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H I G H L I G H T S

• Phosphorous released from nuclear 
waste type glasses stimulated micro-
bial metabolism.

• Biofilms formed on the surface of glass 
that contained both iron and phos-
phorous.

• Microbial metabolism affected the rate 
of glass dissolution.

• An increase in glass dissolution was 
associated with microbial production 
of volatile fatty acids.

• A decrease in glass dissolution was 
associated with microbial reduction of 
Fe(III) to Fe(II).
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A B S T R A C T

The presence of phosphorus in borosilicate glass (at 0.1 – 1.3 mol% P2O5) and in iron-phosphate glass (at 53 mol 
% P2O5) stimulated the growth and metabolic activity of anaerobic bacteria in model systems. Dissolution of 
these phosphorus containing glasses was either inhibited or accelerated by microbial metabolic activity, de-
pending on the solution chemistry and the glass composition. The breakdown of organic carbon to volatile fatty 
acids increased glass dissolution. The interaction of microbially reduced Fe(II) with phosphorus-containing glass 
under anoxic conditions decreased dissolution rates, whereas the interaction of Fe(III) with phosphorus-con-
taining glass under oxic conditions increased glass dissolution. Phosphorus addition to borosilicate glasses did 
not significantly affect the microbial species present, however, the diversity of the microbial community was 
enhanced on the surface of the iron phosphate glass. Results demonstrate the potential for microbes to influence 
the geochemistry of radioactive waste disposal environments with implication for wasteform durability.
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1. Introduction

Natural environments are not sterile, therefore, microorganisms 
must be considered when planning a deep geological disposal facility 
(GDF), or near surface disposal facility, for radioactive waste. The need 
to study microbial influence on the chemical evolution of a GDF has 
been acknowledged in reviews by Humphreys et al., [32], Lloyd and 
Cherkouk, [49], and Ruiz-Fresneda et al., [76] meanwhile, the multi-
disciplinary project ‘Microbiology in Nuclear Waste Disposal’ (MIND), 
funded by the European Commission (2015–2019), targeted technical 
issues involving microbial processes that must be addressed to facilitate 
safe implementation of geological disposal. The design of radioactive 
waste disposal facilities varies by country, waste inventory and avail-
able geology but most are planned at depths <  1000 m (the exception 
being deep borehole disposal e.g. [19]) and comprise a multibarrier 
concept. Solid wasteforms (e.g. glass, ceramic or cement) are packaged 
in engineered containers (usually metal), surrounded by a buffer/ 
backfill (usually clay or cement) and emplaced in a stable rock for-
mation below the surface. They may contain High Level Wastes (HLW), 
typically heat producing spent fuel or HLW glasses, containing fission 
products and actinides from reprocessing. They may also contain in-
termediate or lower activity wastes (ILW/LLW/LAW) that are typically 
non-heat producing and include cementitious material, and lower ac-
tivity waste glasses.

Microbial life has been observed at depths far greater than 1000 m 
where temperature, pore pressure and nutrients are suitable (e.g. 
[59,75,53,34,61,23]). In the vicinity of high level radioactive wastes 
microbial activity may be initially limited by temperature and radia-
tion, however, these will decrease with time and subsurface micro-
organisms are adaptable to both (e.g. [48,43,79,8]). The emplacement 
of radioactive waste in a nutrient poor subsurface GDF will alter the 
surrounding biosphere, and the biosphere will, in turn, affect the evo-
lution and degradation of the waste. The nature and function of the 
microbial community present in the GDF will depend on: a) the pre-
sence of water; b) the bioavailability of a carbon source (organic or 
inorganic); c) access to appropriate electron donors (e.g. organic 
carbon, H2, Fe(II), NH4); d) access to an appropriate electron acceptor 
(e.g. O2 > NO3

- > Mn(IV) >  Fe(III) >  SO4
2-); and e) the availability 

of key macro-nutrients (e.g. N, K, P, Mg, Ca, S).
In the most nutrient limited environments, for example granites and 

basalts where hydrocarbons are negligible, organisms may be dormant 
or exist under extremely limited energy conditions at the lowest me-
tabolic rates [36–38,85,94]. Hot spots of microbial activity can occur 
whenever chemical energy is available from organic or inorganic 
sources [18,37,62]. Chemolithoautotrophs can exist in carbon-starved 
subsurface environments by deriving energy from inorganic chemical 
reactions and fixing carbon dioxide gas to make carbon-based mole-
cules. Hydrogen (e.g. from steel corrosion) can be consumed by bacteria 
in the presence of carbon dioxide and electron acceptors such as Fe(III), 
SO4

2-, or NO3
- to create the complex organic molecules that may sup-

port other, heterotrophic, microbial life. Such organisms have been 
observed during research in the Äspö Hard Rock Laboratory, a facility 
built to study the subsurface environment now selected for the Swedish 
GDF [56,64–66]. Meanwhile, another study of microbiological life 
found at depths of 2.8 km, concluded that radiolytically generated 
chemical species provided the energy and nutrients for a simple eco-
system dominated by Candidatus Desulforudis audaxviator [20]. The 
emplacement of a GDF with an engineered barrier system may create a 
microbial ‘hot spot’ generating species that stimulate an in-situ or in-
troduced microbial community.

To date, research has focused on microbial ability to utilize organic 
material from ILW contained in cementitious material for example 
cellulose breakdown products such as isosaccharinic acid from inter-
mediate level waste [9,44,45]. Similarly, the production of H2 from 
steel corrosion, has been identified as a potential energy source for 
microbial life (e.g. [31,45,47,57]). Some research has shown that the 

clay buffer materials that surround the waste package inhibit microbial 
life when the water content is ≤ 15% (aw ∼0.96) [58] however these 
same clay materials can contain sulphate/metal reducing bacteria that 
could stimulate corrosion of the metal used to contain vitrified waste. In 
a GDF, more complex carbon sources may be available from deep 
groundwaters, drilling residues, superplasticisers (used in cements), 
nitrogen sources include N2, NO3

- and NH4 [46], whilst other essential 
elements including, P, S, K, Ca, Mg, Cl, Fe, Cu, Co and Zn are con-
stituents of most rock forming minerals and are also plentiful in the 
wasteforms themselves.

Vitrified radioactive waste, in particular, can contain most, if not all, 
essential metals that microorganisms require. Most are silicate or bor-
osilicate glasses ([86] and references therein) with phosphate glass 
considered as an alternative but currently only produced in Russia 
[40,68]. Studies on microbial alteration of radioactive glass wasteforms 
are limited and contradictory. A study of SON68, a non-radioactive 
simulant of the French HLW glass, proposed that microbial biofilms 
have a passivating effect [5,6], whilst research into microbial de-
gradation of natural glasses and silicate minerals demonstrated the 
ability of microorganisms to accelerate weathering in order to release 
vital nutrients (e.g. [74,89]). Accelerated weathering of vitrified ma-
terial may occur through microbial production of organic acids, side-
rophores and other chelating compounds, or through changes to the 
local pH environment [63,74]. In studies of naturally occurring basaltic 
glass, shown to dissolve at similar rate to nuclear waste glass in model 
systems [84], dissolution rates were higher in the presence of micro-
organisms and it was hypothesised that they are able to sequester iron 
from the glass [63,81]. Biological weathering of glass has also been 
studied from the point of view of archaeological glass degradation/ 
preservation with preferential biofouling noted on certain colours of 
stained glass [55,90] and some industrial processes incorporate bio-
cides into glasses (e.g. Au or Cu) [77,93].

Despite the possibility for microbes to influence glass alteration, 
most glass dissolution tests are conducted under static, sterile condi-
tions and at elevated temperatures (typically 50–200 oC) [86]. The 
abiotic glass corrosion processes that occur on contact with aqueous 
solutions or water vapour have been described at length [30]. Initially, 
ion exchange (between hydronium ions and alkali elements) occurs 
concurrent with hydrolysis of the silicon-oxygen/boron-oxygen bonds 
in the glass network. Then, an amorphous silicon-rich gel layer forms 
(either through dissolution-precipitation reactions or by reordering at 
the glass surface) that can crystalize over time, acting either a barrier to 
further dissolution, or in some cases as a driver for further dissolution 
[30]. In general, glass dissolution: (i) is accelerated by increasing 
temperature; (ii) increases with alkalinity and acidity, and (iii) is 
greatly influenced by solution chemistry [30].

