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The present study uses a quartz crystal microbalance (QCM) to investigate the formation of iron carbonate
(FeCO3) in CO,-saturated brines. While frequency changes (Af) measured using QCM have been traditionally
used to quantify FeCO5; precipitation kinetics, the associated changes in motional resistance (AR) are often
overlooked. Here, both frequency change and motional resistance change are analyzed simultaneously to gain
deeper insight into interfacial changes during the substrate corrosion and subsequent layer formation, including
intermediate steps such as ion accumulation, surface dissolution, and precipitation. Experiments were conducted
using quartz crystal resonators (QCR) coated with either inert gold or actively corroding iron, across varying
conditions. Increase in motional resistance was observed during FeCO3 layer formation on both substrates, with
noticeable differences in the early-stage behavior. Transient features in AR appeared only in select cases and are
attributed to surface-specific processes like active corrosion and local ion buildup near the QCR surface. These
findings offer new perspectives on interpreting QCM data in corrosion environments and motivate the analysis of
motional resistance response in future work, as it provides a useful window into the interplay between corrosion

and corrosion product layer formation.

1. Introduction

Iron carbonate (FeCO3) formation in carbon dioxide (CO,) saturated
aqueous environments plays an important role in the process of under-
standing corrosion of carbon steel infrastructure used in oil and gas
production and transportation. Commonly referred to as "sweet corro-
sion," this process leads to the dissolution of iron from steel surfaces and
the potential subsequent formation of FeCO3 as a primary corrosion
product in CO,-saturated aqueous environments. FeCO3 formation can
be beneficial when a dense, adherent, and protective layer develops,
mitigating further metal dissolution [1-6]. However, the precipitation
process is influenced by a variety of environmental parameters,
including saturation value S(FeCOs) temperature, pH, ionic strength,
and the corrosion rate of iron [4,6-11]. Due to the complex interplay of
these factors, a comprehensive understanding of FeCO3 formation is
essential. The overall precipitation and dissolution (reverse) reaction of
FeCOj3 can be written as follows:
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Precipitation of FeCO; is observed when the solution becomes su-
persaturated with FeCOg, i.e., when the solution exceeds the solubility
limit of FeCO;. Saturation value can be calculated using the following
expression:

[Fe?atn} [C05@q>]

S(FeCO;) = <
sp

(2)
where Ky, the solubility product of iron carbonate, is a function of
temperature in Kelvin (Tx) and solution ionic strength (I5) [11,12]:

~50.4-0.041377T ’2'}&63

+24.5724log(Tx ) +2.63491%-5 —1.00271 >

Ky = 107( 3)

Received 24 January 2026; Received in revised form 31 March 2026; Accepted 5 May 2026

Available online 7 May 2026

0010-938X/© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


https://orcid.org/0000-0002-9960-9128
https://orcid.org/0000-0002-9960-9128
https://orcid.org/0000-0001-6379-9428
https://orcid.org/0000-0001-6379-9428
mailto:kushal.singla.sng@gmail.com
mailto:ks661917@ohio.edu
www.sciencedirect.com/science/journal/0010938X
https://www.elsevier.com/locate/corsci
https://doi.org/10.1016/j.corsci.2026.113910
https://doi.org/10.1016/j.corsci.2026.113910
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. Ayyagari et al.

1 2
L= EZCiZi (4)

where ¢; is the concentration of each species in solution and z; is the
charge of the species.

FeCO3; layer characterization has traditionally relied on ex situ
methods such as weight loss measurements, scanning electron micro-
scopy (SEM), and X-ray diffraction (XRD) [4,5,7,9,10,13-17]. While the
ex situ techniques offer valuable insight into layer morphology and
composition, they fall short in capturing the real-time dynamics of
precipitation. In situ electrochemical techniques like linear polarization
resistance (LPR) and electrochemical impedance spectroscopy (EIS)
have helped bridge this gap by monitoring interfacial processes (sub-
strate corrosion and FeCO3 layer formation) in real time to understand
layer formation mechanisms [4,5,7,9,10,13-23]. Recent insights from
advanced in situ techniques have revealed transient interfacial phe-
nomena during early-stage precipitation, offering new perspectives on
nucleation behavior [7,9,13,24-27]. Yet, these do not directly detect
mass accumulation on the metal surface.

Quartz crystal microbalance (QCM) offers real time monitoring of
surface changes in terms of mass change by measuring resonant fre-
quency of a quartz crystal resonator (QCR) coated with the substrate
material of interest. The technique quantifies mass variation per unit

area (%“), where mass addition leads to a decrease in frequency, while

mass loss, such as from corrosion, results in an increase in frequency.
This relationship is quantitatively described by the Sauerbreys’ equa-
tion, applicable under the assumption of rigid surface and uniform mass
change [28,29]:

Af=  —cAm

A (5)

where C; is a constant dependent on the QCR resonance frequency
(56.6 Hz-cm?-ug™ for a QCR with resonance frequency of 5 MHz). Thus,
resonance frequency changes can be directly related to mass gain or loss
on the crystal surface.

QCM has been successfully applied to systems ranging from copper
dissolution and deposition [30,31] to zinc anode surface film formation
[32], adsorption of organic corrosion inhibitors [33-37] and also
passivation in biomedical alloys [38]. Among the notable contributions
to the application of QCM in iron carbonate layer forming experimental
systems is the work by Ma, et al., who investigated FeCO3 precipitation
under COy corrosion conditions using gold-coated QCRs [11,12,39].
Their study primarily focused on quantifying the mass of the precipi-
tated layer over time and correlating the data with electrochemical
parameters and environmental conditions. Essentially, the frequency
change due to corrosion (mass loss) and corrosion product formation
(mass gain) with respect to time was used with supplementary mea-
surements such as Fe?! concentrations in the solution at various time
steps during the experiment to quantify the kinetics of corrosion product
formation [11,12,40]. Building on the earlier Sun & Nesic model [41],
Ma, et al. [11,12] refined kinetic parameters, specifically, the activation
energy and kinetic constant. These refinements improved the agreement
between experimental observations and model predictions, particularly
under low saturation conditions where precipitation rates are slower
and more challenging to model accurately.

