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Abstract: Non-natural mineralization of CaCOs with special structures or morphology is generated
during the crude oil migration, which is the main scale of alkaline/surfactant/polymer (ASP)
flooding in oilfields, adversely affecting the oil recovery and causing environmental pollution. Up
to now, the mineralization of superstructural symbiotic aragonites and the role of heavy alkyl-
benzene sulfonate (HABS) in directing mineralization are still unclear. In this work, rosette-like,
bouquet-like and dumbbell-like aragonite-based superstructure of symbiotic CaCOs crystals were
obtained in a simulated O/W emulsion with HABS, which can help understanding the diversified
growth of CaCO:s scaling in oilfield. As a result, HABS stabilized micelles acted as a framework for
mineralization, and promoted the accumulation of Ca* and COs?*, generating pre-nucleation
clusters and partial ion pairs by electrostatic attraction. Following, the sequential nucleation of
amorphous CaCOs interconnected with HABS molecules. Finally, these nanoparticles transformed
into micro-meter crystals via dissolution-reprecipitation, forming the superstructures that
controlled by a synergistic effect between HABS and kerosene phase. This work may enrich the
understanding of CaCOs mineralization in oilfield, provide theoretical support for the prevention
of hard carbonate scaling, and also provide a novel strategy for organic-inorganic composites
manufacturing.
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1. Introduction

As the most abundant minerals in the world, CaCO:s has attracted tremendous attention due to
its multitudinous morphologies and polymorphs [14]. To date, studies have shown that CaCO:s has
seven phases, including amorphous calcium carbonate (ACC) [5], calcium carbonate monohydrate
(monohydrocalcite) [6], calcium carbonate hexahydrate [7], thombohedral calcite [8], orthorhombic
aragonite [9], and hexagonal vaterite [10], as well as the newly discovered phase calcium carbonate
hemihydrate [11]. In addition, CaCOs or CaCOs-based materials processes significant applications,
especially in bone regeneration and drug delivery due to its excellent biocompatibility [12,13].
However, CaCOs can exist in different morphologies and crystal structures, some of them might serve
as scaling to reduce the oil recovery. Also, the scaling phenomenon is common in industrial
production processes, such as circulating cooling water systems, and pipe flow systems [14]. And the
details of these scaling processes and the exact role played by polymorphic CaCOs have not been
identified.

Aragonite, as a high-temperature metastable polymorph of CaCOs, usually exists in the form of
a needle-like crystals, which is the main constituent in many sea shells and corals, and can also form
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inorganically in warm shallow seas [15]. Besides, aragonite is also an ideal reinforcement composite
materials due to its strange orientation important biomineral [16]. And for this purpose, selectively
control the formation of this material is around the corner. Hence, a number of approaches have been
widely made to control the morphology of aragonite crystals, such as nanofilament network [17],
tablet-like [18], needle-like and dandelion-like superstructures [19,20]. Furthermore, although
aragonite exhibits various morphologies, the dumbbell-like superstructure was rarely reported. In
our previous research, labyrinth-like calcite crystals were synthesized in HPAM-HABS hybrid
system (HPAM: partially hydrolyzed polyacrylamide; HABS: heavy alkylbenzene sulfonate, two
main constituents in ASP flooding in oil fields) [21]. However, the regulating effect of HABS in the
formation of aragonite and symbiotic mixed CaCOs crystals in emulsion system is still unclear.
Compared to water phase, oil/water interfaces provide a unique non-equilibrium reaction
environment with high surface energy and determine the transporting behavior of ions and/or atoms
across the outer surroundings. This leads to synthesize novel structural nanomaterials via complex
crystallization processes, and further our knowledge about CaCO:s oil scales.

Herein, we reported a simple synthesis method of symbiotic mixed aragonite with special
morphology by applying the “one-step precipitation method” in 20 V% O/W HABS/kerosene
emulsion. Our research may provide a HABS-stabilized interface for the orientation growth of CaCOs
crystals and a simulated environment of the crude oil migration, and offer a successful remediation
strategy to deal with carbonate scale in oilfield.

2. Materials and Methods

2.1. Materials

Calcium chloride (CaClz, AR grade), sodium carbonate (NaCOs, AR grade) were purchased from
Tianjin chemical reagent factory. Heavy alkyl-benzene sulfonate (HABS, average molecular weight:
400-430) was obtained from Daqing Donghao Investment Co. Ltd. Kerosene purchased from
Shanghai Aladdin biochemical technology co., LTD is used as the oil phase, of which the purity
exceeds 99%. All above reagents were obtained from commercial sources and received without
further purification. Deionized water was used to prepare aqueous solutions of CaClzand NaCOsjust
before crystallization experiment, which was made in our laboratory.

