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Abstract

Nano-carbonate hydroxyapatite
synthesis through CO, absorption
and wet precipitation

Hye Kyoung Lee
Department of Materials Science and Engineering
The Graduate School

Seoul National University

Calcium phosphate compounds are used as a bone implant material for
the treatment of bond related disease or injury. Among many calcium
phosphate compounds, hydroxyapatite (HAP, Cajp(PO4)s(OH);) and B-
tricalcium phosphate (B-TCP, Cas(PQ,),) are the most widely used. Although
the major components of natural bone are calcium and phosphate, there are
many other ions in the bone such as carbonate, sodium, and kalium. Therefore,
many studies about ion substitution in HAP were reported. Especially, the
carbonate substituted hydroxyapatite is of great interest because of its
composition similarity with natural bone and potential to enhance bioactivity
of bone grafts. There are many carbonate hydroxyapatite synthesis methods,
but most of them use carbon containing chemical for the source of substituted
carbonate during the synthesis.

In this research, nano-carbonate hydroxyapatite (CHA) was
successfully synthesized through wet precipitation method in aqueous solution.
By creating superoxide anion radical in the system, atmospheric CO, was

captured and used as a source of carbonate groups in CHA. CHA formation



was confirmed using XRD and FT-IR analysis, and comparison study between
synthesized CHA and HAP was carried out. The gas chromatography result
showed that our CHA synthesis system absorbed large amount of CO, in the
air efficiently. After that, we observed phase transformation occurred during
the CHA synthesis. The result showed that dicalcium phosphate dehydrate
(DCPD) was intermediate phase of CHA. Lastly, we succeeded in controlling
substituted CO3; amount in CHA by controlling used H,O, amount. As a result,
we successfully synthesized CHA with bone similar composition.

This research has two major impacts. First of all, this synthesis method
proposes a new way to mineralize large amount of atmospheric CO, and use
the mineralized form of CO, as the carbon source of CHA. Second,
synthesized CHA can be used as bone implant material because of its
chemical composition similarity to natural bone. Consequently, our CHA
synthesis system presents the innovative method for synthesizing bone

implant material while capturing atmospheric CO,.

Keywords: carbonate hydroxyapatite, wet precipitation, CO, absorption,
superoxide anion radical, implant material, bone
Student Number: 2014-21458
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Chapter 1. INTRODUCTION

1.1 Introduction of biominerals and calcium phosphate
compounds as bond implant material

Living organisms in nature can make inorganic compounds through
the interactions with surrounding ecological environment'. These inorganic
compounds can be defined as biominerals. Humans also have mineralized
tissues inside their body, teeth and bone. Teeth brake down the food before
entering the digestive system, and this make easy for the digestive organs to
absorb nutrients in the food. Bone supports our body as the framework and
protects the body’s internal organs from the external shock. Additionally bone
stores several minerals and produces produce blood cells. In this regard, hard

tissues are considered as very important organs in the body.

1.1.1 Chemical composition of human bone

Bone is a heterogeneous composite material consisting a mineral
phase, an organic phase, and water?. Of its dry mass, approximately 70% of
mineral comprise of the bone’. Organic materials in human bone are known to
be collagen, non-collagen proteins, and lipids®. Main components of mineral

part of bone are Ca, P, CO3, Na, and Mg, and their amount ranges are shown



Table 1.1 Main components’ composition range in bone mineral**

Component Range (wt%)

Ca 32.6~395

P 13.1~18.0
CO3 23~80

Na 0.26 ~0.82

Mg 0.32~0.78

Citrate 0.04 ~ 2.67

in Table 1.1'*. As shown in Table 1.1, calcium and phosphate take up large
parts of the bone. In this regard, it is known that calcium phosphate
compounds compose most inorganic parts of human bone®®. Hydroxyapatite
(HAP: Cayo(PO.)s(OH),) is the primary calcium phosphate phase in the bone®.
Therefore, calcium phosphate compounds such as synthetic HAP and B-

tricalcium phosphate used as a bone graft material for bone disease treatments.

1.1.2 Requirements for bone implant material

For the efficient bone implant, the material has to provide suitable
environment for bone regeneration. In this regard, a few requirements should
be considered in the selection of bone graft material. First, the material should

have biocompatibility”. This means that implanted material is neither toxic nor



carcinogenic to prevent the death of surrounding tissue. Second, the material
should be biodegradable’. Because the ultimate goal of the treatment that
using implant is allowing regenerated bone tissue to replace the grafted
construct, the material used in bone implant should dissolve in the body
without causing any problem. Finally, bioactivity is required for the bone graft
material®. Bioactivity contains the meaning of osteoinductivity and
osteointegrativity. Osteoinductivity is a property that makes stem cells
differentiate into bone regenerating cells, and osteointegrativity is a property
that allows the implant to connect with native bone by forming interfacial
bone®. These properties promote bone regeneration and make implant act as

native bone.

1.1.3 Synthetic calcium phosphate compounds as bone implant

material: hydroxyapatite and g-tricalcium phosphate

According to the requirements for good bone implant material,
synthetic HAP seems to be a proper material for bone substitution. Many
studies reported that synthetic HAP has excellent biocompatibility and

%12 It is observed that both osteoblasts and bone marrow cells

bioactivity
which are the essential cells for bone regeneration adhered very well on the
surface of synthetic HAP implants®*°. In addition, density of osteoblast and
number of bone marrow cell was increased after seeding those cells on the

HAP! These results indicate that synthetic HAP is biocompatible. To verify



the bioactivity of synthetic HAP, stem cell differentiation and in vivo test was
conducted™®*?. According to previous research, alkaline phosphatase (ALP),
an early biochemical marker for osteoblast differentiation, was expressed after

seeding stem cells on the synthetic HAP surface®®™

. Moreover, proteins
namely ALP, type 1 collagen (COL1), and osteocalcin (OC) were highly
expressed on the HAP, indicating the ability of synthetic HAP to induce
osteoblast cells towards the maturation stage®. In the in vivo test, active bone
formation and bone marrow formation between the HAP and native bone were
observed, which demonstrating osteointegrativity of synthetic HAP'.
Although synthetic HAP has been widely used as bone substitute because of
its great biocompatibility and bioactivity, there are some limitations. The
biggest problem is its high crystalline phase. Because of this high crystallinity,
synthetic HAP hardly dissolves after the implantation'®. Therefore, HAP
cannot be replaced by newly formed bone, and remains for very long periods™.
As a result, fracture may occur either in the HAP itself or at the interface with
native bone, and this can cause serious deformity of the bone* *°.

To prevent the problem caused by remaining implant, biodegradable
calcium phosphates have been developed. p-tricalcium phosphate (B-TCP) is
one of the most widely used biodegradable bone graft material. It is also
known to be biocompatible and osteoconductive like HAP***®, However, p-
TCP can be dissolved and replaced by newly formed bone because of its
14, 19

degradability while HAP was left for a long time after the surgery

Comparison of degradability of HAP and B-TCP after the implantation is



shown in Figure 1.1. Although B-TCP seems an ideal biomaterial for bone
substitution, it also has limitation. The limitation is that B-TCP is not an actual
biomineral in the body. B-TCP cannot be synthesized in the body because B-
TCP is synthesized in the very high temperature condition®. Therefore, the
heat treatment is required during the synthesis process. Considering this
synthesis condition, it is virtually impossible that B-TCP is produced in the
human body.