Due to the difficulty in predicting dissolution rates even in abiotic 
systems, few experiments have been conducted in non-sterile environ-
ments to determine the potential influence of microbial metabolism on 
glass dissolution. In particular, studies are needed to link microbial 
metabolic processes to the chemical composition of the glass. This study 
focuses on phosphorus, an essential nutrient for cellular components 
(e.g., phospholipids, DNA, ATP) and present in several proposed nu-
clear waste glass compositions (e.g. [40,21,50]). Borosilicate glasses 
with a relatively simple chemical composition containing 0, 438, and 
4380 mg kg-1 phosphorus were prepared and subjected to glass dis-
solution testing. Results were compared with tests conducted using: (i) 
a simulant nuclear waste glass with a more complex composition con-
taining 5698 mg kg-1 phosphorus; and (ii) an iron phosphate glass 
containing >  200,000 mg kg-1 phosphorus. The phosphorus contents of 
these glasses span the orders of magnitude found in different rock types 
(Table 1).

The five glasses were exposed to microbial growth media con-
taining three anaerobic microbial communities: fermentative, Fe 
(III)-reducing, and SO4

2--reducing. The aim was to ascertain a) the 
impact of phosphorus-containing glass on the microbial communities 
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and b) the impact of the microbial communities on the dissolution 
rate of the glass.

2. Methods

2.1. Making and preparation of glasses

Six glasses were considered and five were selected for use in ex-
periments with anaerobic microbes. Firstly, a series of borosilicate 
glasses, composed of seven-oxides, SiO2, B3O2, CaO, Na2O, ZrO, Al2O3 

and P2O5 were made with 0, 0.1, 1 and 5 mol% P2O5. Melts designed to 
make 300 g batch of glass were prepared from reagent grade chemicals 
(SiO2, Al(OH)3, CaCO3, Ca3(PO4)2, H3BO5, Na2CO3 and ZrSiO4) in a 
platinum crucible at 1270 oC (1 h unmixed and four hours stirred with a 
platinum paddle), annealed at 520 oC, and cooled to room temperature 

at 1 oC per minute. X-ray diffraction analysis (Bruker D2 Phaser with Cu 
Kα radiation) of borosilicate glasses containing 0, 0.1, and 1 mol% 
P2O5, revealed only diffuse scattering, confirming they were all below 
the solubility limit for P2O5, however, a crystalline Ca-Na-phosphate 
phase was detected in glasses containing 5 mol% P2O5 (SI Fig. 1). The 
solubility limit for P2O5 in this series was therefore concluded to be 
between 1 and 5 mol% (2–10 wt%) consistent with other borosilicate 
glass systems that typically contain <  7 wt% P2O5 before phase se-
paration occurs [50]. Only glasses containing 0, 0.1 and 1 mol% P2O5 

(glasses 1, 2 and 3) were used in experiments. In addition, two non- 
radioactive analogues of phosphorus-containing nuclear waste glasses 
were obtained: (1) low activity waste (LAW) LGS19 glass containing 
1.3 mol% P2O5 (glass 4) [21]: and (2) iron phosphate glass considered 
for radioactive waste disposal, particularly in Russia, containing 53 mol 
% P2O5 (glass 5). The density of the glasses was determined by helium 
pycnometry to be 2.598  ±  0.001, 2.592  ±  0.002, 2.588  ±  0.002, 
2.636  ±  0.002 and 2.935  ±  0.004 g/cm3 for glasses 1–5 respectively 
(AccuPyc II 1340 pcynometer, temperature 23.89 °C, 30 purges, cell 
volume 1.2781 cm³ 10 repeats). All glass compositions were measured 
by acid digest (aqua-regia and HF) followed by inductively coupled - 
optical emissions spectrometry (ICP-OES) (Table 2).

2.2. Isolation of an alkali-tolerant microbial community

The microbial community used for the glass dissolution experiments 
must be tolerant of the alkaline conditions likely to develop in the vi-
cinity of the glass [30]. Therefore, sediment with a pH >  8.5 was 
sourced from a depth of <  1 m from Harpur Hill, Derbyshire, a well 
characterised site with elevated pH due to historical lime-workings (e.g. 
[15,80]). Primary enrichment microcosms were established using a 
sediment inoculum (5–10% w/v) in fresh water (FW) medium (Table 3; 
SI Table 1), degassed with N2 (e.g. [51]), adjusted to pH 8.5 with NaOH 
and with glucose as a fermentable carbon substrate. Subsequent ali-
quots (1% v/v) were then transferred to: a) FW medium degassed with 
N2 and amended with glucose to induce fermentation; b) FW medium 
degassed with N2 with Fe(III)-citrate to stimulate Fe(III)-reducing bac-
teria; or c) Postgate C medium (Table 3; SI Table 1) degassed with N2 

with sodium sulphate to enrich for sulphate-reducing bacteria. Glucose 

Table 1 
Comparison of the phosphorus content of glasses 1–5 with that of different rock 
types (contained mainly in the apatite mineral group). Results extracted from a 
larger survey by [69] and groundwater values sourced from a survey by War-
rack et al., 2022. 

Material Mean concentration of 
phosphorus (literature data 
rounded to nearest 100 mg kg-1)

Ultramafic rock 100
Alkali Basalt 3000
Granite 500
Andesite 1000
Mudstone 1100
Sandstone 500
Siltstone 700
Average continental crust 700
Borosilicate glass 1 (0 mol% P2O5) 0
Borosilicate glass 2 (0.1 mol% P2O5) 438
Borosilicate glass 3 (1 mol% P2O5) 4380
Low Activity Waste glass 4 (1.3 mol% P2O5) 5698
Iron Phosphate glass 5 (53 mol% P2O5) 232297
World P concentration in groundwater Mean  <  0.1 mg L-1 

Maximum  >  750 mg L-1

Fig. 1. Experimental matrix. Conditions and replicates are shown for glass 1 in the Fe(III)-reducing system; these conditions were repeated for all 5 glasses in all 3 
systems.
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was omitted and electron donors (10 mM acetate and 15 mM lactate) 
were provided when Fe(III) or SO4

2- were added as the sole electron 
acceptor (Table 4). Aliquots (1% v/v) were transferred approximately 
every seven days to fresh media. Fresh media were heat sterilised by 
autoclaving for 20 min at 126 °C and 2 bar and flushed with N2 for 
40 min per litre of liquid. The pH was then adjusted to pH 8.5 under N2 

gas before transferral to sealed glass microcosm bottles where the 
headspace was flushed with N2 and incubated in the dark at 30 oC. 
Cultures were transferred five times until sediment carry over from the 
initial Harpur Hill sample was negligible.

Cells from the sixth subculture were harvested by centrifugation 
(20 mins at 2500 g) and washed three times in anoxic Tris(hydro-
xymethyl)aminomethane (TRIS) buffer pH 9 (0.96 g L-1 TRIS HCl and 
5.32 g L-1 TRIS base). Cells were then re-suspended in TRIS buffer and 
biomass concentrations assessed by UV–vis spectrophotometry at 
600 nm and diluted to a target optical density of ∼ 13 (measured ac-
curately by dilution) in a 2 mL volume, such that the addition of 50 μl to 
each experiment yielded an approximate final OD600 nm of 0.02. This 
was achieved with certainty for the fermentative and SO4

2--reducing 
systems, however, due to interference by precipitation of Fe(II)-bearing 
mineral phases, cell density may be subject to analysis artefacts in the 
Fe(III)- reducing system. In order to exclude non-glass derived boron 
from the experiments, the final culture was prepared in boron free 
media (made without boron added to the mineral mix) and stored in 
bottles made from high density polyethylene (HDPE). Experiments 
were conducted in HDPE bottles and ICP-OES samples were acidified 
with ultra-pure acid stored in HDPE rather than borosilicate glass to 
avoid boron and silica contamination.

2.3. Glass dissolution experiments

Glasses were crushed and sieved to size fraction 75–150 µm and 
then washed using isopropanol to remove fine particles, according to 
the method described in the Product Consistency Test protocol ASTM 
C1285–21 [1]. In addition, monoliths were cut to dimensions 
∼ 15 × 15 x 5 mm and polished to 1200 grit using silicon carbide 

Table 2 
Normalised composition of glasses in weight % and mol% as determined by acid digestion and analysis by ICP-OES. The largest source of error in this process is 
introduced during sample digestion and is estimated at + /- 5%. 

