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Introduction

Exploring the effect of poly(acrylic acid) on pre-
and post-nucleation BaSO, species: new insights
into the mechanisms of crystallization control by
polyelectrolytesy

Cristina Ruiz-Agudo,*® Encarnacién Ruiz-Agudo,® Alejandro Burgos-Cara,”
Christine V. Putnis,® Aurelia Ibafiez-Velasco,”
Carlos Rodriguez-Navarro® and Andrew Putnis®

Barium sulphate (BaSO,) precipitation has been suggested to occur by non-classical pathways that include
the formation of a dense liquid precursor phase, nucleation of primary nanoparticles and two levels of ori-
ented aggregation resulting in micron-sized barite single crystals. In this study we build from this previous
knowledge and explore how Ba®* and SO, ions associate in solution prior to nucleation of a solid phase
and the effects of poly(acrylic acid) (PAA) in these pre-nucleation and post-nucleation stages. With this aim,
in situ potentiometric experiments and transmission electron microscopy (TEM) observations of time-
resolved quenched samples were carried out. Additional bulk precipitation experiments in which supersatu-
ration was achieved by rapid mixing of Ba- and SO4-bearing solutions were performed. The resultant pre-
cipitates were characterized by scanning electron microscopy (FESEM and ESEM), transmission electron
microscopy (TEM), X-ray diffraction (XRD) and thermogravimetric (TG) analyses. Our study provides evi-
dence that barium sulphate precipitation occurs via the formation of ion associates in solution (ion pairs
and/or clusters), that are significantly destabilized in the presence of PAA. This is associated with a notice-
able delay in nucleation in the presence of PAA. Thus, our results provide indirect evidence that suggests
that prenucleation ion associates must form prior to solid BaSO,4 nucleation. Alternatively, BaSO4 minerali-
zation in the presence of PAA seems to occur by a different route that consists in the formation of Ba-PAA
globules in solution followed by an amorphous hydrated BaSO4 phase that transform into crystalline barite
nanoparticles. PAA seems to stabilize this amorphous phase, which nevertheless also forms in the absence
of PAA. Finally, single micron-sized crystals are formed by the oriented attachment of distinguishable
smaller subunits, thus forming mesocrystals in the presence and absence of PAA.

cult to remove and its formation can lead to an additional in-
crease in operating costs.”> A common strategy to reduce

Barium sulphate scale formation causes significant problems
in the oil recovery industry. Barite scale deposits form due to
the mixing of seawater (high sulphate content) and formation
water (high barium content) during oil recovery. Solid layers
of barite can precipitate in the pipes and/or in the pores of
the reservoir rocks and this can affect oil production by
restricting fluid flow. Barite scale is hard, adherent and diffi-
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scale formation is the addition of organic additives to the sea-
water injected in the reservoir to inhibit barite nucleation or
growth. Thus a better understanding of the mechanism of
barite formation from aqueous solutions and the influence of
additives may help in the design of more effective strategies
for barite scale prevention. Additionally, the study of BaSO,
precipitation in aqueous solutions and the interaction with
organic molecules is also relevant because barite ubiquitously
appears in marine sediments and in the water column in as-
sociation with organic matter, and its major and trace ele-
ment signature has been used as an archive of the chemistry
of the seawater from which it precipitated. Carboxyl groups in
the structural polymers of the membrane cell wall of bacteria
are thought to play an important role in marine barite precip-
itation process.® Thus knowledge of barite formation
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pathways and the role of organic macromolecules at directing
such processes may be relevant for understanding barite bio-
mineralization and a more accurate use of barite composition
as a proxy for past seawater chemistry.

A recent experimental study has allowed us to identify a
previously unreported mechanism of BaSO, precipitation.*
This mechanism is based on the initial formation of a liquid
precursor that precedes barite single crystal formation via the
oriented aggregation of nanoparticles and a mesoscopic
transformation of these self-assembled precursor entities.*
This occurs both in pure solutions and in solutions that con-
tain polymeric additives. Although the transformation of
mesocrystals to single crystals is especially difficult to observe
in systems without stabilizing molecules, our previous time-
resolved study showed significant evidence of such a transfor-
mation in the BaSO,~H,O system.

The development of more effective inhibition treatments
requires a detailed characterization of barium sulphate pre-
cipitation, including the prenucleation regime and the exis-
tence of amorphous precursor phases. However, in our previ-
ous work it was not possible to unambiguously discern the
amorphous or crystalline nature of the precursor material.
Amorphous precursors are metastable with respect to the cor-
responding crystalline polymorph and frequently, in systems
where their life-time is short, such species are overlooked.’
Amorphous calcium carbonate and amorphous calcium phos-
phate can be relatively stable in solution; this is why they
have been frequently isolated and characterized.*’ Amor-
phous barium-bearing phases may be significantly less stable
than those containing Ca or Mg, due to the strongly hydrated
character of Ca®* and Mg** compared to Ba®', as deduced
from the values of the free energy of hydration (-1820, -1493
and -1238 k] mol™ for Mg**, Ca** and Ba®', respectively).®
The formation of anhydrous crystalline phases from amor-
phous precursor phases requires water molecules to be ex-
pelled and this process has a higher energy cost for strongly
hydrated ions (Ca** and Mg>").° This would result in the for-
mation of more “stable” amorphous precursor phases when
strongly hydrated ions are involved making them easier to de-
tect. High vacuum conditions and the use of highly energetic
electron beams for the analysis and observation of the early
stages of barite formation in previous studies may have trig-
gered an amorphous to crystalline transition, thus making
the identification of amorphous barium sulphate phases dif-
ficult. In fact, to our knowledge there is only one study
reporting the formation of amorphous barium sulphate and
it occurs in the presence of an organic compound.™®

Using the insights from our early work, we have investi-
gated the initial stages of the precipitation of barium sul-
phate in organic- and salt-free solutions to identify the pre-
cipitation pathway and to look for any potential precursor
phase(s) of crystalline barite. Furthermore, we explore the
use of poly(acrylic acid) (PAA) to control the precipitation of
barium sulphate. The effect of additives on barite precipita-
tion has been extensively studied by Colfen and co-

workers." ™" Here we show that organic additives are also ef-
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fective at modifying pre-nucleation stages of Dbarite
precipitation.

