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Abstract: Despite the numerous literature data available in the field of calcium phosphate

bone cements, the mechanism and kinetics of their hardening, both of which are of great

importance for cements application, in most cases, is unknown. In this work, the mechanism

and kinetics of hardening of two novel high-strength calcium phosphate bone cements were

studied using the energy dispersive X-ray diffraction technique, which allows rapid collection

of the patterns. The phase transformations occurring on the setting and hardening processes

were monitored in situ. Containing minimal quantity of components, whose mixing leads to the

formation of cements with pH close to neutral, the cements under study are simple in handling.

The main component of both formulations is tetracalcium phosphate. In both cements, the

effect of the addition of high- and low-molecular weight chitosan on phase development and

kinetics was investigated in detail. One of the cements has the compressive strength of about

70 MPa, whereas the strength of the other, containing Ca3Al2O6, is much higher, about 100

MPa. This latter cement could be regarded as an alternative to the common low-strength

bioresorbable brushite cements. ' 2009 Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl

Biomater 93B: 74–83, 2010
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lization

INTRODUCTION

In recent years, considerable efforts have been focused on

the development of calcium phosphate cements (CPC) used

as injectable bone substitutes because of their favorable tis-

sue responses. Since their discovery in 1980s,1,2 many

commercial compositions were introduced in clinical prac-

tice and are currently in use.3–5 Despite the long history of

CPCs and numerous publications in the field, there is still a

lack of studies of their basic properties such as mechanism

of setting and hardening reactions and their kinetics, both

of which are of great importance for cements application.

The traditional approach to characterize the setting reaction

of a cement is mechanical: a cement is considered to be set

when it can resist to a given mechanical load applied onto

its surface (a Vicat test). However, cements can sometimes

exhibit two or more hardening reactions, so that additional

techniques to follow the setting and hardening processes

more accurately may be useful.6

In our previous works,7,8 the energy dispersive X-ray

diffraction (EDXRD) technique has proved to be a suitable

tool to investigate the kinetics during the cements setting

and hardening. In this work, this method is applied to study

the phase transformations and kinetics of hardening of two

novel CPCs intended for possible use in orthopedic applica-

tions. The diffraction patterns from the cement pastes were

collected in situ, starting from 1 min from the beginning of

the process. Tetracalcium phosphate (TetCP) is the main

component of both cements,2 and one of them also contains

calcium aluminate to enhance its compressive strength. The

compressive strength and the pH value changes for both

cements were registered during the hardening period. In

both cements, the effect of the addition of low- and high-

molecular weight chitosan on the phase development

kinetics was studied. Low-molecular weight chitosan is

known to inhibit the hardening process in the TetCP and

other calcium phosphate-based cements.8,9
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MATERIALS AND METHODS

Two different cement powders were prepared, both based

on TetCP, Ca4(PO4)2O, powder. To obtain cement powder

1, calcium oxide and ammonium hydrophosphate powders

were mixed in a planetary ball mill for 30 min, using co-

rundum balls. After that, the powders mix was heat treated

at 15008C for 2 h in an air furnace to initiate the following

reaction of TetCP formation:

4CaOþ2 NH4ð Þ2HPO4!Ca4 PO4ð Þ2Oþ4NH3þ3H2O ð1Þ

Analytical grade starting reagents were used. CaO rea-

gent was used in approximately 10% mass excess, so that

it was not completely consumed in the reaction (1), and its

presence was detected in the precursor powders. The reac-

tion product was grinded in a ball mill to the mean particle

size of about 10 6 2 lm, measured by an optical micros-

copy (microscope Neophot-32 Carl Zeiss). Conventional

angular dispersive X-ray diffraction (Diffractometer Shi-

madzu XRD-6000, CuKa1 radiation, JCPDS data base) and

petrographic (optic microscope Biolam-M) analyses showed

that the powders were composed of TetCP, containing a

minor amount of CaO (about 5–7 wt %), as determined

using a calibration curve.

To prepare cement powder 2, the same synthesis proce-

dure was applied as for cement powder 1, and then, an

admixture of finely powdered calcium aluminate, Ca3Al2O6

(25 wt %), was introduced.

Hardening liquid was a saturated aqueous solution of

magnesium phosphate (MgHPO4) prepared by reaction of

magnesium carbonate (MgCO3) with phosphoric acid

(H3PO4). The hardening liquid contained 6–8 wt % of

Mg21 ions and 40–43 wt % of PO4
32 groups. Its pH was

around 2.0–2.4.

To obtain the cement pastes 1 and 2, the powders 1 and

2 (0.4 g) were mixed intensively (approximately for 1 min)

with the hardening liquid (0.2 mL) on a glass plate, until a

dense homogeneous creamy paste was formed.

