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Magnetic calcium phosphate composites were successfully synthesized in the
presence of citric acid via one-pot synthesis. The phase of calcium phosphates was
normally found as hydroxyapatite phase (Hap). However, the metastable phase of
amorphous calcium phosphate (ACP) could occur in the presence of preformed
FesO4 particles and citric acid. Fe;O4 might prevent the aggregation of calcium
phosphate nuclei, and citric acid was found to inhibit the transformation of ACP into
Hap. The inhibiting ability of citric acid depended strongly on the species of citric acid
in the solution. The fully-deprotonate form promoted Hap, while the less
deprotonated species yielded ACP. The materials were characterized by XRD, FTIR,
elemental analysis, DSC, surface area analyzer, TEM, SEM, and VSM. Under external
magnetic field, the used adsorbents were removed easily from aqueous solution

showing high potential for convenient separation.
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to 7.
Department: Chemistry Student's Signature
Field of Study: Chemistry Advisor's Signature ..

Academic Year: 2016 Co-Advisor's Signature



Vi

ACKNOWLEDGEMENTS

The author wishes to express her sincere appreciation to Dr. Nipaka
Sukpirom, her advisor and Assistant Professor Dr. Fuangfa Unob, her co-advisor for
their guidance, support and encouragement throughout this research. She would
like to extend her appreciation to Associate Professor Dr. Vudhichai Parasuk, Dr.
Numpon Insin, Assistant Professor Dr. Apichat Imyim, Assistant Professor Dr. Kanet
Wongravee, and Assistant Professor Dr. Jinda Yeyongchaiwat for their valuable

suggestions.

The author would like to thank the H.M. the King Bhumibhol Adulyadej’s
72nd Birthday Anniversary Scholarship for the financial supports. She is really
grateful for all kind support and opportunities that this award provided her for

achieving her educational goals.

She also wishes to acknowledge Dr. Soonthorn Suvokhiaw, her friends and
all members of Materials Chemistry and Catalysis Research Unit and Environmental

Analysis Research Unit for their kind suggestion and encouragement.

Finally, the author would like to express her deepest gratitude to her
family in Vietnam for their love, trust and support. She is also grateful to her
boyfriend for his kind help and encouragement throughout two years she studied

abroad.



CONTENTS

THAT ABSTRACT .ttt iv
ENGLISH ABSTRACT .ottt Vv
ACKNOWLEDGEMENTS ..ottt vi
CONTENTS <ttt vii
LIST OF FIGURES ...ttt i
LIST OF TABLES .t iv
CHAPTER 1 INTRODUCTION ...ttt 1
1.1 Characteristics and toxicity of cadmium ......cccoioiirieieeiicee e 1
1.2 Calcium phosphate (CPs) materials.........cooovirieiriicieeeeeeees 2
1.2.1 Hydroxyapatite and its application for cadmium removal ...................... 2
1.2.2 Amorphous calcium phosphate and its application for cadmium
TEIMIOVAL 11ttt ettt 3
1.3 Synthesis of magnetic CPs composites for the convenient recovery .............. 5
1.4 Citric acid and its effects to magnetite particles and calcium phosphate
MNALETTALS .ttt 6
1.4.1 Effect of citric acid to magnetite particles........ccovevvvicinicnnccn, 7
1.4.2 Effect of citric acid to calcium phosphate materials.......cccccooiiinienn. 7
1.5 The objectives of this STUAY .......ccoiviriiiiiicecce e 8
CHAPTER 2 EXPERIMENTAL ..ottt 10
2.1 CREMNICALS .t 10
2.2 Synthesis of Hap, Hap/citric, Fe;0q4, Hap/Fes0,4, and CPs/Fe;Og4/citric
COMPOSTEES ..ttt ettt ettt enens 10

2.2.1 Synthesis Of FE3004 cuiuiiiiiiiiiiiicicieeee e 11



viii

Page
2.2.2 SYNthESIS Of HAP wouiviiiiiieee e 11
2.2.3 Synthesis of CPs/Fe304/CIIIC ..o 11
2.2.8 Synthesis Of Hap/FE300g. . viiiiiiieieiiieieeeieeiee e 13
2.2.5 Synthesis of Hap/CItrC ...c.cuiiieiriccce e 13
2.3 Characterization teChNIQUES ......c.ouiiiii e 13
2.3.1 Fourier transform infrared spectroscopy (FTIR) ..c.cccoviviiriieiieieiene. 13
2.3.2 X-ray powder diffraction (XRD)......ccceeuerrurrririeirieieeireieeieseeeeeeeeeens 13
2.3.3 Differential scanning calorimetry (DSC) .......ccovvrririiireeeneeeenen. 13
2.3.4 Elemental @nalysiS ... 13
2.3.5 Transmission electron microscopy (TEM) ......ccvrveiiriiinieieieeeeeee. 14
2.3.6 Scanning electron mMicroscopy (SEM).......cccovireeiireieiieeeee e, 14
2.3.7 SUrface area analySiS ..ottt 14
2.3.8. Vibrating sample magnetometer (VSM)........cccouirieiiineeeeeeee, 14
2.0 ADSOrption @XPEIMENTS. ...ttt 14
2.0.1 Effect of CONtaCT TIME ..o 15
2.4.2 Effect of initial cadmium concentration ... 15
2.4.3 Effect of initial pH of cadmium solution..........cccvievriicnnicecc, 15
CHAPTER 3 RESULTS AND DISCUSSION ...ttt 16
3.1 Synthesis, characterization of the synthesized materials and their
preliminary study on the removal of cadmium .......cccooirrnnnneee 16
3.1.1 Synthesis, characterization and cadmium adsorption capacities of
Hap, Hap/citric, Fes04 and Hap/FeaOg ..o, 16

3.1.2 Synthesis, characterization and cadmium adsorption capacities of

CPs/ Fe304/Citric MaterialS......covoveveeiiieieecce e 21



Page
3.1.2.1 Effect of order of adding the starting materials........ccccceveuneen. 22
3.1.2.2 Effect of pH of the reaction mixture ........ccccccovviiiiniiinne. 26
3.1.2.3 Effect of Ca/P ratio.c e 33
3.2 Mechanism proposed for the synthesis proCess .........ccceeeeeeriresisinirinnen. 40
3.3 ASOTPLION STUAY w.eieiieieieieieee ettt a3
3.3.1 AdSOrption KINETICS ...cveveieieieieieieeee e a3
3.3.2 AdSOrption ISOtNEIMNS .....cviiiiieee e a6
3.3.3 Mechanism of adsorption ProCeSS .........ccvieeeveerieieieeeieeeieeieeeeeeeeee 49
3.3.4 Effect of initial pH of cadmium SOlUtioN........cccciiiiiireccce, 51
CHAPTER 4 CONCLUSIONS AND SUGGESTIONS ...ttt 53
8.1 CONCLUSIONS 1ttt 53
4.2 Suggestions for further researCh.........coooeeveercee e, 53
REFERENCES ...ttt 54



LIST OF FIGURES

Figure 1.1 Various types of hydrolyzed Cd®" at different pH [2].....ccoo..covvvcovrvecerrennnne.. 1

Figure 1.2 Structure of hydroxyapatite (phosphorous: purple, oxygen: red,
calcium: green, hydroxyl-: Whit€) [16] ......ccoeuririiieieieiieieieeeeeeee e 2

Figure 1.3 Structure of amorphous tricalcium phosphate called “Posner’s

CLUSTEIS” [28] o 5
Figure 1.4 Structure of citric acid (a) and its speciation (0)......cccccceveevieiiniirne. 7

Figure 1.5 Citrate equilibrium and possible associations with free calcium ions

[A5].cmeermrermecremeeremereecerencoreecor o e s (D« SOEGB. e+ esesseaessenersenersesersenersenersenersesrecaes 8
Figure 3.1 XRD patterns of Hap, Hap/citric, FesO4 and Hap/Fe30qg.....ccvviiceninnnnnce 17
Figure 3.2 FTIR spectra of Hap, Hap/citric and Hap/Fe3Og....cccovvievniivnniicieee 18
Figure 3.3 TEM images of Hap (a), Hap/citric (b), Fe;0,4 (c) and Hap/FesO, (d)........ 20

Figure 3.4. Nitrogen adsorption - desorption isotherms of Hap (a), Hap/citric (b)
ANA HAP/FE304 () v 21

Figure 3.5 XRD patterns of Hap/Fe;O4/citric composites with different order of
adding starting materials (A: Hap, *: FE304). i 23

Figure 3.6 FTIR spectra of Hap/Fe;O4/citric composites with different order of
adding starting MAtErAlS .....c.ciiiieieci et 24

Figure 3.7. Nitrogen adsorption - desorption isotherms of Hap/Fe;Oy4/cCitric
composites with different adding order of starting materials (F - Ca - Ci - P (a), F

-Ci+P-Ca(b),F-Ci-Ca+P(c),and F = Ci = Ca = P (d) eeeerrrerierieeeeeis 26

Figure 3.8 XRD patterns of CPs/Fe;O4/citric composites synthesized at different



Figure 3.10. Nitrogen adsorption - desorption isotherms of CPs/Fe;O4/citric
composites synthesized at pH 2.3 (a), 4.0 (b), 6.0 (c), 6.7 (d), 7.9 (e), and 9.5 (f) ...32

