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A B S T R A C T

In response to the growing global inventory of nuclear waste and the urgent need for secure long-term disposal 
solutions, geological disposal facilities (GDFs), also known as deep geological repositories, are being pursued 
worldwide. Several national programmes, including those in the UK, Japan, and Canada, are evaluating 
corrosion-resistant alloys for waste canisters. Among these, novel materials such as titanium alloys have emerged 
as promising candidates due to their protective TiO2 films. However, the threat of microbial corrosion under 
repository-relevant conditions remains highly unexplored. To address this, titanium discs (grade 2, ASTM B348) 
were incubated in bentonite slurries with synthetic pore-water at 30 ◦C and 60 ◦C under strictly anoxic, dark 
conditions, mimicking deep underground GDF environments. Electron donors (acetate, lactate) and an electron 
acceptor (sulphate) were added to stimulate microbial activity and assess long-term canister performance. All 
titanium samples retained an intact TiO2 layer with no detectable pitting or localised damage. Microscopic (SEM) 
and spectroscopic (XPS) analyses showed slight thinning of titanium oxide films and microbial presence co- 
located with bentonite, but no evidence of corrosion products or metal loss. Micro-FTIR showed functional 
groups associated with microbial presence (proteins, lipids, and polysaccharides) in the bentonite, but not on 
titanium surfaces. The experimental design aimed to promote bacterial activity by simulating worst-case GDF 
biotic conditions.

These findings demonstrate titanium’s exceptional stability against microbially influenced corrosion (MIC) in 
stimulated GDF-like environments. This study supports the structural viability of titanium canisters for nuclear 
waste disposal and underscores the importance of considering microbial factors in long-term corrosion 
assessments.

1. Introduction

As countries increasingly turn to nuclear power for energy security 
and climate change mitigation, the issue of managing the resultant high- 
level waste (HLW) continues to be a major challenge. Despite repre
senting <1 % of the total waste volume, HLW contains 98 % of the total 
radioactivity [1]. These waste products emit considerable heat as a 
result of the radioactive decay process and contain substantial amounts 

of long-lived radionuclides, which have half-lives up to millions of years 
[2,3]. As of recent estimates, approximately 22,000 m3 of HLW is stored 
worldwide, and none of it has been permanently disposed [4]. Safe, 
long-term storage of nuclear waste is a global goal, with geological 
disposal facilities (GDFs), also known as deep geological repositories 
(DGRs), being deemed as the best solution for the final storage of HLW 
[5]. GDFs incorporate engineered and natural barriers, each serving 
specific functions to provide successive layers of protection against the 
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potential release of radioactive materials into the environment. Typi
cally, these protective layers consist of a combination of natural 
geological formations (host rock) and engineered components with 
metal canisters at the core, which is surrounded by clay buffers and 
backfill materials (typically bentonite).

Abiotic corrosion resistance of metals under GDF-relevant conditions 
is generally well documented. However, microbially induced corrosion 
(MIC) under these conditions is far less known. Despite the early 
assumption that the highly radioactive nature of HLW would make 
bacterial activity challenging in these areas, microorganisms are 
remarkably adaptable and can thrive in the challenging environments 
within GDFs [6–9]. Notably, indigenous microorganisms, including 
sulphate reducing bacteria (SRB), have been isolated from bentonite 
materials [10–14]. Corrosion by SRB is particularly aggressive and 
localised. Therefore, they are responsible for approximately 50 % of all 
cases of MIC [15]. Microorganisms can persist in GDFs by surviving in a 
nearly inactive metabolic state or as spores, even for long periods of time 
[16,17]. This underscores that GDFs cannot be considered sterile envi
ronments, as microbes have been shown to withstand these extreme 
conditions.

The canister material and design are crucial for ensuring the long- 
term containment of nuclear waste, preventing radionuclide migra
tion, and safeguarding human health and the environment. Copper is 
favoured in Sweden and Finland for canister design, whilst the carbon 
steel option is still being explored predominantly in France and 
Switzerland [18–20]. Countries such as the UK, Japan, and Canada have 
either considered or are considering titanium as a potential material for 
nuclear waste canisters, mainly due to its outstanding corrosion resis
tance and ability to form stable, protective oxide films that enhance 
durability [21–23]. The suitability of this metal is further supported by 
its compatibility with bentonite, the most common backfill/buffer ma
terial, making it a promising option for long-term waste containment.

However, despite the titanium corrosion resistance, the influence of 
microbiological and physico-chemical parameters—such as microbial 
activity, sulphide generation, and temperature—on its long-term 
corrosion behaviour under GDF-relevant conditions remains largely 
unexplored [10,21,24,25]. Assessing the interactions between titanium 
surfaces and both indigenous and introduced microbial communities, 
particularly under anoxic and bentonite-saturated conditions, is essen
tial for evaluating its suitability as a waste canister material. This study 
investigates titanium resistance to MIC, with specific consideration of 
SRB activity, under biotically stimulated GDF-relevant conditions, 
replicated in purposely designed microcosms. A multi-technique 
approach was applied to evaluate changes in surface chemistry and 
corrosion behaviour after exposure, providing a detailed assessment of 
titanium MIC resistance in these environments.

2. Materials and methods

2.1. Titanium discs

Grade 2 (ASTM B348) titanium rods (99.6 % purity) were purchased 
at a diameter and length of 16 mm and 20 cm, respectively, and then cut 
into 4 mm thick discs. These titanium discs were treated following an 
established protocol [26], to remove any grease, debris, or biological 
matter from the surface and to ‘reset’ the passive oxide layer after the 
cutting process. This was primarily done to reduce the variation of ox
ides, as TiO2 is known to dictate the corrosion behaviour of titanium 
[1,2]. This process consisted of three separate sonication treatments in 
the following order: technical grade ethanol, UHQ water, and nitric acid 
(10 mM), followed by an UHQ water rinse. This procedure was repeated 
three times for each disc.

