

I

Light source

Figure 1.8 Alternative arrangement of the basic components of a polarizing

microscope.
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CHAPTER 11
STRUCTUAL ANALYSIS OF CALCIUM AND LEAD

HYDROXYAPATITE!

2.1 Introduction

Apatite is a class of mineral including two series, apatite and pyromorphite
series. Calcium hydroxyapatite, CaHAp (Ca(1),Ca(2)3(PO4);OH) is the prototype of
the apatite class and of the apatite series. The structure belongs to space group P6s/m
and is susceptible to ionic substitution in both anion and cation sites. Ca’" can be
replaced by various divalent cations such as Ba®", Mg®", Cd*", Sr*', or Pb*’
(Sugiyama et al., 1999; Yasukawa, Yokoyama, Kandori, and Ishikawa, 2007;
Barinova, Lusvardi, Menabue, and Saladini, 1998), PO,> can be replaced by AsO4>~
or VO,°, and OH™ can be replaced by F~ or CI” (Dong, White, Wei, and Laursen,
2002; Dai and Hughes, 1989). Apatites are important materials for environmental
remediation, including applications in removal of heavy metals from contaminated
water (Mavropoulous, Rossi, and Costa 2002; Mavropoulous, Rocha, Moreira, Rossi,
and Soares, 2004; Admassu and Breese, 1999; Smiciklas, Onjia, Raicevi¢,
Janackovi¢, and Mitri¢, 2008) and immobilization of toxic and/or radioactive ions
(Krestou, Xenidis, and Panias, 2004). Apatites are also important, because CaHAp is

the dominant component in mammalian hard tissues such as bones and teeth;

'Portions of this work have been published in the proceedings of the 35™ Congress on Science and

Technology of Thailand (Saisa-ard and Haller, 2009).
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about 69 wt % and 95 wt %, respectively (Aoba, 1997). Divalent metal ions such as
Pb** can substitute for Ca** ions of CaHAp. Complete substitution of Pb** ions into
CaHAp results in lead hydroxyapatite (PbHAp) which is isostructural with CaHAp.
The relationship of PbHAp to CaHAp and its link to bone disease is one reason the
structure of PbHAp is of interest.

Bond valence calculation is a method which can be used to determine the
apparent formal valence of each atom in an ionic crystal structure by calculating
partial bond valences from the individual bond lengths, then summing all the
components about each atom to obtain its total bond valence. It is common practice in
the structure determination of ionic crystal structures to assess the correctness of the
results from these bond valence sums. If the sum of the bond valences around each
atom is close to the expected formal oxidation state, the structure is likely to be
correct. However, if the bond valence sum for any atom deviates from the expected
value by more than 0.1 valence unit (v.u.) the result must be examined critically and
the discrepancy explained, or the structural error corrected (Brown, 1993).

Bond valence calculations have been used for structural analysis of PbHAp
and CaHAp (Saisa-ard and Haller, 2009). Results show the bond valence sums for all
atoms of CaHAp are acceptable, but the bond valence sums of P, Pb in the M(2) site,
and O(4) (5.66, 1.55, and 0.67, respectively) in PbHAp are dramatically different
from integral values. The discrepancies in the expected bond valence sum values of
these atoms may come from several causes such as an incorrect origin choice or
structure distortions. The results are not optimal and additional work is required,
however, the result suggests that part of the error in the PbHAp structure is likely

from the unusual (probably incorrect) distortion of the PO, group with the O(3)
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atom moved closer to the O(l) and O(2) positions, resulting in a larger
O(3)-P-0(3i) angle (larger by 4.3°) and effectively decreasing the P—O(3) and the
Pb(2)-0O(3) bond lengths but increasing the O(3) bond lengths to the Pb(1) in the
M(1) site.

The public-domain bond-valence program (Brown, 1993) is easy to use.
However, using the program to evaluate a series of isostructural compounds is
unnecessarily tedious, and in assessing structures with deviant atoms, interatomic
distances and angles are also useful. Therefore, part of this work was construction of
a tool which calculates the bond valence components, the relevant bond valence
sums, and relevant interatomic distances and angles for all the crystallographically
unique atoms and structural parameters in the apatite structure. Evaluation of alternate
models is facilitated by the instantaneous availability of the bond valences, bond
lengths, and bond angles on modification of any coordinate or atom type. Use of the
calculator is illustrated by the example of PbHAp which, as published from powder
diffraction data, has some unusual bond lengths and angles as well as unexpected

bond valence sums.

2.2 Theory

Bond valence

The concept of bond valence derives from the Pauling electrostatic valence
model (Pauling, 1929). The bond valences are calculated from simple expressions
using empirically derived constants. The partial bond valence, s;;, between any pair of

adjacent atoms is given by:
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si=explRo—R)YBl e 2.1)

where the bond valence between adjacent atoms i and j is related to the observed
bond length R;; R, is a constant depending on the nature of the ij pair, and b is 0.37.
The bond valence sum for a given atom or ion, z;, is defined as the sum of all the

individual bond valences as follows:

=555 e (2.2)

The atoms to be summed over are determined by the criteria that a) every part of the
electron density of the crystal must belong to at least one atom, b) the division of the
electron density must ensure a reasonable assignment of the charges in the crystal,
and c) the division and charges are chosen to minimize the local multipole energies

associated with nonspherical charge distributions in most crystals (Brown, 2002).

Geometry
Interatomic distance, da_p, and interatomic angles, £ g ¢, can be calculated

from Cartesian coordinates, (X, Y, Z), as follows:

dan= X, — X))+ (Y =Y +(Z, =2, oo 2.3)

= JAXP LAY L HAZY . (2.4)
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Zapc=arctan (\l=c,’/c,) i (2.5)

where CA = — (AXA_BAXB_C + AYA_BAYB_C + AZA_BAZB_C)/(dA_BdB_C) .............. (26)

Crystallographic data are normally presented as fractional coordinates referred
to the crystallographic unit cell parameters a, b, ¢, a, f, 7, and the crystallographic
space group. While this form may at first seem inconvenient, it preserves the power
and convenience of the crystalline symmetry. Fractional triclinic coordinates (x, y, z)

may be converted to Cartesian coordinates as follows:

X=xa+ybcosy+zccosf . 2.7)
Y=ybsiny+z{c(cos a—cosfcosy)siny}, ... (2.8)
Z=zcW/siny L. (2.9)

where W = \/(1 —cos? a—cos? b - cos? y+2C0SaCcOS fCOSY)  ceiinninnn. (2.10)

In a conventional hexagonal crystal system, such as that of apatite, a = b, a = f =

90°, and y = 120°, leading to simplification of equations 2.7, 2.8, and 2.9.

X=alx-y2y (2.11)
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2.3 Experimental

A spreadsheet was constructed in Excel (Microsoft Office Excel, 2003). The
input section accepts values for the hexagonal fractional coordinates of the seven
crystallographically unique atom positions, the lengths of the a and ¢ axes, and the
values of R, for Pb—O, P-O, and O-H atom pair types. Equations as defined in
section 2.2 above were entered into the following area to create two additional
sections. The center section presents the calculated interatomic distances and
interbond angles about the two crystallographically unique metal sites and the
phosphate site, and the final section presents a summary table of the bonds combined
with the bond valence sums for each crystallographically unique atom.

The crystallographic information file, cif file, for the PbHAp structure
(Barinova, Lusvardi, Menabue, and Saladini, 1998) utilized in this work was obtained
from supporting information available via the Inorganic Crystal Structure Database,
ICSD (Inorganic Crystal Structure Database, 2008), ICSD code 87518. Crystal data
and positional parameters of each atom of the PbHAp compound are given in Table
2.1.

Atomic positions, unit cell parameters, and the bond valence interaction

parameters R, were entered into the bond valence calculator and the structure was
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adjusted to be more chemically reasonable by adding an H atom and changing the

positions of O(3) and O(4) as discussed in the following section.

Table 2.1 Crystal data and fractional hexagonal coordinates for PbHAp.

Parameter PbHAp
Empirical formula Pbs(PO4);OH
Crystal system hexagonal
Space group P63/m
Cell parameters (A)
a,b 9.774(1)
c 7.291(1)
V(A% 603.20
VA 2
Discrepalllecy index, 0.0127
Atom Fractional coordinate
x y Z
Pb(1) 1/3 2/3 0.4973(1)
Pb(2) 0.2364(1) 0.2319(1) 1/4
P 0.4045(3) 0.0231(3) 1/4
o(1) 0.3256(8) 0.8415(8) 1/4
0(2) 0.5860(8) 0.1005(9) 1/4
0Q3) 0.3541(6) 0.0613(6) 0.08132(8)
O(H) 0 0 0
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2.4 Results and discussion

The metal atoms in apatite structures are located on two crystallographically
different sites': 4 sites, mirror planes at z = 1/4 and 3/4, and f'sites, 3-fold axes at (1/3,
2/3, z) and (2/3, 1/3, z), as shown in Figure 2.1. Three P atoms and six phosphate O
atoms are also located on / sites while the other six phosphate O atoms are located on
general positions, pairwise related by the mirror planes through the P atoms. Three
metal ions at the 4 sites are coordinated with seven O atoms (one O(1), one O(2), and
four general O(3) atoms from PO,>~ groups and one O atom from an OH™ group), and
two metal ions at the fsites are coordinated with nine O atoms (six shorter bonds to
three O(1) and three O(2) phosphate oxygen atoms on /4 sites define a twisted trigonal
prism, and three longer bonds to O(3) atoms extend through the prism faces). The
hydroxyl O positions are disordered along the 3-fold axis with the hydrogen atom
further disordered into general positions about the 3-fold axis, consistent with

hydrogen bonding to O(3) positions.