Figure 3.11 TEM image (a), SEM image (b) of ACP/Fe;O,/citric (pH 6.0), and TEM
image (c), SEM image (d) Hap/Fe;04/Citric (PH 9.5) ..o 33

Figure 3.12 FTIR spectra of ACP/Fe;O,/citric composites with different Ca/P ratio35

Figure 3.13 XRD patterns of ACP/Fe;O,/citric composites with different Ca/P ratio

Figure 3.14. Nitrogen adsorption - desorption isotherms of ACP/Fe;O,/citric
composites with Ca/P ratio of 1.0 (a), 1.5 (b), 1.67 (c), and 2.0 (d) ..evovveverererrnn, 38

Figure 3.15 TEM (scale bar 200 nm) (a), (scale bar 100 nm) (b) and SEM (scale bar
10 um) (c), (scale bar 5 um) (d) of ACP/Fe;O4/citric (Ca/P 1.5).c.cvieveeiieeeeeean 39

Figure 3.16. Magnetization hysteresis curves of Fe;0,, Hap/Fe;O4, Hap/Fe;Og4/citric
(pH 9.5) and ACP/Fe;O4/citric (Ca/P 1.5) (The inset shows the low field region of
the magnetization curves of Hap/Fe;0q4, Hap/Fe;Oy4/citric and ACP/Fe;Qq/citric)...40

Figure 3.17 Schematic illustration of the formation of ACP/Fe;O,/citric and
HAP/FE300/CITIIC 1ttt 42

Figure 3.18 DSC curves of Hap, Hap/Fe;O,, Hap/citric, and the CPs/Fe;Oq/citric

COMPOSITES ...t a3
Figure 3.19 Effect of contact time on the uptake of Cd** by ACP/Fe;Q,/citric.......44

Figure 3.20 Linear plot of experimental data obtained using pseudo-first-order

MOttt es a5
Figure 3.22 Adsorption isotherms of Cd?* by ACP/Fe;Oy/citric (Ca/P 1.5) ................ a6
Figure 3.23 Linear fit of experiment data obtained using Langmuir model............. ar

Figure 3.24 Linear fit of experiment data obtained using Freundlich model........... ar



Figure 3.25 The relationship between the amount of Cd** adsorbed and the

amount of Ca®" released from adsorbents into the SOLUtION ....v.veeveeeeeeeeeeeeeee 50

Figure 3.26 XRD patterns before and after removing cadmium of ACP/Fe;Oy/citric
(a), and Hap/Fe;04/citric (D) (A: Hap, *: FE304) i 51

Figure 3.27 Effect of initial pH of Cd®* solution to cadmium adsorption capacity.52



LIST OF TABLES

Table 2. 1 Chemicals used N ThiS WOTK c...o..eeee et 10

Table 2.2 The conditions of the synthesis process (the variables were shown in

[ 0Ye] Ve I =« ) JS USSR 12

Table 3.1 Surface area, cadmium adsorption capacities and the weight

percentages of calcium, phosphorus, and iron of Hap, Hap/citric and Hap/Fe3;04 19

Table 3.2 Order of adding starting materials in the synthesis and the abbreviated

names Of the fiNal ProdUCTS ... s 22

Table 3.3 Surface area, cadmium adsorption capacities and the weight
percentages of calcium, phosphorus, and iron of Hap/Fe;O,/citric composites with

different adding order of starting materials ... 25

Table 3.4 CPs/Fe;O4/citric composites synthesized at different pH and the

abbreviated names of the final ProdUCES.........covviiiiiiiccee e, 27

Table 3. 5 Surface area, cadmium adsorption capacities and the weight
percentages of calcium, phosphorus, and iron of the CPs/Fe;O,/citric composites

synthesized at different PH ... 31

Table 3.6 ACP/Fe;O4/citric composites with different Ca/P ratio and their

abbreviated name of the final ProdUCES ........cccciiiiiiccc e, 34

Table 3.7 Surface area, cadmium adsorption capacities and the weight
percentages of calcium, phosphorus, and iron of ACP/Fe;O4/citric composites with

AITEIENT CA/P A0 ettt e ee e e eee e eae e 37

Table 3.8 Kinetics parameters of the adsorption of Cd** on ACP/Fe;O,/citric (Ca/P

Table 3.9 Langmuir and Freundlich correlation coefficients and constants of

cadmium adsorption by ACP/Fe;04/Citric (Ca/P 1.5) oo, 48



Table 3.10 The comparison of cadmium adsorption capacities of this work with

OTNET WOTKS et e e et e e e ee e eeeeae e e eneeane



CHAPTER 1
INTRODUCTION

1.1 Characteristics and toxicity of cadmium

Cadmium is a chemical element residing in 12" group of the periodic table with
an atomic number of 48. It mainly occurs with oxidation state +2 as a byproduct in
Zinc and Lead ores [1]. In aqueous solution, the distribution of different cadmium (I)
species, including Cd**, Cd(OH)*, Cd(OH), and Cd(OH)* depends on the pH of the
solution and the concentration of cadmium. With the pH lower than 6, Cd®* is the only

species found in the solution (Figure 1.1) [2].
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Figure 1.1 Various types of hydrolyzed Cd** at different pH [2]
Cadmium has various uses in industry. It could be used in manufacturing of Ni-
Cd batteries, electroplating, industry paints, or nuclear fission. However, this element
is classified as one of extremely toxic heavy metals. Cadmium is well-known for causing
kidney disease, bone defects, and lung cancer. At present, the high level of cadmium
leaked from both natural and anthropogenic sources contaminates the environment,
especially the water resources. Therefore, numerous processes for removal of

cadmium from aqueous solution, such as precipitation, flotation, ion exchange,



adsorption, and membrane filtration, have been widely investigated. Although
choosing an appropriate method depends on the specific purposes and conditions of

each process, applying low-cost, non-toxic and effective materials is preferred [3].

1.2 Calcium phosphate (CPs) materials

Calcium phosphates (CPs) materials have received a lot of attention in the field
of waste treatment [4-15]. CPs have many advantages, such as availability, low water
solubility, non-toxicity, low cost, and high ability for metals uptake. Two types of CPs,
including hydroxyapatite-based materials [5-10, 13-15] and amorphous calcium
phosphate [4] have been known for their potential applications in the removal of

heavy metals, especially cadmium.

1.2.1 Hydroxyapatite and its application for cadmium removal

Hydroxyapatite (Hap) (Ca;o(PO4)s(OH),) is one type of apatite minerals occurring
naturally in the world. It is also known as a major component of bones and teeth. Hap
has a hexagonal crystal structure. Its smallest building unit projected down [001]

direction was represented in Figure 1.2 [16].

Ca IL_ C-'

Ca IIL
' ©

Figure 1.2 Structure of hydroxyapatite (phosphorous: purple, oxygen: red, calcium:
green, hydroxyl-: white) [16]
Hap has been extensively studied for removing heavy metals [2, 5, 6, 8-10, 17,
18], especially for Cd?* removal [3, 5-7, 9, 19] - the application studied in this work.

These researchers reported that the removal of Cd** by Hap reaching relatively high



maximum capacities, in the range of 66.55 — 260.42 mg ¢*. Hap was found to have
higher maximum capacities than many sorbents, such as treated clay (24.45 mg ¢*)
[20], treated rice husk (29.54 mg g*) [20], or chitosan/activated carbon (52.63 mg g*)
[21]. The mechanism of the removal process was studied, and there were a good
agreements that Cd*" entered Hap by ion exchange with Ca’*[6, 14, 15, 17]. In details,
Cd** firstly formed a complexation on ZPOH site of Hap surface (HA-OH + Cd*" - HA-
O-Cd" + H*). Then Cd*" would be exchanged with Ca** to form a Cd-containing Hap,
Cd,Ca19x(POL(OH), (HA-Ca®* + Cd** > HA-Cd** + Ca®*). The adsorption isotherms and
kinetics were also studied and considered to be fitted with Langmuir model [6, 9] and
pseudo-second order [17], respectively. These results might indicate the chemisorption
between Hap surface and Cd** in the solution.

