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ABSTRACT

Calcium carbonate (CaCO3) deposition plays a significant role in processes such as scale formation in
power plants and in oil or gas production wells. The development of appropriate methods based on
well suitable in situ sensors is important to evaluate and predict the deposition process. In this study,
a combination of electrochemical techniques and quartz crystal microbalance with dissipation monitor-
ing (QCM-D) in one analysis setup (EQCM-D) was used for the first time to monitor the CaCO3 deposition
in real time and provide kinetic details of the CaCO3 deposition process. Through recording the frequency
change of quartz crystal sensors, it allows us to perform a quantitative analysis of the morphology, cov-
erage, deposition rate, and mass changes with nanogram sensitivity. By varying the applied voltage, it
was found that a lower applied voltage resulted in more deposition of CaCO; mass and increase of the
thickness of the deposited layer. Under the absence of flow, the CaCO; growth rate switched from accel-
erating to decelerating and this point is characterized by an inflection point (IP). A lower applied voltage
resulted in a lower IP. Increasing Ca?* and HCO;~ concentrations, both the deposited amount of CaCOs
mass and coating thickness increased correspondingly. With the addition of 50 mM Mg?*, a reduction in
the deposition rate of CaCO; as high as 73% was achieved. The higher the Mg+ concentration, the larger
the deposition rate reduction, which was attributed to the incorporation of Mg+ into the growing CaCOs
mineral, resulting in the reduction of growth sites (inhibiting effect). The obtained results contribute to
a better understanding of electrochemically induced CaCOs; deposition and provide valuable insights into
the determination of optimal precipitation parameters, with the aim to optimize industry scaling and
anti-scaling processes.

© 2021 Published by Elsevier Ltd.

1. Introduction

efficiency, localized damage due to corrosion, failure in the struc-
tural metal, and unscheduled equipment shutdown [7-9]. For ex-

The formation of calcium carbonate (CaCO3) in aqueous systems
has important implications for CO, capture and storage, oceanic
and atmospheric carbon cycling, biomineralization, and oil and gas
exploitations [1-5]. In industrial processes, CaCOs; is one of the
most common mineral scales. When mineral water is widely used,
undesirable scale formation is a major concern for energy produc-
tion [5,6]. Such scaling phenomenon often leads to numerous tech-
nical and economic problems such as total or partial blockage of
pipes resulting in a decrease in flow rate, reduction of heat transfer
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ample, in power plants, the rate of power production is often lim-
ited by the scale formation in water-cooling systems, which can
also be the origin of microbial proliferation [6]. In oil or gas pro-
duction wells, mineral scaling reduces the overall fluid flow rate,
causes formation or production damage in the reservoir, and thus
poses a threat to safe production operations [10,11]. Quantitatively
understanding the crystallization mechanism of the CaCO3 precipi-
tation has gained a great interest. Therefore, it is relevant to know
the influencing factors of scale formation and to control the scaling
process, facilitating to prevent scale deposition.

