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Abstract: Currently, the demand for heat production by geothermal energy is increasingly strong amid
the controversy surrounding non-renewable forms of energy. In France, the Dogger aquifer in the
Paris Basin (DAPB) produces saline geothermal waters (GWs) that are hot (70-85 °C), anaerobic, and
slightly acidic (pH 6.1-6.4), and are characterized mainly by the presence of C1~,S042~, CO,/HCO;~,
and H,S/HS. These GWs are corrosive, while the well casings used are carbon steel. GWs have
been continuously treated since the 1990s by corrosion inhibitors at the bottom of production wells
to reduce water—steel interactions and scaling issues. Electrochemical experiments to optimize
inhibitors were carried out on site, protected from the ambient atmosphere, with actual geothermal
water, using water tapping at the wellhead. Currently, carbon steel corrosion/scaling, corrosion
inhibition phenomenology, and kinetics evaluation remain important challenges. These issues
are, of course, linked to the durability of installations. The novelty of our work consists of our
validation of a modus operandi that properly reproduces, at the laboratory scale, operating conditions
similar to those encountered on the types of geothermal installations. Particular attention was
paid to characterizing waters and gases from 13 production wellheads that were modelled with
PhreeqC® Version 3 hydrogeochemical software and the Thermoddem thermodynamic database
for implementing standardized reconstituted geothermal water (SRGW), a well-balanced water
representative of the major elements and dissolved gases of actual DAPB geothermal waters. The
developed electrochemical setup enabled us to analyze corrosion mechanisms such as those observed
on site and to investigate corrosion inhibition using petrosourced and biosourced inhibitors. The
modus operandi constitutes a reference for further investigations, at the laboratory scale, of corrosion
inhibition. These investigations may include screening and optimizing the formulas of petrosourced
and biosourced inhibitors for use in DAPB waters.

Keywords: geothermal energy; carbon steel; corrosion; corrosion inhibition; electrochemistry; scanning
electron microscopy; modeling

1. Introduction

Most of the geothermal installations in France exploit the low-enthalpy geothermal
waters (GWs) of the Dogger Aquifer in the Paris Basin (DAPB).

The aquifer extends to depths of 1600-2200 m versus NGF, the general leveling of
France and the precise measurement of the altitude of a point relative to the mean sea
level. The temperatures of the anaerobic GWs range from 70 to 85 °C; their pH ranges
from 6.1 to 6.4; and their redox potential ranges from —300 to —480 mV vs. the standard
hydrogen electrode (SHE). The GWs of the DAPB are highly mineralized. The total dis-
solved solids (TDSs) vary from 6 to 35 g/L (ionic strength, 0.1—0.6 M). Much of these are
Na* (3000—13,000 mg L~1), C1~ (5000—20,000 mg L) [1], and SO4%~ (300—1200 mg L~1) [2].
The dissolved gases include mainly Nj, CO;,, HS, and CHy. The concentrations of
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CO,/HCO;3~ range between 250 and 600 mg L1, and the concentrations of H,S/HS™
range between 5 and 100 mg L~! [2]. Systematic analytical studies have shown the existence
of a sulfide-enriched zone (30-100 mg LD, mapped in 1994 and updated in 2011 [2], which
extends from the north to the west of Paris; the rest of the GWs of the DAPB have much
lower values (0-30 mg L™1). In addition to the specific physical and chemical characteristics,
sulfate- and thiosulfate-reducing bacteria are the main bacterial strains present in the GWs
of the DAPB [3].

To heat buildings and to produce hot sanitary water, DAPB geothermal installations
use two or three wells to pump and reinject saline waters. The warm waters flow from
production well casings to the surface installations, where calories are extracted using heat
exchangers. The cooled GWs are then reinjected several hundreds of meters further away,
through one injection well or two injection wells, into the same DAPB. GW flows through
the wells without releasing its gases, since the water production pressure, managed by an
immersed pump at a depth of approximately —200 m, is always higher than that of the
bubble point pressure. The exploitation flowrate ranges from 200 to 400 m®/h, depending
on the seasonal energy demand.

DAPB GWs have been exploited since the 1980s [4]. Since then, the vast majority of
the 55 installations in the Paris Basin have used wells made of carbon steel (CS).

However, GWs’ geochemical characteristics place them among the foremost corrosive
natural waters for carbon steel [5]: CO,/HCO;~ and HpS/HS™ acid-base pairs buffer
DAPB waters at slightly acidic pH values; Cl~ and sulfide (S~) contents promote CS
corrosion; and sulfate- and thiosulfate-reducing bacteria populations, by producing sulfide,
accelerate it.

At the production temperature and pH of the GWs, dissolved inorganic carbon is able
to produce very soluble corrosion products such as iron hydrogenocarbonate Fe(HCO3),
and inhomogeneously distributed, less soluble, and more protective products such as iron
carbonate FeCOj (siderite) [6-8]. At the same time, C1~, which is the most detrimental
halide to Fe and its alloys, is adsorbed onto and transferred into corrosion by-products,
leading to local accumulation, breaking down, and/or dissolving corrosion by-products.
All these phenomena are responsible for localized corrosion [9-14] that is so intense that
it appears generalized. Concomitantly, H,S is able to stimulate both cathodic and anodic
reactions in iron [15-17]. Moreover, high concentrations of S~ are responsible for the
formation of non-protective FeS deposits, depending on their crystallinity, for which the
standard potential is higher than that of metal [6]. This phenomenon is responsible for
increasing the number of active dissolution centers and activating the reduction process
by promoting the discharge of H, [18,19]. In addition, sulfate- and thiosulfate-reducing
bacteria that carry out anaerobic respiration using natural SO4>~ and H, released from
CS-XC38 corrosion [20] as their electron acceptor and donor, respectively, to produce
H)S/HS™ as a metabolic end product are able to accelerate the CS corrosion rate and
biocorrosion process [21,22].

In the early 1980s, field experience demonstrated that, in production and injection
wells, there was severe corrosion, deposit precipitation, and in some cases, partial clogging.
This reduced the water production flowrate and caused a decline in energy production [4].

The inner layer of the polished sections of scales from different depths of geothermal
wells in the Paris Basin was demonstrated by energy dispersive X-ray spectroscopy to be
essentially formed of FeO(OH,Cl), FeCl,-4H,O, Fe(OH)3Cl, FeCO3, and FexSy in small
quantities [21]. The second, outside, layer was predominantly (80%) composed of iron
sulfide, which was, for the most part, made up of mackinawite [23]. The other phases
of iron sulfide, such as pyrite, marcasite, greigite, and pyrrhotite, were all present but in
small proportions. An increase in the C1~ content from the scale-solution interface towards
the scale-metal interface confirmed the preponderant role of CI™ in the activation of the
corrosion process. It also suggested that Fe is most vulnerable during the development
of the passive film; Cl~ incorporates into the film during the film thickening [24]. In
agreement with publications in our bibliography [6,17,19], geographic zones with a high
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sulfide content thus corresponded with those where there was extensive corrosion and
clogging in the wells.

In order to improve the operating conditions of geothermal exploitation in the Paris re-
gion, the geothermal wells have progressively been treated, since 1989, using a well-bottom
treatment tube (WBTT) with various pure or formulated petrosourced organic corrosion
inhibitors (PS-OCls) to prevent corrosion and scaling [21]. By selecting, inter-comparing,
and optimizing pure or formulated PS-OClIs using on-site electrochemical techniques, it
was found that corrosion inhibition efficiency ranged from 85 to 90% [25]. Because of the
alterable physical and chemical characteristics of the fluid, experiments were necessar-
ily carried out on site, protected from the ambient atmosphere, with actual geothermal
water, using water tapping at the wellhead. The basic PS-OCIs were primary, secondary,
and ternary amines; ethoxylated fatty amines; benzalkonium chloride; and quaternary
ammonium salt-based formulations. Such formulations are still used for the continuous
treatment of wells to reduce water—steel interactions and scaling issues. Currently, there
are no further untreated fluids that can be used for testing the effectiveness of new OCls,
whereas carbon steel corrosion phenomenology and kinetics evaluation remain important
challenges. In addition, there is a great need to test not only new PS-OClIs but also BS-OCls
(biosourced-OCls) to improve geothermal exploitations, particularly since OClIs must be
sufficiently effective at economically feasible concentrations, i.e., OClIs must be effective
at very low concentrations (~2.5 mg L™!) [21] and proven to present no risk of promoting
localized corrosion. To make these exploitations more ethical, BS-OClIs should cause no
issues to the ecosystem, since they are being introduced into GWs which are then returned
to the environment.

Research must be continued in a laboratory setting, definitively in waters that are
representative of those in the DAPB. The objective of this study is to set up geochemical and
electrochemical modus operandi, at the laboratory scale, for investigating the mechanisms
and kinetics of carbon steel corrosion and for optimizing carbon steel corrosion inhibition
in a standardized reconstituted geothermal water (SRGW) of the Paris Basin. This SRGW
must be a well-balanced water that is representative, in terms of the major elements and
dissolved gases, of the DAPB’s actual geothermal waters. The setup that we developed
enabled us to assess and compare, according to common standards, the effectiveness of
new molecules or formulations of PS-OCls or BS-OClIs.