PAA is an example of a polymeric scale inhibitor," that is,
an additive used to avoid or retard mineral precipitation and
it is also regarded as a synthetic analogue of the highly acidic
macromolecules present within many biominerals.’® It has
been shown in recent years that polymers induce the forma-
tion of liquid precursors phases (i.e. PILPs)"” that can be
moulded into non-equilibrium shapes such as the morphol-
ogies found in biominerals. Thus, understanding how poly-
mers interact with ions or with prenucleation species can
shed light onto the formation of biominerals. Furthermore,
amorphous precursor phases can be stabilized by some or-
ganic molecules which hinder or delay the transformation
into more stable crystalline phases.'® PAA is known to in-
crease the long-term stability of precursor phases in systems
such as CaCO;-H,O (ref. 5) or CaSO,-H,0." In this study, we
demonstrate that barite can precipitate from pure (i.e., addi-
tive-free) solutions at room temperature via the formation of
ion associates (ion pairs and/or clusters) followed by an inter-
mediate hydrated amorphous barium sulphate phase. PAA in-
creases the stability of such a precursor, thus allowing obser-
vation of its formation. Our results provide another piece of
evidence of the formation of ion associates and precursor
phases preceding the stable crystalline phase, suggesting that
this may be a universal phenomenon during the precipitation
of inorganic compounds. Furthermore, this study provides
confirmation of the particle-based crystallization of barium
sulphate, including oriented attachment and mesocrystal for-
mation processes, both in the presence and in the absence of
organics.

Materials and methods
Titration experiments

Precipitation experiments were performed using a commer-
cially available titration setup manufactured by Methrom, in
a jacketed vessel at controlled temperature (20.0 + 0.2 °C)
and under continuous stirring. Na,SO, and BaCl, solutions
were prepared from 1 M stock solutions made from solids
from Merck Suprapur min. 99.995% (BaCl,), Sigma Aldrich
min. 99% (Na,SO,) and doubly deionized water (Milli-Q, re-
sistivity >18.2 MQ cm). The polyacrylic acid (Sigma Aldrich,
C3H;Na0,) used has an averaged molar mass of 2100 g mol *,
i.e., one molecule PAA provides approximately 22 carboxylic
acid groups. A 10 mM Bacl, solution was continuously added
to 1 mM Na,SO, at a rate of 60 pl min~*. Ba** potential was
monitored by means of an ion selective electrode (ISE,
Mettler-Toledo, DX337-Ba). The pH was measured using a
glass electrode from Methrom that served as well as the refer-
ence for the Ba-ISE. Conductivity measurements were
performed with 856 conductivity module (Metrohm) and
transmittance was monitored with Optrode sensor for titra-
tion using wavelength of 520 nm (Metrohm). After each ex-
periment, the reaction vessel, the burette tips and the
electrodes were washed using a 10 mM EDTA solution at pH
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11 to remove any Ba®* and subsequently washed with water
(Milli-Q).

Stepwise addition of BaCl, to doubly deionized water
(Milli-Q) was performed for calibration of the Ba-ISE. In these
calibration runs, Ba>* potential was measured as a function
of solution concentration, using identical settings as in the
precipitation runs. Calibration was conducted in water be-
cause the ionic strengths in the different precipitation runs
are low and the ionic activity contribution is within the range
of the typical experimental error. This results in a sustainable
approximation.”® Barium potentials in the experimental runs
were converted into free barium concentrations using an av-
erage linear equation determined in the calibration assays in
water. Inductively coupled plasma optical emission spectrom-
etry (ICP-OES) was used to analyse Ba in the BaCl, solutions
added in our experiments for accurate determination of the
amount of barium dosed. Since the volume added to the re-
action vessel is known at all times, free barium can be calcu-
lated from these concentrations. Concentrations of PAA rang-
ing from 0 to 50 mg I"* were added to the Na,SO, solution.
This titration-based setup has been recently used to gain de-
tailed insights into the nucleation of sparingly soluble car-
bonates (CaCO; (ref. 21) and BaCO; (ref. 22)) and to quantita-
tively assess the multiple effects of additives on the early
stages of nucleation and growth of such minerals.*®

In the course of selected experimental runs, aliquots of
the reaction solution were withdrawn from the reaction vessel
at different reaction intervals, quenched in ethanol and parti-
cles were collected for transmission electron microscopy
(TEM) observations by dipping carbon film coated copper
grids into the alcohol dispersions. TEM and HRTEM analysis
of particles were carried out using a Philips CM20, operated
at 200 kV and a FEI Titan, operated at 300 kV. TEM observa-
tions were performed using a 40 um (CM20) or a 30 pm (Ti-
tan) objective aperture. SAED patterns were collected using a
10 um aperture allowing collection of diffraction data from a
circular area ca. 0.2 um in diameter. Compositional maps of
selected areas were acquired in scanning transmission
electron microscopy (STEM) mode using a Super X EDX detec-
tor (FEI), formed by four windowless SSD detectors. STEM im-
ages in the FEI Titan TEM of the areas analysed by EDX were
collected with a high angle annular dark field (HAADF) detec-
tor. After the completion of the titration experiments, the
solids were filtered through cellulose nitrate membrane filters
(Millipore pore size = 0.10 um) and characterized by X-ray dif-
fraction (XRD) and scanning electron microscopy (SEM).

