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Abstract. Oilfield mineral scale deposition can become severe flow assurance challenge especially for offshore
deepwater productions. Hazards arising from scale formation and subsequent deposition include production
system throughput reduction and eventually blockage. Among various types of scales, carbonates are among
the most frequently observed scales in oilfield operations. Similar to many natural and industrial processes,
co-precipitation of multiple scales can commonly be observed in oilfield operations. Although extensive research
efforts have been made in the domain of understanding the thermodynamics of scale formation, there are
limited studies to investigate the kinetic aspect of scale formation, particularly the kinetics of co-precipitation
of multiple scales. In this study, the kinetic characteristics of CaCO3/BaCOj3 co-precipitation have been exper-
imentally investigated at representative oilfield conditions of 80 °C and 1 M NaCl condition. The focus was
given to the investigation of the impact of different brine chemistry conditions such as mineral saturation level
and Ca to Ba molar ratio. The experimental results suggest that CaCO3 saturation level, substrate material and
molar ratio can impact the nature and morphology of the carbonate scales formed. An elevation of CaCOjz
saturation index from 0.6 to 2 will change the formed carbonate solids from calcite to aragonite. In addition,
at a Ca:Ba molar ratio of 1:15 with an excessive aqueous Ba species available, Ba species can partition into
CaCOj crystal lattice to distort CaCOj5 lattice, resulting in almost 2-fold increase in aqueous Ca concentration.
The results and conclusions from this study have the potential to benefit oilfield scale control strategy

development, particularly the one related to carbonate scale formation control.

Abbreviations

EDXS  Energy-Dispersive X-Ray Spectrometer

ESD Electronic Supporting Data

ICP-MS Inductively Coupled Plasma-Mass
Spectrometry

ICP-OES Inductively Coupled Plasma-Optical Emission
Spectrometer

MR Molar Ratio

SEM Scanning Electronic Microscopy

SI Saturation Index

SSP ScaleSoftPitzer

1 Introduction

Flow assurance is a subject within the petroleum industry
to ensure hydrocarbon flow from subsurface reservoir to

* Corresponding author: pzhang@um. edu.mo

the point of sale in a safe and economical manner
(Gudmundsson, 2017). Other than multiphase flow simula-
tion, flow assurance engineers deal with managing the
formation and subsequent precipitation of unwanted solids
from either hydrocarbon phase or water phase. Depending
on the nature of these oilfield precipitated solids, some of
the common oilfield flow assurance challenges include min-
eral scale precipitation, asphaltene precipitation, hydrate
blockage, to name a few. Properly handling these flow
assurance challenges become especially critical for offshore
deepwater operations where the operating conditions of
high reservoir pressure, low seawater temperature and high
salinity can considerably exacerbate the flow assurance
issues (Gao et al., 2006; Wang et al., 2018). Laboratory
studies and field observations suggest that flow assurance
related operational issues can result in a substantially
elevated operational risk as well as a significant financial
loss (Gao et al., 2006; Mackay et al., 2005; Zhang et al.,
2017). Mineral scale (hereafter referred to as “scale”) is
the hard crystalline inorganic precipitate formed from the
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aqueous phase. Scale formation is a ubiquitous phenomenon
in nature and in daily life. However, massive scale formation
and subsequent precipitation can lead to throughput
reduction and eventually pipe/conduit blockage in various
industrial processes (Bukuaghangin et al., 2016; Ghaderi
et al., 2009; Jordan et al., 2012; Kan and Tomson, 2012;
Lecerf et al., 2005; Rostami et al., 2019; Vazquez et al.,
2016; Zhang et al., 2018b). Scale associated operational
issues are particularly challenging in oilfield operations
and especially in deepwater productions (Fink, 2011). Scale
particles can form in the pore space of wellbore formation,
leading to a severe formation damage (Moghadasi et al.,
2019a, b). The most commonly observed oilfield scales
include carbonate scales, particularly calcium carbonate
(CaCOs). The formation of CaCOj is mainly driven by
pressure reduction from reservoir to different upstream
locations of the production system (Frenier and Ziauddin,
2008; Kan and Tomson, 2012; Kan et al., 2019). The reduc-
tion in pressure will result in evolution of COy gas from
aqueous solution, giving rise to a higher solution pH and
subsequent dissociation of bicarbonate into carbonate.
The combination of Ca ion, which is abundant in oilfield
produced water, with the formed carbonate species can lead
to CaCOj3 precipitation. For a typical oilfield, the water cut
will normally increase considerably towards the end of the
field life (Fink, 2011). This suggests that the amount of
scale formation can markedly rise together with produced
water. Other than CaCOj scale, other types of carbonate
scales are also frequently observed in oilfield operations,
such as barium carbonate (BaCOj). Barium species is com-
monly present in oilfield produced water with an aqueous
concentration ranging from less than 0.1 mg L' to over
2000 mg L' (Neff and Sauer, 1995).