Generally, CaCO3 crystallizes naturally in three polymorphs: cal-
cite (rhombohedric, with a cubic shape), aragonite (orthorhombic,
with needle and cauliflower shapes), and few vaterite (hexagonal,
with a hexagonal shape), listed in an order of decreasing stability
[12-14]. Calcite is thermodynamically stable at atmospheric pres-
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sure within the 0 - 90 °C temperature range [15], whereas vaterite
is metastable and tends to transform into aragonite or calcite [16].
Depending on the experimental conditions, all three polymorphs
can be obtained and calcite is more often the main constituent
of CaCOs scales. Factors influencing the precipitation behavior of
CaCO3 on a metal surface include types of substrate [17], temper-
ature [15], pH [18], foreign ionic or molecular species [19,20], or-
ganic additives [21,22], saturation level of water [23], electric fields
[24], microorganisms [25], and electrochemical corrosion behav-
ior at the metal-water interface [12,16,26]. To evaluate the depo-
sition process, traditional methods consist in preparing a super-
saturated liquid by mixing a solution of a soluble carbonate (e.g.
Na,CO3, NaHCO3) with a solution of a soluble calcium salt (e.g.
CaCly) [13,14,27]. Precipitation of CaCO3 can be achieved by remov-
ing dissolved CO, under moderate stirring, resulting in an increase
of the solution pH, or adding salt ions resulting in a slight su-
persaturation [28,29]. However, this procedure is time consuming,
and cannot monitor the CaCO5 deposition in real-time and does
not provide kinetic data. For this reason, a considerable interest
was devoted to electrochemical techniques (chronoelectrogravime-
try, impedance spectrometry and chronoamperometry) to investi-
gate and accelerate calcareous precipitations [30].
Electrochemically induced deposition occurs on the electrode
surface of a metallic substrate by increasing the interfacial pH
caused by oxygen and water reduction reactions through apply-
ing a cathodic potential, and thus shifts the chemical equilibrium
towards CaCOs precipitation [31,32]. This technique was further
improved by a coupling quartz crystal microbalance with electro-
chemical techniques (EQCM) [33]. The EQCM allows in situ, fast and
highly sensitive (nanogram level of generated CaCO3) mass change
measurements of the scaling behavior. Using a transparent EQCM
in an impinging jet cell, the rate of the CaCO3 deposition increased
with the convection until a limiting value of the Reynolds num-
ber was reached [34]. Amor et al. investigated the influence of the
sulfate and magnesium ions on the nucleation-growth process of
CaCOj; electrodeposition [35,36]. Two kinds of poly(acrylic acid-co-
maleic acid) and polyaspartic acid were reported to efficiently pre-
vent the formation of CaCOs, depending on their concentrations
[12]. Direct detection of calcium carbonate scaling was monitored
on a pre-calcified sensitive electrode surface, showing a better sen-
sitivity, especially for water in the presence of inhibitors, such as
humic substances [27]. The inhibiting effect of Zn?>* was demon-
strated on the delay of calcium carbonate precipitation, even at
very low concentration about 2 ppm [28]. Inserting EQCM in a
channel flow cell, the inhibiting properties of a phosphonate on
CaCO;3 precipitation was evaluated under liquid flow conditions
[37]. A calcite model mineral surface was obtained by electrochem-
ically assisted deposition, which was subsequently used to study
the effect of Na* and Ca* concentration on the anionic surfactant
adsorption [32]. There are a small number of studies to evaluate
the scaling processes in situ using EQCM, however, the kinetics and
mechanisms of CaCO3; depositions are not yet well understood.
Different to the usual EQCM setup [33,36,38], we used EQCM
with dissipation monitoring (EQCM-D) which shows advantages of
easily controlling the flow rate and changing the solution compo-
sitions [39]. In this work, we set out to study the electrochemi-
cal induced CaCOs; depositions on Pt sensor surfaces in a three-
electrode flow cell, and related the recorded changes in resonance
frequencies to the mass change of the sensor. The use of EQCM-
D in combination with scanning electron microscopy (SEM) facili-
tated in a better understanding of the deposition behavior, allow-
ing for the comprehensive description of the mass, thickness, mor-
phology, surface coverage, and deposition rate of electrocrystallized
CaCO3. With various applied potentials, CaCO3 precipitations were
compared under the conditions of liquid flow and in the absence of
flow. As much as a twice higher surface coverage (~ 60%) was ob-
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tained in the absence of flow, compared to conditions with a liquid
flow. Further, under no-flow conditions, an inflection point (IP) was
defined where the change in deposition rate started to change sign.
When increasing the concentration of HCO;~ and Ca%*, CaCO;5 de-
position rate and mass increased correspondingly. Additionally, the
inhibiting effect of Mg+ on the deposition kinetics of CaCO; was
observed. A new interpretation is proposed to identify the effec-
tiveness of inorganic inhibitor (Mg2+).

2. Experimental methods
2.1. Chemicals and QCM-D sensors

CaCl,+2H,0 (147.01 g/mol, > 99%), MgCl,+6H,0 (203.30 g/mol,
> 99%), and NaHCO3 (84.01 g/mol, > 99.5%) were purchased from
Sigma Aldrich. NaNO3 (84.99 g/mol, > 99.5%), HCl (1 M) and NaOH
(1 M) were purchased from Merck. Ethanol (> 96%), isopropanol (>
98%) and centrifugal tubes (50 mL) were purchased from VWR In-
ternational. All compounds were used as received without further
purification. Whatman filter papers (11 um pore size) were pur-
chased from Fischer Scientific. All salt solutions were prepared by
dissolving the appropriate amounts of solute in de-ionized water
(Milli-Q, resistivity of > 18.2 MQe+cm, and 5.3 ppb TOC). The used
Pt (QS-QSX314) covered QCM-D sensors (diameter = 14 mm, thick-
ness = 0.3 mm) were purchased from Q-Sense Biolin Scientific.

2.2. Electrochemically assisted CaCos depositions

To evaluate electrochemically induced CaCOs3 depositions, Pt
substrates acted as a cathode (negative electrode) in an aqueous
solution containing Ca2t and HCO;~ ions. For this purpose, the Q-
Sense QCM-D and Q-Sense Explorer electrochemistry module from
Biolin Scientific were used. An Electrochemical Analyzer from CH
Instruments (CHI600D) was coupled to a three-electrode flow cell.
The Pt covered QCM-D sensor was mounted in the electrochemi-
cal cell module and served as the working electrode. A Pt counter
electrode and Ag/AgCl (3 M KCl saturated) reference electrode were
used. In- and out-flow of solutions through the flow module were
modulated by a REGLO digital peristaltic pump from Ismatec. The
PDC-002-CE plasma cleaner from Harrick Plasma and RET Basic
magnetic stirrer from IKA were used to remove any possible con-
taminations from the surface of the used Pt sensors. All EQCM-D
measurements were performed at room temperature in a support-
ing electrolyte containing an excess of nitrate. All potential differ-
ence values given in this study are quoted against Ag/AgCl (3 M
KCl).

The CaCO3 deposition solution was made by first preparing two
precursor solutions, one containing Ca2* ions (CaCl, solution) and
the other containing HCO3~ ions (NaHCOs5 solution), which have
the same solution concentration. These solutions also contained
500 mM NaNOs, which acts as a background electrolyte and OH™
supplier. The pH of these solutions was adjusted to 7 £ 0.1 with
drops of diluted NaOH or HCl to minimize CaCO3; precipitation
upon mixing. Then, the solution containing HCO3~ ions was added
to solution containing Ca* ions in a dropwise manner while mag-
netically stirring at 1500 rpm in order to make the CaCO3; de-
position solution. The CaCO5 deposition solution was filtered into
a centrifugal tube to remove any precipitated CaCOs. Then, the
cleaned QCM-D sensor was loaded into the flow module and all
necessary connections (electrochemistry module and tubing from
the pump) were connected.