Hap has been synthesized by many methods, such as sol-gel approach,
hydrothermal method, precipitation, multiple emulsion technique, or biomimetic
deposition technique [22]. Among them, precipitation technique is the most popular
technique because the procedure is cheap, simple and fast. The examples of
precipitation reactions were shown below [22]:

10 Ca(OH), + 6H;P04 —> Cayo(POL)s(OH), + 18 H,O
10 Ca(OH), + 6 (NHg),.HPO, —> Ca;o(PO4)s(OH), + 6 H,O + 12 NH,OH
7 Ca(OH), + 3 Ca(H,PO4),.H,O —> Ca1o(PO4)s(OH), + 15 H,0O
Ca(EDTA), + 3/5 HPO,* + 2/5 H,0 —> 1/10 Cayo(POy)(OH), + HEDTA® + 1/5 OH
1.2.2 Amorphous calcium phosphate and its application for cadmium

removal

ACP is a meta-stable species, formed as a precursor of Hap in a basic condition.
From a saturated calcium phosphates solution, ACP precipitates as an initial solid
phase, then readily transform to the stable crystalline materials, Hap [23-25].
Therefore, to synthesize ACP, adding additive, using special starting materials or freeze-
drying were necessary in order to prevent the transformation from ACP to crystalline
CPs phases. Up to date, there are three methods have been used for ACP synthesis,
including microwave-assisted hydrothermal, precipitation and spray drying method [4,

26-28]. In  microwave-assisted hydrothermal method, phosphorus-containing



biomolecules, such as B-glycerophosphate disodium and adenosine triphosphate were
used as phosphate sources. These phosphorus-containing biomolecules could release
phosphate from the hydrolysis process by heat treatment to control the calcium
phosphates growth. With precipitation method, ACP was achieved from the reaction
between calcium and phosphate salts in basic solution followed by a freeze-drying,
calcination and storage at very low temperature (-18°C) to avoid the transformation
from ACP to Hap.

ACP has various Ca/P ratio (~ 1.0 - 2.0) depending on the condition of the
synthesis [27, 29, 30]. In basic condition (pH 9-11), amorphous tricalcium phosphate
(Cas(POy),.nH,0) is most widely achieved. The structure of this compound called
“Posner’s clusters” was shown in Figure 1.3. In acidic condition, the ratio of 1.15 was
obtained. Moreover, Ca/P ratio much lower than 1.5 corresponding to amorphous OCP
[CagH,(PO4)q.nH,O] or amorphous DCP (CaHPO,) could be achieved in non - aqueous
solution. For the ratio higher than 1.5, the foreign ions, such as carbonate or oxide ions,
are needed in the preparation.

ACP precipitates normally contain a large amount of water, including bound
water (10-20%) and water molecules in the space between the calcium phosphates
clusters. The specific surface area of ACP was therefore surprising low due to the

obstruction of these water molecules [27].



Figure 1.3 Structure of amorphous tricalcium phosphate called “Posner’s clusters”
[27]

For heavy removal application, Guan-Jun D. et al. synthesized ACP by
microwave - assisted hydrothermal and obtained high cadmium removal capacity (366
mg ¢! [4]. Moreover, it has been found that higher removal capacities of heavy metals
were achieved from hydroxyapatite (Hap) with lower crystallinity and higher specific
surface area [31]. Considered the effect of crystalllinity, ACP might be more promising
sorbents than Hap [4]. However, up to date, ACP has been less studied than Hap. One
of the reasons could be its complicated preparation. Therefore, ACP could catch more

interest if the synthesis process is simpler.

1.3 Synthesis of magnetic CPs composites for the convenient recovery

Using CPs composites to remove heavy metals normally faces with separation
difficulty [13, 32, 33]. A development of convenient recovery is therefore needed. The
magnetic separation is well known as an efficient, economic, and no-contaminated
technology. The magnetic composites of various sorbents and Fe;O, were reported on
their easy separation using an external magnetic field [13, 32-35].

For Hap, various Hap/Fe;O, composites for heavy metals removal have been
synthesized. Feng et. al. [13] successfully synthesized magnetic Hap nanoparticles by
one-pot co-precipitation method. The prepared materials gave high removal Cd**

capacity of 223.9 (mg ¢') and shown the saturation magnetization of 59.4 (emu g). In



this research, the mechanism of adsorption process was proposed as cationic exchange
between Cd** and Hap/Fe;O, surface, which agreed well with many researches using
pure Hap mentioned earlier. Kazeminezhad et al. [36] successfully prepared Hap/Fe;O,
nanoparticles by co-precipitation method. The Cd** removal capacity of the composite
was 84.746 (mg ¢'). The nanoparticles had an average size of 19 + 2 nm and shown
superparamagnetic behavior. Other magnetic Hap/Fe;O, composites were also used
for other heavy metals removal [32, 33]. Yang et al. [33] prepared a core-shell structure
using co-precipitation method. Indeed, Fe;O4 was formed as cores and coated by Hap
particles on its surface.

For ACP, due to the complicated synthesis processes, there were only a few
researches on magnetic ACP composites and most of them focused on the

biochemistry application [37].

1.4 Citric acid and its effects to magnetite particles and calcium phosphate

materials

In relation to the factors affecting the Cd®* removal efficiency, the particle size
and specific surface area are important characteristics of adsorbents. Adding inhibitors
or stabilizers are sometimes needed to control the size of particles [14]. Citric acid, a
tricarboxylic acid (Figure 1.4), is known as a strong chelating ability to calcium ions.
Therefore, it was used as to inhibit the Hap growth [38-40] and the transformation of
ACP to Hap [24]. Moreover, citric acid was also used to stabilize the magnetite particles,

especially nanoparticles [41-43].
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Figure 1.4 Structure of citric acid (a) and its speciation (b)

1.4.1 Effect of citric acid to magnetite particles

The application of citric acid as a steric stabilizer coating on magnetite surface
was studied. It used one carboxylic group to bind with magnetite surface leaving two
carboxyl groups with negative charges to prevent the aggregation or to provide the
active sites for further surface modification [41, 42]. Sousa et al. [41] prepared citric
acid coated magnetite nanoparticles using co-precipitation method for magnetic
hyperthermia. They achieved the stable suspension with the highest content of
magnetite nanoparticles at the coating pH of 4.58. The coated magnetite had
superparamagnetic behavior having magnetite nanoparticle size of 9 - 12 nm.
Cheraghipour et al. [42] reported similar findings when synthesizing citric-capped
superparamagnetic magnetite nanoparticles with the average size of 10 nm, narrow
size distribution, and saturation magnetization of 74 (emu g).

1.4.2 Effect of citric acid to calcium phosphate materials

Citric acid and its anionic forms have a strong chelating ability to calcium ions
that strongly depended on the pH of the solution [44-46]. The possible associations of
different anionic forms of citric acid and free calcium ions [44] were represented in
Figure 1.5. The chelating ability of citric acid and calcium ion increases with the increase

of negative charge on the species of citric acid in solution.
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Figure 1.5 Citrate equilibrium and possible associations with free calcium ions [44]

Due to the chelating ability to calcium ion, for Hap, citric acid was used to
inhibit and control the particle nucleation and crystal growth [38, 39, 45-47]. Hu et al.
[45] found that Hap crystal size decreased with increasing citric acid concentration.
They proposed that citric acid existed as citrate ions in their condition (pH of 7.5 - 8.0)
and it could bind strongly to calcium ions. Therefore, the negative charges were
created on Hap surface, which repelled with phosphate ions and other Hap nuclei
resulting in the inhibition of further crystal growth and the prevention of particle
aggregation. Saoiabi et. al. [47] used Hap that was modified with citric acid to remove
lead from aqueous solution. They found that citric-modified Hap had faster adsorption
rate and higher adsorption capacity than pure Hap. However, most researchers studied
the effect of citric acid on Hap only for the biological purpose due to their existence
in human bodies. There are few studies in relation to heavy metal removal. For ACP,
citric acid was found to be a moderate inhibitor of the transformation of ACP to Hap

[24].

1.5 The objectives of this study

- To synthesize the magnetic calcium phosphate composites with the
assistance of citric acid
- To find out the function of citric acid during the synthesis process as well as

the mechanism of this process



- To investigate the cadmium removal ability of the synthesized materials
- To study the adsorption behavior of the composites, and propose the

mechanism of the removal process



CHAPTER 2
EXPERIMENTAL

2.1 Chemicals

All chemicals were listed in Table 2.1.

Table 2. 1 Chemicals used in this work

Chemicals Purity (%) Company
Ca(NO3),.4H,0 90 - 103 Ajax Finechem
NH;H,PO, 99 Carbo Erba
Citric acid 99-102 Ajax Finechem
NH,OH 30% 28-30 Carbo Erba
HNO; 65 Merck

FeCls >97 Fisher Chemical
FeSO,.7H,0O 99-104.5 Loba Chemie
3CdS0O,4.8H,0 >99 Carlo Erba
NaOH >99 Merck

2.2 Synthesis of Hap, Hap/citric, Fe;0,4, Hap/Fe;0,4, and CPs/Fe;0,4/citric

composites

Magnetic calcium phosphate composites were synthesized in the presence of
citric acid (CPs/Fe;Og/citric) via one-pot precipitation method. In order to characterize
the nature and evaluate the performance of composite materials, pristine Hap,
Hap/citric, bare Fe;O, and Hap/Fe;O, were also synthesized. ACP could not be
synthesized in the synthesis condition of this work because the phase was meta-stable

and readily transformed to Hap.
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2.2.1 Synthesis of Fe;04

FesO4 particles were synthesized by modifying the method from the literature
[48]. FeSO4.7H,O and FeCls were dissolved separately and mixed together under
nitrogen atmosphere. Concentrated ammonia solution (30%) was added to the mixed
solution until the pH of solution reached 10.0. After stirring for 1 hour, the black
precipitates were separated by a magnet, centrifuged at 3000 rpm, and washed three
times by deionized water. Then, the as-synthesized Fe;O, was dried at 60°C under

vacuum for 12 hours.

