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ABSTRACT: This study reports evidence for barite (BaSO,)
formation from aqueous solution via nonclassical pathways.
Our observations support the occurrence of a liquid—liquid
separation in the absence of any additive as the initial stage of
the crystallization process. The first solid (primary) particles or
nuclei seem to form within the initially formed liquidlike
precursor phase. TEM and SEM observations of the
nanostructure evolution of samples quenched at successive
stages of crystallization indicate two levels of oriented
aggregation of nanosized solid particles. The first is the
aggregation of crystalline primary nanoparticles of ca. 2—10
nm length to give larger but still nanometer-sized particles (ca.
20—100 nm length). For the first time, clear evidence of
crystallographically oriented aggregation of secondary, nanometer-sized particles to form a barite single crystal is reported.
During the second aggregation step of these secondary nanoparticles, most of the porosity in the largest, micron-sized aggregates
is annealed, resulting in perfect single crystals. Once an amount of 50 ppm of additive, in our case a maleic acid/allyl sulfonic acid
copolymer with phosphonate groups, is present in the solution, the dense liquid precursor phase seems to be stabilized, forming a
PILP (polymer induced liquid precursor) and then secondary nanoparticles are temporarily stabilized against recrystallization.
Growth by classical monomer addition, ripening processes or nanoparticle attachment also seems to contribute to barite
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formation during the latest stages of the processes.

B INTRODUCTION

Classical nucleation theory describes the formation of
crystalline materials from solution assuming that crystallization
begins as a consequence of the random collisions of the basic
building blocks of crystals (atoms, ions, or molecules). A critical
nucleus is formed when the increasing surface energy related to
the growing surface area is balanced by the decrease in the
energy related to the formation of a crystal lattice. Due to an
excess in free energy, critical nuclei constitute a metastable
transitional state with respect to unlimited growth if they are
larger than the critical size. The formation of a critical nucleus is
then followed by the growth of the nucleus (nucleus
augmentation) via monomer-by-monomer addition to the
critical nucleus."”

However, the assembly of single atoms or molecules has
been recently challenged as the only mechanism that yields
crystal growth. For many minerals such as calcite,® gypsum* or
magnetite,” new crystallization pathways have been proposed to
explain experimental observations that cannot be understood in
terms of the classical nucleation theory. In these systems,
nucleation and growth do not always proceed by the accretion
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of atoms, ions, or molecules but can take place by the
aggregation of other “non-classical” building units including
prenucleation clusters or nanometer-sized primary particles.
Crystal growth by oriented aggregation of primary particles has
been recently reported by several authors.’ "' The existence
and participation of nanoclusters as building units in the
formation of a crystal is the critical point for crystallization
pathways to be considered as nonclassical.'’ As well, it is also
known that the formation of precursor phases, either
amorphous (e.g., calcite® and the extensive review by
Cartwright and co-workers'”) or crystalline (e.g, bassanite
prior to gypsum formation*) can be an initial step in the
crystallization process. Recently, it has been demonstrated that,
in the case of calcite, multiple nucleation pathways, classical and
nonclassical, can take place simultaneously, both directly from
solution as well as by the transformation from amorphous and
crystalline precursor phases.'
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Here we study the nucleation and growth mechanism of
barite (BaSO,), a problematic scale mineral in many industrial
processes such as oil recovery. Due to its low solubility [K, =
—9.96 (25 °C)'*] and rapid precipitation, barite scale formation
can result in the deposition of solid layers of barium sulfate that
may block pipes and reservoir rocks reducing their permeability
and decreasing the production of an oil well.'* A common
strategy aimed at reducing scale formation is the use of organic
additives that act as inhibitors of barite precipitation.'® These
scale inhibitors are able to delay nucleation, retard the growth
rate of barite and/or in most cases modify the habit of the
crystal. They can act at different stages of the precipitation
process, such as blocking active growth sites at the mineral
surface or sequestering the scale-forming metal ion. The
influence of additives such as organic polymers on crystal
growth has been classified for the case of CaCO,."”"® It has
been shown that different additives can affect different stages
involved in crystal nucleation and growth, including the
formation of prenucleation clusters, the aggregation of
nanoparticles, and the precipitation of precursor phases.