Next, the pump was turned on and the measurement was
started. Across all depositions, the CaCO5; deposition solution was
fed to the flow module for 10 min to establish a baseline fre-
quency. Then, a negative voltage was applied in the potentiostatic
mode (chronoamperometry) for 10 min. The frequency shift and
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current flowing through the sensor/contacting solution interface
were monitored as the deposition progressed. After the applied
voltage was turned off, the sensor was left to equilibrate until
a final, stable frequency signal had been reached. The resonance
frequency was considered to be stable if the resonance frequency
shift was less than 1% of the total resonance frequency shift over
a 20 min period. Then, the deposited metal-CaCO3; sensor was di-
rectly taken out of the flow module and placed on a petri dish,
after which it was put in an oven set at a temperature of 60 °C to
dry overnight.

2.3. Scanning electron microscopy experiments

A JSM-IT200 Intouchscope™ scanning electron microscope
(SEM) from JEOL was used to study the morphology, surface cover-
age and chemical composition of the modified sensors. The mor-
phology of the deposited Pt-CaCO5; sensors was investigated us-
ing secondary electron image (SEI) mode. For all micrographs, an
electron beam voltage of 5 kV was used. Generally, a spot size of
30 nm was used and micrograph images were taken at 50 - 2000
times magnification in the centre area of all sensors. SEM with en-
ergy dispersive X-ray analysis (SEM-EDX) was performed for ele-
mental composition analyses in backscatter electron image (BEI)
mode. An electron beam voltage of 20 kV was used and the spot
size was adjusted such that a minimum of 5000 counts per second
(cps) was reached on the detector. This ensured that the detector
was sensitive enough to perform EDX measurements.

SEM images for coverage determination were taken in BEI
mode. For this purpose, five different micrographs were taken: four
different sites and the centre area. An example of a BEI image
and an indication of the areas taken for coverage determination
are shown in Figure S1. These images were mapped onto a binary
black and white colour format using a Python script. The black re-
gions of the image are the CaCO3 deposit spots and the white parts
consist of the clean Pt sensor surface. Then, the calculated relative
occurrence of black and white pixels was taken as a measure for
the sensor coverage.

2.4. QCM-D principle

The working principle behind a QCM-D is based on the con-
verse piezoelectric effect. When an alternating voltage is applied, a
shear stress is generated across a piezoelectric material, resulting
in the oscillation of the material at its resonance frequency [40].
Quartz crystals are often used as the piezoelectric material be-
cause they vibrate with minimal energy dissipation, making them
ideal oscillators [41]. Once a stable resonance frequency has been
obtained, it can be perturbed by the adsorption (or desorption)
of mass on (or from) the crystal surface. The linear relation be-
tween the change in mass (Am) and frequency shift (Af) can be
described by the Sauerbrey equation [42].

2nf2Am nAm (1)

Pqlq C

where f; is the fundamental resonant frequency, n is the overtone
number (1, 3, 5, etc.), pq is the specific density of quartz (2650 kg
m~3), vq is the shear wave velocity (3340 m s1), and C is the
sensitivity constant of the quartz crystal (17.7 ng cm~2 Hz™1). The
Sauerbrey equation is suitable under the condition that the ad-
sorbed film couples perfectly with the shear oscillation. In that
case, the adsorbed layer is supposed to be rigid, thin, uniformly
distributed, and does not slip at the interface [43,44]. In this work,
the deposited CaCO3 layer was regarded as a rigid layer and evenly
distributed on the Pt surface. Besides, the dissipation change was
relatively small compared to Af (lower than 10~7 Hz~!) for 5 MHz
Pt sensors. As a result, the Sauerbrey model has been applied to

Af =

Electrochimica Acta 370 (2021) 137719

) (b)

~_~
b=-]

N @ 0.6V
E« -800 4 .
&=
= 0.7V
= X
2 -1600 4 Q
g [
g,‘ 22400 . 0.8V
& 0.6V
=~ ——-0.7V
-32004——-08V /\ 09V
l——0.9V minf
5 10 15 20 25

Time (min)

Fig. 1. (a) QCM-D frequency monitoring of CaCO; deposition processes on Pt sen-
sors with different applied voltages. (b) Optical micrographs of the deposited CaCO3;
Sensors.

calculate the deposited mass and thickness of the CaCOs layer. It
was found that the third harmonic of the fundamental resonance
frequency resulted in a better signal-to-noise ratio and was there-
fore chosen for our measurements.