2. Materials and Methods

In-depth investigation and screening in the laboratory of carbon steel corrosion and
inhibition in representative geothermal media require a systematic approach. For this
purpose, functional carbon steel-based working electrodes have been designed, imple-
mented, and adapted to monitor and investigate steel interfaces. Specific materials, as well
as analytical equipment and techniques, have been selected and optimized to implement
representative experiments, monitor the physical and chemical parameters of the fluid, and
investigate corrosion and inhibition. Particular attention was paid to reconstituting a stan-
dardized DAPB geothermal water, named SRGW (standardized reconstituted geothermal
water), that was a well-balanced water representative of the major elements and dissolved
gases of actual DAPB geothermal waters.

2.1. Modus Operandi for the Reconstitution of a Representative Medium of the DAPB Waters

The SRGW was reconstituted thanks to the in-depth analytical characterization of the
waters and gases from 13 production wellheads in the Val de Marne Department, located
in the southeast of Paris, and via modeling using PhreeqC® Version 3 hydrogeochemical
software and the ThermoddemV1.10_15Dec2020.dat thermodynamic database generated
by BRGM [26]. PHREEQC Version 3 (United States Geological Survey, USGS.gov, https://
www.usgs.gov/software /phreeqc-version-3, accessed on 5 December 2021) is a computer
program, written in the C++ programming language, that is designed to perform a wide
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variety of aqueous geochemical calculations. PHREEQC implements several types of
aqueous models, including two ion-association aqueous models [27].

The geochemical model used for this purpose compiled the available data of the actual
geothermal water in terms of the major and minor ionic elements, the non-conservative
physicochemical parameters (temperature, pH, and redox potential), the non-conservative
chemical composition (alkalinity, dissolved iron, dissolved sulfides, and mercaptans), the
gas/liquid ratio (or GLR, in volume), and the content of free gases and dissolved gases. The
bacterial and pressure factors were not included in the study regarding the time scale of each
experiment (no more than 3 days). Biocorrosion is expected over longer periods than those
investigated at the present in vitro laboratory scale. Moreover, previous studies on-site
showed that the sulfate- and thiosulfate-reducing bacteria strains constitute an aggravating
factor of the proper physico-electrochemical phenomena investigated here [21,22].

2.1.1. Analysis of Dissolved Species and Gases of Actual Geothermal DAPB Waters

The sampling and analytical methods used for the analyses of dissolved species and
gases have been described in detail by Marty et al. (1988) [28] (for gases) and by Criaud
etal. (1989) [29] (for dissolved species). Briefly, gas/liquid ratios were directly measured on
site using volumetry. The gases were analyzed using gas-phase chromatography after the
alkaline trapping of CO,, whereas the aqueous species were analyzed using liquid-phase
chromatography performed on acidified aliquots or using ICP/MS. The total dissolved
sulfide content was determined in situ (detection limit 0.5 mg L~1) with potentiometric
titration, using a Tacussel TIM 900 Titralab (Radiometer Analytical, Villeurbanne, France)
with a titrating solution of Hg(NO3), (5 x 1073 or 5 x 10~* mol L™!) and using a specific
silver sulfide electrode (Ag—Ag;S) coupled to a Ag—AgCl reference electrode [30]. Alka-
linity was also measured on site using potentiometric titration, with a titrating solution of
HCI (1 x 10! mol L~!) and using a combined pH electrode.

2.1.2. Physical and Chemical Characteristics of Actual Geothermal DAPB Waters

The physical and chemical characteristics of the 12 GWs investigated over a period of
2 years (2013-2014) from the department of the Val de Marne are presented in Appendix A,
Tables Al and A2.

Table Al shows the average values of the main physical parameters and chemical
elements. Table A2 presents the average percentage values of the main water dissolved
and free gases. Tables Al and A2 also show the average values and standard deviation
calculated for each investigated parameter.

Each geothermal well exploiting the DAPB produces its own fluid. However, the
fact remains that the fluids resemble each other on a regional level and locally. We thus
decided to reproduce, at the laboratory scale, a well-balanced water composition that
was representative in terms of the major elements and dissolved gases of actual DAPB
geothermal waters. In Tables A1 and A2, the bold values highlight the parameters taken into
account for the modeling of a DAPB-derived water sample whose chemical composition is
representative of the major elements.

2.1.3. Modeling

Table A3 shows the content of minerals (in mM) and HC1 0.1 M (in mL) used for modeling
the partial reconstitution of the ionic charge of the prospective SRGW, i.e., a water sample that
is only representative of the major elements of actual DAPB geothermal waters.

Table A4 presents the parameters (pH, pe, temperature, ionic elements, and gas
contents) inputted for modeling SRGW using the PhreeqC® hydrogeochemical software
and the ThermoddemV1.10_15Dec2020.dat thermodynamic database [26]. On the left, at
the bottom, Table A4 also shows the main parameters of the modeling output, i.e., the
final pH, pe, elements, and contents (in mmol L1 and in mg L Y in equilibrium with
the Ny (79.2%), CO, (20%), and H;S (0.8%) gas mixture. These data are in the same order
of magnitude as those of Tables A1-A3. The Table A4 parameters were, thus, used to
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reconstitute an SRGW that takes into account, as much as possible, local DAPB geothermal
water—carbon steel interactions.

2.1.4. Reconstitution

Table 1 presents the nature and mass of the mineral salts, provided by Sigma-Aldrich
(St. Louis, MO, USA), to be weighed for the production of one liter of prospective SRGW
that becomes SRGW after it is balanced, by continuous bubbling, with the following gas
mixture: CO, (20%), H,S (0.8%), and Ny (79.8%) at 70 °C. The gas mixture was ordered
from Air Liquide, AlfagazTM, Paris, France.

Table 1. Mineral salts” nature and mass used for the synthesis of 1 L of DAPB in Val de Marne.

Mineral Salts” Names and Formulas Mass (g) for 1 L of Deionized Water
Sodium bicarbonate, NaHCOj3 0.44523
Potassium chloride, KC1 0.18637
Magnesium chloride hexahydrate, MgCl, 6H,O 1.8298
Ammonium sulfate, (NH),SOy4 0.07326
Calcium sulfate, CaSO4 2H,O 1.41632
Calcium chloride, CaCl, (anhydrous) 1.8868
Sodium chloride, NaCl 14.1645

Once equilibrated, the investigated corrosive medium, named SRGW, is a well-
balanced water with the necessary salts for mimicking both the dissolved major elements
(ionic activity and salinity) and the dissolved gases in the actual geothermal DAPB waters
from the department of the Val de Marne.

2.2. Carbon Steel Working Electrode
2.2.1. Carbon Steel Grade

The well casings are manufactured from a grade of carbon steel selected according
to the ANSI/NACE MR0175/ISO 15156 standard (materials for use in H,S-containing
environments in oil and gas production) [31]. The casings of the geothermal wells exploiting
the DAPB are essentially made of API K55-grade carbon steel [4]. The material used and
studied is the XC38-type carbon steel, which is a steel of a grade close to that of API
K55 (Table 2). It is known for its moderate carbon content, which provides a balance of
strength, ductility, and hardness. Its susceptibility to corrosion in acidic environments
makes it an ideal candidate for evaluating the efficacy of corrosion inhibitors [32-36]. It is,
in addition, of good machinability and sold under different shapes. It was, finally, the most
cost-effective option.

Table 2. Comparison of the chemical compositions of the carbon steels CS-XC38 and CS-API K55.

Elements Chemical Composition of Chemical Composition of
CS-XC38 (% Mass) CS-API K55 (% Mass)
C 0.38 042
Mn 0.65 1.08
Si 0.10 0.34
P 0.017 -
S 0.0116 0.004
Ni 0.050 0.092
Cr 0.03 0.10
Cu 0.062 -
Al 0.022 -

Fe ~98.6753 ~98.3840
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2.2.2. CS-XC38 Working Electrodes

The homemade, 20 cm high, CS-XC38 working electrode is presented in Figure 1. It is
made of six machined parts (Figure 1A). The working CS-XC38 electrode is a cylinder of
7 mm diameter and 9 mm height with a central threaded hole (Figure 1B). In use, cylindrical
electrodes proved to be more suitable than conventional disc-shape electrodes because of
the robustness of the electrical contact, which is anchored to the carbon steel. Disc-shape
electrodes are most often a small compressed spring, and the elastic modulus degrades over
time due to continuous wear and tear. In addition, because of the cylindrical shape of the
electrode, the surface was considerably improved with respect to external electrochemical
disturbances. The measured roughness of the working electrodes ranges between 40 and
180 nm. Surface profile measurements were made with a diamond stylus profilometer. The
lateral exposed surface ranges from 1.9 to 2.0 cm?. The sensitive element is anchored to a
threaded rod made of CS-XC38 with an external electrical contact that allows the insertion
of a banana plug. The body carrier is a threaded cylinder of 9 mm diameter made of Kynar®
polyvinylidene difluoride (PVDF) from Arkema (Colombes, France). This is a thermoplastic
fluoropolymer with high temperature resistance, low permeability, and high mechanical
strength that is used in applications requiring resistance to acids and hydrocarbons.

