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The effectiveness of TRIS and ammonium
buffers in glass dissolution studies: a
comparative analysis
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Ramya Ravikumar1,2, Clare L. Thorpe 1 , Claire L. Corkhill 3, Sam A. Walling1, James J. Neeway 4,

Carolyn I. Pearce 4, Albert A. Kruger 5, David S. Kosson 6, Jose Marcial4 & Russell J. Hand 1

Selecting appropriate buffers is crucial for evaluating the chemical durability of glass under controlled

conditions such as in the EPA 1313 test designed to measure elemental release as a function of pH.

The efficacy of two alkali-metal free buffers, TRIS (NH2C(CH2OH)3) and ammonium chloride—

ammonia (NH3/NH4Cl), was investigated during EPA 1313 testing of a simulated Hanford low-activity

waste borosilicate glass in the alkaline regime (pH 8.5–10.5) at varying temperatures (RT, 40 °C, and

60 °C). While both buffers maintained the desired pH at room temperature, and up to 40 °C, the

effectiveness of TRIS decreased at elevated temperatures, particularly at pH 10.5. Although 11B NMR

showed evidence of TRIS-B complexation, its effect on the rate of elemental release was found to be

negligible under the test conditions. With ammonium buffer, the release of alkali cations was slightly

elevated when compared to the same conditions with TRIS at early time points.

Glass dissolution tests are conductedwith the following aims: (i) to assess the
consistency of the glass product; (ii) to determine the relative durability of
glasses; and (iii) to elucidate mechanisms controlling the glass dissolution
rate. Various test methods include, but are not limited to, the product con-
sistency test (PCT)1, vapour hydration test (VHT)2, single-pass flow-through
test (SPFT)3, and the pressurised unsaturated flow test (PUF)4,5. At
the Hanford site, USA, all these tests have been performed on low-activity
waste (LAW)glass compositions6,7 thatwill be used to immobilize radioactive
waste at the waste treatment and immobilization plant (WTP). Though each
of the aforementioned tests helps improve understanding of glass behaviour,
only the PCT andVHT are currently used to assess glass durability as part of
the establishedWTP operations contract8. Once produced, the LAW glasses
will be disposed of in the near-surface, integrated disposal facility (IDF) at the
Hanford site. Recently, the glass leaching assessment for disposability
(GLAD) project has evaluated the use of established U.S. Environmental
Protection Agency (EPA) test methods, as alternatives to the PCT and VHT
toassess the short-termchemical durability of LAWglasses9,10. TheEPA1313
methodology was designed to study the effects of pH on elemental release
from a material over a short experimental duration. The test has been
modified slightly for use on nuclear waste-type glass (primarily the specifi-
cation of a particle size range) to measure elemental release over a pH range
and temperature more relevant to those expected in the IDF9,11.

In many dissolution tests, including the EPA 1313, maintaining a
constant pH is desirable if the test is being used to measure the response of
material under constrained conditions, for example, to obtain pH and
temperature-dependent kinetic data or to simulate real subsurface disposal
conditionswhere somebuffering capacity exists12. Ingeneral, glass corrosion
brings about a change in solution chemistry due initially to glass surface de-
alkalization while the glass contacts an aqueous solution. As a result, the pH
of the solution increases and catalyses the hydrolysis of network bonds,
thereby increasing the glass dissolution rate13. An increase in pH will also
affect the solubility of aqueous species and the formation of secondary
mineral phases. Tests like the EPA 1313 aim to measure the elemental
release as a function of pH5; however, as the pH in the EPA 1313 test
conducted on glass varies throughout the test it is not possible to explicitly
quantify the impact of a particular pH on durability. One method of sta-
bilizing the pH is by using a chemical buffer, but the choice of buffer should
be such that it does not affect the glass dissolution rate and should cover the
alkaline regime relevant to many radioactive waste glass disposal
conditions14. The pH of groundwater in the IDF is mildly alkaline (pH ~ 8)
and is likely to increase in the immediate vicinity of the waste due to the
interaction of groundwater with cementitious material and with the glass
itself 15. Buffers containing sodium and its salts, such as sodium phosphate
and sodium carbonate-bicarbonate, should be avoided to prevent any
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impact on glass corrosion behaviour, as sodium is a constituent of the
nuclear waste glass matrix5. Metal chlorides/hydroxides such as LiCl/LiOH
and KCl/KOH (which maintain a constant pH) have also been shown to
alter the glass dissolution rates5,16 by affecting the ion exchange equilibrium,
while the counter anion (Cl−) has a negligible effect17. Therefore, it is pre-
ferable to use metal-free buffers to avoid any influence on the dissolution
mechanism.

Organic buffers can be a suitable choice in this regard, and a variety
have been considered for glass dissolution experiments in the pH range of
6.8–11.418,19 (Supplementary Fig. 1). It is worth noting that organic buffers
that require the use of metal-containing bases such as NaOH or KOH to
adjust the pH to the desired range cannot be considered metal free.
Tris(hydroxymethyl)aminomethane, also known as TRIS, buffer
(NH2C(CH2OH)3, is one example of a cationic organic buffer that offers the
advantage of achieving the desired pH range through the addition of acids
such asHCl orHNO3. It has a pKa valueof 8.3 at 25 °C,making it suitable for
maintaining a stable pH within an effective range generally reported
between pH 7–920. TRIS buffers have been commonly used in glass dis-
solution studies7,21, but concernshavebeen raised regarding the formationof
TRIS-boron complexes (TRIS boric and/or TRIS borate) in the alkaline
regime when using the buffer in experiments with borosilicate glass (the
majority of nuclear waste glass are borosilicates). Boron is both a network
former and commonly used as a tracer for dissolution as it is not normally
retained in alteration layers, therefore, it is important to understand the
potential impact of the TRIS boric/ TRIS borate complex onmeasured glass
dissolution rates22,23.