Both water-soluble, low-molecular weight (38.2 kDa)

chitosan (75% deacetilation degree) and acid-soluble (pH

\ 6.5), high-molecular weight (478 kDa) chitosan (79%

deacetilation degree) were supplied by ‘‘IREA 2000’’

chemical company (Russia).

The cements containing chitosan were prepared by add-

ing 0.01 g of low- or high-molecular weight chitosan to the

cement precursor powder 1 or 2. Subsequently, to this mix-

ture, the hardening liquid was added, and an intensive mix-

ing for approximately 1 min was performed. The same

cement powder/hardening liquid ratio, as described above,

was used.

The pastes were poured into a 8-mm diameter Teflon

container. After setting, the cements samples were removed

from the container, added to a physiological isotonic 0.9%

NaCl solution, and placed in a thermostatic furnace at

378C. Setting time of pastes was evaluated by means of a

1-mm tip diameter Vicat needle meter with 400-g lead

(according to ISO standard 1566). The cement is considered

set when the needle fails to make a perceptible circular in-

dentation on the cement surface. The setting time for cement

1 was 4–6 min, for cement 1 with the addition of low-molec-

ular weight chitosan—15–20 min, whereas for cement 1

with the addition of high-molecular weight chitosan—20–25

min. Without chitosan, the setting time for cement 2 was

longer (6–8 min), and with the addition of chitosan, the

same as for the cement 1 with the addition of chitosan.

Cements 1 and 2 could be considered as relatively

dense, their porosity being about 10–20% according to the

density measurements.

The compressive strength was determined for 8 3 16

mm cement samples, the ratio being 1:2, according to the

common standard procedure for the compressive strength

testing.10 Wet specimens (after 72 h aging in physiological

solution) were loaded into an Instron 5581 testing machine

at the cross-head speed of 0.1 mm/min.

The pH measurements were performed as follows: sam-

ples (1 g) of crushed cements (\100 lm particle size), af-

ter 0.5–22 days of sustaining in a physiological solution at

378C, were placed into a 50-mL volume flask, and distilled

water was added to a 50-mL volume. pH value was meas-

ured after an intense mixing of the solution using a Hanna

Instruments HI 8314 pH meter.

Scanning electron microscopy (SEM) (a LEO 1420 ap-

paratus), coupled with a system for microanalysis (energy

dispersive X-ray spectroscopy) INCA, was applied for the

morphological studies of cement samples.

Subsequently, the EDXRD method was applied to fol-

low in real-time the structural modifications taking place

on cements hardening, by collecting sequences of diffrac-

tion patterns. The acquisition time of each pattern was set

at 60 s, and the overall observation time was 72 h. The

EDXRD measurements were performed by a noncommer-

cial apparatus, based on the use of a nonmonochromatized

(‘‘white’’) primary X-ray beam produced by a W-anode

(supplied at 55 kV) and an ultra pure Ge solid-state detec-

tor, which is not only able to count the number of dif-

fracted photons but also measure the energy of each of

them. In this way, the reciprocal space scan necessary to

reconstruct the diffraction pattern, that is, the scan of the

scattering parameter q 5 a E siny (where q is the normal-

ized momentum transfer magnitude, a is a constant, E is

the energy of the incident X-ray beam, and 2y is the scat-

tering angle), is performed electronically.11,12 The main

advantage of the energy dispersive mode over its conven-

tional angular dispersive counterpart in performing the X-

ray diffraction experiments is that the geometric setup is

kept fixed during the acquisition of the patterns, which sim-

plifies the experimental geometry and prevents systematic

angular errors as well as possible misalignments. In partic-

ular, this technique provides faster recording of the Bragg

peaks because, in the ED mode, the whole diffraction pat-

tern is obtained in parallel at any q value.
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Several diffraction patterns were collected as prelimi-

nary tests on the pristine cement powders 1 and 2 and chi-

tosan (38.2 and 478 kDA), at various scattering angles, to

make a wide q-scan for individuating the q-region of inter-

est and making an accurate attribution of the diffracted

intensities. Because, according to the value of the high

voltage supply reported above, the maximum beam energy

corresponds to 55 kV, progressively increasing the scatter-

ing angle 2W, the sequence of Bragg peaks in the q-range

(1.50–4.50 Å21) could be easily individuated. In this case,

the pattern collected at the highest angle (2W 5 11.008)
includes all the structural information contained in those

acquired at lower angles.

The characteristic crystallization time is usually defined

in two alternative ways, namely either as the time corre-

sponding to half process (when 50% of the final amount of

crystallites has been formed) or as the time corresponding

to the maximum transformation speed (inflection point of

the growth curve). However, when the crystallization fol-

lows a sigmoidal growth, these two quantities coincide and

any ambiguity is removed. In this study, CCT is measured

by fitting the experimental points by a sigmoidal curve

from which the inflection point is calculated by imposing

that, in correspondence of that instant, the second deriva-

tive of the curve equals zero.

