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a b s t r a c t
Silver is the preservative used on the Russian segment of the International Space Station (ISS) to prevent microbial proliferation within potable water supplies. Yet, in the frame of the European Automated
Transfer Vehicle (ATV) missions to ISS, silver depletion from water has been detected during ground
transportation of this water to launch site, thereby indicating a degradation of water quality. This study
investigates the silver loss from water when in contact with stainless steel surfaces. Experiments are
conducted with several types of stainless steel surfaces being exposed to water containing 10 or 0.5 mg/L
silver ions. Results show that silver deposits on stainless steel surfaces even when a passivation layer
protects the metallic surface. The highest protection to silver deposition is offered by acid passivated and
electropolished SS 316L. SEM and XPS experiments were carried out at several locations of the sample
area that was in contact with the Ag solution and found similar morphological (SEM) and compositional
(sputter-etch XPS) results. The results reveal that silver deposits uniformly across the wetted surface to
a thickness larger than 3 nm. Moreover, evidence is provided that silver deposits in its metallic form on
all stainless steel surfaces, in line with a galvanic deposition mechanism. Combination of ICP-MS and
XPS results suggests a mechanism for Ag deposition/reduction with simultaneous substrate oxidation
resulting in oxide growth at the exposed stainless steel surface.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
The disinfection capacity of ionic silver has been acknowledged
against numerous types of microbes, bacteria, viruses, protozoa,
algae etc. [1]. In addition, silver may enhance processes, e.g.
improve the photocatalytic activity of TiO2 [2]. Biocide properties of
ionic silver and silver nanoparticles rely on several mechanisms and
modes of action including reactive oxygen species (ROS) formation,
DNA multiplication disruption and cell membrane malfunction [3].
These mechanisms are provoked considerably by ionic silver that
will be eventually present even in the case of silver nanoparticles
dispersions [4,5].
Ionic silver is used as a preservative for water used aboard the
Russian segment of the ISS. NASA plans also to use silver as a preservative for potable water in their future manned space missions. The
availability of potable water is essential both in terms of quality
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and quantity. Currently, potable water according to either Russian
or American quality standards is prepared on Earth and is regularly re-supplied to ISS. ATV has been designed by the European
Space Agency (ESA) to provide potable water instead of payloads,
consumables, etc. [6]. For each ATV ﬂight water tank to be loaded,
three water tanks are prepared: one tank that contains water with
elevated silver content (10 mg/L) for the pre-conditioning of the
ATV ﬂight tank and two other tanks that contain potable water
of 0.5 mg/L silver concentration for ﬂushing and loading of ATV
ﬂight tank, respectively. During ATV launch campaigns, a ﬂuctuation of silver was observed by performing water quality analyses
at different steps of the ATV water process [7].
Although there is extensive literature about silver coatings on
other metals for decorative, anticorrosion, antimicrobial, electronic
and optical applications [8–11], a very limited number of publications associated with silver deposition on water container walls
exist. The few relevant studies found in literature show that silver
depletion from bulk water might occur depending on various factors, such as the wetted surface area to water volume ratio (S/V),
wetted surface type, etc. [12–14].
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Apart from tracing silver loss in bulk water, there has been also
SEM microscopic evidence for Ag species deposition [12,13]. It was
suggested that the deposited silver was in its metallic form, based
on EDS spectroscopic evidence, without giving details of how Ag,
Ag2 O and AgO were distinguished, given the difﬁculty of the technique in providing other than elemental information. Moreover,
it was suggested that the mechanism of Ag deposition on these
materials is that of galvanic corrosion (which should be termed
more accurately as galvanic deposition) e.g. the reduction of Ag+
on the metal surface, coupled with the oxidation (or further oxidation) of the latter; detection of Ni ions in the water in contact
with non-passivated Inconel [14] supported the notion of galvanic
corrosion.
In the case of non-passivated metal surfaces in acidic solutions,
galvanic deposition is expected indeed to be a case of galvanic corrosion, also known as galvanic replacement or transmetallation
[15]. In particular, when a non-noble, oxide free, metal, M (M: Fe,
Cr, Ni, Al, Mo, Mn, Co, etc.), is immersed in an aqueous solution containing ions of a noble metal, Mnoble n+ (Mnoble : Ag, Pt, Au, Pd, Ag,
Ru, Ir, Rh, Os etc.) then, due to a difference in the electrochemical
potentials of the two metals (E0 noble − E0 > 0), the following reaction
is thermodynamically favored and can take place spontaneously:
Mnoble n+ + n/m M → Mnoble + n/m Mm+