Glass 1 Glass 2 Glass 3 Glass 4 Glass 5
Borosilicate – 0% P2O5 Borosilicate – 0.1% P2O5 Borosilicate – 1% P2O5 LAW LGS19 Iron phosphate glass

wt% mol% wt% mol% wt% mol% wt% mol% wt% mol%

SiO2 52.3 56.2 52.1 56.1 47.8 52.4 55.1 61.2 3.69 8.29
P2O5 0.00 0.00 0.23 0.11 2.44 1.13 2.76 1.30 55.7 53.0
Al2O3 11.6 7.38 11.6 7.37 12.4 8.01 7.82 5.12 0.48 0.64
B2O3 3.87 3.59 3.92 3.64 4.14 3.92 5.35 5.13 0.72 1.39
BaO 0.01 0.01
CaO 6.37 7.34 6.81 7.86 7.34 8.61 5.75 6.85 0.18 0.44
Cr2O3 0.14 0.06 0.02 0.02
CuO 0.02 0.03
Fe2O3 0.33 0.14 35.9 30.4
K2O 1.26 0.89
Li2O 4.40 9.82 0.07 0.32
MgO 0.21 0.35 0.02 0.08
MnO2 0.01 0.01
Na2O 23.1 24.1 22.5 23.5 22.9 24.4 1.62 1.75 0.19 0.41
SrO 0.01 0.01
TiO2 1.72 0.48 0.01 0.00
SO3 1.73 1.45
ZnO 0.02 0.02 2.92 4.85
ZrO2 2.75 1.44 2.80 1.47 2.86 1.53 6.53 3.54 0.04 0.04
V2O5 5.30 1.94
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Table 3 
Fresh Water Medium components per 1 L deionised water and modified 
Postgate C Medium components per 1 L deionised water ([70]; Lovely and 
Phillips, 1986). 

Component FW media 
Concentration mmol 
L-1

Postgate 
Concentration mmol 
L-1

NaHCO3 29.76
Na2SO4 31.68
NH4Cl 4.67 18.70
*Na2HPO4·H2O 3.75 or 0.31
*KH2PO4 3.67
KCl 1.34
CaCl2.2 H2O 6.8 × 10-3 2.80 × 10-1

MgSO4.7 H2O 2.9 × 10-2 2.72 × 10-1

FeSO4.7 H2O 3.6 × 10-3 1.79 × 10-2

Nitrilotriacetic acid 7.8 × 10-2 7.8 × 10-2

MnSO4·H2O 2.9 × 10-2 2.9 × 10-2

NaCl 1.7 × 10-2 1.7 × 10-2

CoCl2.6 H2O 4.2 × 10-3 4.2 × 10-3

ZnCl2 9.5 × 10-3 9.5 × 10-3

CuSO4.5 H2O 4.0 × 10-4 4.0 × 10-4

AlK(SO4)2.12 H2O 2.1 × 10-4 2.1 × 10-4

* *H3BO3 2.1 × 10-4 2.1 × 10-4

Na2MoO4 1.21 × 10-3 1.21 × 10-3

NiCl2.6 H2O 1.01 × 10-3 1.01 × 10-3

Na2WO4.2 H2O 7.58 × 10-4 7.58 × 10-4

Biotin 8.19 × 10-2 8.19 × 10-2

Folic acid 4.53 × 10-2 4.53 × 10-2

Pyridoxine HCl 4.86 × 10-2 4.86 × 10-2

Riboflavin 1.33 × 10-1 1.33 × 10-1

Thiamine 1.88 × 10-1 1.88 × 10-1

Nicotinic acid 4.06 × 10-4 4.06 × 10-4

Pantothenic acid 2.28 × 10-1 2.28 × 10-1

* **Vitamin B-12 7.38 × 10-4 7.38 × 10-4

p-aminobenzoic acid 3.65 × 10-1 3.65 × 10-1

Thioctic acid 2.42 × 10-1 2.42 × 10-1

*Reduced to 0.01 g in penultimate inoculation prior to addition to P2O5 con-
taining glass, * * Left out of the final incubation containing glass. * **Contains 
∼74 µM phosphorus.
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(ASTM, 2021b) [2]. For each test, 1 g of crushed glass was added to 
each sterile HDPE vessel along with 30 mL of medium. In each system 
(fermentative, Fe(III)-reducing, and SO4

2--reducing), there were three 
variables: ‘Glass only’ (no PO4

3-) systems (performed in duplicate), 
‘Glass + microbes + PO4

3-’ systems inoculated with microbes in 
medium containing added phosphate (performed in triplicate) and 
‘Glass + microbes no PO4

3-’ systems where glass was inoculated with 
microbes in a phosphate free medium (prepared in triplicate) (Fig. 1). 
In parallel, duplicate monolith systems were incubated in media with 
and without PO4

3- to image any biofilm development / microbial at-
tachment to the glass surface, which is otherwise difficult on powdered 
samples. All vessels were incubated at 30 oC and agitated gently on an 
orbital shaker at 30 rpm to avoid clumping of the glass particles. Media 
were degassed and experiments inoculated in an anaerobic chamber 
before the vessels were sealed tightly. Ferrozine assays [83] conducted 
on the Fe-phosphate glass system confirmed the presence of Fe(II) in 
microbially active systems until at least 168 days (the longest experi-
mental timeframe) confirming that, although some ingress of oxygen 
inevitably occurred, this was slow enough that solutions remained 
anaerobic.

Aliquots (1 mL) of the media were removed at 14, 30, 60 and 168 
days (fermentative system), 11, 35 and 52 days (Fe(III)-reducing 
system) and 14, 35, 60 and 120 days (SO4

2--reducing system) and the 
pH was measured. Cation (B, Si, Ca, Na, P, Zr, Al) concentrations in 
solution were measured by ICP-OES (Perkins Elmer Optica 5300). 
Anion (sulphate, phosphate) and volatile fatty acids (VFA’s) con-
centrations in solution were measured by ion chromatography. Glass 
dissolution rates were calculated from the normalized mass loss of 
boron over time in g m-2 d-1 (Eq. 1) where NLB is the normalised mass 
loss for boron in g m-2; CB is the average concentration of boron re-
leased from the glass at a particular time point in mg L-1; CB,b is the 
average concentration of boron in the media only blank, in mg L-1; SA is 
the surface area of the exposed glass in m2; and V is the volume of 
leachant in m3.

=NL
C C V

f SA

( )
i

i i b

i

,

(1) 

For later time-points, the total boron released was corrected to ac-
count for boron removed at previous time-points e.g. total mass of 
boron released from the glass = (CT1 x VT1) + (CT2 x VT2) + (CT3 x VT3) + 
(C remaining x V remaining) where V is the volume of solution removed and C is 
the concentration of boron in that solution.

2.4. Imaging of microbial cells on glass surfaces

The presence of live and dead microbes and biofilm on the surface of 
one of the glass monoliths was confirmed by live/dead staining fol-
lowed by epifluorescence microscopy (microscope, Zeiss Axio imager 
A2) according to the method described in Buolos et al., (1999) [13]. 
The other glass monolith was prepared for environmental scanning 
electron microscopy (ESEM). Cells were preserved by soaking in: (i) 
glutaraldehyde (2.5%) overnight; (ii) 60 mL of glutaraldehyde (2.5%) 
and 40 mL phosphate buffered saline (PBS – 8 g NaCl,0.2 g KCl, 1.42 g 
Na2HPO4, 0.27 g KH2PO4, 1 L H2O) for 2 h; (iii) 30 mL glutaraldehyde 

(2.5%) and 70 mL PBS for 2 h; then (iv) PBS for 2 h. Samples were then 
soaked in ethanol solutions of increasing concentration (25, 30, 40, 50, 
60,70 80%, 90% and 100%) each for 30 min, pipetting off the previous 
solution before adding the next. Monolith samples were imaged un-
coated by ESEM (FEI Quanta 650 FEG-ESEM) under low vacuum and in 
secondary electron and backscattered electron detection mode.

