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Abstract: Co-precipitation of mineral-based salts during scaling remains poorly understood and
thermodynamically undefined within the water industry. This study focuses on investigating calcium
carbonate and calcium sulfate mixed precipitation in scaling. Scaling is often observed in the
produced water supply as a result of treatment processes. Co-precipitation results were compared
with experimental results of a single salt crystallization. Several parameters were carefully monitored,
including the electrical conductivity, pH value, crystal morphology and crystal form. The existence
of the calcium carbonate scale in the mixed system encourages the loose calcium sulfate scale to
become more tightly packed. The mixed scale was firmly adhered to the beaker, and the adhesion of

check for the co-deposition product was located between the pure calcium sulfate scale and the pure calcium
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carbonate scale. The crystalline form of calcium sulfate was gypsum in both pure material deposition
and mixed deposition, while the calcium carbonate scale was stable in calcite form in the pure
material deposition. In the co-deposition, apart from calcite form, some calcium carbonate scale
crystals had metastable vaterite form. This indicated that the presence of SO42~ ions reduced the
energy barrier of the calcium carbonate scale and hindered its transformation from a vaterite form to
a calcite one, and the increase in HCO3 ™~ content inhibited the formation of calcium sulfate scale.

Crystals 2021, 11, 1494. https://

doi.org/10.3390/ cryst11121494 Keywords: precipitation; co-precipitation; calcium sulfate; calcium carbonate; composite fouling

Academic Editors: Monica Distaso
and José L. Arias

1. Introduction
Received: 13 October 2021
Accepted: 24 November 2021
Published: 1 December 2021

The scaling problem caused by poor water stability and compatibility qualities can
occur during fluid flow in a reservoir or wellbore as well as in the wellhead in petroleum
operations [1-3]. Scale formation has been recognized as a major operational problem [4-6],
which causes extremely serious consequences, such as reducing the oil production rate, oil
well productivity, and turnover time of electric submersible pumps as well as plugging
the perforations, premature failure of downhole equipment, and damage to the forma-
tion [7-9]. Frequent pipeline cleaning and replacement have increased the production and
maintenance costs of oil and gas fields [10,11]. Moreover, the scaling causes of produced
water are complex, and mixed scales are dominant, especially calcium deposits [12,13].
Many case histories on oil well scaling by calcium carbonate and calcium sulfate have
been reported [11,14,15]. Problems pertaining to oil well scaling in the North Sea fields
have been reported and are similar to cases in Russia, where scale has severely plugged
wells [9,16]. After investigation, the main components of mixed scales in some oil wells in
the Northern Shaanxi in China were identified as calcium sulfate and calcium carbonate. It
is difficult to treat this type of mixed scale in the field [10,17].
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to fouling [13,18-20]. In fact, recent research has focused on the possibility of controlling or
reducing this problem through several methods, mainly chemical treatments [10,21]. How-
ever, there are also many non-chemical treatment options that include the use of magnetic,
electronic and electrolytic processing equipment [6,22-25]. Each of these fouling control
methods has its own advantages, and many factors need to be considered before choosing
the appropriate option [10,26,27]. However, due to the complexity of mixed scale, there
are few studies on its deposition mechanism and interaction of mixed scale [28]. Current
scaling methods base their scaling trend predictions largely on the deposition mechanism
of single scales [23,29], ignoring the influence of multi-ion interaction on the deposition pro-
cess. Thus, there are some limitations and some errors in the prediction results [11,30,31]. It
is therefore of great significance to study the mechanism of scale co-deposition in produced
water for better formulation of scale control and scale prevention measures.

In order to study the co-precipitation mechanism of calcium sulfate and calcium
carbonate scale in the produced water, this study takes the produced water of the Northern
Shaanxi Oilfield as the research object and prepares a certain concentration of simulated
water to ensure that the Ca?* content is unchanged, and there is an equivalent amount
of anion that could completely react with it (in theory). The deposition processes of the
single calcium carbonate scale, the single calcium sulfate scale, and their mixed scale were
compared and analyzed through the changes in conductivity value, pH value, crystal
morphology and crystal form of scale sample.