A
Electrical Cylindric cover CS-X38
connector in Kynar® sample

Metallic rod Lateral cylindrical Cylindric bits
exposed surface in Teflon®

9mm 7mm
~— —

= 4 W=

Figure 1. (A) Photograph of the CS-XC38 working electrode and its parts; (B) zoom on the dimensions
and the lateral cylindrical exposed surface.

Two “disposable” PTFE (polytetrafluoroethylene, Teflon®) cylinders of 9 cm diameter,
threaded in the center, sandwich the working CS-XC38 surface. This surface comprises a
3 mm thick puck and a 7 mm thick cap, three-quarters of which is threaded. The robust
sealing between the working surface, the rod, and the body carrier is ensured by the
two PTFE parts and an 8 mm thick threaded steel puck, which sandwiches the entire
electrode body from top to bottom.

2.3. Experimental Setup
2.3.1. The Electrochemical Reactor

Experiments were conducted in a thermoregulated 1 L cylindrical Pyrex double-walled
water-jacketed reactor at 70 °C £ 0.2 °C (Figure 2). A DC10-P5/U thermostat bath (ECO
RE 415 S (LAUDA DR.R. WOBSER GMBH & CO. KG, Lauda-Konigshofen, Germany) was
used to control the temperature. The reactor was equipped with a cover that has seven
conical holes. The following were inserted into these holes:

- A refrigerant, into which water flowing at 1 °C was used to condense vapors and
minimize any losses of SRGW;

- Six essential electrodes which were used to monitor the physical and chemical param-
eters of the fluid and to investigate the reactivity of CS-XC38:

O A commercial combined pH glass electrode (InLab Reach, Mettler Toledo, Colom-
bus, OH, USA) that was systematically calibrated between each experiment using
commercial standard buffer solutions (pH 4.006 (NIST/DIN), pH 7.00 (ANA)
from Mettler Toledo® Colombus, OH, USA);

O A platinum wire electrode, the open circuit potential (OCP) of which was moni-
tored and compared to the internal reference of the pH electrode;
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O  An electrochemical triplet used only for electrochemical corrosion measurement
and composed of the following: a CS-XC38 working electrode (WE); a saturated
calomel reference electrode (SCE), which consists of a commercial SCE (K0077
from AMETEK, Inc., Berwyn, PA, USA) protected with a KCI 3 mol L! junction
(K0065 from AMETEK, Inc., Berwyn, PA, USA); and a 6 cm high cylindrical Pt/Ir
grid counter electrode (CE) with a diameter of 6 cm;

O  One CS-XC38, referred to as the free electrode and used to monitor the reactor’s
OCP; this item was not exposed to external electrochemical disturbances;

O A Pyrex® tube glass bubbler comprising a dip tube and a diffuser. This was
used for gas equilibration, i.e., of the humidified N, (79.2%), CO, (20%), and
H,S (0.8%) gas mixture, as otherwise stated.

-« Refrigerant at 1°C

Bath in whichthe [
gas (H,S, CO,,
N,) becomes
humid before
injectioninto the
reactor

Reactor cover into which
the different electrodes
are inserted

Double wall reactor
with the SRGW

Figure 2. Experimental setup.

2.3.2. Electrochemical Apparatuses, pH Meter, and Data Logger

The electrochemical experiments used a PAR model 2273 potentiostat—galvanostat
(AMETEK, Inc., Berwyn, PA, USA) interfaced to a PC system with PAR’s PowerSuite v.2.58
software. A WTW pH meter (Xylem Analytical Europe, Weilheim, Germany), delivering
output signals in volts for temperature and pH, was used and connected to a 3700A Data
Acquisition System (Keithley Instruments, Inc., Cleveland, OH, USA) that was handled by
a computer via KickStart-2 software, version 1.9.8 [37].

2.4. Electrochemical Techniques

From the beginning of its immersion in the SRGW, the electrochemical behavior of
CS-XC38 was monitored using various electrochemical techniques.

Linear polarization resistance (LPR) and Tafel plots (TP) were measured by linearly
polarizing the CS-XC38 electrode at 4= 20 mV and at & 200 mV, respectively, around OCP at
a scan rate of 0.1 mV s~! and 0.166 mV s~!. Impedance measurements by electrochemical
impedance spectrometry (EIS) were performed at the OCP of CS-XC38, over a frequency
range of 1 MHz to 1 mHz, using perturbation signals with an amplitude of 10 mV [37].

The polarization resistance, Rp, was determined from the LPR curve (RyLrp)) [25] and
the Nyquist plots of EIS measurements (R grs)) [37-39]. From the Nyquist plots, R, was
obtained by fitting the suitable equivalent circuit.

The corrosion current density (CCD), Jcorr (A.m~2), was calculated using the Stern-Geary
equation Equation (1) [40,41]:

B Pabe 1

Jeorr = Rp <A In(10) x (B, + B)  Rp x A v
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where B is the Stern—Geary constant (V), R;, is the polarization resistance (Q-m?), A is the
exposed (polarized) surface of steel (m?), and Ba and fc are the anodic and cathodic Tafel
constants (V), respectively.

2.5. Gravimetric Analyses

The gravimetric technique was used to calculate the corrosion thickness loss of the
surface area (S) of the carbon steel samples exposed to corrosive SRGW. It is based on the
experimental determination of carbon steel weight loss (Wj,g5) by means of a chemical
treatment, including an inhibitor in solution to minimize the overoxidation of the metal
surface once the corrosion products have been fully eliminated. ASTM G1-90 (2017) was
the standard norm applied for this work [42].

Detailed procedures can be found in our references [43,44]. CS-XC38 raw samples
were first rinsed with milliQ 18 M() water and ethanol and then dried with compressed
N3 and weighed (Wpefore-exp, in g, is the weight of the sample before immersion). After
CS-XC38's interaction with SRGW, the cylinders underwent desquamation. Corrosion
products were removed by immersing the cylinders for 5 min in Clarke’s solution (20 g
antimony trioxide (Sb,O3), 50 g stannous chloride (SnCly), and 1 ml 38% hydrochloric acid
(HCI)). Then, the cylinders were rinsed with milliQ 18 MQ) water and ethanol, dried with
N», and weighed. The operation was repeated five times to determine the linear evolution
of the mass versus time. The y-intercept is the representative mass of the sample after
exposure to SRGW (Wgier_exp, in g, is the weight of sample after exposure).

The corrosion thickness loss, CRg (mm y '), is provided by Equation (2):

o Wloss

CRg - pTS (2)

where Wiy, in g, is the weight 10ss (Wiess = Wheforeexp — Wafter-exp), P i the density of iron
(0.00785 g-mm3), S (in mm?) is the exposed surface area, and T (in years) is the immersion time.

2.6. Electrochemical Study

Stationary (LPR and TP) and transitory (EIS) electrochemical techniques were consec-
utively applied to the CS-XC38 working surface, in a loop with a precise order and timing
(Figure 3), to investigate the mechanisms of the interaction between CS-XC38 and SRGW
in the absence and in the presence of inhibitors, in order to assess and to compare their
inhibition effectiveness.

Immersion of the sample at t =0:

\’

Seorr (2) ’ SEcorr (1)

/7 N

LPR (3) Sdeorr (1)
EIS (2) LPR(1)
EIS (1) TP (1)

~ LPR (2) /

Figure 3. Schematic representation of an electrochemical analysis loop carried out on XC-38 steel
samples; duration, ~3 h 55 min. SEor: monitoring of Excss, the open circuit potential of CS-XC38;
SJcorr: potentiostatic technique at Excsg with monitoring of corrosion free-current density Jeorr at
the Excsg; LRP: monitoring of Ry, allowing access to Jeorr; TP: monitoring of Excsg, Jeorr, Ba, and B¢;
EIS at Excss: monitoring of the CS-XC38 corrosion mechanism, monitoring of Ry, allowing access to Jeorr-
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EIS is based on the perturbation of an electrochemical system at steady state. In practice,
the cell can change through adsorption/desorption phenomena, the growth/degradation
of the coating layer, and the buildup of reaction products in solution. Two complementary
impedances (EIS1 and EIS2) were frequently successively performed within a loop (ES1
from 1 MHz to 5 Hz and from 10 Hz to 1 mHz), and their data were merged to investigate
both the repeatability and the stability of the measurement process throughout the time
required to measure the EIS spectrum.

The loop was carried out about ten times (in the absence and in the presence of an
inhibitor), c.f. Section 2.8. At the end of the fifth loop, the immersion duration reached
approximately 19.63 h. An example of the adopted nomenclature for the treatment of the
results is provided in Appendix B, Table A5, for five loops and includes the loop number
and the name of the technique (with the technique, steel, sample number, content, date,
and a number from 1 to 5 assigned by the equipment to designate the loop that was run).
The measurement sequencing makes it possible to calculate the corrosion parameters as
a function of the immersion time. It also allows the parameters to be averaged over the
entire immersion period.

2.7. SEM Characterization

SEM was used to analyze the surface morphology of the CS-XC38 electrode, before
any experiment and after 40 h of electrochemical disturbances into SRGW, in the absence
and in the presence of inhibitors. For this purpose, immediately after the electrochemical
experiments, the CS-XC38 electrodes were immersed in liquid Ny to be transported to
the microscope. The CS-XC38 working surfaces were unscrewed prior to insertion into
the vacuum system. Surface morphology was studied using SEM, with secondary elec-
tron imaging using Tescan Mira 3 equipment coupled to energy dispersive X-ray (EDX)
(Gaithersburg, MD, USA).

