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Abstract: The instability of iron artefacts is rooted in salt contamination during burial and damages
associated with exposure to alternative oxygen levels and high relative humidity once excavated.
While a combination of chemical and mechanical treatments is utilised to remove the harmful ions
(chlorides, sulphur species) and excess bulky corrosion products, these methods can be hazardous
for conservation staff’s health, have limited success, or require extensive treatment times. Bio-based
treatments provide a potentially greener alternative for removing damaging corrosion and creating
biogenic mineral passivation layers, thus remediating concerns over costs, duration, and health and
safety. Pseudomonas putida mt-2 (KT2440) is capable of utilising iron under certain conditions and for
phosphating mild steel; however, applications have not been made in the cultural heritage sector. To
address the potential of using bacteria for conservation purposes, Pseudomonas was assessed for both
the bioremediation of salt contaminates and the production of a passivation layer suitable for iron
artefacts, with specific conservation concerns in mind. Key factors for optimisation include the role
of agitation, chloride content, and oxygen content on bacterial growth and biomineralisation. The
initial results indicate a growth preference, not reliance, for NaCl and agitation with partial success
of bioconversion of a mineral source.

Keywords: iron; microorganisms; biogenic minerals; iron reduction; cultural heritage; green conser-
vation

1. Introduction

The premise for bio-based treatment of corroded or contaminated metal is founded
in the utilisation of microorganisms or microbial-produced compounds (i.e., enzymes,
siderophores) to consume, convert, or stabilise metallic surfaces without the need for harsh
chemicals. Iron artefacts are exceedingly common in both archaeological and historical col-
lections. Over the past century, several different treatments have been developed, each with
advantages and limitations. The primary issue with iron artefacts is their instability due to
voluminous corrosion products and salt contamination.

The global trend for ethical environmental practices has led conservation science to
address the environmental and health risks associated with prominent object treatments,
while conservation professionals continuously search for treatment plans that are also
cost-effective, adaptable, and timely [1]. After consultation with various conservation
laboratories in Switzerland, a few key goals were confirmed: ‘to treat active corrosion
and create passivation layer’, ‘to have a field protocol to prevent post-excavation rapid
corrosion’ and ‘to soften extreme concretions for removal’ [2].

The primary issue with iron artefacts is their instability due to voluminous corrosion
products and salt contamination during burial. Anions, such as chlorides present in the
object’s burial environment or atmosphere (marine sites), create an electrolytic solution
that reacts with iron when in the presence of moisture and oxygen. The chloride content in
archaeological finds is linked to akaganeite (β-FeOOH), as well as other products such as
hydrochloric acid (HCl) and ferrous hydroxychloride (β-Fe2(OH)3Cl) [3–5]. Recent studies
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suggest FeO0.833(OH)1.167Cl0.167 as a more representative chemical formula for its crystal
structure [6]. Chloride concentration in β-FeOOH and archaeological ironworks can range
from 1.3 to 17.0% (w/w) [7–9]. However, the literature suggests chloride readings below
200 ppm, or 0.02%, to be within a safe range [10–13].

The fluctuation of atmospheric parameters from burial to excavation exacerbates
this process and can lead to a fracturing of the object’s surface, bulky corrosion products,
weeping, and more [14]. Akaganeite has been cited for a long time as a primary indicator
of corrosion rather than the cause [15]. However, this epithet does not account for the
mineral’s voluminous nature nor the chloride content necessary for its formation. In
actuality, structural damage also occurs as shifts in moisture levels cause bulking and a
collapse of the corrosion layer—leading to spalling or cracking [16,17]. β-FeOOH forms
when chloride content is sufficient to maintain the mineral structure, with chloride ions
trapped within the mineral tunnel network. The presence of these free chloride ions
presents a risk of reinitiating the mechanisms of corrosion. ‘Weeping’ or ‘sweating’ active
corrosion appears as brown, yellow, or orange acidic droplets that form on objects at high
relative humidity (RH) in the presence of chlorinated salts [17]. During an oxygen-free
burial environment, microbial processes (SRB) often produce hydrogen sulphide (H2S),
which degrades archaeological iron artefacts and leads to the formation of iron sulphides.
These compounds, primarily mackinawite (FeS), greigite (Fe3S4), or pyrite (FeS2), react in
the presence of oxygen and moisture to form sulfuric acid and iron oxyhydroxides, such as
goethite [18,19].