Bulk precipitation experiments

In an additional set of experiments, barium sulphate was pre-
cipitated from aqueous solutions at room temperature by
rapid mixing of equimolar solutions of Ba(OH), and H,SO, to
give final Ba®>" and SO,> concentrations of 1.25 mM. Solu-
tions were prepared using reagent grade reactants from
Sigma Aldrich and doubly-deionized Milli-Q water. The pre-
cipitation process was quenched at times ranging from 0 up
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to 1 h by quick immersion in liquid nitrogen and subsequent
freeze-drying. Such a method has been used to obtain dry,
counter-ion free barium sulphate in order to generate larger
quantities for structural and compositional analysis.>* As the
amount of precipitate obtained in this method is higher than
in titration experiments, it was possible to run full characteri-
zation of the solids by thermogravimetric analysis (TGA),
XRD, and by environmental scanning electron microscopy
(ESEM). TGA was performed on a Mettler-Toledo model TGA/
DSC. About 10-20 mg of the sample were deposited on Pt
crucibles and analyzed under flowing nitrogen (100 mL
min™") at 10 °C min™" heating rate, from room 7 up to 950
°C. Additionally, solids were deposited on zero-background Si
sample holders and analyzed on a PANanalytical X'Pert Pro
X-ray diffractometer equipped with Cu Ko radiation (4 =
1.5405 A) at 26 range between 3 and 70° and at a scanning
rate of 0.002° 260 s . Solids were observed at high magnifica-
tion by means of scanning electron microscopy (FESEM;
Zeiss SUPRA40VP and ESEM; Phillips Quanta) and transmis-
sion electron microscopy (TEM) using a Philips CM20, oper-
ated at 200 kV and a FEI Titan, operated at 300 kV. Prior to
TEM observations, freeze-dried solids were re-suspended in
ethanol and deposited on carbon film coated copper grids.

Results
Potentiometric analysis of barium sulphate precipitation

Fig. 1 shows the time evolution of free-Ba®>" concentration
(blue curve in Fig. 1a) and transmittance (grey curve in
Fig. 1a) during a control run in which no PAA was used. The
full black line is the rate at which Ba®* ions are added to the
solution. In the control experiments, free Ba>* concentration
increases with time, until a maximum is reached and nucle-
ation of BaSO, occurs. The free Ba** concentration in solu-
tion then drops and progressively approaches a constant level
that is related to the solubility of the precipitated phase.>" At
small added Ba>* values, the observed offset in the temporal
increase in free-Ba>" prior to nucleation relative to the total
amount of Ba>* added may be attributed to Ba>* pairing with
SO,>” to form BaSO, pairs. Approximately between 70 and
80% of the added barium is bound at the nucleation point.
The free-Ba>" plot after the nucleation event shows different
slopes that are related to different rates of barium removal
from the aqueous media during the precipitation process
(Fig. 1). The waiting time for nucleation was found to be 700
+ 90 s. Similarly, the conductivity increases more or less line-
arly up to the nucleation point and then decreases also line-
arly until it reaches a constant level; after that, it starts to rise
again (green curve, Fig. 1b). The “conductivity plateau” is
reached before the “free-Ba>" plateau” and it corresponds to
a change in the slope of the free-Ba** curve. The transmit-
tance (Fig. 1a) remains approximately constant from the be-
ginning of the experiments until nucleation occurs and then
it drops to a constant level at the end of the precipitation
process. Fig. 1a shows that the point at which transmittance
drops approximately coincides with the point at which the

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 a) Time development of the amount of free Ba®*-ions in the
control run (blue line). Note that during the prenucleation stage (up to
ca. 900 s) less Ba?* is detected than added (black line), which can be
associated with the binding of ions in prenucleation clusters. The
evolution of transmittance in the control is also represented (grey line).
b) Evolution of conductivity (green line) and pH (brown line) in the
control run.

free-Ba®>" concentration drops in PAA-free control experi-
ments. The pH curve in the control runs of the solution de-
creases continuously during the experiments, showing three
distinct parts with different slopes (brown curve, Fig. 1b).

From conductivity and ISE measurements, the amount of
sulphate and barium bonded in the prenucleation stage (Fig.
S1, ESIf) can be independently assessed. Assuming that
prenucleation ion associates are neutral (i.e., a 1:1 barium to
sulphate ratio in the associates), our calculations show that
the total amounts of bound sulphate (calculated from con-
ductivity measurements) and bound barium (calculated from
ISE measurements) agree well within experimental error, thus
indicating that prenucleation associates are indeed neutral as
assumed for the calculations.
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The evolution of free-Ba>* measured in solution in the
presence of different PAA concentrations (0, 1, 2.5, 5, and 50
mg 1™") is shown in Fig. 2a. The point at which transmittance
drops as indicated by the bend in the grey dotted line has
been also included. For the sake of clarity, in Fig. 2b only the
plot of the evolution of free-Ba®>" concentration in solution
and transmittance for 2.5 mg ™" of PAA is given. Here a no-
ticeable delay between the drop in transmittance and the
drop in the free Ba®>" concentration measured in the presence
of PAA can be observed. Furthermore, a closer look at this
curve (Fig. S2, ESIf) shows that, after the nucleation point
(free-Ba>" onset), the curve shows different slopes that could
be related to different stages of the precipitation process, as
stated above for the control runs. Regarding the conductivity
evolution in the presence of PAA (Fig. S2, ESIY), it was found
that the conductivity curve starts to bend when the maximum
in free Ba®" is reached, but its drop coincides with the drop
in transmittance. The “conductivity plateau” is reached
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Fig. 2 a) Time development of the amount of free Ba®*-ions in the
presence of different amounts of PAA. The black line refers to the
amount of Ba®* added. Schematic evolution of transmittance is also
represented (grey dotted line). b) Evolution of free-Ba?* and
transmittance when 2.5 mg (! of PAA were tested. Red arrows indicate
the time points at which the respective aliquots were taken and isolated.