TRIS-boron complex formation depends on several parameters
including the composition of the glass, pH and temperature conditions, the
acidused (HNO3/HCl), and the ratioofTRIS/acid andB(OH)3 in solution

22.
Boric acid [B(OH)3], a Lewis acid that remains prevalent at neutral pHwith
a pKa value of 9.24, is released into solution upon hydrolysis of terminal
boron-oxygen bonds in the borosilicate glass network. Boric acid forms a
tetrahedral borate anion B OHð Þ�4

� �

that becomes the dominant boron
species in more basic conditions24. There remains uncertainty whether the
formation of TRIS-boron complexes can affect the glass dissolution rate
and, thus, the boron release rate from the glass22,23.

The present study compares the efficacy of TRIS buffer with ammo-
nium buffer, NH3/NH4Cl, which is a metal-free inorganic buffer with a
pKa = 9.25 at 25 °C. Ammonium buffer is the combination of a weak base
(NH3) and its salt NH4Cl (conjugate acidNHþ

4 )
25. The effective pH range of

ammonium buffer lies between 8.24 and 10.24 at 25 °C26. Although

ammonium buffer has been used in durability tests on ceramic systems27

and glasses28, there are no reports to date regarding the potential for solution
complex formation during glass dissolution tests.

Using the EPA 1313 test protocol, the current work first evaluates the
use of TRIS and ammonium buffers with LAW-type borosilicate glass
(known as LAWA44)29 under a range of buffer concentrations and tem-
peratures. Secondly, the impacts of pHand temperature on glass dissolution
in these buffered systems are studied to derive dissolution rate data and a
mechanistic understanding of glass corrosion from the EPA 1313 test
response.

Results
Glass dissolution is pH dependent, and the dissolution ofmany borosilicate
glasses, includingLAWA44, causes a shift inpH tomore alkaline values5. An
unbuffered EPA 1313 dissolution test was first performed to demonstrate
the extent of this pHdrift at low temperatures and short timescales. The test
followed the scheme outlined in Fig. 1 at room temperature (RT) using
LAWA44 glass and ASTM Type 1 water (defined as having a resistivity of
>18MΩ-cm, a conductivity of <0.056 µS/cm and <50 ppb of total organic
carbon)30.

Over 192 h, without any buffer, a change in pH from 7.45 (recorded
after the glass powder) to 10.04 was measured in the Type 1 water system
and attributed to ion exchange processes as observedby the higher release of
Na (Fig. 2). The normalised mass loss (NLi) for all the elements in a system
buffered to pH 8.5 ± 0.1 (the approximate midpoint of the pH range
experienced in the unbuffered Type 1 water system) by 0.1M TRIS/HNO3

was somewhat lowerwhen compared to unbufferedNLi values (Fig. 2) since
the pH in buffered tests is maintained and does not increase as the glass
dissolves. This comparison highlights the importance of pH control on
elemental release data.

TRIS buffer
Effect of TRIS buffer concentration. Since buffering capacity depends
on the concentration of the buffer used22, systematic investigations were
carried out to understand the pH stability of TRIS buffer at an optimal
buffering concentration. This concentration was determined by con-
ducting a series of EPA 1313 experiments at room temperature at a target
pH of 8.5, and monitoring the pH deviation as a function of time at four
different concentrations of TRIS (0.02 M, 0.05M, 0.1 M, and 0.3 M). The
normalised mass loss (NLi) of key elements from the glass at each con-
centration was also measured. For all of the TRIS concentrations, a

Fig. 1 | EPA 1313 test method. Schematic repre-
sentation of EPA 1313 protocol adapted from
EPA, 2017.
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similar trend in the normalised elemental mass loss of Na > B > Si > Al
was observed with the only difference being slightly lower Na and B
release at 0.3 M TRIS (Supplementary Fig. 2 and Supplementary Tables
1 and 2). NLB was (1.92 ± 0.06) × 10−2 g m−2, (1.87 ± 0.06) × 10−2 g m−2,
(1.81 ± 0.01) × 10−2 g m−2 and (1.67 ± 0.01) × 10−2 g m−2 for 0.02, 0.05,
0.1, and 0.3 M TRIS buffer respectively after 4 days (Supplementary
Table 2).

With the increase in TRIS concentration from 0.02M to 0.1M, the pH
deviationwas reduced, indicating an improvement in the buffering capacity.
Figure 3depicts the change inpH fromthe set pHvalues after addingglass to

different concentrations of buffer solutions. Here the ‘set pH’ was the pH
measured at the start of the experiment and was always within 0.1 of the
target pH; for example, for a target pH of 8.5, an acceptable set pH was
between 8.41 and 8.59. All solutions show minimal deviation from the set
pH (< 0.3 pH units), however, the solution with 0.1M TRIS/HNO3 buffer
showed the lowest deviation (pH = 8.51–8.62) from the set pH value of 8.56
throughout the experimental duration (1–8 d) when compared to other
concentrations (0.02, 0.05, and 0.3M). This conclusion is further sub-
stantiated by determining the average pH during the 8-day duration, which
remains closest to the set value (8.56) for 0.1M TRIS/HNO3 buffered

Fig. 2 | NLi as a function of time for LAWA44 glass in Type I water (left) and 0.1 M TRIS–HNO3, pH 8.5 (right) at RT. Error bars represent one standard deviation of
triplicate measurements, where error bars are not visible they are smaller than the symbol size.