RESULTS

To calculate the crystallites average size from a diffraction

pattern, an equation based on the Laue relations (equivalent

to the Scherrer formula that is valid for the angular disper-

sive X-ray diffraction mode only) was used13:

1

2
tq2 ¼ nþ 1ð Þp and

1

2
tq1 ¼ n� 1ð Þp ð2Þ

where t is the crystallites average diameter; q1 and q2 are

the interference function zeros adjacent to the function

maximum (q1 \ q2); n is the order of the interference func-

tion peaks (the parameter that labels the features of the

‘‘sinc’’ interference function). The grain size, t 5 4p/(q2 2
q1), is obtained by combining these two equations and can

be simplified assuming a triangular shape of the interfer-

ence peak (the same approximation adopted by Scherrer),

thus becoming: t % 2p/r[hkl], where r[hkl] is the standard

deviation of the [hkl] peak intensity distribution due to the

crystallite finite size. Once the contributions to the peaks

broadening because of the limited instrumental resolution

(that is, to both angular and energy spreads) are corrected,

the relation between t and r[hkl] can be used to calculate

the former.

Ex situ EDXRD Measurements

Series of EDXRD measurements were performed ex situ on

the cement precursor powders 1 and 2 and chitosan (38.2

and 478 kDA). The diffraction signal produced by pure chi-

tosan is weak and appears as an X-ray amorphous diffuse

halo. Both cement precursor powders are composed of the

same main phase, Ca4(PO4)2O (Sys. Monoclinic, S.G.: P21
(4)14), and of CaO (Sys. Cubic, S.G.: Fm�3m (225)14) phase.

Moreover, the cement powder 2 also contains the Ca3Al2O6

phase (Sys. Orthorombic, S.G.: not defined14).

Starting from the precursor powders 1 and 2, two differ-

ent cements (cements 1 and 2) were produced ex situ and

characterized by the EDXRD method. In Figure 1, the so-

obtained diffraction spectra (line dots) are compared with

the patterns of the precursor powders (continuous lines)

under the same experimental conditions (scattering angle

and collimation slits aperture). The Ca4(PO4)2O peaks are

labeled in Figure 1, and furthermore, in this q region, the

higher resolution and the long counting time allowed to

detect signals produced by the crystalline CaO. For powder

2 and, consequently, for cement 2 (Figure 1, lower part),

the Ca3Al2O6 100% relative intensity (440) peak was also

detected.

As can be seen from Figure 1, the peak width for final

products is much reduced, and the relative intensities of the

Bragg reflections are varied, suggesting a primary crystalli-

zation process taking place on the pastes hardening. More-

over, the higher crystalline degree of the final products is

Figure 1. EDXRD patterns collected from the precursor powders 1
and 2 (continuous lines) and from the final cements 1 and 2 (line

dots) under the same experimental conditions. The crystalline con-

tributions are labeled.
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evidenced by the presence of more resolved Bragg reflec-

tions, particularly in cement 1.

After this preliminary characterization, in situ EDXRD

studies were performed under the same experimental condi-

tions.

In situ EDXRD Measurements

Precursor Powder 1. To perform in situ time-resolved

diffraction measurements, the following experimental con-

ditions were kept the same: energy of the X-ray beam, col-

limation slits apertures, and sample positioning. However,

shorter acquisition times are required to accurately monitor

the setting and hardening process in situ, and therefore, a

lower scattering angle was chosen to perform the measure-

ments. In fact, the data collection at 2W 5 7.008 allowed to

explore the (1.00 Å21 \ q\ 3.50 Å21) q-range of interest,

in which the difference between the precursor powders and

final cements is remarkable, while maximizing the scattered

intensity.

Then, cements 1 and 2 were prepared, and their diffrac-

tion patterns were collected every 60 s during the first 10

min, every 2 min for another 20 min, every 5 min until the

first hour of setting, and every hour for the remaining

hours. In this way, it was possible both to detect the crys-

tallization process at the early stages of setting and to

observe an eventual slower secondary crystallization. In

Figure 2, the sequences of diffraction patterns for cement

1, collected as a function of the scattering parameter and of

time (3D maps), are shown.

The patterns during the first hour of acquisition have

been summed up (every 10 min) to increase the signal-to-

noise ratio. However, to follow in real time the crystalliza-

tion process associated to the cement’s hardening, an accu-

rate analysis of each EDXRD pattern was performed,

calculating the time evolution of the peaks intensity and

width. In particular, for cement 1, two peaks representative

of the two different components constituting the precursor

powder were chosen to follow the evolution. In the inset of

Figure 2, the grain size time evolution of the two phases is

plotted. The peak labeled as (1) corresponds to CaO (120),

and peak (2) to the (212) Ca4(PO4)2O. As visible, both

crystallizations are characterized by a sigmoidal growth,

but the characteristic times are much different. The CaO

crystallization time is calculated to be s(CaO) 5 (116 6 30)

min, whereas the Ca4(PO4)2O crystallization takes place in

a much shorter characteristic time, s(Ca4(PO4)2O) 5 (1.9 6
1.0) min (Table I). Furthermore, no intensity variation of

these peaks was observed, indicating that the process is a

primary crystallization, that is, growth of initially crystal-

line material. Moreover, the characteristic grain dimensions

were calculated. For the TetCP phase, the initial average

grain dimension was (12 6 1 nm), growing up to (32 6 1

nm) during the crystallization process, whereas the CaO

phase was formed by smaller domains, the initial average

dimension being 5 nm and growing up to (21 6 1 nm)

(Table I).