2.8. Petrosourced (PS) and Biosourced (BS) Organic Corrosion Inhibitors (OClIs); PS-OCI or BS-OCI

Ethylene glycol (C;H¢O, anhydrous, 99.8%) was provided by Sigma-Aldrich. PEG-15
cocoamine was provided by PCC Group (Sienkiewicza, Poland). NORAM® was provided by
Arkema (Colombes, France). The 8,14-Epoxy—17-Hydroxy-11,13(15)-Abietadien-16,12—olide
(EHA) was provided by Terokit (Guangzhou, China). Pure 2—-decenyl-2—-oxazoline was
synthetized by LCA, INRAE of Toulouse INP (Toulouse, France). The reaction, which
was catalyzed by titanium tetrabutyl, consists of the amidation of undecylenic acid in the
presence of ethanolamine, followed by cyclization.

PSIC is composed of 20% cocoamine 15 EO, 30% HEA, 30% C,H¢O,, and 20% H,O.

PSIN is composed of 50% cocoamine 15 EO, 1.5% NORAM®, 0.5% C,HgO,, and 43.5% H,O.

BSID is pure 2-decenyl-2—oxazoline.

All the inhibitors were tested for an immersion time of 40 h, which is the best com-
promise between the time that can be devoted to an experiment (one inhibitor at one
concentration) and the average persistence time of the best-performing PS-OCI used for
the in situ treatment of the geothermal well of the DAPB. Experiments were performed at
economically feasible concentrations.

3. Results and Discussion
3.1. Implementation of the SRGW

Figure 4A,B presents the temporal variation in T, pH, and the open-circuit potentials
(OCPs) of Pt (Ep;) and of CS-XC38 (Exc3g) during the implementation of the SRGW without
an inhibitor and in the range of 0 to 10 h (Figure 4A) and 0 to 40 h (Figure 4B). OCPs are
expressed in mV versus the standard hydrogen electrode (mV/SHE) at the investigated
temperature. The reactor was filled with 1 L of deaerated (humidified Nj, 99.99999%,
1 bar) prospective SRGW continuously stirred at 25 °C. It was then equilibrated using a
humidified Ny (79.2%), CO; (20%), and H,S (0.8%) gas mixture before the temperature
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was raised to 70 °C to obtain the SRGW. Figure 4C shows the Eh—pH diagram during the
preparation of the SRGW.
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Figure 4. Temporal evolution of the physical and the chemical parameters (temperature, pH, Ep,
and Excsg) of the prospective SRGW (at 18 °C, 25 °C, and 70 °C) and SRGW (at 70 °C) during its
preparation. (A) Temporal range: 0-10 h; (B) temporal range: 040 h; (C) Eh—pH diagram during the
preparation of SRGW.

Figure 4A presents five distinct areas. The physical and chemical characteristics of the
prospective SRGW equilibrated with humidified N, (100%) were observed between 0 and
1.6 h (blue vertical line). From 1.6 to 2.8 h (green vertical line), the SRGW was continuously
bubbled with a Ny (79.2%), CO; (20%), and H,S (0.8%) gas mixture. After 2.8 h, bubbling
was stopped (green vertical line) to investigate the present conditions of the prospective
SRGW before increasing the temperature from 25 °C to 70 °C at 3.9 h (red vertical line).
Beyond 5 h (black vertical line), the continuous bubbling was started again. Stopping
bubbling in the range from 2.8 to 5 h made it possible to investigate the stability of both the
prospective SRGW and the headspace. This also allowed for the minimization of the gas
flow rate while maintaining the perfect SRGW saturation by the gas mixture.

During phase 1, Ep; (351 £ 15 mV /SHE at pH 7.3, 25 °C) was fixed by the PtO/Pt
redox couple under micro-oxic conditions (Figure 4C) [45]. At the same time, Exc3g reached
—257 £ 20 mV/SHE. In agreement with the depletion of dissolved COy(g) by N3 (100%), the
pH was fixed by the H*/OH™ acid-base pair.

During phase 2, the addition of the two acid gases, H,S and CO,, was responsible for
a pH decrease, in agreement with Equations (3) and (4):
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H,S + H,O = HS™ + H30* pKa = 7.04 3)
CO; + 2H,0 = HCO5~ + H;O* pKa =6.37 4)

Half of the equivalence of Equation (3) takes place at pH~7. In the pH range of
6.3-6.4, half of the equivalence of Equation (4) takes place. The pseudo-plateau observed
for pH ranging from 6.2 to 6.1 is related to the theoretical completion of Equation (3), the
equivalence of which occurred at pH 6.1 and 25 °C. For pH values inferior to 6.1, pH is
fixed by the CO,/HCO3™ acid-base pair.

Concomitantly, Pt electrode behavior is in quite good agreement with the acid-base
reactions occurring in the prospective SRGW. In addition, the pseudo-plateau observed be-
tween —200 and —180 mV /SHE was attributed to the theoretical completion of Equation (5),
the equivalence of which occurred at ~—180 mV /SHE at 25 °C (Figure 4C).

20, + HS™ (or + H,S) — SO4>~ + H* (or 2H™) (5)

In the pH range 7.3-6.9, Ep; is a mixed potential fixed by the O, /H,0O and SO42~ /s~
redox couples until reaching anoxic conditions, i.e., ~180 mV/SHE at pH 6.9 at 25 °C,
pO2 = 1070 atm [45] (Figure 4A,C). Beyond —180 mV /SHE, Ep; is fixed by the SO42— /s~ I
redox couple. From pH 6.1, it is fixed by S042~ /H,S.

Regarding CS-XC38, the addition of the two CO, and H,S acid gases does not produce
an instantaneous variation in OCP. Under the investigated conditions, this phenomenon is
linked to the low activity of HS™. The pH value reached ~6.6, for which [HS™] ~ [H,S]),
when Exc3g exponentially decreased with pH until it reached —540 & 57 mV /SHE at pH 6.1
at 25 °C. According to Iofa et al. 1964 [15], the increase in H»S content accelerated the rate of
CS-XC38'’s anodic dissolution, thereby shifting the corrosion potential to increasingly negative
values. HS™ ions form a chemisorbed layer on the surface of the electrode; this layer acts as a
surface catalyst, enhancing the kinetics of the iron dissolution reaction [15], Equation (6):

Fe + HyS + HyO — (FeSH )45 + H;O* (6)

According to Shoesmith et al. [46], the sorption reaction is followed by an oxidation step
involving a two-electron transfer step, Equation (7). In this mechanism, depending on the
experimental conditions, the produced (FeSH"),4s could either convert to a corrosion product
layer (Equation (8), i.e., an inhibition effect) or further hydrolyze to FeZ* (Equation (9)) [33]:

(FeSH™),4s = (FeSH™" ) qs + 2€~ 7)
(FeSH"),4s = FeSi_x + xHS™ + (1-)H*~ 8)
(FeSH™),4s + H30+ = Fe?* + H,S + H,O 9)

During the exponential decrease, Excsg was thus fixed by Fell/Fe, i.e., (FeSH*),4s/Fe,
according to Equation (7), and/or Fe?* /Fe, according to Equation (9). Then, a pseudo-
steady state, reaching -540 & 57 mV /SHE at pH 6.1 and 25 °C, was obtained, demonstrating
that FeS;_,/Fe redox couple fixes the OCP of CS-XC38 [47]; this observation was in
agreement with the production of a layer of corrosion products (Equation (8)).

During phase 3, stopping the bubbling in the range from 2.8 to 5 h did not disturb either
the physical and chemical parameters or the Excsg (pH = 6.10 = 0.01; EPt = —161 &+ 5 mV /SHE;
Excss = —540 = 57 mV /SHE).

During phase 4, the increase in temperature was responsible for the increase in pH
of 0.2 units because of the slight degassing of H,S, while Excsg immediately drastically
decreased by ~100 mV and Ep; remained stable for 12 min before decreasing by ~270 mV.

According to [48,49], the phenomenon observed in the CS-XC38, which is characterized
by a sharp transition that is independent of the pH in the range of 1-7, is named the
critical pitting temperature (CPT) and corresponds with the critical temperature at which
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metastable pitting transforms into steady-state pitting. The governing mechanism for the
observed temperature dependence of the pit potential was related to the formation of
voids and the void-to-pore transition process; more specifically, related to this voiding
process being influenced by the structural morphology of the coating and its dependence
on temperature [9]. Below the transition point, void breakthrough is not sufficient to induce
stable pitting and must act in concert with other components of an overall pit initiation
mechanism. However, at temperatures above the transition point, void breakthrough
might lead to the formation of pores that allow for a critical level of localized acidification
and, thus, the initiation and propagation of stable pits [9]. During the generalization of
the corrosion process, Excsg can either be fixed by FeS;_/Fe, according to Equation (8),
and/or by Fe?* /Fe, according to Equation (9). Epy is fixed by SO42~ /H,S at 70 °C; it is on
the same order of magnitude and 50 mV higher (Figure 4C).