It has been discussed in a number of recent studies that
thermodynamics and kinetics are two key aspects of the
scale deposition process (Bukuaghangin et al., 2016; Sanni
et al., 2017; Zhang et al., 2018a, 2019). Thermodynamic
studies aim at understanding the extent of scale saturation
and the amount of scale solid precipitated. The most critical
notion in the thermodynamic study is the Saturation Index
(SI) which indicates the level of aqueous solution supersta-
tion with respect to the solid of concern (Frenier and
Ziauddin, 2008; Kan and Tomson, 2012; Kan et al,
2019). ST is calculated as the base 10 logarithm of the ratio
of ion activity product with solubility product (Pitzer,
1991). If a SI value is higher than zero, this suggests that
the solution is supersaturated with the solid and scale depo-
sition is expected. If SI is lower than zero, scale threat will
not be anticipated. As the chemical driving force, SI can be
impacted by various factors, such as, pressure, temperature
and water chemistry. Extensive studies have been carried
out for the purpose of calculating SI at different operating
conditions. Particularly, efforts have been made in the
calculation of activity coefficient as a function of system
conditions and brine chemistry (Kan and Tomson, 2012;
Kan et al., 2019; Pitzer, 1991; Zuber et al., 2013). A number
of commercial software packages are available for this
purpose.

However, as elaborated by a number of authors that
these thermodynamic calculations have no consideration

of scale deposition kinetics and thus are not able to predict
the kinetics of scale deposition, i.e., how long it will take for
a supersaturated solution to form scale deposits (Mackay,
2003; Sanni et al., 2017; Yuan, 2010; Zhang et al., 2018a).
As for various industrial processes, such as oilfield produc-
tions, the knowledge of scale deposition kinetics can be
equally important as scale deposition thermodynamics, if
not more so. It is often observed that scale deposition kinet-
ics for a mildly supersaturated brine can be kinetically slow
and it can take a longer time for the brine solution to flow
out of the oilfield production system than the time duration
required for scale deposition. As such, the field scale
management strategy can be completely different for
scenarios with a similar SI value but vastly different depo-
sition kinetics. Although supersaturation or SI is perhaps
the most significant impact factor on scale deposition
kinetics, a number of other physicochemical parameters
can have a significant influence on scale deposition kinetics.
Some of these factors include flow rate, hydrodynamic con-
dition, surface properties, to name a few. Thus, although
thermodynamic studies have well established the theoreti-
cal basis of scale depositions, there are limited studies in
the domain of scale deposition kinetics due to its compli-
cated nature (Zhang et al., 2018a, 2019). Recently, a few
studies have elaborated several laboratory approaches to
evaluate the kinetic process of scale deposition experimen-
tally (Bukuaghangin et al, 2016; Sanni et al., 2017;
Zhang et al., 2018a, 2019). These experimental approaches
include plug-flow type tubing device, once-through flow
visualization equipment and rotating cylinder setup. These
studies suggest that scale deposition process involves a
number of consecutive stages with different kinetic
patterns. Moreover, water chemistry and system conditions
such as surface adhesion and heterogeneous surface crystal-
lization can play an influential role in impacting scale
deposition kinetics. As discussed previously, most of the
precipitated scale solids in nature and in industry are
actually mixtures of multiple types of scales, owing to differ-
ent formation pathways, such as isomorphous lattice
replacement (Mullin, 2001; Stumm and Morgan, 1996).
This co-precipitation phenomenon suggests that conclu-
sions obtained from studying individual mineral scale might
not be suitable for interpreting systems with multiple scales
and the presence of other scales can profoundly impact scale
deposition kinetics. In a previous study, co-precipitation
kinetics of barium sulfate and strontium sulfate has been
experimentally investigated at represented oilfield condi-
tions (Zhang et al., 2019). A cationic solution containing
Ba and Sr species was mixed with another anionic solution
containing SO, species. A key conclusion from the study
was that the presence of Ba species can expedite the precip-
itation kinetics of SrSO, scale solid. It was speculated that
the formation of BaSO, solids served as the nuclei to pro-
mote SrSO, solid precipitation. Additional study results
are available for the system of CaCO3 and CaSO, (Chong
and Sheikholeslami, 2001; Safari and Jamialahmadi, 2014;
Zarga et al., 2013). These studies suggest that CaCO; pre-
cipitation process is promoted by the presence of CaSO,
solid which is speculated to reduce CaCOj solid nucleation
energy barrier.



