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Abstract

This thesis is focused on the development of synthesis and characterisation
protocols for two different nanoparticulate materialg/droxyapatite (HA), a
biomaterial well recognised as chemically akin to human bone, and CaO, a material
often usedor the sequestration &0, at elevated temperaturd=or the analysis of
these materials various bulk and particle level characterisation techniques have been
employed, which are complemented by the versatile analytical methods available in

the transmigsn electron microscope (TEM).

The first chapter of results reveal that a hydrothermal synthesis route achieved
phasepure nanoparticulate HA wit@a/P atomicratios close to the stoichiometric
target (1.67)Impure HA nanopowdergere produced by a sajd synthesis route
with analysis by Xray diffraction (XRD) revealingsecondaryphasesof calcium

phosphatsg CaCQ and CaO

The Ca/P ratios of each powderere determined at the particle level using
TEM with energy dispersive Xay spectroscopy (TEMEDX), having first
established a threshold electron fluence below which significant eldotam
induced alteration of the composition of HA does not oc&asults showd a
greater variability of particle compositionfrom the solgel preparation route
comparedo the hydrothermal rout&his techniqueprovides results in reasonable
agreement to bulk Ca/P ratio analysis carried ouXbgy fluorescencéXRF) and

laser ablation inductively coupled plasma mass spectroifiefryCP-MS).

The second component of théhesis relates to the production of
nanoparticulate CaO powder sorbents for the sequestration pH&0 The CaO

nanopowders were produced by the thermal decomposition of calcium acetate



hydrate (CaAc); this process was analysed by thermogravimetrigsenél GA)
and byin-situ hotstage XRD. The C@uptake capability ofthe CaO powder
sorbents was analysed by TGA following the reaction:

CaO+CQz CafLO (A1)
Results showed a molar conversion ratqof CaO to CaCg) of 0.92, after 15
minutes of carbonation with structural analysis by SEM and TEM showing
consistent growth and densification of rounded CaC@stals upon carbonation.
Multiple cycles of carbonation and decarbonation were then carried out by TGA to
investigate sorbent regenerabilit. 0.32 decrease i was found after 9 cycles
which is attributed to the sintering (reduction in surface area) of the sorbent with
progressive decarbonations at 800 °C. Structural analysis of decarbonated samples
extracted from the TGA, by XRD, SEM and MEhighlighted the issue of sorbent

hydration upon storage, sample preparation and analysis.

A TEM based technique has been developed for the structural analysis of
multicycle CQ capture using aexsitu environmental cell (Eell). This technique
allows for multicycle captureo be carried out and then analysed in the TEM with
minimal exposure tdhe atmospheg, therefore providing a closer microstructural
match to what occurs in the TGA. Results showed that slow;vémuum
decarbonation (inthe-Eell)cr eat es a densi fied O0skel et

the drop in capture capacity observed by TGA.

Finally, modifications of CaO sorbents using spacer matdreabeencarried
out with the aim of declining the decay in sorbent performance duringpfeul
cycles of carbonation and decarbonation in the TGA. Promising results were found
using CaO sorbents modified a commercial YSZ powder and also with

CazZrOy/ZrO..
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noted averag€a/P ratio, taken at the threshold fluencé Ao The
stoichiometric target of Ca/P of 1.67 is marked (red dotted line) in each

Figure 4.31: Size distribution (by number) of 10 and%@/v dispersions of pH 9
and pH 11 hydrothermal HA iBulbecco's modified Eagle's medium
(DMEM). Significant agglomeration of the 200 nm primary particles is

Figure 4.32: MTT assay for the cytotoxicity of varying doses of pH 9 and pH 11
hydrothermal HA particles with 24 hour incubation period usiago
2 cell line, measured as the percentage cell viability compared to
control wells with no particles (G. Dyson)........cccceeeeeveeviiiniennnn. 122
Figure 4.33: MTT assay for the cytotoxicity of varying doses of pH 9 and pH 11
hydrothermal HA particles with 24 hour incubation peniming A549
cell line, measured as the percentage cell viability compared to control
wells with no patrticles (E. Horncastle)...........ccoooooviiiiiiiccee. 122
Figure 4.34: MTT assay for the cytotoxicity of varying doses of pH 9 and pH 11
hydrothermal HA particles with 48 hour incuiget period using A549
cell line, measured as the percentage cell viability compared to control
wells with no particles (E. Horncastle)..............ccceeeiiiiiicccnnnnnns 123
Figure 4.35: MTT assay for the cytotoxicity of varying doses of pH 9 and pH 11
hydrothermal HA particles with 24 hour incubation period using SH
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SY5Y cell line, measured as the percentage cell viability compared to
control wells with no particles (J. JONES).........cccovvvvvvriirvieeneeennn. 123
Figure 4.36: MTT assay for the cytotoxicity of varying doses of pH 9 and pH 11
hydrothermal HA particles with 48 hour incubation period using SH
SY5Y cell line, measured as the percentage cell viability compared to
control wells with no particles (J. JB)........cccevvvvvrvvriiiiiiienneeen, 124
Figure 5.1: Thermogravimetric analysis of the GQuptake capability of HA
samples prepared by the @l method (calcined at 500 °C and 700
°C), the hydrothermal method (at pH 11) and commercial HA powder
(SigmaAldrich). Temperature raised frog07 1000 °C at (20 °C min
1) under constant CGatmosphere (50 ml minflow rate).............. 142
Figure 5.2: (a) XRD pattern for as received calcium acetate hydrate powder.
Pattern is in close agreement with (b) calcium acetate hydrate,
Ca(CHCOO0):0.5H,0, ICDD ref: 00:019-0199 [279]. Full peak data
in the appendixTable A12. Note: Reference provides peak data in the
2d r a 629, evithBiller indices not provided...................... 144
Figure 5.3: (a & b) Low magnification SEM images of as received commercial
calcium acetathk y dr at e showing | arge > 50
like aggregates of lath shaped primary particles and (c) high
magnification SEM image of as received commercial calcium acetate
hydrate showing smaller l ath shap
length) olserved on the surface of a larger aggregate, (Figure b4&b).
Figure 5.4: (a & b) Bright field TEM images of as received commercial calcium
acetate hydrate showing individual lethaped primary particles (c)
shows selected area diffraction pattern ifoage (b), no sharp rings
may suggest alteration of the material under the electron beam or
vacuum Of the TEM.......ooooiiiiiiii e 147
Figure 5.5: Distribution of particle lengths (50 individual particles) measured from
TEM images of the as received calcium acetate hydmatelgr.....148
Figure 5.6: TGA data for the thermal decomposition of calcium acetate hydrate
from 207 1000 °C in N. Temperature ramp = 20 °C rin........... 152
Figure 5.7: TGA/FTIR data for gases evolved during the decomposition of CaAc
with (a) pattern (red) agpied to acetone, with reference pattern for
acetone (purple) and (b) development of the most intense carbonyl
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group peak due to acetone absorbance, in the region1BEDcnT,

with decomposition of CaAc from 201000 °Cin N.........cccceunn. 153
Figure 5.8: TGA/FTIR data for gases evolved during the decomposition of CaAc

with (a) pattern (red) assigned to carbon dioxide AC®ith reference

pattern (purple) and (b) development of the most intensg ge@up

peak, in the region 236400 cnt, with decomposition of Caéfrom

207 1000 °C N N iiiiiiiiieeeee e 154
Figure 5.9: XRD pattern for CaAc sample decomposed by TGA from room
temperature to 500 °C (at20°C jn wi t h no dwel | tin

indexed peaks of calcite, CagQCDD ref: 060050 586 [ 221] .
denotes indexegbeaks of vaterite, CaGOICDD ref: 060330268
[288]. Full peak list available ithe appendixTable A13.............. 158

Figure 5.10: XRD pattern for CaAc sample decomposed by TGA from room
temperature to 800 °C (at20°CmMjn wi t h n o 36d wed A o tt & s
indexed peaks of calcium oxide, CaO, ICDD ref-:GBB-7161 [226].

Op6é denotes indexed peakdCDDfef: cal ci
01-084-1263 [289]. O#06 denot es i ndexg,d pea
ICDD ref: 00:005-0586 [221]. Full peak list available the apendix
Table AL ... e 158

Figure 5.11: Bright field TEM images and SAED patterns of (a & b) Vaterite
CaCQ6 ¢ 6 (| CD@B302@8j[288]@and(c & d) Calcite CaC®
O#0 ( | CDD050586f [221]) ObBth formed from by TGA
decomposition of CaAc at 500 °Cabels of SAED pattern correspond
to spots on diffraction MNGS...........ooooiiiiiiiiieee e 159

Figure 5.12: (a) Bright field TEM image and (b) corresponding SAED pattern of
the CaO formed by decomposition of CaAc by TGA at 800 °C. SAED
pattern shows diffraction rings due to C&® (ICDD ref: 040037161
[226]), Ca(OH) @ (ICDD ref: 01:084-1263[289]) and calcite CaC®
60#06 (| CD-D050686 f[221]),Oldbels correspond to spots on
diffraction rings. (c) shows higher magnification image of (a)
highlighting presence of nanoporgghin the particles................. 160

Figure 5.13: Hot-stage XRD patterns for decomposition of calcium acetate hydrate
in air. Patterns at 25 °C and 100 °C are in close agreement with
calcium acetate hydrate (Ca(gEDO)-0.5H,0), ICDD ref: 06019
0199 [279]. Patterat 200 °C shows a small number of peaks that can
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be assigned t o crystalline cal
(Ca(CHCOO0):0.5H,0), ICDD ref: 000190199 [279] and a single
peak due to dehydr at e;€0QpalCDiraiim ace
00-019-0198 [279]. Rttern at 300 °C is in close agreement with
dehydrated calcium acetate (Ca@C¥dO)), ICDD ref: 060190198
[ 279]. Patterns at 400 AC and 500
are indexed to calcite, (CaGQICDD ref: 060050586 [221]. Patterns
at700and 800 AC, and peaks | abelled
calcium oxide (CaO) ICDD ref: 08037 1 61 [ 226] . Peak ¢
| abel |l ed 6Dd, corresponds to a r1 ec
XRD-oven apparatus (from discussion with Dr T Comyn). pelak
list available intheappendix TablesA15- A22........oovvvvviiiiiinnnnn. 163

Figure 5.14: Bright field TEM images of and SAED patterns of (a & b) CaAc
heated to 200 °C held for 1 hour (c & d) CaAc heated to 500 °C
(Calcite, CaC@) and held for 1 hour, and (e & CaAc heated to 800
°C (CaO) and held for 1 hour, SAED (f) confirms Ca( a sgewithd
rings due to Ca(OH)Yamand CaCQO #.0........ccceeeeeeiiieeeeeceeennn, 165

Figure 5.15: CO, uptake of CaO (from CaAc) at 650 °C for 15 minutes by TGA.
Starting mass = 6.08 g (starting ntdss 0). Final mass = 10.45 g
(final CaO to CaC@ mass conversién = 71.73). CaO formed by
thermal decomposition of CaAc at 800 °C, ip, Kby TGA) with no
dwell time; chamber temperature was then dropped to 650 °C, and CO
gas applied for 15 minutes. Insert shdvest polynomial fit to curved
region of graph (start of sokstate diffusion controlled growth)..168

Figure 5.16: CO, uptake of CaO at 650 °C for 15 minutes by TGA. Starting mass =
6.39 g. Final mass = 10.96 g (final CaO to Cg@@ss conversién =
71.56). CaO formed by thermal decomposition of CaAc at 800 °C, in
N2, (by TGA) with a dwell time of 60 minutes; chamber temperature
was then dropped to 650 °C and £fas applied for 15 minutes.168

Figure 5.17: XRD pattern for CaAc decomposed at 8@ &nd carbonated at 650
AC by TGA for 15 minutes. O6#06 dert
CaCQ, ICDD ref: 000050586 [3®9 1dleenod es peaks
calcium oxide, CaO, ICDD ref: 6@037161 [226]. Full peak list
available inthe appendiXable A23............ooooiee 171
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Figure 5.18: Low magnification SEM images of the CaO sorbent after maximum

CO, pickup at 650 °C by TGA.....coi oo eeeeeeeeeeeeeee e 172
Figure 5.19: Low magnification SEM images of the CaO sorbent after maximum
CO, pickup at 650 °C by TGA. ... eee e 172

Figure 5.20: High magnification SEM images of (a) initial CaO sorbent produced
by decomposition of CaAc at 800 °C by TGA and (b) the CaO sorbent
after CQ pickup at 650 °C for 15 minutes by TGA...........ccc...... 173
Figure 5.21: (a) Bright field TEM image showing the CaO sorbent after 15 minutes
of CO, pickup at 650 °C by TGA, with (b) corresponding selected area
diffraction pattern showing diffraction spots due to calcite (CgCO
labels correspond to spots. The apparent carbonation extends to the
core of the partiCles...........ooooiiiiree e 174
Figure 5.22: Basic schemati showing the carbonation process where (a) displays
the initial CaO nanoparticle in a G&mosphere, at time = 0 (b) shows
the rapid linear growth of CaG@articles on the surface of the CaO
particle and (c) continued slow growth of the Ca(@rticlesby the
diffusion of CQ gas through the carbonate product layer......... 176
Figure 5.23: Degradation in C@ capture capacity for CaO produced via
decomposition of calcium acetate hydrate (Caf@BIO)-xH,0) at
800 °C. Y-axis (left) displayed as percentage masange due to
uptake of CQ. Y-axis (right) displays temperature in lggale (°C):
the red coloured temperature plot indicates ddnditions; the blue
coloured temperature curve regions indicate the application gf &O
650 °C,for carbonation. Samples V& been reproduced at pointsHA
for more detailed analysis, see Section 5.5.3...............ccoevinnee. 178
Figure 5.24: Enhancement of Figure 5.23 showing first three, €C@pture cycles
CaO produced via decomposition of calcium acetate hydrate
(Ca(CHCOO)-xH,0) at 800 °C withno dwell time. Yaxis (left)
displayed as percentage mass change due to uptake cofYcXis
(right) displays temperature in legale (°C): the red coloured
temperature plot indicates;onditions; the blue coloured temperature
curve regions indicate ¢h application of CQ at 650 °C, for
carbonati on. 6*06 signifies the app
l i near groWwihed)bstandi gshtbsequent (
controlled growth............coooviviiiiiiiiieeee s 179
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Figure 5.25: XRD pattern for multicycle carbonation/decarbonation samples A to
H. O0#0 denotes peaks, ICDD ek QOO0 t 0o ¢
0586 ([389Hknotes peaks indexed to c

ref: 040037 161 [ 226], 0 pb denotuwns pea
hydroxide Ca(OH) ICDD ref: 020841263 [289]. Full peak data
available intheappendix Tables A14 and A24- A30..................... 186

Figure 5.26: Change in relative intensities of CaC@® CaO (tacallcag With
progressing cycles of carbonation, measured usingnmugix intensity
peaks for CaC@(104) and CaO (200) from XRD plots for th¥ 2",

3 and 18" carbonation stages (samples, B, D, F and H respectively).

Figure 5.27: Low magnification SEM image of multicycle sampledHA.......... 188
Figure 5.28: High magnification SEM images with bright field TEM image and
SAED pattern insert of decarbonate
show for sample A: diffraction due to CaO, Ca(@thnd calcite,
CaCQ. Samples C and E indexed to CaO and CafOHample G
indexed to only Ca(OH) Larger SAED images for samples A, C, E &
G displayed irthe appendi¥igure 5.54............cccoevvviviiiiiieemneeeee. 189
Figure 5.29: High magnification SEM images with bright field TEM image and
SAED pattern insert of carbonated
show for sample and D, diffraction only due to calcite, CaCO
Samples B, F and H are indexed to both calcite, Ga@@ CaO.
Larger SAED images displayed ihme appendixFigure 5.53Figure
5.55Figure 5.57Figure 5.59........ccooiiiiiiiiii 190
Figure 5.30: Bright field TEM images of saple D (CaO after % carbonation)
decomposed using an-situ heating stage in the TEM. Decomposition
of CaCQ begins at 600 °C and is complete by 610.°C.............. 194
Figure 5.31: The multicycle CQ capture process on thextural transformation of
the CaO sorbent. The Cagphase is shown by dark grey, and CaO is
shown by light grey [151, 154].....cccoiiiiiiiiii e 199
Figure 5.32: Multicycle carbonation and decarbonation of a CaO sorbent as
measured previously by TGA in Section 5.5.2. ®hiews comparative
conditions used for the TEM basedcEll analysis of the multicycle

capture process, where labels correspond to FigureFigB4e 5.38.
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Figure 5.33: Bright field TEM image showing multicycle carbonation and
decarbonation of CaO ford upon decomposition of CaAc carried out
using the exsit E-cell technique: (a & b) initial CaCOformed by
decomposition of CaAc at 500 °C by TGA with (c) SAED pattern for
(a) with all diffraction rings corresponding Cag@# 6 (| CBDD r ef
005-0586 [297). .eeeeeeiiiiiiiiiee ettt ieeeee e e e e e et e e e e e e 202

Figure 5.34: Bright field TEM image showing multicycle carbonation and
decarbonation of CaO formed upon decomposition of CaAc carried out
using the essit E-cell technique: (a & b)®lcalcination at 800 °C using
the Ecell with (c) correspondin@AED pattern for (a) showing rings
i ndexed to CaO-0@3¢1H1 [26]CandCa(Or)Y ¢qpbd 0 4
(ICDD ref: 01:084-1263[289]). Diffraction only due to these phases
are detected with labels assigned to rings............ccooevvvvvieeen.... 203

Figure 5.35: Bright field TEM images sbwing multicycle carbonation and
decarbonation of CaO formed upon decomposition of CaAc carried out
using the essit E-cell technique: (a & b) first carbonation at 650 °C for
5 mins to form CaC@with (c) orresponding SAED pattern for (a)
showing spots ineked to CaC@o6 # 6 ( | C DaD505686 {291]) 0 O
and CaO 06006 -003715D [226]). Biffractio® @hly due to
these phases are detected with labels assigned to spots on.ri

Figure 5.36: Bright field TEM images showing multicycle carbonationdan
decarbonation of CaO formed upon decomposition of CaAc carried out
using the essit E-cell technique: (a & b)" decarbonation at 800 °C
to CaO with (c) corresponding SAED pattern for (a) showing rings
i ndexed to CaO0O-0030161 [226])ClEfrBction dueto 0 4
these phases are detected with labels assigned to spots rings. Rings
(unlabelled) are also detected that match contaminantbaded
particles analysed in Figure 5.39............cooiiiiiiiiiii s 205

Figure 5.37: Bright field TEM images showing multicycle carbonation and
decarbonation of CaO formed upon decomposition of CaAc carried out
using the essit E-cell technique: (k & I) 2 carbonation at 650 °C for
5 mins with (m) corresponding SAED pattern for (a) smgvspots
indexed to CaCQ@o # 6 ( | CD@m50r5e8f6: [0209 1] ) and
(ICDD ref: 040037161 [226]). Diffraction only due to these phases

are detected with labels assigned to spots on rings................. 206
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Figure 5.38: Bright field TEM images showing multicycle m®onation and
decarbonation of CaO formed upon decomposition of CaAc carried out
using the essit E-cell technique: (a & b) "8 decarbonation at 800 °C
with (c) corresponding SAED pattern for (a) showing spots indexed to
CaO 0606 (| -O3p6elr[229).:Diffraction due to these
phases are detected with labels assigned to spots rings. Rings
(unlabelled) are also detected that match contaminantbaged
particles analysed in Figure 5.39.............oooiiiiiiiiii s 207

Figure 5.39: (a) Small (< 50nm) contamination particles camtay Mo, with
unassigned SAED pattern insert (b). Particles formed upon
decarbonation at 800 °C duringdéll experiment. (c) EDX spectrum
taken over an isolated area of particles in (a) confirming presence of
Mo (large Si peak is attributed to the Silhfion the TEM grid). (d)

EDX of a particlefree area of the SiN support film.................... 208

Figure 5.40: XRD patterns for commercial YSZ (Goodfellow) and hydrothermally
produced YSZ (hYSZp. aPeaksndbabdl It
zirconium yttrium oxide, ICDD ref01-077-2112 [295]. Peaks labelled

60Y are indexed to tetragonal- zirco
0087 255 [ 293] . Peaks l abel l ed 0206
oxide, ZrQ, ICDD ref: 040134343 [294] Full peak data in the
appendix,Tables A31 an@32.............cccooevririiiiiiiimeee e 213

Figure 5.41: Bright field TEM image of (a) commercial YSZ (Goodfellow) with (b)
SAED showing diffraction spots due to tetragonal YSZ. (c) shows
bright field TEM image of YSZ prepared by a hydrothermal method
(hYSZ) with (d) SAED showindliffraction rings due to cubic YSZ
(ICDD ref: 02:077-2112 [295]). (e) shows HRTEM image of the hYSZ
confirming < 5 nm crystallite size andspacing indexed to the cubic
YSZ (222) PIANE.. ...ttt 214

Figure 5.42: XRD patterns for CaO:spacer material samplkés dhere (1) shows
Ca0:YSZ, (2) shows CaO:hYSZ, (3) shows CaO precipitated with
Zr(NOs),, using a CaAc precursor, (4) shows CaO precipitated with
Zr(NOs),, using a Ca(OH)precursor and (5) shows CaO:Mayenite
(Ca2Al14033) . Peaks | abell ed Oydrite, ar e
Ca2Al14033, ICDD ref: 040148825 [ 298] . Peaks | a
indexed to calcium oxide, CaO, ICDD ref:-08037161 [226]. Peaks
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| abell ed O0@pd are indexegtDDref:06al ci u

084126 3 [ 289] . P®akar el atbredirdgerald 6 Y

zirconium yttrium oxide, ICDD ref: 0008-7255 [293]. Peaks labelled

0Y are indexed to cubic zi€Ofonium
2112 [295] . Peaks | abell edICBDZ6 der

ref: 040134343 [294]. Peaks labelled & ar e i ndexed t
zirconium oxide, CaZrg) ICDD ref: 04010-6398 [297]. Full peak list
data available itheappendix TablgA33 - A37.......cevvvveiiiienneennn. 216

Figure 5.43: (a) Degradation in COcapture capacity for as received CaAc and
CaO:spacer material blends using multicycle ,@@pture by TGA.
Decomposition of starting material, and subsequent carbonated
sorbents took place at 800 °C under Marbonation took place at 650
°C for 5 mins. 0%carbonation conversion indicates fully calcined
material (CaO + spacer) produced via decomposition of calcium
acetate hydrate (Ca(GEOO)-xH,0) at 800 °C. (b) displays molar
conversion data per cycle for each sample...........ccccceeeviiiienens 218

Figure 5.44: (a & b) Bright fietd TEM images showing CaO+YSZ aftef' 1
decomposition at 800 °C (during-dell multicycle CQ capture
technique) with (c) SAED pattern confirming electron diffraction spots
due to tetragonal-00¥7/52Z5 % Y[62 Q3]C)DDa mrc
(ICDD ref: 04003-7161 [226]). Rings only due to these phases are
detected with labels assigned to spots on rings. (d) and (e) show
corresponding EDX patterns for areas of CaO and YSZ labelled on (b).
Presence of Mo attributed to sputtering of theelt furnace at 800 °C

Figure 5.45: (a & c) Bright field TEM images showing CaO+YSZ aftef' 1
carbonation at 650 °C usingdell multicycle CQ capture technique,
with (b) respective SAED pattern showing diffraction spots due to
tetragonal Y SO0 #@Y 6( | anDADSB2EF291)).
Rings only due to these phases are detected with labels assigned to
SPOLS ON FINGS e ettt e e e eenenssbb e n e e e eee e 223

Figure 5.46: (a & c) Bright field TEM images showing CaO+YSZ aftef 2
decarbonation at 800 °C using-cEll multicycle CQ capture
technique, with (c) SAED pattern for (a) d) showing diffraction spots
due to tetragonal-00¥7552Z5 5 Y[62 Q3]C)DDa
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(ICDD ref: 040037161 [226]). Rings only due to these phases are
detected with labels assigned to spots DQFi.......ccceevveeeeeeeennnn.. 224

Figure 5.47: (a) STEM image showing CaO+YSZ aftéf decarbonation at 800 °C
using Ecell multicycle CQ capture technique, with EDX distribution
maps for (b) calcium and (C) zircoNiUM..........ccceeeeeeeeeerieeeeennn. 225

Figure 5.48: Molecular dynamics of increasing hydratiof CaO by HO. Ca atoms
= blue. O atoms =red. H atoms = white. [132]...............ccceee 228

Figure 5.49: Mass increase of a decarbonated CaO sorbent due to hydration. With
grey highlighted area showing a single carbonation/decarbonation
cycle carried out by TGA (decarbation in N). Blue highlighted area
shows mass increase of sorbent exposed at room temperature to air
atmosphere for 4 hours by TG&reenhighlighted area shows mass
increase when left overnight (17 hours) on a lab workbench and
exposed to atmospheriCrmitionS..............eeeeeiiie e eecceeecccceeee e 231

Figure 5.50: XRD pattern for CaAc sample carbonated and decarbonated by TGA,
exposed to air by TGA, and finally left exposed to atmospheric
conditions on a lab workbench overnight. XRD analysis was carried
out 1 hour after final weight measte ment of t he sampl
indexed peaks of calcium hydroxide Ca(QH)CDD ref: 020841263

[289]) .30 6denotes indexed peaks of <cal
040037 161 [ 226] ) . O#06 denotess i ndex
(ICDD ref: 000050586 [221]). Full peak list available inthe
appendiX,Table A38...... ... 231

Figure 5.51: Bright field TEM images showing powder sorbent after (a) previous
single carbonation/decarbonation cycle (assumed to be CaO based on
TGA measurement) and (b) a further 4 hour eétposure at room
temperature by TGA, followed by exposure to atmospheric conditions
overnight (17 hours) on a lab workbench (see Figure 5.49). TEM image
of sample recorded 24 hours later, shown to be Cag(@i)XRD
(FIQUIE 5.50) ... i e e 232

Figure 5.52: (a) Biight field TEM image and corresponding selected area electron
diffraction pattern (b) for Sample A: first calcination of CaAc at 800
AC. SAED shows diffracti od3786de t o
[226], Ca(OH) ( 6 b ) , | CGO8B1268 891 andO chtite,
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CaCQ( 6#0) , | @O5D586 [291l]. Rin@sConly due to these
phases are detected with labels assigned to spots on.rings.....235

Figure 5.53: (a) Bright field TEM image and corresponding selected area electron
diffraction pattern (b) for Sample Bifter ' carbonation at 650 °C.

SAED shows diffraction spot®5> due t
0586 [ 291] and Ca-@371&lg226)]. DiffractbD D r e f
only due to CaCg@and CaO phases are detected with labels assigned to

5] 010 1T PP 235

Figure 5.54: (a) Bright field TEM image and corresponding selected area electron
diffraction pattern (b) for Sample C: aftel’2lecarbonation at 800 °C.

SAED shows pattern due-0086d610228) ( 600
and Ca(OH) ( 6 b ) , | O8MN263[289].:Rinds Dnly due to
these phases are detected with labels assigned to spots on. ri2@&

Figure 5.55: (a) Bright field TEM image and corresponding selected area electron
diffraction pattern (b) for Sample D: aftefZarbonation at 650 °C.
SAEDshowpattern due to only c®&05cite ¢
0586 [291]. Rings only due to the Cag@hase are detected with label
assigned to SPOt ON FNGS.......ccooeiiiiiiieeiieeee e e 236

Figure 5.56: (a) Bright field TEM image and corresponding selected area electron
diffraction patern (b) for Sample E: after®&ecarbonation at 800 °C.

SAED shows pattern due-0086u617228)0 ( 606
and Ca(OH)( 6 b6 ) , | D8N263[289].:Rinds bnly due to
these phases are detected with labels assigned to spots on. ri2g6

Figure 5.57: (a) Bright field TEM image and corresponding selected area electron
diffraction pattern (b) for Sample F: aftef® 8arbonation at 650 °C.

SAED shows pattern due-005058&[2%]|ci t e
and CaO ( 6o 6-p03-71617224). Rings bnly du® 4o these
phases are detected with labels assigned to spots on.rings.....237

Figure 5.58: (a) Bright field TEM image and corresponding selected area electron
diffraction pattern (b) for Sample G: aftef Blecarbonation at 800 °C.

SAED shows pattern due to Ca(QH) 6 o ) , | AGOB4L263 e f : (
[289]. Rings only due to the Ca(Ofphase are detected with label
assigned t0 SPOt ON MNGS......oooeiiiiiiiiieeiiiieeee e e 237

Figure 5.59: (a) Bright field TEM image and corresponding selected area electron

diffraction pattern (b) for Sample H: after 10th carbonation at 650 °C.



XXiv

SAED shows pattern due-005058€[2%]ci t e
and CaO ( 60 6-p037161¢2R24). Rirge dnly dué té these
phases are detected with labels assigned to spots on.rings.....237
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Chapter 1. Introduction

There is a significant push for the synthesis of nanoparticles with highly
desirable propertiethat can beutilised inincreasing applicationgtom biomedical
materials through tondustrial processes such as carbon capture tangge(CCS)

In order to optimise the performance of nanoparticles it is important to develop
commercially viable particle synthesis routes for producing a range of pure or
chemically nodified nanoscale materialft. is also therefore essential to develop

careful characterisation protocols with which the chemical and physical properties of

nanonaterials can be fully understood, both at the bulk and particle levels.