As aforementioned, synthetic HAP and B-TCP are well-known
synthetic calcium phosphates for bone graft materials. The compositions of
these inorganic compounds are calcium and phosphate groups. However, there
are various ions in natural bone as shown in Table 1.1. Therefore, these
synthetic calcium phosphate compounds cannot be same with natural bone
because of its chemical composition difference. Therefore, many studies tried

to substitute others ion in HAP structure to mimic natural bone.



t0 4 weeks 8 weeks 12 months

Figure 1.1 Radiographs of a simple bone after the hydroxyapatite (HAP)
and B-tricalcium phosphate (B-TCP) implantations**. The bright colored area
in the bone indicates the bone implant materials. a, Grafted synthetic HAP
implant remained in the body even after the 111 months after the
implantation. b, At the first time, p-TCP was detected by radiographs, but
gradually disappeared after the implantation.



1.2 Carbonate hydroxyapatite

As shown in Table 1.1, the detected amount of carbonate (COs) in
natural bone is 2.3~8 wt %. As the table demonstrated, COs is the third most
abundant inorganic composition in the bone. Therefore, many studies tried to
make COj; substituted hydroxyapatite (carbonate hydroxyapatite) that mimics

chemical composition of actual bone for bone implant ceramic.

1.2.1 Types of carbonate hydroxyapatite

Substitution of CO5; can occur in two different atomic sites in the
hydroxyapatite®. Those two substituted sites are shown in Figure 1.2. First,
hydroxyl ions (OH) in the HAP lattice can be substituted by COg3, and this
type of carbonate hydroxyapatite is termed A-type?. This type of carbonate
hydroxyapatite can be synthesized by exchanging the OH ions in the

stoichiometric HAP for CO; groups?*?

. Well-known A-type carbonate
hydroxyapatite synthesis method is exposing the stoichiometric HAP to the
CO, abundant environment®®**. The very simple substitution mechanism of

A-type is shown in following equation.

Calo(PO4)5(OH)2 + XC02 — Calo(PO4)6(OH)2_2X(CO3)X + XHZO

However, these synthesis methods are not very suitable for the biomedical



materials production. The methods exposing the stoichiometric HAP to the
CO, abundant condition usually take very long reaction time, and carbonate
substitution cannot be readily controlled. Because most of the CO;
substitution will occur at the surface of the HAP, it is difficult to control
carbonate substitution in all parts of the material. In addition, the mineral
phase of bone is not solely A-type. Therefore, A-type carbonate
hydroxyapatite is not appropriate for the direct bone replacement material.
The second type of carbonate hydroxyapatite is B-type carbonate
hydroxyapatite. This type of carbonate hydroxyapatite is defined by the CO;
ion substitution for phosphate ions in the hydroxyapatite lattice*. Generally,
B-type carbonate hydroxyapatite was synthesized through the controlled
precipitation method of carbonate apatite using calcium, phosphate, and

26-28

carbonate containing reagent™°. The B-type carbonate hydroxyapatite

formula can be written in following form’.

Cai0-2x3[(PO4)s-x(CO3)x] (OH)2.x13

Because the charge of CO; ion and PO, ion is different, the formula is more
complicated than the A-type carbonate hydroxyapatite. If a carbonate ion
substitutes a phosphate, calcium and hydroxyl ions also should be changed to
maintain charge balance. This charge difference problem also can be solved
by using sodium ions. The B-type carbonated hydroxyapatite which

containing sodium ion can be expressed in following formula®.



Cay0.xNax(PO4)sx(CO3)x(OH)2

Though this synthesis method has the problems in synthesizing pure B-type
carbonate hydroxyapatite, this precipitation method is widely used for
fabricating B-type carbonate hydroxyapatite. The two kinds of COs
substitution mentioned before can occur simultaneously, and mixed AB-type
carbonate hydroxyapatite can be synthesized”. In addition, the calcium
phosphate apatite that constitutes bone mineral is considered a mixed AB-type

substitution®.
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Figure 1.2 Two types of carbonate hydroxyapatite and two distinct atomic
sites in hydroxyapatite.
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1.2.2 Carbonate hydroxyapatite as bone implant material

These carbonate containing hydroxyapatite has gained much attention
because of its functional properties for good bone graft material including
similar chemical composition. Many studies reported that carbonate
substituted hydroxyapatite is more soluble than hydroxyapatite®*. Studies
have demonstrated that substituted carbonate ion affect the crystallinity of
hydroxyapatite, and caused lower the crystallinity and higher number of
defect in the hydroxyapatite structure®. Because of this decreased crystallinity,
the carbonate hydroxyapatite can have solubility after the implant. Another
advantage of carbonate hydroxyapatite is its good biocompatibility and
bioactivity. Osteoblasts were well attached and produced extracellular matrix
on the carbonate hydroxyapatite surface®*. The osteoblast on the CHA showed
better collagen synthesis behavior than HAP®. As shown in Figure 1.3, the
cell proliferation on the carbonate hydroxyapatite showed no significant
difference compared to hydroxyapatite®. In addition, it was reported that
activity of osteoclast and osteoblast was high on the carbonate substituted
hydroxyapatite®*®. The comparison study of osteoclast and osteoblast activity
on different substrates was shown in Figure 1.4. Moreover, carbonate
hydroxyapatite showed good abilities in in vivo test. It showed higher
osteoconductive properties and greater new bone formation compared to
hydroxyapatite®’. In conclusion, carbonate hydroxyapatite is similar to natural

bone, and it has good biocompatibility and bioactivity. In addition, it is more

11



soluble compared to HAP, so it can be substituted by newly formed bone.
Therefore, carbonate hydroxyapatite could be better bone implant material

than HAP.

12
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Cathepsin K. ¢, TRAP. d-e, Real-time PCR analysis of osteoblast markers. d,
RANKL. e, OPG. f, Collagen type 1 *

14



1.2.3 Synthesis methods of carbonate hydroxyapatite

Because of its great possibility for good bone graft material, there are
many methods to synthesize carbonate hydroxyapatite. Carbonate
hydroxyapatite can be synthesized through mechanochemical method,
precipitation method, and sol-gel method®“. In case of mechanochemical
synthesis, calcium carbonate (CaCOs), dicalcium phosphate dihydrate
(DCPD), and urea aqueous solution were used as starting materials®. In the
precipitation methods, general calcium reagent and phosphate reagents were
used as the starting chemicals, but carbon containing chemical such as high
concentration CO, gas®, Na,COs*, NH,HCO;* was added during the
synthesis procedure. In addition, ethanol (C,HsOH) was used as a carbon
source of carbonate group in the sol-gel fabrication method®. All fabrication
methods are similar to HAP synthesis methods, but the difference is using

carbon containing reagent during the process.
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1.3 Carbon capture and storage (CCS)

1.3.1 Atmospheric CO, concentration and current status

These days, atmospheric carbon dioxide (CO;), well-known a
greenhouse gas, is commonly considered main contributor to environmental
problems such as climate change, current sea level rise, and melting glacier.
As shown in Figure 1.5, the atmospheric CO, concentration was increased
sharply in past 2 centuries. Before the industrial revolution, the concentration
was maintained under the 280ppm, but it is almost 400ppm now*" *2. This
huge increment of atmospheric CO, concentration after the industrial
revolution has been caused by CO, emission from fossil fuel combustion.
Today, about 80% of global energy use relies on fossil fuel based power
generation®®. As a result, contribution of using fossil fuel to increasing CO,
amount in the air is more than 90% now. If we use fossil fuel continuously
and continue the emitting CO, to the air in same rate, CO, concentration will
be above 500 ppm by the end of this century*’. Then, this will cause more
serious environmental problems, and can threaten our lives. Therefore, many
methods to reduce the CO, concentration have great interest to reduce the
CO, concentration in the air.