2.5. 16S rRNA gene sequencing analysis of microbial communities

16 S polymerase chain reaction (PCR) ribosomal ribonucleic acid 
(rRNA) gene analysis was performed on raw sediment, on each in-
oculum before it was added to glass-microbe experiments, and on each 
monolith system after 60 days’ incubation. Samples were taken both 
from the solution and from the surface of the glass by rinsing/scraping. 
Deoxyribonucleic acid (DNA) was extracted from solid samples directly 
from swabs using a DNeasy PowerSoil Pro Kit (Qiagen, Manchester, 
U.K). Sequencing of PCR amplicons of 16 S rRNA genes was conducted 
with the Illumina MiSeq platform (Illumina, San Diego, CA, USA) tar-
geting the V4 hyper variable region (forward primer, 515 F, 5′-GTGY-
CAGCMGCCGCGGTAA-3′; reverse primer, 806 R, 5′-GGACTACHVGG-
GTWTCTAAT-3′) for 2 × 250-bp paired-end sequencing (Illumina) 
[16,17]. PCR amplification was performed using Roche FastStart High 
Fidelity PCR System (Roche Diagnostics Ltd, Burgess Hill, UK) in 50 μl 
reactions under the following conditions: initial denaturation at 95 °C 
for 2 min, followed by 37 cycles of 95 °C for 30 s, 55 °C for 30 s, 72 °C for 
1 min, and a final extension step of 3 min at 72 °C. The PCR products 
were purified and normalised to ∼20 ng each using the SequalPrep 
Normalization Kit (Fisher Scientific, Loughborough, UK). The PCR 
amplicons from all samples were pooled in equimolar ratios. The run 
was performed using a 4.5 pM sample library spiked with 4.5 pM PhiX 
to a final concentration of 12% following the method of Schloss and 
Kozich [41].

For QIIME2 analysis, sequences were imported into QIIME2 q2cli 
v2021.04 [14]. The sequences were trimmed with cutadapt, visually 
inspected with demux, and denoised with DADA2 [54] to remove PhiX 
contamination, trim reads, correct errors, merge read pairs and remove 
PCR chimeras. Representative amplicon sequence variant (ASV) se-
quences and their abundances were extracted by feature-table [12]. 
QIIME2 plugins were executed with DADA2 quality settings “- -p-trunc- 
len-f” of 230 and “- -p-trunc-len-r” of 220. Taxonomical assignment was 
obtained with the q2-feature classifier plugin [67] using the classify- 
sklearn naïve Bayes taxonomy classifier against the Silva v138 99% 
reference sequence database [14,71]. Contaminant sequences identified 
in extraction and PCR controls were manually removed.

2.6. Post dissolution chemical analysis of the glass surface

Post dissolution analysis of the glass surface and mineral pre-
cipitates was performed by X-ray diffraction (Bruker D2 Phaser X-ray 
Diffractometer (Cu Kα radiation) between 5° and 70° 2θ with a step size 
of 0.02° and sample rotation of 60 Hz) and laser ablation-mass spec-
trometry (ImageGEO193- Elemental Scientific Lasers with 8900 series 
ICP-MS/MS- Agilent Technologies) to analyse the chemistry of micron 
scale alteration layers present on altered glass samples. During laser 

Table 4 
Summary of the three simple microbial systems. 

Conditions Media Carbon source Electron acceptor Initial pH

Fermentative FW media Glucose (10 mM) N/A (Fermentation) 8.5
Fe(III)-reducing FW media Lactate 15 mM /acetate 10 mM Ferric citrate (55 mM) 8.5
SO4

2--reducing Modified Postgate C Lactate 15 mM /acetate 10 mM NaSO4 (30 mM) 8.5
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ablation, successive pulses (duration 0.2 s; frequency 5 Hz), were used 
to estimate the chemistry of the glass surface at approximately 0.1 µm 
depth intervals.

3. Results and discussion

A range of anaerobic microcosm incubations were set up using de-
fined selective media to probe the impact of microbial metabolism on 
glass dissolution. The results of glass dissolution in the absence of mi-
crobes are described first, then the effect of the glass on the microbial 
community is evaluated, and finally the effect of the microbes on glass 
dissolution in the different systems are described.

3.1. Abiotic dissolution of phosphorus containing glasses

The dissolution of borosilicate glass is quantified by measuring the 
accumulation of boron in solution. Boron is chosen because, in most 
systems, it remains in solution as boric acid (H3BO3) or borate (B(OH)4

- 

) and is not retained in the hydrated silica gel layer. However, the iron 
phosphate glass does not contain boron or any other species that would 
not be retained in the alteration layer, so it was not possible to accu-
rately quantify glass dissolution by measuring the accumulation of ions 
in solution. In abiotic ‘glass only’ systems, the normalized mass loss of 
boron revealed the significant influence of media composition, as well 
as glass composition, on dissolution rates (Fig. 2), highlighting the need 
for a separate ‘glass only’ abiotic control for each glass in each system in 
order to separate biotic effects from abiotic effects.

As the pH remained constant (within 0.5 of the starting pH of 8.5) 
across all systems (SI Figs. 2, 3 and 4), differences in glass dissolution 
between systems must result from variables in the solution chemistry 
(Table 2 and Table 3). In general, glasses dissolved slowest in the FW 
media amended with glucose, faster in the Postgate C media and fastest 
in the FW media amended with Fe(III)-citrate (Fig. 2). This trend cor-
related with increasing aqueous Fe(III) concentrations (3.6 ×10-3 mM, 
1.79 ×10-2 mM and 55 mM in the FW medium amended with glucose, 
Postgate C medium and FW medium amended with Fe(III)-citrate re-
spectively). Fe(III) and Mg (present in SO4

2--reducing medium at 
2.72 ×10-1 mM and FW media at 2.9 ×10-2 mM (Table 2)) have both 
been shown to increase glass dissolution. They have a high affinity for 
Si, and readily form silicate minerals at the glass surface that can dis-
rupt gel layer formation and drive glass dissolution (e.g. [3,4,7,25,26]). 
Citrate has also been shown to enhance silicate mineral weathering by 
forming a soluble silica-citrate complex and may slow or prevent the 
formation of a protective silica gel layer on silicate glasses [10]. 

Although citrate will mostly be bound as Fe(III)-citrate in these systems, 
its influence must be considered.

More surprisingly, the relative durability of the four borosilicate 
glasses changed as function of solution chemistry and this was tenta-
tively linked to the presence of Fe(III) in solution. In FW media con-
taining negligible Fe(III), a decrease in the rate of glass dissolution was 
observed across glasses 1–4 as P2O5 content increased from 0 to 1.3 mol 
%. However, in FW media, containing high Fe(III) in the form of Fe(III)- 
citrate, the rate of glass dissolution increased with increasing P2O5 

suggesting an interaction between Fe(III) and P.
Post dissolution analysis of glass powders by XRD did not detect any 

crystalline phases, indicating that any secondary phases formed were 
either non-crystalline or crystals were too few or too small to be de-
tected. PHREEQC modelling of the solution chemistry in each abiotic 
system (Thermochimie database_v11) suggests super-saturation with 
regard to various mineral phases including clays, aluminium hydroxide 
and Ca-phosphate (including hydroxyapatite) where phosphorus was 
present (SI Tables 2–7). Where both iron and phosphate were present, 
PHREEQC modelling predicted supersaturation with regard to strengite 
(Fe(III)PO4). Analysis of alteration layer chemistry by laser ablation 
ICP-MS, conducted on glasses altered in sulphate reducing media, 
confirmed that P and Mg concentrations were both elevated in the top 
0.5 µm of the glass surface indicating their accumulation in the al-
teration layer (SI Fig. 5).

3.1.1. Abiotic glass alteration in the absence of Fe
Two factors may contribute to the trend of increasing durability 

with increasing P2O5 observed in solutions with low concentrations of 
Fe(III). Firstly, phosphorus addition may have increased the intrinsic 
durability of the glass by inducing re-polymerisation of the silicate 
network as described by Love et al. [50]. The addition of P2O5 to 
borosilicate glasses has been reported to form isolated P2O7

4- or PO4
3— 

anions and P2O7
4- anions that connect preferentially to borate groups. 

These species require alkali cations for charge compensation that they 
scavenge from the silicate network leading to a reduction in non-brid-
ging oxygens and, subsequently, a higher degree of polymerisation 
[24,50,60,73].