DeS}laite the numerous studies dealing with barite precip-
itation'>™** and the influence of organic additives,”* ™’ the
details of barite formation mechanism in the presence and in
the absence of organic molecules, particularly at the early stages
of this process, are yet to be fully resolved. Most of them focus
on the efficiency of the inhibition process and in the changes in
morphology without unraveling any mechanism by which
growth of a barite crystal is suppressed. The lack of a complete
characterization of the early stages of barite formation limits the
development of effective control strategies on the formation of
such a technologically relevant mineral. This study aims at
gaining fundamental knowledge of the initial stages of barium
sulfate precipitation and the changes induced by a commercial
copolymer (maleic acid/allyl sulfonic acid copolymer with
phosphonate groups), commonly used as a scale inhibitor in oil
recovery. Most synthetic commercial additives contain the same
functional groups (e.g., carboxylate, phosphonate, and sulfonate
groups). Thus, our results may help to determine the
mechanism by which copolymers modify crystallization
processes and aid in the selection of the most appropriate
inhibitors (i.e, those acting in the critical stages involved in
barium sulfate precipitation) for reducing or controlling barite
scale formation.

B EXPERIMENTAL SECTION

Precipitation Experiments and the Quenching Process.
Barite was precipitated by the mixing of 1 mL of 1 mM BaCl, and
1 mL of 1 mM Na,SO, solutions at a constant temperature T = 23 +
0.2 °C in a 20 mL beaker. At different times ranging from 0 to 60 min
after the mixing, 8 mL of ethanol was added to replace water molecules
absorbed to barium sulfate surfaces and to arrest or “freeze” the
precipitation process of BaSO,. This method has been effectively used
as an alternative to cryo-quenching by numerous authors.***">* The
effect of ethanol on the disgersion of barite nanoparticles was studied
by Bala and co-workers.>> The use of ethanol for washing the
precipitates obtained in an alcohol-free environment avoids the
aggregation of nanoparticles in the course of the drying process.
Presumably, the self-dispersal of the particles is achieved by the
formation of hydrogen bonding between the ethanol and the BaSO,
particles. This prevents further evolution of the particles and “freezes”
the actual state of the system at the moment at which ethanol was
added.

A commercial copolymer used in oil recovery to mitigate barite
scale was tested to study its effect on the early stages of barite
precipitation. Normally, these commercial copolymers are added in
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trace amounts (20—100 ppm). Here we have studied the effect of S0
ppm of additive in a solution of 500 uM barium sulfate. The
precipitation process was quenched at time 0 and at time 6 h.

Transmission Electron Microscopy (TEM). TEM and HRTEM
analysis of barite nanoparticles were carried out using a Philips CM20,
operated at 200 kV and a FEI Titan, operated at 300 kV. Particles were
collected for TEM observations by dipping carbon/Formvar film-
coated copper grids into the alcohol dispersions. The grids were then
dried in air and surface-plasma treated for 10 s. TEM observations
were performed using a 40 ym (CM20) or a 30 ym (FEI Titan)
objective aperture. SAED (selected area electron diffraction) patterns
were collected using a 10 um aperture, which allowed collection of
diffraction data from a circular area ca. 0.3 ym in diameter.
Compositional maps of selected areas were acquired in scanning
transmission electron microscopy (STEM) mode using a Super X
EDX detector (FEI), formed by four SSD detectors with no window
surrounding the sample. STEM images in the FEI Titan TEM of the
areas analyzed by EDX were collected with a high angle annular dark
field (HAADF) detector.

FESEM Observations. Particles obtained from another set of
batch experiments were also studied. Solutions were prepared by
mixing equimolar BaCl, and Na,SO, aqueous solutions. Flasks were
shaken and left overnight. After 24 h approximately, solution were
filtered (0.4S pm pore diameter), washed, and then dried for 24 h at
40 °C before analysis by field emission scanning electron microscopy
(Auriga Carl Zeiss SMT). Additionally, the carbon/Formvar film-
coated copper grids were observed with FESEM after the TEM
observations.