1.1. Aims

The overall aim of this project is to explore methods of nanoparticle
characterisationThe first part of this project investigates two techniques for the
synthesis of nanoparticulate hydroxyapatite (HA) hydrothermal and sajel
synthesis The aim of thisstudy is to develop a protocol for the careful
characterisation of the HAanoparticlesboth in bulk and at thandividual
nanoparticle level. The latter achievedd®veloping a novel loviluence analytical
technique in the TEM that allows for the craticdetermination of particle
composition (Ca/P ratio) without damaging the materiatlegtronirradiation. Two
phase pure and neatoichiometric composition HA samplé€a/P ratio = 1.67)
prepared by the hydrotherm@lnthesigoute, weresubsequentlgxposed to ifvitro
cell lines to measure their impact on cell viability (for potential biomedical

applications).



The second part of this projectfcussed orthe development of CaO based
nangarticulatesorbents for the capture of @@as.The principe aim of this part of
the study is to utilise various bulk and particle level analytical techniques to fully
understand the thermal decomposition of calcium acetate hydrate, and also the
carbonation and decarbonation processes of the resultingFda@y, the thermal
decomposition of calum acetate hydrate for tipeeparation of nargarticulateCaO
sorbents isassessed andnderstood.The multicycle carbonatiedecarbonation
performance of the decomposed CaAc was then measured and the products
analysed Finally the use of secondamarticulatespacemmaterials was utilised to
modify the CaO powder sorbents with the aim of improving sorbent regenerability,
by reducing sorbent sintering, upon multiple cycles of carbonation and
decarbonation. For nanoscaleadysis,a TEM technique will be developed utilising
a self containeéxsitue n vi r o n me RActea tHatéall@ms for multicicle CO

capture to be analysemh the same particle areas

1.2. Objectives

1 To preparehydroxyapatitepowders following hydrotherat and sol
gel synthesisoutes

1 To characterise the HA powdepseparedin-house using bulk and
particle level techniques, and compare to a commercially available HA
powder.

1 To develop a new low fluence EDX technique for thpresentative
compositionabknalysisof HA in the TEM.

1 To examine HA powders prepared by the hydrothermal method for

potential cytotoxicityto in-vitro cell lines



1 To analyse the thermal decomposition of calcium acetate for the
production ofnanoparticulatealcium oxide.

1 To analysethe CQ capture capacity afianoparticulatealcium oxide
powder sorbents produced by the thermal decomposition of calcium
acetateysing TGA.

1 To examine theerformanceof nanoparticulatealcium oxide powder
sorbents for CQcapture using a multicycle danation/decarbonation
methodby TGA.

1 To developan exsitu TEM basedtechnique (using an environmental
cell) for the direct observation of the structural changes of a
nanoparticulatecalcium oxide powder sorbent during multicycle
carbonation and decanhation

1 To improve sorbentegenerabilityduring the multicycle C@capture
process by modifyingnanoparticulatealcium oxide powder sorbents

with second phaseatrticle spacematerials

1.3. Chapter overview

This thesis presentstotal of sixChaptes. Chapterl provides an introduction
to the work, with a subsequent outline of the project objestiGhapter2 presents a
detailed reviewof previous work reportinghe properties, synthesis techniques,
characterisation and toxicity of nanoparticulate hygiepatite. This is followed by
an overview of carbon capture and storaged a review ofthe production and
performance ofcurrent nanoparticulate CaO sorbeniBhe synthesis methods of

both nanoparticulate hydroxyapatite and CaO sorbents are explai@dhjnter3,



along with the background science of the key characterisation techrimuss
employed Chapter4 presents and discusses the results of dimethesis and
characterisation of the hydroxyapatite powdpreducedin-house, anccompares
these to aaommercialhydroxyapatitepowder. The appendix of Chaptérmpresents
and discusses results of nanotoxicity analysis performed on two hydrothermally
synthesised hydroxyapatite powdergposed to irvitro cell lines. Theassayswe
undertaken byan undergragiate researchgroup in the Faculty of Biological
Sciencedere at Leed<Chaptel5 presents and discusses results of the production of
nanoparticulate CaO powder sorbents used for the capture0T@8©reyclability

of CaO powder sorbents during multiey€C O, capture ighe discussed arsbrbent
modifications are carried out with the aim of improving overalO, capture
performance Additional research into the effects of hgtlon of nanoparticulate
CaO isalso discussedinal conclusions and potentiaiture work for this resarch

are presented in Chaptr



2.  Chapter 2. Literature review

2.1. Hydroxyapatite

2.1.1. Properties of hydroxyapatite

Hydroxyapatite KHA), Cao(POy)s(OH),, is aform of calcium phosphatehich
most commonly exists, in eéhemically modified form, as the mamineral found
within bone and tooth enamelBone is typically composed of a combination of
various apatitic materials, of which HA constitutes to abo®b 70 weight [1].
Additional components of bone include ions of carbonate {EGO
hydrogenophosphate (HRFQ, sodium (N&), potassium (K), magnesium fluoride

(MgFR,) and chloride (C) [1, 2].

Stoichiometric HA has a composition of 39.68t% Ca, 18.45 wt% P with a
Ca/P veight ratio of 2.15 and Ca/P atomic ratio of 1.67, and within a pH range of
4.2 - 120 it exhibits a greater stability in aqueous mediad at ambient
temperaturescompared toother @lcium phosphate ceramids, 4]. Table 2.1
displays Ca/P ratios for alternative calcium phosphatempounds|[4, 5].
Amorphous calcium phosphate (ACP,.&80s), NH20) is missing from the table as
it is regarded aa microcrystalline mixture of other calcium phosphate compounds,
and it has been suggested to be the initial phase formed in the early stages of HA
mineralisation[2]. Amorphous calcium phosphate can most commonly exist in the
form Ca(PQOy)s where the Ca/P ratio is 1.98], howevervarying Ca/P ratios for

ACP have been reportedtilerange 1.20 2.20[4, 5].



Table 2.1: Ca/P ratios for various calcium phosphate compounds

Compound name Molecular formula | Ca/Pratio
Monohydrate calcium phosphate (MCPLE  Ca(HPOy)2-HO 0.50
Monocalcium phosphate (MCP) Ca(HPOy)2 0.50
Dicalcium phosphatdihydrate (DCPD) Ca(HPQ)-2H,0O 1.00
Dicalcium phosphate anhydrate (DCPA Ca(HPQ) 1.00
Octacalcium phosphate (OCP) CaH2(POy)s-5H,0 1.33
Tricalcium phosphate (TCP) U a n d CaffPQy), 1.50
Hydroxyapatite (HA) Caio(POy)s(OH), 1.67

"UTCP=monoc !l i n-TGP = fhombomedrabform

The compositional similarities with bone provide H#®ith excellent
biocompatibility properties and therefore it is utilised in many biomedical
applications related to bone substitutiamd repair, howeverhé mebanical
properties of sintere’lA, as displayed iTable2.2, render the material unsuitable
for load bearingapplicationsthe fracture toughness (Kof HA does noexceed of
1.0 MPa n¥, whereas human bone =i212 MPa n¥. Additionally, the Weibull
modulus (n) is low in wet environments (n ¥ 82) which indicates low reliability
of HA implants[3]. A low Weibull modulus indictes a greatewariability in the
strength across seemingly identically prodd samples mechanically tested under
fixed conditions (i.e. there is increased likelihood of flaws and defects within the
material)[7]. Therefore, HA igorimarily utilised innonload bearing applications,
such as bioactive coatings as materials for the development of scaffolds for bone

tissue engineerin, 8, 9].



Table 2.2: Mechanical properties of hydroxyapatj@: 5, 10].

Property Typical Values
Density(g cni®) 3.15
Y o u nrgodwugGPa) 85-90
Knoop Hardness (MPa) 3450
Tensile Strength (MPa 1) 120
Poisson Coefficient 0.3
Thermal Expansion 11
Melting Point(°C) 1660
Specific Heatcal g* K™) 0.15
Thermal ConductivityW crmi* K™ 0.01
Fracture Toughnes$/Pa nt?) <1.0
Weibull Modulus 5.0-12.0




The nterest inthe use oHA as a material for bone implantation increased i
t he 19800 sleadingdiA tb 8eQuliliGesn various areas including spinal
fusion, craniomaxillofacial reconstructiortreatment of bone defects, fracture
treatment, total joint replacement (bone augmentation) and revision s{tgel§.
More recent applications of HA include tissue scaffdti&19], tubule infiltration
in denting[20, 21], enamel ad dentine remineralisatiq22], dentaland orthopaedic
implants and coatingg3, 23] and as matrices for controlled drug relef24 25].
Hydroxyapatites also utilised in many neniomedical applications such as packing
media for calmn chromatography, gas sensors, catalysis and as host materials for

laserq 26, 27].

Many applications of syhetic HA require careful control of the particle size,
shape and phas&he use of nanscale HA allows for better tissue integration and
heightened biocompatibility with bone which itself contains recale HA crystals

ordered within a collagen fibre niat [28].

Gl obal I nterest in HA synt thabswith and
regards to biomedical uses, has significantly increased in recent years as shown from
the rising numbers of HAased papers currently being published per yegu(e
2.1); since 2008 over 4,000 papers have been published per year, in comfmasison

2,000 papers per year from 2000 to 2008, and < 1000 papers per year prior.
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Figure 2.1: Approximate number of papers published per year on hydroxyapatite from 1970 to 2011.
Data collected from Thomson Reuters Web of Knowledge, keyvioldy dr o x yapat i t eo.
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2.1.2. The structure of hydroxyapatite

In 1926, de Jong was the first teport the similarities between the-bay

diffraction patterns of bone mineral anithe calcium phosphate compound,
hydroxyapatitg29].

The crystallographic structure BffA wasf i r st i denti fi ed i n t
structure shown to comprise of units of?Ca(PQ)> and OH [30-32]. Further
refinement of the HA structure was carried out in the0185s a n dwhete9t6 0 6 s
was found that the presence of carbonate in bone and tooth minetdAareh be
observed directly usinmfrared spectroscopy anthdirectly usingX-ray diffraction
[11, 33-36]. Figure 2.2 displays thgpowder Xray diffractionreference ICDD) file

for hydroxyapatite as reported by SudarsananYamahgin 1969[37].
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Figure 2.2: XRD peak data for hydroxyapatite fra@DD ref: 01-074-0566[37].
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Hydroxyapatiteexhibitsa hexagonal space groupsP6 wherea = Ka=1 ¢
0.943 nm ana¢ = 0.688 nm)U = 90° ardo 120 [34, 36] Figure2.3 displays
the hexagonal nature of hydroxyapatiés produced using the CrystalMaker
software[36, 38] One distinctive feature of the HA structure are columns of OH,
which occur peallel to thec axis at the edges of the unit cell [36]. These columns
pass through the centres of alternati@g atoms with3-fold trigonal planar
coordination atz = ¥s and %, and successikgatiors of 60° observedbout thec
axis, see Figure 2.3@he repetition of this pattern leads OH-channelwhere the
building unit is formed by two monopyramidal polyhedra; each with a triangular
base (labelled andii in Figure2.3b) andoccupied by three Catomsandone OH
[38]. These equivalent Ca atoms &eemed Ca(l) in Figure 2.3, with 6 Ca(l) atoms

found per unit cel]27, 38]

Additional Ca atoms (termed Ca(ll)) are equivalergzat0 an ¥2. These Ca(ll)
atoms form columns which pass through the centre of alternating triangles of O
atoms (termed O(l) and O(ll) atoms), see Figure 2rB8tmotal, aystallineHA has 10
cation (C&") sites arranged in two neequivalent positions withithe unit cel) six
Ca(l) atoms and four Ca(ll) atonj88]. The Call) and OH columns within the
hexagonal symmetry subsequently give rise to a honeycomb structure centred

around the OFtolumns awisible inFigure2.3a[38].

Another notablefeature of te HA structure is the tetrahedral form of
phosphateRO,*), seeFigure2.3a. These tetrahedra form basic structural units that
do not corner share oxygen atoms, they are held together, instead, by the bridging
Ca(l) atoms[34, 39, 40] The HA unit cell comprises of six R@etrahedrons, with

the central P atoms foundzt ¥4 and %, see Figure 2.3a [27, 38].
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Figure 2.3: Pure HA struairal model: (a)plan view with unit cell highlighted by red line(b)
amplified sideview of adjacenti(andii) Ca(l} hydroxyl monopyramidal polyhednaith fractional
heights of atoms labelleénd (c)amplified plan and sideview of Ca(ll) column with fractional
heights of atomtabelled Data modified using CrystalMaker® frof86, 39].
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One of the main structural characteristicdH# is its abilty to allow a large
amount of isomorphic substitutions whilst always maintaining its hexagonal space
group [41]. The C&*, OH and (PQ)* ions within the HA structure can be
substituted for divalent catioriscluding Zn**, F&*, CU*, Mg?*, Ni?*, C#*, Mn%,

Co?*, SF*, P and Cd", and anionsncluding F, CI', COs* and VQ* [38]. Such
substitutions modify the thermal stability, the solubility, textural properties and the
surface reactivity oHA [38]. Table2.3 highlights some other possible suhsibns,

with respect to the following general formula:
Melo(XO4)6(Y)2 (21)

Imbalances in charge of the substituting ion can generate disorder witliA thied

require a change in total anionic charge to mairthargebalancq11, 42].

Table 2.3: Some examples of substitutional ions in the HA strudtute38, 42, 43

Me X0, Y
REE* c&* Na' Siot PO* SO CO® OH O,
Sia K* AsO,> HPOZ* S F H,O
PIr* COFF  CO2 o* o} N,
Mg** VO, I
Ba®* Br
Mn2+
zn*
Fe
cu*
Ni*
cr
co**
P
Cd?*
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2.2. Hydroxyapatite synthesis

There are two principal methods for the synthesis of hydroxyapaotet
state synthesi@nd wet chemical method¥Vell crystallised powders are often
producedvia solid-state[44, 45] reactions however these require high temperatures
(typically 1000 °C or higherpnd long heat treatment tim¢s 24 hours) Wet
chemical methods offer lower temperature synthesis reactions from component
oxides/carbonates, these include: precipitaf#i48], hydrothermal synthesigl9-
58 and solutiongelation (solgel) [1, 26, 59-73]. Hydrothermal and seajel

techniques will be discussed furthelSactiors 2.2.1and2.2.2respectively.

Low temperature precipitation techniques (typicallyl80 °C) can provide
nanoparticulate HA of variousorphology(blade, rods, needles or equiaxed shaped
particles) howeverthe Ca/P ratio and crystallinity of these powders is highly
dependent orthe preparation conditionswith most cases reporting Parat i 0 6 s

lower than the stoichiometric target (1.63)46-48].

Alternate preparation techniques includelectrocrystallisation, spray
pyrolysis, freezalrying [74], microwave irradiation75, 76], mechanechemical

method andemulsion processingg].

2.2.1. Hydrothermal synthesis

Hydrothermal synthesis describes a nrpadicle preparation route which
utilises heat and pressure to instigate a reatttweerreagents dissolved in water,
or solvent (solvothermal)often carried out within a sealed hgthrermal pressure
vessel[52, 53]. These conditions open up reaction chemistry not accessible under

ambient conditions, and crystalline HA can be produced without the requirement for



15

post reaction calcinatioffhe technique is beneficial due to its low miung cost and
simple operationand is attractive for HA synthesis as it produsgularnanosized

particles with minimal or no agglomeratip49].

Hydrothermal pressure vessels are typically thiehled steel cylinders
designed to operate atild reacton temperature and high pressurgeand are Teflon
lined towork inertly with respect to water and solvemstypical general purpose
Par produced hydrothermal reactoss a maximum working temperature of 350 °C,

andmaximum workingoressure of 200 b&r7].

A high degree of crystallinity and stoichiometry KA can be obtained
through hydrothermal methed3]. Needle or blade shaped HA particles are often
reported ranging from the nano to the mmeterscale in sizd3, 49-58]. Particle
size is controlled by the low temperatur@ften < 100 °C) hydrolysis of the
phosphate precursor during preparatsomd it is often found that stoichiometry is
inconsistentafter hydrolysis, with Ca/P ratios ranging from 1.50 to 1[Al.
Increasing the pH of thstarting sispensioa hasdemonstratednore controlled
growth of smaller crystalline HA particles, with improved stoichioméb§, 57].
Particle morphology is considered more controllable by the hydrothermal route in
comparison to alternate methods, sushsalidstate and wethemical processes,

with greater particle homogeneity often achiej®%.

Typical hydrothermal routes for HA synthesidisé preparation temperatures
between 100 an@00 °C and pressures between 1 and 2 MPa; these conditions
produce HA with rod, needle or whisker morphologies ranging in lengths from <
100 nm t p958]. The techmique offers high particle crystallinity and a

Ca/P ratio clse to the stoichiometric targ@t.67) [49, 78].
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2.2.2. Solution-gelation synthesis

Solution-gelation (solgel) chemistrydescribes the process mietal alkoxides
convered to amorphous gels of metal oxides via hydrolysis and condensation
reactiong79]. The solgel process was first identified by Ebelman in 183@ and
has since beenilised for the production of ceramic powders, coatings and also bulk
materials such as glas4&4].

Hydroxyapatitecan be typically producediar a widely used sejel method
whereby chemical reactions take place between calciunplaogbhorusons under
a controlled pH and solution temperaty26]. Many calcium andphosphorus
precursors have been used bk synthesis all of which vary in chemical activity
(hydrolysis, polycondensation etc)most commonly these includealcium
diethoxide calcium acetateand calcium nitrate, anttiethyl phosphate, triethyl
phosphiteand ammonium dihydrogen phosph§®8, 60-62]. It is recognised that
the temperature required to develop the apatitic structure is dependetiteon
chemical activityof the precursors used ihe sol, withreports ofa typical gel
calcination temperature range ofd@ - 1100 °C to produce a crystalline
stoichiometric(Ca/P = 1.67ppatitic structuredependingon the precursors usé,

26, 60-66, 68-71].

Deviations from stoichiometry in the final product can often occur through fast
titration of the phosphate solution, and-@&ficient HA can often form in low pH (<
9) solutions[26]. However, this can prove advantageous asi€mient materials,
such asTCP (Ca/P = 1.50), are more resorbable by bone than HA and have

displayed beneficial properties with regards to the promotion of bone redi®¥jith
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Phosphorous alkoxides are popular precursors fogeloHA preparations,
with triethyl phosphite €sH1sPOs) [26, 65-69] and triethyl phosphateCgH15POx)
[1, 60] most commonly utilisedTriethyl phosphite is often preferred over triethyl
phosphate due to its higher hydrolysis activity and a shorter time period needed to
develop theHA phase26]. Developmenbf the HA phase during sglel synthesis
methods is promoted by solution aginfpr example phosphoruss1l nuclear
magnetic resonance (31P NM§)ectroscopy has showrvalence transition from P
(1) to P (V) upon aginga solution of triethyl phosphitandcalciumdiethoxide,at
the formation ofHA after 24 hours[68]. This suggests a nucleophilic addition of
negatively charged OHyroups to the positively charged meRathatsubsequently
leads to an increased coordination number opti@sphorus atomand is indicative

of apolymerisation reactiof6, 68].

Sol-gel synthesiscan involve either an ethanbbdsed or aqueodsased
preparation route. Ethanol based synthesis has been shown to provide a thermally
stable HA phase, whereas aquebased prepation can result in a calcium
deficient materia[26]. A typical aqueoudased synthesis route is describef6.
Triethyl phosphite is firstly diluted in a fixed amount of water and stirred vigorously
until completion of hydrolysis. A stoichiometric aomt of calcium nitrate is diluted
in 25 ml of water and subsequently added dwape into the phosphite sol with
continuous stirring for a further 4 miand then statically aged at 8C for 125
minutes. Further treatment-a85 °C results in a dry whitgel which can be ground
with a pestle and mortar and subsequently calcined in a furnace at desired
temperaturesSimilarly, HA has also been prepared usimgthyl phosphate and

calcium acetate precursdr&).

Solgel synthesis offers a greater flexikily over solid state reaction,

hydrothermal and wet precipitation techniguegh respect to molecular level
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mixing of the calcium and phosphorus precursors, which allfow improved
homogeneity of the resulting HA to a significant extg2fi]. Solgel methods are

often preferred for the production of HA used for prosthesis coat@sgthe

technique allows for the production of crystalline and phase pure coatings with good
adhesive properties and which are thin enoygh y pi cal | o awid 1 & m
complicaions such as cracking and delaminati@8, 81]. Furthermore, segel

offers a lower temperature preparation route (typically < 800 °C) for HA coatings

than alternative methods such as thermal spraying (typically > 100081633],

avoiding complicationsvith structural instability which HA experiences at higher

temperaturefs8].

The thermal spraying method for preparing HA coatings utilises a plasma or
ionised gas (typically argon) to partially melt and cdrygroxyapatiteparticulates
in a hightempeature plasmagas stream.This gasstream is then accelerated
towards the substrate; creating a coating which typically contains a mixture of
crystallineHA, amorphousHA and tricalcium phosphate phadesa thickness of
bet ween 50][8h8BY.Sévéal disadvantages of the technique include
poor adhesion, neaniform thickness, poor crystallinity, poor integrity, uneven

resorption, mechanical failure and increased prosthesis[@lear

2.3. Hydroxyapatite characterisation

Various bulk and partie level analysis techniques have been utilised for HA
characterisation; bulk compositional characterisation methods inclugday X
diffraction (XRD), Xray fluorescence (XRF), Fourier transformmfrared
spectroscopy (FTIR)and laser ablation inductively capled plasma mass
spectrometryLA-ICP-MS). X-ray diffraction provides details dhe crystal phases

present in a sampleliasepurity) and also the materials crystallin{i§6]. Fourier
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transforminfraredspectroscopy typically identifies functional groups present within
a sample, and its often used for the identification of carbonate within apatitic
materials[87, 88]. X-ray fluorescence and ICHMS are typically employed in HA

characterisation for thgetermiration ofthebulk Ca/P ratid89, 90].

At a particle level, scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) techniques are employed for direct nanoparticle
imaging, providing details of particle sizehapeand atomicconfiguration (in the
TEM) [91, 92]. Spectroscopic techniques such asrgydispersive Xray analysis
(EDX) in the SEM andTEM can provideestimates ofa sampleselemental
composition Electron diffraction in the TEM provides a useful tool for the
confirmation of a materials structure and crystallirj®g]. Analysis by TEM offers
a greater resolutiori~0.1 nm)than in the SEM(~10 nm) and, with a smaller
interaction volume of the electron beam with the sampgM-EDX can allow for
the analysis ofindividual nangarticles, enablingstructural and compositional
variability that may not be detected BEM orthe bulkcharacterisatiotechniques

such asXRD, XRF, FTIR and LAICP-MS, to be identified.

The principles of these characterisation methodslmcussed in more detail in

Chapter3.

2.3.1. Electron fluence

Electron fluencecan be defined as the number of electrons per unit area
(electrons ni) which, in a TEM, can be controlled usiagondenser aperture, spot
size and exposure time. Withspect tomany materials, including HAexposure
using a high energy (typically > 5 ke\¢Jectron beam can induce damage in terms

of changes irstructue (e.g. atomic displacement) andmposition[93-95]. Work



20

by Eddisfordet al (2008) investigatedhe effectsof electron fluence on the Ca/P
atomic ratio inHA, and showedhat a fluence above 100 x%€lectrons nrif at 200

keV induces a radiolytic damage process involving phosphorus and oxygen loss,
amorphisation and eventual-ceystallisation to caleim oxide (CaO)[94]. The
damage is the result of ions in the HA structure, excited by electrons, not returning
to their original electronic state upon-éegcitation i.e. crystallinity is lost beyond a
recoverable limit due to the extensive movement ofatbens once chemical bonds
have been broken by the excitation. The bond breaking subsequently results in mass
loss, particularly amongst lighter atoms such as hydrogen, oxygen, and even

phosphoru$95].

Results collected by Eddisfordeasshown inFigure 2.4 and displaythe Ca/P
ratio of HA as a function of cumulative fluence for current densities varying
between 0.2 A/cfand 24 Al/cri, measurd on a high density field emission gun
(FEG) TEM (FEI CM200) The change in Ca/lpatio is observed as relatively
corstant up to a electron fluence 0 x 16 electrons nif, beyond thit hr es ho |l d
the Ca/P ratio can be seen to rapidly increase from the expotediometric HA

baseline (~1.67) awdiolytic damageacceleratefo4].
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Figure 2.4: EDX Ca/P ratidn HA plotted as a function of cumulative electron fluence [47].
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2.4. Nanoparticle toxicity

There have always been nanoparticles in the environment that provide risk to
human health, these include airborne salts, sands, soils and also pollens, and it has
long been recognised that exposure to dusts can lead to ill health and lung disease,
most notably for those involved in miniri§6]. Growing scientific interest is now
|l eading to the increasing production of
examples include carbon based nanoparticles (e.g. carbon black, graphite, graphene,
carbon nanotubes and buckyballs), metals (e.g. Al, Fe, Co, and Ag), metal oxides
(e.g. TiQ, ZnO, SiO, FgO3, and ALOs), clays (eg. MgAIlL(SiO4)3) and quantum
dots (e.g. Auand S), and it is well recognised that exposure to these can lead to
detrimental effects to human healtiowever these are currently being examined on

a caseby-case basif97-100.

The production of nanoparticleis projected to rise from an estimated 2,300
tonnes in 2008 to 58,000 tonnes in 20201], and withever increasindpiomedical
applications thee is an essential need to understand the nature of nanoparticle
toxicology on a cellular leve[102 103. It is recognisedthat nanoparticlescan
display toxicitydespite the material in bulk beimgnsidered more inert; this effect
is likely to becaused by aigher surface aa to volume ratio of particles as a
greater proportion of Oesclemibty oféehé materiab ms ¢
tending to make it more chemically react[@, 102-104. In the chemical industry
this principle provides the basis for the production of heterogeneouscatalgsts
(e.g. platinum catalystdP6]. An example of particle 38 dependent toxicity has
been demonstrated by Donaldsenal (1999) where 14 nm sized carbon black

particles were approximately 3 times more toxic than 50 nm sized carbon black
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particles and 10 times more toxic than 250 nm sized carbon black paff6les

109.

Nanoparticles can enter the human body by various meahsiation
(respiratory tract)ingestion(gastrointestinal tragtinjection (blood circulation)and
dermally (skin) which can caus@roblems includingadverse respatory effects

(e.g. pumonary inflammation), fibrosis and oxidative stré$82, 104].

Nanc (and micre) particles of HA are knowproinflammatory s a number
of pathological conditions such as vascular calcification and HA deposition disease
and these patrticles caypically enter the body as wear debris from coated implants
[103. Research by Motskiat al (2009) suggests that toxicity of HA nanoparticles
varies with method of synthesis, with HA prepared by a gel method showing the
greatest toxic effects at conceaitons between 31 50 0 mi'gwith a co
precipitated HA showing toxinl[¥3.fTeect s
amount of particle uptake was shown to correlate directly eyitibtoxicity, however
no individual particleeharacteristiovas show to control the degree of uptaki®3.
Cell viability (MTT) assays carried out using hydroxyapatite (prepareda by
hydrothermal method) particle doses in the range 1M 0 mE" have showmo
adverseaffect on the viability of a gastric cancer cell line; effects of higher doses
were unreported10€6. A study by Shiet al (2009) showed that cytotoxicity of
nanoparticulate HA is dependent on particle size, with larger particles (> 200 nm
length) producing a higer percentage of apoptosis (death of cells) of-68G
(human osteoblast) cellgl07. Hydroxyapatite particles ~20 nm in size were
observed to pass through the cell membrane, inhibiting apoptosis and also promoting

cell growth[107].
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2.5. Carbon capture and storage (CCS)sing calcium based

particulates

2.5.1. Preface

As of 2010, fossil fuels account for &6of the worlds energy supp[sL08 and
the increasing use of fossil fuels to satisfy the wogidsving energy needs has led
to higher emissions of Gand other pollutantse(g. NOx and SQ,) [109. Carbon
dioxide is considered the most important of these anthropogenic gas®Esnting
for up to 64% of an enhanced greenhouse eff¢tDg. Current energy solutions
involve coupling current fossflel erergy systems with economical capture,
transport and safe storage schemes of §g&3emissionswith longer term strategies
for low or zero carbommission technologiescluding nuclear power, hydrogen
generation and renewable sour¢eg. solar, hydro, wid, biomass and geothermal)
[108. Carbon capture and storage (CCS) technologies have gained significant
interest due to the recognised effects of global warming caused by emissions of CO
and other greenhouse gases; such effects have led163i&yoto Protocolwhich
set a target for 37 industrialised countries, and the European community, to reduce
greenhouse gas ésions by an average of 5¢gainst 1990 levels) over the five
year period 20082012[11(. The concentration of COn the atmospherkasrisen
from about 280 ppm before the industrial revolution, to 355 ppm in, 1880 380
ppm in 2010 [108 109 111]. At the current carbon emission growth rate, the
concentration of C®in the atmosphere is predicted to reach 580 ppm within 50
years[108] and consequentlghe G8 nations have set a minimum worldwide target
of a 50% reduction in CQOemissions (against 1990 levels) by the year 2050 for

which CCS will play a pivotal role in helping to achidgtes[112 113.
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The concept of CCS is not ngW14] but there is a recemtcceptance to drive
towards costeductions and provide more energy efficient improvements in CCS
systems[115 116]. Strategies include capturing G@&om flue gases as well as
developing renewable energy sources, of which dgyeln is regarded as a promising
environmentally friendly energy carrigfl1l7. A proposed technique for ;H
production is steam gasification of methane or bioméssgstock undergoesa
reforming andcatalysedvatergasshift reaction aelevatedemperatureggiving H,
and CO;, as productsThe ability to removeCO, using a powder sorbeshifts the
reaction to more favourable thermodynamics, thereby increasing the effi@énc

hydrogen productiofil17, 11§.