There are various methods to reduce emitted CO, amount to the air.

First, CO, emission can be reduced by energy conservation and efficiency

improvements. This method looks like the lowest-cost and short-term method

16



until now. This can be carried by improving vehicle fuel efficiency and
reducing building energy use. Another method is using alternative energy
instead of fossil fuel. Many alternative energy sources have been reported
such as solar, wind, biomass, and others. However, their efficiency is very low,
and unit price for generating energy is expensive compared to fossil fuels*. In
addition, those alternative energies are influenced by surrounding condition
like weather and topography. Although we have many methods for using clean
energy, many improvements are required. For example, the car using battery
or hydrogen fuel for energy source were developed already, but it is hard to
commercialize those cars because of low performance and safety issues. In
addition, fuels made from biomass can be used to existing car, but the unit
cost of production of those fuels is expensive®. The last method is carbon
capture and storage method. By using this method, we can continue to use

fossil fuel as energy source.

17
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1.3.2 Carbon capture & storage methods

Carbon capture and storage (CCS) is one of reducing emitted CO,
methods by capturing waste CO, generated form large CO, emission sources
like fossil fuel power plants*. In this method, captured CO, is transported to
storage site, and stored to prevent the release of large amount of CO, into
atmosphere. Through this method, carbon migration from fossil fuel to air can
be reduced, and finally, increment rate of CO, amount in the air can be slowed.

Generally this method is composed of three processes*’. First step is
capturing CO, from the source. As shown in Figure 1.6, there are several
technologies to capture CO, from the large point sources®. In the “post-
combustion capture”, CO, is absorbed after the fuel combustion. Generally,
the regenerable liquid solvent such as amine sorbent is used to capture CO, in
flue gas. In contrast, CO, can be removed from the fuel before the combustion.
This is called “pre-combustion capture”. Using a water-gas reaction, the fuel
was changed into mixture of hydrogen and CO,. Then, CO, is collected after
the hydrogen consumption after generating energy. The last CO, removing
technology is called “oxyfuel”. In this method, fuel is combusted in the
oxygen environment, not in the ambient air condition. In this condition,
almost of oxygen was converted to CO,, therefore, CO, concentration in flue
gas is very high. This flue gas can be compressed directly. Thus, additional
procedure is not necessary to separate CO, from the flue gas.

After the capturing CO,, the CO, containing liquid is transported to a

19



storage site. The transportation was carried out through the pipelines®.
Therefore, constructions for transportation pipelines are required in carbon
capture and storage method. After the transformation, CO, was deposed to the
storage site. Storage site is the site has large storage capacity, generally
underground or deep ocean®. However the most recommended sites are deep
saline aquifers, which also have large estimated storage capacity™.

This CCS method has great potential to CO, migration reduction.
According to IPCC reports, This CCS method will be able to decrease CO,
emissions by between 15 and 55% until 2100%. However, the CCS method
only can slow the increment rate of atmospheric CO, amount. Because the
CO, is stable and long-living gas in the atmosphere, decreasing CO, amount
in the air would not be achieved through this technology®. If the CCS
efficiency could be improved and absorbed 100% of emitted CO,, restoring

CO, concentration to pre-industrial concentration would take very long time.

20
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Figure 1.6 A schematic diagram of the main capture processes and systems®.
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1.3.3 Air capture

Currently, most studies related to CCS technology focused on
capturing CO, in flue gas generated form fossil fuel combustion. However,
there is “air capture” method capturing CO, directly from the atmosphere®.
This method has several advantages compared to CCS method mentioned
above™. Because CO, can be captured in everywhere, the capture system can
be installed any place. Therefore, additional infrastructure such as pipe for
transporting CO; liquid to storing site is not required in air capture method. In
addition, already emitted CO, to the air can be absorbed through air capture
method. It is very hard to apply CCS system to small CO, emission source
such as transportation, small building, and home®2. However, air capture can
capture these kinds of CO,. In summary, air capture has advantages in
installation place, cost for constructing system, and CO, emission source scale
compared to CCS method. Therefore, air capture is of great interest in CO,
capturing research area.

Considering net CO, emission in each method, CCS release CO, as a
result. CCS can reduce CO, emission, but not stop the emission. Even if all
CO; can be captured through the CCS method, current large atmospheric CO,
amount would maintain and will cause serious environmental problem for a
long time. However, net CO, emission of air capture is negative. It can absorb
CO, without generating the greenhouse gas. Therefore, atmospheric CO, level

can be decreased if air capture is used. Without using air capture, it will take
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centuries to restore atmospheric CO, level to pre-industrial level. However,
there are few challenges in air capture method>® The method should absorb
CO, separately with desired amount of CO,. In addition, cost of material used

in air capture should not be expensive.
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1.4 Carbonation of metal hydroxide sorbents

1.4.1 Alkali/Alkali earth metal hydroxide sorbents

It is known that metal hydroxide, especially alkaline hydroxide and
alkali earth metal hydroxide, sorbents can capture CO; directly from the air in

ambient condition®®

. In this method, atmospheric CO, is removed by
carbonation reaction producing COs; ions in the solution. This reaction is
easily observed through simple experiment by blowing CO, containing gas to
calcium hydroxide (Ca(OH),) solution. The solution becomes cloudy because
of generated CaCO; particles. Related to this experiment, a CO, capture
system using Ca(OH), solution is reported®’. In this study, the pools of
Ca(OH)2 saturated solution was prepared and wind blows across the surface.
Then, solid CaCO; was formed and collected from the saturated solution. This
result demonstrates that CO, can be efficiently captured in the ambient
condition by using alkali earth metal hydroxide sorbent.

Generally, sodium hydroxide (NaOH) and calcium hydroxide
(Ca(OH),) sorbent have been reported for atmospheric CO, capture® *. As
shown in Figure 1.7a, both Ca(OH), and NaOH capture CO, very well.
However, NaOH solution has been more frequently reported than Ca(OH),.
As shown in Figure 1.7b, the absorption rate is higher in case of NaOH
solution. In addition, water loss is less in NaOH sorbent because of its lower

vapor pressure®; and it can be more efficient contacting system because of
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higher concentrations of hydroxide®. NaOH also has some drawbacks. After
the CO, absorption, NaOH changes to Na,COs, which is soluble in the water®®,
Therefore, the status for the storage of this chemical would be liquid form
which is not good for storage because of its large volume. The mineralized
form Na,CO; can be precipitated by drying water in the solvent. However,
this process requires additional energy. In this respect, Ca(OH), has advantage
compared to NaOH.