Z. Zhang et al.: Oil & Gas Science and Technology — Rev. IFP Energies nouvelles 75, 83 (2020) 3

As discussed above, both Ca and Ba species are com-
monly present in oilfield produced water. Due to pressure
reduction during hydrocarbon production process, carbon-
ate solids can be formed as a result of CO, evolution and
solution pH rise. One can speculate that the presence of
Ca species can impact the scale deposition kinetics of
BaCO; and vice versa. In this study, the kinetic character-
istics of CaCO3/BaCO; co-precipitation have been experi-
mentally investigated at representative oilfield conditions.
The focus was given to the evaluation of the impact of
different brine chemistry conditions such as saturation level
and Ca to Ba Molar Ratio (MR). The morphology of the
formed carbonate scale solids was characterized by electron
microscope. Both beaker test setup and flow-through tube
reactor were adopted to understand the impact of SI and
substrate material at different Ca to Ba MRs. To the best
of the authors’ knowledge, this paper is the first to report
the precipitation kinetics of CaCO3/BaCO3 mineral scales
at representative oilfield conditions in a systematic manner.
The results and conclusions from this study have the poten-
tial to benefit oilfield scale control strategy development,
particularly the one to control carbonate scale formation.
These benefits include better understanding of the carbon-
ate scale threats at complicated water chemistry conditions
and elimination of possible underestimation of scale threat
due to carbonate co-precipitation.

2 Materials and methods
2.1 Chemicals

Solids of sodium chloride (NaCl), calcium chloride (CaCly),
barium chloride (BaCly), and sodium bicarbonate
(NaHCO3) were reagent grade and purchased from Fisher
Scientific. Hydrogen chloride (HCI) and sodium hydroxide
(NaOH) were reagent grade and purchased from Sigma-
Aldrich. Deionized water was prepared by reverse osmosis
and ion exchange water purification processes.

2.2 CaCO3/BaCO3 co-precipitation in beaker test

To evaluate the crystal morphology of co-precipitated
CaCO3/BaCO3 mineral solids, a beaker test was carried
out at an ambient condition of 23 °C and 1 bar inside a
glass beaker. To begin with, stock solutions of CaCl,, BaCl,
and NaHCOj3; were prepared by adding the respective solids
into 1 M NaCl brines. Next, the stock solutions of CaCl,
and BaCl, were mixed to prepare a Ca—Ba mixture brine
solution with a Ca to Ba molar ratio (Ca:Ba MR) of 1:15.
These prepared brine solutions were all set to the same
pH value of 8.7 by adding NaOH or HCI to minimize
CO, exchange. Precipitation of carbonate scale solids was
achieved by adding NaHCO3 brine solution into the CaCl,,
BaCl, or Ca—Ba mixture brine solution under constant stir-
ring inside a glass beaker. A magnetic stirrer was placed
inside the glass beaker prior to solution addition to facilitate
solution mixing. The NaHCOj brine solution was delivered
by a plastic syringe propelled by a syringe pump and the
solution addition was normally completed within 30 s.

Table 1 summarizes the experimental conditions for the
beaker tests (Exp. Beaker-1 to Beaker-3). The obtained pre-
cipitated mineral solids from the beaker tests were collected
for instrumental analysis and characterization.

2.3 CaCOj surface coating of plug-flow tube reactor

Similar to the previously reported studies (Zhang et al.,
2019), a plug-flow type tube reactor was adopted in this
study to evaluate carbonate scale deposition behavior.
The dimension of the tube reactor is 12.7 cm by length
and 0.46 cm by inner diameter. The schematic of the reac-
tor setup is shown in the ESD Section S1. The photo images
and pre-treatment of tube reactors are shown in the ESD
Section S2 & S3. Two peristaltic pumps (Biotech P-500,
Pharmacia) were employed for brine solution delivery.
Coating of CaCOj solid on the interior surface of the tube
reactor was realized by delivering a CaCl, brine solution
and another NaHCQO; brine solution simultaneously into
the tube reactor placed inside a water bath of 80 °C at
1 bar. The composition of the combined brine flowing
through the tube reactor is shown in Exp. Coating-1 in
Table 1. Brine solution delivery was achieved by pumping
the brine solution at a flow rate of 100 mL h™" or a linear
flow velocity of ca 0.17 cm s~ *. It normally took 30-40 h
to complete the brine delivery for tube reactor surface
coating. To have a better understanding of the CaCOj;
coating, a number of impact factors were evaluated for their
roles in the coating process, including reactor materials,
saturation index and surface roughness of tube reactor.
Two types of tube reactor materials were adopted in this
study including seamless 1010 mild steel (Grainger,
Houston TX) and seamless 316 stainless steel (Grainger,
Houston, TX). Brine solution in Exp. Coating-1 was
employed to evaluate the impact of tube reactor materials.
The impact of saturation index was investigated by pump-
ing through the stainless steel tube reactor with another
brine solution of a different composition (Exp. Coating-2
in Tab. 1). The impact of surface roughness was studied
by use of stainless steel tube reactors and brine solution
in Exp. Coating-1 in Table 1. Two stainless steel tube reac-
tors of different surface roughness were adopted and photo
images of these two stainless steel reactors are shown in the
ESD Section S4.