Conservation approaches are either interventive or passive. Passive approaches func-
tion by limiting parameters that would perpetuate the degradation process, such as oxygen
or moisture levels (e.g., desiccation). In contrast, chemical treatments function by removing
the harmful ions (chlorides Cl−, sulphur S2− species); and mechanical methods remove
excess bulky corrosion products. Conservation professionals widely use interventive
and passive approaches, such as desalination and desiccation via silica gel, yet evidence
suggests desiccation is not sufficient for all deterioration types [20,21].

Additionally, chemical treatments range in success and can be harsh on the objects and
hazardous for the health of conservation staff [22]. Variations in sodium hydroxide baths
and electrochemical reduction treatments are among the most common treatments [23].
The former is the process of removal of chlorides through osmotic diffusion, while the latter
utilises an electric current to reduce corrosion products back into their metallic state [24,25].
One of the latest innovative chemical methods in iron conservation being explored is the
application of subcritical fluids [24]. The subcritical fluid methodology used by the Warren
Lasch Conservation Center immersed objects in a flowing alkaline solution at 100 ◦C and
30 bar pressure. The results of the initial campaign illustrated an effective method for
dechlorination. While each method achieves levels of success, issues can arise from the
practicality of the setup for large objects, duration of treatment, and the determination
of a treatment’s termination threshold [22]. Due to the presence of reactive compounds,
such as ferric chloride and ferrous sulphate, objects can undergo accelerated corrosion
upon dehydration.

The drying process risks the formation of cracks, a collapse of corrosion products
formed during burial, the production of voluminous corrosion products, and pitting via
acidification [26]. Ferric chloride can convert to brown solid akaganeite upon exposure
to the air. Ferrous sulphate causes corrosion above 60% RH [27]. A brief overview of
documented ‘safe’ parameters for archaeological ironworks suggests that being below 11%
or at a minimum below 20% is required depending on chloride content and the stability of
the corrosion products formed [28–30].

Biologically based treatments provide a potentially greener alternative to remove
damaging corrosion and create biogenic mineral passivation layers. There are a variety
of documented microorganisms with iron cycling and bioconversion capabilities [31].
Additionally, the utilisation of salts for the growth of many bacteria is well known [32].
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These two capabilities provide the basis for designing biologically driven iron treatments—
desalination, biocleaning, and biopassivation via biomineralisation.

The premise of the biomineral formation and biocleaning of iron revolves around
selected microorganisms’ natural iron cycling mechanisms. In the absence of oxygen,
some organisms use Fe3+ as a terminal electron acceptor for respiration and reduce insol-
uble Fe3+ oxides via extracellular electron transport [33]. This reduction process can be
achieved via cytochromes located in the external membrane of the cell, cellular appendages
(pili/nanowires) that form a bridge for electron transfer, the use of siderophores (Fe3+

chelators), or electron shuttles [34,35].
The concept of biomineralisation and iron reduction has long been researched by a

number of industry sectors for a multitude of applications, such as waste remediation,
biomining, biosynthesis, and sedimentary geological studies [36]. Desalination has primar-
ily been researched in the industrial and wastewater sector. A number of cyanobacteria
(photosynthetic and oxygen-producing bacteria) and Geobacter spp. have been utilised
for desalination in the wastewater sector as bioelectroactive bacteria, which cause the
separation of salts via ionic exchange [37–40]. At the same time, the conservation sector has
begun to explore microbial applications for biocleaning and bioconversion of iron [41,42].
Research conducted on Alternaria sp. indicated its potential application as a biocleaner due
to its siderophore production [43]. Recently, Aeromonas sp. and Shewanella spp. have been
assessed for the bioreduction of iron species and production of a passivation layer [43–48].
Aeromonas spp. successfully produced a partially biomineralised surface on exposed
coupons and archaeological nails. However, neither completely converted the reactive
surface, and there were risks that the unidentified Aeromonas spp. could be pathogenic.
Shewanella sp. illustrated an ability to produce partial vivianite and siderite layers on ar-
chaeological iron [46,49]. Shewanella loihica and Shewanella oneidensis demonstrated notable
potential for biocleaning via bioreduction [47,48,50]. Additionally, Pseudomonas putida was
studied for the production of a phosphated-iron protective coating and the production of a
biofilm on mild steel [51–54].

