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bstract

There is a great need to design functional bioactive substitute materials capable of surviving harsh and diverse conditions within the human body.
alcium-phosphate ceramics, in particular hydroxyapatite are well established substitute materials for orthopaedic and dental applications. The aim
f this study was to develop a bioceramic from alga origins suitable for bone tissue application. This was achieved by a novel synthesis technique
sing ambient pressure at a low temperature of 100 ◦C in a highly alkaline environment. The algae was characterised using SEM, BET, XRD and

aman Spectroscopy to determine its physiochemical properties at each stage. The results confirmed the successful conversion of mineralised red
lga to hydroxyapatite, by way of this low-pressure hydrothermal process. Furthermore, the synthesised hydroxyapatite maintained the unique
icro-porous structure of the original algae, which is considered beneficial in bone repair applications.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Bone repair in particular bone mineralisation presents unique
hallenges and has become the “target” for many new ther-
peutic strategies. An aging population, coupled with trauma
njuries and bone diseases, could benefit greatly from improved
herapeutics, with their own etiologies and therapeutic obsta-
les [1]. There are currently a wide variety of conventional
nd contemporary bone repair treatments available, each with
nherent advantages and disadvantages. However, despite the
normous benefits brought by these methodologies, the need
or bone repair and regeneration with minimal morbidity and
ortality remains unexploited [2].
A global demographic shift in population has intensified the

eed to provide not just replacement therapies but improved
ong-term cost-effective regeneration solutions [3]. In fact, it is

stimated that osteoporosis alone, costs the UK National Health
ervice £1.7 billion per year [4]. New therapeutic strategies in

he form of tissue engineering have the potential to significantly
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urb healthcare crises, and ultimately, improve the quality of life
f millions of patients by revolutionising existing therapies [5].

Calcium-phosphate (CaP) ceramics have received persistent
ttention as potential substitute material owing to their excellent
iocompatibility [6,7]. The main constituent of bone is primar-
ly in the form of hydroxyapatite [Ca10 (PO4)6 (OH)2; HA]
ccounting for approximately 75% of bone tissue by weight
50% by volume). This is subject to variation with age, anatomi-
al location, general health, and nutritional status [8]. The crystal
tructure of HA makes it an ideal candidate for replication, as
t lends itself to ionic substitution. This is useful when manip-
lating the resorbability of an implant to ensure its resorption
ate is synchronised with the ossification of new bone. In its
ure state, the resorption rate of HA is much slower than natural
one. The addition of magnesium ions into its crystal struc-
ure improves the materials solubility, giving it a resorption rate
imilar to natural bone [9].

Several approaches have been taken to develop methods
or processing HA, using both natural and synthetic materials.

ydrothermal synthesis [10–15] has been widely investigated,
articularly in relation to the conversion of phytogenic cal-
ium carbonate material. Roy and Linnehan [10] successfully
onverted coral to HA using high pressure and tempera-

mailto:g.walker@qub.ac.uk
dx.doi.org/10.1016/j.cej.2007.10.016
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Nomenclature

L percentage mass loss on ignition
M0 weight of algae pre-heat (g)
MX weight of algae after ignition at 550 ◦C (g)
MY weight of algae after ignition at 1000 ◦C (g)
X degree of conversion expressed as a percentage
W weight of algae at time t (%)
W0 initial weight of algae sample (g, %)
W residual weight of algae at end of thermal decom-
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ure (103 MPa; 270 ◦C). The hydrothermal synthesis (Eq. (1))
llowed ionic exchange without destroying the skeletal mor-
hology of the coral/starfish [10].

10CaCO3 + 6(NH4)2HPO4 + 2H2O → Ca10(PO4)6(OH)2

+ 6(NH4)2CO3 + 4H2O + 4CO2 (1)

ther approaches have been described in the literature,
ncluding microwave irradiation [16,17], and mechanochemical-
ydrothermal synthesis [18].

CaP ceramics derived from coral and sea urchin spines, are
aining more acceptance for orthopaedic use in non-load bear-
ng applications [19]. The advantage of using natural sources of
aCO3 for bone repair is primarily for its unique morphology.
hese materials have high surface areas which help improve the
olubility of the implant and facilitates cellular activity. Some
oral species have a similar pore size and porosity to bone. For
xample, Goniopora used to manufacture Pro-OsteonTM has a
ypical pore size of 500 �m, which is similar to that of cancellous
one [20]. This high macroporosity structure provides an ideal
nvironment to support bone mineralisation. However, the har-
esting of coral reefs can have a detrimental impact on marine
cology, and for this reason its widespread use must remain
imited.