2.4 Co-precipitation of carbonate scales
on the surface of tube reactors

Following the surface coating of CaCOs on the interior
surface of stainless steel tube reactor, the coated reactor
was utilized to carry out CaCO3/BaCOj3 co-precipitation
experiments. One pump delivered the cationic solution
containing Ca or Ca—Ba, and another pump for NaHCO;3
solution delivery. These experiments were carried out at
80 °C and 1 bar condition. The brine solutions flowing
through the tube reactor all contained 1 M NaCl with a
pH of 8.7 as shown in Exp. Precipitation-1 to Precipita-
tion-4 in Table 2. Two different flow rates of 100 mL h™*
and 4 mL h™! were tested. The effluent solutions from
the tube reactor were collected to measure Ca and Ba
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Table 1. Brine compositions and experimental conditions for beaker tests and CaCOj3 coating on the interior surface of
tube reactor at the condition of 1 bar and 1 M NaCl.

Exp. # Ca? mg L™ Ba?" HCO;™ Ca:Ba CaCO; BaCO; pH Testing
mg L! mg L* Molar ratio SI* SI# temp (°C)
Beaker-1 91.8 0 279.5 NA 1 NA 8.7 23
Beaker-2 0 350.0 277.5 NA NA 1 8.7 23
Beaker-3 23.7 1212.9 533.2 1:15 1 2 8.7 23
Coating-1 40.5 0 122.5 NA 0.6 NA 8.7 80
Coating-2 80.6 0 245.8 NA 2 NA 8.7 80

% The reported SI values are calculated at respective experimental conditions (23 or 80 °C) 1 bar.
> pH values were measured at an ambient condition of 23 °C and 1 bar.

Table 2. Brine compositions and experimental conditions for co-precipitation of CaCO3/BaCOj3 on the surface of tube

reactor at the condition of 80 °C, 1 bar and 1 M NaCl.

Exp. # Ca?" mgL™* Ba?" HCO;™ Ca:Ba CaCOg BaCOs3 pHP Flow rate
mg L~! mg L~* Molar ratio ST* SI* mL h™*
Precipitation-1 78.2 0 238.2 NA 1 NA 8.7 100
Precipitation-2 78.2 0 238.2 NA 1 NA 8.7 4
Precipitation-3 78.3 240.5 238.2 1:1 1 1 8.7 4
Precipitation-4 81.1 4221.8 245.6 1:15 1 8.7 4

® The reported SI values are calculated at the experimental conditions of 80 °C and 1 bar.

b

concentrations. Instrumental analyses and characterization
were performed to study the deposited scale solids.

2.5 Analytical methods

Concentrations of cationic species of Ca and Ba were
measured by inductively coupled plasma-optical emission
spectrometer (ICP-OES) (Optima 4300, PerkinElmer).
Inductively coupled plasma-mass spectrometry (ICP-MS,
PerkinElmer) was adopted for Mn and Cr concentration
measurement. Surface morphologies of the deposited
carbonate solids were characterized by Scanning Electronic
Microscopy (SEM) (FEI Quanta 400, Hillsboro, Oregon).
The SEM instrument was equipped with an FEnergy-
Dispersive X-Ray Spectrometer (EDXS) for elemental
analysis. Saturation index of the carbonate solids was calcu-
lated using ScaleSoftPitzer software version SSP2018
(hereafter abbreviated as SSP) (Kan and Tomson, 2012;
Kan et al., 2019). Fundamentals of the saturation index
calculation are shown in ESD Section S5.