Precursor Powder 2. The same analysis, described pre-

viously, was performed on the sequence of diffraction pat-

terns collected on cement 2 hardening, plotted in Figure 3.

The accurate investigation of each EDXRD pattern in

Figure 3 allowed to detect the formation of an intermediate

phase, appearing 3 h after the beginning of the process,

lasting 4 h, and then, disappearing. In the inset of Figure 3,

the q-region containing a novel crystalline reflection (at q
5 2.18 6 0.01 Å21), evidenced by an arrow, which can be

associated to such intermediate phase, is highlighted. The

diffraction patterns are shifted in intensity for clarity. This

peak corresponds to whitlockite–tricalcium phosphate (Sys.

Figure 2. Sequences of EDXRD patterns, collected as a function of

the scattering parameter and of time, during the hardening of

cement 1. In the inset, the grain size time evolution for two phases,
composing the precursor powder 1, is shown.

TABLE I. Characteristic Crystallization Time and Grain
Size Evolution on Hardening of Cements 1, With and
Without Addition of Chitosan

Cement 1

Characteristic

Crystallization

Time, s (min)

Initial Average

Grain Size (nm)

Final Average

Grain Size (nm)

CaO 116 6 30 5 21

Ca4(PO4)2O 1.9 6 1.0 12 32

Cement 1 with chitosan 38.2 kDa

CaO 440 6 30 5 24

Ca4(PO4)2O 30 6 5 13 33

Cement 1 with chitosan 478 kDa

CaO 415 6 30 6 11

Ca4(PO4)2O 71 6 5 21 27
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Rhombohedral, S.G.: R �3c14), 100% relative intensity (210)

peak.

Furthermore, the CaO (120) (Figure 3, peak 1), the

Ca4(PO4)2O (023) (Figure 3, peak 2), and the Ca3Al2O6

(440) (Figure 3, peak 3) reflections were monitored in real

time on the hardening of cement 2. TetCP and calcium alu-

minate crystallize with similar characteristic times

(s(Ca4(PO4)2O) 5 (2.4 6 1.0 min) and s(Ca3Al2O6) 5 (2.9 6
1.0 min)) (Figure 4), and their crystallization can be well

fitted by a sigmoidal growth, whereas the CaO (120) crys-

tallization consists of two distinct processes [Figure 4(a,b)]:

a first-order exponential decay (a) corresponds to the inhi-

bition of the CaO phase crystallization, in which the crys-

talline grain size diminishes from (28 6 1 nm) to (9 6 1

nm). The characteristic time of this first process (s(CaO (a))

5 (11.3 6 1.0 min)) perfectly coincides with the saturation

times (11 min) for both the TetCP and the Ca3Al2O6 grain

growth. Afterward, when the main phases reached satura-

tion, the crystallization of the latter component occurs. The

second process is well fitted by a sigmoidal growth (b), the

characteristic time of this evolution being s(CaO(b)) 5 (85 6
5 min), and the CaO grains grow from (9 6 1 nm) up to

(20 6 1 nm) (Table II).

As can be seen from Figure 4, the average grain dimen-

sions for TetCP increased from (12 6 1 nm) up to (22 6 1

nm), whereas for calcium aluminate from (20 6 1 nm) up

to (44 6 1 nm) on cement 2 hardening.

Precursor Powder 1 with Addition of Chitosan. Ce-

ment samples were prepared inside the sample holder of

the diffractometer by adding 0.01 g of low- or high-molec-

ular weight chitosan (38.2 and 478 kDA) to 0.4 g of the

precursor powder 1 and then adding 0.2 mL of hardening

liquid. The so-obtained samples were intensively mixed for

about 1 min before the EDXRD acquisition. Subsequently,

the occurring structural modifications were monitored in

real time, collecting the sequences of diffraction patterns.

