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Effect of iron on the setting properties of α-TCP
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New ceramic materials with the ability to set like cement, after mixing a powder phase
made of one and/or several of these new reactants and a liquid phase, have been obtained
within the ternary system “CaO-P2O5-FeO”. These new reactants have magnetic properties,
i.e. cement made from them maintains its magnetic property during the whole setting and
hardening. These new materials can be of use, for example, in dental applications, in the
treatment of certain types of bone cancer and, in general, in the fields of Biomaterials and
Bone Tissue Engineering. In this article, we report on the effect of iron-modified
α-tricalcium phosphate, which is the main reactant of commercial calcium phosphate bone
cements, on their new setting and hardening properties.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Nowadays, it is well known that the number of patents
and scientific publications related to calcium phosphate
bone cements (CPBCs) has been growing exponentially
since Brown and Chow presented his first patent appli-
cation in 1985 [1].

The main idea behind CPBCs consists in making use
of the different acidity of calcium phosphates to pre-
cipitate, after mixing a powder of at least two different
calcium phosphates with a liquid phase, an apatitic min-
eral phase similar to that in bone tissues [2–9]. In such
situation, the precipitated apatitic crystals evolve, due
to the chemical reactions controlling the setting, into a
mechanically stable microstructure of entangled crys-
tals of hydroxyapatite [10, 11]. This apatitic structure
could be then reabsorbed in vivo by osteoclastic and
osteoblastic activity [12–14]. In fact, due to the apatitic
nature of the products of the setting reactions, these
CPBCs have osteoconductive property [15]. Moreover,
depending on the degree of crystallinity and porosity,
CPBCs can be made to be more or less stable after
implantation [15–19].

Due to all these advantages and versatility, CPBCs
are nowadays being applied through minimally inva-
sive surgery techniques, for example, in spinal surgery
applications (kypho- and vertebro-plasties) [20].

However, further research on CPBCs should be done
to extent their use to the treatment of certain types of
bone cancer and, in this sense, new thermally active
bone cements need to be developed.

A possible approach is to develop magnetically ac-
tive bone cements. In this way, an applied magnetic field
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during the first steps of the setting could be modulating
the initial strength of the cement (magnetorheology),
while the true setting and hardening chemical reactions
continue until the expected maximum strength is at-
tained at saturation. Moreover, this kind of magnetic
cements will have a characteristic magnetic hysteresis
that could be of use to thermally activate their whole
setting, and so accelerating it, with the added value of
being useful for the treatment of certain bone cancers
(hyperthermia therapies).

The main objective of this study was to obtain new ce-
ramic materials in the ternary system “CaO-P2O5-FeO”
with the ability to set as cement-like material when
mixing a powder phase, made of one and/or several of
these new reactants, and an aqueous liquid phase. In this
study, we report on the setting and hardening proper-
ties of solid solutions like (3.CaO-1.P2O5)1−x (FeO)x ,
which is the first approach to the magnetic modifica-
tion of α-tricalcium phosphate (α-TCP; 3.CaO-1.P2O5)
based cements. The setting of the new iron-modified α-
TCP cements is the result of their hardening properties
due to the hydration reactions of the new reactants.

2. Materials and methods
2.1. Preparation of α-TCP
In this study we followed two different protocols
to sinter the iron-modified α-TCP ceramic phase,
i.e. α-(3.CaO-1.P2O5)1−x (FeO)x . This approach was
important in order to assure the stability of the prop-
erties of the end product. The manufacture protocols
were as follow:
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(a) Protocol “A”: Calcium hydrogen phosphate
CaHPO4 (DCP; Sigma-Ref. C-7263) and calcium car-
bonate CaCO3 (CC; Sigma-Ref. C-4830) were mixed
in a 2:1 molar ratio. Then, iron citrate Fe(C6H5O7) (IC;
Sigma-Ref. 22897-4) was added at different weight pro-
portions (1, 4, 8, 16 and 24 wt%) in respect of the the-
oretic weight of α-TCP produced. The whole mixture
was homogenised by mixing in a planetary rotary mill
(Pulverisette 6, by Fritsch GmbH) at low speed. Then,
it was sintered at 1400◦C for 2 h and quenched in air to
room temperature (“(T0 = 20◦C → T1 = 300◦C); r =
2◦C/min; d = 1 h”, “(T1 = 300◦C → T2 = 1100◦C);
r = 2◦C/min; d = 2h”, “(T2 = 1100◦C → T3 =
1400◦C); r = 2◦C/min; d = 2 h”. The resulting ce-
ramic material was powdered to an appropriate particle
size (d50 = 10 µm) for cement production.

