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Abstract

Phosphate glasses for bioresorbable implants display dissolution rates that vary significantly with compo-
sition, however currently their mechanisms of dissolution are not well understood. Based on this systematic
study we present new insights into these mechanisms.

Two-stage dissolution was observed, with time dependence initially parabolic and later linear, and a two-
stage model was developed to describe this behaviour. Dissolution was accelerated by lower Ca concentration
in the glass, and lower pH in the dissolution medium.

A new dissolution mechanism is proposed, involving an initial stage where diffusion-controlled formation
of a conversion layer occurs. Once the conversion layer is stabilised, layer dissolution reactions become
rate-limiting. Under this mechanism the transition time is sensitive to the nature of the conversion layer
and solution conditions.

These results reveal the dependence of P505-Ca0-NasO glass dissolution on solution pH, and provide new
insight into the dissolution mechanisms, particularly regarding the transition between the two dissolution
stages.

Keywords: Phosphate glass, Calcium-phosphate glass, Dissolution behaviour, Dissolution rate, Dissolution
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1. Introduction

Phosphate-based glasses are attractive materials for medical implants, due in part to their cytocompat-
ibility and demonstrated potential for use in soft tissue applications such as ligament and muscle scaffolds,
wound healing, and promoting angiogenesis [1-5]. However perhaps their greatest advantage is their solubil-
ity in aqueous solutions, and the ability to tune this solubility over many orders of magnitude by tailoring the
glass composition, to match the degradation lifetime of the material with tissue repair [6]. Phosphate glasses
have potential applications including hard tissue engineering, as well as controlled release and antimicrobial
materials [7, 8], and can also be combined with polymers in fully degradable polymer-glass composites for
hard or soft tissue implant materials [2, 9-13]. The biological response of these materials is often closely
linked to the dissolution rate of the glass - in order to support cell adhesion and survival, the surface must
dissolve slowly enough to allow physical bonding [2, 12-14]. It is clear that in any application, the degra-
dation timescale of the material is of critical importance, therefore intimate knowledge of the dissolution
behaviour of the phosphate glass is crucial.

Due to their similarity in composition to natural bone, calcium containing phosphate glasses are of par-
ticular interest for medical applications. Early work by Bunker et al. and Uo et al. [15, 16] found that Ca
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ions introduced within the glass form ionic crosslinks between non-bridging oxygens of two different glass
chains [17], enhancing the chemical durability. Later work has shown Mg and Fe to have a similar, even
stronger effect [6, 18, 19], with crosslinking of non-bridging oxygens by di- and tri-valent metal ions having a
dominant effect on the physical properties, including dissolution rate, density, and T,. The pH dependence
of Ca-P glass dissolution has not been extensively studied, however results in similar systems such as Zn-P
and Na-P glasses indicate that the rate of dissolution increases in acidic or basic solutions [15, 20, 21], with
acidic solutions accelerating dissolution by disrupting ionic crosslinks between phosphate chains.

Despite having been the subject of research for several decades, uncertainty remains over the mechanisms
occurring during phosphate glass dissolution. Several studies [7, 15, 22] have observed an initial dissolution
stage with parabolic time dependence, in P5O5-Ca0O-NayO glasses, which Bunker et al. attributed to water
diffusion and formation of a surface hydration layer [15]. This initial stage has also been observed in P3O5-
FeO-Fe;03-Nag O glasses [23], however other works on PoO5-Ca0O-NagO glasses have not observed this initial
non-linear stage [18, 21], suggesting that it may be related to the changing ionic strength of the solution
rather than diffusion and ion exchange [24]. The later stage of dissolution, with linear time dependence, is
considered to be controlled by the reaction of the hydrated layer at the glass-solution interface [22-24]. The
cause of the transition between these stages is not yet well understood, but the transition time has been
observed to be roughly correlated to the durability of the glass [15] (i.e. the overall resistance to dissolution).

In this work we investigate the dissolution behaviour of a set of Po05-CaO-NayO glasses in deionised (DI)
water and phosphate-buffered saline (PBS). In order to gain insight into the mechanisms of dissolution, we
apply a two-stage model similar to that used by Ma et al. [22, 23] to describe the mass loss of Na-Fe-P and
Na-Ca-P glasses, based on an initial parabolic time dependence, followed by later linear dissolution. To the
authors’ knowledge, this is the first work to quantitatively compare the non-linear mechanisms of PoO5-CaO-
NayO glass dissolution in DI water and higher ionic strength PBS, across a range of pH values, and provides
new insight into the two stages of dissolution, and the cause of the transition between them. The effect of pH
is especially important when considering phosphate glasses as a component in polymer-glass composites, due
to the acidification that can result from degradation of commonly used degradable polymers. To simulate
the conditions phosphate glass may experience in a polymer-glass composite, we conducted dissolution
experiments in PBS with added lactic acid (the acidic degradation product of common degradable polymers)
to alter the solution pH, and determine the effect on the dissolution rate and mechanisms. Previous works
have speculated that the transition between the two dissolution stages may be related to the nature of the
conversion layer (also referred to as an alteration layer [23]), here we discuss how the formation of different
conversion layer species across a range of solution conditions can affect the transition behaviour.