2.2. Bentonite collection

Bentonite samples were collected from the clay formation at “El 
Cortijo de Archidona” in Almeria, Spain, in January 2020. This 
bentonite is a calcium-magnesium-sodium montmorillonite originating 
from the alteration of pyroclastic volcanic rocks. During the bentonite 
sampling and processing, contamination was mitigated by using steri
lised containers. Subsequently, the samples were allowed to dry inside a 
laminar flow chamber for 5 days and then stored at 4 ◦C until manually 
ground. Finally, the bentonite samples were further ground into a 
roughly homogeneous powder, using a stainless-steel roller under 
aseptic conditions.

2.3. Experimental set-up

Microcosms designed to simulate biotically stimulated GDF-relevant 
conditions were assembled following the protocol outlined in Povedano- 
Priego et al. (see Fig. 1) [27]. Twenty-four sterile borosilicate-glass 
bottles (250 mL), with butyl-rubber stoppers, were used. Each bottle 
contained 35 g of ground bentonite saturated with 170 mL of synthetic 
pore-water prepared following a method from Fernandez et al. [28,29] 
(see Supplementary Information S1). Anoxic conditions were estab
lished by sealing the microcosms with butyl rubber stoppers and purging 
them with N2 gas for 20 min, displacing the oxygen inside the micro
cosms. All microcosms were kept anoxic, and sampling was undertaken 
in an anaerobic chamber.

Some microcosms were inoculated with either an aerobic or anaer
obic bacterial consortium denoted as BaC and BanC, respectively. Each 
consortium was composed of multiple bacterial genera previously 
identified in FEBEX bentonite, see Table 1 [12,16,30–33].

For the aerobic consortium, Amycolatopsis ruanii was incubated in 
yeast-malt-glucose (YMG) medium, while all others were incubated in 
lysogenic broth (LB). The anaerobic consortium consisted of four types 
of SRB which are among the most commonly cited bacterial culprits of 
MIC [34–36]. These were incubated in their respective culture media 
under anoxic conditions, with media preparation conducted according 
to the manufacturer’s guidelines (see Supplementary information S2) 
[37]. For samples without bacterial consortia, only filtered culture 
media were added. This was done to increase the comparability and 
reduce the variation between samples with and without added consor
tia. Lastly, ‘blank’ samples at each temperature were made by using 170 
ml of artificial pore-water and a titanium disc sample.

To replicate the conditions of a GDF, microcosms were incubated 
under anoxic conditions, at temperatures of 30 or 60 ◦C, and in complete 
darkness. These temperatures were selected to represent repository- 
relevant conditions: 30 ◦C approximates ambient subsurface tempera
tures, while 60 ◦C reflects the peak near-field values predicted during 
the early thermal–saturation transient, where radiogenic heating may 
raise bentonite buffer temperatures to 60–90 ◦C before cooling over time 
[38–41]. To accelerate MIC processes, electron donors (30 mM sodium 
acetate and 10 mM sodium lactate) and an electron acceptor (20 mM 
sodium sulphate) were added [27,30,42]. This amendment aimed to 
enhance microbial activity and accelerate any potential corrosion by 
creating a worst-case biotic scenario, allowing for the evaluation of metal 
performance over extended periods within the constraints of a practical 
experimental timeline. Previous studies with this bentonite have shown 
that tyndallisation (autoclaving at 110 ◦C, 45 min, 3 consecutive days) 
did not completely eliminate microbial activity in the bentonite, only 
reduced it, due to two main reasons: (1) the physicochemical properties 
of bentonite (e.g., low permeability or thermal conductivity) and (2) the 
presence of high-temperature resistant spore-forming bacteria, 
including some sulphate-reducing bacteria viable even under these 
treatments [16,42–44]. In addition, previously reported data [37] 
demonstrated that the microorganisms present in the bentonite can 
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withstand harsh conditions such as elevated temperatures and gamma 
irradiation. For these reasons, controls with sterile bentonite are not 
realistic since traditional sterilisation methods (e.g., autoclaving by 
tyndallisation) do not ensure the complete sterilisation of the bentonite. 
In total, 10 treatments were considered and prepared in triplicate, 
obtaining a total of 30 microcosms. Each treatment is shown and 
detailed in Table 2.

2.4. X-ray photoelectron spectroscopy

The surfaces of the titanium discs were analysed using a Kratos AXIS 
Supra Photoelectron Spectrometer. The unit employed a mono
chromated Al Kα X-ray source (1486.6 eV), configured to 20 mA X-ray 
emission current and a 15 kV acceleration voltage (anode high tension). 
The sample plane was aligned to a fixed take-off angle of 90◦. Data 
acquisition was carried out at three randomly selected sites, with each 

measurement covering a rectangular area of approximately 110 μm ×
110 μm using the FOV2 lens. Analysis included a wide survey scan at 
160 eV pass energy with 1.0 eV steps and a high-resolution scan at 20 eV 
pass energy with 0.1 eV steps for detailed component analysis. Differ
ential charging was mitigated using the integrated Kratos charge neu
traliser. Binding energies were calibrated based on Au 4f5/2 (83.9 eV), 
and Ag 3d5/2 (368.27 eV), Cu 2p3/2 (932.7 eV) lines of cleaned copper, 
gold, and silver standards from the National Physical Laboratory (NPL), 
UK. CasaXPS 2.3.22 [45] software was used to fit the XPS spectra peaks. 
All binding energies were referenced to the C1s adventitious carbon 
peak at 285 eV to correct any potential surface charging effects. No 
further constraints were imposed on the initial binding energy values. 
No sample preparation was performed, to preserve any potential 
corrosion products adhered to the surface of the discs.