Secondly, as indicated by solution data and post dissolution surface 
analysis, phosphorus was retained in the alteration layer where it may 
have slowed the rate of dissolution. The borosilicate glasses (glasses 
1–3) are similar in composition to ‘bioglass’, Ca and P containing 
glasses designed to bond to, and stimulate new bone growth by forming 
an amorphous film of Ca-P that alters over time to stoichiometric (Ca/P 
ratio 1.67) or non-stoichiometric hydroxyapatite (typical bioglass 

Fig. 2. Abiotic dissolution behaviour of glasses 1–4 in the three different growth media; a) fermentative system (FW media), b) Fe(III)-reducing system (FW media 
amended with Fe(III)-citrate) and c) SO4

2--reducing system (Postgate-C media).
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compositions: 45–64 mol% SiO2; 5–6 mol% P2O5; 25–30 mol% CaO and 
20–30 mol% Na2O) [72,78]. In studying the effect of similar con-
centrations of PO4

3- on glass dissolution at 90 oC, Gin et al. attributes an 
increase in glass dissolution to the formation of microcrystalline 
phosphate phases, including Ca and rare earth-phosphates as evidenced 
by TEM, in the gel layer, altering its microstructure and rendering it less 
protective [29]. In this study conducted at 30 oC, although phosphorus 
concentrations were elevated at the glass surface (top 0.5 µm) relative 
to the bulk glass, calcium was depleted (SI Fig. 5). In these low tem-
perature systems, it must be concluded either that crystalline Ca- 
phosphate phases did not form, or their formation was not detrimental 
to the protective qualities of the gel layer.

3.1.2. Abiotic glass alteration in the presence of Fe
Glass dissolution rates were generally higher in the Fe(III)-reducing 

systems (50 mM Fe(III)-citrate), and glass dissolution increased with 
increasing P2O5 (Fig. 7). It is known that Fe(III) can combine with Si in 
the glass alteration layer to form iron silicates that disrupt the forma-
tion of a passivating gel layer and decrease silica saturation to promote 
further dissolution of the gel layer (e.g. [3]). However, this study sug-
gests that the combination of Fe(III) and P may also negatively impact 
glass durability. It is possible that Fe phosphate phases can have a si-
milar effect to that of rare earth and Ca phosphates observed in studies 
by Gin et al., [29]. In Gin et al.’s study there was also Fe, along with 
some Mn and Zn, sourced from the SON68 glass found to be associated 
with the Ca and P [29]. In aqueous environments, the rapid reaction of 
Fe(III) with orthophosphate (PO4

3-) to form Fe(III)-phosphate phases, 
e.g., strengite (FePO4.2 H2O), results in the formation of small, stable 
amorphous colloids. As Fe(III) has a high affinity for silica, and is 
known to sequester to the gel layer, it is therefore possible that aqueous 
Fe(III) could react with P within the protective gel layer in these sys-
tems causing detrimental changes to its microstructure (e.g. [52,91]).

3.2. Effect of phosphorus containing glass on microbial growth, respiration 
and diversity

A range of anaerobic microcosms incubations were set up using 
defined selective media to probe the impact of microbial metabolism on 
glass dissolution. Overall, across the three systems, utilization of 

available electron donors by the microbial consortium was fastest in 
systems where phosphate (PO4

3-) was included in the systems, slower in 
systems where the only source of phosphorus was the glass (glasses 
2–5), and slowest when the glass contained no phosphorus (glass 1).

3.2.1. Effect of glass composition on microbial growth and respiration
In fermentative systems, accumulation of fermentation products 

(VFAs: acetate, lactate, propionate, isobutyrate) were monitored in 
solution. In all systems where PO4

3- was present in growth media, 
fermentation was uninhibited and breakdown of glucose to VFAs and 
then subsequent utilisation of VFAs was complete within two weeks 
(i.e. before the first sampling point) (Table 5). Similarly, in systems 
containing glass 5 (iron phosphate glass; 53 mol% P2O5) with no added 
PO4

3-
, aqueous PO4

3- at two weeks measured 102.4  ±  5.8 mg L-1, 
meaning that P release from glass 5 was sufficiently high that fermen-
tation was uninhibited and all VFAs were consumed within two weeks 
(Table 5). In systems containing borosilicate glass where the only 
source of phosphorus was the glass, PO4

3- concentrations remained 
below the limit of detection and fermentation proceeded at a slower 
rate. Glucose was broken down more slowly and, after two weeks, VFA 
concentrations were correlated with increasing P2O5 content in the 
glass: VFAs in glass 4 (1.3 mol% P2O5) >  glass 3 (1 mol% P2O5) 
>  glass 2 (0.1 mol% P2O5) ∼ glass 1 (0 mol% P2O5) (Table 5). The fact 
that some microbial activity was still detected in systems with no 
phosphorus in either the glass or media was likely due to carry over of 
phosphorus from the biomass inocula. Live/dead staining followed by 
epifluorescence microscopy confirmed the presence of living cells in all 
fermentative systems (SI Fig. 6).

In the Fe(III)-reducing system, microbial activity was tracked by 
measuring total aqueous Fe and Fe(II) in solution (Fig. 3), and by ob-
serving the precipitation of Fe(II)-biominerals and a change in solution 
colour from orange to colourless (SI Fig. 7). Total Fe concentrations 
remained constant for all control systems, except glass 5 (iron phos-
phate) where total Fe increases as iron was released from the glass 
(Fig. 3). Meanwhile, a decrease in aqueous Fe was observed in all mi-
crobially active systems consistent with the breakdown of Fe(III)-ci-
trate, reduction to Fe(II) (confirmed by ferrozine assay) (Fig. 3) and 
subsequent formation of Fe(II)-bearing biominerals (SI Fig. 8). Mineral 
phases formed were confirmed by XRD to be primarily siderite, with 

Fig. 3. Left: total aqueous Fe as measured by ICP-OES for the five glasses. Right: aqueous Fe(II) as measured by Ferrozine assay for the five glasses. Dotted lines 
= glass only systems, dash-dot lines = systems amended with microbes and PO4

3- and solid lines = systems amended with microbes and no PO4
3-. Errors represent 

the standard deviation of duplicate measurements (glass only systems) and triplicate measurements (microbially amended systems).
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vivianite also forming where PO4
3- was present in solution (SI Fig. 8; 

[87]). Reduction of Fe(III)-citrate was complete by the first timepoint 
(14 days) in systems with added PO4

3- (Fig. 3). As in fermentative 
systems, where the only source of phosphorus was the glass, reduction 

proceeded in the order glass 5 (53 mol% P2O5) >  glass 4 (1.3 mol% 
P2O5) >  glass 3 (1 mol% P2O5) >  glass 2 (0.1 mol% P2O5) >  glass 1 
(0 mol% P2O5). Live/dead staining followed by epifluorescence micro-
scopy revealed live cells on the surface of all glass monoliths (SI Fig. 6), 

Fig. 4. ESEM images of microbial cells on 1) LAW glass in a) SE mode and b) BSE mode, 2) borosilicate glass with 1% P2O5 in a) SE mode and b) BSE mode, 3 & 4) 
iron phosphate glass in a) SE mode and b) BSE mode. 1 and 2 show small groups of cells whereas 3 and 4 show biofilm formation.
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however, the lack of Fe(II) in solution indicates that metabolic activity 
was limited when the glass did not contain P2O5.

In SO4
2--reducing systems, utilization of lactate and acetate was 

faster in experiments amended with PO4
3- than in those where the only 

source of phosphorus was the glass (SI Table 8), however, no clear trend 

in electron donor utilization was observed between the different 
glasses, likely due to the wide spacing of time points. For this system, 
cells on the surface of the monoliths from the SO4

2--reducing system 
were imaged using ESEM. Cells displayed typical ‘bacillus’ morphology 
in secondary electron (SE) mode and as ‘dark’ low z-contrast areas in 

Table 5 
Concentration of the selected anions phosphate (PO4

3-), acetate (CH3COO-), propionate (CH3CH2COO-), Isobutyrate ((CH3)2CHCOO-) and Isovalerate 
((CH3)2CHCH2COO-) after 14 days. 