'"Wycoff special positions are represented by letters, starting with a for the most symmetric special
position in the space group under consideration, and continuing in alphabetical order until the general

position is reached.
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Figure 2.1 Representation of Ca, O, and P atoms in the CaHAp structure projected on

the ab plane.

Calculated structural parameters and bond valence sums based on the

published PbHAp structure are given in Table 2.2.



52

Table 2.2 Bond valence sums, bond lengths, and oxidation states for the unique

atoms of PbHAp. The adjusted structural model has a modified O(3) atom

position.
Atoms Published structure Adjusted structure Formal
oxidation
state
Bond Bond Bond length* Bond valence
length (A) valence sum A) sum (v.u.)
(v.au.)

P 5.66 P 4.90 +5
o(1) 1.542 2.02 2.02 -2
0(2) 1.542 2.08 2.08 -2
0@3) 1.442+ 2.03 1.542+ 1.69 -2
Pb(1) 1.91 Pb(1) 1.96 +2
o(1) 25117 2.02 2.02 -2
0(2) 2.720% 2.08 2.08 -2
0@3) 2.8937 2.03 2.8987 1.69 -2
Pb(2) 1.55 Pb(2) 1.62 +2
o(1) 2.921 2.02 2.02 -2
0(2) 2.391 2.08 2.08 -2
0@3) 2.745F 2.03 2.6107 1.69 -2
0(31) 2.6287 2.03 2.7037 1.69 -2
04) 2.926 0.66 0.66 -2

*Only values which are modified are given.

tBond lengths repeated by symmetry are not listed.
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The general position, O(3), appeared to be misplaced based on rational values
of P-O bond lengths. Specifically, the bond length of 1.442 A is about 0.1 A shorter
than the other two P—O bond lengths which are in good agreement with structure
correlation results (Burgi and Dunitz, 1994). Furthermore, the bond valence sum for P
is 0.66 v.u. high, while that for Pb(2) is 0.45 v.u. low. The O(1)-P-O(2) angle of
110.82° is close to the ideal 7; angle of 109.54°. The positions of O(3) and its mirror
related general counterpart were adjusted to give a geometrically idealized phosphate
group with approximate 7, symmetry and d[P-O] = 1.542 A (the two O(3) positions
are constrained to be on the plane that bisects O(1)-P—O(2), with ideal 7, angles to
both O(1) and O(2)). The adjusted bond lengths and bond valence sums are given in
the right-hand section of Table 2.2.

The results after adjustment show the potential effect of the idealization of
O(3) on the bond valence sums of P and Pb(2). The bond valence sum of P moves
near to its expected oxidation state value. However, the bond valence sum of Pb(2)
ion, while improved is still considerably below its expected oxidation state value.

The bond valence sum of the hydroxide oxygen atom, O(4), is also
problematic. One obvious component of error in the bond valence sum of O(4) is the
neglect of the hydrogen atom in the published structure. Including a hydrogen atom
on the 3-fold axis 0.983 A (Steiner, 2002) from O(4) increases the bond valence sum
of O(4) to 1.55 v.u. A second component of error for O(4) is its location at z = 0
making its closest contact to a Pb(2) ion 2.926 A. Adjusting the O(4) position along
the 3-fold axis would move O(4) toward Pb(2), and away from Pb(2)’, thereby
increasing the bond valence contribution to both Pb(2) and O(4). The O(4) atom was

moved from (0, 0, 0) to (0, 0, 0.1200) producing the changes shown in Table 2.3.
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Table 2.3 Bond valence sums, bond lengths, and oxidation states of atoms in the

modified structural models.

Atom Structure with adjusted Further adjustment with Formal
0@3) hydroxide anion oxidation
Bond length Bond Bond length* Bond state
(A) valence Q) valence
sum (v.u.) sum (v.u.)
Pb(2) 1.62 Pb(2) 1.88 +2
O(1) 2.921 2.02 2.02 -2
0(2) 2.391 2.08 2.08 -2
0(3) 2.6107F 1.69 1.69 -2
0(3i) 2.7037 1.69 1.69 -2
04) 2.926 0.66 2.477% 2.07 -2
04 2.926 0.66 3.538% 2.07 -2

*Only values which are modified are given.
tBond lengths repeated by symmetry are not listed.
10(4) connects to six Pb(2) positions when O(4) is on the 3-bar site all contacts are equivalent, but

on adjustment along the 3-fold, three contacts are short at 2.4773 A and three are long at 3.5378 A.

The bond valence sums of O(3) and Pb(2) after the modification still exhibit

discrepancies in expected oxidation state values.

2.5 Conclusions

Results of modification of O(3) and O(4) atom positions in the PbHAp
structure discussed here improved the internal agreement of the bond valence sums,
but they are still not optimal. However, they do suggest that there is probable error in
the published PbHAp structure model, and the alternative model formed with

guidance of bond valence sums and geometric considerations would be a better
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starting point for a new refinement against X-ray data. The ease of use of this tool
makes it potentially useful for guiding constraints and restraints for apatite structural
models during the refinement in data poor cases. It is also a useful tool for evaluation

of any published apatite structure.
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CHAPTER III
PHASE CHARACTERIZATION AND SATURATION
MODELING OF CALCIUM-LEAD HYDROXYAPATITE

SOLID SOLUTION

3.1 Introduction

Structure of calcium hydroxyapatite, CaHAp (Ca(1),Ca(2);(PO4);(OH))
contains four positions; Ca*"(1), Ca*"(2), POs", and OH that can be replaced by
other cations or anions as explained in chapter 1 (pp. 11-15). Its structure belongs to
space group P63;/m. There are two Wycoff positions, f and 4, relevant to apatite
structure. Ca(1) is located on f sites and coordinated with nine phosphate oxygen
atoms while Ca(2) is located on 4 sites and coordinated with seven oxygen atoms (six
phosphate oxygen atoms and one hydroxyl oxygen atom). Incomplete or partial
substitution of Ca®" by other cations may result in apatite solid solution materials.
Studies of apatite solid solutions have been reported, including calcium-cadmium
hydroxyapatite solid solution (Ca-CdHAp), calcium-strontium hydroxyapatite solid
solution (Ca-SrHAp), calcium-lead hydroxyapatite solid solution (Ca-PbHAp), and
lead-strontium hydroxyapatite solid solution (Pb-SrHAp) (Yaskawa, Higashijima,
Kandori, and Ishikawa, 2005; Zhu, Yanagisawa, Shimanouchi, Onda, and Kajiyoshi,
2006; Zhu, Yanagisawa, Shimanouchi, Onda, Kajiyoshi, and Qiu, 2009). The

preferential occupancy of alternate metal ions in the hydroxyapatite solid
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solutions is in the M(2) sites due to two reasons. One is the arrangement of ions in the
M(2) sites located on staggered triangles allows for the optimization of packing of
larger ions, in contrast, the M(1) sites are located in the column and have strict
alignment. Therefore, the substitution by larger cations such as Pb*" (1.35 A) and Sr**
(1.13 A) occurs preferentially in the M(2) positions. The second reason is based on
the electronegativity of cation. If an increase in the electronegativity of the cation
results in increased covalent character of the bond between the cation and the
hydroxyl group (Rajagopal, Dhanabalan, Major, and Kulkarni, 1998). In the case of
Cd*" (0.97 A) which is smaller than Ca** (0.99 A) preferential position for
substitution is still the M(2) position because the electronegativity of Cd*" (1.7) is
higher than that of Ca®" (1.0) which favors bonding with the hydroxyl group at the
M(2) position.

When studying solid solution materials, Vegard’s law behavior confirms the
formation of a solid solution by the relationship between composition and unit cell
parameters. The law states that unit cell parameters change linearly with composition.
When Vegard’s law holds over the composition range studied the material is
generally assumed to be a solid solution over that range. More detail of Vegard’s law
is given in the Chapter I (pp. 19-20).

The PHREEQC speciation calculation program is useful for prediction of
possible phases in the system based on the equilibrium chemistry of an aqueous
solution interacting with solids and gases. Saturation index (SI) calculations from
PHREEQC indicate the superaturation state of an individual phase in the solution. SI
is calculated for each phase made up of the ions in the solution as determined by

speciation and other solution processes. When SI < 0 the solution is undersaturated,
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when SI = 0 the solution is in equilibrium, and when SI > 0 the solution is
supersaturated and precipitation is thermodynamically spontaneous. The PHREEQC
program is described further in Chapter I, pp. 25-26.

Previous work (Dungkaew, Saisa-ard, and Haller, 2010) studied the phase
characterization and saturation modeling of the calcium phosphate-arsenate apatite
system. The study shows that arsenic removal efficiency is increased by adding
phosphate to the system. The PHREEQC speciation program was used for simulation
of saturated phases in the system, and the results suggest several calcium-arsenate
phases are supersaturated in the system even without adding phosphate. However,
when phosphate was added, the saturation index of CaHAp was considerably higher
than those for arsenate containing phases, implying a considerably higher driving
force for nucleation of phosphate containing apatite. The XRD result is consistent
with the PHREEQC result and suggests arsenate ions are incorporated into the
CaHAp structure as d-spacing in the CaHAp materials expand with higher percent
arsenic incorporated into the solid products. When composition is plotted versus the
d-spacing value of the solid products Vegard’s law holds showing that the solid
products are hydroxyapatite solid solution supporting the hypothesis that solid
products can form calcium phosphate-arsenate hydroxyapatite solid solutions. These
results support understanding of arsenate removal through calcium phosphate-
arsenate precipitation. Therefore, characterization of solid products in the system is
concerned.

