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Abstract Acid washing is known to influence the
handling properties of ionomer glasses used in glass
ionomer cements due to the production of an ion
depleted-zone on the surface of the glass particles. The
influence of acid washing on the particle size distribu-
tion and surface area of four glasses was examined by
scanning electron microscopy (SEM), particle size
analysis (PSA) and accelerated surface area porosime-
try (ASAP) and the working and setting times of
cements, produced from the glasses, correlated to
changes in surface morphology. A linear relationship
was found between the specific surface area of acid-
washed SiO,-Al,03-XF,-P,0s glasses (X being either
calcium or strontium) and their cement working and
setting times. These changes directly correlated with
increases in the mesopore volume. However, the
influence of acid washing on the surface morphology
was also found to be glass composition-dependant with
the addition of sodium into the glass network resulting
in no significant change in the surface area or meso-
pore volume despite changes in the working and
setting time. Through examination of the influence of
acid washing and glass composition on the specific
surface area improvements in the control of the
working and setting times of glass ionomer cements
may be achieved.
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1 Introduction

Glass ionomer cements (GICs), or glass polyalkenoate
cements (GPCs), are acid-based cements that are
formed by reacting a poly(carboxylate) (e.g. poly
(acrylic acid) (PAA) or acrylic/maleic acid copolymer)
in an aqueous environment with an ion-leachable acid-
degradable glass of the generic form SiO,-Al,O3;-XF,
glass (X being any bivalent cation) [1] to produce a
crosslinked hydrogel matrix in which the glass-filler
phase is embedded. The main advantages of these
cements are that setting is not associated with a
significant exothermic reaction or shrinkage and, due
to their hydrophilicity, they are able to directly bond to
the apatite crystals in the dental tissue producing an
excellent chemical seal along the cement—substrate
interface [2, 3]. Additional benefits of GICs are their
aesthetics [4] and their propensity to liberate fluoride
ions, which has been shown to be cariostatic [5].

A major disadvantage of the glass ionomer cements
resides is their sensitivity to water during and after
setting. This water sensitivity is unavoidable during the
early stages of setting (working time (WT)) but by
increasing the rate of set the time-period associated
with the post-setting water sensitivity (setting time
(ST)) can be significantly reduced. These time scales
must allow a sufficiently long working time to enable
placement and shaping of the cement paste in the
mouth whilst the setting times would ideally be
instantaneous following placement. The cement-form-
ing ability of a glass and the rate of setting of
conventional GPCs are primarily dependent on the
susceptibility of the glass to acid-degradation during
the setting reaction which controls the handling prop-
erties of the cement paste (working and setting times)
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and ultimately determines the mechanical properties of
the cements [6].

The ionomer glasses are synthesised by fusing the
powdered constituents of the glass at a high temper-
ature (typically in excess of 1,400 °C) to produce a
molten mass that is then shock-cooled and subse-
quently finely ground to a powder before use.
Although the composition of the glasses varies they
are generally based on three main components: silica
and alumina that are mixed in a flux of calcium,
strontium or lanthanum fluoride. Many of the com-
mercial glasses also contain sodium and aluminium
fluorides and calcium or aluminium phosphates as
additional fluxes to aid glass synthesis. Due to the
clinical requirement for radio-opaque materials, cal-
cium is frequently replaced by radio-opacifiers such as
strontium and lanthanum.

Glass behaviour has been predicted in terms of their
surface reactivity, solubility and glass transition tem-
perature (Tg) on the basis of their network connectiv-
ity (NC) [7], or crosslink density (CLD) (i.e. the lower
the CLD the lower the degree of polymerisation of the
glass structure, Tg and melting temperature (Tm) and
the greater their reactivity and solubility), whilst the
rate of set of the cements has been correlated to the
acid-base characteristics of the glass (net charge
balance (NCB)) with the rate of set reportedly
increasing with increasing glass basicity [8].