To overcome drawbacks of each chemical, a new method was
proposed®®. Both NaOH and Ca(OH), were used in this method. A scheme of
this suggested capturing process is shown in Figure 1.8. First, NaOH was used
as an alkaline liquid sorbent to remove atmospheric CO,. Then, Na,COs
solution is mixed with Ca(OH), to produce NaOH and CaCOs. In this process,
the carbonate anion transferred from the sodium ion to the calcium cation.
The efficiency of COj3 ion transfer was about 94%. Therefore, this method
keep absorption rate of NaOH, and atmospheric CO, mineralization ability of
Ca(OH),. Another advantage of this capturing method is possibility of reusing
NaOH. A drawback of this capturing process is this process is composed of 2
steps. This cumbersome method can be replaced by Ca(OH), solution if CO,

absorption rate of the solution is enhanced.
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1.4.2 Superoxide effect

It has been reported that superoxide radical enhanced CO, capture
ability of alkali/alkali earth metal oxide®. As shown in Figure 1.9a, CO,
absorption ability of NaOH was dramatically increased when H,O, was added.
To figure out how H202 can influence CO, absorption ability of NaOH
solution, radical detection analysis was carried out. Then, it is confirmed that
superoxide anion radical was generated after the H,O, addition to the NaOH
solution. To confirm the superoxide anion radical effect, superoxide dismutase
(SOD) was used. Since SOD act as free radical scavenger, generated
superoxide cannot influence to CO, absorption if SOD is exist®. In this
experiment, the SOD added sample did not show difference from the NaOH
solution itself, as shown in Figure 1.9b. This result demonstrated that
superoxide enhanced CO, absorption ability of NaOH solution.

It is also reported that peroxide and superoxide is generated in
Ca(OH), solution after the H,0, addition®®". Based on these studies, H,0,
addition could enhance the CO, capturing ability of Ca(OH), solution.
Comparing reported value of CO, capturing ability of Ca(OH),, 1g of
Ca(OH), can absorb 0.03g of atmospheric CO, in the Ca(OH), saturated
solution, but it can capture 0.05g of CO, in H,O, added solution®®.
Therefore, these results demonstrated that CO, absorption ability can be
improved by generating superoxide radical in alkali/alkali earth metal

hydroxide solution.
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1.5 Research scope and design

In bone implant material research area, synthesizing biomaterial which
is similar to natural bone is a big issue. The carbonate substituted
hydroxyapatite (CHA) is of great interest because of its composition similarity
with natural bone and potential to enhance bioactivity of bone grafts. In this
regard, we introduced an innovative synthesis method for fabricating CHA
which has similar chemical composition to natural bone.

In contrast with previously reported research, we used atmospheric
CO, as a source of CO3 ion in CHA. Most of previous research used carbon
containing reagent for the COs groups. However, atmosphere also has quite
large amount of carbon. Because calcium hydroxide (Ca(OH),), generally
used as starting material for hydroxyapatite (HAP) synthesis, can absorb
atmospheric CO,, Ca(OH), was used as a starting material for our CHA
synthesis.

Since the carbonation rate of Ca(OH), is too slow to absorb enough
CO, for CHA synthesis, hydrogen peroxide (H,O,) was added to the Ca(OH),
suspension for accelerating CO, absorption rate. After that, CHA particle
synthesis was carried out. Because products of H,O, decomposition are water
and oxygen, adding H202 will not pollute the synthesized CHA nor generate
impurity.

The synthesis was carried out in the aqueous solution via wet

precipitation method. Advantages of wet precipitation method are regular
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particle size of product and simplicity of the process. Therefore, precipitation
method was selected for CHA formation. Washing procedure after the
synthesis can be skipped by conducting precipitation in the water. Hence,
water was used for the solvent of synthesis.

In summary, we tried to synthesize pure CHA having similar chemical
composition to bone through atmospheric CO, absorption and wet

precipitation method in this research.

31



Chapter 2. MATERIALS AND EXPERIMENTS

2.1 Sample preparation of carbonate hydroxyapatite

2.1.1 Materials

For the carbonate hydroxyapatite synthesis, calcium hydroxide
(Ca(OH),, 99.0%) was purchased from KOJUNDO CHEMICAL
LABORATORY company as a calcium reagent. In addition, hydrogen
peroxide (H,O,, 30.0%) and phosphoric acid (HsPO,, 85.0%) were purchased
from DAEJUNG chemicals as radical generating reagent and phosphate

reagent, respectively.

2.1.2 Synthesis of carbonate hydroxyapatite

Carbonate hydroxyapatite (CHA) was synthesized using wet
precipitation method. First, 100ml of 1M Ca(OH), aqueous solution was
prepared, and the suspension was vigorously stirred and sonicated for 20
minutes to make the suspension uniform. Then, 100ml of H,0, solution was

added. Again, sonication and stirring was applied for 10 minutes. After that,
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100ml of 0.6M H3PO, agueous solution was added while vigorously stirring.
The precipitates were aged for 4 hours and then collected using filter-press
method. The precipitants were oven-dried at 60°C overnight. The scheme of
this precipitation process was shown in Figure 2.1. All procedures were
carried out in ambient condition.

For the comparison between synthesized CHA and hydroxyapatite
(HAP), HAP was also synthesized using wet precipitation. 500ml of 1M
Ca(OH), aqueous solution and 500 ml of 0.6M H3PO, aqueous solution were
prepared. The Ca(OH), solution was sonicated and stirred for 30 minutes.
Then, H3PO, solution was added to the Ca(OH), solution with a constant rate,
12.5ml/min, using digital burette. After the 24 hour-aging time, the

precipitates were collected and dried in same way as mentioned above.
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Figure 2.1 Experimental set-up for synthesizing carbonate hydroxyapatite
(CHA). Hydrogen peroxide (H,0,, 30%, 100ml) was added into 100 mL of
calcium hydroxide solution (Ca(OH),, 1M). Then, phosphoric acid solution
(H3PO4, 0.6M, 100ml) was added to the suspension. The solution was
vigorously stirred for 4 hours.
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2.1.3 Amount modification of substituted carbonate in carbonate

hydroxyapatite

To determine the effect of H,O,, the radical generating reagent, on the
carbonate (COs) substituted amount, three samples were prepared. Same
amount and concentration of Ca(OH), solution and H3PO, solution were used
in the each sample preparation, but added amount of H,O, solution was
changed.

