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The corrosion of the installations carrying high salinity water is particularly important in the case of utility and
therapeutic waters, such as natural brine. The analysis of such complex systems is challenging in the context
of routine analysis of Fe and Cr. Both elements can be determined by UV-Vis spectrophotometry after only
1:100 dilution and liquid-liquid extraction (LODge = 0.03 mg L™ or thermal chloride stripping (LOD¢, =
0.02 mg L™Y. The corrosion process was characterized. Electrochemically accelerated corrosion showed
uneven decomposition of the steel components — Cr is less easily released to the solution than Fe. Iron
comprises 53% of the dissolved part, and Cr comprises 8.6%, while the steel originally contained 62% of
Fe and 18% of Cr. During the short-term (one week) contact of the brine with stainless steel, the

Received 17th July 2023
Accepted 15th September 2023

DOI: 10.1039/d3ra04801b

rsc.li/rsc-advances amounts of Fe and Cr released to the brine were insignificant from the perspective of its therapeutic value.

Open Access Article. Published on 02 October 2023. Downloaded on 6/14/2026 7:55:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

1. Introduction

The corrosion of water system installations is one of the major
problems connected with the exploitation of water with high
salinity. Corrosion processes cause partial dissolution of
installation components. As a result, various solid and dis-
solved chemical compounds are carried by the exploited solu-
tion. The corrosion of stainless steel installation components is
an uncontrolled source of metal species, including some
undesirable elements that may be harmful to human health.
There are legal regulations from various countries, e.g., from
Poland, Germany, Slovakia, and the Czech Republic, regarding
the composition of therapeutic waters."* In general, brines are
defined as groundwater having mineralization (total dissolved
mineral solids) not less than 35 g L™". Brine is a specific case of
a highly saline solution. In addition to large amounts of dis-
solved NaCl, it contains other components, such as bromides,
boron, iodides, hydrogen sulfide, carbon dioxide, and radon.
Most often, the chemical composition of brines is dominated by
chloride, sodium, and calcium ions. Brines are officially
recognized as therapeutic waters when they meet the quanti-
tative requirements for beneficial components, and are not
contaminated chemically or microbiologically." The brine is
delivered from the intake to the medical treatment places by
means of a direct installation or transported in a special tank.
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Steel used during brine exploitation has to be highly resis-
tant to corrosion. The contact of the steel with brine occurs
during mining, transport, and storage. The proportions of Fe
and Cr determine the physicochemical properties and corrosion
resistance of steel in the environment in which it operates.®
Pitting corrosion is facilitated by non-metallic inclusions, such
as carbon, phosphorus, and sulphur, while chromium, molyb-
denum, and nitrogen prevent this from happening. The addi-
tion of chromium enables the formation of a passive layer
consisting of Cr,03, CrOOH, and Cr(OH);.° Stainless steels are
resistant to atmospheric conditions, nitric acid, very dilute
sulphuric acid, organic acids, and an alkaline environment
(except for hot, concentrated NaOH in the presence of stresses).”
They corrode in an environment with acidic and reducing
properties, such as dilute solutions of acids containing
aggressive ions (HCl, HF, HBr, and their salts), solutions of
oxidizing chlorides (e.g., FeCl;, MgCl,), sea waters, some
organic acids (oxalic, formic, lactic), as well as in the water
environment at a temperature above 80 °C in the presence of
chlorides, which cause local destruction of the passive layers.**°

In the case of stainless steels, pitting, crevice, intercrystalline
and general corrosion deserve special attention.” The envi-
ronment containing halide ions contributes to the formation of
pitting, i.e., local cavities that are formed by dissolving the
passive metal through complexation with halides. Oxidation is
mediated by oxygen or (if present in a corrosive environment)
Fe*" or Cu®" ions. In an environment rich in chlorides, localized
corrosion is strongly exacerbated when the cracks already exist.
Water-dependent corrosion can lead to uniform pitting corro-
sion, erosion and stress cracking. The main cause of the
corrosion of steels and iron alloys is the presence of dissolved
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CO, and H,S."> Metallic iron does not remain in a stable phase
over the entire pH range. The production of hydrogen ions has
the potential to remove Fe from the metal surface. In the
presence of CO, at the steel/liquid interface, an anode reaction
takes place and the iron atoms are oxidized to cations (Fe(u)). At
the same time, carbonate anions can participate in the forma-
tion of solid corrosion products such as FeCO;.** Siderite
(FeCO3) is poorly soluble in water at 25 °C and may limit the
corrosion rate of steel.™ In solutions with a higher pH, the
carbonate film dissolves and a soluble Fe(u) complex is
formed.* At the same time, a cathode reaction takes place in
which the protons are reduced and form bicarbonate ions
(HCO;37). In general, increasing the CO, content increases the
corrosion rate in aqueous solutions by increasing the rate of
hydrogen evolution.*®”

