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Four brands of glass-ionomer cement (Fuji IX GP, Riva, Ketac Molar and Chemfil Superior) have been stored in aqueous 
media comprising distilled water, or phosphate buffer solutions at pH 5.42, 6.91 and 8.13 at 37 °C for 7 days. Cements 
differed widely in their response. All took up small amounts of water in distilled water, and had high compressive strengths.  
Ketac Molar showed no differences in any of the buffer solutions, but gained small amounts in mass, and showed high com-
pressive strength in all storage media.  Conversely Chemfil Superior was adversely affected by all three buffers, and Fuji IX 
and Riva were adversely affected by the buffers at pH 6.91 and 8.31. The reasons for these differences were not clear, but the 
fact that the buffer closest to neutral (pH 6.91) caused significant damage to three of the cements studied shows that this is 
not a simple effect of pH.

INTRODUCTION

	 Glass-ionomer cements are partly ceramic mate-
rials that are widely used in dentistry for a variety of pur-
poses. These include full restoratives, liners and bases, 
fissure sealants and orthodontic adhesives for fixation of 
brackets [1]. They are prepared from special basic glass 
powders and aqueous solutions of polymeric acid. In 
clinical glass-ionomers, the latter are one of polyacrylic 
acid, acrylic/maleic or acrylic/itaconic copolymer or 
the copolymer of 2-methylene butanedioic acid with 
propenoic acid [2]. Experimental cements have been 
made from other polymeric acids, such as polyvinyl 
phosphonic acid [3], but the three polymers named are 
the ones that are employed in commercial materials for 
use in the clinical practice.
	 The glasses are complex substances made from 
appropriate blends of calcium or strontium oxide, cryo-
lite (Na3AlF6) and other fluoride and/or phosphate com-
pounds, such as CaF2, SrF2, AlPO4, etc. The preparation 
of these glasses involves melting the components at 
temperatures in the range 1100-1500  °C, followed by 
holding the mixture at this temperature for a specified 
period of time to allow fully mixing and vitrefication to 
occur [4]. The melt is then cooled rapidly by pouring into 
cold water, which causes fracture into pieces of glass frit. 

Despite the speed of quenching, the glasses may undergo 
partial phase separation as they cool [5, 6]. This results 
in the occurrence of two phases, one of which is more 
basic than the other, and hence more susceptible to acid 
attack during setting.
	 The hardening of these materials is an acid-base 
reaction [1] that initially involves the formation of 
simple metal salts of the polymeric acid, e.g. sodium and 
calcium polyacrylate. Slightly later, aluminium poly-
acrylate can be detected [7] and in due course some sort 
of insoluble inorganic network forms from the partially 
degraded glass [8]. This network appears to be based on 
a phosphate species [9].
	 These various setting processes result in a hardened 
material that has a very complicated structure. One 
feature of it is that the polymeric component is not fully 
neutralised, but retains a small proportion of unreacted 
carboxylic acid groups trapped within the structure 
[7]. This means that the cement has the composition of 
a classic acid buffer, i.e. a weak acid in association with 
a salt of the same acid [10]. Studies have confirmed that 
glass-ionomers are capable of behaving as buffers, since 
they will shift the pH of both weakly acidic and weakly 
basic solutions towards neutral [11, 12]. This behaviour 
is enhanced by the presence of unreacted glass powder 
in the set cement, and this is itself capable of reacting 
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with an external acid solution [13]. Whatever the details 
of the process, there is considerable evidence that glass-
ionomer cements can affect the pH of their immediate 
surroundings and this may be a mechanism by which re-
storations protect adjacent tooth tissue from acid attack 
[12].
	 In the mouth, glass-ionomers encounter saliva, 
which is itself a natural buffer solution [14]. This raises 
the question of how the buffering effect of glass-ionomers 
might be affected by external buffer solutions. Also, 
because experiments show that the mechanical strength 
of glass-ionomers is influenced by storage solutions of 
different compositions [15-17] there is also the question 
of how an external buffer solution might affect the 
strength of glass-ionomer cements stored in it. These two 
questions are addressed in the current paper. The work 
reported here was based on two null hypotheses, namely 
(i) that glass-ionomers will not shift the pH of an external 
buffer solution, and (ii) that the compressive strength of 
glass-ionomers will not be a altered by storage in buffer 
solutions of different pH values. 

EXPERIMENTAL

Materials and methods

	 Four different commercial glass-ionomer cements, 
all of the conventional acid-base type, were used in these 
experiments. Details appear in Table 1. 