The Si atoms in the glass network are assumed to be
in tetrahedral co-ordination state, neutralised by four
oxygen atoms. Si is partially replaced by aluminium in
a four-fold co-ordination state if the Al:Si ratio is <1:1.
However, the Al:Si ratio of the ionomer glasses tends
to be between 1.5 and 2, compared to 1:1 in silicate
cements, which results in a reduction in the WT and
the inclusion of AlY and AIY' species in the glass
network [9]. Phosphorus in the glass network acts in a
manner analogous to silicon, charge balancing alumin-
ium, whilst mono- and/or divalent cations (e.g. Na®,
Ca**, Sr**) behave in two ways within the glass
network: either as network dwelling cations charge
balancing the aluminium ions or as network modifiers
effectively depolymerising the silica network structure
due to the creation of non-bridging oxygens (NBOs)
[10]. An increase in the number of NBOs increases the
degradability of the glass and reduces the CLD
effectively reducing the Tg and Tm of the glass
network. The alkali metal ions are the most effective
in disrupting the glass network thus aiding glass
synthesis (due to the reduction in the CLD and
consequently the Tg and Tm) but their presence also
increases the basicity of the glass, increasing the
susceptibility of the glass to acid degradation thereby
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reducing the WT and ST of the ionomer cement paste.
A further drawback of the use of alkali metal ions is
that their presence also unfavourably influences the
water-resistivity of the cements during the early stages
of setting, which can lead to surface clouding and
deterioration in the translucency, thus -effectively
reducing the aesthetic characteristics of the cement.
The inclusion of additional network modifiers, such as
fluorine, aids glass synthesis and also influences the
working and setting times of the cements as a function
of the fluorine content due to the concomitant disrup-
tion of the glass network and increase in the basicity of
the glass [11].

Approaches to improving rheology and, therefore,
better mixing manipulation of GPC pastes, have been
achieved by heat- and surface-treatments of the glass
powder. Heat treatment decreases the glass reactivity
[12], improves the handling characteristics of the mixed
cement and, under some conditions, increases the
compressive strength [13]. Modification of the surface
of the glass particles has been achieved by silanisation
and acid washing, which extend the working time of
the cements without significantly influencing the set-
ting time by inducing a delay in the ion leaching
process [14].

In the latter approach the glass particles are washed
in a mildly acidic solution, e.g. acetic acid, to produce a
surface layer depleted of cations. The depth of this
depletion-zone depends on the acid washing procedure
and the glass composition but, in practice, the glasses
are treated such that the working time of the cement
paste is at least 1.5 min at 23 °C. This reportedly
corresponds to a depletion-zone depth of approxi-
mately 100 nm for dental filling applications [15].
Quantitative differences in acid degradability of iono-
mer glasses have been correlated with their mean
chemical composition and with the rate of the setting
reaction, which increases with an increasing ratio of
network-dwelling cations to AI>* ions [16]. It has been
proposed that acid hydrolysis of the Al-O-Si bonds
and the extraction of metal cations results in an
increase in the number of non-bridging oxygens
(NBOs) in the glass network at the glass particle
surface with the production of a surface rich in silanols
(-Si-OH). However, studies using SIMS/MAS-NMR
[17] and ESCA [15], which examined the influence of
acid washing on calcium phospho-alumino-silicate
glasses, show that Al and Ca ions are lost from the
glass surface leaving a silicon- and phosphorus-rich
surface layer irrespective of the strength of the acid
washing media. The inclusion of sodium in the glass on
the other hand leads to the enhanced release of Na*
ions in dilute acid but when the acidity of the media is
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increased (e.g. 0.1 M HCI), stoichiometric leaching
equivalent to that of the bulk glass composition occurs
[14, 18-20].

Examination of the influence of the glass phospho-
rus content on the handling properties of GICs has
shown that increasing phosphorus content increases
the working time of the cement paste but does not
necessarily result in an increase in the cement strength
[21], while exposure of ionomer glass to a phosphate
solution dramatically increases the cement working
time [22]. Although these studies indicate the pivotal
role of phosphorus/phosphate in controlling the work-
ing time of GICs the mechanism of this behaviour is
unclear.

It is apparent that the handling properties (WT and
ST) of glass ionomer cements are dependant on the
relative proportions of the constituents of the glass,
due to their various influences on the acid degradabil-
ity and leaching characteristics at the glass—solution
interface and therefore that the handling characteris-
tics of GICs can be significantly modified by manipu-
lating the glass composition [23, 24] or by surface
modification of the glass [14, 15, 18, 20, 25] e.g. acid
washing of ionomer glasses reduces the rate of the
initial ion-release which delays the onset of crosslink-
ing and hence extends the working time. Alternatively
the setting reaction, and hence the handling properties,
can be modified by controlling the particle size
distribution [26-28], powder:liquid ratio [29] and by
including (+)-tartaric acid [30, 31]. For dental filling
materials the optimum average particle size (weight
average) is preferably 3-10 um with a maximum
particle size of 50 um [1, 15], a BET specific surface
area of 2.5-6.0 m?%/g [32], powder:liquid ratio in excess
of 7:1 and approximately 10%-w/w (+)-tartaric acid of
the powder fraction.