(1)

As an example relevant to this work, e.g. the contact of stainless
steels with Ag+ solutions, one could consider the galvanic replacement of metallic Fe, Ni or Cr (main components of most SS) by Ag, in
acidic environments, according to the following reactions. E0 values
taken from literature [16]:
2Ag+ + Fe → 2Ag + Fe++

(2)

(E0 noble = E0 Ag + /Ag = +0.7991 V and E0 = E0 Fe ++ /Fe = −0.440 V vs. SHE)

3Ag+ + Fe → 3Ag + Fe+++

(3)

(E0 noble = E0 Ag + /Ag = +0.7991 V and E0 = E0 Fe +++ /Fe = −0.037 V vs. SHE)

2Ag+ + Ni → 2Ag + Ni++

3Ag + Cr → 3Ag + Cr

+++

2. Materials and methods
2.1. Water preparation
Two types of water were synthetically produced: Water A
refers to water with high silver concentration (10 mg Ag/L) such
as that employed to pre-condition the ATV ﬂight water tanks to be
launched to the ISS, while Water B refers to potable water quality
(0.5 mg Ag/L) according to the Russian water standards [6].
Synthetic water of each type was freshly prepared in 1 L volumetric ﬂasks. The basis for either type of synthetic water was
ultrapure water (Millipore). Afterwards, adequate quantities from
stock solutions of various salts were introduced to ultrapure water,
so as to produce either water A or water B. Next, silver ions were
added using a silver ionization unit (CSG-1, UK) equipped with silver electrodes of high silver purity (99.99%) and then water was
ﬁltered through a 0.2 m ﬁlter (Pall Corporations, USA). The so
produced water A or water B was used immediately for the experiments. Experimental test setup and analysis tubes were covered
with aluminum foil prior to storage. The composition of synthetic
water containing high (water A − 10 mg Ag/L) and low (water
B − 0.5 mg Ag/L) silver concentration is presented in Table 1.

(4)
2.2. Stainless steel surfaces preparation

(E0 noble = E0 Ag + /Ag = +0.7991 V and E0 = E0 Ni ++ /Ni = −0.257 V vs. SHE)
+

This work is part of a project supported by ESA (European
Space Agency) to examine the phenomena responsible for biocide
concentration ﬂuctuations in water systems for crew usage. ESA
interest stems from the need to provide the ISS crew with potable
water of long term chemical stability, in order to exclude any potential threat in crew health related to water quality degradation. The
scope of this work is to investigate the decrease of biocidal Ag+
concentration in water exposed to different types of stainless steel
and study the mechanism of Ag deposition on these materials. On
this account, speciﬁc objectives of the work are: (i) to follow the
decrease of Ag+ concentration over speciﬁc periods of time, (ii) to
analyse the water composition in contact with the stainless steel
specimens, (iii) to quantify Ag deposited on the specimens, thus
closing the silver mass balance and (iv) to identify the chemical
state of Ag deposits.

(5)

(E0 noble = E0 Ag + /Ag = +0.7991 V and E0 = E0 Cr +++ /Cr = −0.740 V vs. SHE)

The galvanic replacement process has been used for the preparation of Pt-, Pd-, Au-, Ru- etc. based poly-metallic catalysts, mainly
on Cu, Ni and Co substrates [15,17–19]. In this case, at near neutral
pH values or/and passivated SS materials all three major metallic
components of SS (Fe, Cr, Ni) exposed to the solution are expected
to be in an oxide/hydroxide form. In more detail, according to
the respective Pourbaix diagrams [20–22] at the pH value of ca.
8 of the drinking water of this application, Fe should be present
as Fe2 O3 , and Cr as Cr2 O3 if contacted by an aerated solution.
A native surface layer of Ni(OH)2 is also known to form on Ni
under non-acidic conditions [23,24]. The same Fe and Cr oxides
are formed on samples that have been pre-passivated, whereas
Ni should be transformed to Ni2 O3 or Ni(OH)3 . Hence, reactions
(2)–(5) could only proceed through oxide/hydroxide defects or
else reactions involving some of these oxides and soluble species
of higher metal element oxidation states should be considered if
galvanic deposition proceeds as a galvanic replacement-corrosiontransmetallation process. Alternatively, mechanisms for substrate
oxide growth may be considered if Ag galvanic deposition proceeds
with no metal substrate dissolution.