2. Materials and Methods

2.1. Glass preparation

Glasses with nominal compositions of (P205)g0..(Ca0),(NagO)19, where z = 40, 45, 50, were prepared
using NayCOj3, CaCOj3, and NH4H5POy, referred to subsequently by codes P50Ca40, P45Ca45, and P40Cab0
for x = 40, 45, 50 respectively. The precursors were melted and degassed in a kiln (SBSC-1500L, Kilns and
Furnaces Ltd., Stoke-on-Trent, UK) at 1230 - 1360°C using a vitreous silica crucible, and then quenched
quickly to room temperature. Glass discs (10 X 2 mm) were cast by pouring re-melted glass (at 1100 -
1230°C) into a graphite mould preheated to 400°C. Cast discs were then annealed at 400°C and left to cool
slowly to room temperature, to remove any residual stresses.

2.2. Characterisation

Glass density was measured using an AccuPyc 1330 gas pycnometer (Micromeritics Instrument Corpo-
ration, USA). DSC (Differential scanning calorimetry) was carried out with a TA Instruments SDT Q600,
using 10 - 25 mg of glass powder in an alumina pan, and heating from 25 to 1000°C at 20°C/min. Thermal
properties were analysed using the TA Universal Analysis software. The data were baseline corrected by
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subtracting the response of an empty alumina pan, and glass transition temperatures were taken at the
inflection point. XRD (X-ray diffraction) was carried out using a Bruker D8 Advance diffractometer with
Cu K-shell radiation. For confirming the amorphous nature of the disks, a 26 range of 10-60°with a 0.02°step
size and dwell time of 0.5 s/step was used, while a 26 range of 20-50°with a 0.1°step size and dwell time
of 10 s/step was used to maximise the signal/noise ratio for partially dissolved samples. SEM (Scanning
electron microscopy) and EDX (Energy dispersive X-ray spectroscopy) were performed using a CamScan
MX2600 FEG-SEM and Phenom ProX SEM, using an accelerating voltage of 10 kV for SEM and 15 kV
for EDX. Prior to SEM/EDX, samples were sputter coated with approximately 10 nm of gold/palladium to
prevent charging, using an Emitech K550 sputter coater (40 mA deposition current for 2 minutes, under an
Argon atmosphere). The Q® distribution in the glass network was measured by 3'P solid-state magic angle
spinning (MAS) NMR, using a Bruker Avance 300 spectrometer at 121 MHz and a 4 mm MAS probe. 1D
spectra were fitted using TopSpin 4.0.5 (Bruker Ltd.) to quantify the Q" species present.

2.8. Dissolution testing

Dissolution tests were carried out in DI water (Type I, 18.2 MQ) and PBS (phosphate-buffered saline,
pH = 7) (Gibco, Thermo Fisher Scientific Inc., USA), as well as PBS adjusted to pH = 3, and pH = 5
by adding lactic acid (>85%, Sigma-Aldrich 252476). Glass discs were immersed in 15 mL of the chosen
solution (SA/V ratio 15 m™!, chosen for comparison with published literature) in conical-bottomed vials (to
ensure all surfaces were exposed to solution), and incubated at 37°C without agitation. Solution pH was
measured using a Hanna HI 4222 pH meter with HI 1131B pH electrode and three point calibration. Ca?*
ion concentration was measured using an ISE (ion selective electrode - Sentek 361-75 Calcium Combination
ISE), calibrated using a modified Nernst equation [25] with standard solutions diluted with DI water from
a 0.1 mol L! calcium standard (Hanna HI 4004-01). To measure glass disc mass during dissolution, discs
were removed from solution, rinsed with DI water, dabbed dry, and weighed (using a Sartorius BP61
balance with internal calibration, d = 0.1 mg), before being returned to the solution for further dissolution.
Digital photographs were also taken to record visible changes in morphology. Before SEM imaging, partially
dissolved discs were removed from solution, rinsed with DI water, dabbed dry, and stored in a desiccator to
dry over several days.

3. Calculation

A two-stage dissolution model is used to describe the glass mass loss in a similar fashion to the work of
Ma et al. [23], however here we adapt this model for use in a disc geometry by considering the thickness of
a dissolved layer x. In the initial diffusion controlled stage (before the transition time ty.q,s is reached, i.e.
t < tirans), dissolution occurs at the surface of the disc and the interface moves towards the centre, resulting
in the unreacted core shrinking and decreasing the surface and hence reaction area over time as shown in
Fig. 1. In this stage a 3D diffusion model (DM) with parabolic time dependence applies [26, 27], such that:

2(t < tirans) = kpat”? (1)

In later stages (t > tirqns) the surface reaction determines the dissolution rate, with conversion reactions
progressing into the disc by diffusion (as shown in Fig. 1), while dissolution of the conversion layer occurs
at the surface. Assuming linear reaction kinetics the dissolution progress can be described by a contracting
volume model [26, 28] (CVM):

.I(t > ttrans) =kovut (2)

Therefore the extent of the dissolved layer over the whole course of dissolution can be described by:

.’If(t) = H(ttrans - t)kD]\/Itl/Q + H(t - ttrans)(k/’D]\/[tzzans + kCVM(t - ttrans)) (3)

where H is the Heaviside step function (half-maximum convention). Applying the disc geometry, the
mass fraction dissolved («) can be given by:



(ro — x(t))*(ho — (t))

H)=1— 4
a(t) e (®)
where r¢ and hg are, respectively, the initial radius and height of the disc, as shown in Fig. 1. Equations

3 and 4 were used to model the mass loss of phosphate glasses, and were fitted to experimental data using

non-linear least squares regression in Matlab.
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Figure 1: Schematic showing the model geometry for glass dissolution, and two-stage dissolution model as described by Egs. 3
and 4.