3 Results and discussion
3.1 CaCO3/BaCO3 co-precipitation in beaker test

The beaker test was designed to evaluate the crystal
morphology of the precipitated CaCO3;/BaCO3 mineral
scale solids and also to provide the technical insights for

pH values were measured at an ambient condition of 23 °C and 1 bar.

evaluation of experimental results obtained from the tube
reactor below. In the beaker tests, three different scenarios
with respect to different Ca and Ba concentrations were
tested at otherwise the same experimental condition to
understand the brine composition impact on the obtained
mineral solids (Exp. Beaker-1 to Beaker-3 in Tab. 1). In
the presence of scaling ions (Ca and/or Ba), the solutions
were calculated to be supersaturated with the correspond-
ing mineral solids (CaCOj3 and/or BaCOj). SEM character-
ization was conducted to examine the carbonate solids
obtained from Exp. Beaker-1 to Beaker-3. Figure 1 shows
that rhombohedral CaCO3; and orthorhombic BaCO3 solids
can be formed in the absence of foreign species (Exp.
Beaker-1 and Beaker-2), as shown in Figures la and 1b.
When Ca and Ba co-exist with a MR of 1:15 (Exp.
Beaker-3), it seems that BaCOj3 solid formed on the surface
of CaCQOj5 solid. In other words, CaCOs solid seems to form
prior to BaCQOj5 solid and can serve as a medium for BaCO3
solid nucleation (Fig. 1c). In addition, it is obvious that
CaCO3 and BaCOj precipitated separately instead of inclu-
sively. The difficulty for Ba species to partition into the
crystal lattice of CaCOsz can be expected due to the
difference in the ion radius. It is reported that Ba®" species
is about 50% larger than that of Ca®" species (Wang and
Xu, 2001). Although the integration of Ba®" into CaCOs
crystal would be difficult, a number of studies show that
a fraction of the aqueous Ba species can actually partition
into the CaCOj crystals (Mavromatis et al., 2018; Tesoriero
and Pankow, 1996; Yoshida et al., 2008). These research
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Fig. 1. SEM microimages of the mineral solids obtained from
(a) Exp. Beaker-1; (b) Exp. Beaker-2; and (c¢) Exp. Beaker-3.

findings and the comparison with the finding of this study
will be discussed below.

3.2 CaCOj; surface coating of plug-flow tube reactor

Considering the merits of plug-flow tube reactor in investi-
gating solid precipitation phenomenon (Zhang et al.,
2018a), this study adopted a similar device of a plug-flow
type tube reactor to study the precipitation of carbonate
solids. As reported in the previous study, coating a layer
of CaCOj3 on the interior surface of the tube reactor can
facilitate the subsequent deposition of CaCOj solids and
effectively retain phosphonate scale inhibitors (Zhang
et al., 2018a). Thus, in this study, the first experiment after
the completion of the pre-treatment of tube reactor was to
coat the inner surface of the tube reactor with a layer of
CaCOs solids by flowing a bring solution supersaturated
with CaCQOs3. Surface coating experiment was performed
at 80 °C and 1 M NaCl solution ionic strength condition
to simulate common oilfield operational condition. The
impact of reactor materials, brine solution Saturation Index
(SI) and surface roughness was evaluated experimentally.
Both mild steel and stainless steel were adopted in this
study as tube reactor materials. CaCO;3 surface coating
experiment was carried out following the experimental
conditions detailed in Exp. Coating-1 in Table 1. It shows
that corrosion-induced elements, such as Fe, Mn and Cr
can be detected by ICP-OES and ICP-MS in the effluent
solutions from mild steel reactor; while these elements were
non-existent in the effluent solutions from stainless steel
reactor. Normally, mild steel contains 0.05-0.25% carbon,
leading to a poor corrosion resistance compared with stain-
less steel (Islam et al., 2018; Saleh et al., 2019). Clearly, the
tested mild steel can be readily corroded by flowing the
brine solution in Exp. Coating-1 during the surface coating
experiment. Figure 2 shows that the effluent Fe concentra-
tion is in the range of 0 to 12 mg L™*; while Mn and Cr
concentrations are in the level of pg L. Moreover, both

14 140
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—e— Mn conc. (ug/L)
i - <= Crconc. (ug/L) [ 100

120

80

60

40
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20

Mn and Cr conc. (ug L)

Time (h)

Fig. 2. Effluent species concentrations during coating experi-
ment by use of a mild steel tube reactor.