The technique currently considerece timost commercially viabléor CO,
captureis amine scrubbingyhich was first developed in 1930 améas successfully
trialled on gas and coal power [Eli9ati ons
This technique utilises an aqueous solution of antinedan absorb CG{yas at near
ambient temperatures. The amine is then regenerated by stea@®&C to 120 °C
and then condensed to leave pure,@@ich can be compressed and geologically
stored [108 119. However, due to various operational (e.g. corrosion) and
environmental disadvantages, there is a drive to develop greener and mere cost
effective methodqd12(. Alternate technologies include absorption with soluble
carbonate, adsorption with activateaitoon and capture using an ionic liq@ii®1,

122, but these are not easily applied at temperatures above 50hith would be
necessary for incorporation into coal power plants where temperature conditions for
coal combustion (and therefore £@missia) are typically in the range 550750

°C[108 122-124.
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2.5.2. Calcium oxide & CO, sequestration

Metaloxide based sorbents (particularbalcium oxide, CaO) are well
recognised materials for effective highpacity capture and storage of L& a
higher temperature range (55®50 °C)[125-13(. The concept of using lime based
slurries for CQ capture was first applied into two British power plantsl986;
however the pooperformancereliability and high capital cost of limeased CQ
capture rendered the technology as less beneficial than amine scriit$hd he
study of limestone for COcapture has continued to gain interest, with small scale
applications trialled in US power plant
government support and consequently work on CaO and other metal oxide sorbents
for CO, capture has predominantly been pursued in research, with amine scrubbing
expected to be the dominant technolggysuedn industry until at least 203119,

131].

Calcium oxide is a material known to be unstable at ambient and high
temperature conditions due to its tendency to react with atmospheric moisture and
CO, to form more stable compounds, calcium hydroxide (CagpDH) calcium
carbonate (CaC#p[132. This high surdce activity of CaO makes it suitable for a
range of applications including as a catalyst for the production of biodiesels, and as
a key component in cement manufactiré?). Further owing to its high reactivity,
calcium oxide can be utilised for the segtration (capture and storage) of CO
Calcium oxide based precursors (e.g. limestone, Ga€&m be found naturally and
in great quantity, an@hen decomposed to Caliey are considered ideal candidates

as sorbent materials for G@apturedue to a higlCO, sorption capacity133.

Calcium oxide is known to absorb @@ a flue gas to produce calcium

carbonate, CaC{jcarbonatioly a process which is reversible. Once the metal oxide
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has reached its ultimate conversion, thermal regeneration catilised whereby
CaCQ is heated beyond its calcination temperature (~750 °C) to reform CaO and

CO,gas[109,13413€q.
CaO(s)+CQ( g) z 3(6acCoO 2.2)
aH} o x5 -1 6.8k o’

The gassolid reaction, between G@nd CaOjs mostcommonly carriecbut
at temperatures between 655700 °C, with a temperature of 650 °nsidereds
the most effective for the highest carbonation conversion of a CaO sorbent produced
by the thermal decomposition of precipitated calcium carbonate (PXD8)109.
The kinetics of carbonation are well recognisedotcur firstly by a rapid, linear
reaction at the particle surfagd36-139. This progresses to slower diffusion
controlled phase as a product layer of Ca@évelops on the outer region of the
CaO particle; sbisequent carbonation then occurs by the diffusiothefreacting
speciegCO,) through the CaC@product layer, gradually slowing down the overall
reaction rate due to limitations isolid-state diffusivity [14(. This leads to an
incomplete conversion ofcaO, with reported figures suggesting an ultimate
conversion of up to 90%d09. Regeneration of CaO from Cag@pically occurs

at temperatures > 800 °C.

A study by Luet al (2006) compared the GQuptake of four CaO sorbents
formed by the decomposition calcium acetate monohydrate, CaAc
(Ca(CHCOO)-H0), calcium carbonate (CaGPDcalcium hydroxide (Ca(Ol)
and calcium nitrate tetrahydrai@a(NGs),-4H,0). Each CaO sorbent was subject to
carbonatia at 600 °C in C@(20 ml min™) and it was found that the CaO formed
from calcium acetate decomposition exhibited a carbonation conversion rate of 97%

from CaO to CaCe This result was attributed to a high surface area and large pore
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volume of the CaO sbent. The CaO produced from the decomposition of calcium
nitrate exhibited only a 2.5% conversion and those from calcium hydroxide and

calcium carbonate displaying 63% and 66% conversion respedthzsy

The low CQ uptake of CaO formed by the decomipios of calcium nitrate is
reported to be caused by meltismce calcium nitrate melts at just 45°C. This
melting causes the formation of a solid solution during calcination, instead of a
powder, a process which prevents the formation of pores upatetoenpodion to
CaO [128]. This in turn creates a very small surface area of the particles in
comparison to the other sorbents, maksuipsequenCO, uptake difficult[12§.

The decomposition of each calcium precursor was carried out in a helium
atmosphereo as to prevent a reaction with airborne,Q@hich would likely form

an intermediate phase of Cagf@2§. The study by Lwet al (2006) concluded that
superior CQ captureperformancewas obtained using a CaO sorbenbduced by

the decomposition of calciuacetatd128. Therefore in this studygcalcium acetate

will be sourced commercially (Acros Organi@®%, extra puneandwill be utilised

here for the production of CaCpowder sorbents Calcium acetate hydrate is
synthesised by the reaction @lcium carbonatand acetic acidhowever complete
details of the reaction procedure are not disclosed by the suppler following

reaction is proposed for the production of calcium acetate monohydrate:
CaCQ + 2(CH,COOH) Y Ca(CHCOO)-H,0 + CO, (2.3)

It should be emphasiséerethatthis researciwill focus on exploringthe CQ
uptake capabilities of nanoparticulate CaO sorbents, rather than proposing a specific

route for their preparation.

* From discussion with Kate Jackman, Thermo Fisher Scientific (parent company for
Acros Organics).



29

Using thermogravimetricanalysis TGA), Niu et al (2010) investigated the
decomposition of CaAc in air and found that a temperature of ~750 °C is required to
decompose this phase to complete C&@ure 2.5 showsthe TGA and DTG

(differential thermogravimetjyresults of this suly [141].
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Figure 2.5: TGA and DTG (differential thermogravimetry) curves for ttieee stepthermal
decomposition of calcium acetdt41].

The thermal decomposition of CaAccurs in three stages:

1) at 500 Ki dehydration
2) at 650 Ki CaCQ formation

3) at 1000 Ki CaO formation
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2.5.2.1. Multicycle operations

For industrial carbon captureperations, it is required that CaO sorbents be
used repeatedly in a continuous looping systémarbonationand decarbonation
cycles this allows forthe regenerationf CaO by thermal decomposition of CagCO
and could offer significant cost reductions in €@apture applicationf109, 136
142-144). It is howeverwidely accepted thgperfect reversibility with regards to
recarbonation, is not possible due to structural property changes created during the
cycling procesq 125 136, 142, 14515(. Figure2.6 highlights the typical decay in
overall CQ capture capability of &ypical CaO sorbent precurs@oroduced by the
thermal decomposition of CaGOwith multiple carbonation and decarbonation

cycles, with the largest decrease in the carbonation of CaO, observed after the initial

reaction[157].
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Figure 2.6: Temperature program and weight change in a &@iGA CO, multicycle proces§l57]].
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Maximum conversion (Cgdiffusivity) of the CaGsorbentdecreases per cycle
due todensificationof the materialupon decarbonatioand thereforea decreasen
particle surface areavailable for the subsequent carbonation readi@. It is
acknowledged that the maximum carbonation capacity is strictly a function of the
number of calcination/carbonation cycldsl7]. This trend is typically replicated by
various experimels on cyglic CO, capture usingdifferent CaO and natural
limestonesas sorbentfl26, 138 147, 152 153. A simple schematic that highlights
the behaviour of a limestofiased sorbent during the multicycle process has been
presented by Lysikoet al [15]], and is shown here iRigure 2.7. This diagram
shows that upon the firsiecompositiora highly porous and dispersed CaO sorbent
is produced. Upon the first recarbonation, conversion is observed to be incomplete,
which is likely due to blocking of poreand potentially small amounts of sintering
[151, 154. Progressive recarbonations show an overall decline in CaO conversion,
and this has been attributed to some of these pores occluding andopenneg
upon decarbonation. Coupled with progressive smge the sorbent surface area
continually decreases with progressive cycles until an eventual interconnected

O0skel et on formed{151C1&840 h a s

1-st decomp. 1-st recarb.
> [
2-nd decomp.
v
After 50 eyeles 2-nd recarb.

-l
-

Figure 2.7: The multicycle CQ capture process on thextural transformation of the CaO sorbent.
The GACQG; phase is shown by dark grey, and CaO is shown by light[@ely 154].
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2.5.3. Particle Spacers

There have been numerous attempisimprove the overall C® capture
capacity over multiple cycles by sorbent modification, with promising results
currently being shown by regenerating the sorbent by hydration to Ca((itH)
each cyclebefore decarbonation back to CaO; this is reported to improve sorbent

porosty and limit progressive sinterifd49, 155157.

Alternative approaches utilise inert particle spacer materials that are intimately
mixed with the CaO sorbent. These include MgO;QAl ZrO,, MgAl,O3; and
Ca2Al 14033 (mayenite) [130, 15816(. Particle spacers aim to reduce CaO
densification by separating the CaO/Cadgarticles. The volume fraction of the
inert spacer powder is likely to scale with improved durability of the €a®ent;

however this will be a compromise with the initial uptake capadityO,.

2.5.3.1. Yttria stabilised zirconia (YSZ)

Zirconia (ZrQ) is a material notable for its ability to change its solid crystal
phase at given temperatures, a phenomenon which is commonly employed to arrest
the propagation of cracks (transformatimughening) in many ceramic materials
[16]]. Zirconiaexhibits a high melting temperature~#700 °C, and upon cooling it
will undergo a series of phase transitions, from an initial cubic phase to a tetragonal
phase (at 2400 °C) and then tonmenoclinic phase (at 1050 °C)162. When
stabilised with yttria (¥Os), the ability for the retention of the metastable tetragonal
phaseis possible at ambient conditions, rather than the stable monoclinic ahase
displayed in the Zr@YO;s phase diagram inFigure 2.8 [162 163. For
transformation toughening, this phase transformation can be triggered by the onset

of a crack. The phase change creates a volume increase and internal compressive
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stresses then generate around the crack subsequently ingstiti€t propagation
[164]. Inducing such local stresses in a CE6Z skeleton similar to that iRigure
2.7 could produce microcracks that open up the structure of the skeleton and actually

improve its subsequent G@orption capacity.
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Figure 2.8: Phase diagram for th&rO,-Y,0; system C, M and T refer to the cubic, monoclinic and
tetragonal polymorphs of zirconia, and their solid solutions, ss. Y = ytty@s[¥67].

Various methods for the synthesis of Zr@nd YSZ have been reported,
including hydrothermal[165172, sotgel [173 174, spray pyrolysig175 and
microwavebased preparatiofiLl76 177, with many reporting particle sizes < 10
nm. Such nanoparticulate materials with a tetragenahoclinic phas transition
between CaO carbonation and decarbonation temperature could be used to provide

an activespaceffor CaO sorbent powders.
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Chapter 3. Experimental methods

3.1. Hydroxyapatite

3.2. Hydrothermal HA synthesis

For the hydrothermal method9, 58], 1.00 M stock solutions of calcium
nitrate tetrahydratéCa(NQs).@H,O; Fisher Scientific, reagent gradt].807 g)and
di-ammonium hydrogen phosphate ((NHHPO, Fisher Scietific, analytical
reagent grade;6.603 g) were prepared using distilled water (B0), and
subsequently diluted further to create 0.10 M solutions. A precipitate was formed by
the dropwise addition of the dammonium hydrogen phosphate solution K30 to
the calcium nitrate tetrahydratsolution (50ml), with continuous stirringuntil a
nominal Ca/P ratio of 1.67s reactedn the mixed solution. The pH of the resulting
suspension was ~5.1, however the énope addition of ammonium hydroxide
(NH4OH; SigmaAldrich, ACS reagent gradeludng the mixing phase, allowed the
pH to be raised to pH = 11(@nonitored using a Hanna pH Checkérhe addition
of ammonium hydroxide to the synthesis solution allows for the control of pH, but
also has an added benefit of preventing the formatiomronate during synthesis
[178 179. An increase of OHons in the solution is also known to speed up the
transformation rate fronamorphous calcium phosphate (ACP) to hydroxyapatite,

via a secondary octacalcium phosphate (OCP) di&€:187.

Vigorous stirring of the resulting solution was carried out for a further 10
minutes. The solution was then transferred into ariP%eflon-lined hydrothermal

reactor (Model 4748, Parr Instruments) which was heated at 200 °C for 24 hours
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generating a pressure dietween 1 and 2 MPaOnce aircooled to room
temperature, the particulate product was collected by centrifugation and washed to
remove unwanted eproductsby re-suspending the powder in distilled water, using
ultrasonic agitation, for 5 mirand then sedienting the particles by means of
centifugation at 6000 rpm for 5 minThis process was repeatatlleast6 times

until the pH of the solution has neutralised to ~7, which suggests the complete
removal of ammonia. Ainal washwas carried out using methanol so as to limit
particleagglomeration in the final dried powder. Drying was carried out in an oven

at~50 °C for ~4 hour$49].

3.3. Solution gelation (solgel) HA synthesis

Solgel synthesis of HA26, 69|, involved the hydrolgis of triethyl phosphite
(CzHs0)3P; Aldrich 98% 10 ml) in distilled water (60ml). The mixture is sealed
immediately with parafilm in a glass beaker and stirred vigorously. After a few
minutes, the cloudy solution turns clear to signal the completidnyarolysis. A
stoichiometric amount (Ca/P ratio = 1.67) of calcium nitrate tetrahydFasber
Scientific, reagent gragdd9.683 g) waglissolved in 50nl anhydrous ethanol, and
subsequently added dreygse into the hydrolyzed phosphite solution, followsd
10 minutes of more vigorous stirring. The resulting solution was clear and
subsequently aged at room temperature feR4.ours before drying. The ageing
process is crucial in that it allows for the solution system to stabilise such that a
monophasicdHA can be produced; thisrmation time can vary depending on the
chemical nature of the precursors ug2@. Insufficient aging can result in weight
loss during pyrolysisdue to loss of unreacted phosphiégd the potential for

undesired phases, such@aO, to be observ¢d6, 81].
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The aged sol was dried using a hot plate: the solvents were driven off at ~60
°C until a viscous liquid formed, which was further dried in an oven at 100 °C for 12
hours. The resulting white gel was ground into a powder with a pestle and mortar.
Two sample were prepared by calcining the gel at 500 and 700 °C respectively, for

2 hourg[26].

3.3.1. Thermogravimetric analysis (TGA) of solgel precursors

Thermogravimetric analysid@fGA) is a testing procedure whicheasureghe
change irmassof a sample aa function of temperatur@nd time, under controllable
atmospheric conditiong183. It is utilised to monitor processes such as
decomposition, evaporation, dehydration and gas adsorfit®f. The technique
provides quantitative information resultingpfn any processes that may instigate
detectable changes massat controlledtemperaturgthis allows the stoichiometry

and kinetics of any hedduced reactions to be followed directiy85.

TGA analysis has been carried dot measure the decompositi@f both
triethyl phosphite(C,Hs0)3P, Aldrich, 98%) and triethyl phosphate GtHs0)sPO,
Aldrich, 99%) using aStanton and Redcroft T1000 thermebalance. Samples
(18.85ml of triethyl phosphiteand 17.16nl of triethyl phosphte), were placed into
aplatinum crucible and heated, in air, at a rate of@fer minute up to a maximum
temperature of 900C. The percentage weight loss is recorded and plotted as a

function oftime (in seconds) and temperature (°C)
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3.3.2. Stability of triethyl phosphite

The atmospheric stability of triethyl phosphite was compared to that of triethyl
phosphate ({,Hs0)3PO, Aldrich, 99%). An experiment was conducted measuring
the relative mass change of both chemicals exposed in air at ambient temperature.
Samples of triethyphosphate (9.4ml) and triethyl phosphite (8.9%1) were placed
in an evaporating dish on a balance for 15 minutes; mass measurements were

recorded every 30 seconds.

3.4. Hydroxyapatite toxicology

Cytotoxicity (the degree to which a material is toxiclitong cells) assays
have been carried on two HA samples hydrothermally prepared at pH 9 and pH 11
(following the method outlined irsection3.2). Bulk compositional analysis was
performed by XRD (described Bection3.12.]), and particle level analyscarried

out using the TEMEDX method, which is described 8ection3.13.4

Cell viability was measured using the MTT as$a86 and has been carried
out courtesy oDr Lars Jeuken by undergraduate students Gregory Dyson, Emma
Horncastle and Jessica Jene the Faculty of Biological Sciences, University of

Leeds.

Toxicity of hydrothermal HA samples prepared at pH 9 and pH 11 was
investigated using three human-{itro) cell lines: Gco2 (intestine) andA549
(lungs) and SHSY5Y (brain). Testing agaimshe Cace2 and A549 cell lines might
proxy effects of HA nanoparticles that are ingested or inhaled. Should HA
nanoparticles pass into the blesileam, neurological effects may be observed and

thus effects on th€H-SY5Y cell line have been examined.
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Media for cell culture was prepared by the addition ofnfiOfoetal bovine
serum (FBS) and il penicillin-streptomycin antibiotics into 50@lof Dul becc o
Modi fi ed Eagl eds Mmsldalutiomof thérvedidMyas incibatédl
(at 37 °C, 5% Cg) andthen seeded into 96 well plates at a density of 10,000 cells

per 100 €L of medium. This was further |

Dispersions of HA (0.1 Wb6) were prepared using distilled water and further
diluted in DMEM at various concentrations betweeri G 0 0 mé*'g These
suspensionsvere added to the cultured cells and tested for viability, after 24 and 48
hours, using the vyellow MTT 3{(4,5Dimethylthiazol2-yl)-2,5diphenyl
tetrazolium bromidecolorimetric assay. The MTT solution reduces from a yellow
tetrazole to purple formazan in the mitochondria of living cells (where reductase
enzymes are active) and so cell viability is measured by the percentage of light
absorbance at a certain wavelength (typically between 500 and 600 nm) using a
spectrometer. Ressltare calibrated against untreated control wells (without HA
particles), thus determining the effectiveness of the particles in causing cell death

[187, 189.
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3.5. Calcium oxide & CO, sequestration

3.6. Thermal decomposition of calcium acetate by
thermogravimetric analysis (TGA) and evolvedgas analysis by

Fourier transform infrared spectroscopy (FTIR)

The thermal decomposition ofcommercial calciumacetate hydraieCaAc
(Ca(CHCOO)-xH0, Acros Organics, 99%, extra pure, value of x unreported by
supplier) was firstly analysed usitigermogravimetric analysis (TGA). Samples for
TGA analysis are loaded into a 6 mm diameter x 2.5 mm alumina cell crucible
which is placed onto a high precisidralance and lowered into a sealed oven
chamber.The thermal decompositioand evolveehgas analysiof the as received
CaAc has beenanalysedby a Stanton Redcroft TGHO00 TGA instrument
connected to &hermo ScientifidNicoletiS10 FTIR spectrometeunnng OMNIC

processing softwarand fittedwith an attenuated tal reflection (ATR) accessory.

A sample of CaAc was heated from ambient temperature to 800 °C at a rate of
20 °C min%, in N,, using theStanton Redcroft TGH000 TGA thermebalance
(changesin mass and temperature are recorded every 1 seaondracy = 0.001
mg). Resultof thermal decomposition of CaAc by TGéke shown irSection5.3,
Figure 5.6, with results of evolved gas analysis by FTIR showfigures 5.7 and

5.8.

Detailed analysi®of the CaO product, formed upon TGA decompositdf
CaAq has been carried out by XRD am&M (Figure5.10 and Figure 5.12). To
observe the intermediate phase during decomposition, an additional sample has also

been prepared by the TGA decomposition ofA€at 500 °C (following the
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previously outlined TGA enditions), and analysed by XRD aif&M (Figure5.9

andFigure5.11).

3.7. Thermal decomposition of calcium acetate bin-situ hot-stage

XRD

The development of crystallographic phases during therntanagosition of
CaAc was carried out using XRD, with amsitu, watercooled heating stage. A
CaAc sample was analysed with a temperature controlled heating stage (up to 800
°C) usinga PhilipsPanmd yt i c al Xopert Di ffract omet
sour@ Each measurement temperature was reached at a rate of 20 *Camin

then held for 1 hour to allow for-Xay diffraction analysis

Samples for TEM were prepared by a slow decomposition of CaAc, in a
furnace, from ambient temperature2@0, 500 0r800 °C (at 20 °C mir); each held
at the respective temperatures for 1 hour. Samples were then removed from the

furnace, and cooled in air.

3.8. CO, sequestration

Carbon dioxide capture was performed by thermogravimetric analysis (TGA)
using a Shimadzu TGA-50 thermcbalance. A schematic showing the key

components of the Shimadzu T&A thermebalance is shown iRigure3.1.

Decomposition was performed at 800 °C under, atshosphere, with a GQupply
pressure of 2 bar controlled by a rotameter to a fiate of 50ml min™. For
carbonation, the chamber temperature was then dropped to 650 °C and the gas

stream supply switched to GGt a 5aml min™ flow-rate. Gases are interchangeable
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at a preset time or temperature limit, allowing for automatic vatudral. The
atmosphere within the chamber is purged with desired gases, prior to sample

loading.

Taut band

Balance beam

LGas inlet (2)

Gas inlet (1)

Radiation fin

[
i

Thermocouple

Heating furnace

Sample

Figure 3.1: Schematic of the Shimadzu TE30 thermebalancg189.

3.8.1. CO, uptake of CaAcCaO

The CQ uptake of calcium acetate hydrate decomposed to calcium aftate
a fast and slowlecompositiorrate, weremeasured bff GA. Samples of CaAc were
decomposed fromoom temperaturéo 800 °C (in N) at a rate of 20 °C mih To
mimic fast and slow decompdisin, two samples wer@repared; the first was
decomposed to 800 °C followed by immediate chamber cooling to 650 °C for
subsequent carbonation, the second was decomposed to 800 °C and held at that
temperature for 1 hour before the chamber was cooled t6d®36r carbonation.
Carbonation conditions were held at 650 °C for 15 minutes. Upon completion, the
gas stream was switched tg Ahd the chamber was cooled to room temperature.

Results are shown figures 5.15and5.16.
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3.8.1.1. CO; cycles

Repeat cyclesf carbonation and decarbonation were performed by TGA, with
a looping program prepared using the TA60 acquisition software. A sample of CaAc
was firstly fully decomposed (inAN50 ml min™) from room temperature to 800 °C,
at a rate of 20 °C mih Chanber temperature was immediately decreased to 650 °C
upon which the gas stream was switched te (80 ml min™). These carbonation
conditions were held for 5 minutes. After this time the gas stream is switched back
to N, and decarbonation takes place fr680 °C to 800 °C. This loop is repeated 10

times.

To analysecarbonated and decarbonasaimples at given intervals during the
cycle process, the looping experiment was repeated several times but terminated
after specific periodsf either carbonation or decarbonati®amples collected have

been labelled Ad, where:
A = Initial decomposition of CaAc to 800 °C;
B = after1® carbonatiorcycle at 650 °C;
C = after 29 decarbonation at 800 °C;
D = after 29 carbonatiorcycleat 650°C;
E = after 3 decarbonation at 800 °C;
F = after 3 carbonation cycle at 650 °C;
G = after 9" decarbonation at 800 °C;
H = after 18" carbonation cycle at 650 °C

Samples were cooled under, Nonditions to room temperature upon
conclusion of each expement. Each sample was then analy®gdXRD (Figure

5.295 and SEM and TEMFigures 5.27 - 5.29).
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3.8.1.2. Using TEM for the analysis of CQ cycles

Analysing the CaO sorbent at various stages during the looping process proved
to be problematic due to threactive nature of CaO in air at ambient conditions,
forming Ca(OH) and CaC@. Exposure to air during standard XRD, TEM and SEM
sample preparation is unavoidable. Therefore, to examine the microstructural
changes of the CaO sorbent during the looping gg®cwithout risk of hydration,

novel TEM based techniques have been explored.

Firstly, a water cooled Gatan Single Tilt Heating Holder with SmartSet
Hotstage Controller has been utilised with a Philidd200 FEGTEM with Gatan
Imaging Filter (GIF 200)Thefirst carbonated sample (Sample B) has been prepared
following the TGA cycle method and then decomposgedjtuin the TEM, at 10 °C
intervals (at ~20 °C mif) and held to allow for imagingimages at selected

temperatures taken by kstiage TEM analysiare shown irigure5.30.

An additional novel technique has been employed that utilise%situ bench
mounted Gatan Environmental cell -¢Ell) heating holder with &EI Tecnai
TF20field emission gu(FEG-) TEM. TheE-cell is a sealed unit thatlows for a
TEM sample to be loaded into a gas or vacuum environnwétit, controllable
temperaturepefore beingtransferred into the TEM without exposure to air, thus
eliminating potential hydration pfin this case,the nanoparticulateCaO. The
technique dbws for the carbonation and decarbonation of a single sample to be
carried out, with the ability to analyse the effects of the process on a single area of

particles by TEM.

A CaO sorbenhasbeen prepared by decompositiohCaAc at 500 °C in a
furnace to produce calcium carbonate (Cagl.(rhis wasultrasonically dispersed in

methanol andirop cast ontoraelectron transparestlicon nitridemembrane (Agar
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Scientific). The grid was then secured on the detachable TEM sample lodlthex

E-cell. Decompsition of the sampleéo CaOwas carried outwithin the Ecell by
directly heating, at-20 °C min’, from room temperature to 800 °C, followed by
immediate cooling back to room temperature, all under continuous rotary vacuum
using an Edwards RV8 vacuum pprflowest achievable vacuum pressure19™

Pa) The sample was then vacuum sealed within the detachable TEM sample holder

and transferred to the TEM for analysis.

For carbonation, the-Eell chamber temperature was firstly raised to 650 °C
under vacuumwith CGO, then applied to fill thdurnace chambefcontrolled by a
manual valve)carbonation othe sorbenthen tookplace at650 °C for 5 minutes
before the gas supply was closed off and the vacuum pump reapplied during cooling
to room temperature. Riating the carbonation conditions from TGA (€O
pressure of 2 bar with rotameter controllidw rate of 50 ml min™®) was
unachievable here as the pressure could not be supported by the holding seal of the
chamber, and therefore the chamber was filled tower, 0.5 bar pressure of €O
during carbonationFigure 3.2 displays a schematic of the decarbonation and
carbonation process as carried out using tteelE whereFigure 3.2a displays the
sample ) being loaded into th&urnace chambef3) which, along with the guide
tube ) and vacuum chamber)( is kept under continuous vacuum by the pump
connected afl. Sample release and decarbonation conditions are shofigure
3.2b where the sample is released by the retractable specimen g)lderdthen
contained in théurnace chambesind heated under vacuum from room temperature
to 800 °C prior to cooling. The connection tap for the interchangeable vacuum pump
and CQ input supply is shown dt. Temperature is controlled by an external heater

and tlermocouple connected to tHernace chamberand chamber cooling is
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maintained by a continuous water flow which is connected from atapltb pipes

shown at.

Sample carbonation is shown Bigure3.2c where the sealefdirnace chamber
is firstly heated(under vacuum) to 650 °C and then filled with £0.5 bar
pressure); these conditions are maintained for 5 minutes prior to removal of the CO
supply, and thdurnace chambeis then repumped to vacuumCollection of the
sample by the retractable speci®lder is shown bifigure3.2d. The removal of
the sample from th&urnace chambes shown byFigure3.2e, where the sample is
firstly withdrawn into the vacuum chambéf) (@nd sealed using the cell valv@;(
the guide tube and vacuum chamber can beedetached from tHfernace chamber
and can then be attached directly to the TEM goniometer, and the sample passed

into the microscope whilst under rotary vacuum (at worst).
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Figure 3.2: Schematic of the fell operation. Where (a) displays sample loading, (b) sample release
for decarbonation and (c) carbaioa, (d) sample collection and (e) sample removal and sealing prior
to transfer to TEM.
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3.9. Particle spacers

3.9.1. Yttria stabilised zirconia

Commercial zirconia, stabilised with 5.4 wt% yttria (YSZ), was purchased
from Goodfellow, CambridgeThe phase contenbf the commercial YSZ4vas

analysed by XRD, with particle morphology and size analysis by SEM and TEM.
3.9.2. CaO-YSZ preparation

A large sample~20 g) of commercial 5.4%'SZ powder (Goodfellow) was
firstly vibro-milled, for 30 min in isoproy alcohol using a McCrone Micronising

Mill, to reduce agglomeration.

A small amount of the vibrailled YSZ was then mixed with CaAc allowing
for 70/30 wt% of CaO:YSZ in the final product when decomposed at 800 °C.
Mixing was carried out using a small aomt of ethanol, with the mixture ground
with a pestle and mortar for 30 min. The powder (> 1 g) was then oven dried for 1
hour at 50 °C. A sample of the CaA&Z blend was subjected to furnace

decomposition at 800 °C for 10 minutes and analysed by XRD.
3.9.3. CaO-Zirconia preparation

Two samples of Zdoped CaO (70/30 wt%), were prepared by solution
precipitation of CaAc with zirconyl (IV) nitrate (Zr(N§2, 99.5% Fisher Scientifig)

and also calcium hydroxide (Ca(QHAIfa Aesar, ACS 95%) with Zr(Ng¢).:

9 For the CaAc/(Zr(N@), solution; CaAc (4.95 g) was firstly dissolved in 190
of ethanol. A stockammonium hydroxide (NKDH; SigmaAldrich, ACS
reagent gradeyolution was prepared (pH 10) in distilled water, and m0@as

added to the CaAc solution drefse via a burette, under continuous stirring.
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A second solution was prepared by dissolving Zr{N@2.64 g) in 100m|
ethanol, with 100ml of pH 10 ammonium hydroxide solution subsequently

added drop wise via a burette with continuous stirring.