Beyond frequency shifts, the classical oscillatory circuit based QCM
equipment used in this study can also measure motional resistance (R)
with respect to time, which is a representative response related to near
substrate solution properties, such as the nature and amount of added/
removed mass, the interaction of added/removed mass with the near
surface solution and the physical properties of the quartz crystal and the
working electrode layer [42-44]. If it is assumed that the effective
piezoelectric area is known and remains constant for an experiment,
motional resistance change can be converted to a quantity, Gamma (I),
which is a representation of dissipation resulting from oscillation energy
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losses related to the interaction of added mass within the near surface
solution [43-45].

2 p2f3

r— 16A626 %R 6)

T Z,

where A is the piezoelectrically active area (m?), ey is piezoelectric

stress constant (9.65 x102 C/m?), P, is quartz density (2650 kg/m3), Zq

is acoustic impedance (8.8 x10° kg/m?2/s), f is resonance frequency in
Hz, R is motional resistance in Ohms, and I' is in Hz.

The advantage of using Gamma change over motional resistance
change is that Gamma has the same units as that of resonant frequency
(Hz), which makes comparison with the measured resonance frequency
change easier. For applicability of Sauerbrey’s equation, mass change
can be considered as a rigid mass change if |Af| >> |AT| [43,44,46].

While Ma, et al., included measurements of motional resistance (R),
this parameter received limited attention as the focus of their research
was on improving the kinetic rate equation rather than elucidating
mechanisms [11,12]. The relevance of R to surface interactions and
energy dissipation phenomena was not fully explored, what was a
missed opportunity to enhance mechanistic understanding. In context of
the research presented here, subtle trends in R when analyzed in
conjunction with frequency change, can reflect changes in the density
and viscosity of the solution adjacent to the surface. These features are
not readily detectable through change in frequency data alone.

Recognizing these complexities, the present study focuses on the
interplay between mass and motional resistance responses during FeCO3
formation under sweet corrosion conditions. Using QCM with both gold
and iron-coated quartz crystals, the study examines how R evolves in
relation to frequency shifts and environmental conditions such as sub-
strate material, saturation level, and ionic strength. Particular attention
is paid to early-time behaviors and transient interfacial phenomena that
may precede FeCOj3 layer formation. The goal is to highlight the value in
analyzing R as a critical parameter for surface processes and to
encourage its routine inclusion in future QCM corrosion or similar
studies.

The present study also aims to validate the application of the Sau-
erbrey’s equation for FeCO3 formation under selected conditions. This
assumption, though commonly applied, had not been explicitly
confirmed for these systems. In doing so, the study also emphasizes the
value of motional resistance as an indicative parameter. Additionally,
while most studies conducted experiments in simplified brine environ-
ments, typically involving dilute NaCl solutions [10,11,22,41], the ef-
fect of brine composition with respect to species concentrations on QCM
response remains an important area for further exploration. Increasing
NaCl concentration may affect both frequency and motional resistance
signals and influence the properties of FeCOs layer formation [47].
Though detailed analysis will be presented in subsequent publication,
preliminary results from the present study also set the stage for more
complex investigations. A follow-up study will further examine the role
of non-ideal electrolyte behavior, with the aim of enhancing predictive
models of FeCOs layer formation under realistic field conditions.

2. Experimental procedures
2.1. Experimental setup

The QCM used in this study was the QCM200” model from Stanford
Research Systems. QCRs with a fundamental frequency of 5 MHz were
employed, purchased commercially from Inficon coated using electron
beam deposition with either gold (part number: 149211-2 with coating
thickness of ~0.5um) or pure iron (part number: 149288-1 with
coating thickness of ~1 um), unless specified otherwise. Each crystal
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had an effective surface area of 1.37 cm? Crystals were mounted in the
crystal holder, placed in a 2-liter three-electrode glass cell (Fig. 1), and
served as the working electrode (WE). Volume-to-surface ratio in ex-
periments was 14.6 mL/mm? which is well above the recommended
value of 0.2 mL/mm? as per ASTM standard G31-21. A platinum coated
mesh was used as the counter electrode (CE), and a saturated Ag/AgCl
(KCI sat.) electrode connected via a Luggin capillary acted as the
reference electrode (RE). The WE was connected to a potentiostat for
electrochemical polarization when required. A pH probe, thermocouple,
and CO, sparging tube were also inserted through the lid of the glass
cell, which was designed to support all components.

The solution temperature was controlled using a thermocouple
connected to a hot plate, and the cell was insulated to maintain tem-
perature within +£1 °C. COs-saturated conditions were achieved by
continuously sparging the solution for 4-6 h before each experiment and
maintaining a continuous but reduced sparging rate throughout testing.
1 wt% or 10 wt% NaCl solutions were used as the test electrolyte. The
temperature was gradually increased to 80 °C during the sparging phase.
pH adjustments were made with deoxygenated 1 M HCl or 1 M NaOH
prior to the start of the experiments and pH was monitored throughout
the test and remained constant. Fig. 1 shows the complete assembly,
including the crystal holder and glass cell configuration. The experi-
mental setup was designed to investigate FeCO3 layer formation under
CO,-saturated brine conditions using different substrates and experi-
mental conditions to isolate the effects of corrosion and precipitation.