2.2. Preparation of CaCOs crystals

Aqueous solution of CaClz (0.04mol/L, 250mL), aqueous solution of NaCOs (0.04mol/L, 250mL),
a certain concentration of HABS were prepared beforehand. Calcium carbonate products were
precipitated by the method of quickly pouring 25mL aqueous solution of NaCOs and a certain
concentration of HABS into 200mL beaker containing a fixed volume content of kerosene (20 v%)
with 25mL CaCl: solution, and corresponding distilled water with various volume content (total
volume: 100ml).), then rapid stirring for 10 minutes (10000 rpm) and agitated with a magnetic stirrer
(300 rpm) for 1 hour providing different reaction conditions. The HABS controlled kerosene emulsion
is O/W type emulsion. The resulting precipitates were filtered and washed thoroughly with distilled
water. Finally, the product was dried in the oven at 45 °C for 24 hours and used for further
measurements.

The effects of reaction conditions on crystals are including temperature (35 °C, 45 °C, 55 °C, 65
°C, 75 °C, and 85 °C), reaction time (5mins, 10mins, 20mins, 30mins, and 60mins) , and the
concentration of HABS (200mg/L, 400mg/L, 600mg/L, 800mg/L, and 1000mg/L).

2.3. Calculation method of relative fraction of aragonite, vaterite and calcite

The relative mole fraction of vaterite and calcite were calculated from their characteristic pXRD
peak intensities by the following equation [22]:
110
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Where, Xa is the mole fraction of vaterite, Xv is the mole fraction of vaterite, and Xc is calcite. Ic
104, Ia 221and Iv 110 are the pXRD intensities of the {104} planes, {221} planes and {110} planes
represent calcite, aragonite and vaterite, respectively.

3. Results and Discussion

A simulated mineralization approach is designed by mixing HABS/Na:COs solution and
CaClz/kerosene emulsion (20 V% O/W) to prepare the symbiotic mixed aragonite crystals. It can be
clearly seen in Figure 1, CaCO:s crystals present bouquet-like and dumbbell-like morphologies with
radiated bundles. A key question is how crystals of vaterite-aragonite, aragonite and calcite-aragonite
can be molded into such convoluted. Aiming at studying the crystallization process of CaCOs in
HABS-controlled kerosene emulsion system, a series of CaCOs precipitates were synthesized through
changing the concentration of HABS, reaction temperature and time, being listed in Tables S1-S3.

Figure 1. SEM images of CaCOs crystals in HABS-controlled kerosene emulsion.

3.1. Effects of HABS on the polymorphic symbiotic CaCOs crystals

Aiming at investigating the effect of concentration of HABS on the polymorph and morphology
of CaCOs products in kerosene emulsions, experiments were carried out at 45 °C for 1h with different
HABS concentrations. Simultaneously, the corresponding CaCOs crystals were characterized by
SEM, FTIR and XRD. Figure 2a—e shows the morphologies evolution of CaCOs under different HABS
concentration. It is obvious that rosette-like, dumbbell-shaped and cubic crystals obtained with a
wide size distribution from 5 to 10um in the lower concentration of HABS (200mg/L, 400mg/L,
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600mg/L), especially at 200mg/L. Whereas, further increasing the HABS concentration to 800mg/L
and 1000mg/L, the spherical vaterite products were in the majority. We can speculate that vaterite
nuclei on the HABS surfaces by lowering the activation energy of nucleation (AG) through interfacial
recognition, thus make kinetic control of vaterite possible [22]. On the basis of this, the increasing
interaction of sulfonate groups of HABS and Ca?* could gradually induce the formation of less stable
vaterite crystals. These spherical structures aggregated with many nano-sized particles, showing
rough surfaces (Figure S1). It is likely these vaterite particles were assembled by lots of amorphous
phase and then transformed to calcite via a “dissolution-reprecipitation mechanism” [23].

Figure 2. Morphologies of CaCOs under various HABS concentration ((a) 200mg/L; (b) 400mg/L; (c)
600mg/L; (d) 800mg/L; (e) 1000mg/L).

Generally, there four main FTIR adsorption bands of C-O bond vibrations with regard to CaCOs,
containing symmetric stretching (v1), out-of-plane bending (v2), asymmetric stretching (v3) and in-
plane bending (v4) [24,25]. According to the FTIR results (Figure 3a), four characteristic peaks were
found at 1471cm, 1083cm™, 876/856cm!, 745/713cm! in the lower concentration (200mg/L, 400mg/L,
600mg/L), indicating that these precipitates were the mixed phase of calcite, aragonite, vaterite and
ACC transformed into more of CaCOs polymorphs [26]. With the increase of HABS concentration,
the tendency to form vaterite went up, indicating a strong stabilization of vaterite phase by high
HABS concentration. Especially when the HABS concentration was greater than 800mg/L, obtaining
a mixture phase of vaterite and partial calcite (875cm, 745/713cm!), without aragonite being found.