4. Results

4.1. Characterisation

A summary of the properties of the prepared glass discs is shown in Table 1. The EDX-derived compo-
sitions indicated that the P5O5 and CaO content was consistent with that expected from the feed, however
the NayO was lower than the 10 mol% expected, and the presence of SiOs (which was not included in the
feed) was detected. O/P ratios are also given for comparison with other works. From 3'P MAS-NMR Q!
and Q2 phosphate tetrahedra (1 and 2 bridging oxygens respectively) were seen, at positions from -8.2 to
-8.5 ppm for Q!, and from -23.2 to -25.7 ppm for Q? [29-31]. As the Ca content increased the Q'/Q? ratio
increased, indicating depolymerisation of the network and replacement of chain forming Q? groups with
chain terminating Q! groups. XRD did not detect the presence of any diffraction peaks, indicating that the
glass discs used were completely amorphous.

Table 1: Measured physical and chemical properties of the glasses produced and used in this study. Compositions are measured
by EDX, and the error shown is the standard deviation from measurements of three discs from the same batch.

Glass code P2Os CaO Na2O SiO- O/P ratio Ty (°C) Q/Q? Density
(mol%) (mol%) (mol%) (mol%) (g/cm?)
P50Ca40 49.8 40.1 6.4 3.7 3.041 451.6 0.027 2.6147
(+0.3) (£0.3) (+0.2) (+0.2) (£0.007) (£0.7) (£+0.003) (£0.0009)
P45Cad45 44.8 45.5 6.9 2.8 3.147 466.9 0.36 2.7062
(£0.3) (£0.4) (£0.2) (£0.2) (£0.009)  (£0.7) (£0.02)  (40.0003)
P40Ca50 40.4 50.8 6.4 2.4 3.267 489.5 0.93 2.784
(£0.2) (£0.4) (£0.2) (£0.2) (£0.007)  (40.5) (£0.01)  (£0.001)




4.2. Dissolution in DI water

Solution pH and Ca?* ion activity changes as the glasses dissolve in DI water are seen in Fig. 2. The
control solution (DI water only) suffered a rapid decrease in pH to around 4.7 due to dissolution of atmo-
spheric COq, followed by a gradual increase. This gradual increase can be attributed to contamination of
the solution with residual ions from the electrode - in spite of thorough washing between samples, some
transfer was unavoidable, and resulted in a pH increase for the control solution which has very low ionic
concentration and therefore is very sensitive to changes.
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Figure 2: Solution pH (top) and Ca?*t activity (bottom) for phosphate glasses dissolving in DI water at 37°C. Solid lines
indicate Ca?T activity measured using an ISE, while dotted lines indicate Ca?t activity calculated based on measured mass
loss assuming congruent dissolution. Shaded region denotes standard deviation for n = 3 measurements.

Changes in measured Ca?* ion activity indicate that the level of Ca released from the glass (Fig. 2)
was the inverse of Ca content, with the lowest Ca glass (P50Ca40) releasing Ca the fastest - clearly Ca
release is more closely linked to the dissolution behaviour (see below) than actual Ca content. Dotted lines
in this graph indicate the Ca?* activity calculated from the mass loss data (using the Truesdell-Jones model
[32-34]) in Fig. 3, assuming congruent dissolution. In all cases the measured Ca release was significantly
higher than that expected from the mass loss, indicating Ca was leached from the bulk glass.

The mass loss of phosphate glasses during dissolution in DI water (Fig. 3) shows that glasses with
higher Ca content dissolved more slowly. It can also be seen that linear dissolution models (inset plots) did
not describe this data adequately. By contrast the two-stage model, incorporating a diffusion stage (DM)
and contracting volume stage (CVM), fitted the data well, with parameters given in Table S1 and Fig. 7.
Rate constants (kpas, kovar) decreased with increasing Ca, consistent with slower dissolution, while the
transition time ¢4y increased. The initial diffusion limited stage was not observed for the P50Ca40 glass,
therefore t4,.4ns can only be given as lower than the first non-zero timepoint.