Finally, 50 ml of the Zr(NQ)./ NH,OH sol was added drop wise into 160 of

the CaAcNH4OH sol, producing a cloudy solution with final pH = 6.9. Stirring
continued for 1 hour after titration before a small amount of solution was placed
into an evaporating dish dndried overnight in an 80 °C oven. A fine white

powder was then collected and ground.

1 The Ca(OHY/(Zr(NOs), solution was prepared under the same conditions as the
CaAc/(Zr(NGs), powder using Ca(OH) (2.31 g) diluted in 100nl ethanol with
further drop wse addition of 100nl of pH 10 ammonium hydroxide. Drop wise
addition of 50ml of the Zr(NQ)./NH4OH produced a milky solution with final
pH = 11.9. A sample was collected and dried overnight at 80 °C, forming a fine

white powder.

Samples of each powder medecomposed at 800 °C for 10 minutes and analysed

for phase content by XRD.
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3.9.4. Hydrothermal synthesis of YSZ with zirconia (IV) nitrate hydrate

and yttrium (111) nitrate hexahydrate

Yttria-stabilised zirconia (YSZ) has been synthesised accordirtigetooute
outlined by Guiotet al [169A Zirconia (IV) nitrate hydrate (ZrO(Ng-xH-O,
99.5% Acros organics) and yttrium (lll) nitrate hexahydrate (Y{N®H,O, 99.9%
Acros organics) is dissolved in 50ml of distilled water with the concentrations:
[zr™] = 0.1 M and [¥'] = 0.05 M. Acetylacetone, Acac (Aldrich, 99%+) is added
with the molar ratio Zr:Acac = 1:1. Gui ¢
7 proved optimal for a stable solution and prevents the rapid precipitation of the
solid and so, in this preparation, ammonium hydroxid8igfnaAldrich, ACS
reagent gradewas added drop wise to achieve this from an initially acidic solution.
The solution was magnetically stirred for a further 5 minutes and then transferred to
a 125 Im Teflon lier and hydrothermal reactor (model 4748, Parr Instruments)
where it was heated to 160 °C for 72 hotrigure 3.3 displays a basic schematic of

the proces§l69.

A Guiot explains that the hydrothermal conditions allow for the formation of YSZ
nanoparticles within a gel, which contracts upon expulsion from the liqua in
process known as syneresis. Cooling to room temperature creates a cylindrical
macroscopic aggregate of YSZ within a clear supernatant.
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Figure 3.3: Guiote t  tyydrdihermal synthesis of Y§269.

The powderaggregate was collecteohd washedby re-suspesionin distilled
water, underultrasonic agitation, for Bnin and thenthe particleswere sednented
by means of centrifugation at 6000 rpm famb. This process was repeated 6 times
with a final wash carried out using methanol so as to limit agglomeration in the final
dried powder.The solution was then dried an oven at-50 °C and the resultant
white cake ground to a powder using a pestle and mdrtes. synthesis method
produces 9 mol% XOs-ZrO, powder equivalentto 15.6 wt% yttria in zirconia
[169. Guiot reports the formation alubic YSZfollowing this synthesis routel69].

Analysis of the hydrothermal {hYSZ powder was carried out by XRD and TEM.

A sample of CaAc containing dyothermally synthesized YSZ YI5Z) was
prepared by dry mixing in ethanol using a pestle and mortar, alldeing)/30 wt%
of CaO:hYSZ in theihal product when decomposed at 800 Rbase analysisf

the CaO:hYSZ was carried out by XRD.
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3.9.5. CaO-Mayenite preparation

A 75:25 wt% blend of CaOCaAl14033 has been provided courtesy of
postgraduate studenDr Roger Molinder of the Energy Research Institute,
University of Leeds. Synthesis closely follows a-gel route outlined if19Q.
Preparation involves the dilution of 26.2 g CaO and 28.4 g AljjN@to 760ml of
pre-heated distilled water (75 °C) an@aml of 2-propanol. The resulting solution
is kept at 75 °C and stirred for 1 hour, before being placed into a 120 °C oven
overnight to evaporate water from the sol. The resulting cake is ground into a
powder with a pestle and mortar before being planemla furnace. The powder is
heated from ambient temperature to 500 °C (at 20 °C'yand held for 3 hours.

The sample is again ground, and subject to further heat treatment from ambient
temperature to 120 °C for 2 hours. A final cycle involves grindatigwed by heat
treatment in a praeated furnace at 900 °C, for 1.5 hours. Upon cooling, the sample
is collected and parafilm sealed in a glass contdit@d. Phase analysis of tlees

receivedCaO:Mayenite powder blend has been carried out by XRD.

3.10 CO, sequestration of particle spacer materials

It is well recognised that CaO experiences a loss of €Apture capacity
within increasing cycles in the carbonatidecarbonation looping systgi26, 147,
191]. This is attributed to particle densificatiand sintering producing smaller CaO

particle surface area for pick{ip3g.

The CaGzirconia materials synthesised-house have been tested under the
carbonatiordecarbonation cycle conditions outlinedSection3.8.1.1 using TGA.

The following werdested:

1 CaOYSZ (from CaAc precursor and Goodfellow 5.4%YSZ)
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1 CaOCazrG; (from CaAc precursor)
1 CaOCazrQ; (from Ca(OH) precursor)
1 CaOhYSZ (from CaAc precursor and hydrothermal YSZ)

1 CaOMayenite (75/25 wt%)

Each mixture was synthesised to allow for 70/30 wt% CaO/spacer in the final
decomposed product, unless otherwise stated. Results of the multicycle capture by
TGA, with molar conversion data for each sample, are showsigare 5.43 and

Table5.8.

The Ca0:YSZ powder blend was subsequently selected for analysis using the
E-cell TEM technique previously described 8ection3.8.1.2 This blend was
selected as results from multicycle capturayre 5.43) show the most promising
effects with regards teeducing the decay in sorbent €€apture. Results of this-E

cell experiment are shown igures 5.44 - 5.46.

3.11. Material characterisation techniques

Bulk compositional and phase analysis has been performed by: (a) péwder
ray diffraction (XRD), (b) X-ray fluorescence (XRFE)c) Fouriertransforminfrared
(FTIR) spectroscopyand (d) laser ablationinductively coupled plasma mass

spectranetry (LA-ICP-MS).

Scanning electron microscopy (SEM) has been used for the observation of
larger particle agglomet@s and aggregates. Individual particle size distribution and
compositional analysis was carried out tbgnsmission electron microscopy with

energydispersve X-ray spectroscopy (TENEDX).
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The size distribution profile, for HA samples disgeat inDulbeaco's Modified
Eagle Medium(DMEM) and analysed for cytotoxicity, has been carried out by

dynamic light scattering (DLS).

3.12. Bulk analysis techniques

3.12.1. X-ray diffraction

X-ray diffraction (XRD) is an effective, nedestructive tool that allows for the
determination of atomic arrangement within a material, giving the crystalline phases
from the atomic spacingds and symmetry.
the presece of lattice planes in a crystalline material are sought by the diffraction of
X-rays, of a known wavelength e.g. ®UJ ( wa v e3 le541% R)h at specific
angles between the-My source and detectdfigure 3.4. Each lattice plane of
atoms in a matel will cause constructive interference of diffractedrays at a
certain angle of incidencd, known as the Bragg angle. The lattice spacihgan
be identified by rearrangement of Bragg¢g

£ _ Qi Q& (3.1)

Wheren denotes an integer.
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Figure 3.4: Schematic of Xray diffraction from a set of crystal plang3g].

The determination of a material 6s cry
using the scattering angles, and relative intensities of the diffracteysX The
measuredcattering angleare used to obtain the crystal system of the material (i.e.
size and shape of the unit cell) and the relative intensities of the diffracted beams are

then used to determine the atomic positions within the unif&&I1L92,.

For powderXRD, identification of phasegresent, in the XRD pattern, is
carried out by comparison to known referepagterns usingowder diffraction files
(PDF), held by the International Centre for Diffraction Data (ICDD), formerly
JCPDS (Joint Committee for Powat Diffraction Standards) Wi t h  PDF 6 s,
positions (2d) and intensities can be ¢
multiple phases; and with careful (calibrated) measurement the pdesigea c i ng 6 s
of lattice planeshkl) and unit cell parameters (abc) can be obtained. For a sample
that contains suimicrometer crystalline particles, the mean crystallite dief a
specific crystal planehkl), can be obtained from the broadening of the diffraction

peaks using the Scher equation:
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T — (32

WhereK representghe shape factor (this is dimensionless and has a typical
value of 0.9or 1 for equiaxed crystalbut varies with crystallite shape}s theX-
raywavelength  dnotes the full width of thdiffraction peak at half the maximum

intensity (FWHM) in radians, andlis theBragganglefor thereflection[86, 193.

Characterisation by XRD has been carried out here wusing a
Philips/PANalytical @éop&Ut r Bdf 8408Ah nh o (et
Phase identification and crystallographic information were obtained using the
PANalytical HighScore software. Sample analysis was carried out acrossl the 2
range of 10i 80° for most samples; a starting angle of254d was uti | i sed
analysis ofcalcium acetate hydrate where there are several high intensity peaks at
low angles. High resolution scans were obtained using a step sz@10f, and

scan speed of 0.018*, providing a totahcquisitiontime of~1 hour.

3.12.2. X-ray fluorescence

X-ray fluorescence (XRF) is a bulk elemental analysis technique first
demonstrated by Glocker and Schreiber in 19P®84. Elemental composition is
determined by the fluorescent emission ofays from the sample caused by the
stimulation with an incidenprimary X-ray beam. Wien a primaryX-ray is emitted
from a tube or radioactive source and strikesuapleit can either be absorbed by
the atoms in the material ocattered througnT he o6 phot oel ectri c e
the process whereby ax-ray is fully absorbed by a material and its energy is
transferred entirely to an innshell electron. The energy of thecident X-ray
instigates the ejection of the electron from the irste2ll, generating a vacanamg,

turn creaing instability within the atomseeFigure3.5. The atom regains stability as
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electrons from the outeshells transfeto lower energy state® fill the vacancies.
With each transferring electroiX-rays of energiesk, characteristic ofndividual
elements are emitted and can be dettso as to provide cgusitional data of the

material[192 195.

X-ray fluorescence analysis here has been carried out by a commercial
laboratory at the University of Leicesteising a PANalytical AxiosAdvanced XRF
spectrometewith a 4kW Rhodium(Rh) anode end windowsuper shar ceramic
technology Xray tube. Sample preparation involves dissolving the powder in a
lithium tetraborate flux at high temperatures (> 1000 °C) which is cast then in a
platinum/gold crucible to form a 32 mm homogenousetii bead. Fusion at this
temperature causes the HA samples to breakdown and dissolve into the flux with the
elements present in the sample subsequently becoming cdpteeds are loaded
from a 96 position sample changer. Quantitative elemental analgsisarried out
using PANalytical SuperQ system with 1Q+, WROXI and ProTrace extensions.
Calibrations are obtained by using values published on the GeoREM database which
utilises the Philips based Fundamental parameters correction technique. This
approachhas replaced calibration using -78 International standard reference
materials measured under the same experimental conditions and regressing the

measured count ratios against recommended concentrgtR;$99 .

¥ From discussion with XRF specialist Mr Steve Davies of PANalytical Ltd.
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Figure 3.5: Schematic of the XRF press. Incident Xay knocks out an inner shell electron from A

to B. This vacancy is then filled by a higher shell electron, C, which releases excess energy, E, in the
form of anX-ray photon, D. The energy of the emitteeray is characteristic of the hostement.
Modified from[200].

3.12.3. Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a chemical analysis
technique utilised for the identification of chemical compounds and substituent
groups through the abgaion of infrared light [201]. As a sample is exposed to
different wavelengths ahfraredlight, transitions between vibrational energy levels
(modes) of different chemical bonds are detected, allowing for the functional groups

within molecules in the sample to be identified (e.g. carbonat€y, C

For FTIR,infraredwa v el engt h, y presentecsas wavenumiay |

this is expressed aise inverse of wavelength, in €m

o - (33)
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The mid IR wavenumber range (most commonly utilised in standard FTIR
analysis) is 4000400 cm', where an increase in wavenumber is related to a greater

energyE:
0 @l (34)

Whereh= Pl ancko6s c984as$)tandet thd speedof light (B &

10°%cm st

Fourier transform infrared spectroscopy has been carriedsing a Thermo
Scientific NicoletiS10 FTIR spectrometeunning OMNIC processing softwassad
fitted with an attenuated tal reflection (ATR) accessory. The ATR accessory
utilises a diamond crystal to internally reflect the IR beam, allowing for transmission
up to typially 0.5-5 em into the sampl e. Energy
attenuating the IR beam which then passes to a detector, generating an IR spectrum.
Samples do not require ppeeparation; solid powders are placed in direct contact
with the diamond crysi. A weight is placed over the sample, applying a pressure

that encourages maximum contact with the crystal surface.

Characterisation of spectra is carried out by correlation against previous
recorded reference data (using digital spectra databases wmstagaputable

research), with peaks assigned to the vibration of specific functional groups.

3.12.4. Laser ablationinductively coupled plasmamass
spectrometry
Laser ablationnductively coupled plasmenass spectrometrfl A-ICP-MS)

has become an important analytical technique, most commonly applied for trace

elemental analysis in geological samplg¢®02. The technique works by
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decomposing (ionising) the sample into neutral elements using a high temperature
argon plasmathese are then analysed, according to their mass to charge ratio using

mass spectromet203.

Samples are firstly converted to aerosols by way of laser ablation. The aerosol
is then passed into a torch body and mixed with heated argon gas (typical
temperature = 10,000 °C), producing asrgon plasma flame. This causes
atomisation and ionisation of the sample. lons are transferred into a pumped vacuum
systemthrough a quadrapole mass filter and to a mass spectrometer, wiglca ty
detection limit of 0.1 g. A quadrapole mass filter uses variable voltages over four
metal rods to allow for only specific ions (with specific mass/charge ratio) to pass

through to the detector.

Laser ablation inductively coupled plasma mass spectrorieyCP-MS)
has bee carried out at the School of Earth and Environment, University of Leeds.
Samples were prepared as 10 mm pressed pellets and were analysed3esiasa
Q Plus laser ablation system, with a 188 excimer laser, coupled to an Agilent

7500c ICPMS.

3.13. Particle analysis techniques

Analysis of powder samples at the nanoscale level has been carried out using
both Scanning and Transmission electron microscopy techniques, SEM and TEM.
Hydroxyapatite nanopatrticles for toxicology assays have also been ahtayteeir

size distribution in solution using dynamic light scattering (DLS).
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3.13.1. Scanning dectron microscopy

Scanning electron microscopy (SEMijlises the scanning of the surface of a
sample by a focussed electron beam (typical energy 30%kV), providingdetailed
morphological and micrestructural informationvia secondary (SE)and back
scatterecelectrons (BSE) at a resolution down to ~10 nm. Secondary electrons are
|l ow energy (< 50 eV) el ectrons oftheat ar ¢
atoms within the sample, and because they are readily reabsorbed they are utilised to
provide topographical and miestructural information of the sample surface. A

basic schematic showing the key components of an SEM is shdviguire 3.6.

Back-scattered electrons are high energy electrons that originate from the
incident beam and are reflected from the sample through elastic scatférng.
degree ofelectron backscatter is probabilistic in natuand is related tahe
composition and topagphy of the specimemtoms of a higher atomic number
typically provide a larger degree of electron backscatter than lighter elements, and
so the contrast in backscattered electron images, particularly for flat polished

specimens can give an indicationtloé relative composition of a material

To enableimaging the sample surface must be of sufficient size and of a
conductive nature to avoid accumulationsafface charge&sample preparation here
involves gnall amounts of powder dropped onto an alunmmsupport stub witlan
adhesive carbon leteb (Agar Scientific Ltd) fixed on topExcess powder is
removedwith an airjet and the samplis subsequentlgoated using an Agarigh
Resolution P®d SputterCoater(thickness = 5 nm) to providecanductiwe surface.
Sample imagingwas carriedout, in high vacuumusing aLEO 1530Gemini

FEGSEM operated at 5 kV, at a 5 mm working distance and using -d&n
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detector. Sample analysis and image acquisition was performed using Zeiss

Smart SEME softwar e.

Electron
source

Condenser
lenses

Objective aperture ——

EDX
detector

BSE
detector

SE
detector ¥~

User interface
Sample

Figure 3.6: Schematic of typical SEM. Modified frofi204].
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3.13.2. Transmission electron microscopy

Transmission electron microscopy (TE&Ralysis can providenformationon
powder morphology anthternal microstructureutilising a variety of imaging and
spectroscopic methodsHigh-resolution (HR) imaging, selected area electron
diffraction (SAED) and spectroscopic techniques (emprgy dispersiveX-ray
(EDX) analysis) allow for a comprehensive analysis of a sample at the nanoparticle

level.

A standad TEM instrument produces an electron beam using a tungsten
filament (electron gun)which is typically acceleratedat 50 - 200 kV. The

wavelength of the electronsis related to thecceleratingoltage,V by
N |
= q2a'Qy "2 (35)

Wherem ande represent the mass and charge of an elecarmthi s Pl anc k 6

constan{162.

The generatedlectron beam passes through a seriedeatromagneticanses,
with firstly condenser lenses which focuas parallelbeam onto the specimen.
Objective and projector lenses subsequently produce a magnified image of the
specimen onto a fluorescent viewing screen. TEMs can offer a resolution down to
~0.1 nm. Figure 3.7 displays a schematic of the key components of a TE®&]

205.

Sample preparatiorfor TEM requires the specimen to be thin enough to
transmit a high energy electron beam (ideally < 100 nm thick), to provide imaging
through mass thickness contradiffraction contrast (if crystalline) or phase contrast
at highresolution, providing the sample is thin enouglhe sample preparation for

nanaepowders involvesiltrasonically dispersing the powdera suitable dispersant
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(e.g.methano) and drop castg onto a holey carbon support film (Agar Scientific

Ltd).

Powder sample imaging was acquired using; (a) a FEI Tecnai fidh@0
emisson gun (FEG) TEM operated at 200 kV and fitted with Gatan Orius
SC600A CCD camera ariited with an Oxford Instrumes ultra thin window EDX
spectrometer running INCA processing software, and (b) a Philips
CM200FEGTEM operated at 197 kV and fitteslith a Gatan Imaging Filter (GIF
200) and an Oxford Instruments ultra thin window EDX spectrometer running ISIS
processingoftware.Particle sizes, of 50 particles per sample, were measured using

Gatanb6s Digital Mi crograph software.
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Figure 3.7: Schematic of typical TEM. Modified froff205.
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3.13.3. Energy dispersiveX-ray spectroscopy

Energy dispersiveX-ray (EDX) spectroscopy is a method first developed in
the 19606s, i ni ti al[20§. THedinst EDXUdetectossrwerea p p | i
successfully applied to SEM6s in about
SEM and TEM by 198020€. The techniquetiliseselectronfocussed om sample
to trigger the release of-ray photors (similarly to XRF,Section3.12.9 that have
energiexcharacteristic othe elements of the specimaiowing for thequantitative

analysis otomposition of the material to be obtai{93, 207].

The techniguecan also be utilised to track changes in composition of a
material during exposure tofacussed high energglectron beamWilliams and

Carter[93] discuss the EDX system as three key components:

1 The detectorreceives the Xay photon signal and generates a charge
pulse proportional to the energy of thea;

1 Processing electroniconvert the charge pulse into a voltage, which
is isolated from other pulses, amplified and recorded as a digital signal
specific to an Xray of specific energy;

1 The computerstores the signals assigned to that energy, presenting it
in an elementompositional spectrum of energy (eV) against intensity
(%) using analysis software. The computer ultimately controls the

detector, procssing electronics and the disp[®3].

Figure3.8 displays a basic schematic of this process.
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Figure 3.8: Schematic of the principles of ED)23].

Due to detector materials absorbing low energyays, most EDX systems
have limited detectability of elements with a low atomic number[@B) 20§.
Typical EDX systems utilises a Si(Li) crystal detectormoore recently, silicon drift
detectors (SDD), which offer greater energy resolution particularly at lowery X
energies (typically 140 eV)Detectors can be capped with either a beryllium
window, an ultrathin window (UTW) or be left windowless. Berylliunvindows
are generally not preferr edaysameventihgey ab
detection of elements where Z < 1[B3]. Ultrathin windows are more
commonplace and provide legnergy Xr ay absorption, wi t h
allowing for the analysis of Be ik -pdys[93]. They can comprise of < 100 nm
polymer films, diamond, boron nitride or silicon nitride. Windowless detectors are
more common in ultrhigh vacuum (UHV) instruments and can routinely detect Be

K U -ra§s[93].

For the TEMEDX analysis heresanples were examined usirgy Philips
CM200 FEGTEM operating at 197 kV and fitted with an Oxford Instruments ultra
thin window ISIS energy dispersiv&-ray (EDX) spectrometerThe Ca and P

contentof HA samplesvas measured in the TEM by quantificationacstationary
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focused probe, (typically 500 nm diametdéhe Ca/P ratio, as determined from the
Oxfordl SI' S processing software usi Xgayvi rt u

peaks, was monitored, at a tadd angle of 20° and a specimen tilt angle of.15
3.13.4. Electron fluence analysis

Previousexperimentsdemonstrating the beam sensitivity of hydroxyapatite
have beertarried outoy Eddisfordet al[94] and were based on thesumption that
electron beam damage woforganic materials is a functiorf gumulativefluence
(total number of electrons per unit aread fluence raténumber of electrons per
unit area per second} a given beam enerd95]. This information regarding the
effects ofelectronbeamenergy,has beenidentified by traking the changes in the
Ca/P ratio over time by exposing single particles fma focussecelectron beam

and measuring the Ca/P ratio with E[94].

Following these TEM conditions the beam current at a fixed illumination
(spot si ze 8 aondenserapegueeswas estinmatéd by using an FEI
calibration curve based on the measured brightness (i.e. exposure time) on the
(large) fluorescent viewing screen of the TEM: current (in nA) = 4.875/(Exposure
time for an emulsion setting of 2.0). Beamremts were then converted to electron
fluence rates and fluence by measuring the area of illumination and the total

exposure time respectively.

The TEMEDX method allows compositional analysis to be carried out on
small clusters of particles, providing valuable information on finscale
compositional homogeneity within a sampghowever it is important to ensure that
the sample is not subjected to an electron beam so intense that damage occurs and
erroneous levels of Ca and P are detected. Therefoszies ®f prior experiments

were undertaken to establish the optimal electron fluence for obtaining reliable data.
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The electron fluencean be controllecth the microscopesing a condenser aperture,
spot size and exposure tinkhese experiments will be sieribed inSection4.3.4of

the Chapterd.
3.13.5. Dynamic light scattering

For the measurement of nanoparticle size and size distribution within an
agueous environment, dynamic light scattering (DLS) can be util®@g. This
technique provides a quantitative assessment of particle size distribution and can
complement the primary particle size measurements from TEM; however it is
limited by the inability to differentiate between particle shape and is reliant on a
high qguality dispersion of particles. This quality is also dependent upon the
polydispersity, which is the relative number of primary (single) particles in
comparison to agglomerates (bound clusters of particles held together by weak inter
particle forces) or agggates (chemically bound clusters of particl§¢21(.
Accuracy of particle size measurement is also reliant on knowing the refractive
index of the nanoparticles as well as the refractive index and viscosity of the
suspending solutiofR09 211, 217]. Therefractive index for HA is reported in the

range {16423, 6adand for DMEM d.= 1.33 (wat €

Dynamic light scattering uses a coherent light source (typically a red laser)
focused through a particle suspension where particles scattenliglhdirections as
they undergo Brownian motion (random movement of particles within a
suspension). Scattering causes light intensity fluctuations which is collected by a
detector positioned at a specific angle to the incident ray (typically 90 °%eThe
signals are converted into electrical pulses and correlated to particle diameter by
monitoring the timedependent variation in the scattering intensity. A schematic of

the process is shown kigure3.9[214].
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Figure 3.9: Schematic of the DLS procefal4)].

To replicate the conditions utilised in the toxicity assays, stock suspensions of
0.1% w/v pH 9 and pH 11 hydrothermal HA were prepared in distilled water. These
were further prepared as 10 and®@v suspensions iDulbecco's modified Eagle's
medium(DMEM) and measured using a Malvern Zetasizer Nano DLS instrument,
operating with red laser light source (wavelength633 nm). Data manipulation
was carried out using Zetasizer software (version 5.02). Sample measurements were
repeated 5 ti mes, with the ove-avarhge aver

d i a méctunmland average particle diametes3ults presented.
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Chapter 4. Results & discussion- Hydroxyapatite

Preface

Hydroxyapatite is a material commonly used in various biomedical
applications due to its excellent properties such as biocompatibility, bioactivity and
osteoconductivityclosely matching that ofatural bone. The specific application of
HA, at the nanoscale, is strongly dependent on the properties of the nanoparticles
such as crystallinity, morphology and stoichiometry, all of which are controlled by

the method of synthegj80, 215.

Work in this Chapteraims to firstly prepare nanoparticulate hydroxyapatite
powders following two established methods of synthesis, hydrothermal agdlsol
The nanoparticle morphology and chemical composition of these powders will be
carefully analysed using a vayeof bulk (FTIR, LAICP-MS, XRD and XRF) and
particle level (SEM and TEM) characterisation techniques, and compared to a
commercially available HA powder purchased from Sighidrich. A novel, low
fluence analytical technique will be developed in the Ttk allows for the safe
characterisation of the chemical composition of HA nanoparticles without risk of

irradiation damage by electron beam.

Two phasepure and near stoichiometric composition (Ca/P = 1.67) HA
powders are to be subsequently prepared éynldrothermal method, and analysed

for nanecytotoxicity.
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4.1. Preliminary analysis of phosphorusbased precursors for sol

gel HA synthesis

Preliminary experiments have been carried out to examine the stability of
triethyl phosphite on exposure to ain, comparison to the more stable triethyl
phosphateFigure4.1 displays the chemical formulae ammblecular structureof (a)

triethyl phosphite and (b) triethyl phosphate

0 0
Triethyl phosphite: gH1sPOs ~ \F|>/ ~
- 0
Boiling temperature = 156 °C W
Triethyl phosphateCgH1sPOy lcl)
P
Boiling temperaturre = 215 °C o N0 TN
0

Figure 4.1: Chemical formula and molecular structure for (a) triethyl phosphite and (b) triethyl
phosphate

It is reported that triethyl phosphate has a relatively low reactivity for
hydrolysis towards théormation of HA, and so long aging times and high solution
temperatures are requirettherefore, due to a higher reactivity for hydrolysis, and
despite its less stable nature, triethyl phosphite is often preferred as a precursor for
HA synthesis[26, 62, 216. Figure 4.2 displays the change of mass of triethyl
phosphite and triethyl phosphate with increasing temperature by decomposition in
air, using a TGA gmperature gradient = 20 °C rifjn It is observed that the triethyl

phosphite has fully evaporatéy ~125 °C, and the triethyl phosphate %70 °C.
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Most notably, the onset of mass loss of triethyl phosphite is seen to begin almost
immediately, suggesting instability at ambient conditions. However, the onset of
evaporation of the triethyl phosphateedaot occur unti+50 °C. The mass loss of
these two precursors, at ambient conditions, is further analysédure 4.3 Figure

4.3 displays the relative change of mass of triethyl phosphate and triethyl phosphite
when placed into an evaportating disi, a balance, and exposed to ambient room
conditions (~20 °C) for 15 minutes. The volatile nature of triethyl phosphite is
clearly apparent with an observed mass loss rate0@ wt% min™. The triethyl
phosphate remains relatively stable, but is obsetwegptadually gain mass at a rate

of ~0.03wt% min™. This mass gain may be attributable to hydrolysis with air. To
observe whether potential drifting of the balance has an effect here, an empty control
di sh was anal ysed undemasstishseen, dhiguree4.3oondi t |
remain near constant for the 15 minute period, with a standard deviation of +

0.002%. This discards any significant effect on the results by drifting of the balance.

The mass loss of triethyl phosphite, observed here, eaattbbuted to its
readiness to evaporate when exposed to air at atmospheric pr¢2iude
Conversely, triethyl phosphate does not readily undergo similar evapojatign
As a vapour, triethyl phosphite will subsequently oxidise, in air, producagtire

stable vapour of triethyl phosphd#19 22(.

For sotgel HA synthesis here, triethyl phosphite was utilised due to its
superior reactivity for hydrolysis, however these preliminary experiments highlight
the significant instability of th@recursor when exposed to ambient conditions. To
prevent loss of precursor by evaporation during HA synthesis, certain measures to
minimise exposure to air must be employed and therefore prompt parafilm sealing of

all glassware has been utlised during aflorgel HA preparations.
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Figure 4.2: Decomposition of triethyl phosphate and triethyl phosphate by hdatiigsA. Heating
rate = 20 °C mifl. Starting volume .7.16ml of triethyl phosphate and 18.84 of triethyl
phosphite.
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Figure 4.3: Percentag mass change of triethyl phosphate (9pand triethyl phosphite (8.9%il)
when exposed to air. Measurements were taken every 30 seconds for 15 nsmgesbalanceAn
emptycontroldish was also measured to observe potential drifting of ba{ahge= data points)
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4.2. Hydroxyapatite characterisation

Hydroxyapatite (Ca(POs)s(OH),) powders have been produced by-gel
and hydrothermal methods. Elemental and compositional characterisation of these
powders has been carried out at the bulk anticpa level utilising a variety of
analytical techniques with results compared to a commercial HA powder purchased

from SigmaAldrich.