Fig. 3 | pH as a function of time for varying concentrations of TRIS bufferedmedia.Glass was added to solution buffered with 0.02, 0.05, 0.1 and 0.3 M TRIS at RT and a
target pH of 8.5 (the set pH value is represented by the blue dashed line).
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solution (Supplementary Table 3), and the observation that, although very
slight, a decrease inNLi was observed in the 0.3M TRIS buffer experiment
when compared to the 0.02M, 0.05M, and 0.1M experiments (Supple-
mentary Table 2). Similar findings were reported for short-term experi-
ments (24 h) with a three-oxide glass where 0.1M was concluded to be an
effective concentration for glass systems22. Based on these observations, a
concentration of 0.1M TRIS was selected for further studies.

TRIS buffering capacity
Once itwas determined that 0.1MTRIS couldmaintain a stable pHover the
desired experimental duration at RT, experiments were performed at
temperatures of RT, 40 °C and 60 °C with target pH values of 8.5, 9.5, and
10.5 (all pH values measured at RT) to investigate the ability of 0.1M TRIS
solutions in contact with LAWA44 to maintain a constant pH at more
alkaline regimes. The TRIS buffer demonstrated effectiveness at all tested
pHvalues at RT (Supplementary Fig. 3), exhibitingminimal variation in the
measured pH over 8 days compared to the blank solution containing only
TRIS (denoted as a red * in Supplementary Fig. 3).

At 40 °C, the pH values showed a slight increase from the desired pH
value (+0.2 pH units) during the initial time points (up to 20 h) (Supple-
mentary Fig. 3), after which they remained stable at the set pH values ± 0.1
throughout the experimental duration of 192 h for target pH values of 8.5
and 9.5. However, at target pH 10.5, the pH dropped by 0.5 pH units
between 48 h and 96 h and remained at that pH until the end of the
experiment. The pH was maintained within ±0.5 pH units even at 40 °C.
Whenmeasuring thepHchange for a blankTRIS buffer andTRISwith glass
at 40 °C, a pH reduction from 10.5 to 10.1 was observed for both solutions
(Supplementary Fig. 3) indicating that this change may be attributed to the

temperature-dependent pKa of the TRIS buffer, that would decrease from
8.30 at 20 °C to 7.68 at 40 °C31. These experimentswere conducted in air and
so the solution equilibrium with regard to CO2 must be considered. Dis-
solution of CO2 into solution, and associated formation of carbonic acid, is
expected under all conditions, however, at the high pH of 10.5, combined
with TRIS’s reduced buffering capacity at elevated temperatures, the solu-
tion appears more susceptible to pH changes due to CO2 absorption.

At 60 °C, the set pH was maintained ±0.1 for both the 8.5 and 9.5
experiments after a temporary increase of 0.2 and 0.3 pH units in the initial
24 h. However, for the target pH of 10.5, the blank buffer solution showed a
drift from 10.55 (at 15min) to 10.11 (at 168 h) (Supplementary Fig. 3),
whilst in tests containing glass, the pH value reduced significantly from
10.52 (15min) to 8.94 (168 h). At 60 °C the pKa of TRIS would be 7.06 and
this may explain the reduction in buffering capacity over time especially
given that pH 10.5 is slightly outside the buffering range of TRIS
(pKa = 8.3)32. This study confirms that the TRIS can be used to maintain a
stable pH in these types of glass dissolution experiments between pH
7.0–10.5 for up to 40 °C and between pH 7.0–9.5 for 60 °C for the specific
test conditions and timeframe of the EPA 1313 test studied here (8 days;
standard EPA 1313 test 48 h). It is likely that the fact that glass dissolution
tends to increase solutionpHhelps inmaintaining pH9.5 and 10.5 at higher
temperatures despite the reduction in TRIS pKa.

Effect of temperature and pH on elemental release in TRIS

buffer media. The normalised mass loss (NLi) for Na, Si, Al and B were
calculated for the different pH and temperatures investigated (Supple-
mentary Tables 4–7). Regardless of the conditions, sodium (NLNa) was
released faster than the other elements, as illustrated in Fig. 4. Thisfinding

Fig. 4 |NLi ( Na, B, Si, and Al) as a function of time for LAWA44 glass at target pH= 8.5, 9.5, and 10.5 of 0.1 M TRIS–HNO3 solution at RT, 40 °C, and 60 °C.

Error bars represent one standard deviation of triplicate measurements, where error bars are not visible they are smaller than the symbol size.
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aligns with previous studies that suggest the combined influence of ion
exchange and matrix dissolution on the release of alkali elements22,33,34. It
is also important to note that at RT, with an increase in target pH from8.5
to 10.5, there was a gradual decrease in the sodium release (Fig. 4),
consistent with a reduced influence from ion exchange (driven by H3O

+

concentration) with increasing pH. Meanwhile, the NLi values for Si and
Al slightly increased with increasing pH, eventually becoming congruent
with B at higher pH.

At40 °C, theNLi values for all elementswere approximately twice those
of the room temperature results (Fig. 4). Similar to the data collected at RT,
an increase in the target pH, from 8.5 to 10.5, resulted in a reduction in the
release of sodium, while B, Si and Al tended to attain congruency.

At 60 °C, the NLi values increased fourfold when compared to those
obtained atRT (Fig. 4). The release ofNa, B, Si, andAl increasedwith time at
target pH 8.5; however, at pH 9.5 and 10.5, the release of Al and Si reduced
between 48 h and 72 h. The incongruent release of Si andAl undermost test
conditions is indicative of the formation of a gel layer35. Post-dissolution
powder XRD evidenced no crystalline phases within the limits of detection
(Supplementary Fig. 4). However, FT-IR analysis (Fig. 5) of samples post-
dissolution, showed a characteristic IR vibration at 3298 cm−1 and
950–1150 cm−1 confirming the presence of molecular water, Si–OH,
Al–OH and B–OH hydrogen bonding at the surface of the glass36.