2.2. Methodology

Before initiating the experimental series, the QCM system was cali-
brated following a procedure detailed elsewhere and also repeated for
this research (details in Appendix section) [11,12]. Additional quality
control steps provided throughout the QCM200 operating manual were
included for this study to ensure consistent and accurate performance
[48]. A properly loaded crystal would give a stable frequency and
motional resistance response that is specific for each material and finish
of the crystal. Correctly assembled iron and gold coated quartz crystal
resonators used in this research stabilized at ~5 MHz of resonance fre-
quency and ~10 Q of motional resistance in air. Once stable, the crystal
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Fig. 1. Typical three electrode glass cell setup integrated with QCM with quartz
crystal resonator acting as the working electrode. (Image Courtesy: Cody Sha-
fer, ICMT).
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was transferred into the test solution while still purging the experi-
mental cell with CO, to minimize oxygen ingress. As a reference,
introducing a QCR with resonance frequency of 5 MHz from air into
deionized water at 25 °C typically causes an increase in R of approxi-
mately 300 Q due to the much higher density and viscosity of the
deionized water as compared to air.

From this baseline, experiments were conducted according to five
different scenarios, designed to isolate and compare the effects of
corrosion and FeCOj3 precipitation processes. The general idea was to
use both inert (gold) and active (iron) substrates, with or without
external Fe?* addition, to distinguish the contributions of substrate
corrosion and precipitation. Each of the five scenarios are described
below with the test matrix covering all scenarios shown in Table 1.

2.2.1. Scenario (a): Bare iron corrosion at acidic pH (no precipitation)

This experiment examined corrosion alone. The solution was main-
tained at acidic pH 4.0 and 80 °C conditions, ensuring active substrate
dissolution but preventing FeCO3 formation. The iron-coated QCR was
used to characterize mass loss and motional resistance changes related
strictly to corrosion, providing a baseline for comparison with scenarios
involving precipitation. The test was terminated when motional resis-
tance value stopped changing.

2.2.2. Scenario (b): FeCO3 formation on an iron-coated crystal driven by
corrosion of substrate

This is a more complex scenario compared to Scenario (a). The
selected experimental conditions (pH 6.6, 80 °C) are thermodynamically
favorable for the formation of FeCO3 on the substrate surface where the
source of Fe" ions required for the formation of FeCOs is the corrosion
of the substrate [5,6,49]. This experimental condition matches the
conditions in the field where both the carbon steel corrosion and
resultant FeCO3 formation happen on the corroding surface simulta-
neously. The objective of this experiment was to analyze net mass
change and motional resistance response to detect physical phenomena
on/near the substrate surface when two competing processes are
occurring (mass loss due to corrosion and mass gain due to corrosion
product layer formation). Resonant frequency change and motional
resistance were continuously monitored, and the test was terminated
when a plateau in the resonance frequency change and motional resis-
tance was approached indicating that the system had reached steady
state.

2.2.3. Scenario (c): FeCO3 formation on an iron coated crystal driven by
bulk supersaturation

In this scenario the goal was to supersaturate the bulk solution by
adding ample Fe?" ions to create favorable conditions for FeCOs for-
mation from the very beginning of the test [10-12,22,50,51]. External
Fe?* jons were added using a precalculated amount of deaerated FeCl,
solution containing ~214 mg FeCl,.4H,O0 to supersaturate the 2 liters of
solution to the desired S(FeCOs3) of 600 [11,51]. This scenario includes
simultaneous corrosion and precipitation, but with externally controlled
supersaturation level that favors rapid FeCO3 formation and minimal
substrate dissolution. The objective of this test was to analyze the
physical responses when the mass gain on the substrate due to layer
formation dominates the mass loss due to corrosion. To further achieve
this, the substrate was cathodically polarized at —0.72 Vag/aeci Using a
potentiostat to slow down mass loss due to corrosion of the substrate.
The applied potential was selected based on literature values obtained
under comparable conditions. Specifically, Ayyagari et al. reported an
OCP of —0.68 + 0.01 Vin 1 wt% NaCl at 80 °C [10]. This value was used
as a reference, and a cathodic overpotential of —0.05 V relative to the
reported OCP was applied. Under the applied cathodic polarization, the
corrosion rate decreased from an initial instantaneous value of
approximately 1.8 mm/year to a stabilized value of ~0.15 mm/year,
confirming effective mitigation of iron dissolution. Resonant frequency
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Table 1
Test matrix.
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Parameter Scenario (a) Scenario (b) Scenario (c¢) Scenario (d) Scenario (e)
Bare iron FeCO;3 formation driven FeCO; formation driven by bulk  FeCOs; formation driven by bulk FeCOj3 formation driven by bulk
corrosion by corrosion supersaturation supersaturation supersaturation
Temperature 80°C 80 °C 80 °C 80 °C 80 °C
Electrolyte 1 wt% NaCl 1 wt% NaCl 1 wt% NaCl 1 wt% NaCl 10 wt% NaCl
pH 4.0 6.6 6.6 6.6 6.4
Working electrode Iron-coated Iron-coated QCR Iron-coated QCR Gold-coated QCR Gold-coated QCR
QCR
Polarization - - 0.72 Vag/agal - 0.72 Vg agal - 0.75 Vag/agal
S(FeCO3) - - ~600 (~214 mg FeCl,.4H,0) ~600 (~214 mg FeCl,.4H,0) ~500 (~344 mg FeCl,.4H,0)
Measurements Af, AR Af, AR Af, AR Af, AR Af, AR

change and motional resistance data logging was then initiated to
establish the start of the experiment.