3. Results and discussions
3.1. Effect of applied voltages

Before CaCOs; depositions, the linear sweep voltammogram
were performed to select the optimal reduction potentials that
was further applied to the working electrode during chronoamper-
ometrically and electrochemically assisted CaCO3 deposition pro-
cess. The cathodically polarized working electrode acts as cathode
and underwent the electrogeneration of hydroxide ions at the elec-
trode surface with following reduction reactions:

Oxygen reduction:

03 (aq)+2H,0()+4e~ — 40H™ (aq) (2)
Nitrate reduction:
NOs™ (aq) +H,0(1)+2e~ — NO; ™ (aq)+20H™ (aq) (3)
Water reduction:
2H,0(1)+2e~ — H(g)+20H (aq) (4)

To avoid the formation of hydrogen bubbles, we applied a voltage
of —0.6, —0.7, —0.8, and —0.9 V with the EQCM-D to investigate
the effect of the applied voltage on the deposition of CaCO3. For
this purpose, a CaCO3 deposition solution containing 50 mM CaCls,
50 mM NaHCOs, and 500 mM NaNO3 was fed to the flow module
at a rate of 200 uL min~! for the first 10 min of measurement in
order to obtain the baseline frequency. Then, the voltage was ap-
plied for another 10 min (t = 10 to 20 min), after which the sensor
was left to stabilize for the final 40 min of measurement. The re-
sults of this set of experiments are illustrated in Fig. 1a and the
whole deposition period can be found in Figure S2a. At t = 10 min
the voltage is applied and the resonance frequency shifts to lower
values. This is caused by a mass increase of the sensor because
CaCOs is being deposited onto the sensor as the electrochemically
assisted CaCO3 deposition process progresses. Moreover, the ap-
plied voltage does have an important effect on the initial nucle-
ation of CaCOs3 crystals (Figure S2b). The frequency shifts to an ini-
tial nucleation equilibrium in the first 30 to 60 s. After an initial
short period of nucleation, the growth rate of the CaCO3 crystals
is accelerating until the applied voltage is stopped. When the ap-
plied voltage is turned off at t = 20 min, the frequency remains
stable. During this stabilization period from t = 20 to 60 min, the
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Table 1
The applied voltage, deposited mass, thickness, and surface
coverage of deposited CaCO3 sensors.

E(V)  Am(ug)

thickness (nm)  Coverage?(%)

-0.6 53+04 20+ 1 28.0 £ 0.7
-0.7 164+12 62+5 316 £ 14
-0.8 45.0 + 2.1 170 + 8 348 £ 1.3
-0.9 624 £33 236+ 13 358 £ 1.1

2 Coverage is based on the SEM micrographics analysis.

CaCO3 deposition solution is still flowing through the flow mod-
ule. This observation suggests that the applied CaCO5 coating is
also stable and does not dissolve or detach due to the liquid flow.
From the figure, it is also observed that a lower voltage results in
a larger frequency shift. This is expected because applying a lower
voltage results in a higher reduction current, which subsequently
gives rise to more OH~ generation and thus more CaCO5; forma-
tion. The chronoamperometric curves of this set of measurement
are shown in Figure S3. These I-t curves are monitored in tandem
with the electrodeposition and provide information about the cur-
rent density of the sensor as the deposition progresses. In general,
a decreasing current is observed over time for all applied voltages
as the forming CaCOs3 layer is insulating. This suggests a gradual
increase of sensor coverage with CaCOs. As expected, this current
density decreases fastest for a lower applied voltage because more
CaCO3 is being deposited in the same time period when lower
voltages are applied.

In Fig. 1b, it shows the appearances of the deposited CaCO3; sen-
sors, indicating that CaCO3 particles are deposited uniformly over
the Pt substrate. Under the used experimental conditions, the ap-
plied voltage does not have significant visual differences on the
physical appearance of the sensor. To characterize the deposited
CaCOs3, the deposited mass and thickness, as well as the surface
coverage of the CaCO3 sensors are summarized in Table 1. The de-
posited mass and coating thickness of CaCO3; were calculated with
the Sauerbrey model assuming a high rigidity of the deposited
CaCO3 (see Section 2.4). A lower applied voltage results in more
deposition of CaCO; mass and an increased thickness, which are
consistent with the observed larger frequency shift at the lower
applied voltage. Also, the surface coverage is found to increase
with decreasing applied voltages. However, this cannot be stated
with certainty as the coverages of the sensors deposited with an
applied voltage of —0.8 and —0.9 V are within their margin of er-
ror. Interestingly, it also suggests that the surface coverage does
not change as much as the change in deposited mass for all applied
voltages. It can be stated that after a certain point, the additional
depositions of CaCO3; are more likely to grow on top of the exist-
ing CaCOj3 crystals (thus, increasing the thickness) instead of being
deposited over the whole sensor where it would also cause the
surface coverage to increase more. Additionally, the growth of the
crystals was often accompanied by Ostwald ripening. The larger
crystals grow at the expense of dissolution of the smaller crystals
[45], which would have a negative effect on the coverage due to
the overall reduction of surface area to volume ratio.

The morphology of the deposited sensors is shown in Fig. 2.
From the resulting SEM micrographs, it is observed that mostly
cubic-like and rhombic-like CaCO3 crystals were formed with sizes
of around 25 - 40 um. This suggests that the deposit was pre-
dominantly the mineral calcite rather than the thin needle-shaped
aragonite, as calcite is thermodynamically most stable under am-
bient conditions. It can be further observed that the larger crys-
tals were surrounded by regions of Pt surface, covered partly by
smaller grains. This confirms our earlier description that by Ost-
wald ripening the larger crystals are preferred to form over smaller
crystals. At —0.8 and —0.9 V, the formation of amorphous crystals
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SEI 5KV WD11mmSS30

SEI 5KV WD11mmsSS30

SEI 5KV WD11mmSS30

SEI 5KV WD10mmSS30

Fig. 2. SEM micrographs (200 times magnification) of the deposited sensors with
an applied voltage of (a) —0.6 V, (b) —0.7 V, (c) —0.8 V, and (d) —0.9 V. The ob-
served amorphous crystals are circled in white.