The morphology of the phosphate glasses after dissolution in DI water is shown in Fig. 4. After 98
days a layer (denoted as type B) was observed on the surface of the P45Ca45 and P40Ca50 glasses. The
morphology of this layer is difficult to interpret, as the cracks seen may be caused by the drying process,
however the composition of this layer is of principal interest. EDX revealed this to be dominated by Ca
and P, with a P:Ca:Na:Si ratio of 100:71:2:0 measured, regardless of the actual glass composition. A similar
layer (B) with comparable composition was also seen partially covering the surface of the P50Ca40 glass,
with the remaining area (denoted as type A) displaying etch pits. Areas where etch pits were found (only
on P50Ca40) had a similar composition to the starting glass, however were depleted in Ca, with P:Ca:Na:Si
ratio of 100:33:15:4, compared with a ratio of 100:40:13:4 before dissolution. This layer was also seen in
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Figure 3: Mass fraction dissolved during dissolution in DI water at 37°C for phosphate glasses, fitted to two-stage model with
diffusion stage (dotted line - DM) and contracting volume stage (solid line - CVM). Inset plots show the same data fitted to a
linear dissolution rate. Bottom right shows the same data combined onto a log-log scale for comparison.

macro-scale images of the glass discs, where it turned the transparent glass opaque (Fig. 4). The time
at which this layer appeared roughly corresponded to the transition time between the two stages of mass
loss (Table S1) for the medium and high Ca glass (P45Ca45 and P40Ca50), however for the low Ca glass
P50Ca40 transition occurred very early on, while the layer was only visible well into the dissolution process.
The appearance of the glass discs shown in Fig. 4e is consistent with the assumption of homogeneous size
reduction inherent in this model. When dissolution is nearly complete, this assumption would predict a very
thin disc with slightly reduced diameter, which is consistent with the appearance of the P50Ca40 disc after
98 days in DI water (mass fraction dissolved o = 0.97). The hole that has appeared in the disc is a result
of slight variations in disc thickness across the surface (on the scale of tens of microns) leading to complete
dissolution in some places but not others.

4.3. Dissolution in PBS

The evolution of solution pH during phosphate glass dissolution in PBS and pH-adjusted PBS is shown
in Fig. 5. The trend for different glass compositions is consistent with dissolution in DI water (Fig. 2), with
higher Ca glasses leading to higher solution pH. In general, regardless of initial pH, the dissolution of the
glass in PBS appeared to result in a slow convergence of the solution pH towards a similar value for each
glass composition as the glass dissolution slowly dominated over the initial solution conditions. The pH of
the empty solution (PBS) was measured to be stable at pH & 7 over the experimental timescale used.

The mass loss of phosphate glasses in PBS and pH-adjusted PBS is shown in Fig. 6, with fitted curves
from the two-stage model in Table S1. Again it is clear that glasses with higher Ca content dissolved more
slowly, in accordance with earlier results in DI water. The effect of pH on the general mass loss trend is also
clear; reduced pH accelerated mass loss for all glass compositions.

The fitted parameters for the two-stage model (Table S1 and Fig. 7) showed significant variation across
glass composition and solution conditions. The rate constant for the diffusion controlled stage (kpas) showed
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Figure 4: Morphology of glass discs during and after dissolution, showing SEM images after 98 days in DI water at 37°C for
P50Ca40 (a, b), P45Cad5 (c), P40Ca50 (d), and digital photographs of glass discs at various dissolution timepoints (e). Red
lines indicate the time taken for observation of an opaque layer.
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Figure 5: Solution pH for phosphate glasses dissolving in PBS, or lactic acid-adjusted PBS at pH 3 or 5, at 37°C, showing
P50Ca40 (a), P45Ca45 (b), P40Ca50 (c), and all three glasses together for comparison (d). Shaded region denotes standard
deviation for n = 3 measurements.

a clear decreasing trend for increasing Ca content, and also increased significantly as the solution pH de-
creased. Similar trends, although less clear, were also seen for the rate constant for the reaction controlled
stage (kov ). Variation in the transition time (f4r4ns) between the two stages was also seen across different
glass compositions and solution conditions. In DI water, ¢4.4,s increased with increasing Ca content, how-
ever this trend was absent in PBS with a similar ¢;,.,,s observed for all glass compositions, and reversed in
pH-adjusted PBS, with a decreasing t;,.4,s with increasing Ca content.

The macro-scale morphology of glass discs during dissolution is shown in Fig. 8, where the formation
of an opaque layer was observed for all glasses except for P50Ca40 in pH 3 and pH 5. The time taken for
observation of this layer is also shown plotted against the fitted ;4,5 parameter in Fig. 9. Data points for
P50Ca40 in DI water and PBS at pH 3 and 5 were excluded from this plot as transition occurred immediately
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Figure 6: Mass fraction dissolved during dissolution in PBS, or lactic acid-adjusted PBS at pH 3 or 5, at 37°C. Shaded region
denotes standard deviation for n = 3 measurements. Black line shows fitted model according to Eq. 4, with dotted and solid
regions denoting the diffusion and contracting volume stages respectively.

in DI water, and no layer was observed in PBS at pH 3 and 5 within the duration of the experiment.Good
correlation can be observed between these two values, giving a Pearson correlation coefficient (r) of 0.7. A
more detailed view of the morphology is shown by SEM analysis in Fig. 10, where several types of dissolution
behaviour can be seen.