2.2.4. Scenario (d): FeCO3 formation on a gold coated crystal driven by
bulk supersaturation

Use of gold substrate eliminates any mass loss step associated with
corrosion of the substrate. Similar to Scenario (c), a precalculated
amount of deaerated FeCl, solution was added to supersaturate the so-
lution to the desired S(FeCO3) of 600 [11,51]. The gold-coated QCR was
cathodically polarized at —0.72 Vag/agc1 to simulate the electrochemical
environment of an active steel surface without actual corrosion. The
experiment included only precipitation, serving as a baseline for un-
derstanding FeCOs layer formation on inert surfaces enabling compar-
ison with formation on actively corroding iron surfaces. Measured
resonant frequency change and motional resistance were continuously
monitored during the duration of test, and the test was terminated when
system had reached steady state, i.e., measured resonance frequency and
motional resistance stopped changing with respect to time.

2.2.5. Scenario (e): FeCO3 formation on a gold coated crystal driven by
bulk supersaturation in highly concentrated brine (10 wt% NaCl)

In this scenario, 10 wt% NaCl solution at 80 °C, saturated with CO,
was used. The initial value for the solution pH was set at 6.6. However,
throughout the experiment the pH value shifted to pH 6.4. Slight devi-
ation in the pH values (0.2 pH units) can be attributed to difficulties of
precise pH measurements in highly concentrated solutions, including
mismatch in ionic strengths between test solution and calibration
buffers. However, in the context of this research the goal was to see the
response in motional resistance which should have not been affected by
the exact value of the pH as long as experimental conditions favor FeCO3
formation. External Fe?* ions were added using a precalculated amount
of deaerated FeCl, solution containing ~344 mg FeCl,.4H,0 before the
experiment for a 2-liter glass cell, and the gold substrate was cathodi-
cally polarized to —0.75 Vag/agci to induce FeCOj3 precipitation. This
experimental setup is analogous to Scenario (d) in terms of parameters
and procedure but conducted in a higher ionic strength solution. To
achieve a saturation value of 600, the concentration of CO%~ and Fe?*,
as well as the solubility product of FeCO3 were calculated for non-ideal
conditions using a concentration and ionic strength-based solution
speciation model [39]. Since the activity of the bicarbonate ion changes
in a non-ideal solution, an adjusted amount of FeCl,.4H,0 salt was
added.

3. Results and discussion

Resonant frequency change (Af) and motional resistance change
(AR) are the measured values from experiments. Mass change per unit

area (%“) and Gamma change (ATl') are calculated from frequency

change and motional resistance change using Eqs. (5) and (6), respec-
tively. For applicability of Sauerbrey’s Eq. (5), mass change can be
considered as a rigid mass change if |Af| >> |AI'| [43,46]. Primarily for

that reason, Af and AT are plotted together as the first graph in each
series as check for the use of Sauerbrey’s Eq. (5).

3.1. Scenario (a): Bare iron corrosion at acidic pH (no precipitation)

From Fig. 2, |Af| >> |AT, suggesting the validity of Sauerbrey’s
equation for conversion of measured frequency change to mass change
per unit area. The analysis of the experimental data in Fig. 3 can then be
used to lead us to several significant findings. A negative mass change
over time is observed, indicating corrosion of the iron-coated quartz
crystal resonator (QCR) under the specified conditions. The corrosion
rate was calculated from the mass change of the iron layer on the crystal
and amounted to about 4.4 mm/year. In comparison, the corrosion rate
for carbon steel computed using the in-house corrosion prediction model
(MULTICORP™) under the same conditions was ~4.0 mm/year, which
is very close to the experimental value [1,52,53]. This agreement aligns
with literature studies showing similar behavior in potentiodynamic
polarization between pure iron and carbon steel exposed to same envi-
ronmental conditions [54]. Concurrently, an increase in motional
resistance is noted, possibly attributed to the formation of a Fe?*
ion-rich layer in the solution immediately adjacent to the resonator
surface due to the corrosion of the iron substrate. This phenomenon
aligns well with concepts discussed in the work by Cuenca, et al., on
copper electrodeposition and electrodissolution [30,31]. The Fe?* ion
buildup in the boundary layer adjacent to the resonator surface is due to
the influx of Fe*" ions resulting from corrosion (iron dissolution),
temporarily exceeding the rate of diffusion of Fe?" ions away into the
bulk solution. A delay is observed in the increase of motional resistance
change, attributed to the time required for the buildup of the Fe"
ion-rich interfacial layer. As visualized in Fig. 4, it is hypothesized that
this Fe?* ion-rich region manifests as a much more concentrated and
viscous layer compared to the bulk solution. In the last 20 min of the
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Fig. 2. Measured change in resonant frequency (open green squares) and
calculated change in gamma (solid orange circles) versus time for Scenario (a)
with corrosion of iron coated QCR in 1 wt% aqueous NaCl solution at 80 °C and
pH 4.0.
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Fig. 3. Calculated change in mass per unit area (open blue circles) and
measured change in motional resistance (solid red triangles) versus time for
Scenario (a) with corrosion of iron coated QCR in 1 wt% aqueous NaCl solution
at 80 °C and pH 4.0.