2.5. Micro-Fourier transform infrared spectroscopy

Reflectance micro-Fourier Transform Infrared Spectroscopy (micro- 
FTIR) was used to analyse the titanium discs and assess the presence of 
biological material. No sample preparation was performed to preserve 
any potential corrosion products or biofilm formation after incubation. 
Reflectance micro-FTIR images were obtained using a PerkinElmer 
Spotlight micro-FTIR spectroscope, equipped with a mercu
ry–cadmium–telluride detector (consisting of 16 gold-wired infrared 
detector elements). A per-pixel aperture size of 25 μm × 25 μm was used 
with two co-added scans per pixel and a spectral resolution of 16 cm− 1.

Fig. 1. Microcosm creation workflow depicting the addition of various components, the nitrogen gas purge, and the dark incubation of the microcosms for 2 months 
and 1 year (created with Biorender.com).

Table 1 
Aerobic and anaerobic bacterial consortia used in the different microcosms.

Aerobic bacterial consortium (aC) Anaerobic bacterial consortium (anC)

Stenotrophomonas bentonitica (BII-R7) Desulfuromonas sp., DSM 101009c

Bacillus sp. (BII-C3) Desulfosporosinus acidiphilus, DSM 22704c

Pseudomonas putida, ATCC33015a Desulfovibrio desulfuricans, DSM 642c

Amycolatopsis ruanii, NCIMB14711b Desulfotomaculum reducens, DSM 100969c

Geobacter metallireducens, DSM 710c

a American type culture collection.
b National collection of industrial food and marine bacteria.
c Leibniz Institute DSMZ.

Table 2 
Treatments of each microcosm including their respective tag. Treatment conditions: Bentonite, Electron Donors/Acceptor, Aerobic Consortium, Anaerobic Con
sortium, and Incubation temperatures. All samples contained Pore-water and were all incubated for both 2 months and 1 year. B = Bentonite, aC = aerobic bacterial 
consortia, anC = anaerobic bacterial consortia.

Sample name Bentonite Electron donors/acceptor Aerobic consortium (aC) Anaerobic consortium (anC) 30 ◦C 60 ◦C

30 B þ þ ¡ ¡ þ ¡

30 BaC þ þ þ ¡ þ ¡

30 BanC þ þ ¡ þ þ ¡

60 B þ þ ¡ ¡ ¡ þ

60 BaC þ þ þ ¡ ¡ þ

60 BanC þ þ ¡ þ ¡ þ

30 B (Blank) þ ¡ ¡ ¡ þ ¡

60 B (Blank) þ ¡ ¡ ¡ ¡ þ

30 Blank ¡ ¡ ¡ ¡ þ ¡

60 Blank ¡ ¡ ¡ ¡ ¡ þ
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2.6. Scanning electron microscopy

Samples were analysed using a Tescan Magna STEM, fitted with an 
Oxford energy dispersive X-ray spectrometer for elemental microanal
ysis. Prior to analysis, the samples were sputtered with a thin layer of 
electron-transparent carbon coating to improve conductivity under the 
electron beam. No further pre-treatment was used to maintain the 
integrity of any potential corrosion products on the surface of the discs.

2.7. Inductively coupled plasma mass spectrometry

The concentration of both sulphur and the potential dissolved metals 
in the pore-water of the incubated samples was quantified using a Per
kinElmer NexION 350X Inductively Coupled Plasma Mass Spectrometer 
(ICP-MS). Under anaerobic conditions, the supernatants were sampled 
and filtered using a 0.22 µm-sterile filter. Samples were diluted using 
nitric acid to redissolve any potential precipitates in the liquid. Cali
bration was carried out by using multi-element calibration solutions 
containing Al, Ti, Fe, S, and Si, and indium as internal standard.

3. Results and discussion

3.1. Visual changes

During the incubation period, visual colour changes occurred in all 
microcosms. Fig. 2 shows one representative microcosm from each 
triplicate and illustrates the colour changes in the bentonite and su
pernatant over three time periods: time zero (t = 0), two months (t =
2m), and one year (t = 1y). At 30 ◦C, all samples equally exhibited the 
most drastic colour change. From t = 0 to t = 2m, clear differences could 
be observed: the bentonite changed from a cream, sand-like colour to 
black, and the pore-water from clear to black (Fig. 2). This change was 
more pronounced after one year of incubation (t = 1y) as the pore-water 
appeared to slightly darken further. In comparison, the samples incu
bated at 60 ◦C, specifically 60B and 60BanC, showed few changes to 
their colour. The only evident change was the darkening of the pore- 
water in these samples. However, the ones inoculated with aerobic 
bacteria showed similar results to the 30 ◦C incubated microcosms. It is 
important to note that, although samples 30B and 60B did not have 
additional bacterial consortia, they are not necessarily abiotic as the 
native bacterial communities were not disturbed by any sterilisation 
process. Furthermore, studies have previously indicated the growth of 
bentonite-indigenous SRB microbial populations and consequently, bi
otic factors could also be responsible for the colour changes [27,30,44].

Fig. 2. Photos of microcosms of each treatment and their respective visual changes throughout the incubation time of; before incubation (t = 0), 2 months incubation 
(t = 2m), and 1 year incubation (t = 1y).
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Previous studies have attributed the darkening of bentonite to in
teractions between H2S produced by bacteria and the metals inside the 
bentonite, such as iron [46,47]. The reaction of H2S and Fe can produce 
FeS, which is of dark grey/black colour. FeS could also dissipate into the 
surrounding solution (pore-water), potentially forming black pre
cipitates [46,47].