CrystEngComm, 2016, 18, 2830-2842 | 2833


http://dx.doi.org/10.1039/c6ce00142d

Published on 21 March 2016. Downloaded by Universidad de Granada on 25/06/2016 10:49:18.

Paper

before the free-Ba®>" plateau, and subsequently conductivity
increases at two different rates as deduced from the two dif-
ferent slopes observed in the conductivity curves (in a similar
way as in the control runs).

The comparison of the titration curves obtained in the ab-
sence and in the presence of PAA shows significant differ-
ences in the offset and the slope of the time evolution of the
free-Ba>* concentration in solution prior to nucleation, the
time of nucleation (i.e., waiting time), and the level of the
free-Ba>" in solution after nucleation. Changes in these pa-
rameters relative to the reference experiments can be seen as
a function of PAA concentration in Fig. 3. First, it can be seen
that the addition of PAA increases the extent of the offset in
the time development of the measured barium free concen-
tration in solution (Fig. 3a). From the intercept with the
x-axis, we can estimate an average binding capacity of the
PAA of ~0.21 barium ions per PAA molecule, or one barium
ion to ca. 5 carboxylic acid groups. To evaluate such binding
between Ba®" and PAA individually (without the interference
of sulphate) we carried out another series of experiments in
which 10 mM BacCl, was continuously added to Milli-Q water
with different PAA concentration (0, 10, 20 and 50 mg 1I™).
Our results show that there is a detectable binding of Ba>* by
PAA in the absence of sulphate (Fig. S3a, ESIt). Comparison
between the binding capacity of PAA in water and in 1 mM
sulphate solution shows no detectable effect of sulphate on
the binding capacity of PAA (Fig. S3b, ESIY).

Additionally, it was observed that increasing the PAA con-
centration in the sodium sulphate solution leads to a progres-
sive steepening of the linear part of free-Ba®* concentration
curves prior to nucleation (Fig. 3b). This is associated with a
noticeable delay in nucleation, which also increases with PAA
concentration (Fig. 3b). Finally, PAA also influences the free-
Ba®" concentration measured after nucleation, which is higher
in all PAA-bearing runs than in the reference runs (no PAA in
the sulphate solution). In fact, the free barium concentration
measured in the 5 mg 1™* PAA sample exceeds that of the con-
trol run by a factor of approximately 40 (Fig. 3c).

Characterization of particle evolution in titration experiments

Aliquots of the reaction media were quenched in ethanol at
different reaction times (marked by red arrows in Fig. 2b) for
the 2.5 mg "' PAA run. The first sample was taken at a point
in which the free-Ba** concentration measured was already
decreasing but the transmittance of the solution remained
unaltered (region I in Fig. S2, ESI{). TEM analysis shows the
presence of rounded structures in which only barium, carbon
and oxygen are detected by EDX (see the spectrum shown in
the upper left corner of Fig. 4). In the HAADF image it can be
seen that these globular structures exhibit a brighter central
part surrounded by a darker area (Fig. 4 and Fig. S4, ESI}).
The brightness in HAADF images is related to the average
atomic number; thus, it seems feasible that barium is con-
centrated in the central part of these structures. These glob-
ules are amorphous (see the SAED pattern in the lower right
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Fig. 3 Bar plots illustrating the effect of added PAA on (a) the offset of
the time evolution of the free-Ba* concentration in solution prior to
nucleation; (b) the induction time and slope of free-Ba%* concentration
prior to nucleation; (c) and the level of the free-Ba®* in solution after
nucleation. Results are given as relative changes to the PAA-free refer-
ence experiments (control run).

corner of Fig. 4), and the EDX elemental maps collected in
some of these globules (Fig. S4, ESIT) confirm that barium is
concentrated in the globules while sulphur is equally distrib-
uted all over the grid (i.e., values corresponded to those of
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Fig. 4 STEM-HAADF image of a Ba-PAA globule obtained after the
isolation of an aliquot at the first stage in 2.5 mg ™ PAA titration ex-
periment (first red arrow in Fig. 2). Only barium, carbon and oxygen
are detected by EDX (inset in the upper left corner). The SAED pattern
in the lower right corner confirms the amorphous character of these
globules.

the background, which implies that the actual S concentra-
tion is nearly at the limit of detection).

The second sample was collected when both the free-Ba>*
concentration and the transmittance of the solution were de-
creasing. At this stage, we observe oval-shaped particles of
approx. 100 nm (Fig. 5a) and also shapeless structures (~20
up to ~100 nm in size) with poorly-defined contours
(Fig. 5b), whose EDX analysis shows both barium and sul-
phur peaks (Fig. S5, ESIT). The SAED patterns of these parti-
cles (insets in Fig. 5a and b) show diffraction spots super-
imposed to diffuse halos that indicate the presence of
amorphous material. Note that the supporting C film does
not present such halos. Polycrystallinity is observed in both
SAED patterns. Finally, an additional sample was collected
when transmittance and free-Ba>" curves were approaching a
constant level after nucleation (third arrow in Fig. 2b). Ellip-
soidal particles of barite (~700 nm in size) that diffract as
single crystals are observed at this stage (Fig. 6). These parti-
cles are formed by smaller subunits (nanoparticles; ~5 to 10
nm in size); low e-absorbing areas are visible within these
nanoparticles and they could correspond to empty spaces be-
tween nanoparticles in which PAA concentrates. EDX analysis
and SAED patterns confirm that these particles are barite.