2.2.2 Synthesis of Hap

To synthesize Hap, Ca(NO3),.4H,0 and NH4H,PO, (Ca/P molar ratio of 1.67) were
dissolved in deionized water and mixed together. Then, concentrated ammonia
solution (30%) was added until the pH of the suspension reached 10.5. The reaction
occurred as: 10 Ca(NO3),.4H,0 + 6 NHaH,PO,—> Cao(PO4)s(OH), + 20 NH,NO5 + 38 H,0.
After stirring for 1 hour, the white precipitates were centrifuged at 3000 rpm and
washed three times by deionized water. Finally, the received precipitates were dried
at 90°C for 12 hours.

2.2.3 Synthesis of CPs/Fe;O/citric

To synthesize CPs/Fe;O4/citric composites, Fe;O, particles were preformed,
using the same method as shown in the section 2.2.1 without collecting or washing
the precipitates. Then, the solution of citric acid and starting materials of calcium
phosphates were added into the said Fe;O, mixture. The mole of citric acid to Ca?*
and Fe® to Ca** were 0.25:1 and 0.22:1, respectively. The pH of the suspension was
adjusted to 10.5 by concentrated ammonia (30%). After stirring for 1 hour, the obtained
precipitates were washed two times by deionized water and dried at 90°C.

The optimized condition of the synthesis process, including the order of adding

citric acid, Ca®*, PO43’, pH of the reaction mixture and Ca/P ratio were studied and

described in Table 2.2



Table 2.2 The conditions of the synthesis process (the variables were shown in bold

text)

Parameters

Details

The order of

Fe;0q4 (pH=10) — Ca**—> Solution of citric (not control pH) —

adding citric | PO,> (pH=10.5) Ca/P=1.67
acid, Ca”* | Fe;0q4 (pH=10) — Solution of citric acid (not control pH) — Ca?*
and PO, + PO,* (pH=10.5) Ca/P=1.67
Fe;0, (pH=10) — Solution of citric acid + PO,> (not control pH)
— Ca** (pH=10.5) Ca/P=1.67
Fe;0, (pH=10) — Solution of citric acid (not control pH) — Ca*
— PO,* (pH=10.5) Ca/P=1.67
pH of the | Fe;0,4 (pH=10) — Solution of citric acid — pH = 2.3— Ca*" and
reaction PO, (pH=10.5) Ca/P=1.67

mixture after
citric acid was

added

Fe;0, (pH=10) — Solution of citric acid — pH = 4.0— Ca** and
PO,” (pH=10.5) Ca/P=1.67

Fe;0, (pH=10) — Solution of citric acid — pH = 6.0— Ca** and
PO,* (pH=10.5) Ca/P=1.67

Fe;0, (pH=10) — Solution of citric acid — pH = 6.7— Ca** and

PO,” (pH=10.5) Ca/P=1.67

Fe;0, (pH=10) — Solution of citric acid — pH = 7.9— Ca** and

PO,” (pH=10.5) Ca/P=1.67

Fe;0, (pH=10) — Solution of citric acid — pH = 9.5— Ca** and

PO,* (pH=10.5) Ca/P=1.67

Initial  Ca/P

ratio

Fe;0, (pH=10) — Solution of citric acid — pH = 6.0 — Ca**and

PO,” (pH=10.5) Ca/P =1

Fe;0, (pH=10) — Solution of citric acid — pH = 6.0 — Ca**and

PO,* (pH=10.5) Ca/P =1.5

Fe;0, (pH=10) — Solution of citric acid — pH = 6.0 — Ca**and

PO,> (pH=10.5) Ca/P =1.67

Fe;0, (pH=10) — Solution of citric acid — pH = 6.0 — Ca**and

PO,” (pH=10.5) Ca/P =2
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2.2.4 Synthesis of Hap/Fe;O,

Hap/FesO, composites were synthesized in the similar fashion as
CPs/Fe;Oy/citric without the presence of citric acid. Fe;O, particles were preformed
first and follow by adding Ca?* and PO, at the same time. The mole ratio of Fe**/Ca**
and Ca/P were 0.22 and 1.67, respectively.

2.2.5 Synthesis of Hap/citric

Hap/citric was synthesized by following the synthesis procedure of Hap.
However, Ca** and PO,> were added at the same time into a solution of citric acid at
pH 6.0. The mole of citric acid/Ca®* and Ca/P were 0.25:1 and 1.67, respectively.

2.3 Characterization techniques
2.3.1 Fourier transform infrared spectroscopy (FTIR)

FTIR was needed to identify the vibrational groups in order to determine the
presence of PO,”, OH and citrate ions. The FTIR spectra were recorded as KBr pellets
using a Thermo Scientific Nicolet 6700 FTIR spectrophotometer.

2.3.2 X-ray powder diffraction (XRD)

To identify the crystalline phases and observe their crystallinities, the Rigaku,
Dmax-2200 UltimaPlus X-ray powder diffractometer was used. This instrument was
quipped with a monochromater and a Cu Ka radiation source generated at 40 kV and
30 mA. The analysis angles were performed from 2 theta 20° to 70°. The scattering,
divergent and receiving slits were set at 1°, 1° and 0.3 mm, respectively.

2.3.3 Differential scanning calorimetry (DSC)

In order to understand how citrate ions bonded in the materials, DSC1 Mettler
Toledo was used. The measurements were performed by heating samples from 30°C
to 450°C in air atmosphere with 10°C min™ heating rate.

2.3.4 Elemental analysis

LECO CHNS-628 elemental analyzer at Kasetsart University was used to
determine the percentage of carbon element in order to calculate the amount of

citrate ions in the final products.
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2.3.5 Transmission electron microscopy (TEM)

The morphologies and particle sizes of the synthesized materials were
determined by using a Philips TECNAI 20 electron microscope at Burapha University.
For TEM preparation, the powder samples were dispersed in deionized water
(solid/liquid ratio of 1/20 (mg mL™"). The suspensions were sonicated for 20 minutes.
Then one drop of the suspensions was placed onto the copper grids. The samples
were evaporated naturally and kept at least one week before the determination.

2.3.6 Scanning electron microscopy (SEM)

The surface morphology of the materials were monitored by SEM using a JSM-
5800 LV scanning electron microscopy (Oxford Instrument Link ISIS series 300) at
Faculty of Science, Chulalongkorn University. The samples were prepared by coating
onto carbon tabs and drying overnight at 80°C.

2.3.7 Surface area analysis

The surface area and pore size distribution of samples were measured by
nitrogen adsorption - desorption using BEL Japan BELSORP-mini 28SP instrument. The
samples were dried at 90°C overnight. Then they were pretreated at 110°C in the
vacuum for 4 hours before the measurements.

2.3.8. Vibrating sample magnetometer (VSM)

The magnetic hysteresis loops of composites were recorded using an in - house
developed VSM system at Kasetsart University [49]. The system was calibrated by
nickel sphere from Lake Shore, model 730908.

2.4 Adsorption experiments

Cadmium adsorption process was performed by batch experiments. 10 mg of
sorbents was added into a bottle containing 10 mL Cd**. The pH of solution was
adjusted to 5.00 by 0.01 M HNOs and 0.01 M NaOH. Then, the suspensions were shaken
at 30 rpm for 24 hours. The samples were collected by using 0.45 micron syringe filters.
The concentration of Cd** was determined by inductively coupled plasma (ICP-OES)
model iCAP 6500 series (Thermo Fisher scientific). The cadmium adsorption capacity

was calculated by:
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g = (G, = CIVI/m
where g, (mg ¢") is the cadmium removal capacity, C, and C; are the Cd*" initial
concentration and Cd*" concentration at time t, respectively (mg L™). V is the volume

of solution (L), and m is the weight of sorbents (g).

2.4.1 Effect of contact time

To study the adsorption kinetics, the contact time was varied from 5 to 420
minutes. Sorbents (10 mg) were suspended in 10 mL of 350 mg/L Cd** at pH of 5.0.

2.4.2 Effect of initial cadmium concentration

The adsorption isotherms were studied by varying the initial concentration of
Cd from 0 to 373 ppm. Sorbents (10 mg) were suspended in 10 mL Cd*" at pH of 5.0

and the mixtures were shaken for 24 hours.

2.4.3 Effect of initial pH of cadmium solution

The 350 mg/L Cd** was prepared in different pH (2, 2.5, 3, 4, 5, 6, 7) using 0.01M,
0.1 HNO; and NaOH. The adsorption process was carried out using 10 mg of sorbents

in 10 mL of Cd?*, and the mixtures were shaken for 24 hours.



