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Abstract The ability of zinc oxide-based dental cements
(zinc phosphate and zinc polycarboxylate) to take up fluoride
from aqueous solution has been studied. Only zinc phosphate
cement was found to take up any measurable fluoride after
5 hexposure to the solutions. The zinc oxide filler of the zinc
phosphate also failed to take up fluoride from solution. The
key interaction for this uptake was thus shown to involve the
phosphate groups of the set cement. However, whether this
took the form of phosphate/fluoride exchange, or the for-
mation of oxyfluoro-phosphate groups was not clear.
Fluoride uptake followed \/ time kinetics for about 2 h in
some cases, but was generally better modelled by the Elovich
equation, dq/dt = o exp(—pfq,). Values for o varied from
3.80 to 2.48 x 10*, and for ff from 7.19 x 107> to 0.1946,
though only f§ showed any sort of trend, becoming smaller
with increasing fluoride concentration. Fluoride was
released from the zinc phosphate cements in processes that
were diffusion based up to M¢/M,,, of about 0.4. No further
release occurred when specimens were placed in fresh vol-
umes of deionised water. Only a fraction of the fluoride taken
up was re-released, demonstrating that most of the fluoride
taken up becomes irreversibly bound within the cement.

1 Introduction

The development of fluoride-releasing dental restorative
materials, such as the glass-ionomer dental cements, has
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triggered an interest in the dynamics of fluoride interac-
tions that these materials may undergo [1]. Glass-ionomers,
like their predecessors the dental silicate cements [2], are
capable of both releasing and taking up fluoride [3-5].
They thus have the ability to act as fluoride reservoirs
in situ when used in clinical dentistry [6].

The uptake of fluoride by glass-ionomers is associated
with a decline in the quality of the cement surface, and with
the appearance of the surface having been etched [7, 8].
This applies even with fluoride solutions of very low
concentration. Indeed, there is evidence that the increase in
fluoride release following such treatment is at least partly
due to the release of fluoride as a result of the etching
effect, rather than because of uptake then re-release [9].

To date, attention has been focussed on the glass-iono-
mer cements, and their closely related derivatives, the
resin-modified glass-ionomers [10, 11] and the compomers
[12, 13]. Each of these types of material has been shown to
be altered by exposure to low concentration fluoride solu-
tions, and to release increased amounts of fluoride on
subsequent immersion in pure water [14, 15].

The present study has been undertaken to determine how
zinc phosphate and zinc polycarboxylate cements behave in
the presence of aqueous fluoride solutions. These cements are
known to share many features of the glass-ionomer cements.
They are acid-base cements that set by neutralization [16];
they are capable of buffering aqueous solutions of lactic acid
[17]; and they release ions into solution at rates that vary with
prevailing solution pH [18]. Hitherto, however, there have
been no reports of studies of their interaction with fluoride
solutions. The current article describes experimental work
designed to determine whether these cements are able to take
up fluoride from solution, and if so, by what mechanism. It
goes on to report results of studies of fluoride release, and of
the role of the zinc oxide filler/reactive base in this process.
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There have been previous studies of fluoride release
from these cements where fluoride has been added as
stannous fluoride mixed with the zinc oxide powder [19].
Exposure of set cements to water then leads to release of at
least some of this fluoride. In the case of zinc phosphate,
fluoride release has been studied in detail, and shown to
follow diffusion-based kinetics up to M¢/M,, values of
approximately 0.4, where M, is the mass uptake at time t
and M, is the mass uptake at infinity [20].

2 Materials and methods

The materials used were a zinc phosphate dental cement
(Kent Dental Zinc Phosphate, ex. Kent Express, UK) and a
water-activated zinc polycarboxylate cement (PolyKent,
ex. Kent express, UK). Each was prepared according to
manufacturer’s instructions, i.e. at powder:liquid ratios of
3.6:1 (zinc phosphate) or 5:1 (zinc polycarboxylate).