Two further HA samples, prepared via hydrothermal method, have also been
examined for cytotoxicity bpnundergraduateesearch groufed by Dr Lars Jeuken

at the Leeds Faculty of Biological Sciences.

Table4.1 summarises all the synthesis conditions of the six HA samples that

are to be analysed in tizhapter

Table 4.1: Summary of all HA samples to be characterised

Sanple Hydroxyapatite _ N
Preparation conditions
Number sample
Synthesis method unreported by supplie
1 SigmaAldrich HA Y . P Y SUpp
despite request
2 Hydrothermal HA Produced with startinguspensiorpH 11
3 Solgel HA Calcined at 500 °C
4 Solgel HA Calcined at 700 °C
5 Hydrothermal HA Produced with startinguspensiorpH &
6 Hydrothermal HA | Produced with startinguspensiorpH 12

§ Synthesised for cytotoxicity analysis
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4.2.1. Bulk analysis
4.2.2.1. X-ray diffraction (XRD)

X-ray powder diffraction patterns for sampled are shown inFigures 4.4 -
4.7 with corresponding peak list data shown in the appedikles A2 - A5. The
SigmaAldrich powder (Figure 4.4) and thepH 11 hydrothermal powde(Figure
4.5) showed onlydiffraction peaks due to hydroxyapatiteCOD ref: 01-0740566
[37]); peaks were shper for the hydrothermal powder which is consistent aith
larger particle size and good degree of crystalliagynoted by TEM imaging and by

selected area electron diffraction (SAED)NEBM (Figures 4.20 - 4.23).

The solgel derived HA, calcined ab00 °C (Figure 4.6), showed HA
reflections plus a faint extra peak aff 2 29.4°, indicating a minor amount of
secondphase calcium carbonate (Cas0 c a | I€DD ref:600-005-0586 [221]).
The presence of carbonate in the 500 °C-gebl HA could be attthuted to
evaporative losses of the phosphite precursor reageming synthesis, or

alternatively could be the result of @@ickup from the air during handlifg@22.

Increasing the calcination temperature to 700 °C resulted in significant levels
of othe secondary phaséBigure4.7); -tbr i cal ci u mTOP iCa®@)h at e,
ICDD ref: 04-0088714 [223 224), along with small amounts of dicalcium
phosphate anhydrate, DCPA (CaHP®@DD ref: 01-070-0360[225) and calcium

oxide (CaOJ]CDD ref: 04-003-7161 [226).

Whilst evaporation of wneacted triethyl phosphite from the sol or gel could
contribute to a net excess of Ca, leading to Cafo@nationin the 500 °C sample
for example, the other secondary phases observed after heating a gel to 700 °C may
be a result of thermal decomposition of HA. Previous studies suggest HA may

decompose above temperatures as low as 60@2%. Increasing thesalcination
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temperature to 700 AC and abovdédGCPamdauses

CaO, following the propsed reactiofi227, 22§:
Cao(PQy)s(OH)Y, Y 3 4(PDy), + CaO + HO (4.1)

To confirm this, theSigmaAldrich powder was subject to calcination for 1
hour at both 700 °C and 800 °C-r&y powder diffraction patterns for these samples
are shown irFigure4.8, anditisnotedt hat t he onset of -decomj

TCP, began at 700 AC-TCPMormedat80%r eat er amc

The decomposition temperature of HA may be strongly dependent on the

particle characteristics and synthesis route for tAepbwder[228 229.

In the present work, the calcium carbonate phase observed in the 500 °C sol
gel sample, which could be due to evaporative losses of the phosphite precursor
reagent(seeFigure 4.3, would be expected to decompose to calcium oxidé®at 7
°C. However carbonated apatite has been shown to decompose at temperatures as
low as 400 °C[23(. This could explain the absence of CagC@nd presence of

CaO, in the 700 °C sajel powdef23]].
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Figure 4.4: XRD pattern for Sigmaldrich HA. All peaks correspond to a pure HA phase. Major
peaks are indexed 1&€DD ref: 01-:0740566[37]. Full peak data inhe appendix,Table A2 Mean
crystallite sizeJ= 62.68nm (using Scherrer equation).
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Figure 4.5: XRD pattern for pH 11 hydrothermal HA. All peaks correspond to a pure HA phase.
Major peaks are indexed t€DD ref: 01-074-0566[37]. Full peak data ithe appendixTable A3
Mean crystallite sizeJ= 106.51nm (using Scherrer equation).
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Figure 4.6: XRD pattern data for 500 °C sgkl HA. Indexedpead abel |l ed 6* 6 and unl
correspond to HAJICDD ref: 01-0740566 [37]. O0#06 denotes the most i nt
carbonateCaCQ, indexed tolCDD ref: 00-005-0586[221]. Full peak data ithe appendixTable

A4. Mean crystallite sizéof HA), U= 73.74nm (using Scherrer equation).
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Figure 4.7: XRD pattern for 700 °C sej e | HA. I ndexed peaks | abell ed

correspond to a HA phad€DD ref: 01-0740566[37]. 6z06 denot es -fricaldienxed pesé
p hos pHTER (€a(POf,) ICDD ref: 040088714[237, 06y 6 d e nmpeake &f didaloiudne x e d
phosphate anhydrate, DCPA (CaHPCCDD ref: 01-:070-0360[225, 366 denotes i ndexed
calcium oxide (CaO)CDD ref: 040037161 [226). Full peak data irthe appendix Table A5

Mean crystallite sizéof HA), U= 68.47 nm (usingScherrer equation).
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Figure 4.8: Powder XRD patterns for Sigmdrich HA decomposed for 1 hour at 700 and 800 °C.
Indexed peaks 6*06 and unl abel | e dCDp efa-674@6566 700 A
[371wi th é6zd6 denoting si-TCPI(CaPong mdexed td@BD® nes @4-008e ak o f
8714 [237. I ndexed peaks |l abelled ézd6d and -TUGPI abel | ¢
(Ca(PQy),) ICDD ref: 040088714[237. Peaks | abel lirdekeddo*Ha|CBRref8 00 AC
01-0740566[37. At 800 AC most of t h-@CPHRAI pbhak kst ddte ithe mpos e d

appendixXTables A6 andA7.
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42211 HA samples prepared for cytotoxicity analysis

Two hydrothermal HA samples prepared at pH 9 and 11 (samples 5 and 6 in
Table4.1) for cytotoxicity assays reported in the appendix, have also been analysed
by XRD, with patterns displayed fFigures 4.9 and4.10respectively Peak lists are
shown in the ppendix, Tables A8 and A9. Both samples showed only reflections
due to hydroxyapatitd CDD ref: 01-0740566[37]), with sharp peaksdicating a
large particle size and good crystallinibpnfirmed by TEM and corresponding

selected area electron difframti (SAED)pattern(Figure4.25a-d).
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Figure 4.9: XRD pattern for pH 9 hydrothermal HA for prepared cytotoxicity analysis. All peaks
correspond to a pure HA phase. Major peaks are ingexkEDD ref: 01-074-0566[37]. Full peak
list data inthe appendixTable A8 Mean crystallite sizdJ= 108.85 nm (using Scherrer equation).
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Figure 4.10: XRD pattern for pH 11 hydrothermal HA prepared for cytotoxicity analysis. All peaks
correspond to a parHA phase. Major peaks are indexed@®D ref: 01-074-0566[37]. Full peak
list data inthe appendixTable AQ Mean crystallite sizeJ= 81.48nm (using Scherrer equation).
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4.2.2.2. Fourier transform infrared spectroscopy (FTIR)

The presence afarbonate or hydrated secondary g@® in HA samples-4,
was investigated using FTIR33 234, Figure4.11 All four HA samples exhibited
absorption bandslue to OH groups, (stretching vibratiomt ~3570 cm® and
libration mode at 63@m™); thesewere most intense in th@H 11 hydrothermal
powder and weakest in th&igmaAldrich powder. Additional strong absorption
bandsat low wavenumbef< 1200 cni'), are also common across all four HA
samples; bands observed in the region ~98000 cm* can beassigned to O

stretching modegi5, 87, 235, 234.

It is observed that some of the absorption bands are visible only as shoulders to
neighbouring peaks; this is most notable in the 700 °@alaHA with the OHband
at 630 crit. This is indicative of porer crystallinity in comparison to the Sigma
Aldrich, 500 °C soigel and pH 11 hydrothermal HA samples where this peak
becomes increasingly sharg@B85. Additional shouldergn the solgel HA calcined
at 700 °C are also observed at 945 and@fdandmay i ndi cate -t he p

and/-TCP[4,R237.

The 500 °C sepel sample showed medium absorption ban@¥atandl420
1456 cnt, which can beattributed to carbonatgcOs?) stretching vibration§235,
236, 23824(. The band at 876m™ hasalso been assigned to hydrogen phosphate
ion (HPQ?) in calciumdeficient HA[235, 241]. Very faint bands in these regions
werealso detected in the 700 °C gyl andpH 11hydrothermal powder# band at
~875 cmi' is noted in all four samples; and ttias been previously linked with the
presence of HP$ and Ca(OH) [40, 235 241]. Whilst it is difficult to assign

individual bands unambiguously in this low frequency regionsthenger intensity
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of the~875 cm™ band in the 500 °C sagjel samplecouped with bands at420 and
1456 cm', may signify the presence of structural carborfags]. It is reported that
HA can host carbonate ions at two different sites:Ajtevhere they substitute for
OH ions, and sitéB, where they substitute for RDions ; absorptions bands at 875
and 14201456 cni* are characteristic of carbonate ion occupation ofBif@38

24(.

As already suggested, evaporation of unreacted triethyl phosphite from the sol
or gel couldcontributeto the presence afarbonatan the 500 °C solgel powder,
however carbonate could also form in a partially decomposegesalystem due to
interaction between the inorganic product (HA) and the organic decomposition
vapours (C@rich). In addition, the formation of an interfacial Cag@ase could
occur as a result of interaction of the nath& with atmospheric C@during storage
in air, and this might explain the low levels detected in the 700 “@QedchndpH 11

hydrothermal powderf22,.
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Figure 4.11: FTIR spectra of Sigmaldrich HA, pH 11 hydrothermal HA, 700 °C sgkl HA and

500 °C solgel HA. The main lattice vibrations of HA are at < 1200’@tong with OH stretches at

3570 cnt. Likely secondphase carbonate stretches, as discussed in the text, are clearly visible in the
500 °C solgel powder (at 1456, 1420 and 8759m
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4.2.2.3. X-ray fluorescence (XRF) and laser ablationnductively

coupled plasmamass spectrometry(LA -ICP-MS)

The Ca/P ratiosf all HA powder samples have besmasured in bulk using
XRF, by a commercial laborato{Wniversity of Leicester)and also by LACP-MS
with the Ca/P ratio datshown inTable4.2 These are compared to the particle Ca/P
ratios measuretty TEM-EDX, also shown inTable 4.2 but described in further

detail inSection4.3.4

The expected Ca/P ratio for stoichiometric hydroxyapatite is 1.67, and both
XRF and TEMEDX data suggedow Ca/P ratig for the Sigma Aldrich powdeuf
1.50 and1.45 respectively; the TEMEDX valueis in agreement with previous

reports[94].

The XRF average values biikCa/ P r at i-bod ©oe 0 t(lh@wde ms
for the pH 11 hydrothermal HA, 1.83 for the 500 °Ggel HA and 1.47 for the 700
°C solgel HA) were inbroadagreement with th€a/P values collected by particle
TEM-EDX (1.61 for the pH 11 hydrothermal HA. 1.72 for the 500 °GgsdlHA
and 1.65 for the 700 °6olgel HA), as the XRF values were each within the range
of the standard deviation of the avg@ TEMEDX value (standard deviations for
the XRF powders were not reported by the commercial XRF fadilédgpite

repeated requests

Data collected using LACP-MS showed a higher Ca/P ratio for the Sigma
Aldrich powder of 1.64. This is close to theistoometric target, 1.67, however it is
not consistent with XRF (1.50) or TEEDX (1.45 + 0.16) data, or previously
reported values for this materig4]. ThepH 11 hydrothermaHA, shows a near

stoichiometric Ca/P ratio of 1.65, a value which is in gageement with both XRF



86

(1.68) and TEMEDX (1.61 + 0.17) datalrhe 500 °C segel HA displaysa higher

than stoichiometric Ca/P ratio of 1.84, which is in agreement with the XRF data
(1.83) and within the standard deviation range of the JHMX data (1.72 0.38).

The 700 °C sebel HA shows a near stoichiometric Ca/P ratio byIC#®-MS, 1.66,
which closely corresponds to TEEDX data (1.65 + 0.35), but is inconsistent with

the much lower value from XRF, 1.47.

Overall the Ca/P ratio values measured in lyikKRF and LAICP-MS and at
the particle level by TEMEDX, for the SigmaA |l dr i ¢ h-h cannsde 66 i jr e p a
samples show inconsistency across the three techniques. The pH 11 hydrothermal
HA and 500 °C segel HA show the most agreeable Ca/P ratios as mehbyrall
three methods (both <& difference). Greater variance is observed in the Sigma
Aldrich and the 700 °C salel HA (both ~ < 180 difference). The aforementioned
evaporation of phosphorous during-gok | HA synthesis causi n
TCP, DCPA and CaO in the 700 °C sgél HA, as measured by XR[Figure4.7),

may be a reason for this observation.

For comparison, abonemeal standard reference material (NIST 1486
preparation method unreporjeslith a previously determined Ca/P ratio of 1(6%
measured by using XRF by W.F. Koe&h al of the NIST Inorganic Analytical
Research Division[242)) was also analysed bthe LA-ICP-MS facility and
displayed a highCa/Pratio, 1.86*. This may be explained by the well recognised
inconsistencies with phosphorus detection using an gplgamal243245. It is
reported that phosphorus detection is restricted due to its relatively high first
ionisation potential<10.5 eV) and interferaz®e may occur with ions of C, O, N and

H [243-245. Additionally, it is reported that phosphorus loss can occur due to

* full LA -ICP-MS compositional data for all powders in appendix, Table A11.
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condensation on cool container walls of the instrument, an issue shown to be

overcome by injection of hydrogen and hydrogen chloride ihéoargon plasma
[243.

The full analytical procedure carried out by the-l@P-MS facility remains
unreported, despite repeated request for the details. Although unconfirmed,
phosphorus detection problems discussed above may be a potential cause of the
phosphorus deficient Ca/P values observed bylCR-MS for the Sigma&Aldrich

HA and the bonemeal standard.
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Table 4.2: Ca/P ratios for respective HA powders from bulk XRF andICR-MS analysis. Full
data displayed ithe appendixTables A10 (XRF) andA11 (LA-ICP-MS).

Slgm& pH 11 500 °C soi | 700 °C sol
Sample Aldrich | hydrothermal ol HA el HA
HA HA ° °
Bulk Ca/P
ratio (XRF) 150 108 -8 a
Bulk Ca/P
ratio (LA- | 1.64+0.03 1.65+0.02 | 1.84 +0.09| 1.66 + 0.02
ICP-MS)
Average
particle |4 45+ 016 1.61+0.17 | 1.72+0.38| 1.650.35
Ca/P ratio
(TEM-EDX)
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4.3. Particle analysis

Particle morphology for the samplegtiare shown by SEM and TEM images,
Figures 4.12- 4.21 Particle size information was obtained by manually measuring,
from TEM images, the dimensions of 50 particles per sample using Gatan Digital

Micrograph softwarefigure4.24

Analysis by SEM shows that thes receivedSigmaAldrich HA consists of
|l arge (> 10 &m) spher oi dFglre44d By EEylat e s
analysis, the Sigmal dri ch HA consists of elongate
length (Figure 4.20, with the greatest proportion in the-38 nm range; aspect
ratios varied from 1.0 to 13.9, with an average of Bi§ure4.24a). Selected area
electron diffraction (SAED) confirms crystalline, single phase HAg(re 4.2(c),

consistent with XRDKigure4.4).

Analysis of the pH 11 hydrothermal HA by SEM shows vadegfined rodlike
particle morphologiesvith a relatively short length and a low amowrftparticle
agglomeration in comparison to the other HA samptezufes 4.14 and4.15). From
TEM analysis Figure4.2la and b)) particles show | en¢
ratios range from 1.8 to 7.8, with an average of #iQure 4.24b). Selected area
electron diffraction confirms crystalline, single phase HRig(re 4.21c) as

previously shown by XRDHKigure 4.5). Furthermore, the SAE pattern shown in

Figure 4.21dtaken of a single pH 11 hydrothermal HA partidaggestghat HA

particles here exist asngle crystals.

HA powders prepared via the spl method, at 500 °CF{gures 4.16 4.17
and 4.22 and 700 °C Kigures 4.18 4.19 and 4.23), possessed a more equiaxed
morphology than the other powders (average aspects ratios < 2); particle lengths

weremostly 25100 nm with a maximum of ~250 nm.
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By SEM (Figures 4.16 and4.17), the soigel HA calcined at 500 °Ghows
large agglomeratiownf particles typically < 200 nm in lengffaverage = 70 njn
Selected area electron diffraction in TEMidure 4.2Z) is in agreement with
previous XRD dataHKigure 4.6¢c), confirmingthe presence oflA phase with a
additionaldiffraction ring assigned to CaGCParticle length measuremeirite 500
°C solgel HA by TEM showan average particle length of 70 nm, dhd higlest

proportion of sub 50 nm particles of any powdégqre4.24c).

The solgel HA prepared at 700 °C shows large agglomeration by SEM
(Figures 4.18 and 4.19. Analysis by TEM Figure 4.23a and b) shows rounded
particles with selected area electradiffraction (Figure 4.23c) confirming the
presence of mulTCR, pCPA angl BaOsag meviousiyropserbed by
XRD (Figure 4.7). Increasing the calcination temperature from 500 °C to 700 °C
shifted the sizalistribution to higher values; an avgeaparticle length of 108 nm

was observedyith some particles reaching lengths of 228 nm Figure4.24d).
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4.3.1. Scanning electron microscopy (SEM)

Sigma-Aldrich HA

Figure 4.12: Low magnification SEM image showingpheroidal aggregates of tlas received
SigmaAldrich HA.

Figure 4.13: High magnification SEM image of thes receivedGigmaAldrich HA revealing a sub
micron primary particle siz€rimary particlesize range = 25 175 nm.
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pH 11 hydrothermal HA

~ 200 hm
=i

Figure 4.15: High magnification SEM image of hydrothermal HA prepared at pH Ptimary
particlesize range = 25 300 nm.
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Solgel synthesised HA

500 °Csolgel HA

Figure 4.17: High magnification SEM image of sgel HA calcinedat 500 °C Primary particlesize
range= ~25-225nm.
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700 °C solgel HA

Figure 4.19: High magnification SEM image of sgel HA calcined at 700 °@rimary particlesize
range = 25 250 nm.
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4.3.2. Transmission electron microscopy (TEM)

Sigma-Aldrich HA

(@)

100 nm 50 nm /0

Figure 4.20: Bright field TEM images (a & b) of the Sigmaldrich HA, with (c) aselected area
electrondiffraction pattern from image (a), all rings correspond to a HA pH&daD ref: 01-:074
0566[37].
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pH 11 hydrothermal HA

Figure 4.21: TEM images (a & b) of hydrothermal HA prepared at pH 11, with (s¢lacted area
electrondiffraction pattern for (a) showing a dominant (211) riagd (d) SAED patterof single
crystalHA particle All rings and spotgorrespond to a HA pha$€DD ref: 01-074-0566[37].
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Solgel synthesised HA

500 °Csolgel HA
(@)

100 nm

" #(104) . i U210

Figure 4.22. TEM images (a & b) of seyel HA calcined at 500 °C, with (&) selected area electron

di ffraction pattern for arcersespgnding toChGOhk =n(P4)f ai nt
ICDD ref: 00005-0586[221], other rings denote HA pha$€DD ref: 01-074-0566[37] with ring

| abell ed 6HAG6 indexed to hkl = (211).
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700 °CsolgelHA

(@ (b)

50 nm

---" .—DCPA( 120)

cao (200)—- - . B-TcP(0 2 10)

© O HAQR1D)—add, ‘

".--.-

Figure 4.23: TEM images (a &b) of sotgel HA calcined at 700 °C, with (c) multiphaselected area
electrondiffraction pattern for (a), with key HAICDD ref: 01-074-0566[37]), -T@P (ICDD ref:
04-008-8714[232), DCPA(ICDD ref: 01-070-0360[225]) and CaO phases labell@€DD ref: 04-
0037161[226)).
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4.3.3. Particle length distributions from TEM
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Figure 4.24: Distribution of particle lengths (50 particles per sample) measured from TEM images of

(a) SigmaAldrich HA, (b) pH 11 hydrothermal HA, (c) 500 °éblgel HA and (d) 700 °C saiel

HA.
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4.3.3.1. HA samples prepared for cytotoxicity analysis

The two HA samples that have been prepared hydrothermally at pH 9 and pH
11 for cytotoxicity analysis Jection4.5.1), have been analysed by TEM, with
imagesand selected area diffraction patterns showRigure4.25%-d. Particle size
distribution plots for 50 particles of each sample are displaydeigure 4.26-b.
TEM i mages of both the pH FouedBhandé) 11
show that both saples displayed welllefined, short (< 300 nm) rezhaped
particles, with a singkphase, crystalline HA confirmed for both samples by SAED

(Figure4.2% and d).

The HA prepared at pH 9 shows average particle lengths ~200~igore
4.26a) with the great proportion in the 175 200 nm range; aspect ratios range
from 1.1 to 12.4. A small proportion of particles show lengths > 300 nm. The HA
prepared at pH 11 shows average particle lengiB® nm Figure4.2eb) with the
greatest proportion in the 75100 nm rangeaspect ratios range from 1.6 to 12.0.

No particles show lengths > 300 nm.

Particle size data here conforms to the work by Meyer and Nan¢b8as
whereby an increase in basicity contributes to a shorter particle length. Previous
studies hag suggested that a high pH reduces pargobevth dueto the increased
number of OHions in the solutiorcreatingsurface defectsand lowering surface
energyin the preferred plane of growfli81, 246. An increase in pH also has the
benefit of preventing the formation of unwanted calcium phosphate phases, such as
dicalcium phosphate anhydratddCPA (CaHP(@ and dicalcium phosphate
dihydrate, DCPD (CaHP&H.0),); these are known to be unstable at pH e@slu

greater than 67 and subsequently convert to the more stable HA (243
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(b) pH 9 hydrothermal HA

(d) pH 11 hydrothermal HA

Figure 4.25: TEM images and corresponding selected aedectron diffraction pattern for
hydrothermal HA prepared at pH 9 (a & b) and pH 11 (c & d) for cytotoxicity analysis.
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Figure 4.26. Distribution of particle lengths (50 particles) measured from TEM imagfes
hydrothermal HA prepared at pH 9 (a) and pH 11 (b) for cytotoxicity analysis.
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4.3.4. Energy dispersive Xray spectroscopy (TEMEDX)

434.1. Determination of critical electron fluencethreshold

To determine a threshoftuence, whereby accurate an@presentative
compositional data can be obtained by EDX without significant damage to the
samples, two experiments were carried out usingSigenaAldrich HA powder
expanding on the method {®94]. First, a series of spot EDX measurements of
different,small, particle clusters were made across the fluence rangel6’1® nm?

(by changing fluence and fluence rate) and the spectra quantifgédg ISIS
processing softwardp obtain Ca/P ratios={gure 4.27a and [27]). Secondly, spot
EDX measurements we taken across a single cluster of particles, at a fixed
irradiation area, to really isolate the effects of increasing fluence at a fixed fluence
rate (16 e nm?) on the Ca/P ratioigure4.27b). Figure4.27a shows that the Ca/P

ratio remains stable up ~10 e nm? beyond this point the Ca/P ratio rises and
specimen alteratiowas observedProlonged irradiation of a single area of particles
(Figure4.2®) demonstrates a progressive rise in the Ca/P ratio (1.45 to 1.65) up to a

final, cumulativefluence of 16 e nni.

Supplementary TEM images (with Ca/P ratios measured by EDX) that
highlight the physical effect of rising electron fluence on a small particle cluster area
of the SigmaAldrich HA are shown irFigure4.28-cA AThese images show that the
HA particles undergo no physical change with fluence leveld@tand~10"e nm?
(Figure4.2& and b respectively), with the average Ca/P ratio (from EDX) rising by
0.03 from 1.46 to 1.49. However at a fluence levek#8° e nm? (Figure 4.28&)

significant radiolytic particle damage was observed, which is most notable at the

A Note:these images were acquired as a separate experiment due to the changes in magnification and
beam brightnes required to allow for imagingThis subsequently alters the fluencate and
therefore values are given as rough estimates. The-EBM data here was measured according to

the previously outlined conditions, and was acquired prior to ieaate baig taken
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particle edges. Large amounts of porosity were visible and the average Ca/P ratio

shows a large increase to 2.81.

These results demonstrate the need for controlled fueparticle
characterisation of hydroxyapatite in the TEM. Subsequent-HEM analysis of
the SigmaAl dr i ¢ h HAh oaunsde 6a | plr edqEsa neximuin géshold
fluence of 10 e nmi®to gathereliable Ca/P ratios for 108mall particle clustersf

each HA powder.
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Figure 4.27: (a) TEM-EDX Ca/P ratio of the SigmAldrich HA as a function of electron fluence
obtained by varying fluence at fluence rate (b) TEMX Ca/P ratio data, over a fixed particle area
of the SigmaAldrich HA, as a function of cumulative fluence obtained at a fixed fluence rate.



Figure 4.28 TEM images displaying the effect of rising electrbmence on the SigmaAldrich
hydroxyapatite at approximate fluence levels of (a)*€Lom?, (b) ~10 e nm?and (c) ~18e nn.



107

4.3.4.2. Particle TEM-EDX analysis of HA samples

The Ca/P ratios calculated from EDX peak ratios for 38fall particle
clusters of samples-4, have beeacquired byworking below the threshold fluence
for irradiation damage (I@ nni®), with resultsshown inFigure4.29%-d and Table
4.2. These values have previously been compared to bulk Ca/P ratio data collected

by XRFand LA ICP-MS in Sectior4.2.4

The Sigma Aldrich powder displayed the least variability in particle Ca/P ratio
(Figure4.29), but the average Ca/P ratio was only 1.45 (standard deviation, S.D. =
0.16), significantly below the stoichiometric target of 1.@bwever this isin

agreement with previous repo[&].

The pH 11 hydrothermal powdeffFigure4.29%) showed similar constency in
inter-particle Ca/P ratioso the SigmaAldrich powder but the average Ca/P ratio,

1.61 (S.D. = 0.17), was in closer agreement with the stoichiometric target.

The solgel powders calcined at 500 and 700diGplayed a greater variability
betweenparticle Ca/P ratios Figure 4.29c and d) with averagevaluesof 1.72 for
the500 °CHA and 1.65 for 700 °@1A, with largerstandard deviations of 0.38 and
0.35 respectivelyThis was mainly due to a feparticleswith extreme Ca/P ratios,
2.504.90 (Figure4.29%c and d; which may ariselue toan overlapof morecalcium
rich phases; CaCQin the 500 °C sample and CaO in the 700 °C samjde.
previously discussed from FTIR datiiqure 4.11), carbonate ions may substitute
for PQ;> ions (siteB) in the HA structure[238 24(Q. This may also explain the
hi gher average Cal/ P r agelipovdess sltiowesl peaks dué h e r
to carbonate absorption in FTIR; these peaks were significantly more intense in the
500 °C solgel HA, which corresponds wita higher Ca/P ratio obtained by TEM

EDX.
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This high level of variability withira small fraction of particles in the sgél
samplescontrasts to thaydrothermapowder, as none of the 100 particlastersin

thepH 11hydrothermal sample had a Ca/Haat 210.
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Figure 4.29: TEM-EDX of 100small particle clusters (with noted average Ca/P radashtaken at
the threshold fluencef 10’ nm? for (a) SigmaAldrich HA, (b) hydrothermal HAprepared apH 11,
(c) sotgel HA calcined ab00 °G (d) sotgel HA calcined a700 °C The stoichiometric target of

Ca/P of 1.67 is marked (red dotted line) in each figure.
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4.3.4.3. Particle EDX of HA samplesfor prepared cytotoxicity analysis

TEM-EDX data showing the distribution of Ca/P ratios for 100 small particle
clusters of the hydrothermal HA samples prepared for cytotoxicity analysis at pH 9
and pH 11, is shown irfrigure 4.30a-b. Data here displays goadter-particle
consistency for both samples; consistent with the previous hydrothermal preparation
(Figure 4.2%) the average Ca/P ratio values were slightly lower than the
stoichiometric target of 1.67. The hydrothermal HA prepared at pH 9 had an average
Ca/P ratio of 1.55 (S.D = 0.11) with no particle clusters displaying a Ca/P ratio > 2.
The average Ca/P value for the hydrothermal HA prepared at pH 11 was 1.60 (S.D =
0.11), and in good agreement with the previously prepared hydrothermal HA sample
at pH 1, 1.61 (S.D = 0.17Figure4.2%), only two particle clusters in this sample

displayed a Ca/P ratio > 2.
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Figure 4.30: EDX Ca/P ratios for of 100 small particle clusters from hydrothermal HA samples
prepared at (a) pH 9 and (b) pH 11 hydrothermal HA, with noted average Ca/P ratio, taken at the
thresholdfluence 10 nm? The stoichiometric target of Ca/P of 1.67 is marked (red dotted line) in
each figure.
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Overall, the results show that elemental analysis at the particle level is a

valuable tool in assessing hydroxyapatite nanopowders. TEM-EDX techngue

of measuringhe Ca/P ratio oindividual particles at or below a thresholélectron
fluence confirms that the lydrothermal synthesis technique produeesonsistent,
single phase powder withn average€Ca/P ratio in close agreement with the value
for stoichiometric hydroxyapatite, 1.67. By contraste solgel synthesis route
produced powdersvith greater variabilityin Ca/P ratio, eaclbatch containing a
small percentage of @&ch particles. This may be linked to volatility of the
phosphite precursoreagent during processin{Section 4.1). A Cadeficient
composition was identified in ti@igmaAldrich powder, with Ca/P = ~1(&% which

is in agreement witpreviousy repored datg94].