B RESULTS AND DISCUSSION

Building Blocks for Barium Sulfate Formation: Nano-
crystalline Primary Particles. Immediately upon mixing of
additive-free BaCl, and Na,SO, solutions, scarce, isolated
primary nanoparticles of 2—10 nm length were observed by
TEM (Figure 1). Most of them display elongated shapes;
however, some nanoparticles appear rounded. Circles in Figure
1 surround isolated, individual nanoparticles. The length of the
nanoparticles ranges from 9 to 18 nm and from 11 to 16 nm in
Figure 1 (panels a and b, respectively). A closer look at the area
surrounded by the blue circle in Figure 1b, on the left side of
the image, reveals the presence of three smaller rounded
nanoparticles of size ca. 2—3 nm. Nevertheless, mostly these
primary particles were found associated together forming larger
entities (ca. 20—100 nm in size, Figure 2). Within these
secondary entities, crystalline “nanodomains” ca. 2—10 nm
length were detected by the presence of lattice fringes during
TEM imaging (Figure 2a), separated by areas where lattice
fringes were not observed. HRTEM images clearly show that, at
this initial stage, these domains have some degree of orientation
as most of them exhibit the same d; spacings, corresponding
to (112) and (120) barite planes (Figure 2b). However, the
orientation of these lattice fringes within the viewing plane
appears random. These 2—10 nm units appear to be the
primary particles for barite crystallization, and no evidence of
amorphous phases or other crystalline precursors was found.
This is in agreement with the results of Judat and Kind,** who
found BaSO, primary particles of a similar size (ca. S to 10
nm); however, the relatively low resolution of their cryo-TEM
analysis did not allow discerning the crystalline or amorphous
nature of the primary particles and concluded that they were
noncrystalline particles. Our results suggest that these primary
nanoparticles are in fact crystalline barite and no other
(amorphous or crystalline) phases. The existence of an
amorphous phase during barite precipitation in the presence
of mellitic acid (benzene-1,2,3,4,5,6-hexacarboxylic acid) has
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Figure 1. (a) Circles surrounding isolated barite primary particles. (b)
Barite primary nanoparticles and an aggregate of primary units. In the
blue circle (left side of image), three small rounded shapes of 2—3 nm
diameter can also be observed. The diameter of the circles is 25 nm.

been reported.”®> The energy barrier for the amorphous to
crystalline transition in this system may be simply too small to
observe such an amorphous phase in our case (ie, a “pure”
system) without using any stabilizer organic compounds. It is
well-known that certain organic molecules are able to stabilize
amorphous precursor phases that otherwise would quickly
transform into more stable crystalline polymorphs.>> Moreover,
it is important to mention that our observations were carried
out under high vacuum and using a highly energetic electron
beam (acceleration voltage of 200 or 300 kV), that may have
triggered a amorphous to crystalline transition. In summary,
although according to our results it seems that there is no
amorphous solid phase preceding barite formation, there are
observations such as the formation of rounded nanoparticles or
the detection in the nanoparticles of crystalline domains
separated by areas that do not show lattice fringes that could be
indications of an initial amorphous phase. This particular issue
will be approached in a separate study.

Although further studies should be performed to confirm this
hypothesis, the higher stability of amorphous phases in Ca- or
Mg-bearing compounds compared to Ba-bearing systems could
be related to the strongly hydrated character of Ca>" and Mg**
compared to Ba**, as inferred from the values of the free energy
of hydration (—1820, —1493, and —1238 kJ mol™" for Mg*,
Ca¥, and Ba®, respectively).** Amorphous phases frequently
contain hydration water,'” and the formation of anhydrous
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Figure 2. (a) TEM photomicrograph of a barite nanoparticle
composed of a random aggregate of primary particles (ca. 2—10 nm
length) for barite formation. (b) Same nanoparticle in (a), with the
contour of the different primary particles delimited and the
corresponding barite d-spacing indicated.

crystalline phases involves expelling this hydration water.
Higher free energies of hydration (in absolute value) thus
indicate that the energy cost for this process will be higher for
those phases, which include strongly hydrated ions such as Ca
or Mg.