Characterization of barium sulphate precipitated by rapid
mixing of reagent solutions

XRD patterns of freeze-dried BaSO, solids formed immedi-
ately upon mixing in the absence of PAA show already well

This journal is © The Royal Society of Chemistry 2016

View Article Online

Paper

Fig. 5 Particles obtained after the isolation of the second aliquot in
the 2.5 mg [™* PAA titration experiment (second red arrow in Fig. 2). a)
STEM-HAADF image of oval-shaped particles of approx. 100 nm. b)
TEM photomicrograph of shapeless structures with not well-defined
contours. Both SAED patterns show diffraction spots superimposed on
diffuse halos that indicate the presence of amorphous material. EDX
analysis confirmed the presence of Ba and S.

defined, though wide and low-intensity, peaks corresponding
to 111, 210, 102, 211, 112, 202 Bragg peaks of barite (Fig. 7).
Interestingly, this is not seen in the presence of PAA in sam-
ples quenched immediately upon mixing; instead, a broad
band located at 10-35° 26 is observed. XRD patterns of PAA-
doped samples quenched after 20 seconds of mixing eventu-
ally show the emergence of very broad bands centred at
~20.0, 22.5, 26.5, 29.0 and 32.5° 20 (Fig. 7). From the
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100 nm

Fig. 6 TEM photomicrograph of the last sample taken in the 2.5 mg
"t PAA titration experiment (third red arrow in Fig. 2). Barite rounded
particles formed by smaller subunits are observed at this stage. These
rounded particles diffract as single crystals (SAED in lower right
corner). EDX analysis and d-spacing in the SAED pattern confirm they
are barite.
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Fig. 7 XRD patterns of freeze-dried BaSO, solids obtained immediately
after mixing of reagent solution (0 s) and after incubation for 20 s in so-
lution, in the presence and in the absence of PAA. The lower black pat-
tern corresponds to an equal volume of pure, natural barite powder.

comparison of the intensities of the different crystallographic
peaks with those of an equal volume of pure, natural barite
(black pattern in Fig. 7), a clear evolution of the crystallinity
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of the precipitated material with increasing incubation time
in solution before quenching can be seen. In all cases, the
intensities of X-ray reflections obtained from the samples
prepared by rapid mixing of Ba(OH), and H,SO, solutions, in
the absence and in the presence of PAA, (Fig. S7 and S6,
ESIT) were much lower than those obtained from the same
volume of a natural barite powder; this is a clear indication
of the existence of an amorphous or poorly crystalline phase,
as has been stated for other amorphous phases such as
amorphous calcium carbonate (ACC).>*

Three distinct stages are observed in TGA plots of freeze-
dried pure and PAA-bearing BaSO, samples collected at dif-
ferent times upon mixing of Ba(OH), and H,SO, solutions
(Fig. S7, ESIt). There is an initial weight loss from room 7 up
to ~155 ©°C, associated with desorption of physically
adsorbed water.”® The weight loss occurring from 155 to 455
°C is due to the decomposition of chemically adsorbed water
and the partial decomposition of hydroxide groups.>® Subse-
quent weight loss from 455 to 950 °C is related to further de-
composition of hydroxide groups.”® TGA of pure BaSO, sam-
ples incubated in solution for different times clearly showed
a progressive reduction in the water-associated weight loss
from 7.70 wt% at ¢t = 0 down to 7.39 wt% at ¢ = 20 s and 7.18
wt% at ¢ = 1 h, expressed as grams lost per 100 grams of
pure, dry BaSO,. In the presence of PAA, this effect is also ob-
served (weight loss: 11.60 wt% at ¢t = 0 down to 10.48 wt% at
t =20 s and 9.65 wt% at ¢ = 1 h). Although the decomposition
of PAA partially overlaps with BaSO, dehydration, as the
amount of PAA is constant in the powder, the progressive re-
duction in the weight loss is ascribed to a progressive dehy-
dration of BaSO, particles with the time of incubation in the
growth media.

After XRD analysis, freeze-dried samples were studied by
ESEM, TEM and FESEM. Samples were kept in a dry environ-
ment (a silica-gel container) to avoid any phase transition;
however, it seems that some transformation took place as
shown by our TEM and FESEM images. Fig. 8 shows TEM im-
ages of the initial precipitates (quenched immediately upon
mixing of the Ba(OH), and H,SO, solutions). BaSO, precipi-
tated in the absence of polymer appears both as individual,
isolated crystals, that display mostly rounded or oval shapes
(Fig. 8a), and micron-sized aggregates in the form of rosettes
known as ‘desert roses’ in natural barite (Fig. 8b). Each de-
sert rose seems to comprise several of the isolated oval crys-
tals. Rarely, individual BaSO, particles appear as porous ag-
gregates. SAED patterns of these aggregates show diffraction
spots superimposed into weak rings confirming the coexis-
tence of nanocrystals with an amorphous BaSO, phase
(Fig. 8c). PAA does not seem to significantly alter the overall
morphology of BaSO, precipitates under our experimental
conditions. Nevertheless, oval-shaped BaSO, particles are in
this case mostly porous aggregates of crystallographically ori-
ented barite nanoparticles that diffract as mesocrystals
(Fig. 8d). FESEM observations (Fig. 9) show rounded and
oval-shaped micron-sized BaSO, particles in both pure and
PAA-bearing samples. The surface of these crystals appears
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Fig. 8 TEM photomicrograph of the initial precipitates (quenched immediately upon mixing of the Ba(OH), and H,SO, solutions). BaSO,
precipitated in the absence of polymer are mostly a) rounded- or oval-shaped, b) micron-sized aggregates in the form of rosettes, and c) individual
porous aggregates of BaSO,4 nanoparticles. SAED patterns (insets) show diffraction spots superimposed onto weak rings. d) In the presence of PAA
oval-shaped BaSO, particles are mostly porous aggregates of crystallographically oriented barite nanoparticles that diffract as mesocrystals (SAED

in inset).

rough, confirming that crystals are actually aggregates of
nanometer-sized particles.