Determination of iron and chromium in water samples can
be performed using various methods but usually some sample
pretreatment is required to simplify the sample matrix or pre-
concentrate the analytes. Direct analysis of brine is problematic
for many advanced analytical techniques due to the presence of
chlorides. For example, in techniques with a nebulizing step
(e.g., ICP), there is a decrease in selectivity and/or an increase in
the detection limits.”® In the case of ICP-MS, isobaric ions
(interfering ions) cause positive errors.’ Thus, various strate-
gies are applied to overcome the problem of spectral interfer-
ences during Fe and Cr detection.”® For example, Cr was
separated from the highly saline water matrix using DETA-
modified magnetic carbon composites (Fe;0,@C@DETA)*
and core-shell magnetic mesoporous carbon (Fe;0,@-
void@C),** which served as sorbents for Cr(m)-EDTA. Both Fe
and Cr were determined using ICP-OES in water from the Dead
Sea, after a large dilution of the samples.?® Iron was determined
in seawater with ICP-MS after preconcentration on a resin,** and
Cr was determined directly® or after solid phase extraction.>**
In the case of Fe, extending the procedure by an additional step
of extraction to the solid phase (NTA resin column) lowered the
LOD from 11 to 3 ug L™, and the recovery of Fe from sea water
was 101%.* Various types of atomic absorption spectrometry
also have been applied for the determination of both metals,
usually after a proper sample pretreatment, including separa-
tion or preconcentration using liquid-liquid extraction.**"**
Electroanalytical methods seem to be useful as well. Adsorptive
stripping voltammetry can be used for the simultaneous
determination of Fe and Cr,*® whereas catalytic cathodic strip-
ping voltammetry allows for the determination of Fe in seawater
even at picomolar levels.*® However, for the voltammetric
determination of Cr and Fe, the adsorptive preconcentration of
their complex compounds is used. This step may be substan-
tially impaired because of the presence of competing ions for
the complexation of Cr by EDTA or DTPA***¢ and Fe by dihy-
droxynaphtalene.** Also, in UV-Vis spectrophotometry, where
complexation reactions play a significant role, the high content
of inorganic ions interferes with the complexation of the ana-
lyte, especially when ions with complexing properties are
present, such as Cl™, Br~ or I". Application of this technique to
highly saline solutions also requires a sample pretreatment step
to remove the excess of chlorides, but this step can also be used
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to improve the detection limit of the method. After pre-
concentration by SPE, the LOD for Fe determination in seawater
using UV-Vis spectrophotometry was 0.6 nmol L™ "3

The aims of the study were to characterize the corrosion
process of stainless steel in brine, and assess whether it can
be a source of metals in amounts significant enough to affect
the brines' therapeutic properties, in both short-term and
prolonged perspectives. Possession of suitable analytical
tools is necessary to study the problem of corrosion processes
as a source of Fe and Cr during the exploitation of brines,
such as mining, transport or application. Therefore, the study
also included the development of analytical methods for Fe
and Cr determination in samples with a high content of
chlorides (natural brine). In the case of routine analysis, the
procedure should be simple, precise, reproducible, and
financially affordable, which makes UV-Vis spectrophotom-
etry a favorable method of determination. Due to the exces-
sively high chloride concentration, a significant dilution of
the sample may result in the concentration of analytes being
below the detection limit. Thus, the application of a step to
reduce the chloride content is advised to enable the analysis
of brine.