Interestingly, our TEM analyses showed that barite
aggregates of 20—100 nm nanoparticles are formed within
darker areas clearly visible on the TEM grid (Figure 3). We
hypothesize that barite precipitation may involve the initial
formation of an ion-rich liquid precursor phase. The drying
process of this dense liquid phase upon quenching with ethanol
may have produced these “ghosts” or “shadows” that surround
the aggregates of nanoparticles and may represent the remnants
of the ion-rich liquid precursor phase upon drying. The
formation of dense nanosized liquid droplets as a precursor
phase to CaCOj crystallization has been reported by Rieger and
co-workers.”” Similar observations have been described during
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200 nm

Figure 3. TEM photomicrograph of barite nanoparticles formed after
a liquid precursor. Nanoparticles can be seen within “ghosts” of
droplets of a liquid dense phase made up of the solid remnants of the
liquid precursor.

amorphous calcium carbonate (ACC) formation in calcite
precipitation experiments.*® Recent computational studies have
also suggested the formation of an ion-rich liquid phase during
CaCOj, precipitation.®” Wallace and co-workers® showed that
the formation of ACC occurs via a liquid—liquid binodal
separation of a dense liquid phase made up of hydrated CaCO;
clusters. We propose that in the case of our barite crystallization
experiments, similar liquid—liquid separation could result in a
dense ion-rich fluid phase from which primary crystalline
particles of 2—10 nm in size form, upon a significant loss of
water (Figure 3). Similarly, Nielsen et al."* have found that for
the case of the CaCO;—H,0 system, crystalline phases
(vaterite and aragonite) can emerge from what seems to be
either amorphous calcium carbonate (ACC) or a dense liquid
phase upon significant shrinkage, possibly related to the
expulsion of water.

To characterize the “shadows” surrounding the BaSO,
aggregates, EDX mapping of several of these areas was
performed. A representative HAADF image and EDX elemental
maps are shown in Figure S1 of the Supporting Information.
The concentration of the relevant elements (Ba and S) is higher
in the darker area than in the rest of the TEM grid (Figure S1,
panels c and d, of the Supporting Information), which is in
agreement with this area being a solid remnant of the initial
ion-dense liquid phase and could therefore represent the initial
stage of the formation of the barite aggregates. Furthermore,
the concentration of sodium and chlorine is homogeneous in
the whole analyzed area, not showing any enrichment in the
shadowed areas (Figure SIf in the Supporting Information,
suggesting that the Ba- and S-enriched areas are not merely a
result of the drying process. Finally, the significantly larger area
of the shadows compared to that of the crystalline (anhydrous)
aggregates is indirect evidence of the highly hydrated character
of the precursor. Nevertheless, further studies should be
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performed to confirm this hypothesis, although our observa-
tions certainly suggest the existence of such a precursor phase.

Oriented Aggregation of Crystalline Primary Nano-
particles. At a later stage in the barium sulfate precipitation
process, the same type of nanoparticles of size ranging from ca.
20 to 100 nm exist in much larger areas with a crystallographic
continuity, together with isolated, randomly oriented primary
crystalline 2—10 nm length nanodomains (Figure 4). Pores are

Figure 4. TEM photomicrograph of a BaSO, nanoparticle. The
contour of domains with lattice continuity of varying size formed by
oriented aggregation of primary particles is delimited by the black
lines.

also detected within the nanoparticles (red circle in Figure 4).
The larger crystalline areas within the nanoparticles are most
likely the result of the oriented alignment and coalescence of
the primary particles described in the previous section
(oriented aggregation).

Oriented aggregation was first described by Penn and
Banfield,** and since then, many different studies have reported
such a mechanism for growth of crystalline substances. Notably,
Li and co-workers'® were able to directly image the oriented
attachment of iron oxyhydroxide nanoparticles by in situ TEM
using a fluid cell. Nanoparticles rotate and interact until they
reach a perfect lattice matching at the time of attachment. The
major driving force for such a process is surface energy
reduction, but coalignment previous to particle—particle
attachment is achieved as a result of the induced electrostatic
periodic field surrounding the particle in solution.*’ Evidence
for such a field has been given by atomic force microscopy
studies showiné a periodic structure in the water near the
crystal surfaces™ and by molecular simulations,* which predict
the existence of a periodicity in the water molecules
surrounding nanoparticles.