To make all the synthesis systems have equal final volume, added
H,0, solution were made by mixing distilled water and 30% H,O, solution
with different ratios. The mixing ratios of distilled water and H,O, solution
were shown in Table 2.1. This 100ml of appropriate concentration of H,0,
solution was added to the vigorous stirred and sonicated Ca(OH), solution,
then H3PO, solution added. The synthesis process was conducted in the same

way as explained before.
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Table 2.1 Mixing amount of distilled water and H,O, solution for different
sample preparation

Mixing amount

Sample
Distilled water H,0, solution
3% H,0, 80ml 20ml
7.5% H,0, 50 ml 50 ml
15% H,0, 0 ml 100 ml
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2.2 Characterization

2.2.1 Powder X-ray diffraction (XRD)

To analyze the crystal structure and phase, powder X-ray diffraction
(XRD) was carried out on a D-8 advance X-ray diffractometer with Cu Ka
radiation (A=1.54056A). The sample was prepared through following steps.
Precipitated powder was oven-dried and ground well using alumina mortar.
The well-ground powder was carefully loaded on silicon holder, and the
measurement was conducted. XRD patterns were recorded in a range of 5~60°
with scan rate 1°/min. Obtained XRD patterns were compared with previously

reported JCPDS cards.

2.2.2 Field emission scanning electron microscopy (FESEM)

The morphology and size of CHA particles was characterized with
field emission scanning electron microscopy (FESEM, Supra 55VP & Sigma,
Carl Zeiss). Before observation, all samples were fixed on the stubs by carbon
tape. Then platinum coating was carried out using Pt sputter for optimal
electron conductivity to prevent charge-up phenomena. Images were taken

with an acceleration voltage of 2.00kV.
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2.2.3 Fourier transform infrared spectroscopy (FT-IR)

Fourier transform infrared spectroscopy (FT-IR) spectra were obtained
using a FT-IR spectrometer (Nicolet iS10, Thermo scientific). FT-IR analysis
was conducted to confirm the CHA fabrication. As-synthesized particles were
sampled as KBr pellet for measurement. 0.02g of powder was ground with
1.98¢g of KBr, and 0.1g of sample was pressed to make the powder sample in a
pellet form. The samples are scanned under the ambient condition with scan
range from 400cm™ to 4000cm™. Total 32 cycles of scans were carried out for

each sample.

2.2.4 Element analyzer

Element analyzer (Flash 2000, Thermo scientific) was used for
calculating the amount of substituted carbonate groups in CHA lattice. The
precipitated CHA were well ground using alumina mortar. Samples were
introduced directly into the tin container of element analyzer using spatula.

Then, amount of carbon atom in the sample was measured.
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2.3 Carbonation confirmation

2.3.1 Electron paramagnetic resonance (EPR)

Electron paramagnetic resonance (EPR) measurements were carried
out at KBSI, Seoul, Korea. EPR was performed using a Bruker EMX/Plus
spectrometer. EPR spectra of the spin adducts were conducted on a Bruker
EMX spectrometer operating at room temperature, a microwave frequency
9.64GHz, and a 100-kHz field modulation. EPR measurement was carried out
for radical detection. To confirm the radical involvement for the CO,
absorption, 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO, Aldrich, USA) was
used as the spin trapping reagent. DMPO can trap superoxide radical (O,")
and hydroxyl radical (*OH), and DMPO/*OOH and DMPO/<OH adducts is
formed, respectively®. Chemical structure of these DMPO adducts were
shown in Figure 2.2. Since each DMPO adducts has specific spectra, radical
existence and species can be analyzed through the EPR measurement. For the
measurement, 4ul of sample was added to 36ul of distilled water, then, 2ul of
DMPO was added before the measurement. The small amount of this solution

was transferred to a glass tube, and the EPR measurement was conducted.
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Figure 2.2 Chemical structure of 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO)
and DMPO adducts. When DMPO trapped superoxide radical (O"),
DMPO/«O0H is formed, and DMPO/*OH adducts is formed when DMPO

trapped hydroxyl radical (+OH)™.
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2.3.2 Gas chromatography

To confirm the carbonate in synthesized CHA came from the
atmospheric CO,, gas chromatography (GC) was carried out to detect CO,
absorption during the synthesis. 2mg of Ca(OH), was put into the 250ml
round bottom flask, and the flask was sealed with septum. Then, 5ml of
distilled water and 5ml of H,0O, solution was added. 1ml of air in the flask
was extracted using GC syringe, and CO, amount in the gas was analyzed. To
measure the CO, amount change in the flask, sampling was carried out with

different reaction time.

2.4 Stability of synthesized carbonate hydroxyapatite

2.4.1Solubility test

To examine the stability of synthesized CHA in various pH conditions,
solubility test was conducted. 0.5g of CHA powder was dispersed in 50ml of
pH 12 sodium hydrogen phosphate/sodium hydroxide buffer at room
temperature. To observe the stability of the powder, the experiment was
carried out for different aging time. In addition, 0.5g of CHA powder was
dispersed in 50 ml of H3PO, solution, which were titrated at pH 4 to figure out

stability of CHA in acidic environment. The experiment was also carried out
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for different aging time like the stability test using basic solution (pH 12).
Then, the remaining amount of the powder from each pH condition was
measured accurately by weight to compare its solubility in acidic/basic

environment. Each sample was analyzed in fourfold (n=4).

42



Chapter 3. RESULT AND DISCUSSION

3.1 Material characterization

3.1.1 Characterization of carbonate hydroxyapatite

3.1.1.1 XRD and SEM studies

The XRD pattern of our synthesized CHA is shown in Figure 3.1. It is
possible to verify the spectrogram aspect of synthesized CHA by using
International Center for Diffraction Data (ICDD). Our CHA was slightly
amorphous and showed characteristic peaks of carbonate hydroxyapatite
according to the ICDD PDF number 00-019-0272. There is no other
phase was appeared except carbonate hydroxyapatite. Therefore, we
confirmed that carbonate hydroxyapatite was successfully synthesized
via our wet precipitation method.

To distinguish our synthesized CHA from the HAP, we provided
evidence of the existence of CO; in the CHA structure. To compare CHA and
HAP, HAP sample was also prepared. We synthesized HAP using
precipitation method, and XRD analysis was conducted. As shown in Figure

3.2a, peaks of synthesized HAP were well matched to peaks of hydroxyapatite,
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according to the ICDD PDF number 01-073-0293. It has more crystalline
compared to our CHA. Because no other phase was exist, the XRD analysis of
our synthesized HAP demonstrated that pure HAP was formed.

Next, the XRD peak positions of CHA and HAP samples were
carefully compared. In Figure 3.2b, the XRD peaks shifted toward higher
angular positions as the CO; substituted into the HAP structure. It is known
that the a lattice parameter decreases with increasing amount of substituted
carbonate for B-type carbonated apatites, while the c lattice parameter
increase®. This trend was also observed in the comparison of HAP and CHA
ICDD PDF file. The a lattice parameter decreased from 9.432 A to0 9.309 A,
and the c lattice parameter increased from 6.881 A to 6.927 A. As d-spacing
value is calculated according to the following equation, different lattice
parameter values cause the different d-spacing value if the (h k 1) value is

Same.

1 4 h? + hk + k? +l2
dz 3

dz a? c2

Because the compared (h k 1) values of the peaks in Figure 3.2b are (2
0 0) and (2 1 1) respectively, a parameter contributes more to d value change
than ¢ parameter. Therefore, d value became smaller as more CO; is
substituted into the CHA lattice. Because 0 is decided by Bragg’s law,

nA = 2dsin 0, 0 value increase as d value decrease. For such a reason, XRD
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peaks of CHA shifted toward higher angular position. This analysis results
clearly demonstrate that our synthesized CHA has CO; groups in its structure.
Therefore, it could be distinguished from HAP.