is observed, indicated with white circles in Fig. 2c and 2d. An ex-
planation for this could be that a lower voltage generates a larger
driving force for newly formed CaCOj3 crystals to attach strongly to
the Pt surface, giving them less freedom to rearrange in their pre-
ferred orientation. These amorphous crystals might be clusters of
smaller crystals which do not have the freedom to rearrange into
the more commonly observed edge-shaped crystals. Higher magni-
fication SEM micrographs of these types of amorphous, clustered
crystals are given in Figure S4. Furthermore, an EDX analysis was
performed on a SEM micrograph with both an edge-shaped and
an amorphous CaCOs crystal (Figure S5). The atomic composition
of the edge-shaped CaCOs crystal, normalized to calcium, was de-
termined to be Ca: C: O = 1.0: 0.8: 2.5. Also, the atomic com-
position of the amorphous CaCOs crystal, normalized to calcium,
was determined to be Ca: C: O = 1.0: 1.1: 3.1. The atomic compo-
sitions of these crystals confirm the chemical nature of the crys-
talline species to be calcium carbonate.

3.2. Effect of applied voltages in the absence of flow

The electrochemically assisted CaCO3 precipitation was investi-
gated in the absence of flow. Similar to Section 3.1, a CaCO3 de-
position solution containing 50 mM CaCl,, 50 mM NaHCO3 and
500 mM NaNOs; was flushed for the first 10 min to obtain the
baseline frequency. Then, the flow was stopped, after which a volt-
age was applied for 30 min and the growth of CaCO; was moni-
tored. The applied voltages were —0.6, —0.7, —0.8 and —0.9 V. Af-
ter electrochemically assisted deposition, the frequency was left to
stabilize for a period of more than 5 h. Fig. 3a shows the stable fre-
quency change of this set of experiments during the first 50 min
period. At that moment a potential is imposed (at t = 10 min),
and the resonance frequency shifts to lower values as the elec-
trocrystallization of CaCO5; progresses. For lower applied voltages
(—0.7, —0.8 and —0.9 V), a minimum value is reached in the res-
onance frequency. This is because, due to the absence of flow, at
some point the sensor reaches its maximum loading of CaCO3 as
the precursor Ca2t and HCO;~ ions needed for CaCO5 growth are
consumed during the crystallization process. This behavior is not
observed for an applied potential of —0.6 V because at this voltage
an insufficient amounts of OH~ are produced. It is also observed
that the minimum frequency shift is related to the applied voltage.
A lower applied voltage results in more initial nucleation of CaCO;
crystals. Thus, a larger amount of initial nuclei created on the Pt
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Fig. 3. (a) QCM-D frequency monitoring of CaCO; deposition processes on Pt sensors with different applied voltages in the absence of flow. (b) Indication of the inflection
point (IP) from a deposition graph monitored with QCM-D using an applied voltage of —0.7 V in the absence of flow. Before the IP (green region), there is an excess
concentration of Ca?t+ and HCOs~ ions present in the flow module and the deposition rate is accelerating. At the IP (black dot), the concentration of Ca?+ and HCOs;~ ions
are in equilibrium with the CaCO; growth rate. After the IP (red region), the concentration of Ca?+ and HCO;~ ions is insufficient in maintaining accelerating growth and the
CaCO3 growth rate is decelerating until the maximum deposited mass of CaCOj; is reached. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

substrate in the beginning of the electrocrystallization process pro-
vide a better surface for more CaCO3 growth. After this minimum
frequency is reached for these lower applied potentials, the voltage
is still applied until t = 40 min. A subsequent increase of frequency
is observed for applied voltages of —0.8 and —0.9 V (starting at ap-
proximately t = 25 min). This would mean that the CaCO3 coating
is either dissolving or detaching from the Pt substrate as the sen-
sor is losing mass. It is likely that, at these low applied voltages,
the CaCOs layer is detaching from the substrate as there is still a
continuous generation of OH~ ions at the metal surface, between
the Pt substrate and CaCOs layer, due to the applied potential. This
formation of OH™ions is not being used for CaCO3; formation as the
maximum loading has already been reached and can subsequently
weaken the binding of the coating with the substrate and push it
off the surface.

At t = 40 min the applied voltage is stopped and a sudden,
sharp increase in frequency is observed and this effect is found
to be larger for lower applied voltages. To some extent, this effect
resembles the stretching of a rubber band. Recall from the CaCO3
formation reactions that HCO3~ reacts with OH~ to form CaCOs3
and H,O0. Thus, a sudden stop in applied voltage may force the ac-
cumulated OH™ions to repel from the anode of the sensor, which
is registered as a sudden loss of mass by the QCM-D analyzer and
thus a sharp increase in frequency is observed at that point. Be-
sides, the shape of chronoamperometric curves (Figure S6) resem-
bles the deposition graphs. It suggests that an excess amount of
OH~ ions is created, which cannot contribute to more CaCO3 for-
mation as the maximum amount of deposited mass of CaCO3 has
already been reached.