2. Background Theory
2.1. Crystallization

It is known that the scale formation process can be divided into three stages, namely,
the scale induction, nucleation, and crystal growth periods [32]. The scale induction period
refers to the period when the solution is sufficiently saturated to generate the first scale
crystal [33,34]. The nucleation stage and the growth stage of scale crystal are the most
important periods for scale formation. The scaling process is affected by many factors,
and the scaling mechanism is very complex [35], but its main cause is the supersaturation
of scaling ions in the solution [14,27]. The general process of scaling can be described
as follows:

(1) Inasupersaturated solution, the kinetic pathway of mineral scale deposition begins
with the electrostatic interaction between dissolved anions and cations leading to
ion pairing, and a large number of ion pairs gather together to form large molecular
assemblies or prenuclear aggregates [24,36].

(2) Ata higher supersaturation, the ion pair concentration increases and aggregates to
form larger particles. In this process, the aggregation is in a dynamic equilibrium state
of dissolution and aggregation in the solution [1]. The polyelectrolyte can be adsorbed
on the surface of the molecular aggregation, affecting its growth and dissolution
kinetics [17].

(3) When the aggregate length reaches the critical size, determined by the supersaturation
of the solution, these larger particles will no longer continue to dissolve, and the solid
particles begin to nucleate [37]. At this stage, the nucleation of the main particles in
solution occurs by homogeneous nucleation, while that of aggregates adsorbed on
a surface occurs by heterogeneous nucleation. These two nucleation processes may
exist at the interface of heterogeneous nucleation, and it is difficult to distinguish
the specific nucleation sites (typically dust, impurities, or other material surfaces) of
a substance [38]. Once the particles achieve nucleation, there are several potential
sediment growth mechanisms, either in the macroscopic surface or in the solution.

(4) The crystal nucleus continues to grow and aggregate in the supersaturated solution.
At the same time, the particles continue to grow on the surface of the scale layer after
nucleation, and finally scaling occurs.
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2.2. Calcium Sulfate and Calcium Carbonate

Calcium sulfate has three different crystal forms, which are distinguished by the
number of bound water: dihydrate calcium sulfate or gypsum (monoclinic crystal), hemi-
hydrate calcium sulfate (hexagonal crystal), and anhydrite calcium sulfate (orthorhombic
crystal) [39]. Among them, hemihydrate is dominant at approximately 100 °C [22]. Gyp-
sum and anhydrite are the main precipitation forms below 100 °C [40]. Gypsum is the
most difficult to dissolve and the most easily precipitated form of calcium sulfate below
40 °C [40,41]. Calcium carbonate also has three different forms, namely vaterite, aragonite,
and calcite [30]. Among them, calcite belongs to the trigonal crystal system and is a ther-
modynamically stable phase. Aragonite belongs to the orthorhombic crystal system and
is a metastable phase [40,42,43]. The vaterite belongs to the hexagonal system, which is a
thermodynamically unstable phase with extremely unstable properties.

When calcium sulfate and calcium carbonate are co-deposited, the main reactions
occur as follows:

Ca*"+50,% +2H,0 = CaSO, - 2H,0 {K; } 1)

Ca*"+2HCO; ™ = CaCO; | +H,0 4+ CO, 1 {K,} )
Among them, the Equation (2) can be seen as Equation (3) + Equation (4) + Equation (5).

Ca?"+CO32 = CaCO3 | Kz= 1/Ksp(CaCO,) (3)
HCO;~ 2 H"+C03% Ky= 1/Kz(H,CO3) (4)
HCO; +H" 2 H,0+CO, + Ks= 1/Ky (H,CO3) (5)

It is known that when T =35°C, K; =4.29 x 1072, K, = K3 x Ky x K5 =4.11 x 107°.

According to the dissolution product rule [23], when ¢(Ca?*) x ¢(SO4%™) > Ky, calcium
sulfate precipitation occurs in the solution, and when ¢(Ca?*) x ¢c(HCO3;~)? > Ky, calcium
carbonate precipitation is produced in solution. Since the solubility of insoluble salts is
affected by many factors, there may be errors in this relation.

2.3. Previous Work on Co-Precipitation

Published studies have shown that in the case of mixed precipitation, the following
two possibilities can exist:

(1) The presence of salt will affect the thermodynamics of the solution, and then affect
the crystallization kinetics of other salts [17,41,44].

(2) The salt obtained by the mixed precipitation method and the salt obtained by the pure
precipitation reaction can have different morphologies and crystal forms [12,17,38,45].