The current chapter reports a study of Ca-PbHAp materials. Several other
studies of Ca-PbHAp materials have been reported (Narasaraju, Singh, and Rao,

1972; Verbeeck, Lassuyt, Heijligers, Driessens, and Vrojijk, 1981; Yasukawa,
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Kamiuchi, Yokoyama, and Ishikawa, 2002). However, the characterization of Ca-
PbHAp solid product phase with prediction from the PHREEQC program has not
been reported. A precipitation method was utilized for preparation of Ca-PbHAp

materials in this chapter.

3.2 Experimental

Reagents
Reagents for preparation of CaHAp, PbHAp, and Ca-PbHAp
e Diammonium hydrogen phosphate, (NH4),HPO4 (Ajax Finechem,
AR grade)
e Calcium nitrate tetrahydrate, Ca(NOs),4H,O (Ajax Finechem,
AR grade)
e Lead(Il) nitrate, Pb(NOs), (Ajax Finechem, AR grade)
Reagents for adjusting pH
e Sodium hydroxide, NaOH (Eka Chemicals AB, AR grade)

All solutions in this experiment were prepared from deionized (DI) water.

Preparation of apatite material

CaHAp, PbHAp, and Ca-PbHAp materials were prepared by adding 20 mL of
0.6 M (NH4),HPO4 (pH adjusted to 10 with 1.0 M NaOH) into 20 mL of 1.0 M total
metal solutions prepared from Pb(NOs), (natural pH = 6.44) and/or Ca(NO3),-4H,0
(natural pH = 6.61), by dropwise addition. After addition of the (NH4),HPOy solution,

the suspension was stirred an additional 30 min and filtered. The solid materials were
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dried at room temperature for 24 h and then heated at 600 °C for 4 h. The molar ratios

of Ca:Pb were controlled as 5Ca, 4Ca:1Pb, 3Ca:2Pb, 2Ca:3Pb, 1Ca:4Pb, and 5Pb.

Characterization

The precipitate products were characterized by Powder X-ray diffraction
using a Bruker Analytical X-ray Systems model D5005 X-ray diffractometer
equipped with a Cu Ka radiation source operating at 40 kV and 40 mA and the XRD
Commander Executable analysis software (Bruker axs, 2011). XRD data were
collected in the 20 range 10-60° in steps of 0.02° and scan speed of 0.5 sec/step.
Crystal morphologies were observed by scanning electron microscopy using a JSM
6400 electron microscope (JEOL, Japan). A plot of d-spacing as a function of
composition was prepared to evaluate Vegard’s law behavior. PHREEQC program
(Parkhurst and Appelo, 1999) was used to calculate ion speciation and saturation
indices of potential phases in the system. The database used in this work based on
MinteqV4 database (Parkhurst and Appelo, 1999) which is distributed with the

PHREEQC program.

3.3 Results and discussion

Morphologies of solid products were observed by SEM as shown in Figure
3.1. Ca,Pb4 shows plate-like crystal morphology (Figure 3.1(d)), while other products
show aggregates of powdery products (Figure 3.1(a-c), (e-f)).

XRD patterns of the products from pure calcium, 5Ca (Figure 3.2(a)) and pure
lead, 5Pb (Figure 3.2(f)) match with the XRD peak patterns of CaHAp (JCPDS 3-

0742) and PbHAp (JCPDS 1-0924), respectively, in the JCPDS database (Figure 3.3).
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These results indicate the solid products are apatite materials. The XRD peak patterns
of products from mixing calcium and lead (4Ca:1Pb, 3Ca:2Pb, 2Ca:3Pb, and
1Ca:4Pb) do not match with the apatite phases in the JCPDS database as shown in

Figure 3.2(b-e).

it LU ;
28KV %1,000 48mmY

Figure 3.1 SEM images of solid products from precipitation of Ca-PbHAp. Molar
ratio of Ca/Pb was varied as a) 5Ca, b) 4Ca:1Pb, c¢) 3Ca:2Pb, d) 2Ca:3Pb,

e) 1Ca:4Pb, and f) SPb.
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Figure 3.2 XRD patterns of solid products from precipitation of Ca-PbHAp. Molar

ratio of Ca/Pb was varied as a) 5Ca, b) 4Ca:1Pb, c) 3Ca:2Pb, d) 2Ca:3Pb,

e) 1Ca:4Pb, and f) 5Pb.

300

Figure 3.3 XRD patterns of CagPbs compared with PbHAp in the JCPDS database.
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Apatite materials from the precipitation method exhibit pure apatite phase at
high temperature (LeGeros, 1991), therefore, all solid products were heated at 600 °C
for 4 h and their phases characterized by XRD. After heating, the XRD result of 5Ca
shows shaper peak of CaHAp phase (Figure 3.4(a)), however, the XRD peaks of
other products (Figure 3.4(b-f)) show higher intensity and sharper peak but do not
match with CaHAp or PbHAp peak pattern in the JCPDS database and several extra
peaks appear. These results could suggest multiple product phases occur in the

system.

Figure 3.4 XRD patterns of solid products from precipitation of Ca-PbHAp after
heating at 600 °C for 4 h. Molar ratio of Ca/Pb was varied as a) 5Ca, b)

4Ca:1Pb, c¢) 3Ca:2Pb, d) 2Ca:3Pb, ¢) 1Ca:4Pb, and f) 5Pb.
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The position of the dominant [211] peak near 30° 20 from these solid products
was plotted as a function of composition to study Vegard’s law behavior to explore
the characteristic of solid solution material. The correlation of composition and d-
spacing of the [211] peak is shown in Figure 3.5. Result indicates these products are

not Ca-PbHAp solid solution because the graph does not follow Vegard’s law.
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Figure 3.5 Correlation between calcium to lead ratio in starting solutions and the

expansion of d-spacing in solid products.

Several possible phases (positive SI value) are predicted from the
PHREEQC calculation as shown in Table 3.1. These results are consistent with the

XRD results, suggesting multiple products could be formed in the system.
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Table 3.1 Saturation index values of Ca-P and Pb-P phases predicted from

PHREEQC program.

Phase SI of solid product

Ca5Pb0 Ca4Pb1 Ca3Pb2 Ca2Pb3 Cale4 Caon5

Ca3(PO4), 8.28 7.41 6.46 5.34 4.31 -
CasH(PO4);:3H,O  9.56 8.40 7.12 5.62 4.25 -
CaHPO, 2.54 2.25 1.94 1.57 1.23 -
CaHPO,4-2H,0 2.19 1.90 1.58 1.21 0.86 -
Cas(PO4);0H 19.72 18.26 16.66 14.78 13.07 -
Pbs(PO,);OH - 15.13 14.70 14.09 12.22 12.60
Pb3(POs4), - 9.04 8.78 8.42 7.30 7.54
PbHPO4 - 2.45 2.37 2.25 1.88 1.97

The SI values of PbHAp and CaHAp are considerably higher than other
phases, implying a higher driving force for nucleation of PbHAp and CaHAp phases
resulting in reduction of the ion concentrations such that the Pb3(PO4),, PbHPOy,,
Ca3(POy),, CaHPO,4, CaHPO4-2H,0, and CasH(PO4);3-3H,0 phases were not formed.
Several phases are predicted by PHREEQC. However, these phases do not appear
clearly in the XRD pattern because they are minor products or do not form.

This work obtained unexpected results. It may cause from the pH of the
solution is not suitable for the Ca-PbHAp formation. The Ca-PbHAp has been
obtained at pH 12 (Verbeeck, Lassuyt, Heijligers, Driessens, and Vrojijk, 1981).
However, this material also has been reported the formation at low pH of 3.92-5.22
(Yasukawa, Kamiuchi, Yokoyama, and Ishikawa, 2002) but the pH in this work is

much lower than that (pH 2-3). This because we cannot adjust pH of metal solutions
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in the experimental step due to the rapidly precipitate of Pb(NOs), with NaOH to
form PbsO3(NO3),(OH)s (XRD peaks as shown in Appendix B, pp. 116). Adjusting
pH of Pb(NO;), with C,H4(NH,), also shows the precipitation of solid phase
(Pb(OH),) in the system (Narasaraju, Singh, and Lao, 1972). Therefore, the pH of

solution is may an important factor for the formation of this material.

3.4 Conclusions

PHREEQC calculations show several Ca-P and Pb-P phases are
supersaturated, suggesting multiple products could be formed. XRD results suggest
the CaHAp and PbHAp phases are formed but Ca-PbHAp is not formed in this
system. These results are agreement with the solid solution study that show the graph
does not follow Vegard’s law. The pH of solution in the system is may an important

factor for the formation of this material.
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CHAPTER 1V
GEL CRYSTALLIZATION OF LEAD-PHOSPHATE

MATERIALS!

4.1 Introduction

Gel crystallization is an interesting technique because of its simplicity and
effectiveness in growing single crystals, especially of low solubility materials. This
technique has been applied to the study of crystal formation of materials occurring in
the human-related system, such as cholesterol stones, gall stones, and urinary calculi.
Furthermore, it provides an ideal technique to study crystal deposition diseases,
which could lead to better understanding of the cause of disease (Kalkura and
Natarajan, 2010; Ramachandran and Natarajan, 2002; Girija, Yokogawa, and Nagata,
2004).