An interesting observation that can be made from Fig. 3b is that
the growth rate accelerates in the beginning and slows down later.
The moment at which the growth rate switches from accelerat-
ing to decelerating is characterized by an inflection point (IP). At
this point, the second derivative of the change of the measured
frequency shift to the time is zero, defined as:
02Af

ot2 (5)
Because there is no flow of CaCO3 deposition solution, there is no
supply of Ca?t and HCO;~ ions, and this results in a decrease of
their concentrations as the crystallization process progresses. Be-
fore the IP, the concentrations of Ca2t and HCO;~ are in excess and
the growth of CaCOj3 increases in time. After the IP, concentrations
of Ca2* and HCO;3~ are insufficient in maintaining the accelerating
growth and limit the growth rate of CaCO5; deposition. The maxi-

=0

Table 2
The applied voltage, maximum deposited CaCO; mass, thickness, surface
coverage, and IP of deposited CaCOs sensors.

E (V) Am(ug) thickness (nm)  Coverage® (%) IP® (min)
-06 21+01 10+ 1 36.6 + 1.6 -

-0.7 228 £ 1.0 110 £ 5 62.1 + 24 13.2
-0.8 340+ 33 160 + 16 60.7 £ 2.1 6.7

-09 635+28 305+14 62.0 £+ 3.1 2.5

2 Coverage is based on the SEM micrographics analysis.
b P is determined by computing the time at which the second deriva-
tive of the polynomial was equal to zero with an equation solver.

mum amount of deposited CaCO3 mass, coating thickness, surface
coverage, and IP of the produced CaCO3 sensors were calculated
and are given in Table 2. The values of the IP shown in the table
correspond to the time after the voltage was applied, e.g.: an IP of
13.2 min corresponds to 23.2 min in the deposition graphs shown
in Fig. 3b. It can be observed that a lower applied voltage results
in a lower IP. This means that applying a lower voltage results in a
higher consumption rate of the present Ca2* and HCO;~ ions. This
is expected because a lower applied voltage results in a higher rate
of OH-production and thus a higher consumption rate of Ca** and
HCO5~ ions. An IP is not observed for an applied voltage of —0.6 V
because, for the time during the voltage is applied, the consump-
tion rate of Ca?+ and HCO5~ ions is too low to reach an IP.

The applied voltage is also closely related to the maximum de-
posited mass: a lower applied voltage results in a higher maximum
amount of CaCO5 deposition. For an applied voltage of —0.6 V,
it is significantly lower than observed for the other applied volt-
ages. The reason for this is that, by applying a voltage of —0.6 V,
a "maximum amount of deposited mass" is not reached (within
the time frame of applying the voltage) because the reduction cur-
rent and OH~ production is too low to achieve a maximum amount
of deposited mass. It is remarkable that depositing CaCO3 in the
absence of flow results in much higher surface coverages (in the
order of 60%) as compared to carrying out the deposition at a
flow rate of 200 uL min~! (in the order of 30%, as shown in
Table 1). This can be attributed to the fact that the formed CaCO;
nuclei have a higher probability of staying attached on the Pt sub-
strate surface under no flow conditions, resulting in higher surface
coverages. The main characteristic of the morphology of the pre-
cipitated CaCO3 surface is that thin layers surrounding the edge-
shaped CaCO; crystals can be observed in Figure S7. These layers
were most likely formed after a maximum amount of deposited



Z. Liu, H. Onay, E Guo et al.

-200 4

-400 4

-600 o

5mM Ca**, 5 mM HCO;
10 mM Ca’*, 10 mM HCOj;’
-800 =25 mM Ca’*, 25 mM HCO;"
——150 mM Ca®", 50 mM HCOy’

Frequency shift (Hz)

5 10 15 20 25
Time (min)

Fig. 4. QCM-D frequency monitoring of CaCO3 deposition processes on Pt sensors
with different Ca%* and HCO3;~ concentrations of 5, 10, 25 and 50 mM. A constant
applied voltage of —0.7 V and a flow rate of 200 uL min~! were applied.

Table 3
The deposition mass, thickness and surface coverage of the deposited CaCO3 sen-
sors with different Ca?* and HCO3;~ concentrations.

[Ca?*] and [HCO;~] (mM)  Am(ug) thickness (nm)  Coverage® (%)
5 1.7 £ 0.2 9+1 17.2 £ 2.7
10 35+ 0.2 17 £1 24.0 + 1.6
25 94 + 0.7 45 +3 321+ 14
50 129+09 62+5 316 £ 1.4

@ Coverage is based on the SEM micrographics analysis.

mass was reached. Also, in the absence of flow these thin layers
were not flushed away, but remained on the surface of the sensor,
which is likely the reason that these thin layers are not seen on
CaCOj3 sensors deposited under flow conditions.

3.3. Effect of Ca?* and HCO;™ concentrations

In this section, we investigated the CaCO3; deposition with so-
lutions containing Ca%+ and HCO3~ concentrations of 5, 10, 25 and
50 mM, together with 500 mM NaNOs. A constant applied volt-
age of —0.7 V and a flow rate of 200 L min~—! was used. The
first 10 min of experiments were used to establish the baseline
frequency. Then, the chosen voltage was applied for 10 min, af-
ter which the frequency was let to equilibrate for the final 40 min
of the measurement. Fig. 4 shows the frequency change as mon-
itored with the QCM-D until a stable signal is reached. It can be
observed that the deposited mass of CaCOs is related to the precur-
sor Ca2t and HCO;~ concentrations fed to the flow module. Lower
CaCO3 precursor concentrations lead to a lower amount of de-
posited CaCO3 mass. A proportional relation can be observed when
comparing precursor concentrations of 5, 10 and 25 mM Ca?* and
HCO3~ to the frequency shift. The used concentration ratio of 5
mM: 10 mM: 25 mM is roughly equal to the resulting frequency
shift ratio of 117 Hz: 225 Hz: 651 Hz. However, this relation can-
not be extended to a precursor concentration of 50 mM as the re-
sulting frequency shift of this concentration is found to be 875 Hz.
This suggests that there is an upper limit of the precursor concen-
tration that can be used to deposit as much CaCO3 mass as possi-
ble, under the used experimental conditions.