The darkening of bentonite and pore-water was evident in all mi
crocosms incubated at 30 ◦C. However, at 60 ◦C, only the microcosms 
inoculated with the aerobic bacterial consortium (aC) showed compa
rable levels of darkening. The less-intense colour changes at 60 ◦C in the 
microcosms 60BanC and 60B could be explained by the optimum growth 
temperatures of the bacteria in both the anaerobic consortia and the 
bentonite-indigenous bacteria. The microbial population in these sam
ples contained genera with optimum growth temperatures at a 
maximum of 37 ◦C (except for Desulfotomaculum), meaning any rise in 
temperature above this may generally decrease bacterial productivity. 
This is consistent with previous studies that reported inhibition of SRB at 
60 ◦C in bentonite systems [43,46]. While the observed colour change 
could be attributed to bacterial activity [48,49], some abiotic reasons 
may also play a role. These include mineral precipitation from the 
bentonite into the pore-water, such as the formation of magnetite 
(Fe3O4), or the oxidation of Fe2+ to Fe3+, leading to the development of 
dark oxides/hydroxides [50]. In the case of 60BaC, the blackening does 
not necessarily reflect sustained SRB activity but may result from tran
sient sulphide production early in incubation, which even at trace levels 
can react with Fe2+ to form FeS [51]. Facultative thermotolerant genera 
such as Pseudomonas, which has been found to dominate bentonite mi
crobial community at 60 ◦C of incubation [43], may also contribute to 
the reduction of Fe(III) [52], and increasing Fe2+ availability for FeS 
precipitation. Furthermore, genera such as Clostridium have been iden
tified in this bentonite and has the propensity to reduce sulphates to 
sulphur, despite the high temperature [27,53,54]. Additional non-SRB 
sulphur cycling pathways, such as thiosulphate or elemental sulphur 
reduction, may further generate reduced sulphur species under these 
conditions [55,56]. No colour change was observed in the microcosms 
60B (Blank) (natural bentonite, no added consortia, no added electron 
donors), whilst 30B (Blank) did show darkening of the bentonite (see 
supplementary information S3). This further supports the suggestion 
that temperature is a variable affecting the colour change, potentially by 
limiting the bentonite-indigenous bacteria growth and hence the biotic 
generation of FeS compounds.

3.2. XPS

After two months (t = 2m) and one year (t = 1y) of incubation, discs 
were collected from the microcosms. These were then analysed using 
XPS to investigate the effect of each treatment on the surface chemistry 
of the discs. Wide scans showed the presence of Mg, Na, O, Ti, Ca, C, Cl, 
S, P, Si and Al, with Mg, Cl, S, P and Al not being found prior to incu
bation on the clean titanium discs (t = 0). Chlorine and sulphur were 
present in the artificial pore-water, and aluminium is commonly found 
in bentonite. The wide XPS spectra of all titanium discs are shown in 
Supplementary Information S4.

High-resolution titanium (Ti 2p) region scans, between 474 and 449 
eV, were acquired to understand the variation of titanium oxidation 
states (Supplementary Information S5, Figs. 3 and 4). The Ti 2p spectra 
were deconvoluted and fitted in order to evaluate and quantify the 
distribution of oxidation states on the surface of the discs (see Supple
mentary Information S5). The resulting fitting values were as follows: 
the intensity ratio of Ti 2p3/2 and Ti 2p1/2 was 2:1, and the FWHM at 
1.04 for Ti(IV) 2p3/2, Ti(III) at 1.4, 1.6 for Ti(II), and 0.69 for Ti(0) 2p3/2, 
all of which correspond to literature [57–59]. In all samples, Ti(0), 2p3/2 
peak was observed around 453.9 eV. To deconvolute the corresponding 
Ti 2p1/2 peak, a spin–orbit splitting of 6.1 eV between the 2p3/2 and 2p1/ 

2 peaks was used, as found in the literature [57,58,60]. The peak 
observed around 455.5 eV has been previously assigned to Ti (II) oxide 

2p3/2, with a splitting of 5.6 eV for its corresponding 2p1/2 signal 
[57,58,61]. Ti(III), 2p3/2, oxide was observed at 457.3 eV, with a 
splitting of 5.2 eV [61]. Finally, Ti(IV) oxide (TiO2), 2p3/2, was found at 
around 458.7 eV, with a splitting of 5.7 eV [57,58,60,61].

The resulting deconvoluted spectra for samples incubated at 30 ◦C 
(Fig. 3) and 60 ◦C (Fig. 6) allowed for the quantification of oxidation 
states on the scanned surface of the titanium discs by atomic percentage 
(At%), and were compared to the clean titanium disc at t = 0 (Blank, 
Supplementary Information S5). Higher amounts of Ti(0) were observed 
on all treated samples at 30 and 60 ◦C when compared to the blank, 
indicating the thinning or disruption of the TiOx protective layer and 
potentially exposing the unprotected metal layer to localised corrosion. 
However, it should be noted that although there was an observed 
reduction in the TiO2 contribution on all samples post-treatment, the At 
% was never below 70 %, indicating that the surface of the discs was still 
predominantly made of TiO2.

When comparing the discs surfaces incubated at 30 ◦C between 2 
months and 1 year incubation (Fig. 5), an increase in the At% of Ti metal 
signal was seen on the surface of sample BaC, potentially demonstrating 
the thinning of the TiO2 layer. This is further supported by the fact that 
the sample also showed an ~11 % decrease in At% of TiO2 on the surface 
over this time period. Conversely, sample 30B, from 2 months to 1 year 
demonstrated an overall decrease in At% of Ti metal whilst showing 
little change in the At% of TiO2 — suggesting minimal disruption of the 
protective passive layer. Similarly, sample 30BanC showed no signs of 
oxide layer deterioration between 2 months and 1 year of incubation. 
However, it exhibited a notably high atomic percentage (At%) of Ti 
metal after 2 months — the highest At% observed amongst samples 
incubated at 30 ◦C.