(b) Protocol “B”: In this case, α-TCP was first sin-
tered by a 2:1 molar ratio of a mixture of DCP and
CC, following the same sintering program as that in
“A”. The resulting ceramic material was powdered fol-
lowing the same milling protocol as that in “A” and
then, different amounts of IC (1, 4, 8, 16 and 24 wt%)
were added to the α-TCP phase. The resulting mix-
ture was homogenised and sintered again to 1400◦C
during 2 h and then, quenched in air to room temper-
ature (“(T0 = 20◦C→ T3 = 1400◦C); r = 20◦C/min;
d = 2 h”). The final ceramic was powdered as in “A” to
obtain an identical particle size distribution to avoid the
influence of this factor on the reactivity of the α-TCP
powders, so as to highlight the main influence on the
setting properties due to iron modification.

2.2. Preparation of cement
In this study, it was decided to produce Biocement-H
[21], which is made of 98 wt% of α-TCP and 2 wt%
of precipitated hydroxyapatite (PHA; Merck-2143),
added as a seed in the powder phase. The liquid phase is
an aqueous solution of 2.5 wt% of disodium hydrogen
phosphate Na2HPO4 (DHP; Merck-6586). The liquid to
powder (L/P) ratio was initially selected as 0.32 mL/g,
which is the minimum ratio that assures suitable work-
ability and cohesive properties, for Biocement-H [21].
However, for the new iron-modified cements the mini-
mum L/P ratio was 0.30 mL/g. This L/P ratio’s differ-
ence was maintained throughout the study. Biocement-
H was selected mainly because it is ≈100 wt% α-TCP.
In this sense, magnetic modification of Biocement-H
should be of interest to other commercial α-TCP ce-
ments [20].

2.3. Preparation of controls
A positive and a negative control (+/−Control)
of Biocement-H were produced. “+Control” be-
haved as expected from the point of view of
the setting and hardening data reported in the lit-
erature [22]. However, “−Control” did not show
hardening properties with time. The main dif-
ference between the controls was the lot num-
ber of the DCP (“+Control” = Sigma-Lot.11k0303;
“−Control” = Sigma-Lot.122k0127) used to manufac-
ture the α-TCP. This was studied to highlight the prob-

lem of scaling up production of α-TCP, which affects
commercial and experimental α-TCP based cements,
and especially reproducibility of data between differ-
ent scientists. However, in this study it is shown (see 3.
Results) that the modification of the α-TCP phase with
small amounts of iron is a good solution to recover the
standard setting and hardening properties.

2.4. Compressive strength measurements
Cylindrical (5 mm of diameter and 10 mm of height) ce-
ment samples (n = 10 for statistics) were moulded in a
stainless steel mould and immersed in Ringer’s solution
at 37◦C for different hardening times. After completion
they were removed from the mould and tested for com-
pressive strength at a crosshead speed of 1 mm/min in
a Universal Electromechanical Testing Machine.

2.5. Setting times measurements
Initial (I) and Final (F) setting times were measured,
as many times reported [22], with the Gillmore needles
[23]. Each measurement was repeated three times for
statistic analysis.

2.6. Magnetic evaluation
The new iron-modified α-TCP based cements were
evaluated for magnetic properties with a standard
Cobalt-Nickel magnet by visual inspection of the ef-
fect of movement of compressive strength samples at
different reaction times. Iron-modified α-TCP in both
powder and granule form was also tested in the same
way before cement sample preparation. This general
magnetic behaviour has been highlighted in section “4
Discussion” in the absence of a proper magnetic char-
acterisation, which is under way.

3. Results
3.1. Effects on the compressive strength
Figs 1 and 2 show the results of the evolution of the
compressive strength, C(MPa), versus the amount of

Figure 1 Evolution of the compressive strength, C(MPa), as a function
of the iron citrate, IC(wt%), for the “−Control” (L/P = 0.30 mL/g)
and the protocol “A”.
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Figure 2 Evolution of the compressive strength, C(MPa), as a function
of the iron citrate, IC(wt%), for the “−Control” (L/P = 0.30 mL/g)
and the protocol “B”.

Figure 3 Compressive strength, C(MPa), at 4 and 24 h of reaction time,
for “+Control” (L/P = 0.32 mL/g), “−Control” (L/P = 0.30 mL/g)
and the recovered “−Control + 24 wt%IC” (L/P = 0.30 mL/g), all of
them made with the protocol “A”.

the iron citrate, IC(wt%), for the “Control” (L/P =
0.30 mL/g) and for the manufacturing protocols “A”
and “B”, respectively. The figures contain data at two
different hardening times, 4 and 24 h.

Fig. 3 shows the evolution of the compressive
strength, at two different hardening times, 4 and 24 h,
for the positive (“+Control”; L/P = 0.32 mL/g), the
negative (“−Control”; L/P = 0.30 mL/g) and the re-
covered (“−Control + 24 wt%IC”; L/P = 0.30 mL/g)
control. In this figure the data correspond to cement
made with the “A” protocol.