This work demonstrates theeed for careful consideration of thedectron
fluence in TEMEDX analysis of HA. Levels of compositional variability revealed
by particle to particle quantification of the Ca/P ratio, at controlled electron fluence
( O "dnin®), are essential to collect reliable analytical data and mgpiddiolytic
damage. This measurement is a valuable addition to the more typical
characterisation methods employed for HA analysis. ift@ghodof analysis will be
particularly useful for assessing the homogeneity of synthetic HAs that have been
chemicallymodified to more closely match the composition of natural HA to gain

further improvements in biocompatibility and osteointergration.
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4.3.5. Dynamic light scattering (DLS) analysis & hydrothermal HA

samples prepared for cytotoxicity analysis

Particle size distribution curves, as measured by dynamic light scattering
(DLS), of agglomerates dhe hydrothermal HA samples preparedp&t 9 and pH
11, to be used for cytotoxicity analysiare shown irFigure 4.31. Z-average data
(cumulant average picle diameter) for both samples is shownTiable 4.3. Two
concentrations of each powder were prepared, firstly as 0.1% wi/v of HA in distilled
waterand then this was mixed further B8 and 5@6 v/v dispersions ircell culture

medium Pulbeao’'s modifiedEagle's mediunDMEM).

The DLS data here shows a wide size distributbrparticle agglomerates
across both samples. At %0v/v concentration of HA in DMEM, the pH 11
hydrothermal HA exhibits the lowest particle agglomeration rari® i 500 nm
(z-avemmge = 500 nm). At a 30 v/v concentration of HA in DMEM, this range
greatly increases t64001 4000 nm (zaverage = 2746 nm), providing the greatest

agglomeration of all samples.

At 10% v/v concentration of HA in DMEM, the pH 9 hydrothermal HA
exhibits @glomerates in the size rang800i 1100 nm (zaverage = 893 nm). At a
50% v/v concentration of HA in DMEM, this size range increases#0 i 2000

nm (zaverage = 1191 nm).

The hydrothermal HA prepared at pH 9 shows a larggrezage value (893
nm) than the HA prepared at pH 11 (500 nm) a%l@v concentration of HA in
DMEM. Larger agglomerates would be expected due to the larger overall crystallite
size of the pH 9 HA (see TEMigure4.26) which would provide a greater surface

area for charge buildpu
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At 50% v/v concentration of HA in DMEM, the hydrothermal HA prepared at
pH 11 shows a much largeraxerage (2746 nm) in comparison to the hydrothermal
HA prepared at pH 9 at the same concentration (1191 nm): the hydrothermal HA
prepared at pH 11 (at0% v/v concentration of HA in DMEM) displays both a
standalone single scattering peak and also a very broapesked curve, which is
indicative of significant variability in agglomeration and overall a poor dispersion in
solution[249. In the case where there are multiple scattering peaks for a sample, it
is considered more representative to report the position of the peak maxima, rather
than the zaveragg211, 249, which for the hydrothermal HA prepared at pH 11 (at
50% v/v concentation of HA in DMEM) this is observed at 1718 nm. In
comparison, the hydrothermal HA prepared at pH 9 at this concentration shows only
a single scattering peak curve (maxima at 1106 nm), which suggests the sample is
more evenly agglomerated, however brasinhere does indicate the presence of

some fragmentg24§.
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Figure 4.31: Size distribution (by number) of 10 and %0v/v dispersions of pH 9 and pH 11
hydrothermal HA irDulbecco’'s modified Eagle's medium (DMEMignificantagglomeration of the
200 nm primary particles is noted.

Table 4.3: Z-average (particle diameter cumulant average) as measured by DLS for 10%amt/50
dispersions of pH 9 and pH 11 hydrothermal HAwbecco's modified Eagle's medium (DMEM

Sample z-average (d.nm)
pH 9 HA 1046 v/v in DMEM 893
pH 9 HA 504 v/v in DMEM 1191
pH 11 HA 106 v/v in DMEM 500
pH 11 HA 5@%6 v/v in DMEM 2746
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4.4. Summary

This work has presentdd/o solutionbased techniques for the preparation of
nanoeparticulate HA:hydrothermal and sajel synthesis routes. The physical and
chemical properties of the powders have been compared to a commercial HA
powder(SigmaAldrich) using a range dbulk (XRD, XRF, FTIR and LAICP-MS)

and particle (SEM and TENEDX) level analysigechnique$250, 251].

Hydrothermal synthesis produced single phase Hpodfike nanaparticles,
the growth and morphological variation of which is restrictéti rising basicity, by
theincreased addition of ammonium hydroxidfegures 4.14 4.15 4.21, 4.25 4.26
and 4.3]). The solgel synthesis method producadn phasgure samples of HA
nanoeparticles which were a mixture of equiaxed and 4ldeé particles(Figures
4.16- 4.19 4.22and4.23. Bulk XRD and FTIR analysis highlighted the presence
of CaCQ in the solgel HA prepared at 500 °@-igures 4.6 and4.11). At 700 °C,
XRD showed a HA sample containing notable amounts of alternate calcium
phosphate basqmhass; b-tricalcium phosphate and dicalcium phosphate anhydrate,
as well as traces of calen oxide (Figure4.7). Bulk analysis of the Ca/P ratio by
XRF and LAICP-MS confirmed deviations away from the stoichiometric target,

1.67 for the nofpure HA samplesTliable4.2).

A newlow-fluence TEMEDX technique has been demonstrated, which is able
to highlight particle to particle compositional variabilitfFigure 4.27).
Hydrothermally produced HA had a nesioichiometric Ca/P content; TEEDX
revealed an average Ca/P ratio of 1.61 (S.D = 0.17), with no detectionrahCa
particles(Figure 4.2% ard Table 4.2). The solgel method prodted particles for

which TEM-EDX, at the particle level, indicated average Ca/P ratios in close
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agreement with the stoichiometric target, 1(igure4.2 and d, and'able4.2).

However a small, but significant, framh of particles with much higher Ca/P ratios

were detected. Theolgel powders displayed average Ca/P ratios of 1.72 for 500 °C

(S.D = 0.38) and 1.65 for 700 °C (S.D = 0.33he SigmaAldrich powder

di splayed a similar | evel of compositi
housed sampl e, but the powder was defic

1.45 (S.D = 0.16)Figure4.2% andTable4.2

Overall, e work demonstrates the imganmce of applying a combination of
bulk and particldevel analytical techniques (XRD¥RF, FTIR, LA-ICP-MS, SEM
andTEM-EDX) to adequately characterise namalroxyapatite powders. Individual
characterisatiotechniqueshaveidentified secondary phasestime sotgel powders
that are likely to have important bearisgon the performance of ¢hpowdes in
applications such asmplant coatings[257. Literatur-gCPgdnows t
demonstrate good biocompatibility properties and its less stable nature, in
comparison to HA, causes faster biodegradation which can promote the growth of
new bone when utilised as a graft material, however there are still questions as to
wh et RTEP possesses superior bone formation properties thaf2b6256.
Similarly, dicaleum phosphate has shown promise as a cell culture scaffold for bone
regeneratiorf257, 258 and has also been used as an implant coating material that
later is converted to HA247]. Calcium oxide is undesired in HA coatings due to its

high reactivity in gueous environmeni82, 259.

Hydroxyapatite is one of the most widely used synthetic calcium phosphate
ceramics for bieapplications due to its greater compositional similarities with bone
and its higher stability in aqueous media in comparison to naliercalcium

phosphate$11]. The individual characterisation techniques utilised here highlight
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the hydrothermasynthesismethod ashe preferredechnique fothe productiorof a

single phase and nestoichiometric HAnanopowder

Hydroxyapatite iprimarily utilised in bulk, nodoad bearing applications, as
there remains concerns over the exposure of nanoparticle HA with regards to
particle size and shape. Consequently, careful consideration of nanopatrticle toxicity

is required, and th has been expted here (see th@pendix- Section4.5).

Engineering improvements ofanoparticulateHA with particle substitutions
can aim to better match the composition of naturally occurring bone, which can
often contairions of Na*, Mg**, K*, CI', F and CQ? [260. lon substitution using,
amongst others, NaMg*, S¥, F, Ag, C#" and zZrf* in synthetic HA has
demonstrated various effects with improvementstharmal stability, solubility,
textural properties surface reactivity osseointegration, bone fortiem and
reduction in bacterial contaminatiqtl, 27, 38, 261-265. Silicon substitution in
HA has also shown increased chemical stability and bioact[?@66-268. A
collaborative study with researckevir Adam Qaisar and Miss Rachel Wallace
investigated the sajel synthesis ofianoparticulatéiA modified with either Mg, Sr
or Ti; TEM-EDX analysis of the powders showed varying particle sizes with also
variability shown in the level of incorporation od@h dopant ion into the HA

particles[269.
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4.5. Appendix

4.5.1. Hydroxyapatite toxicology

Two HA powders, synthesised via the hydrothermal technique at pH 9 and pH
11, have been analysed for potential cytotoxicity teviiro cell lines by an
undergaduate research group led By Lars Jeuken at the Leeds Faculty of

Biological Sciences.

4.5.2. Toxicity assays

Despite sharing a similar chemical composition to that of lsgnéhetic HA,
in nanoparticulate form, has demonstrated damaging effects to musclg2¢jls
and preinflammatory effects in various pathological conditions including vascular
calcification [271] and therefore should not be considered as-toxic [103.
Increasing uses of HA in biomedical applications, such as for drug de[i2Bry
272 as orthopaedic implant coatin§®, 23] and in toothpastef20, 21, 273 are
likely to increase human exposure to nanoparticulate HA and therefore it is essential

thatthe toxic effects are fully understood.

The MTT assay (method outlined $ection3.4) has been performed to assess
the viability of the Cace cell line (intestine cell line to measure response by
ingestion), A549 cell line (lung cell line to measure response by inhalation) and SH
SY5Y cell line (brain cell line to measure response of naticjes in the blood that
may pass the bloeldrain barrier), upon exposure to two samples of HA prepared by
the hydrothermal method at starting pH 9 and pH 11 respectively. Results are

displayed inFigures 4.32 - 4.36.
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(

The Cace2 cell line shows litledfe ct wi th exposmlfod to u
the hydrothermal HA prepared at pH 11, however a decrease in cell viability is
observed with increasing dose of the hydrothermal HA prepared at pig@e
4.32. The A549 cell line shows little drop in cell taiéity with an increasing dose
of both pH 9 and pH 11 HA sampleBidures 4.33and4.34). The SHSY5Y cell
line does not show a responsanlthoweeko s e s
a decrease in cell viabilitmhdfthepbifilser ve

HA (Figures4.35and4.36).

Nanoparticle dose can be expressed in terms of total number of particles per 1
€4g. By assuming all nanoparticles are
subsequent weight of an individual particle candséimated. Average particles
lengths and widths have been measured from 50 measurements of individual
particles (in TEM) of both hydrothermal HA samples prepared at pH 9 and pH 11.
The theoretical density,, of hydroxyapatite has been obtained from &tere as

3.156 g/cm[274). This calculated data is shownTable Al

Using this data, high nanoparticle doses would contain a very large number of
individual nanoparticles; 508 gnl™ can be expressed as ~87,000 particlestger
of the pH 9 HA, and ~18000 particles peml of the pH 11 HA. Previous literature
has shown that high doses> 5 GnD") of HA nanoparticles are toxic to other cell
lines, likely due to cellular particle load and possible release of caldiQf; and

this is the most likelgause of the effects observed here.
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TableAl:Cal cul ated data showing esti.mated number
pH 9 pH 11
hydrothermal HA | hydrothermal HA
Average nanopfartlcle length, 200.00 129.00
from 50 particles (nm)
Average nanop.artcheW|dth, 34.00 34.00
from 50 particles (nm)
Volume of s!ngle cyllndarlcal 1.82 x 1d° 117 x 10"
nanoparticle rod (m°)
Mass of single nanopatrticle (g) 5.74 x 10° 3.70 x 10°
Estimated numbe_r of 174 270
nanoparticl es

Particle size variatiomay contribute to the affect observed in both the €aco
and SHSYS5Y cell lines; however there is currently little evidence to support this
and further research would be required to confirm liyisothesis. Poor dispersion
properties of HA due to sedimetitm in the cell culture medium have been
speculated to be a contributing factor to the decreasing cell viabilities observed at
high HA concentrations (by the group at the Leeds Faculty of Biological Sciences)
and particle size distribution data of the gpdes measured by DLJ-igure 4.3])

confirms agglomeration of the HA samples in cell culture medium.

Overall the results of HA cytotoxicity indicate promising and expected
biocompatibility, but are inconclusive. Only very high doses of HA nanoparticles
caused significant drops in cell viability. Further work utilising improved
nanoparticle dispersions ddunvestigate the potential effects of particle size more

carefully.

of



122
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Figure 4.322 MTT assay for the cytotoxicity of varying doses of pH 9 and pH 11 hydrothermal HA
particles with 24 hour incubation period usi@gcae?2 cell line, measured as the percentage cell
viability compared to control wells with no particles (G. Dyson).
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Figure 4.33: MTT assay for the cytotoxicity of varying doses of pH 9 and pH 11 hydrothermal HA

particles with 24 hour incubation period using A549 cell line, measured as the percentage cell
viability compared to control wells with no particles (E. Horncastle).
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Figure 4.34: MTT assay for the cytotoxicity of varying doses of pked pH 11 hydrothermal HA
particles with 48 hour incubation period using A549 cell line, measured as the percentage cell
viability compared to control wells with no particles (E. Horncastle).

45.2.3. SH-SY5Y cell line

24 hour incubation

140
120 f--m-mmmmm g e
100 f - GRGECE L EEEEEES R Rt
S epH9
60 - ® e pH 11
40 F--mmmemmmmemmm oo

Cell viability (%)

7

0.001 0.1 1 10 100 1000
HA Concentration (eg ml?)

Figure 4.35: MTT assay for the cytotoxicity of varying doses of pH 9 and pH 11 hydrothermal HA
particles with 24 hour incubation period using-SM5Y cell line, measured as the percentage cell
viability compared to control wells with no particles (J. Jones).
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Figure 4.36: MTT assay for the cytotoxicity of varying doses of pH 9 and pH 11 hydrothermal HA
particles with 48 hour incubation period using-SM5Y cell line, measured as the percentage cell
viability compared to control wells with no particles Jdnes).
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4.5.3. XRD peak list data

Table A2: XRD peak list data fothe SigmaAldrich HA, with ICDD reference file number: 6074
0566[37].a=b=9.41A, c=6.89A.

. ) Hydroxyapatite reference file,
SigmaAldrich HA
ICDD: 074-0566
d- Relative d- Relative )
Pos . /] spacing | intensity Pos. spacing | intensity | h k | A 2
(A) (%) A) (%)
10.877 8.1476 15.17 10.832 8.1614 17.00 1 0 0]-0.045
21.854 4.0738 6.58 21.762 4.0807 6.50 2 0 0]-0.092
22.874 3.8848 8.51 22.858 3.8875 6.30 1 1 1]-0.016
25.845 3.4445 37.74 25.883 3.4395 35.70 0 0 2]0.038
28.103 3.1726 8.42 28.131 3.1695 8.80 1 0 2|0.028
28.971 3.0795 18.52 28.921 3.0847 16.00 2 1 0]-0.050
31.804 2.8114 100.00 31.766 2.8147 100.00 2 1 1]-0.038
32.183 2.7791 55.76 32.195 2.7781 51.50 1 1 2]0.012
32.954 2.7159 58.52 32.897 2.7205 61.30 3 0 0]-0.057
34.058 2.6303 19.60 34.063 2.6299 21.00 2 0 2]0.005
39.861 2.2597 20.42 39.791 2.2636 20.50 1 3 0]-0.070
42.047 2.1472 6.00 41.986 2.1502 5.60 1 3 1]-0.061
46.729 1.9424 29.94 46.694 1.9437 28.10 2 2 2]-0.035
48.120 1.8894 10.86 48.081 1.8908 12.20 1 3 2]-0.039
49.473 1.8409 31.70 49.490 1.8403 31.30 2 1 3]0.017
50.555 1.8040 15.07 50.475 1.8066 16.10 3 2 1] -0.080
51.348 1.7779 11.51 51.255 1.7810 11.60 1 4 0] -0.093
52.125 1.7533 12.18 52.075 1.7548 11.70 4 0 2]-0.050
53.137 1.7223 16.59 53.220 1.7198 14.00 0 0 4]0.083
55.922 1.6429 5.35 55.863 1.6445 5.90 3 2 2]-0.059
60.037 1.5398 5.45 59.925 1.5424 4.30 2 4 0]-0.112
61.677 1.5027 6.84 61.571 1.5050 3.20 2 4 1]-0.106
63.060 1.4730 8.11 62.982 1.4747 7.90 5 0 2]-0.078
63.959 1.4545 6.50 63.998 1.4537 7.40 3 0 4]0.039
64.196 1.4496 8.23 64.165 1.4503 9.30 3 2 3]-0.031
65.114 1.4314 6.98 65.000 1.4337 6.90 5 1 1]-0.114
75.539 1.2577 5.61 75.622 1.2565 4.50 2 1 5]0.083
77.027 1.2370 5.62 77.021 1.2371 5.00 1 4 4] -0.006
77.246 1.2341 7.07 77.174 1.2350 4.40 5 1 3]-0.072
78.301 1.2201 7.51 78.179 1.2217 5.60 2 5 2]-0.122




126

Table A3: XRD peak list data for pH 11 hydrothermal HA, witBDD reference file number:; 61
0740566[37.a=b=9.45A,c=6.89 A.

pH 11 hydrothermal HA Hydroxyapatite reference file,
ICDD: 074-0566
. Relative d- Relative
PAOS‘ q d-sEgL)cmg intensity | Pos.A 2 d spacing | intensity | h k || A2
(%) A (%)
10.801| 8.1845 15.59 10.832 8.1614 17.00 1 0 0]0.031
21733 | 4.0859 7.76 21.762 4.0807 6.50 2 0 0] 0.029
22.828| 3.8925 8.57 22.858 3.8875 6.30 1 1 1]0.030
25849 | 3.4440 41.28 25.883 3.4395 35.70 0 0 2|0.034
28.098| 3.1732 9.81 28.131 3.1695 8.80 1 0 2]0.033
28895 | 3.0875 18.01 28.921 3.0847 16.00 2 1 0]0.026
31.739| 2.8170 100.00 31.766 2.8147 100.00 2 1 1]0.027
32164 | 2.7808 62.02 32.195 2.7781 51.50 1 1 2]0.031
32.871| 2.7225 57.07 32.897 2.7205 61.30 3 0 0| 0.026
34032 | 2.6322 21.88 34.063 2.6299 21.00 2 0 2]0.031
39.870| 2.2648 16.15 39.791 2.2636 20.50 1 3 0]-0.079
41.962| 2.1513 5.19 41.986 2.1502 5.60 1 3 1]0.024
46669 | 1.9447 26.19 46.694 1.9437 28.10 2 2 2|0.025
48.056| 1.8918 10.17 48.081 1.8908 12.20 1 3 2]0.025
49460 | 1.8413 33.09 49.490 1.8403 31.30 2 1 310.030
50.454| 1.8073 13.06 50.475 1.8066 16.10 3 2 1(0.021
51235| 1.7816 9.30 51.255 1.7810 11.60 1 4 0]0.020
52.052| 1.7556 10.59 52.075 1.7548 11.70 4 0 2|{0.023
53185| 1.7208 19.52 53.220 1.7198 14.00 0 0 4/{0.035
61.673| 1.5028 6.60 61.704 1.5021 5.00 1 2 4]0.031
62963 | 1.4751 6.26 62.982 1.4747 7.90 5 0 2]0.019
63.969| 1.4542 8.44 63.998 1.4537 7.40 3 0 4|0.029
64142 | 1.4507 9.26 64.165 1.4503 9.30 3 2 3]0.023
64.985( 1.4340 5.34 65.000 1.4337 6.90 5 1 11]0.015
75.591| 1.2569 5.27 75.622 1.2565 4.50 2 1 5]0.031
76998 | 1.2374 5.50 77.021 1.2371 5.00 1 4 4]0.023
77.158| 1.2353 5.77 77.174 1.2350 4.40 5 1 3]0.016
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Table A4: XRD peak list data for 500 °C sgkel HA, withICDD reference file number: 6Q74-0566
[37] and single calcite peak;DD reference file number: 6005-0586[221].
Lattice parameters for HA phase=b=9.41 A, c=6.89 A

500 °C solgel HA Pattern Assignment

Pos. | d-spacing | Relative ICDD Pos. d- Relative .

A2d ?A) ° mtgz?ty Reference file | A 2 d| sp(qx:)mg mtg;:;lty h kT ®A2
10.877 | 8.1476 15.03 HA #74-0566 10.832| 8.1614 | 17.00 1 0 0] -0.045
21.799 | 4.0738 7.71 HA #74-0566 21.762( 4.0807 | 6.50 2 0 0] -0.037
22.874 | 3.8848 8.67 HA #74-0566 22.858| 3.8875 | 6.30 1 1 1]|-0.016
25.845 | 3.4445 34.90 HA #74-0566 25.883| 3.4395 | 35.70 0 0 2]0.038
28.103 | 3.1726 8.26 HA #74-0566 28.131| 3.1695 | 8.80 1 0 2] 0.028
28.971 | 3.0795 18.34 HA #74-0566 28.921( 3.0847 | 16.00 2 1 0]-0.090
20307 [ 30359 |1681 | c2-O#9> 1 29406| 30350 10000 |1 0 4 0.009
31.804 | 2.8114 100.00 HA #74-0566 31.766( 2.8147 | 100.00 2 1 1|-0.038
32.183 | 2.7791 50.74 HA #74-0566 32.195| 2.7781 | 51.50 1 1 2|0.012
32.954 | 2.7159 58.15 HA #74-0566 32.897( 2.7205 | 61.30 3 0 0] -0.057
34.058 | 2.6303 19.88 HA #74-0566 34.063| 2.6299 | 21.00 2 0 2] 0.005
39.861 | 2.2597 21.52 HA #74-0566 39.791| 2.2636 | 20.50 1 3 0]-0.00
42.047 | 2.1472 5.69 HA #74-0566 41.986| 2.1502 | 5.60 1 3 1]-0.061
46.729 | 1.9424 29.37 HA #74-0566 46.694| 1.9437 | 28.10 2 2 2|-0.035
48.120 | 1.8894 11.46 HA #74-0566 48.081] 1.8908 | 12.20 1 3 21-0.039
49.473 | 1.8409 32.10 HA #74-0566 49.490| 1.8403 | 31.30 2 1 3]0.017
50.555 | 1.8040 15.63 HA #74-0566 50.475| 1.8066 | 16.10 3 2 1]-0.080
51.348 | 1.7779 11.19 HA #74-0566 51.255( 1.7810 | 11.60 1 4 0] -0.093
52.125 | 1.7533 12.18 HA #74-0566 52.075| 1.7548 | 11.70 4 0 2| -0.020
53.137 | 1.7223 8.02 HA #74-0566 53.220( 1.7198 | 14.00 0 0O 4)0.083
55.922 | 1.6429 5.50 HA #74-0566 55.863| 1.6445 | 5.90 3 2 21 -0.059
61.677 | 1.5027 6.87 HA #74-0566 61.571| 1.5050 | 3.20 2 4 1| -0.106
63.060 | 1.4730 10.27 HA #74-0566 62.982| 1.4747 | 7.90 5 0 2]-0.078
63.959 | 1.4545 6.77 HA #74-0566 63.998| 1.4537 | 7.40 3 0 41]0.039
64.196 | 1.4496 7.64 HA #74-0566 64.165( 1.4503 | 9.30 3 2 3]-0.031
65.114 | 1.4314 7.41 HA #74-0566 65.000( 1.4337 | 6.90 5 1 1]-0.114
77.027 | 1.2370 5.67 HA #74-0566 77.021( 1.2371 | 5.00 1 4 41 -0.006
77.246 | 1.2341 7.22 HA #74-0566 77.174| 1.2350 | 4.40 5 1 3] -0.072
78.301 | 1.2201 7.53 HA #74-0566 78.179| 1.2217 | 5.60 2 5 2|-0122
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Table A5: XRD peak list data for 700 °C sgkel HA, with reference patterns for HAGDD
reference file number: 60740 5 6 6 {TOH (CDD rdference file number: 68088714[237),
DCPA (CDD reference file number: 68128346[225) and CaO ICDD reference file number: 04
003-7161[226). Lattice parameters for HA phase=b=9.45 A, c=6.89 A