Fe and Mn concentrations drop substantially following
the onset of the coating experiment. Cr concentration, on
the other hand, gradually increased to the level of
2 pg L' and maintained at this level. From the perspective
of surface morphology, due to surface corrosion phe-
nomenon, the formed CaCOj layer on the inner surface of
mild steel reactor is uneven with a porous structure, as
shown in the SEM image (Fig. 3a). The continuous reduc-
tion of Fe and Mn concentration during the course of surface
coating experiment can be explained by the formation of an
iron (hydro)oxide thin film on the reactor surface inhibiting
subsequent surface corrosion. Another explanation of this
phenomenon is the integration of these two elements into
CaCQs lattice. This argument can be verified by the EDXS
analysis of the co-precipitated mineral crystals as shown in
Figure 3b. EDXS characterization suggests that the
presence of Fe in the CaCOj crystals can be verified and
Fe element accounts for as much as 16% of total elemental
accounts. However, Mn or Cr element cannot be detected
via EDXS, probably due to its limited mass in the sample.
Thus, because of the inclusion of foreign element (mainly
Fe in this case), the formed CaCOj layer on the surface of
the mild steel tube reactor is uneven and porous. Based on
the above discussion, it is more desirable to employ stainless
steel as the tube reactor material due to the consideration of
the adverse impact of mild steel material corrosion.
Another factor impacting the CaCOs surface coating
process is the solution SI with respect to CaCOs, abbrevi-
ated as SI(CaCOs3). In this study, two SI(CaCOj) values
of 0.6 and 2 were tested, i.e., Exp. Coating-1 and
Coating-2. A higher SI(CaCOs3) suggests of a higher scaling
tendency. SEM characterization (Fig. 4) suggests that at a
higher ST of 2, the dominate crystal form of the precipitated
CaCOs; solid is orthorhombic aragonite with a minor frac-
tion of rhombohedral calcite. At a reduced SI of 0.6, the
majority of the formed crystals are rhombohedral calcite.
In a previous study, it has been shown that an expedited
scale precipitation and a higher concentration of carbonate
will favor the formation of aragonite over calcite (Given and
Wilkinson, 1985; Zhang et al., 2018a). In this study, the
experiment with SI(CaCOj3) of 2 (Exp. Coating-2) has a
higher bicarbonate concentration, indicative of a higher
concentration of carbonate species considering the same
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Fig. 4. SEM microimages of the precipitated carbonate solids from the surface of stainless steel tube reactor at (a) SI(CaCOj3) = 0.6

and (b) SI(CaCOs3) = 2.

solution pH of 8.7. Thus, the observation in this study is in
line with the previously reported CaCO3 morphology study
results. Furthermore, this study also evaluates the impact
of reactor material surface roughness on CaCOj surface
coating. Two different stainless steel materials with differ-
ent surface roughness were adopted in this study. Normally,
reduction in surface roughness can lead to an enhanced
corrosion resistance and a reduced friction with a more
lustrous appearance. This study suggests that surface rough-
ness can considerably influence the formed CaCOj solid on
the stainless steel surface. CaCOs crystals formed on a
smoother (mirror-like) surface can be easily removed or fall
off from the surface. On the other hand, CaCO3 formed on
the surface with a higher roughness seems to be firmly
attached to the surface (see ESD Section S6 for details).
Based on the definition of surface roughness, an elevated
surface roughness can increase the total surface area, provid-
ing more nucleation sites for precipitation. A previous
experimental study on the fouling behavior of CaCOj3 sug-
gests that an increase in surface roughness can lead to an
increase in the attachment of the CaCOj solid and thermal
resistance (Lei et al., 2011).

3.3 Co-precipitation of carbonate scales
on the surface of tube reactors

Once the interior surface of tube reactor was coated with a
layer of CaCOs3, co-precipitation of CaCOs/BaCOj; experi-
ment was carried out at 80 °C and 1 M NaCl condition. The
experimental details are shown in Table 2. For all experi-
ments, the aqueous Ca and bicarbonate concentrations
were set at ca. 80 mg L™ and 240 mg L', respectively.
Thus, SI(CaCO3) was maintained at 1 for all experiments.
Two different Ca:Ba MRs were tested to evaluate the
impact of Ba concentration and SI(BaCOj3). To begin with,
the influence of flow rate was examined to understand its
impact on carbonate scale deposition inside the tube
reactor. In the absence of Ba species, a mixture brine solu-
tion supersaturated with CaCO3 was injected into the tube
reactor at two different flow rates of 100 and 4 mL h™!,
respectively and each experiment was run for 60 min
(Exp. Precipitation-1 and -2 in Tab. 2). Figure 5 shows that
a decrease in flow rate can lead to a noticeable reduction in
the effluent Ca species concentration at the end of the
experiment (74 ws. 61 mg L7'). The thermodynamic
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Fig. 5. Effluent Ca concentrations during Exp. Precipitation-1
(100 mL h™" follow rate) and Precipitation-2 (4 mL h™"' flow
rate).

equilibrium concentration of Ca is calculated to be
32.8 mg L ™! by use of SSP. Thus, the mass transfer coeffi-
cient can be calculated to be 3.5 x 10°° and 1.4 x
107" cm s~ !, respectively (see ESD Section S7 for details).
In other words, a lower flow rate results in a higher mass
transfer, indicative of more CaCQOj precipitating onto reac-
tor surface. This conclusion agrees with the observation
reported previously (Zhang et al., 2018a). In this previous
study, the impact of flow rate was evaluated while investi-
gating CaCOj scale deposition kinetics under experimental
conditions of various temperature and SI values. It showed
that for all experimental conditions studied, a decrease in
flow rate will lead to an enhanced CaCQO3 deposition.