Type A dissolution (Fig. 10a) consisted of etch pits in the glass surface, and was seen by EDX to be
depleted in Ca compared with the original glass. Type A dissolution was observed at dissolution times below
tirans, as well as at the end of the study (88 days) for P50Ca40 glass in pH 3 or 5. Type B dissolution
(Fig. 10c-f) consisted of formation of a layer rich in Ca but also K, and depleted in Na. This layer was
be identified by EDX but could not be detected by XRD (Fig. 11), suggesting that the layer had very
little long-range crystalline order [18]. The presence of K in this layer was attributed to the PBS used, the
original glasses did not contain any, however the solution was rich in potassium. The cross section shown
in Fig. 10 revealed some information about the morphology of this layer, where a dense initial portion was
seen, below a more porous section. Fig. 10f is also interesting to note, as the remnants of type A etch pits
(lighter lines across the surface) were visible below the more porous type B layer. Type C dissolution (Fig.
10b) consisted of formation of a NaCl layer on the glass surface, which could be identified by EDX and XRD
(Fig. 11). This NaCl layer was only observed at dissolution times slightly above t¢.q,s, but not at the end
of the study (88 days).
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Figure 10: SEM images of phosphate glasses during dissolution showing (a) type A behaviour (etch pits) on P45Ca45 in pH 3
below tirans, and (b) type C behaviour (NaCl layer formation) on P40Ca50 in pH 7 above ¢trans. (c-f) show type B behaviour

(CaP layer formation): on P45Ca45 in pH 3 after 88 days (c, d), on P40Ca50 in pH 3 after 88 days (e), and on P40Ca50 in
pH 7 above tirans (f).
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5. Discussion

5.1. Structure

The replacement of NasO by SiO; can be attributed to volatilisation of Na from the melt, and replace-
ment by Si from the silica crucible [35]. The results observed for characterisation of the phosphate glasses
produced (Table 1) were consistent with a modified version of the nominal glass model, incorporating the
presence of SiOy from the crucible: (P20O5)g0..(Ca0),(Nag0)7(SiO2)s. Here the network of phosphate
tetrahedra was depolymerised by the addition of other metal ions, which created non-bridging oxygens ac-
cording to their charge, resulting in the Q! /Q? ratios observed. The increase in density with Ca content was
consistent with Ca ions being located at interstitial sites within the phosphate network, forming crosslinks
between phosphate glass chains [6, 17]. The effect of these crosslinks was seen in the increased T}, for higher
Ca glasses - Ca crosslinks provided greater thermal resistance so increase the T, [6, 36]. These crosslinks
are also known to provide greater chemical durability, so would be expected to lead to a slower dissolution
rate.

The presence of small amounts of SiO5 in phosphate glasses such as the amount observed in this study
are known to disrupt the phosphate glass network, which in turn leads to a slight increase in the glass dis-
solution rate [37]. This indicates that the presence of this impurity may have increased the glass dissolution
rate above that which would be expected without these impurities. With the glasses used here, the SiO,
content is relatively consistent across the glass compositions at around 3 mol. %, so this is unlikely to make a
significant contribution to the trends observed. Formation of six-fold coordinated Si ions, which can reduce
the dissolution rate, has been previously observed in phosphate glasses. However, this requires a higher
degree of network connectivity within the phosphate glass network (mostly Q® phosphates) than is present
here (only Q2 or Q!), as well as a greater concentration of Si, so their presence is not expected in these
glass compositions [38, 39]. Formation of six-fold coordinated Si ions would also result in the appearance of
a unique peak at 670 cm™ in the IR spectrum [38], which was not observed in our experiments (Fig. S4).

5.2. Dissolution kinetics

Although phosphate glasses have been researched for several decades now, the mechanisms of their dis-
solution are still a source of uncertainty [22], and it is hoped that the results described here can provide
some additional insight into these mechanisms. Here we propose the following explanation for the observed
dissolution behaviour, which can be broadly broken down into two main categories of reaction. Firstly we
introduce the idea of the formation of a conversion layer, which can include hydration among other reac-
tions. Secondly, layer dissolution reactions encompass dissolution of the various products of conversion layer
formation, involving release of ions into solution. It must be noted that both of these reaction categories
take place simultaneously throughout the dissolution process, however at various points one or other of these
may be rate-limiting. A summary of this mechanism scheme is shown in Fig. 12.

Conversion layer formation involves reaction of crosslinked phosphate glass anions in the solid state,
with reactants that have diffused into the glass such as HyO, Ht and CI. This results in formation of
other solid species, usually including the hydration reaction to form hydroxides, but possibly other reactions
as well. The hydration reaction (Eq. 5) has been described by Ma et al. [22], defining the hydration of
crosslinks between metal cations and two phosphate anions (with n and m phosphate tetrahedra). This
is adequate for dissolution in DI water, however the situation is more complex for solutions such as PBS
where various other ions are present in solution. Formation of metal hydroxides can be replaced by, or
occur in conjunction with, reactions to form solid metal chlorides as described in Eq. 6. This is particularly
significant given the much greater solubility in water of CaCly compared with Ca(OH)s.