The observation of randomly oriented crystalline nano-
clusters in the initial stages of the barite precipitation process
could be related to the fact that, as a result of the quenching
process, water is quickly removed from the reaction media and
the nanoparticles are “frozen” so that they may not have had

DOI: 10.1021/acs.cgd.5b00315
Cryst. Growth Des. 2015, 15, 3724—3733


http://dx.doi.org/10.1021/acs.cgd.5b00315

Downloaded by UNIV DE GRANADA on September 8, 2015 | http://pubs.acs.org
Publication Date (Web): July 10, 2015 | doi: 10.1021/acs.cgd.5b00315

Crystal Growth & Design

enough time to achieve the orientation of the surrounding
clusters and subsequently coalesce. However, our HRTEM
images clearly show that a perfect crystallographic matching
does not always occur following oriented aggregation and some
mismatching among attached nanoparticles is observed. Such
mismatching has been observed in a range of systems displaying
oriented aggregation.*”** Figure 5 shows the contact between

Figure S. TEM photomicrograph of defect formation during oriented
aggregation of primary BaSO, particles. An edge dislocation is formed
as a consequence of the slight misalignment of the primary particles
during the oriented aggregation process. Both particles share the same
dy spacing, 2.83 A, corresponding to the (112) plane of barite, but the
angle of the lattice fringe is slightly (40° and 46°) different at the
moment of the attachment resulting in the formation of a defect.

two different nanoclusters and an edge dislocation formed as a
consequence of the slight misalignment of the nanoclusters
during the attachment process. Both clusters share the same d,y
spacing, 2.83 A, corresponding to the (112) plane of barite, but
the 6 degrees misorientation angle of the lattice fringes at the
moment of the attachment, results in the formation of a defect
at the interface. These edge defects observed in several
positions are a consequence of a growth process based on
the oriented aggregation of nanocrystalline clusters. Defect
formation upon oriented aggregation was first observed by
Penn and Banfield,*® who studied the oriented attachment of
defect-free nanocrystals of anatase (Ti0,) and referred to the
formation of interfacial defects as “imperfect oriented attach-
ment” of nanoparticles. When two surfaces of primary particles
approach, there is a driving force to form chemical bonds
between atoms of opposing surfaces in order to attain full
coordination. However, these surfaces are not atomically flat,
and consequently, coherence can only then be achieved by
distortion in some areas of the interface between nanoparticles
and the formation of edge dislocations in the regions of step
sites. The formation of edge defects is due to the imperfection
of the surfaces that join to each other.*’

The 20—100 nm-sized barite nanoparticles found in this
study are similar to those observed by Judat and Kind.**
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However, in the latter study these authors were not able to
resolve the crystalline character of the primary BaSO, particles
(2—10 nm length) and concluded that the secondary particles
(ca. 100 nm) formed after the oriented aggregation of the
noncrystalline primary particles, based on their irregular shape
and on the slight distortion observed in their diffraction
patterns. Here, we show that these secondary particles are
formed by oriented aggregation of crystalline primary particles
or “classical” nuclei (Figure 4).

Second Level of Oriented Aggregation: From Nano-
particles to Micron-Sized Aggregates. At a later stage of
the crystallization process, the secondary nanoparticles (20—
100 nm sized) were found to further group to give a second
type of aggregate whose size reached up to 1 to 2 ym. In Figure
6, attachment of secondary nanoparticles to give larger entities

Figure 6. (a) Aggregation of barite nanoparticles surrounding a barite
crystal. (b) Zoom into the black rectangle in (a). As a result of the
aggregation process of secondary particles, the interface between
nanoparticles is eliminated. Straight edges in the boundary between
particles are seen (red arrows).

is clearly seen. The development of straight edges in the contact
between nanoparticles can be also observed (red arrows in
Figure 6b). The contact between different nanoparticles would
be erased due to fusion between them and interface elimination
to reduce surface area. The porosity within the nanoparticles
can be also seen.
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Porous micron-sized aggregates coexisting with barite
monocrystals of the same size were found up to the first 30
min of reaction time (Figure 7). Apparently, they correspond to

Figure 7. (a) Barite aggregate with porous (lower circle) and
nonporous (upper circle) parts. (b) Single crystal SAED of the
nonporous part of the aggregate. (c) Barite nanoparticles in the porous
part are not randomly distributed as confirmed by the SAED patterns.