Bulk Bulk
Fe solution Fe solution
quartz quartz lon rich
region
Initial Final

Fig. 4. Proposed schematic of the evolution of corroding QCR surface and so-
lution near the substrate surface for Scenario (a) with freely corroding iron
coated QCR.

experiment, a stabilization of the motional resistance change (AR) and
Gamma change (AT) are observed, indicating a balance between the
influx of Fe?* ions into the solution immediately adjacent to the reso-
nator surface due to corrosion and the diffusion of Fe?* ions out of this
region into the bulk solution. The influx of Fe?* to the ion rich region is
evidenced by the increase in Af and decrease in 42. It should be noted
that corrosion of the substrate can also result in increased surface
roughness, which may additionally contribute to the observed rise in
motional resistance. However, it is not possible within the scope of the
present study to distinguish these individual contributions. This scenario
has proven that motional resistance can be used to monitor ion accu-
mulation and interfacial changes due to change in physical properties of
the solution near surface (density and viscosity), independently of the
related mass change, reinforcing its value as a probe of early-stage
corrosion dynamics.

3.2. Scenario (b): FeCO3 formation on an iron coated crystal driven by
corrosion of substrate

Fig. 5 shows the measured frequency change (Af) and calculated
Gamma change (AT) for the scenario where FeCO3 corrosion product
formation occurred due to corrosion of the iron substrate and environ-
mental conditions. For experimental time less than ca. 25 min, the
comparison of Af to AI" does not look favorable for the application of
Sauerbrey’s equation. However, the Sauerbrey's equation was applied in
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Fig. 5. Measured change in resonance frequency (open green squares) and
calculated change in gamma (solid orange circles) versus time for Scenario (b)
with FeCO3; formation due to corrosion on iron coated QCR in 1 wt% aqueous
NacCl solution at 80 °C and pH 6.6. Periods 1, 2 and 3 are described in the text.

this analysis because the corroding substrate, Fe, is a rigid layer, and the
frequency change measured by the quartz crystal resonator can there-
fore be directly related to mass changes on its surface. In this system, the
observed frequency response arises from the combined effects of iron
substrate corrosion and the consumption of ferrous ions during the
formation of an iron carbonate layer. The initial stage of the experiment
mirrors the bare iron corrosion scenario (Scenario a), where the equa-
tion has been shown to reliably capture mass loss from metal dissolution
and |Af| >> |AT'|. The later stage corresponds to FeCO3 formation under
supersaturated conditions with S(FeCO3) >> 1, where the deposited or
removed material behaves as a rigid, adherent layer without significant
viscoelastic effects, fulfilling the assumptions of the Sauerbrey's model.
This qualitative examination is aimed at shedding light on the under-
lying mechanistic steps and elaborating on the interfacial processes
involved. In this context, the trends and characteristic features in the
frequency change are more significant than the absolute numerical
values presented in the plot. This is further discussed in Scenario (c).
Based on the physical phenomena happening, the time axis is split into
three periods in Fig. 6 which are as explained below and a schematic
illustration is shown in Fig. 7.

Period 1: Mass loss is observed due to active corrosion, accompanied
by a marked increase in motional resistance attributed to the formation
of the Fe?' rich interfacial layer near the corroding iron surface.
Corrosion of QCR substrate continues until the critical conditions are
reached (Fe?' ion concentration is high enough at the specific envi-
ronmental conditions) to cause significant precipitation of FeCOs.

Period 2: There are two competing processes happening in this
period. Mass loss due to corrosion of the iron substrate and mass gain
due to formation of an FeCOs layer. Motional resistance decreases

500 1,000
= ~ o
3 2 3
400 8 3 g r 800
300 b 600
% i
4 wv
L 0 J0% 400 -g
o i r
3 2 kY O_
5 100 i b 200
0 -_/ F O
-100 . . . . . -200
0 20 40 60 80 100 120

Time, minutes

Fig. 6. Calculated change in mass per unit area (open blue circles) and
measured change in motional resistance (solid red triangles) versus time for
Scenario (b) with FeCO3 formation due to corrosion of iron coated QCR in 1 wt
% aqueous NaCl solution at 80 °C and pH 6.6. Periods 1, 2 and 3 are described
in the text.
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Fe Fe

Bulk Bulk
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quartz  FeCO, Ionvrich quartz  FeCO, [O“_’iCh
region region
Period 2 Period 3

Fig. 7. Proposed schematic shows the substrate corrosion, evolution of near surface solution and corrosion product formation at different periods during the

experiment for Scenario (b) with periods 1, 2 and 3 are described in the text.

because, in addition to diffusion of Fe?>* ions to the bulk solution, as
discussed in Scenario (a), the formation of an FeCO3 layer also consumes
the Fe?* ions, which depletes the ion rich layer and consequently leads
to the decrease in the motional resistance. A delay in AR decrease is also
noted, possibly due to the time required for sufficient amount of ions to
be consumed by FeCO3 formation.

Period 3: The decrease in resonance frequency (increase in added
mass) indicates that the corrosion product layer continues to grow for
some time until system has reached steady state, i.e. mass loss due to
corrosion of the iron substrate balances out with the mass gain due to
FeCO3 precipitation. Corrosion rate slows down due to formation of
FeCOs layer, and the precipitation rate slows down because Fe?* ion
concentration approaches saturation.

3.3. Scenario (c): FeCO3 formation on an iron coated crystal driven by
bulk supersaturation

Fig. 8 shows the measured frequency change (Af) and calculated
Gamma change (AI') where the FeCO3 corrosion product formation on
the iron substrate occurred due to high bulk supersaturation. Inferences
drawn from Fig. 8 provide valuable insights into experimental obser-
vations. Notably, the absence of iron substrate corrosion from the QCR is
observed with no change in Af or 42 during the first few minutes of the
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Fig. 8. Measured change in resonant frequency (open green squares) and
calculated change in gamma (solid orange circles) versus time for Scenario (c)
with FeCO3; formation due to supersaturation on iron coated QCR in 1 wt%
aqueous NaCl solution at 80 °C and pH 6.6 and under applied cathodic po-
tential. Periods 1, 2 and 3 are described in the text.

test, a departure from the findings in Scenario (b). This absence can be
attributed to the specific experimental conditions employed. Under the
highly supersaturated conditions utilized in this experiment, the process
of FeCO3 formation starts from the very onset of the experiment with no
significant Fe?™ ion buildup required. If any initial mass loss due to
corrosion occurred, it was offset by a simultaneous mass gain from
FeCOj3 deposition, resulting in a flat mass-change curve as seen in the
early stages of the experiment. Once precipitation dominated, the net
mass gain becomes evident. The growing FeCO3 layer subsequently
lowered the corrosion rate [1-6], thereby further justifying the observed
diminishing mass loss process and the subsequent net mass gain over
time.

