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Abstract

In this research, the effects of calcium hydroxide addition to zinc polycarboxylate cements have been studied on microstructural properties,
setting time, pH changes and compressive strength. The results indicated that the setting time of the resultant cements increased with increase in
the calcium hydroxide content to the cement matrix. Moreover, the compressive strength of the set cement optimally increased with addition of
5 wt% calcium hydroxide and then decreased by addition of 10 and 15 wt% calcium hydroxide. The effect of calcium hydroxide content on the
properties of the set cements however was somewhat more complex, and a variable correlation was observed between the initial setting time and
compressive strength. The prepared cements could be useful in surgical sites that are not freely accessible when using minimally invasive
techniques. This is a preliminary study and more detailed work is required to evaluate other properties of this class of material.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The development of tissue engineering and regenerative
medicine has led to the production of a wide range of
biomaterials [1-7]. The association of these biomaterials, cells
and growth factors has yielded the development of new
treatment opportunities in dentistry [8—11]. Among different
biomaterials, dental cements are highly promising for wide
clinical uses due to their self-setting ability, resistance to
marginal leakage, adhesion to enamel and dentin, moisture
resistance, low pulpal irritation, and easy manipulation [12—14].

Polyelectrolyte cements are used in both restorative and
luting applications in dentistry [15]. In fact, the clinical success
of fixed prostheses is dependent on the cementation procedure.
Dental cements must be used to act as a barrier against
microleakage, sealing the interface between the tooth and
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restoration and holding them together through durable bond
between tooth and restoration materials [16,17]. In addition,
ideal dental luting cements should provide favorable mechan-
ical strengths and demonstrate adequate working and setting
times [17]. Zinc polycarboxylate and glass polyalkenoate
(glass ionomer) cements are two types of polyelectrolyte
cements, which are widely used as adhesives in dentistry.
They are the only materials currently available that are capable
of chemically bonding to dentine and enamel. Due to their
hydrophobicity, they can wet dentine and enamel surfaces,
which is an important requirement of any adhesive or dental
material [18]. Not only adhesion is important for the mechan-
ical integrity of a joint or restoration but also adhesion to the
tooth material ensures an enclosed seal. This helps prevent
percolation of bacteria and fluids beneath a filling and thereby
reduces the likelihood of secondary caries and pulp irritation.
Among polyelectrolyte cements, zinc polycarboxylate cement
has been widely used clinically, including cavity liners, as
adhesive for placement of crowns and for the adhesion of
orthodontic application. The adhesive bond can be formed
primarily due to enamel. Although, a weaker bond to dentin
may be also formed. This is due to the fact that bonding
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appears to be the result of a reaction between the carboxyl
groups of the cement and calcium in the tooth structure.
Therefore, the more highly mineralized the tooth structure, the
stronger the bond [19,20]. When zinc oxide and poly(acrylic
acid) are mixed, hydrated protons formed from ionization of
the acid attack the zinc and magnesium powder particles. This
causes the release of zinc and magnesium cations which form
polycarboxylates that cross-link the polymer chains. The result
is a zinc polycarboxylate cross-linked polymer matrix in which
unreacted zinc oxide particles are embedded [19,21]. The
chemical reaction between poly(acrylic acid) and ZnO was
explained this phenomena

ZnO+2(—CH,—CHCOOH-) — (-CH,—CHCOO-),Zn
+2H,0 (1)

Cross-linking was reported to take place via a sort of “salt-
bridge” between the divalent zinc cations and the hydrophilic
functional groups on the polymeric chains. Neutralization in
the zinc polycarboxylate cements was found to occur more
rapidly than that which occurred in the glass polyalkenoate as
it depends on the diffusion of the metal ions [22]. In fact, the
part of zinc carboxylate drawbacks is attributed to the fast
nature of the reaction between zinc cations and poly(acrylic
acid) anions [15]. These drawbacks include its working time
(less than 1-2 min) and compressive strength (40-70 MPa)
which are relatively low [23-25].