In the cement systems, the setting of GICs is
brought about by acidic degradation of the glass
network on the surface of the glass particles in
conjunction with the ionisation of the carboxylic acid
moieties of the poly(carboxylic acid). This results in
the formation of H;O", which attacks the fluoro-
alumino-silicate glass releasing metal cations and
fluoride anions (e.g. Ca**, AI**, Na* and F~) producing

a silica-rich hydrogel layer on the surface of the glass
particles. The liberated divalent and trivalent cations
(e.g. Ca®* and AP’") act as crosslinks or bridges
between the carboxylate anions on the polyacid chains
resulting in the production of an ionically crosslinked
hydrogel poly(salt) matrix [33, 34]. Acid washing of the
glasses reduces the rate of this initial ion-release,
delaying the onset of crosslinking and hence extending
the working time. A secondary hardening mechanism
that contributes to the increase in the cement proper-
ties with maturation time also occurs. This has been
attributed to the formation of hydrated silicates in the
matrix [35, 36] a view not universally accepted [37, 38].
As the glass component critically determines the
properties of GPCs, the relationship between the
composition of the glass and these properties is
examined. To investigate this relationship the change
in the particle size distribution, surface area, surface
porosimetry and the reactivity of glasses used in
experimental GPCs, pre- and post-acid washing in
acetic acid solutions, has been examined. Quantitative
differences in the surface porosimetry and correlation
of these values with the working and setting times of
cements have been compared and are discussed.

2 Methods
2.1 Glass synthesis

Glasses A, B and C were synthesised according to the
compositions described in Table 1. A commercial
glass, glass D, pre-firing composition unknown, (sup-
plied by Advanced Healthcare Limited (AHL)
(Tonbridge, UK)) was used as received. The post-melt
compositions and thermal properties of the three
synthesised experimental glasses and the commercial
glass were determined by XRF and DTA, respectively.

Appropriate amounts of analytical grade reagents
were mixed by rotation for 1 h and then dried in a
vacuum oven (100°C, 1 h) prior to being transferred
into a dense sintered mullite crucible (Zedmark, UK).
The glasses were then fired in a muffle furnace (Elite
BRF16/21) at between 1,420 °C and 1,470 °C for

Table 1 Pre-firing constituent molar ratios and wt% compositions of the experimental glasses

Glass  Molar ratios Wt (%)
SIOZ A1203 P205 Can SrO Ser NaZO SlOz A1203 PzOS Can SrO SIF2 NaZO
A 4.5 3 1.5 2 3 - - 21.50  24.37 1696 1242 2475 - -
B 4.5 3 1.5 - 3 2 - 20.00 22.67 1578 - 23.03 1852 -
C 4.5 3 0.75 - 3 2 - 2172 24.61 857 - 25.00 2011 -
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one-and-a-half to two hours. The glass melts were then
shock quenched into demineralised water. The result-
ing frit was dried, ground by milling and wet
sieved. (Glasses produced by milling are designated
subscript M.)

The crosslink density (CLD) and the net charge
balance (NCB) of the post-melt glass compositions
were calculated using Egs. (1) and (2).

value of between 10% and 15% was obtained. The
milled and acid-washed samples were examined under
the same conditions (stirrer speed of 2,600 rpm, 0% or
10% ultrasonics), using solvent and glass refractive
indices (RI) of 1.33 and 1.52, respectively, and a
particle absorption index (PAI) of 0.0001. The RI and
PAI of the glasses were used to calculate the particle
size analysis fit model that is based on the Mie theory,

_ (2 x Total number of bridging oxygen) — number broken by modifiers

CLD 1
Total number of possible bridges @

. Elemental weight contribution
NCB = Z <Iomc Charge( Relative Molecular Mass >> @)

2.2 Acid treatment procedure

Following milling the glass powders were acid-washed
by mixing de-ionised water (67 mL) with the glass
(20 g) followed by the addition of 10 mL of acetic acid
(either 2.5vol% or 5vol% glacial acetic acid).
(Glasses produced by these two acid washing treat-
ments are designated with subscripts AW1 and AW2,
respectively.) The dispersion was stirred for 1 h and
then left to stand for 24 h after which the dispersion
was filtered under vacuum and the glass particles
washed thoroughly with de-ionised water, oven dried
(120 °C, 2 h) and sieved (<45 pum) prior to use.