(Pn03n+1)(C’a, Nag)(n+m+4)/2(Pm03m+1) + (n+m+4)H20 — H2+nPn03n+1 (5)
+ H2+mpm,03m+1 + (n+m+4)/2(0a, Nag)(OH)Q

12



Increasing ionic

Conversion layer concentration — Conversion layer not
immediately dissolved less soluble immediately dissolved
it_fo,:m?,t,'fn conversion layer it_fo;(‘mattlon Mass loss limited
oM - = Kevm! i :
Mass loss limited by layer dissolution

by layer formation

t << tyans t < tirans t > tians t>> tyans

Figure 12: Schematic diagram illustrating dissolution mechanism, showing diffusion limited dissolution before t¢rqns, and
surface reaction limited dissolution after t¢rqns when the conversion layer is stable.

(Pn03n+1)(ca7 Na2)(n+m+4)/2(Pm03m+1) + (n+m+4)H+ (6)
+ (n+m+4)Cl* — H2+nPn03n+1 -+ H2+mpm03m+1 —+ (n+m+4)/2(Ca,Na2)CZQ

The reaction front for these conversion layer formation reactions progresses into the glass, following a
parabolic time dependence (tl/ 2) due to the diffusive mass transport required to transport reactants to the
reaction front. This is supported by the observed formation of a NaCl layer during dissolution, as well as
Carrich layers (Figs. 10 and 11).

Layer dissolution is the second reaction stage, involving surface dissolution of the solid species formed
during the conversion layer formation stage, described in Eqgs. 7-9. As shown in Eq. 9, orthophosphoric
acid (n=1) can dissolve directly, while polyphosphates can undergo further hydrolysis. Nevertheless, it is
well known that polyphosphates can be released into solution without further hydrolysis [22, 40].

(Ca, Naz)(OH)y — (Ca, Nag)** +20H~ (7)
(Ca,Nay)Cly — (Ca, Nay)?T +2C1~ (8)
HyynPOspi + (n— 1)Ho0 — (3n)HT +nPO3 (9)

The reaction front for these layer dissolution reactions progresses into the conversion layer, following a
linear time dependence (¢) due to the reaction controlled process. The dissolution of solid species via these
reactions will be sensitive to solution conditions, not only pH but various ion concentrations, which can
themselves change over time as the glass dissolves. Depending on ion concentrations, reverse reactions can
also occur in a highly saturated solution, involving reaction of solution ions to form a precipitate on the glass
surface. This is especially important for metal phosphates, as shown in Eq. 10, where metal and phosphate
ions (resulting from glass dissolution, or already present in PBS) form metal phosphates. Eq. 10 shows
formation of simple phosphates, but more complex forms such as octacalcium phosphate or hydroxyapatite
are also possible, as suggested by the morphology of the Ca-rich layer observed (Figs. 10 and 11) [18, 41].

3(Ca, Nag, K2)** +2P03~ — (Ca, Nag, K2)3(PO4)a (10)

These two reaction categories can explain the multi-stage dissolution behaviour observed here and else-
where. Initially the conversion layer formation reactions, which must occur first to produce soluble salts,
are rate-limiting due to fast dissolution of the small amounts of hydrated phosphates and metal hydroxides
or chlorides produced. As this reaction is limited by mass transport of reactants to the reaction front, this
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leads to the initial ¢"/> dependence of the reaction progress z. As the conversion layer dissolves as fast as it
is formed, there is no stable conversion layer present on the surface. In later stages (t > tirans) the layer
dissolution reactions determine the glass dissolution rate, giving rise to the linear ¢ dependence due to as-
sumed linear reaction kinetics. Here the conversion layer is produced faster than it can be dissolved, leading
to buildup of the layer on the surface, as illustrated in Fig. 1. Despite encompassing dissolution of several
layer species (Egs. 7-9), as well as deposition reactions (Eq. 10), glass dissolution controlled by dissolution
of the conversion layer can be adequately described by Eq. 2 of the model. Assuming Egs. 7-10 proceed
via linear reaction kinetics, kcy s is simply the sum of equivalent parameters for individual reactions. k for
deposition reactions will be negative, and if deposition outweighs mass loss, kcy s will be negative, leading
to overall mass gain.

The effect of Ca on the dissolution rate in the initial conversion layer formation stage seen here is con-
sistent with multiple previous works, where increased Ca content reduced the dissolution rate [7, 8, 36].
Higher Ca glasses were shown to have higher density (Table 1), indicating that Ca ions were located at
interstitial sites between phosphate glass chains, reducing the free volume [35]. In this diffusion controlled
stage, this resulted in reduced dissolution (lower kpys) by blocking of interstitial diffusion pathways. The
greater strength of the Ca-O-P crosslinks compared with P-O-P bonds is another reason for the reduced
dissolution rate of higher Ca glasses [15]. The rate constant governing this diffusion stage (kpas) was shown
to have a significant dependence on the starting solution pH (Fig. 7), with large increases in kpjs observed
as the pH of the solution was reduced. This is consistent with a diffusion mechanism involving H* diffusion
into the glass, which would be increased by a larger H™ concentration in the solution.