The two methods used most often to grow crystals in gel media are single

diffusion and double diffusion methods (Santhana Raghavan and Ramasamy, 2000)

Single diffusion method
This method is a suitable method for highly soluble compounds which do not

react chemically with the gel medium. The “inner reactant” is set with the gel

'This work has been accepted for publication in the Engineering Journal (Saisa-ard and Haller, 2012).
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medium in the bottom layer of the container. After gel setting, the other reactant
solution called the “outer reactant”, is poured on top of the gel layer. The chemical
reaction occurs as the two reactants meet and crystals are obtained. The setting of this

method is shown in Figure 4.1.

-

~——
Reactant 11

Crystals Gel + Reactant I

Figure 4.1 Schematic illustration of the single diffusion method.

Double diffusion method

This method is more suitable for insoluble compounds or materials that react
with the gel medium. The reactant solutions are separated in the side arms of a U-tube
(Figure 4.2) by placing the two reactant solutions on top of the gel medium in the
opposing tubes after gel setting. Reactants diffuse through the gel medium and the

reaction occurs at the point they meet.
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Reactant I Reactant 11
Crystal \_/
growth «® *° : £ Gel

Figure 4.2 Schematic illustration of the double diffusion method.

Importance of gel technique
Growth of crystals in gel is a good technique not only for preparation of large
single crystals but also for control of defect formation. If the formation of crystals is
not perfect, it leads to imperfect determination of the physical properties such as
optical, electrical, and mechanical properties of the crystals (Santhana Raghavan and
Ramasamy, 2000). Some important features of this technique are listed below:
e The rate of reaction and nucleation can be controlled by varying the density
of the gel medium.
e The gel medium holds the crystals in fixed positions, minimizing external
disturbances.
e Fewer defects occur during the formation of crystals because of the slow
controlled rate of reaction.

e The crystals can be harvested easily
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e The growth of crystals at each stage can be observed in the glass reaction

vessel.

Crystallization of lead-phosphate materials in gel systems

Lead-phosphate (Pb-P) materials are interesting materials due to their
properties. Lead hydrogen phosphate (PbHPO.) and lead nitrate phosphate
(Pby(NO3)(PO4)) show dielectric, piezoelectric, and optical properties which are
useful in transducers and memory devices. Lead phosphate (Pb3(POs),) is known as a
ferroelastic material with a phase transition near 180 °C. The phase changes from a-
phase (C2/c ferroelastic phase) below 180 °C to B-phase (R3m prototypic phase)
above 180 °C (Guimaraes, 1979; Decker, Petersen, and Debray, 1979). Several
researchers have reported growth of PbHPO, and Pb,(NO;)(PO,) in silica hydrogel,
tetramethoxysilane gel, cross-linked polyacylamide gel, agar gel, and gelatin, (Desai
and Ramana,1990; Desai and Ramana, 1998; Robert and Lefaucheux, 1988; Biezina,
Havrankov4, and Dusek, 1976). The appearance of small crystals of lead
hydroxyapatite, Pbs(PO4);(OH), (PbHAp), in the gel layers or on the surfaces of other
Pb-P products has not been reported. PbHAp is a material of biological interest
because of the similarity to calcium hydroxyapatite, Cas(PO4)3;(OH), (CaHAp), the
dominant component in mammalian hard tissues such as bones and teeth; about 69
wt % and 95 wt %, respectively (LeGeros, 1991). The relationship of PbHAp to
CaHAp and its link to bone diseases like osteoporosis make the crystallization and
growth of these materials of interest.

This chapter presents results of Pb-P material growth in agarose gel with

varied density of the gel medium. The PHREEQC speciation program (Parkhurst and



75

Appelo, 1999) is used in this work to calculate possible phases in the Pb-P system
supporting formation of PbHAp and other Pb-P phases. The relationship between
synthesis conditions and crystal phases of products, including the formation of

PbHAp, are discussed based on the results obtained.

4.2 Experimental
Reagents
Reagents for preparation of gel medium
e Agarose powder (Vivantis, molecular biology grade)
Reagents for preparation of lead phosphate material
e Diammonium hydrogen phosphate, (NH4),HPO4
(Ajax Finechem, AR grade)
e Lead(Il) nitrate, Pb(NOs) (Ajax Finechem, AR grade)
Reagents for adjusting pH
e Sodium hydroxide, NaOH (Eka Chemicals AB, AR grade)

All solutions in this experiment were prepared from deionized water.

Sample preparation

Diffusion of two soluble compounds through the agarose gel was set for the
crystal growth in tubes as illustrated schematically in Figure 4.3. Crystalline products
are obtained in the gel when the two reactants meet. (NH4),HPO4 and Pb(NO3), were
used as PO, and Pb*" sources, respectively. Varied densities of phosphate gel (1.0,
1.3, 1.5, 1.7, and 2.0 % w/v of agarose) were prepared by dissolving agarose powder

in 20 mL water with stirring for 10 min at 100 °C to give clear solutions.
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Crystallization experiments were set in small test tubes (1.5 x 10 cm) by adding 3.0
mL of the appropriate hot gel solution to 2.5 mL of warm 0.6 M phosphate solution,
adjusting pH to 10 with NaOH, and allowing the mixture to stand 20 min to cool to
room temperature to gel. A second layer of pure gel (1.0, 1.5, and 2.0 % w/v) was
created by adding 1.5 mL of pure gel solution on top of the POs" gel layer and
allowing 20 min to set the pure gel layer, after which 2.5 mL of 1.0 M lead nitrate
solution at natural pH was added on top of the gel layers. All reactions were kept at
room temperature for two weeks. CO, was purged from the lead solution by passing
Ar gas through the solution for 5 min before transfer.

After two weeks the remaining solution was removed and the gel layers
separated. Each gel layer was warmed to melt the gel and the solid products filtered

off. The three solutions were combined and pH measured. The solids were washed

with cold water and dried at 100 °C for 24 h.

=

Pb2* solution

Pure gel layer

PO, gel layer

Figure 4.3 Experimental set up for gel crystallization of lead-phosphate phases.
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Characterization

Crystal morphologies were observed by optical microscopy using an Olympus
SZ40 microscope (Olympus, Japan) and scanning electron microscopy (SEM) using a
JSM 6400 electron microscope (JEOL, Japan). IR spectra were acquired on a Perkin-
Elmer model Spectrum GX Fourier transform infrared spectrophotometer (FTIR) in
wave number range 400-4000 cm ' from KBr pellets. Powder X-ray diffraction
(XRD) scans were used for phase identification, 20 range 10-60° using a D5005
diffractometer equipped with a Cu Ka X-ray source operating at 40 kV and 40 mA
and the XRD Commander Executable analysis software (Bruker axs, 2011). The
speciation program, PHREEQC V2 with the MinteqV4 database (Parkhurst and
Appelo, 1999) was used to calculate potential phase formation in the system

assuming complete instantaneous mixing of the reactants.

4.3 Results and discussion

Crystalline products were obtained inside both pure and PO4>~ gel layers for
all reactions as observed after two weeks reaction time. A typical result (density of

phosphate and pure gel of 1.7 and 2.0 % w/v, respectively) is shown in Figure 4.4.



78

Crystal in the

.
pure gel layer

Crystal in the

PO43 “gel

Figure 4.4 Crystalline products in pure and PO,’~ gel layers for a typical reaction.

Microscopic crystalline products were accompanied by a decrease in pH to 3
for all reactions studied. Their morphologies were observed by optical microscopy
and SEM. The crystal morphologies of products formed in the pure gel and PO,>~ gel

layers are illustrated in Figure. 4.5 and 4.6, respectively.
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Figure 4.5 Optical and SEM images of products formed in the pure gel layer. 1)
Optical (2.5X) and 11) SEM images. Density of pure gel layer is 2.0 %
w/v but different density of PO, gel: (a) 1.0, (b) 1.3, (c) 1.5, (d) 1.7, (e)

2.0 % w/v.
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Figure 4.6 Optical and SEM images of products formed in the PO,’" gel layer. i)
Optical (2.5X) and i1) SEM images. Density of pure gel layer is 2.0 %
w/v but different density of PO, gel: (a) 1.0, (b) 1.3, (c) 1.5, (d) 1.7, (e)

2.0 % w/v.
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Products appear as aggregates under optical microscopy in the pure gel layer
(Figure 4.5a(i)-e(i)) and in the PO, gel layer (Figure 4.6f(i)-j(i)). Individual
crystallites from the pure gel layer show equant habit (Figure 4.5a(ii)-e(ii)), and those
from the PO,>~ gel layer show plate-like habit (Figure 4.6f(ii)-j(ii)) as seen in low
magnification SEM images.

Needle-like crystals with dimension about 2.5 x 10 um are deposited on the
surfaces of crystal products formed in the pure gel layer as can be seen in SEM
images at higher magnification as shown in Figure 4.7. These crystals have similar
morphology to those reported for PbHAp (Mavropoulos, Rocha, Moreira, Rossi, and
Soares, 2004). This observation further confirms that multiple product phases occur
in this system, and indicates that they occur in sequential fashion. These small
crystallites observed only in the pure gel layer occur for all the different densities of
PO,>" gel layer.

IR wave number and assignments for the products are given in Table 4.1. All
products give almost identical spectra that show characteristic bands of PO,>~ group;
bands in the regions 955-1046 cmﬁl, 923-924 cmﬁl, and 519-601 cm' reveal the
asymmetric P—O stretching (vs), symmetric P—O stretching (v;), and O—P—O bending
(v4), respectively.

An ideal PO4> anion has tetrahedral point symmetry. Only absorptions
corresponding to the v3 (955-1046 cm ') and vg (519-601 cm ') vibrations should be
observed. The vy (923-924 cm™) and v, (388-449 cm ') vibrations would be allowed

in lower symmetry groups. The appearance of v; and v; in the IR spectra of both
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products from pure and PO,>” gel layers indicates the lower symmetry of PO,>™ in the

structure (Bhatnagar, 1970; Ternane, Ferid, Trabelsi-Ayedi, and Piriou, 1999).