2.3 X-ray fluorescence (XRF)

The XRF data was supplied by Advanced Healthcare
Limited (AHL) (Tonbridge, UK) and results are
presented in Table 4.

2.4 Differential thermal analysis (DTA)

The mid-point glass transition temperature (Tg), peak
crystallisation temperatures (Tp; and Tp,) and melting
temperatures (Tm) of the glasses were analysed using a
Stanton Redcroft STA 780 (Rheometric Scientific,
Epsom, Surrey). A total of 50 mg of glass was heated at
10 °C/min from 100 °C to 1,500 °C under air.

2.5 Particle size analysis
A stable glass dispersion, suspended in 0.1%-w/v
Calgon (Sodium Hexametaphosphate), was added to

the Hydro2000 (A) chamber of a Mastersizer 2000
(Malvern Instruments, Worcs., UK) until an obscuration
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the closeness of the fit of the model to the test sample
distribution being indicative of the accuracy of the
analysis data [39].

2.6 Surface area and porosimetry analysis

Surface area and porosimetry analyses were performed
on a Micromeritics® ASAP 2010 system under the
specified conditions and conversion factors given in
Table 2. The system performs automatic single-point
and multi-point BET surface area, full adsorption and
desorption isotherms and pore size and pore volume
distributions. The sample weight was altered to ensure
8-12 m? was presented for nitrogen adsorption [40, 41].
Samples were placed in standard sample tubes and
were outgassed at 60 °C for at least 12 h to obtain a
residual pressure less than 10~ torr prior to analysis.
Nitrogen adsorption and desorption isotherms were
measured at 77 K, and the surface areas determined
using the BET equation (Eq. (3)a and b). The pore size
distribution curves were obtained from the analysis of
the desorption branch of the nitrogen isotherm using
the BJH method and the pore volumes were reduced
to their corresponding liquid nitrogen volumes using a
density conversion factor of 1.5468 x 10~ [40-42].

Table 2 Surface area analysis conditions

Adsorptive Nitrogen at 77.35 K
Maximum manifold pressure 925 mmHg
Non-ideality factor 0.000066

Density conversion factor 0.0015468

Therm. tran. hard-sphere diameter 3.860 A

Molecular cross-sectional area 0.162 nm?

BET Linear range 0.05-0.2
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n/ny, = c¢(P/P,)/[(1 —P/Py)(1 + (¢ — 1)(P/P,)] (3a)
or

P/[n(P, — P)] = 1/n,c + [(c — 1)/n,c][P/P,] (3b)

where, n = the moles of gas adsorbed at the equilib-
rium pressure P/P,; n,, = the moles of gas adsorbed at
the monolayer capacity; P, = vapour pressure of the
adsorbate; P = gas pressure; ¢ = a constant, which is
related exponentially to the ‘first layer” heat of
adsorption or more correctly may be regarded as a
free energy term:

c = exp[(q, — q.)/RT] (4)

where, (q; — qr) = the net heat of adsorption; R = the
ideal gas law constant (1.9872 cal K™! mol™); T = the
absolute temperature (K).

2.7 Cement preparation

Cements were formulated by mixing reagents in the
following ratios: glass (82.6 wt%), PAAsy (16.0 wt%)
and (+)-tartaric acid (1.4 wt%) with de-ionised water
at a powder:liquid (P:L) ratio of 7:1 on a glass plate.
Complete mixing was undertaken within 30 s. The
molecular weight distribution of the anhydrous PAAs5,
is presented in Table 3 and was supplied by Advanced
Healthcare Limited (AHL) (Tonbridge, UK). The so-
formed cements are named after the glass phase from
which they formed (i.e. cement A is formulated from

Table 3 Weight- and number- average molecular weight ( M,
and M,, respectively) and polydispersity (P.D.) of the poly
(acrylic acid) (PAA)

PAA GPC data
M, M, P.D.
PAAs 51,900 21,900 24

glass A) with the subscripts M, AW1 and AW2
indicating whether the glasses have been milled only
(M) or acid-washed.

2.8 Determination of working and setting times

The working and setting times of the cements were
measured in accordance with ISO9917E [43]. The
mean setting time of three tests was recorded.