Many attempts have been made to overcome these draw-
backs by modifying the formulation of polycarboxylate cement
by incorporating various fillers into the component [24,26-28].
Furthermore, the effect of ionic additives on these cements has
been studied extensively [29,30]. Monovalent salts, such as
NaCl, KCl, or KBr, have been shown to accelerate the setting
of zinc polycarboxylates but the compressive strength of zinc
polycarboxylates was unaffected [31]. Divalent salts, such as
CaCl, or ZnCl,, had similar effects on setting, though, they
reduced the compressive strength [32]. These results are
related to changes in conformation and ionization of poly
(acrylic acid) caused by the salts. Nicholson et al. [33] had
studied the effect of two trivalent nitrates, AI(NO3); and Fe
(NO3)3, in these cements. In contrast to results for mono- and
divalent metal salts, the zinc polycarboxylate was more
affected by trivalent salts. Addition of either AI(NO;); or Fe
(NO3); to zinc polycarboxylate dental cements has been shown
to cause an acceleration to their setting reactions.

There are number of possible mechanisms by which
additives seem able to modify the setting reactions in zinc
polycarboxylate cements. In this way, calcium hydroxide is
expected to affect the neutralization reaction. Calcium hydro-
xide is one of the provisional luting materials, which is
currently widely used owing to their proven properties of
stimulating mineralization, protecting the pulp against thermo-
electric stimuli, and favoring antimicrobial action [34].
According to Tronstad et al. [35], the mechanism of action
of calcium hydroxide is attributed directly to its capacity of
dissociating into Ca>* and OH™ ions resulting in increased pH
locally. In one hand, with the polymeric acid based cements it

is reported [15] that di- and tri-valent ions such as calcium and
aluminum are able to react with carboxyl groups to form ionic
cross-links between the polymer chains.

On the other hand, Beech et al. [36] suggested three criteria
about the characteristics of mineralizing solutions for enhan-
cing the bond strength of all polycarboxylic acid cements to
dentine. First, the solution must contain calcium or related ions
which are compatible with the hydroxyapatite crystal lattice.
Second, the solution must have a pH of 7 or above. A low pH
may inhibit the receptivity of newly deposited mineral to ionic
interaction with cement or may prevent the mineral itself from
being laid down. Finally, the deposited mineral needs to react
with the cement. The formation of highly insoluble phosphates
(e.g., barium phosphate), or insoluble calcium salts (e.g.,
calcium fluoride), can greatly reduce bonding.

Hitherto, however, there have been no reports of studies of
zinc polycarboxylate cements interaction with calcium hydro-
xide. The current article describes experimental work designed
to determine calcium hydroxide addition affect on the setting
time, mechanical strength and pH of zinc polycarboxylate
cements.

2. Materials and methods
2.1. Preparation of cements

A commercially available zinc polycarboxylate dental
cement, Hoffmann (Iso 9917), was mixed at the ratio
recommended for use as a liner for pulp protection, 2.9 g
powder to 1 g liquid. The cement samples were modified by
adding calcium hydroxide powder (Ca(OH),), Merck (no.
2047, Germany), in the weight ratios in the range of 5, 10
and 15 wt% of the powder part of the cement. By increasing
calcium hydroxide quantities of 0, 5, 10 and 15 wt%, the
prepared cements were coded as Sy, Sy, S3 and Sy, respectively.

According to the manufacturer's instruction, the powder and
liquid phases were mixed at 23 + 1 °C and a relative humidity
of 50 + 10%. The samples were prepared by placing the
freshly mixed cements in cylindrical molds with dimensions
of 12 mm in height and 6 mm in diameter. The samples were
stored in the molds for 24h at 37 °C and 28% relative
humidity.

2.2. Sample characterization

The setting time of the samples was measured in accordance
with ASTM C266-89 standard using a Gillmore needle test
with a needle weight of 113.5 g and a tip diameter of 2.1 mm.

The X-ray powder diffraction (XRD) studies of the set cement
disks were carried out using a X-ray automated diffractometer.

The fractured set cements, 24 h after mixing, were ground and
weighed to obtain 1 g of each sample, and then mixed with a
measured amount of potassium bromide in an agate mortar. After
pressing the mixed materials into rigid pellets, FTIR analysis was
performed using a (Perkin Elmer FTIR spectrometer, Model
1403, USA) at a wavelength range between 400 and 4000 cm™
[37,38].
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For analysis of the morphology and microstructure of the
prepared cement disks, the fractured surfaces were coated with
gold and then monitored with a scanning electron microscope
(SEM-Philips XL30) that operated at the acceleration voltage
of 15kV.