SS
ﬂat
strip
coupons
(Length × Width × Depth:
76 × 12.7 × 1.6 mm) were obtained from Metal Samples (Alabama,
USA). The manufacturing process and chemical composition of
tested coupons is presented in Table 2.
2.3. Exposure of SS surfaces to silver aqueous solutions
Various types of SS materials were exposed to water (water A or
B) at surface to volume ratio (S/V) equal to 5.0 cm−1 . Total wetted
surface area in the experiments was about 78 cm2 for each solid
material. The exposure period of solid materials to water A was
7d, while the exposure period to water B was 14d and 28d. The
aforementioned speciﬁc durations of exposure were suggested by
the European Space Agency as most suspected periods to observe
variations in silver concentration.
Four coupons from each type of SS material were immersed in
each well of a multiwell plate made of polypropylene (PP) (HJBioanalytik, Germany). Multiwell plates were afterwards placed
into Plexiglas containers and then were ﬁlled with nitrogen. Finally,
Plexiglas containers were placed in an Environmental Test Chamber (Termacks, Series 6000) at 30 ◦ C for the entire experimental
period in dark conditions. All preparations of the experiments were
performed at low light conditions. Tests were implemented in triplicate, while in each series of tests, there was also a blank sample
(without exposed metal) in order to examine possible deposition
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Table 1
Composition of synthetic water (water A and water B).
Parameter

Concentration

Silver (mg/L)
pH
Conductivity (S/cm)
Calcium (mg/L)
Magnesium (mg/L)
Turbidity (NTU)
Nitrate (mg/L)
Chloride (mg/L)
Fluoride (mg/L)

Parameter

water A

water B

10
8.14
338
41.8
12.5
0.23
13.4
<0.05
1.0

0.5
8.10
310
42.7
12.8
0.10
18
0.8
1.0

TOC (mg/L)
TDS (mg/L)
Ammonium (mg/L)
Color (Pt-Co)
Chromium (g/L)
Nickel (g/L)
Barium (g/L)
Zinc (g/L)
Total coliforms (CFU)

Concentration
water A

water B

0.5
235
<0.05
0.0
6.0
3.0
6.0
3.0
0

0.5
235
<0.05
0.0
6.0
3.0
6.0
3.0
0

Table 2
Materials studied.
Material

Manufacturing

Chemical composition (%)

SS 316L

- Finish: 120 Grit sanded

SS 15–5 pH, heat passivated

- Heated to 551.7 ◦ C for 4 h
- Air cooled

SS 316L with Gas Tungsten Arc Welding (GTAW)
welding
SS 316L acid passivated

- SS316L with autogenously Gas Tungsten Arch
Welding (GTAW) across the width
- Passivation with nitric acid: AMS-QQ-P-35C, Type 4
in accordance with ATF-SOP-1010 Rev008
– Finish according to NASA/JSC PRC-5002
- Passivation with nitric acid: AMS-QQ-P-35C, Type 4
in accordance with ATF-SOP-1010 Rev008
– Finish according to NASA/JSC PRC-5002
– Electropolishing

C:0.018, Mn:1.76, Si:0.40, Cr:16.47, Ni:10.14,
Mo:2.02, S:0.0003, P:0.034, N:0.04
C:0.05, Mn:0.43, Si:0.39, Cr:14.52, Ni:4.54,
Mo:0.10, S:0.003, Co:0.25, P:0.022, Cu:3.52,
Ta:0.02
C:0.018, Mn:1.76, Si:0.40, Cr:16.47, Ni:10.14,
Mo:2.02, S:0.0003, P:0.034, N:0.04
C:0.018, Mn:1.76, Si:0.40, Cr:16.47, Ni:10.14,
Mo:2.02, S:0.0003, P:0.034, N:0.04

SS 316L acid passivated and electro-polished

C:0.018, Mn:1.76, Si:0.40, Cr:16.47, Ni:10.14,
Mo:2.02, S:0.0003, P:0.034, N:0.04

Fig. 1. Experimental test setup (a) and side views of Plexigals containers with dimensions Lx WxH equal to 25 × 13 × 12 cm (b and c).

of silver on the polypropylene (PP) walls of the experimental container (multiwell plate). The experimental setup is shown in Fig. 1.
At the end of the exposure period, all water samples were
subjected to Ag concentration determination and to trace metals
analysis. In addition, coupons were withdrawn from test wells and
were dried inside the Plexiglas containers under continuous nitrogen gas ﬂow. After drying, coupons were subjected to leaching, in
order to recover the silver deposited on their surface and be able to
perform total Ag mass balance. 5N nitric acid solution was used as
leaching medium. Initially, the tubes were immersed into a heated
ultrasonic cleaner and were sonicated for 30 min at about 60 ◦ C.
Then, the tubes were placed on an orbiter shaker and were agitated at about 200 rpm for 24 h (room temperature). Afterwards,
the test coupons were removed and leachates were subjected to
chemical analysis for total silver determination.