Figs 4 and 5 show the effect of the manufacture proto-
cols, “A” and “B”, for a 4 wt% IC-modified “+Control”
(L/P = 0.30 mL/g), on the compressive strength, af-
ter 4 and 24 h of hardening, and on the setting times,
respectively.

Figs 6 and 7 show the evolution of the compressive
strength versus the reaction time (hardening curves) as
a function of the iron citrate, IC(wt%), for “−Control”
(L/P = 0.30 mL/g) made with the protocols “A” and
“B”, respectively.

Figure 4 Compressive strength, C(MPa), at 4 and 24 h of reaction time,
for a 4 wt% IC-modified “+Control” (L/P = 0.30 mL/g): Effect of
protocols “A” and “B”.

Figure 5 Setting times, I(min) and F(min), for a 4 wt% IC-modified
“+Control” (L/P = 0.30 mL/g): Effect of protocols “A” and “B”.

Figure 6 Hardening curves as a function of the iron citrate, IC(wt%),
for “−Control” (L/P = 0.30 mL/g) made with the protocol “A”.

3.2. Effects on the setting times
Finally, Fig. 8 shows the evolution of the setting times,
I(min) and F(min), versus the amount of the iron citrate,
IC(wt%), for “−Control” (L/P = 0.30 mL/g), as a
function of the protocols “A” and “B”.
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Figure 7 Hardening curves as a function of the iron citrate, IC(wt%),
for “−Control” (L/P = 0.30 mL/g) made with the protocol “B”.

Figure 8 Setting times, I(min) and F(min), for “−Control” (L/P = 0.30
mL/g) as a function of the iron citrate, IC(wt%): Effect of protocols “A”
and “B”.

4. Discussion
One of the most practical and important results of this
study is found in Figs 1 and 2. No matter the protocol
used to manufacture the α-TCP, i.e. “A” and “B”, those
figures show that to recover the normal setting and hard-
ening properties of a “−Control” of Biocement-H, it is
just enough to modify the standard α-TCP production
with less than 0.3 wt% of iron (i.e. 1.57 mol%-Fe over
99.43 mol%-α-TCP). In this case, the XRD of these
powders were identical. Obviously, no one working in
bone cements makes negative controls of his experi-
mental and commercial formulations; this is something
that simply occurs, and scientists working on this field
know the headache produced every time this happens.
At the moment there is not in the literature any study
focussing on the deleterious or the beneficial effect of
very small amounts of certain ionic elements on the hy-
dration properties of the α-TCP. Sometimes, it has been
reported that magnesium contamination of the reactants
used during the fabrication of the α-TCP, and especially
that of the monetite (CaHPO4), is the cause for not hav-
ing setting and hardening properties on α-TCP based
cements. This has sense because, as it is known, the
hardening of α-TCP cements is due to nucleation, pre-

cipitation and growth of calcium deficient hydroxyap-
atite crystals (CDHA; Ca9(HPO4)(PO4)5OH), [24, 25]
and nucleation of apatite crystals is blocked by mag-
nesium ions [26]. Unfortunately, chemical analysis of
the positive and the negative α-TCP batches did not
show any significant difference in the minor ionic con-
taminants. For this reason, α-TCP production tailored
in advance with small amounts of “iron-contaminants”
seems a novel and useful method to assure standard
properties even in the case the main reactants could
come negatively contaminated.

Moreover, Figs 1 and 2 show the same increasing
tendency for “−Control” (no matter the protocol used
to fabricate the α-TCP, i.e. “A” in Fig. 1 or “B” in Fig. 2)
of the compressive strength, attained at 4 and/or 24 h of
hardening, as the amount of iron citrate was increased
during the α-TCP manufacturing protocols.

In fact, Fig. 3 shows how relevant iron-modification
could be to recover the standard properties of a
“+Control” of Biocement-H. In this case, the compres-
sive strength, after 4 and 24 h of hardening, was around
25(±3) and 65(±4) MPa, respectively. In comparison,
“−Control” showed 1(±0.5) and 4(±0.5) MPa for the
same conditions. If we consider that the static strength
supported by the cement at its final setting time, F, as
measured by the Gillmore needles, is the equivalent to
5 MPa [23] then, “−Control” simply did not set and so
it was easily deformed under the pressure of two fin-
gers. However, when “−Control” was modified with
24 wt%-IC, under the protocol “A”, the values encoun-
tered for the compressive strength were statistically the
same (p > 0.05) as those reported for the “+Control”.
In this case, the XRD showed that the α-TCP was
not a pure phase but a mixture of α-TCP, β-TCP and
iron-phases.