CHAPTER 3
RESULTS AND DISCUSSION

3.1 Synthesis, characterization of the synthesized materials and their

preliminary study on the removal of cadmium

Magnetic calcium phosphate composites were synthesized in the presence of
citric acid via simple precipitation method. The synthesized materials were
characterized by FTIR, XRD, elemental analysis, surface area analysis, TEM, SEM, DSC,
and VSM. The optimized conditions of the synthesis process, including the order of
adding starting materials, pH of the reaction mixture, and the initial Ca/P ratio were
studied. Pristine Hap, Hap/citric, bare Fe;O4, and Hap/Fe;O,4 were also synthesized and
characterized for evaluating the performance of CPs/Fe;O4/citric composites. ACP
could not be synthesized in the synthesis condition of this work because the phase
was meta-stable and readily transformed to Hap.

3.1.1 Synthesis, characterization and cadmium adsorption capacities of

Hap, Hap/citric, Fe;04 and Hap/Fe;O,

The XRD patterns of Hap, Hap/citric, Fe;04 and Hap/Fe;O,4 were shown in Figure
3.1. Hap and Hap/citric contained pure Hap phase (JCPDS: PDF 74-0566). The difference
was that the XRD pattern of Hap/citric had broader peaks, indicating lower crystallinity
of Hap as the influence of citric acid. Hap/Fe;O4 had similar XRD pattern to that of Hap
with the addition of three characteristic peaks of Fe;O, at 35.60°, 57.21°, and 62.97°
(JCPDS: PDF 86-1361). This result confirmed that the composite was comprised of Hap
phase and Fe;O4 phase.
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Figure 3.1 XRD patterns of Hap, Hap/citric, Fe;O, and Hap/Fe;O,

These composites were also characterized by FITR (Figure 3.2). In the spectrum
of Hap sample, the vibrational bands at ca. 1098, 1043, 957, 606 and 566 cm’
corresponded to PO,> vibration. The vibration bands at ca. 3424 and 636 cm™ are
attributed to OH groups. The bands at 1640 and 1381 cm™ corresponded to the
adsorbed water and CO5* due to the dissolution of CO, during the synthesis process,
respectively. These bands also appeared in the spectra of Hap/citric and Hap/Fe;Oy.
Only in the FTIR spectrum of Hap/citric, two broad additional bands around ca. 1595
and 1400 cm™ were found. They could be assigned as Nagyrm(COO) and Ny, (COO") of
citrate ions, but these two bands overlapped with adsorbed water band and carbonate

band, respectively.
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Figure 3.2 FTIR spectra of Hap, Hap/citric and Hap/Fe;O,

In addition to the FTIR results, the presence of citrate ions in the Hap/citric
sample was confirmed by elemental analysis (Table 3.1). The carbon amount of 5.07%
was detected in the Hap/citric sample, while those of Hap and Hap/Fe;O,4 were 0.91%
and 0.97%, respectively. The amount of citrate ions (C4HsO;%) was calculated to be
13.3% in the Hap/citric sample. Adding citric acid in the synthesis and the existence of
citrate ions in the Hap/citric final product enhanced the surface area of Hap by 1.9
times. To explain this, Hu et al. [45] proposed that citrate ions could bind strongly to
calcium ions and create negative charges on the Hap surface. These negative charges
repelled with phosphate ions and other Hap nuclei resulting in the inhibition of further
crystal growth and the prevention of the particle aggregation. Besides citric acid,
magnetite could also enhance the surface area of Hap by 1.4 times. This could be
explained that Fe;O, particles disturbed the crystals growth and prevented the
aggregation of Hap nuclei. TEM images (Figure 3.3) clearly revealed the smaller particles
of Hap/citric and Hap/Fe;O4 compared to those of Hap. The needle-like morphology

of Hap-based materials was found in all samples. The size of those needles in
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Hap/citric (12 - 30 nm) and Hap/Fe;04 (13 — 29 nm) was smaller than that of pure Hap
(31 -75 nm).

The nitrogen adsorption - desorption isotherm of Hap/citric possessed type IV
according to the IUPAC classification, while those of Hap and Hap/Fe;O4 exhibited type
Il (Figure 3.4) [50]. This could indicate the micro-mesoporous structure of Hap/citric
sample (pore size of 3.53 nm) and macroporous or non-porous structures of Hap and
Hap/Fe;0y.

Cadmium adsorption capacities of Hap, Hap/citric, Fe;04 and Hap/Fe;O4 were
shown in table 3.1. The adsorption capacity (143 mg ¢) of Hap/citric was quite high as
compared to that of Hap (104.4 mg g that could attribute to its higher surface area.
For Hap/Fe;04, considering that it contained 71 wt% Hap and 17 wt% Fe;04 (calculated
from the calcium and iron in the digested sample), the calculated cadmium removal
capacity was 73.8 (mg ¢™'). The higher experimental value of 97.7 (mg ¢™) could be
explained by the higher surface area of Hap/Fe;O.

Table 3.1 Surface area, cadmium adsorption capacities and the weight percentages of

calcium, phosphorus, and iron of Hap, Hap/citric and Hap/Fe;O4

Samples Seer ch Ca“ pPe Fe® | Ca/P" Cadmium
(m?g™h) | (Wt%) | (Wt%) | (Wt%) | (wt%) adsorption
capaci’tyd
(mgg™)
Hap 73.2 0.91 36.26 | 17.42 0 1.61 104.4
Hap/citric 138.7 5.07 34.26 | 15.34 0 1.74 143.3
Hap/FesO4 | 1035 0.97 2826 | 13.19 | 1244 | 1.63 97.7

*from N, isotherm using the BET model

® from elemental analysis

“Samples were digested and measured by ICP-OES

4The removal process was performed by suspending 10 mg of sorbent in 10 mL Cd**

350 mg/L at pH of 5.0. The concentration of Cd*" was measured by ICP-OES



Figure 3.3 TEM images of Hap (a), Hap/citric (b), Fe;0,4 (c) and Hap/Fe;0,4 (d)
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Figure 3.4. Nitrogen adsorption - desorption isotherms of Hap (a), Hap/citric (b) and
Hap/Fe;04 (C)

In addition, the experimental study about the effect of citric acid on magnetite
was also set up. After adding citric acid to the formed Fe;O,, the nanoparticles were
well dispersed in the aqueous solution and did not precipitate or accumulate under
the influence of magnet. The stable suspension of magnetite nanoparticles would be
useful in the synthesis of the composite materials next. Therefore, citric acid was then
used as an additive in the synthesis of magnetic calcium phosphate materials.

3.1.2 Synthesis, characterization and cadmium adsorption capacities of
CPs/ Fe;O4/citric materials

The optimized conditions of the synthesis process, including the order of

adding starting materials, pH of the reaction mixture, and the initial Ca/P ratio were

studied. The mole ratio of Fe**/Ca?" and citric acid/Ca*" of all CPs/Fe;O/citric materials

were 0.22 and 0.25, respectively.
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3.1.2.1 Effect of order of adding the starting materials

To determine the effect of citric acid to Fe;O,4 and Hap, the order of adding
the starting materials were varied and the final products were named in Table 3.2.
Table 3.2 Order of adding starting materials in the synthesis and the abbreviated

names of the final products

Order of adding starting materials Abbreviated names

Fe,0,—> Ca**— Solution of citric — PO,” F-Ca-Ci-P

Fe,O,— Solution of citric acid + PO, — Ca** | F - Ci+P - Ca

Fe;0,— Solution of citric acid — Ca** + PO,> | F - Ci - Ca+P

Fe;O,— Solution of citric acid — Ca** - PO,> |F-Ci-Ca-P

The XRD patterns of these synthesized materials were shown in Figure 3.5.
Similar to Hap/Fe;O,, these materials consisted of Hap phase and Fe;O4 phase.
Furthermore, the FTIR spectra (Figure 3.6) of these Hap/Fe;O4/citric materials were

similar to that of Hap/citric, indicating the presence of PO,>, OH’, and citrate ions.
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Figure 3.5 XRD patterns of Hap/Fe;O,4/citric composites with different order of adding

starting materials (a: Hap, *: Fe;0q4)
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Figure 3.6 FTIR spectra of Hap/Fe;Og4/citric composites with different order of adding
starting materials

The specific surface area and the weight percentages of calcium, phosphorus,
and iron in the materials were shown in table 3.3. According to the elemental analysis
results, the percentages of citrate ions in the these composites were in the range of
11.9% - 14.9%. With the presence of citrate ions and magnetite, the surface area of all
four materials were higher than both Hap/citric and Hap/Fe;Oq4. Moreover, the nitrogen
adsorption — desorption isotherms of these four materials (Figure 3.7) belonged to type
IV, indicating the micro-mesoporous structure (pore size in the range of 1.64 — 3.09).
Notice that the highest specific surface area values were obtained when citric acid was
added into Fe;O4 before Hap precipitated. These results indicated the ability of citric
acid to stabilize magnetite nanoparticles and inhibit the growth of Hap as mentioned
above.

The cadmium adsorption capacities of four Hap/Fe;O,/citric composites with
different adding order of starting materials were summarized in Table 3.3. The

capacities of these materials were relatively higher than both Hap/citric and Hap/Fe;O,.
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Unlike that has been discussed in section 3.1.1, the capacities of these four materials
did not relate to the surface area. The removal ability might also depend on other

characteristics, such as crystallinities of the materials.