NMR characterization of boron species in reference solutions. To
investigate the presence of the TRIS-boron complex,11B NMR experi-
ments at the three target pH values (8.5, 9.5, and 10.5) and temperature
(RT, 40 °C, and 60 °C) conditions were performed and compared to
reference solutions; all pH values were measured at RT. Spectra were
acquired with 10% H2O/D2O as the solvent for both samples and refer-
ence solutions. Initially, 11BNMR data were collected for reference boron
species (boric acid) to verify the instrumental parameters. These results
showed a sharp peak at 19.02 ppm for pH 7.5 at RT (Supplementary
Fig. 5), similar to chemical shift values obtained by Stone-Weiss et al.22.
and within ±3 ppm of the chemical shift for boric acid at pH 7.5 reported

by Tournié et al.23. With the increase in pH to 8.5, 9.5, and 10.5, the
chemical shift gradually moved to up-field values of 16.37 ppm,
7.51 ppm, and 2.94 ppm confirming the presence of B OHð Þ�4

� �

species
(Supplementary Fig. 5). A 1:1 mixture of 0.1 M TRIS/B solution at RT
showed two distinct peaks, one corresponding to the boric acid/borate
species and the other to TRIS-B complexes (Supplementary Fig. 6). At pH
8.5, the chemical shift value of 17.52 ppm corresponds to boric acid. This
peak gradually shifted to 8.94 ppm at pH(RT) 9.5 and 3.22 ppm at pH 10.5
indicating the formation of B OHð Þ�4

� �

with increasing pH. Two addi-
tional peaks at 1.14 ppm and 0.56 ppm for pH 8.5, 1.04; and 0.51 ppm for
pH 9.5, and 1.00 ppm and 0.49 ppm for pH 10.5 correspond to TRIS-
boric and TRIS-borate complexes, respectively (Supplementary Fig. 6).
With an increase in pH there are consistent shifts of these peaks to up-
field values indicating the co-existence of boric/borate species along with
the TRIS complexes.

To understand complex formation at elevated temperatures, in-situ
heated 11B NMR were recorded for a 1:1 mixture of a TRIS/B solution
(Supplementary Figs. 7 and 8). At 40 °C and pH 8.5, the peak with a che-
mical shift of 18.15 ppm was attributed to boric acid and the peak at
1.44 ppmwas attributed to TRIS-boric complex (Supplementary Fig. 7). At
40 °C and pH 9.5, there was a gradual shift of the boric acid peak to
10.34 ppm and of the TRIS-boric species to 1.24 ppm (Supplementary
Fig. 7). The intensity of the boric acid peak decreased while the peak cor-
responding to the TRIS/B complex increased demonstrating the prevalence
of the latter complexat high temperature.At the slightlymore alkalinepHof
10.5, the peak shifted to an up-field value of 4.50 ppm,which corresponds to
the borate species. Two sharp peaks at 1.19 ppm and 0.70 ppm confirmed
the presence of two TRIS/B complexes (Supplementary Fig. 7). Again, the
intensity of borate species became weaker and sharp peaks are observed for
TRIS/B complexes with an increase in pH. Similar results were obtained for
60 °C with increasing pH from 8.5 to 10.5 (Supplementary Fig. 8). When
considering how solutions of the same pH vary with temperature, the
intensity of the TRIS/B complex decreases in intensity when compared to
the borate/boric acid species with increasing temperature implyingmore of

Fig. 5 | FT-IR spectra of LAWA44 before and after dissolution. a FT-IR spectra of day 8 sample in pH 8.5, 9.5 and 10.5 of 0.1 M Tris–HNO3 solution at 60 °C. b Enlarged
view of the –OH stretching region.
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the boron is present as TRIS/B at lower temperatures (Supplementary
Figs. 6–8).

NMR characterization of boron species after leaching experiments.
Aqueous samples from the EPA 1313 method collected post-dissolution
on day 8 at RT exhibited a chemical shift value of 1.22 (minor peak) and
1.01 ppm at pH 8.5 and 9.5, respectively, corresponding to TRIS-boric
complex (Fig. 6). Meanwhile, at pH 10.5, two distinct peaks at 0.98 ppm
and 0.48 ppm were observed, attributed to the presence of TRIS-boric
and the TRIS-Borate complexes, respectively (Fig. 6).

Similarly, at 40 °C, the presence of the TRIS-boric complex was
observed at lower pH (pH8.5 and 9.5) and both complexes (TRIS-boric and

TRIS-borate) were observed at higher pH (pH 10.5) (Fig. 6). Whereas at
60 °C, irrespective of the pH conditions, both TRIS complexes were
observed possibly as concentrations of boron in solution increased with
increased reaction progress at higher temperatures making the detection of
boron species above experimental noise easier. The results from the as-
prepared1:1TRISboron reference solution (SupplementaryFigs. 6–8) show
the coexistence of TRIS complexes with boric acid (at low pH levels) and
borate anion (at high pH levels) even at RT. In contrast, the boric acid and
borate anion peaks are absent from sample NMR spectra. The absence of
boric acid or borate anion in the aliquot samples likely reflects the tem-
perature dependence of the TRIS-B complex (that can be seen to dominate
at lower temperatures in the standards) and the lower concentration of
boron in sample aliquots compared to the standardsmeaning that the boric
acid and borate anion peaksmay be below the limit of detection in samples.

Although TRIS-boron complexation was observed, the effect of these
complexes on the glass dissolution rate cannot be determined by studying
the TRIS-buffer system alone and therefore the EPA 1313 test response for
LAWA44glasswas probedwith the ammoniumbuffer, a buffer thatwasnot
expected to complex with boron.