700 °C solgel HA Pattern Assignment
d- Relative d- Relative
Pos. spacing | intensity | ICDD Reference Pos. spacing | intensity
A2dl (A (%) file A2dl (A @) |nh k 1| pA2
10.80 | 8.1854 | 15.78 | HA #740566 10.832 | 8.1614 | 1700 |1 0 0 |o0.032
10.826 | 8.1653 | 18.08 | TCP #040088714 | 10.863 | 8.1382 | 11.60 |0 1 2 | 0.037
13582 | 65144 | 20.15 | TCP #040088714 | 13.618 | 64971 | 17.00 |1 0 4 | 0.036
16.806 | 52711 | 3.29 HA #74-0566 16.842 | 5.2599 | 4.60 1 0 1 |o0036
16.936 | 52309 | 23.30 | TCP #040088714 | 16.974 | 52195 | 2080 |1 1 0 | 0.038
21.733 | 4.0860 | 7.40 HA #74-0566 21.762 | 4.0807 | 6.50 2 0 0 |0029
21.787 | 40760 | 13.82 | TCP #040088714 | 21.824 | 40691 | 11.70 |0 2 4 | 0.037
25.736 | 3.4588 | 26.34 | TCP #040088714 | 25.773 | 34540 | 2440 |1 0 10] 0.037
25840 | 3.4452 | 21.80 | HA #740566 25883 | 3.4395 | 3570 |0 0 2 |0043
26.129 | 3.4076 | 4.01 TCP #040088714 | 26.167 | 3.4028 | 3.70 2 1 1 |0038
26445 | 33677 | 8.71 S&ZA #04012 26.360 | 3.3784 | 9210 |0 0 2 |-0085
26.459 | 3.3660 | 9.46 TCP #040088714 | 26.497 | 3.3612 | 7.90 1 2 2 |oo03s8
26534 | 3.3566 | 9.22 3Dgc4FéA #04012 26.547 | 33550 | 9250 |2 o o0 |o0.013
27.386 | 3.2540 | 6.02 TCP #040088714 | 27.423 | 3.2497 | 5.30 1 1 9 |0037
27.739 | 3.2134 | 18.94 | TCP #040088714 | 27.777 | 32091 | 51.90 |2 1 4 | 0.038
28.090 | 3.1741 | 3.78 HA #74-0566 28.131 | 3.1695 | 8.80 1 0 2 |o0o0a1
DCPA 704012 A—
28.678 | 3.1001 | 2052 83?46 040 28518 [ 3.1274 | 2370 | ; , |-0.160
28.896 | 3.0874 | 6.38 HA #740566 28.021 | 3.0847 | 1600 |2 1 0 | 0025
DCPA 704012 -
28.902 | 3.0867 | 6.35 83?46 040 28.842 | 3.0930 | 5.10 o » 1 |-0060
29582 | 3.0173 | 1249 | TCP #040088714 | 29.620 | 3.0135 | 1240 |3 0 0 | 0.038
DCPA 704012 -
30525 | 2.9251 | 23.07 83?46 040 30241 | 29530 [ 10000 |; , , |-0284
30.985 | 2.8838 | 4065 | TCP #040088714 | 31.023 | 2.8804 | 10000 | 0 2 10] 0.038
31738 | 2.8171 | 100.00 | HA #740566 31.766 | 2.8147 | 10000 |2 1 1 |0.028
32157 | 2.7813 | 5471 | HA #740566 32195 | 2.7781 | 5150 |1 1 2 | 0038
32387 | 27621 | 2021 g;fFéA #04012 | 55 463 | 27558 | 3440 |2 o 1 |0076
32399 | 2.7611 | 21.67 | TCP #040088714 | 32436 | 2.7580 | 1990 |1 2 8 | 0.037
32872 | 2.7224 | 5222 | HA #740566 32897 | 27205 | 6130 |3 0 0 |0025
32955 | 2.7158 | 5.74 TCP #040088714 | 32.993 | 2.7127 | 7.50 3 0 6 |0038
33.440 | 26775 | 5.35 TCP #040088714 | 33.477 | 2.6746 | 5.90 1 1 12] 0037
34027 | 2.6327 | 8.88 HA #74-0566 34.063 | 26299 | 2100 |2 0 2 | 0036
34296 | 2.6126 | 20.70 | TCP #040088714 | 34.334 | 2.6098 | 6920 |2 2 0 | 0.038
34982 | 2.5629 | 5.79 TCP #040088714 | 35.019 | 2.5603 | 3.90 0 1 14]0037
35.065 | 25570 | 1020 | TCP #040088714 | 35.104 | 2.5543 | 6.30 2 2 3 |0039
35533 | 2.5245 | 12.16 | TCP #040088714 | 35570 | 25219 | 11.50 |2 1 10] 0.037
37.290 | 2.4094 | 4.92 TCP #040088714 | 37.329 | 2.4070 | 7.70 2 2 6 |0039
37.428 | 2.4009 | 3.78 CaO #040037161 | 37.345 | 2.4060 | 10000 |2 0 0 | -0.083
37.776 | 2.3795 | 3.06 TCP #040088714 | 37.814 | 2.3772 | 4.70 3 1 5 |0038
39.770 | 2.2647 | 17.87 | HA #740566 39.791 | 2.2636 | 2050 |1 3 0 |o0.021
39.789 | 2.2636 | 3.11 TCP #040088714 | 39.825 | 2.2617 | 9.70 1 0 16] 0036
20030 | 2.2506 | 5.37 TCP #040088714 | 40.067 | 2.2486 | 2.60 1 1 15] 0.037
40118 | 2.2458 | 4.05 TCP #040088714 | 40.156 | 2.2438 | 1.40 0 4 2 |o0038
20956 | 2.2018 | 4.95 TCP #040088714 | 41.054 | 2.1968 | 9.90 2 1 13| 0098
41633 | 2.1676 | 1142 | TCP #040088714 | 41.670 | 2.1657 | 9.50 3 0 12]0037
43386 | 2.0839 | 4.61 TCP #040088714 | 43.424 | 2.0822 | 3.40 1 3 10] 0.038
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43.516 | 2.0780 5.93 TCP #04008-8714 | 43.552 | 2.0764 4.20 0 0 18| 0.036
43.636 | 2.0726 4.82 TCP #040088714 | 43.676 | 2.0708 2.30 3 2 1 |0.040
43.833 | 2.0637 7.01 HA #74-0566 43.876 | 2.0618 4.50 1 1 3 ]0.043
43.847 | 2.0631 7.22 TCP #040088714 | 43.885 | 2.0614 4.80 2 3 2 10.038
44.457 | 2.0362 7.69 TCP #040088714 | 44.496 | 2.0345 7.40 0 4 8 |0.039
44,684 | 2.0264 5.98 TCP #040088714 | 44.723 | 2.0247 3.60 3 2 4 |0.039
45.260 | 2.0019 6.68 TCP #040088714 | 45.297 | 2.0004 6.30 2 2 121 0.037
45,288 | 2.0008 6.28 HA #74-0566 45.330 | 1.9990 3.50 2 0 3 |0.042
46.534 | 1.9500 3.28 TCP #040088714 | 46.573 | 1.9485 1.80 1 4 3 ]0.039
46.667 | 1.9448 30.69 HA #74-0566 46.694 | 1.9437 28.10 2 2 2 |0.027
46.905 | 1.9355 9.62 TCP #040088714 | 46.943 | 1.9340 22.20 4 0 10| 0.038
47914 | 1.8970 6.61 TCP #040088714 | 47.953 | 1.8956 13.00 2 3 8 |0.039
48.055 | 1.8918 12.67 HA #74-0566 48.081 | 1.8908 12.20 1 3 2 ]0.026
48.318 | 1.8821 13.79 TCP #040088714 | 48.357 | 1.8807 11.30 1 4 6 |0.039
49.452 | 1.8416 35.71 HA #74-0566 49.490 | 1.8403 31.30 2 1 3 ]0.038
49.749 | 1.8313 4.85 TCP #04008-8714 | 49.784 | 1.8301 3.70 0 1 20| 0.035
50.233 | 1.8148 5.20 TCP #040088714 | 50.271 | 1.8135 4.40 3 2 10| 0.038
50457 | 1.8072 6.04 HA #74-0566 50.475 | 1.8066 16.10 3 2 1 |0.018
50.572 | 1.8034 4.34 TCP #040088714 | 50.683 | 1.7997 4.30 2 2 15]0.111
51.187 | 1.7832 6.72 TCP #040088714 | 51.226 | 1.7819 3.90 4 1 9 |0.039
51.239 | 1.7815 6.93 HA #74-0566 51.255 | 1.7810 11.60 1 4 0 |0.016
51.396 | 1.7764 6.15 TCP #04008-8714 | 51.434 | 1.7752 6.80 0 5 4 |0.038
51.549 | 1.7715 5.37 TCP #040088714 | 51.586 | 1.7703 1.00 2 3 111 0.037
52.051 | 1.7556 3.96 HA #74-0566 52.075 | 1.7548 11.70 4 0 2 |0.024
52.944 | 1.7281 29.29 TCP #040088714 | 52.979 | 1.7270 24.40 2 0 20]0.035
53169 | 1.7213 30.58 HA #74-0566 53.220 | 1.7198 14.00 0 0 4 |0.051
53.518 | 1.7109 9.23 TCP #040088714 | 53.554 | 1.7098 7.90 3 0 18| 0.036
53.688 | 1.7059 5.79 TCP #04008-8714 | 53.724 | 1.7048 1.40 2 1 19| 0.036
54.326 | 1.6873 6.60 TCP #04008-8714 | 54.365 | 1.6862 5.50 5 0 8 |0.039
54.435 | 1.6842 3.98 HA #74-0566 54.484 | 1.6828 1.00 1 0 4 ]0.049
54.474 | 1.6831 5.24 TCP #04008-8714 | 54.561 | 1.6806 1.80 3 2 13| 0.087
55.021 | 1.6676 4.90 TCP #040088714 | 55.058 | 1.6666 3.00 4 1 12| 0.037
56.009 | 1.6405 4.06 TCP #04008-8714 | 56.111 | 1.6378 3.30 1 2 20]0.102
56.455 | 1.6286 3.14 TCP #040088714 | 56.494 | 1.6276 2.20 0 5 10| 0.039
57.337 | 1.6057 3.57 TCP #04008-8714 | 57.378 | 1.6046 4.20 3 3 9 |0.041
57.531 | 1.6007 2.78 TCP #040088714 | 57.570 | 1.5997 2.70 5 1 4 |0.039
59.415 | 1.5544 6.32 TCP #04008-8714 | 59.439 | 1.5538 7.30 5 1 7 |0.024
50,523 | 1.5518 5.13 TCP #040088714 | 59.561 | 1.5509 6.70 3 2 16| 0.038
59.703 | 1.5476 6.62 TCP #04008-8714 | 59.739 | 1.5467 1.20 4 1 15| 0.036
60.259 | 1.5346 4.10 TCP #040088714 | 60.298 | 1.5337 2.40 1 5 8 |]0.039
61.454 | 1.5076 3.76 TCP #040088714 | 61.494 | 1.5067 3.70 2 3 171 0.040
61.661 | 1.5030 3.15 HA #74-0566 61.704 | 1.5021 5.00 1 2 4 ]0.043
62.965 | 1.4750 3.31 HA #74-0566 62.982 | 1.4747 7.90 5 0 2 |0.017
63.289 | 1.4682 4.88 TCP #04008-8714 | 63.309 | 1.4678 3.90 1 2 23] 0.020
63.958 | 1.4545 3.25 HA #74-0566 63.998 | 1.4537 7.40 3 0 4 | 0.040
64.139 | 1.4508 3.69 HA #74-0566 64.165 | 1.4503 9.30 3 2 3 | 0.026
64.991 | 1.4338 3.11 HA #74-0566 65.000 | 1.4337 6.90 5 1 1 | 0.009
66.188 | 1.4108 6.33 TCP #04008-8714 | 66.229 | 1.4100 4.70 5 2 6 |0.041
66.388 | 1.4070 4.14 HA #74-0566 66.412 | 1.4066 2.10 1 4 3 ]0.024
72.322 | 1.3055 3.01 TCP #04008-8714 | 72.359 | 1.3049 2.80 1 5 17]0.037
73.396 | 1.2890 3.89 TCP #040088714 | 73.435 | 1.2884 2.20 5 3 2 ]0.039
75273 | 1.2615 4.42 TCP #040088714 | 75.311 | 1.2609 3.40 4 2 20| 0.038
78.173 | 1.2217 4.30 HA #74-0566 78.179 | 1.2217 5.60 2 5 2 |0.006
78.218 | 1.2212 4.30 TCP #040088714 | 78.253 | 1.2207 1.70 3 5 10| 0.035
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Table A6: XRD peak list data for Sigmaldrich HA calcined 700 °C, with reference patterns for
HA (ICDD reference file number: 80740 56 6 [ 9-TCP (GDB deferbnce file number: 04
008-8714[237). Lattice parameters for HA phase=b=9.48 A, c=6.89 A

Slgmaélgl(;l?g HA at Pattern Assignment
Pos. d- _ _Relatiye ICDD PoS. d-_ _Relatiye )
A 2 g| Spacin intensity Ref_erence A2 gl spacing intensity | h k| | pA2
g (A (%) file: (A) (%)
10.771] 8.200 | 11.89 HA #74-0566 | 10.832 | 8.161 17.00 1 0 0 |0.061
21.697| 4.099 | 7.35 HA #74-0566 | 21.762 | 4.081 6.50 2 0 0 |0.065
22.797|( 3.899 | 7.71 HA #74-0566 | 22.858 | 3.888 6.30 1 1 1 |0.061
25.830( 3.44@ | 32.80 HA #74-0566 | 25.883 | 3.440 35.70 0 0 2 |0.053
28.076( 3.176 | 10.27 HA #74-0566 | 28.131| 3.170 8.80 1 0 2 |0.055
28.855( 3.09D | 19.04 HA #74-0566 | 28.921 | 3.085 16.00 2 1 0 |]0.066
b-TCP #04

31.005( 2.909D | 5.94 0088714 31.023 | 2.880 100.00 0 2 10| 0.018
31.701| 2.82®M | 100.00 HA #74-0566 | 31.766 | 2.815 100.00 2 1 1 ]0.065
32.138| 2.783 | 58.87 HA #74-0566 | 32.195| 2.778 51.50 1 1 2 |0.057
32.829| 2.728 | 59.70 HA #74-0566 | 32.897 | 2.721 61.30 3 0 0 |0.068
34.004| 2.63D | 22.85 HA #74-0566 | 34.063 | 2.630 21.00 2 0 2 ]0.059
35.388( 2.534 | 5.56 HA #74-0566 | 35.455| 2.530 3.90 3 0 1 |0.067
39.136( 2.30M | 5.69 HA #74-0566 | 39.197 | 2.297 5.00 2 1 2 ]0.061
39.720| 2.2670 | 21.20 HA #74-0566 | 39.791 | 2.264 20.50 1 3 0 |0.071
41,917 2.154 | 6.49 HA #74-0566 | 41.986 | 2.150 5.60 1 3 1 |0.069
43.821| 2.064 | 5.22 HA #74-0566 | 43.876 | 2.062 4.50 1 1 3 |0.055
46.310( 1.959D | 8.70 HA #74-0566 | 46.381| 1.956 0.70 4 0 1 |0.071
46.629| 1.94@ | 27.41 HA #74-0566 | 46.694 | 1.944 28.10 2 2 2 ]0.065
48.015( 1.893 | 12.22 HA #74-0566 | 48.081| 1.891 12.20 1 3 2 | 0.066
48.513| 1.879 | 6.45 HA #74-0566 | 48.586 | 1.872 4.00 2 3 0 ]0.073
49.432| 1.842D | 29.29 HA #74-0566 | 49.490| 1.840 31.30 2 1 3 ]0.058
50.403| 1.809 | 15.61 HA #74-0566 | 50.475| 1.807 16.10 3 2 1 |0.072
51.180| 1.783 | 11.89 HA #74-0566 | 51.255| 1.781 11.60 1 4 0 |0.075
52.007| 1.750 | 12.57 HA #74-0566 | 52.075| 1.755 11.70 4 0 2 |0.068
53.171| 1.7210 | 13.75 HA #74-0566 | 53.220| 1.720 14.00 0 O 4 |0.049
55.793| 1.64@ | 5.32 HA #74-0566 | 55.863 | 1.645 5.90 3 2 2 ]0.070
59.846( 1.544 | 5.09 HA #74-0566 | 59.925| 1.542 4.30 2 4 0 ]0.079
61.494| 1.500 | 5.36 HA #74-0566 | 61.571| 1.505 3.20 2 4 1 |0.077
61.649( 1.503 | 5.84 HA #74-0566 | 61.704 | 1.502 5.00 1 2 4 |0.055
62.908| 1.476 | 7.39 HA #74-0566 | 62.982 | 1.475 7.90 5 0 2 |0.074
63.942( 1.459 | 9.21 HA #74-0566 | 63.998 | 1.454 7.40 3 0 4 |0.056
64.098| 1.4520 | 9.14 HA #74-0566 | 64.165 | 1.450 9.30 3 2 3 |0.067
64.921 1.439 | 6.75 HA #74-0566 | 65.000 | 1.434 6.90 5 1 1 ]0.079
76.956| 1.238) | 6.14 HA #74-0566 | 77.021 | 1.237 5.00 1 4 4 |0.065
77.100( 1.23@ | 5.98 HA #740566 | 77.174| 1.235 4.40 5 1 3 ]0.074
78.098( 1.223 | 5.16 HA #74-0566 | 78.179 | 1.222 5.60 2 5 2 ]0.081
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Table A7: XRD peak list data for Sigmaldrich HA calcined 800 °C, with reference patterns for
HA (ICDD reference file number: 80740 5 6 6 [ 9-TCP (CGDB deferbnce file number: 04
008-8714[237). Lattice parameters for HA phase=b=9.46 A,c=6.89 A

Sigma-Aldrich HA at 800 °C Pattern Assignment

Pos. d- Relative | | ~p poference | Pos. d- Relative .

Ao | spacing intensity file: Ao gl spacing intensity | h  k | A2
A) (%) ' A (%)

10.788 | 8.1940 15.97 HA #74-0566 10.832 | 8.1614 17.00 1 0 0 0.044

pb-TCP #04008

10821 | 81601 |1844 |70 10.863| 81382 1160 |0 1 2 |0042
13573 | 6.5187 | 20.27 g}TliP#O‘*oog’ 13618 64971 1700 |1 0o 4 |o.045
16.937 | 5.2307 | 24.12 g}TﬁP #04008 | 16974| 52195 | 2080 |1 1 o |0037
21.718 | 4.0888 | 8.30 HA #740566 | 21.762 | 4.0807 | 6.50 2 0 0 |004
21785 | 4.0763 | 14.12 g}TliP #04008 | 51804 40691 | 1270 |0 2 4 |0.039
25715 | 3.4617 | 30.76 g}TﬁP #04008 | 55 773| 34540 | 2440 |1 o 10 | 0.058

25.840 | 3.4452 21.76 HA #74-0566 25.883 | 3.4395 35.70 0 0 2 0.043

b-TCP #04008

26134 | 3.4070 | 578 oS 26.167 | 3.4028 | 3.70 2 1 1 |o0033
26.463 | 3.3655 | 8.09 g}TﬁP #04008 | 55 497 3.3612 | 7.90 1 2 2 |oo034
27372 | 3.2557 | 7.33 g}TliP #04008 | 57 423 3.2497 | 5.30 1 1 9 |o0051
27741 | 32132 | 61.06 2-7'I'l(‘31P#04008» 27777| 32001 |s5190 |2 1 4 |o0036
28.878 | 3.0893 | 5.72 HA #740566 | 28.921| 3.0847 | 1600 |2 1_0 | 0.043
29589 | 3.0166 | 12.93 g—;ﬁp #04008 | 59620 3.0135 | 12.40 0 0o |o0031
30.970 | 2.8851 | 100.00 g}TlaP #04008 | 39 023| 2.8804 | 10000 [0 2 10 | 0.053
31722 | 2.8184 | 3507 | HA#740566 | 31.766| 28147 | 10000 |2 1 1 | 0.044
32.152 | 2.7818 | 2015 | HA #740566 | 32.195| 2.7781 | 5150 |1 1 2 | 0.043
32393 | 2.7616 | 26.30 g}TliP #04008 | 35 436| 2.7580 | 1990 |1 2 8 |o0.043
32.853 | 27240 | 2324 | HA#740566 | 32.897| 2.7205 | 6130 |3 0 0 | 0044
32.956 | 2.7157 | 24.64 g}TliP #04008 | 35903 2.7127 | 7.50 3 0 6 |0037
33419 | 26791 | 6.71 g}TﬁP #04008 | 53 4771 2.6746 | 5.90 1 12 | 0.058
34.020 | 2.6332 | 9.47 HA #740566 | 34.063 | 2.6299 | 21.00 |2 0 2 |0.043
34305 | 2.6119 | 67.98 g}TliP #04008 | 54 3341 26008 | 6920 |2 2 o |o0.020
34.952 | 25651 | 6.25 g}TﬁP #04008 | 35019 2.5603 | 3.90 0 1 14 | 0067
35.073 | 2.5565 | 10.00 g}TliP #04008 | 35104 2.5543 | 6.30 2 2 3 |oo031
35522 | 25252 | 12.47 g}TliP #04008 | 55570 25219 | 1150 |2 1 10 |0.048
372093 | 2.4092 | 9.61 g}TﬁP #04008 | 57329 2.4070 | 7.70 2 2 6 |0036
37782 | 23792 | 5.82 g}TliP #04008 | 57814 23772 | 470 3 1 5 |0032

39.747 | 2.2660 18.46 HA #74-0566 39.791 | 2.2636 20.50 1 3 0 0.044

b-TCP #04008

30755 | 22655 | 1873 | 27C 30.825 | 2.2617 | 9.70 1 0 16 |0070
40.002 | 22521 | 7.05 g}TliP #04008 | 40067 | 2.2486 | 2.60 1 1 15 | 0.065
41620 | 2.1682 | 10.58 gfﬁp #04008 | 41 670 2.1657 | 9.50 3 0 12 |0.050
43.475 | 2.0799 | 6.26 DTCP #0008 | 43552| 2.0764 | 4.20 0o 0 18 | 0077

43.832 | 2.0638 6.47 HA #74-0566 43.876 | 2.0618 4.50 1 1 3 0.044
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b-TCP #04008

43.860 | 2.0625 | 6.88 o 43885 2.0614 | 4.80 2 3 2 |oo02s
44.460 | 2.0361 | 7.16 g}TliP #04008 | 44496 2.0345 | 7.40 0o 4 8 |0036
44695 | 2.0259 | 5.90 g}TliP #04008 | 44723 2.0247 | 3.60 3 2 4 |o0028
45251 | 2.0023 | 6.10 g}TliP #04008 | 45597 2.0004 | 6.30 2 2 12 | 0046
5286 | 2.0008 | 6.06 HA #740566 | 45330 | 1.9990 | 3.50 2 0 3 |00
46547 | 1.0495 | 8.38 g}TliP #04008 | 46573| 1.9485 | 1.80 1 4 3 |oo26
76,651 | 1.0454 | 1202 | HA#740566 | 46.694| 1.9437 | 2810 |2 2 2 |o0.043
46.904 | 1.9355 | 24.83 g}TliP #04008 | 45 943] 1.9340 | 2220 |4 o 10 | 0.039
47919 | 1.8969 | 15.33 g}TliP #04008 | 47053| 18956 | 1300 |2 3 8 |o0034
28.038 | 1.8025 | 13.10 | HA #740566 | 48.081| 1.8908 | 1220 |1 3 2 | 0.043
48328 | 1.8818 | 13.25 g}TﬁP #04008 | 4o 57| 18807 | 11230 |1 4 6 |o0.020
20447 | 1.8418 | 1036 | HA #740566 | 49.490| 1.8403 | 31.30 |2 1 3 | 0.043
49.705 | 1.8328 | 7.15 g;Tl‘iP #04008 | 49 784| 1.8301 | 3.70 0o 1 20 |0.079
50234 | 1.8148 | 5.88 g}TﬁP #04008 | 50571 1.8135 | 4.40 2 10 | 0.037
50432 | 1.8081 | 7.16 HA #740566 | 50.475| 1.8066 | 1610 |3 2 1 | 0.043
50555 | 1.8040 | 6.14 S;Tlip #04008 | 5 683| 1.7997 | 4.30 2 2 15 |0128
51192 | 1.7830 | 7.1 g}TliP #04008 | 51 206 1.7819 | 3.90 4 9 |o003a
51211 | 1.7824 | 8.09 HA #740566 | 51.255] 1.7810 | 11.60 7 0.044
51.411 | 1.7759 | 10.22 g}TﬁP #04008 | 51 434| 1.7752 | 6.80 0 5 4 |0023
51548 | 1.7715 | 5.98 g}TlaP #04008 | 51 586| 1.7703 | 1.00 2 3 11 |o0.038
52,003 | 1.7293 | 24.23 g}TliP #04008 | 55 979| 1.7270 | 2440 |2 o 20 |o0.076
53176 | 1.7211 | 8.03 HA #740566 | 53.220| 1.7198 | 1400 |0 0 4 | 0.044
53.489 | 1.7117 | 8.64 g}TliP #04008 | 535541 1.7008 | 7.90 3 0 18 | 0.065
53.654 | 1.7069 | 5.86 g}TliP #04008 | 537941 1.7048 | 1.40 2 1 19 |0070
54335 | 1.6871 | 5.80 g—;ﬁp #04008 | 54 35| 1.6862 | 5.50 5 0 8 |0.030
59.428 | 1.5540 | 9.60 g}TlaP #04008 | 59 439| 1.5538 | 7.30 5 1 7 |oon
59510 | 1.5521 | 11.29 g}TliP #04008 | 59561 | 1.5500 | 6.70 3 2 16 | 0051
59.693 | 1.5478 | 6.13 D-TCP #04008 | 59 739 15467 | 1.20 4 1 15 | 0046

8714
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Table A8: XRD peak list data for pH 9 hydrothermal HA for cytotoxicity analysis, i@EDD
reference file number: 6074-0566[37].a=b=9.48 A, c=6.88 A.

pH 9 hydrothermal HA for Hydroxyapatite reference file, ICDD: 074
cytotoxicity analysis 0566
. Relative d- Relative
PAO;‘ d d-sz%cmg intensity PAO; d spacing | intensity [h k || A2
(%) A) (%)

10.793 | 8.2106 14.59 10.832 | 8.1614 | 17.00 1 0 0] 0.039
16.820 | 5.2798 4.45 16.842 | 5.2599 | 4.60 1 0 1]0.022
18.797 | 4.7288 3.19 18.817 | 4.7120 | 2.30 1 1 0]0.020
21.748 | 4.0934 6.33 21.762 | 4.0807 | 6.50 2 0 0]0.014
22.848 | 3.8987 8.05 22.858 | 3.8875 | 6.30 1 1 1]0.010
25.353 | 3.5189 2.76 25.357 | 3.5097 | 2.30 2 0 1] 0.004
25.886 | 3.4477 33.66 25.883 | 3.4395 | 35.70 0 0 2]-0.003
28.139| 3.1766 8.23 28.131 | 3.1695 | 8.80 1 0 2]-0.008
28.924 | 3.0921 17.13 28.921 | 3.0847 | 16.00 2 1 0]-0.003
31.776 | 2.8208 100 31.766 | 2.8147 | 100.00 2 1 1]-0.010
32.129 | 2.7837 57.76 32.195 | 2.7781 | 51.50 1 1 2]0.066
32.824 | 2.7263 66.15 32.897 | 2.7205 | 61.30 3 0 0]0.073
34.084 | 2.6349 21.93 34.063 | 2.6299 | 21.00 2 0 2]-0.021
35.474 | 2.5348 3.84 35.455 | 2.5298 | 3.90 3 0 1]-0.019
39.230 | 2.3003 4.98 39.197 | 2.2965 | 5.00 2 1 2]-0.033
39.819 | 2.2676 17.86 39.791 | 2.2636 | 20.50 1 3 0]-0.028
42.021 | 2.1538 4.68 41.986 | 2.1502 | 5.60 1 3 1]-0.035
43.925 | 2.0648 3.71 43.876 | 2.0618 | 4.50 1 1 3]-0.049
45.382 | 2.0018 3.39 45.330 | 1.9990 | 3.50 2 0 3]-0.052
46.427 | 1.9591 7.72 46.381 | 1.9561 | 0.70 4 0 1]-0.046
46.745 | 1.9466 24.07 46.694 | 1.9437 | 28.10 2 2 2]-0.051
48.135| 1.8935 10.74 48.081 | 1.8908 | 12.20 1 3 2]-0.054
48.637 | 1.8752 4.10 48.586 | 1.8724 | 4.00 2 3 0]-0.051
49.553 | 1.8427 27.55 49.490 | 1.8403 | 31.30 2 1 3]-0.063
50.532 | 1.8092 13.04 50.475 | 1.8066 | 16.10 3 2 1]-0.057
51.313| 1.7835 9.43 51.255 | 1.7810 | 11.60 1 4 0] -0.058
52.055 | 1.7555 11.97 52.075 | 1.7548 | 11.70 4 0 2]0.020
53.299 | 1.7216 11.18 53.220 | 1.7198 | 14.00 0 0O 4]-0.079
55.838 | 1.6452 5.49 55.863 | 1.6445 | 5.90 3 2 2]0.025
57.061| 1.6128 4.13 57.134 | 1.6109 | 3.70 3 1 3]0.073
60.006 | 1.5443 4.01 59.925 | 1.5424 | 4.30 2 4 0]-0.081
61.636 | 1.5036 6.11 61.571 | 1.5050 | 3.20 2 4 1]-0.065
61.659 | 1.5068 6.06 61.704 | 1.5021 | 5.00 1 2 4]0.045
62.902 | 1.4763 8.77 62.982 | 1.4747 | 7.90 5 0 2] 0.080
63.929 | 1.4551 9.23 63.998 | 1.4537 | 7.40 3 0 4]0.069
64.107 | 1.4551 10.96 64.165 | 1.4503 | 9.30 3 2 3]0.058
64.917 | 1.4353 7.7 65.000 | 1.4337 | 6.90 5 1 1]0.083
71.509| 1.3183 4.13 71.596 | 1.3169 | 3.70 4 3 11]0.087
72.144 | 1.3082 3.27 72.232 | 1.3069 | 2.80 5 2 0]0.088
73.931] 1.2810 4.13 74.012 | 1.2798 | 3.80 2 4 3]0.081
75.553 | 1.2575 4.53 75.622 | 1.2565 | 4.50 2 1 5]0.069
75.999 | 1.2512 2.97 76.085 | 1.2500 | 2.40 3 4 2]0.086
76.944 | 1.2382 6.48 77.021 | 1.2371 | 5.00 1 4 410.077
77.092 | 1.2362 7.42 77.174 | 1.2350 | 4.40 5 1 3]0.082
78.323| 1.2228 3.73 78.179 | 1.2217 | 5.60 2 5 2]-0.144
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Table A9: XRD peak list data for pH 11 hydrothermal HA for cytotoxicity analysis, W@BD
reference file number: 6074-0566[37]. a=b=9.49A, c=6.90 A.

pH 11 hydrothermal HA for Hydroxyapatite reference file, ICDD: 074
cytotoxicity analysis 0566
PoS. d-' .Relatiye POS. d-. .Relatiye )
Ao gl Spacing intensity Ao | Spacing intensity | h k || pA2
(A) (%) (A) (%)

10.850| 8.1476 16.17 10.832 8.1614 17.00 1 0 0f-0.018
21.799| 4.0738 | 8.05 21.762 | 4.0807 6.50 2 0 0] -0.037
22.874( 3.8848 8.51 22.858 3.8875 6.30 1 1 1|-0.016
25.845| 3.4445 | 37.74 25.883 | 3.4395 35.70 0 0 2]|0.038
28.103( 3.1726 8.42 28.131 3.1695 8.80 1 0 2|0.028
28.971| 3.0795 | 18.52 28.921 | 3.0847 16.00 2 1 0]-0.050
31.804| 2.8114 100.00 31.766 2.8147 100.00 2 1 1]-0.038
32.183| 2.7791 55.76 32.195 2.7781 51.50 1 1 2|0.012
32.954| 2.7159 | 58.52 32.897 | 2.7205 61.30 3 0 0] -0.057
34.058| 2.6303 | 19.60 34.063 | 2.6299 21.00 2 0 2] 0.005
39.861| 2.2597 | 20.42 39.791 | 2.2636 20.50 1 3 0]/-0.070
42.047| 2.1472 6.00 41.986 2.1502 5.60 1 3 1|-0.061
43.837| 2.0636 | 4.75 43.876 | 2.0618 4.50 1 1 3[0.039
45.296( 2.0004 | 4.00 45.330 | 1.9990 3.50 2 0 3]0.034
46.729( 1.9424 | 29.94 46.694 | 1.9437 28.10 2 2 2|-0.035
48.120( 1.8894 | 10.86 48.081 | 1.8908 12.20 1 3 2|-0.039
49.473|( 1.8409 | 31.70 49.490 | 1.8403 31.30 2 1 3]0.017
50.555[ 1.8040 | 15.07 50.475 | 1.8066 16.10 3 2 1] -0.080
51.348( 1.7779 11.51 51.255 1.7810 11.60 1 4 0] -0.093
52.117| 1.7535 11.59 52.075 1.7548 11.70 4 0 2]-0.042
53.160( 1.7215 13.71 53.220 1.7198 14.00 0 0 4] 0.060
55.915[ 1.6431 | 5.13 55.863 | 1.6445 5.90 3 2 2]-0.052
60.037| 1.5398 | 5.45 59.925 | 1.5424 4.30 2 4 0]-0.112
61.655( 1.5031 6.89 61.571 1.5050 3.20 2 4 1]-0.084
61.677| 1.5027 6.84 61.704 1.5021 5.00 1 2 4| 0.027
63.060( 1.4730 8.11 62.982 1.4747 7.90 5 0 2]-0.078
63.959| 1.4545 | 6.50 63.998 | 1.4537 7.40 3 0 4] 0.039
64.196( 1.4496 8.23 64.165 1.4503 9.30 3 2 3]-0.031
65.114| 1.4314 6.98 65.000 1.4337 6.90 5 1 1]-0.114
74.074( 1.2789 4.93 74.012 1.2798 3.80 2 4 3] -0.062
75.539| 1.2577 5.61 75.622 1.2565 4.50 2 1 5] 0.083
77.027( 1.2370 5.62 77.021 1.2371 5.00 1 4 4| -0.006
77.246( 1.2341 7.07 77.174 1.2350 4.40 5 1 3]|-0.072
78.301( 1.2201 7.51 78.179 1.2217 5.60 2 5 2]-0.122
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4.5.4. XRF compositional data

Table A10: Full XRF data for four HA samples.