2. Materials and methods

2.1. Materials

Standard solutions used in this study were: 2.54 ¢ L' Cr(um) as
chromium(m) chloride (Merck), 1.00 g L™ " Cr(vi) as potassium
dichromate (Merck), and 1.00 g L™ Fe(m) as iron(ur) chloride
(Merck). Other utilized reagents were: HC1 30% ultranal (Ciech),
1,5-diphenylcarbazide (P.P.H Gliwice), pure acetone for analysis
(POCH), potassium permanganate (POCH), sulfosalicylic acid
(P.P.H. Gliwice), sodium azide (ReagentPlus), pure sulphuric
acid for analysis (POCH), 4-methyl-2-pentanone (EMSURE® ACS
Reag.), ammonia 25% (Chempur), and EDTA disodium salt
(Merck). The 0.25% solution of 1,5-diphenylcarbazide was
prepared by dissolving 0.0625 g of DPC in 25 mL of acetone, and
the addition of 250 puL 10% sulphuric acid. All water solutions
were prepared using deionized water from the Sartorius Arium®
Mini Plus Ultrapure Water System.

The examined steel was a widely used 316L stainless steel,
containing 18% Cr, 14% Ni, 2% Mn, and 2.5% Mo. The
remaining elements are mainly Fe and admixtures of C, Cu, P, S,
Si and N.

The model brine was prepared by dissolving 1.428 g of non-
iodized evaporated salt (commercially available salt for
consumption purposes) in 2.000 L of deionized water. The
residue was not separated.

The natural brine used in this research was a commercially
available therapeutic brine from a Polish health resort. This
brine is exploited in the borehole from a depth more than 1000
m, from sedimentary rocks (claystones, sandstones, with
anhydrites) of the Upper Keuper (Upper Triassic) age,*® and it is
a chloride-sodium, iodide-type brine with mineralization of
about 79 g L™'. A characteristic feature of this brine is the
elevated concentrations of bromides (220 mg L™ '), boron
(15.6 mg L") and iodides (2.32 mg L™").** The concentrations of
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ions declared by the producer are 43.3 gL' Cl~,24.3 ¢ L ' Na",
2.5mg L "I, and 3070 mg L' SO4>".

2.2. Apparatus

The UV-Vis spectrophotometer Cary 600 (Agilent Technologies)
was used for the determination of Fe and Cr. The samples were
heated on the heating plate Ceran 500. Examination of the
polarization curve in brine solutions and electrochemical
digestion was performed by Electrochemical Workstation
CHI760E potentiostat (CH Instruments). For temperature
stabilization, the aggregate circulator EAC-10 PLUS (LABOPLAY)
was utilized.

2.3. Methods

2.3.1 Corrosion study. The examined steel electrodes were
cut from a steel plate (5 mm x 25 mm X 1 mm). Polarization
curves in brine solutions were plotted using the Electrochemical
Workstation CHI760E potentiostat (CH Instruments) with
a silver chloride reference electrode (Ag/AgCl, saturated KCl),
glassy carbon auxiliary electrode and stainless steel working
electrode. A thermostat was used for the polarization curve in
the temperature regime. The corrosion current and corrosion
potential were determined by extrapolation of Tafel plots. As
a rule, the polarization of steel electrodes was measured in
therapeutic brine and model brine at a scan rate of 10 mV s~ .

For assessment of the corrosion processes, the electro-
chemically accelerated corrosion of steel was performed. Here,
two methods were utilized. In the first approach, the 316L steel
electrode was placed in a model brine solution and a potential
of 1600 mV was applied for 30 minutes, resulting in the partial
dissolution of steel. The second was the monitoring of the
corrosion products of 316L steel electrode at the open circuit
potential (0.06 V) over one week. To determine the scale of
corrosion, the difference in the mass of the electrode was
analyzed, and it was also theoretically calculated on the basis of
the total measured charge that flowed through it. The obtained
suspension was collected and prepared for chemical analysis by
dissolving the particulate matter in concentrated HCl. Before
the analysis, the obtained solution was filtered through a 0.22
pum syringe filter.

2.3.2 Determination of chromium. Preparation of the brine
sample for analysis relied on thermal chloride stripping in the
presence of conc. H,SO,. 10 pL of concentrated H,SO, was
added to 4.0 mL of sample and heated (T = 210 °C) until the
appearance of characteristic “white fumes”, which means the
evaporation of H,SO,. After cooling, the sample was diluted
with 4 mL of DI, and 10 uL of 0.1 mol L™* KMnO, was added.
Then, the solution was heated in a water bath (T = 100 °C) for 15
minutes. The sample was cooled down and 2.5% NaN; was
added dropwise until the solution was completely decolorized
(reduction of the excess of KMnO,). The obtained solution was
quantitatively transferred to a volumetric flask (10.00 mL) and
filled with deionized water. Chromium was determined using
spectrophotometry after the addition of DPCI (1,5-diphe-
nylcarbazide), which reacts with Cr(vi) and forms a colored
complex Cr(m)-DPCO (diphenylcarbazone). 500 pL of DPC
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solution was added per 5.00 mL of the sample. To eliminate
interferences, 0.05 mol L™! EDTA solution was added in an
amount corresponding to the expected concentration of Fe.
Spectrophotometric determination was carried out at a wave-
length of 542 nm. For quantitative determination, the calibra-
tion curve method was applied.