Ammonium buffer
Optimization of ammonium buffer concentration. The same dissolu-
tion tests were performed using ammonium buffer (NH3/NH4Cl) to
compare with results from the TRIS buffer. The optimal concentration
for kinetic studies was investigated in a similar manner: with 8-day
modified EPA 1313 tests.

Regardless of the ammonium buffer concentration used, the normal-
ised release was in the order Na > B > Si > Al (Supplementary Fig. 9) and
similar to the experiments in TRIS. At concentrations of 0.02, 0.05, and
0.01M pH was maintained within 0.3 units of the set value whilst for
concentrations of 0.3M the pH was maintained at 0.4 units of the set value
over 8 days (Fig. 7 and Supplementary Tables 8–10).

The only notable difference was a slight increase in the NLNa with
increasing concentration, for example, in the initial 24 h the NLNa was
(2.34± 0.00) × 10−2 gm−2, (4.59± 0.15) × 10−2 gm−2, (5.15± 0.11)× 10−2 gm−2

and (7.28 ± 0.17) × 10−2 gm−2 and after 48 h NLNa was (5.36 ± 0.00) ×
10−2 gm−2, (5.36 ± 0.08) × 10−2 gm−2, (5.70 ± 0.01) × 10−2 gm−2 and
(6.89 ± 0.15) × 10−2 gm−2 for glass leached in solutions of 0.02M, 0.05M,
0.1M, and 0.3M ammonium buffer respectively (Supplementary Tables
8 and 9). Boron, silicon and aluminium releases were similar across the
different concentrations with a slight decrease inNLi observed at 0.3M. It is
possible that, despite its larger ionic radius, NH4

+ (1.40–1.67 Å)37,38 may
contribute to ion exchange processes with Na+ (0.99–1.39 Å)37,38 and thus
may induce the release of sodium from the glass surface with effects more
pronounced at higher ammonium concentrations. Ammonium ion
exchange for sodium has been studied for ion exchange resins, clays,
phosphates, and zeolites39–41but little is known about interactionswith glass,
it is highly unlikely thatNH4

+ can penetrate into the glass but surface effects
cannot be ruled out. A concentration of 0.1M ammonium buffer was
chosen for further experiments at target pH 8.5, 9.5 and 10.5 with different
temperatures (RT, 40 °C and 60 °C) as it showed good buffering capacity
and normalized mass loss values comparable with those obtained with the
TRIS buffer at the same concentration.

Ammonium buffering capacity
As with the TRIS buffer, the pH was set within 0.1 of the target pH. At all
temperatures, when glass was added to the buffer solution, the pH was
maintainedwithin 0.3 of the set pHwith the exception of the 60 °C systemat
a target pH of 8.5 (Supplementary Fig. 10). In this experiment the pH
increased from 8.5 to 9.0, a deviation which was not observed in solutions
with target pH values of 9.5 and 10.5. This is a minimal deviation when
compared to that observed with Type I water with glass, which showed the
pH increase from near-neutral to 10.23 and 10.34 for 40 °C and 60 °C,
respectively (Supplementary Fig. 11). Hence, the ammonium buffer was

Fig. 6 | 11B NMR spectra of the aliquot leachate collected on day 8 of dissolution

experiments at. aRT, b 40 °C, and c 60 °Cwith set pHof buffered at 8.5, 9.5, and 10.5
with TRIS.
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effective at specific pH target values, with the ideal buffering range lies
between 8.25 and 10.25 (RT).

Effect of temperature and pH on elemental release in ammonium

buffer media and comparison with TRIS buffer media. When com-
paring elemental release values for the equivalent temperature and pH
conditions with TRIS buffer the results were similar, although NLi
(particularly sodium) were slightly higher in the ammonium buffer at
higher temperatures when compared to TRIS buffer (Figs. 4 and 8 and
Supplementary Tables 11–14). This observation supports the theory that
NH4

+ is participating in ion exchange with Na+ at the glass surface. As
observed with TRIS buffer, NLNa was twice the value of NLB, and the
sodium release decreased with an increase in target pH from 8.5 to 9.5 at
RT (Fig. 8). NLB and NLSi, in contrast, remained at similar values across
the pH range for both buffers at RT (Figs. 4 and 8) with boron values
slightly elevated in ammonium buffer compared to TRIS.

The ammonium buffer exhibited incongruent leaching of B, Si and Al
at RT, 40 °C and 60 °C under high pH conditions (9.5 and 10.5) (Fig. 8),
which is in contrast to the congruency observed with TRIS buffer. For
instance, in ammonium buffer at 40 °C and target pH 9.5, after 8 days the
NLB was (6.72 ± 0.26) × 10−2 gm−2, slightly higher than for NLSi
((4.13 ± 0.35) × 10−2 gm−2) and NLAl ((2.90 ± 0.36) × 10−2 gm−2); com-
pared toNLB = (3.85 ± 0.08) × 10−2 gm−2,NLSi = (3.83 ± 0.09) × 10−2 gm−2

and NLAl = (3.30 ± 0.04) × 10−2 gm−2 in TRIS buffer under the same tem-
perature and pH conditions. It is notable that NLSi and NLAl were com-
parable in both bufferedmedia; however, the difference resides in the release
of B, which is higher than Si and Al in all of the ammonium bufferedmedia
under all conditions except pH 10.5 at RT.

At 60 °C, the elemental releases at 8 days almost doubled when com-
pared with those obtained at 40 °C (Fig. 8).NLNa andNLBwere comparable
to the same conditions in the TRIS buffered system except at pH 10.5 where
release rates in TRIS buffer were higher. This is likely due to the difficulty in

maintaining pH 10.5 in the TRIS buffered system and the subsequent
reduction in pH observed that would favour increased ion exchange.