A noteworthy observation is the increase in motional resistance, as
depicted in Fig. 9, which resembles the patterns observed previously
(Scenario (a) and Scenario (b)); occurring prior to the observed mass
change. This rise in motional resistance is associated with the formation
of the Fe?* ion rich layer resulting from the corrosion of the iron-coated
substrate. Even when the substrate is cathodically polarized and bulk
solution is supersaturated, corrosion current is not zero and hence
limited Fe?* release likely occurs. Though undetectable via Af, the
motional resistance signal captured this viscoelastic change and un-
derscores the sensitivity of QCM to interfacial phenomena. The time axis
is split into three zones in Fig. 9 which are explained with respect to the
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Fig. 9. Calculated change in mass per unit area (open blue circles) and
measured change in motional resistance (solid red triangles) versus time for
Scenario (c) with FeCO3 formation due to supersaturation on iron coated QCR
in 1 wt% aqueous NaCl solution at 80°C and pH 6.6 and under applied cathodic
potential. Periods 1, 2 and 3 are described in the text.
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Fig. 10. Proposed schematic shows the diminished substrate corrosion as compared to Scenario (b), evolution of near surface solution and corrosion product for-
mation and growth at different periods during the experiment. Periods 1, 2 and 3 are described in the text.

proposed schematic of events in Fig. 10 below:

Period 1: Characterized by a flat mass change curve due to the near-
equilibrium between substrate corrosion and FeCO3 precipitation, while
motional resistance increased related to the build-up of an ion-rich
interfacial layer.

Period 2: Net mass gain dominates, corresponding to FeCOs layer
growth. Interestingly, a pronounced AR peak appears in this zone, hy-
pothesized as a delayed response to the ion-rich layer formation in
Period 1 rather than a direct consequence of precipitation of FeCOs.

Period 3: Corrosion product layer growth continues until reaching a
dynamic equilibrium. Motional resistance gradually decreases and sta-
bilizes, consistent with the formation of a rigid, well-adhered FeCOs.
Decrease in motional resistance can be attributed to two factors: con-
sumption of Fe>* ions for the formation of FeCO3 and further reduction
in substrate corrosion rate (and hence lower Fe*' near the substrate
surface) due to the formation of protective FeCO3 layer.

However, the direct correlation between the corrosion of the iron
substrate and the observed increase in motional resistance which was
implied needs verification. Further investigation is crucial for enhancing
understanding of the complex interplay between corrosion processes
and FeCO;3; formation in iron-coated QCR systems. Additional experi-
ments defined by Scenario (d) and Scenario (e) aim to conclusively
resolve the matter by examining the FeCO3 formation on a gold coated
QCR.

10,000

-10,000

N
T
< -20,000
—_
<
R
T 30,000
©
—
<1 -40,000
-50,000
-60,000 : ; . . .
0 200 400 600 800 1000 1200

Time, minutes

Fig. 11. Measured change in resonant frequency (open green squares) and
calculated change in gamma (solid orange circles) versus time for Scenario (d)
with FeCOs; formation due supersaturation on gold coated QCR in 1 wt%
aqueous NaCl solution at 80 °C and pH 6.6 under applied potential.

3.4. Scenario (d): FeCO3 formation on a gold coated crystal driven by
bulk supersaturation

To isolate FeCOjz precipitation mechanisms, gold-coated quartz
crystals were used as an inert substrate in a supersaturated solution (pH
6.6, 80 °C) prepared by FeCly.4H;O addition. As there was no other
source of Fe?*ions, any FeCO3 layer growth could be attributed solely to
precipitation from solution. Surface analysis of the formed layer on
different substrates is presented in supplementary information (S2).

Fig. 11 shows the measured frequency change (Af) and calculated
Gamma change (AT') over the course of the experiment. Clearly, the
governing condition (|Af| >> |AT'|) is fulfilled, and hence measured
frequency change can be converted into mass change per unit area using
Sauerbrey’s equation. As seen in Fig. 11, a steady decrease in resonance
frequency (Af) is the result of a steady mass gain, corresponding to
FeCOj3 layer formation. There is no sudden increase of motional resis-
tance for the gold substrate (Fig. 12) as compared to the previous three
scenarios with an iron coated QCR. The fact that there was no increase of
the motional resistance for the gold substrate serves as a supporting
argument for the initial hypothesis of a direct relationship between the
buildup of Fe?* ions in the surface layer due to corrosion and the in-
crease of motional resistance. This behavior also contrasts prior reports
[11,12] that suggest AR spikes arise from FeCl; injection, which implies
that such transient effects are not due to FeCl, itself, but due to a
surface-specific reaction like corrosion, which is absent on the inert gold
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Fig. 12. Calculated change in mass per unit area (open blue circles) and
measured change in motional resistance (solid red triangles) versus time for
Scenario (d) with FeCO3 formation due supersaturation on gold coated QCR in
1 wt% aqueous NaCl solution at 80 °C and pH 6.6 under applied potential.
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Fig. 13. Proposed schematic shows FeCO3 formation and growth during the experiment for Scenario (d).

surface. The proposed schematic of events is illustrated in Fig. 13.