This biomineralisation concept is one that bio-based treatments have already begun
to explore for the preservation of cultural heritage. However, increased consideration is
needed to optimise their development for the specific conservation of iron artefacts. This
manuscript assessed the bioremediation of salt contaminates and a passivation layer by
specific bacteria (Figure 1). Prioritisation for testing was given to those bacteria required
close to neutral pH, near room temperature, no salt amendment, and aerotolerant growth.
Additionally, microorganisms were eliminated if potentially hazardous or presenting
unknown risks [55].
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Figure 1. Illustration of manuscript workflow with visual representation of sample replication following biological standard
for triplicates and controls, created using the BioRender.com illustration platform.

2. Materials and Methods
2.1. Bacterial Cultivation

For each experiment, the cultivation of Pseudomonas putida mt2 prior to inoculation
was performed aerobically using either a Nutrient Broth medium (NB; 1.5% (w/v) Peptone
(soytone), 0.5% (w/v) yeast extract, 1% (w/v) sodium chloride NaCl, 1 g/L DL ± Glucose)
or Luria–Bertani medium (LB; 1% (w/v) tryptone, 0.5% (w/v) yeast extract, and 1% (w/v)
sodium chloride NaCl) at 25–30 ◦C under agitation at 130 rpm. After aerobic cultivation
overnight, the bacterial biomass was collected via centrifugation (5000 rpm for 15 min
at 9 ◦C) and washed three times with either LBS or NBS matrix—variants without an
additional salt/sodium source (Table 1) to prevent carryover of spent medium or salt
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interference in the assessment. Centrifugation was performed with the same settings
between each washing step, and the supernatant was discarded each time. The final
pellet was resuspended in the same volume of LBS or NBS medium as the overnight
and inoculation cultures. Each inoculated bottle consisted of 1% (v/v) bacterial slurry to
a solution with a final volume of 50 mL. All experiments were conducted according to
biological standards of triplicates with two controls.

2.2. Iron Source

As the selected bacteria have been assessed for use primarily on mild steel, akaganeite
was selected for initial experimentation to determine if the response between the bacteria
and the high-risk corrosion product achieved similar results [14]. Akaganeite was synthe-
sised following the method outlined by Schwertmann and Cornell [56]. A ratio of 0.99 g of
akaganeite powder (approximately 10 mM Fe content) per L of culture was employed and
sterilised prior to treatment. Sterilisation was twofold: the addition of a few drops of 3:1
ethanol/acetone solution onto akaganeite powder and dried under ultraviolet (UV) light
in the laminar flow.

2.3. Salt Influence on Bacterial Growth

The elimination of salt in the growth matrix, particularly sodium chloride, was an
early goal for future application in actual praxis. The exclusion of additional NaCl pre-
vents possible introduction or exacerbation of chloride contamination and maintains the
desalination goal of archaeological and historical iron stabilisation. Several media were
prepared with different amounts and types of sodium sources to ascertain the influence
that sodium and anions have on bacterial growth and to assess the salt requirements for
optimal bacterial growth. Six variations were made on two primary media, Nutrient Broth
(NB) and Luria–Bertani Medium (LB) (Table 1). Sodium chloride was selected as the tradi-
tional sodium source employed in microbial cultures. Sodium sulphate was chosen as an
alternate sodium salt to determine the role chlorides have on microbial growth compared
to sodium. Sodium benzoate was selected based on inclusion in Volkand medium recipes
for phosphating iron protocols [57]. All solutions started with near-neutral pH. Turbidity
was measured using the SpectraMax i3x multi-mode plate reader (Thermo Fisher Scientific,
Waltham, MA, USA) for growth rate assessment based on light absorbance (optical density)
over a 48 h period.

2.4. Agitation Effect on Biomineralisation

Traditional broth-based growth is performed under agitation to ensure nutrient avail-
ability. However, no agitation is preferred for scalability purposes. Agitation would limit
any treatment protocol’s applicability and prevent the alteration of treatment from solution-
based to gels in the future. Gel application would provide continuous contact between
the object and the bacterial treatment without the need for large volumes of solution or
materials. Additionally, gels have an initial oxygen-limiting potential which could aid
the biomineral reduction process. Thus, screening was performed to determine the effect
agitation has on the bioconversion of iron phases.