2.3.3 Determination of iron. Liquid-liquid extraction was
used to separate Fe from the sample matrix. The samples were
acidified with HCl to obtain the final concentration of
6 mol L. 10.0 mL of the sample was placed in a separation
funnel, extracted twice with 4-methyl-2-pentanone (2 x 5.0 mL),
and then re-extracted with two portions of 0.1 mol L™ HCI (2 x
5.0 mL). 2 mL of 10% sulfosalicylic acid (H;Su) was added to the
obtained solution, and then it was alkalized with 25% NH; until
a yellow color was obtained (pH approx. 9), corresponding to
a complex formed by Fe with sulfosalicylic acid. Spectrophoto-
metric determination was carried out at a wavelength of
425 nm. For quantitative determination of Fe, the calibration
curve method was applied.

3. Results and discussion

3.1. Corrosion process in brine - basic study

To determine the tendency to corrosion (general or pitting) of
the examined 316L steel in a brine environment, experiments
were carried out based on the measurement of the open
circuit potential (OCP) transients and the electrode (the
tested steel) polarization in therapeutic brine and model
brine. The open circuit potential of the tested steel was eval-
uated after the steel was immersed in the therapeutic and
model brine solutions (Fig. 1). The recorded OCP was
unstable during the initial measurement period; the voltage—
time curves for both brines are characterized by a fluctuation
of the recorded potential. However, further extension of the
measurement time led to a progressive stabilization of the
recorded OCP in both brines. At the beginning, the OCP of
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Fig.1 Monitoring of the open circuit potential (OCP) of stainless steel
immersed in model brine (dashed blue line) and therapeutic brine
(solid red line), as a function of the exposure time.
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316L steel sample was ca. —0.30 V for the therapeutic brine
and ca. —0.13 V for the model brine. During the 2 hours of the
examination, the OCP of the 316L stainless steel reached the
maximum value of —0.06 V and minimum value of —0.29 V for
the therapeutic brine, and —0.045 V and —0.2 V for the model
brine, respectively.

Further examination of the passivation properties of the
316L stainless steel in the therapeutic brine and model brine
were made utilizing the potentiodynamic polarization curves
recorded at a 10 mV s~ ' scan rate. Typical potentiodynamic
polarization curves of the examined stainless steel submerged
in therapeutic and model brines are exhibited in Fig. 2. The
shapes of the polarization curves obtained for the model brine
and therapeutic brine were comparable due to the passive area
with the roughly constant current density. On the basis of the
obtained polarization curves, the corrosion potential of the
316L stainless steel was determined as —0.951 £ 0.027 V for the
model brine and —1.041 £ 0.005 V for the therapeutic brine.
The corrosion potential of the 316L stainless steel recorded in
the model brine is shifted by approximately 0.090 V towards
positive values relative to the corrosion potential values recor-
ded in the therapeutic brine. These results imply better corro-
sion resistance properties of the 316L stainless steel in model
brine in comparison to therapeutic brine. The observed differ-
ence is probably a consequence of a more complex composition
of the therapeutic brine (additional content of I~, SO,>~, etc.) in
comparison to the model brine. Furthermore, the pitting
nucleation potential (E,;) amounts to 0.180 V for therapeutic
brine and 0.105 V for model brine, demonstrating that the 316L
stainless steel was more readily rusted in therapeutic brine than
in model brine. At higher potential value (above the passive
range), the current density on the polarization curves increases
rapidly associated with the initiation of pitting in the steel,
implying that the kinetics of the corrosion reaction was mainly
the same.

log (Current/ A)

' therapeutic brine
61 — =model brine
|
'7 T T T T T T T T T
15 12 09 -06 -03 00 03 06 09 12