	 Cylindrical specimens of dimensions 6 mm high vs 
4 mm diameter were prepared by mixing the cements in 
accordance with the manufacturers’ instructions. Mixing 
of the glass powders was performed using a metal spatula 
on a glass block, and once prepared, freshly mixed pastes 
were transferred to split metal moulds, and allowed to 
harden for one hour in an incubator at 37  °C. Sets of 
6 specimens were prepared for each type of cement for 
each experiment. Following hardening, specimens were 
removed form the moulds, weighed, and placed in one 
of four storage solutions, details of which are shown in 
Table 2. These consisted of phosphate buffer solutions 
with pH values 5.42, 6.91 and 8.13 respectively, prepared 
by dissolving KH2PO4 and K2HPO4 (both anhydrous 
analytical grade reagents, supplied by AKTYN, Suchy 
Las, Poland) at 1 mol·dm-3 concentrations, then mixing 
the solutions in appropriate proportions (Table 2). In 
addition, deionised water at pH 5.45 as a control. In 

all cases, a single cylinder of cement was stored in an 
individual 5 cm3 volume of aqueous medium at 37 °C for 
7 days, meaning that each data point represents the mean 
of six individual measurements.   

	 After storage, specimens were removed from the 
storage medium, weighed, and their compressive 
strength was determined as described in ISO9917 [18] 
using a Universal Testing machine (Hounsfield H5KS, 
Redhill, Surrey, UK) with loading at 1.0 mm·min-1. 
Loads at failure were converted to compressive strength 
and means and standard deviations determined for each 
ce-ment and storage medium combination. 
	 The pH values of the storage solutions were mea- 
sured before and after storage using a pH meter (Model 
ULAB 2002, Tele-Eko Projekt, Poland) that had pre-
viously been calibrated at 21 ± 1 °C with standard buffer 
solutions of pH 4.0, 7.0 and 10.0 (supplied by POCH 
Spółka Akcyjna, Gliwice, Poland). Each solution was 
measured before and after storage of the specimens.
	 Results of compressive strength, mass change and 
pH of storage medium were expressed as means and 
standard deviations. Differences between values were 
tested for significance by 1-way ANOVA and the Tukey 
HSD test.

RESULTS

	 Storage of cement samples in buffer solutions and 
in distilled water was found to lead to minor changes in 
external pH in the case of buffer solutions, and to slightly 
larger changes in distilled water. As shown in Table 3, 
the general trend in the latter was to shift pH towards 
neutral.
	 Results for mass change and compressive strength 
are shown in Tables 3 and 4 respectively. One-way 
ANOVA showed that most sets of data contained sig-
nificant differences. Mass generally increased on storage 
(Tab. 4), the only exception being Fuji IX in the buffer 
at pH 6.91. Storage in water gave results that were not 
significantly different for Fuji IX GP, Riva and Ketac 
Molar, but which were significant higher (p < 0.05) 
for Chemfil Superior. For these three brands, too, there 
was no significant difference between the mass gain in 
distilled water and in the buffer at pH 5.42. Here again 
Chemfil Superior was different, showing a significant 

Table 1.  Materials employed.

Material	 Manufacturer	 Identifier

Fuji IX GP	 GC, Japan	 170408A, ref 003274
Riva Self Cure	 SDI, Australia	 C1704101F
Ketac Molar	 3M Espe, Germany	 Lot 41362018
Chemfil Superior	 Dentsply, Germany	 Lot 18040 00 454

Table 2.  Storage solutions employed.

Storage medium	 pH
	 Composition (cm3 : cm3)

		  (1M K2HPO4 : 1 M KH2PO4)

Phosphate buffer	 5.42	 5 : 95
Phosphate buffer	 6.91	 55 : 45
Phosphate buffer	 8.13	 95 : 5
Deionised water	 5.45	 Deionised water only
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greater mass increase in pH 5.52 than in distilled water 
(p < 0.05). Ketac Molar was the most resistant to the 
effects of the various storage media, with no significant 
differences between mass gains at pH  5.42, pH  6.91 
and distilled water. For this material, the mass change 
in pH 8.13 was significantly lower than in all the other 
storage media (p < 0.05).
	 Riva and Chemfil Superior both showed substantial 
mass gains in the buffers at pH 6.91 and 8.13. In the case 
of Chemfil Superior in pH 8.13, there was so much gain 
in mass due to swelling in the storage medium that it 
made the specimens too soft to test their compressive 
strength.
	 Values of compressive strength are shown in Table 5 
and were affected to an extent by the storage medium. 
The exception was Ketac Molar, where there were no 
significant differences with any storage medium. With 
the other materials, storage in buffer solution at pH 5.42 
and in distilled water (pH  5.45) gave no significant 
difference in strength. For Fuji IX GP and Riva, storage 
at pH 8.13 caused the cements to weaken significantly 
(p > 0.01 in both cases). In general, this seemed to be the 
most damaging storage medium for this group of glass-
ionomer cements.
	 For the cements Fuji IX GP, Riva and Chemfil 
Superior, storage at pH 6.91 led to significant reductions 
in strength (p < 0.01 in all three cases) compared with 
both the pH 5.42 buffer and distilled water. However, in 
the case of both Riva and Chemfil Superior, this reduction 
was not as substantial as for storage at pH 8.31. This meant 
hat the strengths under these conditions were significant-
ly different (p > 0.01) from those stored at pH 8.13. 