Sets of LB and NB variations without salt addition, LBS and NBS, respectively,
were placed under agitation and a static environment with akaganeite powder as an iron
source. Inoculated bottles were placed at 28–30 ◦C in either an oven or an oscillating
incubator set to 130 rpm. Solution samples were taken weekly throughout the experiment
to monitor pH, chlorides, and iron content within the solution. The composition of iron
species present was assessed before and after treatment using X-ray diffraction (XRD) for
the phases’ analysis and scanning electron microscopy coupled with energy-dispersive
X-ray spectroscopy (SEM-EDS) for the elemental identification. Samples of the solid phases
for this assessment were collected after two weeks and at the end of the experiment after
12 weeks.
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Table 1. LB and NB broth variation.

NB Variations LB Variations

Label Soytone (g/L) Yeast (g/L) Glucose (g/L) Sodium Source (g/L) Label Soytone (g/L) Yeast (g/L) Glucose (g/L) Sodium Source (g/L)

NBa (NB) 15 5 1 10 NaCl – – LBa (LB) 10 5 – 10 NaCl – –

NBb (NBS) 15 5 1 – – – – LBa (LBS) 10 5 – – – – –

NBc 15 5 1 10 NaCl 0.865 Sodium
Benzoate LBc 10 5 – 10 NaCl 0.865 Sodium

Benzoate

NBd 15 5 1 – – 0.865 Sodium
Benzoate LBd 10 5 – – – 0.865 Sodium

Benzoate

NBe 15 5 1 10 Na2SO4 – – LBe 10 5 – 10 Na2SO4 – –

NBf 15 5 1 5 NaCl – – LBf 10 5 – 5 NaCl – –
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2.5. Application of Oxygen Scavengers on Biomineralisation

A large number of microorganisms that produce biominerals do so either as strict
anaerobes or under low oxygen-induced stress. Therefore, various oxygen scavengers were
selected to counteract the impracticality of maintaining a purely anoxic environment and
assess the impact on mineralisation.

Several oxygen scavengers were selected for assessment at three different concen-
trations based on literature recommendations and technical data sheets (Table 2): Vita-
min C (VIT), Sodium Thioglycolate (THIO), and an enzymatic solution named Oxyrase®

(OXR). Inoculated bottles containing NBS medium amended with the three different oxy-
gen scavengers and akaganeite powder were placed at 28–30 ◦C in an oven without
further agitation.

Table 2. Oxygen scavenger variations.

Solution
Concentration

1 2 3

Vitamin C (Vit) mg/L 100 250 500

Sodium Thioglycolate (Thio) mg/L 250 500 1000

Oxyrase for Broth (OXR) mL/L 0.625 1.250 1.875

No Addition (Norm) –

Two control sets without an oxygen scavenger (NORM) were used [58–61]. Vitamin C,
also known as ascorbic acid, was selected as a cost-effective oxygen scavenger; however,
it also can be utilised as a mild chelator and buffer under different conditions [62]. Sodium
thioglycolate was selected for comparison. It is a common reducing agent and oxygen
inhibitor in low oxygen biological experimentation; however, concerns about scalability
exist due to the chemical’s acute toxicity risk [63].

Samples of solid phases for this assessment were only collected at the end of the
12-week experiment to ensure that a decrease in the amount of solid phases present was
not due to the disturbance of taking samples throughout the experiment and would not
become a confounding variable.

2.6. Characterisation and Assessment

Photographs were taken at the start and end of each assessment period to monitor the
growth of bacteria and any changes in the visual appearance of culture medium and solid
phases.

2.6.1. SpectraMax i3x Multi-Mode

Absorbance was measured at 600 nm using a SpectraMax i3x multi-mode microplate
reader in kinetic mode over 48 h. Measurements were taken every hour; the linear shaker
function on low was used for agitation for 15 min each hour.

2.6.2. Vis Spectrophotometer (VSP)

Solutions were measured before and after treatment for dissolved iron (LCK320/321)
and chlorides (LCK311) using a HACH DR3900 Laboratory VIS spectrophotometer (HACH,
Loveland, CO, USA).