Recent studies have investigated the use of mineralised red
lgae, as an alternative to coral [12]. Some of these species
ave a relatively short growth rate of 2.2 mm/month in opti-
al (12–18 ◦C) water conditions [21]. However, these species

ave the potential to be farmed specifically for commercial use,
aking it more attractive as a source material. A perceived dis-

dvantage of using algae is its small pore size of >10 �m. Early
tudies concluded that pores >250 �m induced fibrovascular
rowth opposed to the differentiation of osteoblastic bone cells
19–22]. More recent in vitro studies carried out by Turhani et al.
23,24], have shown that Algipore® with a pore size of 5–10 �m
upports attachment and proliferation of osteoblastic type cells.
lgipore® is hydroxyapatite derived from a mineralised red

lgae (Corallina officinalis) using high-pressure hydrothermal
ynthesis similar to the method described by Roy and Linnehan

10]. In addition a study by Roy et al. [25] investigating the use
f meso-porous ceramic material concluded they significantly
mproved the percentage of new bone formation when compared
o non-porous ceramic material.
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Several synthetic alternatives CaP ceramics have also been
evelopment in recent years. These include a range of �-
ricalcium phosphates (�-TCP), such as Chronos® and Ceros®,
ith a typical pore size of 100–500 �m. The use of these syn-

hetic materials has proven problematic in terms of structure and
echanical integrity, limiting their use in orthopaedic applica-

ions [19,26].
This study aims to investigate the potential of converting

ineralised red alga into a biphasic CaP ceramic by way of
ow-temperature synthesis. Furthermore, the ability to maintain
he algae’s morphology, throughout chemical processing is fun-
amental to its in vivo success. C. officinalis was selected for this
tudy. The advantages to using this alga were (1) recent studies
23,24] have proven it biocompatibility, (2) it has a favourable
orphology, (3) it is a magnesium rich calcite and (4) it is

eadably available. It was hypothesised that the presences of
agnesium in the alga would induce tricalcium phosphate in the

esultant material. Furthermore, low-pressure temperature syn-
hesis would help retain the original morphology of the algae.
he method purposed herein offers a simple, ambient tempera-

ure/pressure alternative to the usual high pressure-temperature
ynthesis techniques.

. Materials and methods

.1. Materials and synthesis

C. officinalis collected from Fanad, Co. Donegal, Ireland,
as used for this study. The algae was rinsed in a high-pressure
ash until the waters ran clear and dried at room temperature

or 24 h. It was then mechanically sieved to a particles size in
he range of 1.0–1.4 mm. A thermal heat treatment was used to
urn off organic material. This was undertaken in an Elite box
urnace BRF15/5, with a 5-l chamber capacity. Sample weights
f between 5 and 10 g were heated in ceramic crucibles. The
oak temperature ranged from 650 to 700 ◦C and was held for
12 h fixed period. A slow ramp rate of 0.5 ◦C/min was used

revent decomposition of the alga structure. After heating, the
amples were cooled naturally inside the furnace. The process-
ng parameters were predetermined using thermogravimetric
nalysis (TGA).

For synthesis, a stoichiometric value of ammonium
i-hydrogenphosphate (NH4H2PO4, 99.9%; Aldrich) was dis-
olved in distilled water and added to the pyrolised algae. The
eaction was carried out in a 1-l reaction flask (under atmospheric
ressure), and continuously mixed at a speed of 100 rpm using a
echanical stirrer. The temperature was maintained at approxi-
ately 100 ◦C for 12 h. The pH was regulated (pre-synthesis)
ithin the range of 10.00–11.00 using ammonium hydrox-

de [NH4OH; Aldrich, 28% in H2O] and maintained above
throughout processing. The suspension was cooled at room

emperature and left in solution overnight. After this period,
he filtrate was separated by vacuum filtration. The filtrate

as then washed in distilled water. Residual NH4MgPO4·H2O
as removed using 10% (v/v) acetic acid under agitation. The
aterial was then neutralised by repeated washing and dried

vernight at 90 ◦C.
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.2. Pyrolysis investigations

A “mass loss” investigation was undertaken to determine the
ptimum processing conditions for the pyrolysis step. All “mass
oss” experiments were carried out in a furnace in an air atmo-
phere. The algae was washed and dried at 90 ◦C overnight.

mass of 2 g was heated for 24 h in ceramic crucibles at five
ifferent temperatures: 60, 105, 450, 550 and 1000 ◦C. The sam-
les were heating using a ramp rate of 10 ◦C/min then cooled
radually to room temperature. The mass loss on ignition was
etermined in accordance’s to BS 6463-102:2001 [27]. The sam-
les were prepared as aforementioned then cooled in a desiccator
o room temperature. Immediately a sample of 1 g was weighed
o an accuracy of 0.001 g, in a platinum crucible. This was heated
t 550 ± 5 ◦C for 1 h, cooled in a desiccator with a constant exter-
al air flow and weighed. This was repeated at hourly intervals
ntil a constant mass was achieved, then repeated at 1000 ± 5 ◦C.
he percentage mass loss due to ignition was calculated using
qs. (2) and (3).