The mass deposited and the layer thickness, together with the
obtained sensor surface coverages of the made CaCOs; sensors
under varying precursor concentrations conditions are shown in
Table 3. From this table it can be observed that both the elec-
trocrystallized CaCO3; mass and coating thickness increased with
increasing precursor Ca2* and HCO5;~ concentrations. As was dis-
cussed, there was no linear relation between the used precursor
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Fig. 5. (a) QCM-D frequency monitoring of CaCO; deposition processes on Pt sen-
sors in the presence and absence of Mg?*. The black arrow indicates the times of
injecting with the MgCl, solution. (b) Optical micrographs of the deposited CaCO5
Sensors.

concentration and the deposited mass. The surface coverages of
the CaCO3; deposited sensor with precursor concentrations of 5 and
10 mM are lower than the sensors deposited with precursor con-
centrations of 25 and 50 mM. However, the surface coverage of the
CaCO3 deposited sensor with a precursor concentration of 25 mM
is more or less the same as the sensor produced with a precursor
concentration of 50 mM. Looking into the SEM micrographs (Fig-
ure S8), the overall CaCO5 crystal sizes with precursor concentra-
tions of 5 and 10 mM appear smaller than the crystal sizes with
the higher precursor concentrations. A smaller precursor concen-
trations results in a smaller production of initial amount of CaCO3
nuclei, which in turn results in smaller CaCO3 clusters that do not
grow as large as when a higher precursor concentration would
have been used.

3.4. Inhibition effect of Mg2+

In order to investigate the inhibition of CaCO3 scaling, electro-
chemical deposition of CaCO3 was carried out in the presence of
Mg?* ions. For this purpose, MgCl, was chosen as the source of
Mg?* ions. First, a regular deposition solution containing 50 mM
CaCl, 50 mM NaHCOs3, and 500 mM NaNO3; was fed to the flow
module at 200 uL min~! for 10 min to obtain the baseline fre-
quency. Then, a voltage of —0.7 V was applied for 10 min with
the regular deposition solution. Subsequently, the inlet tube was
changed to a vial containing the regular deposition solution with
a certain concentration of Mgt ions for another 10 min. The fi-
nal 30 min of the measurement were used to let the frequency
stabilize. Fig. 5a shows the real-time monitoring of electrochemi-
cally induced CaCOj5 precipitations in the presence of Mg2* ions. At
t = 10 to 20 min, all deposition experiments were carried out with
the regular CaCO; deposition solution containing no Mg2* ions as
a reference. At t = 20 to 30 min, the injected solution was changed
via a vial to a solution containing the CaCO3; deposition solution
with chosen Mg+ concentrations. It is observed that the deposi-
tion graphs of the sensors produced in the presence of Mg2* begin
to divert as compared to the deposition graph of the sensor car-
ried out with the regular CaCO3 deposition solution. This indicates
that the growth of CaCOs is inhibited by the presence of Mg+
ions. This inhibition causes the growth rate to reduce as the rate of
the deposition changes from an "accelerating growth" to a "linear-
like growth". It is also suggested that this reduction of growth rate
is related to the concentration of Mg2* ions: a higher concentra-
tion of Mg2t present in the deposition solution causes a greater
growth rate reduction. Fig. 5b illustrates the appearances of the
sensors deposited in the presence of Mg2*. The appearances of the
formed CaCOj3 coatings deposited in the presence of Mg2* ions are
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Table 4

Electrochimica Acta 370 (2021) 137719

The mass deposition, thickness, surface coverage and deposition rate reduction of the deposited CaCO3
sensors in the presence of different Mg?*+ concentrations.

[MgZ*] (mM)  Am(ug) thickness (nm)

Coverage® (%)  Deposition rate reduction® (min)

0 435+ 33 164 + 12
20 352 +26 133+10
35 28.0 £ 2.1 106 + 8
50 192+14 725

371 £ 15 0

29.5 + 3.6 15
312 +54 40
319 £ 3.0 73

2 Coverage is based on the SEM micrographics analysis.
b Deposition reduction rate is determined by comparing with the CaCO; growth rate before and after
injecting Mgt containing solution.

SEI 5kV WD12mmSS30 x SEI 5KV WD12mmSS30

Fig. 6. SEM micrographs (200 times magnification) of the deposited sensors with a
CaC0; deposition solution containing (a) 0 mM Mg2+, (b) 20 mM Mg2+, (c) 35 mM
Mg?*, and (d) 50 mM Mg?*+.

less uniform. This is especially the case for the coatings deposited
in the presence of 35 and 50 mM Mg2*. For these deposited lay-
ers, there are larger uncoated regions on the sensor surface, which
were likely caused by the higher concentrations of Mg2t present
during the deposition process.