The later stages of dissolution are limited by the surface reactions (Eqgs. 7-10), leading to the formation
of a stable conversion layer, which persists as it is formed faster than it dissolves. The effect of Ca on the
reaction rate here also displays reduced dissolution with increasing Ca content. This can be explained in
terms of the hydration reaction (Eq. 5), which indicates that production of the less soluble Ca(OH), would
dominate over NaOH as the Ca/Na ratio increases. Similarly, when PO4® concentration is sufficient, precip-
itation of phosphates according to Eq. 10 would prefer less soluble calcium phosphates, further reducing the
mass loss. The effect of pH in this layer dissolution stage is complex, however in general lower pH increases
the reaction rate constant kcy s, which can be attributed to increased solubility of the conversion layer
species in more acidic conditions.

The transition time between these two stages is perhaps the least well understood component of the
non-linear dissolution of phosphate glasses. Bunker et al. described a rough correlation between glass dura-
bility and transition time, also noting that it was also sensitive to pH [15], while Ma et al. found that the
transition time only varied for glasses with short phosphate chains (i.e. higher O/P and Q!/Q? ratios),
finding a similar correlation to Bunker et al., but also commenting that it may be related to the nature of
the surface layer [23]. In this work we observed a similar correlation to Bunker et al. for dissolution in DI
water (more soluble glasses have a shorter transition time), however this trend was absent in PBS and was
reversed in pH-adjusted PBS (pH = 3 or 5).

Under the mechanism proposed here, the transition from the conversion layer formation stage to the layer
dissolution stage is controlled predominantly by the nature of the conversion layer (i.e. the combination
of solid species formed by Egs. 5-6) and its solubility in the surrounding solution, which will be heavily
dependent on pH and ion concentrations. As the solution chemistry changes during dissolution, increases in
dissolved metal (Ca, Na), hydroxide, and phosphate ions will reduce the dissolution rate of the conversion
layer. Once the dissolution rate is lower than the formation rate, the conversion layer is stabilised, and the
rate limiting reaction will become the layer dissolution, leading to a change from parabolic (tl/ %) to linear
(t) reaction kinetics. When this stable layer is dominated by (Ca,Nas)(OH)y or (Ca,Nay)Cly, or deposited
phosphates (Eq. 10), it would be expected to be optically opaque as observed in Fig. 8, explaining the cor-
relation between t4,.4ns and the time for observation of an opaque layer (Fig. 9). The behaviour of P50Ca40
glass seemed to contradict this however, displaying transition to the linear layer dissolution kinetics in DI
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water, and PBS at pH 3 or 5, without formation of an opaque layer. This can be explained by differences
in the phosphate anions present. Based on the glass composition, the number average chain length can be
calculated [15]; for P50Ca40, P45Ca45, and P40Ca50 the average chain length (n) is predicted to be oo, 9.1
and 4.0 respectively. This means that in acidic conditions, layer dissolution from P50Ca40 may be limited
by the hydrolysis reaction of longer phosphate chains (Eq. 9, where n is very large) rather than dissolution of
other solid species. Transition to this stage would then not result in a visible opaque layer, as the hydrated
phosphate anions (Ha,P,O3,41) that make up the conversion layer are not forming a new crystalline solid
but rather their cation crosslinkers are simply being exchanged for HT ions.

6. Conclusions

These results offer new insight into the mechanism of phosphate glass dissolution in various media, in
particular the origin of the parabolic time dependence and transition time between the two stages. Un-
derstanding the dissolution behaviour of these glasses is of importance when considering their dissolution
in medical applications, and the pH dependence of this is particularly of interest in polymer composite
applications, where polymer degradation results in formation of lactic acid and acidification.

The dissolution behaviour of a range of P;O5-Ca0-NayO glasses was measured in deionised water, PBS,
and pH-adjusted PBS at pH 3 or 5. In accordance with previous studies in DI water, increased Ca was
observed to significantly reduce the dissolution rate in all conditions. Two-stage behaviour was seen in DI
water, PBS, and pH-adjusted PBS, with an initial parabolic time dependence, followed by later linear time
dependent reaction progression. A two-stage model similar to those reported previously was adapted for use
with the disc-shaped glass samples here.

Based on these results, a new dissolution mechanism was proposed to explain the two-stage dissolution
behaviour, that takes into account more complex dissolution media. The initial stage involves diffusion of
water or ions into the glass, with ¢'/2 dependence, forming a conversion layer consisting of hydrated phosphate
anions, and metal hydroxides or chlorides. Once the solution conditions slow the layer dissolution reactions
enough so that the conversion layer is stabilised, the layer dissolution reaction becomes rate-limiting and
results in linear ¢ dependence. Under this mechanism, the transition time t;..ns is sensitive both to the
nature of the conversion layer, and the solution conditions.
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Supplementary Material: Non-linear dissolution mechanisms of P505-Ca0O-NasO glasses as a
function of pH in various aqueous media

Reece N. Oosterbeek, Kalliope I. Margaronis, Xiang C. Zhang, Serena M. Best, Ruth E. Cameron

S.1. Glass characterisation

XRD patterns for the phosphate glasses used are shown in Figs. S1 and S2. After initial quenching
the P40Cab0 glass showed a small amount of devitrification due to the high amount of modifiers present,
as indicated by the small diffraction peaks observed. This was determined to be crystalline a-CasP2O7.
After re-melting and casting this devitrification was not observed, due to the faster cooling during casting
preventing crystallisation.