Furthermore, paying attention to the time axis for Scenario (c) and
Scenario (d), the initiation and kinetics of the formation of FeCOs is
different for these two different types of substrates: slower for the gold
substrate but ending up with a higher total mass gain. Although the
answer to why kinetics is different in the two scenarios of precipitation
on gold and iron is not known yet, it can be speculated that the level of
supersaturation in the near surface layer of solution is higher due to the
contribution of corrosion (increase in Fe*' ions) making the initial
precipitation layer rate faster versus an inert, “defect free” gold surface.
Overall, the precipitation of FeCOs on iron happens on a corroding
substrate what possibly makes it more difficult in the “long run” and
hence the overall mass of precipitated FeCOj3 is lower. While plausible,
these explanations remain speculative and warrant further
investigation.

3.5. Scenario (e): FeCO3 formation on a gold coated crystal driven by
bulk supersaturation in highly concentrated brine (10 wt% NaCl)

In this scenario, motional resistance in QCM data reflects the changes
happening near the surface of the crystal. Not only does the layer for-
mation influence the QCM response but also changes in the near-surface
solution properties, such as density and viscosity, which can lead to
changes in the frequency and motional resistance response [28,55,56].

In non-ideal solutions, viscosity and density differ from those of more
dilute solutions due to the changes in ion interactions. Therefore, these
parameters must be adjusted for non-ideal brines using either empirical
relations or experimental measurements. Before proceeding with the
main experiments in this study, the relationship between density and
viscosity of the solution versus NaCl concentration was measured using
QCM response and compared to existing models.

Experimental measurements were performed in a 2-liter glass cell at
30 °C. The solution was deoxygenated with CO, prior to the experiment
and sparged throughout the test to ensure that no oxygen was present in
the system. pH of the solution was autogenous and remained constant
throughout the experiment. Gold-coated QCR response, including fre-
quency change when moving the crystal from air to the solution, and
motional resistance, was recorded at different NaCl concentrations and
presented in Fig. 14. It can be noted that frequency change as well as the
motional resistance are higher in a more concentrated solution. Change
in resonance frequency with change of the medium can be related by
Kanazawa’s equation [55]:
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Fig. 14. Measured change in resonance frequency (open green squares) and
motional resistance (solid red triangles) versus NaCl concentration and on gold-
coated QCR at 30 °C.

1

Af = — f% (psolution”solution> 2 (7)
TPqMq

where pgoon and pg are solution density and quartz density, respec-

tively (g/cm®), Msolution 1S the solution viscosity (g/cm-s) and 1 is the

quartz shear modulus (g/cm-s%). From that, products of solution density

and viscosity can be found and compared to existing models.

Various models have been proposed to account for the hydrodynamic
properties of concentrated NaCl solutions. For a deeper understanding of
the effect of NaCl on solution transport parameters, the reader is referred
to the publication that reviews different models available in the litera-
ture [47]. For this study, two models were selected for calculating so-
lution density and viscosity.

Solution density was calculated using Batzle and Wang equation
[571:

Peotution =Puater + S(0.668 + 0.44S+ 107° (300P— 2400PS

(8)
+ Tc (80 + 3Tc — 3300S— 13P+ 47PS))

where p,.., is water density (g/cm®), P is total pressure (MPa), Tc is
solution temperature (°C), and S is mass fraction of salt.
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Solution viscosity changes not only with salt concentration but also
under CO,-saturated conditions. To account for that, a combination of
Mao and Duan [58] and Islam and Carlson [59] models were used:

Hsolution = Hbrine ( 1+ 465)(283 44TK733964) (9)

where i ;.on 1S SOlution viscosity in the presence of water, NaCl, and
CO3, Xco, is the mole fraction of dissolved CO,, T is temperature in
Kelvin, and p,. is the density of the solution in the presence of NaCl
only.

In addition to the frequency change response obtained during the
experiment, the motional resistance response was also recorded.
Motional resistance response is sensitive to solution properties such as
solution density and viscosity according to the following relation [60,
611]:

1
AR = (nsms Lu) 2w Psolution Hsolution 2 (10)
T PqNq

where n; is the number of sides in contact with the solution, o5 is angular
frequency, L is the undisturbed resonator inductance.

Fig. 15 compares products of solution density and viscosity mea-
surements obtained from QCM response to the ones calculated using the
above-mentioned model at various NaCl concentrations. Experimental
measurements from QCM showed a good agreement with the above-
mentioned model, with slight discrepancies that can be attributed to
the limitations of the models as well as experimental uncertainties.
Experimental QCM measurements have shown that brine properties
change under varying salt conditions. This finding will be used in this
study to explain phenomena happening near the quartz crystal in pre-
cipitation conditions at 10 wt% aqueous NaCl solution, 80 °C and pH
6.4.

Fig. 16 presents the relation between the change in motional resis-
tance and product of solution density and viscosity calculated using the
Butterworth-Van Dyke equivalent circuit model for different NaCl con-
centrations. There is a linear relationship between AR and

(psoluﬁonpsoluﬁon)l/ % suggesting the validity of the experimental data ac-
quired using QCM.

Fig. 17 and Fig. 18 present Af compared to AIl'; and mass change and
AR, respectively. The results obtained at a non-ideal 10 wt% NacCl so-
lution were consistent with observations in Scenario (d): similar trends
in mass change increase as FeCO3 precipitated on a gold substrate, as
well as a gradual rise in motional resistance without sudden peaks until
it reached a steady-state value. This suggests that mass precipitation
evolution near the surface at non-ideal conditions is comparable to that
at 1 wt% NaCl. The proposed schematic of events is illustrated in Fig. 19.