Whether or not the different protocols “A” and “B”
had significant effects on the hardening and the initial
setting of a “+Control” of Biocement-H is analysed
from Figs 4 and 5. Fig. 4 shows no significant dif-
ferences (p > 0.05) after 4 h of hardening between
the “+Control” and the same control modified with 4
wt%-IC, no matter the protocol. However, after 24 h of
hardening, the protocol “B” showed better compressive
strength (p < 0.05), as compared to the protocol “A”
and in agreement with the values of the “+Control”.
If we consider, at the same time, what happened with
the initial setting properties (see Fig. 5 for the setting
times) then, the protocol “B” also agreed to the data
of “+Control” but the protocol “A” showed statisti-
cally better results (i.e. lower I and F setting times).
This means that with protocol “A” the chemical re-
actions controlling the initial setting of Biocement-H
(i.e. dissolution of α-TCP particles, nucleation and pre-
cipitation of apatite-like crystals) are faster than with
protocol “B”. This is in agreement with the results in
Fig. 4 where in fact it is known, experimentally, that
higher setting times (i.e. slow chemical reactions) are
directly correlated to also higher values of compressive
strength (i.e. finer and compact crystalline microstruc-
ture). A possible explanation could be related to a more
significant presence of iron (both, in the form of α-
TCP iron solid solutions and/or stable iron phases) on
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and/or around the surface of the α-TCP particles in
protocol “B” rather than a more favoured volume dif-
fusion and/or precipitation of phases of iron in protocol
“A”. This has been corroborated by monitoring contin-
uously the pH, where α-TCP manufactured with pro-
tocol “B” showed less basic values (pH ≈ 8.7) than
both the one with “A” (pH ≈ 9.2) and the “+Control”
(pH ≈ 9.7). This is in agreement to a higher iron pro-
tonation in the solution. This chemical reaction should
be lowering the supersaturation of the solution and so
retarding the precipitation of apatite-like crystals. A fur-
ther study is on its way to understand exactly what is
happening.

If we look at the hardening curves, Figs 6 and 7
also show interesting results. For example, when the
“−Control” of Biocement-H was modified with IC,
from 1 wt%-IC to 24 wt%-IC, the hardening curves
of modified Biocement-H’s cements graduated in av-
erage to higher values as the amount of IC increased.
This is a noticeable result because thanks to the iron-
modification of the α-TCP, which is also applicable
to tetracalcium phosphate and β-TCP, we have a way
to increase at the same time the mechanical and the
magnetic strength of both experimental and commer-
cial new bone cements.

Moreover, this synergetic effect had also its influence
on the setting times. The I and the F setting time for the
“−Control” were 25(±1) min and ≥24 h, respectively
(note that in Fig. 8 the F-time has been represented for
clarity as F ≡ 60 min). However, with just 1 wt%-IC
the I-time was reduced to≈ 6(±1) min and the F-time to
≈ 16(±2) min when the protocol “B” was used. In this
case, i.e. 1 wt%-IC, protocol “A” showed higher values
for the setting times, I ≈ 17(±1) min and F ≈ 44(±2),
but for the rest of the IC values the differences between
protocols were not significant (p > 0.05) until 24 wt%-
IC, where protocol “B” did show higher values than pro-
tocol “A”. Despite the individual differences between
values, which are difficult to explain, the most impor-
tant result is the fact that the setting times of Biocement-
H are not drastically affected by the IC modification.
On the other hand, they are controlled into an appro-
priate range of values that could be even further opti-
mised to the present medical applications, for example,
by using increasing amounts of accelerators such as
DHP.

These results in conjunction with the results obtained
for the hardening curves in Figs 6 and 7 and the fact
that IC modification gives Biocement-H magnetic prop-
erties, as an added value, are the most relevant results
both from the scientific and the commercial point of
view.

5. Conclusion
In this study, it is reported that a new fam-
ily of iron modified calcium phosphates, whose
chemical compositions can be written [27], in
general, as α/β-(3.CaO-1.P2O5)1−x (FeO)x , (4.CaO-
1.P2O5)1−x (FeO)x , (10.CaO-3.P2O5)1−x (FeO)x , show
magnetic properties and, at the same time, they present
intrinsic different acidities. Thus, these new reactants

show cement-like properties when mixed together into a
cement powder phase while being magnetic throughout
the whole setting. These new magnetic cements could
be of use: (a) to stabilise bone fractures and/or to fill
bone cavities; (b) to treat osteosarcoma; (c) as new ther-
mal and magnetic activated drug delivery systems; and
(d) as new scaffolds to bone tissue engineering, among
others [28].
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28. E . F E R N Á N D E Z Fosfatos de calcio modificados con hi-
erro. Spanish Patent No. P200302342. Universidad Politécnica de
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