550 =
[
M0 − MX

M0

]
× 100 (2)

1000 =
[
M0 − MY

M0

]
× 100 (3)

.3. Material characterisation

TGA was carried out using Netzsch STA 449 C Jupiter appa-
atus in nitrogen and air with a flow rate of 0.05 ml/min. The
amples were crushed then heated from ambient to 1000 ◦C with
rate of 10 ◦C/min. Calibration was carried out using a platinum
rucible. This analysis was preformed to monitor the weight loss
n the organic phase and thermal behaviour of the algae during
alcification. The results were expressed as the fractional weight
oss, which was calculated using Eq. (4).

=
[

W0 − W
]

(4)

W0 − Wr

Powder X-ray diffraction (XRD) was carried out on a Phillips
iffractometer, and was used to determine the crystallinity and
hase composition of the sample at each stage of processing.

r
a
(
o

Fig. 1. Micrographs of raw algae internal morphology: (a) perpen
ng Journal 137 (2008) 173–179 175

he XRD analysis was carried out under Cu K� (λ = 1.5406 nm)
adiation and recorded in the range of 10◦ ≤ 2θ ≤ 60◦ with a step
ize of 0.02◦ for 2θ and count rate of 0.0005◦/min. The samples
ere characterised using semi-quantified Rietveld analysis with

Phillips’ X’ Pert High Score Software.
The samples from each stage of processing were further anal-

sed using Raman Spectroscopy to characterise the material,
ith respect to its chemical composition and molecular struc-

ure. An Avalon R2 bench top model was used with a laser
xcitation of 785 nm, and approximately 100 mW of power.

Scanning Electron Microscopy (SEM) was carried out using
JEOL 6500 FEGSEM to determine the effect of processing on

he structure of the alga. For analysis, the samples were sputter
oated with gold for analysis using a Fisons Instrument Coater
Polaron SC 502, UK). Before processing image analysis was
arried out from these micrographs to determine the mean pore
ize of the algae. Lucia image analysis software was used.

.4. Statistical analysis

All experiments were performed in triplicate, unless other-
ise specified. One-way analysis of variance (ANOVA) with a
ost hoc Fisher’s PLSD test was applied to the mass loss data
sing a confidence level of 5%.

. Results and discussion

.1. Alga characterisation

The micrographs in Fig. 1 show the morphologic structure of
he raw alga. A cross-section of the branch in Fig. 1(a) shows

concentric uniform pore distribution. A section taken paral-
el with the branch in Fig. 1(b) reveals long tubular canals.
he external surface was rough and dimpled. The pore size
as calculated from the micrograph in Fig. 1(a) (using Lucia

mage analysis software). These results are shown in the his-
ogram in Fig. 2. The results show the pore size to be in the

ange of 7–13 �m, with over 80% of them 9 �m or larger, with
mode at 10 �m. The cell wall thickness was calculated as 1.8

±0.71) �m and the pore length as 40.12 (±3.32) �m. Microp-
rosity (10–500 �m) and surface roughness play an important

dicular to pore orientation; (b) parallel to pore orientation.
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Fig. 2. Histogram of pore size (n = 100).

ole in osteogensis, as they induce protein adhesion, thus promot-
ng cell attachment and proliferation [28]. In addition, the high
orosity increases the algae surface area, which will improve
he absorption and bio-resorption properties of the resultant
aterial. Overall, the algae morphology provides some unique

nd consistent characteristics, which makes a desirable CaCO3
ource for bone tissue application.

This unique morphology is a result of the algae calcification
rocess, whereby calcium ions (Ca2+) are precipitated on an
rganic filament of cells [29]. During hydrothermal conversion
reversal of this process is required as the organic matter can

inder the chemical synthesis by preventing chemical bonding
etween Ca2+, CO3

2−, HPO4
2− and Mg2+. Removing all the

rganic material is difficult as it finely distributed and binds
he inorganic structure together. In this study a thermal heat
reatment was used to burn off the organic material.