During phase 5, restarting the continuous bubbling of the gaseous mixture allows a balance
to be reached rapidly. The pH value reached 6.31 £ 0.02 at 70 °C. At the same time, Ep; evolves
in agreement with the SO4%~ /H,S redox couple at 70 °C, until reaching —261 + 6 mV/SHE
(Figure 4B,C). In the pH range from 6.1 to 6.4, Excsg= —39 x pH—396 mV /SHE, tending to
demonstrate that the FeS;_,/Fe redox couple fixes Excsg. The increase in Excsg from
—640 to —573 mV between 15 and 20 h (Figure 4B) can be attributed to the covering
of the steel with iron sulfide deposits that evolve in terms of crystallinity (in addition
to FeO(OH,Cl), FeCl,.4H,0, and Fe;(OH);Cl corrosion products and, to a lesser extent,
inhomogeneously distributed nano-FeCO3). This finding is in agreement with in situ
measurement [21] and geochemical modeling [47].

The continuous bubbling of the N; (79.2%), CO; (20%), and H)S (0.8%) gaseous
mixture in the prospective SRGW, at 70 °C, allows for the balancing of the physical and
the chemical parameters (T =70.3 + 0.1, pH = 6.31 & 0.02, Ep; = —261 £+ 6 mV /SHE). This
occurs in agreement with the geochemical modeling for the obtainment of a stable SRGW
versus time (Figure 4A,B and Table A4). These results validate the robustness of the setting
up of the geochemical and electrochemical modus operandi for further investigating the
mechanisms and kinetics of carbon steel corrosion and corrosion inhibition.

For subsequent experiments, the fully equipped reactor, except for the CS-XC38
electrodes, was filled with 1 L of prospective SRGW and continuously stirred at 25 °C. It
was then equilibrated using the continuous bubbling of a humidified N; (79.2%), CO; (20%),
and HjS (0.8%) gas mixture before the temperature was raised to 70 °C. Once the physical and
the chemical parameters reached the target values, the CS-XC38 electrodes were immersed in
SRGW for electrochemical experiments in the absence and presence of PS-OCI or BS-OCL

3.2. CCD in the Absence of Inhibitor

Figures 5-8 present the data of the electrochemical measurement carried out over 40 h
by CS-XC38 immersed in SRGW: Excsg versus SCE, LPR curves versus SCE, Tafel plots
versus SCE, and EIS spectra at OCP, respectively. The polarization resistance (Rp) and
corrosion current densities (CCDs) are presented in Table 3. The corrosion rates obtained
by the gravimetric technique are discussed in Appendix C, Table A6.
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Figure 5. Evolution of Ex3g as a function of time, when CS-XC38 was immersed in SRGW, in the
absence of an inhibitor.
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Table 3. Temporal electrochemical parameters of CS-XC38 immersed in SRGW in the absence of an inhibitor.

e -
—776 2 73 296 350
—784 6 57 383 371
—775 20 75 290 185
=772 25 117 186 193
—762 34 123 177 198

During the 40 h of immersion, four stages were distinguished.

The embrittlement of the steel begins immediately after the immersion (first stage).
Indeed, from the first 300 s after immersion (Figure 5, blue line), the increase in (FeSH*),4s
content at the carbon steel interface is responsible for the decrease in Excsg fixed by the
(FeSH™*),qs/Fe redox couple. The carbon steel corrosion process is governed by charge
transfer (Figure 8, blue line, incomplete capacitive loop). Ry, (Table 3) results from high
anodic and cathodic activity (Figures 6 and 7, blue line). Indeed, Equation (7) is responsible
for increasing the anodic activity by increasing the number of (FeSH),4s active sites. It
is concomitantly responsible for the increase in cathodic activity, proving that interfacial
H;O" participates in the hydrogen reduction reaction, according to Equation (8).

The second stage endures over the first 10 h, where both Excsg and R, decrease
(Table 3, Figures 6 and 8, red line). The sorption reaction is followed by an oxidation
step resulting—according to the solubility product of iron sulfide, FeS (pKSFeS = 3.6)—in
the covering of CS-XC38 by an amorphous, non-conductive thin film of iron sulfide
(Equations (4) and (5)) that temporarily (~10 h) protects the steel. Jeorr is decreased by
22% (Table 3 and Figure 7, red line versus blue line). The non-conductive thin film tem-
porarily reduces the arrival of H,S at the metal surface by blocking the active anodic sites
(Figure 7, red line) and thus partially protects the steel surface against corrosion. The
corrosion process is still increasingly controlled by the diffusion of H,S through the thin
deposit of iron sulfide (Figure 8, red line). This justifies the constancy of Tafel’s cathodic
coefficients (Figure 7, red line versus blue line). Meanwhile, because the deposit is relatively
thin, it does not offer sufficient resistance to the diffusion of hydrogen sulfide and other
substances responsible for attacking the steel (C1~, mainly). From that time onwards, the
linear polarization curves (Figure 7) show a quasi-stability of anodic activity.

Within 10 h following immersion (third stage), Excsg increases, whereas R, decreases
slightly (Table 3, Figures 5 and 6, black line). The limitation in the diffusion of H)S
through the deposit that caused the relative depletion of H;S at the metal-deposit interface
(Figures 7 and 8, red line) is responsible for the start of the crystallization of amorphous
iron sulfide into mackinawite [21] (Figures 5-7, black line).

Beyond 10 h of immersion (fourth stage), Excss increased to —640 mV /ECS (Figure 5).
The increase in iron sulfide deposits is responsible for the ennoblement of the CS-X38 steel
(Figures 5 and 7). Measuring the electrochemical impedances of the electrodes shows that
the polarization resistance decreases (Table 3) and the double-layer capacitance increases.
The crystallization of amorphous iron sulfide into mackinawite is responsible for the corro-
sion rate increasing to high values (Table 3, Figures 6-8). Crystallization is accompanied by
the activation of cathodic processes (Figure 7). The increase in the cathodic activity while
the anodic activity remains quasi-stable results in a drop in the Tafel cathodic parameter.
This is due to the transfer of cathodic sites from the surface of the steel to the surface of the
conductive deposits; this transfer facilitates the discharge of hydrogen ions [18].

Due to HS™ sorption onto the anodic sites of the steel, SRGW produces the immediate
embrittlement of the steel in the presence of dissolved H,S (13-14 ppm). During the
first hour of immersion, the instantaneous Jeorr reaches 73 pA cm 2 (assessed by Ry,
Table 3). The sorption reaction is followed by an oxidation step, resulting in the formation of



Metals 2024, 14, 1216

15 of 27

an amorphous non-conductive iron sulfide thin film that temporarily (~10 h) diminishes the
steel corrosion rate by >20%. The progressive increase and transformation of amorphous
FeS into crystalline, conductive mackinawite results in a progressive, strong carbon steel
attack that stabilizes at up to 123 pA cm ™2 (assessed by Rp, Table 3).

Corrosion experiments on CS-XC38, in the absence of an inhibitor immersed in SRGW
for 40 h, were repeated 10 times. Over the 40 h, the average values of 102 uA cm ™2 (assessed
by LRP), 66 pA cm~2 (assessed by TP), and 96.7 pA cm 2 (assessed by EIS) were calculated
(Table 4) and used as references for the evaluation of the inhibition efficiencies of inhibitors
when CS-X68 was immersed in SRGW for 40 h in the presence of PS-OCI and BS-OCL

Table 4. Averages of Rps and CCDs calculated during the 40 h of immersion. Comparison between
formulated PS-OCls and pure BS-OCIL.

inhibitor  Contert Reako - Jeomarn AR S, gy, g RpE9 Jons g o)
WI 0 234.9 102.2 / 65.7 / 243.5 96.7 /
PSIC 5 2002.3 10.6 90 1.3 98 2809.2 7.7 92
PSIN 5 2632.9 9.5 91 1.3 98 2560.4 8.9 91
BSID 5 2045.6 18.7 81 20.3 79 1757.1 21.1 78
BSID 20 1240.4 19.6 80 5.6 94 1987.0 11.0 92
BSID 160 5108.5 7.59 92 1.4 98 6284.6 4.2 95

3.3. SEM Characterization in the Absence of Inhibitor

Figure 9 compares SEM images for the raw CS-XC38 electrode and the CS-XC38 that
was immersed in SRGW and electrochemically disturbed for 40 h. These images were
obtained using secondary electrons (SEs), for the examination of the topography of the
sample, and using backscattered electrons (BSEs), for the examination of the chemical
contrast of the elements.

The raw CS-XC38 electrode surface is uniform (Figures 9A and 10, e1). After 40 h
of immersion in SRGW, the surface deteriorated (Figure 9B). The scale thickness reached
~365 nm (Figure 9). EDX analysis performed on the scale showed that it is mainly composed
of a mixture of FeS/FeS;_ (Figure 10, #2); its morphology is shown in Figure 10. Despite
the precautions carried out to minimize the oxidation of the corrosion products, the external
surface of the scale shows the presence of oxidation products such as Fe!l /Fe!''-S0, double-
layered hydroxides and FeSOy (Figure 10, #3). Their morphologies are shown in Figure 11.