Freshly mixed pastes were placed in silicone rubber
moulds to produce discs of dimensions 6 mm diame-
ter x 2 mm depth. They were allowed to cure in an
incubator at 37°C for 10 min, before being exposed in sets
of five together to single 5 ml portions of aqueous solutions
of potassium fluoride (General Purpose Reagent grade, ex.
BDH, Poole, UK) at concentrations of 100, 250, 500, 750,
1,000 or 5,000 ppm with respect to fluoride ion. During
exposure, fluoride concentration was measured at time
intervals of 15 min, then 1, 2, 3, 4, 5 and 24 h, using a
fluoride-ion selective electrode (type 309/1050/03 combi-
nation electrode, ex. BDH, Poole, UK). Uptake data were
plotted in a variety of modes (pseudo-first order, pseudo-
second order, Elovich equation and as a \/time plot) to
determine the relationship between fluoride uptake and
time.

After 24 h, specimens which showed fluoride uptake
were transferred to deionised water (5 ml volume per
specimen) in plastic sample vials. Fluoride release from
them was determined at time intervals of 10 min, 20 min,
30 min, 1, 2, 3, 4, and 5 h, then at 24 and 48 h. Fluoride
release typically reached equilibrium after 24 h. From the
data thus obtained, release profiles were plotted and
graphs of M/M,, against \/ t were plotted, as required to
determine  whether release followed a diffusion
mechanism.

Additional experiments were carried out in which
specimens previously equilibrated in water were placed in
fresh 5 ml volumes of deionised water, in order to deter-
mine whether further fluoride release could occur. Finally,
samples of zinc oxide powder (0.2 g) were exposed to
potassium fluoride solutions (100 and 1,000 ppm) for up to
5 h, to determine whether there was any fluoride take up by
this cement component.
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3 Results

Preliminary experiments were carried out by exposing sets
of five specimen discs to KF solutions at 100 and
1,000 ppm at room temperature. Under these conditions,
over 5 h, the zinc phosphate specimens were found to take
up fluoride, whereas by contrast, there was no evidence of
fluoride uptake by the zinc polycarboxylate specimens.
After 5 h, the electrode reading was unchanged, and still
showed the concentrations of the solutions to be 100 and
1,000 ppm respectively. Consequently, all further experi-
ments were carried out using zinc phosphate cement
specimens only.

Reductions in fluoride concentration with time for zinc
phosphate cements are shown in Table 1 and the conse-
quent fluoride uptake data shown in Table 2. Attempts to
describe linear relationships involving uptake and time
showed that the best fit occurred with plots of reduction in
concentration against In(time), as required by the Elovich
equation [21]. Figure 1 shows such a plot for 250 ppm
initial concentration, and Table 3 lists the equations,
together with the correlation coefficients, for all initial
concentrations. Only for 5,000 ppm did it prove impossible
to find any kind of relationship, a feature which may arise
because of the very high initial concentration and the
consequently high rate of interaction between the fluoride

Table 1 Fluoride concentration in solution at varying time intervals
(5 specimen discs together in a 5 ml portion of KF solution, room
temperature)

Time 100 250 500 750 1000 5000

ppm ppm ppm ppm ppm ppm
15 min 40 216 370 716 917 4979
60 min 34 169 327 620 810 4777
120 min 31 149 314 547 687 4777
180 min 19 137 289 515 659 4777
240 min 29 127 266 494 633 4584
300 min 29 112 245 464 633 4584
24 h 15 95 187 355 536 4221

Table 2 Reduction in fluoride concentration in solution at varying
time intervals

Time 100 250 500 750 1000 5000
ppm ppm ppm ppm ppm ppm
15 min 60 134 130 34 83 21
60 min 66 81 173 130 190 223
120 min 69 101 186 203 313 223
180 min 81 113 211 235 341 223
240 min 71 123 234 256 367 416
300 min 71 138 255 256 367 416
24 h 85 95 313 355 464 779




J Mater Sci: Mater Med (2008) 19:3035-3039

3037

Graph of fluoride uptake against In(t) for 250 ppm fluoride
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Fig. 1 Graph of fluoride uptake versus In(t) for 250 ppm fluoride
solution

Table 3 Equations for fluoride uptake (q,) versus In(time/min)

Initial Equation Correlation
concentration coefficient
(ppm)
100 q =5.14 —0.969
In(t) 4+ 43.6
250 qr = 40.5 In(t) —0.979
— 95.8
500 qe =455 —0.981
In(t) + 22.4
750 q. = 106.0 In(t) —0.993
— 314
1000 qr = 139.0 In(t) —0.991
— 380
5000 - -

cases this release equilibrated, typically by 24 h. Plots of
M/M_, versus \/ t were found to be linear up to M{/M,, of
about 0.4, i.e. for the first 1-2 h of release. Diffusion
coefficients were determined from these data (Table 5).
The overall recovery of fluoride could be determined from
the equilibrium values of concentration, and these values
are listed in Table 6.