To evaluate the impact of the presence of Ba species, a
mixture brine solution supersaturated with both CaCOj;
and BaCO3; was pumped through the CaCOs-coated tube
reactor, during which process both CaCO3; and BaCOj
solids would gradually precipitate onto the inner surface
of the reactor. Two Ca:Ba MRs are tested including 1:1
and 1:15 at otherwise similar experimental conditions
(Exp. Precipitation-3 and -4). Figure 6 shows that when
MR is 1:1 (Exp. Precipitation-3), by the end of the scale
deposition experiment, both Ba and Ca concentrations
slightly reduced where Ca drop from 78 to 70 mg L™*
and Ba from 240 to 232 mg L™ . Based on the initial and
final Ca and Ba species concentrations, one can calculate
the distribution coefficient of Ba into CaCOj via the follow-
ing equation:

[Bal;
[Bal,

[Cal;
[Cal,’

= l)BéL x In

where Dg, is distribution coefficient of Ba into CaCOs.
The box bracket represents species concentration.
Subscript 0 corresponds to initial stage and subscript f
denotes final stage. Considering the species concentrations
shown in Figure 6, a Dg, value of ca. 0.29 can be calcu-
lated assuming homogeneous partitioning of Ba into
CaCOj5 solid. A number of previous studies also examined
the Dp, values by adopting different experimental
approaches. It shows that these reported distribution
coefficients are generally low, suggesting the difficulty in
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Fig. 6. Effluent Ca and Ba species concentration during Exp.
Precipitation-3.
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Fig. 7. Effluent Ca and Ba species concentration during Exp.
Precipitation-4.

integrating Ba into CaCOjs lattice. For instance, a number
of studies report distribution coefficient values of 0.1 to 1,
which are similar to the value obtained in this study
(Mavromatis et al., 2018; Tesoriero and Pankow, 1996).
Dg, values lower than 0.1 were also reported previously
(Yoshida et al., 2008). Mavromatis et al. (2018) suggested
that ionic radii size plays a dominate role during the metal
element incorporation process and solid-solution forma-
tion from aqueous solution. In addition, other scholars
studied the integration mechanism of Ba®" into CaCOj
and explained the low distribution coefficient value as
that little or none of the Ba>" occupy CaCOj lattice sites.
Instead, most of the Ba species were absorbed onto the
surface of CaCOj solids or physically trapped inside the
lattice structure as CaCOs crystal grows (Pingitore,
1987; Yoshida et al., 2008). Furthermore, it was found
that although lattice integration of Ba into CaCQOj is chal-
lenging, the integrated Ba species would cause significant
distortion to the CaCOj crystal lattice (Pingitore, 1987;
Reeder et al., 1999).

In Exp. Precipitation-4, initial Ba concentration was
increased to over 4000 mg L~' with the corresponding
Ca:Ba MR being changed to 1:15 and the calculated SI
(BaCOs3) to 2. Figure 7 shows that Ba concentration
slightly drop during the course of the experiment from
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(b) -

Fig. 8. (a) SEM microimage of the obtained carbonate solids by the end of Exp. Precipitation-4. (b) and (c) EDXS characterizations

of the samples at two different sites.

initial concentration of 4200 mg L' to ca. 4000 mg L™".
Interestingly, the aqueous Ca concentration increased from
80 to ca. 148 mg L' by the end of the experiment. Since
there is no additional source of Ca other than the flowing
fluid and deposited CaCOj3 solid, the only plausible reason
for the elevated aqueous Ca concentration is the dissolution
of the previously precipitated CaCOjs solid from the interior
surface of the tube reactor. SEM and EDXS characteriza-
tion was performed to examine the formed carbonate
materials after the completion of Exp. Precipitation-4.
SEM image (Fig. 8a) shows that BaCOjs solids formed on
the surface of the previously deposited CaCOjz; solids.
However, the distribution of the precipitated BaCOj5 solid
is not uniform across the reactor interior surface. This is
evidenced by the difference in elemental ratios of Ca and
Ba in EDXS results obtained at different sample sites
(Figs. 8b and 8c). One possible reason for the increase in
Ca concentration during BaCOjs; precipitation is ion
exchange mechanism. In other words, Ba ions substituted
Ca ions in CaCQOjs crystal lattice. It can be calculated that
the amount of Ca increased is ca. 1.67 mmol L' while the
amount of Ba species precipitated is 1.60 mmol L™". The
difference could be a result of analytical error. However,
ion exchange mechanism requires the Ba species to com-
pletely integrate into the CaCOj crystal lattice. With a
50% ion radius difference as discussed above, it would be
difficult for Ba species to integrate into CaCOs lattice in
a large amount. Another possible explanation is the
distortion of CaCOj crystal lattice by Ba species. A previ-
ous study suggests that when Ba species is present in a