11BNMR investigationswere performedon aqueous solutions sampled
after 8 days of leaching in ammonium-buffered solutions at RT under pH
8.5, 9.5, and 10.5. No signals indicative of ammonia-boron complexes were
observed (Supplementary Fig. 12) confirming that boron does not interact
with ammonia to formdetectable complexes under these conditions. Signals
related to boron (boric acid and borate) were absent suggesting that boron
concentration in these aliquotsmay be below the limit of detection or not be
present as the detectable 11B isotope. It is worth noting that, while detectable
TRIS-B complexes were observed in TRIS buffered systems with glass,
neither boric-acid or borate were observed in day 8 samples (in contrast, a
1:1mixture ofTRIS andboric acidprepared as a reference solution exhibited
signals corresponding to boric acid and borate). While the reason remains
unclear, the concentrations of boron in each system were similar, and so
both are likely below the detection limit for boric acid/borate at RT; similar
limitations in 11B NMR detection have been reported21.

Glass dissolution rate and activation energy
Two different trends in the release of elements during initial and later time
points of the EPA 1313 test protocol were observed, and therefore, two sets
of time points are considered to determine the associated normalized dis-
solution rate for boron (NLRB) (Table 1). First, an early rate between 15min
and 8 h, and second a later rate between 24 h and 96 h (the 192 h (8 d)
timepoint sometimes deviated from the linear trend). Finally, an average
rate across the complete time period from 15min to 8 d was also calculated.

The results showa faster dissolution rate of boron during the early time
periods 15min–8 h of up to an order of magnitude higher than the rate
measured between 24 h and 96 h; for example, at RT and target pH 8.5
for the TRIS buffer system, the measured rate decreased from
(4.74 ± 0.34) × 10−4 gm−2 d−1 (15mins–8 h) to (6.62 ± 0.60) × 10−5 gm−2

d−1 (24 –96 h) (Table 1). As expected,NLRB increasedwith temperature; for

Fig. 7 | pHas a function of time for varying concentrations ofNH3/NH4Cl bufferedmedia.Glasswas added to solution bufferedwith 0.02, 0.05, 0.1 and 0.3MNH3/NH4Cl
at RT and a target pH of 8.5 (the set pH value is represented by the blue dashed line).
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example, for 15mins–8 h at pH 8.5, NLRB increased by one order of
magnitude from (4.74 ± 0.34) × 10−4 gm−2 d−1 (RT) to (3.04 ± 0.55) ×
10−3 gm−2 d−1 (60 °C).The effect of increasingpHwas less pronouncedover
the pH range 8.5–10.5; for example, over 15mins–8 h at RT for both pH 8.5
and 9.5, NLRB remained similar, being (4.74 ± 0.34) × 10−4 gm−2 d−1 and
(1.79 ± 0.47) × 10−4 gm−2 d−1, respectively.

Incongruent leaching in the low temperature, short-term EPA 1313
test suggests a dominant leaching mechanism that is different than the
mechanism for standard dilute test conditions such as SPFT, which is
aimed at ascertaining the ‘forward rate’ of dissolution as defined by the
congruent dissolution of both network modifying and network forming
elements42,43. During SPFT elemental release is measured once the
experiment has reached a steady state (after some days/h) and once the
network hydrolysis dominates over interdiffusion/ion exchange. Sup-
plementary Fig. 13 shows the linear regression of log10 dissolution rates
against the inverse of temperature (calculated according to the SPFT
standardmethod)43 for the data points collected for both early (R0(B)) and
later (Rl(B))periods at various temperatures (RT, 40 °Cand60 °C) andpH
(8.5, 9.5, and 10.5) conditions. Even though the dissolution under EPA
1313 test conditions is not in the forward rate regime, activation energy
(Ea) can still provide insights into the rate-limiting step. The Ea values,
calculated using linear fitting data analysis, are listed in Supplementary
Table 15. The Ea for individual pH values at varying temperatures are
listed for both the early and later time point trend and for the full 8 days.
The activation energies for the buffered (TRIS and ammonia buffer) test
ranged from 31-57 kJ mol−1, notably lower than reported Ea values
obtained using SPFT on LAWA44 glasses: 60 ± 7 kJ mol−7 and
71 kJ mol−1 14 (calculated fromNLB). The lower values are indicative of ion

exchange and interdiffusion processes dominating rather than the more
energy-intensive hydrolysis process44–48. This is consistent with the
observed incongruent leaching behaviour of Na observed with both TRIS
and ammonium buffer systems and it must be concluded that the EPA
1313 test using these buffers, despite low temperatures, agitated condi-
tions and short timescales, does not provide comparable data to tests
designed to measure the forward rate for glass dissolution under dilute
conditions, for example the SPFT or Microchannel Flow-Through
(MCFT) test.

Disscussion
TRIS buffer at 0.1M concentrationwas shown to be effective for use in EPA
1313 type tests up to pH 10.5 at room temperature but only up to pH 9.5 at
elevated temperatures (40 °C and 60 °C), exhibiting a reduction in pH from
the set value that was slight at 40 °C (from pH 10.5 to 10) but significant at
60 °C (from 10.5 to pH 9.0). The ammonium buffer was shown to be
effective up to pH 10.5 at temperatures up to 60 °C. For both the buffered
media, the normalized mass loss (NLi) for Na, B, Si and Al increased with
increasing temperature and decreased with increasing pH. In both buffers,
NLNa was higher than other elements at all experimental conditions indi-
cating ion exchange processes outpaced network hydrolysis over these short
timescales.

Despite similar trends andelemental releases beingof the sameorderof
magnitude, there were some differences in test response using the two
different buffers that point to an influence of the buffer on the glass dis-
solution. TRIS buffer exhibited congruent B, Si, and Al release at low tem-
peratures (RT, 40 °C) with pH 9.5 and 10.5, while incongruent leaching was
observed at 60 °C likely due to the formation of surface alteration layers.