3 Results

For the experimental glasses A and B the pre-melt
molar compositions were varied only in the degree of
calcium substitution by strontium; whilst for glass C the
phosphate content was halved as compared with glass
B. Therefore, it was expected that, based on their pre-
fired compositions, that glasses A and B would possess
the same R?":P and CLD values whilst the R**:P ratio
of glass C would be double that of glass B with a
consequential increase in the CLD. Tables 4 and 5
compares the pre- and post-melt glass compositions, as
evaluated by XRF, showing an increase in the Al:Si
ratio due to the loss of silicon tetrafluoride during
firing, whilst the thermal properties of the glasses are
presented in Table 6.

The calculated CLD of glass A was significantly
less than those of glasses B and C resulting in a
reduction in the Tg as predicted by the Gibbs-De
Marzio equation [44], while the incorporation of
sodium into glass D caused an expected reduction in
the Tg compared to glasses B and C which possess
similar CLDs. While weight loss from the glasses A, B
and C, attributed to SiF, loss, increased as Tg
increased with A < B < C.

Dispersion of the glasses in water resulted in
aggregation of glass C particles that was negated by
dispersion in Calgon and PBS (data not shown).
Flocculation of bioactive glasses has been attributed

Table 4 Calculated equivalent percent composition of the pre-melt glasses compared with the post-melt glasses as determined by XRF

analysis
Glass Equivalent Wt-% Composition
SIOZ A1203 P205 CaO SrO Na20 F
Pre-firing A 21.50 24.37 16.96 6.38 24.75 - 6.04
B 20.00 22.67 15.78 - 35.95 - 5.60
C 21.72 24.61 8.57 - 39.03 - 6.08
Post-firing A 21.0 24.6 17.7 6.43 24.8 - 5.0
B 19.5 23.1 16.7 - 38.4 - 4.5
C 214 25.7 9.3 - 39.8 - 53
D 29.5 26.8 59 - 24.9 22 10.6
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Table 5 Comparison of the influence of firing of the glasses on the calculated pre- and post-melt molar ratio compositions and its

influence on the glass network structure

Glass Molar ratios R>":P ALSi NCB CLD
SIOZ A1203 P205 CaO CaF2 SrO SI'F2 NaF

Pre-firing A 4.5 3 1.5 - 2 3 - - 1.67 1.33 0.63 1.19
B 4.5 3 1.5 - - 3 2 - 1.67 1.33 0.45 1.19
C 4.5 3 0.75 - - 3 2 - 3.33 1.33 0.85 1.21

Post-firing A 4.5 3.1 1.6 04 1.7 3.1 - - 1.63 1.38 0.69 1.11
B 4.5 3.1 1.6 - - 35 1.7 - 1.63 1.38 0.46 1.30
C 4.5 32 0.8 - - 32 1.8 - 3.13 1.42 0.94 1.28
D 4.5 2.4 04 - - - 2.2 0.6 2.75 1.07 043 1.30

Table 6 Comparison of the thermal behaviour of the post-melt
glasses. Glass particle size <45 p

Glass %-Wt Loss* Tg Tpy Tp2 Tm

O O O O
A 0.6 624 769 815 1420
B 1.3 649 814 nd 1420
C 2.5 651 742 nd 1490
D 4.6 552 686 705 -

nd = not detected; *Weight loss under air between 100 °C and
800 °C

to the formation of a charged surface on the glass
particles (from zeta potential measurements) due to
the uptake of calcium and phosphate at the glass—
solution interface [45, 46]. However, the phosphorus
content of glass C is low. Therefore, aggregation/
flocculation in water is likely to be a consequence of
moisture uptake from the atmosphere resulting in
hydrogen bond bridges being formed between the
particles. The increased surface gloss of the glass C
particles observed by SEM supports this (data not
shown).

The PSD curves for all of the experimental glasses
dispersed in 0.1% w/v Calgon showed monomodal
distributions. An example of this is given in Fig. 1 for

Volume (%)
w
o

|
i
3 / t
i
I

0.01 0.1 1 10 100
Particle Size (um)

1000 3000

Fig. 1 Particle size distribution of the milled glass D (three
overlayed averaged results each average taken from 10 consec-
utive runs)
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the milled experimental glass D. Comparison of the
changes in the particle size distributions pre- and post-
acid washing are presented in Table 7 and Fig. 2. The
Mie specific surface area is the calculated surface area
based on the PSD, which does not take into account
surface roughness or porosity. For all of the glasses the
calculated specific surface area increased and the dig
decreased as a consequence of acid washing. These
changes correlate with an increase in the CLD of the
glass and may be a consequence of particle fracturing
during milling.