.2. Pyrolysis analysis

To determine the optimum processing conditions for pyroly-
is, the decomposition behaviour of the algae was studied using

GA. A non-reactive (N2) and reactive (air) atmosphere was
sed to distinguish between (1) the mass loss due to organic
ecomposition and (2) mass loss due to phase transformation.
ig. 3 shows the degree of carbonate conversion achieved with

ig. 3. Degree of “carbonate conversion” of alga under different atmospheres
etermine by TA.
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espect to temperature, calculated from the TGA data. The first
tage of decomposition occurs under 220 ◦C with both gases,
hereby chemically bonded water evaporates from the struc-

ure. In the next stage, between 220 and 650 ◦C two different
eactions occur. Under N2 the data tend asymptotically to the
aximum degree of conversion. This behaviour signifies the

hemical reaction described in Eq. (5). In an air atmosphere
he slope of the data shows a higher gradient, as a result of an
dditional reaction to burn off the organic phase. The difference
n mass loss between slopes at 650 ◦C was 27.1%, suggesting
he organic content of the alga was approximately this value.
t temperature >700 ◦C (in both sets of data), the final stage of
ecomposition occurs, where CO2 was liberated from the calcite
tructure, described in Eq. (6). The calculated organic content is
n good agreement to those quoted for C. officinalis in the litera-
ure [30]. Furthermore, the aforementioned pyrolytic behaviour
s similar to that reported by Carrasco and Pages, in a study of
reen alga [31].

g, Ca(CO3)2 → CaCO3 + MgO + CO2 (5)

aCO3 → CaO + CO2 (6)

A pyrolysis experiment was carried out to replicate and fur-
her optimise the processing conditions. This was achieved by
eating the samples to 550 ◦C to burn off the organic phase and
t 1000 ◦C to induce complete calcification. The mass loss due
o ignition was calculated to be 27.6 (±1.1)% at 550 ◦C and
8.5 (±1.0)% at 1000 ◦C. A significant difference in mass loss
ccurred during the first 8 h of pyrolysis at 550 ◦C. The mass loss
as observed for an additional 4 h to ensure it remained stable.
t 1000 ◦C the mass stabilised during the first hour of pyrolysis,

hereafter no significant mass loss was observed. These results
ere confirmed by a second experiment, whereby the alga was

oaked in air continuously for 24 h at 550 and 1000 ◦C. Other
eating regimes have been quoted in the literature to effectively
emove organics with temperatures in the range of 400–550 ◦C,
ith soak times from 2 to 8 h [32,33]. Therefore, the mass loss

t 450 ◦C was also studied in this experiment. Drying tempera-
ures of 60 and 105 ◦C were also compared to determine their
ignificant on the mass loss of organics. The mass loss results
re reported in Fig. 4. Statistical analysis shows no significance
etween processing at 450 and 550 ◦C. At 550 ◦C a mass loss of
6.5 (±0.9)% was observed, from this <3% corresponds to dry-
ng. There was no significant difference in mass loss between the
rying temperatures, as indicated in Fig. 4. Heating at 450 and
50 ◦C produced grey material suggesting the presence of resid-
al carbon. The material was then heated to 650 ◦C, whereby it
as observed to be white. The alga was then treated at 650 ◦C for
ifferent soak periods. The results indicated that mass remained
table at 10 h however had a slight grey discolouration. After
2 h no “grey material” was observed. Temperatures >700 ◦C
esulted in the decomposition of the morphologic structure, and
ere deemed unsuitable for this application.

XRD was used to determine the effect of heating on the

hemical composition of the alga. The results are shown in
ig. 5. A highly crystalline peak was observed in the plot at
θ = 30◦ characteristic of CaCO3. Rietveld software analysis
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ig. 4. Pyrolytic behaviour of alga. Error bars represent mean standard deviation
or n = 6; *<0.5.

onfirmed the alga to be a magnesium-rich calcite (Card No. PDF
3–697). A less intense peak was observed at 2θ = 30◦ after heat-
ng at 650 ◦C signifying the decomposition magnesium from the

agnesium-rich calcite structure. The composition at this stage
as characterised as 51.1% calcite, 41.9% CaO, 6.6% MgO and
.4% impurities. At 700 ◦C a shift in peaks was observed to
θ = 38◦ and 2θ = 54◦, which indicates that the phase transfor-
ation to CaO had occurred. The composition was characterised

s 74.9% CaO, 9.9% MgO and 4.7% CaCO3.
.3. Hydrothermal conversion analysis

For the hydrothermal synthesis step within the overall pro-
ess (as described in Section 2.1), alga pyrolysed at 650 and

ig. 5. XRD traces of (a) raw alga (b) after 12 h heat treatment at 650 ◦C (c)
fter 12 h heat treatment at 700 ◦C.

y
c
7
4

F
c

ig. 6. XRD trace of (NH4)Mg(PO4)·(H2O) peaks after different treatments.