2.6.3. pH Test

pH paper (Fisher Scientific) was used to provide an indication of the pH by sampling
small volumes of culture medium (100–250 µL). The volume sampled was selected to
maintain the overall volume of initially inoculated solutions.
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2.6.4. Drying and Preparation Protocol

Upon completing the experiment, the incubated solutions were centrifuged at 5000 rpm
for 30 min at 9 ◦C. The supernatant was collected for ICP-OES testing, while the solid
pellets were sterilised and dried using stepwise 25%, 50%, 75%, and 90% (v/v) ethanol
solution in water and then, pure ethanol and acetone [48]. Samples were then slightly
ground using a mortar and pestle before their SEM-EDS and XRD analysis.

2.6.5. Inductive Coupled Plasma-Optical Emission Spectroscopy (ICP-OES)

The supernatants were sterilised using a 0.22 µm PVDF Syringe Filter before be-
ing analysed for iron and sulphur content using a Optima 2100 ICP-OES (Perkin-Elmer,
Waltham, MA, USA).

2.6.6. Scanning Electron Microscopy Coupled with Energy Dispersive X-Ray Spectroscopy
(SEM-EDS)

Dried samples were mounted on stubs using carbon conductive tape. Before analysis,
the stubs were stored in desiccators with silica gel to avoid humidification. A Thermo
Fisher Scientific FIB (focused ion beam) Scios 2 DualBeam scanning electron microscope
(Thermo Fisher Scientific, Waltham, MA, USA) with an energy-dispersive X-ray analyser
was used. The samples were observed using an EDS detector, an acceleration potential of
2–15 kV, and a 7–10 mm working distance.

2.6.7. X-ray Diffraction (XRD)

Dried samples were measured on a zero-background sample holder using a Malvern
Panalytical X’Pert Pro MPD (Multi-purpose diffractometer) powder diffractometer (Almelo,
The Netherlands) equipped with the Cu K anode (=1.5405 Å) and Goebel mirror in the
primary optics. The diffractograms were collected under reflection mode at a range of
5–100◦ in 2θ with a time per step of 2 s, and step size of 0.05. For obtaining useful statistical
data, an accumulative mode of 40 scans was used. X’pert HighScore Plus software (version
2.2e/2.2.5), with a multiple reference database (CSD and ICSD database), was used to
identify crystalline phases.

3. Results and Discussion
3.1. Salt Parameters

Pseudomonas putida mt2 is known to grow with small amounts of sodium chloride in
solution. Variations in LB and NB solutions were tested to determine the necessity of salt
in the growth of the bacteria prior to bioconversion assessments (Table 1).

Absorbance results illustrated that Pseudomonas was capable of growing with and
without the presence of salt in various forms without notable variations in group rates.
SpectraMax measurements, shown in Figure 2, indicate an increased rate of growth and
plateau in O.D. of NB variations over LB variations. Average NB variations reached an
absorbance of 1.19 ± 0.21 O.D. at 22.17 ± 10.44 h, while LB variations average an ab-
sorbance factor of 0.92 ± 0.09 O.D. at 32.17± 8.16 h. NB variations had an increased growth
rate, reaching a plateau with higher O.D. in a shorter timeframe. In terms of maximum
absorbance within each set, average standard deviations of 0.017 overall, 0.024 between LB
sets and 0.010 for NB variations were observed.

Additionally, the average standard error overall is 0.010. Each variation has minimal
effect on the overall growth of the bacteria. A slight preference was seen in chloride- and
sulphate-based salts in NB variations and no salt and sodium benzoate in LB variations.

Moreover, the medium’s base iron and chloride levels were determined with Vis
Spectrophotometry measurements (VSP). Chlorides were monitored to assess the level of
chlorides introduced to an artefact during treatment and to determine any potential effect
on the bacteria’s growth rate. Iron levels were observed to ascertain the degree of disso-
lution of the akaganeite during abiotic and biotic treatments. LB broths contain tryptone
(10 g/L), and NB broths contain peptone (15 g/L) and soytone for our experiments. As
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such, tryptone-based media were found to contain more chlorides than soytone variations
as chlorides readings were within the range of one another despite the increased quantity
of soytone compared to LB tryptone (Table 3).
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Table 3. Base values of iron and chloride content between traditional and the no salt variations of LB
and NB and LBS and NBS, respectively, using Colour Vis Spectrophotometry (VSP) and Inductive
Coupled Plasma-Optical Emission Spectroscopy (ICP).