Together with the rounded particles seen in the FESEM
images, ESEM observations (Fig. 10) of freeze-dried samples
show abundant BaSO, structures with fibrous or planar
shapes in both pure and PAA-bearing samples that were not
seen under the FESEM or TEM. Additionally, shapeless BaSO,
structures are seen in the PAA-bearing samples, and nano-
crystals appear inlaid in an apparently amorphous matrix,
possibly corresponding to the organic compound (red arrows
in Fig. 10b). These samples are not carbon-coated and are ob-
served under low vacuum, thus guaranteeing a minimum al-
teration of the microstructure of the phase formed during
the precipitation process. Note that similar 1D and 2D struc-
tures have been also obtained during the synthesis of
CaC0,.° Much smaller, apparently rounded isolated nano-

This journal is © The Royal Society of Chemistry 2016

particles were also seen in the PAA-bearing samples. Finally,
the same rounded and oval morphologies observed in the
TEM, ESEM and FESEM images were seen in air under AFM
upon deposition of ethanol suspensions of freeze-dried pow-
ders on glass slides (Fig. S7, ESIt). The thicknesses of these
particles range from 2 to 30 nm, with diameters (assuming
approximately rounded morphologies) ranging from 10 to
250 nm. This confirms the plate-like morphology of the
BaSO, particles.

Discussion
Prenucleation stage in pure systems

Barite crystallization has been recently shown to occur via
non-classical crystallization pathways, including the forma-
tion of a dense liquid precursor phase and the oriented
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Fig. 9 FESEM images of freeze-dried precipitates quenched at different times. a) Pure sample (PAA-free) quenched at time ~0 s. b) Pure sample
quenched at time ~20 s (detail of nanoparticle aggregate in inset). c) PAA-bearing sample quenched at time ~0 s. d) PAA-bearing sample

quenched at time ~20 s.

attachment of nano-crystalline primary particles.* Our results
add to these previous findings and suggest that Ba®>" and
S0,>” ions undergo association to form stable complexes
prior to liquid-liquid separation and solid barium sulphate
nucleation, as reported previously for other sparingly soluble
minerals such as CaCO; (ref. 21) and BaCO;.*

The formation of ion associates (pairs and/or larger clus-
ters) prior to nucleation thus seems to be a widespread fea-
ture of many mineral precipitation processes. The amount of
barium bound to sulphate in the BaSO, prenucleation stage
(between 70-80% at nucleation point) is significantly higher
than the fraction of Ba>* and comparable to the Ca>" bound
to carbonate determined in previous work (about 32%>* and
75%>! bound at pH 10 for barium carbonate and calcium car-
bonate, respectively). This suggests that BaSO, prenucleation
species are more stable than BaCO; or even CaCOj; clusters.
Although the exact mechanism for this behavior remains un-
known, we can speculate that it could be related to the
kosmotrope (structure maker) character of the sulphate
ion.>”

Prenucleation species should be regarded as polynuclear
associates of solute ions with a highly dynamic character;
they are continuously disassembling into smaller clusters
and/or ion pairs and re-aggregating.*® As an isolated ion, sul-
phate is coordinated to an average of 12 water molecules by
H-bonding. Additionally, the mean residence time of water li-
gands at oxygen atoms of the sulphate ion is longer than that

2838 | CrysttngComm, 2016, 18, 2830-2842

in bulk water.>” A similar behaviour is thus expected once
sulphate is in ion pairs and/or clusters. If we assume that for
dis-assembling the prenucleation species water bonds need
to be broken, then the presence of sulphate ions in these
clusters could slow down the dynamics of the ion pairs and/
or cluster equilibrium, apparently enhancing association of
Ba®* and SO, ions and increasing the stability of the
prenucleation species.

Once a certain ion activity product in solution is reached,
prenucleation species can increase their level of coordination
and density and become less dynamic; these larger, dense
clusters will thus tend to remain as aggregates, without show-
ing interfacial surfaces.”* There may be certain configura-
tions that may be more stable than others, also slowing down
the dynamics of ion pairs and/or prenucleation clusters.”
Clusters may also grow in size by aggregation.*® This may oc-
cur up to a point when these large prenucleation species de-
velop interfaces, and become nanodroplets. Such a change in
speciation may indeed be regarded as liquid-liquid separa-
tion. Moreover, the nanodroplets can aggregate and form
larger species with a liquid-like character as well.*® In this
way, how a dense liquid precursor phase forms from a molec-
ular point of view can be explained.*® Such a mechanism
would link the present findings with our previously reported
observations regarding the formation of a dense liquid
phase prior to solid BaSO, nucleation.* Some time later, the
larger liquid entities undergo progressive dehydration and,
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Fig. 10 BaSO, structures with fibrous or planar shapes in both a) pure
and b) PAA-bearing freeze-dried samples observed under ESEM.

eventually, solid nanoparticles nucleate within this dense liq-
uid precursor phase.

Solid amorphous BaSO, as a precursor to crystalline barite

Previous studies on the early stages of barium sulphate for-
mation in pure systems have not conclusively resolved the ex-
istence or not of an amorphous solid precursor to crystalline
barite.’® Our previous findings (i.e., observation of rounded
morphologies of the initial solid nanoparticles or the detec-
tion in the assemblages of nanoparticles of crystalline do-
mains separated by areas that do not show lattice fringes)
suggest than an amorphous phase may precede the forma-
tion of crystalline barite.* Indeed, the present TEM observa-
tions of time-resolved samples obtained in titration experi-
ments confirm the existence of an amorphous solid phase
previous to crystalline barite. Moreover, SAED patterns of

This journal is © The Royal Society of Chemistry 2016
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freeze-dried BaSO, precipitates (Fig. 8) show weak, diffuse
halos or rings corresponding to amorphous material together
with scarce diffraction spots with d-spacings corresponding
to barite, providing evidence for an amorphous to crystalline
transition in the system. Finally, XRD analyses of freeze-dried
BaSO, powders suggest that a significant proportion of amor-
phous material is present in the precipitates (Fig. S7 and S5,
ESIY).