3. Experimental Methods and Materials
3.1. Materials

Analytical grade anhydrous calcium chloride (CaCly), anhydrous sodium sulfate
(NazSOy), and anhydrous sodium bicarbonate (NaHCOs3) were used in experiments with
deionized water (UPC-III, 40 L pure water machine). The experimental equipment parts
were soaked in a concentrated sulfuric acid potassium dichromate solution to remove
impurities, then washed several times with tap water and deionized water.

3.2. Solution Preparation

The experiment was divided into four experimental groups listed in Table 1, namely
Group 1, Group 2, Group 3 and Group 4. In every experimental group, the pH value and
electrical conductivity were monitored in real-time. All solutions were sealed and stored in
oven for 12 h, preheated to 35 °C.
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Table 1. Experimental contents in the study.

Group Ca Sulfate Carbonate Precipitates
1 0.145 mol/L (100 mL) 0.145 mol/L (100 mL) - gypsum
2 0.145 mol/L (100 mL) - 0.29 mol/L (100 mL) calcite
3 0.145 mol /L (100 mL) 0.145 mol/L (50 mL) 0.29 mol/L (50 mL) mixed scale
4 0.145 mol/L (100 mL) 0.24 mol/L (50 mL) 0.1 mol/L (50 mL) mixed scale

3.3. Experiments and Analysis Methods
3.3.1. Determination of Conductivity and pH Value

The experimental apparatus is represented in Figure 1. The electrical conductivity was
measured using a Metler-Toledo conductivity meter (5230-K, Shanghai Youyi Instrument
Co., Ltd., Shanghai, China). The pH meter (PHS-25, Shanghai INESA & Scientific Instru-
ment Co., Ltd., Shanghai, China) was used to determine the pH of solution throughout the
experiment. The electrode head of the corrected conductivity meter and acidity meter was
inserted into the mixed solution, and the constant temperature magnetic stirrer was set at
35 °C and 250 r/min. The real-time monitoring of conductivity and pH changed during
the deposition process. An intelligent magnetic heating agitator was used to maintain the
solution at constant temperature and keep the solution homogeneous.

] N\

Conductivity meter o

pH meter Intelligent magnetic heating agitator

Figure 1. Schematic diagram of the experimental apparatus, the solution was stirred at constant
temperature by a constant temperature heating magnetic stirrer at 35 °C and 250 r/min for 120 min.

The process of combining conductive ions into non-conductive substances in the
solution system before and after the experiment is reflected in the change of conductiv-
ity [15,46]. When there is precipitation in the solution, the content of the free ions in the
solution decreases, and the conductivity of the solution decreases. Therefore, the decreased
rate of conductivity can be used to reflect the change in the crystallization rate. According
to the scale deposition-aggregation mechanism, the scale deposition process can be divided
into three stages, namely, the scale induction stage, the scale crystal nucleus formation
stage, and the scale crystal growth stage [11,47,48]. The nucleus formation stage and the
growth stage of scale crystal are single-layer reactions, which are controlled by surface reac-
tions and should conform to the first-order reaction rate equation [44,49]. The relationship
between the ion concentration and time in the solution can be expressed as Equation (6).

c=cg-e (6)

where k (1S/cm) in the mixed solution was linearly related to the concentration of scaling

ions, as shown in Equation (7).
c=Bk+D ?)
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The conductivity of the scale crystal nucleation process and scale crystal growth
process display a linear fit with time, as shown in Equation (8).

Ink = Incy — Kt (8)

where ¢y and c are the sums of free ions concentration initially and in real time in mixed
solution (mol/L), respectively. B and D are identified to be constants, and K is the reaction
rate constant of nucleus growth.

The formation of calcium sulfate scale is pH independent, and the pH value is rel-
atively stable in its formation process [12]. However, during calcium carbonate germi-
nation, pH will decrease simultaneously because the concentration of carbonate in the
solution is pH-dependent and the pH of the solution changes during the run due to the
fact that carbonate is depleting by precipitation. Therefore, pH was used to follow the
CaCOj3 precipitation.

3.3.2. Microscopic Observation

The changes in the crystalline morphology of the scaling were observed using a
Nikon confocal microscope (C2*, Shanghai Qianxin Instrument Co., Ltd., Shanghai, China).
Magnification of 40 times was used to observe the morphology of scale crystals at 10, 40,
70, and 100 min.