The pXRD analysis of the prepared particles was also performed to gain information on the
structure changes of those products, revealing that it underwent a polymorph evolution process.
Precisely, the pXRD patterns in the lower concentration (200mg/L, 400mg/L, 600mg/L) in Figure 3b
at (20) 29.4°, 24.9°, 27°, 32.8°, 36.2°, 41.2° can be assigned to the (104), (110), (112), (114), (220) and
(221) crystalline planes of calcite, vaterite and aragonite, respectively [27]. When HABS concentration
increased to 800mg/L and 1000mg/L, the reflections of aragonite disappeared and vaterite became
dominant. Importantly, the polymorphs of these samples are consistent with FTIR patterns. Calculations
of polymorphic ratios, the content of vaterite, calcite and aragonite were shown in Figure 3c [28].
Notably, calcite experienced a fluctuation at about 40% as HABS concentration varied. With the
increase of HABS concentration, the tendency to form aragonite declined from 30% at 200mg/L to 0
at 800mg/L. Interestingly, the content of vaterite progressively dominated, indicating that the higher
HABS concentration (>600mg/L) exerted a strong stabilization role on vaterite.
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Figure 3. FTIR, XRD and content variation of CaCO3 crystals under various HABS concentration.

3.2. Effects of reaction time and temperature on the polymorphic symbiotic CaCOs crystals

To further investigate the growth mechanism, time-resolved experiments were performed in a
600mg/L HABS solution at 45 °C. Figure 4 showed the SEM images of CaCOs products generated of
temporal evolution. Obviously, before 20 mins crystallization, many highly aggregated particles with
several micrometres of CaCOs emerged (Figure 4a—c). The coalescence behaviour of the rounded
crystals indicates the that in the initial stage, the presence of ACC on the oil/water interface promoted
the aggregation of ACC-stabilized oil droplets, thus leading the formation of larger particles in the
growth stage [29]. Branching needles and cubic bulks were obtained after 30 mins crystallization,
indicating the transformation to metastable aragonite and stable calcites were in progress (Figure 4d).
After 60 mins crystallization, particles with cauliflower-shaped spherical aggregates, bouquet-like
and dumbbell-like needles, and cubic bulks can be observed (Figure 4e).

Figure 4. SEM images of CaCOs crystals in kerosene emulsion with various reaction times (5 mins, 10
mins, 20 mins, 30 mins, and 60 mins).

For gaining an insight into the influence of reaction temperature on the crystallization of CaCOs
in this unique system, thus, the morphological change of precipitated particles as a function a
temperature were shown in Figure 5. Specifically, when the reaction temperature was 35°C, the
particles were sphere-aggregated with a diameter about 6um (Figure 5a), whereas when the reaction
temperature increased to 45°C, the precipitated particles presented in the form of cubic-like,
dumbbell-shaped and sphere-aggregated with irregular size (Figure 5b). While at 55°C, a large
number of disordered products formed (Figure 5c). Following, the morphology of these particles
presented need-like and bundle-like (Figure 5d-f) with increasing temperature (65°C, 75°C, 85°C).
Moreover, a mixture of vaterite and calcite were obtained at 35°C, and as the reaction temperature
increased higher than 45°C, the aragonite phase emerged. XRD spectra of various CaCOs samples
corroborated the FTIR results, the fraction of aragonite increased progressively with reaction
temperature increased, and the proportion of calcite fluctuated at about 40% (Figures S2 and S3).
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Figure 5. SEM images of CaCOs crystals in kerosene emulsion with various reaction temperatures ((a—f)
35°C, 45 °C, 55 °C, 65 °C, 75 °C, and 85 °C).

3.3. Growth mechansim of the polymorphic symbiotic mixed CaCOs crystals

The mineralization of CaCOs under general conditions prefer to form metastable ACC first, and
then transform to crystalline phase vaterite, aragonite and calcite [30]. On the basis of the above-
mentioned investigations, the formation mechanism can be identified as four steps: mixing of COs*
and HABS molecules; pre-nucleation stage (containing the formation of ion pairs and pre-nucleation
clusters); nucleation stage (nucleation of ACC-I and ACC-II); post-nucleation stage (crystallization of
vaterite, aragonite and calcite) (Figure 6) [31,32].

Figure 6. Proposed growth mechanisms of CaCOs in HABS/kerosene emulsion.

A schematic landscape of the mechanism of CaCOs in the HABS/kerosene emulsion is shown in
Figure 6. The HABS stabilized micelles acted as a framework for the mineralization of CaCOs, and
then lots of Ca?" were associated with the sulfonate groups via electrostatic interaction, generating
pre-nucleation clusters and partial ion pairs. Following, the sequential nucleation of ACC
interconnected with HABS molecules. Finally, these nanoparticles transformed into micro-meter
crystals by a “dissolution-reprecipitation mechanism”, forming the soft symbiotic aragonite particles
that made of HABS scaffold and a small quantity of kerosene matrix.
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4. Conclusions

In summary, aragonite based symbiotic mixed CaCOs crystals with superstructures were
obtained in HABS/ kerosene O/W emulsion. It is found that HABS has a stabilizing effect on
metastable CaCOs phases and the interface between kerosene and water. There is a synergistic effect
between HABS and kerosene phase, giving assistance to the formation of CaCOs with special
morphology, such as rosette-like, bouquet-like and dumbbell-like superstructures. This work
explained how anionic surfactant HABS regulate the crystallization of CaCOs systemically in O/W
emulsion system, made a clear insight on that HABS can be industrially used to prevent CaCOs from
hard calcite scaling, and also provided a novel strategy for organic-inorganic composites
manufacturing.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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