E /V vs Ag/AgClI

Fig. 2 Polarization curves of the 316L stainless steel electrode
measured in the therapeutic brine (solid line) and model brine (dashed
line) at a scan rate of 10 mV s™%,
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In order to further verify the resistance properties of the 316L
stainless steel against pitting corrosion in both types of corro-
sive solutions with high concentration of chlorides (model and
therapeutic brine), the chronoamperometric method was
employed. Based on the shape of the chronoamperometric
curves, the nucleation of pits can be determined. In each case,
the variations in the current intensity were monitored as
a function of time after applying a constant potential (0.1 V) to
the stainless steel working electrode until a rapid current
increase was observed (Fig. 3). In both corrosive solutions, the
initiation of pit formation on the steel occurs within several
seconds, which is manifested by the dramatically increasing
value of the recorded current. The recorded current increases
referred to the passive layer failure (initiation of pitting).

Additionally, the scanning electron microscopy images of
316L stainless steel were recorded before and after immersion
for 30 minutes in model and therapeutic brine solutions at an
applied potential of 0.1 V, which resulted in the partial disso-
lution of the stainless steel plate. Fig. 4A shows that the surface
of the 316L stainless steel sample before immersion is smooth
without any visual pits, which appear after contact with the
model brine (Fig. 4B). The changes of the surface occurring in
therapeutic brine were very similar to that in the model brine.

3.2. Corrosion as a source of traces of Cr and Fe

For evaluation of the release of Cr and Fe as a result of corro-
sion, the electrochemically accelerated corrosion of 316L
stainless steel in highly saline solutions was performed. Based
on the polarization curve in model brine, the potential chosen
for this experiment was +1600 mV. The 316L steel electrode was
placed in the model brine solution and electrolysis was carried
out for 30 minutes. After digestion of the residue, the solution
was stored for further analysis of the total content of metals that
were oxidized and released during this process. The purpose
was to simulate the corrosion of stainless steel, and obtain
a solution containing its products. The electrode was weighed
before and after digestion, and the mass difference was 2.2 mg.

0.005 + therapeutic
— — model
0.004
<
= 0.003
c
[
=
=3
© 0.002
0.001
0.000 - ; ;
(] 500 1000 1500 2000
Time /s

Fig.3 Chronoamperometric curves recorded at a potential of 0.1V vs.
Ag/AgClin the model and therapeutic brines for 316L stainless steel.
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Fig. 4 SEM images of the 316L stainless steel surface before (A) and after (B) immersion for 30 minutes in a model brine solution at an applied

potential of 0.1 V.

The theoretical mass of the digested elements was also deter-
mined by integration of the current from the intensity versus
time plot. The mean current was 3.52 mA and the obtained
charge was 6.34 C. On the basis of the mass composition of the
steel, molar fractions of individual components were calcu-
lated. The elements considered important in the electro-
chemical reaction were Fe, Cr, Ni, Mo, Mn and Cu, and C, P, S, Si
and N were omitted. For the theoretical estimation of the mass
difference, it was assumed that the electrochemical reactions
occurred at a proportional rate for the mole fractions for the
individual elements and in the systems: Fe/Fe(u), Cr/Cr (i), Ni/
Ni(u), Mo/Mo(ur), Mn/Mn(u), Cu/Cu(u). With such assumptions
made, the mass loss was calculated as 1.71 mg.

3.2.1 Chromium study. The chloride matrix may disturb
the reaction of Cr(vi) with DPCI, leading to the formation of the
Cr(m)-DPCO complex.” It also interferes with the oxidation of
chromium by KMnO, as Cl” ions are oxidized to Cl,. A
preliminary study was performed based on spectrophotometric
determination of Cr in diluted therapeutic brine spiked with
Cr(vi) standard to obtain the final concentration of 0.1 ug mL ™.
The aim was to recognize the scale of interferences, which were
expected in such a complex matrix. The recovery of Cr(vi) was in
the range of 59-90% from the 10-times diluted brine, and 84—
97% for the 100-times dilution. On the basis of these results, for
optimization of further steps of the analytical procedure,
a model solution was used with the salinity corresponding to
100-times dilution of the natural brine. The results of the Cr
determinations are presented in Table S1.}