3.3.3. Analysis by XRD

The crystal phase of prepared samples was verified using power X-ray diffraction
(XRD) with Cu K« radiation at a wavelength of 0.1546 nm (model D/max RA, Rigaku Co.,
Tokyo, Japan). The data were collected by scanning over angles (20) ranging from 20° to
80°. X-ray diffraction analysis indicated the crystalline form of scaling.

4. Results and Discussion
4.1. Changes in Electrical Conductivity during Scale Deposition

From Figures 2 and 3, it can be seen that the conductivity value was stable in the
initial 0-3 min when pure calcium sulfate scale was deposited in Group 1. According
to the scale crystal deposition-aggregation mechanism, this was the induction period of
calcium sulfate crystal. A large number of ion pairs were formed between sulfate ions and
calcium ions, then the ion pairs aggregated with each other, and finally a large number
of aggregates were formed. However, the aggregates did not reach the critical size and
could not precipitate from the saturated solution, so no scale crystals were produced. The
conductivity value began to decrease between 3—-6 min, and a large number of aggregates
gradually formed, reached the critical size, and generated crystal nuclei. Between 6-34 min,
a large number of aggregates that had reached the critical size precipitated, and a large
number of grains began to generate. This stage is a rapid nucleation stage. With the
continuous precipitation of scale crystals, the supersaturation of the solution decreased
during the period from 34-64 min, and the rate of conductivity decline slowed down. In
short, 6-64 min, for the nucleation stage. After 64 min, the supersaturation of the solution
was low, and spontaneous nucleation was difficult. The ion pair formed by sulfate and
calcium was adsorbed on the surface of the formed scale crystal, and the formed scale
crystals were complexed with each other to form a larger scale crystal, which is the crystal
growth stage.

Different from the calcium sulfate scale, when pure calcium carbonate was deposited
in Group 2, it can be observed that there was no induction period associated with the
precipitation and the process was initiated almost immediately. The deposition rate of
the calcium carbonate scale was higher than that of the calcium sulfate scale. From the
crystal nucleation theory, it could be seen that under the driving of excessive saturation,
calcium ions combined with carbonate ions ionized by bicarbonate, and formed a large
number of ion pairs, which could be a direct nucleation, or first formed small clusters before
nucleation, small clusters directional aggregation to formed amorphous calcium carbonate
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crystals, and then further grew into a stable phase structure of calcium carbonate [50-52].
The rapid formation stage of calcium carbonate grains was 0-10 min, the slow formation
stage of calcium carbonate crystal nuclei was 10-30 min, and the scale crystals grew up
gradually between 30-120 min.
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Figure 2. The variation curve of conductivity of solution with time, (a) in 120 min; (b) first 20 min.

Groups 3 and 4 compose the co-deposition processes of mixed scale, which were more
complicated than that of pure material deposition. The scale deposition process of Groups 3
and 4 could be divided into three stages. In Group 3, the amount of HCO;™ and SO42~ was
set to be able to consume the same amount of Ca?* (in theory). In the first stage, 0~10 min,
the conductivity decreased rapidly. In the second stage, 10-30 min, the rate of conductivity
decline slowed down. In the third stage, after 30 min, the decline trend of conductivity
tended to be stable. In Group 4, the amount of HCO3; ™ ion was small and less than that of
SO42~ ion. In the first stage, 0-25 min, the conductivity of the mixed solution showed an
initial, slow downward trend. In the second stage, 25-70 min, the conductivity decreased
faster. In the third stage, after 70 min, the conductivity resumed a slow downward trend.

Since gypsum solubility is much higher than that of CaCOj3, one must conclude that
the decrease of conductivity at the initial reaction time in Groups 3 and 4 corresponds to
CaCOj3 germination. In addition, by comparing Groups 3 and 4, it could be seen that the
conductivity value of the final mixed solution in Group 3 is higher when it is stable, while
the amount of HCO3; ™ in the mixed solution in Group 3 is larger. In seeded crystal growth
studies, Nancollas et al. [53] suggested that an interface process involving the formation
of an adsorbed surface layer of hydrated calcium and sulfate ions controls CaSO4 growth.
Sheikholeslami et al. [38,45] suggested that the carbonate effect might be that the presence
of CO32~ may be interfering with this interface process and resulting in lower rates of
precipitation and higher solubility. Therefore, it could be speculated that the increase of
HCO3™ content may inhibit the formation of calcium sulfate scale in the co-deposition
process of mixed scale by increasing CO32~ content. [49,54,55].