ST 28 KU

Figure 4.7 SEM images of products obtained in the pure gel layer. Density of pure
gel layer is 2.0 % w/v but different density of PO4>~ gel: (a) 1.0, (b) 1.3,

(©) 1.5, (d) 1.7, (€) 2.0 % w/v.
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Table 4.1 IR frequencies and vibrational assignments of crystal products from pure

and phosphate gel layers.

Crystal in the pure gel layer

(em™)

Crystal in the PO, gel layer

(em™)

Assignment

~3555w, b

~1604 m

1384 vs

1348 vs
1046 sh
1004-1005 vs

955-956 vs

923-924 vs

813-814 vw
715-716 vw
705-706 vw
600-601 m

539m

519-520 m

398 sh

~1100 s,b

548 s

449 w

388 vw

P

(u; + v3) H,O
stretch

v,H,O bend
(v1 + v3) NO;

stretch

v3POy stretch

L 1PO4,
v HPO,4
stretch

V,NO;3 bend

H,O libration

v4PO,4 bend

v,PO,4 bend,

UzHPO4 bend

Abbreviations: w = weak, m = medium, s = strong, v = very, sh = shoulder, b = broad. Assignments: v,

= symmetric stretching, v, = bending, v; = asymmetric stretching, v, = bending.
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Water bending mode (1604 cm ') and O-H stretching mode (3555 cm™ ') are observed
for the products obtained inside the pure gel layer but not for products obtained inside
the PO,>~ gel layer. IR spectra of products formed in the pure gel layer also show
nitrate bands at 1348-1384 and 813-814 c¢cm ' which, along with the water bands,
disappear after heating at 600 °C (Figure 4.8). These bands may be due to residual
nitrate from starting compound as suggested in previous work (Stepuk, Veresov,
Putlyaev, and Tret’yakov, 2007). It is also possible that the nitrate and water bands

represent an additional unidentified phase.

NO,~ stretch NO,~ bend

%T |
] 2

4000.0 3630 3200 280C 1400 2000 180 1600 1400 1200 1000 800 600 3.0
cm-1

Figure 4.8 IR spectra of products formed in the pure gel layer. (a-c) before heating

and (d-f) after heating at 600 °C. Density of pure gel layer is 2.0 % w/v

but different density of PO,>~ gel: (a, d) 1.0, (b,e) 1.5, (c, f) 2.0 % wi/v.
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Products obtained in the pure gel layer exhibit a mixture of three phases
including PbHAp (JCPDS 1-0924), PbHPO,4 (JCPDS 6-0274), and Pb3;(PO4), (JCPDS
13-0278) as shown in Figure 4.9 while products formed in the PO4>~ gel layer show
only peaks due to PbHPO, and Pb;(POs); (Figure 4.10).

Peaks due to PbHAp and Pb3(PO4), phases are difficult to see because they are
minor products. Small needle-like PbHAp crystals on the surface of products

separated from the pure gel layer can be seen in the SEM images in Figure 4.7.

-MM—_—-M- Avmasrolasiioi, A Ln(—lj)-
. o oo (©)

Intensity (a.u.)
|
1

L] L] L L] l L} L] T T Ll L]
10 15 20 25 30 35 40 45 50 55 60
20 (degree)
Figure 4.9 XRD patterns of products obtained in the pure gel layer. Density of pure

gel layer is 2.0 % w/v but different density of PO, gel: (a) 1.0, (b) 1.3,

(©) 1.5, (d) 1.7, and (¢) 2.0 % w/v; (o) PbHPO,, (0) Pbs(PO4),, and (o)

PbHAD.
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Intensity (a.u.)

10 15 20 25 30 35 40 45 50 55 60
20 (degree)
Figure 4.10 XRD patterns of products obtained in the PO4> gel layer. Density of
pure gel layer is 2.0 % w/v but different density of PO4>~ gel: (a) 1.0, (b)
1.3, (c) 1.5, (d) 1.7, and (e) 2.0 % w/v; (o) PbHPO4, (0) Pb3(PO4),, and

(o) PbHAp.

These results are consistent with predictions (assuming instantaneous mixing
of all reactants in an aqueous solution) obtained from the PHREEQC program that
calculates saturation indices based on aqueous solution activities for all species
involved. A description of the PHREEQC program methodology is given in the
Chapter I (pp. 25-26).

Calculation of saturation index (SI) requires detailed knowledge of the

speciation of phosphate, lead compounds, and other related ions in the system.



87

Speciation of relevant phosphate and lead compounds in the system is given in Table

4.2.

Table 4.2 Acid dissociation constants (K,) for H3PO, speciation, and solubility

product constants (Ksp) and SI for various lead compounds.

H;POy4 speciation Ka1

H;PO, ==H,PO, +H" 6.309x 10

H,PO, == HPO,” +H" 6.760 x 10°°

HPO,” == PO, +H" 4.466x 107"
Relevant lead compounds Ksp2 SI°
Pbs(PO,4);0H + 7TH= 5Pb’’ + 3H,PO, + 6

o 1.621x 10 13.17
Pb3(POs), + 4H" = 3Pb*" + 2H,PO,4 2951x 10 7.88
PbHPO, === Pb*" + HPO,* 1.584x 102" 2.08
Pb(OH), + 2H" = Pb*" + 2H,0 1.606 x 107’ ~0.46

'Values from reference (Ure and Davidson, 1995)

*Values from minteq.v4 database in reference (Parkhurst and Appelo, 1999)

3This work for the system described in the text.

An initial pH = 10 in the PO4>~ gel and initial pH of 6 in the 1 M Pb(NOs),

solution, imply a pH gradient through the “pure” gel layer from 10 to 6 as the

reactants diffuse together (if all three layers were instantaneously mixed as an

aqueous solution the pH would be 8). At pH = 10 the phosphate speciation (Figure

4.11) predicts a small PO4>~ concentration and HPO4> as the dominant species. At pH
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= 6 H,PO, is the dominant species with only a few percent HPO,> and even less
PO,*". PHREEQC calculations based on the total initial concentrations of species in
all layers combined indicate that PbHPO,4, Pb;3(PO4),, and PbHAp would be
supersaturated (pH = 8, and SI = 2.08, 7.88, and 13.17, respectively). The larger SI
for the PO4> containing species in spite of the low PO,>~ concentration is a result of
their solubilities being considerably lower than that of the HPO4* containing species,

and suggests they may nucleate first.
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Figure 4.11 pH variation of ionic concentrations in the tripotic equilibrium for

phosphoric acid solutions.

As phosphate ion is removed from the gel by precipitation, the speciation
equilibrium will convert HPO,* to H™ and PO,*", lowering the pH and at the same

time adjusting the relative ion concentrations to favor HPO,”* until the hydrogen
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phosphate species nucleates. Of course if the hydrogen phosphate species nucleates
first, the opposite logic applies until the phosphate compounds nucleate, but this
would require two separate phosphate compounds to reach supersaturation and
nucleate, which seems less probable. As growth proceeds, the trajectory of the pH
will be determined by the relative sequestering of either or both phosphate or
hydrogen phosphate in the solid phases

At the beginning of the experiment, the pH gradient in the pure gel layer is
predisposed to higher pH by the procedure of placing the pure gel solution on the
phosphate gel layer. Diffusion of ions from the phosphate layer will commence
immediately, and a small amount of the phosphate gel will dissolve before the “pure”
gel sets. Both effects favor increased PO43 ~ ion concentration near the lead solution,
favouring initial precipitation of the phosphate phases in the pure gel layer. The
presence of PbHAp in the pure gel layer but not in the phosphate layer can be
understood based on the higher Pb>":PO4” ratio (5:3 vs 3:2) required for the PbHAp

phase relative to the Pb3(PO,), phase.

4.4 Conclusions

Speciation calculations indicate the possibility of forming mixed phases of
PbHPO,, Pb3(PO4),, and PbHAp in this system. XRD results confirm their formation,
including the previously unreported gel precipitation of PbHAp. IR spectra of the
crystalline products exhibit v; and v, vibrational bands indicating the point symmetry
of PO,>" is lower than tetrahedral. Formation of the microscopic crystalline products
was accompanied by a decrease in pH from 8 (theoretical for all layers mixed) to 3

for all reactions studied, consistent with PbHPO4 being the major product. Formation
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of PbHPO4, Pb3(POs),, and PbHAp phases with changing pH may be an important
key for better understanding of the precipitation of biological hard tissues and the

environmental geology of lead and phosphorus.
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CHAPTER V
CRYSTALLIZATION OF LEAD HYDROXYAPATITE

BY USING REFLUX METHOD'

5.1 Introduction

Reflux method

Reflux allows a mixture to be heated constantly without monitoring and
without loss of material. A reflux vessel such as a round bottom flask is attached to a
water cooled condenser which prevents vapors from escaping during the heating
process.

The advantage of this technique is that it can be left for a long period of time
without the need to add more solvent or fear of the reaction vessel boiling dry as any
vapor is immediately condensed and returned to the reaction vessel. In addition as a
given solvent will always boil at a certain temperature, one can be sure that the
reaction will proceed at a constant temperature. By careful choice of solvent, one can
control the temperature within a very narrow range. The constant boiling action also
serves to continuously mix the solution, although a magnetic stirring rod mechanism
is often used to assist achievement of a uniform solution. This technique is useful for
performing chemical reactions under controlled conditions that require substantial

time for completion.