Table 3.3 Surface area, cadmium adsorption capacities and the weight percentages of
calcium, phosphorus, and iron of Hap/Fe;Og/citric composites with different order of

adding starting materials

Samples Sger ch Ca“ pPe Fe© Ca/P¢ | Cadmium

(m? g Y | Wt%) | (Wt%) | (Wt%) | (wt%) adsorption

capaci’cyOI

(mgg™)
F-Ca-Ci-P 167.3 5.67 | 21.25 | 10.57 | 11.40 1.59 181.4
F-C+P -Ca 1775 5.51 | 22.23 | 10.84 | 10.60 1.59 195.9
F-C-Ca+P 208.3 452 | 2482 | 11.70 | 11.40 1.64 149.0
F-CG-Ca-P 182.5 476 | 2295 | 11.56 | 10.87 1.53 131.5

“from N, isotherm using the BET model

® from elemental analysis

¢ Samples were digested and measured by ICP-OES

4 The removal process was performed by suspending 10 mg of sorbents in 10
mL Cd?** 350 mg/L at pH of 5.0. The concentration of Cd** was measured by
ICP-OES
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Figure 3.7. Nitrogen adsorption - desorption isotherms of Hap/Fe;O4/citric composites

with different order of adding starting materials (F - Ca — Ci - P (a), F — Ci+P — Ca (b),
F-C-Ca+P(0),andF-Ci-Ca-P(d)

In conclusion, by varying the order of adding starting materials, the phase of
calcium phosphates was found to be Hap. These products had quite high surface area
and relatively high cadmium adsorption capacities. The order [Fe;0, — citric acid — Ca**
+ PO,>] was chosen to study the effect of pH due to the final product possessing the
highest surface area.

3.1.2.2 Effect of pH of the reaction mixture

The effect of pH of the reaction mixture after adding citric acid was studied due
to the strong effect to the chelating ability of citric acid to calcium ions [44, 51]. These
pH values were varied from lower than pK,; to higher than pK,; of citric acid, which

was 2.3 - 9.5. The final products were named in Table 3.4.



Table 3.4 CPs/Fe;Og4/citric composites synthesized at different pH and the

abbreviated names of the final products
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Samples Abbreviated
names

Fe;0,— Solution of citric acid — pH = 2.3 — Ca** + PO,” Citric — pH 2.3
Fe;0,— Solution of citric acid — pH = 4.0 — Ca*" + PO,” Citric — pH 4.0
Fe;0,— Solution of citric acid — pH = 6.0 — Ca*" + PO,” Citric — pH 6.0
Fe;0,— Solution of citric acid — pH = 6.7 — Ca®*" + PO,~ Citric — pH 6.7
Fe;0,— Solution of citric acid — pH = 7.9 — Ca®*" + POy~ Citric — pH 7.9
Fe;0,— Solution of citric acid — pH = 9.5 — Ca®*" + PO,” Citric — pH 9.5

The XRD patterns of CPs/Fe;O4/citric composites synthesized at different pH

were shown in Figure 3.8. All patterns shown the characteristic peaks of Fe;O, (PDF 86-

1361). At the pH higher than pK,; of citric acid (6.7-9.5), the XRD patterns also include

the characteristic peaks of Hap (PDF 74-0566). While at the pH lower than pK; (2.3-

6.0), no other peak except those belongs to Fe;O4 appears. This could indicate the

amorphous phase of calcium phosphates. The FTIR spectra of CPs/Fe;O,/citric (Figure

3.9) also indicated the presence of PO,>, OH, and citrate ions mentioned in section

3.1.1and 3.1.2.1.
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Figure 3.8 XRD patterns of CPs/Fe;O/citric composites synthesized at different pH
(a: Hap, *: Fes0,)
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Figure 3.9 FTIR spectra of CPs/Fe;Oq/citric composites synthesized at different

pH

According to the percentages of carbon detected (Table 3.5), 11.8 wt% - 16.7
wt% citrate ions was found in these samples. It could be observed that
ACP/Fe;Qg4/citric composites had lower specific surface area than those of
Hap/Fe;O4/citric composites. However, the cadmium capacities of all ACP-based
materials were much higher than those of Hap-based materials. The unrelated
relationship between the surface area and cadmium removal ability could be
explained by the different interaction of the water-containing ACP-based materials on
the N, adsorption and on the Cd** adsorption. For the determination of the specific
surface area of ACP/Fe;Oy/citric, the physical adsorption occurred bettween the solid
and nitrogen gas molecules. Therefore, the bound water and inter-space water in the
ACP/Fe;Qg4/citric materials would obstruct the adsorption of nitrogen molecules and

thus reduced the specific surface area [27]. This hindrance was confirmed by the
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nitrogen adsorption — desorption isotherms (Figure 3.10). These isotherms were
classified as type I, exhibiting the non-porous materials. In the cadmium removal
process, sorbents were suspended into the Cd”" solution. The metal ions are
hydrophilic; therefore, the water in the structure of ACP-based materials could act as
the medium for the adsorption process instead.

Furthermore, the large difference in the cadmium adsorption capacities
between ACP composites and Hap composites pointed to the effect of crystallinity on
the removal capacity. In the amorphous phase (ACP), Ca** might be substituted by
Cd** from the solid sorbents easier than those in a crystalline phase (Hap) due to the
presence of defects and dangling bonds normally found in an amorphous materials
[52, 53]. The mechanism of cadmium removal will be discussed in the adsorption

mechanism.
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Table 3. 5 Surface area, cadmium adsorption capacities and the weight percentages

of calcium, phosphorus, and iron of the CPs/Fe;Oq/citric composites synthesized at

different pH
Samples Sger” ch Ca“ pPe Fe“ | Ca/P° | Cadmium
(m? g | Wt%) | (Wt%) | (Wt%) | (wt%) adsorption
capacityd
(mg g™

Citric - pH 2.3 119.0 563 | 1759 | 853 | 17.41 | 1.59 273.8

Citric - pH 4.0 81.9 6.36 | 1846 | 932 | 1212 | 1.52 293.8

Citric — pH 6.0 88.2 5,55 | 20.55 | 10.20 | 12.75 | 1.56 303.2

Citric — pH 6.7 156.5 531 | 2241 | 10.83 | 859 1.61 165.1

Citric = pH 7.9 192.9 496 | 23.15 | 11.05 | 13.11 | 1.62 146.7

Citric — pH 9.5 208.3 452 | 2482 | 11.70 | 11.40 | 1.64 149.0

“from N, isotherm using the BET model

® from elemental analysis

¢ Samples were digested and measured by ICP-OES

4 The removal process was performed by suspending 10 mg of sorbents in 10
mL Cd?** 350 mg/L at pH of 5.0. The concentration of Cd** was measured by
ICP-OES
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Figure 3.10. Nitrogen adsorption - desorption isotherms of CPs/Fe;Og/citric

composites synthesized at pH 2.3 (a), 4.0 (b), 6.0 (), 6.7 (d), 7.9 (e), and 9.5 (f)
TEM and SEM images of ACP/Fe;Qy/citric (pH 6.0) and Hap/Fe;O,/citric (pH 9.5)
(Figure 3.11) were chosen to represent the morphologies of the two types of magnetic
calcium phosphates. The TEM image of ACP/Fe;Og/citric (Figure 3.11 (a)) suggested the
particle aggregation. Fe;O,4 particles were covered and linked by the irregular shape of

ACP phase, resulting in the mossy surface as seen in the SEM image (Figure 3.11 (b)).
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For Hap/Fe;Og/citric, the needle - shaped particles of hydroxyapatite and the
nanosized Fe;0, aggregated together (Figure 3.11 (c) and (d)).

Figure 3.11 TEM image (a), SEM image (b) of ACP/Fe;O,/citric (pH 6.0),

and TEM image (c), SEM image (d) Hap/Fe;O4/citric (pH 9.5)

As mentioned in chapter 1, amorphous calcium phosphates exists in the wide
range of Ca/P ratio [27, 29]. Therefore, these ratios were studied in the range of 1.0 -
2.0. The order [Fe;04 — solution of citric acid - pH 6.0 - Ca*" and PO,*] was chosen to
study the Ca/P ratio due to the achieved highest cadmium capacity in this section.