The specific surface area was obtained by fitting the
Brunauer—-Emmett-Teller (BET) equation to the N, adsorption
isotherms measured at 77 K using a BELSORP mini (BEL
Japan).

Compressive strength testing was performed, according to a
modified form of BS ISO 9917 (2003) [39], specified for the
testing of dental cements. The mixed cements were compacted
in brass molds 6 mm in diameter and 16 mm height with 2 mm
caps at both ends. These molds produced disks 6 mm in
diameter and 12 mm height with plane ends. A vibrator device
was used to avoid entrapped air. The disks were stored in an
incubator at 37 °C and 100% humidity for 24 h, and compres-
sive strength testing was then performed. The disks were
compressed using a universal testing machine (Instron 1195,
High Wycombe, UK) with a cross-head speed of 1 mm/min.
The compressive strength was calculated from the following
equation:

Compressive strength = 4—F2 (2)
nd

where, F is the maximum load until fracture (N) and d is the

diameter (mm) of the samples [40].

The pH was measured using a pH meter (Jenway Scientific,
Felsted, UK) supplied with epoxy combination pH electrode.
For this purpose the disks were placed in sealed containers
filled with 6 ml of distilled water. The containers were kept in
the incubator. The pH was monitored during the first 120 min.

All the data were presented as mean value + standard
deviation (SD) of each group.

3. Results and discussion
3.1. TEM observation

Fig. 1 shows the typical TEM micrograph of the calcium
hydroxide powder. As can be seen here, the particles show
uniformity in shape and size and the particle size is around
100 nm.

3.2. XRD analysis

The XRD analysis of zinc polycarboxylate cements identi-
fied two crystalline phases ZnO and MgO. The presence of
additives like SnO,, SnF,, SiO,, iron or titanium depends on
the cement type, which are usually small quantities (less than
1 wt%). Here, the presence of additives was not detected in the
XRD patterns of all the samples, shown in Fig. 2. The cements
should be composites of amorphous zinc polycarboxylate
cross-linked polymer matrixes in which unreacted oxides
ZnO (mainly) and MgO particles are embedded. These results
are in accordance with the same structures proposed for such
cements [41]. According to this figure, adding 5 and 10 wt%

Fig. 1. Typical TEM micrograph of the calcium hydroxide powder.
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Fig. 2. The XRD patterns of the set cements.

calcium hydroxide did not affect the XRD pattern significantly.
It seems that calcium hydroxide totally participated during the
acid—base setting reaction. In addition, the formed calcium
polycarboxylate was not reflected in the XRD pattern since it
probably formed an amorphous matrix. By increasing the
calcium hydroxide to higher contents, unreacted Ca(OH),
particles might be detected. Studies of the reaction between
the calcium hydroxide powder and partially neutralized
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polyacid solutions suggest that calcium hydroxide may par-
tially participate in the form of calcium polycarboxylates [42].

3.3. FTIR analysis

As shown in Fig. 3, the infrared spectra of the set cements
showed two absorption bands at 1518 and 1474 cm™',
representing carboxylic acid salts (-COQ) [43]. In addition,
a stretching band was observed at 1605 cm™", representing the
(-C=0) antisymmetric stretching band of the carboxylate
groups in the poly(acrylic acid). The peak at 1640 cm™" was
attributed to non-structural OH peak. Further addition of
calcium hydroxide showed a slight decrement of the stretching
band at 1605 cm™" and increment of the two other stretching
bands at 1518 and 1474 cm™', indicating carboxylate salt
formation. It is suggested that calcium hydroxide content may
reduce the amount of remaining unsubstituted carboxylate
groups but fail to completely substitute carboxylate groups.
The presence of the peak around 3500 cm™' in the samples
containing higher amounts of calcium hydroxide suggested
that small amounts of calcium hydroxide may remain
unreacted [44].

3.4. SEM observation

The SEM micrographs of the surface topography of the
samples are shown in Fig. 4. As can be seen, a relatively
smooth surface with linear micro- and nano-cracks and many
small voids were created on the surfaces of the samples by
further addition of the calcium hydroxide content to the cement
matrix. According to Bertenshaw et al. [45], the larger pores
might be due to the entrapment of air during mixing and the
additional finer porosity results from loss of excess water.
Here, the surfaces of S3 and S4, as shown in Fig. 4(c) and (d),
were less integrated and had more voids which was attributed
to the disturbed setting reaction by adding more calcium
hydroxide content. As shown in high magnification micro-
graphs, a large number of pores were clearly observed.