Solution
Iron Content (mg/L) Chloride Content (mg/L)

VSP ICP VSP

LBa (LB) 1.01 ± 0.24 1.02 6403.33 ± 125.03

LBb (LBS) 1.31 ± 0.34 2.06 153.67 ± 1.15

NBa (NB) 1.48 ± 0.02 1.03 6176.67 ± 51.32

NBb (NBS) 2.85 ± 0.13 – 52.30 ± 10.4

Testing verified the potential for growth without additional salt, and colour spec-
trophotometry verified that chloride content in NB variations with soytone is initially
lower than LB variations with tryptone. In conservation, the aim is stabilisation through
the removal of chlorides or other harmful anions. As growth was not inhibited with the
exclusion of salt from the standard solutions, chloride limitation in the initial solution was
prioritised in further experimentation.

NBS (NB variation without salt) grew at an increased absorbance of the salt-free varia-
tions, despite having a lower initial chloride content. This result indicates the potentially
more considerable positive impact of glucose over chloride content on the growth rate.
Secondarily, ICP testing illustrated that LBS (LB variation without salt) had a higher initial
iron level than LB before adding akaganeite powder (2.06 and 1.02 mg/L, respectively).
NB had an initial iron level of 1.03 mg/L in the stock solution. Colour spectrophotom-
etry base iron levels in LBS and LB before akaganeite addition measured 1.31 ± 0.34
and 1.01 ± 0.24 mg/L, respectively, as indicated in Table 3. This variation between ICP
and VSP readings in stock LBS solution is partially mitigated by the variation within the
composition of medium components, such as yeast which is not standardised, and the
standard deviation of the VSP samples. As ICP is an elemental analysis, it is considered
more accurate in this instance, and future assessment needs to be performed to determine
potential interference in VSP chemical reaction.

3.2. Agitation Versus Static

Initial SEM-EDS and XRD results indicate that partial conversion has occurred in
both agitated and non-agitation samples of both media. Additionally, according to SEM-
EDS observations, chloride levels within the mineral appear to have diminished in all
samples. Chlorine measurements indicated an initial range of 19.3–24.0% and a final range
of 1.9–5.5%. The percentage of phosphorous increased from non-quantifiable trace amounts
to approximately 30% in some samples. Agitated samples reached approximately 18–30%
phosphorous, while non-agitated samples increased only between 5 and 10%.

Additionally, trace calcium, potassium, magnesium, manganese, sulphur, aluminium,
and silicon were found without notable pattern between LBS and NBS samples both under
and without agitation. This suggests the initial conversion of the akaganeite mineral and,
consequently, the potential decrease in chloride content in the mineral, further supported
by XRD analyses (Figure 3). Mineral digestion is necessary to determine accurate chloride
content; SEM-EDS merely indicates elemental content.
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Figure 3. XRD diffractograms of NBS cultures media measured under agitation (purple, top), stationary (teal, middle),
and abiotic control (navy, bottom) and compared to the akaganeite reflections from the ISCD database indicated in red.
Akaganeite is indicated with [*], vivianite is indicated with [♦], and Iron Sulphide is indicated with [•].

The XRD diffractogram patterns denote incomplete and irregular mineral transfor-
mation between samples from initial akaganeite towards other iron compounds. Under
agitation, the akaganeite in the NBS medium was significantly transformed into vivianite
and iron sulphide. In comparison, the non-agitated medium showed less pronounced
iron sulphide and akaganeite contents. The presence of iron sulphides is consistent with
expectations due to the composition of the nutrient media utilised and purported to result
from microbial intervention. Similarly, ICP results indicated a higher quantity of sulphur
in abiotic controls with respect to bacterial sets (data not shown). The LBS agitated samples
showed the presence of maghemite and magnetite, where the LBS non-agitated samples
contained traces of iron phosphate and oxide hydroxide (data not shown). Reference codes
for these patterns can be found in Supplementary Table S1. Agitated samples appeared
more efficient in the conversion process; however, agitation may not be feasible for all
future applications in real praxis. Additionally, the success of agitation on powder samples
does not provide a complete comparison with actual artefacts, given the increased surface
area and distribution of mineral into solution under agitation. Agitation and stationary pro-
tocols require further exploration, but prioritisation is being given to stationary applications
for versatility purposes.