TG analyses (Fig. S6, ESIf) suggest that this amorphous
barium sulphate phase, initially formed in counter-ion and
organic-free aqueous solutions (i.e., rapid mixing experi-
ments), is hydrated. Moreover, these analyses show a progres-
sive decrease in the water content in the solids from 1 to 0.9
moles of H,O per formula unit after 60 minutes of incuba-
tion. The formation of a less hydrated amorphous barium
sulphate phase over time spent in solution is interpreted as a
progressive dehydration of BaSO, precipitates in solution. Be-
cause of the intrinsic instability of amorphous intermediates
relative to the crystalline phases, the chance of detecting the
formation of amorphous precursors depends on their life-
time.® Amorphous phases frequently contain hydration water
and the formation of anhydrous crystalline phases involves
expelling this hydration water.” Amorphous phases in Ca- or
Mg-bearing compounds are expected to be relatively stable
compared to Ba-bearing systems due to the strongly hydrated
character of Ca®>" and Mg** compared to Ba>". Given the fact
that the energy barrier for the amorphous to crystalline tran-
sition in this system may be small, the existence of a short-
lived intermediate species may well have been overlooked in
pure systems. Moreover, the lifetime of these transient
phases is progressively shortened with increasing supersatu-
ration of the solution from which they precipitate. The ini-
tially formed amorphous nanoparticles may crystallize and
grow via different levels of oriented aggregation as shown in
our previous work.”

Effect of poly(acrylic acid) on BaSO, precipitation

As stated above, the results from titration experiments sug-
gest that a dynamic equilibrium of stable ion complexes ex-
ists in solution before the onset of phase separation. The
slope of the free barium development curve in the linear
range gives information of prenucleation species formation
and their stability.*®* Changes in this slope in the presence of
additives or impurities are related to interactions of such
compounds with BaSO, ion associates in solution, influenc-
ing the extent of formation and/or the structure of soluble
barium sulphate prenucleation species.>* The observed
steeper slope with increasing PAA concentration indicates
that less barium is incorporated in these clusters when PAA
is present relative to the reference (i.e. PAA-free) case. Simi-
larly, it has been shown that an increase in ionic strength in
the solution causes also a steeper slope of free-Ca*'-
concentration curve due to the reduced activity of free cal-
cium and carbonate ions which leads to a lower amount of
ions bound in pre-nucleation associates.>’ Thus, it seems
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that the presence of PAA in the barium sulphate system
somehow destabilizes the prenucleation species formed mak-
ing them less stable. Similar observations have been recently
made for calcium carbonate formation in the presence of
poly(aspartic) acid and magnesium.*" In this case, no molecu-
lar explanation is given for the observed destabilization of
the calcium/magnesium carbonate prenucleation clusters in
the presence of poly(aspartic) acid; however, it is concluded
that it contributes to the synergetic inhibitory effect of Mg
and PAA on CaCO; precipitation.

For our system, molecular dynamics simulations have
shown that acidic molecules such as aspartic acid indeed en-
hance the rate of Ba*' desolvation in the BaSO,-H,O sys-
tem.>> Thus, although we can only speculate about a possible
molecular explanation for the observed lower stability of
prenucleation species in the presence of PAA, it appears rea-
sonable to propose that, as with other acidic bio-molecules, it
may aid in desolvating barium and BaSO, complexes/clusters.
As explained above, in the BaSO,-H,0 system a weaker hydra-
tion could increase the dynamics of the ion pairs and/or clus-
ters equilibrium and destabilize pre-nucleation species. En-
hanced ion desolvation by acidic bio-molecules has been
invoked, for example, to explain the increase in Mg uptake by
calcite during growth in the presence of peptides®® or
alcohol.**

Moreover, this effect is accompanied by a delay in nucle-
ation relative to the reference case (absence of PAA). At a PAA
concentration of 50 mg 1™, the slope of the curve is almost
equal to that of the added barium and thus the formation of
prenucleation clusters compared to reference experiments
would be negligible. At this concentration, nucleation is
completely inhibited for at least 20 hours. Thus, these results
indirectly confirm that the formation and subsequent aggre-
gation of ion pairs and/or clusters are required steps for
BaSO, nucleation. The low binding capacity of the PAA (that
increases with increasing PAA concentration) was found to be
ca. one barium ion to ca. 5 carboxylic acid groups, and thus
does not seem a feasible mechanism for barite inhibition by
PAA. According to our results, it appears more likely that the
main mechanism by which PAA inhibits BaSO, formation un-
der the given conditions is related to destabilization possibly
related to organic molecule incorporation) of prenucleation
species. In the presence of PAA, less barium (and sulphate) is
bound within pre-nucleation clusters and nucleation is
inhibited compared to the pure system (i.e., no PAA). Addi-
tionally, the increase in solubility of the precipitated phase
again points to possible PAA incorporation likely in an amor-
phous or poorly crystalline precursor (as seen in the higher
free barium concentration in solution in equilibrium with
the initially precipitated phase: see Fig. 2) and could also
contribute to the observed delay in the onset of the precipita-
tion process.