Glass Media Phosphate 
mg L-1

Acetate 
mg L-1

Propionate 
mg L-1

Isobutyrate mg L-1 Isovalerate mg L-1

Glass 1 
0 mol% P2O5

+ PO4
3- 460.6  ±  31.4 Below LOD Below LOD Below LOD Below LOD

No PO4
3- Below LOD 166.1  ±  2.3 5.1  ±  0.3 0.4  ±  0.2 0.3  ±  0.02

Glass 2 
0.1 mol% P2O5

+ PO4
3- 440.6  ±  54.9 Below LOD 0.6  ±  0.1 Below LOD Below LOD

No PO4
3- Below LOD 165.1  ±  49.8 0.7  ±  0.4 0.2  ±  0.1 0.3  ±  0.1

Glass 3 
1 mol% P2O5

+ PO4
3- 469.8  ±  12.8 Below LOD Below LOD Below LOD Below LOD

No PO4
3- Below LOD 208.8  ±  70.26 14.8  ±  19.83 0.5  ±  0.4 0.3  ±  0.03

Glass 4 
LAW LGS19–01

+ PO4
3- 669.6  ±  0 2.3  ±  0 0.3  ±  0 Below LOD Below LOD

No PO4
3- Below LOD 397.3  ±  41.0 73.3  ±  0 1.0  ±  0.3 0.8  ±  0.2

Glass 5 
Iron phosphate

+ PO4
3- 655.8  ±  19.4 Below LOD Below LOD Below LOD Below LOD

No PO4
3- 102.4  ±  5.8 Below LOD Below LOD Below LOD Below LOD

Fig. 5. Microbial community analysis from the anaerobic system showing breakdown of the community at the family level. Samples taken from glass monoliths in 
experiments in media without added PO4

3- after time (T) = 60 days.
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Fig. 6. Microbial community analysis from the Fe(III)-reducing system. Samples taken from glass monoliths in experiments in media with no added PO4
3- after 60 

days.

Fig. 7. Microbial community analysis from the SO4
2--reducing system. Samples taken from glass monoliths in experiments in media with no added PO4

3- after 60 
days.
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backscattered electron (BSE) mode. Only isolated cells were observed 
on glasses 1 and 2, containing no P2O5 and 0.1 mol% P2O5 respectively, 
small cell groups were associated with the surface of glasses 3 and 4, 
containing 1 and 1.3 mol% P2O5 respectively, and a dense microbial 
colony was observed on the surface of glass 5 (Fig. 4). Glass 5 (the iron 
phosphate glass) contained ∼ 30.4 mol% Fe2O3, of which Fe(II) com-
prised the minority (typical Fe(II)/Fe total ratios are 0–0.2) [35,39]. It is 
possible that Fe(III) could be used as an electron acceptor in anaerobic 
respiration as has been postulated for iron-containing basaltic glasses, 
and this could account for the greatly increased colonisation of the iron 
phosphate glass surface [63,81].

3.2.2. Effect of glass composition on microbial community composition and 
diversity

Distinct microbial communities evolved when the microbial in-
oculum from Harpur Hill, Buxton, was subcultured in different media to 
support fermentation, Fe(III) reduction, or SO4

2- reduction (Table 4; SI 
Fig. 9; SI Table 9). At the class level, the starting inoculum for the 
fermentative systems after six successive subcultures in glucose- 
amended medium was dominated by Gammaproteobacteria, 

Negativicutes, Clostridia and Bacteroidia. The starting inoculum for the Fe 
(III)-reducing systems was dominated by Gammaproteobacteria, Clos-
tridia and Desulfovibrionia, and known Fe(III)-reducing species present 
from the genera Aeromonas (4.63%) (e.g. [42]) and Shewanella (8.29%) 
(SI Fig. 9; SI Table 9). The starting inoculum for the SO4

2--reducing 
systems was dominated by Gammaproteobacteria, Clostridia and De-
sulfovibrionia, and enriched in the known SO4

2--reducing species most 
closely related to Desulfovibrio desulfuricans (26.6%) (SI Fig. 9: SI 
Table 9).

The 16S rRNA gene sequencing of the initial inoculum was com-
pared with that for samples taken from monolith systems after 60 days 
incubation to assess changes in the microbial community. Samples were 
taken from the solution and sterile swabs were scraped across the sur-
face of the glass in an attempt to obtain only those cells most closely 
associated with the glass. For the four borosilicate glasses (glasses 1–4) 
there was no obvious difference in the composition of the microbial 
community at the class level regardless of phosphorus content 
(Figs. 5–7; SI Tables 10–12; SI Fig. 10–12). Similarly, there was no 
obvious difference between the microbial community associated with 
the glass surface and the microbial community sampled from the 

Fig. 8. Normalized mass loss of boron for borosilicate glasses 1–4 in the fermentative system where glucose was added as the electron donor. Error bars are the 
standard deviation of triplicate measurements. Note the different normalised mass loss scale for glass 4 (LAW LGS19).
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solution for the four borosilicate glass systems, beyond variation in the 
evenness (proportion of each class) (SI Fig. 11 and 12; SI Tables 11 and 
12).

In contrast, a more diverse community was associated with the 
dense microbial biofilm on the surface of the iron phosphate glass (glass 
5). In the fermentative system, 16 S rRNA gene analysis showed a no-
table increase in the relative abundance of Aeromonas species, from 
22% to 25% on the borosilicate glasses systems to 43% on surface of 
iron phosphate glasses (Fig. 5). Aeromonas species are capable of Fe(III) 
reduction in a variety of environments (e.g. [27,92]).

In the Fe(III)-reducing system (Fig. 6), 16 S rRNA gene sequencing 
revealed a more diverse community associated with the surface of the 
iron phosphate glass than the four borosilicate glasses. Shannon indices 
were 0.69, 0.76, 0.74, 0.67 and 1.50 respectively for glasses 1–5) and 
there was a notable increase in species most closely related to De-
sulfovibrio desulfuricans (capable of Fe(III)-reduction).

In the SO4
2-- reducing system, the Shannon diversity index of the 

community associated with glass 5 was 1.62 in comparison to 1.51, 
1.54, 1.42 and 1.43 for glasses 1–4 respectively. This indicates a slightly 
more diverse community associated with the biofilm on the surface of 
the iron phosphate glass (Fig. 4) compared to the microbial community 
associated with the sporadic cell coverage on the borosilicate glasses 
(glasses 1–4, Fig. 4).

3.3. Microbial effects on the dissolution of phosphorus containing glasses

In this study, microbes influenced glass dissolution rates in almost 
all systems tested, in some causing an increase in dissolution rate and in 
other cases a decrease in dissolution rate compared to the corre-
sponding abiotic control. To explain these results, we must consider the 
different mechanisms by which microbes can influence not only glass 
dissolution but also the behaviour of the boron tracer.

3.3.1. Microbial effect on the dissolution of borosilicate glasses
With regard to microbial influence on the boron tracer, the potential 

for sorption or uptake of boron by microbial cells or bio-mineral 

precipitates must be considered. Boron uptake by microbial cells is 
likely low, as it is an essential micronutrient required in only small 
quantities [88]. Here, the highest microbial activity (indicated by 
electron donor utilization, observation of live cells by epifluorescence 
and SEM) was often correlated with the highest boron release rates, 
which confirms that the µM levels of boron were non-toxic, and that 
boron uptake by cells was negligible. Boron sorption to secondary Fe(II) 
bearing minerals (siderite and vivianite formed in the Fe(III)-reducing 
system) was also negligible, as boron concentrations increased con-
tinually, and linearly, during their formation. Boron sorption to iron 
oxide (FeOOH) phases, however, is well documented (e.g. [22]) and, 
therefore, careful attention was paid to ensure that oxygen ingress into 
reduced systems did not result in Fe-oxide precipitation.

Microbes can directly influence the glass via contact and secretion of 
chemicals that increase glass dissolution, or can indirectly influence the 
glass through changes to the local environment (e.g. pH, solution 
chemistry, and redox potential). Microbial cells can accelerate the 
precipitation of mineral/biomineral phases (e.g. [28]). This can occur 
passively, through providing a nucleation site for minerals that are 
thermodynamically favourable but kinetically slow to form. Bio-
minerals can also precipitate directly as a result of microbial metabo-
lism, e.g., bio-reduction of Fe(III) to Fe(II) results in the precipitation of 
biogenic Fe(II) phases in the vicinity of the cell. pH has a major effect 
on the dissolution rate of borosilicate glass [82] and microbes can 
change the pH directly, through production of organic acids, or in-
directly through consumption/production of H+/OH- in metabolic re-
actions. Here, all systems tested were buffered to pH 8.5 by the buf-
fering capacity of the bicarbonate-based FW and Postgate media (SI 
Figs. 2, 3 and 4). However, localised pH gradients could form under and 
around microbial cells/biofilm, at the surface of the glass or between 
tightly packed glass particles.