silver ions in water (Mettler Toledo). In addition, major cations,
such as Ca2+ , Mg2+ etc., as well as trace metals were analyzed by
ICP-MS.
X-ray photoelectron spectroscopy (XPS) analysis of the coupons
surface layers was carried out in an Axis Ultra DLD system (Kratos
Analytical) using a monochromated Al-Ka1 X-ray beam as the
excitation source, a hemispherical sector analyzer (HSA) and a 128channel detector. The studied surfaces were cleaned of adventitious
carbon by using a 4 kV Ar+ ion beam; the same procedure was
employed for sputter-etching of the sample in cases that an XPS
depth proﬁle was sought (a 10 s sputter time resulted in the removal
of ca 1 nm of material). Data interpretation was performed with the
Kratos-Vision software.

2.4. Analysis methods

3.1. Elemental analysis of water and leachates

Total silver was measured by ICP-MS (7700 Series, Agilent),
while dissolved silver was determined spectrophotmetrically by
using the LCK 354 method developed by Hach Lange. In addition,
Ion Selective Electrode (ISE) was used for the determination of

In this type of studies, quantitative discussions can be made
only after successful closure of the total mass balance of the examined ion. To check the closure of silver mass balance, leaching of
coupons and multiwell plates was applied, in order to investigate

3. Results & discussion

1070

M. Petala et al. / Applied Surface Science 396 (2017) 1067–1075
Silver mass recovered from wetted surface after leaching
Silver mass in bulk water after contact period
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Silver mass recovered from wetted surface after leaching
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Fig. 2. Silver mass balance closure with respect to the initial silver concentration in the bulk (100%) (A: water A- 7d exposure, B: water B- 14d exposure, C: water B- 28d
exposure, dotted horizontal lines refer to the 5% deposited on PP walls).
Table 3
Silver concentration in bulk water at the end of the examined exposure periods of the SS surfaces to water A (10 mg Ag/L) and water B (0.5 mg Ag/L). Surface to volume ratio
S/V = 5.0 cm−1 .
Silver concentration in water (mg/L)

*

Material

water A7d exposure

water B14d exposure

water B28d exposure

Blank*
SS 316L
SS 15–5 pH heat passivated
SS 316L with GTAW welding
SS 316L acid passivated
SS 316L acid passivated & electropolished

9.50 ± 0.19
0.30 ± 0.01
2.05 ± 0.07
1.50 ± 0.09
0.50 ± 0.08
7.50 ± 0.12

0.48 ± 0.01
<0.01
<0.01
<0.01
<0.01
<0.01

0.48 ± 0.01
<0.01
<0.01
<0.01
<0.01
<0.01

Water contact only with PP container walls.

whether the silver was deposited on SS surfaces or PP walls of the
test setup. Indeed, signiﬁcant amount of silver was recovered in the
leachates, as shown in Fig. 2 and silver mass balance closed reasonably well ( > 90%). Fig. 2 refers to all series of experiments. It must
be noted that there was only a minor silver deposition (∼5%) on
PP containers; hence maximum recovery of silver from SS surfaces
and the bulk was expected to be about 95%. Therefore, leaching
of coupons veriﬁed that in all cases the vast amount of silver was
deposited on the surface of the coupons immersed in the silver
aqueous solutions.
Silver concentration remaining in the bulk water at the end of
the three distinct series of experiments (water A, 7d exposure;
water B, 14d exposure; water B, 28d exposure) is presented in
Table 3. Ag concentrations were approximate (±5%) from ICP-MS,
spectrophotomer and ISE, indicating that in all cases silver was in
ionic form, thus, water samples did not contain any colloidal silver.