The acquisition time of each pattern was set at 60 s for the

first hour, and the overall observation time was 72 h. Com-

paring the so-obtained final products and the final cement

1, some differences can be observed. In Figure 5, the pat-

terns collected under the same experimental conditions on

cement 1 (A), final cement 1 with chitosan (38.2 kDa)

addition (B), and final cement 1 with chitosan (478 kDa)

addition (C) are plotted as a function of the scattering pa-

rameters. Spectra (A) and (B) are almost perfectly overlap-

ping, all Bragg reflections being coincident, despite the

relative intensities of the crystalline phases are not always

comparable. However, this parameter could be influenced

by the mixing procedure, inducing crystallization along a

Figure 3. Sequences of EDXRD patterns, collected as a function of
the scattering parameter and of time, during the hardening of

cement 2. In the inset, a specific q-space is highlighted to evidence

the formation of a new phase, occurring on the hardening process.

Figure 4. Grain size time evolution of three phases, composing the

precursor powder 2, during cement 2 hardening. The CaO crystalli-
zation curve could be divided in two characteristic periods: (a) inhi-

bition of crystallization and (b) sigmoidal growth.

TABLE II. Characteristic Crystallization Time and Grain
Size Evolution on Hardening of Cements 2, With and
Without Addition of Chitosan

Cement 2

Characteristic

Crystallization

Time, s (min)

Initial Average

Grain Size (nm)

Final Average

Grain Size (nm)

CaO 11.3 6 1.0;

85 6 5

28 20

Ca4(PO4)2O 2.4 6 1.0 12 22

Ca3Al2O6 2.9 6 1.0 20 44

Cement 2 with chitosan 38.2 kDa

Ca4(PO4)2O 28 6 5 8 18

Ca3Al2O6 24 6 5 8 17

Cement 2 with chitosan 478 kDa

Ca4(PO4)2O 31 6 5 8 15

Ca3Al2O6 30 6 5 8 10
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certain crystalline direction and, therefore, affecting the

final intensity proportions between the crystalline reflec-

tions. Alternatively, if the orientation is random, the dif-

fracted intensity would be dominated by the crystallites

having the largest size. In the former case, such crystallites

would produce the most intense peaks and, therefore,

would alter the intensity ratio between the peaks.

Furthermore, on pattern (C), along with the variation of

the relative intensities, the disappearance of a pre-existent

Bragg reflection (Figure 5, arrow 1, q 5 (1.70 6 0.01

Å21)) and the appearance of a new peak (Figure 5, arrow

2, q 5 (2.39 6 0.01 Å21)), attributable to (2110)

Ca3(PO4)2 (100% relative intensity, Sys. Rhombohedral,

S.G.: R �3m14), can be observed.

In Figure 6, the grain size time evolution for

Ca4(PO4)2O and CaO phases during the hardening of

cement 1 with the addition of low- and high-molecular

weight chitosan is plotted. Figure 6(A) corresponds to the

addition of chitosan (38.2 kDa). As visible, both crystalli-

zations are characterized by a sigmoidal growth, although

the characteristic times are much different. A similar result

was obtained for the hardening of cement 1 without chito-

san. The CaO crystallization time is calculated to be s(CaO)
5 (440 6 30 min), whereas the Ca4(PO4)2O phase evolves

with a much shorter characteristic time, s(Ca4(PO4)2O) 5 (30

6 5 min) (Table 1). Therefore, one can conclude that the

addition of chitosan (38.2 kDa) to the mixture leads to a

decrease in the rate of the crystallization process, and this

effect is more evident for the TetCP phase. As to the grain

growth, the average grain dimensions for CaO increased

from (5 6 1 nm) up to (24 6 1 nm), whereas for the

TetCP from (13 6 1 nm) up to (33 6 1 nm).

Subsequently, the hardening of cement 1 with the addi-

tion of chitosan (478 kDa) was studied [Figure 6(B), where

the crystallization dynamics are reported]. Comparing the

characteristic crystallization times with respect to the addi-

tion of chitosan (38.2 kDa), it can be noticed that the CaO

(120) dynamics is preserved, s(CaO) 5 (415 6 30 min), de-

spite the final grain size is now much reduced. Indeed, the

initial grains are about (6 6 1 nm), comparable with the

CaO grains, obtained when chitosan (38.2 kDa) is added,

and they turn out to be about (11 6 1 nm) when chitosan

(478 kDa) is added. Furthermore, the crystallization of

Ca4(PO4)2O (212) is much slower than before, s(Ca4(PO4)2O)
5 (71 6 5 min), and also in this case, the grain size is

affected by the addition of chitosan (478 kDa). Indeed, the

initial grain dimension of Ca4(PO4)2O (212) is (21 6 1

nm), and it slightly grows up to (27 6 1 nm), when the

crystallization process is concluded (Table I).