In the fermentative system, microbial activity resulted in an increase 
in glass dissolution during active fermentation. For glasses 1–3, initial 
boron release rates (< 14 days) were higher in all experiments in-
oculated with microorganisms when compared to their equivalent 
abiotic control (Fig. 8), and highest in systems with added PO4

3-, where 

Table 6 
Dissolution rates based on the normalised mass loss of boron for glasses 1–4 at 30 oC in the fermentative system. 

Glass Conditions Time frame Rate (g m-2 d-1)

Glass 1–0% P2O5 Glass only 0–14 days 
35–164 days

4.59 (±  0.53) x 10-3 

1.14 (±  0.27) x 10-3

Glass + microbes + PO4
3- 0–14 days 

35–164 days
9.43 (±  0.08) x 10-3 

1.24 (±  0.26) x 10-3

Glass + microbes no PO4
3- 0–14 days 

35–164 days
7.46 (±  0.95) x 10-3 

1.13 (±  0.11) x 10-3

Glass 2–0.1% P2O5 Glass only 0–14 days 
35–164 days

4.44 (±  0.48) x 10-3 

5.24 (±  0.07) x 10-4

Glass + microbes + PO4
3- 0–14 days 

35–164 days
9.73 (±  0.72) x 10-3 

4.36 (±  0.24) x 10-4

Glass + microbes no PO4
3- 0–14 days 

35–164 days
5.84 (±  0.24) x 10-3 

1.72 (±  0.06) x 10-4

Glass 3–1% P2O5 Glass only 0–14 days 
35–164 days

3.29 (±  0.07) x 10-3 

3.15 (±  0.01) x 10-4

Glass + microbes + PO4
3- 0–14 days 

35–164 days
8.40 (±  0.10) x 10-3 

2.67 (±  0.49) x 10-4

Glass + microbes no PO4
3- 0–14 days 

35–164 days
5.24 (±  0.17) x 10-3 

1.87 (±  0.46) x 10-4

Glass 4 - LGS19–01 Glass only 0–14 days 
35–164 days

4.02 (±  0.03) x 10-3 

1.25 (±  0.70) x 10-4

Glass + microbes + PO4
3- 0–14 days 

35–164 days
4.71 (±  0.20) x 10-3 

2.66 (±  0.37) x 10-4

Glass + microbes no PO4
3- 0–14 days 

35–164 days
4.04 (±  0.14) x 10-3 

3.58 (±  0.23) x 10-4
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microbial activity was not limited by phosphorus availability (Table 5). 
For glass 4 the same trends were observed at 14 days but the increase in 
boron released was so slight as to be within analytical error (Fig. 8d). 
Separate control systems with added PO4

3- confirmed that PO4
3- addi-

tion alone had a minor effect (as expected under alkaline conditions 
where anion sorption is limited) (Fig. 8). It is likely that the metabolism 
of glucose to produce of VFAs, and subsequent change in solution 
chemistry (and potentially localised pH in the vicinity of cells) was 
responsible for increased glass corrosion in these initial days. Once 
VFAs were depleted (> 14 days), boron release rates continued at a 
similar or lower rate than in the corresponding abiotic control (Fig. 8; 
Table 6).

Studies into the weathering of natural glasses and rock forming 
minerals have demonstrated that the release of VFAs/organic acids by 
microbial cells/biofilm can enhance weathering of mineral surfaces 

primarily by lowering the pH in the locality of cell (e.g. [11]; Rogers 
et al., 2004). Although significant pH change in the bulk solution was 
not observed (SI Fig. 2), localised pH changes around microbial cells 
and between aggregated glass particles were possible in these systems. 
Due to the finite availability of an electron donor (glucose) in these 
systems, the enhanced glass dissolution was short lived and dissolution 
rates from 14 days onwards were slower for all four borosilicate glasses. 
Rates from 35 to 164 days decreased with increasing concentrations of 
P in glass (e.g for systems with added PO4

3- rates were 
1.24  ±  0.26 ×10-3 (glass 1) >  4.36  ±  0.24 × 10-4 (glass 2)   
>  2.67  ±  0.49 × 10-4 (glass 3) = 2.66  ±  0.37 × 10-4 (glass 4) g m-2 

d-1 (Table 6). Previous studies have shown that a microbial biofilm can 
protect the glass surface and limit the release of elements into solution 
(e.g. [5,6]). Biofilm formation was not investigated for powdered glass 
systems, however, in monolith systems extensive surface colonisation 

Fig. 9. Normalized mass loss of boron for borosilicate glasses 1–4 in the iron-reducing system where lactate and acetate was added as the electron donor. Error bars 
are the standard deviation of triplicate measurements. Note the different normalised mass loss scale for glass 4 LAW LGS19.
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was only observed on iron phosphate glass samples. Assuming a similar 
behaviour in powdered glass systems, surface passivation by biofilm 
formation is unlikely to have affected glass dissolution in glasses 1–4.

Dissolution rates in the Fe(III)-reducing systems showed a linear 
trend (Fig. 9) and, in contrast to the fermentative system, dissolution 
rates in biotic systems were lower than in their corresponding abiotic 
control (with the exception of glass 1 where no change was observed). 
In the abiotic control systems, increasing P2O5 in glasses 1–4 increased 
dissolution rates, however, in biotic systems the opposite trend was 
observed with increasing P2O5 content in glasses leading to a decrease 
in boron release rates in equivalent systems (Fig. 9; Table 7). For sys-
tems amended with microbes and PO4

3- dissolution rates (g m-2 d-1) 
decreased in the order: 9.33 (  ±  0.58) x 10-3 (glass 1) >  6.68 (  ±  0.9) 
x 10-3 (glass 2) >  4.60 (  ±  0.40) x 10-3 (glass 3) >  3.58 (  ±  0.38) x 
10-3 (glass 4). For systems amended with microbes but no PO4

3- dis-
solution rates in g m-2 day-1 followed the same trend: 1.02 (  ±  0.23) x 
10-2 (glass 1) >  7.43  ±  1.75 × 10-3 (glass 2) = 7.91  ±  0.87 × 10-3 

(glass 3) and 5.40  ±  0.19 × 10-3 (glass 4). This reverse trend is most 
likely attributed to the reduction of Fe(III) to Fe(II) by bacteria causing 
a chemically different environment at the glass-solution interface. The 
reduction of Fe(III)-citrate in bicarbonate buffered medium resulted in 
the precipitation of siderite (Fe(II)CO3) and vivianite (Fe3(PO4)2.8 H2O) 
(SI Fig. 8), but these minerals did not form a barrier to dissolution. No 
decrease in dissolution rate was observed in biotic systems containing 
glass 1 (0 mol% P2O5) when PO4

3- was present in solution and bio-
minerals formed, indicating that surface passivation did not take place. 
In glass 1, where no phosphorus was present in the glass, it is likely that 
reactions took place outside the glass alteration layer, as negatively 
charged PO4

3- does not easily sorb to altered glass surfaces under al-
kaline conditions [29]. In contrast, where phosphorus was a constituent 
of the glass, reactions may take place within the alteration layer. Al-
though it is not possible for these experiments to determine the exact 
mechanism, it can be supposed that interactions between Fe(III) and 
phosphorus negatively affect the protective qualities of the glass al-
teration layer whilst Fe(II) and phosphorus result in a more protective 
layer.

In the SO4
2--reducing system, two competing processes were oc-

curring. Biotic experiments showed a faster dissolution rate over the 

initial time points (days < 35) (Table 8 and Fig. 10), similar to the 
fermentative system. This early increase in dissolution is attributed to 
the production of acetic acid during microbial oxidation of lactate. 
However, over the longer-term, in systems where phosphorus was 
present in the glass, biotic systems released less boron into solution 
than abiotic controls (Table 8 and Fig. 9). Based on the findings from 
the Fe(III)-reducing systems, it is possible that small quantities of Fe(III) 
(1.79 ×10-2 mM) along with Mg (2.72 ×10-1 mM) in the abiotic con-
trols caused a greater increase in glass dissolution rate than microbial 
Fe(III)-reduction in the biotic systems. Laser ablation ICP-MS estimates 
the depth of alteration on sulphate reducing samples as 0.5 µm and 
confirms accumulation of Mg and phosphorus at the sample surface (Fe 
was not measured but has also been shown to sequester into the silica 
gel layer from solution; [3]) (SI Fig. 5).