In Figure 3.3, the morphologies of the synthesized HAP and CHA are
illustrated. The synthesized HAP particles were homogeneous, with rice
shapes and size of approximately 80nm, as shown in 3.3a. However, the
morphology of our synthesized CHA is totally distinct from that of HAP. In
Figure 3.3b, our CHA has a flower-like morphology with the size of 100nm,
having narrow particle size distribution. Comparison of the product
morphologies in Figure 3.3 implied that the H,O, affects the morphology of

particles during the particle formation.
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Figure 3.1 XRD pattern of synthesized carbonate hydroxyapatite (CHA).
CHA was synthesized well and it is slightly amorphous.
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Figure 3.2 Distinction between carbonate hydroxyapatite (CHA) and
hydroxyapatite (HAP) a, HAP was synthesized in pure form, and this pure
HAP was used for the comparison with CHA. b, XRD peaks of CHA is

located at higher angular position, and this indicates that carbonate groups are
in its chemical structure.
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Figure 3.3 Field emission scanning electron microscopy (FESEM) image of
synthesized hydroxyapatite (HAP) and carbonate hydroxyapatite (CHA). a,
The HAP particle has rice shape with size of approximately 80nm. b, The
CHA particle exhibits the flower-like morphology with the size of 100nm The
FESEM image shows that both materials have narrow particle size

distribution.
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3.1.1.2 FT-IR studies

Figure 3.4 shows FT-IR spectrum of synthesized CHA through wet
precipitation method. The all infrared band positions and their assignments
are shown in Table 3.1. The spectrum indicated that our CHA has CO;
substitution. The peaks appearing at wave number values of 873, 1420, and
1482 cm™ demonstrated that the carbonate ion substitution in CHA lattice.
The broad band appeared at 1638 and 3440 cm™ indicate adsorbed H.,O in the
materials. The band of structural OH which appears at around 3565 cm™ is
scarcely visible because the band at 3440 cm™ which is due to adsorbed water
overlaps the weak band of structural OH. In addition, we further analyze our
FT-IR spectrum to check whether our CHA is A-type carbonate
hydroxyapatite, OH ion site is substituted by COs; ion, or B-type
hydroxyapatite, PO, ion site is substituted by CO; ion. According to reported
sesult”, our CHA can be considered as B-type. However, it cannot entirely
exclude the possibility of A-type carbonate apatite fractions. The fraction of
A-type and B-type could be calculated through the peak area comparison™.
Because the typical peak of A-type CHA is 880 cm™ and that of B-type is 872
cm?, the presence of CO; substituting in the OH site or PO, can be evaluated
by the peak area ratio’. The calculated A/B ratio of our CHA is about 0.4.
Therefore, our CHA can be regarded AB-type carbonate hydroxyapatite like

natural bone.

49



Transmittance [a.u.]

— CHA
A Carbonate

4000 35‘00 30.00 25.00 20‘00 1 5.00 1 0‘00 5(;0
Wavenumber [cm'1]

Figure 3.4 Fourier transform infrared (FT-IR) spectrum of synthesized

carbonate hydroxyapatite (CHA). Peaks of carbonate appeared in the CHA

spectrum, indicating carbonate substitution occurred.
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Table 3.1 Assignments of the observed vibrational of synthesized carbonate
hydroxyapatite (CHA)

. Observed vibrational
Assignments . 1
frequencies (cm™)

PO, bend v, 471
PO, bend v, 563
PO, bend v, 603
COg3 group v, 873
PO, bend v, 961
PO, bend v; 1031
PO, bend v; 1096
COs group vs 1420
CO; group vs 1482
H,0 adsorbed v, 1638
H,0O adsorbed 3440
OH stretch 3744
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3.1.2 Solubility of carbonate hydroxyapatite

We also observed stability of our CHA in acidic and basic
environments. First, we measured the pH of our CHA in distilled water
because it is known that the pH affect bone regeneration ability™. It was
reported that the osteoblast viability was significantly enhanced in the slightly
basic environment, range from pH 8.0 to 8.5”°. The measured pH value of
precipitated CHA was about 8.6, and this value is very close to the optimum
pH level. Next, we compared the remaining amounts of CHA in the acidic
aqueous solution (pH 4.0) and basic aqueous solutions (pH 12.0) at room
temperature with different aging time. Our CHA maintained its phase even
after 1 week aging time in the pH 4.0 and pH 12.0 as shown in Figure 3.5.
The Figure 3.6 demonstrated that our CHA is quite stable in acidic
environment and basic environment, but slightly soluble in both condition.
After 1 week aging in those solutions, the remaining amounts of CHA
decreased from 0.5000 g to 0.4545g and 0.4585g in acidic and basic
environment respectively. This demonstrated that our CHA is more stable in

basic environment.
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Figure 3.5 Stability test of carbonate hydroxyapatite (CHA) in acidic/basic

solution for a week. CHA maintained its phase after aging in pH 4 and pH 12

solution at room temperature for a week.
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Figure 3.6 Solubility test of carbonate hydroxyapatite (CHA) in the acidic pH
and basic pH condition. The remaining amounts of CHA after various aging

time were compared.
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3.2 CO, absorption during the process

3.2.1 CO, absorption from the air

Although we did not add any carbon containing reagent during the
synthesis, CHA was successfully synthesized through our synthesis method.
Therefore, we supposed that carbon in substituted COz group of CHA might
come from atmospheric CO,. To prove our claim, we conducted gas
chromatography experiment and analyzed CO, amount change during the
reaction. To calculate exact absorbed amount of CO,, the experiment was
carried out in the closed system using a sealed round flask. Figure 3.7
demonstrated that our system really absorbed CO, from the air. CO, in the
ambient air started to be absorbed into the solution immediately after the H,0,
solution was added to Ca(OH),. The amount of CO, continuously decreased
as the reaction progressed. The absorption rate decreased over the reaction
time. This is supposed because of decreased ion in the solution which can
react with atmospheric CO,. When we conducted the experiment using 25
umol of Ca(OH); and H,0,, the CO, amount changed from 9 umol to 3 pmol
in 10 minutes. This CO, capturing efficiency is much higher than reported
previously. It was reported that 1 liter of saturated Ca(OH), solution can
capture 2.25g of CO,in 30% CO, environmant®®. Changing to same unit, 1
liter of our Ca(OH); solution with H,O, can absorb 0.0132g of CO, in ambient

condition. Since ambient air has 0.04% CO,, the absorbed CO, amount was
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very large. This high CO, absorption ability in our system is assumed because
of added H,0,. It is known that CO, can be swiftly attacked by nucleophiles®.
Generally, H,0O, generates reactive oxygen species, the strong nucleophiles,
when it decomposed. Therefore, it seems like that CO, is absorbed to the
suspension efficiently because of generated reactive oxygen species. The GC
result showed that atmospheric CO, was absorbed during the synthesis
efficiently in the ambient condition. In addition, the result indicated that CO,

is the source of carbonate group in CHA.
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Figure 3.7 Change of the carbon dioxide (CO,) amount in the closed flask.