Fig. 8 | NLi ( Na, B, Si, and Al) as a function of time for LAWA44 glass at target pH= 8.5, 9.5, and 10.5 of 0.1 M NH4Cl/NH3 solution at RT, 40 °C, and 60 °C.

Error bars represent one standard deviation of triplicate measurements, where error bars are not visible they are smaller than the symbol size.
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Ammonium buffer, however, showed an incongruent leaching throughout
with evidence suggesting that ammonium ions can partake in ion exchange
at the glass surface enhancing the release of networkmodifying cations and
possibly to an indirect effect on other elements. Na release increased with
increasing concentration of ammonia buffer and was elevated when com-
pared to the same pH and temperature conditions with TRIS buffer.

The formation of a TRIS-boron complex was confirmed by 11B NMR
but there was no evidence that complexation affected the release of boron.
There was no increase in the NLB with increasing concentrations of TRIS
from 0.02M to 0.3M as might be expected if TRIS were affecting boron
release andNLBwas either comparable or slightly lower when compared to
the same pH and temperature conditions with ammonia buffer. Finally, if
the TRIS buffer were aiding the breaking of B-O bonds then incongruent
release of boron might be expected; however, B, Si, and Al were released
congruently at pH9.5 and10.5 both atRTand40 °C. Previously, the effect of
TRIS on the glass dissolution rate was studied by both Tournie et al. and
Stone-Weiss et al. In the study by Tournie et al.23, where a 5-component
borosilicate glass was reacted at 80 °C and 20m−1 for up to 3 h in a 0.05M
TRIS/HNO3 system at pH 7.3, an increase by a factor of four in the reaction
rate was observed for the 0.05MTRIS/HNO3 system compared to theDIW
system. The increase in rate was attributed to a TRIS-boron complexation
that increased the chemical potential between the boron in the glass
and solution. In the study by Stone-Weiss et al.22, where a
25Na2O–25B2O3–50SiO2 glass (mol%)was reacted at 65 °C and 2.5m−1 for
15–24 h in a 0.1M TRIS/HNO3 solution at pH 7, 8, and 9, no significant

impact on the dissolution behaviour of the borosilicate glass was observed.
In thepresent study,wehavemade similar observations as Stone-Weiss et al.
Namely, though aTRIS-boron complex is observed inNMRmeasurements,
no statistically significant increase in the glass dissolution rate was mea-
sured. Overall this study concludes that TRIS is a suitable buffer for use in
EPA1313 type tests to give pH-dependent elemental release data over short
timescales.

Experimental
Materials. The glass composition LAWA44 was supplied by Pacific
NorthwestNational Laboratories (PNNL) (Table 2). The reagents used to
make the two buffer solutions are tri(hydroxymethyl)aminomethane
(TRIS) (C4H11NO3) (≥99%, Fisher Chemicals), HNO3 (65%, Fisher
Chemicals), isopropanol (≥99.8%, Sigma Aldrich), ammonium hydro-
xide (NH4OH) (28–30%, ACROS organic), and ammonium chloride
(NH4Cl) (99+%, Extra Pure, SLR, Fisher Chemical).

Methods
EPA1313 is a dynamic leach test protocol49,modified for use on glass11, used
to measure the elemental release of constituents from LAWA44 as a func-
tion of pH. In the present study, the standardmethodwas further adapted to
include the use of the two different metal-free buffer systems, TRIS and
ammonium buffer, as an alternative to adjusting the pH by a one-time acid
addition. LAWA44 glass was crushed and sieved to a particle size fraction of
75–150 µm. To remove any fines, the sieved glass sample was ultrasonically

Table 1 | Dissolution rates of boron (NLRB) in gm−2 d−1 as a function of temperature and pH at different time points for LAWA44 /
TRIS-HNO3 and ammonium buffered EPA 1313 tests

Timeframe pH Temperature/°C) Normalised dissolution rate NLRB (g m‒2 d‒1)