4.2. Changes of pH Value in Scale Deposition Process

It can be seen in Figure 4 that when pure calcium sulfate scale was deposited in
Group 1, the pH curve of the solution first decreased, then slowly increased, and then
gradually stabilized. The overall fluctuation of the pH value is small and remains weak
alkaline. In Group 2, when pure calcium carbonate scale was deposited, the pH value
of the solution decreased rapidly and remained stable after 5 min, the solution changed
from neutral to acidic. For mixed scale co-deposition in Groups 3 and 4, the pH value of
the solution decreased rapidly at the beginning of the reaction. In Group 3, the solution
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changed from neutral to weakly acidic. In Group 4, the solution gradually changed from
weak alkaline to neutral. The comparison of Groups 1, 2, 3, and 4 showed that the pH
value of the solution decreased with the increase of HCO3; ™~ content in the solution. At the
same time, it was observed in the experiment that once HCOs ™~ was added, milky white
precipitate and a large number of bubbles could be observed immediately in the solution.
According to Equation (2), calcium carbonate precipitate was generated at this time. This is
because the Ky, value of calcium carbonate is small. When Ca?* and CO32~ meet, CaZ* will
quickly consume CO32~ to generate calcium carbonate precipitation Equations (3) and (4)
are thereby promoted to the right, promoting the conversion of HCO;~ to CO32", increas-
ing the content of H*, and the acidity of the mixed solution. HCO3~ and H* combine
to generate water and carbon dioxide gas Equation (5). Therefore, when the mixed scale
is co-deposited, the pH value of the solution immediately decreases significantly at the
beginning of the reaction, and a large number of small bubbles are generated.
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When the pH value of the solution tends to be stable, it indicates that calcium carbonate
crystals are basically formed. Combined with the curve of the conductivity logarithm and
pH value of the mixed solution of group 3 and group 4 with time in Figure 5, we seem
to be able to make a general explanation of the scale deposition during the co-deposition
process. In Group 3, in the first stage, the pH and conductivity of the solution decreased
rapidly, so this stage was the rapid nucleation stage of calcium carbonate. In the second
stage, the pH value of the solution decreased slowly and gradually stabilized, while the
decrease rate of the conductivity value was slower than that in the first stage, but it was
still in a state of rapid decline. Therefore, there was nucleation and growth of calcium
carbonate crystals in this stage, and the nucleation rate slowed down. At the same time,
calcium sulfate crystals gradually formed. In addition, studies have shown that [56-58]
the water quality greatly affects induction times and precipitation of calcium sulfate. In
addition, an excess of cations (or other ions) plays an ever-increasing role as a result of the
affinity that calcium sulfate has with precipitating other particulate matter in preference
to, say, the heat-transfer surface. The species will tend to do this before homogeneous
nucleation becomes a viable option. Therefore, at this stage, calcium sulfate crystals were
heterogeneous nucleation by calcium sulfate molecules attached to the generated calcium
carbonate crystals. The third stage, the pH value of the solution was basically unchanged,
indicating that calcium carbonate crystals have been basically generated [17]. However, the
conductivity value continued to decrease, indicating that calcium sulfate crystals continued
to generate at this time, and were still mostly a heterogeneous nucleation process.

In Group 4, in the first stage, the pH of the solution decreased rapidly to a stable
value, while the electrical conductivity decreased slowly at first and then maintained a
stable value, indicating that calcium carbonate crystals had been basically generated at this
stage, but calcium sulfate crystals had not been nucleation, and calcium sulfate crystals
seemed to be in the induction period at this stage. In the second stage, the pH value of the
solution was basically stable, while the conductivity value decreased rapidly, which proved
that the calcium sulfate crystal was rapidly nucleating at this stage. There was a small
amount of calcium carbonate crystal in the solution, so there must be the heterogeneous
nucleation process of calcium sulfate crystal, and driven by supersaturation, there must be
the homogeneous nucleation process of calcium sulfate crystal. In the third stage, the pH
of the solution remained unchanged, while the conductivity continued to decrease, and
the downward trend slowed down compared with the previous stage. Therefore, calcium
sulfate crystals continued to nucleate and grow at this stage.
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Figure 5. The change curve of conductivity logarithm and pH with time in Groups 3 (a) and 4 (b).