The amount of CO, decreased as the reaction progress.
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3.2.2 Confirmation of radical formation

To confirm the involvement of reactive oxygen species during CO,
capture process, we carried out electron paramagnetic resonance (EPR)
experiment. As shown in Figure 3.8, reactive oxygen species were generated
when H,0, solution was added to the Ca(OH),. The generated reactive
oxygen species were hydroxyl radical and superoxide anion radical.
Compared to the control, much larger amount of hydroxyl radical was
generated in the Ca(OH), and H,0O, blending suspension. Interestingly,
superoxide radical was generated only in the Ca(OH), and H,O, mixing
solution.

Generally, aqueous superoxide is not considered appropriate agent for
CO, capture because of its rapid hydrolysis and disproportionation in water.
However, superoxide anion can be formed spontaneously by blending
Ca(OH), with H,0,. The formation of superoxide is carried on in two steps.
First, calcium peroxide (CaO,) was formed, and then superoxide was

generated via interaction between peroxide and H,0,"™.

Ca(OH)Q + H,0, — CaO, + 2H,0
CaO, + 2H,0, — Ca(02)2 + 2H,0

Through these reactions, the anion-radical is stabilized and can act as an

effective nucleophile for CO, capture in the agueous solution®. As a result,
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this superoxide radical in the solution can attack and mineralize the

atmospheric CO, through the following equation.

Ca(OQ)Q + CO, — CaCO; + 1.50,

This EPR result proved that superoxide anion was formed in the synthesis
system, and the anion radical participated in the CO, capturing process. In
conclusion, large amount of CO, was absorbed to our CHA synthesis system
by adding H,0,, and generated superoxide anion radical contributed to CO,

absorption for the source of substituted CO3 in our CHA.
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Figure 3.8 Electron paramagnetic resonance (EPR) analysis of control and
Ca(OH); blend solution. The result showed that superoxide radical was only
generated in our system, and large amount of hydroxyl radical was generated
when Ca(OH), react with H,0..
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3.3 Phase transformation  during  carbonate

hydroxyapatite formation

3.3.1 Phase transformation during the synthesis

We investigated kinetic mechanism how the CHA synthesized in our
system. First, we tried to verify the CO, mineralization as mentioned above.
Since we insisted that CO, mineralization was occurred after adding H,O, into
the Ca(OH), solution, we checked the mineral phases of initial
material ,Ca(OH),, and 10 minutes aging sample after adding H,O,. As shown
in Figure 3.9, the characteristic peaks of CaCO; and CaO, were detected in
the aged sample with adding H,0,. The result showed that all Ca(OH), was
transformed to CaCOj3 and CaO,. To figure out how much amount of CO, was
absorbed to the suspension, we measure the mass difference between used
Ca(OH), and Ca0,+CaCOs product. The increase mass was about 1g, and the
calculated absorbed amount of CO, was 0.011 mol. This result corresponded
to the CO, mineralization mechanism through the peroxide formation and
superoxide formation. The result showed that fairly large amount of CO, was
absorbed in the Ca(OH); and H,0, blending aqueous solution.

In Figure 3.10, XRD patterns of the intermediate phases after addition
of H3PO, to the Ca(OH), and H,O, mixed solution (CaO, and CaCOs3) were
shown according to different aging time. In the initial stage with aging time 1

minute, the major phases were found to be dicalcium phosphate dehydrate
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(DCPD), apatic structured phase, and CaO,. As the aging time getting longer,
peak of DCPD was disappeared in early stage. However, peak of CaO,
appeared even in the 2 hours aging time. The characteristic peak of CaO, was
disappeared after the 4 hours aging time. At the sample with 4 hour aging time,
only the CHA phase was observed.

The powders were collected from the different aging time, and their
morphologies are observed through the FESEM. The morphologies of the
precipitants reflected the phase transformation process toward CHA. As
shown in Figure 3.11 a and b, the large plate shape DCPD was observed. In
addition, small amount of CHA particles were detected which was attached on
the DCPD plate. After the 4 hours aging time, the plate shape DCPD was
disappeared and only flower shape CHA was observed. Moreover, the
crystallinity was slightly increased compared to the 2 hours aging time. This
XRD result demonstrates that DCPD, which contains Ca and P in the ratio 1:1,
in the intermediate phase during CHA synthesis. During aging time, DCPD
gradually dissolved and act as the source of Ca ion and P ion for the CHA
formation.

To comprehend phase transformation mechanism and H,O, effect
during the CHA synthesis, we conducted another experiment for CHA
synthesis using CaCOs as the starting material. Since CaCO; was formed after
the addition of H,0, in to the Ca(OH), solution, CaCO; based experiment
could help to understand the H,O, effect on the CHA synthesis. First, we

added H3PO, solution to CaCOj; suspension without using H,O,. Other
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procedures were progressed in the same way. As shown in Figure 3.12 a, only
a small amount of apatic structured phase was synthesized, and CaCO; was
not disappeared after 30 minutes aging time. The characteristic peaks of
CaCO; were even appeared after 72 hours aging time. This result is very
distinct from Ca(OH), based CHA synthesis. While pure CHA was
synthesized with 4 hours aging time in our Ca(OH),-H,O, based CHA
synthesis method, the CHA synthesis reaction was not completed in the
CaCO; based synthesis without using H,O,. This indicated that there is H,O,
effect during the CHA synthesis. To figure out precisely, we conducted few
more experiments. First, we used CaCO; and H,0O, blending suspension as
starting material for the particle synthesis. In this experiment, all CaCOj3; peak
was disappeared and HAP and CHA were synthesized within 30 minutes after
the addition of HsPO,. We also carried out the experiment using washed
CaCOs; as the starting material. We prepared washed CaCO; particles via
washing particles in the CaCO; and H,0, blending suspension using distilled
water. Interestingly, the result of this experiment was same as the result of
using CaCO; based synthesis without H,O,. These results demonstrated that
H,O, contribute to phase transformation for CHA formation during the
synthesis.