3.4. CCD in the Presence of Inhibitors

The validation of the electrochemical modus operandi for investigating the mech-
anisms and kinetics of carbon steel corrosion in a laboratory enabled us to investigate
corrosion inhibition using formulated petrosourced (PS) and pure biosourced (BS) organic
corrosion inhibitors (OClIs), i.e., PS-OClIs or BS-OClIs (Table 4).

Table 4 presents the average polarization resistance (Rp) and CCDs calculated during
the 40 h of immersion. Figures 12-14, for LPR curves versus SCE, Tafel plots versus SCE,
and EIS spectra at OCP, respectively, illustrate the electrochemical behavior of each inhibitor
when optimally adsorbed onto CS-XC38. The figures do not take into account the afterglow
time (remanence time of the inhibitor), which differs from one inhibitor to another.

The slope of the potentiodynamic anodic and cathodic polarization curve for CS-XC38
shows that the addition of the petrosourced inhibitor PSIC at 5 mg L~! shifted Excag to
more positive values (Figures 12 and 13). These results indicate that PSIC acts as an anodic
inhibitor. In the case of PSIN and BSID, the slight shift of Exc3sg to positive values suggests
that both behave as mixed-type inhibitors at the same concentration as PSIC.
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SM: WIDE FIELD BRGM/ISTO
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Figure 9. SEM images for (A) the raw CS-XC38 electrode and (B) the CS-XC38 electrode that was
immersed and electrochemically disturbed for 40 h in SRGW.



Metals 2024, 14, 1216

17 of 27

SEM HV: 15.0 kV WD: 13.45 mm
View field: 934 pm Det: BSE
SM: RESOLUTION LowVac, 20 Pa, N:

RN

MIRA3 TESCAN

BRGM/ISTO

675 Element

Mn
Fe

Atomic %

0.49
071

64.92

o~

8.00 9.00

Lsec: 47.9 15Cnts 5.890 keV' Det: Apollo XP-SDD

1.20K

H
1.08K Element
s
Fe

0.48K|
0.36K]

024k ¢l O
Ca S

oax| oo Al dg C ca

Atomic %
3270
4038

0%% 00 100 200 300 400

6.00 7.00 800 9.00

o~

Lsec: 48.0 14 Cnts 5.890 keV Det: Apollo XP-SDD

750
675! Element
600| o

S
525

Fe
450|
375 s
300

225

150|

75

Atomic %
46.69
858

3156

Fe

ow

800 100 200 3.00 4.00

6.00 7.00 8.00 9.00

Lsec: 484 11 Cnts 5.890 keV Det: Apollo XP-SDD

Figure 10. SEM-EDX analyses carried out on the CS-XC38 electrode that was immersed in SRGW and
electrochemically disturbed for 40 h. Raw CS-XC38 surface (1), internal scale (#2), external scale (e3).



Metals 2024, 14, 1216 18 of 27

-\

3

'3 FeS/Fes,

> mixture

S 3 i
\' scale

'S

SEM HV: 15.0 kV WD: 15.25 mm ) : MIRA3 TESCAN
View field: 112 pm Det: BSE, LVSTD
SM: RESOLUTION LowVac, 20 Pa, N: BRGM/ISTO

SEM HV: 15.0 kV WD: 15.04 mm MIRA3 TESCAN
View field: 78.3 ym Det: BSE, LVSTD
SM: RESOLUTION LowVac, 30 Pa, N: BRGM/ISTO

Figure 11. Zoom on the external surface of the scale coated on the CS-XC38 electrode after immersion
in SRGW and 40 h of electrochemical disturbances.

—e— Without inhibitor
——e——  PSIN 5 ppm
—e—  PSIC 5 ppm
—a—  BSID 5 ppm

-0.70

-0.72

-0.74

-0.76

Excas (VISCE)

-0.78

-0.80

-0.82
—0.0008 -0.0006 -0.0004 -0.0002 0.0000 0.0002 0.0004 0.0006

Corrosion current density (A/cm?)

Figure 12. LPR when CS-XC38 is immersed in the SRGW in the absence and in the presence of
formulated PS-OCls and pure BS-OCI.
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Figure 13. Tafel plots when CS-XC38 is immersed in the SRGW in the absence and in the presence of
formulated PS-OClIs and pure BS-OCL.
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Figure 14. EIS Nyquist diagram when CS-XC38 is immersed in the SRGW in the absence and in the
presence of formulated PS-OCIs and pure BS-OCI.

The EIS diagrams (Figure 14) show the changes in behavior in the carbon steel-SRGW
interface in the presence of the inhibitor. The Nyquist diagram (Figure 14) shows that, in
the absence of an inhibitor, the process is controlled by a charge transfer consisting of a
perfect half-circle loop and a very low polarization resistance of around 243 ohms (Table 4).
However, in the presence of inhibitors, a mixed process controlled the corrosion/inhibition.
It involved a charge transfer and diffusion phenomena with higher R}, values (greater than
1757 ohm at 5 mg L~!). The formation of a protective film on the metallic surface blocked the
access to aggressive ions (mainly H* and C1™) by preventing amorphous iron crystallization.

The inhibition efficiency, IE (%), of both the petrosourced (PSIC and PSIN) and
biosourced (BSID) inhibitors was calculated using Equation (10):

IE% — ]COI'I'(WI) - Jcorr(Inhibitor)

10
]corr(WI) (10
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where I .o (wr) is the average CCD determined by each of the three methods used in the
absence of the inhibitor, and Jcorr(inhibitor) i the average CCD, determined by each of the
three methods, in the presence of a pure molecule or formulation.

The calculated values of IE (%) from the three CCDs (Jeorr(LRP); Jeorr(TP); Jeorr(EIS)), @S
determined by each of the three techniques, are provided in Table 4.

3.5. SEM Characterization in the Presence of BSID

Figure 15A shows the distribution of the BSID inhibitor (20 mg-L~!) on the CS-XC38
surface after immersion in SRGW and electrochemical disturbance for 40 h. It consists of
thin, compact, and persistent stacked layers, thereby causing a quasi-uniform inhibitor
distribution on the metal’s surface. Its reaction to corrosion resistance was further supported
by the SEM image (Figure 15B). The thickness of the scale reached ~12 um, demonstrating
that the presence of such an inhibitor reduces corrosion. Research is currently being carried out
on the synthesis, investigation, and formulation of this family of BS-OCI compounds to ensure
the sustainability of geothermal loops while minimizing health and environmental risks.

A

\

SEM HV: 15.0 kV WD: 14.95 mm MIRA3 TESCAN
View field: 81.4 ym Det: SE
SM: RESOLUTION Hivac BRGM/ISTO

/ ot

SEM HV: 15.0 kV WD: 15.10 mm MIRA3 TESCAN

View field: 65.5 pm Det: SE 20 pm
SM: RESOLUTION HiVac BRGM/ISTO

Figure 15. SEM images. (A) Morphology and distribution of the BSID inhibitor on the CS-XC38
surface after immersion in SRGW and electrochemical disturbances for 40 h. (B) Morphology and
thickness (L1) of the corrosion scale.
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4. Conclusions

The novelty of this work consists of its implementation and validation of a modus
operandi that properly reproduces, at the laboratory scale, the operating conditions similar
to those encountered on geothermal installations of the Dogger aquifer in the Paris Basin.

Particular attention was paid to producing a standardized reconstituted geothermal
water (SRGW), a well-balanced water that was representative of the major elements and
dissolved gases in actual geothermal waters of the DAPB. Specific materials, analytical
equipment, and techniques were optimized to implement representative experiments,
monitor the physical and chemical parameters of the fluid, and investigate corrosion and
corrosion inhibition. Functional carbon steel-based working electrodes were updated to
investigate the steel interface. The corrosion current density was determined from the
electrochemical measurement of the polarization resistance, Ry, by linear polarization
resistance (LPR), Tafel plots (IPs), and electrochemical impedance spectroscopy (EIS). TPs
were selected to investigate the anodic and cathodic activities, and EIS was selected for an
in-depth investigation of the interactions occurring at the carbon steel-SRGW interface.

The stable SRGW that was produced, in terms of the time that was required, its
physical and chemical parameters (T, pH, and Epy), its chemical composition, and the
chemical conditions of its gases, validated the robustness of our procedure.

The electrochemical setup that we developed enabled the analysis of corrosion mech-
anisms such as those observed on site. Additional SEM/EDX analysis confirmed this
information. The SRGW was responsible for the immediate embrittlement of steel in the
presence of dissolved H,S (13-14 ppm) due to HS™ sorption into the anodic sites of the
steel. The sorption reaction was followed by an oxidation step, resulting in the formation of
a thin film of amorphous, non-conductive iron sulfide that temporarily (~10 h) diminished
the steel corrosion rate (by about 25%). The progressive increase and transformation of
amorphous FeS into crystalline, conductive mackinawite (pyrrhotite and pyrite in actual
geothermal waters) resulted in a progressive and strong carbon steel attack.

The setup that we developed also enabled the assessment and comparison of the
effectiveness of new molecules or formulations of PS-OCI or BS-OCI.