Finally, it was found that placing equilibrated specimens
in fresh volumes of water led to little or no additional
release of fluoride (measured values of fluoride in these
solutions being 0.5 ppm or lower). Similarly, exposure of
zinc oxide powder from the zinc phosphate cement to KF
solutions showed no reduction in fluoride concentration

Table 5 Diffusion coefficients for fluoride release from conditioned
zinc phosphate cement samples

Initial Diffusion
concentration coefficient
(ppm) 107 m™>s7h
100 1.41
250 0.82
500 2.34
750 5.11
1000 4.24
5000 3.63

Table 6 Fluoride recovery from conditioned zinc phosphate cement
samples

. . . . Initial Fluoride
ions in solution and the cement specimens. concentration recovery
Uptake at 500, 750 and 1,000 ppm showed some evi- (ppm) (%)
dence for a diffusion process, over the first 2-3 h only.
. . . 100 13.6
These gave reasonably linear plots of concentration against
. . 250 8.1
\/ (time). Unfortunately, the number of points was too few
. . . . 500 14.9
to be certain of this relationship.
After 24 h, specimens were transferred to individual 750 21.9
5 ml volumes of deionised water, and release of fluoride 1000 22.6
determined. Results for this are shown in Table 4. In all 5000 33.9
Table 4 Fluoride release data — p 0 100 250 500 750 1000 5000
(5 specimen discs in individual n n m n - m
5 ml volumes of deionised pp PP PP PP pp pp
water, room temperature) 10 min 0.2 (0.0) 0.3 (0.0) 1.2 (0.2) 2.3 (0.5) 2.2 (0.5) 2.6 (0.3)
20 min 0.3 (0.0) 0.3 (0.0) 1.8 (0.4) 3.6 (0.6) 3.6 (0.7) 9.7 (0.5)
30 min 0.4 (0.0) 0.4 (0.0) 2.4 (0.7) 5.5 (0.5) 4.7 (0.7) 13.0 (0.5)
60 min 0.5 (0.0) 0.6 (0.1) 3.1 (0.5) 7.3 (0.7) 7.6 (1.2) 18.2 (1.0)
120 min 0.8 (0.1) 0.8 (0.1) 4.3 (0.7) 9.3 (0.9) 9.7 (1.9) 23.6 (1.7)
180 min 0.9 (0.1) 1.1 (0.1) 5.5 (1.4) 10.1 (1.3) 11.4 (2.5) 28.0 (1.9)
240 min 1.0 (0.1) 1.1 (0.1) 5.1 (1.9) 10.7 (1.2) 12.9 (3.0) 30.7 (2.0)
300 min 1.0 (0.1) 1.2 (0.1) 5.4 (1.8) 12.0 (1.1) 14.1 3.1) 322 (1.8)
Equilibrium 2.3 (0.5) 2.9 (0.7) 9.3 (2.9) 18.0 (2.4) 21.0 (3.5) 52.8 (3.3)
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over 5 h, indicating that the zinc oxide is not itself capable
of taking up fluoride.

4 Discussion

Of the two cements studied, only the zinc phosphate was
found to take up fluoride from aqueous solution. Neither the
zinc polycarboxylate, nor the zinc oxide powder from the
zinc phosphate cement, were shown to take up fluoride from
solution. These findings demonstrate that the phosphate
group is responsible for removing the fluoride from solution.
The subsequent release was found to be low in all cases,
showing that the fluoride uptake is only partially reversible.

There have been no previous studies of fluoride uptake
by zinc phosphate, but there have been numerous studies of
fluoride uptake by calcium phosphate, typically as the
biomineral hydroxyapatite [22-24]. In all cases, the
assumption has been that this uptake involves replacement
of hydroxide groups by fluoride ions, an assumption that
has been confirmed experimentally in several cases [23,
24]. However, when bone char was used as the sorbent, the
data suggested that fluoride ions replace phosphate groups
[25]. It is not clear whether this type of exchange occurs
with zinc phosphate cements, or whether instead the uptake
we have observed involves a process of the type:

H' + PO} +F — POsF*” + OH™

Either way, the uptake was not readily reversible for zinc
phosphate. This finding is similar to that for fluoride uptake
by calcium phosphate mineral [25].