The differences in silver concentration found especially in water
A at the end of the tests indicated that the type of solid material
affects seriously silver losses.
SS surfaces in contact with water A at S/V ratio equal to 5.0 cm−1
caused signiﬁcant removal of silver from the water bulk in the following ascending order: SS 316L acid passivated & electropolished
(21%) < SS 15-5 heat passivated (78.4%) < 316L with GTAW welding
(84.2%) < SS 316L acid passivated (94.7%) < SS 316L (96.8%). Furthermore, all SS surfaces caused almost complete removal of silver from
water B, even after 14 d of exposure. Likewise, Adam [14] observed
that silver was completely depleted from the water bulk (with initial silver concentration 0.5 mg/L- equal to water B) after 8 exposure
days of acid passivated SS316L at S/V equal to 5.0 cm−1 .
Interestingly, in the present study the acid passivated SS 316L
yielded comparable results with the plain SS 316L, although it
would have been expected that the protective passivation layer
could have caused less silver loss from the bulk. On the other
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Table 4
Results of chemical analysis of water samples in contact with SS surfaces. Values in bold letters are above the respective threshold (initial) values of either water A or water
B.
Ion concentration (g/L)
SS surfaces/
Type of water

Al

Cr

Mn

Mo

Ni

Zn

SS316L/
water A (7 d)
water B (14 d)
water B (28 d)
SS 15-5 pH/
water A (7 d)
water B (14 d)
water B (28 d)
SS316L with GTAW welding/
water A (7 d)
water B (14 d)
water B (28 d)
SS316L acid passivated/
water A (7 d)
water B (14 d)
water B (28 d)
SS316L acid passivated & electropolished/
water A (7 d)
water B (14 d)
water B (28 d)

113.5 ± 7.2
38.5 ± 2.1
85.0 ± 10.0

6.0 ± 0.3
6.2 ± 0.5
6.2 ± 0.5

14.0 ± 1.0
20.7 ± 3.4
25.0 ± 4.0

<2.0
<2.0
<2.0

4.0 ± 0.3
3.8 ± 0.5
10.0 ± 2.0

3.2 ± 0.1
3.5 ± 0.2
3.3 ± 0.2

130 ± 8.5
97.5± 8.0
106.0 ± 5.0

6.0 ± 0.3
6.2 ± 0.5
6.2 ± 0.5

<2.0
16.0 ± 0.7
10.0 ± 2.0

<2.0
<2.0
<2.0

4.0 ± 0.3
3.8 ± 0.5
3.5 ± 0.3

3.2 ± 0.1
3.5 ± 0.2
3.3 ± 0.2

<10.0
<10.0
<10.0

6.0 ± 0.3
6.2 ± 0.5
6.2 ± 0.5

<2.0
8.7 ± 0.5
11.0 ± 0.9

<2.0
<2.0
<2.0

4.0 ± 0.3
3.8 ± 0.5
3.5 ± 0.3

3.2 ± 0.1
3.5 ± 0.2
3.3 ± 0.2

<10.0
<10.0
<10.0

27.7 ± 2.0
6.2 ± 0.5
6.2 ± 0.5

5.3 ± 0.3
8.7 ± 0.6
14.3 ± 1.0

14.7 ± 0.6
9.0 ± 1.0
12.7 ± 1.0

21.0 ± 1.5
7.0 ± 0.5
7.5 ± 0.4

3.2 ± 0.1
3.5 ± 0.2
3.3 ± 0.2

<10.0
<10.0
<10.0

6.0 ± 0.3
7.5 ± 0.3
8.5 ± 0.3

<2.0
<2.0
<2.0

<2.0
<2.0
<2.0

4.0 ± 0.3
3.8 ± 0.5
3.5 ± 0.3

3.2 ± 0.1
3.5 ± 0.2
3.3 ± 0.2

Numbers in bold correspond to concentration values above the threshold values (those of the synthetic water, presented in Table 1).

Fig. 3. (A) SEM micrograph of a SS 316L surface at a location not in contact with water A; (B) SEM micrograph of a SS 316L surface at a location in contact with water A; (C)
Wide area AES (Auger Electron Spectroscopy) spectra of locations on and out of an apparent particle/feature; (D) Detail of (C) in the Ag energy range. The sample has been
Ar-sputtered for 20 s in all cases.

1072

M. Petala et al. / Applied Surface Science 396 (2017) 1067–1075

Table 5
Atomic and mass percentage composition of a SS 316L sample that has been treated
with water A (10 mg/L Ag) obtained by XPS spectroscopy at a location in contact
with the water solution during gradual sputter-etching of the surface.
Ar-sputtering time − thickness of material removed
0 s–0 nm