The modus operandi constitutes a reference for further investigations, at the laboratory
scale, of corrosion inhibition. These investigations may include screening and optimizing
the formulas of petrosourced and biosourced inhibitors for use in an SRGW that properly
simulates DAPB waters.
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Appendix A

Table Al. Main average values of physical parameters and chemical ionic composition of actual geothermal waters at twelve production wellheads over a period of
two years (2013-2014). Average values and standard deviations are presented for the parameters of the twelve geothermal waters. Values appearing in a ‘blue” font
colour were considered for geothermal water reconstitution.

T pH Ep, Q P.Bulle Salinity Alcaline Equiv s Fe2* Na K Ca Mg  NHg;*  HCO3;~  CI- S042~ B S$i0, F Sr Ba Li
Production Well Reserve HCO5~
()} (mV/SHE) (mS/cm) (bar) (eq. NaCl) (mmol L—1) (mg LY
ADP(GADP-1) 724 644 -317 20.38 8.15 12.0 5.18 316.0 4.83 032  3916.12 6359 47253 107.77  15.54 322.61 6768.67 842.33 11.31 37.43 4.55 27.46 0.16 1.54
Alfortville (GAL-2) 699 634 —337 29.80 8.06 20.1 524 319.4 17.60 012 633553 9298 94220 211.25 21.77 299.85 11,453.95  858.49 12.34 41.77 4.20 52.12 0.29 2.44
Champigny GCHM-3 731 631 —300 41.83 9.2 28.0 4.75 290.0 9.91 143 8012.63 15250 1229.28 239.70  26.70 280.00 15,633.75  905.00 17.34 38.48 2.70 67.05 0.35 3.14
Champigny GCHM-1 746 626 —329 36.06 8.39 26.6 5.36 327.1 12.52 027  8329.13 123.92 1297.32 264.08  25.22 290.14 15,357.67  886.25 13.48 41.70 3.96 67.13 0.35 2.77
Chevilly Larue GCHL-2 694 636 —339 23.03 7.48 16.7 5.09 310.3 14.00 006  5022.28 79.57  757.69 17139  20.09 301.67 9414.16 796.55 11.05 40.34 4.52 42.63 0.24 1.94
Créteil GCRT-1 740 641 —300 35.79 7.79 21.8 4.86 296.3 18.18 115 689225 97.86 1074.44 222.08 2331 291.26 12,433.91  841.08 12.06 42.16 4.83 54.64 0.28
Fresnes GFR- 2 723 640 —336 20.84 7.77 13.0 523 319.0 13.27 016 413522 66.06 52889 12677  16.27 334.05 7157.26 901.26 9.58 38.53 412 28.74 0.18 1.61
L'Hay-les-Roses GHLR-2 705  6.38 —338 24.1 7.51 16.3 4.65 283.9 13.65 0.04  5150.74 79.55 73132 169.65  19.48 307.47 9138.23 789.29 10.81 39.92 4.12 40.60 1.99
Orly 1 Gazier GORY-2 714 6.39 —323 23.77 6.4 159 5.20 317.5 8.06 0.28  5043.33 76.69 71950 17156  18.71 308.20 8833.70 806.47 10.96 41.32 5.68 40.42
Orly 2 Nouvelet GORY-3 739 631 —342 23.77 8.52 14.9 5.90 360.0 9.58 011 475094 7620  629.58 151.86  17.67 294.61 8290.49 814.77 10.14 38.96 4.18 32.64 1.77
Sucy en Brie GSUC-3 741 620 —325 39.32 9.81 259 4.62 282 14.97 096  8059.13 123.18 1278.63 245.01  26.77 284.81 1,5068.28  913.34 16.16 41.74 4.02 63.71 3.21
Thiais GTHI-1 738 635 —337 24.71 7.61 17.0 4.94 301.63 1117 0.09 5361.22 82.92 78529 175.67  19.17 293.64 9657.98 795.39 10.42 40.62 4.60 43.12 1.88
Average value 725 635 —326.9 28.62 8.06 19.0 5.1 12.31 042 591738 9292  870.56 188.07  20.89 300.69 10,767.34  845.85 12.14 40.25 4.29 46.69 2.23
Standard deviation 1.8 0.1 14.6 7.6 0.88 5.4 0.4 3.86 0.48 1564.46 27.02  289.12 48.56 3.86 15.56 3178.22 46.36 2.40 1.58 0.69 14.17 0.62

Table A2. Average percentage values for the majority of the free gases (noted L (%) and dissolved gases (noted T (%) in actual geothermal waters at 12 production
wellheads over a period of two years (2013-2014). Average values and standard deviations are presented for the percentage of gases in the 12 geothermal waters.
Only the percentage values of CO, (16.256%) and H3S (0.639%) and the sum of quasi-neutral gases Np+Ar+He+CHy+Cp+C3+iCy+nCy+Cs5+Cq (85.772%) were
considered for geothermal water reconstitution.

. CO,.L ARLL N».L HEL H,S.L CH,.L C,.L G, IC,.L NC4.L GCs.L [
Geothermal Production Well (%) CO,.T (%) AR.T (%) N,.T (%) HE.T (%) H,S.T (%) CH,4.T %) C,. T %) GC;5.T (%) 1C,.T (%) NC,.T %) Cs.T %) Ce.T

ADP (GADP-1) 16.450 0.275 24.250 0.690 0.106 48.900 3.170 2.140 0.695 0.855 0.580 0.165
Alfortville (GAL-2) 14427 0674 0259 0012 26443 1325 0646 0035 0547 0382 49450 2682 3408 0173 2199 0119 029 0017 0777 0047 0389 0024 0229 0014

Champigny GCHM-3 17.300 0.230 29.500 0.710 0.058 42.800 3.310 2.010 0.240 0.590 0.350 0.120
Champigny GCHM-1 16216  0.859 0438 0029 29491 1619 0744 0042 0608 0378 45465 2510 3471 0190 2014 0111 0268 0015 0628 0035 0355 0019 0.198 0012
Chevilly Carue GCHL-2 14951 0682 0276 0015 24518 1306 0.626 0029 0352 0312 51287 2653 3236 0172 2105 0114 0276 0015 0745 0040 0407 0023 0208 0.011
Créteil GCRT-1 15666  0.896 0240 0013 25695 1412 0509 0.028 0225 0200 49.065 2.688 3503 0191 2147 0117 0298 0016 0772 0.042 0449 0025 0239 0.013
Fresnes GFR-2 12953  0.663 0344 0018 28971 0902 0634 0039 0271 0317 47583 2310 3294 0235 218 0140 0302 0022 0884 0051 0513 0031 0211 0.021
L’Haj-les-Roses GHLR-2 13404 0232 0260 0004 23343 0430 0623 0010 0333 0252 47479 0744 3.103 0048 1935 0031 0257 0004 0642 0011 0351 0005 0.160 0.003
Orly 1 Gazier GORY-2 15936 0705 0341 0012 21.893 0905 0531 0018 0308 0.192 52536 2258 3.108 0.127 2058 0082 0284 0012 0820 0035 0541 0022 0276 0.011
Orly 2 Nouvelet GORY-3 15317 0935 0293 0.020 26300 2311 0767 0036 0390 0273 48483 3.033 318 0196 2053 0113 0282 0018 0787 0045 0487 0033 0195 0.015
Sticy en Brie GSUC-3 19360 1173 0226 0014 27480 0108 0720 0.006 0578 0341 43780 0018 3266 0.080 1980 0047 0240 0.006 0630 0015 0368 0009 0.128  0.000
Thiais GTHI-1 14066 0725 0292 0012 28.684 1224 0605 0032 0317 0336 46746 2420 2961 0151 1913 0.098 0260 0.013 0736 0038 0399 0044 0217 0012
Average value 15504  0.754 0289 0015 26381 1154 0650 0.027 0341 0298 47798 2132 3251 0156 2062 0.097 0308 0014 0739 0036 0432 0024 019 0.011
Standard deviation 1.76 0.24 006 001 253 062 008 001 017 007 28 09 016 006 009 003 012 001 010 001 008 001 005 001

C02 AR N2 HE st CH4 C2H5 C3Hg iC4Hm 1’1C4H10 C5H12 C5H14
Total'gas %) 1626 (g 030 o3 2753 o 068 Y 064 b 4993 TEe 341 @ 216 MghR0 032 TgAT0 077 TgNt 046 Tt 021
Gases considered for CO, H,S AR (%) + NA(%) + HE (%) + CHy (%) + C2He(%) +C3Hg (%) + iC4Hg (%) +

reconstitution ) 16.26 (%) 0.64 nCyHig (%) + CsHiz (%) + CoHia (%) 77




Metals 2024, 14, 1216

23 of 27

Table A3. Content of species (in mM) and HC1 0.1N (in mL) used for the partial reconstitution of the

ionic charge of the prospective SRGW. Values appearing in a ‘blue’ font colour were considered for

the reconstitution, while the difference between target and reconstituted species concentration values

are given (in mM).