Precursor Powder 2 with Addition of Chitosan. As pre-

viously described for cement 1, different cement samples

were prepared inside the sample holder of the diffractome-

ter by adding 0.01 g chitosan (38.2 or 478 kDa) to the pre-

cursor powder 2. After that, to this mixture, the hardening

liquid was added, and an intensive mixing for approxi-

mately 1 min was performed. Subsequently, the structural

modifications that occur were monitored in real time, in the

same way and under the same experimental conditions as

before. Comparing the so-obtained final products and the

final cement 2, some differences can be observed. In

Figure 7, the patterns collected on final cement 2 (A), final

cement 2 with chitosan (38.2 kDa) addition (B), and final

cement 2 with chitosan (478 kDa) addition (C) are plotted

as a function of the scattering parameters. Spectra (A) and

(B) are almost perfectly overlapping, the relative intensities

of the crystalline phases being comparable, whereas spec-

trum (C) presents some differences, evidenced in figure by

the arrows. Indeed, the (031) Ca4(PO4)2O reflection is

somewhat shifted toward higher q values (peak (1) at q 5
(1.72 6 0.01 Å21)), which might be due to a reticular

compressive stress. Moreover, the presence of a peak (2) at

q 5 (2.05 6 0.01 Å21) can be attributed to the (032)

Ca4(PO4)2O. These experimental observations lead to a

conclusion that the addition of high-molecular weight chi-

tosan affects the crystallization along the [03l] directions.

In Figure 8, the grain size time evolution of the

Ca4(PO4)2O and Ca3Al2O6 phases during the hardening of

Figure 5. EDXRD patterns collected as a function of the scattering

parameter from cement 1 (A), cement 1 with the addition of
chitosan 38.2 kDa (B), and cement 1 with the addition of chitosan

478 kDa (C).

Figure 6. Grain size time evolution for Ca4(PO4)2O and CaO phases

during the hardening of cement 1 with: (A) addition of chitosan
38.2 kDa, (B) addition of chitosan 478 kDa.
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cement 2 with the addition of low- (A) and high-molecular

weight chitosan (B), respectively, is plotted.

In this case, it was not possible to estimate the time evo-

lution of CaO (120), the peak being scarcely resolved, and

hence, the distribution of its full width half maximum val-

ues appearing random. However, Ca4(PO4)2O (040) and

Ca3Al2O6 (440) were monitored, and their crystallization is

characterized by a sigmoidal evolution. The addition of chi-

tosan (38.2 kDa) led to a decrease in the rate of the harden-

ing process, the characteristic times being s(Ca4(PO4)2O) 5
(28 6 5 min) and s(Ca3Al2O6) 5 (24 6 5 min) (Table 2).

The time evolution of the two phases coincides well with

that previously observed in the case of hardening of cement

2 without chitosan. The Ca4(PO4)2O grains grow from 8

nm up to 18 nm; and the Ca3Al2O6 grains grow from 8 nm

up to 16.5 nm.

Subsequently, the hardening of cement 2 with the addi-

tion of chitosan (478 kDa) was studied [Figure 8(B)]. Also

in this case, the CaO reflection was weak to be accurately

fitted, and only the Ca4(PO4)2O (040) and the Ca3Al2O6

(440) reflections were evaluated. The time evolution of the

primary crystallization, shown in Figure 8(B), is well fitted

by a sigmoidal growth for both phases, and as previously

observed, the characteristic times are comparable,

s(Ca4(PO4)2O) 5 (31 6 5 min) and s(Ca3A12O6)
5 (30 6 5

min) (Table 2). However, the addition of chitosan (478

kDa) strongly influences the grain dimensions, particularly

those of the calcium aluminate. In fact, the initial average

dimensions of both phases are comparable to those previ-

ously observed, but the final crystallite size is smaller, that

is, for Ca4(PO4)2O and Ca3Al2O6 being (15 6 1 nm) and

(10 6 1 nm), respectively.

Moreover, highlighting the q-region 1.20/1.50 Å21, it

was possible to detect the formation of an intermediate,

identified as hydroxyapatite (HA) phase (hexagonal system,

S.G.:P63/m
14). In particular, the onset of the (110) Bragg

reflection at q 5 (1.35 6 0.01) Å21 is visible when cement

2 is mixed with chitosan (38.2 kDa) (Figure 9, left side)

and chitosan (478 kDa) (Figure 9, right side). It is worth

noticing that, in the former case, the HA crystallization is

clearly visible after 20 min from the beginning of the pro-

cess, and the same reflection is no longer visible already

after 30 min, that is, it lasts only 10 min. Conversely,

when chitosan (478 kDa) is added, the rate of the HA for-

mation is much slower: the (110) reflection appears 30 min

after the beginning of the process and lasts about 1 h.

pH and Compressive Strength Measurements

Because both cements contain basic TetCP and CaO com-

pounds, it is important to follow their pH time evolution

during the process of hardening. These results are shown in

Figure 10. As can be seen, for cement 1, pH is around 6.5

at the beginning of hardening, then reaching 7.2, whereas

for cement 2, pH value does not change significantly, being

around 6.5 at the beginning and 6.7 after 22 days. There-

fore, pH of both cements is very close to neutral.