20 s–1 nm

40 s–2 nm

60 s–3 nm

Element

% at

% w/w

% at

% w/w

% at

% w/w

% at

% w/w

Ag
C
O
Fe
Cr
Ni

0.39
71.41
22.51
4.43
0.44
0.28

2.72
55.08
23.13
15.89
1.45
1.06

0.69
14.29
32.31
41.20
9.99
0.51

2.06
4.72
14.23
63.34
14.30
0.82

0.62
10.77
21.82
52.19
12.79
1.62

1.60
3.06
8.26
69.01
15.74
2.25

0.61
7.67
8.45
70.59
8.44
4.17

1.33
1.87
2.75
80.12
8.92
4.98

hand, further electropolishing of the surface improved considerably
the behaviour of acid passivated SS316L leading to considerably
smaller loss of silver from the water. Between the above two
extremes resides the performance of the heat passivated SS and
SS 316L with GTAW welding.
All water samples, including blanks, were subjected to ICP-MS
analysis of metal ions: Al, Cr, Cu, Fe, Mn, Mo, Ni, Se, Zn. The analysis gave ﬁnite concentrations of several metallic ions, as presented
in Table 4. In all cases, Se, Cu and Fe were below the detection
limit of the analytical technique, therefore they are not presented.

Results refer to analysis of the same three distinct type of experiments explained above. In the case of SS 316L, three metal ions
stand out above the threshold values (those of the initially synthetic
water, Table 1) in the analysis: Al, Mn and Ni (Table 4). Strangely, Al
appears at appreciable concentrations in the SS316L and SS 15–5 pH
samples, a fact that could not be explained on physical grounds.
For instance, if galvanic corrosion had taken place one might have
expected the presence of Mn and Ni but not the presence of Al.
After communication with the coupons supplier we were informed
that these two speciﬁc metals were subjected to ﬁnishing/polishing
treatment which might leave behind Al residuals. Therefore, the
unexpected increase of Al concentration in the water should be
rather attributed to the treatment of coupons and not to the presence of silver in water. Apart from Al, only Mn and Ni were detected
above the threshold value in water that was brought in contact with
SS 15–5 pH coupons.
In SS 316L acid passivated surfaces, Mn, Mo, Ni and Cr traces
were detected above their threshold concentration (Table 4). What
is perhaps most interesting is that the acid passivation did not reinforce the SS 316L surface against the release of metallic ions to
water, since acid passivated SS316L caused overall the release of
more ions than SS 316L without passivation. In SS 316L acid passivated & electropolished surfaces, only Cr traces were detected
above the threshold values, but only marginally. This speciﬁc

Fig. 4. Wide area XPS spectra of a SS 316L sample at a location in contact with water A, before and after Ar-sputtering. Inset: detail in the Ag energy range.

Fig. 5. Wide area XPS spectra of SS 316L coupons in contact with both types of water, A and B after Ar-sputtering. Inset: Detail in the Ag energy range.
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Table 6
Atomic and mass percentage Ag concentration obtained by XPS spectroscopy of different SS 316L samples in contact with water A after 20 s of Ar-sputtering (removing
1 nm of material).

316L SS (water B – 0.5 mg/L Ag)
316L SS (water A – 10 mg/L Ag)
316L SS acid passivated (water A –
10 mg/L Ag)

% Ag atomic
concentration

% Ag mass
concentration

0.15
0.69
0.61

0.4
2.06
1.73

1400
1200

Intensity (cps)

1000
800

Ag-oxide

1

600

Ag-oxide

Ag(0)

400

2
3

4

200
0
-200
380

375

370
Binding Energy (eV)

365

360

Fig. 6. XPS spectrum in the Ag 3d BE region of a non-sputtered SS 316L sample (in
contact with water A). Peaks 1 and 2 (obtained after peak de-convolution) correspond to Ag(I) (oxides) while 3 and 4 to Ag(0) (metallic).
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Fig. 7. XPS spectra of non-sputtered and sputtered SS 316L coupons (in contact with
water A) in the Ag 3d binding energy region.