3.3.2. Dissolution of iron phosphate glasses
Iron phosphate glasses do not contain silicon and therefore do not 

produce the characteristic silica gel layer formed during dissolution of 
silicate/borosilicate glasses. Instead, precipitates of ferrihydrite and Fe 
(III)-phosphate phases are formed under oxic conditions and Fe(II)- 
phosphates, Fe(II)-sulphides or Fe(II)-carbonates are formed under re-
ducing conditions, depending on the solution chemistry [33,68]. In the 
present experiments, a surface layer composed of vivianite-like mineral 
structures covered a large proportion of the glass surface (Fig. 11), in 
agreement with PHREEQC modelling of solution data, and suggesting 

Table 8 
Dissolution rates based on the normalised mass loss of boron of glasses 1–4 at 
30 oC in SO4

2- reducing system in Postgate C media. 

Glass Conditions Time 
frame

Rate (g m-2 d-1)

Glass 1–0% P2O5 Glass only 0–35 days 
35–120 
days

1.15 (±  0.02) x 10-2 

4.01 (±  0.45) x 10-3

Glass + microbes  
+ PO4

3-
0–35 days 
35–120 
days

1.50 (±  0.11) x 10-2 

3.51 (±  0.17) x 10-3

Glass + microbes 
no PO4

3-
0–35 days 
35–120 
days

1.64 (±  0.07) x 10-2 

2.85 (±  0.46) x 10-3

Glass 2–0.1% P2O5 Glass only 0–35 days 
35–120 
days

1.14 (±  0.04) x 10-2 

5.05 (±  0.90) x 10-3

Glass + microbes  
+ PO4

3-
0–35 days 
35–120 
days

1.32 (±  0.15) x 10-2 

2.9 (±  0.47) x 10-3

Glass + microbes 
no PO4

3-
0–35 days 
35–120 
days

1.28 (±  0.01) x 10-2 

2.97 (±  0.35) x 10-3

Glass 3–1% P2O5 Glass only 0–35 days 
35–120 
days

0.83 (±  0.19) x 10-3 

3.34 (±  0.15) x 10-3

Glass + microbes  
+ PO4

3-
0–35 days 
35–120 
days

1.03 (±  0.18) x 10-2 

1.14 (±  0.17) x 10-3

Glass + microbes 
no PO4

3-
0–35 days 
35–120 
days

1.08 (±  0.08) x 10-2 

1.23 (±  0.43) x 10-3

Glass 4 - LGS19–01 Glass only 0–35 days 
35–120 
days

4.44 (±  0.05) x 10-3 

9.32 (±  0.46) x 10-4

Glass + microbes  
+ PO4

3-
0–35 days 
35–120 
days

4.65 (±  0.33) x 10-3 

5.11 (±  1.04) x 10-4

Glass + microbes 
no PO4

3-
0–35 days 
35–120 
days

5.92 (±  0.78) x 10-3 

1.93 (±  0.72) x 10-4

Table 7 
Dissolution rates based on the normalised mass loss of boron for glasses 1–4 at 
30 oC in the iron reducing system in Fe(III)-citrate media. 

Glass Conditions Time 
frame

Rate (g m-2 d-1)

Glass 1–0% P2O5 Glass only 0–50 days 9.22 (±  0.05) x 10-3

Glass + microbes  
+ PO4

3-
0–50 days 9.33 (±  0.58) x 10-3

Glass + microbes 
no PO4

3-
0–50 days 1.02 (±  0.23) x 10-2

Glass 2–0.1% P2O5 Glass only 0–50 days 1.16 (±  0.07) x 10-2

Glass + microbes  
+ PO4

3-
0–50 days 6.68 (±  0.9) x 10-3

Glass + microbes 
no PO4

3-
0–50 days 7.43 (±  1.75) x 10-3

Glass 3–1% P2O5 Glass only 0–50 days 1.85 (±  0.13) x 10-2

Glass + microbes  
+ PO4

3-
0–50 days 4.60 (±  0.40) x 10-3

Glass + microbes 
no PO4

3-
0–50 days 7.91 (±  0.87) x 10-3

Glass 4 - LGS19–01 Glass only 0–50 days 2.0 (±  0.27) x 10-2

Glass + microbes  
+ PO4

3-
0–50 days 3.58 (±  0.38) x 10-3

Glass + microbes 
no PO4

3-
0–50 days 5.40 (±  0.19) x 10-3
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Fig. 10. Normalized mass loss of boron for borosilicate glasses 1–4 in the SO4
2—reducing system where glucose was added as the electron donor. Error bars are the 

standard deviation of triplicate measurements. Note the different normalised mass loss scale for glass 4 (LAW LGS19).

Fig. 11. Mineral precipitation on the surface of altered iron phosphate glasses. 
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that the system was supersaturated with regard to Fe(II)-phosphate 
phases (Table 9). It was not possible to calculate an accurate rate of 
glass dissolution from these samples, due to lack of a conservative 
tracer. However, PO4

3- release into solution was used to estimate dis-
solution rates in abiotic systems to be 8.8  ±  2.0 × 10-3, 
1.3  ±  0.03 × 10-2, 5.6  ±  0.8 × 10-3 g m-2 d-1 for fermentative, Fe 
(III)-reducing and SO4

2--reducing systems, respectively (Table 9). These 
rates are likely to be an underestimation as they do not take into ac-
count sorption of PO4

3- or precipitation of Fe(III)phosphate phases. It 
was not possible to estimate the effect of microbial metabolism on the 
dissolution of iron phosphate glass due to the extensive precipitation of 
Fe(II)-phosphates, however, the solubilisation of Fe(III) via its reduc-
tion to Fe(II) may provide a mechanism by which microbes could ac-
celerate glass dissolution.

4. Conclusions

This study concludes that microbial respiration has the ability to 
impact the rate of glass dissolution in nuclear waste type glasses and, in 
return, that glass dissolution can increase microbial metabolism. 
Phosphorus containing glasses may lead to greater microbial activity at 
their surfaces by providing a source of the essential macronutrient, 
phosphorus, and potentially other necessary elements. The effect of in-
creased microbial activity on glass dissolution, however, was modest and 
dependent on the chemistry of the glass and surrounding environment. 
This study showed that, whilst breakdown of organics to VFAs lead to an 
increased rate of glass dissolution in the initial days, the microbial re-
duction of Fe(III) to Fe(II) caused reduced dissolution rates (presumably 
by mitigating the detrimental effect of Fe(III) on glass dissolution). This 
study, although not directly relevant to the metabolic processes likely to 
occur in a deep geological repository, and perhaps more representative of 
near surface burial, nevertheless makes useful observations. These ex-
periments show how metabolic processes could exhibit a controlling ef-
fect on the near field geochemical conditions of vitrified radioactive 
waste. The beneficial effect that microbes appear to have on glass dur-
ability in the presence of iron is particularly interesting as all waste 
disposal scenarios involve a high concentration of iron. Exterior iron 
(initially Fe(0)) will be abundant due to the steel canisters in which most 
wastes are contained, and a small amount of Fe(III) is likely in vitrified 
radioactive waste. In a repository, H2 derived from steel corrosion is 
expected to drive reduction of any available Fe(III). Although the overall 
effect of microbial metabolism was to decrease dissolution rates, it was 
interesting to note that microbial growth was greatest where iron was 
present in the glass, implying that microbes were able to use glass de-
rived Fe(III) as an electron acceptor. Following on from this study, future 
work will unpick the complex chemistry of Fe-P interactions within glass 
alteration layers and explore whether reduction of glass bound Fe(III) has 
a significant effect on the rate of glass dissolution.

Environmental relevance statement

Vitrified radioactive waste is designed to immobilize long lived 
radionuclides for time periods up to 106 years until activity has 

decayed to safe levels. Radioactive elements are chemically in-
corporated in the glass network and so are released as the glass dis-
solves. It is, therefore, important to understand the durability of vi-
trified radioactive waste in subsurface environments to inform the 
safety case for their long-term disposal. This paper investigates glass- 
microbe interactions using non-active surrogates for radioactive waste 
glasses and relevant anaerobic microorganisms to build a mechanistic 
understanding of glass dissolution in complex natural environments.
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