3.1.2.3 Effect of Ca/P ratio

The initial Ca/P ratio was varied and the final products were named in table

3.6.
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Table 3.6 ACP/Fe;O4/citric composites with different Ca/P ratio and their abbreviated

name of the final products

and PO,> with ratio Ca/P =2

Samples Abbreviated names
Fe;O4 — Solution of citric acid — pH = 6.0 — Ca?t Ca/P =1.0
and PO, with ratio Ca/P =1
Fe;0, — Solution of citric acid — pH = 6.0 — Ca** Ca/P =15
and PO, with ratio Ca/P =1.5
Fe;0, — Solution of citric acid — pH = 6.0 — Ca** Ca/P =1.67
and PO,> with ratio Ca/P =1.67
Fe;0, — Solution of citric acid — pH = 6.0 — Ca** Ca/P =2.0

The FTIR spectra of these composites (Figure 3.12) indicated the presence of

phosphate and citrate ions as discussed in previous sections. The XRD patterns of

composites with different Ca/P ratio were shown in Figure 3.13. Only Fe;O4 phase

appeared in all XRD patterns, indicating that the formation of calcium phosphate in

different Ca/P ratio was ACP.
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Figure 3.12 FTIR spectra of ACP/Fe;O,/citric composites with different Ca/P ratio
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Figure 3.13 XRD patterns of ACP/Fe;O,/citric composites with different Ca/P ratio
(*: Fe304)

The surface area values of all ACP-based composites (Table 3.7) were lower
than those of all Hap-based composites in section 3.1.2.2. Moreover, the nitrogen
adsorption - desorption isotherms belonged to type II indicating the non-porous
materials (Figure 3.14). These results could also explained by the trapped water in the
inter-space of clusters. It could be observed that ACP/Fe;O4/citric composites with
different Ca/P ratio exhibited high cadmium removal ability. This result confirmed that
the low crystalline calcium phosphates possessed high cadmium adsorption capacity.
ACP/FesQg/citric (Ca/P ratio of 1.5) was chosen for further study because of having

highest cadmium removal capacity.
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Table 3.7 Surface area, cadmium adsorption capacities and the weight percentages of

calcium, phosphorus, and iron of ACP/Fe;Og/citric composites with different Ca/P

ratio

Samples Sger” ch Ca“ pPe Fe® | Ca/P¢ Cadmium

(m? g | (Wt%)f | (Wt%) | (wt%) | (wt%) adsorption

capacityd

(mg g™
Ca/P =1.0 117.6 412 | 21.86 | 13.24 | 10.79 | 1.27 256.9
Ca/P =15 88.7 6.16 20.08 | 10.75 | 11.46 | 1.48 323.1
Ca/P =1.67 88.2 6.52 2241 | 10.83 | 8.59 1.61 303.2
Ca/P =2.0 77.0 8.21 19.2 8.73 | 1516 | 1.71 313.0

®from N, isotherm using the BET model

® from elemental analysis

¢ Samples were digested and measured by ICP-OES

9The removal process was performed by suspending 10 mg of sorbent in 10

mL Cd** 350 mg/L at pH of 5.0. The concentration of Cd** was measured by

ICP-OES
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Figure 3.14. Nitrogen adsorption - desorption isotherms of ACP/Fe;O,/citric
composites with Ca/P ratio of 1.0 (a), 1.5 (b), 1.67 (c), and 2.0 (d)

The TEM and SEM images of ACP/Fe;O,/citric (Ca/P 1.5) were represented in
Figure 3.15. In the SEM images, similar to that of the ACP/Fe;O,/citric (Ca/P 1.67) sample
in Figure 3.11, this magnetic amorphous calcium phosphate had the spherical shape
that was surrounded by mossy particles. These mossy surface particles could be ACP
deposited on the Fe;O, surface. ACP particles could be observed clearly in the TEM
images (Figure 3.15 (a) and 3.15 (b)). The irregular shape of ACP particles linked together
and became random network and chain that covered the Fe;O, particles. Therefore,
the SEM images (Figure 3.15 (c) and 3.15 (d)) appeared as mossy particles that
aggregated to larger particles.
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Figure 3.15 TEM (scale bar 200 nm) (a), (scale bar 100 nm) (b) and SEM (scale bar 10

pum) (c), (scale bar 5 pm) (d) of ACP/Fe;O,/citric composite (Ca/P 1.5)

In conclusion, among three parameters varied in the synthesis process, the pH
of the reaction mixture was the only factor affecting the formation of different phases
of calcium phosphates. ACP was yielded at the pH lower than pK_; of citric acid (2.3 -
6.0), and Hap was promoted at the pH higher than pK,; of citric acid (6.7 - 9.5). Higher
cadmium capacity was achieved from the materials having lower crystallinities.

The magnetic properties of FesO4 Hap/FesO4 Hap/FesOy/citric and
ACP/Fe;Q,/citric were investigated (Figure 3.16). The four curves exhibited nearly zero
values of magnetic remanence and coercivity, showing its superparamagnetic property
[54]. The superparamagnetic behavior was expected for the magnetite particles having
15 nm in diameter [33] (TEM image Figure 3.3 (c)). The saturation magnetization (M)
parameter of Fe;0, was 61.4 (emu g), while those of Hap/ Fe;0,, Hap/Fe;O,/citric and
ACP/Fe;0q/citric were 10.64 (emu ¢), 8.94 (emu ¢1), and 7.79 (emu ¢*), respectively.

The reason of the lower saturation magnetization values of the composites than bare
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magnetite was due to the non-magnetic phase of ACP or Hap separated the magnetite
particles from each other. Therefore, under an external magnetic field, the magnetic
induction among different magnetic domains was interrupted by non-magnetic phase
[35, 48, 55]. Nonetheless, according to their saturation magnetization, these composites

possessed a potential for convenient separation using an external magnetic field.
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Figure 3.16. Magnetization hysteresis curves of Fe;0,4, Hap/Fe;04, Hap/Fe;O4/citric (pH
9.5) and ACP/Fe;Q/citric (Ca/P 1.5) (The inset shows the low field region of the
magnetization curves of Hap/Fe;0,, Hap/FesOg/citric and ACP/Fe;O,/citric)

3.2 Mechanism proposed for the synthesis process

The schematic illustration of the formation of ACP/Fe;O4/citric and
Hap/FesO4/citric was shown in Figure 3.17. There were two types of the formation of
magnetic calcium phosphates depending on of the range of pH after adding citric
during the synthesis process.

In the pH range lower than pK,; of citric acid (lower than 6.39), Fe;O, had
positive surface charge [56]. Thus, the electrostatic interaction between negative
charge of the partial deprotonated species (H,C¢HsO; and HCgHsO-*) of citric acid and

positive charge on Fe;O4 surface was formed. Therefore, the anions were coated on
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the surface of Fe;O; and acted as steric stabilization of magnetite. After that, when
Ca®* and PO,> were added, another end of the anions bound with Ca?*, linking Ca**
to the surface of magnetite particles. As a result, the Ca**ions were dispersed on the
surface of magnetite, and the meta-stable phase of amorphous calcium phosphate
was formed and maintained. Synthesis of calcium phosphates without magnetite or
citric acid in similar conditions always yields the Hap phase (Hap/Fe;04 and Hap/citric
mentioned in section 3.1.1). The co-operation of magnetite and citrate species;

therefore, was needed for the stability of ACP.

On the order hand, in the range of pH higher than pK,; of citric acid (6.7-9.5),
the charge on the surface of magnetite particles became negative or less positive.
Therefore, the interaction between fully-deprotonated citrate ions (C4HsO;>) and
magnetite surface became weaker. Citrate ions bound and chelated strongly with Ca®*
ions, and the crystalline phase of Hap particles were formed and deposited or
aggregated with magnetite particles. The founding of stronger chelation between
citrate and Ca”" at higher pH was supported with the reported binding constant of
citrate ions and Ca** (K=7.4x10°) at the pH higher than 6.39 and K=832 or K=28.2 at the
pH lower than 6.39 [44].
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Figure 3.17 Schematic illustration of the formation of ACP/Fe;O4/citric and
Hap/Fe;O4/citric

In order to understand more how citrate ions bonded in the materials, DSC
technique was performed from 30°C to 450°C. The DSC curves of Hap, Hap/Fe;Os,
Hap/citric, Hap/Fe;O4/citric (pH 9.5), and ACP/Fe;O4/citric (Ca/P 1.67 and 1.5) were
presented in Figure 3.18. Hap and Hap/Fe;O4 samples were stable until 450 °C as no
peak was observed. For the other samples containing citrate ions, the endothermic
peaks in range of 143°C - 167°C corresponding to the melting temperature of citrate
ions appear [57]. The shift of melting point could predict the bonding strength of citrate
ions within its surroundings: Hap/citric > Hap/FesO4/citric > ACP/Fe;O,/citric. This could
be explained that citrate ions could bind with crystalline phase of Hap in more orderly
fashion, as compared to the composites. With the same reason, the random
arragement of amorphous phase would shift the melting point to the lowest

temperature.
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Figure 3.18 DSC curves of Hap, Hap/FesO,, Hap/citric, and the CPs/Fe;O,/citric
composites

3.3 Adsorption study

The properties of ACP/Fe;Q/citric (Ca/P 1.5) in Cd** adsorption, including the
adsorption kinetics and adsorption behavior at equilibrium were studied. The
adsorption mechanism was also investigated.