Sample 60B showed an increase in Ti metal At%, whilst exhibiting a 
~10 % decrease in TiO2, potentially indicating the thinning of the oxide 
layer (Fig. 4). On the other hand, sample 60BaC showed a small decrease 
in the At% of both Ti metal and TiO2 on the surface. Adding this to the 
increase in the At% of Ti2O3 observed, this suggested a decrease in 
proportion of TiO2 in the protective oxide layer, potentially reducing its 
stability. Sample 60BanC did not exhibit much difference in the At% of 
TiO2 or Ti metal but did show a decrease in the At% of TiO, falling below 
the limit of detection. All samples incubated at 60 ◦C showed Ti metal At 
% equal to or greater than those of their counterparts incubated at 30 ◦C, 
suggesting that temperature plays a role in influencing the stability, 
thickness, and coverage of the passive layer. Further comparison shows 
that the samples incubated at 60 ◦C with added anaerobic consortia, 
presented the highest values of At% across all incubation times. This, 
alongside the increase in Ti(0) signal for sample 30 BanC, could suggest 
that the added anaerobic consortia can potentially contribute to the 
slight thinning or disruption of the protective oxide layer. However, the 
observed changes in Ti metal and oxide signals are attributed to varia
tions in oxide thickness, rather than to sulphide formation, as supported 
by the S 2p spectra (supplementary information S6).

Titanium’s passive oxide layer typically consists of TiO, Ti2O3, and 
TiO2, with TiO2 being the most stable and protective against corrosion, 
while the less stable TiO and Ti2O3 are formed under oxygen-deficient 
conditions and offer limited passivity [62,63]. The predominance of 
TiO2 in the passive oxide layer is critical for titanium’s corrosion resis
tance, particularly in environments containing SRB at elevated tem
peratures [63]. TiO2 is the most thermodynamically stable oxide, with a 
Gibbs free energy of formation (ΔGf◦) of − 889 kJ/mol, compared to TiO 
(− 516 kJ/mol) and Ti2O3 (− 765 kJ/mol), providing superior chemical 
stability and resistance to dissolution [25,64,65]. The presence of Ti(0) 
indicates thinning or disruption of the oxide, exposing the substrate to 
localised corrosion, governed by: 

Ti+2H2O→TiO2 +4H+ +4e− (1) 

TiO2 also exhibits low electronic conductivity (~10− 12 Ω cm− 1) 
minimising electrochemical reactions. Its self-healing nature ensures 
rapid regeneration of the protective film, while its crystalline forms, 
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Fig. 3. XPS high-resolution scans for Ti 2p (475–447 eV) for each sample at two months (t = 2m) and 1 year (t = 1y) incubation at 30 ◦C. Deconvoluted to show 
different oxidation states.
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Fig. 4. XPS high-resolution scans in the Ti 2p (475–447 eV) region for each treatment at two months (t = 2m) and 1 year (t = 1y) incubation at 60 ◦C. Deconvoluted 
to demonstrate variation of oxidation states.
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such as rutile, typically formed at 60 ◦C, enhance resistance to microbial 
sulphide attack and hydrogen embrittlement [66]. A higher proportion 
of TiO2 on the surface suggests sufficient integrity of the passive layer, 
which is essential for maintaining titanium long-term corrosion resis
tance in SRB-influenced and anoxic environments [66,67].

Knowing this, high-resolution XPS spectra of S (Fig. 7) were acquired 
to check/monitor potential microbial sulphur caused damage on the 
titanium discs. The S 2p region (175–145 eV) was scanned to determine 
the speciation of sulphur and to distinguish between the added sulphates 
(SO4

2− ) and the formation of sulphides (S2− ). The presence of metal 
sulphides can be an indicator of MIC, due to the production of HS− by 
SRB, followed by its reaction with H+ (Eqs. (2) and (3)). 

SO2−
4 +9H+ +8e− →HS− +4H2O (2) 

HS− +H+⇌H2S (3) 

When TiO2 dominates on the surface of titanium metal, it is generally 
resistant to sulphide-induced corrosion. However, in sulphide rich en
vironments, this passive layer can be disrupted by H2S to form TiS2 (Eq. 
(4)), reducing the corrosion resistance of the material and potentially 
allowing S2− to react with the titanium metal, producing far less pro
tective TiS on the surface and degrading the material (Eq. (5)). 

TiO2 +2H2S→TiS2 +2H2O (4) 

Ti+H2S→TiS+H2 (5) 

Fig. 5 shows an example spectrum of the S 2p region on the surface of 
sample 30B. A peak identified around 168 eV, commonly attributed to 
sulphates, showed S 2p3/2 and S 2p1/2 contributions at 169 and 168 eV 
respectively, after deconvolution [68,69]. To the right of this peak, 
another could be observed at around 155 eV, which can be assigned to Si 
2 s, specifically from SiO2, a common component in bentonite [70]. No 
sulphide peaks attributed to TiS/TiS2 were detected on the scanned 
areas of the discs (See supplementary information S6), suggesting no 
evidence of MIC on the titanium disc surfaces. This outcome may be 
attributed to the integrity of the protective TiO2 layer remaining intact 
or not being sufficiently thinned to compromise its protective function. 
This is a promising result, demonstrating the potential resilience of 

titanium under a ‘worst-case’ scenario simulated within the microcosms 
after the respective incubation times.

3.3. Micro-FTIR

Micro-FTIR was used to analyse the surface of the titanium discs, 
allowing for the identification of key functional groups associated with 
microbial activity, such as proteins, lipids, and polysaccharides. This 
non-destructive technique provides detailed insights into bacterial in
teractions with surfaces by detecting and mapping organic compounds, 
characteristic of microbial cells and extracellular polymeric substances 
(EPS). As shown in Fig. 6, the discs were scanned using an integrated 
microscope to enable the comparison between spectra and visual 
artifacts.