To have a better understanding on the effect of calcium
hydroxide on the cement structure, the textural properties of
the basic cement was compared typically with sample S3. The
N, adsorption isotherm of S1 and S3 samples are shown in

N\
Y

Non-structural OH / \

—Cc=0 —C00
Carboxylate groups Carboxylic acid salts

Transmittance (2.n.)

4000 3600 3200 2800 2400 2000 1600 1200 800 400
‘Wavenumber (nm)

Fig. 3. The FTIR spectra of the set cements.

Fig. 5(a) and (b), respectively. The textural properties of S1
sample including BET surface area and pore volume were
0.94 (m*g™") and 1.05 (cm® g™"), respectively. Moreover, it
can be seen that after the addition of 10 wt% of calcium
hydroxide to the cement structure a significant enhancement in
the textural properties of this sample (S3) was observed. For
S3 sample BET surface area and pore volume were
1.24 m* g7") and 1.43 (cm® g™"), respectively, with a mean
pore size of around 50.00 (nm). From these results one can
also infer that the pores are specifically in nano-range.

It is know that the release of drugs, such as antibiotics, from
cements is largely influenced by the penetration of dissolution
fluids into the pores [46,47]. The porosity of the cement
depends on the air entrapment during the wetting and stirring
of the cement powder, and depends on the effects of the
components [48]. Moreover, penetration of dissolution fluids
into the pores also depends on the wettability of the cement
surface, which makes it essentially a surface phenomenon.
Recently, Belt et al. [49] measured the release of gentamicin as
a function of time for a series of gentamicin-loaded cements
and related with porosity and roughness of the cements. They
found that the initial release rates could be increased with
surface roughness, although the correlation coefficient was
low, while the total amounts of release increased linearly with
the bulk porosity of the cements. They concluded that the
release kinetics of drug from the cements was controlled by
porosity. It seems that by even addition of small amounts of
calcium hydroxide into the cement matrix and creation of
small pores, the cements can be more efficient for drug
delivery purposes. Total understanding of the effect of calcium
hydroxide on the morphology and drug release of the samples
is a daunting challenge which needs further investigation.

3.5. Setting time

The influence of the calcium hydroxide content on the
setting time of different samples is shown in Fig. 6. It can be
suggested that by further addition of calcium hydroxide to the
cement matrixes the setting time increased from 5 to 16 min.
The obtained results also indicated that adding 5 and 10 wt%
calcium hydroxide showed a clinically acceptable setting time
which was mainly attributed to the acid-base reaction and
subsequent formation of carboxylate salts. Furthermore, a
significant increase, around 16 min, was observed with adding
15 wt% calcium hydroxide for S4 sample.

Generally speaking, the setting reaction of polyelectrolyte
cements consists of ionic salt-bridge formation and covalent
cross-linking. Zn>* and Ca®* ions are able to form salt-bridges
between these cations and carboxyl anions but there is a
difference in size (Zn*": 0.74 A and Ca*": 0.99 A) and
electronegativity (Zn>": 1.65 and Ca®": 1.00) between the
Zn”** and Ca®" ions, which causes a two-step setting mechan-
ism in these cements. Kenny et al. [27] suggested that it is not
only the charge of cations that affects the neutralization
reaction but the size of the ions can also have a major
influence. It seems that the chemical bonding between the
zinc ions and the poly(acrylic acid) can be more stable than the
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Fig. 4. The SEM micrographs of the surface morphology of the set cements, (a) S1, (b) S2, (c) S3 and (d) S4, (the images in the corners are high magnification

images).
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Fig. 5. N, adsorption isotherms and BET plots of (a) S1 and (b) S3.

chemical bonding between the calcium ions and the poly
(acrylic acid), which is due to the smaller radius and greater
electronegativity of zinc ions. The zinc polyacrylate species
causes primary hardening of the cement, and later the formation
of calcium polyacrylate leads to a second post-hardening step. In
fact, calcium ions are released from the calcium hydroxide via
neutralization of the hydrogen ions released from poly(acrylice
acid), these are then cross-linked by poly(acrylic acid) molecules
leading to setting via the formation of a calcium polyacrylate
networks (see Fig. 7). A similar mechanism is believed to occur
with glass polyalkenoate cements [31]. According to Fig. 4,
addition of 15 wt% calcium hydroxide dramatically prolongs the
setting times of these polycarboxylate cements. The presence of
residual nonfunctional carboxylic groups and unreacted calcium

hydroxide in the set cements could disrupt the setting reaction of
the samples containing the higher amounts of calcium hydroxide.