3.3.1 Adsorption kinetics

The adsorption of Cd* by the synthesized materials was observed at different
contact time varied from 5 to 420 minutes (Figure 3.19). The adsorption occurred

rapidly in the first 40 minutes and reached the equilibrium after 2 hours.
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Figure 3.19 Effect of contact time on the uptake of Cd*" by ACP/Fe;Oq/citric
(CasP 1.5)

In order to determine the rate of the adsorption process, the pseudo-first order
model (Eg.1) and pseudo-second order model (Eq.2) [35] were applied to the
experimental kinetics data. The adsorption capacities (mg g™) observed at contact time
t, and at equilibrium were presented by the variables g; and g, respectively. The
pseudo-first order rate constant (k;) and pseudo-second order rate constant (k,) were
determined by linear plot of the experimental data. The linear fit of experimental data
obtained using pseudo-first-order and pseudo-second-order were shown in Figure 3.20
and Figure 3.21, respectively. The adsorption kinetics parameters were calculated and
represented in Table 3.8. It was observed that the kinetics data were fitted with the
pseudo-second-order model better than the pseudo-first-order model. The adsorption
capacity at equilibrium calculated using pseudo-second order model (g, ,) Was 285.7
mg ¢, which was close to the experimental value (Qeexp) Of 272.3 mg ¢, indicating a

good fit of the model to the experimental data.

k
lo —q,)=logq, ———t 1
9(g, —q,) =logq, 2303 (1)
t 1 t

+— (2)
0; kzqe2 Q.
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Figure 3.20 Linear plot of experimental data obtained using pseudo-first-order model
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Figure 3.21 Linear fit of experimental data obtained using pseudo-second-order
model

Table 3.8 Kinetics parameters of the adsorption of Cd** on ACP/Fe;O,/citric (Ca/P 1.5)

Qe.exp Pseudo-first-order Pseudo-second-order
(mg g
58 kl Qe cal R2 kz Ge,cal R2
(gmg’ min®)  (mggh (emg' min®)  (mgg™

2723 3.2x10™ 2857  0.999 6.2x10 103.6 0.914
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3.3.2 Adsorption isotherms

To investigate the adsorption behavior at equilibrium, the adsorption isotherms
experiments were performed. The plot of cadmium adsorbed on ACP/Fe;Q,/citric (Ca/P
1.5) was shown in Figure 3.22. The cadmium adsorption capacity increased with the
increasing cadmium initial concentration.
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Figure 3.22 Adsorption isotherms of Cd*" by ACP/Fe;O,/citric (Ca/P 1.5)

The Langmuir (Eq.3) and Freundlich (Eq.4) isotherm equations [14, 32] were
applied to analyze the adsorption behavior of this material. The Langmuir constant
related to energy of adsorption (K}), adsorbent maximum adsorption capacity (g,),
Freundlich constant (n) and a constant related to adsorption capacity (Ky) could be

calculated from the linear equation obtained from experimental data.

C. C. 1
—=—+— (3)
9 4a, ba,
1
logg =logK, +HlogCe (4)

The linear plot of Langmuir isotherm and Freundlich isotherm models were
shown in Figure 3.23 and Figure 3.24, respectively. The Langmuir and Freundlich
correlation coefficients and constants were calculated and shown in Table 3.9.

According to the results, the Langmuir model fitted with the obtained adsorption data
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better than Freundlich model. The Langmuir constant was 0.17 L mg’ and the
maximum adsorption capacity was 270.3 mg g'. These results revealed that the
adsorption of Cd®* ions on ACP/Fe;Oy/citric occurred through chemisorption or likely
cation exchange mechanism. The reaction of the sorbent and sorbate only took place
on the active sites (Ca**) on the surface of materials and therefore, the monolayer

adsorption was observed.
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Figure 3.23 Linear fit of experiment data obtained using Langmuir model
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Figure 3.24 Linear fit of experiment data obtained using Freundlich model
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Table 3.9 Langmuir and Freundlich correlation coefficients and constants of cadmium

adsorption by ACP/Fe;O,/citric (Ca/P 1.5)

Langmuir isotherm model Freundlich isotherm model

dm KL 2 2
R K, n R
(mg g1 (L mgh

270.3 0.17 0.996 72.8 3.42 0.818

The capacity of the ACP/Fe;O,/citric in Cd** ions adsorption was compared with
those of other materials (Table 3.10). The ACP/Fe;O/citric composite obtained by the
proposed method showed relatively high adsorption capacity. When compared to
crystalline hydroxyapatite, the amorphous calcium phosphate provided higher
adsorption capacity. In an amorphous materials, there were defects and dangling
bonds [52, 53, 58, 59] and Ca®" ions might be released and replaced by Cd?" ions easier
than those in a crystalline phase. Therefore, the materials having lower crystallinities
exhibited higher Cd*" adsorption capacity. This evidence makes amorphous calcium
phosphate an interesting materials in respect to its ion exchange capacity. Even though,
the ACP/Fe;O,/citric shown less adsorption capacity than pure amorphous calcium
phosphate due to the presence of the magnetic particles, it had the advantage of

convenient adsorbent separation.



a9

Table 3.10 The comparison of cadmium adsorption capacities of this work with other

works
Materials Method for the Cadmium References
preparation adsorption
capacity (mg g?)
Hydroxyapatite Precipitation 67.56% [17]
Hydroxyapatite Commercial synthesis 66.54 [15]
Hydroxyapatite Hydrothermal 260.42 [14]
technique
Hydroxyapatite/Fe;O, Precipitation 220.8* [13]
Amorphous calcium Microwave-assisted 366 (4]
phosphate hydrothermal
method
ACP/Fe;Q4/citric One-pot synthesis 270 This work
(Ca/P 1.5)

*calculated from the published paper

3.3.3 Mechanism of adsorption process

In order to confirm the adsorption mechanism, the release of Ca®" from

materials into the solutions during the adsorption of Cd** was monitored. The

relationship between the amount of Ca”" released and the amount of Cd** adsorbed

was investigated and shown in Figure 3.25. The results indicated that the amount of

Cd** adsorbed on the materials was directly proportional to that of Ca?* released from

the materials. Moreover, the ratio of Cy/Cc, in a range from 0.77 to 1.15 was close to

unity.
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Figure 3.25 The relationship between the concentration of Cd** adsorbed and the
concentration of Ca** released from adsorbents into the solution

Furthermore, the structures of materials before and after the adsorption
process were observed by XRD. The XRD patterns before and after removing cadmium
of ACP/Fe;Og/citric (Ca/P 1.5) and Hap/Fe;O4/citric (pH 6.7) were chosen as
representatives (Figure 3.26). The XRD patterns of the adsorbents after being used in
cadmium adsorption were similar to those of the original materials. This result
indicated that the structures of magnetic calcium phosphate materials were
maintained after the adsorption process. With the unchanged structure and the direct
ration of Cd** and Ca*' in agreement with other researches [4, 14, 17], this work
confirmed the exchange mechanism between Ca?* in the magnetic calcium
phosphates and Cd*" in the solution as shown in equation (5).

[CPs-Ca’* + Cd*" — CPs-Cd*" + Ca?'] (5)
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Figure 3.26 XRD patterns before and after removing cadmium of ACP/Fe;Oy/citric (a),
and Hap/Fe;O,/citric (b) (a: Hap, *: Fe;0,)

3.3.4 Effect of initial pH of cadmium solution

The effect of initial pH of Cd** solution on cadmium removal ability of
ACP/Fe;Qg/citric (Ca/P) was studied in the range of 2 to 7 (Figure 3.27). From pH 3 to
7, the cadmium adsorption capacity remained constant. This indicated that pH has no
effect on the Ca”*/Cd®" exchange mechanism. With the same amount of Ca*" in the
materials could release into the solution and the same amount of Cd** in the solution
were available to be adsorbed, the ACP/Fe;O,/citric (Ca/P 1.5) exhibited the remained
constant of cadmium removal ability in this range of pH. The dramatic drop of
cadmium adsorption capacity when the initial pH of the Cd*" solution became lower

than 3 was due to the dissolution of ACP in strong acidic solution.



250

200

150

100

q. (mgg™)

50

2 2.5 3 4 5 6 7
Initial pH

Figure 3.27 Effect of initial pH of Cd®* solution to cadmium adsorption capacity
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CHAPTER 4
CONCLUSIONS AND SUGGESTIONS

4.1 Conclusions

Using simple precipitation method and citric acid as additive, magnetic calcium
phosphate composites were successfully prepared in one-pot synthesis. Two types of
calcium phosphates, including hydroxyapatite and amorphous were formed depending
on the pH of the reaction mixture after adding citric acid. The synthesized composites
possessed high Cd®* adsorption capacities, and the used absorbents could be
separated easily from aqueous solution under an external magnetic field. Our results
revealed that the high cadmium removal ability was obtained from the materials
having low crystallinities. The ACP/Fe;O4/citric sample having Ca/P ratio of 1.5 exhibited
the highest cadmium adsorption capacity. The adsorption kinetics and isotherms
studied on the composite followed the pseudo-second-order and Langmuir model,
respectively. Moreover, the cation exchange between Ca** in calcium phosphates and
Cd”" in the solution was found to be the adsorption mechanism. These findings could
be beneficial to understand the adsorption behavior of the composites.

Having high cadmium removal capacities, simple preparation, low cost and
convenient recovery, these composites could be very promising adsorbents for

cadmium treatment in agueous solution.

4.2 Suggestions for further research

To improve the application of these composites on cadmium removal, further
research should investigate the reuse of the adsorbents. The study on using these
materials to treat real waste water and the effects of interfering ions on the removal

ability are also necessary.
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