The dark diffuse areas seen from the microscopic images in Fig. 6
correlate to residual bentonite remaining adhered to the disc surface. 
However, when the sample is irradiated with IR light, a false-colour 
image is obtained, displaying the presence and position of IR- 
absorbing molecules much clearer than in the optical images. On the 
left of each false-colour image lies an absorbance scale bar, which in
dicates the approximate level of absorbance correlating to the colour 
presented in each area. Higher absorbance values at any specific 
wavenumber range are directly related to a higher abundance of the 
corresponding functional group.

The false-colour images in Fig. 6 demonstrate the absorption of IR- 
bands intrinsic of amide I and II groups (1640 and 1540 cm− 1). Amide 
group bands, associated with proteins, are inherently present in every 
FTIR spectrum of bacterial cells. The lack of these bands in the other 
scanned regions of the discs could indicate the absence of bacterial cells. 
Protein-related signals might also arise from molecules released during 
cell lysis or secreted extracellular polymeric substances (EPS).

Both 30B and 30BanC, in Fig. 8, showed evidence of amide I, II, and 
III on the surface after 2 months and 1 year of incubation. This obser
vation was consistent on all scanned discs. Amide I arises primarily due 
to the C=O stretching vibrations in the peptide bond and occurs at 
around 1640 cm− 1 [71,72]. The amide II band is caused by the combi
nation of C–N stretching and the in-plane N–H bending vibrations in the 
peptide bond, which normally appears around 1540 cm− 1 [71,72]. The 

Fig. 5. High-resolution XPS spectra of the S 2p region (175–145 eV) on the surface of 30B after 2 months (left) and 1 year (right) exposure.
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amide III band is mainly due to the C–N stretching, CH2 wagging, and 
N–H bending vibrations and are present at approximately 1440 cm− 1 

[72]. Lastly, all samples also showed a peak commonly attributed to 
Si–O–Si stretching at around 1100 cm− 1

, a common component of 
bentonite [73].

The detection of amide I, II, and III bands on the scanned discs 
provides strong evidence for the presence of bacteria or their by- 
products, given their direct correlation to proteins. In the case of sam
ple 30B (without bacterial consortia added), this result is mainly due to 
the indigenous bacteria present in the bentonite before and after incu
bation. In contrast, for sample 30BanC (anaerobic bacterial consortium 
added), the presence of the introduced bacteria, in both after 2 months 

and 1 year of incubation under GDF relevant conditions, is confirmed. 
These signatures indicate that microbial material from the inoculated 
consortia remained detectable over the entire incubation period, 
consistent with their persistence in the bentonite matrix.

Although bacterial presence was detected on the scanned discs, XPS 
analysis revealed no evidence that these microorganisms altered the 
surface of the titanium disc after 2 months and 1 year of incubation. This 
may be explained by the possibility that the bacteria did not adhere 
directly to the metal surface but instead resided in/on the bentonite 
attached to the discs [22]. This is supported by the fact that spectra 
showing bands indicative of bacteria are always in conjunction with the 
presence of the Si-O-Si bands, related to the presence of bentonite clay. 

Fig. 6. Micro-FTIR analyses of samples incubated at 30 ◦C: 30B t = 2m (top left), 30BanC t = 2m (top right), 30B t = 1y (bottom left) and 30BanC t = 1y (bottom 
right). Figure depicts a microscope image of each of the discs surface with a chemical map showing the presence of amide I&II bands on the surface.
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Furthermore, when comparing the microscope images to the false- 
colour chemical absorption maps (Fig. 6), it becomes evident that re
gions exhibiting higher amide band absorption correlate with the dark 
bentonite deposits present on the disc surfaces. Alongside this, areas of 
the bare metal surface on the scanned discs did not demonstrate any 
evidence of proteins or any other IR absorbing compounds.

Samples of bentonite adhering to the discs were collected after 1 year 
of incubation and analysed using ATR-FTIR, mainly to investigate 
whether the bacterial signatures observed on the titanium disc surfaces 
originated from the adhered residual bentonite. The samples were dried 
at 40 ◦C for 72 h prior the analyses to mitigate the overlap of amide I 
band and water. This resulted in minimal change in intensity at 1640 
cm− 1, suggesting that the peak corresponds to amide I (Supplementary 
Information S7). The resulting spectra for all samples showed absorption 
bands at approximately 1640 cm− 1 and 1440 cm− 1, corresponding to the 

amide I and III regions respectively, alongside prominent Si-O-Si 
stretching bands at around 1100 cm− 1, characteristic of bentonite 
[71–73]. However, only samples from the microcosms incubated at 
60 ◦C demonstrated bands corresponding to amide II at 1540 cm− 1.

The detection of amide bands within the bentonite strongly suggests 
the presence of microbial cells and/or their extracellular products 
embedded within the matrix. These findings reinforce the observations 
made during the Micro-FTIR analyses of the titanium disc surfaces, where 
amide-related absorption was consistently co-located with bentonite 
deposits and was not seen directly on the exposed-titanium surface. This 
suggested that microbial colonisation in the microcosms was primarily 
confined to the bentonite, rather than involving direct adhesion to the 
titanium surface. As such, the lack of titanium surface alteration, detected 
by XPS after 2 months and 1 year of incubation, is likely a consequence of 
the bacteria not establishing direct contact with the metal substrate. 

Fig. 7. SEM-EDX results for all samples incubated for 1-year. Includes images of the discs, SEM images of areas of interest and their corresponding EDX spectra.
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Taken together, the FTIR results show that microbial signals were 
consistently associated with bentonite deposits, reinforcing that titanium 
surfaces themselves remained free of detectable MIC.

3.4. SEM-EDX

As part of the multimethod approach undertaken to complete this 
work, scanning electron microscopy coupled with energy-dispersive X- 
ray spectroscopy (SEM–EDX) was used to further investigate the surface 
of the titanium discs after incubation. SEM provided high-resolution 
imaging to assess morphological features, while EDX enabled semi- 
quantitative elemental analysis of adhered residues or potential corro
sion products.