The increase in chloride content in solutions via VSP further suggested the dissolution
of the chloride-containing mineral structure into solution. The mineral structure remained
primarily akaganeite; however, the decrease in chloride content in mineral phases illus-
trated desalination treatment potential. ICP results after treatment indicated iron levels
increased to 68.55 mg/L in bacterial cultures and of 103.56 mg/L in abiotic controls in LBS
non-agitated samples, whereas NBS non-agitated samples averaged 57.87 mg/L of iron
with increased variability and 8.66 mg/L in abiotic controls. The large increase in iron in
the solution for both inoculated NBS and LBS media at the end of the experiment illustrated
the dissolution potential of akaganeite. Both LBS and NBS illustrated disassociation of
the akaganeite and thus, are potentials for biocleaning. LBS non-agitated abiotic controls



Corros. Mater. Degrad. 2021, 2 285

suggested a significantly higher dissolution potential of the mineral compared to NBS
non-agitated abiotic samples. However, the higher volumes of solubilised iron in abiotic
LBS solutions over inoculated samples indicate an iron precipitation effect of bacterial solu-
tions, supported by XRD and SEM results. Iron content in the non-agitated NBS solutions
illustrates bacterial-induced mineral dissociation, suggesting greater potential biocleaning
applications. This dissociation was presumed to be partially the result of siderophores
production by the bacteria and was confirmed with a CAS (Chrome azurol S) Assay Agar
plate (Figure 4).
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Figure 4. CAS Agar Plate with Pseudomonas putida mt2 illustrating the production of Siderophores
(orange colouration of siderophores complexes).

3.3. Oxygen Scavengers

Initial results indicated shifts in visible colour between the abiotic control akaganeite
and biotic precipitates. The colour shift is an indication of mineral transformation. The
initial colour change occurred quicker than in samples without oxygen scavengers, sug-
gesting the successful impact oxygen scavengers have on the biomineralisation process
and perhaps the potential shortening of treatment duration in the future (Figure 5). Similar
to previous experimentation, XRD confirmed the presence of akaganeite at the end of the
experiment, while SEM-EDS denoted an illustrated drop in chlorine content from 19–24%
to 1–3%. Additionally, SEM-EDS indicated increased potassium levels from nearly 0% in
the akaganeite standard to approximately 9%; however, due to the percent error, these
results cannot be fully substantiated with this method. For instance, 0.42% of K with
an 8.30% error were identified in the akaganeite standard. Fluctuating sulphur levels,
phosphorous, and trace amounts of calcium, silicon, and sodium were identified. Some
EDS spectra indicated potential trace amounts of magnesium, manganese, and other metals
(i.e., titanium, copper, zinc) of values outside the range of error to verify. The unusual
elemental composition in selected areas is partially the result of residual organic materials
that survived the sterilisation and washing protocol performed before SEM-EDS analyses.
Chlorine measurements decreased in SEM-EDS from initial akaganeite readings of 19–24%
to 1–3%, while spectrophotometry of solutions shows increased chloride levels (Figure 6).
Every inoculated solution illustrated an increase in chloride content compared to their
respective stock solutions, with the exception of sodium thioglycolate (1000 mg/L; THIO3).
Chlorides measurements after treatment measured consistently with a mean value of
246.5 mg/L. These results further support the success of the treatment to extract chlorides.
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Figure 6. Illustration of chloride content with standard error bars for oxygen scavenger initial (Stock)
solutions, and after treatment for inoculated and control samples of Oxyrase® (OXR), Sodium Thiogly-
colate (THIO), Vitamin C (VIT), and no scavenger added (NORM) at their respective concentrations
outlined in Table 2.