Sigma |, D | 500°Csol | 700 °C sol

Aldrich HA HA gel HA gel HA

Concentration | Concentration | Concentrationl Concentration

(wt%o) (wt%o) (wWt%) (wWt%)
Sio, <0.006 <0.062 0.062 <0.062
TiO, 0.033 <0.006 <0.012 <0.006
Al,O5; | 0.008 <0.041 <0.012 <0.041
Fe,O; | 0.133 <0.005 <0.011 <0.005
MnsO, | 0.019 0.011 0.020 0.015
MgO <0.005 <0.007 <0.017 <0.007
CaO 49.645 55.019 55.422 52.370
Na,O | 0.154 <0.008 <0.021 <0.008
K,O <0.003 <0.004 <0.010 <0.004
P.,Os 41.875 41.345 38.291 45.224
SO, 0.115 0.037 0.044 0.035
V.05 <0.002 0.005 <0.008 <0.004
Cr,0; | <0.003 0.008 <0.010 <0.005
SrO 0.043 0.011 0.020 0.014
Zro, 0.018 0.005 0.031 0.013
BaO <0.004 <0.008 <0.017 <0.008
NiO <0.002 <0.002 <0.005 <0.002
CuO <0.002 <0.002 <0.004 <0.002
Zn0O 0.012 <0.001 <0.003 <0.001
PbO 0.009 0.017 0.029 0.016
HfO» 0.014 0.007 <0.009 0.004
F <0.085 0.000 <0.020 0.000
LOI 5.600 1.576 5.844 2.114
Total 97.679 98.041 99.763 99.806

Laboratory mtes:

. Major elements determined on fused glass beads prepared from dried powders
Sample to flux ratio 1:10, 100% Lithium tetraborate flux (Fluxana>200)

results quoted as component oxide weight perceftialmilatedo include LOI

. Samples analysed on University of Leicester, Department of Geology

PANalytical Axios Advanced XRF spectrometer using WROXI analytical

package

LOI determined on powders previously dried overnight at ID5Samples

ignited for 90 mins a®50 °C in air ventilated electric muffle furnace

. Results below limit of detection quoted as less than the limit of detection
(<LLD)

Low total for pH 11 hydrothermal HAbut not enough sample to repeat LOI

determination or make another bedd®| does seemower than for other

samples.
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4.5.5. LA-ICP-MS compositional data

Table All: LA-ICP-MS composition summary for all four HA samplasd Bonemeal standard
reference material.

Nay3 Mg24 Ksg Cayy Pay Pa; ca/P

C
Sample Name )((vxit(‘;/g) )vaitg% )((vxit(‘;/g) (wt%%‘) )((alt.(f;/% (Wt%) )((alt.(f;/% Ca/P Avg
15.973| 1.057 | 1.947 | 0.697 | 1.584 | 0.303 | 0.977 | 1.620
SiamaAldrich 17.299| 1.048 | 2.090 | 0.704 | 1.601 | 0.296 | 0.953 | 1.680 164+
9 HA 16.859| 1.068 | 1.857 | 0.701 | 1.592 | 0.299 | 0.966 | 1.650 (')_03'
16.657| 1.068 | 1.667 | 0.693 | 1.575 | 0.307 | 0.990 | 1.590
16.469| 1.049 | 1.914 | 0.701 | 1.594 | 0.299 | 0.963 | 1.650
2.806 | 3.925| 1.700 | 0.700 | 1.592 | 0.299 | 0.965 | 1.650
pH 11 2.882 | 3.401| 1.668 | 0.701 | 1.594 | 0.298 | 0.962 | 1.660 165
hydrothermal | 2.810 | 4.297 | 1.757 | 0.697 | 1.584 | 0.303 | 0.976 | 1.620 (‘)_02‘
HA 2.889 | 3.961 | 1.606 | 0.705 | 1.601 | 0.295 | 0.952 | 1.680
2.856 | 4.542 | 1.671 | 0.699 | 1.590 | 0.300 | 0.968 | 1.640
2,776 | 2.675 | 91.977 | 0.729 | 1.658 | 0.270 | 0.872 | 1.900
1.588 | 2.548 | 40.053 | 0.709 | 1.611 | 0.291 | 0.939 | 1.720
500 °C solgel 1.84 +

< 1.965 | 2.437 | 46.146 | 0.720 | 1637 | 0.280 | 0.902 | 1810 | *3*-
2.055 | 2.416 | 41.642 | 0.734 | 1.668 | 0.266 | 0.857 | 1.950
2209 | 2.534 | 32.859 | 0.720 | 1.637 | 0.279 | 0.901 | 1.820
3.395 | 2.525 | 25230 | 0.702 | 1.597 | 0.297 | 0.959 | 1.670
] 3.163 | 2.568 | 21.158 | 0.700 | 1.590 | 0.300 | 0.968 | 1.640
700 SAsmge' 2977 | 2.360 | 16.460 | 0.700 | 1.591 | 0.300 | 0.967 | 1.640 1(')('5(‘)52*
2332 | 2.120 | 18.460 | 0.703 | 1.599 | 0.296 | 0.956 | 1.670
2922 | 2.454 | 25930 | 0.706 | 1.605 | 0.294 | 0.947 | 1.690
1.437 | 0211 | 1.683 | 0.725 | 1.647 | 0.275 | 0.888 | 1.860
Bonemeal | 1.586 | 0.205 | 1726 | 0.725 | 1.647 | 0.275 | 0.888 | 1.850
NIST1486 | 1.611 | 0.199 | 1.677 | 0.725 | 1.649 | 0.275 | 0.886 | 1.860
Standard | 1685 | 0206 | 1.837 | 0.726 | 1.650 | 0.274 | 0.884 | 1.870

1.748 | 0.205 1.700 0.724 | 1.645 | 0.276 | 0.891 | 1.850

1.86 =
0.01
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Chapter 5. Results & discussion- Calcium oxide nanosorbents for

CO, sequestration

Preface

The worldwide obligation to reduce anthropogenic,@®issions has led to
large interest being generated in the development of technologies for carbon capture
and strage (CCS)The technique for COcapture currently considered the most
commercially viable ismine scrubbingwhich was first successfullfrialled ongas
and coal power stations ofll9aThetechniqgue s c al
captues CO, for geological storagby regenerating the solvent by stripping with
water vapour at 100 °C to 120 €19 however, due to various operational (e.qg.
corrosion) and environmental disadvantages, there is a drive to develop greener and
more costeffective methds [12(. Alternate technologies include absorption with
soluble carbonate, adsorption with activated carbon and capture using an ionic liquid
[121, 122, but these are not easily applied at temperatures above 500ht¢h
would be necessary for incorptiom into coal power plants vene temperature
conditions for coal combustiofand therefore COemission)are typically in the
range55071 750°C [108 122-124]. Oneeffectivemethod forCO, sequestration, at
a higher temperature range (55050 °C),is tousea solid metal oxide sucls&aO
(e.g. calcined limestone) amdhnoparticulateCaO based powder sorbents are well
recognised as materials for effective higgpacity capture and storage of M5
129. Calcium acetate hydrate, CaA€a(CHCOO)-xH,0), powder has been
previously highlighted as an effective precursor for the formatioranbparticulate

CaO which can be utilised for optimum sequestration o a€3[123 128 275.
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Although the costs of these napowder sorbents may prevent thatilisation in
large scale operations, information gained from research on model Ca® nano
powder sorbents will help understand the fundamental issues concerning

carbonations and decarbonation.

Calcium acetate hydrate reportedihermally decomposes(in an N
atmosphere)n a stepwise fashion, by an initial release of wa(detweenl00
200°Q, and thendecomposition of acetatéo form an intermediate calcium
carbonate (CaCg) phase(between 35150 °C) which ultimately decomposes to
form fine nanoparticulat€€aO (at ~750 °C)[141,275. This resultant CaO product
exists as a more opendt fully-sintered) structure in comparison to CaO formed by
the decomposition of alternate calcibased precursors, such as calcium nitrate
tetrahydrate (Ca(N§),-4H,0), calcium hydroxide (Ca(Ok))and calcium carbonate
(CaCQ) and therefore, due to thergerexposed surface areaailablefor reaction,
offers a higher amount of carbonation conversion for the sequestration, 128D

279.

Modification of pavder CaO sorbents using dopant and sequrabe
materials have been highlighted as means for improvingda@ture performance,
with zirconia (ZrO,;) and mayenite Ga2Al14033) both recognised as effective
materials for such improvemefi30, 276 277. These O&éspacer 6 powde
improve the regenerability of the CaO sorbents during multicycle &apture by
acting as barriers against the sintering of CaO during decarborfati@®0 °C)
limiting CaO particle growth and maintaining higher particle surface areas for the

subsequentarbonation reaction.

Work in this Chapteraims to firstly analyse the steyise decomposition of

CaAc to identify thekey microstructural changes that lead to the reported formation
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of an open structured CaO sorbéntcharacterisation at the bulk and nanoparticle

level

Secondly, nanoscale analysis of the carbonation process of the CaO sorbent
will be carried out to identify the growth mechanism of calcium carbonate, £aCO
and subsguently any densification and sintering duringhe continuous

decarbonation/carbonationulticycle process.

Finally, modifications of theoptimum CaO sorbent will be prepared using
particle spacer materials (yttria stabilised zirconia, calcium zircondtenagenite),
and analysed fopotential furtheimprovement in multicycle durabilityThe main
concept here is to use yttria stabilisec
utilising its phase transformation from tetragonal to monoclinic &80 °C)
between sorbent carbonation and decarbonation to induce micro stresses and crack

to provide active Ospacer sb.

Nanoparticle analysis by electron microscopy will be used to highlight the
microstructural effects of particle spacers on the CaO sorbeitt) whimately may

lead to improving the overall sorbent performance fop €ipture.
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5.1. Hydroxyapatite as a sorbent for CQ capture

As previouslydiscussedn Section4.2.2 the decomposition of synthetic HA
can beginat ~600 °C, and with increasing temperature/(9 °Q, proceeddy the
following reaction to produck-TCP and Ca@227, 22§:

Cao(PQ)s(OH)2(S)Y 3 40PDy)2 (s) + CaO(s) + Hz0O (g) (5.1)

Naturally occurring hydroxyapatitecontains carbonate ions (GQ that have
substituted on hydroxyl ion (OMH sites [38], and he HA samples previolys
prepared in house by the syl synthesigoute similarly exhibited contaminants of
carbonate andhlso CaO (see Sectio.2.2 Figure 4.6 and 4.7). This therefore
presets apossibilityfor the use oHA as a high temperature sorbent for the capture

of CO; gas, following the reaction:
CaO (s) + CQ( g ) Ca¥Q (s) (5.2

A preliminary experiment has investigatedet CQ uptake capability of
syntheticHA was bythermogravimetric analysis (TGAjsing aShimadzuTGA-50
thermobalanceThe HA samples previously prepared by thegallroute (calcined
at 500 and 700 °C) and hydrothermal method (at pH 11), and also the commercial
HA powder (Sigma&Aldrich) have beerheated from20 to 1000 °C at a constant
heating rate of 20 °C mithin a fixeda CQ atmospherdflow rate =50 ml min™).
Results are displayed Figure5.1 and it is observed that no significant weight gain

due to uptake of CQs observed by angf theHA samplesin these conditions

In fact weight loss (6.%) was observed in the Siga#ddrich sample, which
may be due to loss of J@. The inhouse prepared samples showesfligible
changesin weight percentage (all < 28 with the pH 11 hydrothermal HA

showinga < 2% decrease in mass up to 600 °C, and then a minor gain of < 1% up to
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1000 °C Such small changes may be erroneous and causddfbpy the TGA

instrument The solgel sample prepared at 500 °C showed no netatight

decrease up to 900 °C, after which a%.8ecrease in weight was observed up to
1000°GC which may be t he s t-aaPtSimoaflythd 8ol d e c on
gel HA prepared at 700 °C showed no notable weight change up to 900 °C, with a <

1% wepht decrease observed up to 1000 w@ich again which may be the start of

HA decompoBPtion to D

It can be ultimately concluded that H&not effective for the capture of GO
at this temperature rangand consequently will not be pursued furtherehier the

production of powder sorbents for @O
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Figure 5.1: Thermogravimetric analysisf the CO, uptakecapabilityof HA samples prepared by the
solgel method (calcined at 500 °C and 700 16§, hydrothermal method (at pH 11) and commercial
HA powder (SigmaAldrich). Temperature raised from 201000 °C at (20 °C mif) under constant
CO, atmospher¢50 ml min™ flow rate)
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5.2. As receivedcalcium acetate hydrate

The thermal decomposition of a commercial calcium acetate hydrate, CaAc
powder Ca(CHCOO)-xH,0; value of x unreported by supplier), Acros Organics,
99%, extra pure) has been analysed usigmogravimetric analysis (TGAyith
evolved gases analysed by Fourier transfamfmared spectroscopy (FTIR)The
development of the @ises formed during this process have laealysed by XRD,

SEM and TEM.

5.2.1. XRD analysis

The X-ray powder diffration pattern for the CaAc, powder is showrFigure
5.2a. Sharp peaks suggest a high degree of crystallinity, and a prevalence-of high
intensity peaks at lumtwell Zachmetees.| Anatysis of tmed i ¢ a |
peak data usi n dtwak Glpws the saipl& was best matohed to
calcium acetate hydrateCa(CHCOOQO):-0.5H,0 (ICDD ref: 00:019-0199); this
reference pattern suggests a crystal structure where one water molecule is shared
between every two calcium acetate molecul@yg. The aystallographic
parameters (space group and Miller indices) are unreported by the reference pattern

for thismaterial
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(a)

(b)

Intensity (a.u.)

[ O

Figure 5.2: (a) XRD pattern foras receivectalcium acetate hydrate powder. Pattern is in close
agreement with (b) calcium acetate hydrate, Ca@»0)-0.5H,0, ICDD ref: 00019-0199[279.

Full peak data inthe appendix,Table A12Not e : Reference provides peak
52°, with Miller indices not provided
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5.2.2. Patrticle analysis by SEM and TEM

Particle analysis of thas receivedCaAc powder has been carried out by SEM
and TEM, with images and a selected area electron diffraction pattern (SAED)
shown inFigures 5.3 and 5.4. Particlesize information wa®btained by manually
measuringthe dimensions of 50 particlésnaged by TEM)using Gatad ®igital

Micrograph softwarefigure5.5.

Analysis by SEM Figure 5.3a-c) shows that thas receivedCaAc powder
consistsofverylare (> 50 € m) , -Bké aggrepatesefdathahmped f | a k
primary particles. At high magnificationFigure 5.3c), the aggregate appears
disruptedwith the presence of much smaller lath shaped particles (typicalljnl i n

length) observed on the sacke.

Analysis by TEM Figure5.4) shows individual lath shaped particles of CaAc,
with measurements of 50 individual partglenaged byrTEM (Figure5.5) showing
l engths ranging from < 0.5 e€m to > 5 e¢€n
existing intheranget*1 . 5 em; aspect ratios varied g
average of 8.1The selected area electron diffraction (SAED) pattern of a CaAc
particle is shown irFigure 5.4c, and no sharp rings are observed. This does not
agree with the mvious XRD patternKigure 5.2) where sharp intense diffraction
peaks were observed, indicating a highly crystalline structure. It is assumed that
CaAc may have undergone alteration under the electron beam or vacuum of the
TEM; but this result is not condered to presentng bearing on the remainder of

this study.
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Figure 5.3: (a & b) Low magnification SEM images @s receiveccommercial calcium acetate

hydrate showing large & 0 € m) , e | o nligesaggeedatesaf ldth shdpediprmary particles

and (c) high magnification SEM image a$ receivecommercial calcium acetate hydrate showing
small er | ath shaped particles (tymlagadgdregatel & m i
(Figure5.3n).
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2 ym

Figure 5.4: (a & b) Bright field TEM images o&s receiveccommercial calcium acetate hydrate
showing individual latkshaped primary particles (c) shows selected area diffraction pattern for image
(b), no sharp rings may suggest alteration of the material under the electron beam or vacuum of the

TEM.
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5.3. Thermal decompositionof CaAc analysedby
thermogravimetric analysis (TGA), and evolvedgas analysidy

Fourier transform infrared spectroscopy (FTIR)

The thermal decompositicand evolveegas analysisf the as receivedCaAc
has beemnalysedy a Stanton Redcroft TGHO00 TGA instrument connected to a
Thermo ScientificNicolet iIS10 FTIR spectrometerunning OMNIC processing
softwareand fittedwith an attenuated tal reflection (ATR) accessory. A5 mg
sample of CaAovas decomposedy heatingfrom 20 to 1000 °C at a constant
heating rate of 20 °C mih under a N atmosphere (56nl min™). Figure 5.6

displays TGA data from the decomposition of CaAc infiddm 20- 1000 °C.

Table 5.1 highlights the percentage mass loss across three given temperature
ranges; 150 240 °C, 400 520 °C and 650 765 °C.Expected percentage mass loss
values are also presentéd Table 5.1 for CaAc0.5H,0. FTIR spectrawere
recorded every 30 seconds (10 °@)d aredisplayed inFigures 5.7 and5.8. In the
temperature region 150 240 °C, where water loss is predicted, imrared

absorption due to evolved gases was detééted

The data here<gure5.6) shows thaby 765 °CCaAchas decomposdd CaO
with an oveall percentage mass loss of 8&.5The process occurs firstly via an
initial two-stage mass loss of water molecules, the first at ~18ID °C,and the
second at ~200 240 °C, with a total percentage mass loss of Bguigalentto a
xH>,O molar loss =0.45 [141]]. Thisis in close agreementith the previous XRD
reference pattern which reports CaAc-0:6HThis process follows the proposed

reaction:

¥y YFrom discussion with Dr Adrian Cunliffe (Energy Research tuns), this is a
common occurrence in hydrated species.
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Ca(CHCO0)-0.45H,0 Ya(CHCOO) + 0.45H,0 (53

Between ~400 520 °C, previous workindicates that the dehydrated CaAc
breaks down tdorm calcite (CaC@) with the release of acetorf€3;HsO), with a
total percentage mass loss o#.3% between 400 °C and 500 °{141]. The
formation of CaCQ@ within this temperature isonfirmed by Xray diffraction in
Sectiors 5.3.1 and 5.4 This decomposition of dehydrated CaAc to calcite and
acetone follows the reaction:

Ca(CHCOO0O)RY C a8 GHO (54)

This decomposition to the calcium carbonate phase occurs via -atépo
process and this has previously been attributed to the melting of the calcium acetate
[280. Melting subsequently slows down the rate of decompositionoandrsat
~440 °C onFigure 5.6. Figure 5.7a highlights the FTIR spectra for absorption
acetone, detected in the temperature regioni4330 °C. Experimental data (red)
and besmatched reference data (purple) for acetone absorption, collected using
OMNIC processing software, arb@vn. Figure5.7b shows the changing intensity
of the strongest peak due to carbonyl (C=0) stretching mode, commonly associated
with acetone absorption (in the wavenumber region 163850 cnT), with the
progression of CaAc decomposition from 2A000 T in N, [287]]. It is observed
that absorbance due to the carbonyl group of acetone first begins at 415 °C, with the
peak reaching a maxima at 455 °C. A second, less intense, maxima is also observed
at 498 °C, with no further absorbance beyond 520 °C.[dkssof acetone coincides
with the significant weight loss observed by TGAigure 5.6) in the temperature
region 4007 500 °C. Despite TGA showing a tvwatep decomposition in this
temperature region, onlyfrared absorption due to acetone was detectedrby\R
analysis ofevolved gases. This supports the previewmk suggesting that this

change in decomposition rate is cause by melting of the calcium d&adte
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The calcium carbonate then decomposes to form calcium oxide from ~650 °C

to completion at765 °C[141]:

CaCQY CaO ,+ CO (55)

Figure 5.8a highlights the FTIR spectra associated with carbon dioxide
absorption, detected in the region 60800 °C. Experimental data (red) and best
matched reference data (purple) for L£@bsorption, collected usin@MNIC
processing software are showfigure 5.80 shows the changing intensity of the
strongest peak due to the antisymmetric stretching mode of carbon#d, (C
commonly associated with G@bsorption (in the wavenumber regid8007 2400
cm™®), with the progression of CaAc decomposition froni 2M00 °C in N [287.

Significant dsorbance due to tlwarbonatestretching modés first observed at
600 °C, with the peak reaching a maxima ab ?7C. A sharp decrease is seen
beyond this temperature with no carbonate absorption detected after 800 °C; from
the TGA curve Figureb5.6), thissuggestshe full decomposition of the intermediate
CaCQ phase to CaPwhich is subsequently confirmed by-r&y diffraction in
Sectiors 5.3.1and5.4. Onlyinfraredabsorption due to the G@arbonate group was

detected in this temperature region.

Overall, the data presented harein good agreement with previous reports

for this materia[141, 275 278§,.
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Figure 5.6: TGA data forthe thermablecomposition of calcium acetate hydrate froni 2W00 °C in

N, Temperature ramp = 20 °C min

Table 5.1: Percentage mass loss for thermal decomposition of daAd GA, with expected
percentage mass loss values@aAc 0.5H,0.

Measured mass Expected mass
Temp (°C) 1055 (%) l0ss (%) for
CaAc-0.5H,0
~150240 5.0 57
~4006500 345 347
~650765 26.0 26.3
Total Loss = 65.5 667
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Figure 5.7: TGA/FTIR data for gases evolved during the decomposition of CaAc with (a) pattern
(red) assigned to acetone, with reference pattern for acetone (purple) and (b) development of the most
intense carbonyl group peak due &cetone absorbance, in the region 16880 cni, with
decomposition of CaAc from 201000 °C in N.
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Figure 5.8: TGA/FTIR data for gases evolved during the decomposition of CaAc with (a) pattern
(red) assigned to carbatioxide (CQ), with reference pattern (purple) and (b) development of the
most intense COgroup peak, in the region 23@300 cn, with decomposition of CaAc from 20

1000 °Cin N.
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5.3.1. XRD & TEM analysis

Analysis of the CaO, derived from TGA decomposition of CaAc at 800 °C, has
been carried out by XRD and TEM. An additional sample has also been prepared by
the TGA decomposition of CaAup toat 500 °C (following the previously outlined
TGA conditions), whth will be also be analysed by XRD and THMgure5.9 and
Figure 5.10 show XRD patterns of CaAc samples decomposed by TGA (at 20 °C
min in N) up to 500 °C and 800 °C respectively with no dwell time. rfae
cooling is carried out byn external ShimadzBLW-50 cooling blower. The N
supply is not removed until the chamber is cool and opened for removal of the
sample.Figure 5.9 shows the presence of two polymorphic forms of calcium
carbonate; calcite and vaterite, formed upon decomposition of CaA® &y
TGA. Higher intensity diffraction peaks were observed #&icite, suggesting a
dominant phase here, with only low intensity peaks observed due to vaieitie
exhibits a rhombohedrairystal structure & = b = 4.99 A ¢ = 17.06 A) and is
recognised as more thermodynamically stable at room tempendaiegite exhibits
a hexagonal crystal structure£ b = 4.13 A,c = 8.49 A) anl is considered to be a
metastable polymorph of calcium carbonate which can often contaondeisd
carbonate molecules which lead to partial occupancy of carbonate in the structure
[283-285. Vaterite is also seen as a precursor of calcite, which, when initially
crystallised from amorphous calcium carbonate, will transform to calcite by a
dissoltion and reprecipitation mechanig@86. A report by de Leeuw and Parker
explains that vaterite can exist in different morphologies including spheres

comprising of needHike units, ellipsoids or disklike crysta]283.

After decomposition of CaAc &00 °C by TGA, peaks due to CaO were

mainly observed in the XRD patterRigure5.10), with also small broad peaks due



156

to calcium hydroxide (Ca(O)) |, and a single peak (at
100% peak of calcite (CaCg£). The Ca(OH) and calcitepeaks can be attributed to

the reactive nature of CaO on exposure to air (atmospheric moisture apcag®d

this is most likely (despite care during handling) during storage, and unavoidable
during sample preparation for analyg287]. Such rapid hydratioand carbonation,

of the CaO sorbent can be attributed to the large pore volume and high surface area
of the nano particulate CaO product formed by the decompositicelcium acetate
hydrate, properties which similarly make CaO, produced by decompositidaAc,

a superior powder sorbent (in relation to CaO formed by alternate calcium

precursorsjor CO; capturgf123 128 275, 27§.

Figure5.12 displaysTEM imagesthatshow the morphologies of the products
formed by TGA decomposition of CaAc at 500 °C and 800 °C (with immediate

cooling upon reaching desired temperatures).

The products of TGA decomposition of CaAc at 500 °C (wilsichtainsboth
vaterite and calcite phasdrom XRD, Figure5.9) are showrby bright field TEM
images and SAED patterns iRigures 5.11 and 5.12. Figure 5.11a displays
polycrystallinevaterite, which is observed to consist of a branched network of long
needlelike particles, reaching uple m leéngth The corresponding SAED pattern
(Figure5.11b) confirms only a vaterite phase, with no diffraction spots due to calcite

observed.

The calcite form of calcium carbonate, also produced by CaAc decomposition
at 500 °Cby TGA, is shown inFigure5.11c, with the calcitephase confirmed bthe
correspondingSAED patternin Figure 5.11d. No diffraction spots due to vaterite
were observedCalcite does not show the same branched struetuithevaterite;

the material is seen to exist as large thin shketstructures. A small amount of
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porosity within the sheets was evident which may be due to loss p6IG@ay be a
result of air trapped during recrystallisation from the melting calcium tecethich

occuss at 440 °C(Figure5.6) [28(.

The product of TGA decomposition of CaAc at 800 °C (which, displayed
mainly CaO, with small amounts of Ca(QHnd calcite py XRD, Figure5.10) is
shown by a bright field TEM image and SAED patternFigure 5.12a-c. Figure
5.12a showshighly sinteed agglomerates of fine plalige particles(typical size<
150 nm) selected area electron diffractidfiqure5.12b) confirms diffraction due to
CaO, Ca(OH)andCaCQ. Figure5.12c shows the presence of nanopores within the
particles, these are typically < 10 nm. Individual particles after TGA decomposition
at 800 °C are smaller than those formed after decomposition at 500 °C, however

there is a significant amount of sinteriegdent.
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Figure 5.9: XRD pattern for CaAc sample decompossdTGA from room temperature to 500 °C

(at 20 °C mift) with no dwell time6 #6 denotes i ndex edCDPecaa®BO9050f cal ¢
0586[221]. 66 denotes i ndexglCDpref206G083-026B[283 . aFullgpeak t e Ca
list available intheappendix,Table A13

E CaO + small amounts of
S Ca(OH),& CaCOj,
100 -
80 S

Intensity (%)
(o)
o

N
o

e(111)

6(311)
6(222)

20 - S ) = S
g8 ‘Q_’B' S i

A L~,*w/\JNJ :
O 1 1 1 1 1 T 1
10 20 30 40 50 60 70 80

Degrees &

Figure 5.10: XRD pattern for CaAc sample decomposed by TiGAn room temperature to 800 °C

(at 20 °C mift) with no dwell time 366 denot es i ndexed CpCel@dDsef: 04 cal ci
0037161[22q. O0mpd denotes indexed pealkBDraD-0844268 i um hy
[289. O0#06 denotes i nde xzeldDDped &K0850536 [221. &ull peak kst CacCoO
available inthe appendixTable A14
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Figure 5.11: Bright field TEM images and SAED patterns of (a & b) Vaterite CaGO5(ICDD ref:
00-0330268)[288) and(c & d) Calcite CaCQ@&d ICDD ref: 00:0050586[221]) both formed from

by TGA decomposition of CaAc at 500 °Cabels of SAED pattern correspond to spots on
diffraction rings.
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(a) 800 °C (CaO + Ca(OH) + calcite)

i

Figure 5.12 (a) Bright field TEM image and (b) corresponding SAED pattern of the CaO formed by
decomposition of CaAby TGA at 800 °C. SAED pattern shows d f r acti on r @ngs
(ICDD ref: 04-003-7161[226]), Ca(OH} & (ICDD ref: 01-:0841263[289) and calcite CaC¢0 # 0
(ICDD ref: 00-0050586 [221]), labels correspond to spots on diffraction rinf showshigher
magnificationimage of (a) highlighting presence of nanopores withirptirécles.
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