4.3. Changes of Crystal Morphology in Scale Deposition Process

As shown in Figure 6, scale formation followed the general scale growth process. After
10 min of the reaction, there were obvious crystal nuclei in each solution. Over time, the
nucleation crystals continued to grow and aggregate, and the grain size increased until it
finally became stable. It was also determined that the crystal morphology of calcium sulfate
was a needle-like scale whisker, which was typical of calcium sulfate dihydrate or gypsum.
Nancollas et al. [41], who performed batch tests on calcium sulfate dihydrate crystal
growth, found similar structures. In addition, the crystal morphology of calcium carbonate
consisted of fine particles, its crystal size was much smaller than that of the calcium sulfate
crystals. The pure calcium sulfate scale had strong fluidity, which did not easily adhere to
the wall of the beaker, and was easy to clean. In contrast, the calcium carbonate scale firmly
adhered to the beaker and physical effort was required to remove it. In the mixed scale
co-deposition stage, there was no obvious calcium sulfate whisker in Group 3, and the
morphology of the scale crystal was similar to that of the pure calcium carbonate crystal.
In Group 4, obvious calcium sulfate whiskers could be observed, granular crystal nuclei
were attached to the needle crystal complex growth, and the needle crystal was smaller
and shorter. When mixed, the precipitate adhered firmly to the beaker wall with a small
uniform layer, and there were not many crystals floating freely in the solution. The scale
particles were finer and more uniform.

This study shows that the structure of pure calcium sulfate crystals is weak and the
adhesion is not strong, while the structure of pure calcium carbonate is hard and tough.
Moreover, as Bramson et al. [44,58] said, pure calcium sulfate deposits were found to
be far less adherent than deposits containing co precipitated calcium carbonate. The co
precipitated calcium carbonate seems to act as bonding cement, considerably enhancing
the strength of the calcium sulfate scale layer.

4.4. XRD Analysis of Scale Samples

As shown in Figure 7, in the pure calcium sulfate sediment of Group 1, the charac-
teristic peak was gypsum crystals. In Group 2, which contained pure calcium carbonate
sediments, the characteristic peak was formed by calcite crystals. For the mixed-scale de-
position products in Groups 3 and 4, the characteristic peaks all presented the three crystal
forms of gypsum, calcite, and vaterite. However, in Group 3, when the concentration ratio
of SO42~ to HCO; ~ was 1:2, the peak intensities of the characteristic peaks of calcite and
vaterite were relatively high, indicating that in Group 3, the calcium carbonate scale was
the dominant scale, and the calcium sulfate content was relatively small. In Group 4, when
the concentration ratio of SO4?~ to HCO3~ was 2.4:1, the characteristic peak of gypsum
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crystal was more obvious, and the peak intensity was higher, indicating that the calcium
sulfate scale was the dominant scale in Group 4, and the content of calcium carbonate

was lower.
o - - -
o - -
- - -
Time 10 min 40 min 70 min 100 min

Figure 6. The morphology of scale deposition in each group at 10 min, 40 min, 70 min and 100 min was observed at 40 times,
using a constant temperature heating magnetic stirrer for constant temperature and stirring of the solution, set to 35 °C,

250 r/min.
A
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Figure 7. The XRD patterns of sediments, and the sediments from each group have been dried at
45 °C for 24 h before.

This study shows that the crystal form of the calcium sulfate scale is a gypsum form
when a pure substance is deposited and co-deposited. However, the crystal form of calcium
carbonate scale in co-deposition is different from that of the pure calcium carbonate scale
in the uniform calcite structure, where partly vaterite structure is shown. From the nucle-
ation mechanism of calcium carbonate [59-63], it can be seen that when calcium carbonate
crystals are deposited, ion clusters aggregate to form stable pre-nuclear substances (PNCs),
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then form amorphous structures (ACC), and then transform into metastable vaterite struc-
tures. After vaterite nucleation, the system remained supersaturated with respect to the
other less soluble polymorphs [64]. The formation of calcite nuclei allowed the system to
further reduce its free energy, triggering a solvent-mediated transformation process. The
incorporation of sulfate stabilizes the vaterite structure and destabilizes the calcite structure.
In addition, the lattice substitution of sulfate for carbonate groups can be considered the
most relevant factor affecting the rate of re-crystallization [65]. In addition, the driving
force for the transformation of vaterite into calcite decreases with the sulfate content in the
initial solution [15,58,66], but Nebel et al. [67]. found that this process can be counteracted
by accelerated ACC decomposition at high bicarbonate concentrations. Moreover, they
observed that the growth rate of calcite depends on the concentration of bicarbonate rather
than the concentration of carbonate. The limitation of the interaction between these two
processes may require further study. In this experiment, calcium carbonate scale presents
two forms of vaterite and calcite, so we mainly consider the influence of sulfate on the
crystal structure of calcium carbonate.