Bentonite deposits were found adhered to the surface of discs from all 
treatments. On samples incubated at 30 ◦C, visual and EDX-based evi
dence of bacterial presence was also observed. A cylindrical structure 
consistent with a bacterial cell morphology is observed in the SEM im
ages of sample 30 B after 1 year of incubation, shown in Fig. 7. The 

accompanying EDX spectra detected signals for carbon (C), predomi
nantly from sample coating, along with nitrogen (N), and oxygen (O), 
both potentially suggestive of biological origin (spectrum a). Adjacent to 
this cell-like structure was a rod-shaped deposit, with EDX analysis 
identifying elements (Al and Si) typical of feldspar, a mineral commonly 
present in bentonite (spectrum b). The co-localisation of a bacterial cell 
with bentonite is evidence of the presence of indigenous bacteria, which 
have shown to be prone to preserve their cellular integrity. This could be 
an indication that they may potentially be, or become, metabolically 
active, however, SEM–EDX alone cannot resolve whether these struc
tures reflect viable cells or preserved remnants of indigenous bentonite- 
associated microbes. These findings are consistent with reports high
lighting the role of bentonite-resident microbial communities in pro
ducing extracellular polymeric substances (EPS) and interacting with 
mineral substrates under stress conditions [74].

Similar observations were made for discs from microcosms incubated 
at 30 ◦C with an aerobic bacterial consortium added (30 BaC). Deposits 
resembling bentonite were present, and SEM–EDX showed structures 

Fig. 8. (a.) Concentration of Silicon (Si-28) detected in the pore-water from the experimental microcosms including time zero (t = 0), 2 months (t = 2m), and 1-year 
(t = 1y) anoxic incubation. (b.) Concentration of Sulphur (S-34) detected in the sample pore-water from the experimental microcosms including time zero (t = 0), 2 
months (t = 2m), and 1-year (t = 1y) anoxic incubation.
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suggestive of bacterial colonisation. Fig. 7 displays a region containing 
such a deposit, with EDX spectra from two distinct areas (spectra c and d). 
Both spectra revealed C, N, O, S, and P signals. The combination of these 
elements and the amorphous surface morphology is characteristic of EPS 
and other bacterial extracellular products [74]. These features could 
imply the presence of viable or metabolically active bacteria and support 
the interpretation of bacterial involvement in EPS formation [75].

Samples treated with the anaerobic consortium (30 BanC) showed 
comparable results. Fig. 7 displays SEM images of adhered bentonite at 
two magnifications, with two associated EDX scans. Spectrum e showed 
prominent C, N, and O signals alongside typical bentonite elements, 
again suggesting microbial EPS or biomass. Signals corresponding to 
iron (Fe) and sulphur (S) were observed in spectrum f. The close spatial 
proximity between the Fe and S compounds and C/N/O-rich material 
could support the hypothesis that microbial sulphate-reducing activity 
altered bentonite iron oxides, producing iron sulphide as a byproduct. 
The presence of SRB in this consortium, which generate hydrogen sul
phide (HS− ), further supports this analysis.

In contrast, titanium discs incubated at 60 ◦C exhibited markedly 
reduced evidence of bacterial activity. Sample 60 B displayed bentonite 
residues and EDX signals for Fe and S (Fig. 7, spectrum g). However, no 
microbial morphologies or EPS-like deposits were apparent. Similarly, 
in sample 60 BaC (Fig. 7, spectra h and i), Fe and S were detected, but no 
substantial indication of microbial presence were observed. These 
findings may imply that elevated temperatures reduced microbial 
viability or activity. It is also possible that iron sulphide formed through 
abiotic mechanisms, such as thermal transformation of iron-bearing 
bentonite components, rather than biological [76].

On the other hand, evidence of microbial activity was detected in a 
sample incubated at 60 ◦C (after 1 year) with added anaerobic bacteria 
(60 BanC). Fig. 7 shows a bentonite structure adhered to the surface, 
alongside EDX spectra indicating the presence of C, N, O, and S in 
conjunction with Al and Si—elements typical of bentonite (spectra j and 
k). The high counts of carbon, as well as the size and shape of the 
structure, could suggest that bacterial components or debris are present.

Aside from the presence of bentonite-related deposits, the titanium 
surfaces remained smooth and featureless, consistent with the preser
vation of the passive TiO2 layer. No visible pitting, roughening, or for
mation of titanium–sulphur compounds was observed. These results 
indicated that, although microbial activity may have occurred in some 
cases, there was no apparent effect on the titanium surface itself.

Overall, the SEM–EDX observations are consistent with data ob
tained from XPS and micro-FTIR analyses, confirming that titanium 
maintained a stable, protective oxide layer throughout the biotically 
stimulated one-year incubation period. While microbial structures and 
metabolic by-products were observed in co-localisation with bentonite, 
direct colonisation or degradation of the titanium surface was minimal. 
These findings reinforce the potential suitability of titanium as a 
corrosion-resistant material for the long-term containment of high-level 
radioactive waste under simulated GDF conditions, even in the presence 
of microbial activity. Collectively, these observations emphasise that 
microbial signals were consistently associated with bentonite deposits 
rather than the titanium surface, supporting the interpretation that any 
biotic processes occurred in the clay matrix without compromising ti
tanium’s integrity.

3.5. ICP-MS

Additional to the microscopic and spectroscopic techniques, ICP-MS 
was employed to further investigate the chemical evolution of the pore- 
water during incubation period, and quantify the concentrations of key 
elements, such as Ti, Al, Si, and S. Only silicon and sulphur exhibited 
clear trends over time. Dissolved silicon (see Fig. 8a) increased from 
below 10 µg/mL at time zero, to >50 µg/mL by one year in all treat
ments, consistent with gradual dissolution of the bentonite silicate 
minerals. In contrast, dissolved aluminium, and iron remained at trace 

levels (<0.1 and <0.8 µg/mL, respectively, see supplementary infor
mation S8).