TRIS buffer R
2 Ammonium buffer R

2

15min to 8 h data 8.5 RT (4.74 ± 0.34) × 10−4 0.97 (3.25 ± 0.64) × 10−4 0.83

40 (4.92 ± 0.46) × 10−4 0.96 (1.56 ± 0.27) × 10−3 0.87

60 (3.04 ± 0.55) × 10−3 0.85 (6.44 ± 1.14) × 10−3 0.86

9.5 RT (1.79 ± 0.47) × 10−4 0.73 (3.42 ± 0.12) × 10−4 0.99

40 (5.60 ± 0.56) × 10−4 0.95 (1.03 ± 0.14) × 10−3 0.91

60 (2.11 ± 0.34) × 10−3 0.88 (4.61 ± 0.82) × 10−3 0.86

10.5 RT (2.95 ± 0.50) × 10−4 0.87 (4.36 ± 1.13) × 10−4 0.73

40 (6.00 ± 1.33) × 10−4 0.79 (6.62 ± 0.62) × 10−4 0.96

60 (3.01 ± 0.19) × 10−3 0.98 (2.48 ± 0.43) × 10−3 0.86

24 h to 96 h data 8.5 RT (6.62 ± 0.60) × 10−5 0.98 (1.35 ± 0.37) × 10−4 0.80

40 (2.07 ± 1.24) × 10−4 0.99 (2.38 ± 0.90) × 10−4 0.77

60 (7.98 ± 1.08) × 10−4 0.95 (7.78 ± 0.64) × 10−4 0.98

9.5 RT (4.34 ± 0.41) × 10−5 0.97 (7.91 ± 0.47) × 10−5 0.99

40 (1.62 ± 0.10) × 10−4 0.94 (3.49 ± 0.34) × 10−4 0.97

60 (4.48 ± 0.28) × 10−4 0.99 (4.85 ± 0.23) × 10−4 0.99

10.5 RT (7.31 ± 0.48) × 10−5 0.99 (9.97 ± 0.46) × 10−5 1.00

40 (3.70 ± 0.58) × 10−4 0.93 (3.50 ± 0.50) × 10−4 0.94

60 (6.60 ± 0.48) × 10−4 0.98 (2.79 ± 0.11) × 10−4 1.00

15min to 8 d data 8.5 RT (8.65 ± 1.35) × 10−5 0.79 (1.43 ± 0.27) × 10−4 0.70

40 (2.30 ± 0.24) × 10−4 0.89 (3.70 ± 0.38) × 10−4 0.89

60 (9.50 ± 0.59) × 10−4 0.96 (9.72 ± 1.29) × 10−4 0.83

9.5 RT (8.04 ± 0.44) × 10−5 0.97 (7.19 ± 0.66) × 10−5 0.91

40 (1.72 ± 0.12) × 10−4 0.94 (3.39 ± 0.36) × 10−4 0.89

60 (6.72 ± 0.32) × 10−4 0.98 (6.75 ± 1.09) × 10−4 0.77

10.5 RT (7.54 ± 0.42) × 10−5 0.97 (8.48 ± 1.30) × 10−5 0.81

40 (2.54 ± 0.29) × 10−4 0.87 (2.75 ± 0.17) × 10−4 0.96

60 (7.37 ± 0.48) × 10−4 0.95 (4.05 ± 0.54) × 10−4 0.83
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washed with isopropanol at least ten times until a clear supernatant was
obtained. The resultant glass sample was dried at 90 °C for 4–12 h.

To initiate the test, 10mLof the bufferingmediawas added to 1 gof the
glass sample in centrifuge tubes (one for each time point). Tubes containing
thismixturewere then constantly tumbled endover end at 28 rpmfor 8days
under set temperature conditions of 18 ± 1 °C, 40 ± 1 °C, and 60 ± 1 °C. All
tests were run in duplicate. Post dissolution, the leachate was removed,
filtered through 0.22-µm filters (Whatman), and cooled to room tempera-
ture for the pH measurement that was taken using a Mettler Toledo FP20;
accuracy ±0.01.

For further elemental analysis, the leachatewas acidifiedwith 100 µLof
nitric acid (69%), and concentrations were measured through inductively
coupled plasma-optical emission spectroscopy (ICP-OES, Thermofisher
iCAP-duo6300). Solution data are provided in Supplementary Tables
4 and 11.

The post-reaction glass powder was analysed using X-ray diffraction
(Bruker D2 Phaser XRD with a CuKα X-ray source (λ = 1.54056 Å)) to
identify any secondary precipitates. Fourier Transformed Infra-red (FT-IR)
spectra were recorded using a Perkin Elmer Frontier in ATR mode in the
frequency range 500–4000 cm−1.

11B NMR spectra were recorded for as-prepared solution 1:1 Tris/
boron at 18 °C, 40 °C, and 60 °C in situ and all the aliquot (18 °C, 40 °C, and
60 °C test samples) at room temperature on a Bruker AVIII 400MHz
spectrometer operating at 128.40MHz with 10% D2O in H2O solvent.

Normalised mass loss and dissolution rate calculation
From the elemental concentration data collected by ICP-OES analysis, the
normalised mass loss was calculated using:

NLi ¼
ðCi�Ci;bÞV

f iSA
ð1Þ

where NLi is the normalised mass loss for element i, in gm−2; Ci is the
average concentration of i in solution in the duplicate tests, inmg L−1;Ci,b is
the average concentration of i in the blank tests, in mg L−1; fi is the mass
fraction of element i in the glass, SA is the total surface area of the exposed
glass, in m2; and V is the volume of leachant, in m3. Glass SA was estimated
using a geometricmethod,where particles are assumed tobe perfect spheres
with a diameter equal to the mean particle size.

In addition to the NLi, calculated from duplicate sacrificial vessels
normalized leach rates (NLRi) were also calculated. Rates were calculated

from the gradient of the dissolutiondata over the timeperiods 15min to 8 h;
1 d to 4 d; and 15min to 8 d.

The linear fit of NLi (measured between 15min and 8 h, 24–96 h and
15min–192 h) against time was performed using Origin 2018 software to
determine the rates (early and later stages) from the slope values. Rate
calculations were performed across all temperature and pH conditions.
Further, to calculate the activation energy (Ea), the slope obtained from the
plot of log(rate) vs 1/temperature (in kelvin) was used in accordance with
the Arrhenius equation r ¼ A expð�Ea

RT
Þ. This slope value was then multi-

plied by the gas constant (8.314 Jmol−1K−1] and a factor of 2.303, and
subsequently converted into kilojoules per mole (kJ mol−1). The resulting
activation energy values are summarized in Supplementary Table 15.

Solution preparation
To understand the impact of the buffer concentration on glass dissolution,
0.02M, 0.05M, 0.1M, and 0.3M solutions of TRIS and ammoniumbuffers
were prepared in ultra-high quality ASTM Type 1 water (resistivity
18.2MΩ cm–1)30 obtained from a Millipore Direct-Q (U.V.) 3 water pur-
ification system.

The required amount of 1M nitric acid was gradually added to this
solution with constant stirring until the desired pHwas obtained. Similarly,
for the preparation of ammonium buffer, the requiredmass of ammonium
chloride was dissolved in Type 1 water, and a desired pH was achieved by
gradually adding 5M ammonia with constant stirring.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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