The multi-point BET specific surface area of the
glasses varied between 1.76 m%*g and 4.36 m%/g as
indicated in Table 8 which, as illustrated in Fig. 2, was
200-400% greater than that predicted by the Mie
specific surface area calculated from the change in the
PSD. Acid washing resulted in an increase in the BET
specific surface area of glasses A, B and C; whilst for
glass D the milled glass had a greater surface area than
the acid-washed glasses, which was reduced further
when the strength of the acid-wash medium was
increased.

Full adsorption—desorption isothermal analysis of
the changes in the surface morphology of the milled
and acid-washed glasses showed the glasses to have a
low surface reactivity and a combination of Type II and
Type IV behaviour (as classified by Brunauer, Doming,
Deming and Teller (BDDT)), where Type II results
from the physical adsorption of gases by non-porous
solids and Type 1V is from the physical adsorption of
gases by mesoporous solids. A small closed hysteresis
(Type H-2) was seen in the mesoporous range (i.e.
2-50 nm range) which was most pronounced with acid-
washed glass C. It appears that the change in the
specific surface area relates to these changes in
the mesopore volume. Figures 3, 4 and 5 illustrate
the changes in the pore volume fraction of the acid-
washed glasses compared to the milled glasses.

For acid-washed glass C, five distinct pore distribu-
tion ranges appear as a consequence of acid washing:
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Table 7 Comparison of the influence of acid washing on the particle size distribution (d;o, dso and dgg are the 10, 50 and 90% particle
diameter sizes calculated from the volume—% distribution curves)

Glass Residual-weighted dip (um) dso (nm) dgo (1m) Mie specific surface Span
area (mz/ 2) (doo — d10)
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Anm 0.34 (0.07) 2.17 (0.03) 5.79 (0.11) 15.76 (0.58) 0.59 (0.003) 13.59
Aawl 0.27 (0.03) 1.85 (0.07) 6.11 (0.13) 16.85 (0.35) 0.64 (0.015) 15.00
Bum 0.23 (0.02) 1.76 (0.07) 5.08 (0.07) 14.01 (0.31) 0.75 (0.082) 12.25
Baw1 0.52 (0.34) 1.60 (0.04) 491 (0.12) 13.78 (0.68) 0.99 (0.097) 12.18
Cm 0.26 (0.02) 1.08 (0.03) 4.59 (0.05) 13.35 (0.17) 1.04 (0.015) 12.27
Caw1 0.24 (0.01) 1.06 (0.06) 4.43 (0.06) 13.08 (0.06) 1.07 (0.055) 12.02
Dy 0.52 (0.06) 2.07 (0.01) 6.14 (0.07) 18.53 (0.03) 0.58 (0.003) 16.46
Dawi 0.58 (0.21) 2.03 (0.03) 5.97 (0.04) 17.20 (0.74) 0.59 (0.003) 15.17
Daw2 0.40 (0.08) 1.96 (0.03) 6.17 (0.09) 18.83 (0.02) 0.60 (0.008) 16.87
120 200
100 O d10 Oadso [Jd90 O ssa [ BET Surface Area § B Surface Area
30 i B Mesopore volume
. 60 "g
E 40 é
2 2
0 == o | —] §D
|_| | s T Rl L] S
=204 0\0 AAVVI BAWl CA\’VI DAWl DAV\'Z
2 Axwi Bawi Cawt Dywi Dyw: -50

Fig. 2 Percentage change in the particle size distribution, the
calculated Mie and measured BET specific surface area of the
acid-washed glasses (awi and aw»: denotes glasses that have
been acid washed in 2.5 vol% or 5 vol% glacial acetic acid,
respectively)

a small number of micropores, several mesopore
ranges (2.8-4.7, 4.7-11, 11-14.6 nm) and a broad
meso-/macro-porous  range (33-89 nm).  Similar
changes in the incremental pore volume distribution
are seen with glasses A and B. For these three glasses
acid washing appears to increase the pore volume for
pores of less than 23 nm. This infers that acid washing
of these glasses results in the selective degradation of
small loci on the glass surface.