Firstly, an attempt was made to separate Cr from the brine
matrix by liquid-liquid extraction. Model samples were
prepared containing 0.5 pg mL~" Cr(m) or Cr(v1) in model brine.
To extract the total chromium, it was first oxidized to Cr(vi) by
KMnO, in the presence of 0.1 mol L~ ! H,S0,. The solution was
heated in a boiling water bath (7' = 100 °C). The remaining
KMnO, was reduced by the dropwise addition of 2.5% NaNj;
until the purple color disappeared. Then, the samples were
acidified with HCI to obtain the final concentration of 2 or
3mol L', and 15.0 mL of the sample was placed in a separating
funnel. Cr(vi) was extracted with three portions (5.0 mL each) of
4-methyl-2-pentanone at a temperature below 10 °C, and next
re-extracted with three portions of deionized water (5.0 mL) at
room temperature. For spectrophotometric determination of

28838 | RSC Adv, 2023, 13, 28834-28842

Cr, DPCI was added to the obtained aqueous solutions, and the
measurements were carried at a wavelength of 542 nm. The
experiment showed that 2 mol L™" HCI is a better extraction
medium than 3 mol L™ HCI because for the latter, a lower
recovery was obtained (only 50%) and a strong turbidity of the
aqueous phase was observed. However, the results obtained for
2 mol L™" HCI were not reproducible. The recoveries for the
model samples containing Cl~ at concentrations 100 times
lower than in the therapeutic brine were in the range of 68-84%
(n = 6) for the samples initially containing Cr(vi) (the step of
oxidation with KMnO, was omitted), and 68-127% (n = 7) for
samples initially containing Cr(u) (after oxidation with KMnO,
and extraction). The whole procedure is a multi-step process,
which makes it not only time-consuming, but also results in
additional uncertainties that are difficult to estimate. For this
reason, it was decided to limit the simplification of the matrix to
thermal chloride stripping in the presence of H,SO,.

Model samples were prepared, containing 0.5 pg mL ™" Cr(m)
or Cr(vi) in model brine. Concentrated H,SO, was added to each
sample in an amount that allowed for obtaining the final
concentration (after evaporation and dilution) within the range
of 0.05-0.1 mol L™". The sample was then heated to approxi-
mately 210 °C until characteristic white fumes were observed.
After cooling and dilution with DI water, KMnO, solution was
added in order to oxidize chromium to Cr(vi), which was
determined using spectrophotometry after the addition of
DPCI. In the model samples, the recovery of Cr was 117 & 3% (n
= 4) for solutions initially containing Cr(vi), and 80 &+ 10% (n =
4) for solutions containing Cr(im).

Apart from the determination of the total content of the
elements, it is very important to analyze their speciation, i.e.,
the concentration of their various physicochemical forms. In
the case of chromium, there are large differences in the toxicity
of individual forms - Cr(m) shows low mobility, toxicity and
bioavailability (additionally, it plays an important biological
role as a component of many enzymes), while Cr(vi) is more
mobile, toxic and carcinogenic. Iron, regardless of the specia-
tion form, is not highly toxic. Fe(u) shows greater mobility and
low stability, while Fe(ur) is much more stable but not very
mobile (it precipitates as oxides and hydroxides).

Considering that the determination of total Cr requires its
oxidation to Cr(vi), it was checked whether the procedure of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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thermal chloride stripping would allow for the determination of
only Cr(vi) if the oxidation step with KMnO, was omitted. In this
experiment, the preparation of the samples was limited to
chloride stripping with sulphuric acid only. For samples con-
taining Cr(ur), the recovery was 0% (n = 3), and for samples
containing Cr(vi), the recovery was in the range of 3-38% (n =4).
Unfortunately, such procedure of sample preparation is inade-
quate for speciation analysis.

According to literature data, a significant excess of Fe(ui) ions
over Cr(vi) may disrupt spectrophotometric determinations of
Cr with DPC. To eliminate interferences from naturally present
Fe and other metal cations, EDTA can be used as a masking
agent. This approach was verified during determinations of Cr
in samples of natural brine, before and after “short contact”
with steel under OCP conditions. These samples were chosen
for the experiment due to the expected low concentrations of Cr
and strong interferences. The samples were diluted 100-times,
subjected to thermal chloride stripping and oxidation with
KMnO,, and spiked with 0.1 pg mL™' Cr(vi). Then, Cr was
determined using spectrophotometry, with and without the
addition of EDTA (avoiding interference from Fe) (Table 1).