Figure 8. Grain size time evolution for Ca4(PO4)2O and Ca3Al2O6

phases during the hardening of cement 2 with: (A) addition of chito-
san 38.2 kDa, (B) addition of chitosan 478 kDa.

Figure 7. EDXRD patterns collected as a function of the scattering

parameter from cement 2 (A), cement 2 with addition of chitosan

38.2 kDa (B) and cement 2 with addition of chitosan 478 kDa (C).

Figure 9. Highlights of EDXRD patterns collected as a function of
time during the hardening of cement 2 with chitosan 38.2 kDa (left

side) and with chitosan 478 kDa (right side). The arrows point out

the presence of the (A) Ca4(PO4)2O (002) reflection and the forma-

tion and disappearance of the (B) Ca10(Ca4)6(OH)2 (110) contribu-
tion.
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In Figure 11, the time evolution of another important

characteristic of cements, the compressive strength, is

shown. As can be observed, the compressive strength of

cement 1 reached 68 MPa after 22 days of hardening,

whereas the compressive strength of cement 2 is much

higher, reaching 102 MPa after the same time period.

SEM Measurements

In Figures 12–14, the SEM micrographs of cements 1 and

2 are shown. As can be seen, cement 1 has more homoge-

neous structure (Figure 12), characterized by micro- and

nanopores, whereas the surface morphology of cement 2 is

slightly different: because it is visible at high magnification

(Figure 13), it is composed of lamellar-like crystals with

submicro- and nanopores. The same cement 2, but in the

presence of chitosan, has another morphology—it is com-

posed of smoothed grains, covered by chitosan film. Sepa-

rate chitosan particles can also be distinguished. The

porosity is lower compared with that of the same cement

without chitosan addition. Chitosan seems to have an

aggregating and smoothing effect. In Figure 14, cement

and chitosan particles conglomerated all together can be

observed.

DISCUSSION

Despite the numerous literature data available in the field

of calcium phosphate bone cements, the mechanism and

kinetics of their hardening, in most cases, is unknown. We

applied the EDXRD technique to follow the phase transfor-

mations and kinetics during hardening of two new formula-

tions we propose.

In the case of cement 1, no intermediate phases were

detected, likely because the process is too fast to be

revealed by the EDXRD technique. Not even the addition

of chitosan (38.2 kDa), which retards the hardening pro-

cess, allowed to register any intermediate phase, being

the crystallization only slightly slower. Conversely, the

Figure 10. pH time evolution for cements 1 and 2.

Figure 11. Compressive strength time evolution for cements 1
and 2.

Figure 12. SEM micrograph of cement 1. Magnification 2,55 K3.

Figure 13. SEMmicrograph of cement 2. Magnification 12,33 K3.
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addition of chitosan (478 kDa) slows down the hardening

process, so that tricalcium phosphate intermediate phase

can be observed (Figure 5). It is likely that, in this case,

the following reactions take place:

3Ca4 PO4ð Þ2Oþ 2H3PO4 $ 4Ca3 PO4ð Þ2þ3H2O ð3Þ
Ca3 PO4ð Þ2þCaO $ Ca4 PO4ð Þ2O ð4Þ

At first, TetCP (main component of both cement pow-

ders) dissolves in the acidic hardening liquid. Simultane-

ously with TetCP, CaO also dissolves. The Ca3(PO4)2
compound, formed according to reaction (3), interacts with

CaO (taken in 10% excess), resulting in the final TetCP

phase formation [reaction (4)].

In the case of cement 2, the formation of an intermedi-

ate (again tricalcium phosphate) was observed even without

the addition of chitosan (Figure 3). Evidently, the decrease

in the rate of the process, which allowed the detection of

the intermediate phase, was due to the presence of the

Ca3Al2O6 admixture in the precursor cement powder.

Then, when chitosans (38.2 and 478 kDa) are added to

cement 2, the formation of another intermediate phase, HA,

is evidenced (Figure 9). The following reactions, likely tak-

ing place during the hardening, can be proposed:

5Ca4 PO4ð Þ2Oþ 2H3PO4 $ 2Ca10 PO4ð Þ6 OH2ð Þ þH2O ð5Þ
Ca10 PO4ð Þ6 OHð Þ2þ2CaO$ 3Ca4 PO4ð Þ2OþH2O ð6Þ

As can be seen from Figure 9, in the case of the low-mo-

lecular weight chitosan, the entire process of appearance and

disappearance of crystalline HA lasts about 10 min, whereas

in the case of the high-molecular weight chitosan, the same

process lasts about 1 h, indicating that chitosan (478 kDa)

slows down the process more than chitosan (38.2 kDa).

It should be mentioned that HA and tricalcium phos-

phate phases have similar properties and are easily con-

verted one into another under suitable conditions.