Fig. 3 The percentage change in the BET specific surface area
and mesopore volume as a consequence of acid washing as
compared with the milled glasses (aw1 and awz: denotes glasses
that have been acid washed in 2.5 vol% or 5 vol% glacial acetic
acid, respectively)

In comparison the adsorption isotherms for milled
and acid washed glass D are similar with only small
decreases in the BET specific surface area being
observed as the strength of the acid-wash medium was
increased (i.e., —3.6 and -9.9%, respectively) as com-
pared with the milled glass. Figure 5 shows that the
milled glass D has a broad pore distribution in the
10-80 nm range. On acid washing this distribution of
mesopores sharpens to a pore diameter range of

Table 8 Comparison of the influence of acid washing on the BET surface area and the change in the pore volume and diameter of the

glasses (R? > 0.99996)

Glass C Multi-point BET Total pore Adsorption average Change in the % Change in pore
surface area (m?/g) volume (cm?/g) pore diameter (nm) BET SSA (%) volume (<23 nm)

Am 70.65 1.76 0.003 7.66 - -

Aawt 54.16 2.18 0.004 8.16 23.86 47.18

Bm 87.94 2.02 0.004 7.38 - -

Bawi 78.31 293 0.006 8.82 45.05 129.4

Cm 63.13 2.14 0.004 7.93 - -

Cawi 89.81 4.36 0.011 9.87 103.74 177.9

Dum 79.22 222 0.005 8.13 - -

Dawi 70.06 2.14 0.004 8.19 -3.6 15.78

Dawz 58.95 2.00 0.004 8.84 -9.9 11.1
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Table 9 Comparison of the changes in the working and setting
time of the cements as a consequence of acid washing

Glass

Working time (s), Setting time (s),

Incremental Pore Area (mz/g)

mean (SD) mean (SD)

A 84(3) 120(5)

Aawi 331(10) 430(10)

Bum 63(2) 90(0)

Bawi 243(12) 320(5)

Cym 27(1) nd

Cawi 128(4) 140(6)

Dum 34(1) nd

Dawi 105(3) 190(4)
Average Pore Diameter (nm) Daw> 255(6) 280(8)

Fig. 4 Comparison of the average pore diameter and incremen-
tal pore area distribution of glasses A, B and C (with and without
acid treatment)

0.0016 +— —#— Dy Dawi —— Duw» -

0.0012 e S —
0.0008 z/ ———
0.0004

0 20 40 60 80
Average Diameter (nm)

Incremental Pore Volume (cmB/g)

Fig. 5 Comparison of the change in the incremental pore
volume with the average pore diameter of glass D following
pre- and post-acid washing (Dm = milled glass, Daw; and
Dawz = glasses acid washed in 2.5 vol% or 5 vol% glacial acetic
acid, respectively)

20-50 nm. This increase in the mesopore volume distri-
bution, however, does not result in an increase in the
specific surface area and is therefore possibly associated
with a reduction in the surface roughness of the glass.

Susceptibility to changes in the surface morphology
of the glasses following acid washing thus appears to be
glass composition dependent i.e. the inclusion of
sodium in the glass increases the susceptibility of the
glass network to surface erosion (glass D) while in the
absence of sodium (glasses A, B and C) acid-degrada-
tion results in the formation of a mesoporous layer on
the surface of the particles that is more pronounced in
the low phosphorus containing glass (glass C).

The influence of acid washing on the morphology
and composition of the glass surface was also assessed
by examining differences in cement working and
setting times (Table 9). Acid washing resulted in an
increase in the WT and ST of all of the cements with

@ Springer

the ease of manipulation of the cement paste being
glass-composition dependent.

The handling properties of the cement pastes
prepared from the glasses showed the WT and ST of
the cement pastes produced from glasses A and B and
glasses C and D to be similar. XRF data, presented in
Table 4, shows glasses A and B to have high phosphate
contents (>15 wt%). The mechanism by which the WT
and ST of these cements is extended is unclear but may
be due to:

e The competitive chelation of released metal cations
by liberated phosphate.

e The re-adsorption of phosphate at the glass—solu-
tion interface, which has been reported to occur
with bioactive glasses in vivo and in vitro although
this would not account for the observed differential
SIMS release profiles observed.

e An alternative hypothesis is the retention of phos-
phate within the glass interface to produce a
phosphorus-silicon rich depletion-zone where the
phosphate behaves as an ion-exchanger retaining
metal cations released from the glass and thereby
imposing a barrier to ion release. Due to the
increase in the phosphate in the network the
effective number of network-dwelling metal ions
will also increase in order to charge balance the
phosphate, which would reduce the number of
“free’” metal ions able to be leached.