The values obtained in the presence of EDTA were higher
than that without the addition of a masking agent. The differ-
ence was especially significant for the brine that remained in
contact with steel, and contained increased amounts of Fe
compared to natural brine. After addition of EDTA, the results
obtained for both samples (before and after contact with steel)
did not differ statistically, which indicates that in the short time
period, the corrosion of steel is not a source of significant
amounts of Cr. In samples of natural brine (100-times diluted),
the measured absorbance for chromium (4 = 0.009) was equal
to the absorbance limit of detection (LOD,psorbance = 0.010). It
was below the limit of Cr determination (20 pg L™ '), and
remained the same after the “short contact” period with steel
under OCP conditions.

A sample preparation method based on thermal chloride
stripping and oxidation with KMnO, was also used to determine
the total chromium in the solution obtained by the electro-
chemically accelerated corrosion of 316L stainless steel in
a model brine. The weight loss of corroding steel was measured
after 30 minutes of electrolysis, as well as calculated theoreti-
cally on the basis of the total charge and assuming that the
electroactive components of the steel dissolve in a proportion
consistent with their molar fractions in the steel. The measured
weight loss was 2.2 mg, while the theoretical (calculated) weight
loss was 1.7 mg. The mass of steel that was dissolved and the
concentration of Cr in the obtained solution were used to
calculate the share of chromium in the dissolved part of the

Table 1 The content of Cr (ug mL™Y) in natural brine before and after
one week of contact with 316L stainless steel under OCP conditions.
The samples were spiked with 0.1 pg mL™ Cr{v)

Total Cr [ug mL™"] Brine (fresh) Brine (after one week)

Without EDTA
With EDTA

0.107 £ 0.004
0.118 £ 0.003

0.070 £ 0.006
0.114 £ 0.003

© 2023 The Author(s). Published by the Royal Society of Chemistry
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steel, which was equal to 8.6% (Table 2). The content of Cr in
the investigated stainless steel is 18%. Such discrepancies
between theoretical and experimental values may be caused by
the uneven rate of dissolution of various steel components.

The use of a simple method of removing the excess chlorides
(thermal chloride stripping) together with a widely available
spectrophotometry results in an increase in the LOD compared
to the method of hyphenating solid phase extraction (SPE) with
Amberlite XAD-2000 as a sorbent (mostly used to absorb the
organic matter) and atomic absorption spectrometry (GF-AAS)
as a determination technique.* It should also be emphasized
that brine is a much more difficult matrix than wastewater, and
the LOD would be much higher if the excess chloride ions were
as high as in the case of the tested matrix. However, it should be
noted that the precision of the proposed methodology is really
good at around 2-3%.

3.2.2 TIron study. Iron was extracted from the sample using
4-methyl-2-pentanone (hexone), re-extracted with 0.1 mol L™
HC], and determined using spectrophotometry after the addi-
tion of sulfosalicylic acid (as described in Materials and
Methods). The results of the Fe determinations are presented in
Table S2.7 First, the recovery study was performed from samples
containing 2 mg L' Fe in deionized water and model brine.
The recoveries were 89 + 4% (n = 3) and 91% =+ 3% (n = 7),
respectively, proving the correctness of the sample preparation
procedure. Then, the influence of the presence of Cr on the
determination of Fe was studied. For this purpose, solutions
containing Fe(m) with Cr(vi), and Fe(m) with Cr(m) were
prepared in deionized water. The concentration of each element
was 2 mg L', and Fe was determined without prior extraction.
The recovery for the sample containing initially only Fe(ur) was
96%, Fe(ur) and Cr(ur) — 98%, and Fe(ur) and Cr(vi) - 108%. Then,
analogous samples were prepared in model brine (containing
Fe(m) with Cr(vi), and Fe(m) with Cr(m), 2 mg L™" each). The
recovery of Fe was 82-93% in the presence of Cr(vi), and 92-93%
in the presence of Cr(m). This indicates that the presence of
chromium in both oxidation states does not affect the efficiency
of the extraction procedure, and separation of iron by liquid-
liquid extraction allows for avoiding positive errors that can be
caused by the presence of Cr(vi).