00 ◦C was used. XRD results indicated that the conversion to
ydroxyapatite (HA) had been successful for materials pyrol-

◦
sed for both temperatures. At 650 C the resultant material was
haracterised to be 64% HA, 39% CaCO3 and 3% �TCP. At
00 ◦C a complete conversion was achieved of 94.8% HA and
.8% �TCP, with a trace amount of (<0.4%) of SiO2. How-

ig. 7. Raman spectra of (a) freeze dried allograph, (b) Plasma Biotal, (c)
orallina HA (CaCO3, 650 ◦C) and (d) corallina HA (CaCO3, 700 ◦C).
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e after conversion process (perpendicular to pore direction).
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Fig. 9. Histogram of pore size (n = 100 × 3 replicates) for raw alga and alga
after chemical synthesis.

Table 1
Statistical data for frequency histograms on pore size (Fig. 9)

Pore Size Raw alga CaP

Mean (�m) 10.01 10.72
S.D. 1.37 1.99
Medium (�m) 10.01 11.00
Minimum pore (�m) 6.76 6.52
M
S

T
s
w
p
g

4

t

Fig. 8. Micrographs of corallina derived hydroxyapatit

ver, the material derived from alga treated at 700 ◦C was more
rittle and less suitable for further processing. Despite the differ-
nce in chemical composition, the XRD traces of the materials
fter hydrothermal synthesis showed no obvious variation with
yrolysis temperature. These results go some way to validating
he original hypothesis that the magnesium would induce TCP.
he XRD traces in Fig. 6 confirmed that NH4MgPO4 was com-
letely removed by a 10% (v/v) acetic wash. A highly crystalline
eak was observed at 2θ = 10◦, which was characteristic peak
o NH4MgPO4 on the material after processing. After soaking
n a 10% (v/v) acetic solution for 24 h a considerable reduc-
ion the intensity of this peak was observed. When using the
ame concentration of acetic acid under static conditions, no
eak was observed in the XRD trace suggesting that the residual
H4MgPO4 is no longer present.
Raman Spectroscopy was also used to characterise the mate-

ial post hydrothermal synthesis. In Fig. 7 the processed material
as compared to the chemical composition of synthetic HA

Plasma biotal) and freeze-dried allograph bone. In all four
pectra a well defined peak at 962 cm−1 was detected, which
as assigned by the phosphate to oxygen (P-O) vibrations

bending and stretching modes) within the PO4
3− tetrahedral

patite’s structure. A second well-defined peak was detected
1082 cm−1, which was assigned to CaCO3 in the spectra of
aterial processed at 650 ◦C. These data show good correlation
ith the XRD results, confirming that HA was produced in this

mbient temperature/pressure process.
In the allograft spectra (Fig. 7(a)) broadband peaks (caused

y overlapping optical window signals) are observed, which
ere not visible in the other spectra. The most distinct of

hese bands was observed at ∼2896–2968 cm−1, with other
esiding ∼1222–2000 cm−1, ∼1413–1480 cm−1 and ∼1607–
712 cm−1. These are identified as major collagen bands of
ifferent amino acids.

SEM was used to detect changes in the alga structure during
rocessing. The micrograph illustrated in Fig. 8 shows a granule
f the material after hydrothermal processing. From the image it
s apparent that the structure has remained intact throughout the

ntire process. The resultant material was granular shaped with a
ough external surface that contained open microporous matrix
t either end. Image analysis was carried out on the material
fter synthesis and compared to the raw material in Fig. 9 and

s
h
h
o

aximum pore (�m) 13.58 14.27
kew 0.22 −0.30

able 1. The results show a sight increase in the overall pore
ize. The highest frequency of pores was found to be >9 �m,
ith a mean pore size of 10.01 �m in the raw material. After
rocessing, a slight shift in mean pore size to 10.71 �m, with a
reater maximum pore size of 14.27 �m was observed.

. Conclusions

The experimental data indicate that the novel processing
echnique outlined in this work has proven effective in the

ynthesis of hydroxyapatite in an ambient temperature/pressure
ydrothermal process. However, in order to produce HA in the
ydrothermal step, attention must be made to: (i) the removal
f organic matter; (ii) carbonate decomposition and (iii) mainte-
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ance for original alga morphology, in the proceeding pyrolysis
tep. The overall process produced a material of high purity
ith good reproducibility in a simple and low-cost technique.
he study has shown the potential of using marine algae, pro-
essed under low-pressure conditions, to synthesise as more
nvironmentally compatible HA product.
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