DISCUSSION

	 The results of this study show that the external me- 
dium has an influence on glass-ionomer cements stored 
in it. The experiments were conducted using an arbit-
rary ratio of specimen size to storage volume. The spe-
cimen geometry is the recommended in the relevant 
International Standard [18], and the volume of liquid 
(5  cm3) has been used in numerous studies of both 
fluoride exchange [20, 21] and pH change [22]. The sto-
rage time of 1 week was also arbitrary, and chosen to 
allow a substantial interaction to take place between the 
specimens and their storage solutions. Studies of this 
type have previously used various storage times, ranging 
from 24 hours to six months, and in general, times of at 
least a week have been necessary to observe changes in 
either the solution composition or the specimen.
	 In the present study, the influence of the storage 
medium was found to vary with the brand, with Ketac 
Molar being hardly affected at all. It had excellent re-
sistance to all three buffer solutions, regardless of their 
pH, and also to water. In all cases, it showed a modest 
increase in mass, showing that it had taken up some of 
the storage liquid, but an all cases this uptake was small 
and there was no effect on compressive strength.
	 This result is surprising in the light of results ob-
tained for the other materials, specifically for the buffer 
solution at pH  8.31. All three were weakened in this 
storage medium, and in the case of Chemfil Superior this 
weakening was catastrophic. This material took up sub-
stantial amounts of solution and it was affected to the 
extent that samples were too soft to test for strength.

Table 3.  pH values after 7 days in different storage media (standard deviations in parentheses).

Material	 pH 5.42	 pH 6.91	 pH 8.13	 Water

Fuji IX GP	 5.28 (0.02)	 6.90 (0.01)	 8.04 (0.02)	 6.86 (0.11)
Riva	 5.38 (0.01)	 6.92 (0.01)	 8.02 (0.02)	 6.96 (0.17)
Ketac Molar	 5.51 (0.02)	 6.89 (0.02)	 8.04 (0.02	 7.10 (0.32)
Chemfil Sup.	 5.62 (0.05)	 6.97 (0.02)	 8.03 (0.04)	 7.16 (0.12)

Table 5.  Compressive strength (MPa) after 7 days in different storage media (standard deviations in parentheses).

Material	 pH 5.42	 pH 6.91	 pH 8.13	 Water

Fuji IX GP	 211.9 (20.2)	 107.1 (26.7	 125.4 (8.6)	 216.2 (31.2)
Riva	 213.7 (48.7)	 112.1 (8.5)	 44.8 (19.4)	 223.3 (10.6)
Ketac Molar	 210.7 (11.2)	 196.9 (15.3)	 197.0 (15.3)	 190.6 (24.8)
Chemfil Sup.	 139.5 (19.1)	 47.7 (23.6)	 –	 173.5 (9.0)

Table 4.  Mass gain (%) after 7 days in different storage media (standard deviations in parentheses).