In those experiments where full inhibition is not achieved
(i.e., for PAA concentrations lower than 50 mg ™), the forma-
tion of Ba-PAA globules in solution provides an alternative
route for BaSO, mineralization, and helps to disclose the
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mechanism of polymer additive-BaSO, interaction. According
to our TEM (Fig. 4) and EDX analyses (Fig. S3, ESIT), in these
cases it can be argued that PAA molecules encapsulate bar-
ium ions and subsequently barium sulphate precipitates
from these Ba-PAA globules. Changes in the conformation of
PAA in aqueous solutions with increasing concentration of di-
valent cations such as Sr** have been reported.*> Divalent
strontium binds to the carboxylate groups neutralizing the
negative charge of the PAA chain, which results in the col-
lapse of the hydrophobic polymer chain that adopts a “pearl
necklace” structure, trapping Sr”" ions.” A similar process
could also happen to PAA chains when a certain level of bar-
ium concentration in solution is reached and Ba-PAA glob-
ules will then form (Fig. 4). The formation of these Ba-rich
globules could explain the fact that a drop in free-Ba*>" con-
centration is observed before the decrease in transmittance
(Fig. 2b), probably because these globules are solutes, with
no interface between these structures and the bulk solution.
Similar observations have been recently reported for calcium
carbonate nucleation and growth in a matrix of polystyrene
sulphonate®® showing that the negatively charged polystyrene
sulphonate acts as a sponge that binds calcium ions and lo-
cally concentrates them. The existence of these Ba-PAA com-
plexes was deduced from analytical ultracentrifugation by
Wang and Colfen;'? however, our TEM analysis resolve the
detailed nature, size and composition of these globules. In
addition, our experiments demonstrate that these Ba-PAA
globules also form when sulphate ions are present in
solution.

Nevertheless, the formation of PAA-globules could be a ki-
netically dominant process with PAA molecules being ex-
cluded with time as sulphate species compete with the poly-
mer for its bound barium. Eventually, amorphous barium
sulphate nucleates around and within these globules (Fig. 5).
These BaSO, particles immediately crystallize upon irradia-
tion under the electron beam. However, diffuse halos or rings
are still seen in the SAED patterns, indicating the presence of
amorphous material in these particles. The fact that diffrac-
tion spots are superimposed on the rings suggests that the
amorphous phase may have a barite proto-structure (Fig. 5b).
At this stage, a drop in both transmittance and conductivity
of the solution is observed while barium decreases slower (re-
gion (II) in Fig. S2, ESI{); the removal of Ba>* due to solid
BaSO, formation is faster than BaCl, addition and thus the
net effect is a decrease in conductivity.

Finally, oval-shape BaSO, particles that diffract as single
barite crystals form in solution (Fig. 6). Even though the
SAED pattern corresponds to a barite single crystal, it can be
clearly seen that the particle is formed by smaller subunits
that are crystallographically oriented. At this stage, the pre-
cipitation rate has significantly slowed down, as deduced
from the slope of the free Ba®" concentration curves (region
(I11) in Fig. S2, ESI{). In a previous work,"* bundles of barite
fibres were obtained in the presence of PAA (5100 mg mol™)
as a result of oriented aggregation of BaSO, subunits. Under
our experimental conditions such morphologies are not
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found and only rounded barite particles were observed, pre-
sumably also formed by the oriented aggregation of BaSO,
nanoparticles. The fact that the individual nanoparticles
making the micrometre sized BaSO, structures are
surrounded by low e-absorbing areas, which could be pores
or zones were PAA concentrates, and are aligned in crystal-
lographic register, as shown by the single-crystal features of
the SAED pattern, confirm that these structures are
mesocrystals.

Conclusions

The results presented here strongly support the concept that
the early stages of BaSO, crystallization involve the forma-
tion of ion associates (pairs and/or clusters) in the
prenucleation regime. The percentage of bounded barium
ions at the nucleation point is comparable to the well-
studied CaCOj case, and significantly higher than in the case
of BaCOj;. In the presence of PAA, these prenucleation spe-
cies seem to be destabilized and, concomitantly, nucleation
is progressively delayed. Importantly, these results provide
experimental evidence that the formation of prenucleation
ion associates or clusters is a required step for nucleation.
Additionally, this work gives insights into the mechanism of
scale formation inhibition by polyelectrolytes and may aid in
the selection of more effective additives for such purposes.
Once the “prenucleation species” route is inhibited in the
presence of the required amount of PAA, an alternative route
for barite precipitation occurs which involves the initial for-
mation of Ba-PAA globules. Secondly, sulphate ions displace
PAA and an amorphous BaSO, phase, apparently with a
barite-like proto-structure, eventually forms from these glob-
ules. Such an amorphous (hydrated) barium sulphate phase
also forms in salt-free solutions; the presence of organics
such as PAA (or mellitic acid'®) seems to increase the stabil-
ity of this transient phase, thus allowing its identification
and complete characterization. Subsequently, this phase
transforms into crystalline barite nanoparticles upon dehy-
dration. These barite nanoparticles aggregate in an oriented
manner to form BaSO, mesocrystals that incorporate some
amount of PAA.

Thus, the BaSO,-H,O system is another example of the
precipitation of a crystalline phase via prenucleation aggre-
gates and amorphous (liquid and solid) precursors, showing
the universal character of these non-classical processes dur-
ing crystallization of sparingly soluble minerals. The observa-
tion of these metastable phases probably has been precluded
due to their short life-time. Moreover, our findings confirm
the key role that acidic macromolecules may play during bar-
ite biomineralization in marine environments, already modu-
lating the precipitation of BaSO, in the prenucleation regime.
Finally, this work highlights the importance of employing
synthesis (i.e., freeze-drying) and characterization (e.g,
ESEM) methods that allow investigation of the earliest stages
of nucleation and growth in systems with labile pre- and
post-nucleation phases.

This journal is © The Royal Society of Chemistry 2016
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