However, the Al:Si ratios of glasses C and D are
much greater than their P:Si ratios and therefore the
effect of aluminium on the glass network would be
expected to dominate that of the phosphate. For
glasses C and D the elevated R*":Al ratios, 3.1 and
3.4, respectively, would result in an increase in the
number of network modifier cations that would be
readily released. Indeed the cement pastes from milled
glasses C and D were unworkable. The slight extension
of the WT of the milled glass D may be attributed to
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Acid Washed | y=-91.441x +522.65 | 0.9897 y=-132.08x + 713.61 ‘ 0.9984

Fig. 6 Influence of glass chemistry and acid washing on the
working and setting times of cements A, B and C (n = 3)

the sodium and fluorine contents of the glass which
would reduce the influence of the Al:Si and P:Si ratios
due to the increase in the number of NBOs incorpo-
rated within the glass network thereby promoting
dissolution of the glass surface during acid washing and
cement paste manipulation.

Comparison of the WT and ST with the glass
basicity, CLD, diy and BET SSA infers that it is the
BET SSA of the glasses that has the most significant
influence on the handling properties of the cement
pastes from the glasses A, B and C, which is
profoundly influenced by the d;g, as illustrated in
Figs. 6 and 7.

Working Time --+ Milled —+ Acid-washed

BET SSA --=- Milled —=-Acid-washed

@
= £
2
E A
§ 300 Z
2 iy
g A i
= 200 ©
[:b I 2 2
] L b=
£ 13}
=2 51
S a
Z 100 1 e

-t
g A 2
cr - T
0 0
0.8 1 1.2 1.4 1.6 1.8 2 22 24
dy (m)
Glass Working Time BET SSA
Treatment Equation of the Line R? Equation of the Line R’

Milled y =52.359x -29.439 | 0.9999
Acid Washed y =249.92x -141.71 0.9826

y=-0.3312x +2.53 0.8814
y=-274x+7.28 0.9991

Fig. 7 Influence of the dq particle size, glass chemistry and acid
washing on the BET SSA of glasses A, B and C and on the
working time of cements A, B and C (n = 3)

The supposition of non-stoichiometric leaching from
these glasses is supported by SIMS data. For the
cements from glass D the converse seems to be true
with an increase in the WT as the BET SSA decreases.
In conjunction with the rapid rate of set this infers a
rapid dissolution of the glass network at the surface of
the particles during acid washing and cement mixing
with the delay in the WT of the acid washed glasses
being due to the diffusional constraints imposed by the
formation of a depletion-zone.

4 Conclusions

The influence of glass composition and acid washing on
the particle size distributions and surface morphologies
of glasses used for preparing GIC pastes has been
investigated and effects on working and setting times
of cements have been compared. All acid washed
glasses had a WT of > 90 s, a BET SSA of between 2.5
6 mz/g, a dso between 4.4-6.2 mm and a dgg of < 20 mm.

e A slight increase in the post-melt Al:Si ratios of the
glasses occurs, probably due to the volatilisation of
SiF, during firing, resulting in a concomitant
increase in the acidity of the glass network.

e Acid washing resulted in a decrease in the particle
size distribution range of glasses B, C and D, whilst
a slight increase in the PSD range was observed
following acid washing of glass A, which may be a
consequence of particle aggregation or sub-micron
particle dissolution.

e The differences between the BET specific surface
area of the milled glasses are much smaller than for
the acid washed glasses.

e Comparison of the specific surface areas, mathe-
matically modelled by the Mie theory and mea-
sured by BET, indicated significant differences in
the surface morphology of the acid washed glasses
A, B and C. This has been shown to be attributable
to changes in the mesopore volume.

e Changes in the mesopore volume also indicated
that different mechanisms of acid degradation
occur with glass D, which contains sodium, com-
pared with the non-sodium containing glasses A, B
and C.

e Acid washing of the glasses used in the preparation
of cements increased the working time of the
cements by 3- to 7-fold and extended the setting
time.

e The working and setting times of the cements
prepared from the milled and acid-washed glasses
A, B and C decrease with an increase in the BET
specific surface areas of the glasses.
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