Material	 pH 5.42	 pH 6.91	 pH 8.13	 Water

Fuji IX GP	 0.65 (0.11)	 -3.01 (1.81)	 1.83 (0.94)	 0.90 (0.29)
Riva	 1.36 (0.16)	 12.35 (2.74)	 10.81 (2.97)	 1.39 (0.26)
Ketac Molar	 1.57 (0.28)	 1.31 (0.27)	 0.50 (0.30)	 1.23 (0.28)
Chemfil Sup.	 8.48 (1.21)	 107.63 (10.68)	 211.54 (25.48)	 3.48 (0.88)
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	 The reason for these differences is not clear. The al-
kaline buffer is presumably damaging because it is more 
strongly basic than the glass from which the cement 
was made, and so displaces the latter’s products from 
the salt in the matrix. That being the case, the question 
arises why one material is completely resistant to attack. 
Even when the materials are affected, they are not all 
affected equally, as shown by the differences between 
the results for Fuji IX GP, Riva and Chemfil Superior. 
One additional feature of these results is the link between 
mass increase and weakening in the buffer at pH 8.31. 
Ketac Molar had a net gain of 0.50 % and a compressive 
strength close to 200 MPa; for the other cements, as mass 
gain was higher, so the weakening effect was greater. 
This connection shows that swelling and weakening 
are connected and the swelling shows that the storage 
medium damages the cement by some sort of chemical 
effect. However, exactly what this is and how the cement 
composition influences resistance to it is not clear.
	 For most materials, results in the buffer solution at 
pH 5.42 were similar to those in water in terms of both 
mass gain and compressive strength. The exception to 
this was Chemfil Superior, which was adversely affected 
by all three buffer solutions and performed well only 
when stored in distilled water.
	 Cements typically shifted the pH of the distilled wa-
ter storage medium towards neutral. In doing so, they had 
modes gains in mass and good compressive strengths. 
Similar mass gains have been reported previously for 
glass-ionomer cements [19], and this water uptake 
seems to be characteristic of these materials. It is notable 
that Chemfil Superior took up significantly more water 
(p < 0.05) than the other three cements, though again the 
reason for this is unclear.
	 The buffer solution at pH 6.91 proved to be surpri-
singly damaging to the cements Fuji IX GP, Riva and 
Chemfil Superior. In the latter case, the cement swelled 
substantially and was weakened considerably. Both Fuji 
IX GP and Riva were also weakened, though no as much 
as Chemfil Superior. The reason for these differences 
is not clear. The effect cannot be attributed to the pH, 
as it is so close to neutral. Consequently there cannot 
have been any displacement reactions occurring within 
the cement to partly solubilise the components. Rather 
in some way the specific ions within the buffer solution 
must be responsible for weakening the cement matrix, 
though the mechanism for this is not known.
	 Previous studies have shown that a buffer solution 
of the appropriate pH can be highly aggressive towards 
glass-ionomer cements. Nomoto and McCabe demon-
strated this with a lactate/lactic acid buffer at pH 2.74, 
and found this medium to be very damaging to all the 
glass-ionomers in their study [23]. This was attributed to 
its low pH, a suggestion with which we agree. However, 
our results have shown that pH values well away from 
neutral are not the only source of damage, as shown by 
the effects of the buffer solution at pH 6.91.

In the mouth, glass-ionomer cements are exposed to 
saliva, a natural buffer with a pH close to neutral. Values 
of salivary pH have been quoted as lying in the range 6-7 
[24], but experimental studies suggest that the range may 
extend above 7, for example to 7.06 [25] or even as high 
as 7.89 [26]. There is evidence; too, that pH of saliva 
varies inter alia with the health of the patient [24-27], 
which suggests that glass-ionomers need to be capable 
of resisting attack by buffers across a range of pH values, 
possibly 5.5 to 8.
	 Clinical results for glass-ionomers are generally 
good, and suggest that the saliva of real patients is not 
especially erosive [28]. Any erosion that does occur is 
generally attributed to acids in beverages, i.e. citric acid 
in lemon juice and orange juice, and malic acid in apple 
juice [29].
	 Overall, it is apparent that the interactions of glass-
ionomer cements with buffer solutions are complicated, 
and not a simple function of pH. One brand in our study 
was almost completely unaffected by the external me-
dium, whereas another brand was substantially damaged 
by all three buffer solutions, including the one closest 
to neutral. Glass-ionomer cements themselves have the 
ability to alter the external pH, an effect that has been 
called “buffering” [20, 30]. In the present study, this 
effect was shown to be weak, at least compared with the 
buffering capacity of the storage solutions. Given that 
glass-ionomers meet saliva, a known biological buffer, 
in clinical use, further studies are needed to explore 
this topic further. In particular, identifying how glass-
ionomers interact with external buffers is important in 
understanding how they perform in vitro.

CONCLUSIONS

	 Glass-ionomer cements vary in their response to 
exposure to buffer solutions and to distilled water, ran-
ging from no measureable effect, to substantial swelling 
leading to considerable weakening. The features that 
cause this variation are not clear and need further inves-
tigation. Where cements are affected by buffer solutions, 
the solution with the pH closest to neutral causes the 
most damage. This shows that the effect of the buffer 
solution does not arise because of its acidity or basicity, 
but from some sort of unidentified interaction with the 
buffer solution.
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