Elements (mM)

Mineral or Addition Ca Mg Na K NH,* HCO3~ Cl SO42~
NaHCO; 5.300 5.300
KCl 2.500 2.500
MgCl, 9.000 18.00
(NH4)2S04 1.16 0.58
CaSOy 8.226 8.226
CaCl, 17.000 34.00
NaCl 242.371 242.371
HCI0.1N1mL 0.1
Reconstituted value (mM) 25.226 9.000 247.671 2.500 1.160 5.300 296.971 8.805
Targed value (mM) 21.722 7.738 197.318 2.377 1.158 4.929 303.707 8.805
Reconstituted vs targed gap (mM) 3.5 1.3 50.4 0.1 0.0 0.4 -6.7 0.0

Table A4. Left: software, thermodynamic database, and initial parameters used for the hydrochemical

modeling of the SRGW. Right: gas mixture composition used for modeling, and main parameters

and ionic composition obtained after hydrochemical modeling.

Phreeqc Interactive 3.7.3-15968
Thermodynamic Database Used:

ThermoddemV1.10_15Dec2020.dat

Geothermal Solution 1
pH 6.3 charge

pe4
temp 70

units mmol L~!

Ca 25.226

Mg 9

Na 247.3

K25

N(—3) 1.158

C(4) 4.929 as HCO3
C1296.871

S(6) 8.805

save geothermal solution 1
end

Use geothermal solution 1

EQUILIBRIUM_PHASES 1
CO,(g) —0.698970004 # 20.0%

H,S(g) —2.096910013 # 0.8%
Ny(g) —0.101274818 # 79.2%

end

Gas Mixture Composition

Used for Modeling
CO;, (%) 20.0
H;S (%) 0.8
N3 (%) 79.2

Main Parameters and Content Obtained after Modeling

pH 6.248
pe* —3.419
Elements [content] (mM) [content] (mg L~ 1)
C4)rot 7.19 86.32
HCO;~ 3.70 225.52
Ca 25.69 1029.60
Cl 302.40 10720.99
K 2.55 99.54
Mg 9.17 222.78
N 0.94 13.14
Na 251.90 5791.12
Stot 9.18 294.21
s 0.58 18.55
H,S 0.35 11.84
HS~ 0.23 7.64

* pe is a dimensionless number. It can easily be related to Eg by the following equation:

pe=Ex x Vr x A

where V1 = RT/F is the thermal voltage, R is the gas constant (8.314 ]~K’1 -mol’l), T is the
absolute temperature in Kelvin, and F is the Faraday constant (96 485 coulomb mol ! of ¢™).

Lambda, A = In (10) ~ 2.3026.
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Appendix B

Table A5. Typical example of electrochemical experiments on CS-XC38 immersed in SRGW and
treated with 2.5 mg L1 of Testname. The following nomenclature was adopted: loop number, name
of the technique (technique, steel, sample number, inhibitor content in 2.5 mg L=, date, followed by
anumber from 1 to 5, both assigned by the apparatus to designate the current loop). The immersion time
column provides, in hours, the time to start the technique. We can deduce, by the difference between
times, the time spent on each technique and the duration of the pause before starting another technique.

Loop Number Technique Date, hour Time per Technique Ommesrion Time (h)

EXC38_3_2.5_ TESTNAME_161120_1 16/01/2024 12:27:00 0:00:00 0.00
PSXC38_3_2.5_TESTNAME_161120_1 16/01/2024 12:38:40 0:21:36 0.36
RPXC38_3_2.5_TESTNAME_161120_1 16/01/2024 13:00:16 0:32:43 0.55

1 TaXC38_3_2.5_TESTNAME_161120_1 16/01/2024 13:11:23 0:44:31 0.74
RPXC382_3_2.5_TESTNAME_161120_1 16/01/2024 13:23:11 2:01:23 2.02
Z1XC38_3_2.5_TESTNAME_161120_1 16/01/2024 14:40:03 2:13:08 2.22
RPXC383_3_2.5_TESTNAME_161120_1 16/01/2024 14:51:48 3:34:38 3.58
PSXC382_3_2.5_TESTNAME_161120_1 16/01/2024 16:13:18 3:46:11 3.77
EXC38_3_2.5_TESTNAME_161120_2 16/01/2024 16:24:58 3:57:51 3.96
PSXC38_3_2.5_TESTNAME_161120_2 16/01/2024 16:46:34 4:19:27 4.32
RPXC38_3_2.5_TESTNAME_161120_2 16/01/2024 16:57:41 4:30:34 4.51

5 TaXC38_3_2.5_TESTNAME_161120_2 16/01/2024 17:09:29 4:42:22 4.71
RPXC382_3_2.5_TESTNAME_161120_2 16/01/2024 18:26:21 5:59:14 5.99
Z1XC38_3_2.5_TESTNAME_161120_2 16/01/2024 18:38:06 6:10:59 6.18
RPXC383_3_2.5_TESTNAME_161120_2 16/01/2024 19:59:36 7:32:29 7.54
PSXC382_3_2.5_TESTNAME_161120_2 16/01/2024 20:11:09 7:44:02 7.73
EXC38_3_2.5_TESTNAME_161120_3 16/01/2024 20:22:49 7:55:42 7.93
PSXC38_3_2.5_TESTNAME_161120_3 16/01/2024 20:44:25 8:17:18 8.29
RPXC38_3_2.5_TESTNAME_161120_3 16/01/2024 20:55:32 8:28:25 8.47

3 TaXC38_3_2.5_TESTNAME_161120_3 16/01/2024 21:07:20 8:40:13 8.67
RPXC382_3_2.5_TESTNAME_161120_3 16/01/2024 22:24:12 9:57:05 9.95
Z1XC38_3_2.5_TESTNAME_161120_3 16/01/2024 22:35:57 10:08:50 10.15
RPXC383_3_2.5_TESTNAME_161120_3 16/01/2024 23:57:27 11:30:20 11.51
PSXC382_3_2.5_TESTNAME_161120_3 17/01/2024 00:09:00 11:41:53 11.70
EXC38_3_2.5_TESTNAME_161120_4 17/01/2024 00:20:40 11:53:33 11.89
PSXC38_3_2.5_TESTNAME_161120_4 17/01/2024 00:42:16 12:15:09 12.25
RPXC38_3_2.5_TESTNAME_161120_4 17/01/2024 00:53:23 12:26:16 12.44

4 TaXC38_3_2.5_TESTNAME_161120_4 17/01/2024 01:05:11 12:38:04 12.63
RPXC382_3_2.5_TESTNAME_161120_4 17/01/2024 02:22:03 13:54:56 13.92
Z1XC38_3_2.5_TESTNAME_161120_4 17/01/2024 02:33:48 14:06:41 14.11
RPXC383_3_2.5_TESTNAME_161120_4 17/01/2024 03:55:18 15:28:11 15.47
PSXC382_3_2.5_TESTNAME_161120_4 17/01/2024 04:06:51 15:39:44 15.66
EXC38_3_2.5_TESTNAME_161120_5 17/01/2024 04:18:31 15:51:24 15.86

PSXC38_3_2.5_ TESTNAME_161120_5 17/01/2024 04:40:07 16:13:00 16.22
RPXC38_3_2.5_TESTNAME_161120_5 17/01/2024 04:51:14 16:24:07 16.40

5 TaXC38_3_2.5_TESTNAME_161120_5 17/01/2024 05:03:02 16:35:55 16.60
RPXC382_3_2.5_TESTNAME_161120_5 17/01/2024 06:19:54 17:52:47 17.88
Z1XC38_3_2.5_TESTNAME_161120_5 17/01/2024 06:31:39 18:04:32 18.08
RPXC383_3_2.5_TESTNAME_161120_5 17/01/2024 07:53:09 19:26:02 19.43
PSXC382_3_2.5_TESTNAME_161120_5 17/01/2024 08:04:42 19:37:35 19.63
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Appendix C

Under the presented and discussed investigated conditions (~40 h), the working
time enabled us to investigate the mechanisms of carbon steel corrosion in SRGW. How-
ever, the thickness of the deposits was not sufficient to achieve representative mass loss
measurements. Longer experiments were thus conducted.

Corrosion rates, obtained by the gravimetric technique, for CS-XC38 samples im-
mersed for ~5 days in the SRGW in the absence of an inhibitor are presented in Table A6.
Two CS-XC38 samples were investigated: the sample named “Disturbed (D)”, used for
electrochemical measurements, and the sample named “spectator or undisturbed (UD)”,
used to monitor Exc3g in relation to time. CS-XC38/SRGW interaction time corresponds to
the time for which the electrodes were immersed in SRGW.

It is obvious that the electrochemical measurements carried out on the disturbed
sample caused further corrosion of the steel; this mainly occurred due to disturbing linear
polarization at £250 mV around OCP (Tafel plots). This technique, which is avoided for
long-term, in situ corrosion monitoring [37], is nevertheless essential for the investigation of the
mechanisms and kinetics of carbon steel corrosion and corrosion inhibition using PS-OCI for
screening and optimizing formulas, especially to investigate anodic and cathodic activities.

Only the corrosion of the undisturbed sample makes sense. Please note that these
data are not sufficiently representative, as they only cover a few days. However, they can
nevertheless be used as an indicator of the corrosion rate of XC38 steel immersed in SRGW.

Table A6. Corrosion rate of CS-XC38 samples immersed in SRGW in the absence of an inhibitor.

CS-XC38 Sample CS-XC38/SRGW Interaction Time (h) Veorr (mm y—1)
UD 118.33 0.425
D 118.33 1.248
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