3.6. Compressive strength

The calcium hydroxide contents effect on the compressive
strength of the zinc carboxylate cements after 24 h of setting
reaction is shown in Fig. 8. An increase in compressive
strength could be achieved by addition of calcium hydroxide
content from 0% to 5%. This enhancement was followed
subsequently by gradual decrease of the strength to about
50 MPa for 10 wt% calcium hydroxide. The compressive strength
dramatically decrease by adding 15 wt% calcium hydroxide. In
fact, the zinc polycarboxylate cement reacts much more rapidly
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Fig. 6. The influence of the calcium hydroxide content on the setting time of
different samples.
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Fig. 7. The schematic of deposition of calcium hydroxide into the cement
matrix.

than the glass ionomers. This implies that the reaction of the glass
ionomer cements is less developed at the “setting time”, and may
be partly responsible for the higher compressive strength of glass
ionomer cements [50,51]. One of the reasons why calcium
hydroxide was added is that it can delay the salt-bridge formation
between zinc and carboxyl group by introducing two-step setting
mechanism. By less developed setting reaction at the “setting
time” more ionic salt-bridge and covalent cross-linking will form
which is expected to improve mechanical properties [51].
Although, by adding more than 10 wt% calcium hydroxide
setting reaction is disrupted and unreacted particles reduce
compressive strength dramatically. The findings on the setting
reactions and the analysis of the parameters determining the
setting time correlates very well with the result of compressive
strength.

3.7. pH value

Fig. 9 shows the time-dependent pH variation of the samples
in distilled water. The pH changes over the time course
showed that there was no statistically significant difference
between the mean pH values for all samples. The initial pH
readings were approximately the same for S1, S2, S3 and S4.
However, there were slight increases in the pH value for all the
samples at the same time points. Moreover, the gradual slope
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Fig. 8. The calcium hydroxide contents effect on the compressive strength of
the zinc carboxylate cements after 24 h of setting reaction.
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Fig. 9. The time-dependent pH variation of the samples in distilled water.

of the curves for S2 and S3 cements indicated that a relatively
neutral pH is maintained during 40-120 min. It seems that
adding 5 and 10 wt% calcium hydroxide were incapable of
alkalinizing the cements. This is thought to be a result of
setting reaction. It seems that calcium hydroxide is totally
participating in setting reaction and unreacted calcium hydro-
xide particle is negligible. In addition, polycarboxcilic might
be considered as a non-water soluble vehicle which could not
release calcium and hydroxyl ions easily [52]. As can be seen,
S4 sample presented higher pH values and the greatest
variation ranging from 5 to 8 which is significantly different
from other samples. According to FTIR and setting time
results, this pattern might be attributed to the ionization of
unreacted calcium hydroxide. From a biologic point of view,
calcium hydroxide-contained cements permit the formation of
mineralization when applied to dentin as capping materials,
and evidence of pulp repair has been reported when they are
applied to accidental pulp exposures [53,54]. However, to
exert their antibacterial action these calcium hydroxide-
contained materials must provide the release of hydroxide
and calcium ions which raise the pH value of the surrounding
environment to the higher levels after dissolution [55]. The
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alkaline pH maintained at the injured/treated region creates
favorable conditions for dentine formation [56].

4. Conclusion

In conclusion, adding calcium hydroxide to the cement
matrix has a meaningful effect on setting time, compressive
strength and pH value. The obtained results indicated that
adding 5 wt% calcium hydroxide (S2 sample) presented a
reasonable setting time, and significantly higher compressive
strength when compared to zinc polycarboxylate cement
(S1: control sample). By less developed setting reaction at
the “setting time”, more ionic salt-bridge and covalent cross-
linking are predicted to form which was expected to enhance
mechanical properties for S2 sample. The experiments pro-
vided data to support the use of the composite cements in
dental applications.
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