surface showed the best performance among all examined SS surfaces with respect to release of metallic ions to the water.
During the tests, the ionic content of water samples was apparently decreasing due to silver depletion. On the other hand, the
release of metallic ions from the SS surfaces to the water bulk would
act to increase the ionic content of water samples. When calculating
the electric charge of depleted silver versus that of released metals
it is seen that the electric charge of released ions is well below that
of silver depleted from water, even if the highest ionic states are
considered for each released ion. This implies that ion exchange
between the bulk and the exposed surfaces was not a dominant
effect during the tests. Nevertheless, even this limited increase of
metals into the water may cause the degradation of water quality.
3.2. XPS analysis of SS surfaces
So far, chemical analysis of the remaining water and of coupons’
leachates (and in view of the closure of the silver mass balance)
has unequivocally proven that the decrease in silver concentration is due to its deposition on the surface of SS coupons. However,
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silver lost from the water bulk was not replaced by metallic ions
of equal electric charge released from the surface to the bulk.
Hence, matters to be resolved next are (a) the morphology of these
deposits (whether large particles or thin islands), (b) the thickness
of the deposit and (c) the state of Ag (whether metallic or in the
form of oxides). SS coupons that showed the lowest (acid passivated/electropolished ones) and highest (SS316L and SS316L acid
passivated) Ag deposition were subjected to SEM and XPS analysis. SEM and XPS experiments were carried out at several locations
(at least 5) of the sample area that was in contact with the Ag
solution and found similar morphological (SEM) and compositional
(sputter-etch XPS) results.
Fig. 3(A) shows a SEM micrograph of a SS 316L coupon at a location close to the hole from which the coupons were suspended in
the test wells, while Fig. 3(B) shows a SEM micrograph of the same
SS 316L coupon after it has been in contact with water A (10 mg/L
Ag) for 7 days, following a surface cleaning by Ar-sputtering for 60 s
to remove the adventitious carbon (C) contaminant and improve
image quality (see also below). It has been conﬁrmed that the large
(10–50 m) features scattered on the surface should not be confused with possible Ag particles but should be rather assigned to
substrate splinters produced during its machining. The presence of
similar morphological features at locations not in contact (Fig. 3(A))
and in contact (Fig. 3(B)) with the solution suggests that SEM is
unable to pick up any Ag deposition on the substrate and that
any particle reminiscent features are splinters produced during
substrate pretreatment. Moreover, Auger Electron Spectroscopy,
Fig. 3(C) and (D), carried out both on particle and on other locations,
did not show any signiﬁcant change in Ag surface concentration but
instead proved that the particle itself contains large quantities of
Fe, Cr and Ni, indicating that it is a feature of the base material
itself. The above indicate that silver is not deposited in the form of
large particles that are scattered apart at the SS316L surface. The
purpose of the AES experiments was to provide qualitative elemental analysis on selected small areas originally suspected to be Ag.
Quantitative analysis at such small areas may be unreliable in characterizing the sample as a whole while the roughness of the sample
poses further problems for accurate AES quantiﬁcation. On the contrary, quantitative analysis was performed on larger areas by XPS
and deemed more reliable (Table 5).
Fig. 4 shows wide area XPS spectra of the SS 316L sample that
was in contact with water A (10 mg/L Ag), before and after 20 s of Arsputtering (removing ca 1 nm of material from the surface). In the
case of the as received (not-sputtered) coupon, a high intensity C
peak was observed indicating surface C contamination and masking
of the stainless steel characteristic peaks (Fe, Cr and Ni). The latter
appeared only after Ar-sputtering which removes the adventitious
C material. The detail in the Inset shows the Ag 3d binding energy
range and the peaks recorded that can be attributed to the presence
of Ag on the coupon’s outer layers.
The sputter-etching process was repeated three times in total
(each lasting for 20 s and removing 1 nm) at four 700 m × 400 m
locations and the XPS spectra of the non-sputtered and gradually
sputtered SS 316L sample were used for an estimation of surface
composition. Results for the average composition are presented in
Table 5 below.
The data in Table 5 shows that the adventitious C is removed
after just one sputter-etch cycle and that the Ag surface composition remains nearly constant thereafter, indicating that the
thickness of the deposited Ag layer is thicker than 3 nm. The
observed same composition in all four examined locations lends
support to the notion that Ag is deposited pretty uniformly across
the available wetted surface with no preferential sites of deposition.
The SS 316L coupon was also tested after having been in contact
with water B (0.5 mg/L Ag) for 14 days. Comparative XPS spectra
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Fig. 8. Narrow scan XPS spectra of all the investigated samples (SS 316L in both types of water; acid passivated SS 316L in water A; acid passivated and electropolished
SS316L in water A, before and after sputtering).

for coupons of experiments with both types of water (after 20 s of
sputtering − 1 nm removal) are given in Fig. 5 below.
From the XPS spectra, the atomic and mass percentage concentration of Ag can be estimated. The results are given in Table 6 for
the SS 316L coupons presented in Fig. 5 along with results for the
acid passivated and the electropolished coupon (for which similar
spectra were obtained). XPS measurements were taken at 4 different spots on each coupon‘s surface and Ag concentration showed a
10% standard variation, deemed reasonable for such low deposited
Ag levels. It was chosen to present the Ag concentration obtained
after 20 s of Ar-sputtering as it refers to an almost clean surface.
The next step was to identify the chemical state of Ag by high
resolution XPS. The binding energy, BE, of emitted photoelectrons
from a certain element depends both on the oxidation state of the
atom and its local chemical environment. An atom bonded to different chemical species results in small (but easily observed- shifts
in the position of the peaks in the spectrum. This effect makes XPS
a very useful tool in the identiﬁcation of different oxidation states.
Usually an increase in oxidation state causes an increase in the binding energy. However, the BE shifts of the Ag 3d peaks for AgO and
Ag2 O are −0.7 and −0.3 eV, respectively, compared to the metallic
state and have been attributed to factors other than electronegativity differences between the metal atom and its oxidized form