The extraction of chlorides coupled with the increased iron indicated the dissolution of
the akaganeite into solution. NBS solutions’ base iron levels are approximately 2.69 mg/L,
according to VSP. Additionally, iron levels for sodium thioglycolate solutions initially
contained 1.38 ± 0.03 mg/L of iron, and Oxyrase solutions began at 4.08 ± 0.77 of iron.
Abiotic and biotic samples experienced an increase in iron in the solution throughout the
experiment. In LBS and NBS solutions, samples without an oxygen scavenger (NORM2)
demonstrated an increase in iron of approximately 2.07 times the original values in both
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biotic and abiotic solutions. In contrast, sodium thioglycolate (1000 mg/L; THIO3) showed
an approximate increase in iron of up to 53.04 times the original value. The increase in iron
dissolution in solutions utilising oxygen scavengers poses both the potential for biocleaning
and the increased risk of damage to cultural heritage artefacts. This concern was mitigated
by the understanding that many iron artefacts undergo mechanical removal, and thus the
iron loss, by comparison, would be negligible. Additionally, the shift between week one
and the final solution, as seen in the figure, denoted a drop in iron concentration by the end
of the experiment (Figure 7). This is further supported by the XRD results, which indicated
an increased mineral shift.
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Figure 7. ICP results: iron average content with standard error bars for oxygen scavenger solutions
after the first week (W1 averages, left columns) and after treatment (final averages, right columns).

Figure 8A–C illustrate the XRD diffraction patterns of the various oxygen scavenger
groups tested. Similar to results from agitation and non-agitation, akaganeite was still
evident, similar to the no addition sample sets of this experiment. However, in contrast to
the NORM samples, the oxygen scavenger diffractograms displayed an increased alteration
of crystalline phases from akaganeite towards other iron compounds. The variation even
amongst samples groups was not ideal. Nevertheless, we believe the results show a direct
experimental root for the verification of biomineral conversion and the benefit of an oxygen
scavenger in iron disassociation and biomineral reduction.
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Figure 8. XRD diffractogram results of NBS samples with different oxygen scavengers: Oxyrase (A),
No additives (B), and Sodium Thioglycolate (C). The dark blue lines denote the akaganeite refer-
ence pattern. (A) XRD patterns for Oxyrase solution from top to bottom: 0.625 mL/L, 1.250 mL/L,
1.875 mL/L, and abiotic control at 0.625 mL/L. (B) From top to bottom: no additives, abiotic control,
pre-treatment Akaganeite. (C) XRD patterns for sodium thiosulfate from top to bottom: 250 mg/L,
250 mg/L, 500 mg/L, 1000 mg/L, abiotic control at 500 mg/L. Peaks associated with specific com-
pound phases are indicated the following symbols: Akaganeite is indicated with [*], vivianite is with
[♦], Iron Sulphide with [•], Iron (III) Hydroxide Sulphate with [�], Iron Phosphate(V) Oxide with
[¨], magnetite with [x], and Tetraphosphorus (V) Oxide with [
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4. Conclusions

This research aims to support the development of a greener conservation treatment
protocol that would meet the needs and restrictions of practical conservation (i.e., ease of
application, health and safety, cost, equipment needs, and the potential need for retreatment
in the future). Pseudomonas putida mt2 can be manipulated for desalination, biocleaning
and bioconversion of iron corrosion products from initial testing. It does not require salt or
agitation for growth. Agitation is effective in powdered samples but presents limitations
for future application. Thus, prioritisation was given to the development of a stationary
application and gel application in future assessments on corroded surfaces.

Oxygen scavengers increased conversion; however, products obtained were incon-
sistent within sample sets. Desalination was evident in the diminished chloride content
between inoculated samples. ICP-OES results illustrated the increase in iron content in
inoculated solutions, indicating the potential for biocleaning application. However, future
testing should further monitor the development of iron sulphides and the reduction of
sulphur in culture mediums as microbial sulphur reduction is the primary avenue for
sulphur-based iron corrosion [18,19].

Additional assessment is needed to optimise and define potential further application of
this bacterial strain. Further research is being conducted on medium manipulation, medium
renewal effect, additional oxygen scavenger testing, iron source alteration, secondary
bacteria, and bacterial mixtures.

In terms of analysis, IC (Ion Chromatography) will be utilised to confirm spectropho-
tometry measurements for chlorides. Eventually, optimised bacterial results will be as-
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sessed for long-term stability alongside classic chemical treatment options using various
analytical techniques.
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