This method of sample preparation was used before the
determination of Fe in a solution obtained as a result of the
electrochemically accelerated corrosion of 316L stainless steel

Table 2 The results of Cr determination in a solution obtained as
a result of the electrochemically accelerated corrosion of 316L stain-
less steel in a model brine

Sample Concentration of Cr content
no. Cr in the solution [ug mL™"] in steel

1 6.30 7.6%

2 7.30 8.9%

3 7.66 9.2%

4 7.48 9.1%

5 6.64 8.1%
Mean 7.07 8.6%

RSD 8.2% 8.1%
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Table 3 The results of Fe determination in a solution obtained as
a result of the electrochemically accelerated corrosion of 316L stain-
less steel in a model brine

Sample Concentration of Fe content
no. Fe in the solution [ug mL™"] in steel

1 1.04 52%

2 1.06 53%

3 1.10 55%

4 1.02 51%
Mean 1.06 53%

RSD 2.9% 3.2%

in a model brine, and in natural brine after contact with steel
for one week. The results obtained for the first sample (Table 3)
allowed for the calculation that iron constitutes 53% of the
mass that was dissolved electrochemically (with the mass
content of Fe in steel at approx. 62%).

The second experiment simulated a short-time contact time
(mining and transport) of brine with devices made of steel. In
samples of natural brine (100-times diluted), the measured
absorbance for iron (A = 0.003) was equal to the limit of
absorbance detection (LOD,psorbance = 0.003). After the “short
contact” time with steel under OCP conditions, it was equal to
0.005. It can be concluded that iron is slightly released into the
brine, but it is still below the absorbance limit of quantification
(LOQabsorbance = 0.010), and is thus below the limit of Fe
determination (30 pg L™"). It should be noted that a similar LOQ
was obtained using the spectrophotometry method in fresh and
marine water.”® If the detected amount must be lower, then
some additional pretreatment is needed using SPE as a separa-
tion technique. However, in the case of brine, the effectiveness
of the sorbent will be disturbed because it has a much higher
salinity. The experiments showed that the short-time contact of
the brine with steel is not a source of significant amounts of Fe.

Results of Fe and Cr determinations in the suspension ob-
tained as a product of electrolytic decomposition of steel show
that chromium comprises 8.6% of the dissolved part, and iron
comprises 53%. The content of Cr in steel is 18%, and Fe - 62%.
This means that the steel is not evenly decomposed, and Fe is
released more easily than Cr. In this case, iron and chromium
are released in the ratio of 6:1. In the case of atmospheric
corrosion, the literature data report that the release of chro-
mium and iron per unit area of steel equals 0.2-0.7 mg per m”
per year and 10-200 mg per m® per year, respectively.?
Considering the wide range, especially for Fe, the ratio of Fe to
Cr release is between 50:1 and 1000:1. The numbers are
significantly different for corrosion under atmospheric condi-
tions and in brine, indicating that a highly saline medium
enhances the release of Cr, mostly due to its complexation in
the presence of chlorides.

4. Conclusions

Simulation of the corrosion process (i.e., electrochemically
accelerated dissolution of steel immersed in model brine)
showed that in the long-term perspective, the corrosion process
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is a source of significant amounts of Fe, Cr, and certainly also
other elements (although in smaller amounts). Under the
conditions of an open circuit potential, after one week of
contact with the steel, the amounts of Fe and Cr released to the
brine were insignificant from the perspective of its therapeutic
value. Short-term storage in metal containers, or passing of the
solution through steel parts of the installations, should not
increase the content of metals in brine. Results of the Fe and Cr
determinations in the suspension obtained as a product of
electrolytic dissolution of steel show that Fe comprises 53% of
the dissolved part, and Cr comprises 8.6%. The steel originally
contained 62% of Fe and 18% of Cr, which shows that it is not
evenly decomposed. Chromium seems to be less easily released
to the solution than iron.

Brine is a highly saline, complex matrix, and thus it is diffi-
cult to analyze. Determination of Fe and Cr can be performed by
UV-Vis spectrophotometry but only after proper preparation of
the samples, which should include simplification of the sample
matrix (reduction of the chloride content). In the case of Fe, the
sample preparation can be based on liquid-liquid extraction
with hexone, and following re-extraction with diluted HCI. Iron
is then determined as a complex of Fe(um) with sulfosalicylic
acid. In the case of Cr, the extraction process is a source of
significant errors, but it can be replaced with thermal chloride
stripping in the presence of H,SO,. Next, Cr is oxidized to Cr(vi)
with KMnO,, and determined as a complex with 1,5-diphe-
nylcarbazide. Analytical procedures for both elements are
characterized by good repeatability. They are also simple and do
not require sophisticated equipment or reagents, which makes
them reproducible and applicable in routine analysis.
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