[25,26]. In all cases, the observed peaks were detected at exactly the
reference values for the oxide and metal phases, so no constrains
were imposed to the ﬁtting procedure apart from the coupling of
the peaks that constitute the Ag doublet.
Fig. 6 shows a narrow scan XPS spectrum in the Ag 3d BE region,
for a non-sputtered SS 316L sample (to probe the Ag state in the
outermost surface layer). After peak de-convolution both metallic
Ag and Ag oxides were found to exist on the surface layers of the
sample, as also reported elsewhere [27]. In more detail, peaks 1 and
2 are associated with oxidized Ag(I) while those of 3 and 4 with
metallic Ag(0). The content of Ag and Ag oxides could be calculated
as 57% and 43%, respectively.
To further probe the chemical state of Ag across its deposit, gradual (1 nm/20 s) Ar – sputtering was applied for 60 s to a SS 316L
coupon that was in contact with water A. The XPS spectra of the
non-sputtered and gradually sputtered sample in the Ag 3d binding energy region are shown in Fig. 7. The Ag 3d 5/2 and Ag 3d
3/2 peaks observed before sputtering are located at 367.4 eV and
373.5 eV respectively indicating the formation of AgO oxides on
the sample’s surface. After a single sputtering step, the Ag peaks
are shifted to 368.3 eV and 374.3 eV, respectively, indicating that
Ag is in its metallic form and the Ag oxides were removed with
sputtering. This means that the thickness of the oxides is less than
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1 nm and the interior of the deposit – including that in direct contact with the substrate- is Ag in its metallic form. Similar behaviour
was recorded for a SS 316L sample in contact (14 days) with water
A (0.5 ppm Ag) before and after gradual Ar sputtering.
Fig. 8 compares the narrow scan XPS spectra of all the investigated coupons (SS 316L in contact with both types of water A
and B, SS 316L NASA/JSC PRC-5002 and SS 316L NASA/JSC PRC5002 & electropolished in contact with water A) before and after
Ar-sputtering. All samples showed the same behavior. An oxide
ﬁlm is formed on their surfaces but once this is removed (by Arsputtering) the Ag peaks correspond to metallic silver.
The Ag chemical state analysis presented above has proved that
Ag is deposited in its metallic form on all SS samples, in line with a
galvanic deposition mechanism. According to this, silver is reduced
on the surface of the samples while components of the underlying
metal are oxidized.
Since no dissolved metallic species could be detected in the
water bulk by elemental analysis it seems that, at the pH values studied (pH = 8) and especially for the passivated samples, Ag
deposition/reduction occurs with simultaneous metal oxidation
resulting in metal oxide growth. Such a scenario would involve
electron tunnelling from the metal through the metal oxide overlayer (reducing Ag+ reaching the surface) and metal ions migrating
via a high ﬁeld mechanism through the passivating oxide, only to
precipitate as oxides/hydroxides on the sample surface [28].
4. Conclusions
Dissolved silver was spontaneously removed from water in contact with SS surfaces, rendering water vulnerable to microbial
contamination and proliferation. Silver was deposited on SS surfaces even when either one or two passivation layers are applied to
protect the metallic surfaces (by just acid treatment or by combined
acid/electropolishing treatment, respectively).
Spectroscopic analysis conﬁrmed that the thickness of the
deposited silver layer was thicker than 3 nm, as shown by the
repeated sputter-etching process applied to different spots of the
SS coupons and the resulting near constancy of Ag composition
as determined by XPS. The chemical state of silver was identiﬁed
by high resolution XPS analysis. Results veriﬁed that both metallic
Ag and Ag oxides exist on the surface layers of silver deposits. Silver oxides are found on the outer surface of the deposits (in depth
less than 1 nm), while interior to the deposits Ag is in its metallic
form. Therefore, silver is deposited in its metallic form on all SS surfaces, in line with a galvanic deposition mechanism. Combination
of ICP-MS and XPS results suggests a mechanism for Ag deposition/reduction with simultaneous substrate oxidation resulting in
Cr and/ or Ni oxide growth at the exposed stainless steel surface.
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