two different stages of the precipitation process. The
nanoparticles forming the porous aggregates are not randomly
distributed as confirmed by the SAED (selected area electron
diffraction) patterns (lower circle, Figure 7c) (i, they form a
mesocrystal). Our observations clearly point to an oriented
attachment process of the nanoparticles followed by a
recrystallization process and interface elimination, which result
in perfect single crystals (see SAED pattern in Figure 7b).
FESEM (field emission scanning electron microscopy)
observations of these micron-sized barium sulfate particles
provide further evidence of this oriented aggregation process
(Figure 8). Barite crystals show platelike morphology with
skeletal growth, as previously reported.”’ The crystals exhibit
two preferential growth directions, and in the third direction,
the crystals are very thin and become tabular along the (100)
face. It can be observed that round-shaped nanoparticles are
crystallographically aligned to give the above-described overall
plate-like shape of the crystal (Figure 8b). In some areas of the
crystal, these secondary nanoparticles are easily distinguishable
while in others, no evidence of this aggregation process is
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Figure 8. FESEM images of barite particles. (a) Platelike particle
obtained from batch experiments. (b) Zoom into black rectangle in (a)
in which rounded nanoparticles are clearly crystallographically aligned.
(c) Another aggregate of BaSO, nanoparticles is imaged. Interface
elimination between nanoparticles is marked by a red arrow. (d)
Crystal presenting similar shape as the aggregate in (c).

detected, and smooth surfaces are observed. This is particularly
evident along the edges of the particles. In Figure 8c, another
aggregate of BaSO, nanoparticles is imaged. The morphology
of the aggregate closely resembles that of the monocrystal
shown in Figure 8d. Again, the straight contact between some
of the nanoparticles and interface elimination (marked by a red
arrow) can be observed.

As stated above, after nanoparticle coalignment and attach-
ment, elimination of particle—particle interfaces and recrystal-
lization take place. The actual mechanism for this recrystalliza-
tion step cannot be unambiguously determined exclusively from
our observations. Some authors have suggested that a
dissolution—precipitation step is responsible for the 2porosity
closure and the ultimate formation of monocrystals,”>* but
this question is still under debate. In any case, this process
anneals most of the porosity in the aggregates, although some
nanopores remain occluded in the single crystals formed by this
process (Figure 9). These nanopores are probably the residual
spaces between nanoparticles left behind after the aggregation
process. Note that the edge of the crystal in Figure 9 has a
notably higher porosity than the inner part, and even
nanoparticle subunits can still be distinguished. Despite this
fact, the SAED pattern of the area delimited by the red circle
(Figure 9) shows an almost perfect monocrystal pattern, just
slightly distorted by the nanoparticle underneath the main
crystal.

Growth of the Crystal. In the latest stages of the
precipitation process, further growth of these micron-sized
single crystals occurs apparently by incorporation of primary
and/or secondary nanoparticle units (Figure S2 of the
Supporting Information). In accordance with our observations,
it seems that the bigger crystals grow at the expense of smaller
aggregates of nanoparticles, that is Ostwald ripening. The
overall effect would be a reduction of total surface energy in the
system, given that a large particle has a smaller surface area
(lower surface energy) than an aggregate of small particles of
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Figure 9. Second step of oriented aggregation. (a) Single crystal of
barite (see SAED pattern in the inset), formed by oriented aggregation
and showing nanoporosity. Nanoparticles are still visible along the
edge of the crystal as well as the interstitial porosity. Red circle
correspond to the area where SAED was made.

the same total volume, and therefore, the system reaches a
more thermodynamically stable state.

As well, (classical) monomer—monomer addition cannot be
discarded when the driving force (supersaturation) has
decreased significantly, although this process cannot be directly
visualized with the ex situ methods employed in this study.
However, the observation of different layers or steps on barite
crystals (marked by arrows in Figure S2c of the Supporting
Information) is in agreement with growth by a layer-by-layer
mechanism upon monomer addition to steps. Judat and Kind**
also suggested that growth by oriented aggregation is
presumably accompanied by molecular growth at low super-
saturation and both contribute to the formation of barite
crystals. Mineral growth by a combination of particle
attachment, monomer addition, and other “classical” processes
such as Ostwald ripening has been also reported for iron
oxyhydroxide'® and previously observed with Pt nano-
particles.*®

Precipitation of BaSO, in the Presence of a
Copolymer Inhibitor. The addition of 50 ppm of a
commercial copolymer to the Na,SO, solution before mixing
resulted in very similar initial observations to those made
without copolymer. When the precipitation process was
quenched immediately upon mixing, dark areas with a clear
contrast with the Formvar grid were observed in bright field
TEM images (Figure 10a). Within these areas, rounded-shaped
particles of size ranging from 20 to 70 nm were observed.
These particles appear exclusively concentrated within the dark
areas of the grid (Figure 10, panels a and b). A closer look into
one of these rounded-shaped particles shows lattice fringes in
the nanometer size particles, thus confirming their crystalline
nature (Figure 10c). Furthermore, they were identified as barite
secondary nanoparticles according to EDX analysis and
measured d-spacings (Figure 10).