Uptake of ions by solids from solutions has been mod-
elled by various equations. These are pseudo-first order,
pseudo-second order, and the Elovich equation. There is
also the possibility of diffusion, which would give a
straight line plot for uptake against \/time. Pseudo-first
order has been found to describe the uptake of thorium ions
by alumina particles [26], pseudo-second order has been
shown to apply to the uptake of, inter alia, Sr** and Zn**
ions by synthetic tobermorite [27, 28]. The Elovich
equation,

dq,/dt = o exp (—fq,)

which was originally developed to describe the process of
adsorption of gas molecules onto solids [21], has been
found to describe uptake of phosphate ions by soil [29]. All
three of these were applied to the fluoride uptake data we
have obtained, and most satisfactory results were obtained
for the Elovich model (Table 3). This is an empirical
equation and is not usually used to infer information about
uptake mechanisms. From the resulting plot of g, versus
In t is, the slope, 1/f, and intercept, (1/8)In(af3), can be
determined, and these enable values of o and f to be
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Table 7 Elovich constants for fluoride uptake

Initial Values of Values of
concentration o (ppm) p (ppm)fl
(ppm)
100 2.48 x 10* 0.1946
250 3.80 2.468 x 10~
2
500 74.44 2.198 x 10~
2
750 5.48 9.43 x 1073
1000 9.04 719 x 1073
5000 - -

calculated. These are given in Table 7. As for the equation
itself, these are arbitrary constants, so a trend in their
values is not necessarily of use in understanding the
underlying mechanism of uptake. However, there is a trend
in the case of f3, values of which diminish with increasing
solution concentration.

The subsequent release of fluoride followed diffusion
kinetics, i.e. release varied linearly with \/ time. This sug-
gests logically that at least part of the uptake must have
involved some diffusion of fluoride ions into the cement, as
suggested by the fact that \/time kinetics describes the
uptake process, at least for a short time.

Diffusion-based release of fluoride has been found pre-
viously for zinc phosphate cements that contain intrinsic
fluoride, i.e. fluoride that was added by mixing the ZnO
powder with SnF,. Such preparation causes fluoride to be
distributed throughout the cement, and not only in the
surface layers. It also allows fluoride to be released in
amounts that are clinically beneficial against caries [19]. A
similar release was found in the present study. Amounts of
fluoride were different in the two types of cement, hence
making comparison of release levels meaningless. How-
ever, it was notable that the release process was found to
deviate from simple \/time (diffusion) kinetics at My/M,,
of about 0.4 [20], as in our study.

Overall, these results show that zinc phosphate cements
are able to behave like glass-ionomer dental cements in
that, by taking up and re-releasing fluoride, they are able to
act as fluoride reservoirs. However, this is not true of zinc
polycarboxylate cement. This indicates that phosphate
groups are critical for these processes. This finding may be
significant in understanding the precise mechanism of
fluoride exchange by glass-ionomer cements.

5 Conclusions

Uptake of fluoride from aqueous solution was found to
occur with zinc phosphate cement, but not with zinc
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polycarboxylate. Also, the zinc oxide filler of the zinc
phosphate did not take up fluoride from solution. Hence we
conclude that the key interaction for this uptake involves
the phosphate groups. However, whether this involves
phosphate/fluoride exchange, or the formation of oxyflu-
oro-phosphate groups is not clear.

Uptake showed some evidence of \/ time Kinetics,
though was actually better modelled by the Elovich equa-
tion, dq/dt = o exp(—fqy).

Fluoride was released from the zinc phosphate cements
in processes that were diffusion based up to MJ/M,, of
about 0.4. This is similar to previous findings for release of
intrinsic fluoride, added by introducing stannous fluoride to
the cement formulation. Cement specimens that had ceased
to release fluoride into a particular solution showed little or
no further release when placed in fresh volumes of
deionised water, even though release amounted to only a
fraction of the fluoride taken up. This demonstrated that the
majority of the fluoride becomes irreversibly bound to the
cement.
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