As previously mentioned, the most severe case of blackening of the 
pore-water occurred in the 30 ◦C microcosms, which coincided with the 
largest drop in aqueous sulphur (Fig. 8b). In the 30 ◦C treatments with 
either the native bentonite microbiota (30 B) or the added anaerobic 
consortium (30 BanC), sulphur (added initially as sulphate) concentra
tions decreased over the 1-year incubation period by 497 and 1176 µg/ 
mL, respectively. In contrast, sample 30 BaC did not see a substantial 
change in sulphur concentrations. For samples incubated at 60 ◦C, only 
the microcosms that contained addition bacterial consortia (60 BaC and 
60 BanC) exhibited a decrease in sulphur concentration, with values of 
930 and 148 µg/mL, respectively. The decrease in concentration for both 
60 and 30 ◦C samples could all be attributed to microbial activity as SRB 
in bentonite systems are known to consume sulphate under anoxic 
conditions [10]. The hydrogen sulphide produced could react with Fe2+

ions to precipitate iron–sulphide phases (such as FeS or Fe3S4) that are 
dark in colour [77]. In line with this mechanism, the 30 ◦C microcosms 
showed intense darkening as sulphur was depleted, whereas the 60 ◦C 
experiments showed only mild colour changes, except for the sample 60 
BaC, with additional aerobic consortia. These observations are consis
tent with previous studies where H2S-induced FeS formation leads to 
visible blackening of bentonite materials [33,42,77]. Notably, iron 
concentrations in solution remained at sub-ppm levels throughout, 
confirming that it is the formation of insoluble sulphides, not dissolved 
iron, that accounts for the darkening. This provides a geochemical 
explanation for the visual blackening trends observed in the microcosms 
and links the pore-water chemistry directly to the colour changes 
described in Section 3.1.

Dissolved titanium remained below detection limits in almost all 
samples. No anomalous titanium release was detected in the SRB-active 
(30 ◦C) microcosms, despite potential sulphide generation. Although 
sulphide species can, under extreme conditions, compromise titanium’s 
passive oxide layer and initiate corrosion [25]. However, in this study no 
such effects were observed. The lack of detectable Ti release, even in the 
most sulphide-rich microcosms, underscores the robustness of the pas
sive TiO2 layer under biotically influenced conditions. The titanium 
discs maintained their surface integrity, consistent with the high sta
bility of TiO2 under anoxic conditions. Overall, the ICP-MS results 
support the interpretation that while microbial sulphate reduction and 
FeS precipitation could have occurred, the titanium discs themselves 
remained resistant to both biotic and abiotic corrosion under the 
simulated GDF conditions.

4. Conclusion

As titanium being considered one of the candidate canister materials 
for the long-term storage of nuclear waste in future Geological Disposal 
Facilities (GDFs), a detailed investigation into the corrosion behaviour 
of this material was conducted. This study assessed the resistance of 
titanium to MIC under biotically stimulated, sulphur-rich, anaerobic 
conditions, representing a worst-case biogeochemical scenario relevant 
to geological disposal.

XPS analysis of the titanium discs exposed to anoxic conditions for up 
to 1 year at 30 ◦C and 60 ◦C in pore-water saturated bentonite, with and 
without added bacterial consortia, consistently demonstrated minimal 
thinning of TiO2 passive layer on the sample surfaces. Coupling this with 
SEM-EDX, surface analyses showed no significant degradation, pitting, or 
sulphide-induced corrosion on the titanium. Furthermore, micro-FTIR 
revealed evidence of amide I, II, and III bands on the surface of the 
discs, indicating that microbial presence was always co-located with 
bentonite. Microbial colonisation was suggested to be only confined to 
the nearby bentonite residues adhered to the titanium surfaces, with no 
direct biofilm formation or corrosion features observed on the actual 
metal surfaces. This cross-validation between XPS, SEM–EDX, FTIR, and 
ICP-MS strengthens the interpretation that microbial processes remained 
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confined to bentonite and did not compromise titanium surfaces.
These findings demonstrate titanium’s exceptional stability against 

anaerobic biocorrosion, even in environments rich in microorganisms. 
The results support the suitability and structural viability of titanium as a 
candidate material for HLW canisters, particularly when used in combi
nation with bentonite buffers. In practical terms, this suggests that even 
under conditions deliberately designed to accelerate microbial activity 
and sulphide generation, titanium retains its protective oxide layer and 
resists microbiologically influenced corrosion. Furthermore, this study 
highlights the importance of explicitly considering microbial influences 
in repository safety assessments, even for corrosion-resistant materials.

Although highly encouraging, longer-term studies, investigation of 
titanium alloys, and evaluation under evolving bentonite geochemistry 
are warranted to confirm titanium performance over repository time
scales. Nevertheless, the data presented here provides strong evidence 
that titanium can maintain its protective properties under realistic and 
challenging repository-relevant conditions, contributing to the long- 
term safety of geological disposal concepts.

Future work should include detailed characterisation of the bacterial 
communities within the microcosms to better understand their metabolic 
activity, resilience, and any shifts over time. Analysing these commu
nities would provide valuable insights into microbial function and clarify 
whether the presence of titanium influences community composition or 
behaviour. This could reveal important interactions between candidate 
materials and bentonite-resident microbes under repository-relevant 
conditions. Further investigation of the microbial populations already 
present in these microcosms would enhance future understanding and 
provide a foundation for subsequent studies. Additionally, in-situ, long- 
term testing of candidate materials under biotically stimulated, GDF- 
relevant environments is recommended to validate laboratory findings 
and evaluate material performance over repository timescales. Together, 
these approaches would support a more comprehensive understanding of 
microbe–material interactions and contribute to the robust safety 
assessment of geological disposal systems.
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