5. CaCO3-CaSO4 Co-Deposition Model

When the concentration of Ca%*, HCO3~, SO4%~, and other scaling ions in the solution
reaches a specific value and is greater than the concentration at the dissolution equilibrium,
CaCO3-CaSOy co-deposition occurs in the mixed solution. Based on the above experimental
results, we can briefly describe the mixed scale deposition process.

5.1. Calcium Carbonate as Dominant Scale Type during Co-Deposition

When the difference in amounts of SO42~ and HCO3 ™ in the solution is small, such as
in Group 3, the calcium carbonate scale becomes the dominant scale in the mixed deposition
because of the competitive advantage of CO3%~. The calcium carbonate scale takes the
lead in the formation and growth, while the induction period of the calcium sulfate scale is
extended, and the growth is slow. Some of the initial calcium carbonate scale crystals will
adsorb calcium sulfate ions as seeds and become enriched, thus inducing a heterogeneous
nucleation process [56]. After nucleation, the crystals continue to grow and aggregate in the
supersaturated solution. At this time, there are many calcium carbonate scales and mixed
scales of calcium carbonate and calcium sulfate scale. There are two forms of calcium
carbonate scale crystals: calcite and vaterite. The mixed fouling deposition process can be
divided into three stages as shown in Figure 8.

5.2. Calcium Sulfate as Dominant Scale Type during Co-Deposition

However, when the SO42~ content in the solution varies greatly from the HCO3™~
content, such as in Group 4, the calcium sulfate scale becomes the dominant scale in the
mixed deposition. Initially, Ca?* still merges with the CO3%~ complex to form numerous
ion pairs, and rapidly generate calcium carbonate scale crystals. However, after the reaction
has been occurring for some time, the HCO3; ™~ content in the solution reduces, causing less
ionizable CO32~ content and the rate of calcium carbonate scale crystal deposition to slow
down. Large ion pairs of Ca?* complexed with SO42~ begin to nucleate to generate calcium
sulfate crystals. At this time, the calcium sulfate scale has undergone a heterogeneous
nucleation process caused by Ca?* and SO4%~ oversaturation and the initial calcium car-
bonate crystals generated. After nucleation, the crystals continue to grow and accumulate
in the oversaturated solution. As calcium sulfate scale crystal particle specific surface area
is larger, it will adhere to smaller particles of calcium carbonate scale crystal, causing scale
crystal aggregation growth. Among them, the content of the calcium carbonate scale is less,
but there are still two forms of calcite and vaterite. The mixed fouling deposition process
can be divided into three stages as shown in Figure 9.
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Figure 8. Deposition diagram of calcium carbonate scale as the main component in co-deposition.
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6. Conclusions

(1) In this paper, four groups of mixed solutions with equal volume, equal Ca?* con-
tent, and anion content that can react completely with Ca?* ions (ideal state) were
studied. Obvious scaling induction, nucleation, and crystal growth periods in pure
calcium sulfate scale deposition. While pure calcium carbonate scale deposition, rapid
scale formation, and the scale induction period was not obvious. In the process of
mixed scale co-deposition, calcium carbonate scale would take the lead in the forma-
tion, and the content of HCO3™ increases, which prolonged the induction period of
calcium sulfate scale, slowed the growth of calcium sulfate scale, and inhibited its
growth process.

(2) Compared with the co-deposition products containing calcium carbonate, the adhe-
sion of pure calcium sulfate deposits was much lower. In the presence of calcium
sulfate, calcium carbonate scales which were usually very adhesive and tough, lost
their strength and became less adhesive. The adhesion of co-deposition products was
between the calcium sulfate scale and calcium carbonate scale.

(3) Calcium sulfate scale in the co-deposition and pure material deposition, no significant
difference in the crystalline form, gypsum form. The scale of calcium carbonate in
co-deposition is different from those in pure material deposition. In pure material
deposition, the calcium carbonate scale deposition form was mostly stable calcite
form. When co-deposition occurs, SO42~ might occupy the active sites on the crystal
surface, inhibit the crystal growth of the calcium carbonate scale, and make it difficult
to transform from vaterite to calcite.
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