Based on XRD results and analysis, a scheme of carbonate
hydroxyapatite synthesis mechanism was shown in in Figure 3.13. This figure
also shows CO; absorption process. As shown in 3.13, added H,0O, influenced

many steps. First, H,O, participated in superoxide radical generation, and
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involved to CO, absorption procedure. Next, H,O, also participated in CHA
particle precipitation. It made CHA formation possible by helping reaction

between CaCO; and DCPD.
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Figure 3.9 XRD analysis of the mineral phases before and after adding H,0,
solution to Ca(OH), aqueous solution. H,O, added sample was aged for 10
minutes after adding H,0,.
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Figure 3.10 XRD patterns of intermediate phases during aging process for
carbonate hydroxyapatite (CHA) synthesis. The aging time was measured
from the complete addition of HsPO, in the Ca(OH), and H,0, mixed solution.
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Figure 3.11 Morphologies of the intermediate phase of carbonate
hydroxyapatite (CHA) during the synthesis. a-b, During initial stage, large
platelet shape of dicalcium phosphate dihydrate (DCPD) was observed, and
CHA particles are attached on the DCPD plate. c-d, after the 4 hour aging
time, platelet shape of DCPD was gone, and only the flower-shaped CHA
particles were left.
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Figure 3.12 Confirmation of H,0, effect through the comparison of
intermediate phase in the CaCO; based synthesis system with and without
H,0,. a, XRD patterns of the intermediate phases after addition of H3PQO, in
the CaCOj; without H,O, with different aging time. Carbonate hydroxyapatite
was not synthesized even after the 72 hours aging time when H,0, was not
added. b, XRD patterns of 30 minutes aging time samples with or without
H,0,. The CaCO; peaks were disappeared only in the H,O, added sample.
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Figure 3.13 A scheme for carbonate hydroxyapatite (CHA) synthesis
mechanism.
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3.4 COg substituted amount control

3.4.1 H,O, amount effect

We verified that there was H,O, effect on CO, capture. Therefore, we
tried to figure out how the added H,0O, amount affect CO; substitution into the
CHA lattice. Different amount of H,O, was added to same amount of
Ca(OH); solution and other procedure were conducted in same way. Figure
3.13 showed that spectra of CHA which were synthesized with different H,0,
concentration. The signature peaks of CO3 at 873, 1420, and 1482 cm™ were
labeled in the figure. The transmittance of those peaks diminished gradually
with increasing added amount of H,0,. This qualitative increased amount of
substituted CO3 according to the higher concentration of H,O, implied that we
can control the substituted CO3 amount by controlling used H,O, amount.

To compare the substituted amount of COj in synthesized CHA more
precisely, we carried out quantitative analysis using element analyzer. The
accurate amount of substituted CO; was shown in Table 3.2. Since the
element analyzer can analyze carbon amount in weight %, substituted CO;
amount was calculated based on measured carbon amount. The result of
element analyzer showed the same tendency to the FT-IR result. Interestingly,
only the samples which were synthesized with H,O, have the values in the
range of CO; wt % in natural bone, 2.3 to 8 wt%*. This result indicated

that we can control the substituted CO5 amount in the natural COj; substitution
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Table 3.2 Carbon amount and calculated CO3; amount in hydroxyapatite (HAP)
and each carbonate hydroxyapatite (CHA) sample

Sample C amount CO; amount

0% H,0, (HAP) 0.4394 wt% 1.5683 wt%
3% H,0, 0.5968 wt% 2.9818 wit%
7.5% H,0, 0.7561 wt% 3.7778 wt%
15% H,0; 0.7685 wt% 3.8396 wt%

range by controlling the blended H,O, amount. Moreover, the synthesized
CHA has similar chemical composition to natural bone.

The element analyzer result showed that 3.8396 % of total mass of
CHA synthesized with 15% H,0, concentration is CO3 group. Since the mass
of CHA, the final product, was 10.9g, the mass of CO;z in CHA is 418.4mg.
Based on this value, we can calculate how much amount of CO, was absorbed,
and absorbed CO, mass was 306.8mg. It is known that the CO, concentration
in air now is about 400ppm™. Transferring this CO, concentration to unit in
mg/L, 0.8mg of CO; exists in a liter of atmosphere. This demonstrated that
that our 0.3 liter of CHA synthesis system can absorb CO, in more than 380
liters of air.

In the FESEM analysis to compare the particle morphologies of HAP
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and CHA particles, the shapes of those particles were very distinct from each
other. To examine the H,O, effect on particle morphology, we observed
particles synthesized with different concentration of H,O, using FESEM. In
Figure 3.14, the morphologies of particles were shown. As the more H,0, was
added, more flower-shape particle was observed. In 3% H,0, sample, rice
shape particles and flower shape particles were mixed. However, less rice
shape particles observed and most of particles had flower shape in 7% H,0,
sample. And finally, the rice shape particles disappeared and only flower
shape particles were detected in 15% H,O, sample. This demonstrated that

added H,0, also have influence on the particle shape.
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Figure 3.14 Fourier transform infrared (FT-IR) spectra of CHA with different

added amount of H,0,. As the more H,0, was added to Ca(OH), solution,

more carbonate was substituted into the CHA structure.
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Figure 3.15 FESEM images of synthesized CHA particles with different
added amount of H,O, solution. As the more H,0, was added to Ca(OH),
solution, rice shape particles were disappeared and flower shape particles
were formed. a, 0% H,O, (HAP). b, 3% H,0,. ¢, 7.5% H,0,. d, 15% H,0..
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Chapter 4. CONCLUSION

In this research, we synthesized nano-carbonate hydroxyapatite using
the wet precipitation. Compared to the previous reported carbonate
hydroxyapatite synthesis, we use atmospheric CO, as carbon source for CO;
groups in carbonate hydroxyapatite instead of using carbon containing
chemicals. To accelerate CO, absorption efficiency, we used H,O, solution
during the synthesis. After that, CHA precipitation was conducted by adding
H3PO, solution to the Ca(OH), and H,0; blending suspension.

For the confirmation of the carbonate hydroxyapatite formation, we
conducted comparison study between hydroxyapatite and synthesized
carbonate hydroxyapatite using XRD and FESEM. The XRD result showed
that the peaks of carbonate hydroxyapatite were shifted to higher angle
compared to hydroxyapatite because of CO; substitution. FESEM image
showed that the morphology of carbonate hydroxyapatite particle was flower
shape while the shape of hydroxyapatite particle was rice. In addition, the FT-
IR spectrum of synthesized carbonate hydroxyapatite showed that the CO;
was substituted in the carbonate hydroxyapatite structure.

To prove our insist that the carbon source of CO; in carbonate
hydroxyapatite was originated from the atmospheric CO,, we carried out gas

chromatography experiment. The result showed that the actual CO, absorption
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was occur, and Ca(OH), and H,O, mixed suspension absorbed CO, efficiently.
Moreover, we confirmed that superoxide anion radical was generated in the
Ca(OH), and H,0; blending through the EPR analysis. This demonstrated that
superoxide anion radical, the strong nucleophile, was involved in the CO,
capturing process which occurred during the carbonate hydroxyapatite
synthesis.

We also figure out that H,O, affect substituted amount of CO;z; and
particle morphology. The higher H,O, concentration of suspension induced
more COj substitution in carbonate hydroxyapatite structure. This result
showed that H,O, played a huge role in CO, mineralization. As more H,0,
was used in the carbonate hydroxyapatite synthesis, more particles had flower
shape. The element analyzer demonstrated that large amount of CO, was
absorbed in particle synthesis system, and CHA synthesized with H,0, had
similar chemical composition to natural bone.

In conclusion, we successfully synthesized carbonate containing
hydroxyapatite using CO, capture and wet precipitation method. In addition,
we controlled the substituted amount of COj; in carbonate hydroxyapatite by
changing amount of H,O,. The synthesized carbonate hydroxyapatite had
similar chemical composition of natural bone. Therefore, our synthesis
method can contribute to CO, removing, and synthesized carbonate

hydroxyapatite can be used as bone graft material.
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