EDX elemental mapping was carried out in the dark areas
with the aim of further characterizing their nature (Figure S3 of
the Supporting Information). From the HAADF image (Figure
S3a of the Supporting Information), it can be deduced that the
rounded-shaped particles have a higher average atomic number
than the rest of the dark area. Furthermore, there is a clear
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Figure 10. TEM bright field images of barite particles obtained in the
presence of copolymer. (a) TEM images of dark areas in which
rounded nanoparticles are observed. (b) Zoom into one of the
nanometer size particles. Their crystallinity is confirmed by lattice
fringes and characteristic BaSO, d-spacing measurements.

contrast between the grid and the dark areas. From the S and P
element maps, it can be seen that the inhibitor is clearly
concentrated in the dark areas compared to the rest of the grid
(Figure S3, panels c and d, of the Supporting Information). The
highest Ba and S concentrations are found within the round-
shaped nanoparticles; however, these elements are also
concentrated in the dark areas surrounding the nanoparticles
relative to the rest of the grid (Figure S3, panels b and ¢, of the
Supporting Information). Again, these observations confirm the
initial formation of an ion-rich liquid (most likely highly
hydrated) precursor phase. The observed dark areas would be
the solid remnants of the ion-rich liquid precursor phase upon
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quenching and drying. The fact that Cl is homogeneously
distributed all over the grid (Figure S3f of the Supporting
Information) strongly suggests that the observations are not an
artifact as a result of the quenching and drying process. Solid
BaSO, nanoparticles can nucleate within this ion-rich liquid
phase upon expulsion of water.”” According to our observa-
tions, the presence of the copolymer does not induce the
observed liquid—liquid phase separation as we have found
evidence of this transition in the pure (ie, no copolymer
added) system. In fact, there is significant evidence that liquid
precursor phases can form in the absence of any additives.*’
However, in the presence of copolymer, the dense liquid
precursor phase seems to be temporarily stabilized, forming a
PILP (polymer induced liquid precursor).48 So, in this case,
rather than the polymer interacting with isolated Ba®* and
SO, ions, it seems to be interacting with the initial ion-dense
liquid phase.

At longer reaction times (6 h), elliptical and rounded-shaped
particles of size ranging from ca. 100 nm to 1 pym were
observed (Figure 11a) instead of the normal platelike-shaped
barite crystals obtained in experiments without inhibitor. These
particles are aggregates of smaller, nanometer-sized (ca. 10 nm)

a)

Figure 11. TEM photomicrograph of barite nanoparticles at longer
reaction times (6 h). (a) Aggregates of rounded-shaped particles (100
nm to 1 ym) coated by a layer that interconnects them. (b) Detail of
the coating layer of inhibitor in which nanoparticles appear to be

embedded.
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subunits that seem to be coated by a layer that interconnects
them (Figure 11b).

EDX mapping of the contact between three of these elliptical
particles shows very similar results to those obtained at ¢t ~ 0
(Figure S4 of the Supporting Information). The higher
concentration of phosphorus and sulfur are found within the
barite particles and the coating, while barium is almost
exclusively detected within the elliptical particles. These results
confirm that (i) the coating layer contains the organic
copolymer and (ii) the copolymer is incorporated within the
barite particles. Despite being formed by nanoparticle subunits,
these micron-sized particles show SAED patterns closely
resembling that of a single crystal (Figure 12, red circle) but

Figure 12. Contact between three elliptical barite particles. High
orientation alignment of the nanoparticle subunits is shown by the
SAED patterns of the contact between two of them (red circle). The
SAED pattern resembles that of a single crystal but slightly distorted.

slightly distorted. This indicates high orientation alignment of
the nanoparticle subunits. The distorted SAED pattern shown
in Figure 12 is typical of a highly controlled self-organization of
nanoparticles, reported in the literature as a mesocrystal.*’

Contrary to what was observed in the absence of inhibitor,
most of the barite mesocrystals formed in the presence of
copolymer remain as highly oriented aggregates of nano-
particles and do not recrystallize into single crystals (at least
after 6 h). It seems that the recrystallization step is hindered or
delayed by the presence of the copolymer as a result of the
incorporation of the cogolymer into the barite crystal structure.
Meldrum and Colfen® report that copolymers can stabilize
mesocrystals by hindering the crystallographic fusion of the
nanoparticle building units.