'This work has been submitted for publication (Saisa-ard and Haller, 2012).
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Crystallization of lead hydroxyapatite by calcium hydroxyapatite dissolution
Calcium hydroxyapatite, Cas(PO4);(OH), (CaHAp) is of interest because of its
occurrence in biological hard tissues such as bones and teeth (LeGeros, 1991).
Divalent cations such as Pb*" can substitute for Ca®" ions in the CaHAp structure.
Complete substitution of Pb>" ions into CaHAp structure results in isostructural lead
hydroxyapatite, Pbs(PO4);(OH), (PbHAp). PbHAp has been studied including its
structure (Briickner, Lusvardi, Menabue, and Saladini, 1995; Kim, Fenton, Hunter,
and Kennedy, 2000) and solubility properties (Valsami-Jones, Ragnarsdottir, Putnis,
Bosbach, and Kemp, 1998) partly because the accumulation of Pb>" in bones can lead
to bone diseases like osteoporosis. Therefore, the relationship between CaHAp and
PbHAp in terms of their structure and properties might be an important key for
understanding the accumulation of Pb** in bone. Studies of Pb*" immobilization by
synthetic CaHAp have been reported (Mavropoulos, Rossi, and Costa, 2002;
Mavropoulos, Rocha, Moreira, Rossi, and Soares, 2004), and show dissolution of
CaHAp in Pb** solution and then concomitant crystallization of PbHAp in the system.
The mechanism in acidic conditions has been proposed (Dong, Zhu, Qiu, and Zhao,
2010) as
Dissolution:

Cas(PO,);(OH) + 7TH'— 5Ca*" + 3H,PO, + H,O0 e, (5.1)

Precipitation:

5Pb2+ + 3H2PO4_ + H20_> 7H+ + Pbs(PO4)3(OH) .............. (52)
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This chapter reports preparation of larger PbHAp crystals for studies of their
structure and solubility properties. A reflux method was used to increase CaHAp
dissolution rate, and thus, PbHAp crystallization rate in the system. The relationship

between reaction times and crystal morphologies of products is discussed.

5.2 Experimental

Reagents
Reagents for preparation of CaHAp and PbHAp materials
e Diammonium hydrogen phosphate, (NH4),HPO4 (Ajax Finechem, AR
grade)
e Calcium nitrate tetrahydrate, Ca(NO;),-4H,O (Ajax Finechem, AR
grade)
e Lead(Il) nitrate, Pb(NOs), (Ajax Finechem, AR grade)
Reagents for adjusting pH
e Sodium hydroxide, NaOH (Eka Chemicals AB, AR grade)

All solutions in this experiment were prepared from deionized (DI) water.

Preparation of CaHAp material

CaHAp was prepared by dropwise addition of 100 mL of 0.6 M (NHy4),HPO4
solution into 100 mL of 1.0 M calcium nitrate solution prepared from
Ca(NOs),4H,0, while stirring at room temperature and maintaining pH of the
solution at 11 with 1.0 M NaOH. After addition of the phosphate solution, the
suspension was stirred continuously 30 min. The precipitate was separated by

filtration, washed with water three times, and dried at 100 °C for 24 h.
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Crystallization of PbHAp by reflux method
Ground CaHAp, 0.2 g, was added into 80 mL of 917 mg/L Pb*" solution
(0.1172 g of Pb(NO3),) and refluxed for 24 h or 48 h. The precipitates were separated

by filtration, washed with water three times, and dried at 100 °C for 24 h.

Characterization

Crystal morphologies were observed by scanning electron microscopy (SEM)
using a JSM 6400 electron microscope (JEOL, Japan) equipped with energy
dispersive X-ray fluorescence (EDX). IR spectra were acquired on a Perkin-Elmer
model Spectrum GX Fourier transform infrared spectrophotometer (FTIR) in
wavenumber range 400-4000 cm ' from KBr pellets. Powder X-ray diffraction
(XRD) scans were acquired for the 20 range 10-55° on a Bruker axs D5005
diffractometer equipped with a Cu Ko X-ray source operating at 40 kV and 40 mA,
and the XRD Commander Executable analysis software (Bruker axs, 2011) for phase

identification of products.

5.3 Results and discussion

The SEM images of CaHAp before and after refluxing are shown in Figure
5.1. Crystalline product after refluxing for 24 h exhibits needle-like crystal
morphology (Figure 5.1b), while crystalline product after refluxing for 48 h shows
hexagonal-rod crystal morphology (Figure 5.1c). The product crystal size increased

with increasing reaction time; the largest crystal size is about 10 x 10 x 40 um.
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Figure 5.1 SEM images of CaHAp. a) Before refluxing, and after refluxing in Pb*"

solution (917 mg/L) for b) 24 h and c) 48 h.

The EDX spectrum of CaHAp substrate (Figure 5.2a) shows high intensity Ca
peaks with calcium to phosphorous ratio of about 5:3 as expected for CaHAp. The

EDX spectrum of the crystalline products after refluxing 24 h in lead solution show
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high intensity Pb peaks with lead to phosphorous ratio of 5:3 as expected for PbHAp
(Figure 5.2b). The Pb peaks of the EDX spectrum of product after 24 h reflux are
indistinguishable from Figure 5.2b. Low intensity Ca peaks are also observed in both
product spectra, consistent with CaHAp impurity due to the growth substrate. This
result is consistent with the XRD result that shows mixed phases of CaHAp and

PbHAD.

b)

40

Figure 5.2 EDX spectra of a) CaHAp substrate before refluxing and b) products after

refluxing in Pb** solution (917 mg/L) for 24 h.
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PbHAp and CaHAp phases were identified after 24 h and 48 h of reaction and
the results are shown in Figure 5.3. XRD patterns of products after refluxing show
mixed phases containing PbHAp (JCPDS 08-0259) and CaHAp (JCPDS 09-0432)
due to difficulty in separating the PbHAp from the CaHAp substrate. The presence of
PbHAp after 24 h is confirmed by peaks corresponding to PbHAp in the JCPDS
database (International Center for Diffraction Data, 2004). Needle-like crystals of this
phase were observed by SEM (Figure 5.1b) on the surface of the CaHAp substrate.
After 48 h, the XRD pattern of the product clearly shows the PbHAp phase as the
major phase with the intensity of PbHAp peaks considerably increased. This result
indicates that the phase formation of PbHAp increased with increased reaction time in
agreement with previous work (Mavropoulos, Rossi, and Costa, 2002). PbHAp

crystal product is present as hexagonal-rod shaped crystals as shown in Figure 5.1c.

F-Y
‘ o CaHAp
A PbIHAp
200 -
o
- AI i ?e ° L oo} 24
CX UL L SR YL N
2 i
] ll! "" lJI| ‘o ! ]‘ ’Lﬁ
A 'f\ A “ ! .'Ul ! 48h
O_MMW' iy WMNW M
1o'1ls.zlo'zls;‘3|u‘35 40 4Is.sln'55
20 (degree)

Figure 5.3 XRD patterns of products after refluxing in Pb*" solution (917 mg/L) for

24 h and 48 h.
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IR spectra of CaHAp and products (Figure 5.4) show PO, vibrational bands in the
961-1092 cm™' and 562-632 cm ' regions corresponding to P—O stretching and
O-P-0O bending modes, respectively. Water O—H stretching vibrational bands are
present at about 3468 cm ' in the CaHAp spectrum and 3571 cm ' in the product
spectra. A broad band in the 3000-3700 cm ™' region and a weak peak at 1639 cm™ in
the CaHAp spectrum consistent with O—H stretching and H-O-H bending of water.
The same spectrum also exhibits the nitrate stretching noted in a previous chapter in
the 1348-1384 and 813-814 cm ™' regions. The IR spectrum of CaHAp shows bands of
NO;~ stretching at 1384 cm ' and NOs  bending at 873 cm ' in agreement with
previous work (Stepuk, Veresov, Putlyaev, and Tret’yakov, 2007). The nitrate may
come from the incorporation of residual nitrate from starting compound. The
adventitious ion appears to be a minor impurity that does not appear to carry over into
the PbHAp product crystals. As such, further attempts to identify it were not carried

out.
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Figure 5.4 IR spectra of CaHAp before refluxing and the products after refluxing in

Pb*" solution (917 mg/L) for 24 h and 48 h.

5.4 Conclusions

The reflux method of CaHAp dissolution to provide phosphate anion in the
presence of lead cation succeeds for producing larger sized crystals of the less soluble
PbHAp from the aqueous solution. Product crystal size increased with increasing
reaction time. EDX results are consistent with the XRD results and show mixed
phases of CaHAp and PbHAp due to difficulty in separating the PbHAp from the
CaHAp substrate. IR results indicate the incorporation of nitrate in the CaHAp
substrate, however, this ion does not appear to carry over into the PbHAp product

crystals. As such, further attempts to identify it were not carried out.
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CHAPTER VI

CONCLUSIONS

Apatite and related materials including calcium hydroxyapatite (CaHAp), lead
hydroxyapatite (PbHAp), and other calcium-phosphate, lead-phosphate, and calcium-
lead-phosphate materials were studied in this work. Precipitation, gel crystallization,
and reflux methods were utilized to prepare apatite and related materials. Bond
valence calculations were analyzed for the published PbHAp structure. The
PHREEQC speciation calculation program was used to predict possible product
phases in the system.