The fact that the presence of calcium aluminate contrib-

utes to the decrease in the rate of the process is confirmed

also by the following results: from Figure 2 (cement 1),

one can see that already 8 min after the beginning of the

hardening process, the crystallization of the TetCP particles

is completed, whereas the CaO particle growth starts. The

CaO crystallization finishes after about 150 min of the

hardening process. The increase in the crystallized CaO

amount likely leads to some increase in the pH value of

the cement, from 6.5 to 7.1 (Figure 11). Unlikely, for

cement 2 (Figure 4), the particle growth of TetCP and cal-

cium aluminate takes place simultaneously with the

decrease in the CaO particle size, that is, its dissolution.

The TetCP crystallization process is concluded after about

25 min and only 50 min later the CaO crystallization starts.

Furthermore, in this case, the CaO excess is minimal,

which is confirmed by the slight increase in pH value for

cement 2, from 6.5 to 6.6 (Figure 10).

In our previous investigation,8 it was found that low-mo-

lecular weight chitosan inhibits the hardening process in

the TetCP cements. In this study, we investigated the influ-

ence of both low- and high-molecular weight chitosan. The

results obtained are summarized in Tables 1 and 2. In the

case of cement 1, two characteristic crystallization times

were deduced for CaO and TetCP, 116 and 2 min, respec-

tively. The addition of chitosan (38.2 kDa) leads to a four

times decrease in the CaO crystallization rate and to a 15

times decrease in the TetCP crystallization rate. When chi-

tosan (478 kDa) is added, the same result is obtained for

CaO, whereas for TetCP, the crystallization rate is

decreased by 35 times.

In the case of cement 2, two characteristic crystallization

times were deduced for TetCP and Ca3Al2O6, both within

3 min. The addition of chitosan (38.2 kDa) leads to a 10

times decrease in the crystallization rate of both phases,

and the same result is obtained when chitosan (478 kDa) is

added.

One of the defects of CPCs is that they are usually brit-
tle, possessing poor mechanical properties. To improve this
characteristic, continuous efforts have been made.15,16 A
new high-strength cement, reported in Ref. 15, was pre-
pared from calcium phosphate and calcium aluminate for
potential use in bone and joint repair applications. This
cements attained the compressive strength of about 100
MPa after 4 weeks of hardening. The authors15 explain the
changes in strength over time by the continued hydration
of calcium aluminate and its conversion into hydrated cal-
cium aluminate phases, Ca3Al2O6 3 XH2O.

CPCs represent a good correction technique for the non–

load-bearing bone fractures and defects and seem to be

very promising materials for bone grafting applications.17

In the latter case, a mechanical requirement may be stated

that the strength of the set cements must be at least as high

as that of bones. However, in practice, the strength of the

cements is lower than that of bones, teeth, or sintered cal-

cium phosphate ceramics and should, therefore, be

improved. For example, elevated compressive strength

Figure 14. SEM micrograph of cement 2 with high-molecular weight

chitosan addition. Magnification 6,16 K3.
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would be applicable in cranioplasty for the regions requir-

ing significant soft-tissue support and could be important in

orthopedic and dental applications.17

In this work, the compressive strength of cement 2 (with

calcium aluminate addition) reaches about 100 MPa after 3

weeks of hardening, and it is also likely connected to the

formation of hydrated calcium aluminate phases. However,

it should be noticed that the X-ray diffraction method

applied in this work cannot evidence clathrate water com-

plexes and therefore cannot indicate their formation.18

It should be underlined that classical calcium phosphate-

based cements reported in the literature are mainly nonre-

sorbable, that is, HA is formed as the final phase.7,8,15 In

this work, instead, resorbable Ca4(PO4)2O is registered as

the final phase. This result is achieved because of the pres-

ence of the CaO excess (leading to its presence also in the

final product), which contributes to the shift of the reaction

products from HA to the TetCP formation.

CONCLUSIONS

Two new cement formulations, based on TetCP, are

obtained, both having pH close to 7. Cement 1 has a com-

pressive strength of about 70 MPa, whereas the compres-

sive strength of cement 2 is much higher, about 100 MPa.

The latter result is attained thanks to the Ca3Al2O6 addition

to the initial cement powder. High-strength cement 2 could

be an alternative to the low-strength bioresorbable brushite

cements (10–12 MPa).19

The formation of the TetCP final phase during the

cement’s hardening could be described by the real-time ob-

servation of the structural changes allowed by EDXRD. It

takes place because of the presence of the CaO excess in

the precursor powder. The mechanism of hardening

includes the stages of the reaction between TetCP and the

hardening liquid, resulting in the formation of an intermedi-

ate phase, followed by its fast interaction with CaO, lead-

ing to the final formation of the TetCP-based cement.

Intermediate phases can be either tricalcium phosphate or

HA, depending on the presence of chitosan or other admix-

tures in the precursor powder.

Both low- and high-molecular weight chitosan inhibit

the cements hardening. Chitosan (478 kDa) slows down the

hardening more than chitosan (38.2 kDa).
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