noticeable amount, it will inhibit CaCOj3 precipitation.
In addition, Ba species can poison the surface of CaCOs;
until the surface is no longer workable (Lorens, 1981;
Mavromatis et al., 2018). Thus, a possible explanation for
the rise of Ca concentration is the surface poisoning of
CaCO3; by Ba species. When Ba is present in a certain
quantity in CaCOg crystal lattice, it could cause significant
distortion of the lattice structure of CaCOs;. In Exp.
Precipitation-4, the high aqueous Ba concentration resulted
in a fraction of Ba species being exchanged into CaCOj;
crystals, leading to CaCOjs crystal distortion and subse-
quent CaCOj dissolution.

4 Conclusion

In this study, experimental efforts have been made to eval-
uate the co-precipitation process of mixed mineral scales of
CaCO3/BaCOj3 at representative oilfield conditions from a
kinetics standpoint. The focus was given to evaluate the
impact of different brine chemistry conditions on precipita-
tion kinetics, mineral nature and characteristics. Both
beaker test setup and flow-through tube reactor were
adopted to examine the impact of various physiochemical
factors, such as SI, substrate material and MR. Beaker test
indicates that CaCO; solid formed prior to BaCO; solid
and can serve as a medium for BaCOs solid nucleation.
In addition, it is difficult for Ba species to partition into
CaCOj lattice, which is presumed due to Ca/Ba ionic
radius difference. A plug-flow tube reactor setup was
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employed to study the deposition kinetics of these two
carbonate scales at representative oilfield condition of
80 °C and 1 M NaCl. During the interior surface coating
of the tube reactor by CaCOj solid, it shows that substrate
material, ST and surface roughness can substantially impact
the coating process on reactor surface. Corrosion phe-
nomenon on mild steel surface can result in the presence
of ca. 16% Fe as total elemental accounts, leading to an
uneven and porous surface. The main crystals formed at
SI(CaCOj) of 2 and 0.6 are orthorhombic aragonite and
rhombohedral calcite, respectively. Co-precipitation of
mixed CaCO3/BaCO3 scales was carried out using the
surface coated tube reactor. The experimental results
suggest that a lower flow rate of 4 mL h™' wversus
100 mL h™" can result in more carbonate scale precipitating
onto reactor surface with a four-fold increase in mass trans-
fer coefficient. Furthermore, tube reactor co-precipitation
experiments show that although it is difficult for Ba species
to integrate into CaCOj lattice due to Ca/Ba ion radius
difference, at an elevated Ca:Ba MR of 1:15 with excessive
Ba species available, a fraction of the aqueous Ba species
can exchange into CaCOj crystal lattice, resulting in distor-
tion of CaCO3 and an increase in aqueous Ca concentration
from initially 80 mg L' to eventually 148 mg L~*. The
results and conclusions from this study have the potential
to benefit oilfield scale control strategy development. These
benefits include better understanding of the carbonate scale
threats at complicated water chemistry conditions and
elimination of possible underestimation of scale threat
owning to carbonate co-precipitation.

Supplementary Materials

The supplementary material of this article is available at
https://ogst.ifpenergiesnouvelles.fr/10.2516 /ogst /2020075 /
olm
S1. Schematic of the reactor setup

Figure S1. Schematic of the reactor setup.
S2. Steel tube reactors after CaCOj3 coating treatment

Figure S2. Tube reactors after CaCOs coating treat-
ment. The upper reactor is made of mild steel and the
bottom one is made of stainless steel.
S53. Tube reactor pre-treatment
S4. Stainless steel tube reactor materials with different
roughness

Figure S3. Stainless steel tube reactor materials. (a)
High surface roughness (Grainger, Houston, TX); (b) Low
surface roughness (Swagelok, Houston, TX).
S5. Saturation index calculation
S6. Impact of surface roughness on CaCOjs; surface
coating

Figure S4. CaCQOs surface coating using stainless mate-
rials of different surface roughness. (a) High surface rough-
ness material; (b) Low surface roughness material. A
fraction of the attached CaCOj was peeled off; (¢) SEM
image of the edge of CaCOj3 on the surface of low roughness
material.
S7. Mass transfer coefficient calculation
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