Bond valence calculation results demonstrate discrepancy in the expected
bond valence sum values of P, Pb(2), and O(4) atoms in the PbHAp structure. The
O(3) atoms were adjusted to improve bond valence sums of P and Pb(2) atoms, but
the bond valence sum of Pb(2) was still below its expected oxidation state value. The
O(4) atom was moved from (0, 0, 0) to (0, 0, 0.1200) to improve the bond valence
sum of the O(4) and Pb(2) atoms. Results after modification of O(3) and O(4)
improved the bond valence sums over the published structure but they are still not
optimal. These results suggest there is probable error in the published PbHAp
structure model.

Results from a gel crystallization method show crystalline products formed
inside both pure and PO,>" gel layers after two weeks reaction time. Crystalline

product formed in the pure gel layer shows equant crystal morphology while product
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formed in the PO4>~ gel layer shows plate-like crystal morphology. Products in the
pure gel show needle-like crystals on the surface of larger crystalline product
indicating multiple product phases in this system consistent with XRD and
PHREEQC results. XRD patterns of products obtained in the pure gel layer exhibit
mixed phases containing PbHAp, PbHPO,4, and Pb3(PO4), while products formed in
the PO4>~ gel layer show only peaks due to PbHPO,4 and Pbs(PO,), phases. These
results are in agreement with PHREEQC results which indicate, PbHAp, Pb3(POy4),,
and PbHPO, are supersaturated. IR spectra of products from both pure and PO,>~ gel
layers exhibit the v, and v, vibrations indicating the PO, group in the structure has
lower than 7; symmetry. The decrease in pH from 8 (theoretical for all layers mixed)
to 3 for all reactions studied is due to the speciation equilibrium converting HPO4*™ to
H" and PO’ as PO,>~ containing species are precipitated. The presence of PbHAp in
the pure gel layer but not in the PO, layer can be understood based on the higher
Pb*":PO,’" ratio (5:3 vs 3:2) required for the PbHAp phase relative to the Pby(PO4),
phase and the increment of PO437 ion concentrations near the lead solution from
placing pure gel solution on the PO,>~ gel layer in the gel preparation step.

Results from a reflux method show needle-like and hexagonal-rod crystal
morphologies of products after refluxing for 24 h and 48 h, respectively. The crystal
size increased with increasing reaction time. The EDX spectra of CaHAp substrate
and crystalline product show Ca/P or Pb/P ratio of about 5:3 as expected for the
respective apatite materials. Low intensity Ca peaks are also observed in the product
spectra, consistent with CaHAp impurity due to the growth substrate. This result is
consistent with the XRD result that shows mixed phases of CaHAp and PbHAp. The

intensity of the PbHAp peaks of the product increased greatly with time and clearly
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show PbHAp as the major product phase. IR spectra of CaHAp and products show
vibrational bands of PO,’ -, H,O, and NO;5 ™.

Vibrational bands of nitrate were observed in products from both gel
crystallization and reflux methods. Nitrate may come from the incorporation of
residual nitrate from starting compound. However, the nitrate ion does not appear to
carry over into the PbHAp product crystals.

Ca-PbHAp materials were also studied in this work. A precipitation method
was utilized for preparation of apatite materials. XRD results suggest the CaHAp and
PbHAp phases are formed but Ca-PbHAp solid solution is not formed in this system.
PHREEQC calculation results show several calcium-phosphate and lead-phosphate
phases are supersaturated suggesting multiple products may be formed in this system.
However, these phases do not appear clearly in the XRD pattern because they are
minor products.

Studies of the formation of apatite and related materials may be an important
key for understanding of the precipitation of biological hard tissues and the

environmental geology of lead and phosphorus.
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APPENDIX A

SUPPORTING INFORMATION FOR CHAPTER I

A.1 K, with the double formula of CaHAp

A discrepancy in the K, values of CaHAp has been reported (McDowell,

Gregory, and Brown, 1997; Valsami-Jones, Ragnarsdottir, Putnis, Bosbach,

Kemp, and Cressey, 1998; Tanaka, Miyajima, Nakagaki, and Shimabayashi, 1991;

Zhu et al., 2009). The K, value of CaHAp calculated from its double formula is 58

orders of magnitude (10~°%) lower than that calculated from its empirical formula as

shown, based on literature reports, in Table A.l.

conventional empirical formula has been used for

compounds.

Table A.2 The K, values of CaHAp materials.

Throughout this thesis the

CaHAp and all other ionic

Formula K, Author and year
Cas(PO4)3(OH) 10782 McDowell et al., 1977
10°7-107 Valsami-Jones et al., 1998

1075302 _ 10753.51

CalO(PO4)6(OH)2 1071 15.8

Zhu et al., 2009

Tanaka et al., 1991
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APPENDIX B

SUPPORTING INFORMATION FOR CHAPTER III

B.1 PHREEQC input
PHREEQC input of 5Ca

060412 CaHap pure
: \DOCUME~ 1\ st \LOCALS~1\Temp\phrqg0000 . tmp
:\Documents and Settings\sut\Desktop\060412 Ca-Pb

Input file:

output file:
apatite.out
Database file: C:\Program Files\Phreegc\Databases\minteq.v4.dat

[

e

SOLUTION MASTER SPECIES
SOLUTION SPECIES
SOLUTION SPECIES

PHLSES

PHASES

SURFACE MASTER SPECIES
SURFACE SPECTIES

END -

TITLE CALCTUM-LEAD HYDROXYAPATITE
SOLUTICN 1

units ppm
pH 8
temp 24.0
Ca 40000
F 18586
N 44303
N 1838

M w
=
=
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PHREEQC input of 5Pb

060412 PbHap pure
Input file: C:ADOCUME~1%\sut\LCCALS=1%Tenp’phogldal., tmp

output file: C:\Documsnts and Settingsisut\Desktop\0&0412 Ca-Fb
apatite.out

Datzbase file: C:\Program Files‘\Fhresgc\Databases‘minteg.vd.dat

SOLUOTION MASTEE SPECIES
SOLUOTION SPECIES

SOLUTI GH SPECIES

PIIASES

PHAZES

STIDTR,ST WHAOCTMTD ODTSTE
AL Ml VA L Sl S DD L

SURFREE_SPEﬂIEE
END

[#r]

TITLE CALCIUM-LERD HYDROXYAPATITE

SOLIOTION 1
units  pom
pH =
Temp Z4.0
Fh 220720
P lg5h86
i} 4003
Ha 1238

END
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PHREEQC input of 4Ca:1Pb

DEG=lZ dACslrl apatize
Input £ilo: CHYD0OCUME-LS\sut\LOCALE~1%Tome phegtd 00 . twp
putpurt filgtr CriCooumante and EettingssuthdesktophCa-Fb qpatibe solid
selutionh\ 00412 Ta-Pa apatite.oct
Databoase Liloyr Cf wOrageam FlleshDhrocgeyDatobaacssmintog.vd. 3ac

SOLUTION MNSTESR SPECIES
SOLUTION SPECIZS
BOLUTION BSEEAIZS

PHASES

PHESFS

AULFACE MAOTER OPECIES
SUEFRCE SPECIES

T
EETRLE S

B E RS P ST PEES 1 ATRAT ERIEATARFERERG & LN 0 e
d bl chRL'GLJUNTLLAY) DLIUONS LD L LS
Il

SOTITTON

pH B
temp L0

Tk 14143

Za 000

P 1ELEG

b 448073

&} 1E3E
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B.2 PHREEQC output

PHREEQC output of 5Ca
Ehaze ST log IRZ log KT
Ca3 (PO4)Z (beta) 8.28 -2Z0.e7 -2B8.35 cCa3(ro4):Z
Ca4H(PC4) 3:3H2Z0 9.56 -37.52 -47.08 Ca4H(P04)3:3HZ2D
CaHPO4 2.54 -16.76 -19.29 CaHPO4
CaHDO4 :2H20 2.15 le.B2 19.01 CaHTC4:2HZ20
Hydroxylapatite 19.72 -Z4.el -44.33 Ca5(p04)30CH
Lime -20.00 12.81 2.81 cCao
Cc2(g) —-35.4%5 47.93 §3.43 02
Eortlandite -10.10 12 .7 22.88 cCa(0H):Z2
PHREEQC output of 4Ca:1Pb
rhase 51 log 1AP log KT
Ca3{P04)2 (beta) 7.41 -21.54 -28.5%5 CZa3{pdo4)Z
CadH (PO4) 2: 3RO B.40 =-38.68 -47_.08 CaduH(PO4)}3I:3H2O
CaHPO4 2.25 -17.04 -19.29 CaHPO4
CallFO4 : 21120 1.30 -17.11 -19.01 CallP04:ZI120
Hydroxylapatite 18.26¢ -26.07 -44.33 CZa5(pD4)30CH
Hydroxylpyromorphite 15.13 -47.66 -62.79 Fb5(PD4)30CH
Lime -20.31 12.51 2.81 Ca0
Litharge -4 .54 g.19 12.73 PbO
Massicot -4.75 g.149 12.92 Pho
Minium -25.24 48 .53 73.77 Pbio4
02 (g) —-35.30 47.53 83.43 0OZ
Ph (CH) 2 -0.03 g8.15 g.18 Pbi(0H)?Z
Pb20(0H) 2 -9.35 l6.34 26.19 PbZO(0H)Z2
Ph203 =20.70 40_.34 e1_.04 PhZO3
Ph3(P04)2 9.04 34,49 -43.53 PbI(pD4)Z2
FLIIFC4 2.45 —-21.36 -23.00 FPblIFo4
Pbmetal -20.02 -15.78 4.25 Pb
PRC: 0. 3HZ0 -4 .30 8.18 12.98 PbO0:0.33HZ0
Plattnerite -17.62 2.15 49.77 FPbo2
Portlandite -10.41 12.47 22.88 CaloH)Z2