The deposited mass and thickness, together with the obtained
sensor surface coverages and deposition rate reductions are shown
in Table 4. It can be found that the deposited mass and thickness
of the deposited CaCO3 layer is lower as the concentration of the
present Mg2* ions is higher. The surface coverage of the CaCO; de-
posited sensors without the presence of Mg2+ is higher than the
surface coverages of the sensors produced in the presence of Mg2*,
This observation is in agreement with the appearances of the pro-
duced CaCOs3 sensors because the sensors produced in the pres-
ence of Mg2* appeared to have uncoated regions on the sensors
(Fig. 5b). There is a positive relation between the present amount
of Mgzt and the reduction of deposition rate. With the increase
of Mg2* concentration, the reduction of deposition rate increases
correspondingly, concluding that less deposited CaCOs3 is formed.

From the SEM micrographs (Fig. 6), the CaCO3 precipitated sur-
faces in the presence of Mg2* (Fig. 6b-d) appear to have a sub-
stantial amount of very small crystals with sizes in the order of
a few pum. It is suggested that the growth of these smaller crys-
tals was likely suppressed by the incorporation of Mg?* into the
crystal surface, preventing them from growing further into larger
crystals. Also, there exists a distribution of crystal sizes as a func-
tion of the distance from the observed larger crystals. It can be as-
cribed to the Ostwald ripening process, as we discussed previously
in Section 3.1. Furthermore, there are less cubic-shaped or edge-
shaped CaCOs3 crystals in comparison with the crystals formed in
the absence of Mg?*. It is likely that the incorporation of Mg+t
into the crystal lattice of CaCO3 disrupts the morphology of the

formed lattice. This was confirmed by EDX analysis of a CaCO3
sensor that was deposited in the presence of 50 mM Mg2*+ (Fig-
ure S9). The relative atomic percentages of Ca, and Mg were 16.2%,
and 1.2%, respectively. Assuming that all the Mg content found in
the performed EDX analysis occupied a Ca lattice site, it is sug-
gested that 6.7% of the Ca2+ binding sites were occupied by Mg?+.
Our observation is also well consistent with the results of Nielsen
et al. [46], who concluded that a tiny amount of Mg+ adsorbed to
CaCO3 surfaces and can be incorporated into the growing mineral
to block growth sites. The incorporation of Mg2t into the CaCOj
mineral lattice also changes the energy landscape of the surface
such that the adsorption energy of Ca?t also changed [3]. Only
small changes in adsorption energy are required for large changes
in CaCO3 growth rate. The presence of Mg2* in the vicinity of Ca?+
may result in a competition of which of these ions gets incorpo-
rated in the crystal surface first. Due to the smaller ionic radius of
Mg2* jons as compared to Ca?t ions, Mg+ ions can diffuse faster
into the crystal lattice and bind to a lattice site where normally a
Ca%* jon would reside, thereby reducing further growth of CaCO;
near that lattice site. In this case, the presence of Mgt ions plays
a significant role in inhibiting the CaCO3; growth.

4. Conclusions

Coupling of electrochemical techniques and QCM-D in one anal-
ysis setup (EQCM-D) opens up a new avenue to investigate the
electrochemically induced CaCOs depositions under liquid flow
conditions. We firstly studied the effect of applied voltages on the
precipitation of CaCO3; by applying a series of different voltages. A
lower applied voltage resulted in more deposition of CaCO3 mass
and thickness, which were consistent with the observed larger
frequency shift at the lower applied voltage. Also, CaCO3; cover-
ages in the order of 30% were found to increase with decreasing
applied voltages. From the SEM micrographs, the CaCO3 crystals
were mostly cubic-like and rhombic-like with sizes of around 25
- 40 pum, which further grew due to Ostwald ripening. In the ab-
sence of flow, much higher CaCO3 coverages in the order of 60%
were obtained as compared to the deposition carried out with a
flow rate of 200 uL min~!. The point at which the CaCO; growth
rate switched from accelerating to decelerating is characterized by
an inflection point (IP). A lower applied voltage resulted in a lower
IP. This means that applying a lower voltage gave rise to a higher
consumption rate of the present Ca?* and HCO;~ ions under no-
flow conditions. The applied voltage was also closely related to the
maximum deposited mass and thickness: a lower applied voltage
resulted in more maximum CaCO5 deposition.

Increasing precursor Ca2* and HCO3;~ concentrations, both the
electrocrystallized CaCO; mass and coating thickness increased
correspondingly. In the investigation of the inhibition effect of
Mg?*+ on CaCO; precipitation, a positive relation was found be-
tween the Mg2t concentration and deposition rate reduction,
where the growth inhibition was more profound with increasing
Mg%*+ concentration. A reduction in the growth rate of CaCO; as
high as 73% was achieved in the presence of 50 mM Mg2+t. The
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inhibition effect of Mg+ was explained by its incorporation into
the growing minerals to block CaCO3; growth sites and suppress
the smaller crystals to grow into bigger ones. These results pro-
vide new insight in the scaling process of CaCO3 and the formation
of different scale morphologies under different conditions. Also,
this study contributes to a better understanding of electrochemi-
cally induced CaCO3 depositions and underlines the importance to
facilely screen various experimental parameters, which is very use-
ful to study industry scaling and anti-scaling processes.
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