B CONCLUSIONS

In the past decade, HRTEM observations have demonstrated
oriented attachment as an alternative to classical mechanisms of
crystal growth. Nevertheless, even in systems in which oriented
attachment is the dominant process, classical processes may be
still operative at a local scale, as shown by this study. Our
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observations show no evidence for amorphous or crystalline
precursor phases preceding the formation of crystalline barite
primary particles at high supersaturation. The initial primary
particles or nuclei observed here show crystallographic d-
spacings consistent with those of barite. Nevertheless, the
formation of the primary crystalline barite nanoparticles is
preceded by an initial stage in which a liquid—liquid phase
separation between a denser and less dense phase takes place.

Further growth of barium sulfate crystals occurs through two
levels of oriented aggregation (Figure 13). In a first step,

3- - ‘.‘.:‘:'?-»% @ o

% ‘..

Supersaturated Dense ion rich liquid phase  Primary particles (nuclei) Nanoparticles
solution 2-10 nm length 20-100 nm
oAl

Interface elimination
Porosity and
recrystallization
- M-/f/ =
OA(ll)

Micrometer size crystal

9
y @

Ripening procceses
Growth by Molecular growth
Nanoparticle attachment

Nanoparticles cristallographic
aggregation

Figure 13. Proposed model for barite formation, including nonclassical
and classical growth mechanisms. OA = oriented aggregation.

crystalline primary particles (size ca. 2—10 nm length)
aggregate, reorient, dock, and fuse, resulting in the formation
of nanoparticles of variable size (20 to 100 nm). The
attachment of these primary particles or nuclei was observed
to be nonperfect, and dislocations formed at the contact
between two primary particles. In a second step, highly porous
aggregates up to 2 ym in size and comprised of 20 to 100 nm-
sized nanoparticles were formed in the first step of oriented
aggregation. In this second step, oriented alignment within
these aggregates is observed, reducing the number of grain
boundaries within the aggregates and resulting in the formation
of perfectly monocrystalline particles of barite presumably after
a recrystallization process (Figure 7).

Overall, our results suggest that both classical and non-
classical (ie., oriented aggregation) crystal growth mechanisms
are snnultaneously operative during barite format1on at high
supersaturation. On the basis of recent studies,'" this could be a
widespread phenomenon during crystal formation at moderate
to high supersaturations. In the presence of a commercial
copolymer, very similar observations are found (Figure 14).
Copolymer molecules seem to interact with the dense liquid
precursor phase, forming a PILP. Crystalline BaSO, nano-
particles then nucleate within this precursor phase and appear
embedded into a network of polymer. They aggregate and form
larger, rounded, and elliptical entities that incorporate
copolymer molecules. Furthermore, evidence is found that
copolymer in the solution stabilizes the BaSO, nanoparticles, at
least temporarily. Recrystallization is hindered or delayed by the
presence of the additive.

Understanding the initial stages of precipitation processes is
critical for the design of scale prevention strategies, particularly
in the selection of compounds that act as scale inhibitors, as it is
at these stages where additives may be active. The finding that
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Figure 14. Proposed model for barite formation in the presence of
organic copolymer.

no amorphous hydrated phases form as precursors to barite
precipitation is critical for the selection of the optimal inhibitor.
Additives that act on the liquid precursor phase or in the initial
crystalline nanoparticles, by preventing their formation or their
aggregation, are potentially useful for preventing barite
precipitation. On the contrary, additives that may bind to
precursor amorphous phases, frequently highly hydrated, are
not expected to be useful in this specific case due to the absence
of an amorphous phase during barite precipitation.

B ASSOCIATED CONTENT

© Supporting Information

Scanning electron microscopy images, transmission electron
microscopy microphotograph and energy dispersive X-ray
element maps. This information is available at The Supporting
Information is available free of charge on the ACS Publications
website at DOI: 10.1021/acs.cgd.5Sb00315.
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