As-quenched glass

P40Ca50
P45Ca45 —
P50Ca40 —— |\

Intensity (a.u.)

10 20 30 40 50 60
26 (%)

Figure S1: XRD patterns for as-quenched phosphate glasses. Patterns are offset vertically for clarity.

Cast glass disks

P40Ca50
P45Ca45 ——
P50Ca40 —— e,
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Figure S2: XRD patterns for cast phosphate glass discs. Patterns are offset vertically for clarity.

NMR spectroscopy was carried out on the phosphate glasses in their as-quenched state, before re-melting
and casting. These spectra and their deconvolutions are shown in Fig. S3, with fitted peaks assigned to
specific chemical shifts with reference to literature [29-31]. Q' and Q? phosphate tetrahedra were observed,
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with the proportion of Q' tetrahedra increasing as more Ca was added to the glass. The high calcium
P40Cab0 glass also displayed two small peaks attributed to the crystalline a-CasP207. XRD measurements
determined that this devitrified material was not present in the cast disks, so the cast disks can be assumed
to consist solely of Q' and Q? phosphate tetrahedra.
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Figure S3: 31P MAS-NMR spectra of as-quenched phosphate glasses, showing measured spectra and fitted peaks.

FTIR (Fourier Transform Infrared Spectroscopy) was carried out on phosphate glass samples using a
Bruker Tensor 27 FTIR Spectrometer, in ATR configuration (Attenuated Total Reflectance). These spectra
are shown in Fig. S4. A background scan was obtained before each sample scan, and three replicates were
analysed for each sample. Spectra were collected over the range 520 - 4000 cm™!, with a resolution of 8 cm™,
and 16 scans were collected for each sample.
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Figure S4: ATR-FTIR spectra of the phosphate glasses used, with peak assignments shown.

S.2. ISE Calibration

A typical calibration curve for the calcium ISE is shown in Fig. S5. Calibration standards were measured
twice, the second time in reverse order, to minimise potential drift and hysteresis during measurement. The
average of these values was used to fit the calibration curve. A modified Nernst equation was fitted to
account for reagent blank determinand as well as interference at low concentration, which occurs with all
electrodes [25]. Calibration was repeated before measurement of each new timepoint, and the electrode was
cleaned if the slope (S1) deviated significantly (>2 mV) from the theoretical value of 29.6 mV /decade at 25°C.

360
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340 | Ey=-382:427-mV-

[ S; = 30.547 mV/decade
320 |5y =27:545 pmol/L:
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CaZ* activity (mol/L)

Figure S5: Typical calibration curve for calcium ISE, using Hanna HI 4004-01 calcium standard.
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Table S1: Fitted reaction rate parameters for two-stage models for phosphate glass dissolution.

Glass code Solution kpy (um/day®®)  keoya (um/day)  tians (days) R2

P50Ca40 DI H,O - 19.4 (£0.3) < 0.04 0.999
P45Cad5 DI H,O 3.5 (£0.1) 0.224 (£0.003) 4.9 (£0.5)  0.989
P40Cab0 DI H,O 1.52 (+0.02) 0.041 (£ 0.002) 13.2 (£0.7) 0.982
P50Ca40  PBSpH7 6.0 (£0.3) 0.78 (£0.2) 7 (£3) 0.963
P45Cad5  PBSpH7 3.9 (£0.3) 0.51 (£0.02) 7 (£4) 0.938
P40Ca50  PBS pH 7  2.52 (£0.06) 0.032 (£0.005) 9.3 (£0.6)  0.873
P50Cad0  PBS pH 5 14.9 (£0.3) 1.26 (+0.06) 922 (47) 0.970
P45Cad5  PBSpH b5 8.2 (£0.4) 1.06 (£0.02) 6 (£2) 0.983
P40Ca50 PBSpH 5 5.1 (£0.1) 0.24 (££0.01) 10.2 (£0.8)  0.959
P50Cad0  PBS pH 3 34.8 (+0.8) 4.0 (£0.2) 19.4 (£0.6)  0.971
P45Ca45  PBS pH 3  37.2 (£0.5) 1.04 (40.08) 17.2 (£0.8)  0.973
P40Ca50  PBS pH 3  24.0 (£0.5) 1.12 (£0.05) 10.5 (£0.8)  0.964

S.8. Dissolution model parameters

Published journal article:
https://doi.org/10.1016/j. jeurceramsoc.2020.08.076

Copyright (©) CC-BY-NC-ND

[@ole)

21


https://doi.org/10.1016/j.jeurceramsoc.2020.08.076
https://creativecommons.org/licenses/by-nc-nd/2.0/uk/

	Introduction
	Materials and Methods
	Glass preparation
	Characterisation
	Dissolution testing

	Calculation
	Results
	Characterisation
	Dissolution in DI water
	Dissolution in PBS

	Discussion
	Structure
	Dissolution kinetics

	Conclusions
	Glass characterisation
	ISE Calibration
	Dissolution model parameters