PHREEQC output of 3Ca:2Pb

Fhase 5I log IAP
Ca2(P04d)Z (beta) 6.4& 2z2.4%9
CadH (PO4) 3:3EZ0 7.12 -39.096
CaHPO4 1.84 -17.35
CaHPC4 :ZHZO 1.58 -17.43
Hydroxylapatite 16.66 =-2T_.67
Hydroxylpyromorphite 14.70

Lime -20.684 12.18
Litharzgs -4 .64 0.09
Massicot -4 .84 8.09
Minium -25.53 43 .24
0Z (g} —35.50 44.93
Pb (OH) 2 -0.13 8.06
FbZ20 (0H) Z -10.04 le.15
Fh203 -20.89 40.15
Fb3(F04)2 8.78 -34.75
FbHPOJ 2.37 -21.44
Fbmetal -20.12 -15.87
PhC: 0. 3820 -4.40 g.08
PlalLlnerile -17.7Z2 32.06
Partlandite -10.74 12.14

PHREEQC output of 2Ca:3Pb

Pha=e 3T locg ILP
Cai{rodrZibeta) 5.34 -23.82
CadH (PO4)3:3HIO 5.2 -41.4%8
ZaHPG4 1.37 -17.72
CaHPBOA4 -2H2O 1.21 -17_8D0
Hydroxylapazite 14.78 -25.55
Hydroxylpyromorphlte _4.0%
T-|-r-||: L iy T [
Lithargc 4 .77 7.06
Massicot -4 .37 7.96
Minium -25_32 4785
02 (qg) -35.30 47.92
Fh (OH) 2 -0.2¢ 7.92
FbZO (OH) 2 -10.30 15.88
Fh2Z03 -21.16 39_88
Fbl (P0O4) 2 B.42 -35.11
FhHEQ4 2.2 -21.55
Phnetal -20.23 -16.00
PhO:-0_3HZD -5.03 7495
Plattnerite -17.3 31.92
Portlandite -11.13 11.7

|
19
oo

log KT

.85
.08
.29
0L
-33

-48.09 -eZ.

2.82
12.73
12.93
13,77
L4323
g.18
.19
.04
.33
.80
4.25

R

log ET

20 ag

P e e

-L£7.08
-19.29
_14 01

R N

-£4 33

]
- _EL
yey .
i

12.73

12.93
77

1307
6§3.43

26
gl
—-£3
—-23

.18
.04
.33
.80

12.98
49,77
22.88

A
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Ca3 (P04 2
CadH(PO4) 3:3H
CaHPO4

CaHPO4 : 2ZHZ20
Cab(pod) 2CH
79 Pb5 (FO4) 3CH
Cad

Fbo

PbO

Pb304

Oz

Pk (CH) 2

Pb20 (CH) 2

Pb203

Fbh3 (FO4) 2

FPbHPO4
Pb
Pb0O:0.
PLOZ
Ca (OH) 2

2C

33H20

Fby (OH) 2
P20 (OH) 2
Fb203

Fo3 (PO4) 2
FoHPO4
Pl
Ph -
PbOL
Ca (QOH) 2

.3A3H2O
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PHREEQC output of 1Ca:4Pb

Fhase SI log IAP 1log KT

Ccal {PC4) 2 |(beta) 4 .31 —24 .64 -—-2£.95 cal(roi)?2
CadH(ECA) Z:3HZO 4.25 -A2.83 -A7.08 cCcadB{pP2A)3:3H2O
CaHPO4 1.22 -18.0& -=1C¢.20 cCgHPO4

CaHPnd - 2HIO O_.8fr —=T8_15 -—1C_01 CadPOd 2920
Hydroxzvlapatite 13.07 -31.27 -44.33 cCa5(p0od)3cH
Hydroxzvlpyromorphite 12.22 -50.57 -62.7% Pb5(P24)30H

Lime -21.37 11.44 32,81 cCao

Litharge -5.15 7.58 12.73 FboO

Massicot -5.35 7.58 12.93 Pho

Minium —-27.07 46,70 T3.77 Fb30d

LZ{g) -35.51 47,92 B3.43 0QZ

Fb(COH) 2 -0.65 T.54 8.18 Pb(oH)Z

FL20 (CH) 2 -11.07 15.12 2€.19 PL2O{CH) 2

FbL202 -21.92 39.12 £l1.04 PL20O3

PbL3 (PCA) 2 7.3 -36.23 -43.% Pk (PO1)2

PbLHEPO4 1.813 -21.82 -22.£0 PkHPO4

Phmetal -20.87 -16.38 4 .75  Ph

FbhO:0.32E20 -5.41 7.57 12.98 PbO:0.33320

Plattnerite -15.214 31.54 4 .77  FPbhoZ

Portlancite -11.43 11.40 22.E88 cCcal[OH)Z
PHREEQC output of 5Pb

FPhase 53I log IRP log KT

Hydroxvlipyromorohite 12.60 -50.19 -g£2.79% FPbS(p0o4)320H

Lithargs -5.08% 7.64 12.73 EbO

Massicot -5.29 7.64 12.93 EbO

Minium —26_8 da_RG T3.77T Fh3ind

a7 (a) -35 .32 477 _ 917 A3.43 2

Ph(0H) 2 -0.39 T80 2:18 EhioH)2

PL2D (OH) 2 -10.324 15.24 26.19 EbZO(COH)Z2

Ph203 -21.3 35.24 e¢l.04 Ekb203

PLI(PO4) 2 T.34 -35.00 -43.52 Eb3I(204)Z2

PbLHPCA 1.37 -=-21.84 -232.80 EbHP2A

Fbhm=tal -20.36 -1&.31 4.z Fb

FbC: 0. 31120 -5.35% T.E63 12.98 FbO:0.233I120

Plattnerite -18.18 31.60 49 .77 FEhoZ2
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B.3 XRD peak pattern of PbsO3(NO;3),(OH),

= Product

PbO3(NO;3),(OH),4

- (JCPDS 23-1158)
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O [E10NE I TNa0t 0,100 | mpor
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o

Figure B.3 XRD pattern of product from adjusting pH of Pb(NO3), solution with

NaOH compared with the JCPDS database.
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B.4 FTIR spectrum of product from adjusting pH of Pb(NO;),

solution with NaOH

YT

3386.33

1354.67

1384.34

4000.0 3000 2000 1,500 1000 500 370
cm

Figure B.4 IR spectrum of product from adjusting pH of Pb(NOs), solution with

NaOH.



APPENDIX C

SUPPORTING INFORMATION FOR CHAPTER 1V

C.1 Setting gel in test tubes

a) c)

Figure C.1 Microscopic pictures of crystalline products after 2 weeks of reaction.
Crystalline product (a) in test tubes, (b) in the pure gel layer (2 % w/v),

and (c) in the PO,>™ gel (1.7 % w/v).
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C.2 Setting gel in reactors

c)

Figure C.2 Setting gel in the reactor. (a) reactor before setting gel, (b) after setting

gel, and (c) 2 weeks after reaction.
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C.3 Setting gel in plastic boxes

¢)

Figure C.3 Setting gel in plastic boxes. (a) plastic boxes before setting gel, (b) after

setting gel, and (c) after adding reactants.



C.4 PHREEQC input

Input file:
Cutput file:

150212 PoHAF pH = &
CrNDOCUME~L Y\ sut\LOCALS~ 1 \Temp \ phrgt000 ., tmp
D:“PFHEEEQC resulth 150212 PbHAP pH = 8.out

122

Database file: C:\Program Files‘Phreegc\Databases\minteg.vd.dat

SsEatasaa

SOLUTION MASTEER SEECIES
SOLUTIOR _SFECIES

S P e A e

oLl _UH_D-EL'\-\_- 1L
PHASES

FHRSES

SURFACE MAOSTER SFECIES
SURFACE_RPRCTRES

END

TITLE LEAD IYDROHYRDPATITE
EOLOTION 1
units pom
pH B.0
temp 24.0
5 =) 207200
F 134010
Ha 13472
] 44757
PHASES

ETARTI
=P



C.5 PHREEQC output

Fhass 5I log IAP
Hydroxylpyromorphite 13.17
Tithargs -4_47 776
Massicot -5.17 7.76
Minium 26.53 47 .25
02 (g} -35.51 47.91
Py {(CH) 2 -0.4€ T7.72
Pb20(CH) 2 -10.71 15.48
Pb203 -21.5¢€ 39.48
Ph3(PO4) 2 7.88 -35.65
PbHPO4 2.08 -21.7
Phmetal -20.44 -18.149
PbG:0.3H20 =5..23 T7.75
Plattnerite -128.0¢ 31,72

log

-£9.62

12
12.
3.
63
8.
26.
gl.
—£3.
-23.
4.
12
40,

ET

-62.79

73
53

77
17

23

18
19
04
53
80
25
53

i

FhO

PbO

L3204

()2
FL(OH] 2
Pb20(CH) 2
Pb203

Pb3 (PC4) 2
PbHPO4

Fh

- Y b T | L]
FbO:0.33H20

123

Pb5 (PO4) 30H



APPENDIX D

SUPPORTING INFORMATION FOR CHAPTER V

D.1 Microscopic images of CaHAp

'

1 BHm
SUT™ 28KY w458 . 39mm

Figure D.1 Microscopic images of CaHAp. a-b)TEM and c) SEM.
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D.2 SEM images of products after refluxing in lead solution

SUT  18KU

s IB.H’I|'|
ST 1aky #1,308 48mm

Figure D.2 SEM images of products after refluxing in Pb*" solution (917 mg/L).

The reaction times are a) 24 h and b-d) 48 h.
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