Although previously reported findings suggested that the precipita-
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Fig. 15. Product of square root of density and viscosity of aqueous NaCl so-
lution calculated using Kanazawa’s equation from experiment (solid green
squares) and calculated using a combination of Mao and Duan [58] and Islam
and Carlson [59] models (orange curve) versus NaCl concentration and on
gold-coated QCR at 30 °C.
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density and viscosity of aqueous NaCl solution calculated using a combination
of Mao and Duan [55] and Islam and Carlson [56] models at different NaCl
concentrations on gold-coated QCR at 30 °C.
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Fig. 17. Measured change in resonance frequency (open green squares) and
calculated change in gamma (solid orange circles) versus time for Scenario (e)
with FeCO3 formation due to supersaturation on gold coated QCR in 10 wt%
aqueous NaCl solution at 80 °C and pH 6.4 under applied potential.
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Fig. 18. Calculated change in mass per unit area (open blue circles) and
measured change in motional resistance (solid red triangles versus time for
Scenario (e) with FeCO3 formation due to supersaturation on gold coated QCR
in 10 wt% aqueous NaCl solution at 80°C and pH 6.4 under applied potential.

tion rate of FeCOs is independent of NaCl concentration [39], faster
precipitation was observed in the 10 wt% NacCl solution, as indicated by
steeper mass and motional resistance slopes. This difference appears to
result from the slightly more cathodic polarization applied in the case of
10 wt% NaCl solution. During preliminary trials, the QCR showed
minimal mass deposition at —0.72 Vg agci in 10 wt% NaCl, therefore, it
was necessary to lower the applied polarization potential to —0.75
Vag/agal to get comparable mass deposition. The more cathodic potential
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Fig. 19. Proposed schematic shows FeCO3; formation and growth during the experiment for Scenario (e).

enhanced hydrogen evolution, increasing local pH and surface super-
saturation, thereby facilitating FeCOs; formation. Additionally, the
non-ideal behavior of the 10 wt% NaCl solution complicates replication
of near-surface conditions observed in dilute solutions such as 1 wt%
NaCl solution. Therefore, the observed increase in precipitation rate in
the 10 wt% NacCl solution is attributed primarily to the change in po-
larization voltage rather than solution concentration.

Another discrepancy can be seen in the measured motional resistance
values at the end of experiment. This difference is hypothesized to arise
from variations in solution properties rather than differences in the
FeCOj3 layer itself. Motional resistance depends not only on the depos-
ited mass but also on the interaction between the surface and the solu-
tion near it. For example, the higher density and viscosity of 10 wt%
NaCl resulted in higher initial motional resistance values (ca. 287 Q)
compared to 1 wt% NaCl (221-235 Q) under otherwise similar condi-
tions as it can be seen in Fig. 14. Because the density and viscosity of the
10 wt% NacCl solution are closer to those of the FeCOs layer, the dif-
ference in mechanical response between the layer and the solution is
smaller, producing a smaller overall change in motional resistance.
Conversely, in 1 wt% NaCl solution, the larger contrast amplifies the
effect of the layer on resistance, leading to a more pronounced increase.
While this explanation is consistent with the observed trends, it remains
speculative and requires further investigation, particularly for concen-
trated, non-ideal brines.

4. Conclusions

This study demonstrates that FeCOs; formation dynamics and
corrosion behavior can be effectively studied using QCM. Across all
scenarios, whether involving inert or active substrates, with or without
an external source of Fe?*, analyzing motional resistance or half width
at half height of the quartz resonator conductance (Gamma) in
conjunction with mass change has helped in developing a deeper un-
derstanding of the physical processes happening on the metal surface.

e On iron substrates (Scenarios a, b and c¢):

o In the absence of precipitation (Scenario (a)), AR increased without
associated mass gain, indicating Fe?" ion buildup in the surface layer
of solution due to corrosion and therefore, the interfacial electrolyte
properties must be taken into account.

o The scenarios where FeCOj3 layer forms, (with and without external
Fe?* addition — Scenarios (c) and (b) respectively) show AR peaks

10

associated with an ion-rich interfacial layer produced by active iron
dissolution. This layer, even if not detectable via. frequency change
response of QCM, is effectively captured by associated changes in
motional resistance.

o Frequency or mass change response is instantaneous, however there
is a considerable lag in motional resistance response which is related
to the time required for buildup of ions in the solution near the
substrate surface.

o Even at the bulk saturation of 600 in the case of iron coated crystal
and under applied cathodic potential, corrosion of the base material
still happens, which was not conclusively evident from only the mass
change curve. Analysis of the motional resistance response provides
experimental proof of corrosion of the substrate even in supersatu-
rated conditions.

e On gold substrates (Scenarios d and e):

o The lack of AR transients confirms that changes in motional resis-
tance are not caused by FeCl,.4H,0 addition or bulk solution effects.

o Initiation and kinetics of FeCO3 formation are different for different
types of substrates, here discussed for iron and gold.

Collectively, these findings show that motional resistance response
from QCM is a powerful, yet underutilized, tool that can provide valu-
able information of early interfacial dynamics in corrosion—precipitation
systems. While the frequency-change response primarily tracks mass,
AR reveals subtleties of ion accumulation, transport, and changes in
near surface solution properties. By comparing inert and active sub-
strates under different chemical driving forces, this study clarifies the
mechanistic origins of transient responses captured using QCM and ex-
pands its value as a diagnostic tool in corrosion science.
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